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I. INTRODUCTION 

In the history of nuclear and high energy physics there have been a few pioneer- 

The High Energy Physics Laboratory (HEPL) at Stanford 
ing laboratories which have developed the new technology that has made possible the 
complex accelerators of today. 
played this role in the development of the electron linear accelerator and the related 
microwave technology a little over one decade ago, and this same laboratory is now 
pioneering the development of the superconducting accelerator (SCA) and the related low 
temp'erature technology. 
modernized facilities to continue basic research at the frontiers of high energy phys- 
ics and to develop all aspects of this new technology that are required to demonstrate 
its relevance to the future of low temperature physics and high energy physics. 

The objective of our laboratory is simultaneausly to provide 

To make a substantial contribution to this emerging low temperature technology 
requires the combined efforts of physicists who are both knowledgeable about the funda- 
mental properties of matter at low temperature and willing to explore their applica- 
tions, and engineers who are prepared.to transform these ideas into a viable technology. 
At HEPL an energetic group of approximately 50 technical personnel are engaged in this 
effort. As a result, there is now a sizable literature (see for example the HEPL re- 
ports referred to in the text) describing the progress in sdlving the many detailed . 
problems encountered in this development. This paper attempts to outline briefly a few 

. of the major technological innovations,that are being developed at HE€% and to indicate 
their relevance to several applications in high energy physics. 

11. TECHNOLOGICAL INNOVATIONS 

1. Development of Niobium Cavities 

The preparation of a suitable superconducting surface is one of the principal 
technological prpblems in the development of th superconducting accelerator. The 
superconductor must provide extremely high conductivity at microwave frequencies and 
it must be capable of sustaining high electric and magnetic fields. 

. .  Nature has provided a variety of possible candidates among the elemental super- 
conductors and the many "alloys" to satisfy the requirements of this new technology. 
In the Physics Department at Stanford,where there is active research in the problems 
of low temperature physics we have a strong motivation for understanding the fundamen- 
tal microwave properties of superconductors over the entire range of physical character- 
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* istics. We are investigating in materials with small u values which are 
good type I superconductors, the elemental superconductors with' the highest transition 
temperature where u values are near unity, and the very high n value alloys where 
type I1 behavior is marked. But among this broad selection of materials that of great- 
est practical importance is pure niobium. 

With pure niobium it should be possible to maintain very high accelerating fields 
continuously in a SCA. 
In a standing wave biperiodic n/2-mode structure this corresponds to an energy gradient 
of 11 MeV/ft, while for a traveling wave rrI2-mode structure the corresponding energy 
gradient is 19 MeV/ft. It is likely that loading due to field emission of electrons 
will become important at gradients smaller than the values quoted above since these 
correspond to a peak electric field of 1.2 X 10 V/cm. However, the superior electric 
breakdown characteristics of niobium are well known and thus it is plausible that this 
material will provide the very highest attainable energy gradient. 
that'energy gradients as high as 6 MeV/ft in a standing wave structure or 10 MeV/ft, in 
a traveling wave structure can be achieved.' In addition, the theoretical conductivity 
of niobium is sufficient to make continuous operation of a SCA at these high gradients 
feasible. 
at 10 MeV/ft is 2.8 W/ft. 

At I.85OK the lower critical field Hcl for niobium is.1650 G. 

6 

We are optimistic 

At 1.3 GHz and 1.85'K the power dissipation in a traveling wave structure 

We have made rapid progress in the development of high Q, high field niobium cav- 
As shown in Fig. 1, Q's exceeding 1O1O and energy gradients exceeding 3 MeV/ft ities. 

in a standing wave structure or 5 MeV/ft in a traveling wave structure have been achiev- 
ed in cavities fabricated from commercially available niobium5r6 and it is expected 
that niobium of greater purity will produce even'better results.+ There is, however, 
another practical consideration: can niobium cavities be fabricated at reasonable cost? 
This problem is most acute in considering the application of these techniques to con- 
struction of very large, say 1000-2000 GeV, accelerators. When we first achieved high 
Q in solid niobium cavities through a joint development effort with the Central Research 
Laboratory of Varian Associates, it was commented that making a linear accelerator of 
niobium is.like making it of platinum. This attitude ignores a wide range of techniques 
that can be used in fabricating niobium cavities. At Stanford we have investigated a 
number of these possibilities: electrodeposition, vapor deposition, sputtering, forming 
of solid niobium and others. Each of these techniques holds real promise as a practical 
fabrication technique. 

The electrodeposition technique as a method for fabricating niobium cavities is 
particularly attractive, and in cooperation with the Linae Division of Union Carbide 

* 
u represents the ratio of penetration depth to coherence length. 

niques described below have already yielded similar Q's and still higher gradients. 
'Preliminary measurements on very pure electrodeposited niobium cavities using the tech- 

1. J.P. Turneaure, Thesis, Stanford University (1967). 
2. J.M. Pierce, Thesis, Stanford University (1967). 
3 .  J.P. Turneaure and H.A. Schwettman, High Energy Physics Laboratory Report 

HEPL 553 (1968). 
4 .  J.M. Pierce, High Energy Physics Laboratory Report HEPL 576 (1968). 
5. J.P. Turneaure and I. Weissman, High Energy Physics Laboratory Report HEPL 522 

(1968). 
6 .  J.P. Turneaure and I. Weissman, High Energy Physics Laboratory Report H E X  571 

(1968). 
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. .  we are vigorously pursuing its development. The niobium is electrodeposited on a 
copper.mandre1 in the geometry of the final accelerator structure. The mandrel is 
subsequently removed by chemical means leaving a free standing niobium structure. 
The advantage of the method is that two important steps are taken simultaneously: 
1) the niobium is formed in the complicated geometry required, and 2) the niobium is 
refined in the electrodeposition process. 
niobium exceeds that of triply zone-refined niobium. This, of course, dispels the 
oft repeated concern about material cost in fabricating niobium cavities. One can 
start with low grade n'iobium which in large quantities sells at $10 per pound and thus 
for the estimated weight of the accelerator structure at 1.3 GHz (20 lblft) the materi- 
al costs are $200 per foot. 

. 
In fact the purity of the electrodeposited 

The development of a practical niobium accelerator structure is progressing rap- 
idly and it is expected that the,operation of experimental 20 ft sections will be 
accomplished within a year. 

2. Development of Superfluid Refrigeration 

Once it was recognized that superfluid helium plays an essential role in the 
operation of a practical SCA we began serious discussions with interested manufacturers 
concerning the development of superfluid refrigeration. In describing our plans to 
accelerator physicists we were frequently told that to develop the first superfluid 
refrigerator in cooperation with industry would require ten years. Under many circum- 
stances this is probably true. But one unique advantage of a small laboratory engaged 
in the construction of modernized facilities is that it is possible to talk to industry 
about the development of important new technology not in terms of the needs of an in- 
definite future but rather in.tens of an immediate requirement. Motivated by the. 
immediate requirement for a 300 W superfluid helium refrigerator Dr. Sam Collins at 
Arthur D. Little, Inc. modified an existing refrigerator for superfluid operation. 
Experiments with this 30 W system were performed at company expense and provided de- 
sign information for the 300 W unit shown in Fig. 2 and now,being installed at Stanford 
just 2% years after beginning the original discussion. 

Operation of the 300 W superfluid refrigerator over an extended period of time 
will demonstrate the reliability and the economics of large-scale refrigeration. 
addition, this unit is an essential part of our plans to demonstrate the feasibility 
of operating a large and complex laboratory from a central refrigerator. 
cussing the problem of a laboratory using central refrigeration, however, it is advis- 
able to comment on the future of large-scale refrigerators. 

In. 

Before dis- 

Large low temperature refrigerators have most often been used in systems, for 
instance space, simulation chambers, which are required to operate over periods of days. 
Under these conditions efficiency and reliability have usually been s'acrificed in the 
interest of low initial cost. If cryogenics is to become a viable technology applic- 
able to a broad spectrum of really large-scale problems of practical importance, the 
questions of'efficiency and reliability are in fact the central problems. Also, in 
the case of superfluid refrigerators where the vapor pressure of helium is low, sub- 
stantial expense is involved in the room temperature pumping equipment and the space 
it requires. Thus it is very desirable to recompress the returning helium vapor at 
low temperature where it is more dense. We are now beginning a cooperative program to 
investigate the problems of efficiency and low temperature recompression with the ex- 
pectation of constructing a 1000-2000 W superfluid refrigerator that operates at 25-35% 
of Carnot efficiency. Such a system would represent a further advance in the state of 
the art. 
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3 .  Laboratory with Central Refrigeration 

The SCA provides an excellent opportunity to demonstrate the feasibility of oper-' 
In total our labora- ating a large and complex 1aboratory.with central refrigeration. 

tory is 800 ft long, 60 ft wide and 60 ft high and we expect to make refrigeration 
available throughout this space to serve a large number of separate experimental units. 
A cryogenic system of this magnitude and this complexity is quite different than ariy 
considered previously. It is out of 'the question to shut down and warm up an entire 
laboratory in order to replace a single defective component and it is essential that a 
new experimental unit can be connected into the central refrigeration system at any 
time . 

The SCA itself is illustrative of the problems encountered in a central refrigera- 
tion ~ystem.~,~ 
in 20 ft sections. A single cryogenic unit consists of four of these sections and there 
are in total six units plus the injector unit. First, it should be recognized that even 
a single cryogenic unit is quite complex. 
even a one percent chance that a seal will fail is intolerable. There is no alternative 
to reliability and thus we have expended a sizable effort in designing satisfactory 
seals. Second, in the event of some component failure the relevant, cryogenic unit must 
be isolated from the rest of the system and the defective section must be replaced with 
a spare section. In order to accomplish this in minimum time without disruption of the 
central refrigeration system we have made provisions for the necessary manifolding and 
cryogenic valving and we have demanded interchangeability of components. 
eration must be provided from the central plant to each of the cryogenic units. 
SCA, superfluid helium is distributed t o  each of the units via a one inch liquid line 
that'extends the length of the accelerator; the liquid vaporizes and the cold vapor is 
then transported back to the refrigerator in a 5 in. diameter insulated line. This 
method of heat transport is consistent with.the desire to spiit the entire low tempera- 
ture system into smaller units for ease of maintenance and with this method it appears 
entirely possible, to transport 1000 W a distance of 1000 ft and still maintain the tem- 
perature constant to within 10-20 m°K. 

The accelerator Dewar and the accelerator structure are constructed 

There are perhaps.100 seals in each unit and 

Third, refrig- 
In the 

In addition, we are developing another interesting application of superfluid 
helium.' If two reservoirs are connected by a plug which is porous only to the super- 
fluid, then associated with any temperature difference between the reservoirs there is 
a large pressure difference known .as the fountain pressure. For AT - O.Z°K this pres- 
sure difference can be used to raise the helium level in the "hot" reservoir on the 
order of 100 ft. Thus, refrigeration can be provided to equipment, for instance a 
superconducting spectrometer, at elevations far above the normal helium level in the 
SCA itself and this can be accomplished without the necessity of a cryogenic mechanical 
Pump 

The idea of central refrigeration and the demonstration of its practicality is 
extremely important to the development of low temperature technology for a broad spec- 
trum of large-scale applications. 
be important in a superconducting proton synchrotron, in a superconductong storage ring, 

In high energy physics central refrigeration could 
. _  

7. 

8. 
9. 

H.A. Schwettman, J.P. Turneaure, W.M. Fairbank, T.I. Smith, M.S. McAshan, 
P.B. Wilson, and E.E. Chambers, High Energy Physics Laboratory Report HEPL 503 
(1967). 
M.S. McAshan, High Energy Physics Laboratory Report HEPL 526 (1967). 

C.M. Lyneis and H.A. Schwettman, High Energy Physics Laboratory Report HEPL 577 
(1968). 
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. 
or in a superconducting beam switchyard," in addition to the specific application we 
are considering. 
equipment is not prepared to cope with the problems of central refrigeration. It is 
an important objective of our laboratory to take the steps required in its development. 

Cryogenic technology as it exists today in commercially available 

4. Stabilization Using Feedback Control- 

In a SCA essentially all of the incident microwave power is absorbed by the beam. 
This situation has prompted questions from accelerator physicists relating to stability 
in a beam-loaded SCA. But concern about the possibility of achieving stable operation 
in a SCA is a holdover from conventional linacs. In the conventional linac 80-90% of 
the microwave power is lost in the structure or in the termination. Thus, fluctua- 
tions in the beam loading result at most in modest variations of the load seen by the 
klystron. As a physical principle, this is a poor way to achieve stability; it has 
proved adequate in conventional linacs but it is not an appropriate method for the SCA. 
The SCA, on the other hand, is an ideal system in which to use the more general prin- 
ciple of dynamic stability. 

- 

Dynamic stability using feedback control has been used in many systems. An ex- 
cellent example is provided by 'electrostatic gyroscopes. It. is well known that an 
electrostatic field does not provide a stable support for a conducting sphere. Yet 
by sensing the position of the sphere and using feedback to control the voltage on 
the supporting electrodes, it is possible to hold the position of a gyroscope to one 
millionth of an inch.. The stabilization of the SCA, as illustrated in Fig. 3,  is 
analogous. The fields in the accelerator structure are sampled with a probe and the 
output from this probe is compared to a reference signal with respect to both ampli-, 
tude and phase. The error signals are then fed to an electronic phase shifter and a 
variable attenuator at the input of the klystron to close the feedback loop. The long 
time constant (> sec) for changing the fields in the SCA (due to the high Q) sim- 
plifies the feedback problem and stabilization to onelgart in 104 in amplitude and to 
0.1' in phase has been achieved in preliminary tests. 

5. Minimum Radiation Facility 

The new technology presently being developed using either low temperature tech- 
niques or plasma techniques,(in an electron ring accelerator) offer a real opportunity 
for substantial reduction in the cost of high energy accelerators. Despite this en- 
couraging outlook, the prospects for substantial reduction in the cost of the entire 
facility is less certain. 
suggest that a superconducting proton synchrotron could be built for half the cost of 
its conventional counterpart, but note that this represents only a 20% reduction in 
total costs. It is clear that one cannot make any real progress without changing the 
economics of the over-all facility. 

Smith and Lewin" of the Rutherford Laboratory, for example, 

One important contributor to the cost of a high energy facility is radiation. 
The total cost attributable to radiation, including permanent shielding throughout 

. .  * 
The recent report "Refrigeration for Superconducting Magnets in the 200 BeV 
Accelerator at Weston, Illinois" correctly concludes that with presently avail- 
able components, superconducting magnets in a beam switchyard would be served 
best by individual refrigerators. The work in progress at Stanford, however, 
will change significantly the possibility of using central refrigeration. 

L.R. Sueizle, High Energy Physics Laboratory Report HEPL 564 (1968)-. 10. 
11. P.F. Smith and J.D. Lewin, Nucl. Instr. Methods 52, 298 (1967). 
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the facility, movable concrete shielding blocks, radiation resistant materials in var- 
ious components, large collimators, energy defining slits and so forth, is enormous. 
In the cost estimate for a'conventional proton synchrotron of 200 GeV presented in 
1965 to the Joint Committee on Atomic Energy, it was estimated that thirty million . 
dollars would be required for movable shielding alone. In principle there is no reason 
for generating large amounts of radiation except in the target and in the beam dump. 
If radiation levels elsewhere were minimal, and there are good reasons to believe that 
in a SCA this could be achieved, then a high energy facility could be quite different 
than at present. In a linac, for example, there would be no need for a separate klys- 
tron gallery and long rf feed lines. 
quired is modest it is likely that solid state rf sources will in time be used. Even 
the accelerator hall itself could be modestly shielded by present standards. Also, 
with the excellent energy resolutioh and stability possible in a SCA (one part in lo4) 
the radiation level in the beam switchyard could be held to a minimum. Instead of en- 
ergy defining slits which are designed to handle 10% of the beam power, beam position 
monitors could be used supplemented perhaps with slits that are set,for several times 
the inherent width of the beam. 
out the beam switchyard could make a significant impact on the cost of a high energy 
facility. Of course, monitoring devices would be required to shut down the accelera- 
tor immediately and automatically in the event that radiation levels increase. But it 
is expected that this can be accomplished in a simple fashion at relatively small ex- 
pense. With strict interlocks against increased radiation levels it might appear that 
initial tune-up of the machine would be difficult. In a fully regulated SCA, however, 
the initial steering and focusing can be performed at very low intensity. 
as the current is increased, the feedback stabilization compensates automatically for 
the increased beam loading. 

Indeed, for a SCA where the rf'power level re- 

Low radiation levels along the accelerator and through- 

Subsequently, 

The suggestion that an accelerator could be operated as a minimum radiation facil- 
ity is likely to be viewed as fantasy, but if still larger accelerators are to be built, 
it is probable that all of the traditional ideas of accelerator physics must be re- 
examined. It is our intention at Stanford to examine carefully this idea and to develop 
completely the control and interlock systems requ'ired. 

111. A FEW APPLICATIONS TO HIGH ENERGY PHYSICS 

1. High Resolution CW Linac 

One of the frontiers we intended to explore fully at Stanford is the high energy 
resolution that is possible in a cw SCA. 
tem for use of feedback to achieve dynamic stability and it is this fact that has en- 
couraged us to strive for,energy resolution of 0.01% in the SCA (100 keV at 1 GeV), as 
compared to the 1% resolution typical of conventional linacs. This effort is essential 
to our objective of d,oing high resolution physics at high energy and to our intention 
of exploring the feasibility of a minimum radiation facility. 

As indicated earlier, the SCA is an ?deal sys- 

To produce a beam monoenergetic within one part in lo4 requires, in addition to 
stability of'the acceler.ating fields, that the electrons be confined to a 1' phase 
bunch. This bunching is accomplished in the injector section and the capture section 
of the accelerator. As illustrated in Fig. 4, the electrons are emitted from a regu- 
lated triode gun and accelerated to 80 kV. The continuous stream of electrons then 
passes through a chopper cavity and the aperture on the far side stops all electrons 
except those in a 20° phase bunch. 
signed capture section where they are accelerated to about 2 MeV and where the electron- 
bunch is compressed in phase to lo. 
2k.wavelengths and.the design energy gradient is 1 MeV/ft. 
the capture section complete with electronic stabilization are under construction and 

These electrons are injected into a specially de- 

The capture section is a $ = 0.95 structure of 
The injector section and 
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. 
w i l l  be t e s t ed  ca re fu l ly  t h i s  f a l l .  Particle motion i n  the accelerator  sect ions beyond 
the capture sect ion has been calculated,12 using the f i e l d s  i n  a computer optimized b i -  
periodic rrI2-mode structure,13 including the e f f e c t s  of r a d i a l  motion and misalignment 
of individual acce le ra to r  sect ions.  

. .  How f a r  r e so lu t ion  can be pushed i n  a SCA is  not e n t i r e l y  clear. But w e  a r e  con- 
s ider ing even more sophis t icated techniques i n  conjunction with a f e a s i b i l i t y  study f o r  

MeV. 
. an electron microscope where energy r e so lu t ion  of one p a r t  i n  lo6 is required a t  5-10 

2. High In t ens i ty  Linac 

From a s u p e r f i c i a l  point of view i t  would appear t ha t  the SCA has l i t t l e  t o  o f f e r  
i n  the design of high i n t e n s i t y  l i nacs  such as the meson factory a t  Los Alamos o r  the 
intense neutron generator (ING) proposed a t  Chalk River. It i s  e a s i l y  argued t h a t  a t  
high i n t e n s i t y  the conventional l i n a c  i s  q u i t e  e f f i c i e n t  (about 80% of the microwave 
power i s  converted t o  beam power according t o  the Chalk River design f o r  the ING) and 
thus superconductivity is  simply not required.  But t h i s  argument misses the e s s e n t i a l  
point;  e f f i c i ency  i n  the conventional l i n a c  i s  achieved only a t  great  s a c r i f i c e .  The 
energy gradient f o r  the meson factory a t  Los Alamos is about 0.30 MeV/ft (800 MeV i n  
2600 f t )  and f o r  the proposed I N G  a t  Chalk River i s  about 0.2 MeV/ft (1 GeV i n  5000 f t ) .  

and the power extracted by the beam is proportional t o  (V/L), i t  i s  not surpr is ing t h a t  
f o r  low energy gradient a conventional l i n a c  i s  e f f i c i e n t .  

I n  f a c t ,  s ince the power diss ipated i n  the s t r u c t u r e  walls i s  proportional t o  (V/L) 2 

What superconductivity o f f e r s  i n  the high i n t e n s i t y  l i nac  i s  a great  deal  of f l ex -  
i b i l i t y  i n  the design of the accelerator .  Let  us consider j u s t  two examples of what 
t h i s  f l e x i b i l i t y  can provide. F i r s t ,  i t  i s  obvious tha t  e f f i c i e n t  operation can be 
achieved a t  much higher energy gradients .  The meson factory a t  Los Alamos or  the I N G  
at  Chalk River could be a few hundred f e e t  i n  length r a the r  than a few thousand f e e t .  
Alternatively,  the f i n a l  energy could be increased subs t an t i a l ly  andLit would then be 
possible t o  produce K mesons i n  abundance. Second, the problem of beam loading i s  
simple i n  the SCA as compared t o  the conventional l i nac .  
loading the time constant; defined as the r a t i o  of microwave energy s tored i n  the ac- 
ce l e ra to r  s t ruc tu re  divided by t h e  r a t e  t h a t  energy is extracted,  is: 

In  the l i m i t  of heavy beam 

where u) i s  the angular frequency, r/Q is the shunt impedance per  un i t  length divided by 
the Q of the s t ruc tu re ,  VIL is, the energy gradient ,  and I i s  the beam current .  For the 
conventional intense l i n a c  t h i s  t i m e  constant is a few microseconds, but ,  p r inc ipa l ly  
due t o  the high energy gradient ,  the time constant f.or the SCA i s  a f r a c t i o n  of a m i l l i -  
second. 
meson factory or an I N G ,  is qu i t e  simple. It should be added t h a t  s t a b i l i t y  i n  a pro- 
ton ’linac where the ve loc i ty  of the p a r t i c l e  is  changing is  f a r  more important than i n  
an electron l i n a c  where the ve loc i ty  i s  constant.  

Thus feedback s t a b i l i z a t i o n  i n  the SCA even f o r  the heavy beam loading of a 

. 

12.. 

13. T . I .  Smith, High Energy Physics Laboratory Report HEPL 527 (1967). 

E.E. Chambers, High Energy Physics Laboratory Report HEPL 570 (1968). 
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3 .  High Energy Recirculating Linac 

From the experience of the past decade it is generally recognized that the cost 
However, per GeV for’ a circular accelerator is substantially less than for a linac. 

if energy gradients of 10 MeV/ft can be achieved in the SCA, and we are .confident they 
can, the economics of the linear accelerator are substantially improved and the question 
of linacs versus circular accelerators as a means of reaching very high energy must be 
re-examined. 

One interesting possibility in the construction of a high energy accelerator, 
which is a compromise between the linear and the circular machines, is the recirculating 

suggested a number of times in the past. An interesting example is the race track 
microtron for electrons of a few hundred MeV14 which is illustrated in Fig. 5. 
tical recirculating linac for very high energy particles is different in several respects 
from the race track microtron mentioned above. First, at very high energy, electrons 
radiate too much energy to make the scheme useful. But protons even for a’final energy 
of 2000 GeV are not subject to this criticism. Second, for a very high energy acceler- 
ator the magnetic deflection system used in the race track microtron is totally imprac- 
tical. ‘Instead of‘ solid ‘LBOo magnets it would be more reasonable to provide separate 
beam transport systems and arrange that the average radius of curvature for each beam 
is nearly the same so they could all be placed in a single tunnel. For the special case 
of three passes through the linac the beam transport system might be particularly simple, 
since, as illustrated in Fig. 6, recirculation could in principle be accomplished with 
a single magnet system for two thirds of the final energy. 

. linac. The possibility of recirculating a beam through a linear accelerator has been 

A prac- 

One can give a crude “existence proof” that on economic grounds the recirculating 
linac is an interesting alternative for reaching high energy. For this purpose let us 
compare the superconducting recirculating linac and the superconducting proton synchro- 
tron. It is clear that the rf system represents a minor contribution to the cost of a 
proton synchrotron while it represents a major cost in a recirculating linac. On the 
other hand the magnet system is less expensive for a recirculating linac since the mag- 
nets used are dc magnets (which eliminates refrigeration for ac losses and large power 
supplies for pulsing magnets) and since the magnet ring is for (2/3)E. The question is 
whether or.not these factors balance. The cost estimates.below were generated by P.F. 
Smith of the Rutherford Laboratory and the author based on the assumptions: 1) that 
development of filamentary superconductor low loss ac magnets will proceed without im- 
portant complications, and 2) that development of practical niobium rf cavities produc- 
ing 10 MeV/ft in a traveling wave structure will be accomplished. 

Costs in 1000 $/GeV 

Proton Synchrotron Recirculating Linac 

Magnet system 185 75 
Rf system 30 

215 
- 150 

225 
- 

These figures, of course, do not represent total costs of a high energy facility. They 
are intended only as comparative costs based on projected developments. 

14. B.H. Wiik, H.A. Schwettman, and P.B. Wilson, High Energy Physics Laboratory 
Report HEPL 396 (1966). 
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Recently crude cost estimates have been generated for a number of “new technology” 
accelerators: the superconducting proton synchrotron, the cryogenic proton synchrotron, 
the superconducting recirculating linac, the superconducting FFAG, and the electron 
ring accelerator. Relatively little significance should be attached to any of these 
estimates, since all are based on important assumptions about how the relevant technol- 
ogy will develop over the next few years. What is far more significant and encouraging 
is that several possibilities exist for the construction of future high energy acceler- 
ators and these provide alternatives in the technology that must be successfully devel- 
oped. This flexibility itself is our greatest asset. 

IV . CONCLUSIONS 
The low temperature technology being developed’at Stanford can be important in a 

large number of‘applications. 
the high intensity linac and the high energy recirculating linac. 
technology is essential to the construction of a superconducting rf separator for use 
with the large proton synchrotrons, a n-meson accelerator which could be used in con- 
junction with the meson factory at Los Alamos, and a superconducting race track micro- 
tron for electrons of a few hundred MeV. 
serious consideration by various groups throughout the world. 
for this technology restricted to high energy physics. 
fact find application in problems as far removed from low temperature physics and.high 
energy accelerators as the generation of electric power by thermonuclear fusion. 

We have already mentioned the high resolution cw linac, 
In addition, this 

All of these applications are now being given 
Nor are the applications 

Superconducting cavities may in 

At Stanford we are strongly motivated to develop this technology as rapidly and as 
far as possible SO that all of these applications can be pursued in the near future. 
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Q MEASUREMENTS ON SUPERCONDUCTING CAVITIES AT S-BAND* 

H. Hahn, H.J. Halama and E.H. Foster 
Brookhaven National Laboratory 

Upton, New York 

I. INTRODUCTION 

The investigation of the behavior of superconducting materials was started at this 
laboratory because of the potential usefulness of these materials for long-pulse rf 
beam separators which are suitable for counter experiments.l The realization of such a 
device will require,the solution of many problems; questions related to the beam optics 

. will be discussed during this Summer Study by Brown, and those related to the microwave 
system by Halama. Relevant measurements on superconducting lead cavities are the sub- 
ject of this talk. 

' The materials of interest to us are pure lead and niobium. The technology of 
niobium appears t o  be more difficult, and our investigations have been limited so far 
to lead, electroplated on OFHC copper. However, cavities have been ordered from Varian 
which will be machined from electron-beam-melted niobium.2 

In order to make our results more meaningful for the construction of superconduc- 
ting deflectors, the investigations were carried out on cavities resonant at 2.87 GHz, 
which is close to the anticipated operating frequency of the rf beam separator. 
also started with a TEOll cavity which permits the elimination of losses caused by 
electric fields on the walls. The effects of a normal electric field will be investi- 
gated shortly in a TMoll cavity. 

We 

11. SURFACE IMPEDANCE 

The microwave behavior of a superconducting material is conveniently described by 
the complex surface impedance Z = R + jX, which is in general a function of material, 
frequency, temperature and power level. In this paper, the experimental results for 

. the temperature dependence of the surface impedance of superconducting lead at constant 
frequency and low power levels will be presented. 

The measurement of the surface 'impedance is possible because it is related to the 
unloaded quality factor Qo and the normalized shift of resonant frequency 6m/w of a 
cavity according ,to3: 

R +  jx=(-- 1 j,)Gz0 2 Am , 
QO 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 

1. H. Hahn and H.J. Halama, IEEE Trans. Nucl. Sci. NS-14, No. 3,  356 (1967). 

2 .  J.P. Turneaure and I. Weissman, J. Appl. Phys.-39, 4417 (1968). 

3 .  J . C .  Slater, Rev. Mod. Phys. l8, 441 (1946). 
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with Z = cp0 
defined by 

being the impedance of 

G =  

free space and the geometrical constant G being 

(u s* dV 
-4 

c J'i* . H dF ' 

For geometrically simple structures, this constant is calculable; it can always be 
obtained from a Q measurement on a copper cavity at room temperature, where the surface 
resistance is known from the classical skin effect. Accurate results, .however, require 
a smooth surface which can be obtained by electropolishing of the surface.4 

The geometrical constant G is usually considered to be temperature-independent, 
which, however, is only true if the surface roughness is small compared to the skin 
depth. 
therefore possible that a microroughness changes the value of G. The influence of a 
surface roughness at unchanged material properties was discussed by LendingY6 Morgan,' 
and in the case of superconducting lead, by Halbritter.8 
roughness, the observ.ed Q values will be lower than expected from theory, or, alterna- 
tively, the constant G of a superconducting cavity is not directly measurable. 
measurement of the surface impedance of superconductors is, therefore, subject to 
systematic errors which are not easily corrected. 
able to quote the improvement factor, which is defined as the ratio I = Qo/Q~u,300~K, 
and the variation of the resonant frequency with temperature. 

The penetration depth of superconducting lead is about 0.039 ~ m ; ~  it is 

A s  a result of the micro- 

The 

For practical usage it seems prefer- 

The change of resonant frequency of the test cavity can be caused by a variation 
of the surface reactance or by dimensional changes with temperature. The selective 
measurement of the contribution due to the reactance involving the application of a 
magnetic field to destroy the superconducting state was described by Pip~ard.~ 
improvement factor is obtained from Q measurements on the test cavity. 
ment of the quality factor is a classical problem which is, however, somewhat compli- 
cated by the extremely high Q values of superconducting cavities; 
some form of decrement method.1° 
mission-type cavity by a frequency-swept signal and to observe the decaying eigen- 
oscillations at the cavity output.ll 
involving the smallest possible rf heating but it would be less suitable for high 
power measurements. 

The 
The measure- 

Q > lo6 requires 
We found it advantageous to shock-excite a trans- 

This method is ideal for low level measurements 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

F. Biquard and A. Septier, Nucl. Instr. Methods 44, 18 (1966). 

J.M. Lock, Proc. Roy. SOC. London m, 391 (1951). 
R. Lending, in The Microwave Engineer's Handbook (Horizon House, 1966), p. 84. 

S.P. Morgan, Jr., J. Appl. Phys. 20, 352 (1949). 

J. Halbritter, Report 3168-1, Kernforschungszentrum, Karlsruhe, 1968. 

A.B. Pippard, Proc. Roy. SOC. London a, 399 (1947). 

C.J. Grebenkemper and J.P. Hagen, Phys. Rev. 86, 673 (1952). 

H. Hahn, H.J. Halama, and E.H. Foster, in Proc. 6th Intern. Conf. High Energy 
Accelerators, Cambridge, Mass., 1967 (available from CPSTI, Springfield, Va.), 
p. A139. 
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111. TEST CAVITY 

The test structure is designed as a transmission-type rather than the frequently 
used reaction-type cavity because. of its insensitivity to stray reflections and the 
possibility of carrying out measurements at very loose coupling. The disadvantage of 
not being able to use low loss waveguide feed systems is more than compensated for by 
the ease with which the coupling coefficient is adjusted when coaxial cables are used. 
The attenuation of radiated signals in the coaxial cables is readily measured and cor- 
rected for. 
pointed out here that our biggest problems were caused by vacuum leaks and rf feed- 
through, that is, a direct power transmission between input and output cable. 

Details of the TEOll test cavity are described in Ref. 12. It should be 

The superconducting material is obtained by electroplating a lead film 2.5 um 
thick on OFHC copper. Although a correspondence between the microstructure of the 
superconductor and the quality factor is not established, we feel that one should 
attempt to deposit the lead in as ideal a form'as possible. The criteria by which 
we evaluate the lead surface are: 

1) Continuity of the lead surface, i.e. absence of pinholes. This is 
achieved by the preparation of the copper surface and a proper choice 
of the plating procedure. Problems caused by trapped air bubbles are 
alleviated by shaping the geometry of the structure. 

2) Large grain size as achieved by epitaxial crystal growth. This is 
achieved by annealing the copper prior to plating and by proper start 
of the crystal growth (nucleation). 

3) High purity. This is,achieved by using 99.999% pure lead anodes, . 
by immersing the structure in the plating solution under voltage 
only and by plating the entire surface of the structure.. Further- 
more, the solution is outplated with slanted electrodes for several 
hours at very low current densities (0.1 mA/cm2). 

4) Smoothness on microscopic level. This is achieved by comparative- 
ly slow electroplating or, better, by slow reverse plating. 

The lead deposit is obtained by electroplating from a lead fldoborate bath. The 
procedure used is similar to industrial methods13; 
seem to improve the quality factor. Best results were obtained by adhering to the 
following procedure: 

certain modifications, however, 

1) Machine the copper surface of the part to be plated to a 16-32 win. 
finish. 
desirable, but has been omitted so far. 

Recrystallization by heating under hydrogen atmosphere is 

2) Degrease ultrasonically in vithane and then in safety solvent. 
Oakite 117 full strength is recommended.14 

3) Soak clean for 3 minutes in Oakite 23 at 82 f 5 O C .  
tration is 60 g f R  of distilled water. 

The concen- 

12. H. Hahn, H.J. Halama, and E.H. Foster, J. Appl. Phys. 2, 2606 (1968). 
13. Technical Bulletin TA-38351, General Chemical Division, Allied Chemical Corp., 

Morristown, N.J. 

14. Oakite Proaucts, Inc., New York, N.Y. 
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4) Rinse in water. 

5)"Electropolish for 6 minutes in Electro-Glo The concen- 
tration is 75% by volume of phosphoric acid and 25% Electro-Glo 200. 
The voltage across the cell is about 7 V. The solution is at room 
temperature, but not above 27OC. 
repeat the electropolishing for another 4 minutes. Repeated 
polishing tends to etch the stirface and mechanical polishing may 
be required. 

If the surface is not satisfactory, 

6) Rinse, first in hot and then in cold water. 

7) Anodically electroclean for 3 minutes in Oakite 191. The concen- 
tration is 60 g f g  of distilled water. The voltage across the 
cell is about 6 V and the temperature of the solution is 82 f 5OC. 

8) Rinse in water. The surface must wet, otherwise repeat electro- 
cleaning. 

9) Dip for 10 sec in fluoboric acid. The concentration is 25% by 
volume of fluoboric acid, 75% distilled water. 

10) Dip in distilled water. 

11) Plate in lead fluoborate bath at 'a current density of 2.7 mA/cm , 
higher during the initial few seconds. The concentration is 
22.9% by volume of lead fluoborate concentrate13 and 77.1% dis- 
tilled water. Add a small amount of fluoboric acid to achieve 
pH S 1; add 0.4  g f l  of extracted bone glue to prevent' treeing.16 
Normal plating requires 17 minutes to deposit 2.5 Wm of lead. 
Surface roughness is reduced by reverse plating (20 sec plating, 
10 sec polishingl7) which is done for 30 minutes after 7 minutes 
of normal plating. 

Drain excess water to avoid streaks. 

2 

. 

12) Rinse in water. 

13) Dip for 3 minutes in Varsene 100. The concentration is 168 g 
of Varsene 100 with the addition of 5.3 
liter of distilled water.18 

cm3 of Duponol per 

14) Rinse in water. 

15) Dip in distilled water. 

16) Dip in 200-proof alcohol. 

17) Dry under air flow. If watermarks appear, repeat step (13) and on. 
. .  

15. Electro-Glo Company, Chicago, Illinois. 

16. Hydroquinone C@4(0H)2 may be used instead of bone glue. 
D. Leroy, private communication. 

D. Gorle' and 

17. Better polishing is obtained by increasing the current tenfold and reducing 
the time correspondingly. R.W. Meyerhoff, private communication. 

18. Varsene 100 by Dow Chemical Co.; Duponol by E.I. DuPont de Nemours & Co. 
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. 
18) Good parts are stored under vacuum until they are assembled.. If 

the plating is inadequate, the lead 'is stripped,13 and the process 
is repeated starting with step (4). Repeated stripping tends to 
etch the surface and mechanical polishing is desirable. 

N. MEASUREMENTS 

- The quality factor of the superconducting cavity was measurea by-a frequency sweep 
technique. 
the power transmission through the cavity may be expressed byll 

In the case of a fast adiabatic sweep through resonance (n << 110 << 11, 

(3) 

The loaded Q follows directly from the time constant of the decaying output signal. The 
unloaded Qo = Q(1+ 2") requires the knowledge of the coupling coefficients which are 
made equal by a symmetric geometry. The coupling coefficient is determined from the am- 
plitude of the output signal and the sweep rate fi = h/wo2. 
directly to the cavity input and output and corrections for cable attenuation are neces- 
sary. 

The transmitted signals refer 

Errors may be caused by unequal coupling coefficients, FM noise of the source, and 
stray reflections. 
the output power and is easily detected. The equality of the coupling coefficients can 
be verified by comparing the signals reflected from the input port, and from the output 
port when it serves as an input port. The most accurate measurements, however, are ob- 
tained by reducing the coupling coefficients to a few percent. 
is limited by the sensitivity of the detector at the output; the combination,of a low 
noise TWT plus a crystal diode was found to be adequate. 

The presence of FM modulation would manifest itself by a jitter of 

The coupling coefficient 

The best results obtained on a TEOll cavity resonant at 2.87 GHz are listed in 
Table I. 
is QCu,3000K = 56 X lo3, to which the improvement factor is normalized. The experi- 
mental results were compared with the AGK theory and adequate agreement was found.12 

The unloaded quality factor of a congruent copper cavity at room temperature 

TABLE I 

T (OK) Q, I 

3 4.2 2.35 x 10 4.2 x 10 
3.7 3.92.~ lo8 7.0 x lo3 
3.45 4.90 X 10; 8.8 x lo3 

1.6 x lo4 4 2.95 
2.70 1.3 x lo9 2.3 x lo4 
2.45 
2.20 3 . 7 3  x lo9 ' 6.7 x lo4 

1.70 9.96 x 10; 1.8 x lo5 

3.20 6.68 x 10 1.2 lo4 
8.82 x lo8 

2.26 x lo9 ' , '4.0 x 10 

1.92 6.93 x 109 1.2 x lo5 
1.90 7.01 x lo9 1.3 105 

1.50 11.33 x 10 2.0 x lo5 

It is appropriate to mention that the above results were obtained at small power 
Power measurements on TEOll and T%ll cavities are in progress and levels (H << Hc). 

will be reported as soon as conclusive results are available. 
. I  
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COUPLING LOSSES IN SUPERCONDUCTING CAVITIES" 

H. Hahn and J.M. Millert 
Brookhaven National Laboratory 

Upton, New York 

I. INTRODUCTION 

The nature of the residual losses in superconducting cavities is not yet complete- 
ly understood. Magnetic flux trap'ped in the superconducting surface is known t o  be a 
source of losses,l which can, in'practice, be eliminated by proper magnetic shielding. 
On the other hand, it was shown that losses in the coupling mechanism can, under cer- 
tain conditions, represent an important contribution.2 

In this paper we intend to investigate theoretically the losses of a piston-type 
coupling mechanism which consists of a coaxial cable with a coupling loop and a below- 
cutoff tube coupled to the TEOll cavity through an iris. 
by means of waveguides can be made practically lossless and need not be considered 
here. 
which suggest ways of reducing the residual losses due to the coupling mechanism. 
viously published Q measurements3 are analyzed in regard to coupling losses and it is 
concluded that the residual losses must have a different,origin. 

The coupling to the cavity 

It was possible to derive expressions for the maximum measurable quality factor 
Pre- 

11. THE UNLOADED QUALITY FACTOR 

The unloaded quality factor (no radiation losses) of a cavity is defined by 
QG1 = P/(oW, where P represents the wall losses, W the total stored energy, and w the 
resonant frequency. In the case of a cavity wi'th a homogeneous surface, 0, is related 
to the surface impedance by QoR = G, where R is the surface impedance, and the geomet- 
rical constant, G, is given in natural units by 

s ;*- dS 

k sz* .  3 dV 
G-1 = 

with the wave number k = (o. 

At first we will derive G of the TEOll cavity coupled to an infinitely long below- 
The iris is located at the point of max- cutoff waveguide by an iris in one end plate. 

imum magnetic field of the TEOll cavity and on the axis of the TEll guide (Fig. 1). 

* 
Work performed under 'the auspices of the U.S. Atomic Energy Commission. 
'Summer student from Queens College of the City University of New York. 
1. J.M. Pierce, H.A. Schwettman, W.M. Fairbank, and P.B. Wilson, in Proc. 9th Intern. 

2 .  H. Schopper, to be published in the Proc. of the 1968 Linear Accelerator 

3. H. Hahn, H.J. Halama, and E.H. Foster, J.  Appl. Phys. 3!3, 2606 (1968). 

Conf. Low Temperature Physics, Columbus, Ohio (Plenum Press, New York, 1965), p.396. 

Conference, Brookhaven. 

See also these Proceedings, p. 13. 
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Homogeneous surface properties are assumed, which means that both the cav!ty and the 
below-cutoff tube must be. lead-plated. 

The expressions for the magnetic field in the unperturbed TEOll cavity (region I) 
can be written in circular cylinder coordinates as . .  

I Br = J1 (jil r/a) cos nzlR 

Bi = 0 
. I  

r/a) sin nz/R , B Z = n -  a JO (jh1 I '01 a 

where a is the radius and R the length of the cavity; 
needed to evaluate Eq. (1) : 

The following integrals will be 

;I* . dV = p ll a2 1 Jo 2 (ji,) (1 -I- g) 

2 ;I* dS = n a R Jo (j;,) (2a/R + g) , 

(3) 

( 4 )  

where 

The geometrical constant in the absence of a coupling hole follows as 

(5) 

The resonant frequency in the unperturbed case is found from 

f kR = n(1 + g) , 
and finally 

6-1 = k 1 + f gala 
n (1 + g)3/2 ! 

In the Brookhaven cavityY3 R = ;a and G-l = 0.483. 

Due to the iris of radius p ,  a TI311 far-field.wil1 be excited in the below-cutoff 
tube with radius b which can be approximated for z > 0 by a 

I1 -cyz -ie BZ NN - C J1(w) e ie > 

'2 2 where the attenuation constant (Y = (ji1/b)' - k . 
where the cutoff tube has a radius b << a, (Y is simply Q w jil/b. 

In practically important cases 
The amplitude C 
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follows from Bethe's small-hole appr~ximation,~ 

3 or C = 1.90 (p/b) . 
field matching leads to C = 2 jil (jif - 1)-1 = 1.54. 

This result can be verified in the case of P = b, for which direct 

To evaluate the geometrical constant in the presence of an iris, we will need the 
following integrals taken over the infinitely long unperturbed (i.e. open) below-cutoff 
tube: 

r\ n 

and 
n 

(9) 

J 11 

Because our analysis neglects near-fields in the vicinity of the iris, E q s .  (9) and 
(10) are obviously only approximate expressions. This is, however, inconsequential 
since the geometrical constant of the cavity is practically unaffected by the cutoff 
tube. To show this, we compare E q s .  (3) and ( 4 )  with E q s .  (9) and (10) and find that 
€or R = 2a 

and 

We conclude that the geometrical constant of the Brookhaven cavity (b/a M 0.1) is com- 
pletely determined by the unperturbed TEOll cavity and is given by Eq.  ( 6 ) .  
losses of a lead-plated below-cutoff tube are negligible. 

Thus the 

The situation changes completely if a coaxial cable with a coupling loop is in- 
serted into the below-cutoff tube. 
the cable is made, to a magnetic field resulting in additional rf losses: 

This exposes an area A 1  of normal metal, of which 

-2az AP f % c2 e ¶ 

where RN is the surface resistance in the normal state. The geometrical constant is 
now dependent on the loop position according to 

4. R.E. Collin, Foundations €or Microwave Engineering (McGraw-Hill, New York, 1966), 
p. 190. 
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At low temperatures the ratio of normal to superconducting surface resistance, RN/RS, 
becomes very large and the influence of the coupling loop may not be negligible. 
method'of eliminating the cable influence by measuring at various loop positions was 
described by Schopper.' This method is rather time consuming and we will investigate 
in the following section whether the influence of the coupling loop can be eliminated 
or at least reduced. 

A 

c) 

111. THE MAXIMUM MEASURABLE Qo 

Equation (12) suggests that we may reduce the coupling losses by pulling back 
the coupling loop from the cavity. This does, however, limit the power which may be 
coupled out of the cavity, the lower limit being determined by the sensitivity of the 
instrument used for the rf power measurement. 
measurable with a given experimental setup is (in natural .units) obviously 

The maximum unloaded quality factor 

kw = -  
Qo AP a 

AP is determined by the minimum power detectable, Pmin, because the radiated power is 
related to AP by the loop geometry. Neglec-ting the inductance5 and resistance of the 
loop, the power radiated into the cable is obtained as 

/ z  Y 
2 2 2 -2az Prad = u1 A2 C e 

where Z is the characteristic impedance of the cable and A2 the area of the loop. 
follows that 

It 

2 
9 A, 

(15) 

We see that Go can be influenced by the geometry of the coupling loop and by the sen- 
sitivity of the power meter. It seems advantageous to work with relatively large 
loops (reactance about equal to Z) and to use a low noise, high gain amplifier at the 
cable end. 

On the other hand, it is worthwhile to point out that the coupling loop hole 
size p is, in principle, irrelevant to the problem; it determines only the position 
of !he loop at which the measurement is made and consequently the required length of 
the below-cutoff tube. Because of difficulties with the plating of the superconduc- 
ting surfaces, the smallest coupling hole is nevertheless desirable. 

5. The self-inductance of the loop is about equal to its diameter. C.C. Johnson, 
Field and Wave Electrodynamics (McGraw-Hill, New York, 1965), p. 202. See also 
S .  Ramo, J.R. Whinnery, and T. van Duzer, Fields and Waves in Communication 
Electronics (John Wiley & Sons, New York, 1965), p. 311. 
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The Q measurements reported in Refs. 3 and 6 were performed with the same coupling 
loop. In Ref. 3,  the iris hole radius was reduced, and a TWT amplifier with 30 dB gain 
was inserted between cable oytput and diode. 
that ;he maximum measurable Qo was increased in Ref. 3 by a factor of 1000 resulting 
in a Qo 2 10l2. 
conclusion that the residual resistance quoted in Ref. 3 was not caused by position- 
dependent losses in the coupling mechanism. On the other hand, recent measurements on 
another cavity of similar geometry show clear evidence of position-independent coupling 
losses. The analysis of this type of loss is not covered in this paper, and it is not 
impossible that the residual Q in Ref. 3 is caused by position-independent losses. 

From the' preceding discussion it follows 

This is much larger than the measured quality factor which permits the 
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. .  

6. H. Hahn, H.J. Halama, and E.H. Foster, in Proc. 6th Intern. Conf. High Energy 
Accelerators, Cambridge, Mass., 1967, p. A-139. 

Fig. 1. Geometry of TE cavity with below-cutoff tube. 011 
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FABRICATION OF NIOBIUM RF CAVITIES 

R.W. Meyerhoff 
Speedway Research Laboratory 

Union Carbide Corporation, Linde Division 
Indianapolis , Indiana 
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INTRODUCTION 

Experimental s tud ie s  of the nature and magnitude of ac losses  i n  superconducting 
niobium were s t a r t e d  by the Union Carbide Corporation, Linde Division i n  1963. 
of t h i s  work was concentrated on tiiobium produced b 
oped within' Union Carbide by Mellors and Senderoff .T E l e c t r i c a l  r e s i s t i v i t y  measure- 
ments demonstrated tha t  res idual  r e s i s t i v i t y  r a t i o s  greater  than 20 000, a f ac to r  of 
near ly  10 g rea t e r  than previously reported f o r  niobium, could be obtained by vacuum 
outgassing t h i s  e lectroplated I n  addi t ion,  vacuum outgassed e'lectroplated 
niobium samples were prepared which showed the most complete magnetic r e v e r s i b i l i t y  

10 000 Hz ever observed i n  niobium. 

Most 
the e l ec t rop la t ing  process devel- 

' and the lowest ac losses  a t  magnetic f i e l d s  up t o  - 1400 G and frequencies up t o  
3 

As the r f  f i e l d  amplitude is increased i n  a superconducting r f  cav i ty  the peak 
magnetic f i e l d  a t  the cav i ty  wall  i s  a l s o  increased. Therefore, as the  magnetic f i e l d  
at .which the superconductor can be operated increases ,  t he  maximum energy gradient a t -  
tainable a l so  increases.  Thus i n  choosing-a s.uperconductor f o r  use i n  an r f  cavi ty ,  
i n  addition t o  those f a c t o r s  which influence the  energy l o s s ,  consideration must be . 
given t o  the maximum magnetic f i e l d  a t  which it  w i l l  be possible t o  operate the super -  
conductor. I n  the case of a type I1 superconductor the maximum allowable magnetic 
f i e l d  w i l l  be the thermodynamic c r i t i c a l  f i e l d ,  Hc, w h i l e , i n  the case of a type I1 
superconductor i t  w i l l  be the lower c r i t i c a l  f i e l d ,  H c l .  
H c l ,  f o r  ul t ra-high pu r i ty  niobium is greater  than e i t h e r  t h a t  of any other known 
type I1 superconductor or  the thermodynamic c r i t i c a l  f i e l d ,  Hc, of any type I super- 
conductor. Thus the highest energy gradients  t heo re t i ca l ly  a t t a inab le  i n  a supercon- 
ducting r f  cavi ty  would be i n  one fabricated of niobium. For t h i s  reason niobium is 
the preferred mater ia l  f o r  the f ab r i ca t ion  of superconducting r f  c a v i t i e s .  In addi t ion,  
the performance of a niobium cavi ty  i s  not as suscept ible  t o  de t e r io ra t ion  with t i m e  
due t o  oxidation as a r e  lead c a v i t i e s .  

The lower c r i t i c a l  f i e l d ,  

DISCUSSION 

High-purity niobium appears t o  b e , t h e  idea l  superconductor €or use  i n  r f  c a v i t i e s  
designed f o r  use i n  l i n e a r  accelerators  and beam separators .  In t h i s  sect ion some of 
the problems t h a t  have been found t o  da t e  i n  f ab r i ca t ing  superconducting niobium r f  
c a v i t i e s  with high Q's are discussed. 
developed by Union Carbide f o r  f ab r i ca t ing  superconducting niobium r f  c a v i t i e s  is des- 
c r  ibed . 

In  addi t ion,  a unique new method presently being 

1. G.W. Mellors and S.  Senderoff, J. Electrochem. SOC. 112, 266 (1965). 

"2. R.W. Meyerhoff, t o  be presented a t ' and  published i n  the Proc. of the Electro- 
Chemical Society Symposium on Preparation and Pur i f i ca t ion  of Ultra-Pure. Metals, 
-. Montreal, Canada, 1968. 

3 .  W.T. Beall and R.W. Meyerhoff, t o  be submitted t o  J .  Appl. Phys. 
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In  pr inciple ,  a l l  t h a t  is  required f o r  a superconducting niobium r f  cavi ty  i s  a . 
niobium s t ruc tu re  having the  desired shape with niobium walls of the order of a few 
thousand angstroms th i ck .  However, s ince many of the r f  c a v i t i e s  proposed have dimen- 
sions of the order of 30 cm o r  more, such a s t r u c t u r e  made of niobium only a few thou- 
sand angstroms th i ck  would not be self-supporting. Thus, i n  order t o  f ab r i ca t e  a 
superconducting niobium r f  cav i ty  the re  a r e  four a l t e rna t ives :  

The cavi ty  could be machined from a massive sect ion of niobium with 
walls s u f f i c i e n t l y  th i ck  t o  support the 'cavity when it  is evacuated. 

Deposit the niobium i n  some manner on a su i t ab le  subs t r a t e  using a 
t h i n  deposit  of niobium as the superconductor with the subs t r a t e  
supplying the mechanical support. 

Deposit niobium on a subs t r a t e ,  which w i l l  subsequently be removed, 
t o  a thickness s u f f i c i e n t  t h a t  the niobium w i l l  support i t s e l f  a f t e r  
the subs t r a t e  is removed. 

Deposit a t h i n  layer  of niobium on a subs t r a t e  which w i l l  subsequently 
be removed and deposit  a layer  of s u i t a b l e  supporting mater ia l  onto . 
the  niobium before removing the subs t r a t e .  

The f i r s t  of the a l t e r n a t i v e s  seems t o  be impractical  f o r  a number of reasons, 
not the l e a s t  of which i s  'the prohibi t ive cost  of the niobium required.  
t o  the high cost  inherent i n  machining an r f  cav i ty  from a so l id  piece of niobium t h i s  
method makes i t  d i f f i c u l t  i f  not impossible i n  many cases t o  make a s e r i e s  of complex 
cavi t ies-  without one o r  more j o i n t s .  For example, c a v i t i e s  such as those shown i n  
Fig. 1 would have t o  be made i n  two or  more sec t ions  s ince i t  i s  not f e a s i b l e  t o  ma- 
chine such i n t e r n a l  shapes i n  a s o l i d  piece and produce a high q u a l i t y  surface f i n i s h .  

-In addi t ion 

The second method i n  which one would f a b r i c a t e  an. r f  cav i ty  by deposit ing a t h i n  
layer  of niobium onto a subs t r a t e  i s  more economical. In t h i s  case the mechanical sup- 
port would be provided by the subs t r a t e .  A t  f i r s t  s ight  the simplest and most d i r e c t  
way of preparing t h i s  type of niobium r f  cav i ty  would be t o  use  a high thermal conduc- 
t i v i t y  material such as copper as a subs t r a t e  and then deposit  a t h i n  layer  of niobium 
on the inside of t h i s  subs t r a t e  by some technique such as  e l ec t rop la t ing  or  vapor depo- 

cavities having complex shapes, such a s  those shown i n  Fig. 1, would have t o  be f ab r i -  
cated i n  two o r  more sec t ions  because of the d i f f i c u l t y  i n  both machining such shapes 
and i n  deposit ing a niobium f i lm  on the inner surface of such shapes. 

* s i t i o n .  There a re ,  ho.wever, two pr incipal  problems with t h i s  approach. F i r s t ,  r f  ' 

Second, i n  order t o  obtain the required performance i n  a superconducting r f  cav- 
i t y  an extremely smooth superconducting surface i s  required.  A t  t h i s  t i m e  the tech- 
niques given above do not produce an adequately smooth surface.  
obtain a reasonably good surface by these techniques, i f  the o r i g i n a l  deposited nio- 
bium surface is then mechanically, chemically o r  e l e c t r i c a l l y  polished. However, t h i s  
would be very d i f f i c u l t ,  i f  not impossible, i n  most cases because of the complex shapes 
of r f  c a v i t i e s .  

It is possible t o  

Because of the economic and/or mechanical problems associated with the f i r s t  two ' 

methods discussed above a new technique .for manufacturing superconducting niobium r f  
c a v i t i e s  based on the t h i r d  and fourth methods l i s t e d  above is  being developed. The 
s t e p s  used i n  f ab r i ca t ing  an r f  cav i ty  by t h i s  method are i l l u s t r a t e d  i n  Figs. 2 and 3 
and a r e  described i n  d e t a i l  below. 

S t e p  1. The f i r s t  s t e p  is the f a b r i c a t i o n  of a copper subs t r a t e  designed 
to  conform t o  the shape of the in s ide  of the r f  cavi ty .  That i s  
t o  say, the copper subs t r a t e  has the  same dimensions as w i l l  the 
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empty space within the finished rf cavity. After machining, the 
copper substrate is first mechanically polished and then electro- 
polished. In the finished cavity the active niobium surface will 

substrate and will therefore have a surface finish which is vir- 
tually identical to the original surface finish of the substrate. 

' be that surface which was originally in contact with the copper 

Step 2A. A' coating of niobium having the desired thickness is deposited 
onto the copper substrate by means of the fused salt plating pro- 
cess developed by Mellors and Senderoff Since this process is ' 

described in detail elsewhere' only a brief description is given ' 

below. 
47.0 wt% KF and 16.3 wt% K2NbF 

for the anode and OFHC copper for the cathode substrate although 
many other materials such as iron, stainless steel, etc. are also 
suitable as cathodes. Normally niobium is electroplated at a cur- 
rent density of 5-125 mA/cm2 which corresponds to a deposition rate 
of 5.08 - 127.0 b/h. A typical analysis of the electroplated nio- 
bium is as follows: 
1 ppm; nitrogen, < 1 ppm; iron, nickel and chromium, 20 ppm each; 
tantalum, C 8 ppm; tungsten, 2 ppm. The first niobium plated from 
a new electrolyte will contain < 2 ppm tantalum; however, since 
this is considerably less than the several hundred ppm tantalum in 
the commercial purity niobium anodes used, the tantalum content in 
the electrolyte will increase with time with a concomitant small 
increase in the tantalum content in the electroplated niobium. 

An electrolyte consisting of 26.2 wt% LiF, 10.5 wt% NaF, 
is used. During plating this elec- 

trolyte is maintained at- 775 2 %. Commercial grade niobium is used 

carbon, C 1 ppm; oxygen, 40 ppm; ktydrogen, 

Step 2B. If the niobium deposited in step 2A is not thick enough to be 
self-supporting, a porous layer of tungsten is then deposited over 
the electroplated niobium. (While the tungsten can be deposited 
by plasma plating, powder metallurgy techniques or chemical vapor 
deposition, plasma plating has been used in the initial cavities 
prepared by this method.) The tungsten coating serves to support 
the niobium during the subsequent vacuum outgassing and to provide 
the mechanical support necessary in the finished rf cavity. In 
addition, the porosity of the tungsten should enable the helium in 
the liquid helium bath surrounding the cavity to circulate through 
it giving rise to an extremely high effective thermal conductivity 
between the niobium inner cavity wall and the surrounding liquid 
helium bath. I .  

Step 3. Most of the machining of the plated cavity (machining of 0.d. to 
fin'al size, flanges, mounting holes, etc.) is done prior to the 
removal of the substrate. Those portions of the substrate used 
to hold the cavity during plating are also removed in this step. 

Step 4. The copper substrate is removed from the electroplated niobium or 
niobium-porous tungsten composite structure. In the prototype 
cavities fabricated to date the copper substrate has been removed 
by dissolving it in dilute nitric acid. The copper substrate 
could also be removed electrolytically or by melting the copper 
and pouring most of it out using either nitric acid or an electro- 
lytic method to remove the small quantity of copper left behind 
by the latter method. 

Step 5. The rf cavity, either all niobium or niobium backed with porous 
tungsten is vacuum outgassed and annealed at a temperature of 
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- 22OO0C at a pressure of - loe8 torr. 
rise to both some sintering of the porous tungsten increasing its 
mechanical strength and improving. the quality of the tungsten- 
niobium bond. 

This step will also give 

The last step consists of final trimming of the rf cavity, vacuum 
testing of the finished cavity and any other inspection operations 
necessary to insure that the finished product meets specifications. 

SUMMARY 

In the previous section a new technique for fabricating ultra-high-purity niobium 
It appears that this technique will eliminate the problems rf cavities was described. 

associated .with the produc'tion of rf niobium cavities discussed earlier. 
features of this new fabrication method are discussed below. 

The major 

1) This fabrication method provides a way by which a multiplicity of inte- 
grally connected rf cavities of complex shape can be fabricated in a 
single section free of joints. 

2 )  By suitable initial finishing of the surface of the copper substrate 
an rf cavity can be fabricated which does not require any additional 
polishing to obtain an adequate surface finish on the niobium. 

3) When a very high thermal conductivity is required porous tungsten can 
be used to provide mechanical support for the niobium. 

To date, only a few rf cavities have been prepared by this fabrication method. 
These cavities, both the niobium and niobium backed by porous tungsten variety, have 
all been X-band cavities designed to be operated at 11.2 Mz. The best results ob- 
tained to d.ate were on a TEOll mode cavity vacuum outgassed at 20OO0C for 3 h for 
which Q % 2 X lo9  and Hac sy 350 G.4 
ditional polishing or heat treating gave Q M 3 x lo7 and Hac FJ 110 G.4 
cavity tested as plated gave Q M 1 X 108.4 

A TMolo mode cavity tested as plated with no ad- 
A TEOll mode 

A few typical cavities fabricated by this method are illustrated in Figs. 4 and . 
5 .  
results obtained thus far indicate that by improving the quality of the surface finish 
on the copper substrate prior to electropolishing niobium higher values of Q and Hac 
can be obtained for both the as-plated and the vacuum outgassed cavities. In fact 
for some applications, especially at frequencies lower than X-band, it may be possible 
to prepare cavities with useful Q ' s  without the need of any heat treatment subsequent 
to the electroplating. 

Future work is planned to further improve the values of Q and Hac. Some of the 

4 .  J.P. Turneaure, Stanford University, private communication. 
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Fig. 1. Typical geometrically complex r f  cavities. 
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STEP I -, FARRICATE COPPER SUBSTRATES 

COPPET; SUBSTRATE ELECTROPLATEC. NIOBIUM 

STEP 28- PLASMA PLATE TUNESTEN 
THIS STEP I S  SBIPPED I F  THE 

SELF SUPPORTING 
LAYER I S  MADE THICK ENOUGH TO EE 

-(- TUNGSTEN 

Fig. 2 .  Steps in the fabrication of rf cavit ies .  
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STEP 3- CUT OUT CAVITY SECTION' - 
PT\ 

STFP 4- REMOVE COPPER 

s=_6_- FINISH R. F. CAVITY SECTION 

E 

.Fig.  3 .  S t e p s  i n  the fabrication of rf c a v i t i e s .  
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COPPER FI N IS HED 
SUBSTRATE R.E CAVITY 

I I 
I 

Fig. 4. Examples of easily fabricated geometrically complex rf cavities. 
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Fig. 5. Examples of easily fabricated geometrically complex rf cavities. 
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, FABRICATION OF HIGH Q SUPERCONDUCTING NIOBIUM CAVITIES 

TEOll mode-cavities fabricated by chemical vapor deposition of Nb layers varying 
in thickness from 5 to 25 cc onto Cu substrates have been evaluated. 
done in a tube furnace at 950 to 1000°C and the Cu substrates experience considerable 
grain growth during the predeposition heating. 
multitude of large single crystal platelets whose size, orientation and growth are 
uniquely related to the substrate crystal structure. The surface of the Nb film gets 
rougher with increasing thickness and at a thickness varying between 10 LL and 25 b, 
there is a tendency for renucleation at the surface. After renucleation, growth of a 
dense deposit may be continued, but the as-deposited surface is small grained, duller 
in appearance and considerably rougher than the surface prior to renucleation. Meas- 
urements on.as-deposited Nb on Cu TEOll mode cavities have yielded residual Q's from 
3.3 X lo6 to 6.3 X lo7 with the value of Q decreasing monotonically as a function of 
increasing deposit thickness. 
ual Q by between one and two orders of magnitude (in a particular case from 3.3 x 106 
to 1.6 x lo8). 
roughness and the quality of the surface finish. 
was achieved with cavities consisting of chemically vapor deposited Nb surfaces on Nb 
rather than Cu substrates. As an example, the as-deposited residual Q would typically 
be of the order of 2 x lo8, increasing to about 5 x lo8 with abrasive polishing of the 
deposited surface. 
of differential thermal expansion between deposit and substrate. 
tors, such as elimination of dissolved Cu from the substrate, in the Nb surface layer, 
may also be important. 

The deposition is 

The Nb layers deposit initially as a 

Polishing of the deposited surface increases the resid- 

The residual Q thus appears to be critically dependent on surface 
A further increase in residual Q 

~ 

This further improvement is attributed primarily to the elimination 
However, other fac- 

1. Weissman 
Central Research Laboratories 

Varian Associates, Palo Alto, California 

X-band superconducting cavities were fabricated by two methods: chemical vapor 

electron-beam-melted (EBM) solid niobium followed by chemicallgolishing. 
method yielded cavities with residual Q's as high as 3.8 X 10 
11.2 GHz and 2.1 X 1O1O in.the T%lo mode at 8.4 GHz. 
cavities were limited in power by a critical magnetic field (HEc) of about 450 G, 
which is only one-fourth the dc value of Hcl for pure niobium. Subject to high fields 
the TMolo mode cavity tested exhibited some Q degradation from its initial high value 
but it was found that after a sufficient operating period at high fields stable values 
of Q = 1.16 X 10 
be maint,ained. 
fabricated in this manner from EBM niobium attractive in accelerator and particle sep- 
arator applications, the cost of fabrication is relatively high and it would be desir- 
able if comparable results could be obtained with plated Nb on some suitable, less 
costly substrate. 

,deposition of niobium onto copper and niobium substrates, and machining from bulk, 
The latter 

in the TEOll mode at 
Both the TM and TE mode solid 

9 measured at low power, and 1.06 X lo9 measured at high power could 
While these stable values of Q are sufficiently high to make cavities 
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Results to date on cavities fabricated of chemically vapor deposited Nb layers 
indicate that with additional effort residual Q's comparable to those achieved with 
solid Nb structures can be realized. The major problem is to find a more compatible 
substrate-deposit combination. To this end, Elkonite, a copper-impregnated tungsten 
matrix material, is suggested as a substrate member. With the proper Cu-W ratio 
(approximately 70% W, 30% Cu) its macroscopic expansion coefficient closely matches 
that of Nb. Also the thermal conductivity of Elkonite is almost as high as that of 
Cu, thus making it an ideal substrate material insofar as heat transfer through the 
cavity walls to the helium bath is concerneil. 
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MATERIALS INVESTIGATION FOR A TWO-MILE SUPERCONDUCTING ACCELERATOR* 

M.A. Allen and H.A. Hogg 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 

1 In another paper in these Proceedings, Neal gives the reasons for considering an 
energy of 100 GeV as the goal for a superconducting SLAC accelerator. This energy cor- 
responds to a gradient of 10 MeV/ft, which is greater than has been achieved to date 
in any superconducting accelerator structure, either traveling-wave or standing-wave. 
Gradient limitations are related to the properties of the materials used in the accel- 
erator circuits. An examination of bhe present day materials situation leads to the 
conclusion that the materials which come closest to the design requirement are the pure 
metals, lead and niobium. Cavities which have been constructed to date with lead are. 
limited by field emission loading effects to operating at levels below 4 MeV/ft. .Nio- 
bium cavities in the accelerating'mode have shown. sharp reductions dug to magnetic 
field penetration at gradients of about 5 MeV/ft. Both of the above-quoted gradients 
are for the traveling-wave mode of operation. For both these materials, sufficiently 
high Q improvement factors have been obtained at superconducting temperatures to qual- 
ify them for use in low gradient accelerators. Nevertheless, further work is required 
before a high gradient superconducting machine can be constructed. ,The purpose of this 
paper is to discuss some plans for a materials evaluation program at SLAC. 

Materials presently used are either type I or type 11, and are operated in the 
region of perfect diamagnetism - that is, at magnetic fields below the level at which 
any flux tube penetration takes place. However, the mechanism of microwave loss in 
type I1 superconductors operated in the mixed state, where some flux tube penetration 
occurs, is a subject of current s t ~ d y . ~ , ~  At low frequencies or dc, the current in a 
conductor flows in such a manner as to minimize resistive losses, but at high frequen- 
cies the stored electromagnetic energy is minimized and the current tends to flow uni- 
formly through the conducting surfaces. 
such as to establish a mixed state, there will exist a flux tube lattice which is dis- 
tributed in a manner determined by its interaction with pinning defects in the.materia1. 
A fraction of the material will be inside the normal cores of.the flux tubes, and this 
fraction is approximately equal to Ha/Hc2, where Ha is the applied magnetic field and 
Hc2 is the upper critical magnetic field which corresponds to complete flux penetration. 
It can be shown that, in the mixed state, even currents at microwave frequencies tend 
to avoid the cores of normal material and flow in the superconducting regions. However, 
the flux tubes develop displacement - oscillations about the pinning centers, which 
cause normal currents to flow in the cores and lead to unacceptable losses. 
pens even though no pinning constraints are broken. The "pinning frequencies," which 
are proportional to the pinning forces, are usually quite low (in the low megacycle 
region), but it might be possible to prepare surfaces with pinning frequencies in the 
microwave region. 
to decrease markedly because the interactions which take place at microwave frequencies 

When the level of applied magnetic field is 

This .hap- 

In such a case, the effects of flux penetration might be expected 

* '  
1. R.B. Neal, these Proceedings, p. 101. 
2. J. le G. Gilchrist, Proc. Roy. SOC. m, 399 (1966). 
3. 

Work supported by the U.S. Atomic Energy Commission. 

J.I. Gittleman and B. Rosenblum, J. Appl. Phys. 2, 2617 (1968). 
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are confined close to the surface. However, this is not a very promising approach, 
because even a very small number of flux tubes having small displacement amplitudes 
would prevent the achievement of the extremely high 0 ' s  desired. 

In the above discussion it has been assumed that the flux tubes are established 
by an externally-applied dc field, and the interaction of a low level probing micro- 
wave signal has been considered. If high-level rf magnetic fields (lying between Hcl 
and Hc2) are applied to the surface layers of a type I1 superconductor in the absence 
of dc magnetic fields, it is not clear how the flux tubes can form because the time 
of an rf cycle is short compared with the time necessary for a flux tube to become 
established and to move into the surface. Nevertheless, experimental evidence to date 
indicates that Q drops sharply as the rf magneEic fields exceed some lower critical 

. field value.4 

Type I1 superconductors are thermodynamically reversible and are distinguished 
from type I'superconductors by the value of the Ginsberg-Landau parameter - sometimes 
called the "disorder parameter," N. The value of u is approximately equal to A ( O ) / t ,  
where h ( 0 )  is the London penetration depth at absolute zero and 5 is the coherence 
length. Materials with values of u greater than 1//2 are characterized as type I1 
superconductors. An ideal type I1 superconductor has the type of magnetization curve 
shown in Fig. 1. The value of Hc2 increases with the disorder parameter, but even 
though Hc2 can reach very large values the.thermodynamic critical field Hc stays rel- 
atively fixed for a given material. 
The Abrikosov theory predicts Hc1/Hc2 values of 0.82, 0.55, 0.32 and 0.2 for u values 
of 1, 2, 5 and 10, respectively. Niobium has a u close to 1 and is a type I1 super- 
conductor with a relatively high Hc of about 2000 G, which means'that Hcl should be 
over 1600 G. This has been confirmed by dc magnetization measurements and at present 
much effort is going into the preparation of surfaces which will yield comparable 
values of Hcl at microwave frequencies. To date, values about 25% of theoretical 
have been rep~rted.~ Most of the work on other type I1 materials has been directed 
towards superconducting magnet applications; and the objectives have been both the 
attainment of high Hc2 values and the treatment of materials to yield suitable pin- 
ning centers for holding the flux tubes carrying the penetrating flux up to very high 
currents. Materials have been produced with large disorder parameters and correspond- 
ingly very large values of upper critical field Hc2, but nevertheless total flux ex- 
clusion is possible only at very low applied magnetic fields. It is reasonable to ask 
whether type I1 materials can be prepared with high values of Hc and low values of N. 

Furthermore, Hcl decreases as Hc2 increases. 

Type I1 Superconductors are usually synthesized as two-,or three-phase alloy 
systems or compounds. A perusal of the literature shows that compounds usually have 
higher thermodynamic critica1.magnetic fields than alloys, although the values for 
alloys do appear to depend quite markedly on the percentage of constituents present. 
Compounds'for magnet technology are normally prepared in polycrystalline form with 
imperfect stoichiometry. This yields extremely high values of Hc2. Compounds of 
near-perfect stoichiometry and crystal structure might be expected to yield lower 
values of N which would result in higher values of Hcl. 
pounds with both high thermodynamic critical field and low intrinsic u might be good 
candidates for accelerator applications. Large numbers of intermetallic compounds 
have been prepared and tabulated, and it is possible that some of these have the de- 
sired combination of superconducting parameters. Nevertheless, even if type I1 mate- , 

rials can be prepared with suitable properties they will be useful to us only if they 
can be economically formed into a high-Q accelerator structure. 

Type I1 superconducting com- 

4 .  J.P. Turneaure, presented at this Summer Study (unpublished). 
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At SLAC, a materials research program is being started. Materials and prepara- . 
tion techniques will be studied and rf superconducting properties will be evaluated'. 
It is intended to investigate both niobium and lead with the object of improving sur- 
face preparation techniques. For two miles of accelerator structure to be economically 
feasible it is probable that some deposition technique on copper or a similar substrate 
will have to be perfected. Niobium test surfaces will be produced by electrodeposi- 
tion, sputtering, evaporation, and chemical vapor deposition. These surfaces will be 
further processed in an attempt to obtain consistently the desired properties for use 
in a high gradient accelerator. We also intend to try coating lead surfaces with thin 
protective films of other substances. 

Following the reasoning outlined in previous paragraphs, a search will be made 
for intermetallic compounds having suitable rf superconducting properties. 

During this Sunnner Study, it has been suggested by Autler that technetium may be 
worth consideration as a practical supercond~ctor.~ While the values of critical tem- 
perature and Hcl (Ref. 6) are intermediate between lead and niobium, it has the advan- 
tage over lead that it is a hard, oxidation resistant metal, and the advantage over 
niobium that it can be electroplated from an aqueous solution at room temperat~re.~ 
For these reasons, an attempt will be made to build and test a technetium-plated copper 
cavity. 

Equipment for making sensitive measurements of magnetic susceptibilities at low 
frequencies is in the process of being assembled. 
using samples in the form of rods a few inches long and 118 to 1/4 in. in diameter, 
and will serve as a preliminary selection mechanism in the materials search. Samples 
will be processed by various techniques such as vacuum annealing, high temperature 
outgassing, etc. It is anticipated that this approach will be economical, because the 
use of small samples permits many materials to be investigated in a short time'. A 
sketch of the apparatus is shown in Fig. 2 .  It is hoped that the sensitivity of the 
experiment will make it possible to detect penetrations of a few flux tubes, which 
would be enough to reduce the Q values at,microwave frequencies. 

These measurements will be made 

Materials which show promise will then proceed to tests at microwave frequencies. 
It is known that surface conditions are critical at these frequencies. For this reason, 
it is desirable that the test surfaces should be processed in vacuum and transferred in 
vacuum to an rf test.cavity. Additionally, it is preferable that the sample should be 
relatively small to ameliorate processing and transferring problems. The sample con- 
figuration has to be such that it can become part of a resonant cavity in which the 
field patterns in the resonant mode do not require currents to flow between the sample 
and the remainder of the cavity. Making the sample the center conductor of a coaxial 
cavity supporting the TEOll mode satisfies all these conditions. 
center conductor can be chosen so that its losses are of the same order as the losses 
in the rest: of the cavity. A preliminary design sketch of the equipment is shown in 
Fig. 3. A vacuum chamber is mounted directly over the Dewar. It communicates with 
the cavity at the bottom of the Dewar via a tube along the common vertical axis. The 
tube diameter is large enough to allow the removable center conductor to slide through 
it with guides to avoid surface damage. The center conductor is suspended by a stain- 
less-steel wire from a winch actuated through a high vacuum coupling. The upper 
vacuum chamber is equipped to process' the center conductor. 

The diameter of the . 

After processing the 

5 .  S.H. Autler, these Proceedings, p. 49. 

6. S . T .  Sekula, R.H. Kernohan, and G.R. Love, Phys. Rev: 155, 364 (1967). 
7 .  W.D. Box, Nuclear Applications l&, 155 (1965). 
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sample will be lowered into position in the cavity, which is excited by means of an 
offset coaxial line in the same way as a simple cylindrical TEOll cavity. Besides 
the complexity of the whole apparatus, the difficulties anticipated are associated 
with the cooling and possible cold-welding of the center conductor sample. It is 
probable that adequate conduction cooling can be obtained by machining a conical re- 
cess into the bottom of the center conductor and allowing it to sit over a matching 
protuberance in the end plate of the cavity. This apparatus will allow an investiga- 
tion of both Hcl at rf frequencies and Q improvement factors as a function of process- 
ing. Materials which perform well in this test will then be used to fabricate end 
plates or whole rf cavities. 

Tests of the most promising materials and surface processing techniques will be 
continued in cavities resonant in the Tkb10.or similar mode, to investigate the high 
power limit imposed by field emission losses. Ultimately, tests will be made on 
prototype accelerator structures. 
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Fig. 1. Magnetization curve fo r  type I1 superconductor. 
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CHARACTERIZATION OF RESIDUAL RF LOSSES IN SUPERCONDUCTORS 

C . R .  Haden 
University of Oklahoma 

Norman, Oklahoma 

In the design and use of superconducting resonant structures, whether for use in 
accelerator applications, frequency control, or otherwise, it is desirable to minimize 
losses and obtain as high a Q as possible. It is theoretically possible to obtain 
unlimited Q, if temperature limitations are disregarded and if the superconducting 
surface resistance is the only factor contributing.to losses. However, it is always 
found in practice that some extraneous mechanism limits the Q to finite values. It is 
seldom easy to determine the sources of such residual loss. 
of the work at the University of Texas has been to characterlze the residual losses 
and, insofar as possible, determine their source. 
author and W.H. Hartwig,l but the bulk of the work reported here was performed by 
Hartwig and J . M .  Victor.2 

The purpose of a portion 

This research was initiated by the 

On the basis of our previous experience and that of' the Stanford groupY3 it seems 
that trapped magnetic flux can be a very strong source of residual loss. Thus, it is 
now possible to remove one type of rf loss from the group of undefined losses: 

+ due to + Other losses . Loss in surface Total loss = resistance trapped flux 

The "other" group of losses may possibly include dielectric loss, radiation loss ,  
etc., depending on the arrangement of the structure or other unknown factors. The 
flux-trapping losk can effectively be eliminated by proper design of the circuit and 
magnetic shielding. However, the Texas group believes it is important to study the 
flux-trapping effect so that it could be subtracted from the experimental data entire- 
ly, thereby leaving the "other" losses for inspection and analysis. Also, it is felt 
that understanding of the flux-trapping phenomenon might lead to the development of 
materials such that it can be minimized when magnetic shielding is not feasible. 

The experiments were carried out in the frequency range from 30 MHz to 500 MHz 
on circuits made of foil strips wrapped on Teflon forms and enclosed in superconducting 
shield cans. 
was not in a high electric field region. Full details of the experiment are reported 
in an article published in the Journal of Applied Physics2 and data reported here are 
taken from that article with permission of the authors. 

The Teflon has been demonstrated to have a very low dielectric loss4 and 

1. C.R. Haden and W.H. Hartwig, Phys. Rev. 148, 313 (1966). 
2. J.M. Victor and W.H. Hartwig, J. Appl. Phys. 39, 2539 (1968). 

3 .  M. Pierce, H.A. Schwettman, W.M. Fairbank, and P.B. Wilson, Low Temperature 
Physics, LT 9 (Plenum Press, New York, 1964), p. 396. 

4. D. Grissom and W.H. Hartwig, J. Appl. Phys. 37, 4784 (1966). 
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Flux trapping occurs when the test sample is cooled in an ambient magnetic field. 

When the sample becomes superconducting, the.magnetic field is driven out except for 
isolated groups of flux tubes which become trapped at sites throughout the material. 
Due to the collapse of the field, the cores of these tubes may be considered normal, 
thereby creating a resistive rf loss. This is indicated in Fig. 1. The effective ' 

surface resistance is then dependent upon the area of the normal regions, which is 
proportional to the critical field, and upon the depth of rf field penetration. It 
thus seems logical to assume a solution for the temperature dependence of the flux- 

and the superconducting penetration depth. 
utilized in the literature, one obtains for the temperature dependence: 

.trapping loss which is the product of the temperature dependences of the critical field 
Using the empirical forms which are widely 

and 

r = A(v) f(t) + rh(0) V(t) f ro . 

In Eq. ( 2 ) ,  r is the measured surface resistance normalized to the normal value, A(v) 
is a frequency-dependent part of the true surface resistance, rh(0) is the field- 
dependent part of the flux-trapping loss, ro is the constant residual loss, and f(t) 
is the Pippard function for the true surface resistance5: 

2 t4 (1 - t ) 

(1 - t4)2 
f(t) = 

Other temperature dependences for flux-trapping losses are available in the 
In particular, use has been made of the two functions: 1iterature.l~~ 

4 -% A(t) = (1 - t ) 

and 

(3) 

(4) 

(5) 

In deciding which is the correct function, one need realize that, for any given func- 
tion, q(t), e1imination.of ro and surface resistance would yield a curve given by: 

Thus, if the dependence is correct , a "theoretical'" ,curve obtained from ( 6 )  should 
only differ from the experimental data by a negative'constant. 
for h(t) and Fig. 3 for V(t) shows that ro is not constant and, in fact, changes sign. 
On the other hand, Fig. 4 gives a constant ro. 
correct temperature dependence. 

Inspection of Fig. 2 

It is thus concluded that V(t) is the 

5.  A . B .  Pippard, Proc. Roy. SOC. (London) m, 98 (1950). 
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Experiments were run with magnetic field and frequency-as variables. The, field 
data are summarized in Fig. 5. , It is evident that the loss is proportional to the 
field intensity as expected.' The frequency data for the surface resistance only are 
summarized in Fig. 6. Agreement with theory seems quite good. The normal material ' 
lies somewhere between the classical and anomalous limits. 
the resistance ratio showed little or no frequency dependence, corresponding to normal 
flux core regions. 

For the flux-trapping loss, 

Annealing tests were run on a number of samples. This is demonstrated for a 
4%In-96%Sn circuit cooled in the earth's field in Fig. 7 and for pure tin at two fields 
in Figs. 8 and 9. 
annealing, but that rh(0) may not easily be changed. The intercept change in Fig. 7 is 
due to a change in ro. 
trolled by impurities in this sample. 
indicating that structure now dominates the order parameters. 
field of Fig. 9, the normal regions at the flux cores dominate so.that the slopes are 
approximately the same for all annealing times. 

These data indicate that A(v), f(t) and ro are readily reduced by 

The slope'.remains constant since the order parameters are con- 
In Fig. 8, both the intercept and slope change, 

In the higher ambient 
, 

In conclusion, the flux-trapping effect definitely exists. and may be explained by 
losses in resistive regions at the flux cores. Also, the remaining residual losses 
are apparently independent of temperature and magnetic field. 

CUR 

r = rh(0)V(t) = 6(H/Hc)[(1 - t 2 )(1 - t4)1/2] -1 
h where 

Fig. 1. Flux-trapping model with an effective depth of penetration. 
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Fig. 2. Relative reskstance ratio vs h(t) (solid lines) and theoretical 
curves for flux-trapping loss only (dashed). Since the difference 
is not constant nor positive, as a field- and temperature-independent 
residual resistance would be, A(t) is not applicable for the model. 
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Fig. 3. Relative resistance rat.io vs cp(t) showing the same disagreement 
with the model as in Fig. 2. 
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Fig. 5. Magnetic f i e l d  dependence of r i (0)  taken from the slopes of 
r i (0)  + r: to eliminate r;. Intercept at H = 0 shows KA(v) 

. term can be resolved. 

Fig. 6 .  KA(v) data from Fig. 5 vs frequency shows t i n  f o i l  i s  between 
the classical  skin depth l i m i t  and the anomalous l i m i t .  
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Fig. 7. Annealing 4%In-96%Sn foil shows a large reduction in temperature- 
independent loss. Data are for earth's field. 
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Fig. 8. Annealed pure tin cooled in a magnetic field o f  0.019 G shows 
large change in superconducting resistance in the absence of 
trapped flux. 
resistance and residual resistance. 
similar shapes of f(t) and V(t). 
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Fig. 9. Annealed tin circuit cooled in a magnetic field of 5.72 G shows 
small drop in temperature-dependent loss, indicating flux-trapping 
loss is not readily annealed. Residual resistance annealed out to 
a minimum. 
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TECHNETIUM AS A MATERIAL FOR AC SUPERCONDUCTIVITY APPLICATIONS 

S.H. Autler 
NASA Electronics Research Center 

Cambridge, Massachusetts 

INTRODUCTION 

The purpose of this note is to expand the impromptu remarks made at the Summer 
Study, pointing out the fact that the element. technetium has some properties which 
make it worth considering for use in low loss rf circuits, and particularly in cav- 
ities intended for use in accelerators or rf separators. Technetium (Z = 43) is a 
refractory metal, melting at 214OoC, which does not exist naturally but is formed as 
a fission product in nuclear reactors. It is presently available in some quantity . 
by reprocessing nuclear fuel cores. It was formerly thought to have a short radio- 
actiye half-life, but the availability of purer samples has shown that Tcg9 has a 
radioactive half-life of - 2 X lo5 years. The activity is mainly 0.29 MeV $ parti- 
cles which can be readily shielded by a thin layer of plastic or metal foil. 

DISCUSSION OF AVAILABLE DATA 

Since technetium has been available in sufficient quantity for study for relative- 
ly few years, there is not much information on its superconductive properties, and 
there is still the need for more data. We summarize here some of the existing data. 

It has been known for some years that technetium is a superconductor' but the 
originally reported value of transition temperature, which is still being reprinted 
in some recent textbooks and reviews, is now known to be too high. More recent meas- 
urements on much purer samples which have become available indicate a lower transition 
temperature near 8°K.2'4 Alloys containing Tc',~ are known to have considerably high- 
er transition temperatures, going up to about 16'K for some MoTc compositions. 2 

The results of most interest to us here are reported by Sekula, Kernohan, and Love4 
who measured the magnetization properties of fairly pure, partially annealed samples of 
Tc, with R(300°K)/R(80K) - 100. 

One of their magnetization curves is reproduced in Fig. 1 and their main conclu- 
sions of interest to us may be summarized as follows: 

.Technetium is a type I1 superconductor with Tc 7.75'K. It has a Ginzburg-Landau 
parameter, U, of 0.92 at T = Tc, which is about the same as niobium and indicates Tc is 
barely type 11. 
fairly reversible magnetization characteristic such as Fig. 1. 

Annealing at 20OO0C for an hour in a moderate vacuum results in a 

1. J.G. Daunt and J.W. Cabble, Phys. Rev. 92, 507 (1953). 
2. V.B. Compton, E. Corenzwit, J.P. Maita, B.T. Matthias, and F.J. Morin, 

3. M.L. Picklseimer and S.T. Sekula, Phys. Rev. Letters 2, 254 (1962). 
4. S.T. Sekula, R.H. Kernohan, and G.R. Love, Phys. Rev. 155, 364 (1967). 
5. S.H. Autler, J.K. Hulm, and R.S. Kemper, Phys. Rev. 140, A1177 (1965). 

Phys. Rev. 123, 1567 (1961). 
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As can be seen in Fig. 1, Hcl M 900.0e at T = 4.2'K. At other temperatures it 
can be estimated by assuming the same temperature dependence for technetium as has 
been measured in niobium by Finnemore, Stromberg, and Swenson.6 This is justified 
by the fact that tt happens to be very nearly the same in the two metals. Thus, 

Ho( technetium) 
H ( t ,  niobium) , cl H (t, technetium) = cl ' Ho (niob ium) 

where t = T/Tc and Ho = Hc (at t = 0). 

Using H,(technetium) = 1400 Oe, H,(niobium) = 1990 Oe, and Hcl(t, niobium) from 
Hc and Hc2 for technetium as meas- Ref:6, Hcl(t, technetium) is plotted in Fig. 2. 

ured by Sekula, Kernohan, and Love are also shown in Fig. 2. 

CONCLUSIONS 

Technetium, with Tc M 7.75'K and Hcl M 1180 Oe at 1.8OK has the second highest 
penetration field of all known superconductors and the second highest transition tem- 
perature among the elements. Only niobium excels it (by a small margin) in those 
properties which promise usefulness for high Q microwave cavities operating at high 
power levels. Niobium, however, has some disadvantages which impair its applicabil- 
ity; one of these is the fact, discussed at this Summer Study, that in actual niobium 
cavities field penetration and losses become excessive at field strengths of about 
450 Oe instead of the expected 1600 Oe. Also, the preparation of the best niobium 
surfaces is a difficult, expensive process. 

Because technetium might turn out to have an actual penetration field higher 
than that of niobium, and because some of its metallurgical properties suggest that 
it may be easier to process than ni~bium,~ it would seem to be worthwhile to start 
a study of. its applicability to low loss cavities. 
available in kilogray quantities with hundreds of kilograms awaiting extraction from 
reactor fuel cores if a suitable use should develop. If its potential advantages as 
an ac superconductor should turn out to be real, neither its slight radioactivity 
nor its relative rarity should be prohibitive obstacles to its use on the surface of 
high Q cavities. 

Pure technetium is presently 

6. D.K. Finnemore, T.F. Stromberg, and C . A .  Swenson, Phys. Rev. 149, 231 (1966). 
7. For example, it is much easier to remove interstitial oxygen and nitrogen from 

technetium than from niobium, R. Kemper and C.C.  Koch, private communication. 
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Fig. 1. Magnetization of a sample of technetium annealed at 20OO0C for 
one hour (after Sekula, Kernohan, and Love). 
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Fig. 2 .  Critical fields vs reduced temperature for technetium: 
(a) Lower critical field, H,.. 
(b) Thermodynamic critical field , He. 
(c) Upper critical field, Hc2. 
Curves (b) and (c) are taken from Sekula, Kernohan, and Love. 
Curve (a) is estimated by 'the author. 



INTRODUCTION 

If large cryogenic systems using superfluid helium are to be completely practical, 
simple and efficient methods must be available 1) for providing steady-state refrigera- 
tion from a central plant to an individual experiment regardless of its elevation, and 
2) for transferring liquid helium in its superfluid state from one reservoir to another. 
The methods whereby these operat ions would be accomplished with ordinary liquid helium 
will not work with superfluid helium. However, the thermomechanical effect, or foun- 
tain effect, in superfluid helium'can be utilized.in the construction.of a fountain 
pressure pump to accomplish both of these objectives. 

Consider two superfluid reservoirs connected .by a "superleak." If one reservoir 
is at temperature T and the other at T + AT, then in equilibrium there exists a large 
hydrostatic pressure difference AP, known as the fountain pressure, which is given by: 

- =  Ap PS Y AT 

~ 

APPLICATIONS OF THE FOUNTAIN EF-FECT IN SUPERFLUID HETJUM* 

C.M.  Lyneis,? M.S. McAshan, and H.A. Schwettman $ 

Department of Physics and High Energy Physics Laboratory 
Stanford Univer s it y 
Stanford, California 

where p is the density and S is the entropy per gram of liquid helium. 
this thermomechanical effect was first reported by Allen and JonesL in 1938, and the 
equation relating its magnitude to the density and entropy of the liquid was derived by 

The 
hydrostatic pressure difference can be as large as 500 nun of Hg, an order of magnitude 
greater than the vapor pressure of helium at the lambda point. Combined with the low 
density of liquid helium, this pressure is sufficient to support a column of helium in 
excess of 100 ft in height. The thermomechanical effect thus provides the means for 
constructing a fountain pressure pump that can be used both to provide steady-state , 

refrigeration to elevated experiments and to transfer superfluid helium from one res- 
ervoir to another. 

Observation of 

* H. London2.in 1939. The magnitude of the fountain pressure is surprisingly large. 

THE IDEAL FOUNTAIN PRESSURE PUMP 

For large temperature differences the equation for the fountain pressure [Eq. (l)] 
ntropy of helium 11 is a very strong function of temper- must be integrated, since the 

ature between 1.2OK and 2.1°K.' The integrated equation is 

* 
Work supported in part by the U . S .  Office of Naval Research, Contract [NONR 225(67)]. 
'National Science Foundation Predoctoral Fellow. 

' 'Alfred P. Sloan Research Fellow. 
1. J.F. Allen and H. Jones, Nature 141, 243 (1938). 
2. H. London,. Proc. Roy, SOC. m, 484 (1939). 
3. F. London, Superfluids (Dover Publications, Inc., New York, 1954), Vol. 11. p i  75. 
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where P1 and P2 are the pressures on each side of the reservoir, T1 and T2 are the cor- 
responding temperatures, p is the density of helium, and S in the entropy per gram of 
helium. This relation has been found to hold within experimental errors up to a temper- 
ature difference of 0.6'K and a pressure difference of 500 mm Hg.4 
ference corresponds to a column of liquid helium 46.8 m in height. 

That pressure dif- 

A schematic drawing indicating how the fountain pressure pump could be used to 
. provide refrigeration to an elevated experiment.is shown in Fig. 1. If the two reser- 

voirs are at different temperatures Ti and T2, then the pressure difference across the 
'superleak will be 

Y (3)  

where p t s  the density of helium, g is acceleration due tr, gravity, h is the differenc 
in height between the two levels, and Pv(T) is the vapor pressure of helium as a func- 
tion of temperature. Solving for h and using Eq.  (2) yields 

T, 

(4) 

In Fig. 2 this height is plotted as a function of T2 for Ti = 1.85'K. 

Now consider the effectiveness.of the .fountain pressure pump in supplying steady- 
state refrigeration to an elevated reservoir as illustraced in Fig. 1. For a heat in- 
put in the upper reservoir the central refrigerator must provide helium to the lower 
reservoir at the rate %. 
evaporates from the upper reservoir at temperature T2, and part, &I, evaporates direct- 
ly from the lower reservoir at temperature TI. 
the condition that the heat generated in the lower reservoir by the helium flowing 
through the superleak must equal the heat removed by vaporization. According to the 
mechanocaloric effect5 we have 

Part of this helium, &2, flows through the superleak and 

The ratio of to &2 is determined by 

(5) 

where T1 2s the temperature of the lower reservoir, and S(T1) and L(T1) are the entropy 
and latent heat of vaporization for helium at temperature TI. Using. Eq. (5 ) ,  the heli- 
um used is 

I i $ = l i l  + &  = &  (1+ S(T1)T1 L(T1) ) . 
1 .  2 2 

4. E.F. Hammel, Jr. and W.E. Keller, Phys. Rev. 124, 1641 (1961). 
5. F. London, op. cit., Vol. 11, p. 69. 
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The heat input & in the upper reservoir is absorbed in part by the mechanocaloric ef-. 
fect of superfluid flowing through the fountain pressure pump and, in part, by evapora- 
tion of helium at the upper reservoir. Thus we have 

QT = I~I~L(T~) + I~I~S(T~)T~ . (7)  

The alternative to using a fountain pressure pump to deliver helium to the upper 
reservoir from a central refrigerator would be .to build a separate refrigerator at the 
elevated position. To compare the two possible systems, it is useful to consider the 
rat io 

where.& = L(T2)% is the cooling supplied by a separate elevated refrigerator. . &I+ 
and 
sure pump system and the separate elevated refrigerator respectively, while the factor 
T1/T2 reflects the different temperatures of helium supplied by the two refrigeration 
systems. 

Qr/hr give the ratios of refrigeration to helium evaporation for the fountain pres- 

The ratio 8(TlrT2) is plotted as a function of T2 in Fig. 3 .  . 

The fountain pressure pump can also be.used to transfer superfluid helium from 
The superleak only allows the superfluid component to be one reservoir to another. 

transferred so that again the mechanocaloric effect is operative. 
ferred at a rate 1i9, then heat must be removed from the lower reservoir at a rate 

If liquid is trans- 

and heat must be added to the upper reservoir at a rate 

b2 = li12~(~2)~2 . 
If heat is removed from the lower reservoir by 
evaporation rate must be 

S(T1)Tl 
- 61 lil '1 - L(T1) = 2 L(T1) 

The ratio of helium lost to helium transferred 

evaporating part of the helium, then the 

is just 

L = 5% at TI = 1.85OK . L L  - =  
k2 

SPECIAL PROBLEMS 

In general, a superleak is any passage that permits the flow of the superfluid 
component of helium 11, but prevents the flow of the normal component. For small flow 
rates the superfluid component can flow through the superleak without a pressure gra- 
dient. 
mechanisms appear. 

For flow rates above the superfluid critical velocity, vsc, various dissipative 
The critical velocity depends on the size of the channel through 
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which the helium flows and has been found to be as high as 20 cmlsec in some very nar- 
row channels.6 For large flow rates one very simple type of superleak is a powder- 
filled plug. It is difficult to compute a critical veiocity in the case of a powder 
superleak since there is no way of knowing the distribution of pore sizes. However, 
experiments have shown that tubes packed with powder can maintain a flow rate of 
1.2 liter/min.cm2 of tube cross ~ection.~ 
could transport 360 liters per hour. 

Thus a powder superleak one inch in diameter 

Care must be exercised so that there is not appreciable conduction of heat across 
the superleak. 
be minimized by using tubes with low conductivity. 
clamped since any back flow of normal fluid would carry heat. 
conduction by diffusion through the clamped fluid but this should be negligible. 

Heat can flow by conduction through the walls of the tube, but thisncan 
The normal fluid must be tightly 

There will also be heat 

In our previous discussion of the fountain pressure pump (see Fig. l), where it is 
used to provide refrigeration to the upper reservoir, we have assumed that the temper- 
ature of the upper reservoir is equal to the temperature just above the superleak. ’ 

Actually there will be a small temperature gradient along the tube due to the large 
flow rates involved in applications of interest. In steady-state operation the normal 
fluid will be stationary while the superfluid will have an upward velocity. 
rate of the superfluid will exceed its critical velocity since as the size of the tube 
increases, the critical velocity approaches zero. Under these conditions a mutual 
friction force is operative and must be included in the calculation of the flow. The 
equations governing the flow are 

The flow 

+ 
+ 

ps VP - Fns - PsV* ‘ dvs. 
- pssm - - 

ps dt- P 

-b 
and 

dvn pssm - - Pn VP + ?ns + \v%, - PnV* , pn,,= - P 

. where p s  = superfluid density, 
pn = normal fluid density, 
vs = superfluid velocity, 
vn = normal fluid velocity, 
\ = normal fluid viscosity, 
@ = gravitational potential, and 

Fns 

-4 

* 

. *  
= mutual friction force.9,” 

6. W.M. van Alphen, J.F. Olijhoek, and R. de Bruyn Ouboter 

7. Ibid., p. 190. 
(Academic Press, New York, 1966), p. 187. 

Superfluid Helium 

8. J. Wilks, Properties of Liquid and Solid Helium (Clarendon Press, Oxford, 1967), 
p. 390. 

9. J. Wilks, op. cit., p. 377. 

10. F. London, op. cit., Vol. 11, p. 83. 
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For use i n  the  foun ta in  pressure pump these equations s impl i fy  s ince  

Adding Eqs. (10). and (11) gives 

UP = - porn 

and put t ing  t h i s  i n t o  Eq. (10) y i e l d s  

'.ns * 
pssm = 

-. 

11 The mutual f r i c t i o n  force  has the  form 

where A i s  an empirical  constant which is a slowly varying func t ion  of temperature and 
geometry. Evaluating Eq. (13) f o r  T = 1.9OK and using A = 70 cm*sec/g,12 one f inds  

6.1 x 10 -7 v3 0 
m =  S A .  

3 cm 

I f  we requi re  that+the AT i n  a column of helium 10 m i n  height be less than O.OI°K, 
then w e  must have vs s 2.5 cm/sec. 
lium could support t h e  flow of 46 l i t e rs  of super f lu id  per hour which represents  

(cm/ sec) 

This means t h a t  a one-inch diameter column of he- 

45 W of cooling. 

The flow v e l o c i t y  cap be considerably higher i n  a system which uses the  fountain 
pressure pump f o r  t r a n s f e r  of l i qu id  helium. I n  the  t r a n s f e r  system, hea t  can be sup- 
p l ied  j u s t  above the  superleak so t h a t  the  fiow of helium up t h e  tube cons i s t s  of both 
normal and super f lu id  components. 
i s  zero. Under these  condi t ions  ca l cu la t ions  show t h a t  t he  temperature gradient along 
the  tube i s  neg l ig ib l e .  

Idea l ly ,  vn = vs so t h a t  the mutual f r i c t i o n  fo rce  

The fountain pressure  pump appears t o  o f f e r  a simple and e f f i c i e n t  way t o  provide 
cooling a d i s t ance  from a c e n t r a l  r e f r i g e r a t o r  as w e l l  as a means f o r  t r a n s f e r  of 
l i q u i d  helium below the  lambda poin t .  
usefulness of the  founta in  pressure pump i n  la rge-sca le  systems. 

Experiments are i n  progress t o  demonstrate t he  

~ ~~ 

11. S. Wilks, op. c i  ., p. 381. 

12. H . C .  K r a m e r s ,  Superfluid Helium (Academic Press, New York, 1966), p. 205. 
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. T2 

c, 

Fig .  1. Schematic drawing of a foun ta in  pressure  pump used t o  prov--i 
r e f r i g e r a t i o n .  

Fig.  2 .  

24 26cT 
t 22t ' 20c / 

/ 

The d i f f e r e n c e  i n  he igh t  h(T1,Tz) as a func t ion  of T2 wi th  
T1 = 1.85'K. 
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Fig. 3 .  The ratio R(T1,Tz) as a function 
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. 
REFRIGERATION AT TEMPERATURES BELOW . 

THE BOILING POINT OF HELIUM 

S.C. Collins 
500 Inc. 

Cambridge, Massachusetts 

I. INTRODUCTION 

The growing need for continuous refrigeration at or near the normal boiling point 
of helium has led to the practice of coupling a helium liquefier with the apparatus to 
be cooled in such a manner as to return the cold helium vapor t o  the heat exchange s.ys- 
tem of the 'liquefier and thereby recover substantial amounts of refrigeration. 

The value of such an arrangement is demonstrated in Fig. 1. A small liquefier of 

The rate of accu- 
4 i?/hr capacity containing a somewhat better than average heat exchanger is connected 
to a liquid storage vessel by means of a two-channel transfer,line. 
mulation (or loss) of helium is measured by the rise or fall of an external gas-holder. 
With.the liquefier running and all vapor, that is, the unliquefied portion of the Joule- 
Thomson .stream plus that formed as a result of added heat, returning to the compressor 
by way of the liquefier, the relation between the rate of heating and the net transfer 
of helium to or from the storage vessel is given by the upper curve. The lower curve 
shows the corresponding relation when the liquefier is not in operation and there is 
no recovery of refrigeration. ' 

varies from 4.8 W.hr/R of liquid at low rates of heating to 3.5 W.hr/R when the heating 
rate is 38.5 W. 

In the firs.t case the useful refrigeration at 4.4'K 

In the second case the ratio is 0.78 W.hr/i? of liquid helium - about 
.one-fifth as great. 

The helium liquefier used for this experiment required a flow of helium of 35 SCFM 
with adiabatic expansions at two temperature levels from 14 atm to 1 atm. Liquid nitro- 
gen was not used. 

It is significant that so long as the average heating rate is below 18 W the rate 
may be as high as 50 W for a.part of the time. 

11. REFRIGERATOR FOR LOWER TEMPERATURES 

In response to the need for continuous refrigeration at the 1.85'K by Professors 
Fairbank and Schwettman of Stanford University for their superconducting accelerator, 
a small experimentas refrigerator was constructed and successfully operated at Arthur D. 
Litt1e.l The heat ex- 
changer for recovering refrigeration from the low-pressure vapor (10-14 mm) represented 
the chief problem'to be solved. The volume of gas to be treated was enormous and the 
pressure available to drive it through the heat exchanger was very small. The design 
finally chosen consisted of a vertical stack of pancake coils of finned tubing connec- 
ted in series in such a manner as to cause the high-pressure stream of incoming helium 
to flow in a spiral path from the center of one pancake to the periphery and from the 
periphery of the next pancake to its center and so on. The low-pressure stream flowed 
vertically upward through the finning which presented a short path of large cross' 
sect ion. 

The refrigeration cycle used in this machine is given in Fig. 2. 

1. S.C. Collins, R.W. Stuart, and M.H. Streeter, Rev. Sci. Instr. 38, 1654 (1967). 
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High-pressure helium e n t e r s  the  spec ia l  heat exchanger a t  t h ree  temperature levels, 
room temperature, ,79'K and about 7'K. 
therefore ,  unbalanced and- the - recove ry  of r e f r i g e r a t i o n  i s  f a r  from complete. The low- 
est sec t ion  i n  which the  mass r a t e  of flow of incoming and outgoing helium w a s  t h e  s a m e  
was made r e l a t i v e l y  long f o r  high e f f i c i ency  so as t o  conserve r e f r i g e r a t i o n  of high 
i n t r i n s i c  value. 

The warmer sec t ions  of t h e  hea t  exchanger are, 

During the  test continuous r e f r i g e r a t i o n  i n  the  amount of 10 W a t  2.0°K and 15 W 
a t  2.2'K was maintained. 
vacuum pump ava i l ab le  f o r  use. For the  helium c i r cu la t ed  i n  the spek ia l  exchanger the  
r e f r i g e r a t i o n  obtained w a s  approximately 22 J / g ,  a f i gu re  very c lose  t o  the  maximum 
avai lab le .  

The major l i m i t a t i o n  on r e f r i g e r a t i o n  was t h e  capacity of the  

111. STANFORD REFRIGERATOR 

A l a rge  r e f r i g e r a t o r  of t h i s  type has now been made f o r  use i n  t h e  Stanford accel-  
e r a to r .  It has a capac i ty  of 300 W a t  1.85°K. The cycle is  s l i g h t l y  d i f f e r e n t  (Fig. 3 ) ,  . 
i n  t h a t  conditions f o r  hea t  t r a n s f e r  i n  the  range from 16' t o  80K were made more favor- 
ab le  by shunting a por t ion  of the high-pressure stream to  t h e  main heat exchanger f o r  
f u r t h e r  cooling by the  gas discharged by the  No.  2 expansion engine. The heat capac i ty  
of helium at  10-15 a t m  is  much higher a t  t he  16O t o  8OK range than t h a t  of the  low- 
pressure outgoing gas. 

I n  Figs. 4, 5 and 6 var ious  s t ages  of the manufacture of the low-pressure heat ex- 
changer f o r  the  Stanford r e f r i g e r a t o r  are shown. 

IV.  REFRIGERATOR OF THE FUTURE 

Because of t he  cos t  of t he  power t o  operate a l a rge  r e f r i g e r a t o r  continuously i t  
is readi ly .apparent  t h a t  any increase  i n  the  e f f i c i ency  of t h e  r e f r i g e r a t o r  w i l l  g r ea t -  
l y  extend i t s  usefulness.  

There i s  undoubtedly room f o r  improvement i n  every component of a r e f r i g e r a t o r  
f o r  very low temperatures. The vacuum pump i s  probably the  most i n e f f i c i e n t  element. 
A major e f f o r t  w i l l  be required t o  do much about i t  but such an undertaking seems w e l l  
worthwhile. 

Indus t r i a l  compressors use approximately 50% more power than t h e  theo re t i ca l  min- 
imum but fu r the r  improvement w i l l  l i k e l y  be slow and c o s t l y  con'sidering the  advanced 
s t a t e  of the art .  

Only s l i g h t  improvement i n  the e f f i c i ency  of 'expansion machines seems possible.  

Heat exchangers vary g r e a t l y  i n  e f f i c i ency .  In  general  t h e r e . i s  room f o r  much i m -  
prqvement. Such improvement w i l l ,  of course,  add t o  the  c o s t  of t h e  r e f r i g e r a t o r .  

The most promising p o s s i b i l i t y  f o r  g rea t e r  e f f i c i ency  l ies  i n  the  use of more 
s tages  of expansion. This p r inc ip l e  is  i l l u s t r a t e d  i n  Table I. Expanding portions of 
the  stream of high pressure helium a t  f i v e  temperature l e v e l s  i s  h igh ly  e f f e c t i v e .  

A flow diagram of a r e f r i g e r a t o r  having f i v e  s tages  of expansion is given i n  
Fig. 7 .  Ordinar i ly  the  complexity would be considered too g rea t ,  but recent models 
of expansion engines have demonstrated a degree of r e l i a b i l i t y  which j u s t i f i e s  t he  use 
o f 'mu l t ip l e  cy l inders .  The power produced by the  expansion engines should be about 
equivalent t o  t h a t  requi red  t o  d r ive  the vacuum pumps. 
t he  system i s  estimated t o  be t h r e e  t i m e s  t h a t  of a Carnot cycle.  

The ne t  power requirement of 
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.TABLE I. Effect of number of thermal stages of expansion on 
the available refrigeration. 
at a pressure of 15 atm. 

Helium flow was 74 SCF'M 
' 

Number of 
Stages of Expansion 

1 
2 

3% (N2) 
5 

Refrigeration 
at 4.4'K 

(W) 

12 obs. 

37 obs. 

58 obs. 
75 calc. . 

I.Iu.- 

VARIABLE LIQUEFIER 
I 

a 
-I 
W 
I 
II 
0 

2 t 4  

2 0  
0 
a I- 

-I 
3 
z .  

V 

U 
0 

W 

z 

2 -4 

a 

2 -8 

RATE OF HEATING, WATTS 

o *  
Fig. 1. Refrigeration at 4.4 K. 
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Fig.  2 .  Flow diagram of experimental  r e f r i g e r a t o r  f o r  1.85 0 K. 

F ig .  3 .  3,OO W, 1.85% r e f r i g e r a t o r  cycle. 
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Fig. 4 .  Heat exchanger pancake unde,r construct ion. 
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Fig. 5 .  Low-pressure heat exchanger ready for jacket. 
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F i g .  6 .  Low-pressure h e a t  exchanger  r e c e i v i n g  j a c k e t .  
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POWER REOUIREMENTS 1.5'K 1.8'K 
C O M P R E S S O R  ' 3050 kW 2410kW 
VACUUM P U M P  318 272 

Fig. 7. Proposed cycle for 5 kW, 1.5'K refrigerator. 
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RF AMPLITUDE AND PHASE STABILIZATION FOR A SUPERCONDUCTING 

LINEAR ACCELERATOR BY FEEDBACK STABILIZATION TECHNIQUES* 

L.R. Suelzle 
High Energy Physics Laboratory , Stanford University 

Stanford, California 

INTRODUCTION 

Of the properties1Y2 of a superconducting electron linac, one of the most impor- 
tant for energy and current stability of the exit beam is the continuous or long-duty- 
cycle property. Conventional linacs are restricted to short-duty-cycle operation in 
which case such exit-beam properties as spread in energy are dominated by the transient 
conditions associated with the short duty cycle. Under these conditions, utilization 
of feedback stabilization techniques to stabilize the rf accelerating fields in the 
accelerating structure can be very difficult. In this paper, I would like to discuss 
some of the feedback stabilization techniques being examined and tested at Stanford 
and to describe how the high-0 characteristic of a superconducting linac can simplify 
some of the feedback control problems. 

DRIVING THE ACCELERATOR STRUCTURE 

In the superconducting electron linac (SEX,), the operating conditions will be 
typically that of extreme beam loading, where the power supplied to the beam is much 
larger than the power lost to the cavity structure. In the conventional linac, a beam 
loading of 50% is considered "heavy loading." The problems .of matching the rf sources . 
to the driving-point impedances are therefore very different for the SFL. Other oper- 
ations such as "drifting" a beam through an unpowered section or such as reverse-phase 
operation have a very different significance for the SEL. 

The beam loading of the accelerating structure can be examined by considering the 
resonant circuit shown in Fig. 1. It is assumed throughout this discussion that the 
structure is a standing wave structure. The cavity structure (considering only one 
mode) is represented by the parallel resonant circuit with admittance 

= Gc [1 + j 24, 6 1  , yC 

where Gc is the equivalent shunt conductance, Qo is the unloaded quality factor for 
the structure, .and 6 is the tuning decrement (w - .cuo)/w . 
mission line are represented by the voltage source vg !amplitude Vg = lvgl and phase 
Arg(qg)] with impedance Rg (assumed to be real). 

The power source and trans- 

The coupling is represented by a 

J; 
Work supported in part by the U.S. Office of Naval Research, 
Contract [NOM 225(67)]. 
1. P.B. Wilson, Linear Accelerators, P. Lapostolle and A. Septier, editors, 

Chapter 5.1 (to be published). 
2 .  H.A. Schwettman, J.P. Turneaure, W.M. Fairbank, T.I. Smith, M.S. McAshan, 

P.B. Wilson, and E.E. Chambers, IEEE Trans. Nucl. Sci. NS-14, No. 3 ,  336 (1967). 
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transformer of turns-ratio n. 
voltage 05 the returning wave. Pi and Pry the incident and returning power, are given 
by Pi z Vi/2Rg and Pr = Vr/2Rg.' The beam effects are represented by the current gene- 
rator Ib. For a relativistic and well-bunched beam, the amplitude Ib is approximately 
equal to 21, where Io is the dc component of the beam current. 
is computed by summing the voltages produced when each of the generators is considered 
independently. The result is given by 

3, is the. voltage of the incident wave and 8, is'the 
2 

The cavity voltage 8, 

where ' 2  l - n R Y c  
2 l + n R Y  
g c  

r =  

The coupling coefficient p is given by 

( 4 )  

At resonance (6 = 0), r is equal to (p - l)/(B + 1). 
given by 

The acceleration voltage Va is 

- + - +  - vc * Ib 
= - vc cos rp , - 

'b 'a - 

where cp is the phase angle between. the cavity voltage TC and the current -ib. 
properly phased beam, rp = 180'. 
resonance,. beam-in-phase case. 
extremely overcoupled case of f3 >> 1. 

For a 
From this point on, let us consider only the on- 

2 Let us also assume that n RgGc <C 1. -This is the 
In this case, 

2 Va = 2nVi - n R I 
g b  , 

and 
Vr = Vi - nR I 

g b  

(5) 

Let us further assume that the transformer turns-ratio n is chosen so that Vr = 0 at 
Ib = Ib(max) and Vi = Vi(max). Remembering that Ib = 21, and Va = nVt, 

For this transformer turns-ratio, Va and Pr become 

and 

(9) 
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,Va and Pr are plotted in Figs. 2a and 2b for the two special cases of Io = 0 and 
Io = Io(max). 

From the curves in Figs. 2a and 2b, we see that with Io = 0 the power Pi required 
Also, for Io = 0, Pi approx- to produce the cavity voltage Va(max) is Pi = Pi(max)/4. 

imately equals P,. 
equals Pi(max)/4. 
and Pr equals Pi(max): 
ered section of accelerator takes on a different significance. It is very important 
that the source end of the transmission line is always reverse-terminated in a load 
capable of dissipating a power as large as Pi(max) (e.g. an isolator or a circulator 
plus a load). If a section of the accelerator cannot be powered, it will be necessary 
to detune the structure so that the energy Va(max) is not lost. 
lost can also be reduced by increasing the amount of overcoupling. 

When Io = Io(max), to obtain Va equal to 0 ,  Pr equals Pi which 
If Pi = 0 (source turned off) and Io = Io(max), Va equals -Va(max) 

Therefore, the concept of "drifting" a beam through an unpow- 

The amo.unt of energy 

We also notice from Figs. 2a and 2b that the operation in which the generator is 
reverse-phased should be avoided since the cavity voltages and return power will be- 
come excessive. Reverse phasing is sometimes used with conventional linacs to obtain 
high currents with low final beam energies. 

RF STABILITY REOUIREMENTS 

With the continuous wave or long-duty-cycle capability of the SEL, the transient 
effects no longer limit the amplitude and phase stability of the accelerating fields. 
The Stanford group has set a design goal for resolution in energy of the exit beam of 
AEf/Ef 4 The design goal for stability of the energy gain in a single acceler- 
ating structure has been set'at AE/E 4 10-4. 

The energy gain through a section of the accelerator is described by 

E = Eo cos Cp , (11) 

where Eo is the energy gain when the phasing angle cp is zero. Let US assume that the 
beam has a phase spread (phase bucket) of Arp centered at a phasing angle w0 ; then the 
spread in the energy gain can be approximated by 

With an amplitude stability AEo/Eo M f. 7 x lo-', a phase spread Acp M 1' (determined by 
the injector conditions), and a phasing angle v0 M f. 0.2', AEIE is approximately 10-4 
We are therefore attempting to hold the amplitude of the rf to a stability of f 7 X10' 
and the phase to a stability of It 0.2'. 

'5 

FEEDBACK CONTROL SYSTEM 

In order to obtain the desired amplitude and phase stability in the accelerator 
structure in the presence of large perturbations such as beam loading or frequency 
shifts, it is necessary to use feedback control. In Fig. 3 a simplified block diagram 
of the feedback control system that has been constructed and studied at Stanford is 
shown. The rf field in one of the excited cavities of the accelerating structure is 
sampled by a pickup probe which couples a relatively small amount of power (0.1 to 
1.0 W) to the amplitude and phase detection circuitry. A detector diode, which will 
be discussed in a subsequent section of this paper, provides a voltage which is pro- 
portional to the rf amplitude. This voltage is compared with a reference voltage 
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which may be a dc or pulse signal. The amplified error signal is then used to control 
a PIN diode attenuator in the rf input line to a klystron power amplifier. 

The phase of the rf is measured relative to a reference signal which is common to 
the entire accelerator. The phase setting is adjusted by means of a phase shifter lo- 
cated between the reference phase and the phase detector. The problem of selecting,the 
phase angle so that the cavity voltage is in phase with the bunched electron beam will 
not be discussed in this,paper. Once a suitable phase is selected, it is the function 
of the feedback control system to maintain the phase alignment. The error signal from 
the phase detector is used to control an electronic phase shifter in the rf,input line 
to the klystron amplifier. 

With the large mismatch condition that can exist with the power feed system, it 
is necessary to provide an i'solator (or circulator'and load) to absorb the power return- 
ing from the structure. 
ting the maximum available power from the generator. 

A s  discussed earlier, the isolator must be capable of dissipa- 

The reflectometer shown in Fig. 3 compares the phase of the return signal with the 
incident signal in the power feed to the accelerator structure. This phase comparison 
provides a measure of how well the structure is tuned to the driving frequency. 
signal from the reflectometer can be used in the automatic tuning of the structure. 

The 

\ 

Shown in Fig. 4 is the phase shifter circuitry used in our prototype test. A 
variable reactance at one port 0f.a fouryport circulator varies the phase of the reflec- 
ted rf signal at that port. The variable reactance is produced by varying the reverse 
bias on a diode. The phase shifting range is expanded by resonating the diode capaci- 
tance with an ind~ctance.~ 

AMPLITUDE DETECTION 

Shown in Fig. 5 is a diagram of the amplitude detection circuit. A coupling probe 

A Hot Carrier diode operating as a large-signal detector (peak reading 
(magnetic coupling) provides a 0.1 to 1.0 W signal for the amplitude and phase detec- 
tion circuitry. 
with negligible power dissipation in the diode) provides a voltage proportional to the 
amplitude of the rf signal. The diode is housed in a structure which has a small amount . 
of tuning capability to compensate- for the effective capacitance of the diode and is 
temperature stabilized to better than 0.2OC. 
Carrier diode depends on the particular loading conditions and has been measured at 
approximately 1 mV/'C for our conditions (output voltage of 10 V at the 1 W level). 
Since our amplitude stability requirements are predominantly short-term requirements 
of the order of minutes, long-term effects such as diode aging are not considered to 
be vital problems. 

The temperature coefficient for the Hot 
. 

The problems of mismatches or changing impedance of the transmission line affecting 
the amplitude stability can be minimized by taking advantage of the low output impedance 
provided by the undercoupled magnet.ic coupling (=- 0.5 0 ) .  This is done by locating the 
diode at an integer number of transmission-line half wavelengths from the coupling. We 
have used a PIN diode as a controllable perturbation on the system and have adjusted 
the line length between the diode and the coupling probe to minimize the amplitude var- 
iations produced by the perturbation. Since a change in the amplitude level at the 
diode will change the reactive loading produced 
the phase constant with changes in amplitude is 
low-impedance point. 

by ;he diode, the problem of holding 
minimized by locating the diode at this 

3 .  R.H. Hardin, E.J. Downey, and J. Munushian, 
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PHASE DETECTOR 
. 
. 

Thz phase detector circuitry is summarized in Fig. 6: Signals $, with amplitude 
By and A, with amplitude A and phase angle Cp relativz to-B, arz cozbined in a four-port, 
3 dB hybrid (racetrack hybrid). The vectorial sums A + B and A - E, which are obtained 
at the other two ports, are detected by linear detectors with detection efficiencies 
kl and k2 respectively. 
nal E, where 

The detected signals are subtracted to produce the video sig- 

(13) 2 2 2  f = kl [A + B2 - 2AB cos cplh - k2 [A + B + 2AB cos cp] . 
EV 

With neither 2 nor the reference signal 2 modulated, E, is a dc signal which, for 
kl = k2, is null at cp equal t o  90 or 270°. 
tion power law characteristics for one diode change relative to the other diode, the 
null would be found at a different value of cp. 
track to about one part in 300. 

Should the detection efficiencies or detec- 

For 0.1' stability, the two diodes must 

The problem of the extreme tracking requirement for the diodes can be removed by 
modulating the reference signal 2. 
E, becomes 

For B = Bo + B1 sin %t, cp = rr/2 - CY, and A >> Bo, 

BO 
.Ev = (k + k ) B  sin CY sin wmt + (kl - k2) 7 B1 sin UJ t 1 2 1  m 

2 
(k2 - k ) B  

cos 2u1 t f dc terms . 4A m + 

If we consider only those terms with frequency tu,,,,, we are left with the first two terms 
. in Eq. (14). If 

kl - k2 ) Bo ( kl + k2 A 
-3 -<lo , 

then the null in the amplitude of frequency cy, will occur at - 0.1 < (Y < 0.1'. 
ratio Bo/A is made small by suppressing the carrier (Bo e< El) and by making A large 
compared with B1. 
the homodyne phase detection ~ystem.~ 

The 

The suppressed carrier reference signal method is referred to as 

For our tests, we have used a 100 kHz modulation frequency with a doubly-balanced 
modulator which suppressed the carrier at 952 MHz to -20 dB (Bo/B1 M 0.1). 
%1/A was less than 0.1 and the diode-tracking term (kl - k2)/(kl + k2) was less than 
0.05. . .  

The ratio 

FEEDBACK DYNAMICS 

The high-Q characteristic of the superconducting accelerating structure leads to 
a great simplification in the feedback control dynamics when the system is compared 
with the conventional room temperature structure. 
of 1 GHz, the structure has a time constant of 0.032 sec (video bandwidth of 5 Hz). 
The time constants.of the other elements in the control loops (amplifiers, PIN diode 

8 For a loaded C of 10 at a frequency 

~ 

4. S.D. Robertson, Bell System Tech. J. 28, 99 (1949). 

. I  
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attenuator, varactor phase shifters, etc.) will be much smaller'than 32 msec, typical- 
ly in the microsecond range (100 kHz video bandwidth). Consequently, the gain-fre- 
quency curve for the control loop can be a -6 dB/octave roll-off with unity-gain 
crossover at 10 kHz which will be shown later to yield more than an adequate gain- . 
bandwidth product for the control loop. 

For the room-temperature linear accelerators, where the loaded Q may be of the 
order of 104 and where pulse lengths are relatively short, the response.characteristics 
of the control loop become more complex because of a much higher gain-bandwidth require- 
ment. A modulated phase reference signal, for example, may not be usable because of 
the bandwidth limitation of a modulated system. The transient problems are further 
complicated when the spectrum of video frequencies is sufficiently large that one or 
more of the adjacent resonant modes. of the multicavity accelerating structure can be 

. .  excited. 5 

For the control loops for the superconducting accelerator at Stanford, we.have 
tentatively selected a gain-bandwidth product of lo4 Hz for both the 'amplitude and 
phase control loops. 
for the phase loop will be more than sufficient to handle the perturbations inside the 

Direct current loop gains of lo5  for the amplitude loop and I O 3  
. .  

loops. 

In Fig. 7 is shown the loop diagram for the amplitude control loop with the ap- 
propriate transfer functions. A, is the dc loop gain (selected at lo5) and TI is the 
dominant pole in the system (SZ 1.6 sec), A zero at S = 1/T2 and T2 x Tc, where Tc is 
the cavity time constant, maintains the roll-off at -6 dB/octave. 
electron beam component to the cavity voltage E,. Shown in Fig. 8 are the approximate 
time responses for the transient conditions from initial turn-on to the maximum opera- 
ting cavity voltage and beam current.. With the initial turn-on of the reference volt- 
age, the power incident to the accelerator structure is turned on to the maximum avail- 
able power which is assumed, for discussion, to be slightly higher than Pi(max). The 
cavity voltage E, changes exponentially toward the final value 2Va(max). 
voltage reaches the desired value of Va(max) (in. approximately 0.7 of a filling time), 
the control loop comes out of saturation and regulates the cavity voltage to Va(max). . 
A power of Pi(max)/4 is required to maintain the voltage of Va(max) with the coupling 
parameters discussed earlier in this paper. 

Eb represents the 

When the 

When the beam current is turned on to Io(max), the control loop increases the 
power to the Pi(max) level in approximately 16 usec. During this beam turn-on trans- 
ient, the cavity voltage falls by a part in 2000 and recovers to within a part in lo4 
in approximately 100 psec. 
turned on limits the minimum cavity voltage at which the regulating system can continue 
to regulate with a step change in the beam current from 0 to Io(max). 

The transient dip in the cavity voltage when the beam is 

TEST RESULTS 

The amplitude and phase control loops were tested with a room-temperature five- 
Re- cavity, 952 MHz, copper. accelerating structure (power input of 100 W and less). 

dundant amplitude and phase detection units were'used to check the stability of the 
system. The desired stabilities in amplitude and phase were achieved even though the 
mechanical stability of our test coupling probes would not be adequate for the- final 
accelerator. High-stability coupling probes are currently being designed. 

5,. R.A.  Jameson, Los Alamos Scientific Laboratory Report LA-3372 (1965). 
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A five-cavity, lead-plated-coppeg, 952 MHz accelerating structure was cooled to 
4.Z°K and yielded an unlsaded Q of 10 . 
the cavity voltage, the square root of the incident power, and the square root of the 
reflected power in response to a pulsed reference signal. The cavity was critically 
coupled to the generator (9, = 5 x lo7) and stabilized in amplitude and phase. 
though this was only the initial test of the system with a superconducting structure 
(no beam), the performance met our expectations. 

Shown in Fig. 9 are oscilloscope traces of 

Al- 
I .  
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Fig. 1. Equivalent cbrcuit for a standing wave cavity loaded by a 
relativistic beam. 
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- REVERSE Pi /  Pi (max) 

PHASE 

0.4 0.2 -0 0.2 0.4 0.6 0.8 1.0 

Fig. 2. Voltage gain Va and the return power Pr as a function of the 
incident power Pi for values of beam current Io = 0 and 
Io = Io(max). 
for optimization at Va = Va(max) and Io = Io(max). 

The coupling to the cavity has been selected 
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Fig. 3. Block diagram of amplitude and phase control loops. 
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Fig. 4. 

INDUCTIVE STUB 

PIN DIODE 
ATTENUATOR 

KLYSTRON 
INPUT 

Prototype varactor diode phase shifter and PIN diode attenuator. 

. .  

ACCELERATOR 
STRUCTURE 

300kSl 
F + l 5 V  

HOT CARRIER- 
DIODE 

- 
' Errt PIN DIODE 

ATTENUATOR v 
Fig. 5. Amplitude detection circuitry. 

I 

B= Bo +BI sin (w,t) 
for + = + - o  REF. (w,) 

Bo 
E, = (kl+k2)Bl sin o sin ( w m t ) + ( k I - k 2 ) ~ B I  sin(w,t) + 

PHASE DETECTOR 

a (k 1 -k'2) Bo 
(k I +k 2) A < 5 x  IO-^ -- 

Fig. 6. S u m r y  of the phase detection method'. 
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Fi 

I 

( I  + T, SI 

rEb CAVITY 

I I I I 

FOR T2 x T, 

A, = 105 

GAIN- BANDWIDTH IOkHz =b TI% 1.6 sec 

Fig. 7. Loop transfer functions for the amplitude control loop. The 
cavity voltage E, is given in terms of the reference voltage 
Eref and the beam-induced voltage . 

0- TIME + 

I, (max) 
I, (BEAM CURRENT) 

" 

--PI (max)-- 

V, 2000 (max) 4 tz16pS EC V, 2000 (max) 4 tz16pS 

, 8 .  Expected time response of the cavity voltage E, and the i ident 
power Pi during the turn-on of the reference voltage and beam 
current. 
the cavity voltage V,(max). 

Conditions are shown for the beam current Io(max) and 
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Fig. 9. Oscilloscope traces obtained during a recent test with a pulsed 
reference voltage on a superconducting cavity structure. Trace (A) 
is the cavity voltage, trace (B) is the square root of the incident 
power (linear detectors), and trace (C) is the square root of the 
reflected power from the cavity structure. The time scale is 
5 msec per division. 
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PARTICLE MOTION IN A STANDING WAVE LINEAR ACCELERATOR* 

E.E. Chambers 

Stanford, California 
High Energy Physics Laboratory, Stanford University 

I. CASE I: ON AXIS 

1. Traveling Wave' Review 

The traveling wave electron accelerator is not simpler than the standing wave 
machine, but it is better understood. So, with the object of understanding, let us 
look at the first section of a traveling wave accelerator where the wave velocity $ 
is less than 1. 

According to the equations derived in the Appendix, after Slater,' the momentum- 
phase diagram is shown in Fig. la. The phase angle, rp, is here defined as the angle 
by which the electron leads the crest of the traveling wave, and P is the momentum of 
the electron. 
ahead of the wave crest because there is symmetry about the line cp = rr/2 with a trav- 
eling wave. 

Apparently, Slater chose .to call phase zero when the particle is rr/2 

In accordance with Eq. (8) of the Appendix, a function 

(1) 
( Y .  

f(rp) = H + - 2n sin 'p = E(P) - BP = f(P) , 

can be defined where H is the Hamiltonian, cy is the field intensity, and E and P are . 
the energy and momentum of the electron, all in dimensionless units. 

Figure lb shows the relationship between cp and P through the function f. The 
The minimum value of f(P) shape of the curve depends only on the wave velocity 8. 

a1 lowed by 

f(P) = E(P) - BP 
(la) 

- =  df v - B = O  , 
dP 

where v is the reduced particle velocity, is fl(P1) = 11E1, where El = (1 - B2)-% and 
P1 = BE1 are the.energy and momentum.of a particle moving at the traveling wave veloc- 
ity.. 
. .  

The maximum and minimum values of f(rp), being f2 and f3 respectively, allowed by 

(1b) 
C Y '  f(rp) = H + - sin cp , 2rr 

are f2 = H + (~ /2 r r ,  and f3 = H - cy/2rr, where.H is determined by the initial condition 
through 

* 
1. J.C. Slater, Rev. Mod. Phys. 20, 473 (1948). 

Work supported in part by the U.S. Office of Naval Research, Contract [NONR 225(67)].  
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* 
As used here in ,  cu is  t h e  e f f e c t i v e  f i e l d .  2a is the  maximum f i e l d  on 
standing wave ax is .  

- 80 - 

I f  H is less than i t s  c r i t i c a l  value,  Hc = l / E 1  4- CY/~TT, f 3  < f l y  and the  o r b i t  of 
I f  H > Hc, f 3  > f ly  and the  o r b i t  is the  p a r t i c l e  i s  l i k e  o r b i t  1 of Figs.  l a  and l b .  

l i k e  e i t h e r  o r b i t  2 o r  3 of Fig. l a ,  depending on t h e  i n i t i a l  conditions.  

Figures 2 through 5 show graphs p lo t t ed  by computer. 
closed o r b i t s  of Fig. la.  The l i n e s  labeled 0 - 0, 1 - 1, e t c .  show the  locus i n  
phase space of e l ec t rons  a t  a given d i s t ance  along the  acce lera tor .  The momentum sca le  
w a s  chosen t o  show des i red  f e a t u r e s  bes t ;  a constant times log(1 + 2P/mc) i s  p lo t t ed .  
In  Fig. 2 ,  fourteen e l ec t rons  start out along l i ne  0 - 0 at  80 keV. 
with cp 2 140° were approaching P . =  0,  and i t  w a s  not considered f r u i t f u l  t o  follow them 
fu r the r .  The l i n e  1 - 1 shows where the  remaining t en  e l ec t rons  were a f t e r  passing 
through 1/16 h .  
j ec t ed  between 70° and 110'. 
ex t rac ted  a t  the  end of a wavelength (on l i n e  4 - 4 ) ,  they would span Bo. 
i n t e r e s t i n g  t h a t  the  e l ec t rons  in j ec t ed  between 60' and 90' could be ex t rac ted  i n  a 2' 
bunch at  the end of 1 h .  
more r ap id ly  t r ave l ing  wave, $ = 0.9,  and Fig.  5 f o r  $ = 1.0 (P1 = m ) .  

2. 

They a r e  segments of t he  

The four s t a r t i n g  

Between t h e  t w o  smallest o r b i t s  are contained a l l  t he  e l ec t rons  in-  
I f  ex t rac ted  a t  v = $, they would span 7' i n  phase; i f  

It is a l s o  

Figure 3 is  f o r  ha l f  t he  acce lera t ing  f i e l d ,  Fig. 4 f o r  a 

* 
Standing Wave a t  Low Energy 

A t  low energ ies ,  t he  t r a j e c t o r i e s  i n  P - tp space of particles which are captured 
i n  standing wave l i n a c s  (1) cross  and r ec ross ,  (2) have kinks every h a l f  wavelength, 
(3) decrease i n  momentum a t  f i r s t ,  and (4) s l i p  about t w i c e  a s  much i n  phase as one 
would expect from the  corresponding t r ave l ing  wave case. 

Figure 6 shows the  o r b i t s  i n  P - cp space f o r  p a r t i c l e s  acce lera ted  by a standing 
wave. The graphs do not c l o s e  on themselves; they do cross .  
t i b l e  kink i n  the  curves a t  the  end of 1 h. ("2" on t h e  graph) because it j u s t  happens 
t h a t  v very near ly  equals  B a t  t h i s  point so t h a t  t he  curves are v e r t i c a l .  

There is  hard ly  a percep- 

Figure 7 gives a very  much enlarged view, f o r  2.5 wavelengths of standing wave 
acce le ra to r ,  of a very s m a l l  segment of a locus such as 4 - 4 i n  Fig. 4. The locus i s  
the  ends of o r b i t s  such as those a t  "10" i n  Fig. 6. An input of AT of 20° has been . 

bunched t o  1' ( 1  - cos 0.5' = 0.4 x with an energy spread of 0.064 mc2 (1.5% of 
present energy, but 0.3 X A go i n i t i a l  Atp (69.5' - 78.5') would give 
0.15%.of present energy. The curve f o r  79.9 kV shows t h a t  t he  'po of the  "bunch" is  
f a i r l y  independent of yo ,  but t he  point "B" i s  where "A" would move f o r  79.0 kV and 
ind ica t e s  t h a t  a v a r i a t i o n  of the  80 kV by 1.2% would a f f e c t  the  r e s o l u t i o g  t o  t h e  ex- 
t e n t  t h a t  the phase spread con t r ibu t ion  t o  the  energy spread would be - 10 . 

of 1 GeV) . 

In  order t o  e s t a b l i s h  a t  least the  d i r e c t i o n  of t he  gradient of good energy reso- 
l u t i o n  i n  the  multidimensional space of buncher design (cu, B2, ... l ength) ,  a l a r g e  
number of ca l cu la t ions  were made. Some r e s u l t s  f o r  a ha l f  wavelength of standing wave 
acce le ra to r  are presented i n  Fig.  8 whose s t r a i g h t  l i n e s  at test  t o  the  roughness of 
approximations made i n  cons t ruc t ing  t h e  f igu re .  The trends,  however, are not approxi- 
mate: (1) good bunches are f a i r l y  independent of 6; (2) low f i e l d  s t r eng ths  give b e t t e r  
bunches. (1) s ince  a AE/E of 1 x lom4 i s  the  
goal, a <  2 would unnecessarily s a c r i f i c e  f a s t  acce le ra t ion  where it i s  most des i r ab le  
( t o  arrest t ransverse  ve loc i ty ) ;  and (2), $ 1 eliminates problems t h a t  might a r i s e  

Two quan t i t a t ive  conclusions were drawn: 
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from other  choices. (For instance,  $ = 1 makes the accelerat ing f i e l d  of the funda- 
'mental frequency independent of the dis tance off  axis . )  

The ca l cu la t ions  leading t o  Fig. 9 were made i n  order t o  design a combination 
buncher and i n j e c t o r  sect ion f o r  a superconducting l inac.  Notwithstanding the possible 
advantages of 
from 1.6 t o  2.6 MeV) by going t o  $ = 0.95 was considered worthwhile. 
length was determined by how much was needed t o  become r e l a t i v i s t i c .  

= 1, the real advantage of increasing the k i n e t i c  energy ( fo r  Z = 2.5 A ,  
The approximate 

Figures 10. and 11 indicate  how the bunch is  formed. Continuously injected elec-  
t rons would be represented a t  the moment of i n j ec t ion  (Z  = 0) by the l i n e  with un i t  
slope. 
wavelength when the fundamental r f  e l e c t r i c  f i e l d  changes sign. Electrons with 160' 
< 'po < 180° a re  stopped a t  Z b A/8. Electrons with -Moo < cpo < looo s top before h i 4  
even though they w e r e  i n i t i a l l y  accelerated.  Electrons injected a t  -100' (180' from 
bunch) would be stopped a t  Z M L/4  and cp M 180° and presumably would be r e j ec t ed  with 
80 kV back a t  the gun. With continuous in j ec t ion ,  5% (Acp, = 20') w i l l  come out i n  a 
t i g h t  bunch, 25% w i l l  come out badly spread i n  phase and energy, 35% w i l l  s top before 
h14,  many of which may be "rejected," but the other  35% get beyond AI4 and i t  is most 
l i k e l y  tha t  they w i l l  end up as heat  i n  the cav i ty  w a l l .  
the bunch gaining on the wave between Z = h and 2.5 A. 
$ and length t h a t  t he  bunch ends with cp -+ 0 f o r  maximum energy gain; it is  not necessary 
f o r  good bunching. 

There appears t o  be an understandable c h a r a c t e r i s t i c  of the bunch. 

The dotted l i n e s  on Fig. 10 show where the electrons are i n  the f i r s t  half  

Figure 11 f o r  $ = 0.95 shows 
It i s  by proper choice of a, 

It passes 
where ( A / 4 )  the f i e l d  i s  maximum when (cp = 0) i t  i s  maximum. 

3 .  Standing Wave at  High Energy 

After the energy of an e l ec t ron  i s  a few MeV, the e f f e c t  of 'the backward t r ave l ing  
wave component on the  longitudinal coordinates of an e l ec t ron  is  completely neg l ig ib l e  
i n  a standing wave accelerator .  

11. CASE 11: OFF AXIS 

1. Introduction 

In  a superconducting accelerator  where high energy r e so lu t ion  i s  possible,  the 
r a d i a l  motion is  p a r t i c u l a r l y  important because of i t s  e f f e c t  on monitoring and control-  
l i n g  the energy of the beam. 

Figure 1 2 ' i s  an attempt t o  show the whole problem at  a glance. Radial momentum 
i s  plot ted .against dis tance off axis.  
a r e  injected i n t o  a short  sect ion of accelerator .  The do t s  t r a c e  the path i n  t h i s  
phase space of a p a r t i c l e  s t a r t e d  a t . u n i t  dis tance off ax i s .  
the middle of t he  f i r s t  cav i ty  is represented by the f a t  e l l i p s e ,  but the dots  show t h a t  
large excursions of momentum have occurred. A t  the  end of t he  f i r s t  cav i ty  the set is  
represented by . the  long t h i n  e l l ipse .  
most of the space between the do t s  shown. A t  the end of f i v e  c a v i t i e s ,  the set i s  re- 
presented by the remaining e l l i p s e .  Note tha t  the e l l ipses  represent a set of particles 
at  c e r t a i n  stages of acceleration: the do t s  represent the o r b i t  of one p a r t i c l e .  

The c i r c l e  represents  a set of p a r t i c l e s  a s  they 

The set of p a r t i c l e s  at  

I f  the dots  were continued they would f i l l  i n  

Figure 12 represents  r a d i a l  motion i n  the f i r s t  accelerator  s ec t ion .  It i s  com- 
pl icated and w i l l  be t r ea t ed  l a s t .  

I 
I 

F i r s t ,  t he . case  w i l l  be t r ea t ed  i n  which the p a r t i c l e  has  i t s  energy much g rea t e r  
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than i t s  rest mass and much g r e a t e r  than the energy gained per wavelength. 
r e s t r i c t i o n  on the energy gradient w i l l  be dropped, and l a s t ,  an in jec t ion  sect ion 
w i l l  be' considered. 

Next the 

Definit ions of symbols a re  given i n  the Appendix. 

2 .  Very High Energy, R e l a t i v i s t i c  Particles 

The equation of r a d i a l  motion i s  

d - ( y 2 ) = - 2rr ar s i n  4nz , dz 

which i s  l inear  i n  r,  r', and r" so t h a t  a l l  solut ions may be scaled. 
a x i a l  motion in tegra tes  t o  

The equation of 

(3) 

where a small l i b e r t y  has been taken with the.constants  of in tegra t ion  by requiring 
tha t  zo = y o l a  and zo is  integer  o r  half  integer .  

I 

The s ine  i n  each of Eqs .  (2)  and (3) is the r e s u l t  of the backward t ravel ing com- 
ponent of the standing wave. The contribution t o  the r a d i a l  force from E and v X B 
ident ica l ly  cancel i n  the forward ' t ravel ing component. 

Combining E q s .  (2)  and (3)  and the' d e f i n i t i o n  of r a d i a l  momentum, and l e t t i n g  
x = 4rrz 

(4a) 

(4b) 
d r  P 
dx x - s i n  x 
- =  

Equating both the s ines  i n  Eq.  (4) t o  zero, the  t ravel ing wave solut ion i s  found 
t o  be 

P = P .  

r = P  l n - + r O  . 
0 Y 

X 

o x  
0 

Using t h i s  r a s  a f i r s t  t r i a l  solut ion,  and in tegra t ing  by p a r t s  t o  increase the 
power of x - x o l x ,  a so lu t ion  correct  t o  the f i r s t  order i n  (x - xo)/x was found: 

cos x x l n - - -  sin x ]'+ ro L r- 2 cos + 1 - X 
X 

0 
8 P =  Po [ l + F  X 0 2x 

cos x - s i n  x cos x 
* +  2 4x 

I .  r = Po [In :I+ ro [l - 7 1 In  - +  x - s i n  x 
X 2x 

0 0 

None of the terms i n  Eq.  (6) is  a r e s u l t  of the s ine  i n  Eq. (4b) ; t h a t  is, the i n t r a -  
cavi ty  change i n  mass is  not a f i r s t  order e f f e c t .  
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As indicated i n  Fig. 12, the gyrations within a cavi ty  may be l e g e  compared with 
the net change across a cavi ty  which is of chief importance. Let t ing x - xo = 2rr, and 
xo = Prrn, the e f f e c t  of the (n + l ) t h  cavity is  given by the difference equations: 

r (n)  
1 P(n + 1) - p(n) = - p(n) - - 2n 8n 

Y (7b) 
-1 1 

-1 

r ( n  + 1) - r(n) = - n P(n) - - zn r (n)  

which again a re  good t o  f i r s t  order i n  n . 
A solution which s a t i s f i e s  Eq. (7) t o  f i r s t  order i n  n-l  is  

P(n) = J3 Po s i n  (L + e )  - 3(8)-% ro s i n  L ', (8a) 

(8b) r (n)  = 2 J2 p0 s i n  L + EI ro s i n  ( 0  - L) Y 

where L = (8)-% I n  n/no and s i n . 9  = (3)-'. 

Equation (8) is  plotted i n  Figs. 13 and 14. The sol id  t r iangles  on each curve 
i n d i c a t e , t h e  points  up t o  which the curves were checked against  a very accurate computer 
calculat ion tha t  s ta r ted  with 2, = 100 A .  
ergy. The p a r t i c l e  w i l l  cross the axis  a f t e r  i t  has increased i t s  energy t o  5.7 t i m e s  
i t s  i n i t i a l  energy i f  i ts  i n i t i a l  r a d i a l  momentum i s  zero. From the  t i m e  the p a r t i c l e  
crosses the ax is ,  i t s  rad ia l  momentum w i l l  continue t o  increase u n t i l  i t s  energy i s  in-  
creased by a f a c t o r  of 15 and i ts  r a d i a l  displacement w i l l  increase u n t i l  i t s  energy 
is  increased by a fac tor  of 85; i t  w i l l  recross  the ax is  again a t  energy fac tor  (85) . 

From the equations, it appears tha t  the maximum r a d i a l  excursion w i l l  be minimized 

The n ' s  of Eq. (8) can be interpreted as  en- 

2 

i f  Po = B ro, and fur ther  tha t  a complete cycle of r a d i a l  motion w i l l  be made every 
t i m e  the energy is  increased by a fac tor  of 5 x 10 . 7 

Comparing the standing and t ravel ing wave rad.ial motion over an energy increase 
of a fac tor  of e ,  

Standing Wave 

3 p = - p  - -  
2 0 h o  

1 
0 2 0  r = P  + - r  

Traveling Wave 

P = Po 

r = P  + r o  
0 

it appears tha t  there  i s  a s ign i f icant  difference from the Lorentz contracted d r i f t  
tube analogous t o  the  t ravel ing wave accelerator .  

As suggested by the eigenvector found during the solut ion of Eq.  (7) ,  l e t  
Q = 2 m P ,  . .  

Q = Q, cos L + (J2 Q, - 0 r )  sin.^ 

r = (J3 Q, - J2 ro> s i n  L + ro cos L 

, (9a) 

. (9b) 

0 

. 
The maximum values of Q and r a r e  each equal t o  K which is  a constant of the motion 
and K2 = 3Q2 - 2 J6 Qr + 3r2. I f  the axes a r e  rotated 4 5 O  and K i s  magnified t o  uni ty ,  
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x x 0 COS L + (J3 + J2) yo s i n  L ., 
* .  

y = - (J3 - J 2 )  x s i n  L + y cos L . 
0 0 

From t h i s ,  the constant of the motion i s  found t o  be 

2 The e l l i p s e  found i n  Eq. ( 1 1 ) . i s  shown i n  O r  space i n  Fig. 15; i t s  area is nK //3. 
This e l l ipse  i s  a t r a j e c t o r y  a s  contrasted with the e l l ipses  of Fig. 12 which represent- 
ed sets of p a r t i c l e s .  

3 .  R e l a t i v i s t i c  P a r t i c l e s  

I f  yo i s  not much g rea t e r  than a, the analysis  of the previous sec t ion  does not 
apply, but t h i s  can only be the case over only a few wavelengths because y = az f o r  
r e l a t i v i s t i c  particles.  

To invest igate  t h i s ,  computer ca l cu la t ions  were made over one-half wavelength and 
the r e s u l t s  plot ted in Fig.  16. I n  a d r i f t  tube, the p a r t i c l e  represented by the dot 
on the c i r c l e  would have moved d i r e c t l y  t o  the dot a t  i ts  r i g h t .  
ference is  s l i g h t .  

I f  zo = 10 A ,  t h e . d i f -  
If zo = A ,  the  difference i s  s ign i f i can t .  

The s imple conclusion is t h a t  f a r  z > LO t h e  analysis  of t he  previous sec t ion  is 
adequate, f o r  z > 100 i t  is  as good as  the computer, and f o r  z < 10 the computer should 
be used. 

4. The Iniector  Section 

Consideration of t he  i n j e c t o r  s ec t ion  is  not complete, but some ca l cu la t ions  have 
been made. The t e n t a t i v e  conclusion i s  t h a t ,  i n  f i r s t  order,  even t h i s  sect ion a c t s  
l i k e  a d r i f t  tube i f  the gyrat ions within a cav i ty  are not considered. Figure 1 7  shows 
the e f f e c t  of acceler'ation from 80 keV t o  100 MeV. I n  the i n j e c t o r  sect ion,  i .e.  during 
the f i r s t  2X, besides the  d r i f t  tube e f f e c t  of t i l t i n g  the e l l i p s e  forward the re  is  a 
s l i g h t  defocusing i n  t h a t  the absolute values of a l l  momenta are increased by about 
30%. In  the next 10 A ,  a f t e r  the axial  phase is  set t o  zero, the par t ic les  (two 0.f 
which are represented by do t s  on the curve) move much as  would be expected from the an- 
a l y s i s  of the high energy.sect ion.  The next two sect ions of 20 A each continue t o  ac- 
c e l e r a t e  as  expected. I f  a 20' a x i a l  phase bunch had been injected,  the set ( i n  r a d i a l  
phase space) t ha t  w a s  f i r s t  t o  be injected ( loo ea r ly )  and the set last t o  be injected 
a r e  shown separately a t  52 A .  
wave in j ec to r  i s  soluble.  

Clear ly ,  the r a d i a l  phase space problem i n  a standing 

Figure 18 shows t h e ' r e s u l t s  of some ca l cu la t ions  on another i n j e c t o r  sect ion.  To 
get a f ee l ing  f o r  t he  problem the  question w a s  asked, "What i s  necessary t o  get  a paral- 
lel  beam out of the in j ec to r?"  Electrons were put i n  A I 6 0  off a x i s  and the answer de- 
pends strongly on a x i a l  phase. For an e l ec t ron  i n  the middle of t he  a x i a l  bunch, the 
answer is tha t  i t  should be aimed a t  a point on the ax i s  f = 1.8 X i n t o  the accelerator .  
For those with d i f f e r e n t  a x i a l  phase, the answer i s  d i f f e r e n t ,  as shown i n  the table:  
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cp - ‘Po f/h 

5O 1.0 

loo  0.75 

* .  0 1 .8  

- 5O 2 . 7  
-loo m 

For a given ro i n  the  high energy sec t ion ,  t he  r a d i a l  phase space enclosed i n  an 
o r b i t  i s  minimum i f  Po = 
angle  of 0 = ro/2zo. 
q u i r e  e f . =  3 mrad r a t h e r  than ef = 0 which w a s  used a s  a b a s i s  f o r  t he  above t a b l e .  

ro, which i s  t o  say  that it should be  d iverg ing  wi th  an 
I n  the  case of t h e  i n j e c t o r  s e c t i o n  of F ig .  18, t h i s  would re- 

This  does not  conclude the  work on the  i n j e c t o r ,  but  i t  does show a way t o  the  
s o l u t i o n  of r a d i a l  phase space problems. 

APPENDIX 

I. ONE DIMENSION TRAVELING WAVE 

Defining Bc, 1, and F t o  be the  wave v e l o c i t y ,  wavelength, and maximum electric 
f i e l d  i n t e n s i t y  i n  t h e  acce le ra to r ,  r e s p e c t i v e l y ,  and g iv ing  o t h e r  symbols t h e i r  
usua l  meaning, 

dP - d t  = qF cos  (po + 217 

dz - = v  , d t  

(A-1) 

which can be put i n t o  the. form 

I 

This  immediately suggests  s impl i fy ing  t o  dimensionless  v a r i a b l e s .  
primed : 

Old symbols are 

- p J  = p 
nc 

- =  E ‘  E 2 
m c  

= v  - V I .  
C 

q F h -  
2 * mc 

(A-2) 

The acce le ra t ing  f i e l d  parameter, cy, is t h e  electric f i e l d  i n t e n s i t y  i n  u n i t s  of 
p a r t i c l e  rest masses/q (0.511 MV f o r  e l ec t rons )  p e r  wavelength. 
can be w r i t t e n  more simply: 

Now the  equat ions 

dP dz - v 
d t  B d t  B ’ 
- = cos  [q0 + 2T(2 - t ) ]  ; - - - 
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Defining the phase 

cp = cp, + 2n(z - t )  y (A-4) 

which is  the  amount by which the  p a r t i c l e  is ahead of the c r e s t  of t h e  wave, then 

9 = 2 = ( 1 - 9  dz , 

Now Eqs. (A-3) (A-4) , and (A-5) can be combined: 

- = -  dP cy cos qY dz v 

CY cos cp - =  dP 
dcp ZT(V - 8) 

The equations required from spec ia l  r e l a t i v i t y  now have p a r t i c u l a r l y  simple forms: 

E 2 = P  2 + 1  

P dE v = - = -  
E dP ' 

(A-5) 

(A-6)  

(A-7) 

Equation (A-6)  is e a s i l y  in t eg ra t ed  t o  give 

CY 
E - B P = - s s i n ~ p + H  2TT , (A-8)  

where H is  the constant i f  i n t e g r a t i o n  and can be shown t o  be t h e  Hamiltonian. 1 

' The complete so lu t ion  needs another equation t o  show the  r e l a t i o n s h i p  between 
Such an equation i s  (A-5), but i t  has not been in tegra ted  i n  z o r  t ,  and P, E, o r  cp. 

closed form. 

11. ONE DIMENSION STANDING WAVE 

Going back t o  Eq. (A-3), w e  can see t h a t  t he  addi t ion  of a wave t r ave l ing  i n  the  
opposite d i r e c t i o n  w i l l  give a standing wave 

dP CY 
d t  B - = r cos  [q0 + 2n(z - t ) ]  - cos  [yo + 2n(- 2 -  t ) ]  

- _ -  2cY s i n  (2nz) s i n  (2nt - cp0) - 8  

dz v 
d t  B 
- = -  

(A-9) 

Because of the  need to  i n t e g r a t e  the  equations over exac t ly . the  s a m e  length of 
acce le ra to r ,  so t h a t  t he  e x i t  phases be comparable, t h e  equations used were changed 
t o  have z as the  independent va r i ab le  
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These are the 

- dP = 2 sin (2nz) sin (2nt - 'po) 
dz v 

(A-10) 
&=I . 
dz v 

quations for a rr-mode standing wave accelerator on the axis of its 
cylindrical symmetry. 
Eq. (A-4). 

Phase is defined the same as in the traveling wave case, 

111. CYLINDRICALLY SYMMETRIC STANDING WAVE 

Returning to the conventional meaning of symbols for a moment, 

EZ = FAZ 

A ~ - ~  -' w n sin (kz) Jo(yr) sin (wt - "p) 

Er = FAr 

k 
r n-Y 

A = - 1 w . - cos (kz) Jl(yr) sin (cut - 'p,) (A-11) 

Be = (F/c) Ae 

= 7 w Ae n yc sin (kz) Jl(yr) cos (wt - rgo) 

2 2  y2 -I- k2 = u) / c  

k = 2n(2n - 1)/A , n = 1, 2, 3, .... 
Equations (A-11) describe the field at a particle in a cylindrically symmetric 

accelerator which has planes of symmetry at the center of each wavelength and anti- 
symmetry at the ends of each wavelength. 

Neglecting the effect of the transverse velocity on the relativistic mass of the 
. particle, the equation 

can be reduced to one in the z direction, 

and one in the transverse plane, 

d?T 
- = (qEr - qvBe)s dt 

(A-12) 

(A-13) 

(A-14) 
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where Ti is the radial unit vector and v is the velocity in the z direction, as before. 
2 Still using conventional notation, E/c is the relativistic particle mass, and 

-b * 2  P = ;E/c T 

d?T c2 .. 
dt = ;E + ;i . - 

Invoking some fundamental mechanics where R and 8 are unit vectors, 

+ 
r = ;ii + r63 

r = (Y - ri2> ii + (226 + rii) z .. -+ . 
Combining (A-14) , (A-15), and (A-16), 

.. 
( F  - &2) E + 2 - i = - qvBQ ; (226 + r8)E + r8E = 0 2 qEr 

C 
. 2  

C 

( A - 1 5 )  

(A-16) 

(A-17) 

In addition to the simplifying definitions (A-2), add 

r' - = r  . (A-18) A 

To eliminate the second order derivatives, define 

(A-19) 

Equations (A-7), (A-13), (A-17), and (A-19) reduce, with the definitions in (A-2), 
(A-11) , and (A-18), to: 

- =  dt I! 
dz v 

2 ds ru s dE + 2 
(Ar - vAe) dz v E dz vE 

- = - - - -  

dr s 
dz v 

du 2su u dE 
dz vr E dz 
de u 
dz. v 

- = -  

- = e - - - -  

- = -  

J7-x 
E v =  
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In accordance with definitions, the arguments of the auxiliary functions in (A-11) 
can be somewhat simplified: 

N 
A =I wn sin (z) JO(R> sin (T - 'pol Z 

1 

(A-21) 

where 

T = 2rrt . 
By computer, the evaluation of the functions (A-21) and the integration of Eqs. (A-20) 
are. straightforward . 

The coefficients wn can be obtained in theory from the Fourier analysis.of a known 
The coefficients actually in use are obtained from T.I. Smith' who estimated field. 

them by numerically solving Maxwell's equations for the accelerator cavity. 
few coefficients are shown in the table: 

The first 

n - W n 

1 
2 
3 

4 .  
5 

1.0000 
-0.0137 
-0.0106 
-0.0014 
+o .0002 

2 .  T.I. Smith, private communication. 
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Fig. 1. Orbits in phase space, traveling wave accelerator. 
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Fig. 2. Computed orbits in phase space, traveling wave accelerator. 

- 90 - 

I 
II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

5.000 

3.200 

1.970 

1.160 E 
\ 
n 

0.61 I 

0.246 

4 4  

a 1.34 

2,Z = X / 8  

3,z = X / 2  

4,z = 2X 

- 

0 

I I I I 
40 80 120 160 + (DEGREES) 

Fig. 3. Computed orbits in phase space, traveling wave accelerator. 
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Fig. 4 .  Computed orbits in phase space, traveling wave accelerator. 
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Fig. 5. Computed orbits in phase space, traveling wave accelerator. 
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Fig. 7. The bunch of electrons at exit of 2.5 A standing wave accelerator section. 
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Fig. 8. Effect of cy and B on bunching. 
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Fig. 11. Bunch forming in standing wave accelerator. 
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Fig. 15. Radial phase space trajectory in standing wave linac. 

2 Fig. 16. Sets of relativistic particles in radial phase space, E - M,C 
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Fig .  17. S e t  of particles in  radial phase space. 
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F i g .  18. Lens property of injector section. 
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SAMPLE PARAMETERS OF A TWO-MILE SUPERCONDUCTING ACCELERATOR*+ 

R.B. Neal 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 

The results derived in Ref. 2 have been used to calculate a sample set of para- 
meters1 €or a superconducting version of the two-mile SLAC accelerator. 
tions have been carried out in order to provide a basis for further technical discus- 
sions. 

These calcula- 

BEAM ENERGY 

The energy goal of 100 GeV (10 MeV/ft) has been chosen since this energy is 
sufficiently higher than the 20 GeV capability of the present SLAC accelerator to be 
of great interest in physics research and yet within anticipated fiscal and technical 
limitations. It should be remarked here that the gradient of 10 MeV/ft is several 
times higher than the best gradient achieved to date in a superconducting accelerator. 
However, superconductivity in its application to accelerators is still in its infancy; 
therefore, in establishing tentative design parameters for a future accelerator it has 
been assumed that further advances will make the proposed gradient realis.tic. 

SELECTION OF ACCnERATOR TYPE 

A s  noted in Ref. 2,  the ratio of peak-to-average fields in a traveling wave ac- 
celerator is significantly less than in a standing wave accelerator (a factor of x 1.6 
improvement appears to be achievable). For this reason, the tentative decision has 
been made to adopt a traveling wave design with rf feedback. 

DUTY CYCLE 

The possibility of achieving a high duty cycle is one of the attractive features 
of a superconducting accelerator. 
ted 100 GeV two-mile machine would lead to excessive refrigeration costs on the basis 
of present-day cost experience and estimates. For this reason, the duty cycle of the 
superconducting machine in this preliminary listing of criteria has been limited to 6%. 
Even so, this is 100 times the duty cycle of the existing SLAC accelerator and would 
result in greatly improved experimental statistics. 

However, adopting a 100% duty cycle for the projec- 

The filling time of a superconducting accelerator is very long (typically 10 to 
100 msec) compared to conventional "room temperature" accelerators (SZ 0.5 to 5 bsec). 
The rf pulse length must be many times longer (say 0 . 3  to 6 sec) in order to allow 
time €or the fields to reach steady state and for particles to be accelerated.' Prac- 
tically speaking, an rf source which is required to produce full power for several 

* 
'This report is based upon an earlier SLAC Technical Note (Ref. 1). 
Work supported by the U.S. Atomic Energy Commission. 

1. W.B. Herrmannsfeldt, R.B. Neal, and P.B. Wilson, Stanford Linear Accelerator 
Center Technical Note SLAC-TN-68-9 (1968) . 
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seconds must, for cathode emission and heat dissipation purposes, be designed to oper- 
ate in a cw manner. Moreover-, the existing ac distribution system in the SLAC Klystron 
Gallery has sufficient capacity to supply the required power on a cw basis. Therefore, 
the design approach which has been adopted is based on initial operation at a 6% duty 
cycle but with ac and rf capability for a 100% duty cycle. 
the cost of providing refrigeration decreases, the duty cycle could be .increased by 
adding more refrigeration units to the system. 

Then, if at a later date 

CHOICE OF FREQUeNCY 

Operation of a superconducting accelerator at the lower microwave frequencies is 
favored2 because of the higher Q's and the resulting lower dissipative losses at these 
reduced frequencies. The minimum feasible frequency is probably limited by the in- 
creasing physical size of the structure, the increasing filling time, and the more 
stringent phasing and impedance matching tolerances as the frequency is reduced. More- 
over, in the case of the projected superconducting accelerator for SLAC, there is a 
further consideration which merits attention. There is already. in. existence an expen- 
sive high power waveguide system which operates at a particular frequency, viz., 
2856 MHz. Considerable cost savings would obviously result if the same frequency were 
chosen for the superconducting accelerator so that the existing waveguide system could 
be used. However, it is not yet clear whether or not this choice of a relatively high 
frequency would result in sufficiently higher refrigeration costs which would outweigh 
the cost savings just discussed. For this reason, it has been decided to carry 0u.t 
preliminary design studies and cost analyses at two frequencies, 1428 and 2856 MHz, to 
determine whether either frequency has a definite technical and/or cost advantage over 
the other. The parameters shown in Table I have therefore been calculated for both 
frequencies. The basic beam criteria (beam energy, beam current, beam power, and duty 
cycle) are the same at each frequency. However, the filling times, pulse lengths, and 
feedback loop characteristics are different at the two frequencies. 

. The starting points in determining these parameters are: (1) the expected improve- 
ment3 in Q at 1300 MHz and 1.85'K by a factor of lo6 compared to the Q in the same 
structure at room temperature; and (2) the room temperature values at 2856 MHz of 
Q = 1.3 x lo4 and r = 56 d / m .  
the values given in Table I: 

The following scaling laws are then used to calculate 

-312 

-1. 
-2 

Improvement factor a w 

r a w  

Q a w  

The room temperature values 
a 'somewhat more complic.ated 
such potential improvements 
given in Table I. 

at 2856 MHz given above can probably be improved by using 
cavity geometry (e.g,, curving the outer walls, etc.) but 
have not been taken into account in calculating the values 

2. R.B. Neal, Stanford Linear Accelerator Technical Note SLAC-TN-68-1 (1968) 

3 .  P.B. Wilson, private communication. 
(also reported to this Summer Study in slightly modified form, p. 111). 
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AVERAGE BEAM POWER 

For i n i t i a l  operation a t  6% duty cycle, an average beam power of 0.3 MW has been 

Since a beam conversion e f f i c i ency  of x 100% should be 
assumed. This is approximately the same as  the maximum average beam power achieved by 
the  present SLAC accelerator .  
achieved i n  the superconducting version, a t o t a l  r f  power of 0.3 MW average and 4.8 MW 
peak w i l l  be required.  

' 

KLYSTRON POWER . 
To take maxinkm advantage o f  equipment already avai lable  i n  t h e  SLAC Klystron 

Gallery the same number of klystrons (W 240) as used with the present SLAC accelerator  
w i l l  be employed. Thus, the r f  peak power and average power from each klystron w i l l  
be 20 kW and 1 .2  kW, respect ively.  However, as  noted earlier,  each klystron w i l l  be 
ra ted a t  20 kW average power which w i l l  permit l a t e r  increase of duty cycle i f  desired.  

Fortunately,  the input sect ion of the ex i s t ing  SLAC modulators (ac transformer, 
s i l i c o n  r e c t i f i e r s ,  f i l t e r ,  control  gear,  e t c , )  has the proper r a t i n g  t o  supply a 
20 kW klystron on a cw bas i s .  
t ha t  a tube which has an eff ic iency of 50% w i l l  have a cathode current  of 2 A and a 
perveance of 0.7 x 
voltage substat ions along the klystron ga l l e ry  can be used without modification. 

The output of the f i l t e r  sect ion is  -20 kV which means 

It i s  a l so  for tunate  t h a t  the ex i s t ing  var iable  amp volt-312. 

PEAK BEAM CURRENT 

The peak beam current i s  obtained by dividing the peak beam power by the beam 
energy, i .e. ,  

POWER DISSIPATED I N  ACCE'LERATOR 

From Eq. ( 4 )  of Ref. 2, the power diss ipated can be wr i t t en  

x duty cycle , p = -  
d r L  

V2 

where .V is  the t o t a l  beam energy, r is  the shunt impedance p e r  un i t  length,  and L i s  
the t o t a l  accelerator  length.  Thus 

n m  

= 5800 W . - - 10" x 0.06 
3 A t  1428 MHz: 

A t  2856 MHz: 

Based on cost  e s t i m a  

= 11 600 W . - - loz2 x 0.06 
3 1.72 1013 3 x 10 

COST OF REFRIGERATION 

s3 made a t  the W.W. Hansen Laboratories of Ph- i c s ,  the 
cost  of a r e f r i g e r a t i o n  u n i t  capable of cooling t o  1.85OK can be approximated by the 
following formula: 
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c -$12 000 POo6 

where P is  'the d i s s i p a t i v e  power i n  watts which must  be removed by the r e f r ige ra t ion  
u n i t .  
power diss ipated i n  the  accelerator  and feedback loops. 
w r i t  ten 

Let N be the number of separate r e f r i g e r a t i o n  u n i t s ,  so t h a t  NP f Pd = the  t o t a l  
The t o t a l  cost  CT can then be 

Pd 0.6 
CT = N 12 000 ( y ) 

0.4 0.6 = $12 000 N Pd 

Thus, the t o t a l  cost  (neglecting d i s t r i b u t i o n  costs)  is  reduced as the t o t a l  number of 
individual r e f r i g e r a t i o n  u n i t s  i s  reduced. I n  t h i s  study, i t  has been assumed t h a t  
N = . 1 5  since t h i s  is  the present number of separate  power substat ions along the accel-  
e r a t o r  and has been found t o  be a convenient number f o r  control  purposes. 
estimated cos t s  are: 

Then, the 

A t '  1428 MHz: 

A t  2856 MHz: 

CT = (12 000)(15)0'4 (5800)0'6 

CT = (12 000)(15)0*4 (11 600)0'6 = $9.7 M . 
= $ 6 . 4  M 

These estimates may change s i g n i f i c a n t l y  a f t e r  several  more years of cryogenic experi-  
ence and development' and hopefully w i l l  be reduced. 

FILLING TIME 

From Eq. (43) of Ref. 2 ,  the  f i l l i n g  t i m e  of t he  t r ave l ing  wave accelerator  with 
feedback t o  63.2% buildup of the electric f i e l d  ( a t  maximum beam conversion eff ic iency)  
is  

Thus , 

= 18 msec . - - 2 x4.0 x109 l o l l  A t  2856 MHz: 
tF 1. 79X1O1O 48X10-6~1. 7 2 ~ 1 0 ~ ~ ~ 3 ~ 1 0  

RJ? PULSELENGTH , 

'Four of the " f i l l i n g  t i m e s "  calculated above are required t o  bui ld  up the f i e l d s  
t o  98% of the s teady-state  value. 
a period which i s  long compared t o  the buildup t i m e  i n  order t ha t  t he  beam duty cycle 
may be a,reasonably l a rge  f r a c t i o n  of the r f  duty cycle.  
t o  program the beam turn-on during the r f  buildup so t h a t  the r f  and beam loading 
t r ans i en t s  can occur e s s e n t i a l l y  simultaneously. 
t h i s  technique w i l l  be and thus r f  pulse lengths i n  the range of 20 t o  80 t i m e s  the  
" f i l l i n g  t i m e "  a r e  given i n  Table I. 

After t h i s  buildup, the r f  p u l s e  should be on f o r  

It w i l l  be very desirable  

It is  not yet c l e a r  how successful 
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TIME OFF BETWEEN PULSES 

At a 6% duty cycle, the ratio of "time off" to "time on" is just 0.94/0'.06. This 
ratio is used in calculating the "time off" values shown in Table I. 

BEAM PULSE LENGTH 

For criteria purposes, the beam pulse length has been assumed to be the rf pulse 
length less one "filling time" for the short rf pulse and less four "filling times" 
for the long rf pulse. 

TEMPERATURE RISE DURING EACH RF PULSE 

It is believed that a suitable Dewar'capable of enclosing the accelerator and the 
feedback waveguide at either frequency under consideration would be about 18 in. in 
diameter and would contain about 20 R/ft of liquid helium. 
helium is 450 J/R/OK giving a heat capacity of NN lo4 J/ft/'K. 
power dissipation made above, the temperature rise per pulse can be calculated as 
follows : 

The specific heat of liquid 
From the calculations of 

0.58 0.06 = 9.7 W/ft (peak) At 1428 MHz: Power dissipation = 0.58 W/ft (av) 

Heat liberated per pulse = 9.7 - X 5.76 sec = 56 J/ft sec ft 

Temperature rise during pulse = - 56 = 0.0056°K 
lo4 

At 2856 MHz: Power dissipation = 1.16 W/ft (av) = 19.3 W/ft (peak) 

Heat liberated per pulse = 19.3 - X 1.44 sec = 27.8 J/ft 

Temperature rise during pulse = - 27'8 = 0.0028°K 

sec ft 

. 
lo4 

RE" FEED INTERVAL 

In the present SLAC accelerator, the rf feed interval is 10 ft (the power from 
each klystron .is split into four equal parts). 
been assumed that the feed interval is 40 ft in order to.reduce the total amount of 
instrumentation and control equipment required. 
parameters with respect to feed interval is shown in Table 11. All cases are normal- 
ized with respect to the 10 ft feed interval case; all parameters of the 10 ft case 
are normalized to unity. The same total rf power input and the same beam energy and 
current are assumed in all cases. Two classes are given in Table 11: in class 1 the 
attenuation parameter T is held constant as the feed interval is varied; in class 2 ,  
T is proportional to the feed interval. In class 1 the disk aperture must be increased 
as the feed interval is increased; this causes a decrease in r, the shunt impedance 
per unit length, as shown. In class 2 ,  the cavity geometry is preserved as the feed 
interval is varied; therefore r remains constant. The most significant distinctions 
between the two classes relate to the circulating power Po and the bridge ratio g. 
In class 1, increasing the feed interval requires a decreasing attenuation per unit 
length in order to keep the total attenuation r constant; the circulating power must 
then increase ih order to keep the field strength constant. The bridge ratio g in 

In the superconducting version it has 

Variation of the principal design 
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class 1 varies only sufficiently to compensate for the variation in r. In class 2, 
however, the circulating power Po remains constant since the attenuation per unit 
length remains constant for all feed intervals. The bridge ratio g varies inversely 
with feed interval. 

In the preliminary listing of criteria shown in Table I it has been assumed that 
class 2 wit.h a 40 ft feed interval will be adopted. This choice results in reduced 
instrumentation and control requirements and a relatively small value of the bridge 
ratio g. A reduced value of g eases phasing and matching problems in the feedback 
loop. . 

ACCELERATOR ATTENUATION FACTOR (7)  

In Table I, it has been assumed that each 40 ft section, of the superconducting 
accelerator will consist of cavities of the same geometry as an "average" cavity of 
the present 10 ft SLAC sections. Each existing 10 ft SLAC section has an attenuation . 
parameter 7 = 0.57 at room temperature. Four of these sections arranged.contiguously 
with a single feed would therefore result in a r af 2.28. 
sections would be improved by the factor 4.0 x 109/1.3 x 104 = 3.08 x lo5. 
2856 MHz and 1.85OK, the attenuation parameter would be r = 2.28f3.08 X lo5 = 74.0 X10'7 
nepers. 
thus at 1428 MHz and 1.85OK, T = 74 X 10-7/23 = 9.24 X 10-7 nepers. 

At 1.85'K, .the Q of these 
Thus at 

For the same cavity geometry scaled proportional to wavelength, r a w3, and 

FEEDBACK ATTENUATION FACTOR (v) 
In Table I it has been assumed that the loss in the feedback loop is 10% of the 

accelerator loss. Since the feedback loop consists principally of straight waveguide, 
this estimate is probably higher than the actual loss will turn out to be. 

BRIDGE RATIO (g) 

The required bridge ratio can be calculated from the following relation [Eq. (20) 
of Ref. 21: 

Thus, 

At 1428 MHz: 

At 2856 MHz: 

pT 
g = 2  

2ri rL 

6 4.8 x 10 
g =  

18.48 x (48)2 10-l~ x 3.44 x x 3 lo3 
4 = 1.095 x 10 

6 4.8 x 10 
& '  

148 x x (48)2 x 10-l~ x 1.72 x x 3 x lo3 
4 = 0.273 x 10 . 

CIRCULATING POWER (Po) 

The normalized circulating power Po/Ps at maximum beam conversion efficiency'is 
Since the input power per klystron, Ps, is just equal to 1 + g [En. ( 6 )  of Ref. 23. 
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20 kW, the  c i r c u l a t i n g  powers i n  t h e  two cases become: 

4 

4 

A t  1428 MHz: 

A t  2856 MHz: 

Po = 1.095 X 10 X 20 X lo3  = 219 MW 

Po = 0.273 x 10 x 20 x lo3  = 54.6 M . 

. 

. 

REQUIRED PHASING ACCURACY I N  LOOP 

The vec to r  diagram of the  vol tages  i n  t h e  feedback loop at  s teady  state i s  shown 
The ne t  feed-  i n  Fig.  1. 

back vo l t age  vec to r  i s  x - l  g'/(l + g)" V,, where x i s  t h e  t o t a l  a t t e n u a t i o n  due t o  loss 
i n  the  w a l l s  and t o  beam loading. 
[Eq. (5) of Ref. 21. 
t h e  same lihe and the  fol lowing r e l a t i o n  holds: 

The input  from the  r f  source i n t o  the  loop i s  V s / ( l  + g)f .  

A t  maximum beam conversion e f f i c i e n c y  x =  g f / ( l +  g)f 
In  t h i s  case and 'wi th  rp = 0 a l l  the  vec to r s  i n  F ig .  1 l i e  along 

vS 
+ * vo = vo 

(1 + 
o r  

(1 + g)h . vO 

vS 

- =  

When cp # 0, the  fol lowing s o l u t i o n  of t he  vec to r  diagram may be obtained us ing  
the  law of cosines3: 

rn 

V' v ~ + ' i ( - p ) v 2 - 2 ( - q v ~ c o s v ~ -  S 

X l + g  0. x l + g  0 l + g  * 

4 2 Subs t i t u t ing  x = g % / ( l  + g) and cos M 1 - f cp y i e l d s  t h e  r e s u l t  

o r  

5 (a(p)2 
2 -  w -  

v O  
. .  

Thus., i n  order  f o r  t he  loop ga in  t o  be reduced by no more than  1% by t h e  loop phase 
e r r o r ,  i t  i s  necessary  t h a t  

. .  Igcpl S (0.02)' = 0.1414 . 
Using t h e  va lue  of g ca l cu la t ed  above, t h e  required loop phase accurac ies  become: 

= 1.29 X rad = 7.4 X deg 4 A t  1428 MHz: 'p 5 
1.095 x 10 

-4 
= 5.16 x rad = 29.6 x 10 deg . 4 A t  2856 MHz: cp 

0.273 X 10 
. I  
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CONCLUSIONS 

The tentative parameters calculated in this report and summarized in Table I 
have been set down to guide further technical and cost studies. It is highly probable 
that these parameters will be changed as a result of future experience and develop- 
ments. Many additional questions must be investigated theoretically and experimental- 
ly before' the basic design framework of a two-mile superconducting accelerator can be 
considered established. 
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TABLE I 

Parameters of a Two-Mile Superconducting 

Accelerator at Two Frequencies 

Parameter f = 1428 MHz f = 2856 MHz 

Length 

T/ Q 
r 

Q 
Loaded energy (max) 

v /L 

- 

Duty cycle 
Peak beam current 

Average beam current 
Peak beam power 
Average beam power 
Number of klystrons 
Peak power per klystron 

Average.power per klystron 
Type of rf structure 
Filling time (to 63.2%) 
Power dissipated in accelerator 
Total cost refrigeration 
Pulse length (rf) 
Pulse length (beam) . 

Time off between rf pulses 
Normalized peak current. 

(in) at La, 

3000 m 
2.15 x lo3 n/m 
3.44 x n/m 
16 x lo9 
100 GeV 

10 MeV/ft 
0.06 

48 CIA 
3 CIA 
4.8 Md 

0.3 MW 

240 
20 kW 

3000 m 

4.3 x lo3 n/m 
1.72 X 1013 .n/m 
4.0 x lo9 
100 GeV 

10 MeV/ft 
0.06 

48 WA 
3 LLA 
4.8 MW 

0.3 MW 

240 
20 kW 

1.2 kW 1.2 kW 
TW witih rf feedback loop 

72 msec 18 msec 
TW with" rf feedback loop 

5800 W (0.58 W/ft) 11 600 w (1.16 Wlft) 
$6.4 M $9.7 M 
1.44 to 5.76 sec 0 . 3 6  to 1.44 sec 
1.37 to 5.47 sec 0.34 to 1.37 sec 
22.6 to 90.3 gec 5.65 to 22.6 sec 

7.03 . 4.97 

74.0 x 
Feedback attenuation factor ( y )  0.924 x 7.4 x 

-7 Accelerator attenuation factor (7) 9.24 x.  10 

Bridge ratio (g) 1.095 x lo4 0.273 x lo4 
Circulating power 

Required phasing accuracy in loop 
1.095 X 10 4 0.273 X 10 4 (POlPs) at &ax 

for 6Vo/Vo s 0.01 7.4 X deg 29.6 x deg 
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TABLE I1 

Variation of Basic Parameters of 'a Superconducting Accelerator 

as a Function of Feed Interval 

Two classes are considered: Class .1 with attenuation parameter T = constant; class 2 
with 7 proportional to the distance between fields. 

Parameter 

Attenuation parameter (7) 

Beam energy (V ) 

Peak beam current (i ) 

Shunt impedance (r) 

T 

P 

Total rf input power (P ) 

Input power per feed (P ) 

Bridge ratio (g) 

T 

S 

Normalized circulating power 
(Po /PSI 

Circulating power (Po) 

Filling time (t ) 

Total power dissipated (P,) 
F 

~ 

Class I: T = constant 

Distance between feeds 

10 ft 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

20 ft 

1 

1 

1 

0 .'87 

1 

2 .o 

1.15 

1.15 

2.3 

1.15 

1.15 

40 ft 

1 

1 

1 

0.77  

1 

4.0 

1.30 

1.30 

5.2 

1 .'30 

1.30 

Class 2: 7 proportional 
:o.distance between feed: 

Distance between feeds 

10 ft 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

20 ft 

2 

1 

1 

1 

1 

2. 

0.5 

0.5 

1 

1 

1 

C 

A B 

Fig. 1. Steady-state condition in feedback loop with phase error cp. 
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CONSIDERATION OF THE USE OF FEEDBACK IN A 
TRAV~ING -WAVE SUPERCONDUCTING ACCELERATOR*' 

R.B. Neal 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 

I. INTRODUCTION 

In a standing-wave accelerator structure, essentially all of the input rf power 
is inherently utilized (assuming proper input matching) to set up the accelerating 
fields and for conversion to beam power. 
the experimental work on superconducting accelerators carried out to date has employed 
the standing-wave structure. The theoretical performance of the standing-wave super- 
conducting accelerator under beam loading conditions has been studied by Wilson and 
Schwettman.2 (See Section VI of this report for further discussion.) 
in a pro erly matched standing-wave (SW) accelerator with negligible beam loading is 

Because of this basic simplicity all of 

The energy gain 

given by 5 

where Ps is the rf power from the source, ro is the shunt impedance per unit length, 
R is the length of the accelerator structure, and T is the attenuation parameter in 
nepers. For superconducting accelerators, where T is very small, Eq. (1) becomes: 

where Pd = Ps is the power dissipated in the accelerator structure. 

The energy gain in the traveling-wave (TW) accelerator with negligible beam 
loading is given by 

When 7 is very small, Eq. (3)  becomes: 

M (27 PsroJ?)4 = (Pdroa) % 

. (3) 

( 4 )  

* 
Work supported by the U.S.  Atomic Energy Commission. 

1. 

2. P.B. Wilson and H.A. Schwettman, IEEE Trans. NuC1. Sci; NS-12, No. 3 ,  1045 (1965). 

This report. is based upon an earlier Stanford Linear Accelerator Center Technical 
Note: R.B. Neal, SLAC-TN-68-1 (1968). 

3 .  G.A. Loew and R.B. Neal, in Linear Accelerators, edited by P. Lapostolle 
and A. Septier (North-Holland Publishing Company, Amsterdam, The Netherlands) 
(to be published). 

- iii - 



where 27 Ps = Pd is the power dissipated in the accelerator structure. 
Pd, which is the power useful in setting up the accelerating fields, is very low and 
most of the rf power is lost at the output end of the accelerator. To make full use 
of the available power it is necessary to feed back the residual rf power through an 
external loop and to combine it in proper phase with the input power. If this is done, 
the power and fields in the TW structure will build up to a very high level. If the 
loss in the external loop is negligible compared to the loss in the accelerator struc- 
ture, essentially all of the input power is available for setting up the accelerating 
fields, i.e., Pd M Ps. Comparing Eqs. (2) and (4), it is noted that, for the same no- 
load energy gain, the power dissipated in the SW structure must be twice the power 
dissipated in the TW structure with feedback, assuming the structures have the same 
lengths and shunt impedances. In actual fact, it is possible to compensate largely 
for this disadvantage in the SW case by using the rrmode or the rr/2 mode in a bi- 
periodic structure for which the shunt impedances are considerably increased. 

In this case, 

From another viewpoint, for a given net energy gain, the ratio of peak to average 
fields in the standing-wave s!ructure is up to two times as high as this ratio in the 
traveling-wave structure. This consideration gives an advantage to the traveling-wave 
structure for superconducting accelerator applications. Again, the relative advantage 
of the 'Iw structure is reduced when the rr mode or the special n/2 biperiodic mode is 
used in the SW structure. 

\ 

The original idea of using feedback in conjunction with a traveling-wave linear 
This method was accelerator was proposed by R.-Shersby-Harvie and Mullett4 in 1949. 

used on a number of early low energy Brifish accelerators designed for medical therapy. 
The use of the feedback principle in resonant rings for the purpose of testing various 
microwave components such as rf windows was demonstrated by Milosevic and Va~tey.~ 
Hahn and Halama6y7 have studied the possibility of using the resonant ring concept in 
superconducting rf beam separators. 

11. OPTIMUM FEEDBACK IN THE TW ACCELERATOR WITH BEAM LOADING 

A schematic of the TW accelerator with feedback is shown in Fig. 1. The residual 
rf power at the end of the accelerator is fed back to the input end where it is com- 
bined with the source power Ps by means of a suitable waveguide bridge. 
power Po is then fed into'the accelerator. The bridge ratio, which will be designated 
by the symbol g, is defined as the ratio of the powers which the bridge is designed to 
combine. 
bridge ratio g and when the feedback phase is properly adjusted, the power input to 
the accelerator'will be (1 + g) times the source power and the power 4, to the external 
load will be zero. 

The combined 

When the ratio of the feedback power to the source power is equal to the 

Suppose that the attenuation due to beam loading and to wall losses in the accel- 
erator structure and feedback loop is such that PF = Po/x2. 
maximum power input to the accelerator and zero power to the resistive load is 

Then the condition for 

4 .  R.B. R.-Shersby-Harvi and L.B. Mullett, Proc. Phys. SOC. London E, 270 (1949). 
5 .  L.J. Milosevic and R. Vautey, IRE Trans. MCT-6, 136 (1958). 
6 .  H.J. Halama and H. Hahn, IEEE Trans. Nucl. Sci. NS-14, No. 3, 350 (1967). 
7. H. Hahn and H.J. Halama, IEEE Trans. Nucl. Sci. NS-14, No. 3, 356 (1967). 
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o r  

a .  

1 
g = -  

x2 - 1 
(5) 

When the condition of Eq. (5) i s  met, t he  s teady-s ta te  power buildup r a t i o  i n  the 
acce lera tor  w i l l  be: 

1 
2 .  - =  l + g =  

ps 1 - ( l l x  ) 

From Eq. ( 6 ) ,  it  i s  noted t h a t  a l a rge  buildup r a t i o  r e s u l t s  when x2 i s  s m a l l  ( c lo se  t o  
l), i .e. ,  when a l a rge  f r a c t i o n  of the  input r f  power i s  fed back t o  the  bridge. 
design value of the  b r i d g e ' r a t i o  g must be correspondingly high a s  a l s o  given by Eq. (6).  

acce le ra tor  sec t ion  is  8 : 

' 

The 

I n  the presence of beam loading, t h e  r e s idua l  power a t  the  output (z = 1) of the  

(7) 

where i is the  peak beam curren t  and the  o the r  terms are as previously defined. 
power PF fed back t o  the  bridge i s  
loop expressed i n  nepers. Thus, 

The 
where y i s  the  a t tenuat ion  i n  the  feedback 

. 3  

Inse r t ing  1/x2 from Eq. (8) i n  Eq.. (6) and solving f o r  PO/.Ps y i e l d s  the  r e s u l t  

where 
2 i r A  % 

i n =('+) . 
S 

The noirmalized beam energy with beam loading is given by8: 

where 

~ 

8. R.B. Neal, J.  Appl Phys. 23, 1019 (1958). 
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Subs t i t u t ing  Eq. (9) i n  Eq. (10) y i e lds  the  r e s u l t :  

-7 2 2 -2y ( 1  - e ) 

- i  ( 1 -  7 
- l + i n e  27 

n 
-2(7+y) i2 e - 2 Y  7 - (T+2Y) i e  'n - 

n + n 4  
-7) 2 (1 - e 2 

The beam conversion e f f i c i e n c y  'tl i s  defined a s  the  f r a c t i o n  of t he  power from the  
r f  source which is  converted into,beam power a t  steady state,  i .e. ,  

(12) 

From the  d e f i n i t i o n s  of Vn and in, i t  is c l e a r  t h a t  7 can a l s o  be expressed a s  v = V n i n .  
Thus, Tl  may be obtained by multiplying bo th  s ides  of Eq.  (11) by in. 
curves of Vn and 
[case ( a ) ]  which is typ ica l  of feedback through a loop which i s  a t  room temperature 
while the acce le ra to r  s t r u c t u r e  i s  supercooled. 
[case (b) ]  which i s  a rough approximation* f o r  t he  case where the  feedback loop as 
w e l l  a s  the  acce le ra to r  s t r u c t u r e  i s  supercooled. From a comparison of these curves, 
severa l  observations may be made. For fixed r f  power input ,  the t h e o r e t i c a l  no-load 
energy i s  about 95 times higher f o r  case  (b)'where y / 7  = 0 . 1  than f o r  case  (a) where 
y / r  = lo4. 
than f o r  case (a) and approaches 100% f o r  r e l a t i v e l y  s m a l l  va lues  of cur ren t .  S i m i -  
l a r l y ,  the beam energy f o r  case  (b) drops o f f  much more r ap id ly  wi th  increas ing 'cur -  
rent. 
cases  approach t h e  same v a h e s .  Case (b) i s  obviously super ior  where the  attainment 
of high energy is  paramount. 
a t i v e  requi res  t h a t  the  cur ren t  be maintained constant with high accuracy i n  order t o  
achieve energy s t a b  il i t y  . 

Zf Two sets 
versus in are shown i n  Fig.  2. One set i s  based on y l r  = 10 

The o ther  set i s  based on y / T  = 0.1 

As t he  beam curren t  increases ,  T) increases  much more r ap id ly  f o r  case (b) 

A t  higher va lues  of beam cur ren t ,  t h e  va lues  of beam energy and 7 f o r  both 

However, the  verys la rge  value of t he  beam loading der iv-  

111. FIXED BRIDGE RATIO g I N  THE TW ACCELERATOR WITH BEAM LOADING 

The above d iscuss ion  is based upon optimum feedback which implies a bridge r a t i o  
g which can be var ied  t o  s u i t  any degree of beam loading. 
have been designed , 
b i l i t y  a t  cryogenic temperatures. 
s p e c i f i c  value of des ign  cur ren t  may therefore  be required.  However, i t  i s  des i r ab le  
t o  understand t h e  performance of such a system over the e n t i r e  range of f eas ib l e  beam 
curren ts .  To gain in s igh t ,  i t  i s  he lp fu l  t o  study the  t r ans i en t  buildup of a feedback 
system with fixed bridge r a t i o  g. 

While va r i ab le  r a t i o  bridges 
they a r e  expensive and cumbersome and are of quest ionable Eeasi- 

A bridge having a f ixed  r a t i o  corresponding to a 

The power buildupsprocess i s  a stepwise a f f a i r  wi th  i n t e r v a l s  between s t e p s  equal 
t o  the  loop t r a n s i t  time. 
power source w i l l  d iv ide ,  producing a vol tage  Vs/(l  + g) "  i n  t he  acce le ra to r  arm and a 

I n i t i a l l y ,  the  vol tage  Vs applied t o  the  bridge from the  

9. 

A t  room temperatures, t he  a t t enua t ion  i n  nepers per u n i t  l ength  i s  typ ica l ly  50 - 
t o  100 t i m e s  a s  high i n  the  acce le ra to r  s t r u c t u r e  a s  i n  a s imi l a r  length of 
ordinaty wav.eguide. Because of the  presence of bends and the  recombining bridge 
i n  the feedback loop, the  more conservative es t imate  of 10 is  being used i n  t h i s  
example. 

C.F. Bareford and M.G. Ke l l ihe r ,  Ph i l ip s  Tech. Rev. 15, No. 1, 11. 1-26 (1953). 
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n vol tage  Vs[g/(l + g)]% i n  t h e  r e s i s t i v e  load arm. 
e r a t o r  feedback loop, a voltage Vs/[x(l + g) f ]  appears , i n  t he  feedback arm. 
phase is  co r rec t ,  t h i s  feedback voltage d iv ides ,  the  f r a c t i o n  [ g / ( l  + g)]f being added 
t o  the  e x i s t i n g  vol tage  i n  the  acce lera tor  arm and the  f r a c t i o n  [l/(l + g)]f being sub- 
t r ac t ed  from the  e x i s t i n g  voltage i n  the  load arm. Additional t r a n s i t s  lead t o  the  
series 

After one t r a n s i t  through the  accel-  
I f  t he  

- =  vO [ l + ( f ) ( - q + ( + - + .  l + g  l + g  . . ]  
vs (1  + g)% 

X - - 
x ( 1  + g)% - g t  

and 

xat - (1 + 
(14) - - 

f '  x(1  + - g 

The squares  of Eqs. (13) and (14) give the  s teady-s ta te  values of Po/Ps and %IPS, 
respec t ive ly .  
VL and PL = 0, and a l l  o# the power is  delivered t o  the  acce le ra to r .  In  t h i s  case 
Po/Ps ='1 + g 

From Eq. (14) i t  is noted t h a t  when xgf = (1 + g) f ,  i.e., g = 

a s  given i n  Eq. (6) f o r  t he  optimum feedback case. 

1 / (x2  - l ) ,  

Subs t i t u t ing  x from Eq. (8) i n  Eqs. (13) and (14), squaring and so lv ing  f o r  Po/Ps 
and pL/Ps y i e l d s  the  r e s u l t s :  

* 1. 
Subs t i tu t ing  (PO/Ps)*, from Eq. (15) i n  the  bas ic  energy equation [Eq. ( l o ) ]  gives the 
normalized beam energy: . .  

1 - e-' 

- e-T ) 
(17) 

( )t 
e ('n)g fixed = ( Z T ) %  7 f -(T+y) 2T ] - i n ( l -  T 

1 - e 

- ( 1  + g)' - g 

The conversion e f f i c i e n c y  7 i s  given, a s  previously s t a t ed ,  by the  product of Vn from 
Eq. (17) by in. 
uni ty  as in increases ,  t he re  i s ,  f o r  f ixed  bridge r a t i o  g,  a value of beam curren t  
which r e s u l t s  i n  maximum 'tl. 
bridge r a t i o  g which r e s u l t s  i n  the maximum values of Vn and q a t  t h a t  in. 
V, i n  Eq. (17) with respec t  t o  g (holding in constant)  gives the optimizing r e l a t i o n -  
ship: 

Unlike the  case with optimum feedback where 11 continues t o  approach 

Moreover, f o r  each value of in, the re  i s  a value of t he  
Maximizing 
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Equation (18) may be used to calculate the optimum design value of g for given values 
of the parameters 7 ,  y ,  and in. 

When T l  [obtained by multiplying Vn from Eq. (17) by in] is maximized with respect 
to in, the necessary condition is found to be: 

When T and y are small, Eq. (19) reduces to the simple expression: 

Substituting the condition given by Eq. (19) in the equation for 'll yields the expres- 
sion for maximum conversion efficiency: 

When T and.y are both small, Eq. (21) reduces to the expression: 

When (in)l max from Eq. (19) is substituted in the expression for beam energy 
[Eq. (17)] the result is 

where Vno is the no-load energy which can be obtained by setting in = 0 in Eq. (17). 
Thus, at maximum conversion efficiency, the beam energy is reduced to one-half of the 
no-load energy as in the case of the simple single feed accelerator without feedback.8 
From the form of Eq. (17), it is clear that V, decreases linearly as the beam current 
increases. In general, as the beam current is varied the beam energy can be expressed 
as follows: 

When T and'y are small, Eq. (23) becomes: 
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The normalized beam energy Vn and the beam conversion efficiency ‘fl are shown versus 
in in Fig. 3 for three values of the bridge ratio g(g = 104, 105, and 9.08 X 105). 
latter value of g calculated from Eq. (18) gives a maximum no-load energy for the as- 
sumed values of 7 and y. 
Fig. 2. It is noted that a large bridge ratio results in a high value of the no-load 
energy and a high value of the beam loading derivative. 
sion efficiency peaks at a lower value of beam current and the maximum efficiency is 
less than for smaller values of g. 
and 7 for the optimum feedback case as given by Eq. (11) for Vn and by Eq. (11) multi- 
plied by in for ‘Q. These dashed curves are the envelopes of all the possible,cases of 
fixed g for the assumed values of T and y .  

The 

The same values of 7 and y have been taken as for case (b) of 

Also, for large g, the conver- 

The dashed curves in Fig. 3 show the, values of Vn 

IV. POWER DISSIPATED IN THE TW ACCELERATOR, RESISTIVE LOAD, AND FEEDBACK LOOP 

The total power dissipated in the accelerator and in the feedback loop including 
the accelerator and resistive load is just Ps(l - I), i.e., the portion of the rf power 
which is not converted into beam power. The fraction of the rf power which is dissipat- 
ed in the accelerator structure itself during operation at maximum efficiency can be 
found by setting Eq. ( 4 )  equal to Eq. (23) .  The result is 

When T and y are small, Eq. (26) becomes: 

( ’d(acce1) 7 

, ps ) 23 

( ’d(acce1) 7 

, ps 

Comparing Eqs. (25) and (27), it is noted that 

( Pd(accel) ) 
= (ITn)? 2 max 

pS T l  max 

Thus, the power dissipated in the accelerator is less (and the power transferred to the 
beam is greater) when the accelerator is designed for a high value of in (and a corres- 
ponding low value of Vn). 

When the accelerator is designed for a maximum no-load energy, the optimizing 
relation [Eq. ( 1 8 ) ]  requires that (1/2g) = r + y. 
yields the result 

Inserting this relation in Eq. (27) 

(29)  
(Optimum design ’d(acce1) - - 7 

’ for no-load) pS 4(7 + Y) * 
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Inserting the same relation in Eq. ( 2 2 )  gives 

= 0.5 . (Optimum design - 1 
“Lax - 1 + =  for no-load) 

7 + Y  

Thus, the maximum efficiency of an accelerator designed to give maximum no-load energy 
is 50%. A similar procedure involving Eq. (16) gives 

(Optimum design 
for no-load) 

PL/Ps = 0.25 . 

The remaking power is lost in the feedback loop: It is given by 

The sum of the fractional powers given by Eqs. ( 2 9 ) - ( 3 2 )  is, as expected, 100%. 

V. FILLING TIME OF TW ACCELERATOR WITH FEEDBACK 

. ( 3 2 )  

The power flowing in the accelerator and feedback loop may be considered as origi- 
nating from two sources: (a) the rf power source; and (b) the electron beam. When the 
accelerator is perfectly phased, the voltages associated with these powers are in op- 
position and the net voltage at any point in the loop is equal to the difference of 
these voltages. 

The beam-induced steady-state power, Pb, appearing at the output end of the accel- 
erator can be shown8 to be equal to 

-7 2 2 1 - e  ) 
p b = i r 6 (  0 27 

Thus, the normalized power and voltage due 

-7 2 2 Pb i r R  - = -  o ( 1 - e  ) - - 
27 

pS pS 

and 
-I- 1 - e  

( 2 7 )  
i ‘b - =  
n 

vS 

to the beam can be written 

-7 2 2 ( 1 - e  ) 
n 27 i 

( 3 3 )  

( 3 4 )  

The voltage given by Eq. ( 3 5 )  is reduced by the factor e-’ in the feedback loop and a 
fraction [g/(l + g)]% of the resultant voltage is then sent into the accelerator arm. 
Thus, after 

During each 

one transit 

-I- Vo(beam)=i I - e  L 
Vs . n (27)+  

successive transit through the accelerator and feedback loop the voltage 
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. 
i s  attenuated fur ther  by the fac tors  e-' and e-' and the f rac t ion  6g/(1 + g)]' i s  
added t o  the ex is t ing  voltage entering the' accelerator .  
the accelerator  bui lds  up according t o  the geometrical series 

Thus, the voltage enter ing 

5 Similarly,  the voltage from the power source divides with the f rac t ion  [ l / ( l +  g)] 
going in to  the accelerator  arm; i.e.,  i n i t i a l l y ,  

Successive t r a n s i t s  lead t o  the series 

(37) 

Subtracting Eq.  (36) from Eq. (37) gives the same r e s u l t  obtained e a r l i e r  [Eq. (IS)] 
using the power flow equation [Eq. (8)]. 

The same series is summed i n  obtaining both Eqs.  (36) and ( 3 7 ) .  In  studying the 
buildup of the f i e l d s  i n  the accelerator ,  i t  is .of i n t e r e s t  t o  ca lcu la te  the f r a c t i o n  
of the steady-state f i e l d  which i s  reached a f t e r  n t r a n s i t s  around the loop. L e t  the  
series be 1 + r + r2 + . . . . . , where r = e-(7+Y) [g / ( l  + g)]f . The sums of n terms and 
i n f i n i t e  t e r m s  a r e ,  respectively 

and 

n 1 - r  s =- 
n 1 - r  

- 1 
s, - - 1 - r  . '  

(38) 

(39) 

Thus, 

1 - rn (40 )  'n 
Sm . .  
- =  

-1 The number of t r a n s i t s  r e q u i r e d  t o  build up t o  the fract ion ( 1  - e ), i .e. ,  63.2% of 
the steady-state value (S,) may then be calculated as  follows: 

n -1 1 - r  = 1 - e  

n -1 r = e  
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or, using the definition of r, 
1 

Since the time for a single transit is very close to Jlv and noting that l/v = (2Q/w)T, 
the time to fill the structure to the fraction (1 - e-1) of the steady-state fields is 
given by n(R/v ); i.e., using Eq. (41), 

g 

g 

When the structure is designed for negligible beam loading, the relationship giving 
maximum efficiency [see Eq. (18)] is (1/2g) = T f y. 
case is (2Q/w)Tg = (2Q/w)[T/(T + y ) ] .  
and (1/2g) >> (T + y ) .  

Thus, the filling time for this 
For heavier design loading, g is much smaller 

Thus, the filling time for the heavy beam loading case approach- 
es (2Q/Y) (2Tg) - 

Using Eqs. (20) and (25), the filling time given by Eq. (42) may alternately be 
writ ten 

20 ('n) 7 max tF w - 
(in)l max 

( 4 3 )  

Thus, the filling time is reduced as the b e g  current giving maximum conversion effi- 
ciency is increased (and the corresponding beam energy decreased . As an example, as- 

rad/sec (f = 2856 MHz). Then from Eqs. (20) and (25), one obtains (i ) 
and (Vn)9 max = 0.285. Using these values in Eq. ( 4 3 ) ,  the filling tizeTliyXfound to 
be tF M 0.010 sec. 

the filling time varies as (Vn)l [or, equivalently, as (in)i2max]. 

= 3.17 
suming g = IO5, T = 5'X nepers, y = 5 X 10-8 nepers, Q = 10 4 , and w = 1.79 X lolo 

Since, as shown previously, Vnin = 7 w 1 for in >> 1, it is clear that for in >> 1' 2 

The dependence of filling time 'upon frequency may be determined by recalling that 
Q a ID-2 and ro a w-l at superconducting temperatures.2 
from Eq. (43), tF a  ID-^. The rapid increase of filling time as the frequency is de- 
creased, together with the increasing cross section of the structure, will likely be 
the principal factors limiting the minimum frequency. 

Thus, Vn/in = V/iroA a w. Then, 

VI. STAND ING-WAVE SUPERCONDUCTING STRUCTURE WITH BEAM LOADING 

For purposes of comparison, the standing-wave superconducting structure will now 
The energy gain in this be examined following the results of Wilson and Schwettman.2 

case in the presence of beam loading is given by2: 

- 120 - 

I 
I 
I 
1 
I 
I 
I 
II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

. 

(44)  

where is the coupling coefficient between the transmission line and the accelerator 
structure. The first term on the right in Eq. (44 )  is the no-load energy; the second 
term is the reduction in no-load energy due to beam loading. Again, for convenience, 
Eq. (44)  will be written in normalized form as follows: 

2 where Vn = V/(Psroa)'i and in = [(i roA)/Ps]%. 
given by2 ' 

The conversion efficiency. is then 

2 
p V i =  n 

. .  
i 

pS 'n in 

(45)  

For a given value of in, there is a value of the coupling coefficient 8 which results 
in the maximum values of Vn and 7 at that in. Maximizing Vn in Eq. (45) with respect 
to $ (holding in constant) gives the optimizing relationship: 

2 i 2 5  i 
(47)  i 

Equation (47)  may be used to calculate the optimum design value of 8 for a given value 
'of in. . 

On the other hand, when 'll is maximized with respect to in, the n'ecessary condition 
is found to be 

When the condition of Eq. (48) is satisfied, the conversion efficiency and beam energy 
become2: 

I 

Thus; at maximum conversion efficiency, the beam energy has been reduced by beam load- 
ing to one-half of the no-load value. In general, as in the traveling-wave case, the 
beam energy can be written as: 

v = v 0 ( 1 -  2 i ~  i >  max 

where Vo is the no-load energy and i1 max is the beam current *which results in kaX. 
The power dissipated in the structure at maximum conversion efficiency may be 

found by equating Eqs. (2) and (50). The result is2: 

- 121 - 



I 
I 
I 
I 
I 

' .  I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Comparing Eqs. (52) and (50) it may be noted that Pd/Ps can also be written as 

(53) 

Thus, for the same value of normalized energy V,, twice as much.power is dissipated in 
the standing-wave accelerator structure as 
erator with feedback [see Eq. (28)]. From 
reflected, (Pr) from the input coupler back 
lows2: 

-=l-?lnax- 'r ($ )  'S S I  

in the structure of the traveling-wave accel- 
the conservation of total power, the power 
towards the rf source may be found as fol- 

Normalized values of beam energy (V,), beam current (in), beam conversion effi- 
ciency (I), power dissipated in accelerator structure (Pd/Ps), and reflected power 
(P,/Ps) vs coupling coefficient 8 ,  all at maximum conversion efficiency, are shown in 
Fig. 4. The maximum efficiency obtainable improves as /3 increases. Other advantages 
of high $ are the smaller fraction of the source power reflected and the smaller frac- 
tion of the power dissipated in the accelerator structure. A disadvantage of increas- 
ing 8 is the decreasing magnitude of Vn at Gax. 

VII. FILLING TIME OF STANDING-WAVE STRUCTURE 

For $ >> 1, most of the power is transferred to the beam and the power dissipated 
in the structure, given by Eq.  (52), becomes Pd/Ps M 110. 
becomes 

Thus, the loaded Q, &, 

Q L - j - Q - w  'd . 'd 
's max mix 

Combining Eqs .  (55) and (2) yields the result2 

l a  (vn)I max 2 v ~  max 
= 20 ,1 , 'L sx max ('ole> 

The time to fill the structure to 1 - l/e, i.e., 
steady-state field, is 2qLlw. Thus, the time to 

Comparing Eqs. (43) and (57) one notes that. for 

to. 63.2% of the magnitude of the 
fill to this level is: 

(57)  

equal beam energies, currents,. lengths, 
and-ro/Qi the filling time of the standing-wave structure is twice that of the travel- 
ing-wave structure with feedback. The basic reason for this result is that the standing- 
wave accelerator is filled by successive reflections in the accelerator structure itself, 
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whereas the-traveling-wave structure is filled by successive feedback of the power 
through the external loop in which the transit, time is negljgible compared to the one- 
way transit time in the accelerator structure. 

2 As in the traveling-wave case, for in >> 1, the filling time varies as (Vn)~ max 
or, equivalently, as (in)i2max. Also, with other parameters fixed, tF Q w ' ~ .  

VIII. COMPARISON OF TRAVELING-WAVE AND STANDING-WAVE DESIGNS 

The normalized beam energy Vn and beam conversion efficiency'q in the standing- 
wave accelerator are plotted in Fig. 5 vs in for three values of the coupling coef- 
ficient $ ($ = 1, 10, and 5 0 ) .  Also shown in this 'figure with dashed lines are the 
envelopes of the Vn and 11 families,representing the maximum possible values of these 
variables at each value of in. 

The envelopes of the entire family of g values for the traveling-wave accelerator 
with feedback and the $ values of the standing-wave accelerator are plotted together 
in Fig. 6. AS noted above, these curves represent the maximum possible values of Vn 
and 
various possible designs. It is noted that the traveling-wave accelerator with feed- 
back excels with respect to the maximum beam energy obtainable. At light loading it 
also has a higher conversion efficiency than the standing-wave accelerator. With' in- 
creasing beam loading, the energies and efficiencies of both of these basic types 
approach equality. 

at each value of in and hence are useful in the theoretical comparison of the 

The advantages relating to higher energy and higher efficiency stem solely from 
the reduced loss in the feedback loop compared to the "internal" .feedback through the 
accelerator structure in the standing-wave accelerator. If T = y, i.e., if the losses 
in the feedback loop are equal to the internal losses, the two accelerator types have 
the same maximum values of Vn and 11 at all values of in. 
reduced ratio of peak to average fields for the traveling-wave accelerator with feed- 
back still remains even if T = y .  

However, the advantage of 

The practical realization of a superconducting accelerator with feedback may turn 
out to be quite complicated due to the requirement to supercool the external feedback 
loop. Also, careful attention must be given to the elimination of rf reflections in 
the loop in order to prevent the build-up of a backward wave of significant amplitude. 
This backward wave builds up at the expense of the forward wave and hence would result 
in a reduction of beam energy and conversion efficiency. A tuner in the feedback loop 
might be needed to compensate for residual reflections. Ideally, this tuner would be 
automatically controlled from a signal derived from the backward wave. 

In summary, the superconducting traveling-wave accelerator with feedback has the 
theoretical advantages of somewhat higher energies and efficiencies at light loading as 
noted above and also the advantage of reduced ratio of peak to average fields in the 
accelerator cavities. 
maximum energy gradient obtainable is limited by either the critical magnetic field for 
the superconductor or by field emission. Moreover, for the same values of normalized 
energies Vn, the traveling-wave accelerator with feedback has one-half as much rf 
power dissipated in the accelerator structure as the standing-wave accelerator. Be- 
cause of the high cost of providing refrigeration at superconducting temperatures, this 
is an important consideration. In addition, for equal beam energies, beam currents, 
and ro/Q, the traveling-wave accelerator with feedback has .one-half the filling time of 
the standing-wave accelerator. This characteristic may become important if unity duty 
cycle is not feasible, or if it becomes desirable to turn off the rf power periodically, 
e.g., while the beam is being switched from one research area to another. . 

The latter characteristic may be a definite advantage. if the 
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Fig. 1. Schematic dtagram illustrating feedback principle. Relations 
shown represent steady-state conditions with correct bridge ratio. 
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Fig. 2. Normalized beam energy (V,) and beam conversion efficiency (T) for 
traveling-wave superconducting accelerator with optimum feedback 
vs normalized beam current (in). Accelerator attenuation parameter, 
T = 5 X lom7 nepers. 
y = 5 x 

Feedback loop attenuation parameter, 
nepers [Case (a)] and y = 5 x 10-8 nepers [Case (b)]. 
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Fig. 3 .  Normalized beam energy (V,) and beam conversion efficiency (7) for 
traveling-wave superconduct,ing accelerator with feedback vs normal- 
ized beam current (in). 
ratios. 
Feedback loop attenuation parameter, y = 5 X lom8 nepers. 

Curves are shown for three fixed bridge 
Accelerator attenuation parameter, 7 = 5 X IOe7 nepers. 
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Fig. 4 .  Normalized values of beam energy (V,) , beam current (in) , beam 

conversion efficiency (V), power dissipated in accelerator 
structure (Pd/P,) , and reflected power (P,/Ps) in superconducting 
standing-wave accelerator vs coupling coefficient B, all at max- 
imum beam conversion efficiency. 
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Fig. 5. Normalized beam energy (V,) and beam conversion efficiency (7) for 
standing-wave superconducting accelerator vs normalized beam cur- 
rent (in). 
coefficient i3. 

Curves are shown for three fixed values of the coupling 
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Fig. 6 .  Comparison of maximum values of normalized beam energy (V,) and‘ 
beam conversion efficiency (7) vs normalized beam current (in) 
for superconducting traveling-wave and standing-wave accelerators. 
For traveling-wave accelerator, accelerator attenuation parameter 
r = 5 x loe7 nepers and feedback loop attenuation parameter 
y * 5 x 10-8 nepers. 
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SUMMARY OF RECENT INVESTIGATIONS OF THE KARLSRUHE GROUP 
ON RF PROPERTIES OF SUPERCONDUCTORS AND ON APPLICATIONS 

W. Jcngst 
UniversitPt und Kernforschungszentrum Karlsruhe 

Karlsruhe, W. Germany 

The experiments described in this collective report have been carried out'by ' 

Their names are given in the list of references to more several members o€ the group. 
detailed information on the contributions. .The reports mentioned there do, moreover, 
serve as a source of further references which have been omitted in the list. 

I. THE METHOD OF Q MEASUREMENTS 

The electromagnetic energy stored in a resonator with walls of finite surface 
resistance R decays exponentially with the time constant 

where.G is the so-called geometry factor and Qo the rf quality factor of the unloaded 
resonator. An observation of r is used for the determination of the high Q values of 
superconducting cavities. Unfortunately one cannot observe the decay behavior of a 
resonator without some of its energy coupled into a suitable external instrument. 
Either the additional losses thus introduced which modify the measured r with respect. 
to T~ have to be kept tolerably small, or they have to be measured and corrected for. 
The latter method has been investigated in some detail.1 It turns out that the usual 
correction Qo = (1 + 8) & applied to the measured value with the coupling coeffi- 
cient B derived from the signal which is reflected from the coupling loop of a pulsed 
resonator may be insufficient for several reasons. There, $ is obtained from the 
ratio Pi/Pe of the incident power Pi and the power Pe which is emitted from the reso-' 
nator immediately after Pi is switched off during the steady state. A residual fre- 
quency modulation of the generator of the order of the cavity bandwidth, as well as 
reflections on the connecting lines due to improper matching, do considerably perturb 
the $ determination. Except from errors in $ the above-mentioned correction formula 
does not cover,any extra losses in the coupling region. 

A method is used, therefore, which permits the.measurement of the Q value of the 
unloaded cavity without a $ determination.' 
a piece of cut-off waveguide by a small coupling hole and the feeding coaxial line ends 
in a loop or a pin in this guide (Fig. 1). 
able to allow for a large range of coupling coefficients. 
additive with respect to the observable &value of the system: 

The' resonator field is coupled to that of 

The distance from loop to hole is adjust- 
The individual losses are 

1. J. Halbritter, P. Kneisel, and 0. Stoltz, Kernforschungszentrum Karlsruhe 

2. J. Halbritter, R. Hietschold, P. Kneisel, and H. Schopper, Kernforschungszentrum 
Report 3/67-9 (1967). 

Karlsruhe Report KFK 758 (1968). 
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-1 
QM a '0 + 'iris 'guide + 'loop + 'rad ' 

According t o  the cut-off behavior of the guide, the losses of the loop (in the loop 
itself and close to it because of its field perturbation), Ploop, and the power Prad 
fed into the coaxial line depend on the loop position, z :  

where CY is the attenuation factor of the cut-off fields, 

Usually, the vacuum wavelength 1 is several times larger than the critical wavelength 
kc of the guide and cy is, therefore, only weakly frequency dependent. 

If the losses 'iris around the coupling hole and 'guide on the walls of.the cut- 

One has to plot Qil 
off guige are kept. negligibly small by carefully plating these surfaces w.ith the 
superconducting material, Pioop 4- Prad can be separated from Po. 
vs the loop position z which yields a curve that can be fitted by the constant term, 
Qi1, and an exponential function with the slope, -2a. 
such a measurement. The experimental value, cyex = 0,185, is in good agreement with 
the theoretical attenuation coefficient, CY = 0.177, which corresponds to the TEll cut- 
off mode in a 20 mm diameter guide at 2.46 GHz. In cases such as the example of 
Fig. 2, where a Q measurement at large z values (very small coupling coefficients) is 
possible and directly yields the practically unloaded Qo value, there is no necessity 
to observe all the z dependence as long as one is sure to be in the region of constant 
(.& values. 

Figure 2 shows the result of 

If with the same setup the $ values are observed simultaneously, 

@ = 'loop) Y 

one gets an independent information on the losses 'rady Pioop, which, together with 
the z dependence measurement, allows the determination of their ratio. It has been 
found that in our arrangement Prad and Ploop were of the same order of magnitude. 

11. MEASUREMENTS OF THE SURFACE RESISTANCE OF LEAD AND OF INDIUM 

Mainly electroplated TEOll resonators with a diameter-to-length ratio equal to 
J2 (G = 755 n) have been measured (Fig. 1). 
(IF = improvement factor) 

The results for lead at 2.5 GHz,l 

Q0(4.ZoK) = 2.8 x 10 8 .  Qo(2OK) = 3 X 10 9 

IF(2'K) = 5 x  10 4 IF(4.2OK) = 4600 

R(4.Z°K) = 2.7 x lom6 R 

do agree with those measured at Stanford and Brookhaven at 4.20K, whereas at Z°K 
they are worse. 

The frequency of a linear accelerator will be lower. Since the frequency depend- 
ence of the surface resistance is not known accurately, measurements at 800 MHz, too, 
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have been perf~rmed.~ 
nator (G = 84 h)), have been lead-plated and measured. The 800 MHz results were: 

A TQll resonator (G = 755 h)) , as well as a. TEM coaxial reso- 

9 

4 
Q0(2'K) = 3 x 10 

IF(2OK) = 3 X 10 

TEOll: QO(4.Z0K) = 1 x 10 9 

IF(4.2'K) = 1 x 10 

R(4.2'K) = 7.5 R 
8 TEM: Qo(4.2OK) = 2 X 10 

IF(4.Z°K) = 1.7 x 10 4 

In Fig. 3 our result's for lead at 0.8 and 2.5 GHz as well as the results from 
other laboratories are plotted vs frequency. 
be fitted by a straight line which indicates the frequency dependence 

With both scales logarithmic, they can 

1.77 R a w  

The residual resistance, Rres, has not been subtracted here from the measured surface 
resistance. This could, in principle, have been done since Rr-s can be obtained from 
the measured temperature dependence of R if Rres is assumed to be temperature independ- 
ent. Since this assumption is somewhat doubtful and since the accuracy of the measure- 
ments is not yet high enough, the correction does not appear worthwhile. It is obvious, 
however, that the residual resistance becomes more important at lower frequencies in 
that the slope would be increased. 

Although indium surfaces 'are certainly not of interest for accelerator or separator 
cavities as their surface resistance is higher b more than a factor of 100 compared to 
lead, they have nevertheless been investigated .$ Indium surfaces may possibly serve 
as protecting layers on top of lead. Indium forms a thin oxide layer and shows prac- 
tically no aging effect. If the indium surface is thin enough, the superconducting 
properties of lead will be induced in it. This "proximity effect" will cause it to 
become superconducting even above its critical temperature (3.4'K) and above its crit- 
ical magnetic field. 

Indium and lead at room temperature form alloys which are known to have rather 
high critical temperatures, e.g., 5'K with only 14% Pb, an effect which acts in the 
same direction as the proximity effect. We hope, however, to get layers which, although 
thin, consist mostly of In and are chemically sufficiently resistant. 

An indium layer (.s 1000 1) has been evaporated onto a lead layer, several microns 
thick, of a 2.5 GHz TE011 resonator. With 
decreasing .temperature no special behavior was found at the critical temperature of 
indium. In contrast to our experience with unprotected lead layers, no significant de- 
crease of Q could be observed after the resonator had been exposed to air for several 
weeks. We have to admit that we do not yet know whether the superconducting properties 
are mainly those of an alloy or mainly due to the proximity effect. 

A Q value of. 1.3 X.108 was found at 4.2OK.5 

3. P. Flgcher, J. Halbritter, R. Hietschold, P. Kneisel, L. List, and 0. Stoltz; to 

4 .  J. Halbritter, P. Kneisel, and L. List, Kernforschungszentrum Karlsruhe 
be published in the Proc. of the 1968 Linear Accelerator Conference at Brookhaven. 

Report 3/67-10 (1967). 
5. P. Fl&her, private communication. 
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To gain experience with the electroplating of indium layers, pure indium surfaces 
have been prepared and mea~ured.~ The observed temperature dependence of the surface 
resistance is very close to the theoretical prediction with A(0)/kTc = 1.75. * 

absolute values turned out to be even smaller than the theoretical ones (BCS) with all 
reasonable sets of parameters. 

The 

111. CALCULATIONS ON SUPERCONDUCTING PROPERTIES 

Based on the BCS theory the surface impedance has been computed, with frequency 
and temperature as free parameters, for a large number of sets of the inherent-prop- 
erties of the material, namely, London's penetration depth, 6 ~ ,  the coherence length, 
go, and the mean free path, A.6,7 Examples are given in Figs. 4 and 5. 

The temperature dependence of R for TITc 6 0 .5 ,  the range which is interesting 

Surface impedances for other temperatures.or 
for practical applications, is simply R -  exp [- A(O)/kT]. 
and A(0)/kTc = 1.75 are fixed values. 
gaplcritical temperature rat'ios can easily be computed with that relation. 

In the figures TITc = 0.2 

The dependence, R (UF, hv), where UF = '2&/(n fo) , shows (cf. Fig. 4 for R = m) 

that the surface resistance decreases with decreasing UF at low frequencies and that 
the frequency dependence approaches R - w2 for UF -+ 0 (Pippard's limiting case). 

The dependence on the mean free path R can be seen from Fig. 5 in the special 
case UF = 0.6 (e.g., niobium). At low frequencies R is reduced with increasing R .  
This reduction is significant for large UF but amounts to less than 5% at UF x 
(e.g. , aluminum). 

IV. MEASURENENTS AT HIGHER ELECTRIC FIELDS 

The goal of these measurements has been to investigate to what extent the Q values 
measured at low fields might increase when the field level approaches the design figures 
required by various applications. 

For a TEM resonator the Qo value has been measured at various power levels.8 
Qoo denotes the Qo value and Ro the surface resistance in the limit of very low fields, 
the fraction of extra losses, Peatray beyond those, Po, explained by Ro is given by 

If 

'extra (E)/po = Qoo/Qo(E) - 1 . 
The first idea has been to attribute these losses to field emission. Using the Fowler- 
Nordheim relation for the field emission current 

2 - 2 . 7  x 10 
K E  a E exp ( IFE . . 

3 log (Pextr&/E ) has been plotted .vs 1/E and, indeed, straight lines up to about 6 MTIm 
result. With the known work function rp, the slope, however, indicated a microscopic 

6. J. Halbritter, Kernforschungszentrum Karlsruhe Report 31.67-2 (1967). 
7. J. Halbritter, private communication. 
8. W. Kchn, to be published in the Proc. of the 1968 Linear Accelerator Conference . .  

at Brookhaven. 
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. 
field enhancement factor K of nearly 7000. 
are about 200 an explanation by mostly field'emission becomes rather doubtful. 

Since the highest K value-s so far observed 

To get additional information on the field emission from superconducting lead sur- 
faces, a less precise but more s ecific experiment 
emission losses was carried o ~ t . ~ t l ~  As it had been done before at Stanford with a 
warm copper cavity, we measured the X-radiation in the vicinity of th'e resonator, in 
our case, outside the cryostat. The various calibrations and corrections which have to 
-be applied before one arrives at the field emission current as function of the electric 
field do introduce a rather large error, but this mainly influences the absolute values 
and much less the slope of the curve. The measurements were done with a lead-plated 
structure with a gap where the field could be raised up to 35 MVIm. 
ted in Fig. 6 together with the Stanford results. Regarding the experimental errors, 
the coincidence of the fitting straigh! lines can only be called fortuitous. 
resulting very normal field enhancement factor, K x 200, however, proves that the extra 
losses of the Q-value experiment described before have to be explained by effects other 
than field emission. 

for the determination of the field 

The result is plot- 

The 

One possible explanation would be the imperfect heat conduction which at high power 
levels may cause a temperature r'ise of the lead surface. 
the losses by a factor of about two. 

Half a degree would increase 

Another possible reason for the increased surface resistance may be the increased 
magnetic field 

2 R = Ro 11 + k (H/Hc) + ....I 
where the upper limit for the constant, k, summing up the various contributing effects, 
has been estimated to be about 5 where the residual resistance is not taken into ac- 
count .ll There are theoretical reasons which indicate that an equivalent constant kres 
describing the field dependence of the residual resistance can be even much .larger.lz 
In order to check whether the measured extra losses are in agreement with this relation, 
P,,tra/Po has been plotted vs (H/Hc)2 which is expected to yield and, in fact, does 
yield a straight line. Its slope, which is proportional to k, led to k w  9.' We con- 
clude that this effect, too, may be the proper explanation or part of it. 

. Experiments to elucidate this situation further are being prepared. So far, field 
emission seems not to be the limiting effect for the field amplitudes since its loading 
power is far smaller than that of the total of the observed additional losses. There 
is a chance to reduce these extra losses either by preventing temperature gradients or 
rf magnetic field concentrations on the surface as far as possible and it is to be ex- 
pected that, for a surface with a small residual resistance, the field dependence will 
be less pronounced. . . 

. .  

9. W. Kchn and L. Szecsi, in Studie cber einen supraleitenden Protonen- 

10. H. Schopper, H. Strube, and L. Szecsi, Kernforschungszentrum Karlsruhe 

11. J. Halbritter, Kernforschungszentrum Karlsruhe Report 3168-1 (1968). 

12. J. Halbritter, Kernforschungszentrum Karlsruhe Report 3168-8 (1968). 

Linearbeschleuniger im GeV-Bereich (Kernforschungszentrum Karlsruhe, 1967) p: 202. 

Report 3168-6 (1968). 
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V. SPECIAL INVESTIGATIONS IN VIEW OF APPLICATIONS 

Two features of lin'ac Cavities have to be investigated with a finite length of 
full-scale accelerating structure instead of only test cavities: the maximum attainable 
average accelerating field with the associated power requirement, and those effects 
which are expected to occur under heavy beam loading. 
superconducting state has therefore been prepared13 using electrons of.,the same veloc- 
ity as the corresponding protons. 
the electron-proton mass ratio considerably ease the experimental requirements, while 
the.dynamica1 and beam loading problems remain essentially unchanged. Although it is 
not necessary for these analogous measurements, the available rf power source is capa- 
ble of producing rather high fields so that limitations which might influence the 
design of a proton linear accelerator can be investigated. 

An analogue experiment in the 

The reduction of currents and field amplitudes by 

. .  

A 12-cell structure and the appropriate cryostat have been built but only the 
room temperature performance tests have been carried out so far, Meanwhile the struc- 
ture has been lead-plated and results from experiments at 4.2OK are expected soon. 

The construction of a superconducting rf particle separator is regarded as a 
simplified first step on the way towards the construction of a linac. It is short 
compared to the accelerator and a number of severe difficulties as, for example, beam 
loading, do not exist here. Even if an improvement factor > lo5 as is imperative for 
the accelerator is not achieved in complicated structures, the separator project could 
still be continued since a few meters of a less economical structure seem tolerable. 

The final construction will be a two-cavity separator for around 10 GeV/c kaons 
at CERN. To gain experience with the operation and optimum layout of the deflectors, 
a prototype single-cavity separator'will precede the final design.14 
is designed such that, except for the differing deflecting structure itself, practi- 
cally all components, especially the cryostat, refrigerator and rf system, can later 
be used for the two-cavity separator. 
configuration, S-band operated in the n/2 mode) will be 3.25 m long with a beam 
hole diameter of about 4 cm. This rather small diameter has been chosen since it com- 
bines the advantages of high shunt impedance and the easier tolerances that are pos- 
sible with the increased group velocity. The useful momentum range for kaon separation 
5s 1.1 to 1.7 GeV/c and the angular accept.ance, including the beam transport system, is 
2 500 psr. At an equivalent deflecting field of 3 MV/m, the highest necessar the 

sumed for lead. If the improvement factor should turn out to be much less, one could 
save cooling power by pulsing the system according to the slow extraction duty cycle 
of the accelerator. In this case pulsing seems the more feasible as the filling time 
of the resonator is reduced in proportion to the Q value. Iris-loaded eight-cell reso- 
nators have several times been lead-plated and measured. Satisfactory plating turned 
out to be much more.complicated than for structures of simple geometry. Rather tricky 
anode shapes were necessary which at a sufficiently uniform and not too high current 
density could still be put in. Another difficulty was raised by the slight surface 
irregularities at the brazed joints of the individually machined copper parts. The 
best results15 which have so far been obtained were Qo = 2 x lo7 (IF = 2000) at 4.2'K 
and Qo = 1 x lo8 (IF = lo4) at 2'K. 

The prototype 

The structure (iris-loaded waveguide, HEM11 

power dissipated in the structure will be 25 W if an improvement factor of 10 TI  is as- 

13. W. Jiingst, M. Kuntze, and J. Vetter, Kernforschungszentrum Karlsruhe 

14. W. Jiingst, Kernforschungszentrum Karlsruhe Report 3/67-16 (1967). 
15. W. Bauer, H. Eschelbacher, and W. Jiingst, private communication. 

Report 3/67-15 (1967). 
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Fig. 1. TEOll test cavity, 2.46 GHz. 

.Fig. 2. Examples for the plot of 110 as a function of loop position. meas 
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Fig. 3.  Surface resistance of lead as function of frequency (T = 4.2'K). 

b 

10s lo'. 103 

Fig. 4. Surface resistance as function of frequency for various NF 
(diffuse reflection, TITc = 0.2 ,  A(O)/kT, = 1.75, 5 = v/GHz, 

-8 = ~(0)/100 8) .  
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Fig. 5. Surface resistance as function of frequency for various R 
(diffuse reflection, TITc = 0.2, A(0)/kTc = 1.75, UF = 0.6, 
v = v/GHz,.x = 6,(0)/100 X J .  cv 

o Karlsruhe (superconducting lead surface) 4 
Fig. 6. Fowler-Nordheim plot of field emission losses in a superconducting 

lead-plated resonator. 
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AN ENRICHED PARTICLE BEAM USING SUPERCO~DUCTING RF DEFLECTORS* 

H.N. Brown 
Brookhaven National Laboratory 

Upton, New York 

Although many in the audience are closely associated with work in high energy 
physics; there are others who are concentrat,ing more on the physics of superconductors 
per se, and so it seems appropriate to review briefly the problem of particle separa- 
tion as it is encountered in high energy physics experiments. 

I. IDENTIFICATION AND SEPARATION OF PARTICLE TYPES 

When produced at the target of an.accelerator, a beam of secondary particles, 
directed into the apparatus of a high energy physic.s experiment, conta+s several dif- 
ferent types of particles. Usually, the experiment concerns the interaction of one 
particular type (at a given momentum) with the nuclei of a secondary target placed in 
the beam. These ,particles differ from one another in numerous characteristics, but 
unfortunately many of these differences are manifested only in ways which are destruc- 
tive of the particles themselves. Therefore, the solution to the problem of identify- 
ing different particle types in the beam boils down to a determination of the mass of 
the particle. This is done, indirectly, from the relation p = mivi. For the given 
momentum, a velocity determination yields the mass mi. 
momenta, for then this relation becomes 

Difficulties arise at high 

m v  i i  

from which 

v c  i 

and hence, when p >>mica vi is only slightly different for two different particles 
whose rest masses mi have a large relative difference. Nevertheless, these small dif- 
ferences in velocity can be detected (e.g., by time-of-flight measurements or Cerenkov 
counters) and used to identify particle types in flight. However, in a particle beam 
which may contain 100 times as many n-mesons as K-mesons, it may not be sufficient 
merely to identify particle types. Physical separation and removal of unwanted par- 
ticles may.be required. This is clearly true in a bubble chamber experiment requiring 
a K-meson beam - the thousands of superimposed pion tracks in each picture would be 
intolerable. A counter experiment (by this I mean one which gathers its data by means 
of detectors such as spark chambers, scintillation counters, Cerenkov counters, etc., 
which can be triggered after the identification of an incoming beam particle) encoun- 
ters difficulties when the rates become so high that many wanted and unwanted particles 
coiqcide within the resolving time of the apparatus. So-here too, actual physical 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
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separat ion-of  par t ic le  types becomes desirable  i n  order t o  de t ec t  rate in t e rac t ions  
caused by the wanted p a r t i c l e ,  and i t  i s  with t h i s  type of experiment t h a t  w e  s h a l l  
primarily be concerned here.  

In  order t o  separate an unwanted p a r t i c l e ,  we s h a l l  wish t o  subject i t :  t o  a force 
which can change i t s  o r i g i n a l  motion i n  a way dependent upon i t s  veloci ty .  Proposals 
have been made t o  do t h i s  by means of longi tudinal  forces ,  but let  us here restrict 
the discussion t o  transverse forces producing an angular change i n  the d i r ec t ion  of 
f l i g h t .  F i r s t  of a l l ,  w e  see tha t  a s i m p l e  s t a t i c  magnetic f i e l d  w i l l  not su f f i ce ,  
f o r  i n  t h i s  case 

where s i s  the  coordinate along the t r a j ec to ry .  
the momentum of the particle and, i n  f a c t ,  i t  i s  i n  t h i s  way t h a t  the momentum of the 
beam pa r t i c l e s  i s  establ ished t o  begin with. 

Thus the de f l ec t ion  depends only on 

In  a. s t a t i c  e l e c t r i c  f i e l d  

d'i e ~ ( s )  
ds p vi 

- =  

f o r  s m a l l  angles of def lect ion.  This i s  q u i t e  a p rac t i ca l  so lu t ion  and is employed 
i n  the many e l e c t r o s t a t i c  separators now i n  use  a t  various l abora to r i e s .  But note 
t h a t  the separation, t ha t  i s ,  the difference i n  angular de f l ec t ion  between two p a r t i -  
c l e  types, goes l i k e  

where 

Hence, the t o t a l  de f l ec t ing  capab i l i t y  of the f i e l d ,  eEl/pv, is  reduced by the.factor  
( l / v i  - l / v j ) ,  which typ ica l ly  ranges from 0.01 t o  0.001 a t  momenta of i n t e r e s t  here.  
Thus the e l e c t r o s t a t i c  separator rapidly becomes i n e f f i c i e n t  a t  high momenta s ince 
8 i  - 8 j  a l / p  3 . 

Considering next a time-varying e l e c t r i c  f i e l d ,  w e  may w r i t e  

d0 

ds p vi 
i - e E(s) ei(ws/vi)  

Here, the l / V i  f ac to r  i n  the amplitude w i l l  be unimportant a t  l a rge  momenta, but f o r  
high frequencies the phase mS/vi can now be made t o  d i f f e r  by amounts comparable t o  TI 

f o r  d i f f e ren t  p a r t i c l e  types i. Therefore, by proper phasing, the separation angle 
can be on the order of eER/pv and i t  decreases only as l / p .  
p rac t i ca l  embodiment of t h i s  idea. 

Let us now tu rn  t o  a 
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11. PRACTICAL UTILIZATION OF HIGH FREQUENCY DEFLECTING FIELDS I 
The r f  separator arrangement t o  be considered here w a s  put forward by Panofsky i n  

1959,l and i n  i t s  s i m p l e s t  form i s  the  b a s i s  of the presently operating shor t  pulse,  
room temperature separators  a t  CERN and Brookhaven.j! 9 

Figur.e 1 il lustrates the  p r inc ip l e  of t h i s  method of separation. The secondary 
beam, with momentum p previously determined, e n t e r s  a f i r s t  r f  resonant cav i ty  whose 
transverse electric f i e l d  i s  i n  the v e r t i c a l  d i r e c t i o n ,  f o r  example. 
r e l a t i v e l y  sho r t ,  a l l  p a r t i c l e  types passing the  cav i ty  at  t i m e  t w i l l  be def lected by 
an amount 

I f  the cav i ty  i s '  

where e E i  is the  e f f e c t i v e  transverse force act ing upon the p a r t i c l e  i during i t s  pas- 
sage through the cavi ty .  
cav i ty  is  close t o  c y  then the va r i a t ion  of E i  is s l i g h t  from one p a r t i c l e  type t o  an- 
other .  After t ravers ing a dis tance L ,  which includes an imaging sec t ion  t o  economize 
on aperture ,  the p a r t i c l e s  encounter another r f  de f l ec to r  whose e x c i t a t i o n  phase 'is y 
with respect  t o  the f i r s t .  They a r e  therefore  l e f t  with a net  angular departure from 
t h e i r  o r ig ina l  d i r ec t ions  of 

A t  high momenta, i f  the phase ve loc i ty  of the f i e l d  i n  the 

I n  order t o  eliminate a c e r t a i n  p a r t i c l e  type, say IT'S, w e  choose y = - (uL/v,, so t ha t  
the second de f l ec to r  j u s t  cancels the e f f e c t  of the f i r s t  one t o  give err = 0. These 
unwanted p a r t i c l e s  then can be caused t o  s t r i k e  an absorber or  "stopper" and be removed 
from the beam. 

With cp as given, another wanted par t ic le  type, K, w i l l  have a net  de f l ec t ion  of I 
i w t  i%wL (1 /--I Ivv) eEKR 

eK = [2i - s i n  f ug, ( $  -'$)I e e 
VK K r r  

Thus, i f  the r e l a t i v e  phase s l i p  u ( l / v K  - l/v,) between wanted and unwanted p a r t i c l e s  
is close t o  (n X odd in t ege r ) ,  the wanted ones w i l l  emerge with approximately twice the 
de f l ec t ion  amplitude of a s ing le  cavi ty .  
above o r  below the edges of the absorber mentioned above and proceed i n t o  the experi-  . 
mental apparatus. Of course, a f r a c t i o n  of the wanted p a r t i c l e s  which t r ave r se  the 
c a v i t i e s  when .the f i e l d s  are near zero w i l l  s t r i k e  the stopper and be l o s t .  
r i on  f o r  best  n-K separat ion then is. 

Many of them w i l l  be able  t o  pass  e a s i l y  

The c r i t e -  

k ( k - k ) - n + % ;  {n = 0,1,2, . . .] 

1. See, f o r  example, B.W. Montague, Progr. Nucl.  Techn. & I n s t r .  (North-Holland 
Publishing Co., 1968), Vol. 3, p. 3. 

2. W. Schnell, Report CERN 61-5 (1961). 

3. H. Hahn, H.J. Halama, and H.W.J. Foelsche, Brookhaven National Laboratory, 
Accelerator Dept. Report AADD-91 (1965). 
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where A is the free space wavelength corresponding to the excitation frequency w of 
the cavities, and $i = Vi/C. 

Now in a beam of positively charged particles, there are copious quantities of 

By changing subscript K to subscript p, we see 
protons as well as pions. In this case it would be desirable to eliminate protons as 
well to obtain a more pure J&- beam. 
that 

. .  9 =[2i-~sin+a(+-+)]e eE R iwt e ikuL (1 /vp-l /vV) 

vP P r r  P 

It is clear that 9 can be made zero too (we have already required err = 0) if the P rr-p relative phase slip is (2rr x integer). Hence, to reject both pions and protons 
(double rejection) : 

f ( t - + ) = n ;  En = 1,2,3, . . . I  . 
rr 

'Figure 2 is a plot of net deflection amplitude after the second cavity as a func- 
Here, po has been chosen as the highest momentum at tion of relative momentum (p/po). 

which double (IT-p) rejection is obtained.. Hence, the curve labeled rr-p goes to zero 
at (p/po) = 1. Although, for definiteness, it has been assumed that pions were to be 
eliminated, this curve applies equally well if protons are the unwanted particle. The 
only difference will lie in the empirically tuned phase difference cp between the two 
cavities. Maximum kaon d'eflection, on the same momentum scale, then occurs near 
(p/po) = 0.7. 
by the factor eEi?/pce, i.e., by the deflection amplitude of a single cavity, which 
varies as l/p. Hence the absolute deflection amplitude actually obtained would be 
(po/p) times the ordinate of the appropriate curve. 

It should be noted that the net deflection amplitude has been normalized 

111. PROPOSED ENRICHED PARTICLE BEAM 

As stated above, the primary concern here is the use of rf cavities to produce 
separated, or at least enriched, particle beams for use by counter experiments. Be- 
cause of the limitations encountered due to high flux rates, the duration of the beam 
entering the detectors must be as long and uniform as possible. Here at the AGS this 
duration is as much as 0.5 sec out of each 2.4 sec, the common repetition period of 
the accelerator. It is for this reason that superconducting cavities become attractive, 
since the rf source required for the.very high average power level of a room temperature 
cavity would be a formidable problem. For example, this might amount to 
10 x 0.512.4 =.2 MW average power. 

For the initial employment of long pulse, superconducting separators at Brookhaven, 
we. propose to utilize the relatively simple two-cavity arrangement outlined above .4 
The complete beam may conveniently be divided into four sections: 

1. Source emittance definition - momentum band, transverse phase space. 
2. Angular separation. 
3 .  Purification. 
4. Matching to detector. 

As indicated in Fig. 3, sections 1 and 2 are distinct, in the present arrangement, but 
3 and 4 overlap. 

4 .  H. Hahn and H.J. Halama, IEEE Trans. Nucl. Sci. NS-14, No. 3, 356 (1967). 

- 139 - 



1. Source Emittance Definition 

Before defining the source, the admittance of the separation section must be ex- 
amined. As we have seen, for a given separation condition and momentum (e.g., double 
rr-p rejection at 16 GeV/c), the interdeflector length L is proportional to the wave- 
length (e.g., L = 593 A for the cited condition). 
unlimited, we have foregone the gain in flux possible by using large aperture, low 
frequency cavitiesY4 and have chosen the S-band frequency to shorten the beam length 
and benefit from the easy availability of rf sources and instrumentation in that range. 
Hence, A = 10.5 cm and we have assumed a conservative iris aperture of'2a=0.4 A =  4.2 cm. 

Since our experimental space is not 

As is commonly done, we restrict the beam in the deflectors to lie within the 
square circumscribed by the iris aperture to avoid scattering from the edges. Assuming 
a cavity length of 3 my we then have the phase-space admittance diagram shown in Fig. 4 
for the f?rst deflector. 
14.7 cm-mrad in the horizontal plane. In the vertical plane, the maximum usable admit- 
tance is set by the maximum cavity deflection and the desired separation ratio, that is, 
the ratio of the deflection amplitude to the intrinsic angular spread in the beam at 
the cavity. The expected transverse impulse imparted by the cavity is about 12 MeV/c. 
Hence, the deflection amplitude expected is about 0.6 mrad at a momentum of 20 GeV/c. 
Since we wish to use the enriched beam over a wide momentum range, the separation con- 
ditions will not always be optimum, so it would seem advisable to keep the angular 
width of the beam small. 
phase space available is 0.75 cm-mrad. These admittance areas provide bounds to be 
considered in designing the source emittance section. Again: 

The maximum area fillable by a simple optical system is 

. 

If this is taken as 0.5 X deflection amplitude, the resulting 

A < 14.7 cm-mrad 
A 10.75 cm-mrad . H 
V 

This beam would be constructed from a target in the slow external beam of the AGS, 
with its axis at an angle of Oo with respect to the primary protons. 
be assumed to be 0.25 cm square. The separator admittances therefore indicate maximum 
acceptance angles at .the target of 

The target will 

Ax: = 59 mrad } full width , 

Ayyt' = 3.0 mrad 

It has turned out to be difficult to achieve the full horizontal acceptance. Figure 5 
illustrates the source definition section which employs a doublet composed of three 
N3Q36 quadrupoles immediately following the target to produce a "parallel1' beam in both 
planes at the first turning point. With this arrangement 

f = 0.975 m Ax: = 26 mrad 

Ay: = 3 .O mrad fv = 8.71 m 
} at central momentum , H } = 78 wsr 

where fH and fv are the horizontal and vertical focal lengths into the bending magnets 
D1 and D2. 

These first two'bending magnets, (Dl, DZ), cause a momentum dispersion which is 
cancelled by focusing this first turning point upon a second identical point of dis- 
persion at (D3, D4) by the use of four 8948, and two 8424 quadrupoles. 
band passed is determined before dispersion cancellation by a momentum slit at fhe 
horizontal target image between the two turning points. The spatial dispersion there 
is 0.5 cm/%. 

The momentum 

It is planned to employ a momentum band of up to Ap/p = 5% full width. 
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At the first deflector, immediately following (D3, D4), the tiptical system has 
again,produced a parallel beam with the same horizontal focal length, target into de- 
flector, as before, fH = 0.975 m. 

Vertically, an image of the target is'also formed at the momentum slit position, 
so that a slit there can redefine the vertical width of the source. This slit then 
also sets the angular width of the "parallel" beam in the first deflector: 

= 18.2 m 

= 8.7. m . 
fv mom. slit 4 RFI 

fv target 4 RFI 

Thus, with the inclusion of a suitable solid angle defining aperture between 42 
and 43, the emittance of the source definition section is 

A%1 = 2.5 cm 

A<F1 = 2.6 mrad 

Ay,, = 2.6 cm 

AyiF1 = 0.3 mrad 

at the central momentum. For off-momentum rays, the chromatic aberration in the hori- 
zontal plane is rather pronounced, and so to control the illumination of the iris edges 
it will be advisable to mask them with an aperture near the point which is imaged onto 
the cavity (this mask could be at the exit of D2). 
immediately in fronE of RF1. 

In addition, a mask should be placed 

2. Angular Separation Section 

The admittance to the first cavity has been discussed. The next parameter to be 
fixed is the interdeflector spacing. This has been taken as the'shortest distance 
which will allow double n-p rejection from a K-meson beam at 16.0 GeV/c: 

L = 62.24 m (for A = 10.5 cm) . 
As assumed earlier, since the cavities are identical, the deflected particle at 

RF1 is to be refocused upon the second deflector RF2 with a magnification of -1. As 
has become common practice, in order to reproduce the phase space of RF1 in RF2 to 
avoid beam loss, the complete transform between the two cavities has been made equal to 
the negative unity transform in both planes. (Though not strictly necessary now in the 
horizontal plane, it will be more important if future improvements allow the RF1 admit- 
tance area tQ be filled more completely.) The optical arrangement chosen for this is 
a symmetrical sextuplet of 8448 quadrupoles shown in Fig. 6. The sextuplet seems to 
require less power than the quadruplet solution would. It has the added advantages of 
double horizontal and vertical imaging at the center, which makes instrumentation for 
focusing the beam simpler, and the transform matrix element V22 = - 1, which determines 
the slope of the deflected particle at RF2, does not depend on momentum to first order. 

Referring to Fig. 2 ,  the approximate ranges in momentum available for different 
particle types have been estimated and are shown in Fig. 7. The dotted lines indicate 
extended ranges which may be possible if one can tolerate higher impurities. For in- 
stance, good Kt enrichment is obtained only in rather narrow bands, but if single 
rejection of rr or p+ proves t o  be sufficient the larger K- range can be covered. + 
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There are three imperfections in the aniular separation section which should be 
considered. The first is the chromatic aberration in the interdeflector optics. The 
most important term in the vertical transform matrix is V22 1.- 1 + 5.6 (6p/~)~ plus 
higher order terms, as mentioned previously. (In fact, this is true of Vll.also.) 
Because of this, the cancellation of the pion deflection, for example, is unimpaired. 
The off-diagonal terms depend on the first power of (6p/p) and cause some mismatch 
with the admittance of the second deflector, but the loss and scattering from the cav- 
ity irises is not serious. 

The second possible 'source of error in phasing of the unwanted particles is due 
to the increased path length, SL, of off-axis rays in the interdeflector region. Since 
an increment of path length is 

ds + (dx 2 + dy 2 + dz2)' = (1 + xt2 + y 12 ) f d z  dz + % ( x t 2  + yt2) dz , 
6L may be expressed as 

z 

The extreme rays in this beam have 

6L s 0.0025 L b 

This is not serious. For double IT-p rejection with n = 2 (i.e., 4rr phase slip between 
pions and protons), this corresponds to a' phase error of 1.8' and a maximum net deflec- 
tion error of- 3% of the single cavity amplitude. 

Phase error due to velocity differences within the transmitted momentum band are 
the most serious. 
ity deflection) is 

The change in deflection amplitude 8i (in terms of unit single cav- 

which is clearly largest for protons (mi = 9). At double rr-p rejection, 
,-I 
L 

68 '2nn(+ 2bp: - 
m - m  P 
P =  

Table I illustrates the effect of this error on the effective separation ratio for the 
first three double IT-p rejection points. 

TABLE I 
n =  1 2 3 . .  

9 . 3  p (GeV/c) 16.0 11.2 
OK (mrad) 0.65 1.28 1 .oo 
% 2.2 4.3 3.3 
&ep (mrad) 0.12 0.34 0.62 

(*Y')prot. (mad) 0.42 0.64 0.92 

%ff. 1.6 2 .o 1.1 . .  
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In the table, 9~ is the net kaon deflection, "!,,' the nominal separation factor 
(€),IO .3 mrad) , Ay&t. the increased angular width of the proton beam at the second 
deflector (Ayirot. = 0.3 + 6OP mrad, a liberal estimate), and %ff. the effective 
separation ratio of kaons from protons. 

3. Purification Section 

The angularly separated beam from RF2 is focused in both planes onto the stopper 
located at the focal plane of the doublet (Q16, 417) of Fig. 8. This doublet has 
fH = 5.1 m and fv = 18.0 m. 
deflected, unwanted particles hitting it to suffer inelastic collisions and the rest, 
through ionization, will lose 1.2 GeV or more in energy. Thus, unwanted particles will 
lose 6% or more in momentum and be scattered, on the average, by 8 mrad or more. 
momentum-dispersive system can then separate the wanted particles, with Ap/p = 5%, from 
the unwanted particles 6% lower in momentum if the system has a suitable momentum sep- 
aration ratio, i.e., if the intrinsic beam width corresponds to, say, 2% or less in 
momentum. 
wanted beam so that some unwanted particles are removed quickly as a result of scatter- 
ing in the stopper. 

A 50 cm length of Hevimet will cause about 90% of any un- 

A 

The dispersive section may also have an aperture closely matched to the 

The rest of the purification section thus consists of an arrangement with fH=18 m 
into the two bending magnets (D5, D6) and out again (fH = 18.0 m) to the next horizon- 
tal focus where the final momentum slit is located. 
here upon which any stubborn vertically focused unwanted particles can be eliminated. 
The two vertical focal lengths are each 5.1 m. 

There is also a second stopper 

4 .  Matching Section 

As an example, a matching section is included which brings the beam at the end 
into essentially the same vertical phase space it occupied in -2, namely by = 2.5 cm 
and Ayf = 0.3 4- 2 mrad or so depending on final net deflections at RF2. 
"hole" in the spatial distribution. Horizontally the spatial momentum dispersion 
&/ap is zero, but an angular dispersion remains. It amounts to about a 15.mrad 
spread. If objectionable, a final set of bending magnets would be required to remove 
it. The horizontal extent here is about 2.5 cm as in RF2. 

There is no 

IV. FLUX ESTIMATES 
- -  

A s  an example of particle fluxes in this beam, the IT , K , and yields at the 
end are shown as a function of momentum in Fig. 9 .  These curves are based on the em- 
pirical curves of Sanford and Wang.5 
The efficiency of passage around the stopper varies with the separation factor % 
approximately as shown in Fig. 10. This is the result of assuming that the vertical 
distribution at the stopper is trapezoidal and that the stopper just covers its base 
width. 

They have not been corrected for stopper losses. 

v. PRIMARY PROTON DUMP 
In the beam design just described, the primary protons which do not interact in 

the target pass through the first quadrupoles into the bending magnets D1 and D2: If 
these magnets should be set for positive secondaries of 6.5 to 20 GeVIc, the 28 GeV/c 

5. J.R. Sanford and C.L. Wang, Brookhaven National Laboratory, Accelerator Dept. 
Reports JRSICLW-1 and JRSICLW-2 (1967). 
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(assumed) primaries would pass through and be dumped in an absorber between D2 and 04. 
For a negative secondary beam, the dump occurs mostly inside D2. 
be helped by offsetting D2 laterally to allow more of the primaries to pass through, 
but nevertheless the aperture of D 2  would have to be packed with absorber to reduce ' 

the irradiation of its copper coils as much as possible. 

The situation can 

VI. AREAS FOR IMPROVEMENT 

An increased solid angle accepted by the beam would be helpful.' In principle, the 
rf cavities would allow up to 180 wsr, using the same 0.25 cm square target assumed. 
This much would probably be difficult to obtain, but a factor of two increase may be 
possible. In doing so, the total beam length should not be increased very much, and 
standard magnet types should be employed. 

Although the maximum momentum band of 5% seems to be a reasonable one to retain, 

At present it is equal to unity at Ap/p = 2.5%, which is, therefore, the lower 
improved flexibility would result if the momentum separation factor TlP could be increas- 
ed. 
limit on the momentum band. A smaller target, say 0.1 cm, would. reduce this to 1.0%, 
but it would be attractive to get to even lower values, say 0.5 to 0.25%, for certain 
experiments which might require it. The need for this can sometimes be circumvented by 
operating with the full 5% band but defining the momenta of individual particles in the 
enriched beam by employing hodoscopes or wire plane chambers in conjunction with the 
momentum analysis done in the purification section. Here again, an improved momentum 
resolution would be needed. As before, we would prefer to keep the beam length to a 
minimum. 

The primary proton beam dumping situation is not ideal. Further investigation 
should be done to determine if these protons could be absorbed in a place more removed 
from beam components. 

VII. SUMMARY OF BEAM PARAMETERS 

Momentum 16 GeVIc for rr-p rejection 
20 GeV/c maximum 

Momentum band f 1.25% to f 2.5% 
Acceptance angles 

Solid angles 

f 13 mrad horizontal, at po 
f 1.5 mrad vertical, at po 
78 bsr at po 
56 usr over 5% momentum band 

Length, primary to secondary target 162 m 
Cavity frequency 
Iris aperture 

Cavity length . 
Transverse impulse 
Number of rf cavities 
Interdeflector separation 

Magnet complement 

. . 

2.865 GHz 

4.1 cm diam 

3 m  
12 MeVIc 
2 

62 m 

6 - 8424 
16 - 8448 
6 - 18D72 

3 - N3436 
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Fig. 1. Schematic rf separation. 
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Fig. 2. Net deflection amplitud,es following a two-cavity separator vs momentum. 
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Fig. 5. Component layout and ray t-race for source definition section. 
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Fig. 6. Component layout and ray trace for interdeflector section. 
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Fig. 8. Component layout and ray trace for purification and matching section. 
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Fig. 9. Particle fluxes at end of beam (stopper passage efficiency not included). 
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DESIGN PROBLEMS IN SUPERCONDUCTING RF BEAM SEPARATORS* 

H.J. Halama 
Brookhaven National Laboratory 

Upton, New York 

I. INTRODUCTION 

Rf beam separators have now been used in high energy physics research for several 

The mag- 
years both at Brookhaven and at CERN. 
from 6 GeV/c (practical limit of electrostatic separators) to over 20 GeV/c. 
nitude of the deflecting field necessary for successful production of separated beams 
in this momentum range requires a large amount of microwave power. As a result short 
pulse operation only is possible, limiting the experiments to bubble chambers. The 
increased intensity of the converted AGS will make separated counter beams desirable 
in a few years. 
achieved with unconventional techniques. 
of pure superconductors appear to provide a unique solution to the problem. 

They have extended the range of experiments 

Counter experiments require long pulse or CW operation which must be 
At the present time the very low power .losses 

There are several important properties that the superconducting material must 
possess to be usable in rf separators. The most important are: 

1) Low surface resistance, which depends on the intrinsic parameters of 
the material and the metallurgical condition of the surface. 

2) High ac critical magnetic field. 

3) High critical temperature. 

4 )  High voltage level at which breakdown or appreciable field emission 
occurs. 

5) Possibility to construct a complicated iris-loaded structure. 

Extensive research on the rf properties of pure lead and niobium has, therefore, 
been conducted at several laboratories involved in the design studies of either linacs 
or rf separators. Their results were discussed in previous sessions at this Summer 
Study. In this paper we shall be concerned .primarily with practical problems existing 
in the Panofsky-Schnell type of rf separator employing two superconducting cavities. . 

Although .there are many similarities between the rf separator and the electron 
linac the design philosophy differs ,considerably. The main difference stems from the 
field configuration of the HEM11 mode as compared to the symmetrical TMol mode of lin- 
ear acce1erators.l A very important practical difference is the absence of beam load- 
ing, which permits a simpler design of the coupling mechanism, the transmission line 
system and the driver amplifier. Furthermore, since the total transverse momentum 
gain for the proposed separator is about 10 MeV/c per deflector for a period of - 200 msec, the device would still be very useful for physics experiments even if the 
power dissipated were considerably larger than anticipated. 
pears to be the ideal device on which to test superconductivity at high frequencies. 

Hence the rf separator ap- 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
1. H. Hahn and H.J. Halama, Rev. Sci. Instr. 36, 1788 (1965). 
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Before we start considering various design approaches of practical systems in 
some detail, let us write down the principal parameters of the proposed Brookhaven 
superconducting separator (Table I), for which the beam design is being carried out 
by Brown.2 The design momentum po refers here to the highest momentum at which two- 
contaminant rejection takes place. 
realized up to 20 GeV/c. 
dictated primarily by the available space in the AGS experimkntal area; 
of the rest of the parameters is the subject of this paper. 

Useful purified counter beams can, however, be 
The selection of a rather high frequency fo = 2.86 GHz is 

The choice 

TABLE I 
Principal Parameters of Superconducting Rf Beam Separator 

Design momentum, p 
Design wavelength, h 

0 

0 

f0 

Interdeflector spacing, L 

Beam hole diameter, 2a 
Deflector length 
Deflecting field, Eo 
Group velocity, v ' g  

RSW . Shunt impedance, 
Improvement factor, I 
Operating temperature 
Duty factor 
Dissipated power 
Refrigerator input power 

16 GeV/c 
10.5 cm 
2.86 GHz 
62 m 
4.2 cm 
3 m  
4 MV/m 
- 0.04 c 
5 x 10" n/m 
5 x lo4 
1. 8S°K 
cw 
100 w 
300 kW 

11. GENERAL DESIGN CONSIDERATIONS 

In this section we will investigate the effects of operating frequency, improve- 
ment factor and peak field on the design of a separator. 

The select'ion of operating frequency plays a very important part in the deflector 
design and a lover frequency offers 'some outstanding advantages: 

2 
. . 1) Since Qo a h o ,  a large saving in the cryostat and operating costs is 

realized. 
2) A larger ratio of excited-to-.unexcited cell length in the AP structure 

is possible, resulting in increased shunt impedance and smaller peak 
fields . 

3) Larger beam hole results in larger-,acceptance. 
4 )  Larger absolute tolerances. 

2. H.N. Brown, these Proceedings, p. 136. 
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5) Larger surface area for power dissipation. 
6) Easier plating. 

The disadvantages of a lower frequency would be the higher cost of material which is 
important if niobium is used, and the required longer interdeflector distance which 
becomes considerable at high momenta. 

The success of the superconducting rf separator will ultimately depend on reducing 
the rf losses in the deflecting cavities. 
the improvement factor I = Qo/Qcu 
in simple structures with either p?%ed lead or solid Nb below Z°K. If the same fig- 
ures are reached in more complicated structures such as iris-loaded waveguides, the 
total rf power dissipation in the proposed deflectors will be less than 100 W. Since 
the surface resistance decreases rapidly as the temperature is lowered below Tc, the 
superconducting materials with high Tc such as Pb, with Tc = 7.Z°K, and Nb, with 
Tc = 8.8'K, must be selected. 
quency stability and insures adequate cooling of the structure due to the superfluid 
phase of helium below the A-point (2.18OK). 

This reduction is most readily expressed by 
5 . Improvement factors > 10. have been achieved 

Furthermore, .the low temperature also improves the fre- 

The equivalent deflecting field is limited either by Hcl or the peak electric 
field at which a breakdown or appreciable field emission occurs. 
perature, T, according to 

Hcl depends on tem- 

2 
=Hc(0) [ I -  ( $ )  ] . 

C 
Hcl 

Hc(0) for Pb M 800 G and Hc(0) for Nb M 1960 G. 
conductor~~~~ does not differ significantly from Hcl. 
for Nb, a type I1 superconductor where significantly smaller values in the range of 

The ac critical field of type I super- 
This is not, however, the case 

261 to 436 G have been measured. 2 
e 

The peak electric field, E, at which appreciable field emission or kreakdown oc- 
curs, is strongly dependent on the surface condition. No limitation in E was observed 
in Nb. The only published value for lead-plated iris-loaded cavities is - 15 MV/m and 
will therefore be considered as a limit on the strength of the deflecting field.5 
should, however, be mentioned that the Karlsruhe group measured no appreciable field 
emission below 20 W / m  in a coaxial cavity.6 Until more.data are-gathered on plated 
lead, we will adopt the pessimistic limit of 15 MV/m. The ratio E/Eo = 5.1 was meas- 
ured for the Brookhaven deflector7 haviGg irises with square edges. The AP structure 
proposed in the present design reduces E/Eo to - 3.6, limiting the equivaient deflec- 
ting field Eo to 4.2 MV/m for Pb. 
an equivalent deflecting field of 3.6 W/m. 

It 

In the case of Nb the estimated ratio BIBo yields 

3. J.P. Turneaure, Stanford University Report HEPL 507 (1967). 
4. J.P. Turneaure and I. Weissman, J .  Appl. Phys. 39, 4417 (1968). 
5. H.A.  Schwettman, P.B. Wilson, and G.Y. Churilov, in Proc. V Intern. Conf. High 

Energy Accelerators, Frascati, 1965, p:690. 
6. W. Jhgst, these Proceedings, p. 127. 
7. H. Hahn and H.J .  Halama, Brookhaven National Laboratory, Accelerator Dept. 

Report HHIHJH-3 (1963). 
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111. DESIGN AND OPTIMIZATION OF THE DEFLECTOR 

1. AP Structure 

When designing a deflector one has a Choice of standing wave (Sw), or traveling 

The resonant 
wave (TW), operation. To take advantage of the very low losses in superconductors the 
group velocity of Tw structures would have to be made extremely small. 
ring appears to be the only solution, which entails, however, many mechanical problems. 
Besides, there is the'danger of launching the waves in both directions and the adjust- 
ment of the amount of coupling is difficult. The main attraction of the ring is the 
fact that 

RSW = f , 

implying that only one-half of the rf power is required for the same deflection 

(3) 

A design using a resonant ring system was published earlier where UP (uniform periodic) 
structures operating at 1.2 GHz were used.8~9 
above system in an unfavorable position as compared to the AP (alternating periodic) 
cavity approach where significant gains are made in the shunt impedance .lo 
the existence of unexcited cells makes it very attractive for the construction of 
superconducting cavities .ll 

The complications mentioned put the 

Moreover, 

The expressions for R/Q, shunt impedance and peak field in AP deflectors were 
worked out by Hahn who used a TM11 small pitch approximation with infinitely thin ' 

irises.12 It is apparent that the 
best R, as well as E/Eo, are achieved with the smallest beam hole, ka, and tee small- 
est coupling cell while maintaining the confluent condition. In practice the cell 
dimensions will be limited by multipactoring distance and manufacturing requirements. 
Model work based on these data will start shortly to determine the final dimensions. 

The resuits are summarized in Figs. 1, 2 and 3. 

Due to the narrow bandwidth of superconducting cavities a large group velocity 
should be selected to decrease the tolerances on the cavity dimensions. Figure 4 
shows that this is attained by choosing either a large beam hole, ka >/3 ,  resulting 
in a positive group velocity or the maximum negative group velocity. Positive vg 
yields larger acceptance, but smaller shunt impedance, and higher peak fields. Be- 
sides, some problems of degeneracy may be encountered in the dispersion diagram and 
the beam tube terminating the deflector would no longer form a below-cutoff waveguide. 
In short, the backward wave solution seems preferable. 

8. H. Hahn and H . J .  Halama, IEEE Trans. Nucl. Sci. NS-14, No. 3, 356 (1967). 
9. H . J .  Halama and H. Hahn, ibid., p. 350. 
10. H. Hahn, Brookhaven National Laboratory, Accelerator Dept. Report AADD-139 (1968). 
11. J . N .  Weaver, T.I. Smith, and P.B. Wilson, IEEE Trans. Nucl. Sci. NS-14, No. 3 

345 (1967). 
12. H. Hahn, to be published in the Proc. 6th Proton Linear Accelerator Conference, 

Brookhaven National Laboratory, May 1968. 
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2. Optimization 

When designing an rf separated counter beam, the maximum number of wanted parti- 
cles is desirable. 
ation was performed indicating a beam hole 2a = 6 . 4  cm.12 
however, the acceptance is generally not limited by the deflecting cavities as the 
particles are in focus when traversing the cavities. The.above beam hole would there- 
fore not be fi1,led due to the smaller'acceptance of the beam optics; this results in 
unnecessary power waste.' From the point of view of the deflecEor designer the most 
important parameters to be optimized are shuntAimpedance R m ,  E/Eo and vg. As seen 
from Figs. 2 ,  3 and 4 maximum Rm and minimum E/Eo are realized with a smaller beam 
hole. 
present design. 

An optimization for maximum transmission and most economical oper- 
In the over-all beam design, 

Maximum negative vg of- 0.04 occurs at 2a - 4 . 2  cm and has been chosen in the 

3 .  Stability Considerations 

The bandwidth (BW) of a resonant cavity depends on the'unloaded Qo and the cou- 
pling coefficient H according to 

( 4 )  

Large BW is desirable from the point of view of amplitude stability and large Qo is 
necessary for economical operation. 
power from the driver, Ps, according to 

Maximum value of H is governed by the available 

- ( n  + 1)2 
ps - 4n Prf ' (5) 

where Prf is the,power dissipated by the cavity. 
driver power of 1 kW, we obtain n M 20, 
deflectors cannot be produced within the 

Consulting Table I and assuming a 
M 4 X lo7 and BW EJ 70 Hz. Obviously the 
erances corresponding to the bandwtdth and 

it must be possible to tune them to the frequency of a common signal source. AP struc- 
tures, transformed into cavities by placing shorts at either end, are ideally suited 
for tuning, by, adjusting the position of movable shorts (Fig. 6 )  which changes their 
over-all length. 

Once the cavities are tuned, the principal drift in the resonant frequency will 
be caused either by a temperature and pressure fluctuation or by mechanical vibrations. 
The effect of temperature is twofold: 

a) The variation of the surface reactance causes frequency variation 
according to 

where rm is the surface resistance in the extreme anomalous limit and 
A(X/r,)/AT is the change of surface reactance with temperature. Af/AT 
is plotted in Fig. 5 for 1.3 GHz and 2.85 GHz. It is evident that one 
must work at temperatures below 2'K where Af/l°K < 36 Hz. . 

b) Mechanical dimensions also change with temperature, resulting in fre- 
quency changes. 
(Ref. 13), corresponding to 1.7 Hz/OK. This value is small compared to 
the reactive Af and can safely be neglected. 

The expansion coefficient of Cu at 2'K is 6 X 1O-l0/OK, 
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. 
The frequency shifts caused by changes in pressure will depend on the. mechanical 

of the structure and will have to be determined experimentally. Schwettman ~ ~ g ~ ; ' f ~ ~  measured - 0.9 X lom8 fo for a change of 1 mm Hg at 2OK. 

Successful separation of particles will depend on the cancellation of unwanted 
This is achieved by equal amplitudes of electromagnetic fields and zero particles.l4 

phase slip in both deflectors and by the proper phase relationship between the deflec- 
tors. 
obtain 

Let us permit a variation of 1% in the amplitude, i.e., for Eo/E1 = 1.01 we 

2 
Af=f 20 J ( ? )  - 1 - 5 H z  . 

The allowable Af of 5 Hz requires a tebperature control of 0.150K which can be met 
without difficulty. 

Nonsynchronism between the wave and the traversing particles gives rise to a 
phase slip, q ~ ,  and the deflection is reduced to 

Letting Eq. (8) = 0.99 establishes the limit on cp 0.5. 

cp is related.to the tolerances on the inside diameter 2b by 

c A 2b 
v 2b ' 
g 

cpmkkR- - 

(7) 

(9) 

resulting in A 2b M 15 pm. It is desirable to hold the tolerances on 2b as close as 
possible. The difference in the resonant frequency of the excited cells due to an un- 
equal diameter 2b will introduce electric fields in the unexcited cells and thys im- 
pose a limit on their width. 
(Figs. 2 and 3 ) .  

This in turn will adversely affect both Rw and. E/.Eo 

Finally, the most stringent tolerances are required by the frequency stability of 
the individual cells during operation since a mechanical change of 1 8 produces a 
change of 2 Hz. 

4. Practical Considerations 

Two materials are beirig considered for the construction of the iris-loaded cav- 
ities, namely solid niobium and lead-plated copper. The material selected will deter- 
mine not only the method of manufacturing but also some mechanical dimensions, in par- 
ticular the relative.length of the cells. At the present time we favor the lead-plated 

13. H . A .  Schwettman, J.P. Turneaure, W.M. Fairbank, T.I. Smith, M.S. McAshan, 

14. H.W.J. Foelsche, H. Hahn, H.J. Halama, J. Lach, T. Ludlam, and J. Sandweiss, 
P.B. Wilson, and E.E. Chambers, IEEE Trans. Nucl. Sci. NS-14, No. 3, 336 (1967). 

Rev. Sci. Instr. 38, 879 (1967). 
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copper cavities due to easier machining, surface preparationj lower cost and higher 
ac magnetic field, However, rapid progress in niobium as reported at this Summer 
Study might soon change the pi~ture.15-l~ 

Copper modules consisting of one excited cell plus two small half cells (Fig. 6) 
In the case of Nb much longer sections can will either be electroformed or machined. 

be produced. 
under pressure. 
dimensions by electropolishing. 
achieved in the micrometer range. 
in form of flat will be used in electroformed cavities while holes can be employed in 
brazed cavities. The modules wil1,be plated in a lead fluoborate bath using our 
standard method.18 

If machining is employed the excited cells will be joined by Cu diffusion 
The modules will be individually measured and brought t o  the same 

By this method, controlled removal of copper can be 
To prevent the rotation of fields, mode stabilizers 

. .  
After the assembly with cryogenic gaskets in the unexcited cells the frequency 

of both deflectors should be within 20 kHz, which corresponds to a.total length change 
of- 0.5 mm. 
the less field we shall have in the unexcited cells.19 
operating temperature of 1.85OK, their resonant frequencies must be adjusted to within 
5 Hz. This is accomplished by a variable short S1 (Fig. 6) which is coupled to the 
main cavity. By moving the short, the reactance of the last cell is changed, thus 
changing the over-all resonant frequency of the deflector. 
placement of Si by 1 m corresponds to 40 kHz. 
range of the resonant frequency of each deflector is approximately 20 kHz. 

The more closely we can match the resonant frequencies of the deflectors, 
When the deflectors reach their 

At unity coupling a dis- 
With a coupling of 10-2 the adjustment 

In a previous section we derived a permissible temperature variation of - 0.15'K 
corresponding to a variation of - 10 mm Hg at an ambient pressure of - 15 mm, which is 
relatively easy. A 
pressure change of 1 mm Hg on a long cylinder with comparable dimensions to the deflec- 
tor corresponds to a frequency shift of - 28 HZ.~O 
the deflector considerably and alleviate some difficulty in the pressure control. The 
decoupling of the deflectors from their surroundings to reduce vibrations will require 
an ingenious mechanical solution. 

The most difficult-problem rests in the mechanical stability, 

Irises will without doubt stiffen 

Most of the variations can be corrected by a servo loop since the shortest time 
in which they can occur is of the order of the time constant T > 2 msec. 
purpose, another short S2 (Fig. 6) is provided with a coupling of 10-4, having an ad- 
justment capability of- 200 Hz. The servo loops will be treated in the next section. 

For this pur- 

Identical fields in both deflectors will be adjusted for maximum bandwidt'h by a 
similar coupling mechanism used in all our superconductive namely a below- 
cutoff attenuator (A in Fig. 6). A stainless-steel coaxial cable plated with 5-10 urn 
of Cu (skin depth at 3 Gc = 1 um) can be adjusted from.the outside of the Dewar for 

15. J .P. Turneaure, presented at this Summer Study (unpublished). 
16. I. Weissman, these Proceedings, p. 32. 
17. R.W. Meyerhoff, ibid., p. 23. 
18. H. Hahn, H.J. Halama, and E.H. Foster, ibid., p. 13. 
19. T.I. Smith, presented at this Summer Study (unpublished). 
20. E.H. Foster,.private communication. 
21. H. Hahn, H.J. Halama, and E.H. Foster, in Proc. 6th Intern. Conf. High Energy 
. Accelerators, Cambridge, Mass., 1967, p. A-139. 

. - is6 - . 

- . I  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



li 
I 
I 
I 
I 
I 
I 
I 
I 

. .  

I 
I 
I 
I 

the required amount of coupling. 
8.5 x 

Standard 718 in. cable has an attenuation of 
dB/m at 3 GHz, negligible heat leak, and is safely rated for 1 kW operation. 

IV. MICROWAVE SYSTEM 

Several systems were investigated in the course of the last two years.' The solu- 
'tion adopted here uses a centrally located signal source common to both deflectors and 
seems to be the most economical. 
provided by a phase-locked oscillator shown in Fig. 7. The required frequency stabil- 
ity of 1 X 10-9 is surpassed by more than one order of magnitude in commercial frequen- 
cy standards. 
oscillator which differs in frequency by a predetermined i.f. The i.f. is.compared in 
phase with' a variable signal VFO whose stability as well as FM requirements are reduced 
by the ratio fo/i.f. 
a VFO of stability M 5 X lom7, which can easily be accomplished by a synthesizer. 
detected output from the phase bridge with proper dc amplification and compensation 
phase-locks the frequency of the oscillator. Here we have a large choice between a 
BWO, a VTM, a reflex klystron, or a solid-state oscillator. Spurious FM and noise are 
the most important factors and a narrow bandwidth device is preferable. There are many 
solid-state sources with excellent specifications as well as low voltage requirements 
and which are therefore more attractive. 

A stable and yet adjustable frequency source14 is 

The multiplied output of the standard is mixed with the output of the 

A 2 MHz i.f. with a typical bandwidth of f 500 kHz will require 
The 

As was pointed out earlier, successful separation depends on the cancellation of 
unwanted parti~1es.l~ 
relationship to within f lo. 
the phase loop, is shown in Fig. 8. 

The deflectors must therefore .be held in a prescribed phase 
The over-all schematic of the microwave system, including 

The signal from the rf source is amplified (TWT), split (Hi), and then transmitted . 
along two phase-stable cables to identical deflector stations located 62 m apart. Here 
the signals are again amplified in a 1 kW klystron (As) to a level required.by the de- 
flectors. The power amplifier A5 can either contain its own AGS (automatic 
trol) or it can be leveled to a reference signal derived from the deflector.82 A 1 kW 
circulator, C3, absorbs the reflected power'caused by high coupling coefficient. 
small portion of the drive is coupled out through a directional coupler DC and is sub- 
sequently modulated by 1 kHz in a microwave swit~h.~ ' 

through C2 and C1 to a phase bridge H2 where it is compared with a similar signal coming 
from the other deflector station. 
phase error between the deflectors. 
(D2), and then used to drive a line stretcher (P2). 
which keeps the deflectors in the prescribed phase relationship.14 

ain con- 

A 

This signal then travels back 

The output of H2 contains the information on the 
This error signal is amplified (Aq) , demodulated 

We thus have a zero-seeking servo 

Finally, a signal must be provided t6 determine the on-resonance condition. This 
can be accomplished by monitoring either the amplitude of the fields in an excited cell 
or the phase shift across the deflecting cavity, by coupling out small signals. The 
difference in phase across'the cavity drifting off resonance is sensed in a phase 
bridge and the error signal is used after proper amplification to actuate a servo cir- 
cuit which drives a short, S2 in Fig. 6. 
ed by a varactor at room temperature. The reactance of the varactor diode is control- 
led by the error signal to restore the resonant condition. 

For a faster control the short can be replac- 

The duty factor of the rf separator will be determined by the length of the spill 
The driver power can be reduced by a factor of 10 between the pulses of the AGS beam. 

to save refrigeration, while the phase loops can remain operative. 
5 0.3 can be anticipated for the converted AGS, which will of course proportionally 
redu'ce the power requirements. 

22. L.R. Suelzle, these Proceedings, p. 67.  

A duty factor 
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Fig. 3 .  . 
BEAM HOLE RADIUS, ka 

Ratio of peak e l e c t r i c  f i e l d  t o  average def lect ing  f i e l d  vs beam 
hole radius. 

- 160 - 

I 
I 
I 
I 
I 
I 

. I  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 

I 
I 

I 
I 
I 

IO' 

W w 
>- 
t 

w (  > 
> a 
U 
w z 
W 

0 

5 

- 10- 

I 

d / h  =1.0,2.0 - 

I 2 
BEAM HOLE RADIUS, ko 

Fig .  4 .  Group v e l o c i t y  v s  beam ho le  radius.  

- 161 - 



I O O O C  I-- I I I I I - 

- 

I1 1 I I I I I 
0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

’ TEMPERATURE (OK) 

0 Fig. 5. Frequency shift per K vs operating temperature. 

162 - 

I 
I 
I 
I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
E 
I 
I 
I 
I 
I 
I 
I 
I 
I 

f f 

I MODULE . 
I I 

Fig.. 6. Schematic of deflecting AP cavity. Legend: SS = stainless steel, 
Cu = copper, CH = coupling hole, SI and S2 = variable shorts, 
A = below-cute€€ attenuator, B = stainless steel copper-plated cable. 
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Fig. 7. Block diagram of phase-locked source. 
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Fig. 8. Block diagram of microwave System for superconducting rf beam 
separator. Legend: A 4  = differential amplifier, A5 = klystron 
amplifier, C1 and C2 = four-port circulator, C3 = circulator, 
D1 = crystal diodes, D2 = synchronous detector, D = deflector, 
DC = directional coupler, H1 = power splitter, H2 = phase bridge, 
M = motor, N = polarized relay with snap action, 0 = 1 kHz source, 
P1 and P2 = phase shifter, R = variable attenuator, RF = signal 
source, S = microwave switch, TwT = traveling wave tube amplifier. 
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SUPERCONDUCTING RF SEPARATOR RESEARCH AT THE RUTHERFORD'LABORATORY 

A .  Carne, B.G. Brady, and M.J. Newman 
Rutherford' Laboratory 
Chilton, Berks., England 

I. INTRODUCTION 

Nimrod at the Rutherford Laboratory is a 7 GeV synchrotron, and compared with 
the CERN PS or the Brookhaven AGS, produces relatively few kaons. 
inary study was undertaken1 to compare electrostatic (ES) and rf separators for the 
momentum range 2-5 GeV/c, and even to consider very low momentum beams of less than 
1 GeV/c. 
spill time available at Nimrod of about 200 wec, and also for counter beams of up to 
about 500 msec duration. The pulse lengths dictate that the rf separators should be 
superconducting: this is especially obvious for counter beams. Superconducting rf . 
separators operating at L-band frequency offer many advantages over ES beams, in that: 

In 1966 a prelim- 

The comparison was relevant for both bubble chamber beams using the shortest 

i) They can separate the maximum emittance beam that can be accepted 
by conventional quadrupoles (ES separators have too low trans- 
mission above 2 &V/c unless the emittance is reduced). 

ii) They can use the increased acceptance of superconducting quadrupoles 
when these become available. 

iii) They can provide useful bubble chamber fluxes for momenta up to 
about 5 GeV/c, and with a larger momentum bite, kaon fluxes of the 
order 5 X 10 
pulse) for counter beams. Comparison between optimized supercon- 
ducting and rf beams give the following ratios: 

3 per pulse (for an incident proton beam- 2 X 10l1 per 

Flux rf/ES = 1.25 at 2.0 GeV/c to 8.0 at 5 GeV/c. 

11. THE SEPARATOR SYSTEM 

The system envisaged is shown in Fig. 1, and is similar to that in use on the 
CERN PS. The two cavities will operate at L-band frequency (about 1300 MHz), this 
frequency being chosen as the familiar compromise between physical size and shunt im- 
pedance R, acceptance CY, and cavity separation D. These latter quantities all favor 
lower frequencies; even cavity separation, since here we are dealing with beams,of 
low momentum and require space for intercavity beam transport components. 
tral momentum of 2.7 GeV/c, an intercavity phase difference of 180' for K, n separa- 
tion requires D = 7.5 m, and the system gives useful separation over the momentum 
range 2.0 to'4.5 GeV/c. 
K yield would be reduced due to decay, and the useful momentum band would be reduced 
to 2.4 to 3.0 GeV/c. 

For a cen- 

If the distance were increased threefold to give ample space, 

Ideally the imaging system between the cavities provides 1:l imaging in each 
plane of the phase-space configuration. 
this cannot be achieved unless superconducting quadrupoles are used. 
quadrupoles are used, 1:l imaging can only be achieved i n  the plane of separation, 

Due to the comparatively short distance D, 
If conventional 

1. E.J.N. Wilson, Rutherford Laboratory Internal Memo, NIMROD BP 66/26 (1966). 
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and this can be obtained by using a single symmetrical triplet. 
plane the transfer matrix has two solutions, both of which lead to some beam loss due 
to blowup: this loss is least (about 10%) for a drift length roughly equal. to the 
intercavity length D. 

In the orthogonal 

The choice of L-band frequency results in a large cavity acceptance. Optimiza- 
tion of cavity acceptance alone, based on a maximum equivalent deflecting field of' 
4 W / m  and a cavity aperture 2a =.lO'cm, leads to an optimum cavity length of 3.5 my 
and a maximum acceptance' of 78.5 nun-mrad. Such cavity lengths leave little space 
(- 4 m) for the intercavity beam components; such an acceptance is much greater than 
the acceptance of the optimum doublet for momentum selection (see Fig. 1);even if it 
were superconducting. In fact, cavities of length 1.25 m are adequate, and with these 
it is reasonable to have the beam parallel inside the cavities. 

111. THE SEPARATOR CAVITIES 

The cavities themselves 'will be of disc,-loaded waveguide, operating in the 
uniform-periodic (UP) rr mode of the HEM11 deflecting mode. In rr-mode operation the 
cavities are fundamentally standing wave, for which there are two main advantages: 

i) Resonant chain or ring operation is essential, and for a UP 
chain, rr-mode offers the highest shunt impedance. For a con- 
ventional copper structure computed2 shunt impedances at 1300 MHz , 
r-mode give 13.2 Ml/m (2a 10 cm) and 11 X2/m (2a = 11 cm) . 

there is zero current) and offer less critical planes for join- 
ing cells. An alternative point of view is to regard the struc- 
ture as an alternating-periodic (AP) structure in rr/2 mode in 
which the alternate cavities, which contain zero stored energy, 

. shrink to zero. Practical methods of joining the cells may be: 

a) A simple compression joint with an indium seal. 
b) Electron beam welding the lead in the join planes, discussed 

briefly later. 

ii) The mid-planes of the discs are planes of antisymmetry (i.e., 

The disadvantages of rr-mode o eration in UP structures is the reduced tolerance 
[proportional. to (number of cells)$ against (number of ce1ls)l for AP rr/P-mode struc- 
tures]. 
R = k0/2'.'= 11.5 cm), the mode separation is sufficiently large for the tolerances 
to be manageable. Even though there is a frequency-phase degeneracy for the struc- 
ture with such large apertures, there is little risk of double-moding, and it can 
easily be avoided. 

But since the cavities are only 10-11 cells long (L = 1.25 meters, 

The cavities will be of electrodeposited lead on copper, and will operate at 
Though the use of niobium offers an exciting alternative, cost precludes 1.8S°K. 

its use on this particular project ... The theoretical improvement factor I(Pb) - 7 X 1055 
at 1.85'K, 1300 MHz, and, because of the variability of lead, a practical figure I= 10 
is aimed at.' Field emission limits the maximum equivalent deflecting field to the 
range 5-7 MV/m: to avoid difficulties a more modest field of 4 W / m  is aimed at. 

A deflection of the order 1.5 mradfcavity is required at 2.7 GeV/c. With EL=@p, 
this gives for E = 4 W/m, L -  l m ,  i.e. 10 cells/cavity. If it is necessary to re- 
duce the field by some small amount because of field emission, then L must be increased 

. .  
2. H.G. Hereward and M. Bell, CERN Yellow Report CERN 63-33 (1963). 
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2 by the same amount to give the same deflection, and the power 0: E L actually decreases. 

Because the beam is parallel inside the cavfties, and because the cavities already 
have a much larger acceptance, modifications of this kind will not greatly affect the 
beam design. 
25% (- 500 msec/2 sec) , this gives (2P)av = 6 W. To this we add an arbitrary 30% due 
to cavity end-plate and tuner loss, giving a total 8 W. With total cryostat losses 
of about 2 W, this gives a total refrigerator load of 10 W. 

With I = lo5, 2a = 10 cm, P - 12 W/cavity. At a maximum duty cycle of 

N. REVIEW OF MEASUREMENTS TO JUNE 1968 

Preliminary tests on electron beam welding of lead joints have been made with an 
outside manufacturer. Electron beam power is seen to be critical (of the order of 
30 kV, 8 mA): overheating causes the lead to globulate, underheating does not allow 
the weld to form. Also the weld does'not take if the pressure'is allowed to become. 
too high, F.e. greater than torr. Successful samples show a good uniformity of 
lead at the join, and are sufficiently encouraging to warrant further study. 

It was originally decided to do Q measurements at the final operating frequency 
to avoid problems with frequency scaling. This view has been changed (mainly due to 
handling problems) and the major effort is now on S-band cavities. Two copper cavi- 
ties ,(one rolled and welded, the other electroformed) have been made for Q tests at 
1300 MHz., TEOll mode. 
0.001 in.) by an outside manufacturer by a "standard" commercial process (0.4 g/liter 
solution of bone glue, 15-20 A/ft2). In neither case was the plating good enough for 
superconducting application: both cavities were somewhat mishandled and were a little 
distorted (which, however, helped TEO11-TM111 mode separation). The cavity QO8s were' 
found to be of the order 6 X 106 and 107 at 4.2'K, with only an improvement of the 
order 2 at 1.85OK. (These numbers are to be compared with Qo = 7 X lo4 for copper at 
300'K.) 
at the indium gaskets, particularly at; the A-point of helium. 

Both cavities were originally lead-plated (to a thickness 

Neither cavity was magnetically shielded; both cavities leaked on cool-down 

Because of the above difficulties, we have now established our own plating shop. 
The two cavities above have been replated, again at 15 A/ft2, 0.001 in. thick, and re- 
tested. Magnetic shielding has been used in the form of a u-metal can 0.040 in. 
thick. 

being tested. With these, experiments can be done more quickly to check plating para- 
meters, e.g. current density (which may well come down to the 2.5 A/ft2 commonly used 
in U.S. laboratories) and glue concentrations. Certainly the small quantity of bone 
glue at present used gives a much smoother surface than with no glue at all. Some 
conditioning of the copper substrate is being done (e.g. vacuum or reducing-gas fur- 
nacing) to produce epitaxis of lead. 

New values of Q have been 8 X lo7 and 4 x 10' at 2'K, respectively, i.e. 
with 1's approaching 10 8 . Several new S-band cavities have been prepared and are 

. .  
Tests are also being done on model structures to investigate field patterns, 

check R/Q values and develop coupling systems. Other tests are being done to develop 
components for the rf system. The system envisaged is "conventional" for a supercon- 
ducting system, but major use is being made of strip-line and solid-state devices. 
Future work will be aimed at "high power" models to check out limiting E-field values 
for the HEM11 deflecting wave in TT mode; after thisn,the real deflecting cavities will 
be built . 
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BEAM OPTICS DESIGN FOR A 600 MEV MICROTRON 

D.C. Sutton and A.O. Hanson 
University of Illinois 

Urbana, Illinois 
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At the University of Illinois we have studied the feasibility of a racetrack 
microtron having two 180° bending magnets separated by 6.5 m, a 30 MeV standing wave 
linac in the common straight section and 19 parallel return aths separated by 14 cm. 
The problem is similar to that discussed by Wiik and-WilsonYP except that we call for 
bending magnets which are about 50% further apart and we have aimed at containing a 
beam with six times larger emittance: horizontal and.vertica1 extents of f 2 mm, di- 
vergence angles of f 0.3 mrad, and momentum spread of f 1% at 30 MeV. 

We have required that the deviation in position and angle of an electron's path 
with respect to the linac axis be uncorrelated with its momentum error. 
are necessary in order to make the position and angle independent of the momentum to 
first order. 
optical elements which are coaxial with the linac axis. 
in each return path should be symmetrical about the plane which is midway between the 
two bending magnets. 

Two things 

First, all of the horizontal focusing of the beam must be done with 
Second, the opiical system 

The beam is defocused vertically in the fringe fields of the bending magnets. 
To provide vertical focusing we have started with two quadrupole pairs on each sep- 
arate return path, one pair close to each magnet. 
vertical oscillation phase for each orbit of 90°, which may be greater than necessary, 
one computes gradients in the quadrupoles which increase monotonically with the orbit 
number from 0.1 to 0.5 kG/cm for quadrupoles 20 cm long and separated .by 10 cm. 

If one requires an advance in the 

Only very weak horizontal focusing powers are required to contain the beam within 
f 2 mm of the linac axis up to 600 MeV. The linac provides some focusing but in the 
absence of additional horizontal focusing the beam enlarges to about i 3 . 5  mm in the 
common straight section. We have chosen to use two quadrupole singlets on the linac 
axis, one near each bending magnet, to provide the horizontal focusing. We have tried 
focusing powers of 0.68 and 0.13 diopter per singlet at 30 MeV. 
giving horizontal oscillation phase advances of 180° and 90°, respectively, on the 
first orbit. 
The focusing power of the singlets decreases as the momentum increases, but so does 
the emittance of the beam, with the net result that the horizontal extent of the beam 
remains about the same but the beam becomes more parallel from orbit to orbit. There 
are some I mm waists in the horizontal beam envelope as shown in Fig. 1. 
and size of these narrow waists imply that the divergence.angle of the initial 30 MeV 
beam could be doubled without changing the maximum horizontal beam size very much. 

Both are satisfactory, 

The beam profile for the latter case is shown up to 240 MeV in Fig. 1. 

The locations 

1. B.H. Wiik and P.B. Wilson, Nucl. Instr. and Methods 56, 197 (1967). 
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Fig. 1. Vertical and horizontal beam profiles for microtron orbits from 
30 to 240 MeV. 
along the path. 
lines are cosine-like principal rays. 
details of the horizontal beam profile within the 180° bending 
magnets. 

The boxes indicate the locations of the linac 
The dashed lines are beam envelopes. The solid 

We have not shown the 
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-HIGH STABILITY UHF OSCILLATORS USING A SUPERCONDUCTING CAVITY 

F. Biquard, Nguyen Tuong Viet, and A. Septier 
Institut d'Electronique Fondamentale 

Orsay, France 

I. INTRODUCTION 

The recent achievement of very high Q factors in superconducting cavities makes 
possible the realization of powerful microwave oscillators with natural frequency sta- 
bility as good as that of quartz clocks. This interesting property is a consequence 
of the Blaquikr e-Townes 
oscillator influenced by 

formula giving the noise bandwidth of a slightly nonlinear 
Johnson noise as: 

(Af)2 6 f = n k T  3 

where Af denotes the bandwidth of the oscillating circuit and P the microwave power in 
the circuit. 

A superconducting cavity can be used as a part of an oscillator in many ways; we 
present here two different systems in which the cavity plays, respectively, the role 
of 'an active or passive component. 

1. Monotron 

In the monotron oscillator an electron beam is able to transfer a part of its en- 
ergy to the electromagnetic field in a resonant cavity. Regions of negative conduct- 
ance appear in the beam loading characteristics of the beam-cavity system, suggesting 
the possibility of regenerative operation. A general theory of the monotron oscillator 

performance of monotron oscillators can be described correctly in terms of the lumped 
equivalent circuit shown in Fig. 1, where the admittance Gb i- j Bb represents the 
effect of the electron beam on the equivalent circuit of the cavity. 

. has been first given by Muller and Rostas2 and then by T~rner.~ It turns out that the 

In this case the main source of noise.is shot noise from the electron beam which 
is lo8 greater than Johnson noise for a typical case. 
the cavity, Pj = 4kTAf, by shot noise coming from the electron beam, Ps=M eIoAf/Gc, 

cribed in first approximation by a noise bandwidth 6f, 6f being given by: 

Replacing Johnson noise power in 
2 

' and following the Golay4 method, we find that the effect of noise is adequately des- 

2 
1 2rrM e 1  . f 2  

6f = o - -  

GC o2 , 

1. A .  BlaquiLre,, Thbse Paris, Gauthiers Villars, 1953; 
J.P. Gordon, H.J. Zeiger, and C.H. Townes, Phys. Rev. 99,  1264 (1955). 

C . W .  Turner, Stanfor'd University Report 830 (1961). 
2. J.J. Muller and E .  Rostas, Helv. Phys. Acta l3, 435 (1940). 
3 .  

4.. M.J.E. Golay, Proc. I R E  48, 1473 (1960). 
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where 
Io = dc beam current crossing the cavity, (A)., 

Gc = shunt admittance of the cavity, (Q-'), 

D = transit angle of electrons through the cavity, (rad), 
' 

sin D'2 = gap coupling' coefficient , M =  D/2 

f = frequency of oscillation, (Hz), 
Q = quality factor of the cavity,.. 
P = microwave power delivered to the circuit, (W). 

In' the same conditions, the relative standard deviation5 o f  the frequency in 
time r is given by: 

. .  2 

' (3) 
tJ (((9, , .- - . (  e l o  )t 

2TT f 2 
8 G c Q  

For an oscillator using a cylindrical cavity working in the TMo~o mode, in the 
best conversion efficiency conditions (D = 2 . 3 3  TT), formulas (2) and (3) take the form: 

f2  6f = 2 x - 
Q2 P 

Y 

-9( 1 )" 
P Q2 T 

2n f 

I 
I 
I 
I 
I 
I 
I 
I 

(5) 

I Choosing a working frequency of 3 GHz, we could use a cavity having Q = 10 7 . The 
oscillator may conveniently deliver 0.1 W of microwave power, and the noise bandwidth 
is then: 

6f = 1.8 x Hz 

-18 with 
6flf = 6 x 10 

2 .  TWT Oscillator 

. In the traveling wave tube (TWT) auto-oscillator, the cavity is placed in the 
external feedback loop of a low noise TWT amplifier to play the role of a frequency- 
determining circuit. 
sed in detail by Hetland.' ! The problem of noise in this type of oscillator has been discus- 

TO compute the noise bandwidth, one can consider the case 

5. 

6. G. Hetland, Stanford University, Applied Electronics Laboratory 
L.S. Cutlet and C.L. .Searley Proc. IEEE 54 ,  136 (1966). 

Report No. 40 (1955). 
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of classical auto-oscillators. 
of the tube, it is possible to derive from the above Blaquiere-Townes formula the 
following expression for the noise bandwidth of the oscillator output spectrum: 

When introducing the noise :actor and the,pow.er gain 

n k T o F G f  2 

6f = 
P Q2 

Y (7) 

where 
6f = bandwidth of output spectrum, (Hz) ,  

k 
To = room temperature., 
F = noise factor of the TWT at f, 
G = power gain of the TWT at f, 

= Boltzmann’s constant, (1.37 X lo-”’. J/OK), 

P = output power, (W) , 
Q = quality factor of the cavity. 

In fact, Eq. (7) defines the width of‘ the Fourier spectrum, calculated in princi- 
ple by integrals running from t = - m to t = m .  

finite observation time r and we have7: 
In practice, we measure 6f during a 

6fr = (2 n r  

In the same conditions, the standard deviation of the frequency is given by: 

(9) 

9 8 
For f = 2.911 x 10 Hz, F = 4.67 (6.7 dB), G = 159 (22 dB), P = W, Q = 10 

we have : 

6f = 8 x 10-l’ Hz 

-21 - -  6f - 2.7 X 10 f 

(J ((a, r) 
’ = 1.2 x with r = 10 sec . 2n f 

7. P. .Grivet and A .  Blaqui\ere, in Proc. Symposium on Optical Masers, Brooklvn, 1963, 
p. 69. 
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~ Quartz 
oscillator 

I 
3. Comparison Between Oscillators 

Table I shows theoretical properties of both oscillators in comparison with the 
properties of hydrogen and ammonia masers. 

I '  Ammonia Mono t ron I maser 
Hydrogen 
maser 

TWT auto- 
oscillator 

(5 ((CP), 
2rr f 

T = 10 sec 

Q 

1.2 x 10-l6 

1 lo8 

6f (Hz) I 8 x 

6f If I 2.7 x 

TABLE I < 23 870 

0.54 x I .4.7 x I 1.25 x I 6 X I 

We can foresee that, for both oscillators, frequency stability will not be limit- 
Particularly, long-term frequency ed by noise bandwidth but by external factors. 

stability will be influenced by a possible drift of the cavity resonance frequency 
caused by gas pressure variations in the helium bath. 

I 
I 
I 
I 
I 
I 
I 
I 

1 11. MONOTRON OSCILLATOR 

1. Description 

An electron beam of velocity u6 and intensity Io, accelerated under a voltage Vo, 
flows along the axis of a cylindrical cavity of length d ,  oscillating at a frequency f 
in the TMopq mode. The electron beam exchanges power with the high frequency field in 
the cavity. If the transit angle of the electrons 

I 
I 

(10) 2nfd D = -  

1 
I 

U 
0 

is well chosen, power can be delivered by the beam to the electromagnetic field and an 
oscillation can arise in the cavity. 

For the TQlo mode (neglecting end perturbations caused by axial holes), the 
electric field EZ is uniform along the axis of the cavity and the oscillation condition 
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Frequency (GHz) 

is found to be D = (2K+ f ) n ,  K being an integer, but other oscillation modes are 
possible. 

The cylindrical cavity resonates in the S band near f = 3 GHz. Our cavities are 
made of OFHC copper and their inner surfaces are covered with a vacuum deposited or 
electrolytic thick lead layer (thickness of the order 5 wm). 

2.970 4.956 6.817 '1 

Lead is a type I superconductor for temperatures T < 7.2'K, and the devices were 
In this first realization (Fig. 2), the cavity is made mainly operated at T = 4 . Z ° K .  

in two identical pieces, the whole cavity being cut along a plane perpendicu1ar:to its, 
axis. This solution is mechanically convenient, but it is a rather bad one from an 
electrical point of view. Indeed, the indium joint separating the two halves of the 
cavity causes supplementary H.F. losses, and.the Q reached practically is not higher 
than 107 on the average. 

Two holes 6 mm in diameter bored in the end plates allow the electron beam to 
cross the cavity along its axis. The resonant cavity, which is fixed in a special ' 

cryostat, constitutes the inner wall of the liquid helium vessel which is surrounded 
by a copper sheet. This sheet is soldered to four liquid nitrogen reservoirs and re- 
duds radiative heat losses. Two coaxial lines fitted with movable antennas permit 
variation of the coupling between the cavity and the electrical external circuit at 
room temperature. 

Q factor. 

A triode electron gun with a tungsten wire cathode produces the electron beam 
which is focused by an electrostatic lens; 95% of the electrons reach the collector 
situated 30 cm.from the cathode. 

12.25 x lo6 7.49 x lo6 10.2 x 10 

2. Properties of the Superconducting Monotron 

Steady-state properties. Figure 3 gives experimental. curves showing the starting 
current of the oscillator as a function of accelerating voltage for various oscillating 
modes of the cavity. 
give in Table I1 the measured characteristics of the oscillator. 

We easily obtain oscillations in three different modes, and we 

Optimum trans it 
angle (radians) 

TABLE I1 (d = 38 mm) 

' 4.5 n 
6.5 TT ' 

5.5 n 8.5 1~ 

Optimum accelera- 7.8 
ting voltage (kV) 1 3.5 I 11'9 I 
It is interesting to use modes like TI4-,20 or TMo11, in order to reach higher fre- 

quencies of operation with the same resonator (X band, for example). TMoll modes are 
very promising if we need a high Q factor at high frequency because the joint in the 
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lateral wall of the cavity does not disturb the electric current pattern. 

From a theoretical point of view it should appear interesting to study the com- 
petition between two possible modes for given experimental conditions. 

Figure 4 shows theoretical and experimental curves giving the values of the start- 
ing current Is of the oscillator operating in the TQlo mode, as' a function of transit 6 angle, the loaded Q factor ljeing 2.22 X 10 . We obtain a good agreement between exper- 
iment and theory, if we take into account the fact.that theory neglects the action on 
the beam of the evanescent modes existing in the holes at each end of the cavity (the 
field repartition along the axis is' supposed to be rectangular).' More elaborate calc- 
ulations taking into account the real shape of the leakage field configuration are in 
progress. 

For a'given transit angle D, we have checked that the product (Q X Is) is a 
constant of the oscillator. 

Long-term frequency stability. Figure 5 presents a record.of monotron frequency 
variations during 21 minutes. Experimental working conditions are in this case: 

Mode %lo 
Loaded Q 9, = 107 
Accelerating voltage 
Beam current 

Transit angle D = 4.30 TT 

Helium bath temperature T = 4.2OK 
Output power P = 0.15 W 

Vo = 7.987 kV 
Io = 1.25 mA 

S amp 1 ing time T = 10 sec 

Stability of the 'accelerating voltage is better than 0.01%. We have measured the 
mean frequency fM = 2969990106.05 Hz and the mean square value of the error a = 0.66 Hz. 

The frequency stability is given by: 

(5 ((&. -)/2nf = 2.2 x 10-l0 

for 7 = 10 sec. On the same figure we present measurements on short-term frequency 
st ability . 

Possible factors governing residual frequency drifts. Two main factors may be 
of importance for explaining residual frequency instabilities. 

a) These instabilities may be caused by the electron beam accelerating 
voltage and current fluctuations. Theory shows that: 

Instability of frequency due 'to this cause is inversely proportional 
to Q. 

' 

Expectation values for dVo and dIo are: 
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7 and with an experimental Q = 10 , formula (9) gives: 

df lo-ll 
f 

b) A temperature variation AT of the liquid helium bath induces a slow 
drift of the cavity resonant frequency. Indeed, the pressure P is not 
yet stabilized and for slow fluctuations the temperature changes with 
the pressure of the helium gas. 

Temperature variations have three different effects: 

i) Thermal expansion of the cavity dimensions; at very low tempera- 
tures and for copper walls, this effect is negligible. 

ii) Variations of the surface reactance of the superconductor. 

iii) Mechanical deformation of the cavity walls due to external 
pressure variations. 

In the vicinity of T = 4.2'K, adding all preceding effects, we 
obtain an approximate value of frequency variation: 

-2. df 1:5 X 10-l' X bP/Torr f 

where P is the helium gas pressure in the cryostat. 

The limit of useful power. It is possible to increase power from milliwatts to 
several watts by raising the beam current intensity above the threshold value. However, 
in order to maintain the frequency stability we are confined by two imperatives: 

a) Beam current has to be sufficiently weak so that it can be well 
focused and led across the cavity without losses on the walls, 
thus avoiding local heating of the metal surface. 

b) It is also necessary that high frequency losses in the cavity walls 
be kept small. 

Indeed, too much thermal dissipation in the walls will cause boiling of the liquid 
helium and thus an elevation of temperature which shifts the oscillator frequency at a 
rate greater 'than 20 Hz/min. 
such an oscillator to an output power of 1 W if the highest frequency stability is 
required. 

It has .been proven that such "cryogenic" effects limit 

Short-term frequency stability. 

a) Method of measurement and results:- The short-term frequency stabil- 
ity has been determined by direct comparison with a stable 5 MHz 
oscillator followed by a multiplicating chain t o  2910 MHz. The sta- 
bility of the ref rence chain is 9 x for a 10 sec averaging 
time and 6 X lo-'' for a 0.01 sec averaging time. Each experimental 
point ofi the short-term frequency stability curve (Fig. 5) represents 
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the relative standard deviation of the frequency a((Ci])t,T) of a group 
of 800 measurements which have been treated in order to eliminate the 
slow drift coming from the liquid helium bath. In-this way, we could 
evaluate the stability limit defined by (11) as reaching 2 x for 
T > 0.1 sec. 

b) Influence of the Q factor:- Several measurements of the short-term 
frequency stability were made using the same cavity, and varying the 
Q factor from 1.'66 X lo6 to 10.1 X lo6. 
always in accord with those of Fig. 5 without any noticeable difference, 
which seems to show that at the present time frequency stability does . 
not depend on Q. 

The experimental results were 

c) Multipactor effect:- We think that a new.phenomenon, not considered 
above, actually limits the frequency stability of the monotron. We 
are presently inclined to suppose that field electron emission from 
cavity walls can be such a possible source of noise;' 
electric field strengths are obtained in the superconducting cavity 
(E > lo6 MV/m on the axis). 
(by raising the beam current) multipactoring effects appear. and oscil- 
lation vanishes and reappears again as a relaxation process. 

Indeed, high 

If we still increase the field strength 

I 

These phenomena are especially troublesome in lead electroplated cavities, the 
lead surface being very rough; sharp crystal corners (visible .on relatively low mag- 
nification micrographs) enhance the loca'l electric field. 
not appear so easily (even at higher fjeld strength) in cavities where the lead layer 
is obtained by vacuum deposition. 
smoothness. Unfortunately, we are actually unable to obtain Q values higher than 
2.6 X lo6 by this technique. 
lead-plated by an ultra-high-vacuum deposition technique. 

The multipactor effect does 

In this case the surface presents better aspect and 

New experiments are now in progress, using a new cavity, 

111. TWT AUTO-OSCILLATOR 

1. Principle 

Figure 7 shows the well-known block diagram of the oscillator.8y9 A superconduc- 
ting cavity is introduced in the external feedback loop of a TWT. The loop includes 
also a variable attenuator and a phase shifter for the purpose of adjusting gain and 
phase. 
total phase shi-ft is a multiple of 2n. 

The device can oscillate if the over-all gain is higher than unity and if the 

Instabilities in the electrical length of the loop as well as mechanical vibra- 
tions, limit the observed frequency stability, but the use of a high 0 superconducting 
cavity is highly efficient in reducing the resulting line width to a low value. 

Here, the cavity is made of OFHC copper covered with a lead layer of about 5 CL in 
thickness. 
ternal coupl.ing is secured by two small loops of coaxial lines. The resonance frequen- 
cy is mechanically tunable between the limits 2911 f 10 MHz. 
provided by a superconducting lead plunger (Fig. 8). 

The oscillating mode is'TEo11 and the resonance frequency 2911 MHz. Ex- 

A fine adjustment is 

8 .  

9 .  

M.S. Khaikin, Instr. and Experimental Techniques (transl.) 4, 518 (1961). 
Nguyen Tuong Viet, Compt. Rend. Paris 258, 4218 (1964). 
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2. Frequency Stability 
. 
. 

As shown in a previous paper" stability is controlled by the helium bath temper- 
ature, the room temperature and the high dc voltage applied to the helix of the TWT. 

Helium bath temperature fluctuations are due to variations of the pressure of 
helium vapor; pressure could be well regulated and the temperature can be maintained . 
constant within 3 X 10-5 OK at 2.1°K. Temperature fluctuations cause a change in the 

(thermal expansion and elastic deformation due to pressure difference between the 
inside and the outside of the cavity). 
resonance frequency. 

.*surface reactance of the superconductor and in the mechanical dimensions of the cavity 

In any case they result in a slow drift of the 

A great part of the electrical circuit is at room temperature and subject to its 
variations, which change both mechanical length and dielectric permittivity. Standard 
precautions'are enough to reduce the level of this kind of disturbance to a low level. 

Another source of instabilities can arise from fluctuations of the dc voltage ap- 
plied to the helix of the TWT which change the phase in the loop. The dc voltage used 
has a relative variation smaller'than 1.5 x 10-5. 

Table I11 shows the.frequency fluctuation df/f obtained by calculation. 

TABLE I11 

TWT CSF/F4107B, T = 2.1°K, Q = 3.3 x 10 7 

Thermal expansion Helium bath temperature 
-5 0 { Elastic deformation I A T ~  = 3 x io K 

Surface reactance 

Coaxial length c Permittivity (teflon) 

Room temperature 
. I A T ~  = o.ioc 

Helix voltage 
IdV/VI = 1.5 x 

df If - 
1.3 10-l~ 

2 x 10-l1 
1.2 x 10-l3 

6.7 x 
2.4 X 

2.2 x 10-ll 

Frequency fluctuations due to elastic deformation are difficult to reduce for 
But given variations of helium bath temperature, even for higher Q of the cavity. 

fluctuations due to room temperature changes and helix voltage variations can be made 
as small as possible. by increasing Q (we have realized a cavity havin 
at 2'K but higher Q ' s  have been obtained at Stanfordll and Brookhavenf2). 

a Q of 3 . 3  X lo9 

. .  

10. Nguyen Tuong Viet, Ann. Phys. (Paris) 2, 225 (1967). 
11. J.P. Turneaure, Ph.D. Thesis, Stanford University Report HEPL 507 (1967). 
12. H. Hahn, H.J .  Halama, and E.H. Foster, J. Appl. Phys. 2, 2606 (1968). 
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3. Experiments Performed 

Long- term frequency s t a b  i1 i t y . 
One m i l l i w a t t  o s c i l l a t o r  (TWT CSF/F4107B): 

Figure 9 shows the measured frequency vs t i m e  f o r  a 1 mW o s c i l l a t o r ,  having the 
following parameters: 

-5. 0 P = 1 mW, f = 2911 MHz, 9, = 3.3 X LO’, T = 2.1 f 3 x 10 

dV/V = 1.5 x 10’’ per minute. 
K, 

Over 6 minutes, the f r e  uency ch.anges by 0.8 Hz and the corresponding s t a b i l i t y  i s  
2.7 x i .e. , 4.5 l O - ? l  per  minute. 

Figure 10 shows the influence of helium bath temperature on s t a b i l i t y .  

One w a t t  o s c i l l a t o r  (’LWT Huggins HAlOOC): . .  

I n  the 1 W o s c i l l a t o r ,  w e  have obtained a s t a b i l i t y  of 3.4 x per minute 
under the following conditions:  

P = 1 w, f = 2911 mz, Q = 4 x l o7 ,  T = 1.9 A 3 x 10-4 OK, 

dV/V = f 5 x 

Short-term frequency s t a b i l i t y . .  To have an idea about the short-term frequency 
s t ab i1 i ty ; the  two output s igna l s  of the above o s c i l l a t o r s  a r e  mixed t o  produce a beat 
s igna l  whose average frequency is much lower than t h a t  of the input s ignals .  
beat s ignal  is  mixed again with a frequency synthesizer ,  whose frequency f luc tua t ions  
do not degrade the measurement, t o  get a low frequency s igna l  of 10 kHz. The period of 
t he  l a t te r  i s  then measured by a counter and each measurement pfinted out i n  a d i g i t a l  . 
recorder.  The r e l a t i v e  standard deviat ion of the frequency O( (~p),~,) /2nf i s  calculated 
f o r  d i f f e r e n t  values of 7. Figure 11 i l l u s t r a t e s  the r e s u l t s  obtained a f t e r  removal of 
slow d r i f t s .  

The 12 MHz 

I V  . CONCLUSION 

W e  hope t h a t  b e t t e r  long-term s t a b i l i t i e s  w i l l  be obtained. i n  the monotron o s c i l -  
l a t o r  a f t e r  a s t a b i l i z a t i o n  of the l i qu id  helium bath temperature; some improvements 
on voltage source r egu la t ion  a l s o  appear now feas ib l e .  . 

It seems possible  t o  obtain with these o s c i l l a t o r s  frequency s t a b i l i t y  as  good as 
t h a t  of the bes t  quartz  m u l t i p l i e r  sets, r e t a in ing  the advantages of r e l a t i v e l y  high 
power and frequency adjustment ( i n  the TWT o s c i l l a t o r ) .  

Much higher frequencies can a l s o  be explored, and new experiments a r e  going i n  
this  way: i n  the monotron o s c i l l a t o r ,  the modulated beam emerging from the superconduc- 
t i ng  cavi ty  tuned a t  fo is  forced t o  cross  a second cavi ty ,  resonating a t  a harmonic 
frequency nfo,  and power can be obtained a t  t h i s  frequency. 

In  the fu tu re ,  one-cavity l i n e a r  acce le ra to r s  could be powered by using a high- - 
power amplif ier  and the acce le ra to r  cav i ty  i t s e l f .  

. . .. 180 - 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I :  
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
A I 

BEAM 

B 

LOAD 

CAVITY 
VAB’ a v, 

Fig. 1. Equivalent circuit of the monotron. 

Fig. 2 .  Arrangement for monotron with superconducting cavity: A ,  liquid 
nitrogen vessel; B y  vacuum chamber; C y  copper sheet; D, electro- 
static lens; E, triode electrode g,un; F, high voltage isolation 
of the electron gun; G, liquid helium vessel; H, indium gasket 
for vacuum; I, superconducting cavity; J, coupling coaxial guide; 
K, electron collector; V, vacuum pump. 
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ACCELERATING VOLTAGE kV 

Fig. 3. Starting current in various oscillation modes in cavity 
with Q = 107. 

4 

2r I----- TRANSIT 2.5r ANGLE D 

Fig. 4.  Starting current of oscillat.ion in TMolo mode at Q = 2.22 X 10 6 . 

- 182 - 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 

I 
I 
I 
I 

a/2lrf f =2969990100Hz+f, 

i 
I I I I I I - r (sec) 

 IO-^ I IO 

7 
Fig. 5.. Oscil lator frequency and short-term frequency s t a b i l i t y  a t  Q = 10 

I 
I 
I 

Fig. 6 .  

T (sec 1 ' 

7 Theoretical short-term frequency s tab i l i ty :  
P = 0 .1  w .  

f = 3 GHz, Q = 10 , 
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Fig. 7. Block diagram of the TWT auto-oscillator. 
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Fig.  8. Tunable cavity. 
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Fig. 9. Frequency v s  time. 

TWT CSF 41078 

I 1  I 1 + 
2 3 4 

TEMPERATURE ( O K  

Fig. 10. Frequency vs helium bath temperature. 
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- 
- HA IOOC OSCILLATOR ( Q =  1.3x10B, T = 4 . 2 O K )  

F 41078 OSCILLATOR (Q = 7 x IO7 , T =  4.2OK) - 

to-" 1 I I I 
to-' 10 O  IO-^  IO-^ . lo-* 

r (sec)  

.Fig. 11. Short-term frequency stability of TWT oscillator. 
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SUMMARY OF FIRST WEEK OF SUMMER STUDY 

H.A. Schwettman t 
Department of Physics and High Energy Physics Laboratory 

Stanford University 
Stanford, California 

The first week, of the 1968 Summer Study on Superconducting Devices and Acceiera- , ' 

tors at the Brookhaven National Laboratory dealt with the rf applications of supercon- 
ductivity and, in addition, with the superfluid helium technology which is essential 
to this development. The discussion during the week was lively and productive and the 
sessions were attended by a broad spectrum of physicists from industrial, government, 
and university laboratories in this country and abroad. 

I. RF PROPERTIES OF SUPERCONDUCTORS AND CAVITY FABRICATION TECHNIQUES 

During the first week a great deal of time was given to a careful discussion of 
recent experiments and planned research on the rf properties of superconductors. 
discussion included papers by Hahn from Brookhaven, Turneaure from Stanford, Jiingst 
from Karlsruhe, Allen and Hogg from SLAC, and Haden from Texas. In addition, because 
of the particular interest in the recent developments of high Q, high field niobium 
cavities, Turneaure from 'Stanford, Meyerhoff from the Linde Division of Union Carbide, 
and Weissman from Varian Associates described in detail the special techniques involved 
in the preparation of niobium cavities, and the promising fabrication techniques being 
developed for construction of practical niobium accelerator structures. 

This 

Historically, most of the early experiments by groups ihterested in superconduc- 
ting linacs involved measurements on lead cavities. Recently, the greatest emphasis 
has shifted to niobium, although active experimental work on lead continues. Niobium 
with a transition temperature of 9.2S°K, and lead with a transition temperature of 
7.2'K exhibit the very highest transition temperatures and critical magnetic fields 
among common elemental superconductors. Autler pointed out during the Summer Study, 
however , that technetium with a transition temperature of 7.7'K should, perhaps , be 
added to the list of interesting elemental superconductors. The principal disadvan- 
tage of technetium is the fact that its nucleus is unstable and beta decays with a 
half-life of 5 X lo5  years. There is good reason for the concentration of effort on 
the development of pure metals for rf applications. 
superconducting magnets, high Q, high field superconducting cavities depend on the 
absence of flux penetration and it is, to be expected that this condition can be satis- 
fied,best with pure metals. Despite this fact, a few exploratory experiments are plan- 
ned at Stanford and at SLAC to investigate the fundamental rf properties of some of 
the superconducting "alloys" which exhibit marked type I1 behavior. 

- 

Contrary to the case of high field 

Extremely high Q ' s  in superconducting cavities were first obtained at Stanford in 
1964 using electroplated lead cavities. 
groups (Brookhaven, Stanford, Karlsruhe) at the Summer Study, it may be concluded that, 
for lead-plated TEOll mode cavities, Q ' s  in excess of lo9 are now commonplace and Q's 
in excess of lolo are frequently achieved. 'Results reported for TM mode cavities, 
however, are less encouraging (Stanford, Karlsruhe). Lead surfaces are easily contam- 
inated and in TM mode cavities, where there are large electric fields at the cavity 

From the experiments reported by various 

'Alfred P. Sloan Research Fellow. 
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walls, dielectric losses are observed to.limit the 0's to values that are typically a 
few times lo8. 
field emission currents when TM'mode cavities are operated at high power levels. One 
interesting approach to this problem is being studied by the group at Karlsruhe. A 
protective indium layer is plated over the lead. 
that due to the proximity effect the indium is superconducting even at temperatures 
above its usual transition temperature. 
yet in this investigation,'but it'can be hoped that this method or a similar method 
will be successful. 

In addition, the contamination undoubtedly contributes to enhanced 

This layer is made sufficiently thin 

No definitive conclusions have been reached 

Whereas the problem of contamination must yet be solved before lead can be used 
effectively in accelerator applications, the development of niobium has proceeded well 
beyond this point. 
in.a standing wave structure, or 5 MeVIft in a traveling wave structure, have been 
achieved 'in TM mode cavities fabricated from commercially available reactor grade nio- 
bium (Stanford and Varian) and it is expected that niobium of greater purity will pro- 
duce even better results. Some confidence was expressed at the Summer Study that en- 
ergy gradients as high as 6 MeV/ft in a standing wave structure or 10 MeV/ft in a 
traveling wave structure will eventually be achieved. At 1.3 GHz and 1.85OK, the power 
dissipation in a traveling wave structure at 10 MeV/ft can be as small as 2.8 W/€t, and. 
thus, with pure niobium, it appears that superconducting accelerators operating contin- 
uously at very high energy gradients could be possible. 

Cavity Q's .exceeding 1O1O and energy gradients exceeding 3 MeV/ft 

Fabrication techniques €or producing superconducting niobium accelerators must be 
developed with a view toward obtaining not only.high energy gradients and low refrig- 
eration requirements, but also low cost. The cost of a niobium accelerator structure 
differs most markedly from a conventional copper accelerator structure in that niobium . 
is an order of magnitude more expensive. The expense, for instance, eliminates machin- 
ing of niobium cavities from solid billets as a practical way for producing an acceler- 
ator structure. This technique was used in making the lW.010 mode niobium cavity which 
gave the high energy gradient and Qo reported by Weissman and Turneaure. 
producing an accelerator structure can be considerably reduced by providing a more ef- 
ficient means of forming the niobium. Meyerhoff described a technique of electroplat- 
ing thick layers of niobium from a molten fluoride salt. The niobium could be electro- 
plated onto relatively complicated cathode geometries and in the process considerable 
refining of the niobium is achieved. The process for producing the niobium accelerator 
structure consists of making a copper mandrel, electroplating a layer of niobium about 
0.150 in. thick on the copper mandrel, chemically dissolving the copper mandrel leaving 
a niobium shell, and vacutim outgassing the niobium at high temperature (- 20OOOK). 
There are other ways in which an accelerator structure could be formed which differ 
primarily in the technique of producing the niobium layer. 
vapor deposition (CVD) which uses the chlorination-hydrogen reduction reaction of nio- 
bium. A second technique is forming reactor grade niobium sheet or tubing around a 
mandrel by hydroforming, explosive forming, or die forming. 

The cost of 

One technique is chemical 

An alternative way to reduce the cost of fabricating a niobium accelerator struc- 
ture is to plate a thin layer of niobium a few microns thick on a less expensive sub- 
strate such as copper. 
gible fraction of the total cost of the accelerator structure. Qo's between 100 x lo6 
and 500 X lo6 have been measured at Stanford using thin layers of electroplated (Linde), 
CVD (Varian), and sputtered niobium. To achieve the highest Qo's in these cases, it 
was necessary to polish the niobium layer with alumina abrasive to the order of 1 b. 
These mechanically polished cavities appear, however, to have a critical field limited 
to about 100 G. 
awaits the development of more sophisticated techniques for degassing, smoothing, and 
producing suitable crystal size in the niobium layer. 

This technique would reduce'the cost of the niobium to a negli- 

The development of useful.thin layer niobium structures probably 
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11. CRYOGENIC SYSTEM USING SUPERFLUID HET.,IUM 

The successful development of large-scale. cryogenics using the unique properties 
of superfluid helium is essential to the operation of a superconducting linac. During 
the first week of the Summer Study the use'of the superfluid properties of helium and 
the design of a large integrated cryogenic system were discussed by McAshan from 
Stanford, while developments in superfluid refrigeration were described by Collins 
from Arthur D. Little, Inc. 

* 

As described by McAshan, the special property of helium I1 that is important in 
applications is the natural internal circulation of the superfluid component and the 
normal fluid component which occurs in the presence of thermal differences. For in- 
stance, in helium I1 the superfluid component flows to a heat source and there absorbs 
a quantity of heat, Q = ST, in the process of being converted to normal fluid. 
maintain constant density the normal fluid component must flow in the opposite direc- 

of helium I1 which are essential to maintaining local thermal equilibrium in a super- 
conducting linac. Further, if two reservoirs of helium I1 are connected by a super- 
leak which permits the flow of the superfluid component but inhibits the flow of the 
normal fluid component, then a small temperature difference results in a large pressure 
difference across the superleak which in turn can be used to support a column of helium 
greater than 100 ft in height. The pressure across the superleak, known as the fountain 
pressure, is an osmotic pressure which arises as the helium tries to equalize the super- 
fluid concentrations in the two reservoirs. This phenomenon can be used to construct a 
fountain pressure pump for transferring helium I1 from one reservoir to another for for 
providing refrigeration to an experiment located far above the main helium reservoir. 

To 

. tion. This natural convection is responsible for the unique heat transport properties 

Some of the systems problems which are encountered in the design of a large c6m- 
plicated cryogenic system were also discussed. 
the superconducting linac planned at Stanford, it is mandatory that the design be suf- 
ficiently flexible that in the event of some component failure the relevant cryogenic 
subunit can be isolated from the central refrigeration system and can be replaced with- 
out disrupting the cryogenic operation of the rest of the system. Such problems as re- 
liability, alignment of the accelerator while at low temperature, and even design of 
specific components were also described and actively discussed. 

In a system as large and complicated as 

In addition to a brief description of the 300 W superfluid refrigerator that was 
constructed by Arthur D. Little, Inc. and is now being installed at Stanford, Collins 
discussed two questions which are important in the development of future superfluid 
refrigerators. One of these questions concerns efficiency and the other concerns the 
feasibility of using a low temperature pump to replace the large and expensive room 
temperature pumping system now used. Collins suggested a refrigerator design using a 
low temperature pump which he felt might operate at 25-35% of Carnot .efficiency; 
a system would represent a substantial advance iD the state of the art. 

Such 

111. STABILIZATION AND ENERGY RESOLUTION IN A SUPERCONDUCTING LINAC 

The superconducting linac, due to its relatively high Q, provides a unique oppor- 
This fact has encouraged tunity for the use of feedback to achieve dynamic stability. 

Stanford to strive for energy resolution of 0.01% in the superconducting linac (100 keV 
at 1 GeV), as compared to the 1% resolution typical of conventional linacs. 

Stabilization of the superconducting linac using feedback control was described by 
Suelzle. In the work at Stanford, the accelerating fields themselves are stabilized so 
that variations in beam loading do not affect the output energy. The long time constant 
for changes in the accelerating fields simplifies the feedback problem, and stabiliza- 
tion to one part in lo4 in amplitude and to 0.1' in phase has been achieved in prelim- 
inary tests. 
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To produce a monoenergetic beam within one part in lo4 requires, in addition to 
stability of the accelerating fields, that the electrons be confined to a one-degree 
phase bunch. 
section of the accelerator. In the system at Stanford, the electrons are emitted from 
a regulated triode gun and accelerated to 80 kV. The continuous stream of electrons 
then passes through a chopper cavity, and an aperture on the far side stops all elec- 
trons except those in a 20' phase bunch. These electrons are injected into a special- 
ly designed capture section where they are accelerated to about 2 MeV, and where the 
electron bunch is compre4sed in phase to one degree. The capture section is a $=0.95 
structure of 24 wavelengths, and the design energy gradient is 1 MeV/ft. Chambers 
from Stanford described calculations of the particle motion in the accelerator sections 
beyond the capture section, using the actual fields in the biperiodic n/2 mode struc- 
ture. 

This bunching is accomplished in the injector section and the capture * 

These calculations included the effects of radial motion and misalignment of 
I individual accelerator sections. 

The excellent stabflity and energy resolution that can be achieved in a supercon- 
ducting linac makes possible high resolution experiments at .high energy but, in addi- 
tion, it suggests possible changes in the design of a high energy facility. With good 
stability and resolution, there is no reason for generating large amounts of radiation 
along the accelerator or in the beam switchyard. For instance, in the beam switchyard 
instead of energy defining slits which are designed to handle 10% of the beam power, 
beam position monitors could be used, $supplemented perhaps with slits that are set for 
several times the inherent width of the beam. Low radiation levels along the acceler- 
ator and throughout the beam switchyard could make a significant.impact on the cost of 
a high energy facility. 

1 

N. ACCELERATOR STRUCTURES 

Several aspects of structure design for a superconducting linac were discussed 
during the week by Smith from Stanford, Neal from SLAC and Jcngst from Karlsruhe. 
Smith discussed in some detail the computer optimization of structures for a supercon- 
ducting linac with respect to the peak electric and magnetic fields and the shunt im- 
pedance, and, in addition, analyzed the effect of individual cell frequency errors on 
the field profile. Smith also discussed the very important problem of tuning the ac- 
celerator sections to the same frequency within one part in lo9 and described several 
methods of accomplishing this objective that are being studied at Stanford. Neal from 
SLAC described the calculated properties of a superconducting traveling-wave resonant 
ring accelerator and, using these properties, presented sample parameters for a two- 
mile superconducting linac. Jiingst discussed the proton linac structure design work 
that is in progress at Karlsruhe and described the electron analogue experiments which 
are being prepared. 

V. RF PARTICLE SEPARATORS 

In addition to accelerator applications, superconductivity can be used to advan- 
tage in the construction of rf separators. 
that can be achieved with superconducting cavities makes it possible to build a sepa- 
rator that operates at a high duty cycle, matching that of the proton synchrotron, and, 
as a result, there is great interest in this development. A general discussion of the 
design of rf separators was presented by Brown from Brookhaven, and this discussion 
was followed by an outline of the superconducting rf separator programs under way at 
Brookhaven, Karlsruhe, and the Rutherford Laboratory. Halama described the work at. 
Brookhaven where an S-band superconducting separator for 16 GeV/c is being studied. 
The program at Karlsruhe was described by Jiingst. 
struct a separator for 10 GeV/c to be used at CERN. 
are being made to construct a separator for about 3 GeV/c, and this was described by 
Carne . 

I 
As in the case of the linac, the high Q 

The Karlsruhe group plans to cons- 
At the Rutherford Laboratory plans . .  
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VI. THE RACETRACK MICROTRON AND THE RECIRCULATING LINAC 

One interesting possibility in the construction of accelerators, which is a com- 

Sutton outlined the very interesting program at Illinois to 
promise between the linear and the circular machines, is the racetrack microtron or 
the recirculating linac. 
construct a 600 MeV unity duty cycle racetrack microtron that makes use of a supercon- 
ducting accelerator section. Sutton described the proposed equipment layout for the. 
microtron and presented detailed calculations of beam optics and phase stability. 

This type of accelerator also provides an interesting approach to the construction 
of a very high energy, say 2000 GeV, machine. As pointed out by Schwettman, however, 
a practical recirculating linac for very high energy particles is different in several 
respects from the racetrack microtron mentioned above. First, at very high energy, 
electrons radiate too much energy to make the scheme useful. But protons, even for a 
final energy of 2000 GeV, are not subject to this criticism. Second, for a very high 
energy accelerator, the magnetic deflection system used in the racetrack microtron is 
impractical. 
separate beam transport systems and arrange that the average radius of curvature for 
each beam is nearly the same so that they could all be placed in a single tunnel. For 
the special case of three passes through the linac, the beam transport system might be 
particularly simple, since recirculation could in principle be accomplished with a 
single magnet system for two-thirds of the final energy. 

Instead of solid 180' magnets, it would be more reasonable to provide 

Recently crude cost estimates have been generated for a number of "new technology" 
accelerators: the superconducting proton synchrotron, the cryogenic proton synchrotron, 
the superconducting recirculating linac, the superconducting FFAG; and the electron 
ring accelerator. Relatively little significance should be attached to any of these ' 
estimates, since all are based on important assumptions about how the relevant technol- 
ogy will develop over the next few years. What is far more significant and encouraging 
is that several possibilities exist for the construction of future high energy acceler- 
ators and these provide alternatives in the technology that must be successfully devel- 
oped. This flexibility itself is our greatest asset. 
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REFRIGERATION AT 4OK*l 

T.R. Strobridge 
Cryogenics Division, Institute for Basic Standards 

National Bureau of Standards 
Boulder, Colorado 

I. INTRODUCTION 

Refrigeration in the region of 4OK will be necessary for the subject superconduc- 
ting devices until practical materials with higher transition temperatures become a 
reality. 
ago and was identified on earth in 1895, refrigeration technology progressed slowly 
until the middle of the 1940's. 
ties ranging from 1 W to several kilowatts. The scientific literature shows that much 
early low temperature research was devoted to liquefying the more difficult of the 
normally gaseous elements. Liquefaction of the lowest temperature fluid, helium, was 
finally accomplished by H. Kamerlingh Onnes on July 10, 1908.2 Onnes was awarded the 
Nobel prize for this contribution to the technology. Many of the succeeding experi- 
ments were concerned with the behavior of helium itself and led to the discovery of 
the lambda transition and the unique, interesting properties of liquid helium 11. In- 
vestigations rapidly branched out to other materials and superconductivity was observed 
in mercury by Onnes in April of 1911.3 
methods used today - evaporating liquid helium baths, the Simon process, the Joule- 
Thomson, Brayton, Claude, Stirling and Gifford-McMahon cycles. 

Even though helium was discwered in the sun's atmosphere one hundred years 

Today, &OK refrigerators can be obtained in capaci- 

Reference 1 is devoted to the refrigeration 

11. THERMODYNAMIC RELATIONSHIPS 

The behavior of refrigerators and their components are governed by the laws of 
thermodynamics. The first law of thermodynamics relates the mass and energy fluxes 

. that occur in natural events. It is used to predict the outcome of the various proces- 
ses that make up a refrigeration cycle. The first law as given in Eq. (1) and illus- 
trated in Fig. 1 shows that modern nomenclature has clarified the concept of a control 
volume and a thermodynamic system: 

* 
Contribution of National Bureau of  Standards, not subject to copyright. 

The material on refrigeration presented to the cryogenics session of the,Summer 
Study on Superconducting Devices and Accelerators was selected from: 

1. 

T.R. Strobridge, in' The Technology of Liquid Helium', published as NBS Monograph 111 
(1968). 
This chapter will be available about the same time that these Proceedings will 
appear. Therefore, a summary is given here and the reader is referred t o  Ref. 1 
for detail. 

2 .  H. Kamerlingh Onnes, Communs. Phys. Lab., Univ. Leiden, No. 108 (1908). 
3 .  H. Kamerlingh Onnes, Communs. Phys. Lab., Univ. Leiden, No. 1226 (1911). 
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2 
.+ [ m2 ( u2 -+ - '2 + z  A )-ml(ul+% + z  A ) ]  

2gC gc gc C.V. 

The terms Qq.v. and WcmV. are the heat and work crossing the control surface, m is mass, 
h is specific enthalpy, u is specific internal energy, V is velocity, and Z is vertical 
position. 
refer to states 1 and 2 in the control volume indicated by the subscript C.V. ' The pro- 
portionality constant that relates force, mass, fime, and length in Newton's second 
law is gc and the local acceleration of gravity is g .  
gc = 1 kg.m/N-sec2.) 

The subscripts i and e refer to the incoming and exiting flows, and 1 and 2 

(In the SI system, 
The convention is adopted that heat transferred to the system is 

considered positive as is'work done by the system. . .  

The second law of thermodynamics leads to the definition of entrppy and is the 
basis for the concepts of the thermodynamic temperature scale, the Carnot cycle, revers- 
ibility, and irreversibility. A s  stated, the first law predicts the outcome of'an as- 
sumed process. .However, the first law holds equaLly well for the process proceeding 
in the reverse direction. The permissible directions for processes are given by the 
second law. 

The second law is useful for rating the performance of processes and cycles. Con- 
ventionally, the thermal efficiency of an actual refrigerator is compared to that of a 
Carnot refrigerator operating 
amount of power required by a 

between the same temperature levels. The ratio of the 
Carnot machine to the refrigeration produced is given by 

. .  To - T 
wc - -- 

QCarnot T ¶ 

where Wc is the net power, Q is the refrigeration produced, T is the temperature, on 
the thermodynamic scale, at which the cycle is producing refrigeration, while To is 
the temperature at which heat is being rejected by the machine - usually about 300°K,. 
the nominal temperature of the earth's atmosphere or cooling water supply. Thus, for 
a helium temperature refrigerator operating between 4.2 and 30Q°K, the best perform- 
ance that could be achieved is 70.4 units of power required per unit of refrigeration. 
As will be seen later, it is not unusual for an actual machine to consume 100 times 
the Carnot power per unit of usable refrigeration. The efficiencies of various proces- 
ses are also calculated by comparing them with appropriate, assumed, reversible pr.oces- 
ses. 

111. REFRIGERATION CYCLES AND METHODS . 

1. Liquid Helium Baths 

By far the most eommon method of providing cooling at 4.2OR is. by using liquid 
.he,lium, supplied from a remote liquefier, as the heat sink. Cryostat designs vary 
widelyto accommodate the apparatus or sample that is to be cooled. However, care 
must be taken to make sure that the vesse1,can be efficiently cooled down and filled. 
Adequate pressure relief must be provided and the vent system must prevent atmosphefic 
gases from entering the cold space. 
has a great deal of refrigeration potential.and in some instances the vent pipe is 

The cold saturated helium vapor leaving the vessel 
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attached to intermediate temperature shields which reduce the amount of heat transfer 
from the surroundings to the low temperature space, thus decreasing the liquid evapo- 
ration rate. 
pressure. 
large heat loads require substantial amounts of the relatively expensive liquid. 
new cooling requirement forces a choice between refrigerating with bulk liquid helium 
or a closed-cycle refrigerator. 

The heat of vaporization of liquid helium is 0.725 Whfliter at 1 atm 
Thus a one watt heat load will evaporate 1.38 liters of liquid per hour and 

Each 

2. The Simon Process - Adiabatic Expansion 
In the years before the development of the Collins liquefier, the Simon process 

When a heavy walled was often used to batch-produce small amounts of.liquid helium.. 
container filled with high pressure gas is'allowed to vent, the fluid in the container 
expands isentropically and its temperature is accordingly depressed as the pressure is 
lowered. Although the expansion process is isentropic, as the fluid cools there will 
be heat transferred to it from the warmer walls of the vessel resulting in,an entropy 
increase of the fluid. 
of most container materials is very low and such entropy contributions may be negligi- 
ble. 
20°K prior to the expansion process to increase the liquid yield. 
has recently been used to refrigerate sodium magnet coils at approximately 7'K by the 
Lawrence Radiation Laboratory, Livermore , California.& 

Fortunately, at liquid helium temperatures the specific heat 

In practice, the high pressure helium and the container are cooled to at least 
The Simon process 

3 .  The Joule-Thomson Process 

The lowest temperature stage in virtually all liquid helium temperature refrig- 
erators consists of a counter flow heat exchanger, an expansion valve, and an evapo- 
rator. 
pressure of a fluid flowing through a restriction in a passage. 
place only in the expansion valve mentioned 'above, but its relationship with the en- 
ergy transferred in the heat exchanger and the evaporator is important. 
steady state operation of the heat exchanger, expansion valve and evaporator (where 
the heat load is absorbed) shown in Fig. 2. The saturated liquid in the evaporator 
changes phase to saturated vapor as heat enters the system from the load. The cold 
vapor enters the low pressure side of the heat exchanger where energy is transferred 
to-it from the warmer high pressure stream. The high pressure stream enters the warm 
end of the heat exchanger at a temperature slightly higher than the exiting low pres- 
sure stream and is cooled in counterflow heat exchange with the low pressure stream. 
Expansion through the valve reduces the pressure and temperature of the fluid so that 
a part of the helium is liquefied. The fraction of the flow that is not liquefied in 
the expan.s,ion process joins the vapor entering the low pressure side of the heat ex- 
changer. 
heat load and supplied at the same rate by the expansion valve. The refrigeration or 
cooling effect is isothermal because it is obtained by evaporating a saturated liquid 
and the refrigeration temperature is controlled by the pressure in the evaporator. 

Whether a fluid will heat or cool upon expansion in the Joule-Thomson process 
depends upon the properties of the fluid and the pressure and temperature prior to 
the expansion. For example, at room temperature, nitrogen will cool in the Joule- 
Thomson process but helium and hydrogen will heat. 
in Fig. 2 can be made into a closed cycle nitrogen temperature Joule-Thomson refrig- 
erator by supplying a compressor between stations 1 and 5, an insulating enclosure 

The Joule-Thomson process is defined as the adiabatic isenthalpic reduction in 
This process. takes 

Consider 

Thus the liquid in the evaporator.is continuously being depleted by the 

Therefore, the system illustrated 

4 .  C.E. Taylor, in Proc. 1965 Symposium on Engineering Problems of Controlled Thermo- 
nuclear Research, p. 152. 
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and the appropriate controls. 
peratures, a helium refrigerator must have additional cooling means such that the tem- 
perature of the.gas entering the high pressure side of the low temperature heat ex- 
changer is below about 55OK (the maximum inversion temperature) and preferably much 
lower. The way in which this precooling is accomplished accounts for the differences 
in the thermodynamic cycles used for helium temperature refrigerators. 

Because of the heating effect in helium at higher tem- 

The amount of power required to produce a given amount of refrigeration at a . 
given temperature is always of interest to a potential user for two reasons. 
very low temperature refrigerators require high input power relative to the cooling 
capacity - operating costs are obviously affected. 
equipment is proportional to the installed drive power so low efficiencies mean in- 
creases .in both purchase price and operating expense. 
Thomson circuit required per unit of refrigeration decreases for lower precooling tem- 
peratures (TI in Fig. 2) and better heat exchanger efficiencies as evidenced by smaller 
temperature differences between the fluid streams at the warmer end of the heat ex- 
changer (TI - T5). If a cycle is characterized by a certain precooling temperature 
and heat exchanger temperature difference, then there is only one high pressure that 
will give optimum performance, i.e., minimum input power (W,) per unit of refrigeration 
(0). Dean and Man$ have made extensive calculations of the performance of 'Joule- 
Thomson refrigerators for low temperatures. 
ting their results. 
and shows the input power per unit of refrigeration as a function of the high pressure, 
for various precooling temperatures. Graphs €or other heat exchanger temperature dif- 
ferences form a family of performance surfaces. The line marked optimum is the locus 
of minima in the curves of constant precooling temperature, the inversion curve is 
superimposed and the mass flow rate per unit of refrigeration is given. Below and to 
the right of the line marked second law violation is a region in which the properties 
of the helium refrigerant will not permit a positive temperature difference between 
the warm and cold streams throughout the heat exchanger with the assumed precooling 
temperature and temperature differential (TI - T5). 
show the effect on performance of changes in the irreversibilities of the heat ex- 
changer, in the precooling temperature, and in the level of the high pressure of the 
fluid entering the heat exchanger. 
are for the helium Joule-Thomson circuit only and that additional power will. be needed 
to precool the helium to the inlet temperature of the heat exchanger. 

First, 

Second, the capital cost of such 

The input power to the Joule- 

Figure 3 is.a skeleton diagram illustra- 
The plot is for a constant heat exchanger temperature difference 

The series of performance curves5 

It must be remembered that the power requirements 

4 .  The Brayton and Claude Cycles 

The cascaded Joule-Thomson helium refrigerator has a nitrogen circuit which pre- 
cools a hydrogen circuit at about 65'K which in turn precools the helium circuit at 
about 15OK. The same energy removal necessary to depress the temperature of .the he- 
lium at the inlet of the final heat exchanger to an acceptable level is often accom- 
plished by using the refrigeration produced by one or more mechanical expanders of 
either the reciprocating or turbo-machinery varieties. 
cycle has been made6 and the combination of the Brayton cycle with the Joule-Thomson 

The schematic of the Claude cycle in Fig. 4,shows the heat absorber or evaporator ther- . 
mally connected to the heat load Q. 

' 

A complete study of the Brayton 

process, known as the Claude cycle, has also been the subject of a complete analysis. 7 

Heat exchangers 111 and Iv and the two expansion 

5. J.W. Dean and D.B. Mann, NBS Technical Note No. 227 (1965). 
6. R.C. Muhlenhaupt and T.R. Strobridge, NBS Technical Note No. 366 (1968). 
7 .  R.C. Muhlenhaupt and T.R. Strobridge, NBS Technical Note No. 354 (1967). 
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valves comprise the lowest temperature stages discussed in connection with. the Joule- 
Thomson process. 
to adjust the temperature profile in the heat exchanger and avoid the region of sec- 
ond law violation shown in Fig. 3 .  
not necessary then heat exchangers I11 and IV are one unit and the arrangement below 
stations 3 and 10 is the same as in Fig. 2. 
pressure gas returning to the compressor is used to cool progressively the high pres- 
sure helium moving toward the low temperature end of the refrigerators. Starting at 
station 1, the high pressure gas is cooled in HX-I. At station 2, a portion, &2: of 
the mass flow through the compressor, hi, is diverted through the expansion engine.- 
The temperature of.the helium decreases as the gas gives up energy by doing work on a. 
piston or turbine blades in the expander (the energy is mechanically or electrically 
transmitted through the insulating cryostat to the surroundings). 
exhaust of the expander joins the process stream returning to the room temperature 
compressor at station 10. 
thus made available to precool the high pressure helium flowing toward the low temper- 
ature heat exchanger and expansion valve(s). 
process streams; the Brayton precooling cycle process path is 1-2-10-12 through the 
expander and upper heat exchangers, and the path to the low temperature stage is 
stra'ight through all the heat exchangers. 
independently, they are in fact intimately mixed in the compressor, Hx-I, and the low 
pressure side of Hx-11. 

The second expansion valve between sfrations 4 and 5 is used at times 

If the expansion valve between stations 4 and 5 is 

In all of the heat exchangers, the low 

, 

The low pressure 

The refrigeration produced by the mechanical expander is 

The compressor effectively handles two' 

While the two streams can be thought of 

For any given set of heat exchanger and expansion engine efficiencies and high 
pressure, there is an optimum engine inlet temperature in terms of over-all cycle per- 
formance. In addition, there is an optimum high pressure. The results of Ref. 7 
pr0vide.a tool for the optimization of the Claude cycle over a wide range of parameters. 

5. The Stirling Cycle 

Low temperature refrigerators operating on the periodic flow Stirling cycle, in- 
corporating one or more regenerators, lend themselves to compact construction with one 
piston serving for both compression and expansion in a single stage unit. For a thor- 
ough discussion of the Stirling cycle itself,' see Ref. 8. 
are not in themselves suitable for refrigeration at liquid helium temperatures because 
of the rapidly decreasing specific heat of the regenerator materials at low tempera- 
tures. The lowest temperatures reported for pure Stirling cycle two-stage refrigera- 
tors are about 12OK. However, helium JouledThomson circuits are effectively precooled 
by this type of refrigerator. The precooling stations at two separate temperature lev- 
els are shown in Fig. 5, which is a schematic of such a refrigerator suggested by 
Rietdijk.9 Energy is transferred from the helium to the Stirling cycle refrigerator 
through heat exchangers attached to the cold heads of the cooler. The configuration 
shown is analogous to a two expander.Claude cycle. 
ture'precooling station at about 15OK, the helium.enters the high pressure side of the 
Jovle-Thomson heat exchanger. An expansion valve and evaporator at the low temperature 
end of that exchanger would complete the cycle and provide refrigeration at about 4OK 
if the compressor suction pressure were at one atmosphere. A rather more elegant ar- 
rangement is shown in Fig. 5 which all'ows the compressor suction pressure to be above 
the vapor pressure of the helium at the refrigeration temperature. 
held at three different pressure levels by an expansion ejector. 
at the highest pressure enters the nozzle of the ejector where it is accelerated to 

Stirling cycle refrigerators 

. 

After leaving the lowest tempera- 

The refrigerant is 
Full compressor flow 

8. G. Prast, Philips Tech. Rev. 26, 1 (1965). 
9 .  J.A.. Rietdijk, in Pure and Applied Cryogenics (Pergamon Press, 1966) , 

vol. 6, p. 241. 
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high velocities with a corresponding decrease in pressure. 
induces flow, 1i12, from the low temperature evaporator through the low pressure side of 
the final heat exchanger. The two flow streams mix and, as the velocity is decreased, 
experience a rise in pressure to P2. A fraction of the fluid emerging from the ejector 
may be liquefied. 
the low pressure side of the heat exchangers and A2 is diverted through the high pres- 
sure side of the lowest temperature heat exchanger to an expansion valve and the evap- 
orator. The cooling capacity of a Joule-Thomson system depends only upon the mass flow 
rate and enthalpy difference at the warm end of the Joule-Thomson heat exchanger and is 
independent of the refrigeration temperature. Therefore, the expansion ejector can 
offer advantages in two ways. First, lower refrigeration temperatures can be achieved 
without any decrease in compressor suction pressure; second, cooling may be produced at 
4'K with a compressor suction pressure in excess of two atmospheres. Savings in com- 
pressor and heat exchanger size are made in either case. Haismalo reports refrigera- 
tion temperatures as low as 1.75OK with Pi at 31 atm and P2 at 1.15 atm. A production 
model of this type of refrigerator is not ready as yet, but a 10 literlh helium lique- 
fier featuring a noncontaminating rolling diaphragm sealed compressor, heat exchangers 
laminated from metal gauze, paper and resin, and an expansion ejector which permits a 
2.5 atm compressor suction pressure has been marketed in Europe (Haarhuisll) . 
should be noted that several thousand Stirling cycle refrigerators are in the field in . 
the United States today for cooling electronic equipment at temperatures higher than 
1 iqu id he1 ium . 

This region of low pressure 

The stream is divided with returning to the compressor through 

It 

6 .  The Gifford-McMahon Cycle 

By itself the Gifford-McMahon refrigeration cycle has about the same low tempera- 
ture limit as the Stirling cycle since there is periodic reversing flow through one or . 
more regenerators. However, this cycle lends itself very readily to staging and refrig- 
erators precooled at three different temperature levels have been built for liquid he- 
lium temperature service. The three 
cylinders are made of low conductivity material and are fitted with displacers, sealed 
against the cylinders at the top, whose movement is controlled from outside the cryo- 
stat. The three thermal regenerators are indicated as are the three heat absorption 
stations at 14, 35 and 80°K. The regenerators are packed with a material such as metal 
screens to produce the desirable characteristics of high heat capacity per unit volume, 
low pressure drop, small void volume, and low axial thermal conductivity. Imagine now 
that all three displacers are in their lowest position and that steady-state operating 
conditions have been reached so that the proper thermal gradient exists in the regen- 
erator material from room temperature to 80°K in the first regenerator. The compres- 
sed gas supply valve is opened, and helium enters the system raising the pressure in 
the volume at the top of the cylinders above the displacers. When the pressure in the 
regenerators and the volume above the displacers reaches the maximum pressure, the dis- 
placers are all moved to the upper position, forcing the gas above them through the 
regenerators and into the volumes which now appear below the displacers. The gas is 
cooled as it gives up heat to the cold regenerators and the decrease in specific volume 
allows more fluid to enter the system from the compressed gas supply. The supply valve 
is closed and the exhaust valve is slowly opened. Refrigeration is now produced as 
each of the elements of fluid do work on preceding elements as they pass out of the 
system. The fluid is warmed as it passes.through the regenerators and through the heat 

Figure 6 schematically shows a three-stage unit. 

10. 

11. 

J. Haisma and K. Roozendal, in Proc. 12th MeetinR of Commission 1 of the Intern. 
Inst. of Refrigeration, Madrid, 1967 (to be published), Paper No. 1.37. 
G.J. Haarhuis, in Proc:12th Meeting of Commission 1 of the International Inst. 
of Refrigeration, Madrid, 1967 (to be published), Paper No. 1.36. 
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absorption-stations. 
'displacers are moved to the lower position forcing the remaining cold gas out through 
the regenerators and to the compressor suction. At this time the temperature distri- 
bution in the regenerators has returned to its original profile. 
inherently has several mechanical advantages. 
is passive except the displacers which are shown as sealed at room temperature. 
later models, the displacers are placed in-line and require seals at low temperatures, 
but the sealing problem is not serious since the, pressure difference across the seals 
is only that which is'required to induce flow through the regenerators. 
are operated at low speed, typically less than 100 rpm, and the light duty drive mech- 
anism is used to operate the room temperature inlet and exhaust valves. Difficulties 
encountered with contaminants in the refrigerant are alleviated somewhat since the 
exhaust phase of the cycle tends to flush impurities back out of the system. 

When the pressure in the system reaches its-lowest level the 

This refrigerator 

In 

' Most of the low temperature apparatus 

The displacers 

IV. MODEW COMPONENTS'AND REFRIGERATORS 

Many helium temperature refrigerators which have recently been placed in service 
feature complete separation of the process gases from petroleum based lubricants to 
eliminate fouling of the heat exchangers or regenerators and to prevent freezing of 
the lubricant in other critical areas. Noncontaminating reciprocating compressors 
can have plastic piston rings, metal diaphragms, or labyrinth seals instead of piston 
rings. High speed turbine compressors have been developed which have process gas 
lubricated bearings supporting the shaft. 
high speed turbo-expanders and a variety of reciprocating expanders are operating 
today. Efforts to improve heat exchanger performance have lead to a proliferation of 
different designs. Tubes finned both inside and out are extensively used to increase 
the effective heat transfer surface as are the extended surfaces employed in plate fin 
exchangers. Accurate prediction of the characteristics of a new heat exchanger design 
is very difficult and usually heat transfer coefficients and pressure drop friction 
factors are determined from test models. 

Gas lubricated bearings are also used for 

Cascaded Joule-Thomson, single and multiple expander Claude, Stirling and Gifford- 
McMahon cycle 4 O K  refrigerators are being marketed today. Refrigeration capacities 
range from about 1 W up to more than 1 kW. Much larger units could be designed and 
fabricated if necessary. Since dynamic machinery is subject to failure, the reliabil- 
ity of the refrigeration system can be enhanced by providing redunaancy in critical 
areas if continuous operation ,is required. Modern refrigerator efficiencies range 
from about 1% of Carnot for capacities of about 1 W to about 16% of Carnot for kilo- 
watt capacity refrigerators. This means.that the drive power required per unit of 
refrigeration ranges from about 10 000 to 500, respectively. The thermal efficiencies 
at all capacities could be improved, but the refrigerators would be more complex. The 
capital cost would probably increase to reflect development costs and complexity unless 
there were a corresponding increase in the size of. the market which would lower manu- 
facturing costs. 

The most difficult problem in cooling a superconducting accelerator or its sup- 
porting superconducting devices will not arise because of a deficiency in refrigeration 
technology; rather, it is the geometry of the accelerator itself that poses the prob- 
lem. The total cooling loads suggested are not unusually high, but when it is under- 
stood that refrigeration is required in small amounts at widespread locations, then 
the problem assumes its proper magnitude. A number of small refrigerators could be 
arranged around the accelerator. Here the disadvantages would be higher capital and 
operating costs per watt of refrigeration than for one equivalent large refrigerator, 
and there would be more moving members subject to mechanical failure. On the other 
hand, a large refrigerator would require a refrigerant distribution system to all parts 
of the accelerator. Tbis low temperature piping is expensive and the heat leak would 
increase the refrigeration capacity required. The answer is not at all clear at this 
time and the problem merits thorough study. . 
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Fig. 2. Schematic of a Joule-Thomson refrigeration system. 
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F i g .  6 .  Schematic of Gifford-McMahon cycle. 
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EUROPEAN STATE OF THE ART IN CRYOGENICS 

G. Prast 
Philips Research Laboratories 

N.V. Philips' Gloeilampenfabrieken 
Eindhoven, The Netherlands 

INTRODUCTION 

To start with, I should like to make two remarks. 

First, I have been asked to talk about the European state of the art in cryogenics. 
Now I certainly do not know enough about the work which is going on in the whole of 
Europe. 
day before the start of the Cryogenic Engineering Conference in Brighton, England, so 
I used that conference to learn a bit, and an important part of what I will talk about 
in this lecture was told in Brighton one month ago. 

I had the luck, however, to receive the invitation from your Chairman just the 

Second, I may be a European, but I am also working with Philips and therefore I am 
not objective about the different systems. 
to the work we did at Philips, and of course tell you that the Stirling system is by 
far the best to use for large cryogenic systems. 
hour. 

I will, therefore, devote most of my.time 

I hope to make this clear in the next 

I will divide my talk into three main topics: 

1) A discussion of what other firms are doing. 
2) A description of the Stirling refrigerators and some low . 

temperature systems made with it. 

3)  A comparison between systems and a few supplementary remarks. 

CRYOGENIC INDUSTRY IN EUROPE 

The title of my lecture, "European State of the Art in Cryogenics," I will prima- 
rily understand as the production of low temperatures, and, by restricting myself to 
the production, I can automatically restrict myself to the industrial firms in Europe 
and the direction in which their development and fabrication is going. 

In Europe there are quite a number of firms working in this field. The most im- 
portant for this talk are: 

British Oxygen Company England 
Air Liquide France 
L ind.e . Germany 
Messer Germany 
Sulzer Switzerland 
Philips The Netherlands 

There are some others such as Hymatic, Oxford Instrument Company, Petrocarbon, and 
Werkspoor, but these concerns are working on very small systems or in other temperature 
regions. 
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The first four of the above list are in the air separation field and mainly pro- 
For this activity they were obliged to fabricate air duce and sell industrial gases. 

separation plants and starting from these installations they went into the low temper- 
ature region. 

Sulzer was probably led into the low temperature field because of its well-known 
compressors'and its knowledge of turbines. 
separation and now also produce systems for the 4'K region. 

They have done quite a bit in deuterium 

I 
I doing. 

I will now give you examples of the work the different European companies are 

Philips came quite differently into this field. From research on the hot-air 
engine we also came with the Stirling cycle.3.n the field of refrigeration. For a long 
time only small laboratory air liquefiers were made, but with a modified Stirling cycle 
the very low temperatures could also be reached, and we believe that with the Stirling 
cycle good refrigerators can be made down to very.10~ temperatures. 

BRITISH OXYGEN COMPANY 

Mr. Stoll of the British Oxygen Company gave a. paper in Brighton about a flexible 
multipurpose helium refrigerator. 
Laboratory to operate in conjunction with a 3'K liquid helium bubble chamber. 
type of installation can produce 120 W in the 4.3 to 1O0K, or 40 literslhour of liquid 
helium, or 600 W at 20°K, or a combination of parts of the above-mentioned productions. 

They have made one for the Rutherford High Energy 
This 

' 

The refrigeration system is shown in Fig. 1. It makes use of precooling wi,th 
liquid N2, cooling by one or two gas-bearing expansion turbines down to 9OK, and then, 
of course, Joule-Thomson expansion for the lowest temperatures. 

Automatic control of the installation is by three diverter valves, VI, Vp and V3, 
controlled by temperature sensors or, in the case of V1, by a liquid level sensor. 

The system is said to be easy to operate and can run unattended for 18 hours per 
day. BOC hopes to have complete automatic systems in the near future. 

A diagram of the complete system is given in Fig. 2. 

The main compressor has a capacity of 0.34 m31sec (750 SCFM) with an end pressure 
of 8.3 atm. 
Normally only one. turbine is in operation. 
load has to be cooled down. 

The turbines have a capacity of 0:225 m3/sec (500 SCFM) at 264 000 rpm. 
The second one is only used when a large 

AIR LIQUIDE 

Air Liquide is working in two directions at present. For small systems they make 
use of our Stirling machine for precooling a Joule-Thomson system. 
example, made a 5 W refrigerator with a Philips A20 machine. 
have developed a gas-bearing expansion turbine running at 200 000 rpm and with a capac- 
ity, of 0.083 m3/sec (185 SCFM). 

They have, for 
For bigger systems they 

With this turbine different systems have been developed. In Brighton, a 25 liter1 
It uses hour helium 1iq.uefier was described. 

a Claude refrigeration cycle with liquid N2 precooling and a combined Joule-Thomson 
s stem. 

Figure 3 gives a diagram of this system. 

The compressor used is a dry Sulzer compressor with a capacity of 0.15 N . 
m 4; Isec (335 SCFM). A cylindrical cold box houses the Hampson-type heat exchangers, the 
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turbine, Joule-Thomson valve and a liquid helium tank. This cold box has a diameter 
of 900 mm and is 2.3 m high. 
grade A helium, then regeneration of the purifiers is needed. The production of the 
installation is 25 litersfhour with a power input of 95 kW and 22 litersfhour of 
liquid N2. 
can be transformed into a refrigerator, and then produces about 130 W at 4.2OK. 

This liquefier can run continuously for' 100 hours on 

This makes a total efficiency of about 5 kW.hourfliter. The liquefier 

A larger machine requiring about 125 litersfhour of liquid N2, of the same type, 
has been made. 

SULZER' 

Sulzer has made a number. of different installations. In Brighton Mr. Pagani 
reported on two installations set up in the nuclear research establishment in Jclich 
(Germany). These were: 

Installation I : 1000 W at 14.6'K 
+ 200 W at 4.5OK 

Installation I1 : 160 W at 4.S°K 

or hydrogen. 
. +  liquefaction of helium, neon 

Sulzer makes use in these installations of two separate circuits, a Joule-Thomson 
circuit for the load at 4.5'K, and a Claude system for delivering cold at 14.6OK and 
precooling of the Joule-Thomson circuit. . 

. 

The Claude system has two expanders in a special circuit, given in Fig. 4 (instal- 
The first turbine works around 70°K and expands from 12 to 7 atm; the lation I). 

second works around 14'K and expands from 5..5 atm downwards. 
vised like this to make it possible to cool the load in the reactor with high pressure 
helium gas. 

The system has been de- 

Sulzer dry compressors are, of course, used in the systems. The circuits are 
operated completely above atmospheric pressure to prevent impurities entering the cir- 
cuit. 

The systems can therefore run unattended for quite long periods. 

Figures 5, 6 and 7 show.the cold box, the control panel and the compressor station, 
respectively. 

. .  

LINDE 

Linde is making a number of different helium refrigerators and liquefiers. 

The smaller ones are based on one or two Doll and Eder valveless piston expanders. 
These are expanders in which the piston has a very small clearance in the cylinder 
(average about 1.5 p) but does not touch the cylinder due to hydrodynamic bearing op- 
eration, using the working gas. The piston itself is used to open and close the inlet 
and outlet ports, so that no separately actuated valves are needed. The expanders run 
at about 150K, precooling at 77OK is done with liquid N2 (Fig. 8). 

The bigger systems are equipped with turbines and these do not use liqu'id N2 pre- 
cooling. 
Thomson system. These bigger systems are tailor-made. For example, one system for 

Most often two turbines are used in a directly-coupled Claude and Joule- 
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130 W at 4.7OK plus 700 W at 20°K has been made for a space research institute. 
a 30 W, 1.8'K system has been made for a research institute in Karlsruhe. 

Also, 

Figures 9, 10 and 11 show the 20 literslhour liquefier, the heat exchangers for 
this sytem, and the 30 W, 1.8OK system. 

As you see, all these systems are quite alike. Every firm has developed a turbine 
expander, most often with gas bearings, and with these combined Claude and Joule-Thomson 
systems are made. They all have experience with heat exchangers, controls, and cold ' 

boxes from their work in the air separation field. N o  reason can be seen why these sys- 
tems should not develop into reliable systems. 

In this review I did not mention Messer because, as far as I know, they did not 
develop this type of system. Their work lies mainly in air separation, and at the mo- 
ment also in liquid natural gas plants (together with American Messer). For helium 
temperatures they are interested in using Stirling machines for precooling a Joule- 
Thomson loop, and Messer and Philips together made a design for a 300 W, 1.8'K instal- 
lation for the linac in Karlsruhe. 

I will describe that design as an example of the possibilities of the Stirling sys- 
tem, but before I do that I will first describe briefly the Stirling cycle and the 
Stirling machines we make. 

STIRLING SYSTEM 

The Stirling cycle is performed by alternately compressing and expanding a fixed 
quantity of gas in a closed cycle. The compression takes place at room temperature; 
the expansion at a low temperature, for example 77OK. For the purpose of explanation 
the process may be split up into four phases; they are illustrated in Fig. 12. 

This figure shows four positions of the pistons; the Roman figures indicate the. 
four phases referred to. 
amount of gas. The space is subdivided into two subspaces 4 and 5 by a second piston 
3, the displacer. There is open communication between spaces 4 and 5 through an annular 
channel 6 wherein are located three heat exchangers: the regenerator 7, the cooler 8, 
and the freezer 9. In position 1 most of the gas is in space 4 at room temperature'and 
in the first phase this gas is compressed by piston 2. In the second phase this gas is 
displaced by means of the displacer from space 4 to space 5, which we suppose already 
to be at a low temperature. During this transport the gas passes through the heat ex- 
changers. 
regenerator cools the gas nearly to the temperature prevailing in space 5; this will . 
be discussed later on. 

Phase I11 is the phase during which the actual cold production takes place, namely 
by expanding the gas by moving the displacer and piston together. Finally, by movement 
of the displacer, the gas is returned to space 4 .  When passing the freezer its coli! is 
transferred to the outside, and in the regenerator it is.reheated to nearly room temper- 
ature. 

Cylinder I is closed by piston 2 and contains a certain 

In the cooler the heat of compression is discharged to the outside. The 

The initial situation is now restored and the cycle can be repeated. 

Figure 13 explains the working of the regenerator. The regenerator consists of a 
When the machine has run for a certain time, porous matrix with a high heat capacity. 

a temperature gradient will prevail in the regenerator, extending from TI, room temper- 
ature, on the right side, to T2, a low temperature, on the left side. During the first 
phase gas is forced through the regenerator from right to left. Due to the smallness 
of the pores in the matrix, the heat transfer from the gas to the matrix is extremely 
high and the gas nearly follows the temperature gradient of the matrix (along the upper 
dotted curve), so that it issues at the left side at nearly the temperature T2. The 
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heat discharged by the gas during this cool-down is temporarily stored in the matrix 
and due to the high heat capacity of the latter its temperature does not change very 
much. 
the gas temperature follows the lower dotted curve and issues at the right side at 
nearly room temperature. 
matrix during the first phase is used. We see that a regenerator enables US to cool 
and reheat matter without the need of appreciable amounts of thermal energy. 
generators to be used in Stirling refrigerators must be of very good quality (99% or 
more). 

In the second phase the gas returns from left to right and the reverse happens; 

For the reheating of the gas the heat that was stored in the 

The re- 

THREE-SPACE STIRLING SYSTEMS 

The description above gives the simple Stirling system as invented by Robert 
Stirling in 1816 and used by us for machines down to about 26OK.  
tion losses which increase relatively by going to lower temperatures, efficient machines 
for the region of 20°K can only be made when a change is introduced in the cycle, name- 
ly, the introduction of a second, intermediate, expansion space (see Fig. 14). The 
large amount of cold due to the higher expansion temperature can now cope with the re- 
generator losses of the first regenerator, and, with this system, relatively high ef- 
ficiencies can be reached at lower temperatures. 

Due to the regenera- 

This change was needed in order to reach 1owe.r temperatures, but it does more. It 
has the added advantage that the machine can now also be used for delivering cold at 
two temperatures, i.e. 80, and 18'K, which is important for a Joule-Thomson system as 
now the use of liquid nitrogen can be discontinued. 
ed in our machines now is 12'K. 
to about 8'K. 

The lowest temperature to be reach- 
In the laboratory a Stirling machine has worked down 

It is obvious that no Stirling refrigerator down to 4 . 2 P K  can be built as the 
working medium in the cycle is a gas, and no gas is available anymore below.that tem- 
perature. 
ing system for a Joule-Thomson system. 

Therefore all 4.Z°K systems make use of the Stirling machines as a precool- 

As can be seen from the above, the Stirling system is a very compact system for 
producing refrigeration. 
sure and a high speed can be used. Furthermore, the system has very high efficiency. 
I will come back to.this point later. 

It has a very high specific output because a high mean pres- 

A number of different types of Stirling machines are available. Important for he- 
lium refrigeration are the three-space systems. A one-cylinder (AZO) and a four-cylin- 
der sys'tem of the same type are in production. A prototype model of the A20 is shown 
in Fig. 15. Figure 16 gives the production graph of this machine. The machine has two 
productions, QE at the top and Q at the intermediate. freezer, both plotted along the 
vertical axis, dependent on two temperatures, TE and Tm. Tm is plotted along the hori- 
zontal axis, and TE is used as a parameter in the graph. 

It can be seen that QE is only slightly dependent on Tm, which is done SO as to 
have the machine not only useful as a pure refrigerator at, say, 20°K, but also as a 
precooler or liquefier where both productions are used. 

Figure 17 illustrates a B20 machine. This one, of course, has four times the pro- 
duction of the A20. The headers can all be used separately, which means that it could 
be used with the eight freezers all at different temperatures. 

In the near future two machines of this type will be added: the so-called X20, 
which has about 1/10 of the production of the A20, and a three-space version of our big 
industrial machine, which now produces 25 kw at 77OK. As a three-space system it will 
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produce about 2 kW at 20°K, with an efficiency which is about 30% higher than in the 
A20. It will come to about 20%. at 20°K (see. Fig. 18). 

INSTALL AT IONS 

To show what a helium refrigeration system will look like with these machines, I 
will describe two things: first the helium liquefier we have in production now, and 
second a design for a 300 W, 1.8'K refrigeration system. 
er with Messer (Germany) as a proposal to the Karlsruhe Nuclear Research Institute- 

The latter we designed togeth- 

THE LIQUEFIW 

The 'liquefier is a 10 literlhour system using two of the above-mentioned refrig- 
erators and a special compressor. 

The flow diagram is given in Fig. 19. Precooling is done.at about 100, 66,  26 
This makes the system efficient and furnishes the right temperatures for and 16OK. 

purifying. The machines can run continuously for 100 hours with helium containing 2% 
air. Incidentally, it can handle helium containing 10% air. The helium is purified 
at room temperature with molecular sieves absorbing most of the water, and at 100°R, 
C02 is absorbed. At about 67OK the air is first condensed and taken off as liquid as 
far as possible, and then with two switching absorbers the rest of the air is taken 
out. At 16'K an absorber for neon and hydrogen 
is used. 

' 

These absorbers use active charcoal. 

At very low temperatures a special circuit is use. with an ejector instead of the 
Joule-Thomson valve (see Fig. 20). 

The ejector is used to improve the Joule-Thomson system. The basic idea is that 
in isenthalpic expansion pressure energy is transformed into kinetic energy and kinetic 
energy is wasted in friction. If one could use the kinetic energy this could not fail . 
to be an improvement. 
second vessel at a lower pressure up to the pressure of the first vessel. 
method, say 0.4 atm absolute can be reached although the sucking pressure of the com- 
pressor is 1 atm absolute. 

In the ejector kinetic energy is used to compress gas from a 
By this 

' In the liquefier the ejector is used to compress from 1.0 to 2 . 5  atm absolute. 
This, of course, makes the return heat exchanger channel and the compressor much smaller. 

The compressor used in this system is a so-called "sock compressor." In any helium 
system, it is an advantage to have a dry compressor. 
compressors are used, but they have the disadvantage that the membranes only have a 
life of about 1000 hours. 

For small systems metal membrane 

We had already encountered the problem of a hermetic seal in the Stirling machines. 
With a normal lubricated piston, oil vapor comes into the system and freezes somewhere 
in the regenerator. The smaller machines have a maintenance period of about 100 hours 
for cleaning the regenerator. For the large industrial machine we developed the so- 
called "sock," a rolling rubber diaphragm between the piston and the cylinder, which 
is sustained by oil in a constant volume space (see Fig. 21). The average oil pressure 
is controlled to keep it a few atmospheres below the average gas pressure so as to keep 
the rubber under a constant tension.. 

This method is also used in the big machine I showed you (Fig. 18). These membranes 
can run more than a year, even with a speed of 1500 rpm. 

- 210 - 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
II 
I 
I 
I 
I 

The same system is used now for a small helium compressor used for this liquefier 
(see Fig. 22) .  

The control panel and Dewar with the Joule-Thomson system is illustrated in 
* Fig. 23. Roughly, this same unit with two A20 machines and one compressor could be 

For use as a refrigerator the whole purifying unit used for about 30 W at about 5'K. 
can be skipped, of course, which makes the unit even more compact. 

Apart from the compactness and the advantage of accepting helium with impurities, 
the liquefier has a high efficiency. 
28 kW. 
is needed for precooling, as the intermediate freezers of the A20 machines furnish the 
cold needed at that temperature. 

The refrigerator and compressor together 'use 
For 10 literslhour of helium this gives 2 . 8  kW.hours/liter. No liquid nitrogen 

I will compare this figure later with other liquefiers. 

THE 1.8'K SYSTEM 

The second system I would like to mention is a design for the Karlsruhe 300 W at 
1.8'K refrigerator, which we made together with Messer. 

In the design we made use of three B20 machines (a B is four A machines on one 
crankcase) which furnish the cold and a Joule-Kelvin system, as can be seen in Fig. 24, 
to transport the cold to the low temperature. 

It is an advantage in this Joule-Kelvin system to have two loops, one transporting 
150 W down to 5.5'K and one going down to 1.8'K, getting 150 W enthalpy difference at 
16O, and the other 150 at 5.5'K. This is because one tries to have the small'est pos- 
sible amount of gas in the very low pressure return flow. Therefore, if possible, all 
the evaporation heat of helium should be used, and this makes precooling to about 6'K 
necessary. The two high pressure flows of the two loops are, of course, added here in 
one channel so three-channel heat exchangers can be used, and also the compressors from 
2.7 to 20 atm can be combined. 

Here again the ejector may be used, although the advantage is not as great as in 
the helium liquefier. To have always a positive temperature difference in the last 
heat exchanger, the high pressure helium gas has to be expanded partly in the heat ex- 
changer. At the ejector, then, only part of the total pressure difference is available 
to be converted into kinetic energy. The result is that a pressure ratio of only about 
1.3 can be reached in'the ejector. With a pressure of 10 torr at the liquid bath, this 
remains, nevertheless, an important advantage for the return heat exchanger. The B20 
machines are used in a special way in this circuit. In Fig. 24 it can be seen that 
three precooling temperatures have been used. With a B20 machine, one has eight freez- 
ers so, in principle, eight temperatures could be used. For a refrigerator such.a 
large numbe,r is no advantage, however, and only three are used, namely 80, 26 and 16'K. 
Two of the four headers use one freezer at about 80 and 26'K; the other two headers 
only use the .top freezer at 16'K. 
used very efficiently. In practice, probably two B20 machines could do the job. There- 
fore, the three machines are made identical, and the system is designed so that each 
machine can be stopped and serviced (or replaced) while the installation remains run- 
ning. This method can give the system a very long continuous running time, even though 
the B20 machines have to be stopped and cleaned after about 1000 hours. Also, the re- 
liability of such a system can be made very high in this manner. 

With this system the double expansion machines are 

In any Joule-Thomson system the compression is a very 'important factor. Two types 
of compressors are used in the installation described. Rootes compressors are used for 
the low pressure region from 13 rmn to about 0.2 atm. These Rootes compressors are made 
by Aerzener in Germany, but, for use with helium, most often delivered by Hereaus. 
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These Rootes compressors are made in a number of sizes, from very small to quite 
large,, and can be made for any pressure in the vacuum region. For the higher pres- 
sures Sulzer dry piston compressors are used. 

It is clear that, in cryogenics, the availability of good compressors is very 
important. I mentioned Aerzener and Sulzer - both have quite a lot of experience in 
the pumping of dry and clean gases -but there are other firms also who make this' type 
of compressor. and all cryogenic firins who make this type of compressor and all cryo- 
genic firms who make units to 4'K can find good dry compressors for them made in 
Europe. 

Apart from this, progress is made in the purification of helium compressed by 
oil-lubricated piston compressors and that technique may also be used in Joule-Thomson 
systems. 

EFFICIENCY COMPARISON 

I have yet to make a short comparison between the efficiencies of the different 
systems. In most descriptions, however, no' efficiency figures are given. 

The only number I found was for the Air Liquide liquefier, which needed 95 kW 
and 22 literslhour of liquid N2 for a production of 25 literslhour of helium. 
estimate the nitrogen at 1 kW-hourlliter we arrive at an efficiency of (117125) 
kW-hourlliter or 4.7 kW*hour/liter. 

From discussions with the people at Karlsruhe., we know that our proposed system 

If we 

Our liquefier uses 2.8 kW*hour/liter. 

had a much higher efficiency than any other system offered, 

Now we have quite often discussed why the Stirling system is so different in ef- 
ficiency from t5e Claude system (of course it must be the difference between the 
Claude and the Stirling systems, because the Joule-Thomson system is always roughly 
the same). One of the problems in this comparison is that no standard system exists 
and one can make systems which are extremely good on paper but never manufactured 
(Keesom cascade for liquid air) because they are too expensive and complicated. A 
number of years ago Nesselman made a comparison between calculated systems and a 
measured Stirling machine and fo.und the results shown in Fig. 25. Of course, this 
comparison is quite old now and expanders may have been improved, but that improvement 
has not been very large. Also, heat exchangers may be made better than the figures he 
used in his calculations, but again, even with highly efficient heat exchangers, the 
Claude systems remain relatively low in efficiency. 

The result of our investigation has been that in the Claude systems the efficien- 
For the compression there are cy is low due to the low efficiency of the compressors. 

some differences between Stirling and Claude systems. 
ratio is low (for highly efficient machines less than two) while for the Claude systems 
much higher ratios are used. Of course, it is possible to use smaller ratios and more 
compression stages, but that is never done because of the size and price of the instal- 
lations. Furthermore, in the Stirling systems, the compression is not completely 
adiabatic as in the compressor for a Claude system. There, all the gas is first com- 
pressed-and then forced through the cooler which gives quite a loss. 

First the Stirling compression 

In the Stirling systems, the compression takes place partly in the cylinder, but 
also in the cooler, regenerator, and freezer. We call our system, therefore, semi- 
adiabatic, and believe that therein lies the main difference. A third factor is the ' 
valve loss, which does not exist in the Stirling systems. . .  
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The fact that the regenerator is most. often better than a heat exchanger, which 
we thought earlier to be the main reason for the difference in efficiencies, seems to 
make no important contribution to this difference. 

The calculation of Nesselman was based on 77'K systems. Although, as I said, 
I have no good figures, I believe for 15 to 20°K systems the same type of difference 
will be found. 

SUPPLEMENTARY REMARKS 

3 Helium 

For the 1.8'K system we looked .into the possibility 
Thomson system. The difference in vapor pressure around 
vantage of He3 as against He4. It is clear that for the 
sors this is quite important. 

of using 
2'K is a 

3 helium in the Joule- 
factor 8 to the .ad- 

heat exchangers and compres- 

3 The use of He has two disadvantages. The Joule-Thomson effect is smaller, so a 
Moreover, in a system at 1.8OK one higher mass flow has to be used (about 30% more). 

wants most often to make use of superfluid helium in the liquid bath, so one has to 
have He4 there. 
bath to the He3 of the refrigerator, and in this heat transfer some AT is involved, 
which means a certain loss. 

This 'means that heat has to be transferred from the He4 of the liquid 

These disadvantages, however, are small compared to the advantage of the higher 
vapor pressure. 
but even with this price a competing system could be built. 
made the use of He3 impossible was that it cannot be obtained in unlimited quantities 
at the moment. 
worthwhile to use He3 in large quant'ities, the price might go down and the availability 
might be improved, resulting in more economic installations in this temperature range. 

Then, of course, the price of He3 (about $85/N liter) is a problem 
The main reason which 

When it can be shown that for refrigeration around Z°K it is really 

The Ejector (Fig. 26) 

I should like to mention some more facts about the ejector. The amount of cold 
which can be transferred with the ejector loop depends on the pressure ratio. With a 
very small amount of cold transferred a pressure ratio of 100 has been reached, meaning 
a temperature of 1.74OK in the second bath, while in the first vessel the temperature 
was 4.2'K. 

This means that if the cooling function of a refrigerator is mainly to compensate 
for insulation losses', that is, not much,dissipation is involved as is the case with a 
superconducting magnet, a very low temperature can be reached without seeing it on the 
outside of a system. 
probably possible.to have about 99% of the needed cold at 4.2'K and only 1% at the 
lower temperature. 
ture indeed. I have not enough knowledge of magnets but I believe that there are some 
indications that superconducting magnets could beh,ave much better below the h point. 
This is not done, however, because of the added complexity in the cooling system due 
to the low vapor pressure above the bath. With the ejector system, however, it may 
be possible to do this sort of thing. Due to the added 4.2'K shield, the cryostat de- 
sign may be more complicated, but the refrigerator remains simple, because no very low 
pressure in the return heat exchanger is needed, nor are the low pressure compression 
stages. 

If the complete magnet is surrounded by a 4.2'K shield, it is 

With our ejector it is then possible to reach a very low tempera- 
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CONCLUSION 

I hope I have succeeded 'in telling you that the cryogenics industry in Europe has 
the know-how and the potential to build cryogenic systems, and has, indeed, produced' 
quite a number of installations. To reach the state where a low temperature environ- 
ment can be used without any problems, however, requires more experience which can 
only be gotten by just doing it. 

I am sorry that I could tell you only little about other firms.than my own, and, 
We therefore, had to use quite a bit of your time to tell what our group is doing. 

are trying to do things a bit differently from all others, and you may have found it 
interesting to hear about that. . 

. .  
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Fig. 1. Schematic layout of cold box and control system of 
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Fig. 3. Flow diagram of Air Liquide 25 liter liquefiers. 
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Fig .  4 .  Flow diagram of Jiilich I refrigerator (Sulzer). 

. .  

Fig.. 5 .  Cold box of J z l i c h  refrigerator.  
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Fig .  6 .  Control panel of Jiilich refrigerator. 

Fig.  7 .  Compressor room of JGlich refrigerator. 
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Fig. 9. Linde V20 liquefier. 
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Fig.  10. Heat exchangers of V20 l iquef i er .  

Fig.  11. Helium I1 refrigerator (Linde) . 
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Fig. 12. Schematic phases of Stirling process. 
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Fig. 13. Regenerator temperatures in Stirling process. 
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Fig. 16. Cold productions of prototype A20 Stirling refrigerator. 
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Fig. 17. Four-cylinder Stirling refrigerator. 

L 
Fig. 18. Stirling refrigerator for 25 kW at 77'K. 
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Fig. 19. Flow diagram of Philips helium liquefier.  
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Fig. 20. Ejector system in  Joule-Kelvin process. 
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Fig. 21. Schematic of oil-supported rolling diaphragm. 
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Fig.  23. Ph i l ips  helium l iquef i er .  
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COLDPRODUCTION 30U W, t.8.K. 

24. Flow diagram of proposed 300 W, 1.8'K systgm. 
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Fig.  25. Comparison of efficiencies of different systems. 
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CRYOGENIC SAFETY* 

Michael G. Zabetakis 
Explosives Research .Center 

Bureau of Mines 
Pittsburgh, Pennsylvania 

ABSTRACT 

In any cryogenic system, we must first consider the hazards associated with the 
materials, processes, and procedures of interest. These can be divided into three 
general areas: physiological, physical, and chemical. The first includes frostbite, 
respiratory ailments, and the specific effects of certain materials such as oxidizers 
on body tissues. The second includes the effects of phase changes, low temperatures, 
oxygen enrichment, and hydrogen embrittlement. The third includes the ignition of 
flammable mixtures, the propagation of deflagrations and detonations, and the initia- 
tion of destructive fires. A knowledge of these hazards and the applicable basic 
principles then permits one to design a suitable facility for the production, storage, 
handling and disposal of crysgenic fluids in the laboratory, plant and test site. 

* 
This talk was based on the author's monograph Safetv with Crvogenic Fluids 
(Plenum Press, New York, 1967). 
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CRYOPUMPING 

T OK 

p (H~) torr 

C. Barnes 
CVI Corporation 
Columbus , Ohio 

5 4 . 2  3 . 5  3 .  

. 1.5 x 3 x 1 x 1 x 

I. INTRODUCTION 

Cryopumpingl is the removal of gas from a system by condensation onto a cold plate. 
The phenomenon of cryopumping is not new, but it has received much emphasis in the last 
few years because of the need for very great pumping speeds in space simulation work.2 
As cryogenic liquids and low temperature refrigerators become more readily available, 
cryopumps are used in more and more facilities not related to space simulation. The 
use of liquid helium and liquid hydrogen in particle accelerator programs makes the use 
of cryopumping quite natural in these facilities. 

. .  

11. THE CONCEPT OF CRYOPUMPING 

The requirement for effectively cryopumping a gas is that the vapor.pressure of 
the condensate shall be quite low, and that gas molecules shall stick to the cold sur- 
face upon impact (at least for the majority of impacts). 

The change of vapor pressure with temperature follows the Clausius-Clapeyron equa- 
tion: * =  L 

d.T T (Vi - Vf) 

where L = 
v' = 
f 

v; = 

T =  

latent heat of the phase change, 
final specific volume, 
initial specific volume, 
absolute temperature. 

If L is approximately constant, if the specific volume of the gas is much greater 
than that of the solid, and if the gas approximately follows the ideal gas law, then 
In p = A - (B/T), or p = C 
ture can produce a drastic reduction in vapor pressure. For example, hydrogen vapor 
pressure varie.s approximately as: 

It is clear that a substantial reduction in tempera- 

1. B.M. Bailey and R.L. Chuan, Trans. Fifth National Symposium on Vacuum Technology 

2. D.J. Santeler et al., National Aeronautics and Space Administration Report 
(Pergamon Press, 1959), p. 262. 

NASA SP-105' (1966). 
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and nitrogen vapor pressure varies approximately as: 

The dependence of vapor pressure on temperature3 for a wider range, and for other 
gases, is shown in Fig. 1. 

The effectiveness of cryopumping, assuming. a sufficiently low vapor pressure for 
the condensate, is determined by the fraction of those molecules incident on a cold 
Itpumping" surface which stick to the surface. Only a limited number of sticking frac- 
tion experiments have been 
ever, the sticking fraction will, in general, increase with surface roughness and with 
decreasing temperature. This is expected, because the accommodation coefficient 
(Fig. 2). is influenced in the s'ame  way^,^,^ and a high sticking fraction implies a 
high accommodation coefficient. 
high coefficient of sticking (in excess of 0.9) for impact on 20°K or lower temperature 
surfaces. Water vapor and carbon dioxide'have a high coefficient of s'ticking when con- 
tacting 80°K or lower temperature surfaces. 
ing 4.2'K surfaces. All cryopumping surfaces which have been in operation long enough 
to build up a film of condensate will be "rough" from a molecular standpoint, and will 
have relatively high values for accommodation coefficient and for sticking fraction, 
provided the temperature is low enough. . 

and the results are not particularly clear. How- 

As a good general rule, nitrogen and oxygen have a 

Hydrogen has a high coefficient on contact- 

. 

111. PUMPING SPEEDS AND ULTIMATE PRESSURE 

The condensation pttmping speed of cold surfaces depends on a number of factors 
such as (1) sticking fraction at the surface, (2) temperature of the gas being pumped, 
(3) molecular weight of the gas being pumped, and (4) system geometry, including the 
presence or absence of thermal (and mechanical) shielding. Also, the ultimate pressure 
attainable in a cryopumped chamber depends on (1) the magnitude of the introduced gas 
load, as well as the outgassing load, (2) the temperature of the gas being pumped, 
(3) the system geometry, (4) the vapor pressure of the condensate, and (5) the amount 
of "noncondensable" gas present, which must be removed by other pumping methods. 

. .  

3. R.E. Honig and H.O. Hook, RCA Revtew 2, 360 (1960). 
4. J.P. Dawson, J.D. Haygood, and J.A. Collins, Jr., in Advances in Cryogenic 

Engineering (Plenum Press, 1964), Vol. 9, p. 443. 
5. W.H. Keesom and G. Schmidt, Physica 2, 590 (1936); 3, 1085 (1936); - 4, 828 (1937). 
6. H.Y. Wachman, Am. Rocket SOC. J. 32, 2 (1962). 

7. B.A. Buffham, P.B. Henault, and R.A. Flynn, Trans. Ninth National Vacuum 
Symposium (MacMillan Co., 1962), p. 205. 
R.F. Brown and E.S.J. Wang, in Advances in Cryogenic Engineering (Plenum Press, 
1965), Vol. 10, p. 283. 

' 8. 

9. J.A. Collins and J.P. Dawson, Arnold Engineering Development Center Report 
AEDC-TDR-63-51 (1963). 
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The calculation of pumping speeds and ultimate pressures is in general quite com- 
plicated, but there are several very simple geometries for which the analysis is direct 
and exact. The results for these give indications of what to expect for other, more 
realistic, systems. 

1. Spot Cryopumping I 
First consider a small condensation spot of area A at some low temperature Tc in 

a chamber of otherwise uniform conditions. 
of the gas is at the wall temperature Tw, and has a corresponding average molecular 
speed Vw. However, if the entire wall were at a temperature Tc, then the gas would all 
be at temperature Tc in equilibrium with the evaporation from the "condensing spot." 
If, therefore, we imagine the spot to be replaced by an opening with a chamber at tem- 
perature Tc on the other side of the opening, Fig. 3,  the resulting imaginary system 
may be treated by the same analysis as the real system. In particular, the molecules 
in the imaginary system travel through the opening at different speeds (Vw or Tc) 
depending on their origin, so the ultimate pressure in the actual chamber (with no gas 
addition) is given by the classic thermal transpiration analysis, pu = pv (TWITc)%, 
where pv is the vapor pressure of the condensate and also the pressure in the imaginary 
chamber at temperature Tc, and where molecular speed is proportional to the square root ' 

of the absolute temperature. If the condensing spot is at 20°K, the vapor pressure of 
nitrogen is torr and the ultimate pressure in the chamber for nitrogen gas alone 
(no outgassing from the walls and no inleakage) is 
almost four times the condensate vapor pressure. 

Because the spot is very small, nearly all 

(300/20)3 = 3.87 x 10IL or 

The pumping speed is determined by the difference between condensing rate and 
evaporation rate. However, at pressures significantly higher than ultimate, the amount 
of evaporation is insignificant as compared to the amount of condensation, so the volu- 
metric pumping speed is (assuming unity sticking fraction) S = (Bw/4)A, which is the 
"orifice speed" for gas at temperature Tw. 
per unit area is approximately 75 literfsec for each square inch. 

For 300°K nitrogen gas, the orifice speed 

2. Parallel Wall Cryopumpinq I 
Next consider the case of two parallel walls," Fig. 4. One is at temperature Tc 

and condenses a fraction € of all the gas which strikes it. The other wall is at a 
warmer temperature Tw and reflects all incident gas. 
we assume unity accommodation coefficient at both walls. 
wall 'in random directions are different from a normal random gas in that there is no 
component of velocity back toward the wall. 
therefore given by V/2 rather than the usual JI4, where B is the average speed of the 
molecules. 
the mass flow of outgassing from the warm wall to be Cw. Define rh, as the total flow 
of gas from the cold wall, and % as the total flow of gas from the warm wall. 
the total gas flow leaving the warm wall is the outgassing plus the reflected gas from 
the cold wall, i.e., Similarly, the total gas leaving the cold wall is 
the fraction from the warm wall which is reflected at the cold wall, plus the rate of 
condensate vaporization. That is, .Ac = (1 - f) + Cc. Solving these two equations 

For simplicity of calculations, 
The gas molecules leaving a 

The volumetric flow of such a gas is 

Consider the mass flow of evaporated vapor from the cold wall to be Cc and 

Then 

= Gw + l;lc. 

I 
10. R.W. Moore, Jr. , Trans. Eighth National Vacuum Symposium and Second International 

Congress on Vacuum Science and Technology (Pergamon Press, 1962), Vol. 1, p. 426. 
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G (1 - f) + Gc & =  W 
C f Y 

The mass flow rate is simply the density multiplied by the volumetric flow rate: 

= CP(V/2)AI a 

thus 
2Aw 21ilc 

= -  + .=- 
Ptot - pw + pc - "WA v A  c 

- 

Substituting the expressions for I& and GC, we get an expression €or total density 
in terms of the rates of evaporation and outgassing (or other gas introduction). The 
net gas load being pumped is that introduced at the warm wall, i.e., Gw, and if this 
is divided by the density, we get a volumetric "speed" S .  When we carry out the sub- 
stitutions, we get 

'f (Tw/2) 

For f =.la i.e., complete capture, the expression reduces to 

\ A /  1 + (GC/Gw) [1 + (Tw/Tc)'] ' 

. and, if the introduced gas load is much greater than the rate of evaporation (which'is 
true in most practical applications) , then 

(S/A) = (7Fw/2> 

which is twice the so-called "orifice speed ." 
Although the basic expression derived for speed in terms of Gw and.GC is satis- 

First, we note that when a gas 
factory,, it is interesting to develop an alternate expression for speed in terms of 
chamber pressure'and condensate vapor pressure.lO,ll 
leaves a wall in random directions, the averaged component of molecular velocity nor- 
mal to the wall. is V/2, where V is the average speed of the molecules. Then the mass 
flow rate away from a wall section of area A is & = Apfi/2) , where p is the density 
of that part of the gas which is leaving the wall. 
for that part of the gas which is incident on the wall. Dividing the difference in 
mass flow (between incident and evaporated gas) by the total density, ptot = pw + pc. 
gives the volumetric pumping speed. That is, 

The same sort of expression exists 

11. E.L. Garwin, in Advances in Cryogenic Engineering (Plenum Press, 1963), Vol. 8 ,  
p. 37. 
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I n  order t o  convert the "par t ia l  dens i t i e s "  i n  t h i s  expression t o  pressures,  w e  def ine 
Mp = pRT, where 

300 

M = molecular weight of the gas 

p = "pressure" 

20 87.4 p, 

p = dens i ty  

R = uhiversal  gas constant 

T = absolute  temperature .  

This d e f i n i t i o n  agrees 'with the  "pressure" a s  measured by a nude ion gauge, where 
the  gauge ac tua l ly  measures gas densi ty .  Then , 

P W  = Mpw/RTw , 

P, = MpC/RTc , 
and 

By using the concept of t o t a l  pressure,  p = pw + pc, and vapor pressure,  pv = 2pc 
( t h a t  is, the t r u e  vapor pressure includes equal flows toward and away from the wa l l ) ,  
w e  ge t  

Clearly,  when p >> pv, w e  have a constant speed (twice the o r i f i c e  speed) independent 
of pressure.  However, w e  know t h a t  at  some ul t imate  pressure the  ne t  speed must be 
zero. Set t ing (S/A) = 0 gives the ul t imate  pressure 

I f  w e  consider the i n i t i a l  f a l l - o f f  i n  low pressure speed t o  occur when 
(S/A) = O.9*(ijw/2), i .e.,  when 10% decrease i n  speed has  occultred, then the "fal l -off  
pressure" p is given by 

The following values are obtained.: 

0 * 
K Tc P TW 

0 

1 I 300 I 100 1 22.65 pv 
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Therefore, in order to maintain full pumping speed the cryoplate temperature must be 
.cold enough that the condensate vapor pressure is well below the operating pressure. 

It is interesting to use the ultimate pressure in this same expression for the 
* "fall-off" pressure, to get 

P* - Pu 
0.9 = 

PU 
p* - r 

This shows that speed falls off for pressures at least one order of magnitude greater 
than ultimate. 

3. Concentric Sphere CryopumpinFi 

There are few true "spot cryopumps" and even fewer parallel wall (two-dimensional) 
pumping systems. 
is that of two concentric spheres, and such pumping situations do exist. The most ex- 
tensively studied of these (because of its direct application to space simulation work) 
is that of a warm outgassing sphere concentrically surrounded by a cold cryopumping 
s~here.'~,~~ 
basis as the methods used for'spot cryopumping and for parallel wall cryopumping. 'That 
is, the speed is defined as the ratio of mass capture to total gas density p at the 
point of pumping. In a closed system, the mass capture rate (at.equilibrium) is simply 
the rate at which gas is introduced, or in our example, the warm outgassing rate, Gw. 
Therefore, S = Gw/p. The density is obtained as follows. We note, from Fig. 5, that 
gas which leaves the warm inner sphere at temperature Tw (assuming an accommodation co- 
efficient of unity at all surfaces) will definitely strike the outer surface. 
leaving the cold wall at temperature Tc may go to the warm inner sphere, or it may 
bypass the inner sphere and go to another part of the cold wall. 
at any point adjacent to the cryopumping sphere comes from three di'fferent sources. 
These are: (1) gas leaving the cold surface in random directions at average speed ?Tc, 
(2) gas approaching the cold surface from the warm sphere, moving at an average speed 
VW within an angle cp to the normal, and (3)  gas approaching the cold surface from 
other parts of the cold wall, moving at an average speed Tic and at an angle to the 
normal greater than cp. 
ward a surface at a speed v and at an angle @ to that surface is v c0.s @. 
over all permitted directions (within some total solid angle n), the average normal 
molecular component of speed toward the surface is given by 

The simplest model for a "three-dimensional" cryopumping situation 

The method of determining pumping speed for this situation has'the same 

The gas 

Therefore, the gas 

The normal component of velocity for any molecule moving to- 
Averaging 

12. C.B. Hood and C.B. Barnes, J. Vacuum Sci. Tech. 2, 302 (1965). 
13. J.D. Pinson and A.W. Peck, Trans. Ninth National Vacuum Symposium (MacMillan Co., 

1962) , p. 406. 
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The mass flow p e r  un i t  area toward the surface is the product of gas densi ty  and 
average normal component of ve loc i ty ,  so 

Consider the molecules moving away from the cold surface i n  a l l  d i r e c t i o n s  within an 
angle rr/2 t o  the normal. Then 

1 V cos 0 2n s i n  0 de i C 1 r=l2 
AC 

p~ [ Z J o  C 
- =  

where pc is t h a t  p a r t  of the t o t a l  dens i ty  a t t r i b u t e d  t o  the molecules under discus- 
sion, i .e.,  those leaving the cold surface.  Next consider the molecules moving toward 
the cold surface from the w a r m  inner surface at  a l l  angles 0 < 8 < cp measured from the 
normal : 

. .  
n/(P 

J0 Bw 2n s i n  0 cos 8 de 

1 r ' wc - =  
Ac 'WC L fl 

J 2n s i n  8 d8 
0 

Final ly ,  consider the molecules moving toward the cold surface from other  parts of 
t he  cold surface ( a t  a l l  angles (D < 9 < ~ 1 2 ) :  

lil 
- =  cc pcc v [ y ] .  c 
AC 

The t o t a l  dens i ty  is  then 

P = Pc + Pwc f Pcc 

T %  

cos cp 
C 

- 2  r - -  
s i n  (0 

7 . A  L 'C ( f ) 'wc w c  C 

There remains t o  express the mass flow i n  terms of the t o t a l  outgassing rate Gw, 
and the t o t a l  evaporation rate ic. 
leaving any surface i s  the sum of gas emitted by t h a t  surface and the gas r e f l ec t ed  
from it.  Mass balance gives: 

This is done by noting t h a t  the amount of gas 

. . 

lil = i + (A f Gee) (1 - f )  
C C w c  

& = i  + p i  

' w c  w C 

= i  ( 1  - F) + (hWc f hCc) ( 1  - f )  ( 1  - F) cc c 
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- . 
where f is the capture fraction at the cold surface, and F is the vfew factor from 
the outer surface to the inner surface, i.e., F is the fraction of molecules which 
will strike the inner surface A, after diffusely leaving the outer surface A,. 
the equations and substituting into the expression for total density gives 

Solving 

4 where the substitution COS rp = (1 - F) 
theref ore 

has been made also. The speed of pumping is 

The additional complications of the three-dimensional analysis are obvious. 

The equation just developed for speed may be put into a better form for practical 
solutions. For spheres, 

and 
(Aw/Ac) = F 

Then, using the symbol R to represent the ratio of evaporation per unit area of the 
cold wall to outgassing rate per unit area of the warm sphere, 

and - 
2F 

T L  [1 -. (1 - F)'] [ !+ 1+ E -F ] + [I+ (1 - F)'] ( $ )' [$+(  f 1 - f  )] 
C 

f 

which is oriffce.speed per unit area multiplied by a correcting factor. For F = 1 
(indicating that the two spheres are nearly equal size) this expression reduces to 

f (T,/2, 
- S 

Ac 
- -  

(1 -I- R) + (TWITc)' (1 - f + R) 

This is the same expression developed earlier for parallel walls. 
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4. Arguments in the Definition of Speed and Pressure 

The analysis for cryopumping speed.in the system of an infinitesimal warm sphere 
(or outgassing source) at the center of a perfectly condensing spherical cryopumping 
surface gives (for F -. 0 and f = 1) S = 4(Tw/4)A, which is a factor of four greater 
than orifice speed. Most vacuum texts imply that orifice speed is an upper limit to 
pumping rates, and represents a "perfect system." 
really only a conflict in initial assumptions. 
speed is the determination of the volumetric rate at which gas strikes a perfectly 
reflecting surface in a closed system in equilibrium. If a pinhole orifice in this 
surface allows gas to escape to a perfect vacuum, the volumetric rate of escape out of 
the orifice is given by (S/A) = (V/4). The orifice is so small that equilibrium is 
only slightly disturbed. 
completely random motion no longer exists, and the definition of volumetric pumping 
speed becomes ambiguous. However, we can think of at least one completely nonequilib- 
rium case in which volumetric speed seems clearly indicated. 
collimated beam of molecules is completely captured by a surface perpendicular to the 
direction of motion. If the average molecular speed is 7 ,  then the volumetric speed 
of molecular capture per unit area of capturing surface is V. 
therefore to define pumping speed at a point in terms of the gas conditions at that 
point. l4si5 
capture rate by gas density, both.measured at.the point in question. This definition 
gives the true volumetric speed, and has been used throughout the present discussion. 

This apparent contradiction is 
The classical analysis of orifice 

If the orifice size is increased, equilibrium is disturbed, 

In this case, a perfectly 

It seems reasonable, 

Such a definition always gives a unique speed if we simply .divide mass 

There have been objections to a definition of pumping speed based on nonequilib- 
rium conditions. Hbwever, we note that "beaming" of molecules, i.e., collimated motion, 
does usually cause an increase in the molecular capture rate. It seems only reasonable 
to say that increased capture rate indicates increased "speed," and the definition of 
volumetric speed as mass capture rate divided by density certainly seems better than 
any alternate proposals. ' 

There is also some confusion concerning the definition of pressure. The basic 
definition is, of course, the force per unit area on a surface, this definition is 
satisfactory for an equilibrium gas. When a gas is not in equilibrium, then true pres- 
sure becomes directional. However, in most cases we are really interested in "how 
much" gas is present in a given volume, i.e., in the density. It is for that reason 
that the foregoing analysis used p = pRT/M as the definition of gas pressure, regard- 
less of directions. If a nude, or nontubulated, gauge is used, then it is actually 
density rather than true pressure that is being measured. Therefore, we must add'the 
qualification, in our analyses, that the theoretical results will correspond to meas- 
ured results only if a nude gauge is used to measure pressure. 

IV. MASS CAPTURE RATES 

The mass capture rate of a cryopumping system is sometimes quite difficult to 
calculate. For the simplest geometries;discussed in Sections 111.1, 111.2, and 111.3, 
it is sufficient to separate the gas leaving each surface into the gas originating 
from that surface and the gas reflected from it.'' 
up which are solved for the total gas leaving each surface, expressed in terms of the 
gas originated at all other surfaces. This method is, in principle, adequate for all 

i 
Then a set of equations may be set 

14. C.B. Barnes, Vacuum 2, 429 (1964). 
15. W.W. Stickney and B.B. Dayton, Trans. Tenth National Vacuum Symposium 

(MacMillan Co. ,  1963), p. 105. 
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. .  

analysis, but in fact it becomes difficult to use if the systems are very complicated. 
For that reason, we present three other techniques for determining mass 'flows (or 
throughput flows) in general systems. 

1. Network Analopv 

There is an analogy between free molecular gas transfer and radiant energy trans- 
fer which is.quite striking. For example, a variation of the Oppenheim network method 
for radiant transfer may be used to determine the free molecular mass gas flow between 
arbitrary surfaces.l4 In this technique, 

where G = incident mass rate per.unit area on the surface, 

J = mass rate per unit area leaving the surface. 

Also, J = W' 4- (I - f)G, 
where W' = 

f = capture fraction of incident molecules. 
outgassing (or evaporation) mass rate per unit area, 

The last equation rhay be written 

(1-f)(J-G) = f  ( f - J )  W /  

from which 

- - 
Ret 

(&-J) f 

(9) 
The "electrical" analogy is that the "potential* difference" corresponds to ( W / f )  - J 
and the "resistance" corresponds to (1 - f)/fA. For any two surfaces Ai and Aj, the 
net free molecular mass flow between them is . 

(Qnet)ij = Ai Fij Ji - Aj,Fji J j  = Ai Fij (Ji - Jj)  Y 

where the view factor Fij is the fraction. of diffusely emitted molecules which leave 
Ai and strike Aj. 
"resistance" corresponds to (AiFij) -'. For example, consider the simple two-surface 
system of Fig. 6 where theztotal potential difference is 'divided by the sum of the re- 

Here, "potential difference" corresponds to Ji - J j ,  while the 

sistances to get the net gas transfer: 

In our treatment of two infinite planes, the warm surface did not capture 
fore the = mass flow was simply the outgassing of the warm, noncapturing surface. 
In the .equation above, this is obtained by setting fl = 0, so that Get = Wi AI. 

and there- 
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The basic technique may be extended to any number of surfaces in a closed system. 
The network for a four-surface system is shown in Fig. 7 ,  where the net gas flow is 
determined just as is current in an electrical system; 

2. Adopted Gebhart Method 

Another, and probably better, technique of determining mass flow to arbitrary sur- 
faces is an adoption of the Gebhart method of matrix solution to radiant heat transfer. 
In the adopted Gebhart method, we define Bij as the fraction of molecules which diffuse- 
ly leave a surface Ai and are captured by another surface Aj. 
not only direct motion from Ai to Aj, but also motion from Ai to other surfaces and 
then, after reflection(s), capture by Aj. 
cules which leave Ai and are eventually captured by Aj can be expressed as a sum of 
terms, of which a typical one is FikRkBkj. 
cules going directly from Ai to Ak, where a fraction Rk is reflected. Of these reflec- 
ted molecules (from surface Ak) a fraction Bkj will eventually be absorbed by Aj, going 
there by whatever paths are available. 

The fraction includes 

In a closed system, the fraction of mole- 

In this term, Fik is the fraction of mole- 

This expression of Bij as a sum of terms is: 

Bij = FilRIBlj + F i2 R B 2j + ...: 
+ (FijRjBjj + F. .f .) + FinRnBnj . 

1 J  J 

The term F..f. represents the fraction of molecules captured by Aj after a direct 
flight from Ai. '3 J This basic equation may be rewritten as: 

-F..f 1J = F il R B Ij + Fi2R2Bzj + e . . .  + (F..R - l)Bij 11 i 
+ .... FinRnBnj . 

.Fixing j and allowing i to vary from 1 to n gives n equations, which can be solved by 
Cramer's rule: 

A =  

F12R2 F13R 3 . . . .  . 

(FZ2R2-1) FZ3R3.. . . 

Fn2R 2................ 

'1, k-lRk-l 

F2, k-1%-1 

F12R 2...... 

(F22R2-1). . . 

R Fn,k-l k-1 Fn2R 2...... 

1 j F1, k+l%+l * . 'InR, 

F 2j F2,k+l%+l F2nRn 

F 
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F n j Fn, k+l%1 * . ('nnRn-') 
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If  w e  restrict the  meaning of B i j  (whatever t h e  values  of i and j )  t o  the  f r a c t i o n  
of molecules emit ted by A i  ( t h a t  is, o r i g i n a t i n g  a t  A i )  and-captured by A j ,  then w e  
have a d i r e c t  and comparatively simple method of  determining cap tu re  f r a c t i o n s  f o r  
systems of many su r faces ,  including p a r t l y  sh ie lded  cryopumping surfaces .  
t age  of t he  adopted Gebhart method over the  network method i s  t h e  d i r e c t  so lu t ion  of 
t h e  former. 
after t h e  network i t s e l f  has been drawn. 

The advan- 

I n  t h e  network method, equat ions must s t i l l  be set up and solved even 

3.  Monte Carlo Technique 

F i n a l l y ,  t h e  molecular capture  f r a c t i o n  of a cryopumping system may be determined 
by Monte Carlo techniques .13 
expressions i n  a computer program; many such computed paths  determine the  approximate 
cap tu re  f r a c t i o n  of t h e  system. 
determining f r e e  molecular conductance f r a c t i o n ~ , l ~ 3 ~ ~  i.e. , Clausing f a c t o r s ,  and may 
a l s o  be used f o r  any closed system where the  geometry and s t i c k i n g  f r a c t i o n  are known. 
One g rea t  advantage of t h e  Monte Carlo technique over most o t h e r s  i s  t h a t  nondiffuse 
r e f l e c t i o n  may be programed i n t o  t h e  so lu t ion .  I n  the  adopt ions of the  Oppenheim and 
Gebhart methods t o  f r e e  molecular gas  flow, i t  i s  e s s e n t i a l  t h a t  a l l  r e f l e c t i o n s  be 
d i f f u s e  and the re fo re  t h a t  molecules do not  have a "memory" a f t e r  s t r i k i n g  a sur face .  

Poss ib le  pa ths  of molecules are t r aced  by mathematical 

The Monte Carlo technique has  been used ex tens ive ly  i n  

4 .  Shielded Array Capture F rac t ions  

Cryopumping may be used even i n  t h e  presence of  high temperature sur faces  which 
r a d i a t e  g rea t  amounts of thermal energy. In such s i t u a t i o n s ,  t h e  cryopumping sur faces  
a r e  sh ie lded  by cool  pane ls ,  which panels  absorb t h e  major i ty  of t h e  thermal r a d i a t i o n  
load.  For example, t h e  a r r ay  shown i n  c ros s  s e c t i o n  i n  F ig .  8 has  been used i n  many 
space s imula t ion  systems. 
width, and are separa ted  from the  back-up shee t  by a t  least one p l a t e  width. The f r o n t  
s h i e l d s  and the  back-up shee t  a r e  cooled t o  between 77'K and 100°K. 
i s  painted with a h igh ly  absorp t ive  ma te r i a l  ( f o r  absorbing thermal r a d i a t i o n ) .  Radiant 
energy inc ident  on t h e  a r r a y  w i l l  be p a r t l y  r e f l e c t e d  (or  absorbed) by the f r o n t  
s h i e l d s  and p a r t l y  t ransmi t ted  t o  t h e  back-up shee t .  

. a c t l y  equal  i n  width, then  ha l f  of t h e  inc ident  r a d i a t i o n  w i l l  pass  between the  s h i e l d s  
through the  back-up p l a t e ,  where 10% w i l l  be r e f l e c t e d .  Half of t h e  r e f l e c t e d  r ad ia -  
t i o n  w i l l  s t r i k e  t h e  20°K p l a t e s ,  and h a l f  w i l l  r e t u r n  t o  the  openings. 
p l a t e s  a r e  "br ight"  so t h a t  about 90% of the  inc ident  r a d i a t i o n  is  r e f l e c t e d ,  then  t h e  
t o t a l  f r a c t i o n  of i nc iden t  r a d i a t i o n  which is  eventua l ly  absorbed a t  t h e  20°K p l a t e s  i s  
(%)(O.l)(%)(O.l) = 0.0025, o r  a q u a r t e r  of one percent .  On the  o t h e r  hand, i f  t he  
s t i c k i n g  f r a c t i o n  f o r  molecules is  u n i t y  on t h e  20°K p l a t e  (and zero  on the  o the r  
s h e e t s ) ,  t h e  a r r a y  cap tu re  f r a c t i o n  f o r  inc ident  molecules is (%)(1) (%)(1)  = 0.25 o r  

The 20°K p l a t e s  i n  the  a r r a y ,  t he re fo re ,  cap ture  molecules r a t h e r  w e l l ,  but  are 
sh ie lded  from t h e  thermal r a d i a t i o n .  This  s i m  l e  s i t u a t i o n  w a s  e a s i l y  analyzed, but 
most o the r  geometries are more complicated18,1g and u s u a l l y  r e q u i r e  t h e  use of a n e t -  
work so lu t ion ,  t he  Gebhart method, .or  a Monte Carlo ana lys i s  as descr ibed i n  the  pre-  
ceding sec t ions .  

The 20°K p l a t e s  are separated from each o the r  by one p l a t e  

The back-up shee t  

I f  t h e  spaces  and p l a t e s  a r e  ex- 

I f  these  

. 25%. 

16. L.L. Levenson, N .  Mil leron,  and D.H. Davis, Trans. Seventh Nat ional  Symposium on 

1 7 .  

18. 

Vacuum Technology (Pergamon Press ,  1961), p.  372. 

D.W. Jomes and C.A. Tsonis ,  J .  Vacuum Sci .  Tech. 1, 19 (1964). 

F.C. Hurlbut and P.J. Mansfield, i n  Advances i n  Cryogenic Engineer ing (Plenum 
Press, 1963), Vol. 8, p. 46. 

19. C.B. Barnes and C.B. Hood, i n  Advances i n  Cryogenic Engineer ing (Plenum Press ,  
1962), Vol. 7 ,  p. 64. 
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It is important to note that there is no simple, direct relation between cryo- , 

plate area and pumping speed. 
large chamber will pump gas at the rate (0/4)A, where V is the average molecular 
speed. 
this simple situation, speed is directly proportional to pumping area. However, for 
the shielded array which we analyzed, the speed is k[(T/4)A], where A is the frontal 
area of the array. Actually, the cryoplate has two sides so that the cryoplate sur- 
face area is as much as the frontal area, but shielding has reduced the plate effec- 
tiveness to one fourth. If we were to use wider cryoplates, simultaneously reducing ' 

the space between the plates, we would have even more cryoplate area for a given 
frontal area, but the pumping speed would actually be reduced. 

A small perfectly capturing plate of area A inside a' 

This is a direct application of the orifice speed concept, and shows that for 

I V. CONDENSATE PROPERTIES 

The thermal and physical properties of cryogenic condensates can be important. 
For example, the amount of radiant heat transfer to a cryopanel from surrounding 
warmer surfaces is dependent on the surface emissivities. 
sufficient1 thick to obscure the base material, emissivity values are those of the 
condensate 28,21 and obviously are not dependent on the base material. Experiments 
with deposits of water vapor on 77OK surfaces receivin 
emissivity values of 0.9 or greater22; this is for thiLlcness of 0.001 in. and more. 
On the other hand, the emissivity of C02 deposits is less than that of water vapor 
deposits, assuming equal thicknesses. The emissivity of many heavy cryodeposits 
receiving high temperature thermal radiation (composed of wavelengths in the low 
micron region) is in the range e = 0.4 to e = 0 .6  although, naturally, there are ex- 
ceptions. 
load to the cryogenic refrigeration. system. This is usually of economic importance 
because the cost of refrigeration increases greatly with decreasing temperatures. 

When the condensate is 

nominal 300°K radiation shows 

The effect of changing the cryosurface emissivity is to change the heat 

The presence of a thick cryodeposit can also prevent cryopumping at low pressures. 
Whatever heat load is absorbed at the deposit outer surface must be transferred across 

Also, it is important to distinguish between cryoplate sticking fraction and 
cryopumping array capture fraction. 
cules which will stick to a cold plate upon striking it. The cryopumping array cap- 
ture fraction is the capture fraction of molecules incident on the frontal area (not 
plate area) of an array of cryoplates and shields. 

The sticking fraction is the fraction of mole- 

20. T.M. Cunningham and R.L. Young, in Advances in Cryogenic Engineering, (Plenum 
Press, 1963), Vol. 8, pp. 85-92; Discussion, p. 92. 

21. R.P. Caren, A.S. Gilcrest, and C.A. Zierman, in Advances in Cryogenic Engineerinq 
(Plenum Press, 1964), Vol. 9, p. 457. I 

22. B.C. Moore, Trans. Ninth National Vacuum Symposium (MacMillan Co., 1962), 
p.  212. 
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For example, solid nitrogen at 20°K has a thennal conductivity of about 4 mW/cm OK. 
If the condensate vapor pressure must remain below 
the condensate outer surface must not be warmer than 2S°K. 

torr (a typical value)., then 
Under such conditions, 

(t/A)t = K AT 3 0.02 W/cm . 
The radiant heat load from a "black" 300°K surface is 0.045 W/cm2. 
20°K cryoplate with nitrogen condensate were in a relatively large chamber surrounded 
with 300°K radiation surfaces, then the maximum allowed condensate thickness (with 
25'K surface temperature) would be 

If a nominal 

0.02 cm t = -  
0 045 

= 4.3 IIpn . 
Therefore, it is not absolutely essential to shield nitrogen pumping cryopanels in 
a system where none of the surroundings are warmer .than 300°K, unless a condensate 
thickness greater than a few millimeters is present, or unless the tota1,heat load on 
the refrigeration system is excessive. 

The physical properties of cryogenic solids23 are, in general, not well known. 
The properties of solid cryodeposits are even less well known. Values given for con- 
densate density, fo example, are usually only educated conjectures. For example, 
cryopumped nitrbgenf4 may have a specific gravity near unity, but it may also be much 
less dense, depending on whether it was formed with an ice-like scructure or a snow- 
like structure. Other properties, such as brittleness, tensile or compressive strength,' 
and hardness (as several examples) are k n o ~  only to within orders of magnitude. 

VI. CRYOSORPTION AND CRYOTIUPPING 

Condensat ion pumping is the simplest cryogenic vacuum-pumping technique , but 
other techniques do exist. Cryosorption pumping, for example, offers advantages in 
refrigeration requirements. 
natural) is cooled to ldw temperatures, gases may be absorbed, to low pressures, at 
their normal boiling temperat~re.~~-~~ 
micron pressures by Molecular Sieve 5A cooled to 77OK. 
would require a cryoplate temperature of less than 34'K to achieve the same result. 
Similarly, helium can be pumped to very low pressures (in the.range to or 
lower depending on conditions) at temperatures around 3.5OK to 4'K. 

If activated charcoal or a zeolite (whether artificial or 

For example, nitrogen gas may be sorbed to sub- 
Ordinary condensation pumping 

As is well known, 

23. 

24. 

25. 

26. 

27. 

28. 

V.J. Johnson (ed.), National Bureau of Standards Technical Report WADD 60-56 
(1960). 
R.L. Chuan, University of Southern California Report USCEC 56-201 (1957). 
R.A. Hemstreet et al., Arnold Engineering Development Center Report 
AEDC-TDR-64-100 (1964). 
S.A. Stern et al., Arnold Engineering Development Center Report AEDC-TDR-62-200 
(1962). 
F.T. Turner and M:Feinleib, Trans. Eiphth National Vacuum Symposium and Second 
International Congress on Vacuum Science and Technolo= (Pergamon Press, 1962), 
Vol. I, p. 300. 
J.E.A. John and W.F. Hardgrove, Am. Inst. Aeron. Astronaut. Publication CP-11 
(1964), p. 1. 
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helium does not solidify under vacuum conditions, and ordinary cryopumping techniques 
can never be used to pump helium gas. 
mend it, there are numerous disadvantages. 
are obviously not absorbed; and €or such gases there is no advantage over ordinary 
cryopumping. Also, if frozen gas covers the surface, then the blockage will prevent - all gases from being absorbed. 
air being sorption pumped at 77OK, and nitrogen contaminated hydrogen being sorption 
pumped at 20°K. Even if t.he gas being pumped is appropriate for the sorbent and for 
the sorbent temperature, the rate of pumping is strongly history dependent. 
sorbent pumps long enough, in a closed container, an equilibrium will.be established 
between the "saturated" gas in the cold sorbent and the gas at.reduced pressure in the 
container. This equilibrium 
cond,ition will occur at higher.pressures for greater total absorption. 
logical that pumping speed should decrease at lower pressures, and should depend in 
some way.on the difference between actual system pressure and the "equilibrium pressure" 
corresponding to the amount of gas absorbed. Such dependence does indeed occur. ,How- 
ever, it is usually masked by another effect, which' is: speed is reduced by high rates 
of absorption. That is, if the mass absorption rate is high, the pumping speed (indi- 
cating molecular capture fraction) will continuously decrease;'if the throughput is 
reduced, the molecular capture fraction (and therefore the volumetric speed) will in- . 
crease as the sorbent material "recovers." The net result of these effects is that 
pumping speed varies in a complicated way with both the total amount of gas absorbed 
and rate at which it is being absorbed. 

Although cryosorption pumping has much to recom- 
,Gases which freeze on the sorption surface 

Examples of troublesome freezing situations are moist 

If the 

Equilibrium exists when the net pumping speed is zero. 
It would seem 

Another technique of cryogenic pumping is cryotrapping. In this technique, rapid 
cryopumping of one gas results in trapping of a' "noncondensable" gas impurity into the 
condensate. For example, limited amounts of helium can be cryotrapped in the process 
of cryopumping relatively large amounts of nitrogen at 20°K. 
trapping is its gross inefficiency, which prevents pumping of more than trace amounts 
of gas. 

The disadvantage of cryo- 

VII. CRYOGENIC PUMPING, PRO AND CON 

The disadvantages of a cryogenic pumping system are primarily: 

a) The cryogenic liquids and/or .refrigerators are so expensive that 
usually only high speed systems can be justified economically. 

b) Cryogenic pumping, whether by condensation or sorption, is quite 
selective in the gases pumped. The same gas can be cryosorbed 
at a higher temperature than it is cryopumped, for example, but 
then the sorption material must be protected from higher freezing 
point gases freezing on the surface. 

that the heat of condensation is a major part of the heat load. 

speed varies both with the total amount of gas absorbed and with 
the mass rate of absorption. 

c) Cryopumping is not economically justified at pressures high enough 

h$.Cryosorption systems do not maintain constant pumping speeds; the 
. 

\ 

On the other hand, cryogenic pumping has three great advantages over other pumping 
systems. First, the total area which can be cryogenically cooled is large relative to 
the pumping orifices of most pumps; consequently, speeds of as high as several millions 
of liters per second are attained in very large chambers, while speeds of as high as a 
few tens of thousands of liters per second are attained in chambers containing'several 
square feet of cryopumping sheets. Second, cryogenic pumping is "clean" pumping; a 
failure of the pumping system will raise the chamber pressure but will not cause 

, 
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contamination such as that from back diffusion by oil diffusion pumps. Third, the 
cost of cryopumping in terms of dollars per literlsec is lower than €or any other 
vacuum pumping system, provided that the system is large enough (and the heat load 
low enough) that the basic fixed costs (engineering, etc.) are not the major costs. 
At the present time, simple 20°K cryopumping systems compete economically with other 
vacuum pumping systems €or system speeds of around 50 000 literlsec or more (free 
molecular region). Special purpose cryosorption systems (par,ticularly those using 
liquid nitrogeh cooling) can compete even at very low speeds if the total amount of 
the gas to be absorbed is not too great. 
contain low temperature liquids or other means of cryogenic refrigeration may some-, 
times be adapted to cryopumping with a minimum of effort. One example is that of 
vacuum jacketed, cryogenic tankage in which the cold inner tank surface may be used, ' 
with proper engineering, for cryopumping and/or cryosorption. 

Finally, various systems which already 
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Fig. 3. Schematic of spot cryopumping 
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Fig. 4. Parallel plate. 
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Fig. 5. Spherical cryopumping systems. 



Fig. 6. Two-surface network, 
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Fig. 7. Four-surface network. 
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. 
REVIEW OF HEAT TRANSFER TO HiZIUM I* . 

R.V. Smith 
Cryogenics Division 

NBS Institute for Basic Standards 
Boulder, Colorado 

I. INTRODUCTION 

The purpose of this paper is to collect, compile, and to make useful recommenda- 
tions on information with respect to heat transfer to helium I. The collection section 
of the paper considers all the relevant information with respect to helium heat tran,s- 
fer. This’includes not only data on heat transfer coefficients but also appropriate 
properties data and heat transfer data, from systems using fluids other than helium, 
that should be useful to this study. 
paper will be to present these data in a concise manner which is optimally useful for 
engineering or design studies. .The recommendations section of the paper will be con- 
cerned both with making recommendations for engineering and design practices on the 
basis,of the findings of the first two sections of the paper and also with recommending 
future studies which are needed so that optimum design may be achieved. 

The purpose of the compilation section of the 

11. HELIUM VERSUS CONVENTIONAL F L U I D  

At the outset, it might be well to consider the differences one may encounter be- 
tween heat transfer studies with conventional fluids, such as air or water, and with a 
.cryogenic fluid. First, as shown in Fig. 1 for helium, small pressure and temperature 
ranges enclose a given fluid phase or condition. 
ranges required by some cooling systems one may encounter the helium fluid in a number 
of phases or states. Also, with helium the designer may be unable to avoid the regions 
around the critical point where the fluid behavior has some undesirable characteristics 
and where the heat transfer phenomena are not well. understood. Therefore, when dealing 
with liquid helium, one must expect to encounter heat transfer problems which involve . 
the liquid, the supercritical fluid, and also fluid in the two-phase condition. Cer- 
tainly, the two phase and the supercritical fluid regions are among the more difficult 
heat transfer regions to study for any fluid. At helium temperatures there are no 
alternative fluids available. 

Thus, for the pressure and.temperature 

Secondly, perhaps as great or even greater differences may be noted in comparing 
transport properties of a conventional and of a cryogenic fluid in which there is some 
quantum influence for ahy given phase. 
differences in behavior of a conventional and a quantum fluid. In particular, one 
should note the behavior of the lower pressure liquid where the slope of the conductiv- 
ity curve is reversed. The behavior might be expected to require, at least, a modifica- 
tion of a correlation developed for conventional liquids. 

Figure 2 from Corruccinil shows the general 

. .  
Even greater evidence of the difficulties of heat transfer studies with helium may 

be found on examination of Figs. 3 ,  4, and SY2 which show the viscosity and conductivity 
data available for helium at the present time. In considering helium heat transfer 
studies, one immediately notices the large regions indicated by the dashed lines where 

* 
This work was carried out at the National Bureau of Standards under the sponsorship 
of the U.S. Atomic Energy Commission Contract Agreement AT(49-2)-1165. 
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there are no reliable experimental or theoretical guides and where values for properties 
must be considered to be crude 'estimates with a poor degree of reliability. Except for 
data in the saturated region and in the vicinity of 1 atm, the reliability of the data 
shown by the solid lines is marginal for use in heat transfer studies. Figures 4a and 
5a show the data with constant-pressure parameters for engineering use. Thirdly, the 
values of the properties are relatively different from those of a conventional fluid. 
For example, at the normal boiling point the viscosity of water is about 100 times that 
of helium, the specific heat about equal to that of helium, and the density about eight 
times as great. Therefore, in considering the conventional heat transfer correlations 
which involve Reynolds (uDp/v) and Prandtl (culk) numbers, one can quickly see that, 
with helium, quite different combinations of values of these dimensionless groups will 
be encountered. 
are, indeed, primarily empirical relationships of dimensionless groups, the extensions 
of these expressions into regions where the fluid properties differ by such a margin 
cannot be justified without some experimental verification. 

Since the correlations themselves are not based on rigorous theory but 

In summary, with respect to transport properties, heat transfer studies are more 
difficult because the properties vary significantly in value from those of conventional 
fluids, and extrapolation of the correlations are not justified without experimental 
verification. 
ently from those of conventional fluids except at very high pressures, and the reliabil- 
ity of all of the properties data leaves a great deal to be desired in pursuing heat 
transfer studies. Finally, heat transfer studies with helium are substantially more 
difficult than those dealing with conventional fluids because one.must deal with the 
difficult regions for heat transfer with respect to phase changes and pseudo-phase 
changes. The probkem is additionally complicated by marked differences in behavior 
and in values of the transport properties from those of conventional fluids, and by a 
poor reliability of data for these transport properties. 

Further, the transport properties for the liquids behave 'quite differ- 

111. DIVISION INTO REGIONS OF PHASE AND TRANSPORT PROPERTY BEHAVIOR 

In general, one might say that heat transfer phenomena are influenced by two sets 
of conditions. One set of conditions has to do with the physical properties and the 
other with the flow structure. With respect to the flow'structure, one is primarily 
concerned.with the behavior in the boundary layer. That is, one would first want to 
know whether the boundary layer is laminar or turbulent and, if turbulent, the nature 
of the turbulence. 
tem, it was decided not to make any divisions in this study with respect to this phenom- 
enon. Therefore, the heat transfer study of helium will be divided into regions with 
respect to the transport property and phase behavior, and the characteristics of the 
flow structure will be discussed in these regions where appropriate. 
shown in Fig. 6. 

Since the flow structure is very much a function of a specific sys- 

The divisions are 

Region 1 and Region 2 differ from each other primarily because in Region 2 phase 
separation with equilibrium will be distinct whereas in Region 1 phase separation is 
either not distinct or not possible. 
Regions 3 and 4 ,  respectively. 

The liquid region and the gaseous region are 

The line of maximum specific heats, which separates Region 1 from Region 4, is 
quite significant because, on the left of the line, one has what is often called a 
pseudo-liquid. In this region then, quite close to the saturated liquid line or the 
line of.maximum specific heats, one does experience pressure and density oscillations 
and other phenomena which are usually associated with the two-phase region. 

The data from which these curves were constructed may be seen in Fig. 7a.3 
Fig. 7a the constant-pressure lines show distinct peaks or humps in the specific heat 
behavior for pressures reasonably close to the critical pressure. The maximum points 
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of  these  peaks c o n s t i t u t e  t h e  locus of po in t s  used t o  cons t ruc t  t he  maximum s p e c i f i c  
hea t  o r  "transposed crit.ica1" curve. 
d i t i o n  is  drawn wi th  sho r t e r  dashes as t h e  pressure  i s  increased t o  ind ica t e  a weaker 
tendency toward c r i t i c a l - p o i n t  behavior. I n  drawing t h e  l i n e  i n  t h i s  manner i t  w a s  
meant t o  show t h a t ,  as the  peaking of t h e  s p e c i f i c  hea t  curve became less d i s t i n c t ,  
t h e  l i n e ,  while  s t i l l  ind ica t ing  the  maximum s p e c i f i c  h e a t s ,  w a s  record ing  a phenomenon 
which was becoming less and less important. F lu id  i n  condi t ions  f a l l i n g  t o  the  l e f t  of 

r i g h t  of t h i s  maximum s p e c i f i c  hea t  curve s i m i l a r l y  named a pseudo-gas. 
phase analogy i s  seen  i n  Fig.  7bY4 from which l a r g e  dens i ty  changes assoc ia ted  wi th  the  
c ross ing  of t he  transposed c r i t i c a l  l i n e  can be deduced. 

The dashed l i n e  i n  Fig.  6 r ep resen t ing  t h i s  con- 

. .  

' t h i s  maximum s p e c i f i c  hea t  curve i s  o f t en  c a l l e d  a pseudo-liquid, wi th  f l u i d  on the  
Further  two- 

Looking a t  t h e  reg ions  from the  point  of view of hea t  t r a n s f e r  knowledge obtained 
from o the r  f l u i d s ,  one might make some general  s ta tements  a s  t o  t h e  expected behavior 
f o r  each of t he  reg ions  se l ec t ed .  I n  Region 4 ,  t he .gas  reg ion ,  one would expect t he  
conventional c o r r e l a t i o n s  t o  be genera l ly  e f f e c t i v e  although some modi f ica t ion  may be 
requi red  because of  t he  p rope r t i e s  behavior previously discussed.  
l i q u i d  region,  t he  p rope r t i e s  behavior wi th  r e spec t  t o  t h a t  of convent ional  f l u i d s  i s  
q u i t e  d i f f e r e n t ;  however, t h e  conventional c o r r e l a t i o n s  should s t i l l  form the b a s i s  by 
which one may make r e l i a b l e  hea t  t r a n s f e r  p red ic t ions .  Heat t r a n s f e r  phenomena i n  
Region 2, t he  two-phase region,  i s  not w e l l  understood f o r  any f l u i d .  This  me.ans t h a t  
almost any ex tens ion  of t h e  use of conventional expressions t o  t h e  heli.um region should 
be accompanied by a r a t h e r  complete experimental v e r i f i c a t i o n  i f  any s u b s t a n t i a l  r e l i a -  
b i l i t y  is  requi red  i n  the  use of t he  da t a .  I n  Region 1 t h e  pseudo-liquid o r  s u p e r c r i t -  
i ca l  reg ion  near  t h e  l i n e  of maximum s p e c i f i c  h e a t s , . a  poor understanding e x i s t s ,  a t  
b e s t ,  f o r  t he  hea t  t r a n s f e r  behavior. Here again,  a good d e a l  of experimental d a t a  w i l l  
be requi red  f o r  helium i f  r e l i a b l e  hea t  t r a n s f e r  p red ic t ions  a r e  t o  be achieved. 

I n  Region 3,  t he  

. IV.  REGION 1 - SUPERCRITICAL NEAR THE TRANSPOSED CRITICAL LINE 

I V . l .  Region Boundaries 

Referr ing t o  F ig .  6 ,  .one may see t h a t . t h e  bes t  def ined boundary f o r  Region 1 i s  
t h a t  made by t h e  l i n e  of maximum s p e c i f i c  h e a t s  o r  t he  transposed c r i t i c a l  l i n e .  
t r anspor t  p r o p e r t i e s  of v i s c o s i t y  and conduct iv i ty  are gene ra l ly  be l ieved  t o  go through 
a s imi l a r  peaking phenomenon a s  shown i n  F ig .  7a when the  c r i t i c a l  po in t  i s  approached 
f o r  any f l u i d .  Therefore ,  i t  would be expected t h a t . c u r v e s  s i m i l a r  t o  Fig.  7a could 
be generated,  f o r  helium, f o r  t h e  t r anspor t  p rope r t i e s  of conduc t iv i ty  and v i scos i ty .  
However, no experimental  d a t a  have been generate! t o  v e r i f y  t h i s  concept. 

The 

The l e f t  boundary of t h i s  reg ion  i s  more d i f f i c u l t  t o  def ine .  It is meant t o  des-  
c r i b e  the  boundary such t h a t  t he  f l u i d  OR i t s  l e f t  shows no evidence of maxima singu- 
l a r i t i e s  i n  i t s  p r o p e r t i e s  nor a s soc ia t ed . t endenc ie s  toward pressure  o s c i l l a t i o n s .  One 
might conclude, t h e r e f o r e , : t h a t  t he  l e f t  boundary of t h i s  reg ion  should f a l l  along a 
pressure  l i n e  where the  s p e c i f i c  hea t  curve a s  shown i n  F ig .  7a no longer  e x h i b i t s  a 
peaking behavior o r  t h e  d e n s i t y  curve shown i n  F ig .  7b no longer  has  a s t e e p  s lope .  
For helium, t h i s  would appear t o  be along a constant  pressure  l i n e  i n  the  region of 
roughly 15 atm. 

If might be reasoned t h a t  Region 1 should ex ten t  t o  the  r i g h t  of  t he  transposed 
c r i t i ca l  l i n e  as w e l l  a s  t o  the  l e f t .  This  a r e a  inc ludes  t h e  r i g h t  ha l f  of t he  proper ty  
"hump" behavior shown i n  F ig .  7a. For t h i s  paper, i t  w a s  decided not  t o  include t h i s  
a r ea  i n  Region 1 f o r  two reasons.  F i r s t ,  t h e  s lope  of t he  curves descr,ibing proper ty  
behavior a r e  less s t e e p  on t h i s  s i d e  of t he  maxima. Secondly, almost a l l  hea t  t r a n s f e r  
processes which seem l i k e l y  with helium involve pressure  reduct ion .  Consequently proc- 
esses w i l l  gene ra l ly  run from l e f t  t o  r i g h t  i n  F ig .  6. Therefore ,  t he  va r i ab le  prop- 
e r t y  region i s  un l ike ly  t o  be approached from the  r i g h t  of t he  t ransposed c r i t i c a l  l i n e .  
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The lower boundary of the curve which extends across the liquid-vapor dome is I 
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also reasonably difficult to define in a precise or distinct manner. The curve is in- 
tended to form a boundary such that fluid which falls above the curve will have prop- 
erties, particularly density properties, for the liquid and the gas such that a separa- 
tion of the phases is fairly slow or difficult. 

IV.2. Behavior of Conventional Fluids in Region 1 

In Region 1, the special problem encountered in the heat transfer analysis is 
that of the fluid property, particularly the transport and density property, behavior 
in the boundary layer. These variations are shown in Figs. 7a and 7b. If the wall 
temperature is above the transposed critical temperature for the fluid and the bulk 
temperature of the fluid below that value, some fluid in the boundary layer must be in 
Region 1. This means that there will be widely varying values for the properties and, 
also, situations where some of the properties will go through maximum values within the 
boundary layer. Most heat transfer correlations assume the use of constant or effec-. 
tive property values. Correlations using this system are known to be ineffective for 
conditions where there are wide variations in the fluid boundary layers; 
occur either when there are high temperature differences between the ball and the fluid 
or when there are large property variations with relatively small varsations in.tempera- 
ture such as those conditions in Region 1. 

This would 

IV.2.1. Oscillations 

Perhaps the most important physical phenomenon which has been associated with this 
region has been that of pressure and flow oscillations. This behavior has been similar 
to that of a two-phase fluid. Some authors have chosen to label this as a boiling-like 
or a pseudo-boiling region. 
SkripovY6 and Griffith and Saber~ky.~ 
with the presence of a heavy and light species in this region; however, this has not 
been completely experimentally documented at this time. Some understanding of these 
oscillations has been obtained by the use of treatments that are modifications of rath- 
er conventional mechanics developed to describe specifically the oscillating systems. . 

That is, the fluid system has been treated as one' which is analogous to a more conven- 
tional oscillating system. Among those papers that have recently reported studies 
primarily dealing with oscillations in this re ion are the following: Hendricks et a1..8 
for hydrogen, Thurston et al.9 and Thurstonlo,fl for hydrogen, and Cornelius12 for 
Freon 114. 

Among these are Dickinson and Welch,5 Dubrovina and 
One might very easily associate this phenomenon ' 

IV.2.2. Temperature profiles in the boundary layer 

Some further insight into the behavior in the.fluid in this region may be obt'ained 
by consideration of the temperature profiles one might expect to find in the boundary 
layer. First of all, 
one does not expect to find these phenomena occurring except when the transposed crit- 
ical temperature falls between the temperature of the wall and the temperature of the 
bulk of the fluid. When these conditions are met, then, of course, the extreme be- 
havior of the fluid properties will be found in the region of the boundary layer. 
&st papers record that this special behavior indeed does occur only when these temper- 
ature conditions are met. Some further insight into the behavior of the temperature 
profiles in the boundary layer may be found by first considering the expression for 
turbulent heat transfer which is as follows: 

This was investigated by Wood and Smith13 using carbon dioxide. 

I 
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gradient that would exist if the boundary layer were completely laminar, while the 
group of terms in the parentheses represents .the coefficient of the gradient for the 
turbulent condition. Remembering that in all flow there is a laminar-like sublayer, 
one might speculate that, in this region where the conductivity term controls, and 
where this value will be expected to be enhanced generally, the resistance to heat 
transfer would be decreased and the temperature profile would be less steep than usual 
in this region. If the turbulent level or scale of turbulence is assumed to be essen- 
tially constant, then the resistance to heat transfer in this region will be inversely 
proportional to the density times the specific heat. 
region one would generally expect the resistance to decrease. This is because the 
specific heat would be expected to increase more rapidly than the compensating density 
decrease near the critical point. 

In examining the terms in this 
. 

Another possible change in the heat transfer in this region might be brought about 
by a change in the level of turbulence shown by Eh' 
cause the large density changes shown in Fig. 7b would create a rather large fluid 
acceleration. 
the level of turbulence would be reduced. 

Such a change may be possible be- 

Under such circumstances the turbulent eddies might change such that 

IV.2.3. Behavior of the heat transfer coefficient 

Then, looking at these two regions of the laminar sublayer and the turbulent core, 
one finds that the resistance.in the net is decreased in the laminar sublayer and in 
the turbulent core so that the conventional temperature profile would be somewhat flat- 
tened for this heat transfer condition. 
might expect the heat transfer in the net to be enhanced because of these changes in 
this region. 
however, the opposite would be expected to be true and one would.expect to find a deg- 
radation of the heat transfer rate. 
firmed by experiment. 

Considering these circumstances alone, one 

After the bulk temperature reaches the transposed critical temperature, 

This is indicated by property behavior and con- 

An example of this behavior of the heat transfer coefficient near the transposed 
critical is shown in Figs. 8a and 8b as reported by Dubrovina and Skripov.6 
figures show that the heat transfer coefficient follows the property behavior rather 
closely, with a substantial enhancement near the transposed critical and considerably 
lower values on either side. 
enhancement occurs only for very small temperature differences between the wall and the 
fluid . 

These 

It should be noted, however, that Fig. 8b shows that the 

IV. 3 .  Analytical Work 

Finally, one may consider the analytical work which has been reported to describe 
the heat transfer in this region. 
divided by the general method of approach which was used. 
cexned itself with an integration through the boundary layer for the case of variable 
fluid properties. This method involves the use of universal parameters for.the flow 
variables. A review of universal velocity distribution functions may be found in 
Spalding . l4 

One may generally arrange this work into two sections 
One set of analyses has con- 

D e i ~ s l e r l ~ , ~ ~  has presented a series of papers, employing this method. Figure 9 
shows the relationship between the temperature, Tx, at which properties are evaluated 
to produce the proper relationship between the Nusselt number and the Reynolds number 
for supercritical water. These curves are for a Prandtl number of one. Of course, 
some function of the Prandtl number can be found to'bring the curves nearer to a single 
curve. One may also see that if the proper temperature, Tx, is chosen the same form 
of the conventional correlation which employs constant properties may be used. 
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The other method of analyzing experimental data reported in this region is to . ' 

seek a satisfactory modifying parameter for the conventional correlations. 
all the cases, this modifying parameter contains the ratio of the wall to bulk temper- 
ature or the ratio of properties which are primarily a function of this temperature 
ratio, such as kinematic viscosity. Thus, 

In almost 

Nu = 0.023 (Pr)Om4 (modifying parameter) 

where 

(modifying parameter) = (T /T )(a) or f(vw/vb) w b  
where a is an exponent determined empirically. 

Hendricks et a1.17 show a ratio of the Nusselt number over a Nusselt number calcu- 
lated by an analogous procedure to a two-phase Nusselt number correlated with the 
Martinelli and Nelson18 parameter as 

Nu 
NUcalc 
-- - f(Xtt) * 

Again, the correlations produced by this method have been shown to be superior to those 
simply using the conventional single-phase heat transfer correlations. . 

Although the two methods of approach previously discussed appear to be quite dif- 
Some examples of these ferent, .the resulting correlations are fairly similar in form. 

predictive correlations and their use follow: 

Bringer and Smith" Forced Convection COP (no humps) 

Nu = 0.0266' (Re) (Pr) 0 55 (De iss ler 5, 
TX Tx 

Wood and Smith13 Forced Convection C02 - Two resistance concept - 
Enhanced near transposed critical 

Miller et a1." and Miller" Forced Convection H2 (no humps) 
0.8 

Nu = 0.0204 ( ) , (Pr)",: (1 + 0.00983 vW/vb) 
'0.4 

where the subscript indicates the location of the boundar layer temperature for the 
property evaluation as proposed by Deissler and Pressler2$ and the modifying parameter 
is of the form proposed by Hess and K u n ~ . ~ ~  

IV.4. Helium I in Region 1 

Three papers have reported on s stems which involved heat transfer to supercriti- 
Because 

' 

cal helium. These are: Kolm et al.? Klipping and K u t ~ n e r , ~ ~  and Brechna.'li 
the actual boundaries of Region 1 are yet to be determined, it cannot be said whether 
or not these data actually have fallen in what has been termed Region 1 for this paper. 
Additionally, all of these papers which do report data are handicapped because reliable 
property data are lacking in this general region for helium. 
system using the supercritical helium I for heat transfer but does not report experi- 
mental heat transfer data. Klipping and KutznerZ4 report a study of heat transfer to 
supercritical helium by free convection. 

Kolm et al.4 reports a 

The heated surface was a horizontal cylinder, 
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2 cm long and 0.4 cm in diameter. 
ed the data in a form as shown in Fig. 10. 
had previously suggested, heat transfer with supercritical helium is competitive with 
boiling heat transfer from other fluids and also with boiling heat transfer from he- 
lium. B r e ~ h n a ~ ~  shows some results from forced convection heat transfer using super- 
conductor cable material. These results indicate that the helium heat transfer in 
this region is about 1.7 times that which would be expected using conventional single- 
phase heat transfer correlations. 

Since property data were not available, they re ort- e Here, one can see that, as Kolm et al. 

This work is also discussed for Region 3 .  

The very limited reported data for heat transfer to supercritical helium I do not 
allow any conclusions except that more work is certainly needed in this region. 
optimum design of any system employing heat transfer to supercritical helium, one first 
needs the necessary transport property dat,a, and secondly, one needs reliable predic- 
tive heat transfer correlations for the fluid. It would appear that these correlations 
will be modifications of the correlations applied to conventional fluids. 
the boundaries of Region 1 need to be defined rather specifically. 
important with respect to pressure and temperature, oscillations. In heat transfer to 
cool superconductors, stability is much more important than in ordinary heat transfer 
situations. Therefore, the unstable regions where pressure oscillations might occur 
with supercritical helium need to be well defined. 

For 

Additionally, 
This is particularly 

V. REGION 2 - TWO-PHASE, BOILING HEAT TRANSFER REGION 
The accepted divisions of boiling studies into that of poo1,boiling and forced 

convection boiling will be made. 

V.l. Pool Boiling 

V.l.l. Boundaries of regions 

The boundaries of this region seem reasonably well defined. Referring again to 
Fig. 6, the left boundary is in the vicinity of a liquid-vapor saturation line. Some 
further discussion of the point of inception of bubbles will be carried out in the sub- 
sequent examination of the boiling curves. 
vicinity of the lambda line. The right hand division of the region is distinct, as the 
vapor saturation line. 
viously since it forms the boundary of the lower part of Region 1. 

The lower limit of the region is in the 

Finally, the upper limit of the region has been discussed pre- 

V.1.2. Behavior of conventional fluids - pool boiling 

The' general boiling curve exhibited for all fluids may be divided into four sec- 
tions of study. These are: 

The nucleate boiling curve. 
The maximum nucleate boiling flux. 
The film boiling curve. 
The minimum film boiling flux. 

Following the pattern set in Region 1, the behavior of other fluids in these various 
boiling divisions will be discussed first. 
peculiarities of helium boiling and allow estimates for helium behavior where data 
'have not been previously obtained or have been obtained in very small quantitias with- 
out the confirmation of subsequent studies. 

This will allow some insight into the 
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V.1.2.1. Nucleate boiling 

Typical nucleate boiling curves may be se'err in Figs. 11, 13, and 14. The lower 
portion of the curve is defined by the inception of the formation of bubbles and on a 
plot such as in Figs. 13 and 14 where the heat transfer per unit area is plotted 
against the temperature difference between the bulk of the fluid and its surface, the 
inception of bubbles causes a sharp rise in the slope of the curves. This slope re- 
mains generally constant on'such a plot and is proportional to about the third. power 
of the temperature difference. The analytical curves then developed to express the 
nucleate boiling phenomena will be of the general form 

q / A  = f (properties) (Tw Tsat l3 
It seems reasonably well established at this time that, in many cases, the multiplier 
of the temperature difference is a function of the heated surface as well as the fluid. 
This aspect of boiling will be discussed in a later section. 

A number of nucleate boiling curves, evaluated for hydrogen.at 1 atm, are shown 
in Fig. 11 along with the regions of reported experimental data. In general, the cor- 
relations are dependent upon fluid properties alone, and that will be the basis on 
which these curves will be discussed. The state of knowledge regarding the boiling 
phenomena has not advanced to the point where the primary or controlling influences 
in the process have been established in a manner generally accepted as that one which 
is correct. Therefore, all of the correlations may be said to owe some of their devel- 
opment to dimensional or similarity concepts. A number of the correlations that have 
been more recently proposed involve the number of nucleation sites. Since these data 
are not generally available on an engineering or design basis, these correlations are 
not yet useful for design use. In a revious report on boiling of cryogenic fluids by 
Brentari and Smith,26 the Kutateladzeg7 correlation was recommended as one that repre- 
sented the behavior of hydrogen reasonably well. Obviously, from an examination of 
Fig. 11, one can see that several other correlations could be said to represent the 
data with equal reliability. The general requirements for a successful correlation 
are to express the properties data in such a way that the curve will have a point with 
the approximately correct horizontal location and then from that point have the slope 
expressed as about the third power of a temperature difference. Since the Kutateladze 
correlation is reasonably successful for the cryogenic fluids it will be used as a ' 

reference in the subsequent discussion of helium boiling. 

. 

This expression is 

(3) 

V.1.2.2. Maximum nucleate boiling flux 

As the temperature of the heated surface is increased during nucleate boiling a 
point is reached where the nucleate boiling curve essentially becomes discontinuous. 
Physically, this might be very roughly visualized as the point at which the vapor re- 
moval. procedure during the boiling becomes such that a wetting cycle during that pro- 
cess is no longer possible. The boiling is then said to enter the film boiling regime 
where essentially a vapor film is maintained between the heated surface and the bulk 
of the liquid. This point is almost always associated with a very rapid increase in 
the temperature of the heated surface. The point is of particular interest to many 

. 
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design situations because, very often, if this condition is allowed to occur, it will 
result in the system’s failure. 
cooled superconductor. In separate studies, both Kutateladze’’ and Zuber28 have pro- 
duced expressions which are reasonably successful in predicting this maximum flux. 
This expression is as follows: 

This would almost certainly be the case for a helium- 

( 4 )  

Again, it will be noted that this expression is a function of a fluid properties,aloqe 
and not of the relationship between the fluid and the boiling surface conditions’or of ‘ 

the surface conditions. Deviations which may occur as a result of the surface condi- ’ 
tions will be discussed subsequently in this section. It should be pointed out that 
although the maximum heat flux can be predicted to a reasonable degree of accuracy, the 
temperature difference at which this flux will occur is much more difficult to predict. 
One may estimate this temperature difference by using the value of the maximum heat 
flux substituted in the nucleate-boiling-curve correlation. 

Figure 12 shows the values obtained from ( 4 )  compared with experimental data from 
cryogenic fluids. The agreement is reasonably good except for lower values of the 
abscissa which correspond to higher values of p/pc. 

V.1 .2 .3 .  Film boiling 

. Typical film boiling.curves produced from experimental and anal tical data may be 
seen in Fig. 13 .  Again, in a .previous review by Brentari and Smith,g6 the Breen and 
Westwater29 correlation was found to describe the behavior of cryogenic fluids boiling 
in the film region reasonably well. 
ical to experimental work in this paper will be referred to that correlation. 
to calculate the heat transfer in the film boiling region one must know something of 

. the characteristics of the film or make some assumptions regarding these characteristics. 
Most of the more recently proposed analyses study the stability of the liquid-vapor 

and Westwater29 who presented the following correlation: 

Therefore, most of the discussion relating analyt- 
In order 

. interface of this film. This was the approach of Bromley30 and subsequently of Breen 

where [hf + 0.34 C (T2 - TI)]’ 
h‘ = I 

h 
. fg fg 

It should be noted that a diameter effect does occur in the correlation, but otherwise 
surface effects are considered negligible. 

V . 1 . 2 . 4 .  Minimum film boiling flux 

In proceeding downward along the film boiling curve, as (Tw - Tsat) is reduced, 
there will be a point reached when the boiling mechanism will return to nucleate boil- 
ing. This point at which that change occurs is known as the minimum film boiling’flux. 
This point is also of considerable interest to designers because it represents the min- 
imum heat flux which would be expected in the temperature range of nucleate and film 
boiling except, perhaps, for cases of very low temperature differences on the nucleate 
boiling curve. 
duced predictive equations for the minimum film boiling. 

Several authors, among them Zuber,28 and Lienhard and Wongy3I have pro- 
This point is quite difficult 
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to obtain experimentally, and specific experimental information on this heat flux is 
reasonably scarce for any fluid. The point, however, can be generally determined for. 
most fluids from a knowledge of the necessary shape of the general boiling‘curve and 
from data regarding the nucleate and, film boiling regions. The correlation proposed 
by the two authors previously mentioned has been shown to be reasonably successful for 
other cryogenic fluids. This correlation for a cylinder with D > 1.0 cm or for a flat 
plate is: 

V.1.2.5. General discussion of the boiling correlations 

In many cases, additional factors should be considered before the previously dis- 
cussed correlations are used to prediet the behavior of a sfstem. The correlations are 
primarily limited because, for wider variations in fluid properties, the correlations 
have not been thoroughly tested and some tests show poor reliability at high values 
p/pc; further, they do not account for the gdometry or the properties of the solid sur- 
f ace. 

V.1.2.5.1. Nucleate boiling correlations - pressure effects 
\ 

Both the expressions for the nucleate boiling flux ( 3 )  and the maximum nucleate 
flux ( 4 )  appear to be unreliable at p/pc > 0.6. (See Figs. 15 and 16.) 

V.1.2.5.2. Subcooling 

When temperatures of the liquid are below the saturation temperatures, the boiling 
fluxes are chang6d from those indicated in the previous discussion where only saturated 
liquid conditions were considered. Four expressions have been proposed as a correction 
to the expressions that consider saturated liquids. The correction is simply 

These expressions are: 

Kutateladze I 27. , 

P A  0.923 C 
= 1.0 4- 0.040 ( p ) (e ) (Tsat - Tsub) 

V fg 
Fsub 

32 Kutateladze I1 (from Gambill ) :  _ ,  

p A  0.800 Cp 

V fg 
= 1.0 + 0.065 ( r  ) (h ) (Tsat - Tsub) Fsub 

32 Ivey and Morris33 (from Gambill ) :  

p A  0.750 c 
= 1.0 + 0.102 ( T;- ) ( e ) (Tsat - Tsub) 

V fg 
Fsub 
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Zuber et al. 34. . 

There are no experimental data to test these expressions for cryogenic liquids. 

V.1.2.5.3. Surface conditions 

While it is known that surface conditions have a significant effect on the boiling 
phenomena, the specific influence of any given surface variable is not well understood. 
Enough data have been acquired, however, to permit a qualitative discussfon of the'ef- 
fects of specific surface variations. Considered here are surface history, surface 
temperature variations as affected by the heated material mass and properties or by 
the type of heat source, surface roughness, and surface-fluid interface phenomena as 
influenced by the surface and fluid chemical composition. 

V.1.2.5.3.1. Surface history 

A heating surface immediately after immersion in liquid will produce a higher 
heat transfer coefficient than one which has been immersed for a reasonable period of 
time (K~tateladze~~) . This is presumably due to additional nucleation centers provided 

35 by factors such as dissolved air and oxidation of the heating surface. Graham et al. 
reported that for nucleate boiling of hydrogen, boundary layer history has a,significant 
effect on the boiling incipient point. The apparent incipient point for nucleate boil- 
ing occurred at a much lower AT when a boiling run was immediately repeated iather 'than 
begun with a fresh supply of hydrogen surrounding the heating surface; the two curves 
then join at higher heat fluxes. 
layer remained to change the incipient point for the succeeding test. 

The authors speculate that some residue of the thermal 

Vliet and L e ~ p e r t ~ ~  studied the effect of aging or boiling for a period of time at 
about half peak flux. They found that with water flowing over a stainless-steel tube, 
aging of about 90 min was necessary before reproducible peak fluxes could be obtained. 
Aging for about one-third that time produced peak fluxes only slightly greater than 
half the fluxes produced using the longer aging procedure. 

V.1.2.5.3.2. Surface temperature variations 

It is possible that surface temperature differences can occur which may be attrib- 
uted to properties of the heater surface and not entirely to the fluid boiling phenom- 
ena. Heaters with a small mass per unit of heater surface such as very thin materials 
may produce temperature variations and, subsequenrly, a lower peak flux. Vliet and 
L e ~ p e r t , ~ ~  however, reported that there were no surface effects down to a thickness of 
0.006 in. for a cylinder with water cross-flow. 

The source of znergy for the heater may also influence surface temperature varia- 
tions. Kutateladze reports that electrically heated surfaces have slightly different 
heat transfer characteristics than those heated by vapor condensation, probably because 
condensation droplets cause surface temperature differences. 

Of course, the boiling phenomena also produce temperature variations at the sur- 
37 face, and these are re orted, for example, by K~tateladze,~~ Hendricks and Sharp, 

and Moore and M e ~ l e r . ~ ~  Sharp39 studied the microlayer film at the base of nucleate 
bubbles and found that the flux from this microlayer appeared to vary with klfa fcr 
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the surface material. 
variations which are a function of the properties of the substrate material, and in 
turn, may be attrfbuted t-o changes in these properties during temperature fluctuations. 

Cummings and Smith," and Bowman,41 have' shown some boi1,ing 

V.1.2.5.3.3. Surface roughness 

Rougher surfaces generally produce higher fluxes for the same AT. .Mikhai14' re- 

Rougher sur- 
ported work with oxygen using nickel surfaces with different roughness values, and his 
data were similar to others who investigated higher temperature fluids. 
faces cause incipient nucleate boiling to occur at a lower AT, and then the h vs AT 
curves rise abruptly from that point. 

working with cryogenic and other liquids , indicates, however , that although the nucleate 
boiling flux curve is changed by roughness, the peak flux does not change. 
roughness would be expected to show a much smaller effect in the film boiling region, 
and work such as that of Class et a1.44 indicates essentially no effect of roughness 
for film boiling. 

Thus the rougher surfaces produce markedly hi h- 
er coefficients for the same AT -.in Mikhail's work as high as a factor of 4. Lyon, $3 

Surface 

Tuck,45 in experimental work with hydrogen, found that AT 'for' inception was less 
than O.l°K for a rough surface but could be as great as 3'K for a surface finished to 
1.25 bin. rms. The Tuck experiments were at zero gravity condition; however, the re- 
sults would be expected to be applicable generally under other gravitational fields, 
although at or near zero gravity the inception point seems to be time dependent and 
that time a function of the gravitational field. 

V.1.2.5.3.4. Surface chemistry 

The Surface chemical effect is often difficult to separate from other surface ef- 
fects such as roughness. 
Cryogenic fluids will wet almost all surfaces except those with a very low surface en- 
ergy; this.is illustrated, for example, in a hydrogen study by Good and Ferry46 and 
perhaps further substantiated by the reasonably effective use of a single wetting co- . 

efficient in the RohsenowLC7 correlation for cryogenic fluids. 
boiling with oxygen and nitrogen using clean copper and gold surfaces and surfaces with 
various chemical films. He found that the different surfaces produced somewhat dif- 
ferent nucleate boiling curves and differences as much as 25% in the peak flux. 

Wetting characteristics would appear to be a major influence. 

L y ~ n ~ ~  studied nucleate I 

Young and Hu-lLC8 have shown that higher coefficients in the lower region of the 

Sharp59 has studied the microlayer at the base of bubbles and has found that 
nucleate boilin 
surface. 
nonwetting surfaces tend ,to destabilize the layer. 
burnout heat flux was increased by a factor of 2.3 if tap water rather than distilled 
water was used. 

regime are made possible by providing poorly wetted spots on the metal 

Costello et a1.49 found that the 

V.1.2.5.4. Geometry 

The correlations essentially describe systems of simple geometry with surfaces 
which are vertical or facing upward. The data from the surfaces facing downward and 
of vertical channels are shown in Figs. 18 and 19 which will be discussed later. Other 
variations with geometry have been reported; for example, Costello et a1.49 have re- 
ported that for pool boiling burnout heater size is quite significant. They found that 
0.067 in. diameter semi-cylinders burned out at fluxes 2.7 times greater than for flat . 
plate heaters with no liquid in-flow from the sides. This suggested to the authors 
that such difference may be a result of different convective effects for the various 
heated surfaces. 
the total flux in some cases. 

They show that the convective component may be approximately one-half 
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V.1.3. Pool boiling - helium I . 
V.1.3.1. Comparison of data with results from correlations 

Figure 13 shows experimental and analytical pool boiling data for helium. The 
figure indicates that agreement between the predictive correlations and the experimen- 
tal work is approximately as good as that for other fluids. 
the reported experimental work, some of the data have been corrected by means of the 

These data are 
for simple geometries with surfaces facing upward or vertical. 

.In order to show most of 

'property variations indicated by (3) to the case for f atm pressure. 

Figure 16 shows the comparison of the results of the maximum nucleate flux com- 
parisons. Here, as with the other cryogenic fluids, the agreement is good except for 
higher values of p/pc. 
would be p/pc = 0.6. 

It would appear that a safe upper limit-for the correlation 

4 

V.1.3.2. Pool boiling - additional factors to consider with the correlations 
V.1.3.2.1. Hysteresis 

Figure 14 shows the.hysteresis effect as reported by three investigators. The 
difference in the curves with increasjing flux and decreasing flux is generally regard- 
ed as being assoc2ated with the point of initial bubble inception and its requirements 
for higher temperatures than that for subsequent bubbles. 
differences and the heat fluxes are increased the behavior of the curve must indicate 
the activation of new boiling sites. 

Also, as the temperature 

Bankoff" has shown that, in general, the theoretical superheat requirements to 
form new vapor nuclei are considerably higher than those observed. 
might conclude that nucleation usually.occurs at nonwetted sites on the surface, 
usually in cavities. 
esis for helium because at helium temperatures all gases which might serve to create 
nonwetted sites will be condensed, except helium itself. 

Therefore, one 

This hypothesis could be used to explain the additional hyster- 

V.1.3.2.2. Geometry effects 

'Figure 17 shows data from two sources for surfaces facing do&ward. In both 
cases the data appear to follow the same general nucleate boiling behavior except that 
the maximum flux is reduced very substantially. 

The work of Sydoriak and Roberts51 for narrow channels shows that for this special 
They developed geometry, the helium,boiling problem must be handled quite differently. 

an expression for the maximum flux which, Eor this case, is limited by the outflow 
rate from the channel. Figure 19 shows the predicted results from this theory com- 
pared with experimental data from Wilson.52 The agreement appears reasonably good, 
particularly for a problem as complex as this one. 

Figure 13 indicates that the film boiling correl$tion (5) does not properly ac- 
count for boiling behavior with small wire sizes. . 

V.1.3.2.3. Substra.te effects 

Figure 20 shows the results of Cummings and Smith" which demonstrate significant 
effects traceable to the behavior of the properties of the substrate. These properties 
are conductivity, density, and specific heat. The authors show that these properties, 
together with a frequency term (representing boiling bubble frequency), can be made to 
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form a function that will.correlate boiling data from different substrates. 
behavior could well be most significant for helium because the properties will.tend to 
vary more with sma.ll temperature changes (such as those encountered in boiling) at 
helium temperatures. 

This 

Bowman" has shown that radiation has a significant influence on the pool boiling 
of helium by decreasing the thermal conductivity of the substrate and by inducing re- 
sidual radidactivity in the substrate. 

V.1.3.3. Additional factors to consider with correlations - significant but 
apparently no different for helium than for other fluids 

V.1.3.3.1. Pressure t 

Figure 15 shows the nucleate boiling data of Lyons taken at different pressures. 
The lower pressure data appear to behave essentially as predicted, but thdhigher pres- 
sure data are quite different from a reasonable extrapolation of lower pressure data 
or from the apparent prediction using (3). It may be that the property values used in 
(3) near the critical would be quite unreliable, but even with a reasonable allowance 
for that, one must conclude that the behavior indicates an approach quite different 
from (3) should be taken to predict the higher pressure behavior. A s  in the case of 
the maximum nucleate flux data (Fig. 12), it would appear that the correlations are 
only reliable to p/pc = 0.6. 

V.1.3.3.2. Surface'roughness and chemistry 

There are no reported studies which have considered surface chemistry effects. 
As previously discussed, Ly0n4~ found significant effects for other cryogenic fluids. 

Cummings and Smith.". The work of Boissin et al.34 indicates that only polished sur- 
faces are markedly different for the nucleate boiling curve. 
show that ice crystals did not influence the nucleate boiling curve for their surface. 
They did, however, yery significantly influence the curve' in the region of transition 
from nucleate to film boiling. 

Figure 17 show surface roughness effects re orted by Boissin et a1.,54 and 

Cummings and Smith40 

V.1.3.3.3. Subcooling 

There are no data to show the influence of subcooling (fluid temperatures below 
saturation) on helium boiling. Some indication of the possible effect can be obtained 
by evaluating (8)-(11) previously discussed. These evaluations are shown in Fig. 21. 

V.2. Forced Convection Boiling 

V.2.1. Behavior of conventional fluids 

. The general treatment of forced convection boiling is simply to extend the method 
used in the single-phase case. The systems employed may be divided into two general 
categories. In the first category a two-phase Nusselt number is calculated from a 
Ditt~s-Boelter~~ form of the equation 

0.8 (pr)0.4 
(Nucalc)tp = 0.023 (Re) tP 

In this equation the two-phase aspect is introduced 
cation of the density term in the Reynolds number. 

by some sort of a two-phase modifi- 
This Nusselt number does not yield , 
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the proper film coefficient to describe the forced convection boiling process, however. 
Instead, it is used.as the denominator of a Nusselt number ratio with the numerator 
representing the experimental or in the case of a predictive use of the correlation, 
the predictive Nusselt number. In this system the Nusselt number ratio is assumed to 

employed is the Martinelli-Nelson parameter ytt which was originally proposed to cor- 
relate a similar pressure drop, or essentially a momentum transport process: 

* .  be a function of some correlating parameter. The most common correlating parameter 

Hendricks et a1.17 have reported a very thorough stud% employing this type of correla- 
tion using hydrogen as the working fluid. 
relatively.successfu1 for hydrogen. 

Figure 22 shows that the correlation is 

. .  
The second analytical method, which is employed to describe forced convection 

boiling processes, is usually called the superposition method. Here, the concepts are 
very simple. The heat flux which would be indicated for the pool boiling case is sim- 
ply added to the heat flux which would be indicated by a conventional correlation for 
the single phase fluid: 

(q/A)Forced conv. = (q/A) pool -k (q/A)Forced conv. . * 

boiling boiling single phase 

For the case of nucleate boiling the single-phase fluid would be assumed to be a liquid, 
and for the film boiling case the single-phase fluid would generally be assumed to be a 
gas. Although this method is extremely si.mple and makes no provision at all for the 
interplay between the two energy transport processes, it has been shown to be reason- 
ably successful for a number of fluids including hydrogen. Giarratano and Smith57 have 
reported a comparative study of these methods using previously reported data.for hydro- 
gen heat transfer. 

V.2.2.  Forced convection boiling with helium I 

There has only been one paper on forced conyection boiling with helium. Thisis 
The authors used the method by de La Harpe et al.58 who employed a long coiled tube. 

of a Nusselt number ratio correlated with the Martinelli parameter for their data with 
higher quality, higher'vapor content, runs. Their results are shown in Fig. 23.  This 
method produced an empirical line which correlated the data to within f 20%. 
low quality region (where the qyality was approxihately 0 . 2  and less), the method of 
superposition was employed as the Nusselt number ratio appeared to be insensitive to 
changes in the Martinelli parameter for the low quality case. 
method for the lower quality region was used, the data were correlated within f 20% 
for the range of experimental data produced. This dividing point between the apparent 
wet-wall and dry-wall regions is at a considerably higher quality than that which would 
be expected for other fluids. This is because the density ratio (of liquid to gas) at 
the normal boiling point for helium is much lower than that for other fluids. For ex- 
ample, for hydrogen this ratio is about 53 and for helium about 7.5. Wright and 
W a l t e r ~ ~ ~  report wet-wall boiling data for a similar case of forced convection with 
hydrogen showing a maximum quality of about 0.05. 
the authors report that although the Martinelli parameter was successful in correlating 
heat transfer data, it was not at all successful in correlating the pressure drop data 
which they obtained from this long helical tube. Instead, they found th,at the use of 
a homogeneous model described the pressure drop data reasonably well. 

For the 

When the superposition 

In a separate, but related study, 

I 
I 
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VI. HELIUM I, REGION 3 

Since Region 3 is devoted entirely to the single-phase fluid where a good deal of 
heat transfer work has been done for other fluids, one might expect less difficulty in 
extending the conventional correlations to the helium case. 
the extreme property differences for helium and the property behavior for liquid he- 
lium, particularly, would make the helium behavior significantly different from the 
conventional fluids. 
duce the Nusselt number as 

It may be, however, that 

For conventional fluids the Ditt~s-Boelter~~ correlation to pro- 

0.8 (pr)0.4 Nu = 0.023 (Re) Y 

is generally satisfactory. 
is that of Dorey." Dorey employed a test section of a small flat plate and investi- 
gated the cases of both free and forced convection. In cases of both free and forced 
convection, Dorey's experimental data were obtained at Reynolds numbers which were in 
the general transition region between.laminar and turbulent flow. He compared his 
data with respect to both the laminar and turbulent heat transfer predictions of the 
conventional correlations. For the free convection case, a difference' between the 
analytical expression for the two flow regimes is expressed in the power (a) to which 
the product of the Grashof and Prandtl number is raised in the following expression: 

The only experimental work for helium reported in Region 3 

( a) Nu = (const)(Gr*Pr) 

Although the constant coefficient in the expression varies between the two flow regimes, 
the exponent (a) is a better indicator of the flow regime. In this transition region 
for free convection, Dorey found that the ,exponent conventionally used for the turbulent 
case more nearly described his experimental data. 
sion for the heat transfer coefficient for free convection for helium in the Reynolds 
number range which is transition between laminar and turbulent flow: 

He recommended the following expres- 

For forced convection, Dorey investigated two equations for laminar and turbulent. 
flow. 
the more conventional case of flow inside tubes considered previously. 
pressions are 

These expressions were recommended by JacobG1 for flat-plate flow rather than 
These two ex- 

Nu = 0.664 Reoa5 Proa5 (laminar) 

Nu = 0.36 Reoo8 Pr (turbulent) . (14) 

(13) 

Again as shown in Fig. 24, Dorey's data in a transition region between the two flow 
modes fell between predictions of the analytical exponents of the two modes. 

BrechnaZ5 has reported some forced convection, liquid helium data discussed pre- 
viously in Region 1. He finds that the coefficient in the conventional turbulent, 
forced convection equation is increased by a factor of about 1.7 for.the case of helium 
heat: transfer. It is not clear at this time whether the data of Brechna were obtained 
for Regfon 1 or Region 3; however, it is presumed that some of these data were obtained 
in Region 3. 
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VII. REGION 4 

A full discussion of helium heat transfer in Region 4 is not considered in this 
paper. 
pected to behave differently than another gas. 
quired by the rather significant properties differences, particularly that of viscosity; 
however,. the author is not aware of any investigators who have reported the need for 
such modifications. Most of the helium gas studies, however, have been carried out at 
considerably higher temperature than those shown or considered in this paper. The 
second reason for omission of the Rzgion 4 is that for the most part the temperatures 
in Region 4 are presumed to be too high for cooling superconductors. 

There are two reasons for this. First, helium in this region would not be ex- 
Some small modifications might be re- 

VIII. SUMMARY AND RECOMMENDATIONS 

VIII.l. Region 1 - Supercritical Neaf Transposed Critical 
a) This region should be avoided, if at all possible, if oscillations in 

pressure and temperature are undesirable. 

b) The region boundary appears to be generally defined by the transposed 
critical line and the minimum constant pressure line which does not ex- 
hibit the "hump1' or rapidly changing property behavior similar to that at . 
the critical point. This pressure is at about 15 atm. 

c) The conventional heat transfer correlation using constant properties , 
Nu = 0.023 , 

can probably be used as a general guide t o  predict the heat flux for 
forced convection, turbulent heat transfer inside conduits. Enhance- 
ment is theoretically possible but, since heat transfer behavior is 
unknown and property values are uncertain, one should not expect to ob- 
tain enhancement unless a development program is undertaken. Degrada- 
tion is perhaps more likely for systems in this region. 

First studies should be to: 
d) Heat transfer and property data are urgently needed in this region. 

i) Define the region boundaries. 
ii) Establish the magnitude and nature of the oscillations in 

the region. 
iii) Investigate arrangements to minimize the oscillations. 

iv) Establish a heat transfer predictive system better 'than a 
constant property correlation. 

VIII.2. Region 2 - Boiling, Two Phase 
VIII.2.1. Pool boiling 

a) For pool boiling, it would appear that the correlations for conventional 
fluids can be used with approximately the same degree of reliability as 
for other cryogenic liquids. 

Nucleate - K~tateladze,~~ Eq. ( 3 ) .  

Maximum nucleate - Kutatelad~e,~~ Zuber et a1.,34 Eq. (4). 
Film - Breen and Westwater," Eq. (5). 
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Minimum film - Lienhard and WongY3l Eq. (6). 
b) These correlations do not consider some of the significant variables and 

should be used with caution. Among these variables which seem to have a 
more pronounced influence with helium are: 

i) Hysteresis - L y ~ n , ~ ~  Cummings and Smith,40 Thibault et a1.62 
ii) Geometry effects - L y ~ n , ~ ~  Sydoriak and Roberts.51 
iil) Substrate effects - Cummings and Smith. 40 

c) Other variables, not accounted for in the correlations, but which have 
been shown to have a significant influence with other cryogenic liquids 
.are: 

i) Surface roughness - Boissin et al.,54 Cummings and Smith. 40 

43 ii) Surface chemistry - Lyon. 
iii) Pressure effects for the nucleate boiling curve are reason- 

ably well accounted for by the.nucleate correlations for 
. .  PIPcrit < 0 .6 .  

For pressures above this value the correlations do not 
appear to be reliable. 

iv) Subcooling effects are unknown (see Fig. 21 for estimates). 

VIII.2.2. Forced convection boilin& 

For forced convection boiling, the single reported work, de La Harpe et al. 58 
The nucleate boiling or wetted indicated behavior similar to conventional fluids. 

surface region appears to be extended in quality. , 

VIII.2.3. Recomendations for further work 

Further work in this region appears to be less critically needed than in the other 
Perhaps the regions of surface and 'substrate effects, geometry effects, pres- areas. 

sure effects and forced convection should have first priority for future investigations. 

VIII.3. Regions 3 and 4 

a) The very limited data of BrechnaYz5. and Dorey," indicate the use of con- 
ventional correlations, Eqs. (12) , (13), (14) , and (15) may be conservative. 

b) Fluid.property data would indicate that the conventional correlations can 
be used with reasonable confidence except, perhaps, for liquid helium at 
lower pressures where the transport properties have the opposite slope of 
that for other liquids. 

c) Some further work is rather urgently needed, however, to establish more 
positively whether or not conventional correlations may be used without 
modification. 

- 266 - 

I 
I 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
R 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I' 

a 

cP 
D 

Fsub 

k .  
Nu 

U 

X 

Y 

NOMENCLATURE 

Latin Letters 

B 

'h 
c1 

P .  . .  

V 

cr 

Xtt 

b 
R 

W 

X 

= Empirically determined exponent. 

= Specific heat capacity at constant pressure. 
= Diameter. 
= Multiplying factor for peak heat flux due to subcooling 

= Convective heat transfer coefficient. 
= "Effective" latent heat vaporization, defined by Eq. (5 ) .  
= Latent heat of vaporization at saturation. 
= Acceleration of gravity. 

= Grashof's number, pga(Tw - Tb)y3/w2, dimensionless. 
= Thermal conductivity. 
= Nusselt number, (hDfk) 
= Calculated Nusselt number, dimensionless. 
= Pressure. 
= Prandtl number, (cpfk). 
= Rate of heat transfer per unit area. 

= Reynolds number, (uDp /k). 

= Temperature. 
= Average fluid velocity. . 

= Quality, (mass vaporfmass mixture) , dimensionless. 
= Length dimension. 

(q/A) sub = (q/A) sat Fsub. 

Greek Letters 

= Thermal coefficient of volumetric expansion. 
= Eddy diffusivity of energy. 

= Newtonian coefficient of viscosity. 

= Density 
= Kinematic viscosity. 
= Surface tension between the liquid and its own vapor. 
= Martinelli parameter, dimensionless. 

Subscripts 

= Indicates bulk property. 
= Subscripted liquid property. 
= Wall or solid surface conditions. 
= Proportional location in thermal boundary layer to establish 
temperature for property evaluation. 
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sat = Saturated conditions. 

V = Vapor or gas condition.. 
C = Critical condition. 

= Two phase. 

= Saturated conditions. 

= Vapor or gas condition.. 
= Critical condition. 
= Two phase. 
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. .  

Fig. 2 .  Comparison of the behavior e€ ' themal  conductivity for a 
c lassical  and for a quantum f l u i d  from Corruccini (Ref. 1 ) .  
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Fig. 11. Comparison of various boiling heat transfer correlations from 
the literature for hydrogen at 1 atm pressure with the reported 
experimental data shown as crosshatched areas. From Brentari 
et al. (Ref. 56). 
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relation. From Brentari et al. (Ref. 56). 
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Fig. 24. Forced convection heat transfer data for liquid helium 
from Dorey (Ref. 60). 
with predicted results for streamline and turbulent flow. 

.Experimental data are compared 
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AN EXAMINATION OF A LIQUID HELIUM REFRIGERATION 
SYSTEM FOR SUPERCONDUCTING MAGNETS IN 

THE 200 GEV EXPERIMENTAL AREA* 

M.A. Green 
Lawrence Radiation Laboratory 

Berkeley, California 

G.P. Coombs and J.L. Perry 
500 Incorporated 

Cambridge, Massachusetts 

I. INTRODUCTION 

It has been suggested that the dc experimental area transport magnets for the 
200 GeV machine be superconducting. 
nets' are the elimination of large power supplies and cooling towers, and a drastic 
decrease in the consumption of electric power and cooling water. 
for power and cooling water is drastically reduced, capital and operating expenditure 
is required to maintain the superconducting magnets at liquid helium temperature 
(4.2OK). 

The primary advantages of dc superconducting mag- 

Although the need 

The first analysis of this refrigeration problem was done by Strobridge, Chelton 
and Mannl of the National Bureau of Standards in Boulder, Colorado. A second more de- 
tailed report on the refrigeration system was published2 in June 1968 by 500 Incorpo- 
rated, a subsidiary of Arthur D. Little, Cambridge, Massachusetts. This second report 
is summarized in this paper. The second report differs considerably from the first in 
several respects. First, a specific experimental area modes is analyzed; second, the * 

refrigeration systems analyzed are all helium systems (no liquid nitrogen is used); 
third, simplicity, reliability, and flexibility are important considerations in the. 
study; fourth, gas compression, storage, and purification are centralized; finally, 
the cost reduction resulting from quantity production is considered. 

Three basic refrigeration concepts are analyzed in the second report': 1) central 
. liquefier, liquid delivery, 2) central refrigerator, cold gas supply and return, and 

3) many small refrigerators with warm gas supply and return from central compressor 
stations. Several versions of the small refrigerator concept are invegtigated. 

11. F E  EXPERIMENTAL AREA 

The experimental area model used is a modified version of one found in the Nation- 
The approximate dimensions of the experimen- 

The over-all design is divided into three smaller areas, 
al. Accelerator Laboratory design report . 3  
tal area are 300 m by 1600.m. 
one for each of the three target statipns. 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
1. T.R. Strobridge, D.B. Mann, and D.B. Chelton, NBS Report 9259 (1966). 
2. 
3 .  National Accelerator Laboratory Design Report (1968). 

M.A. Green, G.P. Coombs, and J.L. Perry, 500 Incorporated Report (1968). 
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TABLE I. The parameters of secondary beams used in the LRL-500 Inc. refrigeration 
study. 

Beam Number of Beam Radiation 
length beam magnets life shielding required 

Beams off Target A 
(Fig. 1) 

Beam A-la 
Beam A-lb 
Beam A-2 

Beams off Target B 
(Fig. 2) 

Beam B-1 
Beam B-2 
Beam B-3 
Beam B-4 

Beams off Target C 
(Fig. 3) 

Beam C-1 

Beam C-2 
Beam C-3 7 

55 
230 
120 

140 
233 
232 
463 

1590 

1590 
746 

9 

14. 
18 

10 
14 
12 
24 

64 

68 
19 

< 1 Moderate 
< 1 Moderate 
< 1 Moderate 

< 1 Moderate to heavy 
< 1 Moderate to heavy 
< 1 Moderate to heavy 
1 - 3  . Light 

>. 3 Light 

> 3 Very heavy 
1 - 3  Moderate 

Two hundred and fifty-two magnets are to be found within the experimental area. 
A future complication is the constant change in the experimental area beam layout. 
The model used in the 500 Incorporated report2 only exists at one point in time. 
Table I presents detailed parameters of the beam lines found within the experimental 
area model used €or the refrigeration study. 

Several types of secondary beams are not represented in the experimental area 
model. The elimination of these beams does not affect the validity of the model be- 
cause many of the beams will be similar to beams that were included in the model. 

111. THE MAGNETS AND THEIR CRYOSTATS 

The dipoles and quadrupoles housed in the magnet cryostats are assumed to have 
field strengths at the windings of. the order of 40 kG. The dipole central fields are 
assumed to be 35-40 kG, the 4 in. quadrupole gradients 6-7 kG/cm, and the 8 in. quad- 
rupole gradients 3-3.5 kG/cm. 
in the 500 Incorporated report is based on the above numbers. 

The length of the quadrupo'le and dipole fields given 

The helium temperature mass is assumed to be 250-500 kG. The magnet stored en- 
ergy will vary from 3 X lo5 J for a 4 in. quadrupole to 2 X lo6 J for an 8 in. dipole. 
It is assumed that a magnet quench is an infrequent phenomenon. 
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The cryostat design will be as simple as possible. It is assumed that the magnet 
cryostat will have only an inner vessel and an outer vacuum jacket which are separated 
by multilayer superinsulation and a tension-rod support system. The 1000 A electrical 

be 5 W. 
pending on the type of refrigeration system used. 

. leads are assumed to be gas cooled. The total heat leak fnto the Dewar is assumed to 
The liquid storage capacity of the Dewar varies from 70 to 2000 liters de- 

The simple high heat loss cryostat design seems to be contrary to normal cryogenic 
practice*. However, the elimination of intermediate temperature shields and retract- 
able leads has several important advantages, which are: 1) the Dewar design has less 
plumbing to fail, hence the Dewar will be more reliable; 2) the amount of money saved 
on the cryostat construction more than compensates for the increased refrigeration 
cost (reduced total system cost); 3) operational simplicity - there is no nitrogen. fil- 
ling process, a simple orifice at room temperature regulates the lead cooling gas flow. 
Considerable development work is required. on the magnet cryostat before the simplified 
,low-cost cryostat becomes a reality. 

IV. THE REFRIGERATION SYSTEMS AND THEIR COST 

2 The 500 Incorporated 'study presents a number of cases for providing 4.2'K refrig- 
Three basic types of systems eration to the experimental area superconducting magnets. 

are presented: 1) a central liquefier providing liquid in portable Dewars with warm 
gas return (Case 1); 2) a small number of central refrigeration units providing cold 
gas through transfer lines and cold gas return (Case 2); 3) a large number of small re- 
frigerators run off a small number of large compressor stations with gas transport at 
ambient temperature (Cases 3a, 3b, 4a, 4b, and 5). The small-refrigerator concept has 
a number of cases represented because it appears to be feasible from both an economic 
and operational standpoint. Table I1 presents a comparison between all of the refrig- 
eration concepts studied in the 500 Incorporated report. 

The large-liquefier concept (Case 1, see Fig. 4) has a number of advantages as 
follows: 1) high "process plant" reliability can be achieved'in the liquefier, 2) stor- 
age and distribution Dewars can be made with a long life and little required mainte- 
nance, and 3) replaced magnet can be changed and cooled quickly. There are a number 
of important disadvantages that cannot be overlooked: 1) clear access to the magnet 
Dewar fill line must be provided at all times, 2) the system has a high labor input, 
and 3) gas storage is a problem during a liquefier failure. 

The advantages and disadvantages of-the central refrigeration system (Case 2, see 
Fig. 5) are as follows: Advantages - 1) large refrigerators are more efficient and 
less costly per watt than either liquefiers or small refrigerators; 2) less labor is 
required during operation; and 3) less space is required on the experimental area floor 
either for: refrigerators or for fill vehicles. 
ability is questionable today; it is difficult and expensive to move and install helium 
temperature transfer lines; and 2) when one refrigerator fails a large amount of liquid 
must be provided to a large number of magnets. 

Disadvantages - 1) transfer line reli- 

The advantages and disadvantages of each of the small-refrigerator cases (Cases 3a 
to 5, see Figs. 6 and 1) are discussed in detail in the 500 Incorporated report.2 The 
following general statements can be made: Advantages - 1) the systems are flexible; 
warm compressed gas piping is easy to m0v.e and is reliable; 2) the refrigerator design 
can be simplified -mass production techniques can be used; and 3) the systems have a 
low operating labor output. Disadvantages - 1) the system reliability goes down be- 
cause of a large number of small refrigerator units; regular maintenance will increase 
reliability; and 2) the refrigeration efficiency goes down as the size decreases and 
refrigerator cost per watt is increased. 

- 295 - 



I 1  

I 

h, 
\o m 
I 

Ref r ige ra to r  o r  
l i q u e f i e r  s i z e  Loca t ion  of r e f r i g e r a t o r  

0 TABLE 11. A comparison of var ious  4.2 K r e f r i g e r a t i o n  systems f o r  t h e  200 GeV experimental  a r eas .  

Number of 
Number of compressor 

r e f r i g e r a t o r s  s t a t i o n s  . 

- 

:ase - 
1 A l o c a t i o n  a c c e s s i b l e  t o  

a l l  t h r e e  t a r g e t  a r e a s  

2 

- 
3a 

3b 

- 
4a 

4b 

- 
5 

- 

2200 l i t e r s l h  

System d e s c r i p t i o n  

Four l o c a t i o n s  near  t h e  
t h r e e  t a r g e t  a r e a s  

On t o p  of t h e  magnet 

Cen t ra l  l i q u e f i e r ,  po r t ab le  
Dewar, l i q u i d  d i s t r i b u t i o n  
and warm gas  r e t u r n  

800 W ,  1800 W, 4 4 
2100 W ,  and 
2300 W 

10 w 2 52 4 

Cen t ra l  r e f r i g e r a t o r s  with 
co ld  gas  supply and r e t u r n  

i n s i d e  t h e  s h i e l d i n g  
Near t h e  magnet p a i r  
o u t s i d e  t h e  s h i e l d i n g  

Near t h e  magnets o u t s i d e  
t h e  s h i e l d i n g  

One r e f r i g e r a t o r  per  mag- 
ne t  Dewar, c e n t r a l  com- 
p res so r  s t a t i o n ,  warm gas 
supply and r e t u r n  

2.0 w 140 4 

20 W and 80 W 7 - 8 0 W  4 
115 - 20 W , 

Two magnet Dewars p e r  
r e f r i g e r a t o r  when poss ib le ,  
c e n t r a l  compressor s t a t i o n ,  
warm gas supply and r e t u r n  

Mixed 80 W and 20 W 
r e f r i g e r a t o r s ,  c e n t r a l  com- 
pressor  s t a t i o n ,  warm gas 
supply and r e t u r n  

1 1 

Dewar  i n s i d e  sh i e ld ing  I I I 
Near t h e  magnet o u t s i d e  I 10 w 2 52 4 
t h e  s h i e l d i n g  I I I 

Near t h e  magnet p a i r  I 20 w I 140 1 4  

, 
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The central compressor station concept is an important one. The central compres- 
sor station has the following advantages over individual compressors: 1) the gas stor- 
age and purification is removed from the experimental floor; 2) the central compressor 
station costs less than many small compressors; 3) the over-all system reliability in- 
creases because the largest cause of failure in today's small refrigerators is their 
compressors; 4) a number of types of refrigerator, including helium I1 and supercrit- 
ical helium, can be run off the.same compressor station. 

A detailed cost analysis of each of the cases can be found in the 500 Incorporated 
The cost factors used to calculate refrigeration may be found there also. report.2 

Table.III.presents a summary of the capital and operating costs for each case. 

TABLE 111. The refrigeration system cost summary (costs in thousands of dollars). 

Refrigeration system Refrigerat,ion system Total system 
capital cost 10-yr operating cost cost 

(continuous operation) 

Case 1 2980 
Case 2 5200 
Case 3a 5400 
Case 3b 5575 
Case 4a 5015 

13 405 
6590 
4090 
4090 

16 385 
11 790 
9490 
9665 

3890 8905 

Case 4b 4835 3890 8725 
Case 5 5125 3885 9010 

There is approximately a 12% variation in capital cost in Cases 2 through 5. 
Case 1 has a low capital cost but is extremely expensive to operate. 
for Case 2 will change considerably with changes in transfer line technology. It is 
clear that careful design work is required if the small refrigeration systems are to 
be reliable. 

The.costs.given 

The capital cost of the refrigeration system will be 25-30% of the total magnet 
system cost. 
frigerators. 

Over half of the system operating costs will be associated with the re- 

V. CONCLUDING REMARKS 

A few concluding remarks can be made about the following concepts: 1) the no- 
nitrogen simplified-Dewar concept, 2) the small refrigerator vs large refrigerator, 
and 3) the central compressor station vs small individual compressors. 

The no-nitrogen simplified-Dewar concept is valid when the following conditions 
apply: 1) small refrigerators are used to supply helium to the Dewar; 2) large refrig- 
erators are used, but the Dewar heat leak is not the major part of the refrigeration 
load; and 3) many Dewars are widely separated. The no-nitrogen simplified-Dewar con- 
cept may not be valid under the following conditions: 1) when a laboratory D'ewar is 
used; 2) when cooling is supplied by liquid (both nitrogen and helium transfer can be 
made at the same time); and 3) when large refrigerators are used and the Dewar heat 
leak is the major part of the heat load. 
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Many small refrigerators supplying a helium system appear to be attractive,when: 
1) the loads are scattered over a wide area, 2) transfer line losses exceed Dewar los- 
ses in a large .system, and 3 )  flexibility of the system is required. Large refrigera- 
tion units become attractive when: 1) the loads are concentrated in a small area, . 
2) the loads greatly exceed the transfer line losses, and 3) when the system position 
is fixed. Many small refrigerators appear to be attractive for an accelerator experi- 
mental area, but large refrigerators would clearly be best for a large superconducting 
synchrotron. 

,Central compressor station seems to be most attractive when: 1) the refrigerator 
and load contain a large volume of helium, 2)  piping is not the major part of the com- 
pressor station cost, and 3) system reliability is important. The small compressor is 
useful for temporary machines and machines that would require large amounts of piping 
if they were tied into a central system. 

The transformation of superconductivity from a laboratory to a useful tool for 
the high energy physicist requires an extensive analysis of the whole system. There 
appear to be a number of refrigeration systems which can apply to the experimental 
area of the 200 GeV accelerator. 
to the problem. 

Changes in technology will affect the final solution 
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Fig. 1. Experiments from Target Station "A". 
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Fig. 2. Experiments from Target Station "Bl'. 
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0 100 200 meters 

---- -Proton beam l ine 
Helium distribution system -- Bending magnet section 

4- Quadrupole quadruplet 
$-Quadrupole doublet 

Fig. 3. Experiments from Target Station "C". 
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Fig. 4 .  Case 1 - central l ique f i er  with 'transport of l iquid i n  
portable Dewars. 
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Warm Return to 
Central Refrigerator 

Cold Supply 

Cold t Return 

Cold Supply 

Fig. 5. Case 2 - four central refrigerators with continuous 
transfer of cold gas. 
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Supply 

Fig.  6 .  Case 3b - individual refrigerator for each magnet; 
the refrigerator i s  located outside of the shielding. 
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I t 

Liquid Transfer 
Line . 

Warm Return to 
Central Compressor 

. .  
Fig. 7. Case &a - small refrigerator'servicing two magnets; 

the refrigerator is located within the shielding. 
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CRYOGENIC ELECTRICAL LEADS* 

C.D. Henning 
Lawrence Radiation Laboratory 

Livermore, California 

INTRODUCTION 

Recent developments in superconducting magnets and power transmission lines have 
prompted an interest in electrical leads to carry large currents into a liquid helium 
environment. These electrical leads allow an influx of heat to the low-temperature 
region both by conduction and by joule heating, causing evaporation of the cryogen. 
Accordingly, several attempts have been-made to minimize this heat flux by adjusting 
the .lead design and comp~sition.~'~~ 
length-to-area ratio exists for a thermally insulated lead - a short and heavy lead 
will conduct excessive heat, but a long and thin'one will produce excessive joule,heat- 
ing. 
data for copper given by McFee. 
leads made of materials which 
and electrical conductivities. 

McFee' theoretically determined that an optimum 

Mallon 2 presented design data for aluminum and sodium leads to supplement the 
Then Mercouroff3 discussed the expected efficiency of 

eviated from the Wiedemann-'Franz law relating thermal !I- 
The first experimental data on cryogenic electrical leads were published by Sobol 

and McNicho14 for small copper wires. They found that heat conduction from the copper 
wires to.the surrounding helium gas greatly reduced the heat leak into the liquid he- 
lium. These results inspired  william^,^ Fournet and Mailfert ,637 and Pippard8 to make 
further studies on the effects of heat exchange between the conductor and evaporated 
gas. 
ther emphasized the importanca of a large heat-exchange area between the conductor and 
effluent gas. 
tor to the submerged portlons of the electrical lead, thereby eliminatin a source of 
joule heating. Extending this idea, Keilin and Klimenko,ll and Renninglf experimentally ' 
demonstrated the advantage of soldering superconductor along the lower portion of the 

The current could then transfer to the superconductor below the 
critical temperature, further reducing joule heating. 
design data on a very efficient lead which carried an optimum current of 1300 A. 

The first large electrical leads (150 A) were constructed by DeinessY9 who fur- 

Mathews et a1.l0 pointed out the advantage of attaching the superconduc- 

.electrical leads. 
Finally, Efferson13 has presented 

. The present trend clearly points to the development of larger electrical leads 
with increased efficiency. Full utilization'of the refrigeration available in the ef- 
fluent helium gas, %proper choice of conductor materials, and the attachment of super- . 
conductors to the lower portion of the leads should produce the greatest efficiency. 

GAS-COOLED LEADS 

Many, and sometimes conflicting, analyses have been made to determine the optimum. 
dimensions and performance of gas-cooled 1ead.s. 
cated, and without exception the observed heat leak was many times higher than that 
predicted. Now sufficient experimental data are available (Table I) to substantiate 

Often the solution was unduly compli- 

* 
Work performed under 
Thermal conductivity 
absolute temperature 

t 
the auspices of the U.S. Atomic Energy Commission. 

times electrical resistivity equals 2 .45  X lom8 times the 
( W / O K 2 ) .  
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c l e a r l y  several  conclusions. For each pa i r  of leads,  the helium los s  from a Dewar  w a s  
measured a s  a function of.c.urrent.  A s  shown i n  Fig. 1, the l i n e  drawn tangent t o  the 
da t a  l i n e  C locates  the  point a t  which the l e a s t  l i qu id  helium i s  l o s t  per ampere. 
Note tha t  the optimum is very broad and tha t  a current twice the optimum would not in-  
crease the l o s s  unreasonably. 
increased gas  flow. Both curves r e f l e c t  the disadvantage of not having a superconduc- 
t o r  attached t o  the lower portion. Whenever possible,  a l l  the e f f luen t  gas should be 
used t o  r e f r i g e r a t e  the leads,  and superconductors should be used when current  i s  t fans-  
ported below the l i qu id  l e v e l .  

Curves A and B i n  Fig. 1 demonstrate the advantage of 

I n  Table I the l i qu id  helium l o s s  per  kiloampere of, optimum current  was l i s t e d  f o r  
two conditions: (1) with no current ;  and (2) with the optimum current  i n  the leads.  

9 Note t h a t  the r a t i o  of these two helium los s  rates i s  near 0.6 on the average; Deiness 
ana ly t i ca l ly  predicted a r a t i o  of 0.5, which i s  q u i t e  c lose t o  the observed value. Also 
note tha t  the helium l o s s  r a t e  i s  independent of the“warm-end t e m p e r a t u r e ,  as  predicted 
by Keilin and Klimenko.l1 
ables the leads t o  be shortened, but.does not a f f e c t  the r e su l t i ng  helium los s .  

Cooling the upper end of the leads with l i qu id  nitrogen en- 

Very seldom is the helium l o s s  rate of the l e a s t  e f f i c i e n t  gas-cooled lead more 
than twice tha t  of the most e f f i c i e n t .  However, i n  a l l  cases the observed helium los s  
was several  times t h a t  predicted by analysis .  When the average surface heat f l ux  given 
i n  Table I i s  plot ted against  t he  helium loss r a t e  a d e f i n i t e  trend i s  evident;  the 
helium los s  r a t e  decreases with decreasing surface heat f l ux .  
the greatest  surface area i n  contact with the e f f luen t  gas introduced the l e a s t  heat  
i n t o  the l i qu id  helium. The conclusion i s  tha t  present leads are not s u f f i c i e n t l y  good 
heat exchangers. 
f o i l .  Five 18 in .  wide, 48 i n .  long sheets  of 0.001 in.  thick aluminum f o i l  were ro l l ed  
up and pushed i n t o  a 1 in .  s t a i n l e s s - s t e e l  tube. The cross-sect ional  area was 0.58  cm2 
which was enough t o  ca r ry  1000 A .  
aluminum has a s l i g h t l y  higher room-temperature r e s i s t i v i t y . )  The helium l o s s  measured 
f o r  the aluminum f o i l  w a s  0.49 l i t e r l h r - k A  at  zero current .  By multiplying by two ( f o r  
a p a i r  of leads) and dividing by 0.6 ( r a t i o  of mo/m), the predicted r e s u l t  i n  Fig. 2 
was obtained, which i s  consis tent  with the general trend of decreasing helium l o s s  with 
increasing conductor surface area. 

Those leads which have 

Further evidence w a s  supplied by a quick experiment with aluminum 

(Normally 0.4 cm2 of copper w i l l  c a r ry  1000 A ,  but 

In near ly  every case,  the Reynolds number f o r  the e f f luen t  gas i n  a lead indicates  
laminar flow. A s  such, the Nusselt number f o r  constant-wall heat f l ux  does not vary 
with flow r a t e ,  and the mode of heat  t r ans fe r  from thqconductor  i s  pure conduction 
t o  the gas. Large surface areas i n  contact with the gas w i l l  improve the heat t r ans fe r  
process and the lead eff ic iency.  Of course, mechtnical mixing of the e f f luen t  gas by 
extended surfaces on the conductor w i l l  improve the heat t r a n s f e r  r a t e ,  a s  w e l l .  

Rather simple design equations can be.obtained by in t e rp re t ing  the mathematical 
formulation of a gas-cooled e l e c t r i c a l  lead together with the experimental data  i n  
Table I. F i r s t ,  consider the mathematical formulation. A s  heat is conducted toward 
the l l qu id  helium region, cold e f f l u e n t  gas abs t r ac t s  some heat ,  depending upon the 
surface area, the l o c a l  temperature difference,  and the heat- t ransfer  c o e f f i c i e n t .  It 
would be des i r ab le  t o  include the l o c a l  heat- t ransfer  r a t e  i n  any ana lys i s ,  but t h i s  
would g rea t ly  complicate the solution’. Kei l in  and Klimenko” included a parameter, 8 ,  
i n  t h e i r  analysis  t o  crudely account f o r  incomplete heat exchange. However, they then 
concluded tha t  8 was of minor importance. 

For a lead of constant area A ,  t he  governing d i f f e r e n t i a l  equation is  wr i t t en  

T = T1 a t  x = 0 

T = T h a t x = L  , 
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where Th and TI are the high and low temperatures; x is distance; I is electrical cur- 
rent; k, p a  A, and L are the thermal conductivity, electrical resistivity, cross-section- 
al area, and total length of the lead, respectively; and c and m are the heat capacity 
and total mass flow rate of the effluent gas. As a first approximation, we can integrate 
each term in Eq. (1) between the high and low temperatures. However, the integral of 
the first term, representing conducted heat, is relatively small. Very little heat is 
conducted into the liquid helium at one end, and it has been shown12 that for an optimum 
lead the temperature gradient is zero at the upper end, corresponding to zero heat con- 
duction. Then the remaining terms (joule heating and heat carried away by the gas) are 
nearly equal over the integrated length of the lead. This conclusion is experimentally 
substantiated- by comparing the values in Table I of the joule heating and available re- 
frigeration: 

rF 

I 2 L/A=: $dT . 
.I1 

The above equation can be simplified by substituting an av,erage resistivity p, and 
taking the specific heat of helium gas c to be constant; also, the helium loss rate m 
varies directly with the current, so that the right side of the following equation should 
be constant for a given lead material and temperature difference: 

I L/A = 9 c (Th - T1) . 
2P 

(3)  

In view of the noncritical nature of the optimum current and the unpredictable efficiency 
of a new lead design, the above equation is adequate for calculating lead dimensions. . 
The helium loss rate for the leads can be estimated from Table I, although the efficiency 
will increase somewhat when the effluent gas caused by other system losses is significant. 

A typical design procedure would be to estimate the helium loss due to the 'leads by 
checking Table I. Add to this helium loss the other losses in the system to determine 
a total mass flow rate to be used in Eq. (3) along with the.average resistivity of the 
lead material. Alternately, the ratios of the second-to-last column in Table I can be 
used to calculate the length-to-area ratio for the optimum current. This is possible 
only if the average resistivity is the same and the helium loss is largely due to the 
leads. 
leads around 3 to 4 ft long. 
ing to their room-temperature resistivity. 

Generally, an area of 0.4 cm2/kA of copper has been found to be adequate for 
The area needed for other'materials may be adjusted accord- 

Another interesting relationship can be derived from Eq. (3) for the voltage drop 
across a lead, which should be nearly constant for a given lead efficiency and tempera- 
ture difference: 

This constant voltage drop is closely approximated in Table I. ' 

( 4 )  

FUTURE DEVELOPMENTS 

From the preceding discussion it is evident that the lead dimensions are easily 
calculated and are not particularly critical. Even a simple copper or nickel tube ap- 
proaches the minimum helium loss raie of the most sophisticated lead. 
iment the most simple configuration may be best, but for large leads careful design is 
mandatory. Superconducting magnets are using leads of 6000 A capacity at present.14 
the future, superconducting power transmission lines may require even larger leads. 

For a small exper- 
' 

In 
15 
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Certainly these two applications alone are sufficient to inspire new efforts. 

Possible areas for future exploration include the use oi new materials of high 
electrical and low thermal conductivity. 
exchanging heat with the effluent gas should be attempted; the aluminum foil leads dis- 
cussed earlier may represent such an improvement. 
reduction in the helium loss rate by attaching superconductor along the lower portion 
of the leads. 
because of the inefficiency of the leads. 
exchange area may use superconductors to greater advantage. 

Also, increasing the conductor surface area 

Keilin and Klimenkoll predict a 50% 

This improvement was not fully realized experimentally,11,12 possibly 
More efficient leads with greater heat- 

Another area to explore is off-optimum design. Systems with short duty cycles 
use less liquid helium if the leads are operated at more than the optimum current. 
When the operation time is. quite short, transient effects may prove to be useful. 
Experimentally we observe that a pair of leads will require 5 to 30 min to reach equi- 
librium. It is possible to overload greatly a lead for a short time without damage or 
excessive helium loss, and that may be useful for special systems. 

The advent of the gas-cooled electrical lead has reduced the liquid helium loss 
by a factor of thirty when transporting electrical current into a low-temperature 
environment. Future improvements should further reduce the helium loss, but probably 
not to the same degree. 
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TABLE I. PERFORMANCE OF ELECTRICAL LEAD PAIRS 

Optimum 
Current Lead Description 

(1 liters/hr-a)* Re friger at jgn 
Helium Loss Optimum Voltage Joule Available"" Avg. Surface 
No .Current Current Ratio Drop Pair Heating mc(Th-TI) Heat Flux I IJ-4 

m0 m , mo/m (mV) (watts) (watts) (watts/cml) (kA/cm) Reference 

1 

10 

150 

100 

200 

200 

2000 

500 

1300 

#34 AWG copper wi re ,  25 cm 
long; LN precooling 

Helical Cu strip, 0.79 c m  wide, 
0.018 cm thick, lead length 
23 c m  

High-purity Ni tubes, 22 c m  
long; 0.42 c m  i.d., 0.56 c m  0.d. 

10 - 822 AWG Cu wires: length 
unknown 

1/4-in. 0.d. phos-deox Cu tube, 
0.030-in, wall, 55-in. long; 
superconductor attached and only 
half boil-off through leads 

Cu screen of 0.01-in. wi re ;  200 
wires vertical  and horizontal; 
32-in. long; superconductor 
attached 

Folded Cu sheet in sq. stn. steel  
tube; 0.01-in, thick, 12-in. wide, 
48-in. long. Superconductor 
attached. 

1920 Cu wires, #38 gage and 60 c m  
long; superconductor attached 

5120 Cu wires, 938 gage and 60 c m  
long; superconductor attached 

1.9 

2.04 

1.46 

3.15 

2.88 

2.3 

3.1 

1.74 

1.62 

3.3 

4.75 

2.86 

4.5 

5.76 

3.25 

4.7 

2.72 

2.71 

---- 0.58 ----- 
---- 0.43 ----- 

0.51 50 7.5 

0.70 195 39 

0.66 210 420 

0.64 225 113 

0.60 225 293 

0.2 

2.9 

26 

27 

70 

40 

550 

110 

286 

---- 

---- 

0.06 

---- 

0.19 

0.05 

0.056 

0.012 

0.012 

125 4 
LN precooled 

5 ---- 

2 10 12 

Present  162 

3 15 Present  

200 13 

195 13 

1 ::, 
The helium los s  for insulated copper leads is 84 l i tershr-kA (McFeel). 

.I.... _,..,. 
The upper temperature Th was greater  than room temperature in several  cases  because the power cable heated the top of the lead. 
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0.635 cm PHQSPHORUS-DEOXIDIZED COPPER TUBES 
(0.076 cm WALL THICKNESS) 
LENGTH/AREA = 1050 cm-l 

A TEST A, nl = 0.29 liters/hr 
TEST 6, rti = 0.52 liters/hr 
TEST C, fi = 0.52 liters/hr 

ER CONDUCTOR 

DEWAR LOSSES . 
1 

0 I I I I I I 
0 50 100 150 200 250 300 

I -  A 

Fig. 1. Experimental determination of the optimum current for an 
electrical lead. 
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Fig. 2 .  Helium l o s s  rate  as  a function of average surface heat f lux .  
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LOW TEMPERATURE METALS" 

A .  Hurlich 
General DynamicslAstronautics 

San Diego, California 

Before we consider how low temperatures affect the engineering properties 'of spe- 
cific metals and alloys, we should review the general effects of low temperature upon 
the properties of metals. As the temperature is lowered, the hardness, yield strength, 
tensile strength, modulus of elasticity, and fatigue resistance of almost all metals 
and alloys increase. 

Unfortunately, many engineering metals and alloys become embrittled at reduced. 
temperatures so that structures fabricated from them fracture or shatter unexpectedly 
at low temperatures when loaded to stress levels at which performance would be satis- 
factory at normal temperatures. Brittle fracture is generally characterized by little 
or no deformation of the metal in the vicinity of the fracture, or by a distinctive 
fracture having bright crystalline appearing facets. 

Considerable confusion has, unfortunately, existed about the nature of the behav- 
ior that is the opposite of brittle. Some refer to this as "ductile," while others 
'use the term "tough." 
charac.teristic of a material's behavior. 

Although both terms are correct, they do not describe the same 

Ductility is commonly expressed in terms of percentage elongation in gauge length, 
and reduction in area, of a tensile specimen that is tested to fracture. Ductility is 
thus a measure of the deformation undergone by a smooth test specimen of uniform cross. 
section that is slowly and uniaxially stressed until fracture occurs. Toughness, on 
the other hand, is a characteristic that permits a metal to absorb energy by under- 
going plastic deformation rather than fracturing in the presence of high stress con- 
centrations (cracks or notches) and multiaxial stress distributions, under' high rates 
of loading, or at low temperatures. 

It is possible for a metal to exhibit high ductility in a tension test, yet behave 
in a catastrophically brittle fashion in service at moderate temperatures; witness the 
plague of fractures in Liberty ships during World War IT., when many ship plates broke 
apart with virtually no deformation anywhere near the fracture, and yet tensile test 
coupons removed from adjacent areas exhibited 40% elongation and 60% reduction in area. 

While ductility is measured as.deformation occurring in a tension test of a uni- 
axially loaded smooth specimen, toughness is commonly measured in terms of the energy 
absorbed in breaking, under impact loading, a test: specimen that is notched with a 
circular or sharp groove on the side where fracture initiates. At a given test tem- 
perature, a metal may manifest high ductility in the tensile test and practically no 
toughness in a notched-bar impact tes't. Consequently any statement regarding the ef- 
fects of low temperature upon the tendency of metal to behave in a ductile or brittle 
fashion must be qualified by the conditions under which the fracture is produced. 

In general, metals fall into two distinct classes with respect to the influence 
of low temperatures upon their ductility and toughness: a relatively small class of 

* 
Reprinted with permission from Chemical Engineering, November 25, 1963, 
copyright 1963, McGraw-Hill Publishing Go., Inc. 

- 311 - 



metals that retain a high order of ductility and resistance to brittle fracture down 
to very low temperatures, and a much larger class of metals that, at some temperature 
or in some range of temperature, undergo a transition from ductile to brittle.behavior. 
As pointed out above, the temperature level where this transition in fracture behavior 
occurs is influenced by the test conditions. 

The metals that remain ductile at extreme subzero temperatures include nickel, 
copper, aluminum, lead and silver, among others. These metals all have a face-centered 
cubic crystal structure, and ductility at low temperatures appears to be a character- 
istic common to them. 
having a body-centered cubic structure (iron, chromium, molybdenum, tantalum, tungsten, 
etc.) undergo a marked decrease in ductility over a range of temperatures (upper chart 
of Fig. 1) and the range of transition temperatures may occur from well above boiling- 
water temperature to several hundred degrees below OOF. 
instance, magnesium, zinc, titanium and beryllium - have a hexagonal crystal structure, 
and these metals, except for titanium, are generally brittle or have limited ductility 
at room and at moderately elevated temperatures. 
may exhibit high ductility and.toughness down to very low temperatures. 

The explanation of this phenomenon is as yet obscure. Metals 

Several common metals - for 

Titanium and several of its alloys 

The different effects of low temperatures upon the ductility of metals is explain- 
ed in terms of the influence of low temperatures upon two characteristics of the metal. 
These are the flow strength (stress level at which plastic yielding starts) and the 
fracture strength (stress level at which undeformed metal fractures). Low temperatures 
cause an increase in both flow and fracture strengths of metal, but they may increase 
at characteristical1.y different rates. In the cases of aluminum and copper, as well 
as other face-centered cubic metals, the fracture strength increases at a rate equal 
to or greater than the flow strength. Greater spreads between the flow and fracture 
strengths permit more deformation to occur prior to fracture; hence these metals re- 
tain or increase their ductility at low temperatures. 

Iron, however, exhibits a more rapid increase in flow strength than in fracture 
strength as the temperature is lowered. A s  the spread between flow and fracture 
strengths decreases, less plastic deformation occurs. Finally, at some reduced tem- . 
pera.ture, fracture takes place with no plastic deformation, and the flow and fracture 
strengths coincide. The two charts of Fig. 1 show how the low temperature affects the 
ductility and flow strength of several metals. 

In the metals that undergo a transition from ductile to brittle performance with 
decreasing temperature, it is found that .a large number of factors may have a marked 
influence on the temperatures where this transition occurs. As discussed earlier, at 
a given test temperature a metal may be ductile in the tension test and brittle in an 
impact test. 

In the case of mild steel, Fig. 2a shows the wide variations in transition tem- 1 perature revealed in torsion, tensile and impact tests. Heindlhofer explained the 
difference in transition behavior in the three tests in terms of the ratios between 
maximum principal and shearing stresses.' 

Other mechanical factors that influence the temperature level where brittle frac- 
ture transitions occur are geometry of test specimen, rate of load application, and 
the presence and sharpness of notches. Large or wide specimens, as illustrated in 
Fig. 2b, tend to raise the temperatures of brittle fracture because of the greater 
degree of restraint imposed upon the deformation capabilities of the material. In- 
creasing the rate of load application also raises the temperature of transition from 
ductile to brittle behavior, as shown in Fig. 2c. 

1. K. Heindlhofer, Trans. AIMME 116, 232 (1935). 
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Armstrong and Gagnebin2 studied the effect of increasing the sharpness of notches 
'upon the transition from ductile to brittle fracture in notched-bar impact tests. The 
notched-bar impact test, by combining complex stress distributions, high rates of load- 
ing and a sharp notch, provides a sensitive index of the tendency of materials to per- 
form in a brittle fashion at extreme subzero temperatures. * 

In addition to crystal structure, a considerable number of metallurgical factors 
influence the low-temperature toughness of alloys; for example, increasing amounts of 
nickel up to 13% significantly raise the notched-bar impact properties of low-c,arbon 
steels (Fig. 3a). For this reason, low-carbon alloy constructional steels containing 
up to 9%.nickel are commercially employed for cryogenic-fluid storage tanks and trans- 
port equipment. Similarly, increasing the carbon content of alloy steels lowers the 
toughness and raises the ductile-to-brittle transition temperature of alloy steels as 
shown in Fig. 3b. 

Microstructure also greatly affects the low-temperature mechanical properties of 
alloys, especially toughness. 
steels, heat treatment to a tempered martensitic microstructure develops the best com- 
bination of strength and toughness at subzero temperatures, with tempered bainite being 
less tough, and tempered pearlite still less tough, at temperatures below approximately 
50°F (see Fig. 3c). 

In the case of heat-treatable low- and medium-alloy 

Nonmetallic inclusions, intermetallic compounds, and other impurity constituents 
that may form or precipitate at grain boundaries, will reduce the toughness of metals, 
especially at low testing temperatures . 3  We have determined at General Dynamics/Astro- 
nautics that impurity levels causing no apparent embrittlement in titanium alloys when 
tested at room temperature may cause exce.ssive embrittlement at extreme subzero tem- 
ratures. 

The embrittlement effects of oxygen, nitrogen, sulfur and phosphorus in carbon 
and alloy steels have been long recogni~ed~'~ and attempts are made to keep these im- 
purities at low levels in quality steels intended for critical service applications. 

Grain size also has a marked effect upon the toughness of metals at reduced tem- 
peratures. 
sess significantly higher notched-bar impact properties than coarse-grained metals. 
They also retain higher toughnesses down to lower testing temperatures. 
grain size upon the impact resistance of a heat-treated low-alloy steel is shown in 
Fig. 4.7 

At any given strength level, fine-grained metals and alloys generally pos- 

The effect of 

Many other factors also influence the notch-toughness of metals. Wrought products 
(sheet, plate, forgings, etc.) are generally tougher in the direction longitudinal to 
the direction of hot or cold working than in the transverse direction., 
thick plates or forgings, the toughness in the direction through the thickness (short 
transverse) is often considerably reduced. Tensile ductility generally parallels this 

However,'in 

2 .  T.N. Armstrong and A.P. Gagnebin, Trans. ASM28, 1 (1940). 
3 .  S.A. Herres and C.H. Lorig, Trans. ASM40, 775 (1948). 
4 .  C.H. Lorig and A . R .  Elsea, Trans. AFA 55, 160 (1947). 
5. C.E. Sims and F.B. Dahle, Trans. AFA 46, 65 (1938). 
6. F.T. Sisco, Alloys of Iron and Carbon, Vol. 11, Properties 

(Mc-Graw Hill, New York, 1937). 
7. L.D. Jaffe, Trans. ASMa, 805 (1948). 

p. 468 . 
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same behavior. Cast metals and alloys generally exhibit somewhat lower toughness than 
wrought products at the same strength levels, but are less prone to directional effects. 

The lower toughness of cast metals is attributable to the generally coarser grain 
structure, segregation of alloys, intermetallic compounds and nonmetallic inclusions 
around grain boundaries (or around the primary solidification structure) and to casting 
defects. Hot working generally eliminates these casting defects, refines and homoge- 
nizes the structure and improves the ductility and toughness. 

Sjmilarly, heat treatments can drastically affect both ductility and toughness at 
given strength levels by changing grain size and the size, shape and distribution of 
phases and intermetallic compounds. 

As,should be evident from the preceding discussions, welding produces a cast struc- 
ture and can exert a profound effect upon the ductility and ,toughness of metals. This 
is especially true at reduced temperatures. Welding introduces geometrical factors 
that promote brittle behavior, notches and stress concentrators. It also causes com; . 
plex stress distributions resulting from weld undercutting, changes in section thick- 
ness at the weld crown on one or both surfaces, and from slag entrapment, porosity, or 
weld cracks. 
brittle and prone to crack propagation, especially if minute flaws occur in such’ zones. 

Some of the metallurgical structures thus formed may be very notch- 

Another possible source of weld embrittlement is contamination by atmospheric 
gases in contact with the hot solid or liquid metal in the weld zone. Titanium, for 
example, can be severely embrittled by the absorption of oxygen and nitrogen during 

chambers, or with inert atmosphere shielding applied to both sides of the weld joint 
when welding in air. 

.welding. This metal and its alloys must be welded either in vacuum or inert atmosphere 

. Steel weldments may undergo severe reductions in ductility and become prone to 
cracking by absorption of hydrogen resulting from the decomposition of moisture in or- 

Special low-hydrogen electrode 
coatings have been developed for the welding of steels subjected to critical service 
applications. 
ments not only to relieve stresses but also to temper or to age brittle, heat-affected 
zones to improve their toughness. 

‘ganic electrode coatings OF in the welding atmosphere. 

Post-welding stress-relieving heat treatments are often applied to weld- 

TESTS FOR MATERIAL SELECTION 

While the standard tensile test, if conducted at sufficiently low temperatures, 
shows the effect of reduced temperatures upon the behavior of metals, it is not by it- 
self sufficient or satisfactory for use in selecting materials for low-temperature. 
applications. As described previously, the simple, uniaxial stress distribution, ab- 
sence of stress concentrators, and low rate of loading, enhance the tendency toward 
ductile behavior in the tension test. A number of other tests were consequently devel- 
oped to evaluate the embrittlement of metals as influenced by metallurgical., mechanical, 
and physical conditions of the test. Practically all of these tests possessed at least 
two features in common: stress concentrators and multiaxial stress distributions, both 
of which result from notches located within the test section. 

The earliest tests (between the turn of the century and World War I) generally 
in;olved impact since at that time high-speed loading was considered to be a major 
factor in brittle fracture. The keyhole and V-notch Charpy and the lzod impact tests 
are representative of the early tests used to evaluate the effects of low temperature 
upon the behavior of metals. 

The V-notch Charpy impact test is the most widely used of the three tests and 
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finds extensive use to this day. 
the specimen. The bar is broken by being supported at both ends and struck by a pen- 
dulum-supported weight impacting the face opposite the notch. The energy absorbed in 
rupturing the bar is determined by measuring the loss in kinetic energy of the pendu- 
lum. 

Here a 60° V-notch is machined across one face of 

The notched-bar impact test is generally considered to be qualitative in nature. 
Materials specifications incorporating notched-bar impact-test requirements have been 

ed on the basis of experience gained by correlating notched-bar impact properties with 
simulated or actual service behavior of full-size or scale-model structures .8,9 

A group of researchers at Watertown Arsenal” has attempted to employ the V-notch 

-developed for many critical ,applications. Generally, requirements have been establish- 

Charpy impact test quantitatively in materials specifications covering low- and medium- 
alloy steels required for critically stressed applications at room and moderately low 
temperatures. The approach is based.upon the equivalence of low temperature and high 
strain rate in causing transition from ductile to brittle fracture (Fig. 2c). From an 
estimation of the maximum strain rate: and lowest service temperature to which an engi- 
neering structure or part will be subjected, it is possible to calculate, or pick off 
from a special graph the temperature at which a V-notch Charpy impact-test specimen 
should be tested to behave the same as regards ductile or brittle fracture as the part 
in question. Several Army Ordnance specifications based on this approach have since 
withstood the searching test of time. 

While the nocched-bar impact test is very useful for evaluating the toughness of 
forgings, plate, and bar stock, it is not applicable to very thin sheet materials such 
as are often employed in aerospace vehicles and airborne pressure vessels. Another ’ 

type of test specimen that has been employed to evaluate the brittle-fracture tendency 
of heavy sections of steel, and more recently of sheet alloys, is a tensile test spe- 
.cimen notched on both sides. In round specimens, the notch is circumferential. 

A variety of notches has been employed by various investigators, with stress con- 
centrations ranging from 3 for mild notches to as high as 18 for severely notched spe- 
cimens (ASTM and NASA standard specimens). 
standardized on a notched tensile-test specimen having a stress concentration factor 
of 6.3, since this specimen has been found to yield results that correlate with the 
fracture behavior of full-scale, thin-skinned cryogenic pressure vessels and with the 
behavior of large specimens containing complex welded joints .l1,l2 With materials 
that are notch-tough, the effect of the biaxial stress distribution at the notched 
section is to increase the effective strength of the material, and the notched tensile 
strength may range from 1.0 to approximately 1.5 times the smooth tensile strength. 
In notch-brittle or notch-sensitive steels, the effect of the notch is to induce pre- 
mature brittle fracture, and the notched tensile strength will be less than the smooth 
tensile strength. The ratio of the two strengths thus serves as an index of the brit- 
tle .fracture characteristics of materials. 

At General Dynamics/Astronautics,. we have 

8. A .  Hurlich, ASTM Special Tech. Publ. No. 158, p. 262 (1954). 
9. A .  Hurlich and A.F. Jones, Metal Progress 2, 65 (1957). 
10. L.D. Jaffe et al., SAE Journal 59 (Mar. 1951). 
11. J.F. Watson, J.L. Christian, T.T. Tanalski, and A. Hurlich, ASTM Special 

12. A. Hurlich, ASTM Special Tech. Publ. No. 287, p. 215 (1960). 
Tech. Publ. No. 302, p .  129 (1961). 

. I  
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More recently, with the development of the concepts of fracture  mechanic^,'^,^^ 
it has become possible to employ notched tensile tests in a quantitative manner to 
determine the critical crack-extension force, the critical crack length beyond which 
catastrophically rapid crack propagation ensues, or the stress level where a cracklike 
flaw or defect will propagate to result in failure. 

. 

Other tests of importance in evaluating the mechanical properties of materials at 
reduced temperatures include both notched and unnotched fatigue tests, bend tests (par: 
ticularly of weld joints) , and notched and unnorched tensile tests of fusion weldments. 

Notched and unnotched tensile fatigue, bend and impact tests can be readily per- 
formed over a range of temperatures down to the boiling point of liquid helium (-452OF) 
to evaluate the effect of low temperatures upon the brittle fracture characteristics of 
metals. For the sake of convenience and economy, low-temperature mechanical-property 
tests are generally conducted at some of the following temperatures: -lOO°F (dry ice 
and alcohol) ; -320°F (liquid nitrogen) ; or -423'F (liquid hydrogen) . 

Temperatures between room and -lOO°F can be achieved and maintained constant by 
adding appropriate amounts of dry ice to the alcohol as may be needed. 

. .  
A typical test facility for conducting tensile tests at temperatures down to that 

of liquid hydrogen is shown in Fig. 5. 
walled, vacuum-jacketed Dewar, surrounded by a liquid-nitrogen bath that .in turn is 
insulated with polyurethane foam. Pull rods extend through Teflon-sealed holes in the 
bottom and top cover of the liquid-hydrogen Dewar. Hydrogen gas boil-off is vented 
through a flexible steel hose attached to the cover. The test equipment is located in 
a room titted with a sealed sheet-steel ceiling pierced with vents fitted with explo- 
sion-proofed motors and fans to provide rapid air changes within the room. All elec- 
trical connections more than a few feet off the floor are explosion-proofed, while a 
sheet-steel room having positive air pressure is erected round the console of the ten- 
sile machine since the many electrical connections in this unit could not be explosion- 
proofed. 
ity at General Dynamics/Astronautics since 1959 without a single serious incident. 

The liquid hydrogen is contained in a double- 

More than 15 000 tests have been performed with liquid hydrogen in this facil- 

A large outdoor liquid-hydrogen test facility is shown in Fig. 6. This installa- 
tion includes a tensile-test facility (far left), larger bend and compression-test 

. fixtures (center) fitted with double-walled vacuum-jacketed liquid-hydrogen chambers, 
and a cryogenic test setup for cyclic fatigue testing of the large coupons of thin 
materials used for cryogenic propellant storage. In all of these test fixtures, load- 
ing is applied by means of hydraulic load cells calibrated to read loads directly. 

13. G.R. Irwin, Naval Res. Lab. Report 4763 (1956). 
14. G.R. Irwin, J .A .  Kies, and H.L. Smith, Proc. A S T M X  (1958). 
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METALS FOR CRYOGENIC APPLICATIONS 

References 15 to 20 give data on a variety of low-temperature materials. A very 
comprehensive compilation of data on the mechanical and physical properties of a large 
number of metallic alloys, as well as nonmetallic materials, is included in the "Cryo- 
genic Materials Data Handbook." This handbook was initially compiled by the Cryogenic 
Engineering Laboratory, National Bureau of Standards, Boulder, Colorado, but it now 
'being kept up to date by the Martin Co;, at Denver, under contract to the Aeronautical 
Systems Division, Air Force Systems Command, Wright-Patterson Air Force Base, Dayton, 
Ohio. 

. .  

Typical of such data is the accompanying table of results obtained at General 
Dynamics/AstronauticS on sheet nickel alloys. 

Figure 7 lists the more important steels, alumlnwn, nickel, and titanium-base al- 
loys that are suitable for critically stressed applications at reduced temperatures. 
It places them in order corresponding to the lowest temperatures at which they may be 
reliably used. This method of presentation, borrowed from J.M. Hedge," provides a 
ready reference to the comparative usefulness of metallic alloys at low temperatures. 
It should be borne in mind, however, that high toughness is not always an essential 
requirement for low-temperature applications. 
temperatures are not subjected to high stresses, multiaxial stress distributions, or 
impact loading. Magnesium-alloy castings, which are extremely notch brittle, have 
served very satisfactorily as pump housings, valve bodies, and in other applications 
at liquid-hydrogen temperatures. The alloys listed in Fig. 7 were selected on the 
basis of their suitability for critically stressed applications where notches, sharp 
changes in section, complex stress distributions, and high rates of loading may be in- 
volved in addition to the reduced operating temperatures. Another factor that entered 
into their placement in Fig. 7 was consideration of the alloys'*weldability, and tough- 

Many parts subjected to extreme subzero 

. ness of the weld joints at reduced temperatures. 

The various alloys will be briefly discussed in the following sections where the 
low-temperature ranges are divided into four classifications for uses down to -5OoF, 
to -150°F, to -320°F, and below - 320°F. . 

Metals for use to -50'3'. The temperature range from ambient down to -50°F is.of 
interest because it essentially encompasses the minimum temperatures encountered on 
the earth's surface - as well as the boiling temperatures of ammonia, propane and freon, 
materials that are of considerable interest to the chemical processing and refrigera- 
tion industries. 

I 

Most of the standard constructional carbon steels such as the ASTM A7, A36, or 
A373 grades cannot be reliably used at temperatures down to -50°F. These steels are 

15. M.P. Hanson, G.W. Stickley, and H.T. Richards, ASTM Special Tech. Publ. No. 287, 

16. J.F. Watson, J.L. Christian, and J. Hertz, Electro-Technology (Sept.-Nov. 1961). 
17. J.L. Christian and A .  Hurlich, ASD-TDR-62-258, Part I1 (1963). 
18. J.L. Christian and J.F. Watson, Advances in Crvogenic Engineering, Vol. 7 

p. 490 (Plenum Press, New York, 1962). 
19. J.L. Christian, ASD-TDR-62-258 (1962). 
20. 'J.E. Campbell and L.P. Rice, ASTM Special Tech. Publ. No. 287 (1960). 
21. J.M. Hodge, ASTM Special Tech. Publ. No. 302, p. 96 (1961). 

p. 3 (1960). 
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not subject to notched-bar impact test requirements and may or may not be aluminum- 
killed to develop fine grain sizes. 
controlled. They may vary from tough to brittle at ambient temperatures. There are, 
however, several fine-grained carbon steels available for low-temperature applications 
down to -50°F. These are the ASTM A334-61TY A333-61T and A420-61T grades that are re- 
quired to meet -50°F notched-bar impact-test requirements. In addition, silicon-killed 
fine-grained carbon steels of the ASTM A-201 and A-212 grades have good toughness prop- 
erties down to -50°F, but are not required to meet notched-bar impact tests except when 
specified to meet the test requirements of A-300. . In the latter case, they may be and 
are widely used in refrigeration and transport equipment. 

Their cooling rates during.processing are not 

Quenched and tempered low-alloy steels are, of course, applicable at temperatures 
down to -50°F, and many of them.are suitable for use at temperatures down to -lOO°F or 
-150°F, but these will be discussed more fully in the next section. 

Practically all aluminum and titanium alloys may be used in critically stressed 
applications at temperatures down to -SOOF, except for some of the highest-strength 
aluminum alloys such as 7178-T6 and 7075-T6. These are not recommended, especially 
where sharp changes in section, complex stress distributions or impact loads are in- 
volved. Similarly, the all-beta 13V-llCr-3Al-titanium alloy (12OVCA) and the 8 Mn- 
titanium alloy tend to be notch-brittle at moderately reduced temperatures. 

Nickel and copper-base alloys are virtually all suitable for use at temperatures 
down to -50°F, and generally much lower. 

Metals for use to -150'F. Low-alloy steels suitable for use at temperatures 
down to -150°F fall into two categories: quenched and tempered steels having essen- 
tially fine-grained, tempered, martensitic microstructures, and nickel-alloyedcfer- 
ritic steels. Most of the lower carbon (0.20 to 0.35% C) low-alloy steels having 
sufficient hardenability to achieve martensitic microstructures through the section 
thickness when either water- or oil-quenched are, after tempering at appropriate tem- 
peratures, sufficiently tough for most critical service applications at temperatures 
down to at least -10O0F. Many of these steels contain several alloying elements such 
as manganese, nickel,. chromium, molybdenum and vanadium. Several contain small quan- 
tities of zirconium or boron, the latter having a potent effect on increasing harden- 
ability. These steels include proprietary grades such as T-1 and N-A-XTRA, among 
others, as well as standard grades such as 'AMs 6434, 4130, 4335, etc. 

Although the above steels are usable to at least -lOO°F, they may, depending 
upon steel-making practice, tempering temperature, etc., undergo the tough-to-brittle 
transition at some temperature between -lOO°F and -150'F. For more reliable perform- 
ance at the lower end of this temperature range, it is necessary to employ somewhat 
more highly alloyed quenched and tempered steels such as HY-80 or HY-TUF, both of 
which are proprietary steels. 

Low-carbon 3yk nickel steel is widely used in large land-based storage tanks to 
contain liquefied gases at temperatures down to -150'F. This steel falls under ASTM 
A203, Grades D and E, and is subject to impact tests in accordance with. the require- 
ments of A-300. 

As shown in Fig: 7, a large number of aluminum, nickel, and titanium-base alloys 

The high-strength 7079-T6 aluminum alloy may be used down to -200°F, but is 

' 

are suitable for critically stressed applications at temperatures down to -150°F and 
lower. 
not recommended for lower-temperature applications. In the case of titanium alloys, 
the 6A1-6V-2Sn-Ti alloy in the heat-treated condition may be used at temperatures 
down to -40°F, and the 16V-2.5Al-Ti alloy may be used down to -lOO°F, but neither is 
recommended for use at temperatures lower than these. 
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Metals' for use at -320'F. Increasing the nickel content of low-carbon steel 
progressively reduces the temperature of transition from duetile to brittle fracture 
as shown in Fig. 3a. In the normalized and tempered condition, a steel with 9% nickel 
has a keyhole-notch Charpy impact energy of 30 ft-lb at -320'F. In the quenched and 
tempered condition the same steel will show 50 ft-lb impact energy at this temperature. 
ASTM A353-58 covers the 9% nickel grade and requires the normalized and tempered heat 
treatmqnt. Revision of current pressure-vessel codes to permit quenched and tempered 
steel of this grade for pressure vessels will result in improved reliability of low- 
temperature storage tanks. 

The austenitic stainless steels of the Type 300 series are all suitable for use 
at -320°F, as is the heat-treatable A-286 stainless steel. Precipitation-hardenable 
stainless steels of the PI3 series are not recommended for subzero temperature applica- 
tions since they evidence notch embrittlement at temperatures between OoP and -4OOF. 

The recently developed maraging steels of the 20% and 25% nickel varieties, with 
various amounts of cobalt, molybdenum, titanium, aluminum and columbium added, exhibit 
notch toughness at temperatures down to at least -320°F, and possibly down to liquid- 
hydrogen temperature. The maraging steels are readily formable and weldable, and are 
hardened by a relatively low-temperature aging at 900°F. 

A large number of aluminum alloys, including 2024-T6, 7039-T6, 2014-T6, and 
5456-H343 have excellent resistance to brittle fracture at -320°F, although weld joints 
in the 20144'6 alloy tend to exhibit brittle behavior at low temperatures. 
minum alloys of the 5000 series aluminum-magnesium type are also tough at -320°F and 
at. lower temperatures, as are the 6061-T6 and 2219-T87 alloys. 

Other alu- 

Nickel-base alloys are almost all tough at -320°F, as shown in Fig. 7. 
alloys such as the 6A1-4V-Ti (both in the annealed and heat-treated conditions), the 
8Al-2Cb-1Ta-TiY and the 5Al-2.5Sn-Ti alloys are ductile and tough at -320°F. It has 
been found that impurity elements such as oxygen, nitrogen and carbon, as well as' iron, 
can embrittle these alloys at low temperatures; care should be taken to keep these im- 
purities as low as possible in materials intended for critical applications at very 
low temperatures. 
Metals Gorp. of America led to the development of the ELI (extra low impurity) grades 
of the 6A1-4V-Ti and 5A1-2.5Sn-Ti alloys. 

There is a large gap between the temperature of 

Titanium 

Cooperative work at General Dynamics/Astronautics and Titanium 

Metals for use below -320'F. 
liquid nitrogen, -320°F, and that of the next lower-temperature liquefied gas of im- 
portance, liquid hydrogen, which boils at -423OF. Liquid helium, boiling at -452'F, 
is the only other cryogen that fills this low-temperature range. Liquid hydrogen, 
because of the space program, has become of wide commercial significance, and a pro- 
duction capacity in the tens of thousands of tons per year has been established here 
within the past few years. 

Among the steels, only the more highly alloyed austenitic stainless steels are 
suitable for use at liquid-hydrogen or helium temperatures. Types 304 and 310 stain- 
less steels fall within this classification, and the low-carbon grades of these steels 
are recommended, especi.ally when welding is to be perfarmed. There are a number of 
low-carbon stainless-steel casting alloys containing generally 18 to 21% chromium and 
9 to 14% nickel that may be used for piping, valve bodies, flanges, etc., at -423OF 
or lower. 

The aluminum alloys that may be safely used at liquid-hydrogen temperatures in- 
clude several of the 2000 and 5000 series, as well as the 6061-T6 alloy. Weldments 
of the 2219-T87 alloy have demonstrated excellent resistance to brittle fracture at 
-423OF, while the lower-strength 5052-H38 and 5083-1138 alloys have also showed good 
notch-toughness at: this temperature. 
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Monel, K-Monel, both annealed and aged, electroformed nickel, TD (thorium disper- 
sion hardened) nickel, and heat-treatable nickel-base alloys such as Inconel X, Inconel 
718, and Ren6 41, and cold-rolled-to-strength Hastelloy B, all exhibit excellent duc- 
tility and notch toughness down to -423'F. 

In titanium, only the very low interstitial unalloyed titanium, Ti45A (AMs 4902), 
and the 5A1-2.5Sn-Ti ELI grades are recommended for use at' -423'F or lower. Both base 
metal and weld j.oints exhibit good ductility at very low temperatures. 

While the preceding discussion was confined to steel and aluminum, nickel, and 
titanium-base metals, other metals and alloys are used in many cryogenic-temperature 
applications. Copper and its alloys are used for bushings, valve components, and other 
parts subjected to lower temperatures. 
toughness down to very low temperatures. These include 70-30 brass, beryllium copper, 
and aluminum and iron-silicon bronzes. 
brittle at subzero temperatures than at room temperature, with some tendency for lower 
elongation at extreme subzero temperatures. As stated previously, magnesium alloys 
can be used in low-stress application at reduced temperature with care in design to 
reduce stress concentrations and multiaxial stress distributions. 

Most copper alloys retain their ductility and 

Magnesium alloys are generally a little more 

CORROSION RESISTANCE 

Metals used in the chemical processing industry must often exhibit a high order 
of resistance to corrosion by chemicals. 'The higher chromium-nickel base alloys and 
stainless steels exhibit somewhat lower,resistance to corrosion but still provide a 
high order of corrosion resistance. Aluminum alloys are resistant to corrosion attack 
by organic acids, halogenated hydrocarbons, ethers, esters, amines and ketones, and 
hence are widely used in the chemical processing industry. 
Fig. 7 are all compatible with aluminum alloys insofar as chemical attack is concerned. 
Nickel and nickelTbase alloys also exhibit a generally high degree of corrosion resist- 
ance. 

The cryogens listed in 

Carbon and low-alloy steels, as well as the high-nickel maraging steels, have 
generally poor corrosion resistance; there may be cases where, despite good mechanical 
properties at subzero temperatures, these alloys will be eliminated because of poor 

. .  

I 
1 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
II 
I 

- 320 - 

. 



I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Mechanical Properties of Nickel Alloys at Cryogenic Temperatures 

(Tests on sheet material 0.015 to 0.050 in. thick. Nokhed 
specimens were double edgenotched with Kt = 6.3) 

Bore Melol - -Weld Join+ 
Notched 

Test Yield Ult. Tens. ' Ult. Tens. Notched/ Ut. Tens. 
Temp., Point, Strength, Elang., Shcngth, Unnatched Shength; Elong., 

Alloy OF. M Psi. M Psi. 70 M Psi. Ratia M Psi. %' 

K-Monel 75 97.3 154 . 22 144 0.93 141 1 1  
(aged) -100 1 07 166 24 155 0.93 154 14 

-320 120 183 30 174 0.95 1 70 15 
-423 136 200 28 198 0.98 190 14 

Inconel718 75 183 204 13.2 226 1 . I 1  114 5 .0  
(Cold rolled and -320 214 254 . 21.0 262 1.03 151 5.3 
aged) -423 228 281 22.0 286 1.02 1 74 3.5 

Ha L t e I I o y 75 118 171 18.0 148 0.87 164 12.7 
R-235 -1 00 124 184 . 18.3 1 54 0.84 154 8.0 
(aged) -320 138 ' 189 11.7 166 0.88 181 6.7 

-423 144 188 9.0 183 0.97. 187 7 . 7  

Electroformed Nickel 75 85.9 139 7 .5  169 1.21 . . .  .... 
-423 109 184 15.9 216 1.17 ... .... 

TD Nlckel 75 58.6 79.7 12.0 89.5 1 .I2 ... .... 
-320 70.4 1 1 1  27.5 112 1.01 ... .... 

. -423 72.9 132 31.5 125 0.95 ... .... 
Reno 41 75 131 . 189 21.3 168 0.88 132 3.0 

-1 00 139 205 20.0 1 76 0.86 154 4 .6  
-320 155 229 17.0 192 0.84 174 4.8 
-423 171 255 14.9 209 0.82 192 3.3 

. .  (aged) 

Hortelloy B 75 177 191 3 220 1.15 1 07 2 
(40% cold rolled) -1 00 207 222 5 245 1 .IO ... .... 

-320 208 228 12 265 1.16 ... .... 
-423 240 283 16 308 1.09 145 2 
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1 Yield - strength, lpOOpsi. 

Fig. 1. How temperature affects ductility (top) and 
yield strength (bottom) of body-centered 
cubic metals compared with Ni, a face-centered 
cubic metal. 

V Impact energy, kgJsq.cm. 
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V Impact energy, kg./sq.cm. 
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Temperature, 100 deg. E 

V Impact velocity,fthec. 
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Fig. 2. Effect of mechanical fsctors (a, plastic displacement; 
by specimen width; and cy impact velocity) on embrittle- 

. ment of ferritic steels. 
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90 
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Temperuture,fOO deg. E 

Fig. 3. How chemical composition and microstructure (a, nickel; 
b, carbon; and c, microstructure) affect the toughness 
of wrought steels. 

'I V-notch Charpy impoct energy,ftrlb. 
loo(, 

80 - 

40 - 

2 0  - 

0 I I I 
-3 -2 -1 0 +l 

Test temperature,l00degF: 

Fig. 4 .  Influence of grain s i z e  on toughness 
of 8640 steel, heat treated to Ro 34.  
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Fig.  5. Indoor test f a c i l i t y  w i th  l i q u i d  hydrogen cool ing  r e q u i r e s  
c a r e f u l  des ign  t o  avoid explos ions .  

Fig.  6. Outdoor test f a c i l i t y  permi ts  t e n s i l e ,  bending and f a t i g u e  
t e s t i n g  of specimens a t  '-423'F. 
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Ethane -127 

Ethylene -154 

Methane -259 

Oxygen -297 

Nitrogen -320 . .  

. .  
. . .  
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Hydrogen -423 

Helium, -452 

Aluminum Nickel Titanium 
Steels Alloys Alloys Allays 

OF. 

. +loo 
Heat Treated 

13V-1 lCr-3AI-Ti 
A36-61 T 8Mn-Ti 

Fine grained carbon steels 7075-T6 
Heat Treated 

6A I -6V-2%-Ti 

Heat-treated allay steels 
T-1, N-A-XTRA, AMs6434 

Heat Treated 
" "  9 

16V.2.5Al-Ti 
HY-TUF, HY-80 
3.5 Ni Steel 

- -Zoo  5% Ni Steel 7079-T6 

8A 1-1 Ma-1 V-Ti 
SA I -5Zr-5Sn-Ti 
Annealed ~ ,f 4A I -3Mo-1 V-Ti 
Heat Treated 

6A I -4'4-Ti 
8A I-2Cb-1Ta-Ti 

6A1-4V-Ti ELI 
Annealed 

Quenched 8 Tempered 

. 9% Ni Steel ' 2024-T6 
A286, Mar-aging steels 1 7039-Td 
301, 302 2014-T6 

'' 5456-H343 

. a .  

304ELC, 310 
low C Stainless steel 

casting alloys 

Rene 41 

Fig. 7. Metals suitable for use from atmospheric temperature to 
the lowest available are here spotted at lowest applicable 
temperatures. 
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PROPERTIES OF NONMETALLIC MATERIALS AT CRYOGENIC TEMPERATURES 

R. Mowers 
Rocketdyne 

A Division of North American Rockwell Corporation 
Canoga' Park, California 

SUMMARY 

This paper presents property data and information describing the various cryogenic 
applicat2ons for nonmetallic materials. Until very recently, this classification of 
materials was usually ignored for structural applications at cryogenic temperatures. 

Basically, there are three reasons for the reluctance of designers to use this ' . 
family of materials. First, there were essentially no cryogenic mechanical and physi- 
cal property data available. 
determine the properties, which made it extremely difficult to compare data obtained 
with the meager data available. 
tural materials, the filament-wound, fiber-reinforced composites, was extremely complex 
and specialized, and the concepts utilized to arrive at design analyses were still 
under development. Third, variations in the constituents and their effect on end-item 
properties made it less than attractive to utilize this type of material for cryogenic 
structural applications, although preliminary data indicated these materials had a 
great potential because of their high strength-to-weight ratio. 

Few standards for samples or test methods. existed to 

Second, stress analysis of the most attractive struc- 

The impetus necessary to overcome this lack of information was provided by the 
aerospace industries' urgent requirements for structural materials with high strength- 
to-weight ratios capable of operating over wide temperature ranges. 
always been important for aircraft applications, but is of the utmost necessity for 
hardware used in upper stage vehicles, satellites, and spacecraft. 

Minimum weight has 

Contract funds were provided to various organizations to obtain cryogenic property 
data, to develop sophisticated design analysis techniques, and to improve the materials 
available for use in manufacturing structural nonmetallic hardware for cryogenic 
service. 

Today the results of these programs are being reduced to common practice. Other 
scientific disciplines, such as high-energy physics, which work in the cryogenic tem- 
perature region, are benefiting from the results obtained in the programs initiated for 
cryogenic aerospace applications. 

INTRODUCTION 

Many nonmetallic materials are either being used or evaluated for structural or 
semistructural applications at cryogenic temperatures. Some advantages that are con- 
sidered when evaluating these nonmetallic materials for cryogenic temperatures include 
the following characteristics: 

' 1. 
2 .  

3 .  

4. 

5. 

High strength-to-weight ratios. 
Low thermal conductivities. ' 

Low specific'heats. 
Ease of orthotropic fabrication. 
Corrosion resistance. 
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6 .  Durability. 

7 .  

8 .  Fatigue resistance. 

Self-lubricating properties of some materials. 

. 

. 

However, these potential advantages are not achieved without simultaneously 
accepting certain design problem areas which result from the following characteristics 
of nonmetallic materials: 

1. High coefficients of thermal expansion. 
2 .  A tendency towards brittleness at low temperatures. 
3 .  Complexities of the stress analysis of heterogeneous composite 

resin-fiber structures. 

4. 

5. Variations in resins and fibers used to fabricate composite 

Lack of generally standardized test techniques for developing 
design data. 

structural elements. 

Some typical cryogenic applications for nonmetallic materials of construction can 
be separated into five classifications: 

1. Reinforced plastic structures. 
2 .  Adhesives, sealants, and coatings. 
3 .  Bearings and dynamic seals. 

4 .  Gaskets and static seals. 
5. Film materials used as diaphragms, vapor barriers, etc. 

A sixth major use classification for nonmetallic materials, cryogenic therma 
insulation, has not been considered for this paper. 

A short description of typical examples from-each classification is presented 
below. 
available at the present tiqe for materials from each of these classifications. More 
complete descriptions of current and potential applications will be presented in each 
section. Limitations of the data available and a discussion of the data not yet ob- 
tained will also be presented. 

This overview will be followed by a presentation of cryogenic property data. 

CLASSIFICATION OF NONMETALLIC MATERIAL USES 

The first category of nonmetallic materials includes glass-fiber reinforced- 
plastic structures such as filament-wound pressure vessels used for storage of cryogens 
or as the basic structural element of liquid hydrogen bubble chambers (although fiber-. 
glass is the principal current reinforcement, high modulus fiber reinforcements such as 
boron and graphite are being evaluated with various resin combinations in an attempt to 
develop a composite laminate material with a modulus at least as great as aluminum). 
Another cryogenic application for fiber-reinforced plastic materials is structural 
insulators and supports used between the insulation and outer walls of cryogen con- 
taining vessels. .Sandwich constructions of fiber-reinforced plastic face materials in 
combination with honeycomb, foam core systems, and foam-filled honeycombs have also 
been used in various cryogenic systems. These combinations of materials are used as 
composite structural members of insulation systems where the heat leak through a honey- 
comb core must be tolerated to prevent structural failure of the foam insulation caused 
by thermal shock and strain. 

. I  
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The second category of nonmetallic materials for structural applications at cryo- , 

genic temperatures consists of adhesives, sealants, and coatings. The effects of . 
cryogenic temperatures on the strengths of adhesive joints have recently been examined 
by many investigators. 
using adhesive bonding techniques. 
to prevent galvanic corrosion, and integral Linings for filament-wound cryogenic stor- 
age vessels are adhesively bonded into place. The most critical problem to be overcome 
before filament-wound tanks can be used for multiple cryogenic pressure cycles is asso- 
ciated with the development of an adhesive system to attach the liner to the filament-' 
wound wall. Adhesive sealants are also used at cryogenic temperatures to provide 
pressure-tight structural seals. Some organic coatings have been evaluated for reduc- 
ing to zero the tolerances between rotating members in cryogenic turbomachinery appli- 
cations. .Thin coatings of sone of these same insulating materials have been shown to 
alter the boiling characteristics of hydrogen SO as  to enhance the heat transfer from 
cryogenic fluid to the structural members, and in this manner to reduce the time re- 
quired to achieve thermal equilibrium. 

Sections of large cryogenic tanks have been successfully joined 
Dissimilar metallic materials are bonded together 

The third category for structural applications of nonmetallic materials at cryo- 
genic temperatures includes dynamic seals and bearings. Typical cryogenic shaft-riding 
face seals utilize various proprietary compositions of carbon-graphite or ceramic' oxide 
materials as the primary seal. A compromise is made between the amount of friction, 
face wear, and the leakage allowed past the seal face. . 

The fluorocarbon plastics, in particular, have inherently low friction coefficients 
at all temperatures. Many cryogenic bearings utilize various types of fluorocarbon 
resins, alone or in combination with other materials. These specialized items form a 
very small but important portion of many cryogenic devices. 

Static gaskets and seals comprise the fourth category of nonmetallic materials 
used in cryogenic applications. 
come harder as the temperature decreases. To maintain. the sealing capacity accomplished 
at ambient temperatures, the gasket should maintain flexibility or compressibility. .A 
further problem with most organic gasket materials evolves from their inherently larger 
thermal contraction coefficients compared to the joining metal surfaces. This results 
in a decrease in sealing force as the device cools to cryogenic temperatures and in- 
creases the potential for leakage past the gasket. Various special nonmetallic gaskets, 

meet cryogenic sealing requirements. 

Gaskets used at cryogenic temperatures, however, be- 

' composite metal-plastic gaskets, and special design techniques have been developed to 

Many types of nonmetallic materials are used as static structural seals at cryo- 
genic temperatures. These seals are used to.contro1 the flow of cryogenic fluids and 
gases under high and low pressures and from flowrates small enough to be measured with 
a mass spectrometer to those measured in tons/second. 
have utilized fluorocarbon plastic materials. This family of materials maintain some 
ductility at extreme cryogenic temperatures even at extremely high strain rates. 

. 
Many of these cryogenic seals 

. _.. 
A fifth category of nonmetallics used in cryogenic applications includes the film 

materials that are used as diaphragms and vapor barriers., Regulators with nonmetallic. 
pressure sensing diaphragms have been used in cryogenic environments (fluid and pneu- 
matic) at high and low pressures. High pressure differentials over small areas are 
common, and multi-ply polyester film diaphragms have been used effectively at high- and 
low-frequency rates at temperatures as low as 20°K. 
completed successfully at 20°K using this multi-ply type of diaphragm as a small R&D 
positive displacement pump for liquid hydrogen. 

Over two-million cycles have been 
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Representative cryogenic test programs pertaining to all five use categories of 
nonmetallic materials are presented in the following sections. Each section includes 
the title of the program, its source, its objectives, the materials tested, the prop- 
erties measured, the data obtained, and the conclusions drawn. 
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Reinforced Plastic Laminates 

Reinforced plastic laminate materials have received the most experimental atten- 
tion because their potential structural properties are very attractive to a designer. 

..Comprehensive test programs have been completed by various organizations pertaining to 
the effects of cryogenic temperatures on mechanical and physical properties of rein- 
forced plastic laminates. 

Data from five programs have been selected for this report. One program was esta- 
blished to determine if reproducible data could be obtained for fiber-reinforced plastic 
materials at cryogenic temperatures; a second presents data obtained for glass fabric 
laminates utilizing a variety of resin systems; a third shows data for unidirectional 
filament-wound laminates; a fourth indicates the combined effects of nuclear radiation 
and cryogenic environments; and a fifth presents property data for filament-wound lami- 
nates being considered for liquid hydrogen bubble chambers. 

Title. "An Assessment of Test Specimens and Test Techniques Useful to the 
Evaluation of Structural Reinforced Plastic Materials at Cryogenic Temperatures" 
(NAS 8-11070). 

Source. Goodyear Aerospace Corporation, Akron, Ohio. 

Objectives. The primary objective of this program was to establish industry 
standards for reinforced plastic test specimens and te.st techniques applicable to cryo- 
genic temperatures. 
data for a variety of reinforced plastic materials at cryogenic temperatures. 

The ultimate objective was to obtain a design handbook containing 

Materials. To minimize variables, two S/HTS glass fabric styles, 1543 and 1581, 
A single epoxy resin was preimpregnated onto both fabrics. were used.in this program. 

Properties. Tensile strength, elongation, and modulus; compressive strength, 
flexural strength, and modulus; shear strength and bearing strength; were measured 
parallel, normal, and at 45? to the warp direction of the fabric. 

Test temperatures. Test temperatures were 2,98, 197, 77, and 20°K. 

Data. Some of the data obtained in this program are presented in Table I. These 
data show that the mechanical properties of .fiberglass-reinforced plastics increase 
substantially at lower temperatures over the room temperature values. The specific 
strengths (stress-density) of thp materials were f'ound to be exceptionally high. 

Conclusions. The spread of the data, expressed as the coefficient of variation, 
obtained during the program for samples cut, parallel to the principal reinforcement 
direction were: 

Tens ion 4.8% 
Compression 9.6% 
Flexure ' 5.6% 
Shear 9.6% 
Bearing strength 9.4% 

These coefficients of variation were based on a small number of samples and include the 
rather large variation obtained in the strength of the S/HTS glass fibers themselves. 
It was concluded, therefore, that the test values appear in general to be within ac- 
ceptable limits. 
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Title. "Determination of the Performance of Plastic Laminates Under Cryogenic 
Temperatures" [AF 33(616) -82893. 

Source. Narmco Research and Development, San Diego, California. 

Objectives. The objective of this program was to determine the mechanical prop- 
erties for a wide variety of plastic laminate materials at cryogenic temperatures. 

Materials. Glass fabric (181 style) laminates were fabricated using epoxies, 
phenolics, polyesters, high-temperature polyesters, silicones, flexibl'e polyurethanes, 
polybenzimidazol, fluorinated ethylene propylene , phenyl-silanes , and nylon epoxies. 

.Properties. Tensile, compressive, and flexural strengths and moduli; tensile 
fatigue, and bearing strength tests were performed. 

Test temperature. Tests were performed at 298, 195, 77, and 20°K. 

- Data. The data indicated that reinforced plastics generally increase in strength 
as temperatures decrease. Based on static test data, it was found that epoxy resins 
were best for cryogenic use; polyesters and phenolics were second. When subjected to . 
tensile fatigue, however, the epoxies and phenolics continued to show good life while 
the polyesters fell behind. Average tensile strength of the glass-reinforced laminates 
is shown in Fig. 1. Average tensile, compressive, and flexural property data are shown 
in Figs. 2, 3,  and 4 .  Bearing strength and tensile fatigue data are shown in Figs. 5 
and 6. 

Conclusions. It was concluded that decreasing the test temperature from 77'K to . 
20°K had little effect on properties, although decreasing from ambient to 77OK resulted 
in marked increases in strength. Further, it was concluded that modulus values did not 
increase as rapidly as strength data as test temperatures were reduced. 
tensile fatigue strengths of fiberglass-reinforced plastics were higher at cryogenic 
temperatures than at room temperatures. 

Finally, the 

Title. "Cryogenic Properties of High Strength Glass-Reinforced Plastics" 
[AF 33(657) -91611. 

Source. Martin Company, Denver, Colorado. 

Objectives. The objectives were to determine the behavior of a variety of uni- 
directional filament-wound resinlglass combinations at cryogenic temperatures. 

Materials. Ten resin systems and two glass types were used. Resins included 
four epoxies, an epoxy novolac, a phenolic, two polyesters, a silicone, and a phenyl- 
silane. E and S glasses were used. 

Properties. Tensile strength, modulus, and static tensile fatigue data were 
obtained. 

Test temperatures. Tests were performed at ambient, 77, and 20°K. 

Data. The strength data for the various resin systems are shown in Figs. 7 and 

Below 77'K, strength shows a tend- 
8. Modulus data is shown in Fig. 9. These data show a general increase in strength 
as temperature is decreased from ambient to 77'K. 
ency to level off or decrease. 
opposed to the strength data. 
which adds evidence that ambient temperature static fatigue is in reality a stress 
corrosion process resulting from absorbed water vapor onto the glass. 

Modulus data show a continued increase down to 20°K as 
Static fatigue did not occur at cryogenic temperatures, 
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Conclusions. The conclusions drawn from this study were: first, the resin made 
a large contribution to the tensile strength of,NOL ring samgles at cryogenic tempera- 
tures, and second, the effect of reinforcement type on the tensile modulus was signi- 
ficant. The E-glass material shows a much lower modulus than the S-glass.. 

Title. "Effect of Nuclear Radiation and Liquid Hydrogen on Mechanical Properties - 
of Three Phenolic Materials." 

Source. Aerojet-General Corporation, Sacramento, California. 

Objectives. The objectives were to investigate the mechanical properties of 
three phenolic based materials in a combined environment of liquid hydrogen,and nuclear 
radiation. 

Materials. Phenolic asbestos-cloth laminates (Grade AA - MIL-P-8059A), phenolic 
linen-cloth laminates (Grade L - MIL-P-15035BY Type FBI), and phenolic glass-cloth 
laminates (MIL-F-9084, Type VI11 impregnated with 91-LD phenolic resin) were used in 
this study. 

Properties. 

Test temperatures. 

Ultimate tensile strength and elongation data were obtained. 

Tests were performed at 20°K plus one series at ambient 
temperatures. 

. Data. The data obtained in this study are presented in Table 11. The data show 
that tensile strength for all three materials is not appreciably' affected by the com- 
bined environment of cryogenic temperature and nuclear radiation. 
ductility was significant after nuclear radiation. 

However, loss of 

Conclusions. Care should be exercised in selecting any of the three types of 
materials tested for a combined cryogenic-radiation environment if any appreciable 
strain must be sustained by the materials. 

Title. 
to Possible Use in Liquid Hydrogen Bubble Chambers." 

"Physical Properties of Filament-Wound Glass-Epoxy Structures as Applied 

Source. Stanford Linear Accelerator Center, Stanford, California. 

Objectives. The objectives were to determine the feasibility of using filament- 
.wound laminates for a structural, liquid hydrogen pulse system bubble chamber where 
eddy current heating makes a metal chamber impractical. 

Materials. Materials tested were S/HTS roving impregnated with ERL 2256 epoxy 
H-film sheets were incorporated into the structure to reduce and MPDA hardener. 

permeability. 

Properties. Fatigue (flexural), flexural strength ,and modulus, shear strength, 
low-temperature permeability, and thermal contraction were measured. 

Test temperatures. ' Tests were performed at ambient to 4.2'K. 

Data. Thermal contraction data obtained in this program are shown in Fig. 10. -. 
It is shown that the laminate contraction is basically that of the glass filaments. 
Flexural fatigue data are shown in Table 111. The data indicate that inclusion of 
H-film in the structure had no adverse effects on the integrity of the laminate under 
flexural fatigue conditions. Flex and shear strength data of samples with Mylar, 
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Tedlar, and beryllium film showed a weakening of the matrix; Shear strength losses on 
the order of 50% were measured for all samples with barriers other than H-film. H- 
filmresulted in a 5% loss in shear strength. 

Conclusions. Glass-filament epoxy structures exposed to cryogenic temperatures, 
particularly liquid hydrogen, are equal to or superior to stainless-steel bubble cham- 
bers with dc field or transient magnetic fields. Problems such as feed-through tubing 
into the chamber and sealing of the'chamber must be investigated in more detail. 
filament-wound chamber 'was lighter than a stainless-steel unit and had considerably 
less static heat loss than stainless steel. 

The 

Adhesives, Sealants, and Coatings 

Structural adhesives 

Structural adhesive evaluations for cryogenic temperature environments have been 
reported in the literature since the middle.1950'~. 
descriptions of paste and liquid adhesive systems and usually to temperatures down to 
77OK. 
at cryogenic temperatures. Most of these problems have been attributed to stress con- 
centrations and gradients developed dithin the bond. Some of the principal causes €or 
these concentrations include: 

The early reports were limited to 

Recent programs have considered the basic problems associated with bonded joints 

1. Differences in the thermal coefficient of expansion between 
adhesive and adherends. 

2. Shrinkage of the adhesive on curing. 
3. Trapped gases or volatiles evolved during bonding. 
4. Differences in elastic moduli and strength between 

adhesives and adherends. 
5. Residua1,stresses in joints as a result of releasing 

bonding pressures. 

For example, a low modulus adhesive may readily relieve stress concentrations at room 
temperatures by deformation, but .at cryogenic temperatures it may become so brittle 
that these concentrated stresses are only relieved by fracture of the adhesive. 

The results of two review papers from the same organization are presented to des- 
cribe some of the recent information developed for cryogenic structural adhesives. 
The later report presents information obtained through 1964; the earlier report in- 
cludes data obtained as early as 1961. Differences in the conclusions indicate conti- 
nued increase in knowledge regarding adhesives for cryogenic temperatures. 

Title. "Development of Adhesives for Very Low Temperatures" (NAS 8-1565). 

Source.. Narmco Research and Development, San Diego, California, 1961-1963. 

Objectives. The objectives were to search the literature and evaluate various 

. .  

commercially available adhesives for cryogenic applications. 

Materials. Research efforts were concentrated on nylon-epoxy, epoxy-polyamides, 
polyurethane, and fluorocarbon film systems. Aluminum and stainless-steel adherends . 
were used. 

Properties. Tensile shear, tee peel, mechanical shock, and butt tensile 
strengths were determined. 

- 332 - 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Test temperatures. Tests were performed at room temperature, 77, and 20OK. 

- Data. Tensile lap shear strength,data for the commercial adhesives evaluated at 
the beginning of this program are shown in Fig. 11. 
superiority of nylon-epoxy adhesive systems at cryogenic temperatures. 

These data indicate the general 

Conclusions. The nylon powder-filled epoxy-polyamide paste was the best system 
A polyurethane elastomer adhesive showed superior evaluated during this program. 

strength and toughness at extremely low temperatures. However, it tended to absorb 
moisture from the air, which caused it to foam during bonding and resulted in unsatis- 
factory joints . 

Title. “Adhesive Bonding of Insulation for Temperature Extremes - Cryogenic 
to Re -entry.. I’ 

Source. Narmco Material Division, Costa Mesa., California, 1964. 

Objectives. The objectives were to determine mechanical property data for a 
. variety of structural adhesives at temperatures from 20 to - 800°K. 
of adhesives, design considerations , fabrication techniques and variables, and recom- 
mended steps for selecting an adhesive were also summarized. 

The advantages 

Materials. Nylon epoxies, modified epoxies, silicone phenolics, epoxy-phenolics, 
polyaromatics, and polyurethane adhesives were investigated. 

Properties. Tensile shear, tee peel, ‘mechanical shock, and butt tensile 
strengths were determined. 

Test temperatures. Tests were performed at 20 to 850°K. 

Data. The effect of temperatures on the lap shear strength of different types 
of adhesives is presented in Fig. 12. 
peratures, the polyurethane adhesives are stronger than all others. However, at 
ambient temperatures the strength of the polyurethane adhesive is less than most of 
the other adhesive types. 
types of adhesive systems at a temperature of 20°K. 

These data show that at extreme cryogenic tem- 

Figure 13 shows the lap shear strengths of eight different 

Conclusions. Polyurethane adhesives are very good for-extremely low temperatures, 
but their strength decreases very quickly as they approach ambient temperatures. 
nylon-epoxy materials, on the’ other hand, have a rather uniform strength at temperatures 
from 20 to  373OK. 

The 

Adhesive sealants 

NASA has sponsored programs to develop adhesive sealants for use at cryogenic 
These programs were directed toward finding materials that would be 

were incapable of meeting the bending 

temperatures. 
flexible down to a temperature of 20°K. 
cated that even the most flexible materials 
requirements described in MIL-S-8516 at liquid nitrogen (77OK) temperatures. Further 
testing indicated that the low-temperature sealing characteristics of polyurethanes 
and methyl-phenyl silicone elastomers could be improved by using them in conjunction 
with nylon or glass-fabric reinforcements. The higher modulus fabric reinforcements 
minimized the thermal strains in the sealants at low temperatures by accepting a 
larger portion of those thermal strains and transmitting them to the metal substrate 
rather than concentrating them in the sealant. 

However, preliminary screening tests’indi- 
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Various informal programs have been performed to evaluate specific cryogenic. 

sealant requirements. 
sealant system t o  prevent moisture from penetrating into rigid polyurethane-f oam- 
insulated liquid hydrogen lines. A polyurethane elastomer impregnated into circum- 
ferentially wrapped open weave nylon tape was satisfactory for this purpose, even when 
attached directly to the outer metal wall of the hydrogen line. 

One of these programs was 'directed toward the development of a 

Very little quantitative data are available pertaining to sealants for use at 
cryogenic temperatures. Evaluation tests have to be tailored to the, solution of par- 
ticular problem areas. One of the few reports available is summarized below. 

Title. "Development of Cryogenic Sealants for Applications at Cryogenic . .  Temperatures" (NAS 8-2428)  . 
Source. Hughes Aircraft Company, Culver City, California. 

Objectives. The objectives were to develop organic sealants that may be used.to 
seal or repair containers for cryogenic fluids. . .  

Materials. Eight different polymer systems were investigated: 

1. Po.lysulfide. 
2 .  Silicone. 

3 .  Epoxy. 
4 .  Polyurethane. 
'5. Fluorosilicone. 
6. Epoxy-silicone. 
7.  Butyl formal, butyl ether, and polysulfide blend. 

8 .  Carboxyl terminated polybutadiene and epoxy blend. 

Properties. Low-temperature bend characteristics, thermal contraction, and 
resistance to vibration were determined. 

Test temperatures. Tests were performed at ambient to 77OK. 

- Data. Only reinforced silicones and polyurethanes met vibration and bend test 
requirements at 77OK. 

Conclusions. The woven fabric provided reinforcement continuity throughout the 
structure, and was capable of transmitting 1oads.to the metal substrate during the 
bend tests. Further, the reinforcement lowers the over-all thermal contraction to a 
level where thermal stress at the sealant-substrate interface is reduced to a minimum. 

Structural coatings 

Structural coatings have been considered for cryogenic turbomachinery applications. 
These coatings were evaluated for dual use as an internal wearing surface and as an 
internal thermal insulation. Investigations performed by several manufacturers of 
liquid propellant rocket engines indicated that some filled fluorocarbon plasti'c mate- 
rials might be effectively utilized for this dual (wearing and insulating) purpose. 
Unknown factors included the possibility that thermal strains could be large enough to 
cause the coating to separate from the metallic substrate at cryogenic temperatures, 
and determination of the effects of fluid erosion on the adhesion of the coatings. Some 
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of the systems evaluated were quite promising, even though only preliminary tests were 
completed. One of these preliminary programs is described below. 

Title. "Evaluation of a635 for Turbomachinery Applications .'I 

Source. Rocketdyne, a division of North American Rockwell Corporation, Canoga 
Park, Californ'ia. 

Objectives. The objectives were to determine if a filled fluorocarbon plastic, 
(KX635) might be developed for an insulating internal wearing surface for cryogenic 
turbomachinery. ' 

Materials. Metallic substrates were K-monel and Tens-50 aluminum casting alloy. 
Coating material was KX635, a glass microballoon-filled Kel-F dispersion material. 

Properties. Bond strength between coating and substrates at ambient and cryo-. 
genic temperatures was determined by static tensile tests and flexural fatigue tests. 
Thermal contraction and thermal conductivity were measured from ambient to cryogenic 
temperatures. 

Test temperatures. Tests were performed at ambient, 77 and 20°K. 

Data. Tensile tests indicated that the coating adhered to metallic substrates 
at all temperatures until metal failure occurred. 
temperatures showed that.the coating adhered to substrates at total deflections up to 
0.300 in. without coating-to-metal separation. Erosion rates of the coating material 
caused by fluid flow were not determined. 

Flexural fatigue tests at cryogenic 

Conclusions. The various data generated were promising enough that further 
efforts could be justified to evaluate this type of internal insulation-wearing sur- . 

' face for cryogenic applications. 

Dynamic Seals and Bearings 

Nonmetallic materials are used as semistructural elements in many dynamic seal and 
bearing applications at cryogenic temperatures. Bearings and seals are required for 
any application with movement or where flow of cryogenic fluids or gases must be con- 
trolled. Examination of the literature reveals that materials from one polymer family, 
the fluorocarbons, are widely used for these applications. The fluorocarbon plastics 
have characteristics that make them very attractive for cryogenic sealing and wear 
applications. Some of these are: . 

1. Some ductility at cryogenic temperatures. 
2. Adequate mechanical properties at cryogenic temperatures. 
3 .  Chemical inertness. 

4 .  Low coefficients of friction over total useful temperatur 
range. 

Many cryogenic seal applications utilize unmodified fluorocarbon plastics a's 
sealing elements. 
(particularly TFE Teflon) to achieve the appropriate friction, wear, and durability 
characteristics necessary for prolonged, trouble-free operation at cryogenic tempera- 
tures under widely varying stress conditions. 

Generally, cryogenic bearing applications have used fluorocarbons 

Data from four programs pertaining to fluorocarbon plastics have been selected 



for this reiort. The first two describe efforts performed to develop self-lubricated 
bearings for cryogenic temperatures. The third describes a comprehensive program ini- 
tiated to obtain design properties of various thermoplastic materials at temperatures 
down to 20°K. The fourth program presents information pertaining to strain rate, tem- 
perature, crystallinity, and surface smoothness on the mechanical properties of PCTFE 
plastics. 

Title. "Bearing Lubrication at Low Temperatures." 

Source. British Oxygen Research and Development, Ltd., London, England. 

Objectives. The objectives were to determine the effectiveness of various 
Teflon-containing materials as solid lubricants in liquid oxygen and liquid nitrogen 
against stainless steel and lead-bronze shafts. 

Materials. Shaft and bushing materials investigated were: 

1. Shafts -Two types of shaft material were used. 

a. S.80 stainless steel. 
b. 20% lead-bronze. 

2 .  Bushings -Three types of bushing were used. 
a. Porous bronze (0.010 in. thick) filled with TFE to 

b. TFE, with graphite and bronze powder added (Glacier DQ). 
c. 

a. thickness of 0.0005 in. (Glacier DP). 

Porous bronze containing 80% bronze and 20% TFE 
(Bound Brook Polyslip). 

Properties. Wear of bearings (measured as increase in diameter of bushing) was 
determined after 1.5 hours running time at stresses from 100 to 900 psi. 

.Test t.emperatures. 

- Data. 

Tests were performed at 90 and 77OK. 

Wear data for the three Teflon-containing bushing materials against the 
two shaft materials in liquid oxygen are shown in Fig. 14. The data indicate all 
three materials were essentially equivalent when running against a 20% lead-bronze 
shaft. The bearing material with the least quantity of exposed Teflon had the least 
wear against S.80 stainless steel. 

Conclusions. It was concluded that a shaft with good thermal conductivity used 
in conjunction with TFE Teflon-containing bearing material was suitable for service 
in liquid oxygen and liquid nitrogen. 
"dry lubrication" is maintained under operating conditions, and a free flow of liquid 
passes through the bearing for cooling. 

The design of the bearing is such that adequate 

. 

Title. "Evaluation of Ball Bearing Separator Materials Operating Submerged in 
Liquid Nitrogen." 

Source. CEL, National Bureau of Standards, Boulder, Colorado. 

Objectives. The objectives were to develop a reliable, high-load-capacity 
(axial and thrust) bearing operating at moderate speeds. 
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Materials. 

1. Ball and Race - ball and race materials were 440C. 
2. Separators - separators were three types: 

a. Metallic coated with TFE. 
b. Filled TFE. 
c .  Phenolic. 

Properties. Bearing life (hours vs torque in in.-oz) was measured while opera- 
ting under constant environmental conditions of thrust load, speed, and temperatures. 

Test temperature. 

- Data. 

Tests were performed at 77'K. 

Sample identification information'is shown in Table IV. Bearing life 
data in liquid nitrogen for all samples tested are shown in Fig. 15. These data indi- 
cate that the filled TFE separator (sample No. 8) had a much longer bearing life than 
all other materials tested. Torque decreased with time for this material. Torque for 
all others increased with time. 

Conclusions. It was concluded that filled TFE separators were superior to the 
other separator materials when operating in liquid nitrogen. 

Title. "Final Report, Program of Testing Nonmetallic Materials at Cryogenic 
Temperatures" [AF 04(611) -63543. 

Source. Rocketdyne, a division of North American Rockwell Corporation, Canoga 
Park, California. 

Objectives. The objectives were to determine the mechanical properties of a 
variety of thermoplastics at cryogenic temperatures. The study included the determina- 
tion of the effect of thermal treatments on the crystallinity levels of certain materi- 
als and the resultant effect on mechanical properties. 

Materials. Materials tested were TFE and FEP Teflon, Kel-F, Fiylar, and nylon, 
as well as fabric, fiber, and powder-reinforced TFE and FEP Teflons. 

Properties. Tensile yield, ultimate, modulus and elongation; flexural strength 
and modulus; compressive strength and modulus; impact strength, modulus of rigidity, 
and coefficient of thermal expansion were determined. 

Test temperatures. Tests were performed at 300, 194, 144, 77, and 20°K. 

Data. A summary of the data from this program is presented in Figs. 16-20 and 
Table V. 

Conclusions. The conclusions are separated into the five types of materials 
tested : 

1. Kel-F (PCTFE) - Ambient yield strength variations between the 
three crystallinity levels was =I 20% (5500 psi/amorphous, 
6500 psi/crystalline). At a temperature of 20°K, the spread 
was 60% (28 600 psi/amorphous, 18 000 psi/crystalline). At 
ambient temperatures the amorphous material was slightly 
weaker than the crystalline, but at cryogenic temperatures 
the more amorphous was much stronger than the crystalline. 
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The notched Izod impact strength of Kel-F remained relatively 
constant over the test temperature range. However, the amor- 
phous samples had slightly higher impact strength than the 
crystalline. 

2. Teflon (TFE) - The effect of crystallinity on the low-tempera- 
ture properties of TFE,was very similar to Kel-F. The crystal- 
line materials had higher properties than the amorphous at room 
temperatures, but at cryogenic temperatures, the reverse was 
true. The effect, however, was less pronounced than for Kel-F. 

3 .  Teflon (FEP) - Normal processing variables had little effect on 
crystallinity of material. FEP Teflon has about 50% higher im- 
pact strength than Kel-F at cryogenic temperatures. Cryogenic 
elongation of FEP Teflon was also higher than Kel-F; however, 
it had lower flexural and compressive properties than Kel-F. 
In addition, the contraction of FEP Teflon is greater than 
Kel-F at cryogenic temperatures. 

4 .  Powder and Fiber-Filled Teflons - Advantages of powder and' 
fiber-filled TFE and FEP Teflons were found to be less eiri- 
dent at cryogenic temperatures than those usually described 
for ambient and moderately elevated temperatures. Results 
obtained in this program indicate that these materials were 
usually inferior to the unfilled materials. Coefficient of 
expansion of filled materials was less than the unfilled. 

5. Glass-Fabric Reinforced Teflons - Glass-fabric reinforced 
Teflons are used where the mechanical properties of the glass 
are combined with the lubricity of the Teflon. The materials 
are very strong and can be used in applications involving 
tensile and flexural strength, as well as compression and 
shear. The room temperature mechanical properties of these 
reinforced Teflons, both FEP and TFE, are controlled in great 
part by the strength of the glass fabric, rather than the 
resin. However, the increase in mechanical properties for 
these materials at cryogenic temperatures is much greater 
than normal for fiberglass reinforced plastic laminates. 
The great increase in the strength of the Teflon resins at 
cryogenic temperatures is seen in the strength of the lami- 
nates at these low temperatures. 

Title. "Effects of Strain Rate, Temperature, Crystallinity, and Surface Smooth- 
ness on the Tensile Properties of PCTFE Plastics.." 

Source. Rocketdyne, a division of North American Rockwell Corporation, Canoga 
Park, California. 

Obiectives. The objectives were to determine by statistical analysis the inde- 
pendent and interacting effects of strain rate, temperature, crystallinity, and surface 
finish on the tensile properties of PCTFE (Kel-F) plastic. 

Material. Test material was PCTFE (Kel-F) . 
Properties. Tensile yield, maximum and ultimate, elongation at maximum strength, 

and ultimate elongation properties were measured. 

Test temperatures. Tests were performed at ambient and 77'K. 
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Data. Tensile data obtained over six decades of .loading rates L O 2  to - 

10 000 in./min) at two temperatures (ambient and 77'K) using molded and machined 
surfaces on the samples are presented in Tables VI and V I L .  These data indicate that 
the maximum tensile strength at ambient temperatures increases in direct proportion 
to the strain rate, but at cryogenic (77'K) temperatures, the maximum strength was 
much less at 10 000 in./min loading rate than at the 1000 in./min rate. 
maximum tensile strength of the material at 10 000 in./min loading rate was less at 
cryogenic temperatures than at ambient temperatures. 

' 

In fact, the 

Conclusions. At the very high (1000 and 10 000 in./min) loading rates the ef- 
fects of surface finish and crystallinity on the tensile properties of PCTFE plastic 
materials. were much less apparent than at more conventional testing rates. At low and 
medium strain rates, the effects of crystallinity and surface were also found to be 
dependent on the loading rate at which the tests were performed. Further, strain rate 
effects were more significant at cryogenic temperatures than at ambient temperatures.. 

Gaskets and Static Seals 

Until recently, flat gaskets were almost universally used .for detachable flange 
seals. 
the logical solution to a sealing problem. 
should not be brittle at use temperatures. 
cooling will not cause an excessive decay in sealing force as the gasket (because of 
its higher contraction) tries to shrink away from them. A further requirement, chem- 
ical inertness with liquid oxygen, must be met by gasket materials used in some aero- . 
space cryogenic applications. 

For cryogenic applications where flanges can be heavy, gaskets may still be 
Gaskets used in cryogenic applications 
Flanges and bolts must be selected so that 

. 
genic static seals. Generally, seals have been used that did an adequate job in.a 
specific application, without regard to' past or future seal designs or needs. 
of this history, there are many varieties of static cryogenic seals available today, 
and each claims superiority over rival designs. 

Very little thought has been given to the definition and standardization of cryo- 

Because 

A review of two specialized static seals has been selected for inclusion in this 
report. One is a gasket designed specifically for use in liquid oxygen, and the other, 
a plastic-coated-metal pressure-actuated seal, which is typical of the many new comer- 
cially available static seals on the market. 

Title. "The Development of a New Cryogenic Gasket for Liquid Oxygen Service" (NAS 8-5053).  I 

Source. Narmco Research and Development, San Diego, California. 

Objective. The.objective was to develop a superior flat gasket material for 
service in liquid oxygen. 

Materials. The material tested was a laminated .gasket composed of alternate 
layers of TFE Teflon film and glass cloth, encapsulated with FEP Teflon. 

Properties. Compressibility and leakage measurements were performed. 

Test temperatures. Tests were performed at ambient and 77'K. 

Data. Laminate constructions that indicated higher energy absorption values at 
77OK, with the least fall-off in the repetitive compressive energy absorption tests, 
were judged to be superior in compressibility. Figures 21 and 22 show the laminate 

. I  
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construction and the 770K cyclic energy absorption data for the laminated Teflon-glass' 
gasket construction compared to an asbestos-rubber gasket previously used in liquid 
oxygen applications. Leakage tests were performed by compressively loading the gaskets 
in a special flanged fixture to 3000 psi, and pressurizing the internal volume to 
200 psi. 
ket m-factor. 
same procedures were followed at ambient and cryogenic temperatures. 
material had m-factors as low as 1.31 at ambient and 1.56 at 77'K. 
asbestos-rubber gasket had values of 1.30 at ambient temperature, but at 77'K no seal 
was obtained at 3000 psi flange pressure. 

Flange loads were reduced until leakage occurred to determine the ASME gas- 
(Factors less than 1 only attained with pressure-actuated seals.) The 

The laminated 
The currently used 

Conclusions. The laminated TFE Teflon-glass fabric gasket material was superior 
to the cprrently used asbestos-rubber gasket in compressibility and sealing character- 
istics at 77OK. 

Title. 

Source. Rocketdyne, a division of North American Rockwell Corporation, Canoga 

"Static and Dynamic Seals Used on Rocketdyne Engines." 

Park, California. . .  

Objectives. The objectives were to describe the various sealing concepts utilized 
in Rocketdyne liquid propellant rocket engines. 

Materials. Test materials were various plastic, elastomeric, metal-plastic, and 
metal-elastomeric materials. 

Properties. Detail seal performance was not given; sealing concepts were 
emphasized. 

Test temperatures. Tests were performed at temperatures from ambient to 20°K. 

- Data. Data given are pertinent to the Naflex pressure-actuated seal. 
designed and developed the Naflex seal in 1958 for the Atlas engine system. 
provements have been made to the original design with the assistance of digital com- 
puters. 
sealing surfaces are ,dispersion coated with Teflon resins fused to the metal substrate, 
Fig. 23. Leakage can be monitored between the primary and secondary seals. The Teflon 
coating provides the soft sealing surface and the metal portion, the spring force rieces- 
sary to achieve a seal at pressures of 15 to 1500 psi at temperatures from 20 to 373'K. 

Rocketdyne 
Many im- 

The basic metal cup is made from steel alloys. The primary and secondary 
* 

Film Materials 

High-strength plastic film materials have been used in a variety of structural 
and semistructural applications at cryogenic temperatures including diaphragms, blad- 
ders, and filament-wound tank liners. 

, 

down to 20°K are often fabricated from multiple plies of' various plastic films. Film 
materials are also used. to form vaporsbarriers between cryogenic fluids and internal 
tank insulation materials such as polyurethane foams. 

Shaft-riding lip-seals used at temperatures 

Liners for filament-wound. pressure vessels designed for cryogenic temperature ser- 
vice must have enough biaxial ductility at cryogenic temperatures to be able to expand 
with the pressurized reinforced plastic shell. Not only must the liner materials have 
enough elongation at cryogenic temperatures to move with the shell, but the material 
must have enough additional low-temperature elongation to compensate for the higher 
thermal contraction of the liner over that of the filament-wound tank. These two 
additive requirements are very difficult to meet at cryogenic temperatures. Cryogenic 

- 340 - 

I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 



I 
I 
I 
I 
I 
I 

I 
II 

I 
1 
I 
I 

fluid vapor barriers for internally insulated cryogenic tanks have some of the same 
problems associated. with.liners for filament-wound tanks (although working pressure 
strains for large cryogenic metal storage tanks are considerably less than those of 
high-pressure filament-wound tanks). Further, a small leak of hydrogen through the 
vapor barrier into the internal polyurethane foam insulation greatly increases the 
thermal conductivity of the foam, reducing its efficiency. 

' . Information presented from two papers pertaining to film materials as liners for 
filament-wound tanks for cryogens and as vapor barriers is outlined in the paragraphs 
below. 

Title.. "Structural Properties of Glass-Fiber Filament-Wound Cryogenic Pressure 
Vessels" (NAS 3-2562). 

Source. Douglas Aircraft Company, Santa Monica, California, and NASA-Lewis 
Research Center, Cleveland, Ohio. 

Objectives. The objective was to obtain a suitable liner for a filament-wound 
high-pressure tank for cryogenic service. 

Materials. Materials tested were Mylar, Tedlar, H-film, and Seilon UR29E poly- 
urethane. 

Properties. Thermal contraction, biaxial cyclic tests, and uniaxial tensile 
tests were performed. 

Test temperatures. Tests were performed at 297, 77, and 20°K. 

Data. Uniaxial tensile data for the four film materials is shornL in Fi'gs. 24-27. 
These data show Mylar to have the highest strength at 20°K and Tedlar to have the 
greatest elongation. Thermal contraction data are'shown in Fig. 28. The data show 
Mylar, of the four plastic.film materials, t o  have the lowest contraction and UR29E 
polyurethane to have a contraction rate approximately four times as great. Table VI11 
shows the combined effects of the contraction differentials between the laminate, the 
liner, and the residual elongation of the liner at 20°K. 

Conclusions. If.the total theoretical elongations were realized by tank liners 
at cryogenic temperatures, the shell would only be carrying between 25 and 49% of its 
predicted ultimate load, not a very attractive liinit. Only the Mylar-lined tank 
failed at its predicted stress.' Other liner materials failed at stresses considerably 
lower than predicted. Because of this, the emphasis was switched to metallic foil 
1 iner s . 

Title. "Low Temperature Tensile, Thermal Contraction, and Gaseous Hydrogen 
Permeability Data on Hydrogen-Vapor Barrier Materials" (NAS 8-5600). 

Source. Lockheed Missiles and Space Company, Sunnyvale, California. 

Objectives. The objectives were to determine promising gaseous hydrogen vapor 
barrier materials. 

Materials. Three film materials, two impregn.ated glasses , and three impregnated 
quartz types were evaluated. 

Properties. Permeation, contraction, and tensile properties were measured. 
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Test temperatures. Tests were performed at 297, 77 and 20°K. 

Data. Average permeation rates for films and impregnated fabrics are shown in 
Table IX. These data show the laminate films to be less permeable than the unsupported 
films. Contraction data are shown in Fig. 29 for film and laminate materials. Film 
materials had more contraction than the impregnated fabrics. 
the film materials, Tables X, XI, and XII, show the mechanical properties of the film 
and impregnated fabrics. 

Tensile properties of 

Conclusions. Although the ulgimate strengths of the impregnated fabrics were 
higher than those of the film materials at cryogenic temperatures, the strain carrying 
abilities of the films were much better than the laminates. A further disadvantage of 
the impregnated fabrics was their' poorly defined transition stresses in the 4 5 O  direc- 
t ion. 
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lwperature, Tension, Compremaion, 
I( pei pai 

298 92.506 62 587 

197 115 540 79 663 

77 144 543 103 202 

20 137 770 109 097 

298 84 474 59 161 

197 98 752 74 089 

77 128 010 94 624 

20 118 110 100 847 

298 32.716 91 370 

197 46 034 45 939 

77 50 684 69 935 

20 46 613 77 689 

298 169 316 89.503 

197 186 190 106 620 

77 232 385 122 448 

20 220 683 128 171 

298 28 413 35 753 

197 35 008 49 318 

77 42 190 69 359 

20 37.554 65 480 

Flexure, 
pai 

104 186 

134 650 

170 638 

180 325 

96 297 

126 103 

157 132 

170 221 

48.529 

72 274 

105.156 

103 330 

133 264 

167 701 

207 525 

217 897 

43 665 

55 480 

76 035 

74.688 

Shear, 
P'i 

8.237 

10.003 

13 495 

l1 

Bearing Tensile Tensile 

psi percent percent 

45 925 3.37 3 286 670 
79 017 
48 208 4.11 3 496 330 

107 183 
67 330 5.01 3 9Bo 000 

121 530 
65 283 4.81 4 266 000 

123 367 

Yield/Ultimnte, Elongation, Flodulua, 

29 8 

197 

77 

20 

19.937 31 245 44 824 

23 607 45 471 . 61 122 

27 861 66 456 75 756 

27 490 68 476 81 668 

TABLE I 

MECHANICAL PROPERTIES 'OF TWO TYPES OF EPOXY-GLASS CMlX LAMINATE 
WOUND ON FLAT MANDItFiIS AT AMBIENT AND CRYOGENIC TR4F'JBA"UBlS 

?lexurel 
lodulua, 

pai 

5 328 300 

5 334 000 

5911 500 

5 664 000 

3 127 e00 

2. 976.000 

J 589 333 

3 785 000 

Specimen 
Direction Laminate 

1581 Cloth 
37.61% renin] 

1543 Cloth 
,32.59$ renin: 

Paral le l  

Normal 

45 degrees 

Paral le l  

Norma 1 

45 degree1 

7 638 I 44 433 ' 3.30 
76 333 I 

10 028 

12 240 

10.869 

48 383 
104 600 
65 933 

121 200 
74 700 

131 533 

3.96 

4.64 

4.50 

3 340 670 

3 974 ow 

4 178 000 

10.0 

10.57 

6.71 

4.84 

1 498 670 

2 108 670 

2 730 670 

2 834 000 

1 631 900 

1 809 667 

2 600 667 

2 911 000 

6'861 ,%f 
7 241 41 387 

9 442 1 67 733 
121 300 

8 686 

9 861 
- 

68 700 
I29 600 

54 358 
82 625 
56 608 

103 183 
81 158 
138 780 

3.27 

3.51 

4.48 

4.09 

5 495 000 

5 565 830 

5 858 330 

5 997 857 

5.194 900 

5 108 733 

5 405 000 

5.561 000 

12 440 

15 966 

lrslal: 132 067 

3.71 

4.98 

5.58 

5.68 

2 144 670 2 060 goo 

2 212 000 

2 845 ooa 

2 992 000 

36 567 
83 917 
37 333 
98 200 

61 750 
104 200 

61 016 
104 200 

2 463 330 

3 237 330 

3 287 33a 
-- 

1 894 670 

'2 154 000 

3 o i l  330 

3 531 330 

I -  5.48 

4.47 

1.11 

1.21 

1 876.700 

2 122 330 

2.815 330 

3 250 ooo 

42 200 
90 017 
47 416 

109 967 
67 900 

114 900 
64 683 

l ie  ooo 
*Failure occurred in  flexure inatead of sheer 
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TABLE 11 

Cryogenic Test 

Third Irradiat ion Teat; I r radiated 
a t  -4239,  Tested a t  Boon Temperature F i r a t  I r radiat ion Teat a t  -423%' 

Average Dose: 4 I 10 erga/g(C) 

- Second Irradiat ion Test a t  -423% 

Average Dose: 5 I. 10' ergs/g(C) Avwage Dose: 5 I 10' ergs/g(C) 6 

Ultimate Ultinmte Ultimate 
Strength, Standard. Elongation, Standard Strength, Standard Elongation, Standard Strength, Standard Elongation, Standard 

psi  Deviation percent Deviation pai Deviation percent Deviatioq . psi  Deviation percent Deviation 

1.5 0.3 14 182 2381 2.0 0.14 12 444 903 1.0 0.14. 8 921 1770 

1.5 0.07 11 550 569 4.1 1.24 16 342 538 1.8 0.07 16 102 364 

42 752 3663 4.2 0.78 40 579 2735. 0.4 0.001 24 816 570 0.8 0.04 - 

N U C U  RADIATION EFPECT ON MECHANICAL PIUIPEBTIES* AT -423'F 

* 

Hater ia l  

Ultinmte 
Btrength, Standard Elongation, Standard 

pni Deviation percent Deviatior 
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Sample Structure 

HTS--Filament s t ructure  (no fi lm 
barr ier)  

H-film bar r ie rs  
HTS--Filament epoxy s t ructure  with 

HTS--Filament epoxy s t ructure  with 
H-film bar r ie rs  

HTS--Filament epoxy s t ructure  with 
H-film bar r ie rs  

HTS--Glass cloth-epoxy s t ructure  
(no fi lm barr ier)  

TABLE 111 

UNIDllLECTIONAL FATIGUE TESTS ON FLAT SPECIMEN 

Maximum 
Flexura 1 
Stress ,  

psi  

k3000 

t3000 

t6000 

tyooo 

t3000 

Bearin 
No. 

1 

2 

3 

4 

5' 

6 

7 

8 

9 

10 

11 

12 

- 

Bearing 

Radial* 
Type 

Radial* 

Radial* 

Rad i a1 

Radial* 

Radial* 

Radial* 

Radial* 

Radial" 

Radial* 

Radia lH 

Angular 
Contact" 

Maximum 
)ef lect ion,  

inch 

+O .024 

f0.024 

+O .058 

to. 089 

20.024 . 

TABLE IV 

TYPES OF BEARINGS TESTED 

la11 and Ract 
Material 

52100 

440C 

440C 

440C 

440C 

440C 

440C 

440C 

440C 

440C 

440C 

52100 

Separator 

Riding innei 
r ing 

Riding innel 
r ing 

Riding balls 

Riding outei 
r ing  

Two-piece, 
aluminum 
armored, 
r iding outer 
r ing  

Two-piece 
pressed 

None 

Type 

Riding outer 
r ing  

Riding outer 
r ing 

Riding outer 
r ing 

Riding outer 
r ing 

Riding inner 
ring 

Fatigue Test 
Temperature , 

OK 
~ ~~ 

77.8 

77.8 

77.8 

77.8 

77.8 

Separator 
Material  

Pheno 1 i c 

Phenolic 

Phenolic. 

Phenolic 

Phenolic 

Steel, PTFE 
Coated 

Alternate 
undersized 
440C b a l l s  

F i l led  PTFE 

Phenolic 

PTFE ooated, 
Grade A, 
phosphor 
bronze 

Grade A 
phosphor 
bronze 

Phenolic 

Number 
Of 

Cycles 

5x10b 

10xlOb 

b 16 .7~10 

4x106 

6 6 . 5 ~ 1 0  

lnternal  
Clearance 
x 10-4 in .  

5.0 t o  9.8 

5.5 t o  7.5 

4.3 t o  5.3 

5.3 t o  12.5 

5.6 t o  7.0 

8 t o  18 

4.8 t o  5.5 

4.4 t o  5.8 

2.5 t o  4.5 

4.6 t o  5.5 

4.1 t o  5.5 

2.5 t o  4.5 

*Full shoulder on both s ides  of inner r ing  and a counterbore on one 

=Full shoulder on both s ides  of outer r ing  and a low shoulder on one 
side of outer  r ing.  

s ide of inner ring. 

evia t i 01  

From 
Origina 
Value 

None 

None 

None 

None 

None 



I 
I 

Mecbicd  
Property 

Notched hod 
Irpact Strength, 
ft-lb/in. 

Hodulum of Rigidity, 
ps i  x 103 

Tensile Yield 
Strength 
ps i  x 103 
Ultimte Tensile 
Strength 
p s i  x 103 
Tensile pdnllns, . 
psi x 10 

Elongation, 
percent 

Flesunl Strength, 
poi x Id 

TABLE V 

M E G M C A L  ANTI TIERMU PROPEREIES OF FIUOROCABBON RESINS OF VARYING CRYSTALUNITIES 

. .  
IBP Teflon 

Ke1-F Crystdliliity, Cr)ltalliuity, 
percent ewperntnre, 

op 40 55 60 

1.3 

262 222 - 
(-297) (229) (192) - 
-423 28.5 20.5 - 
-320 24.9 17.5 - 

(-297) (24.4) (17.0) - 
-423 29.0 22.5 - 
-320 24-9 17.6 - 

(-297) (24.1) (17-5) - 
-423 1.26 0.975 -L 
-320 1.11 0.802 - 
-423 
-320 ea 4 2.5 

4 3  - 1.4 
-320 - - 

(-297) - - (1.25) 

-423 
-320 232 197 - 

(-297) (1.08) (0.800) -- 

(-297) (c. 4.5) (3) - 
C. 2 CB 1 - 

-423 74.0 55.5 - 
-320 58.0 42.7 - 

(-297) (53.5) (41.0) - 
-423 2.09 1-% - 
-320 1.83 1.70 - 

(-297) ' (1.70) (1.64) - 
1 50,  I 55 I 60 

Compremsira Strength, -423 42.5 - 44.5 
poi x 103 -320 35.0 - 37.5 

(-297) (34.0) - (36.0) 

psi x 3 -320 1.M - 1.52 
Compress've Hodnlnm, -423 1.67 - 1.76 

(-297) , (1.27) - (1.40) 

Coefficient of Them: -423 0.011 - - 
Exputsion (Total -320 0.0093 - - 
p $ y c t i o n  fro. 70-1 (-297) (0.0090) - - 
a. n. 

1.2 
1.1 . 

(1.07) 

230 
203 

(195) 

(i5.0) 

18.0 
15.3 

17.95 
15.8 

(15.3) 

0.830 
0.760 

(0.750) 

1 
C 8  1 

(C. 1) 

50.5 
37.0 

(35.0) 

1.84 
1.64 

(1.59) 

- 1-95 - 1.9 - (1.9) 

935 - 
305 - 

(275) - 
23.8 23.5 
19.1 18.8 

(17.9) (17.6) 

24.0 23.6 
18.1 17.9 

(17.0) (16.8) 

0.825 0.620 
0.700 0.450 

(0.652) (0.430) 

E. 5 C. 5 
C 8  7 Ca 7 

(CB 8) (Ca 7) 

35.9 39.6 
25.7 27.7 

(24.0) (25.5) 

0.78 0.75 
0.68 0.66 

(0.67) (0.66) 

70 I 44 1 49 

36.3 35.2 
30.0 30.0 

(28.5) (28.5) I 
1.01 1.oc 
0.91 0.91. 

(0.90) (0.89) 

0.017 .- 

- 
51 

51 

47 

Th. above rrluem vere obtained by PLASTEC by reading off data points from the original data curves. 
by interpolation. No actnal data v a m  'obtained v i th  liquid-oxygen tclpcrstorrs in  the original study. 

Note c u e  in  crystallinity, id ics tcd  by aaterisk (*) 

T: 

TI73 Teflon 
Cryutallinity, 

- 1.25 - 1.17 
. -  (1.15) 

-- 275 - 190 - (175) 

3:: :;:: I (14.2) (14-1) 

20.05 19.0 
17.9 I 15.4 
16.0 14.2 

C. 4 1 ca 3 

0.778 0.72 
0.720 1 0.70 

(0.690) (0.64) 

50+ 5@ 

30-4 32.5 

(18.5) (20.0) 
20.0 I 21.2 

0.81 0.90 
0.75 I 0.79 

(0.72) (0.76) 

15.6 - 
10.6 - 
(9-0) - 
15.7 - 
11.8 - 
11.0 - 
0.625 - 
0.435 -- 

(0.400) - 
ca 2 - 
ca 4 -- 

(ea 5 )  - 
22.8 - 
21.5 -- 
(20.5) - 
0.695 -- 
0.64 - 

(0.61) - 
68* 7r 

'33.2 I 

22.0. I 

(21.5) - 
0.97 - 
0.84 - 

(0,.8l) - 
I - 
I - I 

ionen() n r e  obtained 

I 
I 
I 
I 
I 
I 
I 
I 
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5 264 

5 313 
5 068 

5 400 

6 3ao 

12 770 

4 933 
5 6811 

5 306 
6 007 

6 8% 

15 230 

Sample and 
Strain Rate, in./min 

-32( 

Molded 
Surface 

TABLE VI 

MEAN VALUES OF TENSILE SmENGTH FOR PCTFE TEST SAMPLES 

M e a n  Value of Maximum Tensile 
Strength, ps i  

Mean Value of Tensile S t ress  
at  Failurc. psi . *  

U r C  

/9"F 
Tempe Tcmpcr - ture 

75°F -32( 
Holded 
Surface 

22 507 

9 313 

22 293 
9 816 

lachined 
iurface 

22 799 
8 496 

21 417 

8 179 

Sample and 
Strain Rate, in./min 

&Percent Crystal l ini ty  Sample 
0.02 

0.2 

2.0 

20.0 

1 000.0 

10 000.0 

4 710 

11 818 

4 208 

4 808 

6 210 

7 830 

5 165 
5 884 

4 661 

5 572 
6 890 

6 800 

20 939 
24 343 

26 533 
22 924 

22 500 
4 020 

21 290 

24 155 
211 241 

22 211 

22 800 

4 120 
8 548 

13 698 

9 294 

13 296 

j5-Pdrcent Crystal l ini ty  Sample 
0.02 

0.2 

2.0 

20.0 

1 000.0 

. 10 000.0 

19 833 
23 119 
24 581 
22 247 

22 290 

4 700 

19 835 
22 732 
24 174 

21 192 

21 400 

3 440 
9 431 9 016 

13 618 1 13 226 
I 

TABLE V I 1  

MEAN V .  OF PERCENT FiLONGATION FOR PCTFE TEST SAMPLES 

M e a n  Value of Percent Elongation 
a t  Failure 

M e a n  Value of Percent .Elongation 
at M a x i m u m  Tensile Strength 

u r e  Temper 

-32OoF 
Tempe ture 

71 
Yolded 
Surface 

13 -30 

14.35 

15.35 
11.13 

F 
lachined 
Surface 

6.53 
4 -65 

6.62 

4.30 

7f 
lolded 
Surface 

125.0 

120.0 

130.0 

70.0 

71.50 
47 . 00' 

180.0 

189.0 

214 .O 

59.0 
63.30 

23.30 

F 
Yachined 
Surface 

14 .OO 

12.67 

14,70 

11 .oo 

tachined 
Surface 

6 -9 

5 -2 
8.4 

3 -9 

6.53 
11.50" 

7.7 
4.5 
8.8 

3 .8 

6.62 

10 27" 

lachined 
iurface 

141 .O 

137.0 
152.0 

88 .O 

58 -75 
37 - 50, 

139.0 
90.0 

92 .O 

53 -0 

42.75 
24.001 

Yolded 
Surface 

6.2 

5.8 
9.3 

5.0 
6.45 

11.55" 

7 .O 

4.6 

9 -2 

6.5 
6.90 

12.25* 

6.45 

5.32 

55-Percent. Crystal l ini ty  Sample 
0.02 

0.2 
2 .o 

20.0 

1 000.0 

10 000.0 

6 .gO 
5.30 

*Failure appeared t o  be a two-step process 
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TABLE VI11 

P O L e  LINER BEHAVIOR AT 20°K 

Tedlar 

Con3rac ti on of Liner, 
10- m./in.  

Chilldown Different ia l ,  
percent (difference in  
contraction between 
l i n e r  and f iberglass  
cy 1 inde r ) 

Average Ultimate 
Elongation of Liner, 
percent 

0 -73 

2.16 

R$sidual Elongatidn of 1-43 I Liner, percent I 
Predicted Liner Failure, 
p s i  percent of cylinder 
ultimate 

786 
48 

percent of cylinder 
ultimate 

H-Film 

5.26 

0.34 

1.69 

1.3 

742 
45 

555 t o  388 
21 t o  24 

Mylar A 

3.86 

0 2 0  

0.82 

0 -62 

345 
21 

360 
22 

Polyurethane 
Seilon URZgE 

16.31 

1.44 

2.20 

0.76 

418 
25 

Not tes ted 

TABLE IX 

2 A W G E  PEIMEATION ( p )  RATES (s td  cm3-cm/cm -sec-cm IIg) 

Material 

H-Film, 1 m i l  th ick 

Mylar Film, 
1 m i l  thick 

Aluminized Mylar, 
1 m i l  thick 

181EE-Glass Cloth, 
828/Z, 43.9% Resin, 
0.011 in .  thick 

181 Quartz Cloth, 
828/Z, 43.1% Resin, 
0.012 in .  thick 

S-Glass Cloth, 828/Z, 
46.7% Resin, 
0.012 in. thick 

No. of 
Samples 

3 

3 

3 

4 

3 

3 

Room 
Temperature* 

10 

p 3 . 9 ~ 1 0 - l ~  

p < 1.2x10- 

p < 1 . 6 ~ 1 0 - l ~  

p < 1 . 7 ~ 1 0 - l ~  

Liquid Liquid 
Nitrogen Bydrogen 

Temperature* Temperature* 

p 1 .8x1O-l3 p < 1 .8xlO-l3 

1. iX10-l3 p 1 .iX10-l3 

p < 1 . 3 ~ 1 0 - ~ ~  p < 1 .3xN1’ 

p e 1 . 9 ~ 1 0 - l ~  p < 1.5~10- 12 

* < Denotes t h a t  the permeability w a s  a t  o r  below the leaa t  readable count 
of the output meter of the mass spectrometer detector, and hence l i e s  
a t  o r  below the noted pemeabi l i ty  values. 
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Direction 
of Pul l  

Warp (A-Series) 

Woof (C-Series) 

45 Degrees t o  
Warp (%Series) 

Material Type 

Plain Mylar 
(M-Series ) 

Aluminized Mylar 
(R-Se r ies  ) 

H-Fi lm 
(H-Series) 

I n i  t i a1 
Test Tern- Modulgs, , 

perature x 10- ps i  

Room 2.71 (3.3%) 
LN2 2.78 '(8.6%) 
m2 3.87 (14.5%) 

Room 2.52 (4.4%) 

2.82 (2.1%) 

LH2 2.99 (6.4%) 

Room 1.62 (14.0%) 

m2 2.88 (11.8%) 

*2 

2.51 (9.2%) *2 

Test Tem- 
perature 

Room 

*2 

*2 

*2 

*2 

*2 

*2 

Room 

Room 

44.6 (3.6%) 
73.3 (2.38) 

71.4 (8.0%) 

45.5 (9.0%) 

57.2 (4.5%) 
68.5 (16.8%) 

15.0 (4.7%) 

21.2 (30%) 
19.2 (2.1%) 

TABLE X 

THIN FIIMS* 

0.037 (3.0%) 2.06 (6.8%) 

0.040 (10%) 1.85'.(1.6%) 

0.034 (8.8%) 1.97 (6.6%) 

0.023 (8.7%) 1-89 (4.8%) 

0.038 (10-5%)1-h8 (5.4%) 
0.041 (5.0%) 1.59 (12.6%) 

0.029 (15$) --. 
0.019 (88%) --- 
0.014 (28.6%) --- 

Modulus, 
x 10-7 psi  

0.80 (3.8%)' 
1.47 (4.1%) 

1.40 (12%) 

0.86 (4.7%) 

1.60 (2.5%) 

1.57 (5.7%) 

0.48 (7.1%) 
. 1.09 (4.6%) 

0.96 (4.4%) 

Maximum 
Strain,  
WJJ 

0.013 (17.08) 

0.024 (8.3%) 

0.023 (8.7%) 

0.12* (8.5%) 

0.052 (77.7%) 

0.037 (3.0%) 
0.040 (10.0$) 

0.034 (8.0%) 

0.045 (8.9%) 

Ultimate 
Stress, 
x 103 psi  

17.5 (21%) 

43.5 (8%) 

34.3 (6.7%) 

23.6 (27%) 

38.7 (8.0%) 

29.1 (8.6%) 

16.5 (20%) 

30.7 (3.3%) 
.27.3 (16%) 

Secondary 
Mod l u s  

x lo-! p s i  

2.10 (11.0%) 

1.78 (9.5%) 
1.77 (13-05&) 

2.25 (9.3%) 

1.73 (6.4%) 

2.06 (6.8%) 
1.85 (1.6%) 
1.97 (8.88) 

1.97 (6.6%) 

Maximum 
Strain, 
AL/L 

0.160 (8.8%) 

0.038 (10%) 

0.030 (23%) 

0.140 (29%) 

0.034 (17.7%) 
0.020 (15%) 

0.110 (19%) 
0.033 (3.0%) 

0.033 (27%) 

*Percentape values are the maximum deviation from average of three tes t s .  

TABLE XI 

.EPOXY IMPREGNATED QUARTZ CLOTH PROPERTIES I N  THREE DIRECTIONS 

(1 Ply # 181)* 

U1 t imate 
Modulus, 
x 10-6 p s i  

*Percentage values are the maximum deviation 'from average of three tes t s .  

TABLE XI1 

EP(IXY-IMPRECNATm CLOTHS 

(1 Ply # 181)" 

Material 
Type 

Fiberglass 
(E-Series) 

S-Glass 
(D-Series) 

Quartz . 
(A-Series) 

Test Tem- 
perature 

Room 

LN2 

9 

zN2 
Y 2  

LN2 

LHr 

Room 

Room 

I n i t i a l  
Modulus, 
x 10-6 ps i  

3.14 (6.4%) 

4.25 (3.5%) 
5.02 (11.6%) 

2.83 (4.2%) 

3.92 (8.2%) 

3.60 (4.7%) 

2.71 (3.3%) 
2.78 (8.68) 

3.87 (14.5%) 

U I t  imate 
Stress, 

x 10-3 ps i  

31.4 (7.0%) 
51.0 (1.6%) 
52.4 (4.6%) 

58.9 (12.0%) 
92.0 (1.4%) 

85.6 (1.9%) 

44.6 (3.6%) 
73.3 (2.3%) 

71.4 (8.08) 

Average 
Thickness, 
x 103 in .  

0.70 20.05 

0.50 20.05 

0.60 20.05 

0.45 f0105 

0.50 20.05 

0.50 20.05 

0.90 20.05 

0.80 50.05 

0.90 20.05 

Transition 
St:gsu, 

x 10-J ps i  

3.0 (13%) 
1.2 (15.2$) 

1.1 (12.6%) 

9.7 (1.0%) 

6.3 (17.5%) 
6.6 (16.7%) 

--- 
--- 
--- 

Transition 
Stress ,  

x 10-3 p s i  

10.1 (21$) 

8.0 (10%) 
11.3 (7.1%) 

17.7 (13%) 
16.0 (13.1%) 
12.6 (12.7%) 

13.0 (13.0%) 

11.2 (15.2%) 

11 .i (12.6%) 

*Averages of three t e s t s  along with maximum deviation from average expressed as percent. I . '  



100 t 

10 

2o t 
*NUMBERS I N  PARENTHESES REPRESENT 

NUMBERS OF RESINS USED I N  CALCU- 
LATING AVERAGES 

- 

- 1  10 -320 

TEMPERATURE .OF 

-423 

Fig. 1. Average tensile strength of glass-reinforced plastic 
laminates laminated with 181 glass cloth. 
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ULTIHATE TENSILE STRENGTH, PSI x 103 (WIDE BARS) 

EPOXI ES 
(5) 

POLY ESTERS 

SILICONES 

( 6 )  

(4) 

(2) 
PHENOL I CS 

PHENYL- S I LANE 
( 1 )  

NYLON-EPOXY 
( 1 )  

FLEX1 BLE 
. POLYURETHANE 

(1 )  
I M l D l T E  

20 40 60 80 100 

1 

TEFLON 
1 
I 

I '  
1 2 3 ' 4  

(NARROW BARS) 

TENSILE MODULUS, P S I  X 10 6 

Pig. 2. Average ultimate tensile strength and modulus of laminates 
at room temperature (shaded baFs) and at 20°K. 

ULTIMATE COMPRESSIVE STRENGTH, PSI x l o 3  (WIDE BARS) 

20 40 60 80 100 120 

EPOX I ES 
(5) 

POLYESTERS 
(6) 

(4) 

( 1 )  

SILICONES 

PHENOL I CS 

PHENYL-S I LANE 
( 1 )  

' . ( 1 )  
NY LON-EPOXY 

FLEX I BLE 
POLY URETHANE 

I M l O l T E  
( 1 )  

I 

I 

1 

TEFLON 

1 2 3 4 5 

COMPRESSIVE MODULUS, P S I  X IO6 
(NARROW BARS) 

Fig. 3 .  Average ultimate compressive strength and modulus at 
room temperature (shaded bars) and at 20°K. I 

I 



EPOXl ES 
(5) 

POLY ESTERS 
(6) 

SILICONES 
(4) 

PHENOL1 CS 
(2)  

PHENYL-S I LANE 
(1)  

NYLON-EPOXY 

FLEX I BLE 
POLYURETHANE 

.IH I D I T E  

( 1 )  

(1 )  

TEFLON 

ULTIMATE FLEXURAL STRENGTH, PSI  x 103 (WIDE BARS) 

20 40 60 80 100 120 140 

I 
i 

t 
I I 

I 
1 

1 2 3 4 5 6 7 

FLEXURAL MODULUS, PSI x io6  (NARROW BARS) 

Fig. ' 4 .  Average flexural strength and modulus at room temperature 
(shaded bars) and at 20°K. 
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E P O X I  ES 

POLYESTERS 

PHENOL1 CS 

S I L I C O N E S  

PHENYL-SILANE 

NYLON-EPOXY 

F L E X I B L E  URETHANE 

I M  I D I T E  

TEFLON 

(3) 

(4)  

(2) 

(4) 
( 1 )  

( 1 )  

( 1 )  

AVERAGE BEARING STRENGTH, PSI  x 103 
0 1 2 3 4 5 6 7 

I 
i 

1 

Fig. 5. Average bearing strength of 118 in. thick laminates on a 
3/16 in. diameter pin at room temperature (shaded bars) 
and at 77'K. 

pr) 
0 

x' 
c 

- 
v) 
n 

. n  a 
0 
J 

1 o6 4 1 o2 10 
CYCLES TO F A I L U R E  

Fig. 6. Composite S-N curves derived from average 
fatigue strength values at room temperature 
(lower in each case) and at 20'K. 
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300 

h - 
v) 
n 

5 260 
m 
0 

v) 
v) 
w 
rz 
5; 

22c 

18C 
-400 - 300 -200 -100 0 1 

TEMPERATURE, OF 
a. S-HTS CLASS REINFORCEMENT 

I EPOXY-NOVOLAC (XP243)  L/ , \ I  I 

0 

260 

220 

-400 - 300 -200 1100 0 . 100 
180 

TEMPERATURE, OF 

b. E-HTS GLASS REINFORCEMENT 

Fig. 7. Strength of epoxy filament-wound rings at cryogenic temperatures. 
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250 

- 

225 

200 

c5 - 
v) 
0 

0 
m 

175 
v) 
v) 
W 

c 
v) 

a 

150 

125 

100 

Fig. 8. St rength of filament-wound rings at cryogenic t.emperatures. 

TEMPERATURE . O F  

Fig. 9. Modulus of elasticity of epoxy filament-wound rings at ' 

cryogenic temperatures. 



0 .ooo 

cm/cm 

0.001 

0.002 

0.003 

0.004 

0.005 

4.006 

0.007 

1 - STAINLESS STEEL 

2 - S994/HTS + EPOXY 0.008 

0.009 

0.01 
0 50 100 150 200 250 300 O K  

SAMPLE TEMPERATURE 
. .  

Fig. 10. Linear thermal contraction vs bath temperature. 
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Fig. 13. Effect of liquid hydrogen temperature (-423OF) on the tensile 
shear strength of several different classes of structural 
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Fig. 14. PTFE-containing bearings in liquid oxygen. 
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Fig. 15. Bearing torque history. 
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Fig. 16. Effect of temperature on the tensile yield strength of 
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Fig. 17. Total contraction of Kel-F, FEP Teflon, TFE Teflon 
. and aluminum from 70 to -423OF. 
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TFE Teflons from 70 to -423'F. 
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Temperature-strength behavior - Mylar A film. Fig. 24. 
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Fig. 25. Temperature-strength behavior - Tedlar BG-30-WH film. 
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I 
REVIEW OF THE CRYOGENICS SESSION - SECOND WEEK OF THE BROOKHAVEN 

SUMMER STUDY ON SUPERCONDUCTING DEVICES AND ACCELERATORS" 

T.R. Strobridge 
Cryogenics Division, Institute for Basic Standards 

Boulder , Colorado 
National Bureau of Standards' 

Although low temperature research and industrial installations are becoming more 
numerous each year, none approach in cooling capacity at 4OK or in complexity of the 
heat load distribution the requirements of the high energy physics research facilities 
which were under discussion at these meetings. To some, helium has become an indus- 
trial commodity with the advent of the large liquefiers that are operational today. 
The bulk transportation of helium in the liquid phase is a routine common carrier mat- 
ter. To others, liquid helium means low temperatures and the benefits that high energy 
physics can accrue from the superconductivity phenomenon. 

From a cryogenics viewpoint, a superconducting accelerator has poor geometry and 
physical characteristics (high surfaceato-volume ratio, large masses that must be cool- 
ed down and that require heavy supports which conduct heat to the low temperature space, 
and small cooling passages). Furthermore, the superconducting devices which require 
refrigeration may-be separated by kilometers.. The fact remains that neither a compara- 
ble cooling requirement nor a refrigeration system to meet such a requirement exists 
today; Yet, the cryogenics support has been referred to as (and should fall into the 
category of) a utility which is economic and which must be reliable. 

Therefore, the lecture topics for the cryogenics section were selected, with these 
problems in mind, $0 attempt an assessment of the state of the art directly related to 
the proposed programs, and to see how closely the utility image can be approximated. 
In the end, the achievement of utility status for superconducting devices would'give 
great impetus for more widespread application of the technology. 
the lecture topics, then outline the experts' opinions, and list the areas which most 
urgently require further research and development. 

This review will give 

The lecture topics were: 

1) The low temperature mechanical properties of metallic structural 

2) Properties of nonmetallic materials at cryogenic temperatures. 

3) Cryostat design. 
4 )  Cryopumping . 
5) Cryogenic electrical leads. 
6) Cryogenic safety. 

materials. 
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7) Superfluid helium as a refrigerant. 

8 )  Heat transfer to helium I. 
9 )  Refrigeration. 

10) The European state of the art. 
11) Refrigeration for superconducting magnets in the 200 GeV 

accelerator, Weston, Illinois. 

The following is a narrative summary of the lectures. 

THE LOW TEMPERATURE MECHANICAL PROPERTIES OF METALLIC STRUCTURAL MATERIALS' 

Although many common metals and alloys may not be used as load-bearing structural 
members at low temperatures because they become brittle, there are a number of materials 
which are suitable for liquid helium temperature service. The result of a transition 
from ductile to brittle behavior at low temperatures can be the sudden catastrophic 
failure of a part under conditions that would not be excessive at ordinary temperature. 
Such fractures usually occur with little or no deformation. A distinction should be 
made between the terms ductility and toughness. Ductility is the ability to deform 
plastically without fracturing under stress'while toughness is the ability to absorb 
energy through deformation under stress and the resistance to fracture propagation. 
Metals may be relatively ductile in a tensile test but brittle when broken in a test 
to measure toughness - each test conducted at the same temperature. 
the .suitability of new materials for low temperature service must include measurements . 
to determine toughness. 

Investigation of 

In general, larger grain size will result in a higher temperature for the ductile- 
brittle transition. Therefore, cast structures which tend to have larger grains may 
have lower toughness. Hot working generally improves the characteristics of cast met- 
als. Welding leads to larger grains in the welded area. The brittleness and crack 
propagation tendencies in welds can be alleviated by stress relieving and by welding 
in vacuum or in proper inert atmospheres which preclude adsorption of detrimental gases 
(atmospheric, including water which may decompose into hydrogen). Selection of.the 
proper welding rod is essential. The importance of the brittle fracture at low temper- 
atures should not be overlooked since it may be desirable to move equipment which is at 
liquid helium temperature - for example, superconducting beam transport magnets. 
tunately, there are a number of metals and alloys suitable for liquid helium tempera- 
ture service in complex or welded structures. Representative materials include 300 
series austenitic stainless steels (low carbon grades), and certain alloys of aluminum, 
nickel, and titanium. Copper and many of its alloys are also suitable. 

For- 

. .  

The developments in fracture mechanics, a relatively new field that is attracting 
considerable attention, should be of value in determining the critical crack length or 
stress level beyond which rapid failure will occur. Testing techniques are well esta- 
blished and low temperature testing facilities exist both in industry and in government 
laboratories. 

PROPERTIES OF NONMETALLIC MATERIALS AT CRYOGENIC TEMPERATURES:! 

Structures fabricated from nonmetallic materials may be attractive for several 
reasons especially since significant progress in understanding the mechanical properties 

1. A. Hurlich, these Proceedings, p. 311. 

2. R.E. Mowers, these Proceedings, p. 326. 
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of these materials has been made in the recent past. This progress is attributed to 
standardization of test techniques and sample preparation, development of stress anal- 
ysis of the composites 
tions of the constituents of these materials. High strength-to-weight ratios, low 
thermal conductivities, low specific heats, and ease of fabricating complex shapes are 
characteristic advantages of the reinforced plastic structures. As a class, they tend 
to have high coefficients of thermal expansion, a tendency towards brittleness at low 
temperatures and as stated, stress analysis is difficult. Eddy current heating in the 
presence of changing magnetic fields is, of course, eliminated and.the feasibility of 
constructing liquid hydrogen bubble chamber bodies from filament-wound laminates has 
been investigated. Ports and piping penetrations and the sealing of the vessel present 
problems, but the savings in weight and elimination of eddy currents should lead to 
lower static heat losses. Filament7wound pressure vessels are promising but the key to 
success is a suitable nonpermeable liner which can be matched to the high thermal con- 
traction and low elastic modulus of the material. Adhesives have been the subject of 
research since the bonding of low temperature structures could be'very useful and tests 
have shown that satisfactory joints can be made. The low coefficients of friction of 
some of the fluorocarbons are utilized in dynamic seals and bearings and laminated flat 
gaskets have been found superior to certain other low temperature'seals. The effects 
of radiation damage must always be taken into account when considering the use of the 
organic materials. 

a d-ifficult and complex field, and a reduction in the varia- 

CRYOSTAT DESIGN3 

Cryostat design will depend to a large extent on information which must be pro- 
vided by the physicist about the device to be protected thermally from the surroundings. 
The support structure will be deterfnined by the size and weight of the cold apparatus, 
magnetic forces, orientation, need for precise alignment, the space envelope, whether 
or not there must be a warm bore, and the possible necessity for periodic disassembly. 
The electrical lead size and how they are to be.cooled are important as is the method 
of refrigerating the entire assembly. There are many subtle interactions between the 
insulation system, the scheme for electrical lead cooling, the supply of refrigeration 
and the cooldown requirements (for example, if cold helium gas can be tapped from the 
process stream, intermediate temperature gas-cooled shields may be used to reduce heat 
'leak). There is a cost trade-off between cryostat sophistication and liquid helium or 
refrigeration consuinption. The forces which are anticipated due to shipping and hand- 
ling are very important. 
been encountered during user handling or in unusual transportation situations,. Designs 
conforming to ASME Code are adequate using ordinary textbook relations. 
several insulations to choose from and that choice is influenced again by the availa- 
bility of cold gas, liquid nitrogen, lead cooling, and the maximum heat leak that can 
be tolerated which is directly related to operating expense. The problems which may 
be encountered are vacuum leaks, lower than expected insulation performance, and in- 
adequate provision for containment of the effluent gas which leads to long cooldown 
times . 

Ordinary shipping loads are predictable, but problems have 

There are 

'4 CRYOPUMPING 

Space simulation has been responsible for the development of large cryopumping 
systems, but the features of cryopumping - high pumping speeds, low ultimate pressures 

3 .  G.E. McIntosh, Cryogenic Engineering Company, presented at this Summer Study 

4.  C. Barnes, these Proceedings, p. 230. 

(unpublished). 
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(below .N/m2> , and noncontamination of the pumped volume - can also be attractive 
to high energy physics. In fact, the proposal for a heavy particle accelerator, the 
Omnitron, which requires very low pressures in the beam path, includes cryopumping at 
liquid helium temperatures. Cryopumping (to be distinguished from cryosorption and 
cryotrapping) condenses gas molecules striking a low temperature surface. 
efficiency, the cold surface must have a wide view of the pumped volume. However, this 
would mean that.a large radiation heat exchange would take place with warm surfaces 
and the heat load on the cryosurface would become excessive. Therefore, it is common 
to shroud the condensing surfaces with higher temperature shields at about 80°K. The 
geometry of these shields is important and calculation of the effects of geometries on 
both heat load and capture coefficient, though complicated, are handled by Monte Carlo, 
techniques or view factor analysis. 
in operating systems, so pumping performance and refrigeration needs are well known 
and can be predicted for other applications. 

For highest 

A number of different geometries have been used 

CRYOGENIC ELECTRICAL LEADS5 

Electrical leads are planned for most of the superconducting magnets being con- 
sideied. These electrical connections are used for charging the magnet, and trimming 
the field since, although in principle persistent dc operation is possible, joint re- 
sistance would degrade the current if energy was not supplied. 
reason for using these leads is the large amount of energy in the magnetic field which 
must be dissipated outside of the cryostat if there is a failure or quench. Some of 
the conductors are large - carrying up to 7000 A. 
duction paths exist between the superconductor at liquid helium temperatures and the 
ambient 'surroundings, causing the liquid helium to evaporate at a rapid rate. 
dition, there is joule heating in the conductor which, upon conduction toward the lower 
temperatures, imposes an additional heat load on the refrigerant. This may not be a 
significant problem for small magnets with many turns and low currents, but is costly 
for larger magnets. 
tion per ampere of current carried. A survey of the literature shows that, over the 
years, numerous analyses and designs have evolved to remedy the high heat loads evi- 
denced by rapid helium boiling. 
to intercept the energy above the 4OK level through heat exchange with the lead. The 
next was to attach superconducting material extending from the lowest temperature end 
some distance toward the warmer end. The object is that in any portion of the conduc- 
tor that is below the critical temperature of the superconductor the current will 
switch to the path of zero resistance and the joule heating will be eliminated. The 
problem still remains that accurate solutions of the relation describing the flow of 
energy along the lead, the temperature distribution, and the heat transfer, taking 
into account the.temperature variations of the electrical and thermal properties of 
the lead materialsand the heat transfer coefficient, are difficult. A simplified re- 
1atio.n for leaqdesign has been developed from which lead dimensions for optimum per- 
formance can be calculated. 
current path have reduced the heat reaching the 4'K level by a factor of thirty, fur- 
ther improvement should be possible. 
cal conductivity and lower electrical resistivity should be ii Jestigated. 
number in all leads has been so low that the helium flow has been laminar. A higher 
heat transfer coefficient could be induced by increasing the Reynolds number. 
optimum operation should be investigated for it may be of benefit durilig charging or 
for short duty cycles. 

The most compelling 

This means that large thermal con- 

In ad- 

The objective is to design leads with the smallest heat introduc- * 

The first solution was to use the cold effluent vapor 

Although gas cooling 'and the alternate superconducting , 

It is suggested that materials of higher electri- 
The Reynolds 

Off- 

b 

5. C.D. Henning, these Proceedings, p .  304. 
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CRYOGENIC 

The safety hazards associated with the 

SAFETY' 

usual laboratory amounts of liquid helium 
are most often minor, but the amounts of liquid which may be required and the stored 
energy in the superconducting devices may raise the potential for physical and physio- 
logical damage following an accident. 
of their potential €or chemical activity; for example, hydrogen, oxygen, and fluorine. 
All of these fluids including the nonreactive elements can cause damage not related to 
toxicity, burning, or detonation. Frostbite or deep freezing of tissue occurs rapidly 
on contact with either the liquids, cold vapor or surfaces at low temperatures. A large 
spill of a cryogen can, because of the approximate 600-fold increase in specific volume 
upon warming to ambient temperature, displace the surrounding air and deplete the OXY- 
gen supply to a fatally low level. This same high change of specific volume from liquid 
to room temperature gas means that liquid trapped in a vessel or a line between two 
valves can build.destructively high pressures if there is any heat leak to the system. 
The solutions to these potential hazards are obvious and simple, but must. be implemented 
The amounts of liquid helium present in a superconducting accelerator and the stored en- 
ergy in the magnets are a combination which requires careful study. 
tial can be predicted and the' structures designed accordingly. 

Hazards are associated with some cryogens because 

The damage poten- 

Prevention is the best design for accidents. Adequate training, the establishment 
of well-thought-out emergency procedures and. an understanding that bad accidents are 
caused by seemingly improbable cascading of events are essential to a safe operation. 
In regard to operational procedures, check lists and alternative.actions in case of 
trouble should be planned well in advance and any plant modifications should be subject 
to review by those*responsible for safety. 

An accident resulting from a lack of information is regrettable, but an accident 
caused by willfully ignoring well-known safety procedures for the sake of economy or 
expediency is inexcusable. Criteria for accident-free operation of cryogenic facili- 
ties are well known, and have been established through bitter experience. 

7 SUPERFLUID HELIUM AS A REFRIGERANT 

Superfluid helium has attracted the attention of experimental and theoretical phys- 
icists for many years and workable models have been developed to explain some of its 
truly unique properties. These models, commonly used for the design of small experi- 
ments, are by and large adequate; perhaps because research of this nature is amenable 
to trial solutions. The lecture given by the chairman (H.A. Schwettman) of the previous 
session on superconducting rf devices and linacs was opened by a statement to the effect 
that there must be cooperation between physicists and engineers if very low temperature 
technique is to come out of seclusion in the physics laboratory and become at least a 
specialized technology. This is a heartening attitude for superfluid helium is a liquid 
whose engineering potential has not been tapped. Very low temperature is necessary to 
improve the duty cycle of the superconducting linear accelerator and many liters of 
superfluid will be used. It is anticipated that the very high thermal conductivity of 
the superfluid will maintain the temperature constant.to within 0.020°K over a 152 m 
accelerator length. This operation will be watched with great interest not only by 
physicists interested in the research, but by engineers as well, for the experience 
gained in this large-scale use of superfluid will be valuable indeed. The cooling ar- 
rangement selected for the superconducting cavities calls for heat transfer from the 
cavities to the liquid-vapor interface where evaporation occurs. The cold vapor will 

6 .  

7 .  

M.G. Zabetakis, these Proceedings, p. 229. 
H.A. Schwettman, these Proceedings, p. '1. 
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then be returned to the refrigerator through subatmospheric insulated piping. It has 
been .suggested that long lines filled with superfluid could be used to conduct energy 
away from remotely located heat sources to refrigeration stations. This would not re- 
quire the separate low pressure vapor return lines which introduce further energy into 
the system and are another potential source of leaks. 
this scheme and it should be investigated. It was noted that the Kapitza resistance 
between the superfluid and the superconducting surface of the cavities is not known. 

There may be real advantage to 

HEAT TRANSFER TO HEL,IUM I8 

An understanding of the mechanisms of heat transfer to helium I is critical. The 
operation of a superconducting magnet may typically involve heat transferred to dense 
gas during cooldown, to liquid during steady state, and to two-phase mixtures of liquid 
and gas during a quench. The helium may'be single phase at super or subcritical pres- 
sures or may be saturated as either liquid or vapor. The cooling passages must be de- 
signed to transfer the required energy under any of these circumstances at a rate suf- 
ficient to assure predictable behavior and to prevent damage to the coil, cryostat, and 
personnel. Unfortunately, there are regions where the transport properties of helium 
required to make correlations of experimental heat transfer data have not been measured. 
Experimental heat transfer coefficients are also lacking. With respect to transport 
properties, heat transfer studies are more difficult because the properties vary signi- 
ficantly in value from those of conventional fluids and extrapolation of the correla- 
tions are not justified without experimental verification. In the gas region, one would 
expect the conventional correlations to be generally effective although some modifica- 
tion may be required because of the properties behavior previously discussed. In the 
liquid region, the properties behavior with respect to that of conventional'fluids is 
quite different; however, the conventional correlations should still form the basb by 
which one may make heat transfer predictions. Heat transfer phenomena in the two-phase 
region is not well understood for any fluid. This means that a1.most any extension of 
the use of conventional expressions to the helium region should be accompanied by a 
rather complete experimental verification if any substantial reliability is required in 
the use of the data. In the pseudoliquid or supercritical region near the line of max- 
imum specific heats, a poor understanding exists, at best, for the heat transfer behav- 
ior. Here again, a good deal of experimental data will be required for helium if re- 
liable heat transfer predictions are to be achieved. This paper collects together all 
of the relevant information with respect to helium heat transfer. 'The data were review- 
ed for each of the regions for all modes of heat transfer in those regions and recommen- 
dations from among the available correlations were given. Further, recommendations for 
experimental properties and heat transfer studies were made. It should be noted that 
some of these experimental programs are now under way. 

REFRIGERATION9 

THE EUROPEAN STATE OF THE ART" 

IN THE 200 GEV ACCELERATOR, WESTON,  ILLINOIS^^ REFRIGERATION FOR SUPERCONDUCTING MAGNETS 

A general review of 4'K refrigeration was given including some of the appropriate 
thermodynamics, the process cycles that can be used, the types of components available 

8. R.V. Smith, these Proceedings, p. 249. 

9. T.R. Strobridge, these Proceedings, p .  193. 
10. G. Prast, these Proceedings, p. 205. 

11. M.A. Green, G.P. Coombs, and J . L .  Perry, these Proceedings, p. 293. 
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and some of the complete units that are on the market. 
in Europe showed that refrigerators there are distinctly competitive with those manu- 
factured here. Witness to that are some of the coalitions that have been recently 
formed between U.S. and European manufacturers. Two points may be germane to this 
meeting - the distinction between a refrigerator and a liquefier and the input power 
requirements of existing units. 
uid in the process stream. Energy from the heat load evaporates the liquid and the 
cold gas (which has high refrigeration potential) is returned to the refrigerator where 
it is used to cool the incoming gas stream. Thus, refrigeration is produced only at 
one temperature. In a liquefier, part of the process fluid stream is removed as liquid. 
Therefore, the return stream in the liquefier is depleted and this means that additional 
refrigeration is required at all temperatures to cool the unbalanced flow in the inlet 
stream. The result is that a liquefier with a capacity to provide liquid to a device 
with a specified heat load at a rate just matched to that load will require approximate- 
ly 5 or 6 times the input power of a refrigerator just matched to the same load. The 
second point regards the efficiency of 4'K refrigerators. Data on existing refrigera- 
tors show that at 1 kW capacity about 500 W of input power are required per watt of re- 
frigeration. At 10 W capacity, about 1000 W/W are required and the specific power re- 
quirement increases further for smaller units. About 15 to 18 percent.of Carnot effi- 
ciency is the best performance recorded for contemporary 4'K refrigerators. It is 
entirely possible that improvements can be made but the refrigerators are likely to be 
more complex and costly. Since the design of contemporary refrigerators took into 
account economic factors, it may be that increased efficiency and the resulting reduc- 
tion in input power may not be justified when the increased purchase price is consid- 
ered. 

The description of the progress 

First, most if not all 4'K refrigerators produce liq- 

It is clear that a reliable supply of cooling is absolutely necessary because the 
proposed accelerators will be inoperable at higher temperatures. Refrigerators and 
liquefiers are mechanical devices which are subject to failure. Redundant components 
andlor reserve liquid supplies are a necessity. A study of how to best refrigerate 
superconducting beam transport magnets in the experimental area of the 200 GeV machine 
ias made some time ago. 
this meeting. 
but more important, serve to show the logistical problems inherent with such an instal- 
lation. It is a far different matter to construct a large helium liquefier in the Mid- 
west to fill transportation Dewars than it is to design a 4'K refrigeration system for 
hundreds of small distributed heat loads. The cooling can be done by oversized, crude 
systems, but the reason for utilizing low temperature phenomena is primarily economic 
and a system which causes downtime and requires many man-hours will not be economic. 
The problem posed is certainly not insurmountable, but the solution will require care- 
ful study in the selection of the system, and good design with an emphasis on reliabil- 
ity. 

The results of another more recent effort were presented to 
Both studies made allowance for failure of the regular cooling supply, 

CONCLUSIONS 

In summary then, although there is the brittle fracture problem with metals, 
there are a number which may be safely used for structural load bearing members. 
Testing and evaluation techniques are well. established to investigate new metals and 
alloys. Nonmetallic materials of various kinds are coming of age for use in cryogenic 
environments. Some of their properties may be very useful and here also testing and 
evaluation criteria are becoming better defined. 
field with many choices in approach available. 
no problems. 
well known. 

Cryostat design is an established 
Cryopumping techniques should present 

Safety practices in the use of large quantities of liquid helium are 

There still seem to be some questions concerning electrical leads and their role 
in large systems. Further work here seems appropriate since lead design will affect 
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cryostat design and refrigeration requirements. If superfluid helium is to play a 
larger role in high energy physics research, then engineering data are desperately 
needed and the design practices should be established at an early date. The need for 
helium heat transfer data is serious and an experimental program is in the first stages 
of equipment design. 
superconducting devices needs serious consideration. 
another is virtually irreversible and is important. The choice of cooling method will 
affect many aspects of the system - including cryostat design and refrigeration capac- 
ity. 

The logistics problem of supplying refrigeration to widespread 
The decision on one method or 

The conclusion to be drawn is that cryogenic technology is far enough advanced to 
provide support for almost any superconducting facility. Experience in all aspects of 
cryogenic engineering is well documented and competent personnel are active in the 
field. 
operation between the disciplines and that the cryogenics will be an integral part.of 
the system and therefore must be considered in the planning from the very beginning. 
Just as in superconducting technology, there is research to be done in cryogenic tech- 
nology. However, there is reason to believe that by careful, long-term planning, the 
utility concept of cryogenics support can be realized. 
will lead to enormous waste ana refitting. 

The key to success is to realize and accept the fact that there must be co- 

A poorly thought-out system 
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STRUCTURE AND PROPERTIES OF HIGH-FIELTI SUPERCONDUCT~RS 

J.D. Livingston 
General Electric Company 

Research and Development Center 
Schenectady, New York 

I. INTRODUCTION 

The intent of this paper is to review recent. literature on. the relation between 
structure and properties in high-field superconductors. Critical temperatures and 
fields will be discussed briefly, but emphasis will be on critical currents and flux 
pinning, whefe metallurgical microstructure ,plays its major role. For a comprehensive 
review of earlier structure-properties studies in superconductivity, see Livingston 
and Schad let. 

11. CRITICAL TEMPERATURES A M )  FIELDS 

- High-Field Materials 
Most elemental superconductors are type I superconductors with maximum critical 

Most alloy and compound superconductors are type I1 supercon- fields below 1000 Oe. 
ductors, but only a limited number have very high critical fields. 
define "high-f ield" superconductors as those having critical fields greater than 
50 kOe, high-field materials known today fall into three structural classes: 

If we arbitrarily 
* 

1) Body-centered-cubic alloys, such as NbZr and NbTi. Most superconducting mag- 
nets have been, and are being, made with these materials. NbTi appears to be super- 
seding NbZr because of higher critical fields and easier fabrication. 

2) Interstitial compounds with the NaCl (Bl) crystal structure, such as NbN. 
Difficulties in producing and handling these compounds have so far precluded any com- 
mercial application. However, the recent observation of high critical currents ob- 
tained by a thin-film sputtering technique2 is promising. 

3) Compounds of the "$-tungsten" (A15) structure, such as' NbgSn and V3Ga. Super- 
conducting magnets producing fields of 100 kOe and higher are already being produced 
with several varieties of commercially-available Nb3Sn. 

Critical Temperatures 

High values of the critical temperature, Tc, are of interest not only in them- 
selves, but also because they directly influence the thermodynamic critical field 
Hc(T), which is proportional to Tc[l - (T/Tc)2], and which in turn limits our ultimate 
critical currents. 

Critical temperatures of superconducting materials have been tabulated by 
R~berts.~ 
available alloys are generally in the range of 9-ll°K. Extensive study of the inter- 
stitial compounds4 has revealed compositions in the NbCN and NbTiN systems with crit- 
ical temperatures near 18'K. 

For bcc alloys, the highest known Tc is near 14OK, but the commercially- 

5 Several A15 compounds , including NbgSn, have critical temperatures near NOR. 
A ternary compound of approximate composition Nb3Alo.gGe0.2 was reported last year 
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to have a oritical temperature of 2OoK. More recent work, in which composition and 
order in this ternary system were believed to be optimized, has produced a critical 
temperature of 20.7°K.6 
(at a pressure of'one atmosphere), is the highest known critical temperature. 

This Tc, slightly above the boiling point of liquid hydrogen 

Our fundamental understanding of what determines T, in a particular superconduc- 
tor is very limited. 'The BCS theory indicates that Tc increases very sensitively with 
the product NV, where N is the density of states at the Fermi surface, and V is the 
electron-electron interaction parameter. However, the high-Tc materials have complex 
band structures, and even their normal-state properties are not well understood. The 
parameter N is, in principle, obtainable from the zero-temperature limit of the normal- 
state specific heat. (Experimental limitations, however, require considerable extra- 
polation in high-field materials.) 
from first principles, and thus is generally inferred from Tc, rather than vice versa. 

Broadly, it appears that the $-tungsten compounds with high Tc have a high N (and 

The parameter V remains essentially underivable 

low V), while the high-Tc interstitial compounds have a low N (and high 
theoretical and experimental work is necessary to improve our understanding of the 
electron structure of these materials. From the viewpoint of metallurgical 'structure, 
the major need is' more information on the effect of stoichiometry, alloying, and order 
on Tc. 
in some of these materials and their superconducting critical temperature also remains 
obscure. 

Much more 

The relation between the cubic-tetragonal martensitic transformation observed 

Critical. Fields 

The major basis for our understanding of the critical fields of type I1 supercon- 
ductors is the GLAG (Ginzburg-Landau-Abrikosov-Gorkov) theory. According to this 
theory, the bulk upper critical field is given by Hcz = J2n€iC. The dimensionless 
Ginzburg-Landau parameter n can be 
sic" part, na, is proportional to XK1 (1 is the electron mean free path), and the 
"intrinsic" part, no,. is proportional to TCN3j2, and independent of A. In many high- 
field superconductors, the upper critical field does not fully reach the GLAG &2 be- 
cause of paramagnetic effects. The various factors affecting critical fields are 
reviewed in depth by Cody.9 

ritten approximately as rca + no,  where the "extrin- 

For bcc alloys" and the interstitial compounds , 11'12 the maximum upper critical 
fields appear to be roughly 150 kOe. In these materials, ~1 >> n0,13 and they may be 
called "extrinsic" high-field superconductors. Several $-tungsten compounds, in partic- 
ular NbgSn, have critical fields approaching 250 kOe. Because of their high N, these 
materials apgear to have no >> "1, and are believed to be "intrinsic" high-field super- 
conductors. 
be increased even further if they could be produced with shorter mean free paths, i.e., 

,I5 Hake16 has recently suggested that their critical fields could perhaps 

with both no and na large. 
830 kOe . He suggested an ultimate upper limit for NbgSn of about 

Recent preliminary measurements uskng pulsed fields show that a NbAlGe compound, 
prepared after the prescription described by Matthias .et al. ,5 was still superconducting 
at 4.2OK and 265 kOe.17 
field than NbgSn despite a significantly smaller N, which implies a smaller &to. It is 
possible that ternary alloying has produced a shorter mean free path and increased ua. 

It is interesting that this material has a higher critical 

More work is needed to clarify the effect of mean free path on upper critical field 
in the $-tungsten compounds. 
fields is through the effect of defects on 1, and, hence, on xi. It perhaps should also 
be mentioned that, at surfaces between superconductors and nonconducting phases, a su- 
perconducting "sheath" can persist to Hc3 w 1.7 He.. 
critical field of some superconductors could be increased by producing a large amount 

The major effect of metallurgical Structure on critical 

It is possible that the effective 
3 
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of such internal surfaces,  perhaps w i t h  oxide inclusions,  €or example. Cri t ical  f i e l d s  
for  nucleation of superconductivity a t  internal surface,s have r ecen t ly  been considered 

' theoret ical ly  by Boydla and Tilley.19 

111. CRITICAL CURRJINTS 

Critical currents  i n  the mixed state (between H c l  and Hcg) a r e  controlled by the 
A s  i n  t he  analo- interact ion between the metallurgical and magnetic microstructures .  

gous f i e l d s  of mechanical and ferromagnetic p rope r t i e s ,  commercially interest ing:  "hard", 
properties r e su l t  not from homogeneous, well-annealed specimens, but from i n t e r n a l l y  
heterogeneous microstructures. To see why, we f i r s t  consider a r e l a t i v e l y  homogeneous 
type I1 superconductor. 

The Flux La t t i ce  

Until very recent ly ,  the magnetic microstructure of t he  mixed state was known only 
from theory and from ind i r ec t  experiments such as neutron d i f f r ac t ion20  and nuclear 
magnetic resonance.21 
Essmann 22-25 have succeeded i n  d i r e c t l y  observing the  f l u x  lat t ice of the mixed s ta te  
(Fig. 1 ) .  As predicted by theor a hexa.gona1 la t t ice  of f l u x  threads containing one 

t o  be highly i m  e r f e c t ,  the major d e f e c t s  observed. being "dislocations" i n  the f l u x  la t -  
t i c e  (Fig. 2).2e,26 

However, i n  a b e a u t i f u l  series of experiments, Tr'a'uble and 

f lux quantum (To = 2 x G - c m  I, ) each is observed. The la t t ice ,  however, i s  found 

The equilibrium f l u x  l a t t i c e  spacing, and, hence, t h e  i n t e r n a l  f l ux  densi ty  B, i s  
determined by a balance between the magnetic pressure of t he  external ly  applied f i e l d  
and the mutual repuls ive forces  between f l u x  threads.  The repuls ive force between f l u x  
threads increases rapidly as the i n t e r t h r e a d  spacing d decreases,  eventually varying as 
l f d  a t  small d. In a homogeneous sample, these in t e r th read  Zorces lead t o  a uniform B . 
throughout the sample (except i n  the  immediate v i c i n i t y  of the surface) .  

I f  one attempts t o  impose a bulk cu r ren t  of dens i ty  J transverse t o  the f l u x  
threads, the threads experience a force t ransverse t o  both B and J ,  commonly ca l l ed  a 
Lorentz force. From the  f lux  la t t ice  point  of view, t h i s  force can be looked upon as 
r e su l t i ng  from the gradient i n  B t h a t  is necessi ta ted by J through Maxwell's equations.  
(A f lux thread i n  a f l u x  gradient,  of course,  experiences more repuls ive inter thread 
forces from one s ide  than the other ,  y i e ld ing  a ne t  fo rce  directed down the f lux  gra- 
dient.)  In  a homogeneous specimen, f l u x  threads w i l l  move i n  response t o  t h i s  force,  
producing losses and therefore electrical  resis tance.  Thus a homogeneous specimen can 
carry no lossless  bulk current i n  the mixed state. 

In  an inhomogeneous sample, however, va r i a t ions  i n  f l u x  tnread l i n e  energy from 
point' t o  point can y i e ld  "pinning forces" t h a t  can resist t h e  "Lorentz forces" r e s u l t -  
i n g  from f lux gradients.  Thus i n t e r n a l  f l u x  gradients ,  i .e. ,  bulk currents ,  can occur, 
and can be observed (Fig. 3) .  It i s  found t h a t  the gradient  i n  l a t t i c e  parameter 
(gradient i n  B) can be r e l a t ed  through standard la t t ice  theory t o  the ne t  densi ty  of 
f lux  l a t t i c e  dis locat ions of one sign.25 

When the surface f i e l d s  of a sample i n  the mixed state 'are change by changing 
applied currents or  f i e l d s ,  f l ux  threads w i l l  move i n  response only as long as the  re- 
s u l t i n g  f lux gradient forces  (Lorentz forces)  a r e  g r e a t e r  than the local  pinning 'forces. 
Thus, when s t a t i c  conditions a re  reached, the two forces  w i l l  be loca l ly  i n  balance 
The f lux  gradient force i n  dyn/cm3 is  given approximately by JBf10, i f  J is i n  A/cm , 
and B is i n  gauss. The s t a t i c  f lux  d i s t r i b u t i o n  expected, therefore ,  i n  an Lnhomoge- 
neous type I1 superconductor i n  the mixed s t a t e ,  w i l l  everywhere exhibi t  a cr i t ical  
current density Jc = 10 Fp/B, where Fp i s  the net pinning force per un i t  volume. I f  
w e  consider instead the net pinning fo rce  f p  per f l u x  thread per uni t  length,  w e  get 

i 
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Jc = 10 f /p, since each flux thread contains one flux quantum o0. 
Jc = 5 x P O  fp, where fp is in dyn/cm. We defer the question of the B dependence 
of fp(or F ) to a later section. 

Thus 

P 

The Critical State (Bean Model) 

We have seen that the balance between pinning forces and 'Zorentz" forces (actual- 
ly a flux-gradient force produced by interthread repulsive forces) yields a bulk crit- 
ical current density Jc. The existence of this parameter Jc is the basis of the crit- 
ical state model for high-field superconductors, first introduced by Bean,27 independ- 
ently conceived by LondonYP8 and subsequently developed by Anderson and Kim.29'31 

The detailed verification of this model has been extensive in recent years. The 
theory is supported, for example, b uantitative relations between magnetization 
curves and transport current data, 33393 by the influence of. transport current on mag- 
neti~ation,~~-~~,* by specimen-size-dependent effects,27,38-40 and by detailed experi- 
ments with alternating fields and ~urrents.~l-44 
however, are those which directly. probe the macroscopic flux distributibn within in- 
homogeneous high field superconductors in the mixed ~ t a t e . ~ ~ , ~ ~  For example, the re- 
sults in Fig. 4 are much like the schematic diagrams of flux penetration appearing in 
Bean' s early papers. 

Perhaps the most dramatic experimenis, 

The data in Fig. 4 demonstrate two other significant points. First, it is clear 
that the critical internal flux gradient, and, therefore, Jc, decreases with increasing . 
B. Although Bean's first paper assumed Jc constant for mathematical simplicity, the 
B-dependence of J, was recognized by him and is generally accounted for by workers 
using the critical state model. Some of the forms for the B-de endence of J appearing 
in the literature are B-1 (which results if F is c ~ n s t a n t ) , ~ ~ , ~ ~ ~ ~ ~  B'%,36CB-~,49 
(B+B0)'1,30,31 (Hc.-B) ,50 and B'k(Hcz-B) .33,59,52 
generally all the way from Hcl to Hc2. 

No single form for Jc(B) applies 
This complicates, but in no way invalidates, 

. application of the critical state model. 
Another feature of Fig. 4, however, shows a serious limitation of the application 

of the simple critical state model to real materials. At five different occasions as 
the field was increased, magnetic flux abruptly penetrated the specimen completely, as 
if the specimen had temporarily lost all flux-shielding capability. These flux jumps 
result from a thermal instability that cannot be treated by the simple isothermal Bean 
model. Extensions of the Bean model to include the heating produced by flux motion 
have been made, however, and are reviewed by Hart.53 

Schweitzer and c o - ~ o r k e r s ~ ~ - ~ ~  have recently challenged the critical state model , 
suggesting that surface contributions to hysteresis and critical currents are more sig- 
nificant than bulk effects. This was true in some of their samples, which were ldw-n 
superconductors with little bulk pinning. 
controlled in others, in which bulk pinning was so great that internal flux gradients 
were very steep, and the Bean penetration depth remained small compared with specimen 
dimensions until fields near Hc2 .46~47 
reject the critical state model can easily be interpreted in terms of it. 

Hysteresis only appeared to be surface- 

Several other results they incorrectly used to 

The existence of surface contributions to hysteresis and critical currents in the 
mixed state had been noted earlier,57 and has since been well documented by many work- 

. ers. This requires, however, not rejection of the critical state model, but incorpora- 
tion into it. These effects can be treated by modifying the surface boundary conditions 

* 
Although most experiments deal with the case of field transverse to the transport 
current, the critical state model has also been successful in the more complicated 
case of longitudinal field.37 
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a p p l i e d  to the c r i t i ca l  s t a t e  model, and can be experimentally se arated from bulk 
. .effects by varying specimen s i z e  o r  with c e r t a i n  ac measurements.P8 For inhomogeneous 

high-field (high n) superconductors of ordinary dimensions, however, most experiments 
indicate  tha t  bulk cu r ren t s  a r e  much more important than surface currents .  
is t rue is  noted below under the discussion of surface pinning. 

why t h i s  

In summary, macroscopic e l e c t r i c a l  and magnetic propert ies  of high-f i e ld  super- 
conductors a r e  explainable  on the Bean c r i t i c a l  s t a t e  model, and depend on the param- 
e t e r  J,(B). This parameter i n  tu rn  depends on the bulk pinning fo rces  on f lux threads 
produced by s t r u c t u r a l  defects-. 
pinning by var ious types of defects.  

We the re fo re  turn t o  de t a i l ed  consideration of f lux 

Flux Pinning 

We w i l l  consider  f i r s t  the basic  element.of f lux pinning, the interact ion between 
a single defect  and a s ing le  f lux thread. 
has several components. 
coherence length i n  radius ,  which con t r ibu te s  a condensation core energy of roughly 

02 roughly a pene t r a t ion  depth, A ,  con t r ibu te s  a vortex e n e r m  mostly produced by the  
kinet ic  energy of t he  supercurrents. For tt >> 1, the vortex energy of an isolated 
f lux thread i s  l a r g e  compared with the  core  energy, and therefore  roughly equals the 
t o t a l  l i n e  energy, (pH,./41~.~9 However, because the vortex extends over a much l a r g e r  
distance than the co re ,  t he  maximum poss ib l e  energy gradients ( fo rces )  re la ted t o  t he  
core and vortex MY be   om parable.^^ 
density increases and neighboring v o r t i c e s  overlap, whereas core  fo rces  may.remain 
r e l a t i v e l y  unchanged u n t i l  near Hc2, when cores  begin t o  overlap. 

Before making crude calculat ions of possible  pinning fo rces ,  w e  must consider the 

The l i ne  energy of an i so l a t ed  f lux thread 
Each f lux  thread contains a quasi-normal core  roughly' a 

H 2 2  f I 8  p e r  un i t  length.  The surrounding supercurrent vortex,  extending t o  dis tances  

Furthermore, vortex forces  w i l l  decrease as f lux  

various types of d e f e c t s  t ha t  may serve as pinning centers.  
pinning centers  has  been reviewed by Dew-Hughes .bo 

Flux pinning by various 

C las s i f i ca t ion  of Pinning centers .  A great va r i e ty  of microstructural  features  
can in t e rac t  with f l u x  threads. 
number of dimensions of the pinning e n t i t y  t h a t  are  large compared with d,  the f lux  
thread spacing. Note t h a t  a given element of microstructure may change c l a s s i f i c a t i o n  
as B incrgases, s ince  d decreases, a s  (qo4B)h 
d = 1000 A; f o r  B =.200 000 Oe, d = 100 A.) 

It is  convenientg3 t o  c l a s s i f y  them according t o  the 

(For B = 20 Oe, d = 1 w; f o r  B = 2000 O e ,  

A. Zero: "Point" pins - The major-classes  here a r e  voids,  second-phase 
par t ic les ,  and defect c l u s t e r s  (such as produced by r a d i a t i o n  damage). 

B. One:. "Line" pins - The major defect  in  t h i s  category is  the d i s -  ' 

locat ion.  However, several  metal lurgical  processes can produce rod- 
l i k e  second-phase p a r t i c l e s ,  and some r ad ia t ion  damage t r acks  may 
have t h i s  dimensionality . 

C. Two: "Surface" pins - This category includes stacking f a u l t s ,  grain 
and subgtain boundaries, twin and transformation boundaries, and i n t e r -  
phase boundaries. For completeness, we can a l s o  include t h e  external 
surface of t h e  specimen as a s p e c i a l  case of surface pinning. 

than d i n  a l l  dimensions. 
I). Three: "Volume" pins - Large voids  or p a r t i c l e s  could e a s i l y  be larger 

"Point" pins. Cri t ical  currents  i n  NbTi al loys are enhanced by a dispersion of 
A commercially-available NbgSn m a t e -  

Thus point pins are of 

f i n e  p rec ip i t a t e s  produced by heat treatment .61 
r i a l  i s  believed t o  der ive i t s  current-carrying capacity,  at  l e a s t  i n  pa r t ,  from an 
intentionally-introduced dispersion of f i n e  Z r O 2  p a r t i c l e s  .62 
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practical as well as fundamental interest. We will find, however, that most clear-cut . 
structure-properties experiments have been done on "model" type I1 superconductors , 
rather than on practical high-field superconductors. 

We will first consider the significance of the nature of the pinning center, and 
will later consider the importance of the size and spacine, of the pins. 

A variety of second-phase particles can be used for pinning centers. The particle 
can itself be a superconducting metal, a normal &tal, a semiconducting material, or a 
nonconducting material. A void can be considered as an extreme example of the last 
case. Another special case of interest is a paramagnetic or ferromagnetic particle. 

Theoretical considerations and several experimental results suggest that the 
greater is the difference between the superconducting or electronic properties of the 
particle and those of the matrix, the greater will be the pinning force. That is, a 
normal particle will provide stronger pinning than a superconducting particle, and an 
oxide particle or void would provide still stronger pinning. 

The distinction between normal and superconducting pins is supported by the ob- 
servations of Levy et al.63 on eutectic alloys, but was most clearly demonstrated'in 
an experiment on PbInSn alloys.64 
ting, but had a lower critical temperature and critical ffeld than the Pbln matrix. 
Thus as temperature or field was increased, the particles become normal. 
rents were found to increase with increasing field and temperature, in contrast t o  
usual behavior, proving that normal particles pin more strongly than superconducting 
particles. 
dependence of critical currents. 
stabilities (flux jumps), in which dJc/dT plays an important role.53] 

Here the tin-rich pinning centers were superconduc- 

Critical cur- 

[This result also provides an approach to control the temperature and field 
This may be significant in controlling magnetic in- 

Returning to voids, we can make a rough calculation of the pinning forces involved. 
Consider a spherical void of diameter D sy $. 
co pletely disappear where it intersects the void, producing a decrease in energy of. 
(H, x2/8) x D over a distance D of flux threadornotion, yielding a pinning force of 
roughly HZ E2/8. 
the flux thread intersects one such void each 1000 2 along its length, fp = 1O-I dyn/cm, 
and Jc = 5 x lo6 A/cm2. 
creasing much of the vortex but intervoid spacing would necessarily be 
larger, and achievable critical current densities would be of the same order of magni- 
tude. 

The condensation energy of the core will 

1 
If Hc = 3000 Oe and 5 = 100 A, the force is roughly 10-6 dyn. If 

Larger voids can roduce larger forces per void by also de- 

The calculated interaction force between a ferromagnetic particle and flux thread 51 
is comparable to that produced by a void, but the weakening of superconductivity in the . 
surrounding matrix produced by large magnetic fields and a strong proximity effect prob- 
ably greatly weakens the net effect on Jc. The major interesting feature of ferromag- 
netic pinning centers is the ability. to change the pinning force from attractive to 
repulsive by varying the direction of magnetization. 
duce a higher Jc, ferromagnetic pins can produce critical currents dependent on the 
sense of the applied magnetic field.51 

Because attractive forces pro- 

Turning now to the optimum for pinning centers, it is generally agreed that 
pinning decreases for pinning centers smaller than a coherence length, 5 ,  and for cen- 
ters bigger than the interthread spacing, d. 
that optimum pinning center size is roughly a coherence length. There is some experi- 
mental verification o f  this concept. 
centers larger than a coherence length has been observed in several s y ~ t e m s . ~ ~ , ~ ~ , ~ ~  
Where pinning centers are smaller than a coherence length, coarsening should increase 
Jc, and this has been observed in an AlZn alloy.66 
these results, however, is complicated by the fact that both size and spacing of pinning 

Since d approaches 5 near Hc2, it follows 

The decrease in 3, with the coarsening of inning 

The quantitative interpretation of 
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. 
cen te r s  change during coarsening, and more ca re fu l  experiments are necessary t o  sepa- 
r a t e  these e f f ec t s .  

Considering spacing separately,  it seems obvious that Jc w i l l  increase with in- 
creasing density N of pins  per unit  volume. I f  one assumes t h a t  every pin produces a 
force f ,  then Jc = 10 Nf/B. 
increase with N.  F i r s t ,  as an increasing volume f r ac t ion  of the sample becomes occu- 
pied by pinning cen te r s ,  l e t  us say voids,  the amount of superconducting matrix avail- 

Thus there w i l l  eventually be a max- 
imum i n  Jc with increasing volume f r a c t i o n  of voids. 67 

However, several  f a c t o r s  w i l l  work against  t h i s  l i n e a r  

- able t o  ca r ry  supercurrent of course decreases. 

Second, as the d e n s i t y  of pins increases,  i t  becomes increasingly d i f f i c u l t  f o r  
the f l u x  threads t o  u t i l i z e  a l l  the avai lable  pinning forces. For example, i f  t he  
in t e rvo id  spacing is  less than d ,  a f l u x  thread may be able t o  move so t h a t  some voids 
are pinning i t s  core,  but others  w i l l  be d i s t r i b u t e d  throughout the vortex,  producing 
weaker fo rces  d i r ec t ed  i n  various d i r ec t ions .  Furthermore, strong inter thread fo rces  
make it  impossible t o  d e f l e c t  each f lux  thread independent of i ts  neighbors. Anderson 
and Kim30 reasoned t h a t  these inter thread forces were large t o  dis tances  of t he  order  
of A ,  so t ha t  a f lux-thread l a t t i c e  would remain v i r t u a l l y  undistorted over a "f lux 
bundle" of this size." 
sume t h a t  the ne t  pinning experienced by the f lux  bundle w i l l ' b e  proportional t o  t h e  
statist ical  imbalance of forward and reverse pinning forces over t h e  f l a x  bundle 
v o l ~ m e . ~ . ~ ~ ~ ~  This w i l l  lead t o  a Jc proportional not t o  the pinning center  d e n s i t y  N, 
but t o  JN. (This statist ical  weakening of the net pinning force would be less signi- 
f i c a n t  i f  pinning cen te r s  had a regular spacing t h a t  matched the flux-thread spacing. 
The match, however, would occur only at  one sharply-defined f lux densi ty .  
such s t r u c t u r a l  r e g u l a r i t y  is very unlikely,  except for  ar t i f ic ia l ly-produced struc-: 
t u r e s ,  o r  s t ruc tu res  produced by spinoidal decomposition71 o r  two-phase d i r e c t i o n a l  
s o l i d i f  i ~ a t i o n . ~ ~ )  

One quan t i t a t ive  approach t o  account f o r  t h i s  e f f e c t  i s  t o  as- 

Furthermore, 

There is a c lear-cut  need fo r  b e t t e r  data  on the  e f f ec t  of pinning center  d e n s i t y  
Radiation damage i s  perhaps the most promising way of achiev- and d i s t r i b u t i o n  on Jc. 

ing such data ,  although the re  i s  some uncertainty as t o  the nature of the r ad ia t ion  
damage cen te r s  themselves. Several experimenters have demonstrated an increase i n  Jc 
with increasing r a d i a t i o n  damage. Such work i s  reviewed by Cullen. 73 

"Line" pins .  The major new fea tu re  here i s  the  poss ib i l i t y  of anisotropic  prop- 
e r t f e s  i f  the rod-l ike pins  are a l l  p a r a l l e l .  I f  t he  pins produce a t t r a c t i v e  fo rces ,  
as would voids, maximum pinning would be expected with the f i e l d  d i r ec t ed  p a r a l l e l  t o  
the rods.  I f  the fo rces  w e r e  repulsive,  optimum forces  may be expected with f i e l d s  
normal t o  the rods.  Under c e r t a i n   assumption^,^^ the  geometric nature  of t h i s  trans- 
verse  case can lead t o  Jc proportional t o  B-$, a behavior approximately observed i n  
some mater ia ls .  

The major l i n e  de fec t  i n  mater ia ls ,  of course, i s  the d i s loca t ion .  The e f f e c t s  
of d i s loca t ions  on superconducting propert ies  have been reviewed by van Gurp and 
van 0 0 i j e n . ~ ~  
d i s loca t ions  during cold work can g rea t ly  increase J,. 
dis locat ion-f lux thread in t e rac t ion  has been attempted by several  authors.  75-78 It i s  
here found convenient t o  consider the e f f e c t  of a f.lux thread on t h e  l i n e  energy of  a 
d i s loca t ion ,  r a t h e r  than v i ce  versa. The f lux  thread core i s  viewed as a normal f i l a -  
ment with s l i g h t l y  d i f f e r e n t  interatomic dis tances  and e l a s t i c  modulus than the  super- 
conducting matrix. .  These calculat ions yield a fo rce  of about 10'8 dyn f o r  a s i n g l e  
d i s loca t ion - f lux  thread in t e r sec t ion .  

Experiments on many superconducting al loys show t h a t  the production of 
Calculation of the e las t ic  

* 
Although e a r l y  experiments by T r h b l e  and EssmannB8 appeared t o  observe f l u x  bundles 
d i r e c t l y ,  these observations are  now believed t o  be  artifact^.^^ 
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Whereas these elastic effects can be related to the effect of the dislocation's 
stress field on €Ic, another possible interaction is through the'effect of a locally 
decreased mean free path on n. This has not yet been rigorously calculated, but the 
resulting force may be significantly greater.74 An even larger effect might be ex- 
pected if the dislocation were "decorated" by impurity segregation which further de- 
creased the local mean free path. The pinning force still, of course, will be much 
less than would be produced by a rod-like void. 

After remarking that "none of these treatments comes even close to a satisfactory 
solution" to the problem of the interaction between the dislocation microstructure and 
the flux lattice , Seeger and Kr~nmuller~~ have recently set up complex "micromagnet ic" 
equations to treat this problem. We must await further work, however, to see if these 
equations can produce useful results. 

attempted,80'82 but several complications in the interpretation of the data remain,, 
including the question of flux lattice rigidity and statistical cancellation of forces 
discussed earlier. A recent papers2 concludes that the elementary dislocation-flux 
thread interaction force is roughly 10-7 dyn. 

Experimental determination of the dislocation-flux thread pinning force has been 

Several experimental results 83,84 suggest that a given number of dislocations 
produces a higher Jc when clustered into sub-boundaries than when isolated. Disloca- 
tions in cold-worked metals often form structures of low-dislocation-density cells 
separated by high-dislocation-density cell walls. (Because precipitates can play a 
significant role in controlling this cell structure, the ma have both a direct and 
indirect effect on flux pinning.) It has been s u g g e ~ t e d ~ ~ ~ ~ ~ ~ 8 4  that the decreased 
mean free path in the cell walls, and the corresponding increase in n, is the major 
source of the pinning forces. In our classification, of course, these cell.walls, or 
dislocation sub-boundaries, are "surface" pins between two regions of different K. 6o 

"Surface" pins. Again, anisotropy is expected. Optimum Jc is expected when 
both field and current are parallel to the pinning surface, i.e., when the "Lorentz 
force" is normal to it. 
grain b~undaries,~~ and martensitic transformation boundaries.86 
most of the internal boundaries are parallel to each other and not perfectly perpen- 
dicular to the Lorentz force, flux travels across the sample by moving parallel to the 
boundaries rather than intersecting them. This "guided flux motion" produces control- 
lable transverse voltages .87 

Anisotropy has been demonstrated for external surfaces,85 
In samples where 

An alteration in flux thread density near grain boundaries in thin foils has been 
directly observed by Essmann and T r E ~ b l e . ~ ~  
superconductors carrying transport current. However, they have studied the effect of 
transport current on thin foils of type I superconductors, in which the intermediate 
state consists of a flux lattice of multi-quantum flux tubes.88 Current induces motion 
of the tubes, and the interference of grain boundaries and slip planes with flux motion 
is directly observed. 

Campbell et al.33 have found that Jc in various' PbBi alloy samples .was proportion- 
al to the total interphase surface area. They also found that a.given amount of inter- 
nal surface carried the same current as the same amount of external surface. Since 
most metallurgical two-phase microstructures have much more internal than external sur- 
face, this demonstrates that bulk currents will usually far exceed surface currents. 

These workers have not yet studied type 11 

. 

Campbell et al. also present a detailed model of surface pinning that predicts 
Jc(B) proportional to Mr(B) /B%, where Mr(B) is the reversible magnetization expected 
for a homogeneous sample. This was the dependence observed experimentally. A dis- 
crepancy in the constant of proportionality, however, suggests that surface roughness 
may be significant. Other workers have suggested that pinning of transverse flux at 
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85 surface irregularities may control the magnitude of surface currents. 

Levy et al.63 have also demonstrated a proportionality between Jc and interphase 
surface area in a variety of eutectic alloys. 
internal surface area, but did not find simple proportionality. 

Kramer and Rhodesg9 correlated Jc and 

Several workers have observed a dependence of Jc on grain size90991 and related 
Although this is a possible interpretation, it 

. .  

*this to pinning by grain boundaries. 
also should be noted that the procedures that were used to produce samples of differ- 
ent grain size were also likely to produce different dislocation densities within 
grains, which may have been the major source of variations in Jc. Witcomb et al. 
report that both grain boundaries and mechanical twin boundaries are relatively in- 
effective at pinning flux in MoRe alloys. 

95he 

Surface pinning should be greatest when the surface lies between the superconduc- 
tor and a void or nonconducting particle. 
enhanced superconductivity. 
sample of alternating superconductor and oxide, where the sample approaches an assembly 
of thin films. 

Such a surface also produces a sheath of 
Extremely high Jc would be obtained in a multiple-layer 

"Volume" pins. It was pointed out by Campbell et a1.33 that although the line 
energy of a flux thread would be lowered anywhere within a large void or normal precip- 
itate, the changes in energy, or pinning forces, are only associated with entry and 
exit of the flux thread, i.e., its surfaces. Thus "volume" pins are really "surface" 
pins, and therefore become less effective as they coa.rsen. 

Flux pinning was originally discussed 29*3Q in terms of the pinning of "flux bun- 
dles" by volume pins, and a similar model has recently been employed by Maxwell et 
a1.93 to explain a striking "peak effect" in NbN. 

Flux lattice effects. Although we have discussed primarily the.interaction 
forces between a single flux thread and a single defect, we have noted that the strong 
interaction between flux threads can play a major role in influencing the net pinning 
forces per unit volume, hence Jc, particularly when the distance between pinning cen- 
ters becomes less than A. In a recent paper, Trguble and E s ~ m a n n ~ ~  purport to show 
that the individual defect-flux thread interaction force is two orders of magnitude 
greater than the average net force inferred from the flux gradient. 
lidity of their calculation of the individual pinning.force is in doubt, a substantial 
reduction in net effect probably generally occurs because of a statistical cancellation 
of individual pinning forces. 
sity of pinning centers is high,. 

Although the va- 

This is expected to be true particularly when the den- 
t 

The real physical case, the interaction between defects and a flux lattice, is a 
Several approaches to the problem have been attempted . very complicated problem. 

(Refs. 51,70,94-96). 
lattice dislocations (FLD's) (Figs. 2 and 3). We have noted the relation between FLD's 
and flux gradients. It has also been suggested97 that flux motion dawn flux gradients 
may be accomplished by FLD motion. 
an appropriate model for flux pinning. 

One interesting approach69 is to focus attention on the flux- 

This suggests that defect pinning of ~ D ' s  may be 
This approach has not yet been fully evaluated. 

Our major hope for improved understanding of this complex problem probably lies 
with experiments that directly observe the flux lattice, how it is altered in the 
presence of specific defects, and how it moves under applied currents. 
nary observations of defect-flux interactions have been made to date with the Trkble- 
Essmann fine-powder technique. 23,88,98 
coming. 
technique. 
eventually be able to resolve individual flux threads in motion. 

Only prelimi- 

Additional experiments will certainly be forth- 
More suitable for studying dynamic effects, however, would be the Faraday 

This technique has recently been greatly improved in resoluti~n,~~ and may 
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Thermal s t a b i l i t y .  I n  a c t u a l  use of high-field superconductors i n  high-field 
magnets, it has been found t h a t  thermal i n s t a b i l i t i e s  ( f lux jumps) make it impossible 
t o  use" the f u l l  current-carrying c a p a b i l i t y  of the superconductor. 
normal metal must be included f o r  s t a b i l i t y ,  and t h i s  great ly  decreases t h e  over-all  
current  dens i ty  of the  windings. I n  considering f lux pinning, therefore ,  it i s  s ig-  
nif icant  t o  ask how t h e  b a s i c  nature  o f  t h e  pinning centers may influence thermal 
i n s t a b i l i t i e s .  It seems l i k e l y  tha t  pinning centers designed from t h i s  point of view, 
even though t h e y  may not y i e l d  maximum pinning forces or maximum Jc in  a short-sample 
test, may give a matetidl with higher usable  Jc in  magnet appl icat ions.  

Large amounts of ' 

One f a c t o r  a l ready mentioned i s  t h e  a b i l i t y  t o  control dJc/dT using weakly.super- 
conducting pinning centers .  64 
s t a b i l i t y .  Also he lpfu l  might be high-conductivity pinning centers  , t h a t  increase mag- 
n e t i c  t i m e  constants and decrease thermal t i m e  constants. Final ly ,  improved uniformity 
of pinning center d i s t r i b u t i o n  would be very  desirable.  
yet  been evaluated in  p r a c t i c a l  mater ia ls .  

High-specif ic-heat centers would a l s o  contribute t o  

None of these  approaches has 

I V .  SUMMARY 

C r i t i c a l  temperatures and c r i t i c a l  f i e l d s  of high-Field superconductors are less 
influenced by metal lurgical  s t ruc ture ,  than  are c r i t i c a l  currents.  However, for  high- 
f i e l d  superconducting compounds, p a r t i c u l a r l y  of the $-tungsten s t ruc ture ,  there i s  
need for  more study of the e f f e c t + o f  order ,  stoichiometry, and a.lloying on c r i t i c a l  
temperatures and f i e l d s .  

C r i t i c a l  currents  a r e  control led by in te rac t ion  between the metal lurgical  micro- 
s t ruc ture  of the sample and t h e  magnetic microstructure ( f lux thread l a t t i c e )  of the 
mixed s t a t e .  The balance between f l u x  pinning forces and f lux  gradient forces  (Lorentz 
forces) determines 3,. 
produce f lux  pinning. 

A grea t  v a r i e t y  of metallurgical defects  have been shown t o  

Consideration of "point" pinning c e n t e r s  suggests that  voids o r  nonconducting par- 
Cr i t ica l  ticles roughly a coherence length i n  s i z e  may provide optimum pinning forces.  

currents  w i l l  no longer increase appreciably with increasing pinning center  density 
when the  spacing between centers becomes less than a penetration depth. More experi- 
ments with careful ly-control led pinning centers  a re  necessary t o  t e s h  these conclusions. 

Although there  i s  ample experimental and theoret ical  evidence tha t  dislocations 
can provide f lux  pinning, i t  remains i n  doubt whether the basic  in te rac t ion  i s  prima- 
r i l y  an e l a s t i c  o r  a mean f r e e  path e f f e c t .  
t ions a re  most e f fec t ive  when clustered i n t o  sub-boundaries. 

Several experiments suggest t h a t  disloca- 

Rod-like o r  lamellar  pinning centers  may have cer ta in  advantages, but properties 
w i l l  depend s e n s i t i v e l y  on f i e l d  or ien ta t ion .  I f  pinning centers  are large,  only 
t h e i r  surfaces contr ibute  t o  pinning forces ,  leading t o  c r i t i c a l  currents  proportional. 
t o  in te rna l  surface area.  External sur faces  can a l so  carry cur ren t ,  but bulk currents 
usually dominate. . .  

A major problem i n  quant i ta t ive  understanding of flux pinning i s  t o  r e l a t e  single 
defect-flux thread pinning forces  t o  t h e  ne t  pinning force exerted on the f lux  l a t t i c e  
as a whole. 
l e m .  

Direct-observation experiments a re  expected t o  throw l i g h t  on t h i s  prob- 

In  considering the most desirable  pinning centers,  it may not be best  t o  optimize. 
net  pinning forces  and Jc. 
l imi t ing  the  appl icat ions of high-f ie ld  superconductors, more thought should be given . .  
t o  the e f f e c t  of the nature  and d i s t r i b u t i o n  of pinning centers on thermal i n s t a b i l i t i e s .  

Because thermal i n s t a b i l i t i e s  play such a major ro le  in  
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Fig. 1 .  Flux thread l a t t i c e  i n  Pb-6.33 at.% In at  
1.2'K. Remanent state, B = 70 Oe. Flux 
threads are made v i s i b l e  by deposition of 
f i n e  ferromagnetic part ic les .  (After 
Trzuble and Essmann, R e f .  24.) 

Fig. 2 .  Edge dislocation in  the flux thread lattice. 
(After Trzuble and Essmann, R e f .  24.) 
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Fig. 4. F i e l d  distribution i n  a NbTi sample in  
increasing f i e ld ,  as measured by driving 
a Hall probe through a f ine  transverse 
gap in the sample. 
R e f .  45.) 

(After Coffey, 
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INSTABILITY COMMENTS 

S.L. Wipf 
Atomics International 

A Division of North American Rockwell Corporation 
Canoga Park, California 

There has been considerable confusion in discussions of instabilities. This is 
mainly because the problem is rather complex and somewhat ill defined. 
to summarize quickly a simplified way of looking at the whole complex without go.ing 
too deeply into any specific detail. 

I should like 

The term magnetic instability or "flux flow instability" relates to the movement 
of flux lines into or out of a superconductor due to the changing external field 
(which may be the self-field of a current flowing through the superconductor). 
this flow is stable (flux flow or flux creep) the flow velocity Vdr is proportional to 
the rate of change of the external field 

If 

v 0: dH/dt . (1) dr 

(The proportionality factor would depend mainly on geometry and jc.) 
about an instability as soon as this relation is no longer valid. 

We should talk 

The following picture may illustrate,what can happen (see Fig. 1): 
H from 0 one would encounter stable flux flow up to a thresh Id field Hgi; formulae' 
for Hfi have been iven by Hancox,l Swartz and BeanY2 Lange,' and Wipf. 

and f(T) is { -  F /(aF,/aT)Ik which is usually a temperature function independent of Fp 
itself (FP = pinning strength per unit volume). 

Starting with 

They are of 
the form Hfi = A c E f(T) , w ere A is a constant, c the specific heat per unit volume, 

P 

Above Hfi we encounter flux jump activity until a field HST is reached, above 
which stability is reached again. 
it may be proportional to D.jc, where D is a characteristic distance. given by the geom- 
etry. There is also a dependence on dH/dt, a large value of dH/dt may raise HST. 

HST has not been calculated in general, but, roughly, 

A real or catastrophic flux jump is an event which makes the whole or portions of 
the superconductor temporarily normal. 
rent while other instabilities or "limited flux jumps" give voltage spikes or noise at 
the terminals. 

1n.a coil this gives the degraded critical cur- 

* The flux jump field, Hfj, again is very difficult to calculate. 

How do we improve our materials with regard to instabilities? There are several 
methods either proposed or actively pursued in the fabrication of materials now used 
for magnet construction. 

* 
For small dH/dt, i.e., thermal diffusivity Dth > magnetic diffusivity bg 
(which is proportional to dH/dt) we have Hfj Q const - log (dH/dt), and a 
large Dth increases the constant. ,4 

1.. R. Hancox, Appl. Phys. Letters 1, 138 (1965). 
2. P.S. Swartz and C.P. Bean, to be published. 

3. F. Lange, Cryogenics 6,  176 (1966) . 
4 .  S.L. Wipf , Phys, Rev. 161, 404 (1967). 
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1. 

2. 

3. 

Obviously the simplest idea is to produce a material which is inherently 
stable (a trivial case being a low field superconductor whose critical 
field Hc < Hfi). 
aF,/dT > 0 (or ajc/aT > 0); then the function f(T) mentioned above becomes 
imaginary and Hfi does not exist. 
his talk. 
A' less radical method consists in raising Hfi or lowering Hm or both, 
thus narrowing down the instability region OT making it disappear alto- 
gether. Hfi is raised by reducing aF /aT, or by increasing c. The porous 
Nb3Sn cylinder of Corsan and Hancox6 gas a c which is two orders of magni- 
tude larger due to the presence of liquid He in the pores. 
lowered by decreasing the diameter of the superconductor and this is part- 
.ly the reason for the popularity of the multifilament conductors. 
Most magnet builders have successfully tackled the problem of preventing 
the catastrophic jump by efficiently limiting the instabilities, while 
they got used to the idea of living with instabilities. The methods 
developed have different reasoning for a background. 
are accompanied by the growth of various interdependent quantities: 
d@/dt, flux admitted to the superconductor, or to the coil; aT/at, rise ' 
in temperature; &/at, rise in the resistivity (electromagnetic diffu- 
sivity) of the superconductor. By controlling, or limiting any of these 
quantities the catastrophic flux jump is prevented. The practical solu-  
tions are summarized in the table: 

The solution to the problem is a material with 

Livingston5 mentioned this method in 

HST can be 

The instabilities 

Controlled 
Ouant ity Remedy Practical Terms 

7 Provide shorts Shorting strips in RCA coils d@ 
dt 
- 

3.i Cu bypass at 

"Stabilization" (AI,' Steklyg) . 

"Current Sharing" 
(full or partial) 

10 High specific heat . "Enthalpy S t abil izat ion" - aT High thermal conductivity "Adiabatic Stabilization" 
at (by adding liquid He "Transient Stabilization"" (Hancox) 

or Pb, Cd) "Dynamic Stabilization" 

5. 
6. J.M. Corsan, G.W. Coles, and H.J. Goldsmid, Brit. J. Appl. Phys. l5, ,1383 (1964). 
7.  

8. 

See also J.D; Livingston, Appl'. Phys. Letters S, 319 (1966). 

E.R. Schrader, P.A. Thompson, and W. Coles, J. Appl. Phys. 39, 2652 (1968). 
C.N. Whetstone and R.W. Boom, in'bdvances in Cryogenic Engineerinq (Plenum 
Press, 1968) , Vol. 13, p. 68. 
A.R. Kantrowitz and Z.J.J. Stekly, Appl. Phys. Letters 6, 56 (1965). 

Engineering Conference, Kyoto, 1967 (Heywood-Temple, London, 1968), p. 107; 
R. Hancox, to be published in Proc. Intermag Conference, 1968. 
J.R. Hale and J.E.C. Williams, J. Appl. Phys. 39, 2634 (1968). 

9. 
10. R. Carruthers, D.N. Cornish, and R. Hancox, in Proc. First Intern. Cryogenic 

11. 
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. 
Naturally t h i s  t ab le  only provides a very sketchy summary'of,a very 
complex s i t u a t i o n  which a l s o  includes t h e  cooling process and the 
thermal d i f  f u s i v i t y  . 

Using the th i rd  method one s t i l l  has i n s t a b i l i t i e s  i n  the sense t h a t  Eq. (1) is 
But they may be so small o r  so slow as not t o  be d e t e c t a b l e  i n  prac- not f u l f i l l e d .  

t ical  cases. 

'Fig. 1. I n s t a b i l i t y  i n  a superconductor as a function of appl ied f i e l d .  
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CRITICAL CURRENT BEHAVIOR OF HARD SUPERCONDUCTORS 

I 

W .W. Webb 
Department of Applied Physics and 

Cornel1 University 
Laboratory of Atomic and Solid State Physics 

. Ithaca, New York 

I. INTRODUCTION 

For many applications it is not enough that a superconductor have a high critical . 
temperature Tc and high upper critical'magnetic field Hc2; often a high critical cur- 
rent density Jc(B,T) in high magnetic fields and at reasonable temperatures is also es- 
sential. 
is not an intrinsic property of superconductors. 
in the presence of a transverse field is a nonequilibrium property that is closely anal- 
ogous to the permanent magnetism of a hard ferromagnet, hence the designation hard su- . 
perconductor. Just as the coercive force of a permanent ferromagnet depends on the 
strength of pinning of ferromagnetic domain walls, the critical current densities, or 
corresponding field gradients, in hard superconductors depend on pinning of the flux 
distribution in the fluxoid lattice against Lorentz-like electromagnetic forces. 

l 
High critical current density in' the presence of a transverse magnetic field 

Instead the critical current density 

1 The Lorentz force density is I 
where the effect of the equilibrium magnetization is included by introduction of the 
factor y = [aB(H)/aHIeq. In sufficiently high fields y 1. The approximate scalar 
form on the right of Eq. (1) holds for J and B mutually perpendicular. The critical 
force density Fc orxorresponding critical force density Jc cFc/B is loosely defined 
as the value of F(B) or J(B) at which dissipation becomes significant so that persist- 
ent currents decay at a significant rate, or a voltage appears alozg a wire carrying a 
transport current. Since Maxwell's equations give J = (c/&sr) V X B y  or in simplified 
scalar form, J = (cI41-r) dB/dx, magnetic cycling of a hard superconductor should produce 
a distribution of induced currents of magnitude up to Jc with corresponding nonuniform 
magnetic field distribution. The condition in which the current density is everywhere 
equal to the critical current density is designated as the "critical state" although 
it is not a uniform equilibrium state in the thermodynamic sense. 

The magnitudes of -the critical current density can be determined either by anal- 
ysis of hysteretic magnetization curves produced by magnetic cycling or by the measure- 
ment of the transport current densities at which losses become appreciable in ribbons 
exposed to magnetic fields. 

This explanation of critical currents was advanced by Bean2 and by LondonY3 and 
developed by Kim, Hempstead, and Strnad,' and has been amply substantiated by many 

1. 

2 .  

3 .  H. London, Phys. Letters 6, 162 (1963). 
4 .  

J. Friedel, P.G. deGennes, and J. Matricon, Appl. Phys. Letters 2, 119 (1963). 
C.P. Bean, Phys. Rev. Letters 8, 250 (1962). 

Y.B. Kim, C.F. Hempstead, and A.R. Strnad, Phys. Rev. Letters 2, 306 (1962). 
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subsequent experiments. Of interest amongst the earlier experiments are direct obser- 
vations of the predicted field gradient by C~ffey,~ and a direct comparison of the 
critical transport current density with the current density deduced from magnetization 
measurements by Fietz, Beasley, Silcox and Webb,' in addition to various experiments 
by Kim and co-~orkers.~ At least for large values of the Ginzburg-Landau parameter, 
N, and internal fields well above the lower critical field but with B < Kc2, critical 
state concepts appear to describe adequately hard superconductors. However, in low N 
materials and very thin filaments, hysteretic surface currents make significant con- 
tributions if the bulk Jc is small. 

At temperatures above absolute zero Anderson' predicted that thermal activation 
assisted by the Lorentz force would lead to creep of flux in the neighborhood of the 
critical state. The general ideas of a thermally activated process sugges.t a flux 
creep rate 

-U/kT R = Ro exp Y 

where Ro is a very large pre-exponential and U is an activation energy which in this 
case is approximately 

U = U  - JByVX/C , (3) P 
where U is composed of an interaction energy between the pinning inhomogeneities and 
the fluxoid lattice, U , reduced by the Lorentz force per unit volume JBy/c times an 
activation volume V ang a pinning length X. It turns out that U >> Up and Up w JByVX/c, 
and the rate R is appreciable only if J > Jc, so the critical state is reasonably well 
defined by putting J = Jc such that 

U - kT In Ro/Rc 
vx Y ( 4 )  Fc = JcBy/c = 

where Rc <<Ro is a creep detection limit characteristic of experiments used t o  deter- 
mine the critical current ., 
so that the temperature dependence of Fc is dominated by the temperature dependence of 
various material parameters rather than by the explicit linear term in T. 

Beasley, Labusch and Webbg have found that Up >> kT In ,Ro/Rc 

11. CURRENT STATUS 

In the present state of knowledge about critical currents in hard superconductors, 

The inhomogeneities 
the critical state concepts are well established and a great deal of practical data on 
critical currents in many hard superco.nductors have been obtained. 
that give rise to pinning of the fluxoid lattice have been explored in some detail and 

5. H.T. Coffey, Cryogenics I ,  3 (1967). 
6. W.A. Fietz, M.R. Beasley, J. Silcox, and W.W. Webb, Phys. Rev. 3, A335 (1964). 
7 .  See, for example, Y.B. Kim, C.F. Hempstead, and A.R. Strnad, Phys. Rev. 129, 

8. . P.W. Anderson, Phys. Rev. Letters 2, 309 (1963). 
9, M.R. Beasley, Ph.D. Thesis, Cornel1 University, 1968 (available as Materials 

528 (1963). 

Science Center Report 921 or AEC Report NYO-3029-29). 
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at least qualitative information is available about them. D s .  Livingston has thorough- 
ly reviewed this information in the preceding lecturelo and earlier in a review article 
with Schadler .ll 

A development has also appeared at this Summer Study that refocuses attention on 
the critical current problem. In recent, practical, high field superconducting devices, 
performance has been limited by instabilities that cause flux jumps that often cause 
catastrophic heating and loss of superconductivity. However, as reported here by 
Brechna, Hart, ’ Wipf, and Smith in various contributions, there has been substantial 
recent progress in controlling this problem through appropriate geometric design. 
there is now again good reason to try to develop higher pinning force materials to ob- 
tain higher critical current densities. 

Thus, 

However, a serious pro.blem remains in applying the well established critical state 
concepts to hard superconductors. 
calculate the critical current density to be obtained from even a simple array of local- 
ized pinning points. 
fective pinning points and our knowledge of their properties. 
simply add the pinning forces of all of the ‘pinning points in a material to obtain Fc 
is clear. Instead we must take into account.cooperative action amongst adjacent pin- 
ning points and fluxoids. 
of flux creep by incorporating a sort, of activation vol’ume which he called the flux 
bundle. However, little subsequent progress with’this problem has appeared in the 
1 iter a ture . 

This problem is the lack of a satisfactory basis to 

Livingston has described in some deta,il the various types of ef- 
The fact that we cannot 

Anderson8 recognized this problem in 1963 in his formulation 

111. SOME RECENT RESEARCH 

At Cornell, M.R. Beasley, W.A. Fietz, B. Labusch, and E have been trying to 
understand the problem of determining the quantitative connection between Jc, or F,, 
and the properties of the array of pinning points. 
the fact that the pinning process involves the cooperative interaction between a quasi- 
random array of pinning points and a nominally regular array of fluxoids. We.have car- 
ried out systematic measurements of flux creep and critical current densities in alloys 
over a wide range of T, By and H using crystal dislocations as the pinning entities. 
It: has been possible to calculate the pinning properties of dislocations better than 
other pinning entities so these otherwise complex objects were chosen as the best pin- 
ning entities to study.12-15 
about the pinning process that has guided us in developing a simple model that seems 
to make the appropriate connection between the critical current density and the pinning 
points. This research is nearly complete, but manuscripts describing it are still in 
preparation. I will present here a preliminary sunrmary of the essential ideas of the 
pinning model and the results of some of our pinning experiments. 

This connection is complicated by 

From this work we have been able to extract information 

10. J.D. Livingston, these Proceedings, p. 377. 
11. J .D.  Livingston and H.W. Schadler, Prog. Mat. Sci. 12, 183 (1964). 
12. W.W. Webb, Phys. Rev. Letters ll, 191 (1963). 
13. 
14. R. Labusch, Phys. Rev. 170, 470 (1968). 
15. J.S. Willis, J.F. Schenck, and R.W. Shaw, Appl. Phys. Letters 10, 101 (1967). 

E.J. Cramer and C.L. Bauer, Phil. Mag. 2, 1189 (1967). 

. .  

- 398 - 



IV. PINNING MODEL 

I f  we were t o  assume tha t  the  pinning force densi ty  is 'given simply by a l inear  
superposition of t h e  contr ibut ion of a l l  the e f f e c t i v e  pinning points  w e  would have a 
pinning force dens i ty  

= f N  
FP P P  , (5) 

where N 
for  ea& in te rac t ion .  
density, the pinning force  dens i ty  Fp is e s s e n t i a l l y  equal t o  the  c r i t i c a l  force den- 
s i t y  so we may take Fp = Fc. 

i s  an e f f e c t i v e  densi ty  of pinning'points and f p  i s  the maximum pinning force 
Since f lux  creep introduces negl igible  changes i n  the current 

Assuming t h a t  t h e  pinning points  cons is t  of individual f luxoid-dislocation i n t e r -  
actions,  that  t h e  f luxoids  a r e  r e l a t i v e l y  s t i f f ,  and that  t h e i r  range of interact ion 
with the d is loca t ions  is a dis tance d less than t h e  fluxoid spacing, the e f fec t ive  
density of in te rac t ions  N 
pinning points N 1 ,  which 1 s  j u s t  the  product of t h e  length of fluxoid per unit volume 
B/rp,, the e f f e c t i v e  area per un i t  length d,  and the  density p of dis locat ions threading 
the area,  tha t  is: 

becomes j u s t  the density of in te rac t ions  with individual I? 

N 1  w (B/Vo)Pd ( 6 )  

Typical magnitudes f o r  our cases give N 1  u 10l1 X 1011 X 
depicts the geometrical model leading t o  Eq.. (6). 

SY 10l6 cmm3. Figure 1 

If the fluxoid l a t t i c e  were p e r f e c t l y  r i g i d ,  no net pinning could accrue from 
interact ion with a random array of pinning points because i n  t h i s  .case the t o t a l  energy 
of the system would be independent of t h e  posit ion of the fluxoid la t t ice  with respect 
t o  the pinning points .  
s l i g h t l y  deformable and a net pinning force i s  found, b u t  the s t rength of the resul t -  
ing pinning depends s t rongly on t h e  magnitude of the  deformation of the l a t t i c e  in t ro-  
duced by t h e  pinning in te rac t ion .  
oid can be displaced by the pinning poten t ia l  t o  t h e  width of the  pinning potent ia l  d 
can be interpreted as  the  f r a c t i o n  of the points of interact ion between fluxoids and 
obstacles t h a t  can become e f f e c t i v e  i n  pinning against  an applied (Lorentz) force. 
This r e s u l t  is  equivalent t o  replacing '  d by 6 i n  Eq. (6).  

This as tonishing r e s u l t  disappears i f  the l a t t i c e  i s  even 

I n  f a c t  the r a t i o  6/d of the dis tance '6  that  a f lux- 

The maximum deformation, 6 ,  due t o  a single pinning point ,  depends on the strength 
of the in te rac t ion  force  per pinning point ,  f l ,  and the e f f e c t i v e  s t i f f n e s s  of the 
fluxoid l a t t i c e  represented by an elastic constant C t i m e s  the  nominal fluxoid spacing 

. (V,,/B)%. Thus w e  can obtain,  following the  e l a s t i c i t y  calculat ion of Labusch16 

.6 -2 where a i s  a constant of order uni ty .  Using12s17 f l  = dyn, and C/a SY 10 dyn*cm , 
we find the  extremely small displacement 6 u cm. A similar  calculat ion i n  the low 
f i e l d  l i m i t  using the  l i n e  energy o r  tension of a s ingle  fluxoid as  the restor ing force 
y ie lds  e s s e n t i a l l y  t h e  same kind of r e s u l t .  Thus t h e  fluxoid l a t t i c e  i s  very r ig id  and 

16.  R. Labusch, p r i v a t e  communication. 

17. R. Labusch, Phys. S ta t .  Sol. 19, 715 (1967); additional r e s u l t s  f o r  H -  Hc2 
t o  be published. 
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the pinning process must involve a s t a t i s t i c a l  average over a l l  of the  in te rac t ion  
forces sampled by th i s  r e l a t i v e l y  r i g i d  net .  

Using Eq. (7) for  6,  an eff ic iency f a c t o r  W = 6/d can be defined as follows: I 

where f p  = f l  i s  t h e  maximum pinning force of an individual dis locat ion-f luxoid in te r -  
ac t  ion. 

Thus, the pinning force density given by Eq. (5) i s  simply reduced by the e f f i -  
ciency factor  W giving 

F = f'NW . 
P P P  (9) 

Assuming f p  = f l ,  N = N1 as given by Eq. (6), and W a s  given by Eq. (8), the effectivk 
pinning force densify is  

. .  
(10) 

Fp = f l  2 p ( B / ( ~ ~ ) ~ / ~ ( a l C )  

Thus we f ind the  remarkable r e s u l t  tha t  t h e  pinning force dens i ty  i s  proportional t o  
the square of the strength of individual pinning poin ts  because of the  appearance of 
f l  i n  the eff ic iency f a c t o r  of Eq. (9). 

However, Labusch has carr ied out a d e t a i l e d  s t a t i s t i c a l  ana lys i s  of t h i s  many-body 
problem16 indicating tha t  t o  lowest order i n  t h e  pinning point dens i ty  there  i s  no pin- 
ning, i.e., Fp = 0, unless the quant i ty  t h a t  w e  cal l  an e f f ic iency  f a c t o r  W i s  greater 
than 1. In other words, the elementary c a l c u l a t i o n  ind ica tes  t h a t  i t  is  necessary t h a t  
d i s tor t ions  of the fluxoid la t t ice  be l a r g e r  than t h e  width of the pinning potent ia l  
f o r  pinning t o  occur, o r  6 > d. 
and we have 6 - 10-8, so W - Nevertheless, consideration of t h e  effect of f luc-  
tuations i n  the pinning point d i s t r i b u t i o n  leads  t o  pinning by even a random array as a '  
f i r s t  order e f fec t .  Assuming tha t  only groups of pinning points  s t rong  enough tha t  
W 2 1 are effect ive,  we seek f luctuat ions t h a t  provide a net  l o c a l  excess of n favor- 
able pinning points providing a net s t rength  fp  -, fn 2 n f l ,  where t h e  number n i s  de- 
termined by the requirement tha t  W Z 1. 
probabi l i ty  l / n 2  so tha t  the  e f fec t ive  dens i ty  of these pinning c o e f f i c i e n t s  is 
Np - Nn 1 (B/cpo)pd/n2. The c r i t e r i o n  t h a t  W 2 1 y i e l d s  

However, i n  usual. mater ia l s  f l  - dyn, and d - 

This configurat ion should occur with random 

The new values of N and f can be inser ted i n  Eqs. (8) and ( 9 )  t o  ob ta in  the pinning 
force density Fp. Rowever': inser t ing Np = Nn and f p  = fn  y i e l d s  p r e c i s e l y  the 
same pinning strength given by Eq. (11) s ince  n cancels  out exact ly  i n  the  expression 
f o r  Fp. 

t h e  cluster ing since the  number of favorable f l u c t u a t i o n s  then varies more l i k e  l l n  
instead of l /n2.  . In  our measurements on severely cold-worked a l l o y s  w e  found 
10'8 < f l  < 10-7 dyn, while the calculated value i s  f l  - 
dislocat ion ordering occurs as  is  expected. 

ta in ing  between n and n2 pinning in te rac t ions  s e e m s  t o  be simply an e x p l i c i t  description 

I f  the pinning points a re  not randomly arrayed, the pinning force  is  enhanced by 

suggesting that some . 

The co l lec t ive  pinning represented by the pinning force f = n f l  i n  a volume con- 

. 
\ 
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of a property of the "flux bundle" hypothesized by Anderson in his original theory of 
flux creep.8 The size of this bundle can be estimated from our measurements on nio- 
bium-titanium alloys18 ysing Eq. (6), which give n - lo2 .  Thus, n2 = 104, and the 
"bundle volume" Vp w NP n2 EJ n2/[(B/cpo)pd] w cm3. From measurements of flux 
creep in PbTl alloys subjected to severe plastic deformation at low temperatures to 
produce pinning structures similar to ours, Beasley, Labusch and Webblg observed vol- 
umes - lo4 times the voluq per pinning point and pinning energies - 10 
energy per pinning point under comparable conditions. This comparison suggests that 
the cooperative pinning in our analysis of the critical pinning force really corres- 
ponds to the activation volume or "flux bundle" invoked by Anderson to understand flux 
creep. 

2 times the 

'V. RESULTS OF CRITICAL PINNING FORCE MEASUREMENTS 

We have 'deduced critical pinning force densities from hysteretic magnetization 
curves on niobium alloys over a wide range of the Ginzburg-Landau parameter, N, mag- 
netic field, H, and temperature, T. A sample of this data is shown as a logarithmic 
critical cyrrent density plot in Fig. 2, and as a critical pinning force density plot 
in Fig. 3 .  The fields have been normalized by dividing by the temperature dependent 
'upper critical field H,.. . 
a logarithmic scale, the pinning force invariably peaks at B/Hc2 = 0.6 in these mate- 
rials. This and all other features of the results support a well-defined set of 
scaling laws in which the pinning force density is given, the separable product of 
factors depending on temperature, normalized field and H. 
is accurately represented in terms of the temperature dependence of €49. 
found 

Although the critical currents show the usual plateau on 

The temperature dependence 
Thus we 

where the function g(B/Hc2) has the shape shown in Fig. 3 and k(x) is something like 
N-Y with 1 < y < 3 .  
g(B/Hc2) is determined to better than f 15% for 0 .2  < B/Hc2 < 0.9, but k(x) = N'Y is 
only a qualitative form. 
ence €it given by the factor [Hc2(T)]5/2 . 
in Fig. 4 where straight lines with slope 512 are drawn through the data. 

The factor [Hc2(T)]5/2 is established with high precision, 

The most remarkable result is the precise temperature depend- 
This is illustrated by the logarithmic plots 

To compare these data with the pinning model previously described, it is neces- 
sary to work out the temperature and field dependence of the fluxoid lattice stiffness 
represented by the factor a/C 
calculation of a/c and Webb'si2 second order elastic calculation of €1. Combining the 
field, temperature, and H dependence of all of the factors we find that the pinning 
model gives the proportionality 

and of the pinning force, fly that appear in Labusch's17 

: B small 

in satisfactory agreement with the experiments. 

18. W.A. Fietz and W.W. Webb, submitted for publication. 
19. M.R. Beasley, R. Labusch, and W.W. Webb, private communication. 
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VI. DISCUSSION ANT.) SUMMARY 

Clearly the empirical model for critical pinning force that has been suggested by 
Fietz and Webb,18.0n the basis of Labusch's theoretical investigations,l6 fits the 
wide range of data they collected. 
wire alloy'' and seems to be consistent with a great deal of earlier data on materials 
with other types of pinning points except that the detailed shape of the field depend- 
ence of Fp given by the factor g(B/Hc2) depends on materials preparation. 

It also fits data obtained by Coffey on a' magnet 

For example, T.  Hall (unpublished) annealed some of Fietz's niobium alloys at 
various temperatures and found that a new maximum of Fp developed at B/Hc2 20.4 as 
the peak at B/Hc2 2 0.6 decreased, until even the new peak became ver weak as anneal- 
ing was made more complete. During this change the factor [Qq(T)]5/q represented the 
temperature dependence of the first peak rather well, although the exponent for the 
second peak may be as low as about two. 

Although the temperature dependence of a/C should remain the same for most super- 
conducting alloys, various pinning entities should give different temperature depend- 
ences for fl. This is yet to-be tested systematically. 

In the case of the superconducting intermetallic compounds, such as V3Si and 
NbjSn, based on the beta-tungsten structure, the situation seems to be different. It 
has been suggested that grain boundaries or nonsuperconducting inclusions provide the 
observable pinning and that the critical current is limited by Silsbee's hypothesis 
in part of the measured range.21 Brand and Webb found that in V3Si pinning is also 
enhanced b 
structure .32 Some uncertainties about pinning in these compounds remain. 

the occurrence of the martensitic phase transformation to a tetragonal 

10 Special pinning properties may lead to "peak effects" in the pinning strength 
with unique temperature dependence, and it may be useful to exploit them or to look to 
the sort of models described here for ways of decreasing the temperature dependence of 
Fp in order to reduce thermal instabilities, and for ways of increasing the critical 
current density. Composite superconductors may provide some of these properties . 
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Fig. 1. Schematic diagram of the interaction of fluxoids with localized 
pinning points. The interaction range of pinning potential is 
represented by the effective width d of the fluxoids which are 
spaced a distance (qO/B)k. The pinning points are supposed to 
be repulsive potential lines perpendicular to the paper. Thus 
the direction of the interaction force on the fluxoids is indi- 
cated by the arrows. 
enough to interact in this section. 
lattice model the net force on the fluxoid lattice is zero. 

Only the blackened pinning points are close 
On the average in this rigid 

. .  

B'"C2 

Fig. 2.  Logarithmic plot of the critical current density as a function 
of normalized field B/H,2 in severely plastically deformed alloy 
of niobium with 9% titanium at various normalized temperatures 
t = TIT,. 
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Fig. 3. 
' 

Pinning force density as a function of normalized field B/&2 
in a severely plastically deformed alloy of niobium with 9% 
titanium at various normalized temperatures t = TIT,. 
normalizing value of Hc2 is taken as H,p(t). 

The 

0 Nb-12Tl 
I I I I , , 1 1 1  I I 1 1 ,  

1.0 5.0 10.0 20.0 
HC2(T) (kOe) 

F-b. 4 .  Logarithmic plot of maximum value of the volume pinn,.ig force 
Fp(max) as a function of Hc2(t). Lines have slope 512. 



CRITICAL FIELDS OF TYPE I1 SUPERCONDUCTORS 

G. Cody 
, RCA Laboratories 
Princeton, New Jersey 

INTRODUCTION 

The purpose of this paper is to discuss the critical fields of type 11 supercon- 
ductors. In order to develop a physical basis for the concept of the critical field, 
we start with a discussion of the magnetic behavior of type I superconductors, and 
particularly the intermediate state.. The approach to type I1 behavior will be through 
the vortex model of deGennes which follows naturally from a consideration of surface 
energies in a type I superconductor. Finally, we will cover recene results from the 
Gor'kov microscopic Ginsburg-Landau equation which accurately predicts the effects of 
temperature, purity, normal electron spin paramagnetisms and variable coupling on the 
critical field behavior of a large class of type I1 superconductors. 
to this theory and possible sources of their unique behavior will be discussed. Final- 
ly, we will consider recent experimental observations of critical field behavior in 
materials of practical interest. 

The exceptions 

MAGNETOSTATICS AND THERMODYNAMICS OF TYPE I SUPERCONDUCTORS 

Superconductors exhibit, zero resis'tance below the transition temperature, Tc; but 

This last fact, although of little practical utility, is the basis for the 
when relatively defect free, exhibit a diamagnetism that is field dependent and revers- 
ible.1 
theoretical treatment of the superconducting state. For a uniformly magnetized ellips- 
oid three fields are introduced in addition to the microscopic local field h(r) and 
the applied field Ho. 
field h(r), My the dipole moment per unit volume or magnetization, and H, the internal 
field. From magnetic theory: 

These three fields are B, the flux density or average local - 

In Eq. (I), D is the demagnetization coefficient of the ellipsoid. For a long cylinder, 
a sphere and a disk, D = 0, 113 and 1, respectively, where the applied field, Ho, is 
along the symmetry axis of the ellipsoid. 

From codsiderations of the magnetic work, we are led to conside'r the specific 
Gibbs free energy g, which is a function of Ho and T, and is a minimum under equilib- 
rium at constant field and temperature. From the thermodynamic treatment , 

dg = - sdT - Md Ho . 
In Eq. ( 2 ) ,  s is the specific entropy. The Gibbs free energies o f  two phases in equi- 
librium can be shown to be equal, and this criterion fox phase equilibrium is critical 
€or understanding the gross features of field effects in superconductors. 

For type I superconductors, when D 5 0, it is observed experimentally that 
Ms = - H0/4n up to a critical field Hc(T) .2 
Above this field the magnetization of the superconductor, MJT), is the same as that 
of the normal state, M,,(T) = ynH (the paramagnetic susceptibility, xn, is of the order 
of 20 X lom6 for transition metals, but is considerably less for nontransition metals). 

Thus B = 0 in the superconducting state. 
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The discontinuous change of magnetization at Hc(T) defines a type I superconductor, 
as well as the thermodynamic critical field Hc(T). 

. 

If we consider Eq. (2) we can arrive at another view of Hc(T) which explains its 
nomenclature. From simple integration and use of the equilibrium criteria we see that 

2 

(3) 
HC 

gn(Hc,T) gn(O,T) = gs(O,T) + = gS(HcsT) 

- 2  and thus Hc/8n represents the free energy difference between the normal and supercon- 
ducting state. Figure 1 shows the free energy and the magnetization [M= - (ag/aH0),] 
of a type I superconductor and illustrates the content of Eq. ( 3 ) .  The effect of the 
field onmthe free energy of the superconductor is to destroy the energy gained by the 
initial condensation to the ordered superconducting state (H$/8n). From Eqs. (3) and 
(2) one can obtain the entropy s [s = - (ag/aT)~~] and it can easily be seen that the 
superconducting state is the more ordered state Furthermore, 
in zero field ss(TC) = Sn(Tc), which implies a second order transition. In a finite 
field the entropy remains at its Zero field value, up to Hc(T), but jumps discontin- 
uously at TIHo = Hc(T)] to the normal entropy (a first order transition). 

(ss < Sn for T e Tc). 

The absence of a field dependence to the entropy is.accounted for by the observa- 
tion that since B = 0 up to 
of the superconductor. Of course, this ignores the fact that there cannot be a dis- 
continuity in the field at the surface of the superconductor. The field extends a 
distance into the superconductor, given by the penetration depth h(T). A penetration 
depth, AL, was first introduced by London, who derived on the basis of a dissipation- 
less fluid the following equation for the field penetration, which when combined with 
Maxwell's equations are in semiquantitative agreement with experiment: 

= Hc(T), the field plays no role in changing the order 

H Y  
2 
.L a vX(VXH) = - 

where 
-3c2 ) 

2 
2 2  4n N vF e 

In Eq. (5) m and n are the mass per particle and the density f th 

( 4 )  

fluid, respectively; 
in the second form of h ~ ,  N and VF are the total density of states and Fermi velocity, 
respectively. 
interesting to note that Eq. (5) is invariant under the transformation to pairs appro- 
priate to the BCS theory of superconductivity (m -. 2m, e -, 2e, n + 1112). 

This.,second form is of greater generality than the fluid model. It is 

From Eqs; ( 4 )  and (5) we can associate Hc(T) with the kinetic energy of the 
shielding currents that maintain the condition B = 0 in the bulk. 
show that the kinetic energy density K is given by 

It is simple to 

" 

where Vd is the drift velocity and we have used the solution for Eq. (4) at a plane 
boundary: At H = Hc(T), the kinetic energy density of the shielding 
electrons equals the quantity gn-gs(O,T) and the material goes normal. 

J = cH/4n AL. 

It clearly costs the superconductor to expel a magnetic field. Consider Fig. 2 
where again we show the free energy of a type I superconductor. If there were a way 



- . 
to achieve a lower magnetization [M = - (ag/aHo),] as' shown by the dashed curve, the 
material could achieve a lower free energy and would presumably remain superconducting 
to considerably higher fields. Experimentally such a situation has been known since 
the thirties for systems where one dimension approached a size of the order of 
A (w 300-600 8) .  
and M is appreciably smaller than for bulk materials. Indeed, critical fields consid- . 
erably higher than Hc(T) were observed and were correlated with the London expressions 
with qualitative and semiquantitative agreement . 3  
question emerges: namely, why a bulk specimen did not subdivide into domains of the 
order of A,, and hence remain superconducting to fields much higher than Hc(T). 

L 

Under these conditions, field exclusion is not complete, B = 'i; # 0; 

From these experiments, an important 

INTEIZMEDIATE STATE OF TYPE I SUPERCONDUCTORS 

A model €or such a domained structure was developed in the thirties to explain. 
magnetization data on ellipsoidal specimens where D # 0. 
nor the model led to critical fields higher than H,(T), it led through the work of 
Pippard435 to what might be described as the physical basis of type I1 superconductiv- 
ity. Curve (1) in Fig. 3 shows the magnetization and free energy of a bulk specimen 
with D # 0. The magnetization in the state for which B = 0 (the Meissner state) is of 
the form M = - HO/4n (1-D), and hence the free energy rises considerably faster than 
the curve (2) for D = 0 ;  If this high moment state persists, the specimen would enter 
the normal state at a field considerably less than Hc(T). In fact the material fol- 
lows the curve (3) , branching off from (1) at Ho = Hc (1 - D) and finally enters the 
normal state close to Hc(T). 
M = (- 1/4nD) (Hc - Ho) and 

While neither the experiments 

In this new state, the intermediate state, 

2 2 
(7) g(H,T) = gs(O,T) + Hc/8n - (Hc - H) /8nD . 

In the new state Peierls6 suggested that the system is subdivided into normal domains 
where h = Hc, and superconducting domains where h = 0. 
of normal domains 

Thus if x is the concentration 

and .x goes from 0 at Ho = Hc(l - D) to 1 at Ho = Hc. 
of the intermediate state is a continuous function of field and it, as well as M, goes 
continuously to normal state values at H = Q .  
mains this is not a surprising effect. 

It is easily shown that the entropy 

In view of the presence of normal do- 

Given the possibility of domains, it is not apparent why they cannot reduce in 
size to such a degree that M -  0, as for thin films which would permit the intermediate 
state to persist to fields above Hc. However, far from this being the case, a care- 
ful examination of the magnetic transition of the intermediate state shows that the 
critical field, HI,. is slightly less than Hc(T). 

In order to understand this phenomenon, an additional property has to be intro- 
duced, the surface energy. 
interfaces, it is clear that there may be surface tension or surface energy effects 
resisting the increase of the interface. If the surface energy is cy, an additional 
free energy af(x) will be lost to the superconductor and the critical field will tie 
less than Hc(T) , as shown in Fig. 4 .  

In the intermediate sta,te with many normal-superconducting 

4 '  Pippard gave a physical picture of the source of this surface energy. Consider 
the superconducting state to be associated with an order parameter, ns. 
parameter may be identified with the density of superconducting electrons, or with the 

The order 

. I  
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energy gap, 
to zero at Tc. 
but we cannot permit ns to change discontinuously at the interface. 
field penetration, we are led to consider a fundamental length F*, over which the order 
parameter can vary. 

In either case it is a quantity that varies from its full value at T= OOK, 
We consider a normal-superconducting boundary to be defined by ns = 0, 

As in the case of 

In Fig. 5, we consider a normal-superconducting boundary where H = H,(T) in the 
bulk of the normal metal (ng = 0) and H = 0 in the bulk of the superconductor 

per 
unit area due to flux penetration. Conversely, there is a loss of condensation energy 
of the order t*Hg/8rr per unit area,. where s* is the distance over which the order para- 
meter varies. 
positive surface energy (5" > A )  .we cannot gain energy by infinite subdivision. 
minimum size of a domain,is of the order of f*, and the limit of x -. 1 for the inter- 
mediate state corresponds to the vanishing of the last domain, not its shrinking in 
size. For thick disks (D- 1) in a perpendicular field, one can show that the crit- 
ical field €I1,' is given by 

[ns = ns(T)]. It is easy to see that there is a gain of energy of order AHc/8rr 2 

Thus the surface energy is given by cy = (<* - A)H$/8rr = AH$/8n. For a 
The 

(9) 

and this relation, as well as the slope of (aM/aH)H = HI, can be used to determine A .  

8 Pippard further suggested a relationship for pure metals between f* and the 
transition temperature and Fermi velocity. As later given by BCSg this is 

where 28 is the energy gap (2A = 3.56 k Tc). 
metals, So w 2000 - 10 000 8, whereas A m 200 - 600 8. 

Calculations show that for most pure 
Hence A > 0. 

From these considerations we have been led to consider two fundamental lengths 
for a superconductor, <* and A. 
for J 2 x  > 1, A < 0, and one might expect a general depression of the free energy below 
even the Meissner curve for D = 0. 
state suggests that such a negative surface energy state might be a proper thermo- 
dynamic phase - homogeneous and reversible. 

If we define their ratio as J2x = A/!*, we see that 

Furthermore, the experience with the intermediate 

THE MIXED STATE OF TYPE I1 SUPERCONDUCTORS 

It is one of the triumphs o.f solid state physics that the negative surface energy 
state was predicted mathematically before there was any recognition of experimental 
justification. However, it remains a paradox, that the experimental evidence for such 
a state was largely ignored both prior to the theory and to its eventual experimental 
"verification." The theory 
1950, "discovered" in 1961, i1 and which has received numerous verifications since that 
time, but some of whose predictions were observable in the experiments of Shubnikov 
et a1.I2 in 1937. The G-L theory, the theory of the microstructure of the negative 
surface energy state due to Abrikosov, l3 and the microscopic theory of Gor'kovl4 (the 
(;LAG theory) have all been the subject of numerous reviews, and only the results will 
be considered in detail in the present paper. 

of course , is the Ginzburg-Landau theory10 published in 

In its original form the theory was based on an expansion of the free energy 
close to Tc in terms of an order parameter, 'and was explicitly designed to take into 
account spatial variations of the order parameter as occur in the intermediate state 
and in thin films. 
microscopic theory when the energy gap w a s  permitted spatial variations. 

It was shown by Gor'kov to be a natural consequence of the BCS 
As developed 
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- 
by Abrikosov l3 Gor'k~v,'~ deGennes,15 Maki,l62l7 Helfand and Werthamer,18-21 
EilenbergerZ2 and others,, it is a sophisticated nonlinear highly mathematical theory 
which is in very good agreement with experiment. 

Despite the mathematical complexity of the theory, there is a physical approach t o  
the magnetic behavior of type I1 superconductors that follows naturally from our previ- 
out discussions of surface energy. As developed by deGenne~,~~ this approach considers 
a specific domained structure - a vortex of circulating superconducting electrons around 
a normal state core. In the following sections we will follow this approach, and will 
later make contact with the exact mathematical results of Maki,17 Helfand and Werth- 
amer18-19 and Eilenberger .22 

The laminellar domainsZ4 of the intermediate state are clearly not the.only con- 
figuration appropriate to a domained structure. 
ic energy while doing minimum damage to the condensat5on energy. 
normal core of radius E*, with a field dropping off from its maximum value at the center 
as in Fig. 6. To proceed further we require a generalization of the London equations 
to take into account the normal core, and the circulation electrons about that core. 

Again the task is to lower the magnet- 
Let us consider a 

The usual form of London's equation [Eq. (4)], when combined with the Maxwell 
Equation V x H = 4nJ/c, can be written as 

V X V = - ~ H  , mc 

. where v, q, and m are the velocity, charge and mass of the superconducting fluid 
(J = nqv). 
we can write Eq. (11) as 

If we write P = mv + (q/c)A, where P is the quantum mechanical momentum, . 

V x P = O  . (12) 

However, from the presence of the normal core and the electron circulafion, we know 
that Eq. (12) cannot hold everywhere. A suitable generalization of Eq. (12) is 

V x P = @ '6(r) , (13) 

where 6(r) is a two-dimensional 6 function and B) is the flux in the core. 
tion of the circulation.$ Pads about the core suggests.@ to be quantized in units of 
hc/2e (q = 2e), where yo = (hc/2e) (= 2 x 10-7 G.cm2) is the unit of flux quantization. 
From Maxwell's Equations and Eq. (2) we obtain as a generalization25 of Eq. (4) 

Considera- 

(14) 
2 hL V x (V X H) .+ H = yo 6(r) . 

Using cylindrical symmetry, a solution of Eq. (14) for 5" 2 r AL is 

We next ,calculate the magnetic and kinetic energy, F, of the vortex, per 'unit 
length of vortex [the core energy (Hg/8n)  %*' can be shown to be less than 12% of the 
magnetic and kinetic energy] 

(16) 
2 H2 + h2 (V XH)' ) 

F = da ( & +  $ nmv2 ) = da ( 8n 
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Using the vector identity, 

and Eq. (14) we obtain 

F = -  ds H X (V 'X H) = ( 'PO >' log - IL . 
r T *  . c* 81.1 

Noting that the flux density B is given by nw0, and neglecting the interaction.between 
vortices, we have for the total free energy 

at equilibrium 

aF YO AL 
E* 

Ho = 4nn - = - log - . . 2 aB 4rr AL 

Thus vortices will penetrate at Ho = Hcl where 

We will find that the condition for Hcl < Hc will be related to the previous negative 
surface energy requirement I* < AL. 
where M = 0, (H&) as that field (E w H) where the vortices overlap. 

We can further estimate the transition field 
Thus 

Y 

V O  Hc2 B w- . 
4n Ck2 

The next step is to relate the fields &.-and Hc2 to H,. In the G-L equations a 
parameter H is introduced such that, as suggested previously, I" = A/J2w.  Furthermore' 

If we ignore the restriction to temperatures close to T, (and consider local supercon- 
ductors where A = h ~ )  we can rewrite Eqs. (19) and (20) as 

H- H~~ - - & (in H + 0.3) 

and 

Hc2 = J ~ H  H, . (23) 

Thus if w > 1/J2,Hc1 < H, and Hc2 > Hc, and we expect the superconductor to make a. 
gradual magnetic transition from the state where B = 0 (Meissner state) at Hcl to the' 
normal state at Hc. where a second order transition occurs. 
H > 1/J2 are called type I1 superconductors and the region between Hcl and H,.2 where 

Materials for which 
' *  
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vortices penetrate is called the mixed state. 
free energy and phase diagram of this state. 

Figures 7 and 8 show the magnetization, 

The resemblances to the gross features of the intermediate state are obvious, 
however it must be emphasized that there are fundamental differences. The intermediate 
state is only macroscopically second order; the last superconducting domain vanishes 
discontinuously at HI. 
Hc2. In the, intermediate state one expects supercooling, i.e. , a lowering of the field 
until the volume-free energy can overcome the positive surface energy. In the mixed 
state there can be no supercooling due to the negative surface energy. Indeed, in the 
original work of Ginsburg-Landau, Hc. ( f2u < 1) is defined as the minimum field to 
which one can supercool a type I superconductor. As we shall see, this is only true 
for certain field orientations. 

However, the mixed state is microscopically second order at 

It is interesting to note that; the vortex approach described here led Tinkham to 
consider the question of what happens to thin disks of type I superconductors in a 
perpendicular field. 
HL to approach zero as d ME". 
a vortex state at HI = J2n & might be energetically favorable and r place the inter- 
mediate state. The transition field HL has been observed for lead," tin,28 and 
indium.28 
in HI for low thicknesses is related to a thickness dependence of U. However, the 
bulk value of u (< 1IJ2) can be obtained by extrapolation. 
instead of supercooling for the determination of at in type I material. 

For example, for low n ,  A M 5" and, given Eq. is) ,  one expects 
TinkhamSZ6 from energy consideration, suggested that 

Figure 9 shows experimental data for lead films. In this figure the rise 

This technique can be, used 

EXACT THEORIES OF THE MIXED STATE 

The picture of the type I1 superconductor is physically that. of the reduction .of 
magnetization due to the penetration of vortices with normal cores. 
ulations of the Gor'kov equation leads to the followin 

The exact calc- 
expressions for Hcl(T), Hc2(T) 

and the slope of the magnetization curve close to Hc2: K7 

1 1 
(1.16) ( k  - 1) ' 

where nl(T), n2(T), and, 9(T) approach N as T -, T, and 29,30 

In Eq. (27) R is'the mean free path, and in Eq. (28) Po is the residual resistivity 
(0.m) and y (erg/cm3 OK2) is the coefficient of the linear term in the electronic 
specific heat. It should be emphasized that Eqs. (24)-(28)'take band structure ef- 
fects into account only in terms of a one-band effective mass model. In this sense 
they are restricted in the same sense as BCS. However, the two terms for N. permit 
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one to define an intrinsic type I1 superconductor ( A  >> Eo). and an extrinsic type I1 
superconductor ( A  << 5,). 
"clean" and "dirty" superconductors , and hence one expects poorer agreement with theory 
for clean materials where anisotropy and multiple band effects have not been washed. out 
by scattering e 

This classification .coincides with the distinction'between 

Equations (27) and (28) permit one to give a more precise definition of 5". Using 
the BCS results that, for T - Tc 

we obtain 

in the clean and irty limit, respectively. From Eq. (31b) one notes that for impure 
metals 5" M ( 5 , A ) t  M (vFA)~ and is related to a diffusion length..15 

The original theory of G-L and Abrikosov was confined to temperatures close to 
Tc, wherg the order parameter was small and the free energy expansion might be expect- 
ed to be valid. However, the order parameter is also small close to I&2, and one might 
expect the theory to have a wider ran e of validity. Calculations of G~r'kov,'~ 
Maki,16s17 Helfand and Werthamer, 18-2K and Eilenberger ,22 have shown that the temper- 
ature dependence of either x1(T) , 9(T) or x3(T) is quite weak: and is of the order 0.f 
20% from 0 to Tc for extrinsic type I1 superconductors. However, this result is cor- 
rect only for low n material. 

ic nature of the normal state has to be included before it can be discussed. 

The general temperature and impurity dependence of 
. H1(T) and x2(T) is quite complicated, and an additional physical mechanism, the magnet- 

PARAMAGNFTIC AND IMPURITY EFFECTS ON Hc2 

Up to the present we have neglected the magnetic properties of the normal state. 
For transition metals such as Nb, or intermetallic compounds such as Nb3Sn, V3Si or 
V3Ga the paramagnetic susceptibility, 
equal orbital and spin  contribution^.^^' For a BCS superconductor the ground state 
consists of pairs of electrons with opposite spins, and hence the spin susceptibility 
is zero in the superconducting state. The unequal assignment of spin magnetic energy 
between the normal and superconducting states is the additional factor that has to be 
included to account in detail for the high fieid behavior of type I1 superconductors. 

is of the order of 20 x with about 

In the original suggest ion of Clog~ton~~ and Chandra~ekhar~' the paramagnetic 
limiting field Hp was obtained by equating the magnetic energy of the normal state to 
the condensation energy, i.e., 

2 

(32) - x  1 &- HC 
2 N P  8 n *  
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2 2 Using XN = Nb , and the BCS relations HC/8n = NA2/4, 2A = 3.5 kTc, we obtain 

(33) 
3 Hp = 18.4 X 10 .Tc . 

In these papers the prediction was made that Hc2 could not exceed Hp. A slightly more 
realistic calculation (although still incorrect) utilizes Fig. 10 to calculate the ef- 
fect of normal state spin paramagnetism. 

If we ignore spin contributions in the superconducting state we have for the mag- 2 netization M 5 xs(H- H;g), where x s ' =  1/8m and therefore: 

* 
In Eq. (34)' gE(Hc2) is the normal state free energy without the spin paramagnetism, 
xNH. 
limitation. 

The quantity H:2 is the upper critical field, in the absence of the paramagnetic 
If we include the spin paramagnetism in the normal state we have 

0 * xNH2 grim = gn(Hc2) - 2 ' (35) 

Equating Eqs. (35 and (34) at the transition field Hc2, we obtain 

* where we have utilized Eq. (32). 
we estimate (Hc2/Hc2) 
the above treatment anti one notes the first order transition to the paramagnetic 
normal state at Hc2. 

For a superconductor where Hc2 > 100 kG, Tc PJ 1O0K, * 0.6. Figure 11 shows the magnetization curve resulting from 

There are two objections to the above treatment. First, it is not clear how the 
normal cores will modify the free energy of the superconducting state. In terfns of 
the simple vortex model, the essentially normal material of the core will have a tend- 
ency to lower the superconducting free energy, and lead to a magnetization that ap- 
proaches that of the normal state at Hc2. Figure 12 shows the expected free energy 
curve and magnetization. One notes that the transition is second order, and that M 
crosses the H axis at a field.where g,(H,T) has a maximum. 
order of the transition, the magnitude of Hc2 is not very different from the simple 
relation.Eq. (36). A second more significant effect arises from the fact that in 
highly disordered alloys there may be appreciable spin scattering in the superconduc- 
ting state leading to a depairing of the spins in the superconducting state. This 
last effect, which is the dominant one, leads to a reduction of the paramagnetic ef- 
fect on Hz2 due to an equalization of the spin paramagnetism in the normal and super- 
conducting states. 

Despite the change in the 

The parameter to measure the effect of spin-orbit s'cattering can be estikated by 
comparing the energy uncertainty introduced by such scattering with the energy gap. 
If Tso is the spin-orbit scattering time, from the uncertainty principle one ex ects 
depairing effects to be large when [h/Ts,(3.5 kT,)] 2 1. The exact theorie~l~,~~ to 
be discussed introduce two parameters to describe scattering effects: 

A f (hI3n kTcTso) 
SO 

(37) 
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where T~~ is the spin-orbit scattering time, and T is the spin independent scattering 
time. 
tified with the transport scattering time. As suggested by Eq. (36), the basic para- 
meter of the paramagnetic effect is 

In the work of Maki17 and of Helfand, Werthamer, and H ~ h e n b e r g , ~ ~ , ~ ~  T is iden- 

and Maki17 introduces a mixed parameter 8, to characterize the paramagnetic effect, 
and its reduction by spin orbit scattering, 

L p =  2 cy 
o 1.78 Aso 

To summarize the discussion t o  the present, we note that the results of the GLAG 
theory, Eqs. (24)-(28), are only exactly valid near Tc. 
atures and when spin paramagnetism can be neglected, Eqs. (24)-(28) retain. approximate 
validity, and departures from the exact theory will be measured by the parameter h 
[Eq. (38)]. For high H dirty materials the parameters cy [Eq. (39)1, hso [Eq. (37)], 
and Bo .[Eq. (40)], determine the upper critical field and its temperature dependence. 

Close to Hc2, at lower temper- 

Before we discuss the formal theories and their comparison with experiment it, 
will be helpful to make three general observations about experimental results. 
it is important t o  note that in all of the theories, paramagnetic,effects vanish at 
Tc. 
the superconductor,.and hence the mixed state is depaired. 

First, 

Physically, this arises because close to Tc quasi-particle excitations dominate 
Thus if we use the notation: 

we obtain 

L I I 
C C. C 

where N is given by E q s .  (27) and (28). Second, in the dirty limit, the parameter CY 
does not have to be fit to the data, but can be obtained independently. 
tion follows from the theoretical temperature dependence of H&, which will be dis- 
cussed presently, and Eqs.  (41) and (28) plus some results from BCS. In the dirty 
limit one obtains 

This observa- 

where p is in n-cm and y has been defined below Eq. (28). Further algebra shows that 

dHc2 (- dT >; * 
CY = 5.33 

I 
C 

Hake34 has presented an admirable review of the effect of spin paramagnetism on the 
mixed state, and this review has an appendix which lists a variety of formulae showing 
relationships between experimental and theoretical quantities. . 

The third observation is the most important and must be taken into account before 
any discussion of experiment. In general there are two ways of presenting experimental 
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data. 
ature. 

One can use the usual relation Hc2 = &nlH, and show “1 as a function of temper- 
For greater generality it is convenient to introduce a normalized quantity 

This mode of presentation presents two difficulties: first, i’t combines ‘two quantities 
R,-2 and H,, and hence couples the mixed state with the zero field state; second, it 
requires the-experimentalist to have data on Hc(T) for the specimen under consideration, 
and these data often are not available. 
use of the normalized field 

Werthamer, Helfand and Hohenberglg suggest ‘the 

for comparisons between theory and experiment 
fect‘s as well as spin paramagnetic effects in terms of h* (to be distinguished from 
$2) 

and they present data on impurity ef- 

* Figure 13 shows the results of the calculation of Helfand and Werthamer” for h 
as a function of T/Tc for CY = 0, and for two values of h .  
results expressed in terms of %*(t). 
K*. However, it must be‘emphasized that the calculations shown in Fig. 14 are based 
on BCS values for Hc(T), and the small variation in x*(t) with temperature holds only 
for  BCS-like superconductors. 

Figure 14 shows the same 
One notes the weak impurity dependence of h* and 

This observation can be seen more clearly if we note that 

K*(t) = - h* [Tc(dHc/dT)T /Hc(T)I 
C 

x*(t) = - h* (P(T) . 
For all superconductors, from the normalization of h*, n* - 1.0 as T -, Tc. 
u*(O) will depend strongly on the value of ~(0). 
Pb, V, Nb3Sn and Nb. 
pure ‘(A = 0) and dirty (A = 0)  materials. 

However, 
Table I shows values of V ( 0 )  for Sn, 

. It also shows the value of cp(0) predicted by BCS, and x * ( O )  for 

TABLE I 
n*(O) for BCS and Nan-BCS Superconductors 

w [ x * ( o ) ]  pure rn*(o) 7 dirty 

Sn 
Pb 

V 
Nb3Sn 
Nb 

BCS 

1.855 .1.35 
2.132 1.56 
1.773 1.29 
2.000 1.46 
2 .ooo 1.46 
1.737 1.27 

1.28 
1.47 
1.22 
1.38 
1.38 
1.20 



* FromTable I we see that the variation in x*(O) between different materials is much 
larger than the variation induced b changing from completely pure to impure materials. 
Clearly the simple statement that H (0) > 1.27 does not in itself constitute a depart- 
ure from theory. For completeness we note that 

3: 

and again any comparison between theory and experiment has to include a knowledge of 
(dHc /dT) Tc. 

The results shown in Figs. 13 and 14 are in excellent agreement with low N. mate- 
rials where paramagnetic limitations are inoperative, and where impurity effect.s dom- 
inate. There is not good agreement for clean type I1 superconductors such as V and 
Nb.35236 and similar departures 
are seen for V. For type I material such as Sn and In,27,28. where measurements have 
been made of the transition fields of thin films in a perpendicular field, similar . . 
departures are noted. It is interesting to note that in all cases the departure from 
theory is expressed by the experimentalist as a preference for the two-fluid temper- 
ature dependence of N (Eq. 21), i.e., H = nO[l + (T/Tc)2]-1. For V, Nb and Sn use of 
the theory leads to h*(O) = 0.85, 0.83 and 0.85, respectively, whereas the maximum 
value of Fig. 13, is about 0.72. The discrepancy (w 2073, although small, is well out- 
side experimental and theoretical uncertainty. It cannot be accounted for on the 
basis of strong coupling effects, and according to Hohenberg and Werthamer21 may arise 
from Fermi surface anisotropy effects. Before we leave the area of nonparamagnetically . 
limited type I1 superconductors, it is of interest to point out the extensive numerical 
calculations of Eilenberger22 for HI and x2 as a function of purity including both S-S 
and S-P scattering. 

' 

Figure 15 shows the departures from theory for Nb 

. Although the small departures from theory for clean type 11 superconductors are 
sufficiently large to bother theoreticians and experimentalists, the paramagnetically 
limited alloys (i.e. the dirty limit) appear to be well understood. Figure 16 shows 
the comparison between h* for Ti(0.56)Nb(0.44) and the predictions of the theory of 
Werthamer, Helfand, and Hohenbert.19 In fitting the data, cy is fixed by Eqs. (42) and 
As, is chosen as a free parameter. The fit is excellent. 

Maki17 has expressed his results in terms of x1/x and x2/u as a function of t and 
Bo as shown in Figs. 17 and 18, and one notes the depression of n2(T) as well as x1(T)' 
below x where the paramagnetic effect is operative. In this connection it is important 
to note that q(T) is defined by - 4n(MS - fh) = (Hcq - H) /[2xz(T) - 1) (1.16)]. Figure 19 
shows a comparison between the Maki theory for'q(T) and the experimental results of 
Hake.34 The agreement appears satisfactory. 
the effect of spin paramagnetism from the work of Hake,34 where the free energy as yell 
as the magnetization is plotted as a function of field for a ~il6%~0 alloy with an 
€& of about 100 kG, paramagnetically reduced to about 40 kG. 

2 

Figure 20 is an impressive example of 

Figure 21 from the paper of Hake shows a comparison of the Werthamer, Helfand, and 
Hohenberglg (WIM) computer solutions for h* (t = 0) as a function of cy and Aso, com- 
pared to the analytic approximate form derived by Maki. The Maki17 expression, cor- 
rected from the original paper, as quoted by Hake, is 

(46) 
2 f -1 

h*(t) = 1.39 hc2 [l + (1 + Bo hc2) 1 , , 
* where 8, is given by Eq. (4) and hc2 = Hc.(t)/H22(0). A condition to be met for both 

theories is that the spin,flip scattering time T~~ be large compared to the transport 
scattering time T ;  a condition which is physically realizable in high N rransition, 
metal alloys. As shown in the paper of Hake, one can get about equally good fits to 
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either the Maki or WHH theory within the experimental uncertainties. 

linally, it is imporiant to note that for A,, 4 m, there is no paramagnetic limit- 
ation of J+2, and Hc2 -. Hc2. 
one might expect high Z alloys to have less paramagnetic limitations and hence achieve 
the upper critical field predicted from Eq. (28). 

Since As, cu(Z4), where Z is the average atomic number, . 
* 

CRITICAL FIELDS OF INTWALLIC COMPOUNDS 

From the previous discussion it is apparent that dirty type I1 superconductors 
(extrinsic) are in excellent agreement with theory for both the paramagnetically limit- 
ed and nonparamagnetically limited regime. 
exhibit characteristic departures from theory at low temperatures. 
materials (if they exist) have yet to be critically examined in the paramagnetic regime, 
although the theory exists. 
cribed to band structure and anisotropy effects, but no quantitative-calculations have 
been made. 

Clean (intrinsic) type I1 superconductors 
Intrinsic high H 

The departure from theory for low n materials has been as- 

It is an interesting question whether similar departures from theory might be 
expected for the intermetallic compounds Nb3Sn, V3Si and VgGa. 
significant departures from "normal-metal" behavior31 above Tc, and there has been lit- 
tle success in correlating their superconducting behavior with existing free electron 
theories. One is inclined to believe that these materials exhibit band anisotropy and 
strong coupling, but they present experimental difficulties for both sample character- 
ization and experiment. They are difficult to prepare in single crystal form, and the 
high critical fields and transition temperatures make it difficult to extract such 
parameters as the residual resistivity and electronic specific heat. 

V3Ga, as well as a calculation of H A  (HA = 0.7 ?LL/J$. Unfortunately, except in the 
case of Nb3Sn, the Hc2 data do not necessarily refer to the same specimen for which 
the p is given. Moreover, resistivity data on sintered specimens are often overesti- 
mated due to the problems of porosity. 
are intrinsic (H > 2nj). 
preparation for NbgSn, V3Si and V3Ga suggests that all are intrinsic and more so than 

These materials show 

. 

Table I1 gives data for (~H,Z/~T)~~, (dHc/dT)T , y, p and n.for Nb3Sn, V3Si and 

From the Table one notes that Nb3Sn and V3Si 
However, the apparent insensitivity of (d&a/dT)~~ to sample 

TABLE I1 
Parameters of Type I1 Intermetallic Compounds 

b) a) 
TC P Y (dHc2 /dT) TC (dHc/dT) TC "a 
(OK) (10'~ n*cm) (10 4 erg/cm3 OK) (kG/'K) (G/OK) 

Nb3Sn 18 1 .o -590 37 2237 8.2 

V3Si 17 0 . 4  2.4 -19 .o 

37 

41 

41 

-18.0 37 1.18 31 

39 

38 
-72o4O 19 5.0 

V3Ga 16 4.0 2.7 -45 .o -870 42 37 ~49.0 

a) Eq. (28). 
b) Eq. (25) at Tc. 
c )  Best values .derived by L. Vieland from Ref. 40 and Ref. 42. 
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is suggested by the calculation of t t ~  from Eq. (28). For example doubling the resist-. 
ivity of Nb3Sn has no measurable effect on the slope (dH,z/dT)~~.&~ Anothe example. 
is the invariance of dHc2/dT under large changes in stoichiometry for V3Ga.'l Further- 
more, both VjSi and Nb3Sn (and perhaps V3Ga) exhibit specific heat anomalies at low 
temperatures that cast some doubt on the quoted y 's .  Since this Table includes two 
materials of practical interest, and three of great theoretical interest, it is of 
some importance to obtain critical field data on well characterized specimens. 

Before leaving the intermetallic compounds; it may be of value to consider two- * 

Roger Cohen of our laboratory has made some preliminary calculations of band effects. 
the dependence of n on the material properties of a two-band system with two ener 
gaps (e.g., an s ap and a d gap). Similar calculations have been made by Tilley 
and Moskalenkov.85 Cohen expresses his results as a function of Ni, the density of 
states in the ith band (i = 1,2); V F ~ ,  the Fermi velocity; Tc; and the energy gap, A. 
A basic parameter is the quantity r, where near Tc 

E% 

Al'ABcs = [l + (N2/Nl)r21/[1 + (N2/Nl)r41 ( 4 7 )  

. .  . (48) 
2 2 2  

A1 A2 = r 

and ABCS = ABCS(T), and ABcs(0) = 3.5 kTc. The result for n in the clean limit is 

where 

Figure 22 shows an approximately self-consistent variation of n with r for NbjSn as a 
function of various d-band Fermi velocities.. The curves are based upon paramagnetic 

. susceptibility, Hall data, specific heat data for Nb3Sn. Unfortunately, it is not . 
possible to fit all the existing data, in particular h and n, with this model. It is 
clear that more data are required to satisfactorily understand 8-W intermetallic com- 
pounds. 

SURFACE SUPERCONDUCTIVITY 

Up to now, we have not touched.upon the third critical field, Hc3. This field 
arises from a peculiar boundary condition of the G-L equations for a field parallel to 
the surface. Under these conditions a superconducting sheath of thickness ,SY 5" can 
exist up to a field Hc3 1.1.695 Hc2 (Fig. 23). 
Hc3 is the supercooling field. There is good experimental agreement with the ratio 
Hc3/Hc2 when there is proper control af the surface. 
AmbegaokarLF6 in the strong-coupling limit for pure superconductors close to Tc show 
that the ratio is maintained. 
tors suggest that &3/Hc. at low temperatures can be as large as 2.2 due to the effect 
of electron reflection. FischerLC8 has interpreted microwave data for lead along these 
lines, and derived an Hc2(T) for Pb which is in good agreement with the calculations 
of Werthamer and Helfand. 
is not directly measurable and there is some question of interpretation. 

Furthermore, for type I superconductors 

Calculations by Eilenberger and 

Recent calculations of LGdersLC7 for clean superconduc- 

' 

However, in these measurements (n < 1/72, 1.695 J2rt > 1) Hc2 
Moreover, 
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given the disagreement of Nb and V with the calculations of Helfand and Werthamer,18 
there is a question as to whether one should.expect good agreement for Pb. Finnemore 
et al.36 measured Hc3/Hc2 for Nb, for samples with a residual ratio of 280 and 2000, 
and found Hc3/Hc2 of 1.69 and 1.50 respectively. However, the transitions were broad 
and extended to Hc3/Hc2 of 1.8 and 2.0 respectively. 49 

Saint-James5O has derived the modification of Hc. when there are paramagnetic ef- 
fects with the following expression at T = OOK: 

Hc3(0'oc) 1.695 (1 + CY 2) f - - 
Hc2(0yru) [l + (1.695 ' e 

As before, paramagnetic effects vanish close to Tc. 
tering one obtains 

When one includes spin orbit scat- 

Hc3 (T , cr,h so) = 1.69 Hc2 (T , 1.69a,h so) - 

and, as Saint-James points out, simultaneous measurement of Hc2 and Hc3 should permit 
direct determination of K and 1,;. 
experimental verification. Equation (51) for CY sz 1 suggests Hc3(0,cr) FJ 1.2 Hc2(0,a) , 
which. is in fair agreement with measurements of Kim et 

Equation (52) does not appear to have received any 

Finally, I resent some recently measured data on practical materials made by 
Saur and Wizgall 82 
predictions of Hak>Ii!k possible values for Hc2 if their properties could be maintain- 
ed under massive alloying to raise p .  As noted, since I believe the intermetallic 
compounds are inherently intrinsic, this part of the Table should be considered with 
some discretion. 
'related to their Tc, and poorly understood band structure and electronic interactions. 
It is quite possible that large enhancements in Hc2 beyond that realized today will 
only follow the understanding that leads to increases in Tc above 20°K. 

. 24). Table I11 summarizes the results as.wel1 as giving some 

In my own opinion the critical field of these materials is intimately 

TABLE I11 . 

Upper Critical Fields of Intermetallic Compounds 

kG) (after Hake53) 
1. 2 max ( 

Material H 2(0)(kG) 

Nb3Sn 
V3Si 

NbN 

V3Ga . .  

245 
235 
210 
153 

880 
850 
810 
2 50 
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THE EFFECT OF RADIATION ON THE PROPERTIES OF SUPERCONDUCTING MATERIALS* 

G.W. Cullen 
RCA Laboratories 

Princeton, New Jersey 

It has been clearly demonstrated that the physical perfection of superconducting 
materials has a large influence on the superconducting properties. In general, it has 
been found that the current carrying capacity is proportional to the defect density, 
and also to the degree of difference between the defect and the matrix. Physical het- 
erogeneities have been introduced into the materials by mechanical deformation, inclu- 
sion of second phases, voids, and impurities, and, .finally, by irradiation. The 
inhomogeneities are viewed as pinning centers which restrict the motion of magnetic 
flux through the material. On the basis of a Lorentz force model, as the flux motion 
is pinned, higher transport currents may be supported by the material. 
the kinds of pinning centers which are effective in the various superconducting mate- 
rials, and the energetics involved, have been given in some detail in the first two 
presentations of this session of the Summer Study by J. Livingstonl and W. Webb.2 
The flux pinning model was originally developed in a series of papers over about a 
two-year period by AndersonY3 Friedel, de Gennes and MatriconY4 Silcox and roll in^,^ 
Kim, Hempstead and Strnad,6 and Anderson and Kim.7 

An analysis of 

Introduction of defects by irradiation offers several advantages over the other 
methods of creating physical heterogeneities, particularly for the brittle beta-tungsten 
intermetallic compounds. The radiation damage may be introduced quantitatively, and, 
for certain types of radiation, the defects are introduced uni5ormly throughout the sam- 
ple. 
and difficult to examine, the size and distribucion of the damage spots is uncomplicated 
as compared to other types of structural heterogeneities. The size and density of the 
induced damage may be detected quantitatively by transmission electron microscopy, and 
thus the possibility is o€fered to relate these factors directly with the electrical 
properties. To date relatively little direct examination of radiation damage in the 
superconducting materials has been done. 
ductors anneal out at room temperature, and thus direct observation of the defect 
structure in these materials is impractical. .In the ,refractory type I1 superconductors 
the radiation effects 'do not anneal out at room temperature, but direct observation of 
the defect structure has been delayed by the difficulties involved in preparing well- 
defined single phase material, ,and in thinning the material for observation by trans- 
mission microscopy.. 

Although the fine structure within an individual damaged "spot" is complicated 

The radiation effects in the soft supercon- 

A number of investigations have been,carried out since 1960 on the effect of ir- 
radiation on the properties of the superconducting materials. 
defined : 

General trends may be 

- In Pb and Sn, the superconducting properties have been altered by deforma- 
tion, alloying and irradiation, but the largest effects have been realized 
by deformation. The irradiation effects generally anneal 'out below room 
temperature. 

* The research reported in this paper was sponsored by the Air Force Materials 
Laboratory, Air Force Systems Command, Wright Patterson Air Force Base , Ohio, 
under contract Number AF33(657)-11208 and RCA Laboratories, Princeton, 
New Jersey. 
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- In the NbZr and NbTi alloys, large changes in the superconducting pro- 
perties have been introduced by deformation and introduction of second 
phases, but with the exce.ption of a "peak" effect observed in NbZr, ir- 
radiation has very little influence on the superconducting properties 
of both annealed and worked material. 

- In Nb, both deformation and irradiation alters the superconducting 
behavior, but the largest change has been realized by neutron irradi- 
ation. The samples were exposed to irradiation at room temperature, 
and thus the effects observed are stable at room temperature. 

- In the beta-tungsten compounds, the superconducting properties have 
. been shifted by introduction of second phases and irradiation. The 
largest changes in the current density have been realized by irradi- 
ation. The irradiation induced properties (at least Jc) are stable 
to temperatures well above room temperature. 

It is clear that the most fruitful area for investigations of irradiation effects 
on superconducting properties lies with the type I1 superconductors. These materials 
are of practical importance, the effects observed are large, and are stable at tempera- 
tures used for observation of the defects. Single crystal Nb has been available for 
several years, and single crystal Nb3Sn has recently been prepared. 

A review of investigations of the effect of irradiation on the properties of 
superconducting materials is presented in the following sections. The soft supercon- 
ductors are included for background information,'but for the reasons stated above, the 
emphasis is placed on the beta-tungsten materials. 

THE EFFECT OF IRRADIATION ON THE PROPERTIES OF THE SOFT SUPERCONDUCTORS 

In an effort to compare the effect of alloying and radiation damage on Sn, 
Rinderer and Schmid 8 irradiated pure tin strips with 5.3 MeV a particles at 4.2'K. 
The more massive cy was used to produce a large number of defects. The sample thick- 
ness was chosen to be- 2 X the penetration depth of cy particles in Sn (- 0.2 mm) and 
the samples were exposed on both sides. Large increases in resistance were realized, 
and the Tc was decreased by a factor of 50-more than alloyed samples with e uivalent 
resistance changes (Lynton et al.') . However, van Itterbeek and coworkers18 later 
found the same Tc as a function of resistivity relationship for a-irradiated samples 
as had been observed in the alloyed samples. Thallium and indium samples were also 
cy irradiated at 4.2OK. The irradiated T1 behaved similarly to T1 wires plastically 
deformed at 4.2OK, and the In compared, in Tc vs p behavior, to TeIn alloys. 
radiation damage in these soft materials anneals out at low temperatures. More than 
half of the effect is lost at 16'K for the In (van Itterbeek et a1.I0), and all of 
the irradiation induced effect is annealed out of the Sn at room temperature in 
24 hours (Rinderer- and Schmid8). 

The 

Druyvesteyn and van Ooijen'' measured the increase in the critical field of Pb 
after neutron irradiation at 78'K. 
found that the superconducting property measured, in this case Hc, may be related to 
the radiation induced change in resistivity. The dHc/dp obtained by irradiation and 
by cold rolling at 78'K are similar. 
which are a factor of ten larger than that induced by neutron damage for fluxes of - 1018 n/cm2. 

As with the former two groups, these investigators 

Cold rolling, however, leads to changes in Hc 

In two of the three investigations of the influence of irradiation on supercon- 
ducting properties of the soft metals, the' relation between the change in the super- 
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conducting property measured with the change in resistivity was similar, independent 
of the means of introducing the lattice 8efects. 
irradiation, alloying, and cold rolling introduce quite di'fferent types of crystal- 
lographic inhomogeneities, the superconducting properties appear to be more directly 
related to resistivity. Disagreement between the measured effects and those anticipa- 
ted by theory is explained on the assumption that the sample is heterogeneous and 
contains microscopic regions with different resistivities. 

Since the defects resulting from 

Blank and coworkers, '2 from magnet izat ion measurements , observed increases in the 
frozen-in.magnetic moment for rhenium and tin which had been neutron irradiated at 77OK. 
The Tc of Rh increased, while that of Sn decreased, as has also been seen by the other . 
investigators. 
was noted that addition of tungsten also increases the Tc of Rh, while the introduction 
of impurities decreases the Tc of Sn. The comparative temperatures of annealing out of 
the introduced. damage may be related to the comparative melting points of these two 
materials. 

The changes in Tc and the magnetization were not 'related to p ,  but it 

Coffey and coworkers13 observed changes in the resistivity of pure annealed lead 
which had been deuteron irradiated at 30°K. 
0.5 X About 
75% of the induced resistivity increase remained after a 77OK anneal, and 1% after a 
30OoK anneal. 

A change in the normal resistivity of 
Q*cm was observed at the highest exposure of - loz1 deuterons/cm2. 

THE EFFECT OF IRRADIATION ON THE PROPERTIES OF NbZr 

Babcock and Riemersma" observed no change in the operation of a Nb75%Zr25% 
solenoid after exposure, in liquid helium, to a 400 MeV proton flux of 8 X 1010 p/cm*. 

McEvoy et al? observed no change in the flux shielding properties of 25% cold 
worked Nb75%Zr25% after an exposure to a fast neutron flux of 1 X 1018 n/cm2 (at - 5OoC), and proposed that the lack of change was due to the fact that the material 
had already been cold worked prior to irradiation. However, Keller et a1.16 observed 
no change in the current carrying characteristics, with the exception of a peak effect 
near Hcp, of annealed NbZr exposed to a deuteron flux of 1017 d/cm2 at 30°K. 
al. ,13 at the same laboratory, observed about a 20% decrease in the Jc of cold worked 
NbZr and NbTi, deuteron irradiated under the same conditions as stated above. 

. Coffey et 

THE EFFECT OF IRRADIATION ON THE PROPERTIES OF Nb 

Chaudhuri and coworkers17 have measured the superconducting and normal state low 
temperature thermal conductivity of single crystal Nb and V samples irradiated by 
1 x 1018 n/cm2 at 3OoC. Both the superconducting' and normal (driven normal by a mag- 
netic field) thermal resistivity of the Nb increased after irradiation, but only the 
superconducting thermal resistivity of the V increased. These investigators proposed 
that the exposure to the fast neutrons resulted in the formation of vacancy-interstitial 
pairs which condense into dislocation loops. The strain fields around the dislocations 
act as phonon scatterers. A possible difference between the Nb and V is that, at the 
30°K measurement temperature, both interstitials and vacancies can migrate in the lower 
melting V, but only vacancies migrate in Nb. 

. 

Swartz and coworkers18 observed no effect of fast neutron irradiation (to levels 
as high as 1.5 X 1018 n/cm2) on the magnetization of arc cast Nb and Nb70%Ta30% alloys. 
Under the same conditions, however, these investigators did detect changes in the 
intermetallic superconductors NbgSn, Nb3A1, V3Ga and V3Si. 
tributed to the difference in the degree of order between these two classes of materials. 

The differences were at- 
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But later Kernohan and Sekula" found that almost ideal irreversible type I1 behavior 
in the magnetization of single crystal Nb could be realized by fast neutron irradia- 
tion of 2 X 1019 n/cm2 (at 4OoC). 
levels employed by Swartz and coworkers,l8 so that the differences observed by these 
two groups must be attributed to the difference in the nature of the arc cast Nb as 
compared to annealed single crystal Nb. As is observed in the compound superconductors, 
the irradiation of Nb to the 2 x 1019 n/cm2 level resulted in relatively little change 
in the Tc (- 1% decrease). 
pinning centers are more effective in Nb than inhomogeneities introduced by mechanical 
deformation. 
working. 

Effects were also observed at the lower irradiation 

It is interesting to note that the neutron induced flux 

Essentially irreversible behavior has not been achieved in Nb by cold 

Tucker and have observed neutron induced effects in polycrystalline Nb by 
transmission electron microscopy. These investigators find evidence to show that the 
neutron induced spots are indeed dislocation loops. The damage spots were found to be 
near the foil surfaces, even though the sample appears to have been thinned after ir- 
radiation. 

These investigators do not relate the directly observed defect structure with 
superconducting,properties. 

THE EFFECT OF IRRADIATION ON THE PROPERTIES 
OF THE BETA-TUNGSTEN SUPERCONDUCTORS ' 

A number of groups have been active in investigating the influence of irradiation 
on the superconducting properties of the beta-tungsten compounds. 
this work, it is important to point out that the microstructure of these hard, brittle 
materials is very much influenced by the method of preparation. 
vestigations such as these, where the physical perfection is an important variable, 
one expects to sFe differences in the effect of irradiation for materials prepared by 
the different methods. For example, in vapor deposited NbgSn, very small preparative 
variables yield slightly off stoichiometric material which behaves radically different- 
ly than the stoichiometric material after exposure to fast neutron fluxes. The inves- 
tigators at the General Electric Research Center (Swartz et a1.18; Bean et have 
used, for the most part, arc cast material. At the Westinghouse Research Laboratories 
(Coffey et al.l3), Nb3Sn vapor deposited by RCA on a Hastelloy substrate (HanakZ2. 

have prepared Nb3Sn by diffusion. At RCA (McEvoy et a1.15; Cullen and N o ~ a k ~ ~ , ~ ~ ;  
Cody, unpublished) vapor deposited Nb3Sn on ceramic substrates   culler^^^), and single 
crystals prepared by a closed tube transport process (Hanak and Berman28) have been 
investigated. 

Swartz and coworkers18 detected changes in the magnetic hysteresis of arc cast 
Nb3Sn, Nb3A1, VgGa-and V3Si after an irradiation of 1.5 X 10l8 n/cm2. 
of the changes observed is inversely proportional to the average atomic mass of the 
elements making up the compounds. The lar est change in the calculated J, was observed 

ing and diffusion, and considerable differences were observed in the effect 'of irradia- 
tion between these two samples even though the unirradiated transition temperatures 
were very similar. The transition temperature is relatively insensitive to material 
changes which have large effects on the Jc. 
this investigation was -0.22'K for the arc cast Nb3A1. 

Before summarizing 

Particularly in in- 

Hanak et al.23) has been employed. The Siemens investigators (Bode and Wohlleben 14 ) 

The magnitude 

in V3Si; AJc = 7 X lo5 A/cm2 for n/cm 5 . The Nb3Sn was prepared by both arc cast- 

The largest change in the Tc observed in 

At the same 'laboratory, Bean and coworkers21 investigated the effect of thermal . 
neutron irradiation on the superconducting properties of Nb3A1 and V Si doped with 
fissionable uranium and boron. After exposure to a flux of 1.7 X n/cm2 the 
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material containing 0.321 at % U exhibited current densities as high as 2 x lo6 A/cm* 
at 30 kOe. 
the preirradiated value, and is higher by a factor of - X 10 than had been previously 
realized for these materials in the 30 kOe field. 
tively insensitive to the magnitude of the applied field, and thus the current carrying 
behavior of these samples does not adhere to the Lorentz force model. As in the inves- 
tigations on the undoped materials, the increase in the Jc of the irradiated doped 
V3Si is two to three times that of the Nb3A1. Similar decreases in the transition tem- 
peratures were also observed as for the undoped samples, - -0.22OK for V3Si, and - -0.45OK (below the preirradiated Tc) for the Nb3A1. 

Coffey and coworkers13 have examined the effect of low temperature deuteron irra- 
diation on the superconducting properties of vapor deposited Nb3Sn on the Hastelloy 
ribbon substrate. Critical 
current measurements were made at temperatures between 5.1 and 12 .Z°K. Appreciable 
differences were observed between two samples which exhibited different preirradiation 
current carrying capacities. 

This represents an increase in the Jc by more than a factor of 100 over 

Above 10 kDe the Jc becomes rela- 

The samples were exposed to a 1 X 1021 d/m2 flux at 30°K. 

At 5.7'K the Jc of the initially low Jc sample increased on irradiation from 6 to 
10 X lo8 A/m2 in a 20 kOe field and remained at the higher Jc after annealing at 3000K. 
At a measurement temperature of 10.7OK, the Jc of the same sample decreased after irra- 
diation, and exhibited recovery after the 3000K anneal. 
measurement temperatures for a sample with a preirradiation Jc of - 4 X lo9 A h 2  at 
20 kOe. As with the low J, sample, the deuteron induced behavior was stable to a 300°K 
anneal for a 5.1°K measuring temperature, but unstable at 12.2OK. 
peratures were lowered and broadened by the deuteron irradiation, and 75-80% of the 
effect remained after a 300°K anneal. A linear increase in the resistivity with in- 
creasing deuteron exposure was observed, of which - 57% remained after annealing at 
30O0K. 

The Jc was decreased at all 

The transition tem- 

Bode and W ~ h l l e b e n ~ ~  have observed over 300% enhancement of the Jc of diffused 
NbjSn after proton irradiation of 8 x 1016 p/cm2 at temperatures between 100 and 2OO0C. 
Above this irradiation level the Jc decreases. 
independent of the applied magnetic field up to 50 kOe, thus the behavior of these 
samples does not follow the Lorentz force model. By comparing the levels of neutron 
(Cullen et al.29) and proton irradiation which lead to the same Jc enhancement,. a 
ratio of effective levels of Np/Nn = (3-6) x 
calculate that at this ratio, for a displacement energy of 20 eV, the same concentra- 
tion of defect-clusters will be produced by either neutrons or protons. 
induced Jc is not altered by a 12 hour anneal at 25OoC. 
by annealing at temperatures between 700 and 800°C. 
clusters is proposed as the mechanism to explain the decrease in the enhanced Jc at 
irradiation levels above 8 x 10l6 p/cm2. 

The postirradiation Jc is essentially 

was derived. These investigators 

The proton 
The original Jc is restored 

A condensation of overlapping 

THE EFFECT OF NEUTRON-INDUCED DEFECTS ON THE PROPERTIES OF Nb3Sn: 
Investigations Carried Out at the RCA Laboratories 

Various investigations have been carried out at t h e , R C A  Laboratories on the effect 
of fast neutron irradiation on the properties of polycrystalline and single crystal 
NbgSn. The properties measured are: flux shielding, current carrying capacity, resist- 
ivity, transition temperature, and magnetization. The lattice expansion, and recovery 
of the lattice. on annealing, has also been investigated. In an attempt to relate the 
electrical properties with structural changes, the neutron induced defects are now 
being directly observed by transmission electron microscopy. 

The magnetic flux shielding properties of polycrystalline vapor deposited Nb3Sn 
27 on ceramic substrate tubes (Cullen ) was studied (McEvoy et al.15) by placing a field 
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probe both inside and outside of the tube. Using this method originally suggested by 
Kim and coworkersY6 the currents circulating in. the tube which result in the f'lux 
shielding can .be' readily derived. The current densities derived from this method are 
in good agreem3gt with direct current measurements on the strips of the same material 
(Cullen et al. ). 
-.50°C. 
Prior t o  irradiation, no flux jumps were observed. But after irradiation, flux jumps 
occurred to such an extent that it was difficult to establish a postirradiation crit- 
ical stat curve. It was evident that the current density of a sample with a preirra- 
diation cy = 6.4 X 106 kG.A/cm2 had been enhanced by at least 50%: Because of more 
extensive flux jumping, no estimate could be made of the increase in the current den- 
sity after irradiation of a sample with a preirradiation cy = 1.5 X 106 kG-A/cm2.. 
Although it was difficult to obtain quantitative results from this type of measurement, 
the increase in the superconducting.current carrying capacity as a result of irradia- 
tion had been established. 

The cylinders were exposed to a fast neutron flux of 10l8 n/cmZ at 
The magnetization curves, H internal vs H external, were determined at 4.2OK. 

B 

Because of the difficulty in obtaining quantitative results from the flux shield- 
ing experiments, the more laborious direct measurement of the critical currents on 
strip samples were made (Cullen and N0vak~~3~6). Current and potential contacts were 
soldered to nickle-plated lands on thin NbjSn strips supported by a flat ceramic sub- 
strate. The adherence of the current carrying characteristics to the Lorentz force 
model (Kim et a1.6) had previously been established on the Nb3Sn ceramic supported 
strips. The critical current, both as a function of the applied field intensity, and 
the orientation of the current carrying axis in the field, is in excellent agreement 
with the Lorentz force model to less than 1% for fields as high as 100 kG (Cullen, 
Cody and MCEVOY~~; Cody, Cullen and McEvoygl; Cody and Cullen, to be published). 
The strip samples were exposed to fast neutron fluxes under the same conditions as 
had previously been employed €or the tabular samples. The critical current densities 
in a transverse field at 4.Z°K were measured as a function of the exposure to 'neutron 
fluxes as high as 1.4 x 1018 n/cm2. 
"as depositedtt cy's between 1.4 and 19 X 106 kG*A/cm2. 
shown in Table I. 

A variety of samples were measured with various 
A sumary of the results is 

The JH product (measured at 14 kG) of the sample with the lowest preirradiation cy 
of 1.49 kG*A/cm2 increased by more than an order of magnitude after irratiation of 

. 14 x 1017 n/cm2, while the JH of the highest 'initial cy sample of 19.4 kG.A/cm2 increased 
slightly after exposure to a flux of 3.4 x 1017 n/cm2, and then decreased by more than 
an order of magnitude after an exposure of'7.2 x 1017 n/cm2. 
ples is essentially stoichiometric NbgSn, while the second sample is slightly Nb rich. 
This emphasizes that- small differences in preparative variables can result.iri large dif- 
ferences in the way the superconducting properties are influenced by irradiation, and 
implies that the radiation induced defects interact strongly with heterogeneities al- 
ready present in the sample. If the "as prepared" heterogeneities are larger than the 
irradiation induced damaged areas, as is undoubtedly the case, these defects may "short 
out" the irradiation induced damage, or the irradiation induced defects may condense 
on the larger heterogeneities and form larger and less effective pinning points. It 
is also possible that the manner in which the neutrons initially transfer energy to the 
lattice is strongly iqfluenced by the presence of heterogeneities. 
to note in this regard that Brimhall and M a ~ t e 1 ~ ~  have observed a concentration of 
defect structures in twin boundaries and denuded zones around the boundaries of neutron 
irradiated Ni. 

The first of these sam- 

It is interesting 

* 
The current carrying characteristics of Nb3Sn in an applied field are described 
in terms of cy of the Kim et a1.6 relationship J =, e/(H -t Bo), where cy is .a 
constant dependent on the structure of the material. For low cy specimens, 

. Bo - 600 G. 
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TABLE I 

I n i t i a l  Sample Character is t ics  and Current' Carrying Behavior 
a s  a Function of I r r ad ia t ion  

(kG-A/cm2) '(kG.A/cm JH 2 (kG*A/cm 2 
J H  

TC 
Composition ATc (n/cml$ x 10-6 x 10-6 x 10-6 

y2- (OK) X 10' H = 10 kG H = 14 kG QI1 Sample . ( w t  % Sn) 

PS-20(5) 29.5 k 0.3 18.3 0.04 0 
3.4 
7.2 

10.5 
14.0 

75(3) 28.0 i 0.1 16.1 ' 0.80 0 
3.3 
6.9 

10.1 

3.4 
7.2 

74(4) 29.2 5 0.1 16.9 0.80 . 0 

Single 30.8 f 0.01 18.0 0.10 0 
Crys t a1 1 .o 

1.36 
5.30 
9.38 

13 .O 
15 .O 
4.0 
6.6 
8 .O 
6.2 

11.5 
11.7 
0.89 

1.33 
6.46 

11.4 
16.8 
18.2 

4.48 
7.84 
9.66 
7.56. 

13.3 
14.1 
1.3 

1.49 --- 
6.58 14.3 

14.3 28.6 
24.1 90.5 
35.0 76.0 

12.1 --- 
15.6 --- 
10.1 19.5 

19.4 27.9 
19.2 29.7 

--- 6.5 

1.18 2.32 

0.15 
0.50 

A s  the c r i t i c a l  current  density is  enhanced by e i t h e r  neutron i r r a d i a t i o n  o r  the . 
introduction OF chemical heterogenei t ies ,  the current carrying behavior cannot be des -  
cribed by the Lorentz fo rce  current f i e l d  re la t ionship.  A change i n  the cy takes  p l ace  
a t -  10 kG; above t h i s  applied f i e l d  l e v e l  the Jc i s  less dependent on the applied 
f i e l d .  An cy f o r  below 10 kG, and an cy f o r  above 10 kG, are given f o r  these samples i n  
Table I, but the cu r ren t  carrying behavior i s  b e t t e r  described by the  JH products a t  
BO kG and a t  14 kG. 

The sample r e s i s t i v i t i e s  a t  300°K and 77'K w e r e  measured as a function of t he  ex- 
posure t o  the neutron f l u x .  The r e s idua l  r e s i s t i v i t i e s  were derived from the 
R ~ o o o K / R ~ ~ o ~  r a t i o  by an empirical r e l a t i o n s h i p  establ ished by Woodard and Cody.33 

An average change i n  the residual  r e s i s t i v i t , y  with the neutron f lux  dpo/dv i s  - 5.7 x 10-24 R-ch3/n. 
and i s  within the range of t ha t  measured i n  other  metals. 

This value is ' independent of the level  of the f lux  exposure, 

Very l i t t l e  change i n  the t r a n s i t i o n  temperature was observed (Cooper3') as t h e  
r e s u l t  of neutron i r r a d i a t i o n  of these NbgSn samples. 
Tc ( s t a r t )  of 18.33OK, and a ATc of O.O50K, no change i n  magnitude or width of t he  t r a n s -  
i t i o n  was observed a f t e r  exposure t o  a f l u x  of 4.7 x 1017 n/cm2. 
2.7 x 1018 nIcrn2 the  t r a n s i t i o n  tempera ture  decreased by 0.18OK f 0.02OK, with no change 
i n  width. 

For a sample with an un i r r ad ia t ed  

After an exposure of 

Magnetization s tud ie s  (Cody, unpublished) have been carr ied out on cyl inders  c u t  
from single  c r y s t a l s  of Nb3Sn (Hanak and BermanZ8). 
ma te r i a l  a r e  commonly a f ac to r  of 10 less than the lowest cy of the  po lyc rys t a l l i ne  
ma te r i a l s .  A t  4.2OK, the magnetization curves a r e  i r r eve r s ib l e ,  and are appreciably 
s h i f t e d  by exposure t o  a neutron f l u x  of 1 x 10l6 .n/cm2. 

The cy's fo r  the s ing le  c r y s t a l  

This r ad ia t ion  level is  lower 
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than the lowest exposure used for the polycrystalline material. A flux exposure of 
1 x 1017 n/cm2 typically increases the CY (measured at 4.2OK from 0.15 to 0.50.kG.A/cmZ. 
The drr/dcp.for the single crystal material is slightly higher than that measured on the 
lowest cy polycrystalline material (- 3 X 10-12 as compared to 2.5 X 10-12 kG.A/n). 

This is consistent with the observations made on the polycrystalline material 
which show that the effect of the neutron damage on J, is inversely proportional to 
the initial sample cy. 

The effect of neutron irradiation on the electrical properties of Nb3Sn may be 
summarized as follows: 

1) The degree to which neutron irradiation influences the current carrying 
capacity of Nb3Sn is a strong function of the initial sample character- 
istics. The dcyldcp is inversely proportional to the initial CY. On this 
basis the'changes realized on single crystal material are in good.agree- 
ment with changes observed in polycrystalline material. 

2) The highest CY measured to date on Nb3Sn was obtained by irradiation of 
. an initially low CY sample. 

3) Above a certain initial CY level, the current carrying capacity of the 
material is decreased by irradiation: 
by irradiation is also a function of the initial sample characteristics. 

Thus the maximum cy obtainable 

4) The JH product, measured at 14 kG, has been increased by as much as a 
factor of 15 by neutron irradiation. 

5) The dpld is independent of the level of irradiation to a flux level 
of - lolf n/cm2. . 

6) The transition temperature is decreased very little at irradiation 
levels that have a large effect on the current carrying properties. 

. The lattice expansion has been measured of polycrystalline vapor deposited samples 
which were pulverized and encased in sealed quartz X-ray capillary tubes and exposed to 
neutron irradiation under the conditions previously described. Lattice expansions 
typically Aa/a - 3 x 10-4 were measured after exposure of the samples to a fast neutron 
flux of 1 x lop7 n/cm2. 
a value of Aala, = 14 X 10-4 after an irradiation of 1.4 X 1019 n/cm2. 
expansion showed no indication of leveling off at this irradiation level, further meas- 
urements were not carried out because of the periods of exposure needed for higher 
radiation levels. The samples were annealed at various temperatures, for a period of 
an hour, until the starting lattice constant of 5.2895 was obtained. Between the 
temperatures of 300 and 65OoK, the relaxation.in the lattice constant is linear and 
would extrapolate 'to a complete anneal at 
anneals more rapidly, and the original cell constant is achieved at 800°K in one hour. 
More recent experiments indicate that the samples can.be completely annealed at 650°K 
in two hours.. The X-ray diffraction lines sharpen in the back reflection region as the 
sample is annealed, as is expected if a range of lattice spacings are observed as the 
result of changes in spacing with distance from a damaged area. The expansion in the 
lattice is consistent with the formation of an area of decreased density resulting from 
a thermal spike, as has been proposed (Silcox and H i r ~ c h ~ ~ )  for the neutron irradiated 
copper. It is surprising, however, that measurable 1attice.changes are observed in 
this material which has a total damaged volume of - 0.1% (as seen by electron micros- 
copy). The magnitude of the damage, and annealing behavior, are similar to that observ- 
ed for neutron irradiated copper. The damage is retained at higher temperatures than 
would be anticipated by comparing the melting points of Cu and Nb3Sn, but this may 

After the initial exposure the lattice expansion is linear to 
Although the 

105O0K. However, above 650°K the sample 
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qualitatively be accounted for by the highly ordered structure of the intermetallic 
Nb3sri. 

Direct Observation of Neutron Damage in d Sn by Transmission Electron Microscopy 3 

Three different types of NbjSn samples have been employed €or transmission elec- 
tron microscopy: 

1) Single crystal Nb3Sn which was irradiated and subsequently thinned 

2) Polycrystalline Nb3Sn which was irradiated and thinned by low angle 
by chemical etching. 

ion bombardment. 
3) Polycrystalline Nb3Sn which was thinned by low angle ion bombard- 

ment and then irradiated. 

Initially the Nb3Sn samples were thinned exclusively by chemical etching. This 
procedure posed serious problems because the polycrystalline material etches rapidly 
at high energy grain boundaries and at the interfaces caused by the columnar growth. 
Therefore it was extremely difficult to obtain thin edges useful for transmission elec- 
tron microscopy. The physically homogeneous single crystal material may be thinned by 
chemical etching, but an uncertainty arose when it was noted that the planar density 
of the dark areas observed by microscopy after irradiation do not appear to be a func- 
tion of the thi&ness of the samples. It has been established that the dark spots 
observed are indeed associated with exposure to fast neutrons, and not preparation 
surface artifacts, but the lack of change in density with thickness presents the pos- 
sibility of an interaction with defects near the surface with the chemical thinning 
procedure. 
tive prints of electron micrographs) than the matrix, which could be associated with 
pits. Tucker and 'Ohr20 have concluded, by observation of neutron irradiated Nb foils 
in bright-field and dark-field electron microscopy, that the dark spots they have ob- 
served result from defects lying close to the surfaces of the sample. 
were irradiated prior to electrochemical thinning, this implies an interaction between 
the defects and the thinning method. 

This would be easier to explain if the damage areas were lighter (on posi- 

Since the samples 

Both of these problems have been obviated by thinning by low angle ion bombardment. 
Since the re- The method was devel.oped recently by Professor Paulus of CNFS, France. 

moved material is not knocked into the sample, but leaves at a low angle, no observable 
damage occurs on thinning. Samples that-contain high energy areas can be thinned uni- 
formly by this physical technique.* The polycrystalline Nb3Sn is now routinely thinned 
by this method. Wedge shape areas of irradiated material have now been observed in 
which the plailar density of defect spots is a function of the sample.thickness. 

In the chemically thinned single crystal Nb3Sn samples, 1002g diameter defect 
spots were observed after exposure of the samples to a 10l8 n/cm 
of the spots is - 5 x 1Ol5/cc. 
Considering that the film thickness is little more than double the distance between 
the spots, the volume density changes very little if the assumption is made that the 

flux.36 The density 
This amounts to a 0.1% volume damage of the material. 

?c 
The details of the low angle ion bombardment technique have been discussed 
only in internal reports of CNRS, Bel:evue, France. 
been marketed by Alba Engineers, Asnieres, France. A modification of this 
apparatus has been employed at the RCA Laboratories to thin the NbgSn samples. 
A thinning apparatus similar to that modified at the RCA Laboratories will be 
available in the near future from the Materials Research Corporation, 
Orangeburg , New York . 

A thinning apparatus has 
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observed areas lie close to the two surfaces, rather than uniformly throughout the 
bulk of the sample. To date attempts to resolve the structure of the spots by the 
various microscopic techniques have been unsuccessful,. and it must be concluded that 
the damaged areas are amorphous. 

The spot size and density observed in ion beam thinned polycrystalline samples 
after the same level of irradiation have been in excellent agreement with those observ- 
ed in the single crystal material. 
defects and the neutron induced defects, as shown by the electrical data, attempts are 
now being made to thin the sample prior to irradiation, and thus examine specifically 
identified areas both before and after irradiation, and after annealing. 
tempt was unsuccessful because of the formation of a thin oxide on the surface of the 
sample during the irradiation which obscured the defect structure. This result is not 
unexpected since a continuous microscopic oxide film which may serve as the insulator 
in a tunnel diode structure may be formed by heating Nb3Sn in air at 100°C. The sam- 
ples are now irradiated in an atmosphere of a pure inert gas; 

Resolution of the fine structure .within the damage spots would contribute to an 

Because of the interaction between the "as prepared" 

The first at- 

. .  

understanding of the mechanism of the damage formation, but it is the size and spacing 
of the damage areas that is most important for understanding the effect of these hete- 
rogeneities on the current carrying properties. 
establishing a relationship between the density of .the damaged areas and the current 
carrying characteristics of the material. 
structure of material exposed to an irradiation level where further damage effects a 
decrease in the current carrying capability. If possible, the interaction between the . . 
complicated "as deposited" structure of polycrystalline material and the added neutron 
induced defects will be studied. At present, for one level of neutron exposure, the 
following summary can be offered: 

Future studies are directed toward 

It is also important to examine the micro- 

Polycrystalline vapor deposited NbgSn, as deposited 
cy = 1.5 x lo6 kG-A/cm2 exposed to a fast neutron flux of 
1 x 1018 n/cm2 at.- 5OoC. 
Damage spot density observed: 

Spot area: - 'LOO 8. 
daldtp = 2.5 x 10l2 kG.A/n. 

3 5 X 1015 spotslcm . 

dP/dcp = 5.7 x n-cm/n. 

ATc = - -0.18'K, no-change in transition width for 
irradiation level of 2.7 x 1018 n/cm2. 

CONCLUSIONS 
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. An appreciable amount of work has been carried out during the last eight years on 
the effect of irradiation on the properties of the various superconducting materials. 
Both the "soft" and the "hard" superconductors have been studied. It is evident at 
this time that the greatest opportunity €or arriving at a quantitative relationship 
between structural and electrical properties lies in correlating direct observations 
of the nature of the irradiation induced defect structure with the superconducting 
properties of the type I1 materials. The soft superconductors do not lend themselves 
to 'such. studies because, for the most part, the irradiation induced properties anneal 
out at temperatures below room temperature and thus direct examination of the defect 
structures is impractical. Also, larger effects in these materials are realized 
by mechanical deformation'than by irradiation. 
worked and annealed, are very little affected by irradiation, while large effects on 
the current carrying properties of these alloys can be brought about by mechanical 

The NbZr and NbTi alloys, both cold 



- . 
deformation. These deformed alloys have been examined by transmissi_on electron micros- 
copy, but the structure is complicated and difficult to analyze quantitatively. The 
superconducting properties of the beta-tungsten intermetallic compounds are more sensi- 
tive to structural. defects introduced by irradiation than by chemical introduction of 
impurities or second phases. 
rent density in these materials is stable to temperatures well above room temperature 
and therefore it is feasible to undertake direct observation of the defect structure. 
Well-defined single phase material may now be prepared, and methods have recently been 
developed for thinning these refractory compounds. The nature (size, density, and 
distribution) of the irradiation induced defects is simple as compared to that observed 
in mechanical-ly deformed materials, and the irradiation induced damage may be intro- 
duced at well-controlled levels. Therefore, quantitative correlations between the 
structure and electrical properties are possible. 

The irradiation induced enhancement of the critical cur- 

The critical current density is more influenced by irradiation induced damage than 
the other superconducting properties. 
compounds that, at irradiation levels where the Jc is increased by more than an order 
of magnitude, the Tc is decreased by only- 1%. It has also been observed in several 
compounds by various investigators that the current carrying behavior may be explained 
by a Lorentz force model prior to irradiation, but that the J, is relatively insensi- 
tive to the magnitude of the applied field, above certain levels, after irradiation. 

It has been observed in several beta-tungsten 

A key point that has been brought out by a number of investigators, and by com- 
paring the results of several groups, is that the magnitude of the irradiation induced 
effects observed is highly sensitive to the initial structure of the material, and 
therefore sensitive to material preparative variables. This implfes a strong inter- 
action between the grown-in defect structure and the irradiation induced defects. The 
"as prepared" defects may "short out'' the radiation induced defects, or the induced 
defects may condense on the grown-in heterogeneities to form a network of larger, fewer, 
and less effective flux pinning centers. A similar interaction may also take place as 
the density of the irradiation induce4 defects increases. Several investigators'have 
observed a peak in the enhancement of the critical current density as a function of 
exposure to the irradiation. 

The size and density of the irradiation induced defects observed by transmission 
electron microscopy at one level of irradiation fits well into the flux pinning model. 
Additional studies at increased levels of irradiation exposure should contribute 
further to the understanding of the flux pinning model and to an explanation of the 
effects of irradiation on the superconducting properties which have already been 
observed. 
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NIOBIUM TIN AND RELATED SUPERCONDUCTORS" 

R.B. Britton 
Brookhaven National Laboratory 

Upton, New York 

I. INTRODUCTION 

If we attempt to categorize the useful or promising superconductors, we find that 

The pure metals are low critical field 
they fit into three distinct groups. 
the ductile metal alloys, and the pure metals. 
superconductors, several of which are important for..rf cavities. 
have critical magnetic fields and critical temperatures almost twice as high as the 
best known alloys. 
ed mainly with Nb3Sn, the only compound available in useful form, in preference to the 

. alloys. This paper will review our knowledge of the superconducting (hereafter SC) 
compounds and their properties, and who is developing each type. A review will also 
be made of our experiences with several conductors and of a technique 'for testing a 
complete conductor prior to using it in a device. 

These are the brittle intermetallic compounds, 

The best compounds 

For this reason the superconductivity group at Brookhaven has work- 

To show where the compounds fit into superconductivity, Table I gives comparative 
data about a few of the compounds, alloys, and elements. The difference in ductility 
of alloys vs compounds is stressed because it determines the geometry in which a mate- 
rial is useful. The compounds may be imagined to be like a ceramic. If they are 
strained appreciably, they fracture and the SC path is damaged. Therefore the comer- 
cially successful compound, Nb3Sn, has been made in ribbon formwherein the thickness 
of substrate plus SC is no more than 0.004 in. This theoretically allows the conduc- 
tor to be wound about a diameter of 1 in. without damage. In actual practice, conduc- 
tors with a 0.003 in. over-all thickness for the substrate and Nb3Sn have operated well 
when wound about a 0.25 in. diam post. 

The alloys, by comparison, are ductile, and therefore they are practical and low- 
est in cost when manufactured as round wires. The cross-sectional shape of the alloy 
and compound conductors has had considerable effect on the winding design of magnets, 
particularly the paraxial conductor radial field beam. magnets which have been recently 
constructed. 

11. THE SUPERCONDUCTIVE COMPOUNDS 

Looking now at the compounds, the mos,t unusual type of compound conductor is 
fabricated by the multiwire process, Fig. 1, developed by.Professor Saur of the Uni- 
verscty of Giessen, West Germany. The wire starts as a tube about 0.5 in. in diameter 
into which fine tin-coated wires of niobium are inserted. Up to 900 wires are used in 
one conductor. The composite is then drawi.1 to an over-all. diameter of around 0.020 in. 
after which it is heat-treated at 900-1200°K to form NbgSn by a diffusion process at 
all interfaces between the Nb wires and the Sn matrix. The small size of the SC 
strands raises the critical field, He, to about 250 kG and results in an over-all cur- 
rent density of 20 000 A/cm2 at 210 kG. 
relatively flat over a wide field range so that at fields below 150 kG it is surpassed 
by that of the Nb3Sn ribbons. With the 0.020 in. diam, this conductor must be used on 

The current density of this conductor is 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
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* TABLE I 
Britt le Critical Critical 

Intermetallic Temperatures Fields 
a t B = O  at 4'K Comments Compounds 

Nb3 (A1O. BGeO .2) 
Nb3Sn 
Nb3A1 
NbN 
NbgGa 
NbC 
V3Si 
V3 Ga 
MoN 
MoGa4 

20.7'K 
18;2 
17.5 
1516 
.14.5 
14.0 
17.1 
16.8 
12.0 
9.8 

245 kG 

153 

235 
210 

Only available compound 

Ductile Alloys 

Nb -42Ti-6Ta 
Nb -48Ti 
Nb-33Zr 
Nb-25Zr 
Pb-56Bi 
Mo-50Re 

Bi50, Pb25, Cd12.5, 
Sn12.5 = Wood's metal 

Pure. Metals 

. Sn 
Re 
Ga 
Zr 
Ti 

10 - 11 
9.5 
10.7 
11.0 
8.8 - 10.0 

- 8.0 

9.25 
8.22 
6.3 
5 . 3  

4.48 
7.19 

3.72 
1.698 
1.09 
0.546 
0.39 

140 kG 
122 
80 
70 

15 - 15 
12 

1985 G 
- 

1600 
1020 
830 . 
803 

309 
198 
51 
47 
100 

Japanese development 
Best available alloy 
Becoming obsolete 
Becoming obsolute 

Used as fine wire for low 
fields 

Rf cavities 

Rf cavities and suggested 
€or ac cables 
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a form of a t  least 2.5 t o  3 in .  diam or the SC filaments w i l l  be f rac tured .  It would 
appear that  f l a t t e n i n g  t h i s  conductor i n t o  a ribbon pr ior  t o  heat treatment would make 
i t  more f l e x i b l e  and useful f o r  bending around' small diametgrs. I f  this mater ia l  can 
be developed t o  withstand a small bending radius,  i t  should find immediate use f o r  t h e  
cores of high f i e l d  solenoids. Since the Nb3Sn i s  formed by d i f fus ion ,  one could un- 
doubtedly form other  SC compounds such a s  V3Ga by the same process. 

T h e  most popular type of Nb3Sn ribbon i s  the  diffusion-formed material i l l u s t r a -  
ted in  Fig. 2.  The manufacture begins with.a  niobium ribbon which i s  coated with t i n ,  
heat-treated a t  900-1200°K f o r  severa l  hours, and then e i t h e r  clad o r  plated with a 
normal conductor such as copper o r  s i l v e r .  

from the National Research Corporation and l a t e r  from Supercon,l a d i v i s i o n  of t h e  
same company. 
well  i n  the f i r s t  Panofsky-type quadrupoles a t  Brookhaven. 
30 000 A/cm2 were obtained a t  a peak f i e l d  i n  the corners of about 20 kG. 
plated form of t h i s  ribbon 0.5 in .  w i d e  X 0.0013 in .  thick next became ava i lab le  from 
CSF2 i n  1965. 

6.4, 10, 12.7, and 20 mm. In the United States ,  CSF superconductors are now d i s t r i b -  
uted by Kawecki. 

The ribbon i n  bare and copper-plated form w a s  f i r s t  avai lable  i n  1964 as Niostan 

The copper-plated mater ia l  0.25 in .  wide  by 0.0025 in .  t h i c k  performed 
Current d e n s i t i e s  of about 

The copper- 

CSF now o f f e r s  s ing le  and double ribbon substrates  with Cu p la t ing  o r  
~ cladding i n  var ious t o t a l  thicknesses from 0.0012 t o  0.011 in .  Standard widths a r e  

3 

A diffusion-type Nb3Sn ribbon with copper cladding (Cryotape) w a s  offered next by 
GE4 i n  November of 1965. Their commercial ribbons have typ ica l ly  been 0.5 in.  wide 
by 0.0032 .and 0.0037 in .  thick with ra t ings-of  150 and 300 A respec t ive ly  a t  100 kG. 
Ribbons with th icker  copper - up t o  0.010 in .  t o t a l  thickness - as w e l l  as more Nb-jSri - up t o  600 A r a t i n g  - are avai lable  on special  order. Figures 3, 4,  and 5 a r e  micro- 
photographs of cross  sections of GE 150, 300, and 600 ribbons. GE can a l s o  produce 
several  of t h e i r  ribbons with e i t h e r  a single or  double substrate ,  a s  i s  observable by 
comparing Figs.  3 and 4 with Fig. 5. They a l s o  of fe r  s t a i n l e s s  steel cladding f o r  use  
i n  solenoids where the product of radius  times current times f i e l d  y i e l d s  a force 
which exceeds t h e  yield strength of s o f t  or hard copper cladding. 

In  March of 1968, Plessey5 introduced a diffusion type Nb3Sn ribbon (Super 
Magloy 1) which i s  avai lable  copper clad on one or  both sides with a thickness of 
0.002 or 0.003 in .  Standard width a t  present is 0.25 in .  

past  year and was tes ted t o  current dens i t ies  of about 20 000 A/cm2 a t  200 kG. 
c r i t i c a l  f i e l d  is above 200 kG. The process includes t inning a V ribbon with Ga, 

A V3Ga ribbon of the diffusion type has been developed by Tachikawa6 during the 
The 

1. 

2. 

3. 

4. 

5. 

6 .  

Supercon Division of National Research Corporation, 
9 E r i e  Drive, Natick, Massachusetts 01762. 

Compagnie &n&ale de T6l;graphie Sans F i l  (CSF) , 
12 Rue de  l a  R&publique, 92 Puteaux, France. 

Kawecki Chemical Company, 
220 East 42nd Street ,  New York, N.Y. 10017. 

General E l e c t r i c  Vacuum Products, 
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p la t ing  the Ga with Cu, and then h e a t - t r e a t i n g  a t  around 980°K f o r  10 hours. 
ribbon is not a v a i l a b l e  commercially. 

This 

The vapor depos i t i on  process has  been equal ly  successful fo r  forming Nb3Sn ribbon 
as i l l u s t r a t e d  i n  Fig.  6. The leader i n  development and so le  commercial producer of 
t h i s  mater ia l  s i n c e  t h e  summer of 1963 h a s  been RCA.7 
nace heated t o  970°K, which is  f e d  with SnC12, NbCl4, HC1, Ha,  and H e  gases, through 
which the heated r ibbon (127OOK) passes. 
s u f f i c i e n t  t o  cause decamposition of the molecular gases on contact such that  Sn and 
Nb appear at  the su r face  i n  the  proper proportions t o  form superconductive NbSn com- 
pounds. The large number of va r i ab le s  i n  t h i s  process as compared with the d i f fus ion  
process allows a g r e a t e r  degree of opt imizat ion to  be at ta ined.  There apparently a r e  
differences i n  the f i n a l  products s ince  t h e  vapor-deposited ribbon has a c r i t i c a l  t e m -  
perature around lS°K compared w i t h  18'K f o r  t h e  diffusion process material. 

The process uses  a quartz fur-  

The high thermal energy of the ribbon is  

Following the  depos i t i on  of SC, t he  ribbon i s  e lectroplated with a t h i n  layer  of 
N i  and then i t  i s  e i t h e r  p l a t ed  with 0.0005 t o  0.0015 in.  og pure Ag o r  clad with. 
0.001 t o  0.004 in .  of pure copper. Var i a t ions  i n  thickness which o r i g i n a l l y  occurred 
i n  the  Ag-plated ribbon have now been reduced by a machining process t h a t  should hold 
the thickness folerance t o  f 0.0001 in .  

RCA'S commercial production has  mainly been of 0.'090 in .  wide ribbon i n  at  l e a s t  
three current  r a t i n g s  - 60, 110 and 210 A a t  100 kG - with Ag p l a t i n g  or  Cu cladding 
t o  order.  
recent addi t ion t o  t h e i r  productibn has .been 0.500 in .  wide ribbon, developed under 
contract  from Brookhaven. The wide r ibbon is avai lable  i n  300, 600, 900, and 1200 A 
r a t ings  at 100 kG with e i t h e r  Ag p la t ing  o r  Cu cladding fo r  e l e c t r i c a l  s t ab i l i za t ion .  
Figures 7, 8, and 9 i l l u s t r a t e  developmental ribbons with current r a t i n g s  of 800, 1200, 
and 1100 A. The 800 and 1200 photos show d e f e c t s  t h a t  seem to be r e l a t e d  t o  lo s s  i n  
s t a b i l i t y  of these r ibbons -namely, delamination within the SC l a y e r  and porosity of 
the SC layer .  Both of these  ribbons were l imi t ed  t o  around 35 000 A/cm2 when tes ted 
i n  p i e  windings of around 200 m length.  The 1100 sample which contains  a dense SC 

ever achieved i n  a solenoid a t  Brookhaven. The "1100" was obtained by extrapolation 
from 68 kG a t  which f i e l d  t h i s  0.005 in .  t h i c k  ribbon carr ied 1600 A.  

With standard Ag p la t ing  t h e  thicknesses  are 0.0044 and 0.0052 in. A 

layer ,  is from a r ibbon l eng th  which carries 72 000 A / c m  E , the  highest  cu r ren t  densi ty  

In  making c o i l s  f o r  use with pulsed c u r r e n t s  or  60 Hz cur ren t ,  i t  is e s sen t i a l  
t o  avoid e l e c t r i c a l  s h o r t s  between turns .  To do t h i s  without g r e a t l y  reducing the 
turn densi ty  is  easiest when redundancy is used i n  the  insulat ion.  This has been ac- 
complished by using i n s u l a t e d  ribbon i n  combination with 0.0005 t o  0.002 in.  Mylar 
inter leaving f o r  a t o t a l  i n su la t ion  of no more than 0.001 t o  0.003 in. per turn. When 
bare ribbon i s  -used, Mylar of 0.005 t o  0.010 i n .  is usual ly  required t o  avoid shorting 
by burrs  on the edges. 

A l l  of t he  commercial diffusion-type ribbons a r e  offered either bare or  insulated 
with varnish about-0.0003 in. thick per s i d e .  . The vapor-deposited ribbon has not yet 
been offered with i n s u l a t i o n .  

A comparison between most of these superconductors may be seen i n  Fig. 10 where 
useful current densi ty ,  Jc, taken from manufacturers'  curves has been plot ted against 
B, the magnetic f i e l d  perpendicular t o  t h e  length of the conductor and p a r a l l e l  with 
i t s  surface.  "Useful" is used here t o  i n d i c a t e  tha t  the current d e n s i t i e s  have been 
based on the area per t u r n  i n  a eypical winding r a the r  than the area of a bare conduc- 
t o r .  

7. Marketing Department, RCA Superconductive Products, 
Building 18-3, Harrison, New Jersey 07029. 
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It must a l s o  be understood t h a t  the currents  a re  based on shor t  sample measure- 
ments, and in ac tua l  use  i n  an inductive c o i l ,  i n s t a b i l i t i e s  w i l l  occur which.tend t o  
prevent current d e n s i t i e s  a t  low f i e l d s  from exceeding those usua l ly  obtainable a t  
80 t o  100 kG. When c o i l s  are  used as i n s e r t s  and operated i n  high background f i e l d s ,  
the  i n s t a b i l i t i e s  tend t o  disappear and s t r a i g h t  sample performances a r e  .more l i k e l y  
t o  be obtained. 

A t  f i e l d s  above 140 kG, i t  may be seen tha t  V3Ga ribbon and NbgSn m u l t i w i r e  
promise large current  densi ty  gains over the  present commercial products. 

2 A t  f i e l d s  below 140 kG, i t  i s  painfully c l e a r  tha t  t h e  20 000. A / c m  recommended 
by RCA as proper design f o r  solenoids is f a r  below the  current  d e n s i t i e s  obtainable  
i n  noninductive samples .  

111. STABILITY 

The question now a r i s e s  as t o  why a solenoid or  inductive sample of SC has a lower 
quench current than a noninductive SC. There i s  no concise answer a t  the present time, 
but a few'facts a r e  considered t o  be relevant.  F i r s t ,  no SC is  a t  present used alone 

. as a high f i e l d  magnet conductor, mainly because the spontaneous occurrence of a nor- 
mal (and therefore highly r e s i s t i v e )  region i n  the  conductor can cause a sudden b u r s t  
of joule heating which exceeds the heat t ransfer  c a p a b i l i t y  t o  the He bath. 
s u l t  i s  a rapid l o c a l  temperature rise and associated increase i n  t h e  length of t h e  
normal region, with an ensuing r a d i a l  spread of the normal region throughout t h e  so le -  
noid, more commonly referred to  as a "quench." The universa l ly  accepted method f o r  
reducing t h i s  "quench" problem is  t o  combine a normal conductor (NC) i n  p a r a l l e l  with 
the SC. Now the NC (high purity Ag or Cu) can have a very low res i s tance  i n  comparison 
with the normal SC, i n  f a c t  perhaps only l / Z O O O  t o  1/10 000 a s  much f o r  an equal thick-  
ness. This 1 w res i s tance  material  i n  p a r a l l e l  with the  SC apparently serves t o  reduce 
great ly  the I R joule  heating and a l so  t o  canduct t h i s  heat  edgewise so t h a t  it may 
t ransfer  t o  the H e  bath. The r e s u l t  is  a composite conductor which i s  capable of much 
higher current d e n s i t i e s  before t h e  onset of i n s t a b i l i t y ,  o r  i n a b i l i t y  t o  recover from 
a normal spot. 
0.001 in .  of copper per 0.00025 in .  of Nb3Sn SC. I n  ac tua l  f a c t ,  the  s t a b i l i t y  of the 
composite i s  affected by many parameters, including dB,/dI and B a t  the posi t ioh of 
the conductor and the exposure of the edges and faces of t h e  conductor t o  l i q u i d  helium. 
dBL/dI, i n  t h i s  case,  is the change i n  f i e l d  perpendicular t o  the ribbon face per  un i t  
change i n  ribbon t ransport  current.  B i s  the background f i e l d  surrounding the conduc- 
t o r  i n  which the c o i l  is  s i tuated.  

The re- 

s 
The optimum amount of NC f o r  0.5 in .  wide ribbon appears t o  be about 

. .  I V .  EXPERIMENTAL RESULTS 

A few r e s u l t s  which have been obtained i n  Sampson's laboratory with devices made 
A2 is  a 1.25 in .  bore solenoid made i n  
A 1  is  a 1.0 in .  solenoid made i n  1966 

This same c o i l ,  operated by i t s e l f  

from Nb3Sn are  shown by the points on Fig. 10. 
1964 which operates at 43 000 A / c m 2  and 83 kG. 
which operates a t  39 000 A/cm2 and 103 kG. 
inser t  which operates a t  51 000 A / c m 2  and 119 kG. 
i n  superfluid H e ,  produced 48 kG a t  a J of 71 000 A / c m 2 .  
of 0.090 in .  wide vapor-deposited, s i lver-plated ribbon wound i n  layers .  

A3 is  a 0.62 i n .  i .d.  X 1.25. in .  0.d. 

The preceding,coi ls  were made 

Various c o i l s  of 0.500 in.  wide ribbon are  shown by A4, a 1.5 in .  bore p i e  which 
produced 69 kG a t  71 000 A/cm2, 115, which i s  a 5.0 in .  bore p i e  winding tha t  produces 
50 kG a t  41 000 A / c m 2 ,  and Ab, a quadrupole of 4.0 in .  bore X 24 i n .  length which car-  
r i e s  26 000 A/c& a t  20 kG. 

A7 shows, for  comparison purposes, a Nb25Zr solenoid which operates s tab ly  a t  
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26 000 A/cm2 and 53 kG. 
the same load l ine.  

Since the c o i l  forms are ident ica l , .  &'and A7 would l i e  on 

One charac te r i s t ic  of NbgSn ribbon which is  closely re la ted  t o  s t a b i l i t y  i s  f lux  
jumping i n  inductive solenoids .  Flux jumping i s  observed as voltage spikes  tha t  over- 
r i d e  the emf seen across a c o i l  when the current  level i s  being swept up o r  down. The 
s i z e  and frequency of f l u x  jumps are always small i n  c o i l s  which a re  capable of reach- 
ing IC (where the load l i n e  crosses  the B - I  curve f o r  the  conductor), while jumps are  
la rge  and numerous i n  uns tab le  c o i l s  tha t  quench pr ior  t o  reaching I,. 

When a l l  other condi t ions  are  held equal, f lux  jumping is  probably dependent on 
I n  other words, a conductor with a the r a t i o  of superconductor t o  normal conductor. 

very t h i c k  Nb3Sn layer  (say 0.000S.in. or  greater)  and an Ag o r  Cu layer  less than 
0.001 in .  thick would make a jumpy or unstable c o i l .  

S t a b i l i t y  i n  c o i l s  has  been shown by Morgan and Dah18 t o  be re la ted  t o  inductance 
and, therefore ,  presumably t o  dB/dI, by a test of an inductively wound vs a noninduc- 
t i v e l y  wound pie of i d e n t i c a l  geometry and ribbon length. A current  of 1350 A was not 
s u f f i c i e n t  t o  drive the noninductive c o i l  normal while the inductive c o i l  had an i n s t a -  
b i l i t y  l i m i t  around 800 A.  

V. TESTING TECHNIQUES 

Since work was begun a t  Brookhaven on Nb3Sn ribbon, there  has been a search f.or 
b e t t e r  methods t o  test materials prior t o  ac tua l ly  building a device with them. The 
f i r s t  method was t o  cu t  a s h o r t  (- 1.0 in .  long) sample from each end of each ribbon 
length,  clamp i t  between copper blocks, and measure i t s  c r i t i c a l  current as a function 
of magnetic f i e l d  perpendicular t o  the current flow. 
from t h i s  batch of ribbon, t h e  lengths would be wound such t h a t  the highest  current 
d e n s i t i e s  were on the ins ide .  The problem with short  sample tests i s  t h a t  they indi-  
c a t e  almost nothing about t h e  s t a b i l i t y  of a lotig length of ribbon, as  may be seen 
from t h e  high current d e n s i t i e s  obtainable a t  low f i e l d s  i n  short  samples compared 
with t h e  low current d e n s i t i e s  which a r e  ac tua l ly  possible in  c o i l s .  

Then i f  a solenoid were made 

. Once a solenoid i s  assembled, an obvious test  is t o  measure the current  l i m i t  of 
each length of ribbon i n  i t .  
var ious current  sweep rates and a t  several  levels of fixed background f i e l d  produced 
by the  outer  sections.  

This i s  most informative when tests a r e  performed a t  

Any length which operates poorly i n  the  c o i l  is then replaced. 

A t h i r d  method f o r  t e s t i n g  i s  t o  energize a complete solenoid i n  series and'put 
i t  i n t o  t h e  pers is tent  mode with a shorting switch. 
a r e  read across each s e c t i o n  t o  locate bad j o i n t s  and poor lengths of ribbon. 

After i t  has s t a b i l i z e d ,  emf's 

A continuous t e s t i n g  method for Nb3Sn ribbon has a l s o  been developed. The ribbon 
is  passed through a D e w a r  a t  a r a t e  up t o  0.5 m f s e c  and, en route ,  i t  passes through a 
magnetic f i e l d  of 50 kG. A t  the  entrance t o  and e x i t  from the f i e l d ,  co i l s .  encircle  
or  l i e  c lose  t o  the face of t h e  ribbon and produce an output which is  r e l a t e d  t o  the 
diamagnetic properties of t h e  SC ribbon and t o  the nature of the  NC bonded t o  it .  
With an integrator  dr iven by the  co i l s  connected i n  opposition, the diamagnetic 
s t rength  of the SC l ayer  has  been measured and defec ts  have been detected i n  the SC 
and i n  t h e  SC t o  NC bond. 

8. G.H. Morgan and P.F. Dahl, Brookhaven National Laboratory, pr ivate  communication. 
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Another test which has been used by Sampson recent ly  i s  measurement of the conduc- 
t i v i t y  of the normal conductor a t  c lose t o  SC temperatures. It has  been found t h a t  
Cu cladding used by manufacturers has around twice the conductivity of Ag plat ing.  
has a l s o  been found tha t  the Ag p la t ing  w i l l  increase i n  conduct ivi ty  by' a fac tor  of 
about two (becoming equal  t o  the Cu) when i t  is  properly annealed. 
ing, .  the  Ag plat ing i s  poor ( res i s tance  r a t i o  - 60) compared with commercial f ine  
s i l v e r  f o i l  ( res is tance r a t i o  - 200). 
as  w e l l  as pies made of 0.500 in .  ribbon, t h e r e  appears  t o  be a pos i t ive  cor re la t ion  
between conductivity of the plat ing and s t a b i l i t y  of the c o i l .  This has been shown 
with two coi ls  each containing approximately 1000 m of 0.090 i n .  ribbon which operated 
unstably and would only carry 60-70 A.  Af te r  annealing, the current  l i m i t s  were r a i s e d  
t o  around 95 A, which w a s  s t i l l  not a t  t h e  B-I  l i m i t .  

It 

Even a f t e r  anneal- 

I n  tests of solenoids made of 0.090 in. r ibbon 

Another test which w e  have made on superconductors t o  understand t h e i r  perform- 
ance i s  to measure t h e i r  cri t ical  temperatures. A c o i l  containing approximately 1 f t  
of conductor with thermocouples and cur ren t  leads attached t o  each end is enclosed i n  
a copper sheet t o  provide a uniform temperature environment. With 10 A flowing through 
the c o i l ,  it is  slowly raised out of t h e  helium bath while thermocouple emf is  read 
from each end of the c o i l .  When t h e  emf across  the sample reaches 1 mV, it is  as- 
sum&d t o  be above Tc a t  the high temperature end. 
0.5OK apart. 
T, < 15OK while diffusion ribbon has a T, M 17.5'K. 

The two ends were never more than 
The only difference found t o  da te  i s  tha t  vapor-deposited ribbon has a 

A newly established method' by which w e  can test complete lengths  of 0.500 in .  
ribbon for  s t a b i l i t y  i s  the 5.0 in .  bore p i e  test .  The usual run of lengths is  from 
180 t o  500 m and over t h i s  range, the value of dBl/dI at  the inner turn i s  a very weak 
function of the amount of ribbon being t e s t e d .  These c o i l s  are very easy t o  construct  
and test compared with useful magnets, so i t  is  advantageous t o  test lengths of ribbon 
i n  t h i s  fashion pr ior  t o  winding them i n t o  a more complex design. A t  present, some 
20 pieces of ribbon (approximately 300 m each) have been tes ted  t h i s  way and current  
d e n s i t i e s  have varied from 22 000 t o  54 000 A/cn? a t  f ie lds .  t o  70 kG. 
with the p i e  test i s  large when you consider  tha t  four ribbon lengths  for  a quadrupole 
may be wound as  pies  and tes ted i n  two man days compared with e i g h t  man days r equ i r ed  
t o  perform the same experiments with t h e  quadrupole. 

The time saving.  

9 .  Specification for  Superconductive Ribbon, Brookhaven National Laboratory 
SPEC. AGS-481, June 18, 1968. 
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I 

JACKET - PURE Nb 

Nb WIRES - TJP TO 900 STRANDS 

Nb3Sn ON SURFACE OF WIRES 

Sn MATRIX 

100 TO 1000 MILS b 

I’ 
-DIAMETER: 200 TO 500 MILS I N I T I A L  

20 MILS AFTER MULTIPLE DRAWING 

Fig.’l. Multiwire diffusion process. 

.One’or more ribbons of base metal - primarily Nb or V 
Superconductive Film - Nb3Sn or V3Ga 

Film of Sn or Pb-Sn solder 

Normal conductor - Cu foil or 
electroplate 

1 
T 1 

Fig .  2. Diffusion process - Nb Sn or V3Ga ribbon. 3 
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Fig .  3 .  Microphotograph of cross section - GE 150 ribbon. 
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Fig. 4 .  Microphotograph of cross section - GE 300, ribbon. 
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Fig. 3. Microphotograph of c r o s s  s e c t i o n  - GE 600 r ibbon.  

. I  

- 459 - 



UBSTRATE - HIGH STRENGTH ALLOY SUCH AS HASTELLOY B OR 
C ,  NIVAFLEX, OR A STAINLESS S T E E L  

. .  
XJPERCONDUCTOR - MAINLY NbgSn . 

THIN PLATED LAYER - USUALLY N i  
I 

NORMAL CONDUCTOR - A g  o r  CU - ELECTRO- 
PLATED OR CLAD 

90 TO 500 MILS 

2 . 2  TO 3.8 MILS, 

2.8 TO 6 M I L S  

Fig.  6 .  Vapor-deposition process - NbgSn ribbon. 
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F i g .  7. Microphotograph of cross section - RCA 800 developmental ribbon. 
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Fig. 8. Microphotograph of cross section - RCA 1200 developmental ribbon. 
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Fig. 9. Microphotograph of cross section - RCA "1100" developmental ribbon. 
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5 

A 3 0.62"BORE SO 
A 4 1.5" BORE PIE 
A 5 5.0" BORE PIE . 

0 1.25"BORE SOLENOI 

KILOGAUSS 

Useful current density vs f i e l d  at 4.2'K F i g .  10. 

. .  
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, 
COMPOSITE MATERIALS* 

A.D.  McInturff 
Brookhaven National Laboratory 

Upton, New York 

This talk will be a briefing on the "state of the art'' as it is known by the 
author. Most of the information acquired with respect to fabrication was obtained- 
while the author was a "Senior Research Physicist" at Atomics International , where 
metallurgist Gordon Chase and the author worked on alloy development of TiNb as a 
superconductor. A small fraction of the metallurgical work presented here was per- 
formed after the author's arrival at Brookhaven. 

There are certain criteria which will be applied to a material .to rate its use- 
fulness. (These are by no means all the criteria that are relevant, e.g., upper 
critical ,field, critical temperature, etc.) These criteria are: 

1) The critical current density for the superconductor plus normal material 
[Cu, Ag, and/or mechanical support .material, if needed, etc. (maximum) ] 
vs applied perpendicular magnetic field. 

2) The magnetization of the materials [this is a function of Jc (Happlied) 
and geometry, thermal and electrical 'environment (minimum) 1. 

3) Flux jump stability [this parameter- is a function of mechanical rigid- 
ity and criteria 1) and 2) (maximum)]. 

4 )  Reproducibility of these properties with a given production process: 
a) For small quantities and all sizes of conductors. 
b) For larger quantities and all sizes of conductors. 

The materials used in the experiments were in most cases commercially available 
samples with known metallurgical histories. Some were obtained to test from users, 
who had them submitted by the producers for a particular contract. Samples tested 
originated from the following manufacturers: Atomics International, AVCO, Cryomagnetics, 
General Electric, Radio Corporation of America, and Supercon. This paper will not re- 
fer to a sampke by its producer, because in certain cases a great deal of time was 
spent to find a piece of the material which displayed a desired characteristic, be it 
an asset or a detriment. The'materials tested were Nb3Sn and various alloys of Tim. 
Most of the fabrication techniques with respect to composites where applicable to TiNb 
alloys are usually applicable to N b Z r  alloys as well. 

The composites discussed will be of three different types. There will be some 
overlap, of courae. These types are: 

I. Cable (strands): 
A. Cable composed of a nonstabilized individual superconductor, 

stranded with and soldered to stabilizing, high-conductivity 
normal material (e.g., annealed Cu). (See Fig. 1.) 

* 
Work performed under the auspices of the U . S .  Atomic Energy Commission. 
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B. Cable composed of individually stabilized wires, where the 
nopal metal jacket is thick enough to enable the entire super- 
conductor eo gci into the normal state, and the current to divert 
through the high-conductivity jacket without sufficient heat 
being generated to cause the normal region to propagate to the 
rest of the conductor, stranded and soldered together to produce 
a high-current cable. Actually, this type can be run under par- 
t ially stabilized or fully stabilized conditions quite reliably. 

11. The filamentary or strand composite [which will include from a few to 
several hundred filaments (9 0.01 cm in diameter) or strands (2 0.01 cm 
in diameter) 3: 

The superconductor is located as filaments or strands in 
(a) a metallurgically, or (b) a mechanically-bonded, high- 
conductivity metal matrix. There may be sufficient bigh- 
conductivity metal present t.0 stabilize the total composite 
current or a fraction thereof. (See Fig. 2.) 

111. A multilayered composite, which might be fabricated by the follow- 
ing processes: 

A .  

B. 
C. 

D. 
E. 
F. 

Vapor deposition (normally a ribbon geometry). (See Fig. 3 . )  

Soldered layers (normally a ribbon geometry). 

Plating. 
Diffusion (or reacted). (See Fig. 4.) 
Casting (normally a ribbon geometry). 
Any combination of the above. 

The actual fabrication of the ductile allays (e.g., TiNb) that would go into 
types I, 11, 111-By 111-C, and 111-E of the composites will be evaluated with respect. 
to criteria l), 2 ) ,  and 3 ) .  

There are various metallurgical processes for a given alloy which can optimize 

perpendicular applied field. The process usually consists of some schedule of heat 
treatment and cold work (X area reduction). Both of these processes are thought to 
provide pinning sites in the alloy.1,2 

‘criterion l), i.e.,, obtain the maximum critical transport supercurrent for a given 

The yield point and fracture point start to coincide and the hardness increases 
as the critical current’of these alloys increases in the region where the applied 
fields are in excess of that required to totally penetrate the superconductor with 
flux. Therefore, the difficulty of further fabrication or handling of the alloys in 
this metallurgical state, where they would have a high current density, is greatly 
increased. 

The mechanical parameters and the flux jump stability of the sample are quite 
different depending on whether the last step in the process is cold work (reduction) 
or heat treatment. 

1. J.B. Vetrano.and R.W. Boom, J. Appl. Phys. 36, 1179 (1965). 
2. A.D. McInturff et al., J. Appl. Phys. 38, 524 (1967). 
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A superconducting sample, whose critical current density is not maximized with 
respect to the variation of the last step in the fabrication process (e.g., cold work 
or heat treatment time) will in general not undergo flux jumps at fields in excess of 
the penetration field if the bond (metallurgical or mechanical) between the alloy and 
the high-conductivity material (thermal and/or electrical) is good (low resistance). 
Even if the sample undergoes flux jumps in that region, the flux jumps will tend to be 
localized and not occur across the entire conductor. 

If samples are being mapped for a maximum in the critical transport current den- 
sity at a given perpendicular field Ha [where Ha >> H* (field of complete magnetic , 
flux penetration) as shown in Fig. 5 1  as a function of various values for the last 
step in fabrication (e.g. , X cold work) , certain generalizations may be made about the 
resulting superconductor. These generalizations, of course, are subject to the bond 
quality. Assume that it is good (high conductivity, thermal and/or electrical). The 
samples which lie to the left of the peak will either not undergo flux jumps, or if 
they,do, the jumps  will tend t o  be localized and less numerous. The samples which lie 
on the right side of the peak (Fig. 5) will have flux jumps which are both numerous 
and catastrophic. 

. 

‘There are various possibilities that will cause flux jump instability to increase 
in frequency and/or magnitude: 

1) A diffusion layer of the superconductor into the high-conductivity sur- 
roundings, causing a resistive bond at very low applied fields (either 
excess heat treat temperature and/or time). (A very thick layer of 
alloys and/or compounds formed by the superconducting alloy and the 
.interdiffusion and reaction of the high-conductivity matrix.) 

2) A mechanical breaking of the bond. 
3) Physical break-up of the superconductor because of brittleness. 
4) Cold-working of the superconductor to a high degree ‘as the last step. 

It should be noted here that although one can usually obtain slightly higher cur- 
rent densities for short samples with cold work as the last step in fabrication, the 
resulting superconductor is, in general, much more flux-jump unstable, the reason 
being that aJc(H)/aH has a larger magnitude for cold-worked samples in general. 
samples can be used reliably only in composites I-A, 11-B (with a lower conductivity 
jacket, e.g., cold-worked Cu), and 111-By which tends to negate the higher current 
density in the windings due to lower over-all current densities of the resulting com- 
posite. The reproducibility of the desired characteristic in large quantities (or 
even the production of long, continuous lengths) is much more difficult. The chances 
of mechanically breaking the superconductor to high-conductivity metal bond is greater 
for this type of fabrication. 

Such 

Heat treatment, as a last step in a process, can result in diffusion layers being 
This is usually formed between the superconductor and the high-conductivity material. 

the result of excessive heat treat temperature in an effort to obtain a maximum Jc (H)  
in a desirably (from a production cost. standpoint) short time. 

It should be noted that even with vapor-deposited superconductors (Nb3Sn or TiNb) 
that have been plated or vapor-deposited over with a high-conductivity material, a heat 
treatment which metallurgically bonds the components together will greatly affect- the 
flux-jump stability (see Fig. 6 ) .  

It is. obvious from the figures that the high-conductivity matrix affect,s the be- 
havior of the superconductor drastically. This poi’nt will be expanded in the Ac Session 
paper. 
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Geometry is probably the next most important factor to be considered. In Fig. 7 
an extreme example (a thin sheet geometry of NbgSn) is taken with the upper diagram 
representing the hysteresis curve for 0.97 cm width, the middle, 0.6 cm width, and the 
lower, 0.3 cm width. Data for TiNb on' a similar geometry displayed the same behavior. 
No matter how good the mechanical and thermal environment, if the geometry is poor the 
performance will be likewise. 

When size independence experiments2 were performed and found to be valid, two 
large conductors were designed and fabricated. It was found that, although they had 
extremely high critical currents during short sample tests with large cold-welded leads 
on them, a magnet section that was fabricated with them was very noisy (large number of 
flux jumps), and great care had to be taken during the charging cycle during which 
there was a large helium b~il-off.~ This behavior was due to the flux-jump instability 

1 in the particular geometry chosen, namely that of a very large superconductor (which of 
course is a very cheap conductor to fabricate). This problem can be partially remedied 

ness of the saturation field results from the fact that most of the flux jumps occur at 
fields less than 10 kG in TiPZaloNb. There have been samples fabricated as large as 
0.170 cm. 
shunt across them, these large samples would carry very high current depsities (up to 
short sample characteristics of smaller samples), they were flux-jump unstable. The 
effects of this instability can be remedied with massive amounts of high-conductivity 
material in good electrical contact with the'superconductor (e.g. , I-B, 11, 111-A, 
111-E). The jumps will still occur, but the magnet will not quench, a relatively poor 
design in light of up-to-date information. 

. by applying a saturation field with the outer sections of the magnet. The effective- 

Although with large leads cold-welded to them and with a low resistance 

Now to recapitulate the discussion, an outline is presented which uses the various 
composites as the division basis and the performance standards as subdivisions. 

I. Stranded cable -.materials normally used are a ductile alloy of TiNb 
or NbZr potted in a solder. 

A .  Composed. of nonstabilized superconductors. 
1. 

2. 

3. 

The critical current density vs applied magnetic field of 
the superconductors can be quite high, but by the time the 
stabilizing or partially stabilizing high-conduct ivity 
material and solder are added, the over-all current density 
is quite a bit lower, w lo4 + lo3. 
Magnetization of the composite is completely a function of 
the size of the superconductors used for a given cross 
section of superconductor desired. 
Flux-jump stability of the composite is a function of the 
impregnation of the cable and that of the individual con- 
ductors (geometry, metallurgical history, etc.). 

B. Composed of stabilized superconductors. 
1. Critical current density vs applied field is good. After 

a number of these stabilized wires are stranded together 
their combined current density is less markedly reduced, 
104. 

2. The magnetization of the composite is determined by the size 
of the individual superconductors for a giv.en cross section 
of superconductor desired (these are normally twisted). 

3 .  H. Brechna, private communication. 



3 .  Flux-jump stability is no longer a function of the impreg- 
nation of the cable, only that of the individual conductor 
jacket (geometry, metallurgical history, etc.). I-B is 
usually much more stable with smaller losses during charging 
of a coil than I-A. 
ity, the smaller diameter I - B  types can more readily be run 
in a partially stabilized configuration than the smaller 
diameter I-A types. 

Because of the greater flux-jump stabil- 

11. Filamentary or strand composite -materials normally used are the ductile 
alloys (e .g., TiNb, NbZr) , but if a high-temperature, high-conductivity 
material were available with slow Sn diffusion rate - slower than Nb - 
then the intermetallic compounds such as Nb3Sn with their higher Hc2 and 
Tc could be used. 
ment. 

Normally, the last step in fabrication is a heat treat- 

A .  Metallurgically bonded (usually an extruded plug in a soft-annealed 
state and subsequently drawn and then heat treated). 
1. The critical current density is at an optimum €or any con- . 

figuration (geometry) that is desired, be it filamentary 
or strands. 
The ability to reproduce short-sample characteristics is 
excellent in such a process. 

It may be totally stabilized or only partially. 

2. The magnetization curves are governed by the individual size 
of the filaments or strands and their proximity to one another. 
[Enhancement factors of three have been found by proximities 
of the order of filament diameters (0.003 cm) in samples 7 ,cm , 

long.] The ratio of the magnitude of the magnetization of 
the composite to a given total cross section €or the super- 
conductor may be minimized here by variation of' the filament 
size and various properties of the surrounding matrix. 

3. The flux-jump stability, where a heat treatment is picked to 
give optimum conductivity of the matrix, optimum bond of ma- 
trix to superconductor, and high Jc(Happlied), can be maxi- 
mized by minimizing the absolute value of aJc(H) /aHT const. 
and aJc (TI /aT, const. 

B. Mechanically bonded (same as 1 1 - A  above). 

111. Multilayer composite (usually ribbons). The intermetallic compounds 
such as NbgSn are normally commercially made in this form, but the ductile 
alloys may also be fabricated in this form. 

A .  Vapor deposition - evaporation process is versatile and allows pro- 
The duction of composite conductors that cannot be made otherwise. 

process is most efficient for depositions 2 0.003 cm thick over large 
areas, for example 0.003 cm of TiNb may be deposited on 5 to 15 cm 
wide strips at the rate of 120 m/h using 30 kW for evaporation. 
1. Critical current densities vs applied field are good although 

those achieved so far seem to be slightly less than those ob- 
tained with other methods of fabrication (this observation is 
for ductile alloys only). 

2. Magnetization curves for normal vapor-deposited composites 
tend to be high due to their width (perpendicular magnetic 
field). In some cases the samples are in the form of a 
flattened-out cylinder. This can be remedied somewhat by 

, 

' subdivision. 
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B. 

C .  

D. 

E. 

F. 

3. Flux-jump stability is not optimum here, but this is a func- 
tion of the normal geometry (ribbon-like), not the process. 
It is critical in the thin disk configuration. 

Soldered layers. Here the individual superconductor is soldered into 
a stabilizing or partially stabilizing matrix. 
1. 

2 .  

3 .  

Critical current density in the superconductor may be quite 
.high, but in the entire composite it is considerably reduced 
for complete stability. 
for more than a few such layers. 

Magnetization of the composite is usually that of the super- 
conductor. Here again the geometry is usually poor (wide one) 
and the magnetization is quite large. 
The flux-jump stability for this'type is not optimum due to 
normal geometry. It also suffers from one more drawback than 
111-A, namely that of impregnation of the composite with solder, . . 
and hence, the possibility of voids. 

The process is normally difficult 

Plated composite. 
stability to the material (adding on high-conductivity ma-terial) , and 
results mainly in aiding criterion 3 ) ,  "greater flux- jump stability." 

This is a process.normally used to give partial 

This process does not 
thick layers. 

1. Same as 111-A-1. 

2. Same as 111-A-2. 
3 .  Same as 111-A-3. 

Diffusion composite. 

lend itself readily to the fabrication of very 

The conductors normally fabricated by this pro- 

1. 

2. 

3. 

cess are in the form of a ribbon of one of the constituents of the 
desired superconductor, which is coated by the other constituent or 
placed in physical contact with the other and then reacted together 
in a diffusion process. 
the intermetallic compounds, e.g. Nb3Sn. A drawback to this proce- 
dure is that the resulting composites are generally weak mechanically. 

The resulting material is normally one of 

Critical current densities of the over-all composite are 
usually quite high in this process. 
The magnetization is.the same as 111-A-2, except that any of 
the unreacted Nb ribbon left adds to the low field magnetiza- 
tion of the sample. (Since this is also the mechanical strength 
member, a compromise in size must be chosen.) 
The flux-jump stability seems slightly increased over 111-A. 
This additional stability may be due to the presence of the 
Nlj providing low field shielding of the flux. 

"Casting" of a composite is an idea that has been around a long time 
because it would be a cheap method of fabrication, but to the best of 
the author's knowledge the major difficulties of temperature vs super- 
conducting bond problems have not been worked out. 
1. Critical current densities are very low. 
2. Magnetization is unknown. 
3 .  Flux-jump stability is unknown. 
Combination of the above processes resulting in a composite. The 
properties would be a combination of the above. 
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. 
Examples of all of the criteria have been shown. previously in the figures except 

criterion 1). 
materials now available. 

Figure 8 shows typical Jc(Happ1ied) VS Hperpendicular curves for various 

In conclusion allow me to state a personal observation, first of what would be' 
optimum from the standpoint of dc and ac applications based on what is presently known, 
and second, what probably will be the future course of action. 

First, I believe and a lot of other people with me believe it to be obvious that 
multifilament composites containing only the superconductor in appropriate filament 
size with sufficient amounts of high-conductivity metal to insure flux-jump stability, 
and enough high-conductivity metal to allow several stable filament superconductors to 
undergo normal transitions and return to the superconducting state, are the answer for, 
both ac and dc applications. I do not believe that it is necessary to go to smaller 
filaments than 30-40 w, and indeed maybe not even that small when one takes into ac- 
count the'proximity effects of the magnetization of the composites, unless one is able 
through the introduction of resistance to decouple the strands or filaments, especially 
in light of calculations presented by various at this Summer Study. If a 
high-temperature, high-conductivity material with a very slow Sn 'diffusion rate could 
be developed, the multifilament composite could employ Nb3Sn as well as the ductile 
TiNb and NbZr alloys. 
deposited or diffusion-processed Nb3Sn will be available. 

But for the near future probably scribed layers of either vapor- 

Upon evaluation of papers presented by W i ~ f , ~  Hart,5 Smithy6 and Stekly7 during 
the weeks of the Summer Study, the conclusions of the author were slightly modified in 
that perhaps a highly resistive diffusion layer, that is, a very 'small thermal conduc- 
tion barrier, might greatly reduce the coupling in twisted multifilament composites . 
having filament diameters around 0.003 cm. 

ACKNOWLEDGEMENTS 

The author wishes to thank G.H. Morgan fo,r his helpful comments on this paper, 
and W.B. Sampson and R.B. Britton €or the use of their magnets in these experiments. 

4. S.L. Wipf, these Proceedings, p. 511. 
5. H.R. Hart, ibid., p. 571. 
6. P.F. Smith, ibid. p. 913. 
7. Z.J.J. StekIy, ibid., p .  748. 

- 471 - 



Fig. 1. Micrograph of a stranded cable consisting of a Ti22a/oNb 
copper-coated center strand (0.0508 cm diameter) with six 
highly annealed copper strands (0.0508 cm diameter) around 
it, potted in a SnAg solder. 

. 
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Fig. 2. Micrograph of a multifilament conductor (0.0508 cm diam- 
eter) containing 52 TiNb filaments (individually = 0.0038 cm 
in diameter) in a highly annealed copper matrix. 

: ./. 

Fig. 3. Micrograph of a multilayer composite in which the 
superconductor was obtained by vapor deposition oi 
a substrate (Cu). 
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Fig. 4. Micrograph of a multilayer composite in which the 
superconductor was obtained by diffusing a Sn solder 
layer into a Nb ribbon and then copper-plating. 
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Pig. 5 .  A map of one of the various metallurgical parameters that 
are varied to obtain a given superconductor with various 
desired properties (these are data obtained by the author 
for a test sample). 

Ti-Nb 

Ti - Nb 

Fig. 6. Tracings of an x-y recorder €or E on the y-input and 
x-input (haX = f 40 kG). 
Ti48ajoNb with an excellent bond between superconductor and 

the bond between superconductor and copper was very resistive 
and mechanically weak. These samples had the same Jc(Ha) 
(perpendicular) curves when the copper was etched off  and the 
samples were sand-blasted and indium-tinned and then soldered 
to large copper pads for transport current connections. 

on the ' 

The upper curve is for a sample of 

' copper. The lower curve represents an identical sample except 

, 
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Nb, Sn 
0.97 cm 

. H (max) = i- 37.3 kG 

Nb, Sn 
0.646 cm 

H (max) = i- 37.7 kG ' 

V 

Nb, Sn 
0.318 crn 

H (mar) = i: 37.7 kG 

Nb, Sn 
0.318 cm 

H (max) = i36.4 kG 

( d l  d 
Fig. 7. Tracings of an x-.y: recorder for on the y-input and on the 

In curve (a), 
x-input ( lHmxl) = 40 kG. 
field 'il has both.positive and negative values. 
H is only negative. Curves (a), (b), and (c) represent varia- 
tions of the smallest perpendicular width for a ribbon sample, 
with the field H perpendicular to the flat side. 

In curves (a), (b), and (c) the. 
- 

. .  
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APPLIED TRANSVERSE MAGNETIC FIELD ( KILOGAUSS) 

Fig. 8. Critical transport current density vs applied perpendicular 
field (H) for various type I1 superconductors. 
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MATERIALS AND CONDUCTOR CONFIGURATIONS IN SUPERCONDUCTING MAGNETS* 

Instability in superconductors, composite cables and conductors, and magnets has 
been studied by Kim and Anderson,l Iwasa and Will.iams,' WipfY3 Hart,4 and Hanco~.~ 
Their qualitative observations are briefly summarized: Any high field superconductor 
that conforms to the Kim-Anderson model of flux release from pinning centers under the 
combined Lorentz force and thermal activation is intrinsically unstable. Resistance 
is observed in a type I1 superconductor when the Lorentz force exceeds the field- 
dependent "pinning force" determined by the defect structure of the superconductor. 
This "flux jump" or "flux flow" resistance yields power losses in the superconductor, 
which must be dissipated by the coolant in order to avoid a so-called "runaway" tran- 
sition from superconductivity to normality over the entire length of the conductor. 

A field or temperature disturbance changes both Lorentz (FL) and pinning (Fp) 
forces, the first because of the field gradient between. two points of equal magnetic 
field B, the second because of temperature changes due to energy dissipation. An in- 
crease in temperature reduces the pinning force. A disturbance also causes a reduction 
in the Lorentz forc-e. On As long as the changes ~ F L  > AFp, the equilibrium is stable. 

Q 
H. Brechna 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 

I. INTRODUCTION 

The configuration, form, shape and composition of a superconducting-normal metal 
matrix for high energy, plasma, or'solid state physics, or for other applications are 
primarily dictated by the performance'reliability of the device to be used. Several 
factors do affect this, such as operational stability; electromagnetic, thermal, and 
mechanical stresses; manufacturing and technological problems; fatigue and environ- 
mental effects. Optimization of a composite conductor is also dictated by economic 
considerations. 

' 

. .  
If a superconductor is stabilized by means of adequate normal metal, and operated 

in the nucleate boiling region of liquid helium, the over-all current density in such 
a conductor is low. There are, however, possible ways to improve the over-all current 
density without jeopardizing operational safety in case of transient flux motion, or 
gross discontinuitles in current or coolant supply, or other unforeseen incidents. 

Flux instabilities encountered in the operation of superconducting magnets are 
primarily caused by power dissipation in superconductors. However, quantitative re- 
sults on the instability phenomena are scarce, merely due to the circumstance that the 
problem is'nonlinear and many material properties are not known properly. 
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exceeding the l i m i t  AFL 2 AF the f lux  movement i s  accelerated u n t i l  a f lux  jump oc- 
curs.  In  a magnet, i n s t a b i l i t i e s  are t r iggered by f lux  jumps occurr ing i n  some p a r t s  
of i t .  When the magnetic f i e l d  i s  increased, the f i e l d  p r o f i l e  w i t h i n  the supercon- 
ductor,  B(r), i s  determined by the shielding cu r ren t  Is, which flows i n  the conductor 
surface.  Inside the superconductor, B i s  zero, except i n  the  sh i e ld ing  layer  of thick- 
n e s s . 6  = Bext/4n Jc. 
i n  a " c r i t i c a l  state." 
propagates towards the center filament of the superconductor with t h e  ve loc i ty  

P' 

The shielding layer has everywhere the c u r r e n t  densi ty  Jc and is  
A s  Bext i s  increased, the f ron t  of t h e  c r i t i c a l  . s t a t e  region 

v t-.- 1 dBext 
L 4n Jc d t  

Since the f lux front is moving, an e l e c t r i c  5 i e l d  is induced i n  t h e  conductor according 
to 

4 - h  * 
U = vL X Bint , 

which r e s u l t s  i n  a power d i s s ipa t ion  p e r  u n i t  volume given by 

dBext .- 1 
B i n t  d t  P = U*Jc = (3) 

Ignoring displacement current and assuming t h a t  i n  the superconductor the r e l a t i v e  
permeability I+ is  un i ty . ( i . e .  B i n t  = Bext = B ) ,  t he  f i e l d  propagation i n  the super- 
conductor is given by 

which is  the magnetic diffusion equation. 
r e s i s t i v i t y  due t o  a f lux  disturbance i n  the  superconductor. 

Dm i s  t h e  magnetic d i f f u s i v i t y ,  and p the . 

For a cy l ind r i ca l  wire one may write Eq. (4) e x p l i c i t l y  i n  t h e  form 

I f  t he  magnetic f i e l d  is  p a r a l l e l  t o  the a x i s  of a semi- inf ini te  conductor, Eq. (5) i s  
simplified t o  

- a 2 B  1 a B  1 
2 + - - = -  r ar a r  D, - a t  

I f '  the  external magnetic f i e l d  i s  perpendicular t o  the  conductor axis, surface e f f e c t s  
i n  a s ing le  conductor a re  not of great  importance and thus, even i n  t h i s  case, solut ion 
of t h e  diffusion Eq. (6) may yield a f i r s t  order  approximation and has been calculated 
by Wipf .6 

Wipf' gives as a f i r s t  approximation f o r  the r e s i s t i v i t y  of  a cy l ind r i ca l  supe r -  
conducting wire of radius r o  i n  a creeping magnetic f i e l d  p a r a l l e l  t o  the conductor 

. axis  t he  value of 

6. S.L. Wipf, J .  Appl. Phys. 37, 1012 (1966). 
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-9 ro aB p %2.5 x 10 ’ - - at 9 
JC 

C 

and, for the resistivity in case of a flux jump, the value 

-10 a p A  = 1.5 x 10 at . 
G/sec, we get for the case of a flux jump 

pA = 1.5 x 10 Q-cm , 

3 Taking a typical value of aB/at = 10 

- 7  

which results in a magnetic diffusivity in the superconductor of 

2 -1 D = 12 cm sec . 
A,m 

The magnetic diffusivity, Dm, is counterbalanced by the thermal diffusiv&ty, Dth, of 
the superconductor, or generally by the thermal diffusivity of the composite conductor. 

For a composite conductor consisting of a superconducting core embedded in a nor- 
mal metal we may write the thermal diffusion equations: 

with 

where the subscript s denotes the superconductor, n the normal shunt metal, and k, p, 
h and D are thermal conductivity, electrical resistivity, heat transfer coefficient , 
and thermal diffusivity, respectively. A is the cross-sectional area, and f a factor 
linking the over-all perimeter of the composite conductor to the cross-sectional area 
of the normal matrix. 

Assuming that the heat flow has a velocity v4 parallel to the conductor axis and 
is linear, i.e. 

(9L where v 
have been calculated by Stekl~,~ WhetstoneY8 Gauster et al. ,g Lontai,lO and Brechna. 

is the heat propagation velocity, solutions of the thermal diffusion Eq. 4 

7 .  Z.J.J. Stekly and J.L. Zar, Avco-Everett Laboratory Report 210 (1965). 
8. 
9. L.M. Lontai, Argonne National Laboratory Engineering Notes (1966). 

C.N. Whetstone and C.E. ROOS, J.’ Appl. Phys. 36, 783 (1965).. 

10. W .F. Gauster et al., Oak Ridge National Laboratory Report ORNL-T-M-2075 (1967) . 
11. H. Brechna, Bulletin S.E.V. (Swiss) 20,’ 893 (1967). 
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The limit of stable current is calculated from v4 = 0 to be: .' 

where Sc is the cooled perimeter. 

The two differential E q s .  ( 6 )  and (9) can be combined in a set of simultaneous 
nonlinear equations, and we may conclude, for a purely adiabatic representation, that 
no instability occurs unless 

AT 
T1 

or, in simplified form, unless Dm Z Dth. 
AQth = thermal energy difference. 

AI&, = magnetic energy difference, and 

Referring now to Table I, the thermal and magnetic diffusivities of a number of 
materials are presented at 4.Z°K. 
temperature are given in Fig. 4.  

Data for thermal diffusivities as a function of 
' 

At T S Tc the thermal diffusivities of type I1 superconductors are small compared 
to the magnetic diffusivities, and thus we may conclude that during a flux jump, which 
has a duration of only a few microseconds, the superconductor may be thermally isolated 
from the substrate. 
temperature distribution inside the superconductor is anisotropic, and thus the exact 
evaluation of the diffusion mechanism proves to be difficult and will be treated later. 

Due to the poor thermal conductivity in the,superconductor, the 

In a composite conductor we have three regions of flux exclusions: 

a) Field stability: 

b) Metastability or limited instability: 

If the field or current perturbance has subsided, 
the conductor recovers its superconducting state. 

A small perturbance may 
drive the conductor normal, but the region of normality may sub- 
side when the conductor transport current is reduced below its 
recovery value. 

entire length of the conductor. 
c) Runawav instability: Region of normality may propagate over the 

Field stability (dcp/dt and dp/dt must be limited) is achieved by adding normal 
metal to the superconductor. 
metal must.be appropriate (thermoelectrical bond) in order that the boundary layer 
shall not decelerate the heat transfer from the superconductor to the normal metal. 

In this case the bond between superconductor and normal 

The temperature rise due to dp/dt is limited by utilizing materials of high thar- 
mal capacity such as silver, lead, or helium within a composite conductor. 

The solution of E q s .  ( 6 )  and (9) suggests that the heat capacity (cp6) of the 
system must be improved. 
stable screening field 

Based on one-dimensional models, Hancoxl2 gives the upper 

I, 
H Z(8rrc6. . (11) 
S P 

12. R. Hancox, .Phys. Letters 16, 208 (1965). 
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TABLE I 
Properties of Elements and Alloys at 4.2OK . .  

Material Density Specific Heat Thermal Capacity Therm. Conductivity Therm. Diffusivity .Magnetic (a) 

Ag (99.999%) 
A1 (99.996%) 
Cu (99.95% an) 
In (99.993%) 
Na (99.999%) 
Pb (99.998%) 

I He 
s 
I Nb3Sn 
tu 

Nb25%Zr 
Nb60%Ti 

10.6 
2.7 
8.95 
7.28 
1.009 
11.25 

15 x 
@ 15 atm 

5.4(4 
8.1 
5.6 

1.35 
2.8 x 

1.2 x lom3 
1.7 x lom3 
8.0 x lod4 

2.1 x . 1 0 ' ~  

1.8 x lom4 
1.8 

2.1 
@ 15 atm 

14.3 x 
7.56 x. 
8.95 
8.73 
1.71 x loe3 
90.0 x 
31.5 x 

14.58 x 
10.1 

@ 15 atm 
11.34 x 

130 
33 
2.5 
8.5 
48 
22 
3.14 x 

4.0 x 
0.8 x 
1.2 x 

9.0 x lo4 0.08 
1.25 4 . 3 6  X 10 

0.973 x lo4 2.47 
28.07 x lo4  . 0.135 
0'.24 lo4 0 .  32(b) 

4 

0.28 x lo4 0.95 

0.35 
5.4 
1.18 

(a)Data for resistivity without strain. 

("The density of NbgSn is about 8 g/cm3, but the c calculation from Vieland's measurements (Ref. 20) 
indicate 6 = 5.4 g/cm3. P 

, 



- . 
Depending on the diameter ratio of the superconductor to normal .metal ds/dn, 

the average stable current density in the composite conductor is given by 

c 6 * - - .  ds TO ji . 1 3 x lo9 
Jav =- r  dn 4Tr P dn 

To is a temperature less than the critical temperature of the superconductor; 
- [To = - Jc/(dJc/dT) 3. 

The diameter of a single superconductor filament must follow the relation: 

to avoid flux jumps. 

The balance between the magnetic and thermal diffusivity also.suggests improving 
the ratio between the perimeter and cross-sectional area of individual superconductors, 
which leads to a conductor with .many filamentary superconductars. 
and the distribution of individual superconducting filaments in the normal metal sub- 
strate and the quality o'f the surface bond are presently being investigated by several' 
laboratories. However, it may be pointed out that the heat dissipated by a disturb- 
ance in individual filaments must be absorbed and conducted to the coolant bath, be- 
fore it may heat up the superconductor such that the region of no-ality can spread 
over the entire length of the composite conductor. 

The minimum size 

In a composite conductor the distribution of filaments in the matrix leads to 
inductive coupling of magnetization currents which can lead, in turn, to heating of 
the conductor during flux change (charging or discharging rate sensitivity) and may 
trigger flux jumps. The normal metal substrate must have adequate thermal capacity 
to absorb this additional heating phenomenon. 

Improvement of the heat transfer coefficient by utilizing forced cooling with 
helium was proposed by Brechna13 using hollow (internally cooled) composite conductor. 
Using supercritical helium was suggested by Kolm.14 With this scheme, using a partic- 
ular,conductor geometry (over-all dimensions 0.5 x 0.5 cm, coolant passage 0.22.xO.22 
cm) and a flow rate of 0.8 literfmin of helium, a stable current density of 1.6 X lo4 
A/cm2 was measured at an external field of 5 T. 

Introducing of liquid or gaseous helium in the composite matrix (porous substrate) 
by using sintered porous metals of low sintering temperature such as cadmium has been 
proposed by Brechna and. Garwin.15 
vidual, partially stabilized, superconducting filaments are located within the porous 
substrate, which acts as a support structure and enables the coolant to be in contact 

are not available 'at present , calorimetric measurements indicate that an over-all 
thermal capacity of - 0.15 J/cm3 OK can be achieved with porous copper immersed in 
liquid helium. 

The substrate porosity can be 50% or less. Indi- 

. . with the filaments. Although data of over-all current densities of such conductors 

. .  

13. H. Brechna, in Proc. Intern. Cryogenic Engineering Conf., Kyoto, 1967, p .  119. 
14. H.H. Kolm, in Proc. Intern. Symp. Magnet Technology, Stanford, 1965, p. 611. 

15. H. Brechna and E. Garwin, SLAC Proposal 1967. 

. I  
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Smith et a1.16 suggests the use of fine filaments embedded in a high resistance 
matrix (i.e., Cu-Ni alloy), in order to reduce cross magnetization currents between 
extreme located filaments in the matrix. The diameter of individual superconductor 
filaments should not exceed 5 X cm. They also propose to twist the bundle of 
filaments in the matrix with a periodicity of about 2-3 cm. 

Improvement of over-all current densities in the magnet shall by no means affect 
the safety of the magnet. High current densities at transverse high flux densities in 
large magnets will yield Lorentz forces which make the use of conductor reinforcement . 
imperative. Additional stresses are produced by the differential contraction of var- 
ious materials. Thus in large magnets the stress and strain behavior of the conductor 
and insulation material will primarily dictate the over-all current densities, not the 
instability phenomena. Table I1 illustrates the over-all current densities and con- 
.ductor stresses in some procured and proposed high energy magnets. 

One more factor which dictates the form and composition, as well as coil configu- 
ration and reinforcement, is the field reproducibility. Magnets generally are warmed 
up in periods between experiments. Fatigue behavior is encountered in insulation 
structures and in highly stressed substrates. Coils may become loose and flux jumps 
dus to wire movements may occur. . .  

It is evident that average current densities in coils are not primarily dictated 
by the ac behavior of the superconductor alloys, but by the stress-strain properties 
of the composite. Large magnets (Efte d > 1 MJ) will be designed with moderate average 
current densities, up to 15 X lo3 A/cd, while smaller coils may achieve current den- 
sities in excess of 5 x lo4 A/cm2 at fields of 4 T. 

It'is important that the maximum stress on the composite conductor shall not ex- 
ceed - 20% of the 4.2OK yield strength in order to avoid early fatigue. 

Prior to a discussion of optimization studies, the physical and mechanical prop- 
erties of composite conductors are presented in quantitative form. 

11. PHYSICAL AND MECHANICAL PROPERTIES OF SUPERCONDUCTORS 
TYPE 11, NORMAL METALS, .AND COMPOSITE CONDUCTORS 

1. Thermal Conductivity 
11 The thermal conductivities of Nb(25%)Zr wires and bars at Bext = 0 and Bext= 5 T 

are illustrated in Fig. 1 and compared to.data for Nb(60X)Ti wires at Bext = 0 measured 
at MIT-NML,17 and data for NbgSn measured by Cody.18 In Nb(25Z)Zr the conductivity 
values are different for 0.025 cm wires in the longitudinal direction and for bars, 
which suggests. that the superconductor is thermally anisotropic. 
ic field is also pronounced in all superconducting type I1 alloys. 

The effect of magnet- 

It may be pointed out that the major contribution to the thermal conductivity at 
temperatures below transition values is from phonons rather than electrons, which be- 
come less active. Wiedemann-Franz law in the usual form'is not applicable to super- 
conductors and to comercially availabale normal metals used with superconductors. 

16. P.F. Smith et al., Brit. J. Appl. Phys. 16, 947 (1965). 
17. J .R. Hale, MIT Bitter National Magnet Laboratory, private communication (1968). 
18. G.D. Cody and R.W. Cohen, Rev. Mod. Phys. 36, 121 (1964). 
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2. Electrical Resistivity 

The electrical resistivities of three types of superconductor type I1 are given 
in Fig. 2. 
gations at various external fields are in progress. The electrical resistivities of 
some normal materials are compared to the data for superconductors. For OFHC copper 
the electrical resistivity as a function of external field is shown in Fig. 3. 

Measurements have been performed at low external field. Further investi- 

The 
. res is t iv it y follows the correla t ion19 : 

+ 0.25 X B X 10 -2 1 3 (14) 0.9 
P300°K,B=O'P4 .2OK,B=0 

- - 
'4.2'K,B '300°K,B=0 

where B has the dimension of (T) . 
3.  Thermal Diffusivity 

The thermal diffusivities of several normal metals are illustrated in Fig. 4. 
Data at 4.2OK for some superconductors type I1 are given in Table I. 

4. Specific Heat 

Specific heats and thermal capacities of metals and a few superconductors type I1 
are given in Table I. 
Fig. 5 and may be compared to values given for some normal metals.20 

The specific heats for Nb(25X)Zr and Nb3Sn are illustrated in 
Data for NbTi 

. are presently not available. 

5. Mechanical Properties 

The effect of cold work (tension on the composite conductor) on resistivity was 
Extensive data on the effect of stress on elon- 

The effect. of stress 
measured by Brookhaven,21 and RHEL.22 
gation of copper and aluminum are obtainable from NBS handbooks. 
on resistivity and cold wosk on composite conductors (NbTi thermoelectrically bonded 
to OFHC copper) is illustrated in Figs. 6a and 6b. 

modulus of elasticity of E = (1.7-1.8) X lo6 kg/cm2 according to the type of composite, 
compared to m = 0.33 and E = 1.34 X lo6 kg/cm2 for OFHC copper. 

From these measurements one obtains a Poisson ratio at 4.2OK of m = 0.32 and a 

The modulus of elasticity ,of NbTi alloy depe'nds grossly on the Ti content. 

111: COMPOSITE CONDUCTORS AND CABLES 

The size and shape of .'the composite conductor, the ratio of superconductor to 
normal metal, the quality of the metallurgical (thermoelectrical) bond between. super- 
conductor and normal metal, the thermal capacity of the system, and the heat transfer 
from superconductor to the coolant are directly related to the stable current density 

19. C.W. Whetstone et al., in Proc. Intern. Cryogenic Engineering Conference, 

20. L.J .  Vieland and A.W. Wicklund, Phys. Letters 23, 227 (1966). 
21. . Bubble Chamber Group, Brookhaven National Laboratory Report BNL 10700, p .  78 (1966). 
22. P. Clee, Rutherford High Energy Laboratory Report EDN 0001. 

Kyoto, 1967, Paper B7. 
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limit of the composite conductor. As mentioned, stability against flux motion (jumps) 
is presently achieved by using relatively large cross sections of normal metals sur- 
rounding individual superconducting filaments , .providing adequate coolant channels for 
circulating helium, insuring direct contact of coolant to the normal metal or super- 
conductor, subdividing the superconductor in small filamentary wires adequately spaced 
in the normal metal matrix, and enhancing the thermal capacity of the conductor. 

The conductor is stable.up to the critical current of the superconductor and even 
at currents somewhat higher, with the excess current flowing through the normal metal. 

Magnets are generally exposed to thermal and magnetomechanical stresses. In many 
applications, even if average high current densities with regard to flux instabilities 
would be permissible, material stress-strain behavior would limit the upper over-all 
current density limit. 

Several design problems must be considered prior to the choice of current density 
field parameters. Among these are questions 'relating to: 

a) Over-all field or field-gradient distribution in a usable volume. 
b) Field or gradient reproducibility over the lifetime of the experi- 

mental setup. 

I 

Generally, field uniformity in the order of and field reproducibility in the 
order of 10-5 are required in large multimegajoule experimental magnets and in beam 
transport magn'et 8 .  

These problems have been one factor limiting the current densities in medium size . 2 and large superconducting magnets to less than 5000 A/cm . 
technology and better understanding of the flux instability phenomena, it is now pos- 
sible to design.magnets with over-all current densities of 1.5 x lo4 A/cm2 at fields 
of 5 T. 
mental magnets with field energies in excess of 1 MJ. 

With the reinforcement 

Table I1 illustrates a few examples of tested, procured, and proposed experi- 

From an earlier stage of partially or completely stabilized superconducting cables 
(roped superconducting and copper filaments) impregnated with indium, or for strength 
purposes with silver-tin alloys (Fig. 7), the technology of producing long conductors. 
has been advanced considerably. Modern composite conductors contain several hundred 
superconducting filaments, metallurgically bonded to a copper or aluminum matrix 
(Fig. 8). While in a cable, due to manufacturing difficulties, individual supercon- 
ductors had seldom a diameter as small as 10'2 cm, in composite conductors, individual 
filaments of NbTi may have diameters of 5 X cm or less. 

Flux jump instabilities are present in all superconducting magnet wires, when the 
diameter of the individual filament is larger than the value calculated from (12). 
However, larger fil-ament sizes may be usable, if the region of normality can be cooled 
prior to propagation of heat along the conductor. Partially stable or metastable con- 
ductors are interesting for dc applications if adequate cooling is provided. 
dimensional solution of Eqs. (15) and ( 9 ) ,  or systematic measurements of.flux jump 
instabilities in various conductor configurations can result in an adequate lower limit 
of filament diameter and a ratio of normal metal to superconductor. 

A one- 

Measurements with small size coils (a1 = 2-4 cm; a2 = 10 cm; 2b = 15 cm, field 
energies 2 50 kJ, maximum field 6.5 T) built by partially stabilizing six-stranded 
Nb(60X)Ti cables of the type shown in Fig. 7'with copper, and insulated according to 
Fig. 8 show an interesting flux jump pattern. 
no flux jumps were measured (Fig. 9). 
the field at a constant rate (dB/dt = const), flux jumps were made to occur suddenly, 

At self-fields smaller or equal to Hcl, 
By increasing the transport current and with it 
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TABLE I1 
Procured, Designed, and Proposed Large Superconducting Magnets 

lJover-a1l ahoop Remarks 
2 kg / cm 2 A/cm 2 

Laboratory Type i.d. 0.d. Length B O,O Bm JC 

(cm) ( cm) (cm) (T) (T) A/cm 

Avc o Saddle 30.5 

CERN ' Heimholtz 40 

NASA Solenoid 15 

SLAC Helmholtz 30 

Argonne Helmholtz 488 
' . N.L. (B.B.C.) 
.P 
00 
-.I Brookhaven Helmholtz 240 
I . N.L. (B .B .C .) 

Brookhaven HeLmholtz 498 
N.L. (B.B.C.) 

Rutherford Helmholtz 190 

SLAC Helmholtz 140 
H.E.L. (B.B.C.) 

(B.B.C.) 

NAC Helmholtz 710 

1. Procured and tested magnets 

84 305(a) 3.7 4.25 1.4 X 10 lo3 ? 

66.5 66 6 6.6 6 X lo4 5 ' X lo3 1.4 X lo3 

3 48.5 34.5 13.5 13.8 2.45 X lo5 1.34 X lo4 2.16 X 10 

90 

550 

2 76 

589 

340 

236 

880 

70 7 8 3.7 x lo4 

287 2 2 4.0 x lo5 
2 .  Procured magnets 

224 3 4 1.8 io5 
3. Proposed magnets 

430 3 4.05 1.75 x lo5 

230 7 8 3.7 x lo4 

4 8.2 3.0 x 10 130 7 

426.5 3.8 6.0 8.0 x lo4 

(a)The uniform field length is approximately 80 cm. 

lo3 7.62 x lo2 

2.53 x lo3 6.4 x lo2 

1.1 x 103 1.13 x 103 

1 . 2  lo3 

2.5 x lo3 lo3 

1.4 x 103 1.06 x lo3 

Nb (25%) Zr 
Cu-Strip. Cond. 
Nb, Ti and Cu Cond. 
Nb, Ti and A 1  Cond. 
Nb3Sn and Hastelloy- 
cu Stabilized Cond. 
Nb, Ti and Cu Cable 

Nb, Ti and Cu 
Composite Strip 
Nb, Ti and Cu Comp. 
Strip, SS Reinforced 

Nb, Ti and Cu Comp. 
Strip, SS Reinforc d, 
with Ch=3X1o3kg/Cm 
Nb, Ti and Cu Comp. 
Strip, SS Reinforced 
Nb, Ti and Cu hollow 
Composite Cond. with 
SS reinforcement 
with ah'3.2 x103kg/cm2 
Nb, Ti and Cu hol- 
low Composite Cond., 
SS reinforcement , 
with kg/cm2 ~ ~ ~ ' 3 . 8 ~ 1 0 ~  

P 



and they repeated themselves at regular time intervals. 
were reached, corresponding to about 1.9 - 2 T at the conductor, the intervals between 
flux jumps became shorter until no more, with the exception of a few sporadic ones, 
were observed. The number of total flux jumps over a particular field region remained 
constant regardless of the speed of flux sweep. However, at very low dB/dt values, 
only a few flux jumps were observed (Fig. 10). This flux jump behavior is observed 
with increasing and decreasing fields. 

When.centra1 fields of- 1.5 T 

The occurrences of the flux jumps can be referred to conductor movements in the 
coil due to the Lorentz forces. The spiral-wound insulation (Nomex) is gradually com- 
pressed. 
the inductance in the conductor region changes in jumps because of the enhancement of 
the local short circuits, leading to flux jumps. When the coils are compacted due to 
the magnetic forces, no wire.movements are encountered and flux jumps disappear. How- 
ever, in this region, where flux jumps due to short circuits are generated, flux jumps 
due to the flux motion may occur also, until the flux has penetrated to the central 
fibers of the individual filaments. When wire movement and internal short circuits 
were prevented, no flux jumps 'due to change in transport current were observed. Flux 
jumps did occur sporadically when the external field was altered. 

If a few interturn and interlayer short circuits were originally present, 

Critical current densities were reached in several types of composite conductors 
(Fig. 11) , where the diameters of indiyidual filaments w h e  - 1.5 x 10-2 cm and the 
copper-to-superconductor ratio exceeded 3:l. For most designs, if appropriate cooling 
can be provided, a copper-to-superconductor ratio of 3:1,is adequate. 
eters of 10" cm may be the lower limit for most dc magnets, operating at fields up 

Filament diam- 

to 8 T. 

Single layer coils with an inner diameter of 2al = 5 cm were placed inside a 7 T 
superconducting magnet, and thermal and magnetic pulses, as proposed by Iwasa and 
Williams ,23 were applied to the conductor to measure the minimum propagating current 
density (Jmp) , and the quenching (J,) and recovery (JR) current densities. 

with 
t ing 

2 With conductors up to sizes of 0.4 x 0.4 cm , and numbers of filaments up-to 78 
Nb(60x)T-i filament diameters up to 25 x 10-2 cm, the following minimum propaga- 
currents were measured: 

4 2 ) = 7 T : J 10 A/cm 

21.3 X 10 A/cm . 
= (Bex + Bself mP 

4 2 
JmP 

B = 6.3 T : 

Approximately 70% of the cooling surfacf area was exposed to helium. 
flux measured at 7 T and Jmp = lo4 A/cm was hAT = 0.76 W/cm2. 

Surface heat 

For high field magnets, where magnetomechanical stresses on the composite con- 
ductor may exceed the elastic limit of the composite conductor, reinforcements based 
on stainless steel, or Be(2.5%)Cu strips, films, or wires are used for reinforcement. 
In order to avoid material creep due to repeated thermal contraction and expansion 
(thermal cycling in repeated operations) , the maximum hoop stress on the conductor 
shall not exceed certain limits below the yield strength of the material. 
shows a possible type of reinforced composite conductor where stainless steel wires 
are inserted in the copper matrix. 

Figure 12 

23. Y.  Iwasa and J.E.C. Williams, J. Appl. Phys. 39, 2547 (1968). 

- 488 - 



St re s s - s t r a in  s t u d i e s  by t h e  If2 bubble chamber group at  R&'L24 indicate  t h a t  hard 
copper, annealed and tempered, y i e lds  a higher  strength (- 6%) and a smaller resistiv- 
i t y  increase (- 20%) a t  0.1% s t r a i n  than copper d i r e c t l y  work-hardened (118 hard) from 
so f t  annealed copper. 

Similar methods of re inforcing Nb3Sn ribbon by means of s t a i n l e s s  steel o r  Hastel- 
loy substrates have been u t i l i z e d  i n  high current  densi ty  pancake type wound magnets. 
In these cases t h e  s u b s t r a t e  w i l l  carry p r a c t i c a l l y  a l l  the  thermal and magnetomechan- 
i c a l  load. 

I V  . HOLLOW COMPOSITE CONDUCTORS 

25 F i r s t  tests w i t h  hollow composite conductors date  back t o  November 1965. 
Short-sample tests on square hollow conductors of 0.63 X 0.63 cm2 over-al l  dimensions 
with a coolant hole of  0.3 x 0.3 cm were carried out.  
soldered i n  two grooves on the outs ide surfaces .  
was approximately 20:l. 
was passed through the hole.  
than lo3  A/cm2 a t  - 4 T, the r e s u l t s  w e r e  encouraging and j u s t i f i e d  fur ther  s tudies .  

2 NbgSn s t r i p s  were indium- 
The r a t i o  of Cu ta superconductor 

Although average' current d e n s i t i e s  measurea were .less 
Saturated l i q u i d  helium passing a t  a speed o f -  25 cm/sec 

With the same conductor configurat ion,  a one-layer solenoid with an i .d.  of 
15 c m  and 8 tu rns  w a s  b u i l t  and placed i n s i d e  the 30 cm c o i l  f o r  evaluation of t rans-  
port current dens i ty  vs helium flow rate. Short-sample behavior could be repeated 
although no s u p e r c r i t i c a l  helium was u t i l i z e d .  Figures 13 and 14 i l l u s t r a t e  a t  4 T 
external  f i e l d ,  the current-voltage c h a r a c t e r i s t i c s  of the c o i l  with flow r a t e s  of 
saturated l i qu id  helium as the parameter. - A t  a helium speed of 87 cm/sec, and an ex- 
t e rna l  f i e l d  of 4 T,  an average current dens i ty  of 2.8 X lo3 A/cm2 w a s  measured, which 
complies with the Nb3Sn short-sample c r i t i ca l  current.  

In  the meantime, hollow superconductors using copper shunt m e t a l  and Nb(60%)Ti 
a r e  commercially ava i l ab le .  Figures 15 and 16 i l l u s t r a t e  two such conductors where, 
i n  the case of 0.5 x 0.5 cm2 conductor w i th  a coolant hole of 0.22 X 0.22 cm2, the 
copper-to-superconductor r a t i o  is  2 . 8 : l .  The cross sect ions of the superconducting 
filaments were severely deformed during the f i r s t  t r i a l  manufacturing. 
current a t  var ious speeds up t o  4000 A ,  which i s  the l i m i t  of t he  laboratory capabil-  
i t y ,  did not cause any de tec t ab le  f lux  jumps (dI /dt  > 4000 A/sec), nor did introduction 
of heat p u l s e s  of 100 J quench the  conductor. 

Sweeping the 

To c o r r e l a t e  t h e  results obtained from square composite conductors, tests on long 
hollow superconductors having.a copper-to-superconductor r a t i o  of 4 : l  - 5:l  and super- 
conductor filament s i z e s  of - 0.025 cm diameter a r e  being prepared. The composite 
hollow conductor w i l l  be wound i n  pancakes o r  double pancakes and the conductor w i l l  
be insulated by means of g l a s s  f i b e r  t apes  impregnated with f i l l e d  epoxies, t o  match 
thermal contract ion.  

The main advantage of hollow conductors i s  i n  r e l i a b l e  performance, the c o i l s  
a r e  compact, and support problems are easy t o  solve. The helium reservoir  i s  omitted. 
The c o i l  is  embedded i n  superinsulat ion and placed i n  a vacuum vesse l .  A poseible 
method of i n s u l a t i n g  individual hydraulic passages by means of reinforced ceramic 
tubing is  shown i n  Fig.  1 7 .  

24. D. Thomas, Rutherford High Energy Laboratory, pr ivate  communication. 

25. H. Brechna, Argonne National Laboratory Report 7192, p. 29 (1966). 
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A few measured and calculated propert ies  of hollow superconductors follow:, 

1. Anisotropy Effects 

For hollow conductors, as w e l l  a s  f o r  other  composite conductors, anisotropy f -  
f e c t s  are  of prime importance. The c r i t i c a l  current  densi ty  i n  s t r i p  shaped composite 
conductors has varied i n  some cases t o  about 5 : l  when placed p a r a l l e l  and perpendicular 
t o  the  magnetic f i e l d .  The anisotropy e f f e c t  has been measured a l s o  i n  composite con- 
ductors where the individual superconducting f i laments  were not  d i s t o r t e d .  For hollow 
composite conductors the anisotropy e f f e c t  i s  less pronounced, a s  seen from Fig. 18. 
A d i s t o r t i o n  of the filaments i n  the copper o r  aluminum matrix is  with t h e  present 
technologies unavoidable; i t  i s  pzoposed t o  t w i s t  o r  transpose the superconducting 
filaments i n  the matrix, reduce the filament s i z e  t o -  1.5 X cm, and avoid f i l a -  
ment d i s t o r t i o n  by more than an aspect r a t i o  of 2:l.  

2. Minimum Heat Flux 

I n  large magnets using pool boi l ing,  s i a b l e  heat  f l u x  values have seldom exceeded 
0.4 W/cm2 (well within nucleate boi l ing  region of sa tura ted  l i q u i d  helium). 

26 The minimum heat f l u x  value is calculated from t h e  r e l a t i o n  

where . TV = heat of vaporization (J /g) ,  
3 ,;% = d e n s i t i e s  of vapor and l iqu id  (g/cm ) , 

(T = l iquid surface tension (N/cm).. 

('5) 

The main heat f lux  is  not a function of the  hydraul ic  diameter, dh, of the coolant 
A t  a flange, when dh Z 0.04 cm. 

pressure drop of Ap = 1 kg/cm? w e  ca lcu la te  hATmin = 0.18 W/cm , which corresponds t o  
& asuremen t s by Wilson. 

However, a pressure drop dependenc 5 is observed. 

2 For forced cooling, u t i l i z i n g  s u p e r c r i t i c a l  helium a t  p re s su res  > 2.3 kg/cm , 
the  heat t ransfer  coef f ic ien t  i s  given by the  well-known correlat ion:  

with 

and 

dh*6*v 

7 R e  = - = Reynolds number , 

C l l  
P r  = f- = Prandtl  number . 

26. M.A. Green, University of Cal i fornia ,  Lawrence Radiation Laboratory Engineering 
Note UCID 3050 (1967). 

2.7. M.N. Wilson, Rutherford High Energy Laboratory, p r i v a t e  comunicat ion (1966) . 

. . 
c 
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The Nusselt number coef f ic ien t  C has va1ues .h  the range 2.3 X t o  4 X I O m 2 ,  
and i n  the above expressions 

v mean helium veloci ty  (cm/s) 

= viscos i ty  (g/cm-s) 

Cp = spec i f ic  heat (J/g OK) * 

k = thermal conductivity (W/cmgoK) . 
Unfortunately, quant i ta t ive  data  f o r  7) and k of supercr i t ica l  helium are avail: . 

able  only in l imited pressure and temperature intervals.  
being measured by NBS .28 

with a speed of v = 5 m / s e c ,  we  obtain for  T S4.5'K: 

D e t a i l e d  data  a r e  current ly .  

2 For supercrit ical  helium a t  15 kg/cm passing through a channel of dh = 0.5 cm 
, .  

h = 0.516 W/cm2 OK , 
-2 

Allowing only a temperature rise of 2'K i n  the  l iquid,  a heat f lux  of 

using t h e  lower l i m i t  f o r  C = 2.3 X 10 . 

2 hAT = 1.03 W/cm . 

may be carried by the s u p e r c r i t i c a l  helium. 

If a c e r t a i n  length of the  hollow superconductor i s  driven normal, the heat prop- 
agates  along the composite conductor a s  w e l l  as along the coolant,  which, i n  turn,  
w i l l  warm up the d&stream portion of the conductor. W e  define a length of normality 
as " c r i t i c a l "  when the region does not propagate along the t o t a l  length of the conduc- 
tor .  
the normal region w i l l  disappear.  
length,  it may spread along the conductor and lead t o  a c o i l  quench. 

Any length of normality shorter than the c r i t i c a l  length i s  "self-healing" and 
e 

I f  the normal region i s  longer than the c r i t i c a l  
. 

For a hollow ( inner  cooled) composite conductor, the thermal d i f f u s i v i t y  Eq. (9) 
must be  extended by the  hea t  equation i n  the moving coolant. 
flow along the conductor we may w r i t e :  

For one-dimensional heat  

d28 hf (1 + A,/A~) f 2 P, 1 + PnAn/(PsAs) 

dz 2 kSAs f 1 + Ankn/(Aski> s - 'f)+ Js . ' 1 + knAn/(kiAs) 
- - - .  

Dth,n'Dt'h,s 1 + A,kn/(Asks) +- Ankn/(Asks) -I: d e  
(17) 1 

dz . + v  * -  

% Dth,n 

(18) ae . ae 
kfAf 2 + Cp,f6fvf aZ p,f f a t  - +  c 6 - +  hf Af(O - 8,) 0 . d2e' 

dz 

28. NBS Proposal, 1967. 
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where Cp,  f specific heat of the fluid, 

vf 
v 

= velocity of the fluid, 
=.propagation velocity' of the normal region, 

9, 

with e = T c - T b  . 

Supercritical helium passing at a certain speed through a hydraulic passage will 
generate frictional losses at the interface on the passage walls. The losses can be 
calculated from shearing stresses on the helium boundary layer2': 

~ 

A set of three simultaneous equations, including magnetic diffusivity Eq. ( 4 ) ,  must be 
solved t o  give conditions for a flux jump or a quasi steady state behavior. 

3 .  Pressure Drop 

For a single phase flow through a hydraulic passage the pressure drop may be given 
by 

a 7 .  2 
A p = 6 . -  V r 2c - + (Ce + CC) J , . 2g L f dh 

where Cf = friction coefficient, 
Cc = contraction factor at the passage entrance, 

6 Ce = expansion factor at the passage exit. , 

The entropy-enthalpy diagram for supercritical helium indicates that a pressure 
drop along a hydraulic passage for a constant (J/g) is associated with a temperature 
rise along the passage. 
in the supercritical helium of - 0.8OK. 
ble in high fteld magnets .(Bo,o 5= 7 T) because of the considerable reduction in Jc. 

. A possible scheme is to operate with high pressure drops and consequently high 
coolant velocities only during magnet charging. 
sure drop can be reduced to operate with helium velocities of- 1 mfsec. 
erator system will operate during this time at a fraction.of its nominal cooling power. 

A pressure drop of Ap = 5 kg/cm2 will yield a temperature rise 
This rise in coolant temperature is undesira- 

In steady-state conditions, the pres- 
The refrig- 

4 .  Frictional Losses 

h is the frictional resistance coefficient , explicitly written as: 

A = 0.3164 ( i7 * 
* dh )" , 

V 

where v is the dynamic viscosity. 



Inserting h in Eq. (20) we get: 

-7 / 4  
TO changes with v 
law. 

rather than linearly, as for laminar flows, according to Stokes' 

The frictional losses per unit surface area are given by: 

Hydraulic passages in large magnets have generally a length of - 100 m and many 
passages may be connected in parallel, hydraulically but in series electrically. The 
choice of pressure drop, helium velocity, and obtainable heat flux should be correlated 
such that frictional losses do not exceed 10% of the total static losses. 

CONCLUSIONS 

To optimize size, geometry and type of a composite superconductor, one has to 
consider the following requirements: 

1) Field distribution within the useful aperture of a magnet. 
2) Field reproducibility over the operational lifetime of the 

3) Operational reliability. 
4 )  Economy of operation. 

equipment. 

With the type of magnet to be designed, the basic field and force distributions 
over 'the coil are known, which automatically provide a first order estimate for the 
over-all dimensions of the conductor and the necessity for reinforcements. 

Instabilities due to flux motion on the other hand dictate the size of individual 
films or filaments, their distribution, the choice of substrate, the enthalpy of the 
system, and cooling methods. 

It is evident that small size magnets, where Lorentz forces on the conductor are 
not of prime importance, can be built on the basis of NbgSn films on a Hastelloy sub- 
strate and stabilized by means of copper, silver, or superfluid helium. Over-all 
metastable current densities achieved in such magnets may exceed 5 x 10 A/cm2 at 
transverse fields of 5 T. 

4 

Although only edge cooling has been widely used, new ways of cooling flat conduc- 
tor surface are sought. 

For large magnets, where Lorentz forces become dominant, moderate over-all cur- 

For ac 

For, dc application and efficient cooling, a fila- 

rent densities in the order of 1.5 X 104 A/cm2 at 5 T may be feasible if the diameter 
of individual filaments in the substrate is such as to comply with Eq. (13). 
applications flux jumps must be avoided entirely, which indicates that individual fila- 
ment size should be - 3 X 10-3 cm. 
ment diameter of 1.5 x loW2 is adequate where the copper-to-superconductor ratio may 
be 3:l. The diameter of individual superconductors for ac application is typically of 
a size given by'the relation df 3 ,  S 1500 A/cm. For most dc applications with 

- 493 - 



improved matrix heat capac i ty ,  t h i s  r e l a t i o n  is conservative and can be a t  least 
doubled. The thermal capac i ty  of t h e  system can be improved considerably i f  super- 
c r i t i c a l  helium is passed through t h e  coolant passage.of a porous matr ix  supporting 
individual,  p a r t i a l l y  s t a b i l i z e d  superconductors. A conductor i n  t h i s  form is not 
only useful  f o r  d c  magnet appl icat ion,  but a l s o  f o r  ac magnets and power transmission. 
The porous 'matrix may be  sintered cadmium with a porosity of 50% o r  more t o  allow he- 
l i u m  gas t o . b e  i n  d i r e c t  contact with the  superconductor. Its s o l e  purpose is to sup- 
port individual superconducting fi laments and hold them i n  place along the hollow con- 
ductor. For dc app l i ca t ions ,  composite conductors based on a copper matrix and f i l a -  
mentary NbTi wires are widely used. 
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Fig. 1. Thermal conductivities of superconductors type I1 and normal metals. 
(1) From Reference 18. 
(2) From Reference 17. 
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Fig. 3. Magnetoresistivity curves of copper and aluminum. 
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Fig. 5. Specific heat vs temperature for superconducting type I1 
materials and normal metals. 
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composite conductors at 4.2OK: 

. 1. Nb(60%)Ti and Cu, composite conductor:.3 to 1 Cu to 

Nb(60%)Ti and' Cu, composite conductor: 5 to 1 Cu to 
SC ratio. 

SC ratio. 
2. 

3. 99.995% Cu, soft, as received. 
4. 99.995% Cu, annealed. 
1 I .  99.995% annealed copper. 
2'. Nb(60%)Ti and Cu, composite conductor: 5 to 1 Cu to 

3'. Nb(6OX)Ti and Cu, composite conductor: 3 to 1 Cu to 
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SC ratio. 
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Fig. 7. Nb(22atX)Ti-Cu - cable. 
1. Cu - strand. 
2. SC - filament. 
3. Ag - Sn alloy. 

Fig. 8. NbTiCu composite conductor. 
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Fig. 11. Nb(GO%)Ti-Cu composite strip. 

I 

ti . 
+I ! 
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Fig. 12. NbTiCu composite conductor reinforced with stainless-steel wires. 
1. Copper substrate. 
2. Superconducting filament . 
3. Stainless-steel reinforcement. 
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Fig. 13. Current-voltage diagrams measured at various helium flow 
rates in hollow composite conductor (Nb3Sn and Cu). 
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Fig. 15. .Nb(60%)Ti-Cu hollow composite conductor, 0.5 x 0.5 cm 2 
over-all dimensions, 0.22 x 0.22 cm2 coolant hole. Al- 
though the individual superconductors are severely dis- 
torted, the conductor shows short sample performance 
(Cu: SC ratio 2.8: 1) . 

Fig. 16. 5000 A, 60 kG hollow composite conductor. Over-all 
dimensions 1.2 X 1.2 an2. 
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Fig. 17. Proposal to disconnect electrically each hydraulic 
passage by means of reinforced ceramic tubing. 
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(courtesy ZMI). 
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AC LOSSES IN SUPERCONDUCTORS" 

s .L . Wipf 
Atomics International 

A Division of North American Rockwell Corporation 
Canoga Park, California 

1 In a paper publish- 
ed three years ago we read in reference to previous work that "there is frequently con- 
siderable disagreement between results obtained with comparable samples in similar 
experimental conditions (ratios of lo2 or even of 104).11 

This is a review of studies of ac losses in superconductors. 

I took this as a challenge. 

Looking into this more closely revealed surprising agreement if results are expres- 
sed properly. Of course now there are many more results available.'- 

Interest in ac losses is largely a practical one, because:. 

Present-day technology, with conventional conductors, uses ac. 
It is easiest simply to replace the conductor. 
There are special applications, ideal for superconductivity and 
inherently ac, such as gyroscopes, linear accelerators, etc. 
In a wider sense ac is encountered in any transient, such as 
charging and discharging of magnet coils, and it is this aspect 
which interests.the accelerator builder most. 

The type I superconductor plays an insignificant role in most of these applica- 
tions. This was decided over a generation ago, because the critical fields and currents 
are too small (Pb with a critical field of 550 Oe at 4.2OK alone has kept a place). 

Type I1 superconductors almost shared the same fate and it took 30 years before 
their usefulness was rediscovered, perhaps luckily, for otherwise all of us would prob- 
ably worry about different problems and there would not have been this Summer Study. 

The reason for this is that an ideal type I1 superconductor becomes resistive at 
even lower fields and currents, as we see (bottom right-hand graph in Fig. 1) in the 
critical current vs field diagram. 0nly.a nonideal, or imperfect, type I1 superconduc- 
tor carries transport current in high fields as is illustrated at the top right of 
Fig. 1. 

In the mixed state (between Hcl and Hc2 in the magnetization curve on the left 
side of Fig. 1) the bulk superconductor admits magnetic flux (Fig. 2 ) .  This flux is 
bundled into fluxoids by means of a corresponding current pattern, which is shown (top 
of Fig. 2) together with the internal field.97 
cores of the fluxoids. This current pattern represents, in a sense, the maximum cur- 
rent density which can be carried in every place of the material. All the currents 
are flowing in little circles and there is no net current flow. 
is impressed it will have to flow in addition to these currents and therefore create 
resistan~e.~~ At the same time, the fluxoids having no preferred places in an ideal 
material start moving under the influence of Lorentz forces. 

The field maxima are at the normal 

If a transport current 

* 
This is an expanded version of a talk given at the Applied Superconductivity Confer- 
ence in Austiri, Texas, 1967 [see J. Appl. Phys. 39, 2538 (1968)l. 
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In an imperfect superconductor the superconducting parameters (Tc, etc.) 
have locally different values. We illustrate (bottom of Fig. 2 ) .  the local variations 
of the energy gap A .  If now a transport current is impressed, the flux structure will 
adjust its position in a way that the current density in the transport current direc- 
tion is in places where A is larger whereas the lower A regions carry current in the 
opposite direction. 
the largest transport current possible. We can also see that as.soon as the fluxoids 
start to move under the influence 0.f Lorentz forces a large dissipation will set in 
because the transport current will have to flow in regions where it exceeds the crit- 
ical supercurrent density and therefore creates resistance. This way of looking at 
what is usually called "flux pinning" is particularly suitable for our ac loss dis- 
cussion. We are all used to thinking in terms of Ohm's law and the resistance men- 
tioned. above is actually measured in certain experiments which we shall discuss. 

Eventually a fluxoid distribution is reached which represents 

Our task then is to review ac losses in imperfect type I1 superconductors. 

Of the vast literature covering ac studies in superconductors we have to make a 
choice in the light of this introduction. Our main interest is in studies which em- 
phasize directly ac losses; it is inevitable that the phase transition under ac con- 
ditions is also of great interest in this context. Many ac losses are connected with 
specific applications, and finally we have to include papers dealing with other special 
topics which- are closely related. 

We list the references as follows, vaguely in order of their importance within 
each group: 

1. Ac losses, experimental: references 1 to 3 2 .  Of these 1 to 19 provide 
data which can be compared to each other (see Figs. 14 and 20 and ac- 
companying tables). Other references whose -in emphasis puts them 
into different groups but which also belong here are 3 4 ,  3 6 ,  59, 60 
and 8 4 .  

2 .  Ac losses, theoretical approach and calculations: references 33 to 4 4 ;  
also of interest here are 9,  10, 22 and 23. 

3. Ac phase transition (critical ac current): references 45 to 56 and also 
6 ,  8 ,  19, 27, 5 7 ,  58 and 6 2 .  

4 .  Ac studies in coils and incidental to coil performance: references 57 
' to 62 and also 4 ,  10, 11 and 3 3 .  Reference 63 concerns losses in an 

adiabatic demagnetization apparatus, and Refs. 64 and 65 deal with 
superconducting transformers. 

5. Studies of cavities and high frequencies: references 66 to 77. Of 
these only 66 to 73 address themselves specifically to the problem of 
losses, whereas the others simply report Q ' s  and not further explained 
differences in Q values. Reference 83 may also be of interest here. 
Since superconducting cavities have been studied quite extensiyely 
prior to the arrival of type I1 superconductors one should include 
Ref. 78, which is a review'of this earlier work. 

80 
flux jumps 87 current distribution,88,89 resistance in increasing 
field, 81-83 and special experimental methods. 84-86 

6 .  Special topics: references 79 to 90. This includes resonances, 

Without stating any special claims we hope that this list is reasonably complete 
It is naturally less so in subsequent groups and in fact quite eclec- in Groups 1-3. 

tic in Group 6 .  
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- . 
After .these introductory remarks we look at the 'electrodynamic distinction between 

a normal conductor and a superconductor. . 

First, we recapitulate the situation in a normal metal: Everybody knows Ohm's 
law; p is the resistivity, j the current density (Table I). We have two of the Maxwell 

TABLE I 
Normal Conductor 

Ohm's law E = p j  

Maxwell equation 

Diffusion equation 

Curl B = 4nj . 
Curl E = 7 i 

4l-r B v% = 7 

equations (units such that c = 1). 
and substitute the result into the curl of the upper equation to obtain the diffusion 
equation which we know from heat conduction. 
inverse of the factor 47?/p. 

We put Ohm's law into the lower of these equations 

The electromagnetic diffusivity is the 

For an alternating field the solution for the induction inside a conductor is 
given in Fig. 3 ,  with h being the penetration depth (Fig. 3 ) .  We.find that the ampli- 
tude falls off into the interior and at the same time the phase shifts (as indicated. 
by the imaginary component). 
a well-known fact. 

The penetration depth is inversely proportional to ,fw, 

About type I superconductors we shall not say much (Table 11). Ohm's law is valid 
for the normal electrons, the current'being made up of a normal and a supercurrent, and 
London's equation applies for the superconducting part. There is a kind of L dildt 

TABLE I1 . 

Type I Superconductor 

j . .  s=-P 
jn A 217 v 

-31 A ~3 10 i n  
jn negligible for v < loLv Hz 

p zz! . .  

term. OnlyA is so very small that jn is practically zero even if di/dt is not. If 
the process which .led to the diffusion equation is followed, a similar equation is ob- 
tained and the solution shows js/jn to be proportional to p / ( A  times frequency). With 
order of magnitude values for A and p it turns out that jn is negligible below lO1O Hz. 
At these frequencies, which reach into the far infrared region, the radiation energy 
becomes comparable to the energy gap. This means that in the process of the absorption 
the Cooper pairs are destroyed. 
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For lower frequencies there are no losses inside the superconductor. A type I1 

In a type I1 superconductor Ohm's law (if we can call it that) still looks the 

superconductor behaves as a type I below Hcl, and therefore this result applies also. 

same, with the important modification that p = 0 if j jc (Fig. 4). This makes all 
the difference. If j exceeds the critical value, p will change very rapidly through 
many orders of magnitude in a very small current interval. Since jc is large, it is 
a good practical assumption that j in. this equation is constant and, therefore, p is 
proportional to 'E and with E it is proportional to dB/dt. 

The Maxwell equation involving curl B is given for a plane slab with X direction 
into the superconductor. (We can assume a constant jc independent of B which will 
turn out to be an adequate simplification.) 

A field will penetrate into the material with the illustrated slope, inducing the 
critical current density everywhere in the penetration layer (dB/dx = 4n jc). If the 
field moves in the opposite direction it will induce the cri.tica1 current density .in 
the opposite direction. The field inside changes in the manner indicated with arrows 
until the opposite amplitude is reached. 

.' 

Note that at the same external H, between the extremes, the internal field is 
different depending on whether the fiqld goes up or do&. 
in the magnetization curve. 

This gives the hysteresis 

2 The diffusion equation is obtained as before, but V B is essentially constant for 
the dB/dt values under consideration because of the proportionality between p and dB/dt. 

This proportionality between p and dB/dt may need some elaboration and also some 

large enough to penetrate to the center and increasing at the rate dH/dt, one has in- 
side dB/dt = dH/dt outside (to a near approximation). 

(. experimental corroboration (Fig. 5). If we .consider a cylinder in a parallel field 

We can work out the electric field at a point r by the Maxwell equation: oircum- 
One gets E = 3jr dH/dt. 
If now a longitudinal transport current is ap- 

ference times E = flux change inside. 
constant. It follows that p 0: dH/dt. 
plied we must get a voltage drop following Ohm's law with an average value of 
p a (b/jc) dH/dt. 

We know that j = jc = 

We may call this the "dynamic resistivity.'' 

A word about the averaging factor. In our example we deduce that p = 0 at the 
center of the specimen (r = 0), and Kirchhoff's law would then require the transport 
current to flow-through the center with infinite density. But with the total current 
density being limited to a value close to jc, the transport current will flow over the 
whole cross section, with resistance everywhere. Without getting involved in the com- 
plicated problems of the details of this current flow88,89,99 we assume a uniform dis- 
tribution and obtain the average value given. We can get the same results by using 
solutions of the diffusion equation, known from the thermal equivalent (H corresponds 
to T and the thermal diffusivity (Y to p/4rr) .  The advantage is that many mathematical 
solutions exist; in this case we need the temperature difference between the center 
of a specimen (cylindrical, infinitely long) and its surface which has a uniformly 
increasing (or decreasing) temperature. 

us look at the experimental results shown in Fig. 6 .  Rayroux, Itschner and 
Miill:'' made measurements on a bifilar coil in an increasing external field. The 
transport current through the coil creates a voltage which we see here. Observe that 
there is no voltage until the field, which completely penetrates the wire, is reached, . 
because then there is a completely superconducting core which does not see dH/dt and 
carries the transport current without loss.  Afterwards we encounter the resistivity . .  
just calculated. The same is true on reducing the field from 15 kG; there is no 
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. 
resis tance u n t i l  t h e  penetration f i e l d  (- 14 kG) is reached. 

Comparison of t hese  results with other results i s  made i n  Table 111. In t h e  f i r s t  
column the radius  of the cylinder is .  given, a 10 m i l  wire measured by Taquet" (using 
the same geometry which w a s  subsequently used by Rayroux81) and a 5 m i l  w i r e  mentioned 

' i n  Fig.  6. The second column gives the r e s i s t i v i t y  divided by dH/dt . The last  column 
shows for  comparison the r a t i o  p j c / ( b  dH/dt). 

. The first case (Lubell and WipfB3) which is calculated,  using the thermal equivalent ,  
gives .the same f a c t o r  as presented i n  Fig. 5. 

The difference i n  these  numbers is  p a r t -  
. l y , a  f ac to r  due t o  d i f f e r e n t  geometry and pa r t ly  uncertainty i n  t h e  app l i cab le  jc values .  

TABLE I11 

R e s i s t i v i t v  i n  Type 11 Superconductors 

Lubell and Wipf (Ref. 83) 

Taquet (Ref. 61) 

Rayroux et al .  (Ref. 81) 

What can we use from t h i s  f o r  ou r . ac  discussion? Realizing t h a t  p i n  t h e  normal 
state i s  GJ n * c m  or more, we  see t h a t  up t o  dU/dt corresponding t o  at  least seve ra l  
kHz t h i s  way of looking a t  a superconductor w i l l  b e  adequate. Remembering our pecul iar  
diffusion equation t h i s  means tha t  the lo s s  per cycle  i s  independent of frequency and 
t o  a large extent  independent of the wave shape, as i s  i n  f a c t  'observed. 

To complete our background discussion we dis t inguish four d i f f e r e n t  regions depend- 
ing on the peak ac f i e l d .  In each of these regions,  I, 11, 111, IV, w e  f i n d  a d i f f e r -  
en t  behavior. I n  the top half  of Fig.  7 w e  see a magnetization curve. An i d e a l  type I1 
superconductor would follow the s o l i d  l i n e ' t o  the lower cr i t ical  f i e l d  H c l  and then the 
dashed curve t o  the upper c r i t i c a l  f i e l d  €3,~. Between Hc2 and Hc3 only a superconduc- 
t i n g  surface sheath remains with a negl igible  contr ibut ion t o  the magnetization. 
reducing the f i e l d  t h i s  curve would be retraced. The imperfect superconductor follows 
the magnetization curye shown by t h e  so l id  l i n e .  

On 

For each region i s  indicated ( i n  the lower h a l f  of the figure) how the  f i e l d  pene- 
trates a cy l ind r i ca l  specimen.' I n  region I, below H c l ,  no f lux  penetrates .  
ing i s  done by a surface current .  We do not expect any losses  here  because the bulk 
does not see any ac f i e l d .  Whatever losses  appear ( i n  s p i t e  of t h i s )  should be propor- 
t i o n a l  t o  the surface exposed t o  the  ac f f e l d .  I n  region 11, between Hcl and the pene- 
t r a t i o n  f i e l d ,  a surface current s t i l l  remains, but  the ac f i e l d  now pene t r a t e s  t o  a 
c e r t a i n  depth below the surface.  This f lux  i s  pushed i n  and out against  t h e  pinning 
forces  and t h i s  gives  the lo s s .  An equivalent way of put t ing it: the changing f i e l d  
i n  t h i s  layer  creates a res is tance (which we have discussed) and t h i s  r e s i s t a n c e  i n  the  
presence of t he  c r i t i c a l  current dens i ty  (which does the shielding) causes the  l o s s .  
W e  s h a l l  later ca l cu la t e  t h i s  loss. 
indicated by shading, and t h i s  a r ea  cons t i t u t e s  the loss  per cycle.  The core of the 
superconductor does not see the changing f i e l d s  and therefore w e  again expect the lo s -  
ses t o  the proportional t o  the surface exposed t o  the ac f i e l d .  

The shield-  

In  the magnetization curve we desc r ibe  a loop as 

In region 111, between €Ip, which depends on the thickness and the c r i t i ca l  current  
densi ty  of the specimen, and the upper c r i t i c a l  f i e l d ,  the whole specimen sees the 
f i e l d ,  and the lo s ses  become proportional t o  the volume. The lo s ses  usua l ly  become 
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large enough to  des t roy  superconductivity.  This has not encouraged much research i n  
t h i s  region. (The r ecen t  interest i n  using superconducting magnets i n  accelerators  
where cycl ic  f i e l d  ' v a r i a t i o n s  o f  50 kG amplitude or  more are required has stimulated 
f r e sh   investigation^,^^^^^ but  at  a very low frequency of 1 Hz o r  l e s s . )  

A t  t h i s  point one should mention t h a t  t he re  is p rac t i ca l ly  no difference whether 

I n  the case of a cu r ren t  t h e  f i e l d  is  directed circumferent ia l ly  p a r a l l e l  t o  
the surface f i e l d  is produced ex te rna l ly  o r  by an ac current flowing p a r a l l e l  t o  the 
axis .  
the surface. (The cu r ren t  w i l l  flow i n  t h e  shielding layer . )  

Experiments are o f t e n  made on the  e f f e c t  of having a dc f i e l d  superimposed on the 
ac. One might then go through a magnetization hys t e re s i s  loop a s  indicated i n  F i g .  7 .  
I n  tha t  case, the ac does no t  penetr.ate t h e  whole specimen; the loss behavior is  s i m -  
i l a r  t o  region 11. A s  a r u l e  the  lo s ses  are higher because the  smaller  c r i t i c a l  c u r -  
r e n t s  allow more f l u x  t o  e n t e r  and leave c y c l i c a l l y .  

For completeness w e  mention region IVY between Hc2 and Hc3, where only the  surface 
remains superconducting. For most high f i e l d  superconductors s t r a i g h t  ac amplitudes 
reaching above I&z are unavailable,  and t h e r e  i s  l i t t l e  applied interest i n  t h i s  region. 
The study of t h i s  region y i e l d s  information about the surface current..  We s h a l l  not 
fu r the r  discuss t h i s  region.  

Preceding a d i scuss ion  of the r e s u l t s  w e  review the various methods employed t o  
study ac losses.  The most popular method is  the  calor imetr ic  one, shown i n  Fig. 8. 
The heat produced i s  measured by the amount of helium boiled off by the  specimen which 
i s  immersed i n  i t .  The s e n s i t i v i t y  i s  moderate, about 1 mW. This usually requires  
several  meters of w i r e  as a specimen. A b i f i l a r  arrangement is  preferred,  i n  order t o  
have a uniform r e l a t i o n  between current and su r face  f i e l d .  
s e n s i t i v i t y  i s  by the use of higher frequencies.  It is  w e l l  e s t a b l i ~ h e d ~ , ~ , ~  t h a t  the 
t o t a l  l o s s  increases l i n e a r l y  w i t h  frequency (up t o  over 20 kHz) as mentioned before. 
The lo s s  per cycle i s  independent of frequency. 

Another way t o  overcome low 

Next i n  popular i ty  i s  an e l e c t r i c a l  method. By measuring t h e  current and voltage 
across the specimen with t h e  t r u e  phase r e l a t i o n  between the two, one obtains the lo s s  
by the in t eg ra l  of t h e  product over one cycle.. It has been e s t a b l i s h e d , l  by measuring 
the same specimens, that the two methods are equivalent.  

The independence of frequency of t he  l o s s  per cycle makes s ta t ic  methods possible. 
The area under a f u l l  c y c l e  of the magnetization curve w i l l  give the  loss (Fig. 9) .  
Again there  are measurements13 on the same material showing agreement between r g s u l t s  
obtained by t h i s  method o r  a dynamic one. I n  t h e  chosen examplez0 the  shape of the 
mater ia l ,  VgGa i n  powder form, makes t h i s  an i d e a l  method. 

A very high sensitivity is obtained by more sophis t icated calor imetr ic  methods5 
(Fig. 10).  Here t h e  specimen, a 3 i n .  t o  4 i n .  long piece of w i r e ,  i s  i n  a vacuum 
chamber and both o€ i t s  ends are i n  thermal contact  with the bath.  The three thermo- 
meters fixed on the  w i r e  g ive  a temperature p r o f i l e  along the w i r e .  From t h i s  inform- 
a t i o n  and the thermal copduct ivi ty ,  t he  heat  produced i n  the w i r e  is calculated.  
heater  f ixed near the center serves f o r  c a l i b r a t i o n ,  which i n  t h i s  case means a deter-  
mination of the thermal conductivity.* 

A 

Some more exo t i c  methods should 
results which can e a s i l y  be compared 
otherwise unobserved. 

a l s o  be mentioned. They may not  give quant i ta t ive 
with o the r s  but they sometimes expose new aspects 

J; 
Reference 5 includes va lues  f o r  the 
between 2 and 4.2'K. 

thermal conductivity i n  NbZr a t  temperatures 
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One such method i s  the study 'of L-C c i r c u i t s  made of superconductors. I n  F ig .  11 
One port ion w e  see two p ic tu re s  of decaying o s c i l l a t i o n s  ( i n  an L-C c i r c u i t  of PbBi). 

indicates  ac losses ,  t he  other,  a very much slower decay, 'the l o s s  i n  t h e  d i e l e c t r i c .  
These losses  are due t o  f lux  pinned i n  the surface.  There seems t o  be an i n d i c a t i o n  
he re  tha t  below a c e r t a i n  amplitude the ac l o s s e s  become zero.  AS w e  s h a l l  see la ter ,  
this might be expected, but there  a r e  no other  r e p o r t s  of s i m i l a r  observations.  

Measurements of the Q values of r f  c a v i t i e s  a l s o  belong here .  

Figure 12  shows another s t a t i c  method i n  which mechanical forces  or torques are 
measured. 
phase. This method is 
most useful i n  region 111, f o r . f u l l y  penetrat ing f i e l d s .  Then the torque is d i r e c t l y  
proportional t o  the  pinning strength,  which can be 'highly an i so t rop ic  as is  seen i n  
Fig.  13 f o r  avanadium single c r y s t a l .  W e  see a p lo t  of the torque, which i s  propor- 
t i ona l  t o  the pinning strength,  versus angle - one f u l l  r o t a t i o n  - and a t  va r ious  
f i e l d s  . 

A r o t a t i n g  f i e l d  can be represented as two crossed ac  f i e l d s  90° out of 
In t h i s  way we can use a torque meter t o  measure the pinning. 

We now come t o  discussion of the ove r -a l l  r e s u l t s .  It i s  clear that l o s s e s  meas- 
ured i n  region I and I1 should be given as l o s s  per un i t  s u r f a c e  vs  the peak f i e l d  
which t h i s  surface sees. In Fig. 14 we show t h e  r e s u l t s  f o r  Nb al loys.  This includes 
- here undistinguishable - NbZr (20-40% Zr) and NbTi (20-50% Nb). Each of t hese  twenty- 
odd curves represents  a whole set of measurements, usual ly  one curve per publ icat ion.  
So you are looking a t  the r e s u l t  of a considerable amount of  work. 
label led a, b, c,  through v, -w. 
curve are found i n  Table I V .  
magnitude i n  the l o s s  values. 
fo re  i n  region I below t h i s  value. 

The curves are 

It is remarkable t h a t  t h i s  graph covers 10 orders  of 
The references and explanatory information f o r  each 

Hc l  of these materials is  around 100 Oe. W e  are there-  

TABLE I V  

A c  Losses i n  Nb Alloys (see Pig. 14) 

Curve Reference - 
a 9 

b .  9 

C 9 

d 13 

e 10 . 
(Fig. 5) 

f 8 

Invest igators  

D i  Salvo 

D i  Salvo 

D i  Salvo 

Nakayama and 
Takano 

Pech and 
Fournet 

Rhodes e t  a l .  

Materials Dimens ions 

Nb 25% Zr 10 m i l  
w i r e ,  10- 
20 i n .  

Nb 25% Z r  5 m i l  
NbTi 1 w i r e  

NbT i 2.5 m i l  
wire 

Nb 25%.Zr 5 m i l  
( x  2 
lower) 

20 m i l  

Nb 25% Zr 10 m i l -  

Nb 25% Z r  10 m i l  

20 m i l  ) 

Geometry Method External  Ac 

Co i l  Boil- Ac f i e l d  

c i r c u i t  

Co i l  Boil- A c  f i e l d  
open off  
c i r c u i t  

Co i l  Boil- F i e l d  

c i r c u i t  

70 mm Boil- F i e l d  

bundle magnet- 
5 mm diam i z a t i o n  , 

hyster-  
esis 

Various Boil- Current 
c o i l s  off  

% i f  i l a r  Boil - Current 
wide off 
spacing 

open off 

open off 

long off  
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- Curve Reference Inves t iga tors  

g 

h 

i 

k 

1 

m 

n 

0 

P 

4 
r 

S 

t 

U 

V 

W 

19 Taylor 

11 Pech and 
Fournet 

Heinzel 
6 Bogner and 

1 Pech e t  a1 . 

9 D i  Salvo 

15 Claude and 
(Figs.  2,4) 

Mai 1 f e r  t 

4 Jones and 
(Fig. 4) Schenck 
(Fig. 7) 

1 See k 

14 Damman et a l .  

14 Damman e t  a1 . 
12 Takano 

(Sample 2,3) 

12 Takano 

12 Takano 

(Sample 4,5) 

(Sample 1) 

7 Heinzel 

5 W i s  seman 
et a l .  

5 W is  seman 
(Fig. 5) e t  al .  

TABLE IV (continued) 

Materials Dimensions Geometry 

Nb 25% Z r  10 m i l  Straight 
6 in .  long 

Nb 25% Z r  10 m i l  B i f i l a r  
6 m long 

Nb 33% Z r  9 m i l  B i f i l a r  
3 m  

Nb 25% Z r  10 m i l  B i f i l a r  

Nb 25% Z r  10 m i l  B i f i l a r  

Nb 25% Z r  10 m i l  B i f i l a r  
widely 
spaced 

1 
1 

Nb 25% Z r  .8.5 m i l  
125ft  long 
10 m i l  
680f t long 

Different 
sample 

NbTi 10 m i l  B i f i l a r  

Nb 25% Z r  10 m i l  B i f i l a r  

Nb 25 % Z r  10 m i l  B i f i l a r  

10 m long spaced 

20 m i l  
10 m long 

Nb 48% Z r  5 m i l  
10 m i l  

Nb 25% Z r  5 m i l  

Nb 25% Z r  0.19 nun B i f i l a r  

Nb 33% Z r  10 m i l  

3.6 m long 

Nb'25% Z r  10 m i l  

Method External Ac 

Current Current 
voltage 

Current Current 
voltage 

Current Current 
voltage 

Boil - Current 
off 
phase 
s h i f t  

Current Current 
voltage 

Current Current 
voltage 

Boil- Current 
off 

Current Current 
voltage 

Boil- Current 
off 

Magnet- 
i z a t  ion 

Calori- Current 
metric 
(thermal 
conduc- 
t iv i ty)  
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The curves v and w represent all of the measurements of Wisseman, Boatner and Low5 
(see Fig. 10). 
points of that work follow curve i. 

The three single points labelled i may be somewhat sQspect; 'all other 
, 

Region I11 is roughly above - 2000 Oe. The penetration field Hp depends on the 
radius and the critical current density. The kink in curve a indicates B, for a 10 mil 
wire, in curve b for a 5 mil wire, and in curve c for a 2.5 mil wire. If we plot these 
three branches of region I11 in terms of loss per unit volume they fall close together. 

Between 150 and 2000-3000 Oe we have region I1 which we shall discuss in more de- 

Towards smaller fields they bend downwards to a greater degree and meet region I 
tail. We see that towards the top the curves all have roughly the same slope, close to 
H3. 
which has very low losses. We shall see that this trend is reasonably well understood, 
when we follow the calculations (Table V). 

TABLE V 
Calculation of Loss per Cycle 

Magnetization hysteresis loop 4rr J H d B  

Poynting vector 

Joule loss 

Pinning forces 

E X H d f  

E j d v  
volume 

Fp dx dv 

We calculate the losses by using any one of four equivalent methods: 

1) Area under magnetization curve: 

2 )  By considering the Poynting vector: We observe how much energy goes 
through the surface into the sample and how much comes out, by form- 
ing the integral of E X H over one cycle and the surface. 

By integrating the product Ej over the volume. 

Integral over one full cycle of H dB: 

3) Joule heating: 
4 )  By working out the energy lost by the movement of flux lines against 

,the pinning forces,F dx over one cycle and then integrating over the 
. volume. 

We find all of these calculations in the literature. 

P 

Notably London33 and Bean34 
have presented such calculations (see also Refs. 9 ,  35). 

Let me very quickly review the joule heating method. Illustrated in Fig. 15 is 
the penetration depth which during each cycle is filled with flux first in one direc- 
tion and then in the other. The current density always opposes the electric field, 
therefore there is always loss. 
here Bs (1 - r/d) (D - r); multiply this by jc. The integration gives the answer for 
loss per c cle: a factor X Bi/jc and in technical units the factor becomes 
4.22 x 
terms.37 

The total flux which passes r during one cycle is 

J*A/Oe3.cm4. If jc is not' constant with field we have further smaller 
Bs is the induction near the surface. 

Now we establish the relation between Bs and the external field H (Fig. 16). We 
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know tha t  the surface can ca r ry  a surface current d e n s i t y  which is  p a r t l y  due t o  the 
idea l  equilibrium magnetization and p a r t l y  due t o  separate f lux pinning q u a l i t i e s  of 
t he  surface.  This means: as w e  lower the f i e l d ,  Bs does not immediately change as it 
would i f  w e  only had the  idea l  surface s t ep .  
ning current  and reach a lower f i e l d  H' before Bs starts changing. The t o t a l  surface 
s t e p  which is operative here i s  denoted by AH. 

We f i r s t  have t o  reverse  t h e  surface pin- 

W e  therefore  have the  complete loss formula where Bs i s  replaced by (H- AH), 
This formula gives  the lo s ses  i n  region I1 $loss  i n  erg,  H i n  O e ,  jc in  A/cm2). 
we i n s e r t  a current  densi ty  of 4 X 10 
Nb a l loys  represented i n  Fig. 14 ( j c  va r i e s  between lo5  and 10 
the very simple form given i n  Fig. 16 f o r  the losses .  

The'values f o r  AH i n  Fig. 1 7  were measured by U l l m a i e r  and G a ~ s t e r ~ ~  who a l s o  
pointed out i t s  importance f o r  ac losses.38 Using these AH values i n  conjunct ion with 
the formula of Fig. 16 gives  curves 2 and 3 of Fig.  18. The shading i n d i c a t e s  t h e  ma- 
j o r i t y  of the curves i n  Fig. 14. Also indicated here as curve l is H3. For comparison. 

8 the l o s s  i n  copper ( r e s i s t i v i t y  - 10- . Cl-cm) which goes as H2 is  given. .Of course the 
loss p e r  cycle  depends on the frequency, because 04 the penetration depth.  

W e  see t h a t  the superconductor is  b e t t e r  by orders of magnitude. 

If 

% 
5 A/cm which is  an avera e value f o r  most of the 

A/cm2) w e  have f i n a l l y  
' 

Unfortunately 

and Hn s ince most au tho r s  d i scuss  

the peak f i e l d s  are not high enough f o r  most of us to ge t  excited about t h i s .  

3 Figure 19 shows a comparison between (H - AH) 
t h e i r  l o s s e s  i n  terms of n. Here, then, are  unadulterated values as quoted f o r  measure- 
ments over t h e  indicated range. The comparison is with curves 2 and 3 of F ig .  18 and 
a l s o  with a constant value of 100 and 200 Oe f o r  AH. U l l m a i e r  and Gauster ' s  measure- 
ments of AH were f o r  AH less than 500 Oe ;  the dashed p a r t  i s  an ex t r apo la t ion  by m e .  
So much f o r  region 11. 

Many measurements have been made on pure Nb (Table V I ,  Fig. 20) and some on pure  
Pb (Fig. 21). Nb has a lower c r i t i c a l  f i e l d  of - 1100-1420 O e ,  depending on purity.loO 
Therefore most measurements seen here are i n  region I going over on the  right-hand s i d e  
i n t o  region 11 very s teeply.  

Figure 14 showed los ses  per cycle up t o  J / c m 2 .  The bulk of t h e  curves i n  
Fig. 20 l i e  below the curves i n  Fig.  14. The l a r g e  scatter ind ica t e s  that t h e  surface 
treatment of t h e  specimens is  of g rea t  importance. The l o s s  mechanism is  somewhat d i f -  
f e r en t  and the re  i s  no quan t i t a t ive  theory worked out y e t .  lo' 3 36 Q u a l i t a t i v e l y  w e  can 
v i s u a l i z e  the  o r i g i n  of these losses  i n  the following way: Whatever f l u x  i s  trapped 
i n  the superconductor w i l l  somewhere pierce the' surface.  Each f luxoid w i l l  somewhere 
en te r  t h e  specimen and at some other point,  leave i t .  A t  these e n t r y  and ex i t  points  
the ou t s ide  f i e l d ' i s  of course seen. The act ion of the ac f i e l d  tries t o  s h i f t  the,se 
points around. The surface has a pinning force which then leads t o  lo s ses .  

. The experiment-a1 evidence tha t  t h i s  viewpoint is  co r rec t ' i nc ludes  the  f a c t  t h a t  
specimens without trapped f lux  have the  lowest l o s ses ,  as seen i n  Fig.  22 f o r  Pb and 
Nb. W e  s.ee the  losses  vs  the f i e l d  during cool-down. 

AS mentioned with the L-C c i r c u i t  decay (Fig. l l ) ,  a cutoff  amplitude i s  expected 
below which f luxoids  a re  t r u l y  pinned without movement. Only tenuous experimental 
evidence e x i s t s  as yet .  

So f a r  w e  have talked simply about losses and without exception about l o s s e s  i n  
materials and under conditions of applied i n t e r e s t .  
ac e f f e c t s ;  l e t  m e  mention j u s t  one which e a s i l y  q u a l i f i e s  f o r  our discussion.  

There a re ,  of course,  many other  

I n  Fig.  23 is shown what can be interpreted as a cooperative phenomenon i n  the 
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TABLE VI 
Losses in Pure Niobium. 

Specific 
Reference Investigators Dimensions Geometry Method External Ac 

17 * Easson and Hollow cylinder Mech. Boil- ' Field 
Hlawiczka slit (o.d.314 in.) polished off 

8 
(Sample 1) 

17 

8 
(Sample 2) 

8 
(Sample 3) 

6 
(Figs.7,8) 

14 

Rhodes et al. 

Easson and 
H1 aw iczka 
Rhodes et al. 

Rhodes et al. 

Bogner and 
Heinzel 

Dammann et al. 

2 Buchhold and 
(Fig. 2) Molenda 

3 Buchhold and 
Molenda 

12 Takano 

' 12 Takano 
3 Buchhold and 

2 Buchhold and 
Molenda 

(Fig. 3) Molenda 

16 . Rocher 
(Fig. 5a) . 

16 Rocher 

16 Rocher 

16 Rocher 

16 Rocher 

(Fig. 4d) 

(Fig. 4b) 

(Fig. 4d) 

(Fig. 4b) 

10 mil 
3% m 
Same as (a) as 
machined . 

Same as (b) 

Same as (b) ,(a) 

0.15 mm 
5.1 m 

0.25 
10 m 
5mm 
x 25 mm 

Same as (h) 

10 mil 
10 m long 
6 mil 
Same as (i) 

Same as (h) 

4 mm diam 
55 mm long 
Sample 1 

#4 
r = io30 

r = 120 
#2 

Same as (p) 
r = 850 

Same as (4) 

Bifilar Boil - Current * 
off 

Different 
sample 
Specimen 
annealed 

Bifilar Voltage Current 

Bifilar Current Current 
voltage 

Cylinder Calori- Field 
metric (parallel) 
(spec. heat) 

Bifilar Boil- Current 

Bifilar 

off 

Best 
spec imen 

Different 
spec imen 
from same 
ingot 

Cylinder Calori- Field 
metric 
(see Ref .2)  

Cooled in 
earth fiL L d  

Cooled in 
earth field 
Cooled in 
zero field 

Cooled in 
zero field 
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fluxoid structure. In region I11 of a weak pinner we see loss maxima which look like . 
resonances of the whole flux lattice. 
anisotropy of pinning. 

This observation is very sensitive also to 

For accelerator applications the interest is clearly in region I11 and to simplify 
or complicate matters - according to whether you look at it as an experimentalist or 
as a theorist - the emphasis lies on the performance of a complete coil. 

A good starting point for calculations in.these cases is the paper by Hanc~x,~' . 
even if the match with experimental results (as we shall hear in subsequent  paper^^^,^^) 
is apparently not yet ideal. 
which will be discussed in more detail by Rayroux, may contribute much to the under- 
standing of region 111. 

I feel inclined to think that the dynamic resistance, 

The real limiting factor evidenced in region I11 is the phase transition or the 
ac critical current (since we talk almost always about self-fields of ac currents) 
which is intimately connected with the large losses. 

Figure 24 gives the available experimental, material and some expected 'limits. 
The plot gives frequency vs peak ac critical field. 
(see Table VII). The curves, numbered 1-5, are theoretical limits discussed below. 

The points represent exper5ments 

TABLE VI1 

Critical Ac Currents 
Curve 
or Point Reference 

a 48 

b 48 

X 6 

A 47 

0 47 

(Fig. 4c) 

(Fig. 4a) 

(Fig. 3) 

(Figs.l,2) 

(Figs.l,2) 

Investigators 

Finzi and 
Grasmehr 
Finzi' and 
Grasmehr 
Bogner and 
Heinzel 
Young and 
Schenk 
Young and 
Schenk 

0 47 Young and 
(Pigs.l,Z) Schenk 

I l l  .45 Rogers 

+ 19 Taylor 
(Fig. 3) ' 

Material 

Nb 25% Zr 

Nb 33% Zr 

Nb 25% Zr 

Nb 25% Zr 

Nb 25% Zr 

Nb 25% Zr 
different 
suppliers 

Nb 25% Zr 

Dimension and Geometry 

10 mil, 6.8 cm, straight (in 
perpendicular dc field of 7650 Oe) 
(In perpendicular dc field of . 

0.23 mm, 3 m, bifilar 
3100 Oe) 

5 mil, 318 in., straight 

10 mil , 318 in., straight 

20 mil, 318 in., straight 

8 cm, straight (50 Hz only) 
diameters (from low to high field) 
in mm: 0.191; 0.254; 0.269; 0.403; 
0.254; 0.888. 
10 mil, 6 in., straight 

We can think of three types of limitations of the critical current: 

1) There is a superconducting limit, equal to the short, sample dc critical 
current given by maximum flux pinning. The arrows indicate these values 
(calculated for the samples used) for a 5 mil wire ( A ) ,  a 10 mil wire (0), 
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and a 20 m i l  w i r e  (a) of N b Z r .  
to be an upper l i m i t .  

T t  is not surpr is ing that- t h i s  seems 

2) Runaway heating. With increasing losses  the temperature of t he  specimen 
rises, this l eads  t o  higher losses, t o  a fur ther  temperature rise, e t c .  
If t h i s  process i s  not s e l f - l imi t ing ,  by reaching an equilibrium with 
the cooling capaci ty ,  the runaway heating w i l l  destroy superconductivity 
(Ref. 48, curves a and b y  a t t e m p t s  an explanation of t h i s  kind).  

As a c r i t e r i o n  f o r  runaway heat ing one might choose the start of f i lm  
boi l ing,  i f ,  as usual, t he  specimen surface i s  i n  contact with l i qu id  
helium. 
t o  f i lm  bo i l ing  we obtain curve (1) as the locus f o r  average ac losses  of 
t h i s  magnitude. 

2 a much lower value o f -  0.1 W / c m  represented by curve ( 2 ) .  Keeping i n  
mind t h a t  during the whole ac cycle d i s s ipa t ion  only takes place during 
about half  t h e  t i m e  but t hen  a t  twice the value, we reach 1 W/cm already 
f o r  curve (3). Curves 1-3 are a l l  calculated with jc = 4 X I O 5  A/cm2 and 
M = 0. I f  values f o r  AH are taken from Pig. 17, then curve (2) is  modi- 
f i ed  i n t o  curve (4). 
Although these curves and t h e  experimental points have the same slope, 
the discrepancy otherwise i s  large enough t o  leave some doubt whether 
t h i s  i s  the whole story.  The heat t r ans fe r  from a surface i n t o  l iquid 
helium102 happens t o  be f a r  t oo  complicated t o  be representable i n  one 
o r  two f igu res .  
speed photography w i l l  even tua l ly  provide a s a t i s f a c t o r y  answer. 

Taking as a rough f i g u r e  1 W/cm 2 as the t r a n s i t i o n  from nucleate- 

The r e t u r n  from film t o  nucleate bo i l ing  takes place a t  

2 

It may be t h a t  a d i r e c t  v i sua l  observation through high 

3) I n s t a b i l i t y .  Coils of ten have a lower cri t ical  current caused by in s t a -  
b i l i t i e s  ( c o i l  degradation). A similar phenomenon i s  expected i n  s t r a i g h t  
wires of s u f f i c i e n t  thickness ,  provided the s e l f - f i e l d  at  the surface 
reaches a value high enough f o r  i n s t a b i l i t i e s  t o  occur (>- 4 kG). 
the frequency i s  above - 20 Hz we may assume adiabat ic  conditions f o r  the 
f l u x  penetrat ion process and calculate  a f lux  jump f5eld as  curve (5) 
according t o  Ref. 103 (assuming H < H ). This same phenomenon shauld 
a l s o  l i m i t  the  dc cr i t ical  current  bur below 10 Hz the  process i s  no 
longer ad iaba t i c  and the l i m i t ,  therefore,  more d i f f i c u l t  t o  calculate .  
So f a r  t h i s  l i m i t  has not been experimentally observed because*the c u r -  
r e n t s  were not high enough, i.e., the sample not t h i ck  enough. 

I f  

It is  perhaps.best  t o  conclude with .these experimental suggestions lest  somebody 
thinks t h a t  a l l  problems are solved. 

I n  summary w e  can say tha t  w e  unde.rstand reasonably w e l l  the losses  i n  region 11. 

W e  have only two material  p rope r t i e s  j, and AH influencing the losses .  (Any other  
va r i ab le s  such as temperature, appl ied dc f i e l d ,  e t c . ,  influence the losses  through 
these mater ia l  propert ies . )  
peak f i e l d  as ex te rna l  var iables  and they are influenced by the pa r t i cu la r  geometry. 

On t he  other  hand, we have the amount of surface and the 

In conclusion we can sa fe ly  s a y  tha t  t h i s  study shows t h a t  there is  very l i t t l e  
immediate need f o r  more lo s s  measurements i n  pure Nb o r  Nb a l loys  (unless,  of course, 
with spec i f i c  appl icat ions i n  mind). However, there  a r e  very few measurements on the 
b r i t t l e  ma te r i a l s  NbgSn, V3Ga, etc. 
This may open the  door towards reducing ac lo s ses .  

But we ought t o  increase our understanding of AH. 

6; 
For i n s t a b i l i t i e s  observed under ac conditions,  i n  a cy l ind r i ca l  tube, see Ref. 87. 
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Magnetization 
vs 

. ' Longituamol magnetic field 
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1.000 2.000 

v 
H- ' -200 

(a) 

. .  

- 400 

v ' -200 

Critical iurrerlt aensity 
vs 

Fig. 1. Phenomenological difference between a type I1 superconductor 
with pinning (top)' and without pinning (bottom) (Ref. 96). 

MAGNETIC STRUCTURE 
OF MIXED STATE 

CURRENTPATTERN: 

INTERNAL FIELD: 

. IDEAL TYPE II 

A :  

CROSS SECTION OF CURRENTS: 0 @ 0 @ 0 @ 0 
NO NET CURRENT FLOWING 

A :  
NON-IDEAL TYPE II 

NET CURRENT POSSIBLE @)a 00 @a 

Fig. 2. Microscopic difference between ideal (no pinning) and 
imperfect (pinning) type I1 superconductor. 
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FOR A SURFACE FIELD Hoe 

THE SOWTION OF THE DIFFUSION EQUATION GIVES 
B=Ho e A x  eiwt 

WITH x = - [ z r w / p 1 ' / 2  ( I  +i) 

PENETRATION DEPTH [ E r d p ]  - '/2 
' 

Fig. 3. Illustrating the penetration of an ac field 
into a normal conductor. 

E = p j  p = O  FOR j r j ,  

PRACTICALLY : j=  CONST. = jc ; p a dWdt 

* 
X dWdx = 4 7  j, 

2 4 7  v 0=- B ( Z CONST) P 

/ 

Fig. 4. Illustrating the penetration of an ac field 
into a type I1 superconductor with pinning. 
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Pav = 4je 
b d H  I 

H - HI' = 4 T -  b - jc 

TEMPERATURE EQUIVALENT 

H -T 

a V 2 T  = f 

Fig. 5. Dynamic resistivity of a cylindrical superconductor (type 11, 
strong pinning) in parallel, steadily increasing field. 

Fig. 6. Measurement of the dynamic resistance of a bifilar 
coil in coaxial, changing field (Ref. 81). 
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Fig .  7 .  Four ac loss regions.  

,To helium gas (-0 ;Ev 
Cas fldwmeter II 

Nylon /I 
calorimeter 

Sample of superconducting WI,E 

(Bifilar winding on Tufnol former) 

Fig .  8 .  Experimental method: b o i l - o f f  calorimeter (Ref. 8 ) .  
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- - 
Fig. 10. Experimental method: calorimeter, using thermal 

conductivity of specimen (Ref. 5). 

- 532 - 



Two-component decay of voltage osc i l l a t ions  i n  super- 
conduct.ing L-C. c i r c u i t .  
I n i t i a l  current was 2 mA. 

. 

Time scale i s  2 msecfdiv. 

Linear decay of voltage osc i l l a t ions  i n  superconducting 
L-C c i r c u i t .  T i m e  scale i s  2 msecfdiv. I n i t i a l  current 
wa.s 100 CIA. 

Fig. 11. Experimental method: decay of osc i l l a t ions  in superconductive 
L-C circuit: (Ref. 84) .  
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Gohranomcter Suspmsi 

Position lndicotor 

Toque 

Position Angle 

Fig. 12. Experimental method: flux pinning measured as torque which 
slowly rotating field exerts on specimen (Ref. 86). . 

13r 

Angle- Degrees 
Vanadium disc R =  3.18rnrn 

(Single crystal) thickness d = 0.708 rnrn 
T= 4.190"K (Hcn355Gauss) 

Fig. 13. Anisotropy of flux pinning in vanadium, measured with 
torque method ( R e f .  86). 
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I I I I I1111 I I I I I l l P l  I I I I I I l l ]  

102 103 104 

PEAK SURFACE FIELD (Oe) 

F i g .  14. Reported ac losses in  NbZr and NbTi al loys (see Table I V ) .  

Curves: ---------- : bi f i lar  c o i l  (corrected for average 
f ie ld  at the surface of the wire) 

: single wire or widely spaced b i f i l ar  
c o i l  -.-.-.-.-. : other geometries (also corrected). 
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( H - A H  l 3  
LOSS PER CYCLE = 

2 4 r 2  j, 

FOR j c  = 4 x IO5 A/cm2 

LOSS = 1.05 x ( H - A H  l 3  [ JOULE/cm2] 

H in Oe 

Fig. 16. Modification of loss by the surface step AH. 
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a 400  
n 

-- 
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SAMPLE 

200 

0 

I g I  2 23 
EXPERIMENT ( f )  0 - 3  

EXPERIMENT (21 m 
EXPERIMENT, (3) 4 A 

Y l  .L 
e g ,  

A b  'p 
0 or €l 

I I I I 

0 ' i  2 3 
H, ,H,',h'," (kilo-oersteds) 

Fig. 17. Measurements of AH for Nb25%Zr (Ref. 79) 
Sample '2: 'diameter 0.68 cm; cold-workeda annealed and machined. 
Sample 3: diameter 0.63 cm; cold-workeda and mechanically polished. 
(The open symbols in both cases are for 30 LL silver-plated surfaces.) 

. .  
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IO 
PEAK SURFACE FIELD (00) 

4 

Fig. 18.' Comparison of losses in Nb alloys with calculations. 
Curve 1: AH = 0 
Curves 2 and 3: 
Shading indicates the portion of the curves in Fig. 14. 
Ac losses for copper (10'8 n*cm) are indicated for 10, 60 and 
400 cfsec; the sample is assumed to be thicker than twice the 
penetration depth,. 

AH corresponding to sample 2 and 3 of Fig. 17. 
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I I l l  

(H-AH l3 a H" 

5 

= 3 1 .  
5 0 0 '  1000 so00 

PEAK FlaD (Oe) 

n 3 Fig. 19. Comparison between H and (H-AH) . Horizontal bars indicate 
published values of n, relating to loss measurements over the 
indicated range of peak field. 

c 
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I I 1 1 1 1 1 1  I I111111 I I I l l  

PEAK SURFACE FIELD (Oe) 
IO' IO2 lo3 lo4 

Fig .  20. Reported ac losses in  pure Nb (see Table V I ) .  
Same curve symbols as Fig.  14. 
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I I 1 i I I l l 1  

10-101 200 500 1000 
Oe 

PEAK SURFACE FIELD 

F i g .  21. Reported ac losses i n  pure Pb. 
Curve a: Ref. 8 .  Curve b: Ref. 2 .  
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3- 

5 mil niobium wire 
resonant at 39 Mc/s , - for T=4*2OK 

u 
0 . 10 20 30 ' 40 5 0  

-+(GI 

a 
-3 -2 -1 

I , I 

+1 42 43 

Fig. 22. Loss vs background field during cooldown for Nb (Ref. 71) 
and for Pb (Ref. 2). 

Fig. 23. Resonance of losses in pure Nb (weak pinning) 
(Ref. 80). 
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l o L  10 ,4 
SURFACE FIELD PEAK (Oe) 

Fig. 24. Experimental ac cr i t i ca l  currents plotted as frequency 
of the ac current vs the surface peak f i e ld  created by 
the ac current. 
The curves numbered 1-5 are theoretical l i m i t s  explained 
in  the text. 

The points are referenced in Table VII.' 
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USE OF SUPERCONDUCTORS IN HI& ENERGY PHYSICS" 

J.P. Blewett 
Brookhaven National Laboratory 

Upton, New York 

INTRODUCTION .. 

A recent visitor to Brookhaven, after listening to a lecture on our progress in 
superconductivity, looked at the experimental floor of the AGS and said "If supercon- 
ducting beam transport is so wonderful why do I still see all of 'these iron and copper 
magnets along your high energy beams?" He was told to 1ook.again in a few years. 

. .  
It seems certain that dc superconducting magnets will find many applications in 

nuclear and high energy physics, in beam transport components, in bubble'chamber mag- 
nets and in specialized magnets where high fields are required or wherk fields must be 
maintained throughout large volumes. This can include cyclotron magnets. 

But for accelerators ,whose magnets are operated under ac or pulsed conditions the 
story is quite different. 
nets have been solved in principle. But the problem remains of reducing the high los- 
ses that are met when fields in superconducting magnets must change rapidly with time. 
Probably this problem will have beensolved by the end of next. year. 
to be presented this week will, we expect, throw much light on the question. 

Most of the design problems associated with synchrotron mag- 

The information 

. Although this week's topic is ac effects, I shall speak briefly, for the sake of 
completeness, about rf cavity applications and dc applications, then turn to possible 
.applications in systems where the field in a magnet must change with time. 

R.F APPLICATIONS 

Rf applications were covered during the first week of the.Summer Study. Most of. 
the work in this field is in the 1000 to 3000 MHz range. The largest group working on 
rf applications is at Stanford where studies are in progress both in Stanford's Physics 
Department and at the two-mile linac (SLAC). This work is aimed at an electron linear 
accelerator with a 100% duty cycle. At Brookhaven we are working toward a 3000 MUz 
particle separator. 
linear accelerators and bee separators. 

At Karlsruhe a large group is experimenting with cavities for both 

All of these applications call for high electric fields but do not involve very 
high magnetic fields (less than 1000 gauss). Lead plated on copper has been rather 
thoroughly investigated but the present trend is toward niobium cavities either ma- 
chined or electroformed. To keep losses within tolerable limits it is not possible to 
operate at the boiling point of liquid hel.ium- the temperature must be reduced to 
below 2OK into the range where helium becomes a superfluid. 
more than twice as much power input to the refrigerator, helium at these temperatures 
is ,a beautiful coolant. 
magnet designers to call for superfluid helium cooling. 

Although this calls for 

Experience gained at radio frequencies may very well 'Lead 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
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Some rf work is in progress at lower frequencies for use in circuits requiring 
high frequency stability. 

time standards. 

Q ' s  of over 1O1O have been obtained and higher values are 
' expected. This makes possible oscillators with stabili'ty approaching that of the NBS 

MAGNETS FOR BUBBLE CHAMBERS, SPARK CHAMBERS AND LARGE SPECTROMETERS 

The first superconducting magnet for a bubble chamber was built at Argonne., It 
has an inner diameter of 10 in. and runs at 42 kG. So far this is the only supercon: 
ducting magnet that. has been used with a bubble chamber as part of an experimental 
program. But a number of much more ambitious magnets are under construction or design. 
The 30-kG magnet for Brookhaven's 7-ft chamber and the 20-kG magnet for Argonne's 12-ft 
chamber will both be running by the end of this year. 
ready been cooled down and excited to half field. 

The Brookhaven magnet has al- 

At the Lawrence Radiation Laboratory, spectrometer magnets 7 ft-in diameter are 
At CERN model studies are under way for a 3.5-m bubble chamber magnet under design. 

to run at 35 kG. The most ambitious such project probably is at the Rutherford Labo- 
ratory where a magnet for a 1.5-m bubble chamber is to be run at field's over 70 kG. 
The stresses to be experienced are to be restrained by an interwinding of stainless- 
steel strip 3 mm thick. 

In all of these magnets high current density is not important because of their 
large size. 
listed are typical - I have listed only a few of the large magnets under design or 
construction for use with bubble chambers, spark chambers or other large detecting 
devices. 

All will be wound with fully stabilized NbTi superconductor. The magnets 

BEAM TRANSPORT MAGNETS 

At the AGS our annual power bill is about $1 million. More than two-thirds of 

We 
this pays for operation of the dipole and quadrupole magnets that guide and focus 
secondary particle beams for the various experiments on our experimental floor. 
have over 200 of these magnets; their total weight is over 3000 tons. About 180 power 
supplies provide power for these magnets; they range in size from a few to 600 kW. 
Total experimental power available is 37 000 kVA; to dissipate this power we need 
3500 galfmin of cooling water. 

Most of these magnets could be replaced by superconducting units. 

. 

A 300-kW mag- 
net would be replaced by a dipole dissipating perhaps 20 W. 
unit would require about 15-kW input.' Thus the power. consumption would be cut by a 
factor of twenty. 

The refrigerator for this 

. .  
The cost of the present magnets is of the order of $ZO.thousand apiece. From 

present experience we estimate that the superconducting replacement would cost no more 
than this; eventually it should be cheaper. 

Similar situations exist at all of the high energy physics installations. At the 
200-GeV machine in Weston the total number of magnets will eventually be considerably 
larger than the figures I have mentioned. I am confident that they will be largely 
superconducting from the beginning of operation. 
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DESIGN OF DIPOLES AND QUADRUPOLES 

Superconducting dipoles and quadruopoles will bear little physical resemblance to 
their room temperature counterparts. The possibility of an economical increase in cur- 
rent density of two or three orders of magnitude has.shaken magnet designers and has 
resulted in considerable debate as to how best to use it. 

First let me be clear that the problem to which I address myself is that of di- 
poles and quadrupoles with small aperture, although their length normal to the field * 

may be great. If the aperture is large, for example in the dipole magnet for a 7-ft 
bubble chamber, high current density is no longer so essential and cost and power con- 
sumption are the considerations that lead to the choice of a superconducting magnet. 
But if the aperture dimensions are a foot or less, novel designs are called for. 

If infinite current density were available, a dipole or a quadrupole with a cir- 
cular aperture could provide the desired fields if the current density around the coil 
varied as cos 8 for a dipole or cos 28 for a quadrupole (see Fig. 1). For finite cur- 
rent density and uniform coil thickness, the cos n0 distribution still gives ideal 
field patterns inside the aperture. 

If, however, inadequate current density is available, the coil will become very 
thick - when the coil thickness begins to be of the order of the aperture dimensions 
one finds oneself in the absurd position of adding large quantities of current so far 
from the aperture that they are making virtually no contributions to the useful field. 

Of course accurate establishment of a cosine distribution presents major design 
problems. Fortunately this is not necessary. Beth,l at Brookhaven, has shown that 
an approximation in the form of three or so blocks of constant current density can, 
if properly arranged, eliminate higher harmonics of the field pattern to such a high 
order that further compensation is unnecessary. 

Other approaches than that of the coil of uniform thickness have been proposed. by 
Beth at Brookhaven, by Septier at Orsay, and elsewhere. I shall say no more about 
them because they will be discussed in more detail next week. . 

Peak field strengths to be used in dipoles and quadrupoles will probably be of the 
order of 60 kG, at least in the initial stages of development. With the geometries 
that I am describing forces at fields over 60 kG are becoming unreasonable and are 
rising with the square of the field. 

In the geometry that I have described,. the peak field in the useful aperture is 
the highest field anywhere. Nowhere in the system of conductors is the field any 
higher. 

Peak current densities for 60-kG peak generated by a coil 1.5 cm thick are about 
60 000 A/cm2. * * * * *  

Stray fields outside of air core dipoles or quadrupoles can be quite troublesome 
in many applications. There are two ways for eliminating them. The first is to build ' 

another dipole or quadrupole coil of larger radius coaxial with the first. 
reduce the net external field identically to zero with an attendant sacrifice of a 

This can 

1. R.A. Beth, Brookhaven National Laboratory, Accelerator Dept. Report 
AADD-135 (1967). 
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fraction of the field in the useful aperture. The second method is'to surround the 
coil with a cylinder of iron. This will result in an increase in the.usefu1 field. 
If, for example, the radius of the iron cylinder is large enough that the max'imum flux 
density at the iron surface is 20 kG, the addition of iron will add 10 kG to the di- 
pole field and somewhat less to the quadrupole field. 
cylinder will be of the order of twice the coil radius. Whether or not it is appro- 
priate to include the iron in the cooled volume we have not yet decided. 

' The inner radius of the iron 

STORED ENERGIES 

For dc dipoles and quadrupoles usable for beam transport, stored energies are 
relatively unimportant. 
ator, however, stored energies become quite important. 

If these components are to be pulsed for use in an acceler- 

Fox a dipole or quadrupole having a coil thickness that is negligible compared 
with the aperture dimensions, it can be shown that the energy stored In the useful 
aperture and the energy storedin external fields are approximately equal so that, so 
far as stored energy is concerned, the unit may be said to be 50% efficient. This is 
better than many iron cored magnets; for example, in the magnets used in the AGS less 
than one-third of the total stored energy resides inside of the vacuum chamber. But 
if the coil thickness becomes appreciable the comparison rapidly becomes less favor- 
able. 
1.5 cm thick, there is almost 50% as much energy stored in the coil as is stored in 
the useful aperture and the over-all efficiency has dropped from 50% to about 40%. 

For example, in a dipole whose aperture has a radius of 5 cm and whose coil is 

Again 'this points up the importance .of high current density. If we think of 60-kG 
fields, the stored energy argument also forces us into the range of 60 000 A/cm2. 

' 

PULSING OF SUPERCONDUCTING MAGNETS 

Measurements and interpretation of losses in. superconductors when the current is 
changed have already been the subject of much discussion during this Summer Study and 
are the main topic for this week. I shall not anticipate the coming presentations 
except to say that losses are too high by a.factor between three and ten, if we think 
of pulsing at the rates now used in the AGS where the field is raised from zero to 
full field in about one second. 

Possibly, if we build a 200-GeV accelerator with superconducting magnets and 
pulse 'it very slowly, taking ten to fifty seconds to reach full field, present mate- 
rials are adequate. But we hope to cycle the machine as rapidly as Nature will allow. 

Another complication in using pulsed magnets in an accelerator comes from the ' 
fact that the. field is used during almost the whole cycle of increasing field. 
order of precision is required throughout the cycle and distortions or flux jump dis- 
continuities will cause the beam to be lost. So, while we ask €or high current den- 
sities and so cannot allow admission of a lot of normal stabilizing metal, at the same 
time we require a high order of stability. 
completely inconsistent. 

A high 

We hope that these requirements are not 

SUPERCONDUCTING SYNCHROTRONS 

For acceleration of protons to the range of hundreds or thousands of GeV the 
synchrotron is the only accelerator of demonstrated capability. It is a device, like 
the AGS, in which during acceleration the protons travel on a circular orbit in which 
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they are maintained by a rising magnetic field. 
of as high energy as is economically feasible, a set of bending' magnets which maintain 
the circular orbit, a set of focusing magnets which prevent large excursions from the 
orbit, and a set of rf accelerating cavities. There are many additional complications 
which are described in many books and reviews on the subject. 

It consists essentially of an injector 

For over seven years the AGS has produced protons of the world's highest energy - 
33 GeV. But last November .the Russians brought into operation a machine for almost 
90 GeV; this will be the world's largest for some time. 
the 200-400 GeV synchrotron at Weston, Illinois, or a 300-GeV synchrotron under design 
in 'Europe. 

The next step will be either 

As a major application of superconducting magnets we are studying here a 2000-GeV 
synchrotron. The AGS would serve as its injector and its main magnet ring would be 
about two .miles in diameter. 
Brookhaven site. 

Fortunately there is adequate space for this on the 

The main ring would have about four and a half miles of its six mile circumference 
filled with magnets. About seven-eighths of this distance would be occupied by bending 
magnets - dipoles with 60-kG peak field. 
focusing. Rf accelerating stations would be distributed at intervals around the ring 
The stored energy in the magnet system would be about 700 M J .  

The other eighth would be quadrupoles for 

The accelerated beam would be extracted and fed through an array of superconduc- 
ting beam transport dipoles and quadrupoles to a variety of happy experimenters from 
all over the world. 
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Fig .  1 .  Geometry €or multipole magnet with circular aperture. 
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ELECTRICAL LOSS MEASUREMENTS 

F. Voelker 

I N  A NbTi MAWET* 

Lawrence Radiation Laboratory 
Berkeley, Cal i forn ia  

I. INTRODUCTION 

Our work on ac losses  has been mostly with NbTi w i r e  magnets. These magnets were 
b u i l t  f o r  d i r e c t  current u s e ,  but  s ince they were ava i lab le  t o  u s ,  it w a s  convenient 
t o  use them while developing ,an e l e c t r i c a l  method o f  measuring losses .  

F i r s t ,  I s h a l l  descr ibe t h i s  e l e c t r i c a l  method and then describe some of our re- 
s u l t s .  I sha l l  t a l k  mostly about r e s u l t s  obtained s i n c e  our , ear l ie r  report .1  

Most of the r e s u l t s  t h a t  w i l l  be described here  were made on a solenoid wound with 
Supercon NbTi w i r e  which had a 0.015 in .  diameter superconducting core i n  a copper wire 
of 0.03 in.  over-all diameter. The w i r e  was insu la ted  turn-to-turn with a copper-oxide 
surface,  and layer-to-layer with f i b e r e l a s s  c lo th .  The nlaximum f i e l d  on a x i s  was about 
70 kG at 120 A. The winding had a 1.5 in.  inner diameter,  4.5 in .  outer  diameter, and 
was 4.5 in .  long. 

11. LOSS’ MEASUREMENTS 

This method of measuring l o s s e s  depends .on measuring the .accumulated electrical 
energy entering the magnet over a period of several cycles.  This i s  accomplished with 
the c i r c u i t  shown i n  Fig. 1. The two key elements are a multiplying c i r c u i t  t o  obtain 
instantaneous powe’r flow between t h e  magnet and power supply, and an in tegra tor  t o  keep 
t rack of e l e c t r i c a l  energy balance i n t o  the superconducting magnet. 

The mult ipl ier  c i r c u i t  works i n  the  following way. It uses  a semiconductor H a l l  
device which develops an output vol tage proportional t o  the product of input current t o  
the H a l l  device, and magnetic f i e l d  surrounding t h e  device.  
inser ted in to  the cryostat  connects the test magnet t o  the Hall device through a resis- 
t o r ,  so tha t  current input t o  t h e  Hall  device is proportional t o  t h e  magnet voltage. 
The H a l l  device is  mounted i n  t h e  gap of a small magnet which has been designed t o  give 
a magnetic f ie ld .  proportional t o  current  i n  i ts  windings. This magnet is put i n  series 
with the superconducting magnet so t h a t  the H a l l  device has a magnetic f i e l d  input pro- 
portional t o  the current i n  t h e  superconducting magnet. 
then, are proportional t o  vol tage across the  supe‘rconducting magnet and t o  current 
through it ,  and hence the output of the  H a l l  device is a voltage proportional t o  in-  
stantaneous power ih to  the superconducting magnet. This  output voltage changes polar i -  
t y  with the d i rec t ion  of power flow. 

A p a i r  of po ten t ia l  leads 

The inputs t o  the Hal l  device 

. .  
The inteFrator uses  a s o l i d - s t a t e  chopper-input operational amplif ier  with a feed- 

back capacitor C y  and a series r e s i s t o r  R, so t h a t  i ts output voltage is 

* 
1. W.S. G i l b e r t ,  R.E. Hintz, and F. Voelker, Lawrence Radiation Laboratory 

Work performed under the auspices of the U.S. Atomic Energy Commission. 

Report UCRL-18176 (1968). 
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e = f ein(t)dt . out RC 

D r i f t  i n  the in t eg ra to r  c i rcu i t  appears on the recorder as an equivalent  power lo s s  
(except t ha t  it can have e i t h e r  sign),  and so must  be kept s m a l l .  
about 1 mV d r i f t  f o r  a period of 1000 sec with a dynamic range of 10 IT. For one 
p a r t i c u l a r  mu l t ip l i e r  constant t h i s  corresponds t o  a s e n s i t i v i t y  of 1 J i n  a 1000 sec 
(or 1 naJ) with a dynamic range of 10 000 J (stored i n  the m a g n e t ) .  W e  obtained a 1 J 
s e n s i t i v i t y  on a cycle-to-cycle basis  by using a d i g i t a l  voltmeter t o  read the voltage 
on successive min imum of t he  integrator  output. 

. .  
Typically,  w e  had 

' 

A section of the mult iple  recorder tracing i l l u s t r a t i n g  how t h e  l o s s  information 
i s  presented, i s  shown i n  Fig. 2. 
peak amplitude of 10 A.  
of cycles as the frequency was increased. 
port ional  t o  the ac lo s ses .  
change i n  slope of the right-hand t r ace  i s  due t o  changes i n  c h a r t  speed.) 

Here the current had a t r i a n g u l a r  waveform with a 
The middle trace shows the accumulated energy over a number 

The slope of the envelope i s  d i r e c t l y  pro- 
(The boil-off gas w a s  almost constant-over  t h i s  run, and 

Another kind of da t a  sheet i s  shown i n  Fig. 3. In  t h i s  case, t h e  current wave- 
Several cycles were run a t  each current.  form i s  trapezoidal with a constant d I / d t .  

The constant current i n t e rva l s  were long enough t o  a!low u s  t o  read the in t eg ra to r  
output with a d i g i t a l  voltmeter. 
f l u x  jumping as  the current  was increased, and more w i l l  be said about t h i s  l a t e r .  

The t r a c e  labeled B shows an increasing amount of 

111. EXPERIMENTAL RESULTS 

While making cycle-to-cycle lo s s  measurements with a t r apezo ida l  current wave- 

On a w e l l  s t a b i l i z e d  c o i l  w e  reached an asymp- 
form, we discovered t h a t  the f i r s t  cycle a t  a new current l e v e l  had considerably more 
energy l o s s  than succeeding cycles.  
t o t i c  value within two or  t h ree  cycles,  while on another c o i l  w i th  less s t a b i l i z a t i o n ,  
i t  took four or f i v e  cycles.  
next cycle was ex t r ao rd ina r i ly  lossy.  
r e l a t i n g  t o . t h e  cycle-to-cycle losses .  The lo s s  i n  jouleslcycle  is given as  a func- 
t i o n  of the maximum current .  Note tha t  there is an envelope of asymptotic values 
obtained by pulsing a number of times a t  the same current .  The f i r s t - c y c l e  envelope 
w a s  obtained by reversing the d i r ec t ion  of current i n  the magnet at the beginning of 
each new current value t o  destroy the "ordering" e f f e c t .  The energy lo s s  on a cycle 
a f t e r  a f lux  jump, or  a f t e r  increasing current pi thout  revers ing d i r e c t i o n  always l a y  
somewhere between the  two envelopes. The maximum current of 116 A correSponds t o  
about 67 kG on axis i n  the solenoid. 

When the re  was a f lux  jump during a given cycle,  the 
Figure 4 shows several  types of information 

In  general, the  measured losses  w e r e  within about a f a c t o r  of two of values 
calculated by the loss equation i n  Hancox.' We were a l s o  able  t o  measure losses  over 
a p a r t i a l  cycle. For example, the current was varied from 0-10 A several  times, then 
from 10-20 A several  t i m e s ,  continuing on.up to  100 A. The l o s s e s  f o r  t h i s  data  a r e  
given i n  Fig. 4 as a partial-cycle,envelope. 
Since w e  could record the maximum energy i n  the c o i l ,  a s  w e l l  as t h e  minimum, we were 
a b l e  t o  measure the stored energy. 
per cycle) as  a function of maximum current during a cycle.  
around 50 A ,  which probably corresponds t o  the current a t  which t h e  average of the 

Data f o r  several  va lues  of A I  are shown. 

Figure 5 shows the Q (s tored energylenergy lo s s  
The Q had a minimum at 

2 .  R.  Hancox, Proc. IEE (London) 113, 1221 (1966). 
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winding has complete f i e l d  penetrat ion i n  the superconductor.. W e  can a l s o  calcu.late 
the inductance using t h e  r e l a t ionsh ip :  s tored energy = f L12. The inductance i s  not 
constant,  and is  shown as 'a funct ion of current i n  Fig. 5. 

W e  are i n t e r e s t e d  i n  ac l o s s e s  a t  t yp ica l  synchrotron r e p e t i t i o n  rates, and'we 
have made several  runs on our magnets a t  cycling rates a s  high a s  once a second, al-  
though these magnets w e r e  not designed t o  be pulsed, and even though the losses  a r e  
very high. Figure 6 shows t y p i c a l  r e s u l t s  on the magnet previously described. The 
l o s s  i n  joules/cycle  are shown as a funct ion of frequency. The maximum current was 
10 A,. 14 A ,  and 20 A with t r i a n g u l a r ,  s inusoidal ,  and trapezoidal waveforms. The 
20 A data  had t o  be  taken a few cyc le s  a t  a t i m e  i n  order t o  keep the magnet from 
going normal, and so only t rapezoidal  waveforms were used. A t  14 A the magnet could 
only be pulsed f o r  8-10 cycles  a t  the higher frequencies, and we suspect t ha t  the mag- 
.net w a s  heating considerably.  T h e ' d i f f e r e n t  waveforms merely indicate  tha t  the lo s ses  
are r e l a t ed  t o  d I / d t ,  as w e l l  as maximum current .  

A l l  of these curves show a rise i n  losses  at very low cycling r a t e s .  This is  
because of a constant  60 cycle  r i p p l e  voltage. When the cycling t i m e s  are very long, 
the l o s s  due t o  r i p p l e  vol tage accumulates over a longer period and.makes data  below 
about 0.05 Hz unre l i ab le .  Tests made last week with a t ransis tor-regulated (very low 
r ipp le )  power supply ind ica t e  t h a t  t h e  losses  are l i n e a r  with frequency a t  the low end. 

I f  we c a l c u l a t e  eddy cu r ren t s  a t  0-5 Hz with a 0-14 A t r i angu la r  waveform i n  the 
copper, w e  obtain a -loss of about 0.53 W .  The magnet w a s  wound on a t h i n  s t a i n l e s s  
steel form and had end f langes of  t h e  same mater ia l .  W e  calculate 0.272 W l o s s  in. 
each flange and 0.002 W l o s s  f o r  the tube. The t o t a l  eddy current losses ,  then, 
should be 

P, = 0.53 + 2 x 0.272 + 0.002 = 1.1 W . 
From Figure 6,  we see t h a t  t he  l o s s e s  f o r  0-14 A at 0.5 Hz are about 9 J / cyc le  o r  
4.5 W. Thus, the measured eddy cu r ren t  losses  are about fou r ' t imes  l a rge r  than w e  * can account f o r .  

Data are shown i n  Fig. 7 f o r  t rapezoidal  current  waveforms i n  which the losses  
(Figure 3 i s  a typ ica l  da t a  sheet f o r  t h i s  kind of w e r e  measured a f t e r  each cycle.  

run.) I f  one ne- 
g l e c t s  the r e p e t i t i v e  d a t a  f o r  very low d I / d t  because it  contains appreciable losses  
due t o  r i p p l e  vol tage,  we see a de ' f ini te  increase i n  l o s s e s  due t o  increasing d.I/dt. 
There is a large scatter i n  da ta ,  however,,because each pulse has a d i f f e ren t  loss., 
depending on the previous h i s t o r y  of cu r ren t ,  and whether a f l u x  jump occurred i n  the  
previous cycle. A t  t h e  higher cu r ren t s  t h i s  scatter is.more pronounced as there  were 
of ten several  f lux jumps i n  each cycle .  

The maximum cur ren t  w a s  increased while the d I / d t  w a s  held fixed. 

* 
Note added i n  proof: It has been suggested by several people subsequent t o  t h i s  
t a l k ,  t ha t  t he  copper oxide is  not i n su la t ing  w e l l  and t h a t  the ex t r a  losses  are 
V2/R losses  due t o  paral le l  r e s i s t a n c e  paths from tu rn  t o  turn.  
l o s s  would have t h e  r i g h t  frequency dependence. 

This kind of 

. . - 552 - 



IV. CONCLUSIONS 

We feel that this electrical method can be very useful -for measuring ac losses in 
superconducting magnets, or in parts of such magnets. Since accumulated energy can be 
monitored at many currents during a cycle, it is possible to measure losses and stored 
energy during the parts of a cycle, which may help to separate some of the complicated 
phenomena taking place during the cycle. 

We are building a magnet which will be a duplicate of the magnet that I have been 
describing, except that it will be wound with Airco multiple strand wire. 
has 130 strands of 1 mil NbTiwire in the same cross section of copper. We hope to 
compare its performance with its solid-wire sister in time to be presented later in 
this Summer Study. 

The new wire 

* 

#& 

Note added in proof: The magnet tests on the Airco magnet were completed and are 
given by W.S. Gilbert, these Proceedings, p. 1007. 

Fig. 1. 

I Multi-channel I 
recorder u 

Schematic representation of pulsed loss experiments. 
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Fig. 2. Data %or frequency run. 

Fig.  3. Data for constant d I / d t  run. 
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AC LOSSES IN MAGNETS MADE OF fi3sn RIBBON* 

G.H. Morgan and P.F. Dahl 
Brookhaven National Laboratory 

Upton, New York 

I. INTRODUCTION 

The possible reduction of size and cost of a proton synchrotron, which can be 
achieved through the use of high magnetic field strength, has caused much interest in 
the application to this end of high field superconductors.1 
of magnets wound from f in. Nb3Sn ribbon2.naturally led to interest in the ac loss 
characteristic of these ribbons. 
current density, high winding density, and ease of handling. These .characteristics 
lead to more compact magnets and higher possible field gradients. Furthermore, the 
superconducting layer in the commercially available ribbons is thin enough that ac 
losses should be low if theafield were parallel to the ribbon. 
tion, the Brookhaven ac loss program began with a study of the losses in three commer- 
cially available f in. wide NbgSn ribbons. Much of the results of this study has been 
reported elsewhere,3,4 and will be summarized here. 

The success at Brookhaven 

The advantages of NbgSn ribbon are high current and 

With this justifica- 

11. APPARATUS 

Heat produced in the magnet was det'ermined by measuring the volume of helium . 
vaporized. The magnet and a standard heat source consisting of an electrically heated 
resistor were enclosed in a container submerged in liquid helium. Power for the mag- 
net was provided by either a fast-rise-time dc generator, permitting current pulses 
to 3000 A at 50 V with frequencies up to 3 Hz, or by the 60 Hz power line through a 
variable transformer. 

111. MAGNETS AND MATERIALS 

The tested magnets were all made of one or more spirally-wound flat coils in 
which successive turns of the ribbon were separated by in. wide plastic (Mylar) rib- 
bon of several possible thicknesses. The-magnet form most commonly tested was a sin- 
gle "pancake" or circular coil having 2.5 in. i.d. and 6 in. o.d., and from 130 to 
370 turns of conductor. 
adjacent or a .separated pair. One other magnet ,consisted of a pair of racetrack-shaped 
coils with 2 in. spacing having an 8 in. straight section. 2 . 5  in. i.d., and 6 in. 0.d. 

Two such coils were combined coaxially to produce either an 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
1. P.F. Smith, Nuc. Instr. and Methods 52, 298 (1967). 
2. P.G. Kruger, W.B. Sampson, and R.B. Britton, Brookhaven 

Accelerator Dept. Report AADD-104-R (1966). 
3. W.B. Sampson, R.B. Britton, G.H. Morgan, and P.F. Dahl, 

Conf. High Energy Accelerators, Cambridge, Mass., 1967, 
4. G.H. Morgan, P.F. Dahl, W.B. Sampson, and R.B. Britton, 

J. Appl. Phys. 

National Laboratory, 

in Proc. 6th Intern. 
p. 393. 
submitted to 
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The tested materials w e r e  a l l  NbgSn composite ribbons, 5 in. wide. 
made by RCA by t h e i r  vapor-deposition process, and types B and C ' w e r e  made by G.E. 
by a d i f fus ion  process. Some of the i r  c h a r a c t e r i s t i c s  are shown i n  Table I. 

Type A w a s  

TABLE I 

C - . -  - Ribbon Type A B 

Thickness (in.)  0.0051 0.0042 0.0036 

IC a t  40 kG (A) 2160 1040 ' 515 

21 000 40 000 35 000 

Peak f i e l d  a t  Jeff (kG) 24.6 47.4 39.8 

2 . Jeff (A/cm 

In  Table I, IC i s  the  s h o r t  sample c r i t i c a l  current ,  Jeff i s  the  maximum over-al l  c u r -  
r e n t  dens i ty  obtained i n  a s ingle  pancake during continuous pulsing, and t h e  f i e l d  
l i s t e d  i s  the peak f i e l d  i n  the winding a t  tha t  current  dens i ty . .  Par t  of the lower 
performance of the A r ibbon i s  due t o  the lower winding den@ty which w a s  used because 
of sur face  roughness. 

. 

IV. RESULTS 

There a re  nine important results. F i r s t ,  the  l o s s  per cycle  is  independent of 
frequency. Since frequency var ia t ion  was possible only with the  generator, t h i s  w a s  
conclusively proved only a t  higher f i e l d s ,  s ince t h e  lower frequencies required higher 
f i e l d s  t o  produce measurable losses.  The 60 Hz data ,  however, agree with t h e  low f r e -  
quency d a t a  i f  one accepts  t h e  next r e s u l t .  

The second r e s u l t  i s  t h a t  the losses  depend on t h e  change i n  current o r  f i e l d ,  
and are largely independent of the magnitude of the  f i e l d  or current .  Again, t h i s  was 
proved only by r e l a t i v e l y  high f i e l d  r e s u l t s  obtained with the generator,  s ince the 
task  of constructing a 60 Hz source with dc bias  proved formidable. As stated above, 
however, f o r  given peak-to-peak current, the  loss  per  cycle a t  60 Hz agreed with tha t ,  
caused by the unid i rec t iona l ,  t r iangular  cur ren t  pulses from the  generator. 

The t h i r d  finding i s  t h a t  the loss  p e r  meter of ribbon depends mainly on the 
average of the change i n  component of f i e l d  normal t o  the ribbon surface.  This w a s  
proved by demonstrating t h a t  a l l  the l o s s  measurements can be correlated on t h i s  basis .  
Figures 1, 2, and 3 i l l u s t r a t e  t h i s  point. Here are shown a11 the data  taken using 
type C ribbon. 
net  having 118 in.  separa t ion  of the pancakes. 
using e i t h e r  of two almost ident ica l  s ing le  pancakes. The f igures  show, respect ively,  
l o s s  per meter plot ted aga ins t  mean square p a r a l l e l  component of f i e l d  BZ, mean square 
t o t a l  f i e l d  B, and mean square radial  or  normal component of f i e l d  %. 
ca lcu la ted  assuming uniform current d i s t r i b u t i o n  i n  the  conductor. 
t h e  s p a t i a l  average of the  peak f i e l d  during the cycle.  A s  can be seen, the double 
pancake da ta  merge with t h e  s ing le  pancake da ta  only i n  the p lo t  against  r a d i a l  f i e l d  
component, Fig. 3, and t h e  correlat ion is poorest i n  t h e  plot against  p a r a l l e l  com- 
ponent, Fig.  1. It should be noted tha t  p lo t t ing  against  mean square, r a t h e r  than 
some o ther  power of the  normal component, i s  not e s s e n t i a l  t o  obtain correlat ion,  
provided t h a t  i n  the case of odd powers, the absolute value of t h e  normal component 
i s  used. 
l o s s  wi th  change i n  average normal f i e l d  allows one not  only t o  make accurate esti-  
mates of l o s s  i n  proposed magnets, bu t  a l s o  t o  predict  i n  which par t  of a magnet wind- 
ing t h e  l o s s  is grea tes t .  Figure 4 is an example of t h i s .  Here is plotted loss  per 

In each f i g u r e ,  the points "G" are d a t a  using t h e  double pancake mag- 
A l l  of the remaining points  are da ta  

The f i e l d  is 
By mean is  meant 

Thus I &r 1 gives about as 'good a cor re la t ion  as z %. The cor re la t ion  of 
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. 
meter vs rad ia l  posit ion i n  a s ingle  pancake of type C ribbon, operated at the highest  
current it was capable of,  500 A (35 000 A/cu?) with a peak f i e l d  i n  the winding of 
about 40 kG. The loss is  least a t  the inner  and outer  turns,  and grea te r  by a fac tor  
of four or more i n  the middle. It i s  worth emphasizing t h a t  l o s s  prediction requires  
calculation of the  average normal component of f i e l d  assuming uniform current dis ta i - .  
bution in the conductor, not the ac tua l  normal f i e l d  component, a much more d i f f i c u l t  
task.  

The fourth finding is t h a t  l o s s  i s  e s s e n t i a l l y  independent of current .  Actually, 
t h i s  i s  a corollary t o  the t h i r d  r e s u l t ,  s ince  t h e  double pancake which produced the 
d a t a  of Fig.  3 has 51% greater  average f i e l d  f o r  the same current  as has the s ingle  
pancake. 

The f i f t h  finding i s  tha t  loss is independent of current densi ty .  This was dem- 
onstrated by s p l i t t i n g  4 in .  ribbon, from which the edge w a s  removed, i n  two t o  form 
.3; in .  ribbon. For equal average normal f i e l d  component, the l o s s  per meter i n  a pan- 
cake made from the  f in .  wide ribbon was twice t h a t  i n  a pancake made from the % in .  
wide ribbon. If loss  is  presumed proportional t o  the width of the  ribbon o r  t o  the 
amount of NbgSn, t h i s  says t h a t  loss  i s  independent of current  densi ty ,  s ince for  given 
normal f i e l d  component, the current dens i ty  i n  t h e  in .  pancake is almost twice tha t  
i n  the f in. pancake. 

The s ix th  experimental f inding is concerned with the e f f e c t  of winding density on 
loss .  
Mylar interleaving t o  give a t o t a l  pi tch,  o r  thickness per turn,  of 0.005, 0.010, and 
0.014 in.  
a l l  three magnets. With increasing f i e l d ,  however, the loss  curves become increasingly 
separated, and a t  the highest  f i e l d  common t o  the  three magnets, the coarsely wound 
magnet has 4.6 t i m e s  the l o s s  per  meter of the  most c losely wound magnet, and the  me- 
dium density magnet has twice the l o s s  per m e t e r  t h a t  the high densi ty  magnet has. 
This could be a current densi ty  e f f e c t . i n  contradict ion t o  t h e  f i f t h  finding, and t o  
test t h i s  point, a b i f i l a r  magnet was wound, e s s e n t i a l l y  the magnet of 0.014 in .  pi tch 
already described, with the 0.010 in .  thickness  of Mylar replaced by a sandwich of 
0.004 in .  of superconductor (more B ribbon) between two 0.003 i n .  thicknesses of Mylar. 
With only one of the windings powered, i.e., with the  same current  densi ty  as  the 
0.014 in.  pitch magnet, the b i f i l a r  magnet had a loss  per meter corresponding t o  a 
p i tch  of 0.007 in . ,  about one-third t h a t  of the  0.014 in .  p i tch  magnet. In f a c t ,  the  
t o t a l  loss of the b i f i l a r  magnet was less than (77% of) the t o t a l  l o s s  of the 0.014 in .  
p i tch  magnet, a t  the highest f i e l d .  This e f f e c t  is a t t r ibu ted  t o  an increasingly great  
reduction of the normal component of f i e l d  with increasing winding densi ty ,  or  equiv- 
a len t ly ,  increasingly great f i e l d  exclusion. 
i n  the three magnets a t  low f i e l d s  says t h a t  at  low f i e l d s ,  exclusion i s  complete, so 
t h a t  the loss  is  a surface phenomenon. I n  f a c t ,  w e  find tha t  at  s u f f i c i e n t l y  low 
f i e l d s ,  the l o s s  in  a l l . t h r e e  ribbon types tends t o  be the same. 

Three pancakes were wound with type B mater ia l  and d i f f e r e n t  thicknesses of 

A t  low f ie lds ,  the loss per meter f o r  a given f i e l d  change was the same f o r  

The fac t  tha t  l o s s  per meter i s  the same 

The seventh resu l t  i s  the dependence of l o s s  on superconductor thickness, o r  
equivalently f o r  constant Jc ,  on IC. 
f i e l d  para l le l  t o  the ribbon should go a s  thickness or IC squared, so using the c r i t -  
i c a l  currents l i s t e d  i n  Table I, the corresponding lo.ss r a t i o s  should be A/B = 4.3 and 
B/C = 4.0. The observed r a t i o  of loss i n  type A t o a t h a t  i n  type B ribbon is  about 3.0 
at intermediate and high f i e l d s  (with both mater ia l s  a t  the same winding density of 
0.010 in . / turn) .  The observed r a t i o  of l o s s  i n  B t o  tha t  i n  C ribbon (both a t  a wind- 
ing density of O.OQ5 in . / turn)  i s  a funct ion of f ie ld :  1.4 at intermediate f i e l d  t b  
1.0 at high f i e l d .  

According t o  t h e ~ r y , ~  the  loss i n  ribbons i n  a 

In both cases,  increasing the  Nb3Sn thickness r e s u l t s  i n  lower 

5. R. Hancox, Proc. IEE (London) 113, 1221 (1966). 
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loss  than is predicted by t h e  theory. 
discrepancy could be due t o  the f i e l d  not being para l le l  t o  the ribbon, t o  t h e  assump- 
t ion  t h a t  Jc i s  the same i n  a l l  mater ia ls ,  or  i t  could be that  f i e l d  exclusion effects .  
are a funct ion of superconductor thickness, or  amount of superconductor per u n i t  volume 
of winding. 

Assuming that  cladding i s  not a f a c t o r ,  the  

The e ighth  conclusion one can obtain from the  da ta  is t h a t  t h e  l o s s  at high f i e l d  
i n  a l l  mater ia l s  increases a s  about the  2.5 power of the normal f i e l d .  Since the ac- 
t u a l  normal f i e l d ,  i n  t h i s  f ie ld . range ,  increases f a s t e r  than t h a t  ca lcu la ted  on the  
bas i s  of uniform current d i s t r i b u t i o n ,  the t r u e  f i e l d  exponent mus t  be less than 2.5. 
It should be remembered t h a t  these observed losses  are due t o  f i e l d  changes i n  t h e  
mater ia l  which range from zero ( a t  the  kernel of the magnet) up t o  t h e  maximum a t  the 
innermost turn.  The observed loss is thus an average over a v a r i e t y  of f i e l d  changes, 
and the  exponent of the 10s.s curves i s  accordingly an average. 

. 

The n i n t h  result is  the  finding tha t  in  a l l  the tested magnets, t h e  r a t i o  of 
stored energy t o  energy l o s s  per  cycle,  EIAE, l ay  within a band ranging from about 100 
t o  250, with a generally decteasing trend a t  higher f i e l d s .  
from the  2.5 power dependence of l o s s  on norhal f i e l d ,  and the second power dependence 
of s tored energy on f i e l d ,  which together imply a 1/JB dependence of E/bE on f i e l d .  
The constancy of E/& from magnet t o  magnet i s  possibly a r e s u € t  of t h e  r e l a t i o n  be- 
tween s tored energy and length of conpuctor i n  compact ‘solenoids. 

This la t ter  r e s u l t  follows 

V. COMPARISON WITH THEORY 

. Comparison of the r e s u l t s  with theory is d i f f i c u l t  for  several  reasons.  F i r s t ,  
Second, the some of t h e  ribbon parameters (Nb3Sn content) are not known accurately.  

contr ibut ion of the  Nb subs t ra te  i n  the G.E. ribbon is uncertain. Third,  t h e  f i e l d  
d i r e c t i o n  a t  the  ribbon surface i s  both complex and unknown. Eddy c u r r e n t s  i n  the 
normal mater ia l  presumably contr ibute  t o  the loss ,  but t h i s  cont r ibu t ion  i s  probably 
small, s ince  we bbserve no frequency dependence. Using formula (9) of Hancox,s we 
compute t h e  l o s s  f o r  the case of f i e l d  p a r a l l e l  t o  the  ribbon, which should set a lower 
l i m i t  t o  t h e  experimental loss .  The value obtained is 6.7 o r  3.9 J l c y c l e ,  depending on 
whether t h e  Nb substrate  is o r  i s  not included. The experimental value f o r  G.E. 150 
with an average t o t a l  f i e l d  change of 19.5 kG w a s  25.6 3Icycle. 
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. .  

Fig. 2 .  Energy loss per cycle  per meter vs mean square t o t a l  f i e l d . .  
The symbols have the same meaning a s  i n  Fig. 1. 
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DYNAMIC RESISTIVITY OF HARD SUPERCONDUCTORS 
IN'A PERPENDICULAR TIME VARYING FIELD 

R. Altorfer, F. Caimi, and J.M. Rayroux 
Oerlikon Engineering Company 

Zurich, Switzerland 

I. INTRODUCTION 

Losses occur in type I1 superconductors when they are exposed to time varying 
fields or currents. 
superconducting wire carrying a constant current while being exposed to a perpendic- 
ular field varying linearly with time. 

In this.paper we present the results of measurements made on a 

11. EXPERIMENTAL SET-UP 

1 The experimental arrangement is essentially the same as the one used by Taquet 

The 
and Rayroux.2 The sample is wound bifilarly and placed inside a superconducting 
solenoid so that the magnetic field is perpendicular to the wire to be tested. 
potential across the wire is monitored by a microvoltmeter (Keithley type 150) and 
recorded on a X-Y recorder (Moseley DR-2M). The transport current is first set in 
the bifilar wire, the field is increased up to some value below Hc2 (about 20 W e  for 
NbZr and NbTi), kept constant for a while, and then set back to zero at about the same 
rate of change. 

. 

111. RESULTS 

The shape of the voltage is identical for any type of hard superconductor. The 
general characteristics of the signal are the following: 

-The magnitude of the voltage is proportional t o  the transport 

- There is a threshold field below which the voltage is essen- 

- The voltage vanishes abruptly for dH/dt = 0. 

current and t o  the sweep rate of the magnetic field, dH/dt. 

tially zero. 

. ' ' - The voltage polarity is independent of the sign of dH/dt. 
The sign of the voltage is the same as in the normal state. 

The curves of Fig. 1 show the results obtained with a copper-plated Nb25%Zr wire 
(diameter of core 0.254 nun) when the field is increased from zero t o  some 15 kOe. 

Instead of plotting the voltage one can express the results in terms of ,a dynamic 
resistivity in R-cm. The curves of Fig. 2 show that: 

- The threshold field is a characteristic of the material 
itself as well as of its metallurgical treatment. 

1. B. Taquet, J. Appl. Phys. 36, 3250 (1965). 

2. J . M .  Rayroux, D . I .  Itschner, and P. Miiller, Phys. Letters 3, 351 (1967). 
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- A possible size effect exists as seen 'from the 10 mil and 5 mil 

- The magnitude of p/(dH/dt) at 10 kOe is of the order of 10 
NbZr data. 

(n-cm) /(Oe*sec-l) (compare with the Cu resistivity at 4'K 
x 10-8 Q-cm). 

-15 

The characteristics of the threshold voltages indicate clearly a possible relation be- 
tween the dynamic resistivity and the magnetization. A more careful observation of the 
signal demonstrates the effect of the magnetic history of the sample. As shown in 
Fig. 3 -the dynamic resistivity of a clean wire starts at zero field while the magnetic 
hysteresis is the apparent reason for the threshold field. A still more obvious hyster- 
esis effect appears when the field is cycled from zero to H and back to zero (see Fig. 4 ) .  

IV. EXPLANATION 

The first idea that came to ou mind looking for an explanation of.the hysteretic ' 

behavior of the dynamic resistivity was of phenomenological order. We advanced the 
idea that the dynamic resistivity could be proportional to the product. of the induction 
B by its time derivative dB/dt: 

E '  

dB dB dH 
dt dH dt p(H) - B -- B - 

Qualitatively at least the graphical product of B-dB/dH results in a curve similar to 
Fig. 4. 
across the wire to analyze our first experimental data. He found an equation for the 
observed electrical field which is in good. agreement with the experiments: 

Druyvesteyn3 used the Bean model and its resulting flux-transport concept 

where bo = 4n 10'' VsA-' m-', d = wire thickness, Jt = density of the transport current, 
and J; = critical current density. 
the Kim equation for the density of the critical current Jc = cu/(Bo + B), we found the 
following expression for the electrical field of a clean wire below the threshold field: 

Using basically the same approach but introducing 

where B is the induction at the surface of the wire. Above the threshold field the, 
same treatment gives: 

which, in accordance with Eq. (2) and with the experiments, also stresses the importance 
of high critical current density and small.conductor size d for low losses. 

It is a pleasure to acknowledge very fruitful discussions with Prof.Dr. J.L. Olsen 
and,Dr. 'W. Druyvesteyn throughout this work. 

3 .  W.F. Druyvesteyn, Phys. Letters a, 31 (1967). 
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Fig. 1. General behavior of the voltage with transport current and 
sweep rate of the field as parameters. Sample: Nb25%Zr, 
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Fig. 2. Threshold field for various hard superconducting wires. 

- 569 - 



2 L ' 6  8 10 kl 

- H  
Fig. 3. Effect of magnettc history below the threshold field. 

Sample: Nb42%Ti cold-worked only, diameter = 0.250 mm 
+ 0.025 m Cu, length = 20 rn; transport curzent = 10 A. 
A: magnetically clean wire. B: wire with magnetic 
hysteresis. 
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Fig. 4. Voltage on a Nb25%Zr wire (diameter = 0.127 mm, no Cu 
plating, length = 20 m) . 
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MAGNETIC INSTABILITIES AND SOLENOID PWFORMANCE.: 
APPLICATIONS OF THE CRITICAL STATE MODEL 

H.R. Hart, Jr. 
General Electric Company 

Research and Development Center 
Schenectady, New York 

I. INTRODUCTION 

In this informal review I intend to discuss our understanding of the magnetic 
instabilities which occur in high field superconductors and the implications of our 
understanding for the design of high field, high current density solenoids. 
approach will be mainly tutorial; the bibliography will allow reference to useful 
review articles and to some of the original sources. 

The 

' After first mentioning very briefly the stability problems encountered in prac- 
tical high field superconducting solenoids, we shall review the model which will form 
the basis of our discussion of magnetic instabilities: the critical state model. 
After illustrating the use of this model for isothermal situations, we shall con- 
sider the much more complicated situation in which the temperature is not constant. 
We shall find that under some conditions a small disturbance, say a small temperature 
rise, will grow catastrophically, driving the material into the normal state; the 
system will be unstable. We shall determine the conditions necessary for stability 
in certain limits, limits for. which we can make simple calculations, limits yielding 
results useful for solenoid design. 

The history and present state of development of solenoids has recently been 
reviewed very thoroughly by Chester.l This material will not be repeated here. 

The central problem is the loss of performance of a conductor when it is wound 
into a solenoid, the degradation effect. As an example, a conductor formed of a 
high field superconductor may carry 40 A without a measurable voltage drop in a mag- 
netic field of 40 kOe when tested.in the form of a short length. The same conductor 
systematically will carry less than 20 A in a solenoid generating 40 kOe. This kind 
of performance degradation has been observed in each of the materials used in the 
construction of high field solenoids; it is a general phenomenon. It has been found 
experimentally that the superconducting-to-normal transitions leading to this limited 
performance occur in the lower field regions of the solenoid, not in the high field 
regions in which the critical current density of the superconductor is generally at 
its lowest. 

The degradation effect can be alleviated to some extent by plating or coating 
the conductor with a pure normal metal such as copper or silver, or by winding into 
the solenoid layers of pure normal metal. Further, in some cases, a considerable 
increase in performance is obtained by running a solenoid in superfluid helium. 
Fine wire conductors apparently suffer less degradation than larger conductors. 

The reader is referred to Chester's review' for details and references for the 
above observations. We shall now turn to a description of the critical state model, 
the model on which we plan to base our discussion of magnetic instabilities. 
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11. THE ISOTHWMAL CRITICAL STATE MOD= 

Soon after the demonstration-of the high field capabilities of Nb3Sn and of alloys 
such as NbZr, it was found that a rather simple phenomenological model,2 here called 
the critical state model, allows one to predict the magnetic behavior of a high field 
superconductor in terms of a simple empirical parameter. 'The basic assumption of the 
critical state model is that a changing flux density in a high field superconductor 
induces persistent currents up to a limiting or critical current densify, Jc. 
persistent currents are induced to flow according to Lenz's law in such a way as to 
minimize the change in the flux linking the sample. That portion af a superconductor 
carrying this limiting current density is said to be in the critical state. The para- 
meter Jc depends on both temperature and magnetic field, though in some cases it is 
reasonable to assume that Jc is independent of field. Often Jc is assumed independent 
of field merely in order to simplify calculations. 

These 

Subsequently this phenomenological critical state model received a more physical 
basis. For an ideal, defect free, sample of a type I1 superconductor (Hcl < H < Hc2), 
the flux filaments threading the sample3 are free to move about in the sample subject 
only to their mutual repulsive interactions3r4 and to a viscous drag5 which can be 
characterized by a flux flow resistivity, pf. Nonuniform distributions of flux fila- 
ments, equivalent to field gradients or bulk currents, disappear quickly, with a time 
constant determined by pf. However, for nonideal type I1 superconductors, persistent 
bulk currents or field gradients can occur when the flux filaments are pinned or trap- 
ped by defects in the structure of the material.6 
inclusions, grain boundaries, compositional variations, dislocations, etc. A large 
enough bulk current density or field gradient can free tlie flux filament from the de- 
fect so that it can move; this critical bulk current density is Jc. The pinning and 
freeing of the flux filaments may well be a thermally activated process, a process of 
flux creep.7 This process, and thus the critical current density itself, is tempera- 
ture dependent. If the controlling process is flux creep, there is no true persistent 
critical current density; flux motion and current decay will continue indefinitely, 
albeit at a very slow and ever decreasing rate.' In actual fact, for most purposes 
the currents can be considered as persistent below a given Jc. We shall return to 
this point in a later section. 

Such defects can be voids, normal 

. We have up to this point discussed the critical state model in terms of flux mo- 
tion or of induced persistent currents. It will be convenient throughout most of this 
review to think in terms of the relation between the electric field in the material 
and the current density. We can state the critical state model with some simplifica- 
tions as follows: The electrical and magnetic properties of the superconductor are 
characterized by the nonlinear relation between. the electric field and the current 
density indicated in Fig,. 1. No current flows in the superconductor unless there has 
been a change in flux linkage. While the flux linkage is changing, the electric field 
and current density.are related by the above retation and Maxwell's equations; note 
that local heating occurs, P = E J, even though we are dealing with a superconductor. 
When the steady srate has been obtained, we find that a persistent current density 
f Jc is flowing throughout those regions in which changes in flux linkage Qr magnetic 
field are occurred. 
No current is flowing where no changes in flux linkage occurred. The static magnetic 
properties are determined by Maxwell's equations and the distribution of current den- 
sity: 0, f Jc. 
can easily calculate the final field and current distribution. 
isothermal critical state model. 

The sign is given by the sign of the last nonzero electric field. 

If one restricts himself to isothermal field or current changes, he 
We call this limit the 

In order to illustrate the application of the isothermal critical state model, 
let us work with.the model in its simplest form: 
Thus the E-J relation is as shop in Fig. 2. 

Jc independent of H, and pf infinite. 

. 



. 
Let us consider a s l a b  of a high f i e l d  superconductor cooled' in a f i e l d  H, p a r a l -  

l e l  t o  the plane of the s l a b  (Hc l  e< H, < Hcp), Fig. 3a. Let u s  consider t he  i s o t h e r -  
m a l  response of t h i s  s l a b  t o  changes i n  the  applied f i e ld .  
fie14 cause2 f l u x  penetrat ion i n t o  the sample.-. For t h i s  geometry the Maxwell equat ion 
'V X H 
the  isothermal c r i t i c a l  s t a t e  model 

Increasing t h e  applied 

4rr J/10 ( p r a c t i c a l  Gaussian un i t s )  reduces t o  axHz = - 4rr J y / l O ,  y ie lding , f o r  

where the s ign can be chosen by Lenz's l a w .  
a t r iangular  pene t r a t ion  of f i e l d  as indicated i n  Fig. 3b. The appropriate  current  
d i s t r i b u t i o n  i s  a l s o  indicated.  The depth of f lux penetration, 6 ,  i s  given by 

A change i n  applied f i e l d  AHo thus y i e l d s  

6 = -  AHO 
47 - J  10 c 

For a s u f f i c i e n t l y  l a r g e  change i n  applied f i e l d ,  the f lux  penetration from the two 
s i d e s  meet, and the  f i e l d  and current d i s t r i b u t i o n s  are  as  indicated i n  Fig. 3c. Low- 
e r i n g  the f i e l d  from t h e  peak f i e l d . ( F i g .  3d) causes flux t o  move out of the sample. 
S t a r t i ng  a t  the  surface of the sample and moving inward, t he re  is  a reversal of t h e  
l o c a l  current f l b w .  

It i s  possible  t o  ca l cu la t e  from t h i s  model the f i e l d  d i s t r i b u t i o n ,  the l o c a l  
f l u x  penetration o r  f l u x  linkage, and thus the  local  heating. For more de t a i l ed  des-  
c r i p t i o n s  of t he  app l i ca t ion  of t he  model and of the resul ts  obtained see Bean,2 
London,z K i m  et  al-.,2 Hancox,8 and Hart and  swart^.^ 

Let us now show s i m i l a r  current.and f i e l d  d i s t r ibu t ions  f o r  a c y l i n d r i c a l  w i r e  
carrying a t ransport  cu r ren t .  Let us consider the wire t o  have been cooled i n  a mag- 
n e t i c  f i e l d  Ho parallel t o  the axis  (&I << Ho < Hcg). L e t  u s  apply a t ransport  cu r -  
r e n t  p a r a l l e l  t o  t he  a x i s  and plot  t he  current  d i s t r ibu t ion  and circumferent ia l  f i e l d  
o r  s e l f - f i e l d  d i s t r i b u t i o n .  Before any cu r ren t  ks ap l i e d  the re  i s  no s e l f - f i e l d  
(Fig. 4a).  Upon the  appl icat ion of a current  ( I  < rrR J c ) ,  a flow of cu r ren t  dens i ty ,  
magnitude Jc, pene t r a t e s  from the surface -(Fig. 4b) t o  a depth such t h a t  
Jc ' 0  n(R2 - Rf)  = I. 
thermal model is  rtRZJ,, when R 1  = 0. 
Io < nRZJc, the  cu r ren t  is decreased, a current  reversal  penetrates from the ou t s ide  
as indicated i n  Fig. 4c. Again it i s  possible  t o  calculate  l oca l  f i e l d  and cu r ren t  
d i s t r i b u t i o n s ,  l o c a l  f l u x  penetration (including the instantaneous vol tage drop down 
t h e  wire) ,  and l o c a l  heat ing.  It i s  possible  t o  carry out the ca l cu la t ions  f o r  f i e l d s  
perpendicular t o  the a x i s  as well. Pertinent references are Refs. 2 ,  8, and 9, as 
w e l l  as Grasmehr and F i n z i . l 0  

$ 

The s e l f - f i e l d  i s  as indicated.  The maximum current  i n  the  i s o -  
I f ,  a f t e r  having reached a peak cu r ren t  

We have devoted t h i s  much space t o  the  c r i t i c a l  state model because i t  w i l l  be 
t h e  basis  of our following sections.  
Beansz i n  s t a t i c  experiments a t  f i e l d s  below 10 kOe, has found r a the r  de t a i l ed  agree- 
ment with t h i s  model, using Jc independent of H. 
s ta t ic  experiments covering a wider range of f i e l d s ,  found agreement with the c r i t i ca l  
state model predict ions (with an important qual i f icat ion)  provided they used a f i e l d  
dependent Jc. In.  p a r t i c u l a r ,  they used a 'two-parameter r e l a t ion :  J,(H) = pr,/(H f Bo). 
Other authors have found i n  d i f f e ren t  materials yet other f i e l d  dependences f o r  Jc. 
The f i e l d  dependence of Jc i s  r e l a t ed  .to the  defect s t ruc tu re  yielding the  f lux  pin- 
ning;  t h i s  subject  i s  discussed by J . D .  Livingston i n  another paper i n  t h i s  Brookhaven 
Summer Study series. The important q u a l i f i c a t i o n  i n  the work of K i m  e t  a l .  is t h a t  

We have t o  ask how w e l l  does i t  work i n  p r a c t i c e .  

Kim, Hempstead, and Strnad,2 i n  
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under some conditions the isothermal critical state collapsed; flux rushed into the 
sample; a flux jump occurred. Thus we can say that for static experiments and iso- 
thermal condjtions the isothermal critical state model is a satisfactary description. 
In this paper we shall try to determine the conditions under which the isothermal 
conditions cannot be maintained. 

Several experiments indicate that the critical state model is useful as well in 
cases in which smaller, more rapidly varying fields are involved. 
have measured the instantaneous voltage drop along a wire carrying a 0.8 kHz alterna- 
ting current. In addition they calculated the voltage waveform using the simple form 
of the critical state model (Fig. 2); the agreement between the model prediction and 
the experimental results is excellent. Instead of measuring the voltage directly and 
comparing their results visually, they could have Fourier-analyzed their predicted 
voltage drop and measured the harmonic content of the experimental voltage. The lat- 
ter is what Bean2911 did for the output of a pickup coil containing samples exposed to 
alternating fields. Bean calculated for the higher harmonics that 

Grasmehr and Finzi'O 

2 y-h, f.5 " = o  , - - 
even J~ (H;~ ,TI (n-2) (mt2) ' 'n odd vn 

where n is the harmonic, f is the fundamental rrequency, ho is the alternating field 
amplitude, and y is a constant involving the geometry of the sample- and the pickup 
coil. In Ref. 11 the experimentally observed results (f = 5 kHz) are compared with 
the above predictions. The agreement is excellent through the seventh harmonic; de- 
viations become apparent as one moves towards the seventeenth harmonic. 

Agreement was obtained in these dynamic experiments even though the effects of a 
finite pf (Fig. 1) were (quite properly) ignored. As we shall see later, there are 
some situations in which the finite pf is important. 
that where J < Jc no flux motion occurs, but where J > Jc flux moves according to a 
flux diffusion equation 

At this point let us simply note 

where 

Thus the t-se constant for flux redistribut-Jn for the s ab geometry illustrated in 
Fig. 3b is roughly 7,- k62/D. 
can be made on the basis of the work of Kim et al.5 

Estimates of pf for useful high field superconductors 

The critical state model as we have introduced it can be expected to apply best 

If the applied fields are several kOe or more, we are cor- 
for defect-loaded very high field superconductors such as NbZr, NbTi, or intermetallic 
compounds such as Nb3Sn. 
rect in neglecting surface effects12a13 and the reversible magnetization characteristic 
of type I1 superconductors.3 

111. ADIABATIC CRITICAL STATE MOD= AND MAGNETIC INSTABILITIES 

In Section I1 we followed the field profile in a slab of material as we increased 
We predicted a triangular field penetration until the the applied field isothermally. 

two triangles met. 
While in some studies such flux penetration is observed,:! in many other studies, 

A similar flux penetration is predicted for a cylindrical rod. 
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especially of superconductors having very large critical current densities, the flux 
penetration follows the. predicted behavior over a limited field change and then a 
sudden and nearly complete flux penetration occurs.14 
profile in a divided rod of Nb609bTi upon changing the applied (axial) field. He finds 
that the initial triangular field penetration (Ha < 14 We) is essentially as predicted 
by the isothermal critical state model. At higher fields there is a marked change in 
the mode of flux penetration; at some field the isothermal profile collapses and flux 
rushes in to bring the internal field up to the applied field. 
crease leads to a new triangular shaped flux penetration profile until another cata- 
strophic flux penetration occurs. 
larly with a field spacing of between 4 and 8 kOe. These are the flux jumps or mag- 
netic instabilities which we wish to understand; we wish to be able to predict their 
occurrence in terms of the properties of the high field superconductor. 

Coffeylfi has probed the field 

' 

. A further field in- 

These unstable flux penetrations occur rather regu- 

. 
Let us start out by recognizing the difficulty in maintaining isothermal condi- 

tions while changing the field. As pointed out by Swartz and Bean,16 and by Wipf,l7 
the magnetic flux can under some conditions diffuse through the useful high field 
superconductors much faster than can the heat generated by the moving flux; thus the 
superconductor can heat appreciably if a sudden field change occurs. The consequence 
of such a temperature rise can be seen qualitatively by looking at Fig. 3b while re- 
calling that the critical current densit of a high field superconductor generally de- 
creases with increasing temperature.18?18 As we saw in Section 11, S(T) = 10~Ho/4nJc(T). 
Thus a temperature rise leads to a further field penetration, which generates heat 
leading to a greater temperature rise and, in turn, to a yet greater flux penetration, 
etc. 
away, a catastrophic flux jump. 

This thermal-magnetic feedback can under some.conditions lead to a thermal run- 

As the field applied to a high field superconductor is increased, flux penetrates 
the sample. This flux penetration, even in the absence of flux jumps, is not smooth; 
it is a. noisy20 random process accompanied by local fluctuations of flux density about 
the critical state profile. Our concern is whether or not these fluctuations grow 
into gross flux jumps. 
ing with two coupled diffusion processes: the diffusion of flux and the diffusion of 
heat, the coupling arising from the genera.tion of heat upon flux motion and the decrease 
in flux pinning or critical current density with an increase of temperature. Little 
progress has been made in this general problem., 
for which simplifications occur. 

The general problem is a very complicated one, for we are deal- 

We shall consider only extreme llmits 

Let us first consider the instability problem in the limit that no heat flows out 
of the region of flux penetration, a quasi-adiabatic limit. Let us consider a semi- 
infinite block cooled in a fieJd Ho applied parallel to the face of the block 
(H,l << €Io << Hc2). Let us isothermally increase the applied field by an amount AHo. 
The field profile is now that characteristic of the bath temperature T1. We can con- 
sider the stability of this profile against small disturbances by calculating the en- 
ergies involved in going from this profile to others at higher temperatures. In order 
to simplify the computatichal details, let us assume that the critical current density 
is independent of field and that the total heat developed in any flux penetration is 
spread evenly throughout the region of flux penetration, i.e. the new temperature is 
uniform across this region. This last rather artificial a'qsumption will later be re- 
laxed. We consider the two uniform temperature critical state profiles illustrated in 
Fig. 5. We are interested in the amount of heat developed by the motion of flux in 
going 'from .profile 1 to profile 2 ,  Qm, and in the amount of energy absorbed in heating 
the sample from T1 to Tp, %. 
In our quasi-adiabatic limit only those profiles are allowed for which.% = +. 
excluded field AHo is small (Fig. 7a), Qm is always smaller than QT and only one solu- 
tion is allowed, T2 = TI. 
ficiently large excluded field AHo (Fig. 7b), another higher temperature profile is 
allowed (and in our simple case is clearly accessible); the system is unstable, for a 

.' 

These quantities are illustrated schematically in Fig. 6. 
If the 

For a suf- The system is stable against small disturbances. 
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small disturbance w i l l  start the system towards the higher temperature s t a t e .  I f  t h e  
i n i t i a l  slope of t h e  Qm v s  T2-T1 curve i s  greater  than the i n i t i a l  slope of the % vs 
T -T curve, i n s t a b i l i t i e s  a re  possible;  the extent o f , t h e  f lux  jump depends on t h e  
nonl inear i t ies  of t h e  curves,  i n  p a r t i c u l a r  on the temperature dependences of the heat  
capacity and the cr i t ical  current densi ty .  
i c a l  parameters, l e t  u s  ca lcu la te  Q,,, and QT a s  functions of T2 and Ti.  
the c r i t i c a l .  cur ren t  dens i ty  t o  be decreasing l i n e a r l y  with temperaturela: 

2 1  
In  order t o  determine the important phys- 

L e t  us assume 

T-Tl  ) 
Jc(T) = Jc(T1> ( 1 - 

TU - T1 
3 

where T 
perat  u r 3  : 

T(Jc= 0), and t h e  heat capac i ty  t o  be proportional t o  the  cube of the t e m -  

C(T) e C1 (T/T1)3 (J/’K cm3) . . . .  

We calc2late 
vector  P = 10 P X H / 4 ~ r ,  and then subt rac t ing  tha t  portion of t h i s  energygoing i n t o  the 
increase i n  the energy of the  magnetic f i e l d :  

by-calculating the t o t a l  energy input t o  the system using’ the Poynting 

m 

2 - [H:(x) - H1(x)] ‘dx . 
8n 0 

The remainder is  t h e  heat  generated. We first calculate  the various quant i t ies  per 
uni t  surface area. Using the Poynting vector  we find: 

where Acp12(xtO) i s  t h e  t o t a l  f lux c r o s s i n g ‘ t h e  surface i n  going from p r o f i l e  1 t o  
p r o f i l e  2. 
Therefore the t o t a l  energy input is: . 

From t h e  t r iangular  p r o f i l e  (Fig. 5) we f ind A~l2(x=O) = AH0(62-61)/2. 

where 

and 

The t o t a l  change i n  f i e l d  energy is: 
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0 

61 2 
[Ho + AHo(l - ~ / 6 ~ )  ?dx - 

0 0 
[Ho + AHo(l - x/bl)]  dx - -- 10-7 { {2 

81-r 

o r  

= -,( 10’~ Ho f 3 AHO ) AH0*(62 - 61) 
AE12 8rr 

Therefore the t o t a l  heat generation (per un i t  surface area) is: 

and the heat generation per  uni t  volume of f l u x  penetrat ion is: 

fo r  T2 S Tu. The energy absorbed i n  heat ing t h e  sample,  QT, is  simply 

For our assumed C(T) we obtain: 

4 4 3  % = C1(T2 - T1)/4T1 . 
Let us now ca lcu la t e  the excluded f i e l d  below which no i n s t a b i l i t i e s  occur, the 

excluded f i e l d  f o r  which the i n i t i a l  s lopes of Qm and % are i d e n t i c a l .  W e  have: 

2 

8 i ~  3 T U -  TI 
(AHo) IO-’ 2 

C(T1) = C1 ,- . - . -= 

and thus: 

f 7 
. o  AH ( i n s t a b i l i t y )  = (12n C1.10 *(Tu -T1)} . 

Noting tha t  

1 -  1 aJc - - - -  
a T  a 

TU - T1 JC 

we can w r i t e  a s l i g h t l y  more general r e s u l t :  
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mo(instability) = {12*~*10 7 -Cl-(- - 

For a given C(T)/C1 the extent of a flux jump for a given starting AHo and an isother- 
mal profile depends on the ratio of AHo to AH(instabi1ity) and on the ratio of Tu to 
TI. For C T3 and for T1/Tu much less than one, flux jumps for AH,/AH(instability) 
just greater than one lead to insignificant flux penetration and heating; for T1 near 
Tu any flux jump leads to complete flux penetration and to a final temperature above 
Tu.16 Even at the lower temperature a sufficiently large AHo can lead to a complete 
or full flux jump. In Fig. 8 we illustrate this dependence of the size of the flux 
jump on AH,; here Tu/T1 = 5. 
a full flux jump for the present geometry the following condition must be satisfied 
in addition to having AHolAH(instability) 2 1: 

Wipf and Lube1122 have pointed out that in order to have 

.-. - T (AH I L  
2 z C(T) dT . 8n 

T1 

Examining our result for AH(instabi1ity) we see three things: 1) the higher the 
heat capacity the higher the stable excluded magnetic field; 2) the smaller the de- 
crease in Jc with increasing temperature, the, higher the 'stable excluded field; in 
fact if aJC/aT 2 0 the system is inherently stable against small disturbances; and 
3) for this semi-infinite geometry the actual magnitude of Jc cancels out. 

Let us now remove the artificial assumption of a uniform final temperature; let 
us assume no heat flow at all, a locally adiabatic problem. 
solved this problem exactly. They derive and solve a second order differential equa- 
tion for the flux crossing a surface Acp(x); the equation is of the form 

Swartz and Bead6 have 

n 

where h is a characteristic distance for flux jumps: 

- = - .  1 4Tr 3f (-+.%) . 
a2 109c C 

Their solution indicates ,that instabilities can occur only if the critical state pene- 
tration distance 6 is greater than %d. Thi's leads to a stable excluded field limit, 
similar to our AH(instability), which they call Hfj: 

2 . 3 2  This expression differs from our a roximate one only by .the factor (TT 112) . Wipf 
and Lube11,22 Hancox,23 ,and Lange,lt have derived very similar results. Swartz and 
Bean have considered in the same limit the size of a flux jump, the effects of differ- 
ent temperature dependences for the heat capacity, and the effect of having a slab of 
finite thickness. If the thickness of a slab is less than Trh, then no flux jumps can 
occur, for the flux penetration distance can never reach the critical value. Another 
way of saying the same thing is that if H" < Hfj the system is stable, where H* is the 
field at which the flux penetrating from the two sides meets at the center. Setting 
the thickness of the slab, w, equal to nh,  we obtain the first of several stability 
restrictions on the critical current density and the sample size: 
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2 2  TT 109-c (- 1 aT j1 J c w  S z -  
C 

This r e s u l t  i m p l i e s  t h a t  s t a b i l i t y  may be more e a s i l y  achieved f o r  a f i n i t e  sample 
cooled i n  a l a rge  f i e l d  than fo r  one cooled i n  a small f i e l d ,  f o r  Jc usually decreases 
i n  increasing f i e l d s .  

. 

Experimental tests of our r e s u l t s  are by no means quan t i t a t ive ;  see Swartz and 
Bean.16 Though many have observed f l u x  jumps, few have measured the per t inent  prop- 
erties of the samples under study, few have t r i e d  t o  maintain t h e  adiabat ic  conditions 
assumed. Neuringer and Shapira25 have observed a series of incomplete f lux  jumps i n  
cylinders of NbZr ;  t he  spacings of t he  jumps seem t o  be about t h e  value predicted by 
the expression f o r  H f j .  
composite superconductor i n  l imited contact  with the  l i qu id  helium bath t h a t  the i n t r o -  
duction of a high heat capacity element such as mercury doubled t h e  spacing of the f l u x  
jumps, but the s tudies  w e r e  not quan t i t a t ive .  
of HancoxP6 who studied a sample of porous Nb3Sn, again in l imited thermal contact with 
the helium bath. 
and c r i t i c a l  current densi ty  of t he  sample. 
here w a s  a t  l e a s t  semi-quantitative,  i.e., within a f ac to r  of two. He found, as had 
Goldsmidt and C0rsan,~7 tha t  allowing l i q u i d  helium i n t o  the  porous Nb3Sn increased by 
an order of magnitude the s table  excluded f i e l d ,  presumably because of the very l a rge  
heat capacity of l iquid helium. 

The present author  has  found i n  magnetization s tud ie s  of a 

One of the b e t t e r  measurements i s  t h a t  

He not only observed f l u x  jumps but a l s o  measured the heat capaci ty  
The agreement with the picture  presented 

LivingstonZ8 showed t h a t  i n  a PbInSn a l l o y  properly heat t r ea t ed  i t  is possible . 
~ 

t o  obtain dJc/dT > 0 over a l imited range of f i e l d  and temperature. 
out t h a t  such a material should be s t a b l e  i n  t h a t  region. The present author and 
Livingston, i n  an experiment designed t o  be e spec ia l ly  sensitive t o  f lux jumps, have 
studied the f lux  jump behavior of t h i s  material.29 Flux jumps w e r e  c l e a r l y  observed i n  
those regions i n  which dJc/dT < 0; f l u x  jumps w e r e  absent where dJc/dT > 0. 

9 One can make very s imi l a r  c a l c u l a t i o n s  f o r  nonzero t r anspor t  currents.  

He fu r the r  pointed 

Swartz 
has performed such calculat ions f o r  i so l a t ed  round wires and f o r  f l a t  sheets o r  f i lms. 
Here w e  s h a l l  simply remark tha t  under some conditions a w i r e  o r  f i lm  w i l l  quench a t  a 
current well below the isothermal cr i t ical  current ;  i n  f a c t  t he  quench current can ac- 
t u a l l y  decrease as the isothermal c r i t i ca l  cu r ren t  is  increased. Swartz tested h i s  
predictions using deposited NbO f i lms  and found agreements somewhat more quan t i t a t ive  
than those w e  mentioned earlier. 

Hancox3' has applied concepts s i m i l a r  t o  these t o  wires i n  the winding of a sole-  
noid. 
he approximates a s ing le  layer wound from round w i r e  as a t h i n  sheet ,  thickness D, f o r  
which the f i e l d  i s  p a r a l l e l  t o  the surface;  t h e  f i e l d  i s  l a rge  enough f o r  complete f l u x  
penetration. 
t ha t  a winding is  s t a b l e  up t o  i t s  f u l l  cr i t ical  current  provided t h a t  

He uses  the quasi-adiabatic approximation with which we s t a r t e d .  I n  addi t ion,  

He f inds i n  a ca l cu la t ion  analogous t o  a c a l c u l a t i o n  of AH(instabi1ity) 

Jc  2 2  D s 3 - lo9. c. (- Jc 1 aJc )-I 

Thus s t a b i l i t y  i s  improved i f  the hea t  capaci ty  i s  increased, i f  -aJc /aT i s  decreased, 
i f  D is decreased (a f i n e r  wire),  and i f  Jc is  decreased, e.g., by placing a f i e l d  on 
the winding before energizing the windin.g, a s  has  been discussed by the RCA group.31 

Hancox a l s o  makes a more de t a i l ed  ca l cu la t ion  introducing the temperature  depend- 
ence of the heat capacity,  a ca l cu la t ion  i n  e f f e c t  of the extent  of a f lux  jump. He 
considers the f i e l d  and current d e n s i t y  d i s t r i b u t i o n  i l l u s t r a t e d  i n  Fig. 9. Balancing 
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the energy dissipated in the flux penetration against the increase in thermal energy 
he finds the following expression for the current degradation expected in a solenoid: 

m 

2 2 Here nD Jc1/4 is the short 'sample current for the wire and nD Jc2/4 is the quench cur- 
rent of the solenoid. 
enough flux jum s do not quench the solenoid, they merely give small voltage pulses 

jump will quench the solenoid. At the Summer Study Hancox presented informally a very 
complete phase diagram for a wire wound solenoid indicating the' conditions under which 
quenching ,instabilities are to be expected. 

Here we are allowing minor or partial flux jump,s to occur; small 

across the coil f and perhaps a noisy field in the solenoid. A sufficiently large flux 

Again the agreement with experience is. at best semi-quantitative; the predictions 
appear optimistic. Iwasa and 
we may be optimistic in our predictions because we have always assumed that the flux 
jump is one-dimensional; we have ignored any variations of the flux penetration in the 
y or z directions. 

suggest on the basis of their experiments that 

The importance of their suggestion is not yet clear. 

Recalling Hancox's first expression we find essentially the same pertinent para- 
meters determining flux jump stability: the heat capacity of the winding, the loss of 
Jc with increasing temperature, the size of the conductor, and the magnitude of Jc. 
Let us note that Hancox's stability expression for a slab carrying a,transport current 
is about four times as severe as Swartz and Bean's similar expression for zero trans- 
port current (it would be exactly four if the same thermal approximations had been 
used). This factor of four can easily be reconciled if one recognizes that the field 
profile for a slab carrying the full isothermal critical current is similar to the pro- 
file for one half a slab carrying-no transport current but exposed to a field greater 
than H*. The factor is four because the dimension is squared in our expressions. 

The stabilization of a solenoid against flux jumps by the use of the heat capacity 
It appears of the winding is called adiabatic stabilization or enthalpy stabilization. 

possible to make some conductors fine enough to make them stable'; the problem is that 
these fine conductors are embedded in parallel in a normal metal. In order to obtain 
the full advantage of the fine conductors tliere must be an effective transposition of 
the superconducting wires. Twisting is effective as far. as uniform applied fields are 
concerned, but is not effective for transport currents. 
transposition there is an effective diamagnetism for times long compared to the period 
of field increase; this diamagnetism is temperature dependent and can still lead to 
instabilities. The effectiveness of twisting instead of the much more difficult trans- 
position is yet to be determined. 

The problem is that without 

IV. MAGNETIC INSTABILITIES: ATTEMPTS TO INCLUDE THE FINITE 
THERMAL AND MAGNETIC DIFFUSIVITIES 

In the preceding section we have considered magnetic instabilities in the limiting 
case of the adiabatic critical state model. Though, as pointed out by Swartz and Bean, 
this is often a rather good approximation for Nb3Sn and similar materials, there are 
some situations in which the nonzero thermal conductivity and the finite flow resistiv- 
ity are of importance. The treatment of this problem is sufficiently difficult that 
little progress has been made. 
work of Wipf.17 
paper for details. 

The .most detailed and general attempt thus far i s  the 
Wipf's discussion is sufficiently complex that I shall refer you to his 

(His introduction is a very good discussion of flux instabilities 
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in terms of the motion and pinning of fluxoids.) 
infinite block excluding a magnetic field, assuming the heat capacity to be independent 
of temperature. Within this approximation he distinguishes three regions of excluded 
field: ' 

Wipf analyzes the problem of a semi- 

1) AHo < AH(ful1 stability): 
2) AH(ful1 stability) S AHo C AH(1imited instability): A flux disturbance 

No instabilities can occur. 

can take place but the heat conduction out of the flux penetration re- 
gion restores Jc before appreciable flux penetration occurs. 

If a flux disturbance occurs, the growth 
of the flux penetration region is too rapid to allow thermal recovery; a 
near adiabatic runaway instability or full flux jump can occur. (As 
stated above, this discussion neglects the increase in heat capacity with 
temperature .) 

3) AH(1imited instability) < AH,: 

No simple expressions are given for the boundaries of these regions, except for 
AH(ful1 stability), for which essentially our AH(instabi1ity) or Hfj is obtained. 
Speaking loosely, if the time constant for flux penetration into the conductor is much 
longer than the time constant for the diffusion of heat out of the conductor, 
AH(1imited instability) can be appreciably greater than AH(ful1 stability). The time 
constant for heat flow out of the superconductor depends in a rather simple way on the 
thermal conductivity and the geometry. The time constant for flux penetration depends 
on the geomktry and on the effective flux flow or flux creep resistivity. Looking 
back at Fig. 1 we see that the flux motion time constant depends on pf. For the use- 
ful high field superconductors, the thermal conductivities and flow resistivities are 
such that the thermal time constants are long compared to the magnetic time constants 
as long as the superconductor experiences an appreciable flux motion or electric field. 
In this case, i.e., for rapidly varying fields, the adiabatic limit is appropriate and 
hH(1imited instability) is very close to AH(ful1 stability). However, for very slowly 
varying fields, i.e., very small electric fields, flux creep may be the controlling . 
mechanism; our Fig. 1 is then an oversimplification, there is no sharp corner in the 
E-J  relation near Jc. In fact, both the flux creep model7 and the present somewhat 
limited experimental evidence' ,33 indicate that for small electric fields we should 
write p~ = YE. Thus for a slow enough rate of change of field the effective resist- 
ivity is small enough that the magnetic time constant becomes long compared with the 
thermal time constant; AH(1imited instability) becoms appreciably greater than 
AH(ful1 stability). This trend is often observed experimentally. 

Of more practical interest, the effective magnetic time constant can be greatly 
increased by introducing pure normal metals in close magnetic coupling with the super- 
conductor, increasing AH(1imited instability) well above AH(ful1 stability). 

Let us now'consider magnetic instabilities in .the extreme limit that the magnetic 
ti& constant, Tm, is much longer than the thermal time constant, an extreme limit 
yielding closed form answers of practical importance for certain structures. (It is 
a limit of interest to the present author.) 
superconductor of thickness or width w exposed to a magnetic field parallel to the 
plane of the slab, a geometry similar to that of Fig. 3 .  The superconducting or crit- 
ical state properties of this material are described by Fig. 1 with Jc assumed inde- 
pendent of H. The thermal conductivity of the material is denoted by K (W cm-1 OK-1). 
There is in addition an interface barrier.to the flow of heat out of the superconductor 
described by the linear relation: t h.ATs (W cm-2). Here ATs is the difference be- 
tween the surface temperature of the superconductor and the temperature of the surround- 
ing medium, perhaps a liquid helium bath, perhaps a normal metal bonded to the super- 
conductor. Initially let us assume that the flux.penetration fronts from the two sides 
have reached a common point, as in Fig. 3c; the critical current density has been in- 
duced to flow throughout the entire sample. 

Let us consider a slab of a high field 

We shall neglect entirely any stability 
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resu l t ing  from t h e  heat capaci ty  of t h e  superconductor. 

We-shall apply a sudden small disturbance t o  t h e  system and calculate whether o r  
not a thermal runaway occurs. For convenience let  the i n i t i a l  dis turbance be a sudden 
small temperature rise AT. Our  c r i t e r i o n  f o r  s t a b i l i t y  w i l l  now be a dynamic one, i n  
contrast  t o  the s t a t i c  c r i t e r i o n  of Section 111. The system w i l l  be  considered dynam- 
i c a l l y  s tab le  i f  the temperature rise i m e d i a t e l y  decays back towards t h e  o r i g i n a l  . 
equilibrium temperature; it w i l l  be considered unstable i f  the temperature increases 
fur ther  yet. W e '  s h a l l  neglect any nonl inear i t ies  i n  the  problem. This is a r a t h e r  
conservative or  pessimistic c r i t e r i o n .  

. 

I n  the extreme l i m i t  of a very long magnetic t i m e  constant ( r e l a t i v e  t o  the ' ther -  
mal t i m e  constants) the calculat ion i s  grea t ly  s implif ied because w e  can then  assume 
that the  i n i t i a l  magnetic . f i e l d  p r o f i l e  and t h e  i n i t i a l  current  d i s t r i b u t i o n  determine 
the f l u x  motion and heating r a t e  for  some time a f t e r  t h e  i n i t i a l  temperature r i s e .  
Upon a sudden increase i n  temperature there  is a sudden decrease i n  the f l u x  pinning 
in  the  superconductor, a sudden decrease i n  the  c r i t i c a l  current  dens i ty ,  bu t  not in  
the t o t a l  current density; f l u x  begins t o  move through t h e  sample generat ing heat.  
Referring t o  Fig.  10, assuming that  pf  is r e l a t i v e l y  unaffected by the  change i n  t e m -  
perature, w e  f ind  that  the i n i t i a l  heating r a t e  is: 

We see tha t  the l o c a l  heating rate i s  proportional t o  t h e  l o c a l  temperature rise. The 
dynamic s t a b i l i t y  of the system i s  determined by t h e  relative magnitudes of t h e  r a t e s  
of heat  generation and of heat  removal. The b a r r i e r s  t o  heat removal a r e  t h e  in te rna l  
thermal res is tance of the mater ia l  and the surface i n t e r f a c e  b a r r i e r .  W e  s h a l l  solve 
the problem f o r  the two l imi t ing  cases: 1) surface i n t e r f a c e  b a r r i e r  predominant, 
and 2) the  in te rna l  thermal res i s tance  predominant. W e  s h a l l  quote the  r e s u l t  for  the 
intermediate case.' 

For the f i r s t  l imit ing case le t  ys assume t h a t  t h e  e f f e c t i v e  barrier t o  heat  re- 
moval is  the in te r face  b a r r i e r ,  AT = Qfh. 
of t h e  p l a t e  is  la rge  enough tha t  w e  have a uniform temperature across  t h e  p la te .  
s t a b i l i t y  c r i t e r i o n  i s  obtained by wr i t ing  an energy balance equation: 

We thus assume t h a t  the thermal conductivity 
The 

The solut ion of t h i s  d i f f e r e n t i a l  equation i s  an exponential:  

AT(t) = ATo exp(M) ; t << T . m 

We thus have dynamic s t a b i l i t y  i f  cy . .  < 0: 

or i f :  

< o  c 
w * c  

2 2h 
Jc w < 



The result just found applies for arbitrary transport current for full flux penetra- 
tion, H > H*. 
2=/(4~r~~/lO) and the result is a limiting excluded field: 

If the flux penetration is incomplete, the width w is replaced by 

4nh . -  AH^ 5 

Here E is the average of the excluded fields on the two sides of the slab. 
\ 

For our second case let us assume that the interface barrier is very small (h is 
large) and that the barrier to heat removal is determined by the thermal conductivity 
K. Again let us assume complete flux penetration, H > H*, an arbitrary'transport cur- 
rent, and a field independent J,. We must now solve the thermal diffusion equation34 
with a heat generation term: - 

a' AT aAT K - - C - + i = O  , 2 at ax 
where 

2 1 aJc 4 = aAT = Jclpf (- J ) AT . 
C 

Our boundary conditions are that the surface temperatures (x = f w/2) are equal to the 
bath temperature and that the initial temperature, just after the heat pulse, is equal 
to AT,. Choosing the 
origin of the coordinate system in the center of the plate, we can expand the initial 
temperature disturbance as a cosine series. Our trial solution.wil1 thus be the ser.ies 

Our trial solution will be a time-dependent Fourier series. 

m 

AT(x,t) = 1 b cant cos {(2n+l)mr/w] ; ' t << 7 . n m 
n=O 

Introducing the general term into the differential equation we find that we have a 
solution provided that 

Our requirement for stability is that all terms in the sum decay; none blow up. 
most severe,requirement is the term n = 0. 

The 
Thus the criterion for stability is that: 

or 

For incomplete.flux penetration and zero transport current we again find a limiting 
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excluded field: 

It is possible to solve our problem 

1 aJc ) > ” .  
(- <aT 
for arbitrary values of K and h,’as long as 

the magnetic time constant remains long compared to the thermal time constant. The 
result for H > H* is an inequality: 

tan 

Again, for partia.1 penetration and zero transport current, another inequality in which 
the stable excluded field is determined is: 

where 
2 1 aJc 

a e JclPf (- J ) 
C 

We have used as our‘disturbance a uniform heat pulse. The same result would be 

I must caution you that a disturbance in the form 
obtained for a nonunifo heat pulse or for a uniform heating rate. For the latter 
see Carslaw’ and Jaeger,% p. 404. 
of an instantaneous field rise would not lead to this simple analysis, and might lead 
to slightly different numerical factors in the resulting expressions. The results we 
have obtained are pessimistic in that we have neglected any stabilizing influence of 
the heat capacity of the material. 

Before applying these results to a practical system let us note the properties 
We see once again that a material having aJc/aT > 0 influencing dynamic stability. 

is stable against small disturbances. We see once again that systems presenting small 
cross sections (small w) to the magnetic field tend to be more stable. The new results 
are that the larger the thermal conductivity, the smaller the boundary resistance, and 
the lower the effective resistivity, the more stable the system. In composite inate- 
rials the inclusion of pure normal materials can greatly lower the resistivity and.can 
sometimes ‘increase the per.tinent thermal conductivity. 

Let us now attempt a simplified application of these dynamic stability concepts 
to instabilities in structures wound from wide, thin (e.g., 4 in. X 0.005 in.) com- 
posite tapes. Such tapes are available commercially and are in use at several labo- 
ratories, including AEC laboratories. In those portions of the magnet for which the 
field is parallel t o  the.plane of the tape, the material is stable by adiabatic stabi- 
lization, for 

where d, is the thickness of the superconductor, and Js is the critical current den- 
sity of the superconductor. 
an appreciable component of the field perpendicular to the plane of the tape the wind- 
ing is not adiabatically stable. 

However, for those portions of the magnet where there is 

As described by Graham and Hart,35 a winding formed 
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- . 
. of thin wide tapes is effectively a diamagnetic body for the component of field per- 

pendicular to the tapes; its properties can be described by a critical state model in 
which the properties are averaged over the cross section. It is thus very similar to 
the slabs we have just been considering; the thickness of the slab, w, is the width 
of the tape. (See Fig. 11.) This composite diamagnetic body is both theoretically . 
and experimentally adiabatically unstable (see Fig. 12); we must depend on dynamic 
stabilization, the transfer of heat ultimately to helium, to avoid flux jumps (see 
Pig. 13). 

In a simple solenoid the less stable regions occur at the ends of the solenoid 
where the radial field component (perpendicular to the plane of the tape, parallel to 
the face of our equivalent slab) is the largest. In quadrupoles the largest perpen- 
dicular field can be at the most critical point in the winding, the region of highest 
winding current density. We shall not attempt an analysis of a real structure; we 
shall simply discuss the dynamic stability of a slab formed by stacking the tapes. 
There are several ways in which instabilities can occur; we shall take them in turn. . 

First, any heat generated because of a temperature rise must be removed from the 
superconductor itself to the neighboring normal metal. There are two barriers to the 
removal of this heat, a bond resistance and, more important, the very poor thermal 
conductivity of the superconductor itself. 
regions into which the perpendicular (to the plane of the tape) field has penetrated. 
Assuming perfect magnetic coupling between the superconducting and the normal layers 
of the tapes, we can write for the local rate of heat generation in the superconducting 
material (see Fig. 11): 

The following calculation applies to those 

Usually we can assume 

Applying the same dynamic stability criteri'on as we did in our earlier calculations, 
we find the following restrictions on the properties of the superconducting layer in 
the tape: 

1 '  As I have mentioned .before, these expressions are somewhat pessimistic. Chester has 
presented an expression essentially the same as the second of these; his expression is 
more pessimistic than mine by a factor of $14. This second equation, involving the 
very poor thermal conductivity of the superconductor, is very important because some 
of the commercial high current Nb3Sn composite tapes presently used are just barely 

. I  
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stable; some others are almost certainly unstable. Notice that for all other prop- 
erties held fixed, the thicker the superconductor the greater the chance of instabil- 
ity. 
is proportional to' the product of Js and ds. 
will be a tendency for tapes of higher critical currents to be less stable. The tape 
user cannot ask the manufacturer to deliver ever higher critical current tapes (of 
constant width) without running into instabilities at some point. These statements 
are not meant to stop all progress; they are just a warning. 
the system is stable.) 

Notice also that the short sample or isothermal critical current of the tape 
Thus for constant width of tape there 

(Again, if aJc/aT > 0, 
We save our discussion of the factor h/pn until later. 

Now, assuming we have a tape which passes the above stability requirements, we 
can consider the dynamic stability of our composite slab. If we have a typical disk 
winding, one in which useful helium does not exist between the tapes, we must have a 
sufficient transverse thermal conductivity to assure that the heat reaches the tape 
edge 

and a sufficient heat transfer to the helium bath to assure stability 

Again, these requirements are not met trivially. 

If one takes the care necessary to insure useful liquid helium between the tapes, 
he greatly increases the interface area and also removes the need for a good trans- 
verse thermal conductivity. The use of superfluid helium imnediately suggests itself. 
One still must get the heat out of the superconductor and across any barrier such as 
stainless-steel strengtheners, insulation, etc., into the liquid helium, as we calcu- 
lated above. 

In of these expressions there appears a factor such as dn/pn, or l/Fn. 
magnet builder can influence this factor in two very useful ways. For those regions 
having large field components perpendicular to the tape he can either order his tape 
with enough pure enough normal metal bonded to the superconductor to insure stability, 
or he can co-wind into his disk, along with the composite conductor, a tape of pure 
normal metal. 
composite superconductor in order to influence dnlpn or l/Fn. 
techniques have been found quite successful; at this time, however, the amount of nor- 
mal metal needed must be found empirically. 

36 

The 

This extra tape need not be electrically or thermally bonded t o  the 
In our laboratory both 

V. CONCLUSION 

. In considering magnetic instabilities and solenoids we have concentrated on 
understanding two extreme limiting cases, both of which are important in practice. 
In both limits we find that stable performance would be assured if we could find use- 
ful materials for which aJ,/aT 2 0; I have hopes that such materials will someday be 
found. . 

In one limit, the adiabatic limit, we found that small enough conductors 
(4 0.002 cm diam) can be stabilized against flux jumps with their own heat capacity. 
There is a major qualification: if the fine conductors are connected electrically 
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. 
at more than.one point, some form of transposition will be required to gain the full 
advantage of the small di-nsions. 
be forthcoming (see P.F. Smith's contribution to this Sunrmer Study). 

There is some promise that such conductors will 

In the other limit, in which the winding is well cooled and the flux motion is 
'Slowed by a normal metal, we find that we can attain a useful dynamic stability1 by 

The positive permeation of a 
the proper use of a very pure normal metal in close magnetic coupling with the super- 
conductor. 
winding with liquid helium, particularly superfluid helium, should aid the attainment 
of stability. 

Again, fine dimensions offer. advantages.1 

R. Hancox has prepared, but not yet published, an excellent summary of the ef- 
fects of instabilities on the performance of wire wound solenoids. P.F. Chester's 
review of superconducting solenoids1 deserves careful reading for it has as 'one of its 
main themes the importance of magnetic stability for.solenoids. Finally, S.L. Wipf's 
concise review of instabilities printed elsewhere in these Proceedings is recommended 
to the reader. 

I would like to thank my many colleagues in the General Electric superconductivity 
effort for helping, and forcing me to learn about magnetic instabilities in high field 
superconductors. 
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Fig. 1. The nonlinear relation between the electric field E (V/cm) and . 
the current density J (A/cm2). 
effective flux flow resistivity for the superconductor; in some 
cases pf includes the effects of normal metals, i.e., in composite 
structures. This E-J relation may be considered one formulation 
of the critical state model. 

Here p f  (R-cm) represents the 

Fig. 2.  A simplified relation between E and J which is often used in 
critical state model discussions. In this version the response 
of a superconductor to a field change is instantaneous. 
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0- 

Fig. 3. The h i s t o r y  dependent d i s t r i b u t i o n s  of  f i e l d  and c u r r e n t  i n  a high 
f i e l d  superconducting s l ab  wi th  a magnetic f i e l d  app l i ed  p a r a l l e l  
t o  the plane of the sl.ab. 
text.  
s ides  m e e t  ( 6  = w/2)  i s  ca l l ed  H . 

The d e t a i l e d  h i s t o r y  is described i n  the 
The excluded f i e l d  a t  whigh the f l u x  f r o n t s  from tha two 

Thus i n  Fig. 3c, Bo > H*. ' 
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. 'Fig.  4. The history dependent distributions of f i e ld  and current for a 
round w i r e  carrying'a current. See the text for d e t a i l s .  
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Fig. 5. Uniform temperature flux penetration” profiles for a semi-infinite 
slab €or two different temperatures. 
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Fig. 6. Schematic illustrations of the heat generated, Qm, and, absorbed, 
QT, in going from one field profile, temperature TI, to a new 

tion are Jfcm . .field profile temperature T2. The units of Q in this calcula- 3 
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AH0 0 . LARGE 

Fig. 7 .  Schematic i l l u s t r a t i o n s ' o f  Qm and % vs T z - T l  for two cases: 
a) Small excluded f i e l d ;  stable  against small disturbances. 
b) Large excluded f i e l d ;  unstable. 
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'ADIABATIC" FIELD PROFILE -- ISOTHERMAL FIELD PROFILE 

x / l [ A H  (INSTABILITY)] -c 

Fig. 8. Isothermal and quasi-adiabatic field profiles (.following small 
disturbances) €or a semi-infinite slab of a high field supercon- 
ductor. The profiles were obtained as described in the text 

' assuming T1/T, = 0.2. . 
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H =O t D 

MAGNETIC FIELD DISTRIBUTION 

CURRENT DISTRIBUTION 

Fig. 9.  The distribution of field and current density in a slab exposed to 
a field parallel to the plane of the slab (H > H*) for a nonzero ' 

transport .current. The two distributions shown are for the start- 
ing temperature, TI, and for the highest temperature, T2, for which 
the transport current can be carried as a supercurrent, i.e., the 
quench temperature. This is the current distribution used by 
Hanc0x3~ in his approximate treatment of a winding layer in a round 
wire solenoid. 

. . - 596 - 



- . . 

A 
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Fig.  10. For H > H*, as illustrated, the magnetic time constant Tm is given 
in terms of the slab thickness and the effective flux flow resist- 
ivity. 
temperatures; T2 > Ti. 
field and current density applicable for t << Tm if the temperature 
is suddenly changed from T1 to T2. 
tion is E.J. 

In the lower portion the E-J relation is given for two 
The dashed lines illustrate the electric 

The local rate of heat genera- 

. .  
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Fig. 11. I n  our  ana lys i s  we rep lace  a magnet winding wound f r o m  a wide t h i n  
composite tape with a s t a c k  of such t apes .  
ponent of magnetic f i e l d  perpendicular t o  the  p l ane  of the  tape  the  
s t ack  excludes f i e l d  a s  would a c r i t i ca l  state superconductor with 
a c r i t i c a l  cur ren t  dens i ty  equal t o  Tc. A s i m p l i f i e d  c r o s s  sec t ion  
of a tape is  shown. 

When there i s  a com- 
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Pig.  12. A s tack  of d i sks  punched from a t h i n  Nb3Sn-copper composi te  t ape  
was exposed t o  a magnetic f i e l d g e r p e n d i c u l a r  t o  t h e  p l ane  of t h e  
tape. The s t ack  (1 i n .  high,  t in .  diam) was r e l a t i v e l y  i s o l a t e d  
from the  l i q u i d  helium bath.  
magnetization curve ind ica t e  t h a t  the  system is no t  a d i a b a t i c a l l y  
s t ab le .  

The major flux jumps observed i n  t h e  
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Fig. 13. A magnetization curve for a stack of disks similar t o  that of 
Fig.  12 except that very good thermal contact was made with a 
4.20K liquid helium bath. 
that we have achieved dynamic s tabi l i ty .  

The absence of  flux jumps indicates * 
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MAGNETIC AND THERMAL INSTABILITIES OBSERVED 

ICN COMMERC EAI, Nbg Sn SUPERCONDUCT0R.S" 

G. d e l  Cas t i l l o  and L.O. Oswald 
Argonne National Laboratory 

Argonne, I l l i n o i s  

INTRODUCTION 

I n s t a b i l i t i e s  o f  both magnetic and thermal type have been reported i n  t h e  l i ter-  
a t u r e  mostly i n  connection with fundamental s tud ie s  of pure type I1 superconductors. 
I n  t h i s  paper w e  are presenting the  r e p u l t s  of experiments made using commercially 
avai lable  Nb3Sn fabricated by the Radio Corporation of America and the  General E l e c t r i c  
Company. Samples of t h e i r  products were made avai lable  t o  us' i n  the form of ribbon 
0.5 in.  wide; each sample w a s  characterized by a given s u b s t r a t e  mater ia l  and d i f f e r -  
e n t  thicknesses depending on the type and quant i ty  of the so-called " s t ab i l i z ing"  and 
mechanical re inforcing materials used i n  t h e i r  f ab r i ca t ion .  The following products 
w e r e  studied: General E lec t r i c  658900000, 22CY030, and 65A900001; RCA 60304 and RCA 
60299. Their compositions a re  avai lable  i n  the commercial l i t e r a t u r e ;  a l s o  a b r i e f  
descr ipt ion appears i n  Table I. 

This paper is  divided i n t o  two par ts .  . P a r t  I is  an isothermal study. Th i s  r e -  
presents the most common operation o€ a superconductor, i .e.,  in  a l i qu id  helium bath.  
The second part '  is oriented towards the understanding of some fundamental quest ions 
related t o  f lux  jumps. It i s  a study of the behavior of t h e s e  samples i n  semiadiabatic 
conditions. One cannot r u l e  out ,  however, the p o s s i b i l i t y  of operating a c o i l  i n  such 
conditions. ! 

I. ISOTHERMAL STUDY 

A l l  samples w e r e  c u t  one inch long and matched p a i r s  of each material  were 
attached t o  a perforated phenolic p l a t e ,  thus making a one square inch s p l i t  p l a t e .  
Two such plates o f  the  same material were used i n  each test as shown i n  Fig. 1A. 
The plates  w e r e  'Located between the pole pieces of a magnet i n  such a manner t h a t  
t he  external f i e l d  w a s  normal t o  the p l a t e s .  The magnetic induction i n  the gap w a s  
measured by f i v e  magnetoresistance microprobes2 located halfway along the p l a t e s  and 
a t  the center of t h e  gap, The separation between the p l a t e s  w a s  0.f875 in .  

Each run consisted of increasing the external  magnetic f i e l d  a t  a constant rate 
of about 6 G/sec, f r o m  zero up t o  5 . 2  kG and back to zero. In some occasions runs 
w e r e  taken r eve r s ing ' t he  external  f i e l d  t o  fu r the r  develop the  i n s t a b i l i t i e s .  The 
magnetic induction between the  p la t e s  was measured a t  f i v e  spots and recorded i n  a 
five-channel recorder.  Tests were made on v i rg in  (no magnetic h i s to ry )  and Donvirgin 
samples .  F ina l ly ,  the external f i e l d  was increased by hand t o  9 kG and suddenly 
decreased a t  an average r a t e  of about 1 kejsec.  
as "power f a i lu re . "  

This pa r t  of the test was labeled 

.* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 

1. Thanks are due to D r .  C.H,  Rosner of the General Electric Compsny and 
I&. J.H. Crowe of RCA for supplying the samples used  i n  t h i s  work. 

2 .  G .  d e l  C a s t i l l o  and R.W. Fas t ,  J .  Appl.  Phys. 36, 1973 (1965). 
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A typical  example of t h e  five-probe recording is  shown i n  Fig. 2 .  The v e r t i c a l  I 

scale represents  t he  magnetic induction between p l a t e s ,  and t h e  horizontal  i s  the ex- 
t e r n a l  magnetic f i e l d .  The top  t r aces  (A) correspond t o  the case when the magnetic 
f l u x  penetrates  smoothly i n t o  the superconductor. The recording i s  consis tent  with 
what i s  expected from t h e  magnetic propert ies  of the supereonductor. Magnetic probes 
2 and 4 which a re  located at the  center of the s t r i p s  see l i t t l e  change i n  f i e l d  as 
maximum shielding is provided by the samples, whereas probes 1, 3 ,  and 5 follow the  
changes of the external  f i e l d .  This is  e spec ia l ly  c l e a r  f o r  probe 3 which i s  located 
at t h e  j o i n t  of the s t r i p s ;  i t s  t r ace ,  as one can see i n  the picture ,  shows a f a s t  in-' 
crease i n  f i e l d ,  which may be interpreted a s  due t o  the superposit ion of macroscopic 
c u r r e n t s  running i n  opposi te  d i r ec t ions  at the four edges of the s t r i p s .  These cur-  
r e n t s  do not provide s h i e l d i n g  against  the ex te rna l  f i e l d ;  i n  fact, they may even add 
t o  i t .  
w a s  suggested by the authors.3 

The possible r e l a t i o n  between smooth f l u x  penetration and macroscopic cu r ren t s  

Traces (B) i l l u s t r a t e  the case of f l ux  jumps observed i n  a sample when the e x t e r -  
n a l  f i e l d  decreased. The mixing of the t r aces  i s  c l e a r  and becomes evident i n  case (C) 
whi.ch represents the magnetic behavior a f t e r  revers ing t h e  ex te rna l  f i e l d .  One can see 
a l a r g e  f lux  jump tha t  reverses the magnetization of the sample, then the smooth pene- 
t r a t i o n  i n  a l l  f i ve  probes. Probes 4 and 5,  which d id  not r e g i s t e r  t he  i n i t i a l  Flux 
jump, show a smooth c a n c e l l a t i o n  of the loca l  magnetization. Probe 3 ,  however, follows 
t h e  ex te rna l  f i e l d  as be fo re ,  i n  s p i t e  of t he  strong perturbation caused by the f l u x  
jump - 

The magnetic f i e l d  s e n s i t i v i t y  of our probes var ied,  depending on the ex te rna l  
f i e l d ,  but an average value of about 1 V/A-kG can be considered as representat ive of 
a l l  of them. 
mize the s e n s i t i v i t y .  

No p a r t i c u l a r  e f f o r t  was made t o  preorient  the bismuth c r y s t a l s  t o  maxi- 

The r e s u l t s  obtained from these samples a t  three d i f f e ren t  temperatures a re  
summarized i n  Table I. The f igures  tha t  appear under the temperature columns repre-  
s e n t  the number of f l u x  jumps observed within the  external  f i e l d  i n t e r v a l  mentioned. 
above, e i t h e r  increasing (up) or decreasing (down) the f i e l d .  These f igu res  a re  the 
r e s u l t s  of only a few runs;  they do not represent s t a t i s t i c a l  averages. They are ,  
however, consistent with the r e s u l t s  of our previous s t a t i s t i c a l  study. 3 

The f i r s t  sample GE 658900000 showed no flux jumps except one a t  2.5'K when the 
e x t e r n a l  f i e l d  was changing rapidly.  The f i e l d  penetrated smoothly i n t o  t h i s  mater ia l .  

In the second sample w e  see a very pecul iar  behavior a t  4.2"K and 2.5'K, where 
t h e  f i e l d  penetrated smoothly but was expelled by f lux  jumps (see a l s o  Pig. 2) .  A t  
1.9OK no jumps were observed i n  the regular  run. 
puzzl ing,  as  i n  the p a s t  our experiments indicated tha t  under the same conditions the  
mode of penetration remained the  same f o r  increasing or  decreasing ex te rna l  f ' ields.  
W e  had observed, however, a d i s t i n c r  difference in  the frequency-extension d i s t r i b u -  
t i o n  of  f lux  jumps or ig ina ted  presumably by the s ign  reversal  of (dH/dt)e,t. 

The o r ig in  of t h i s  behavior is 

One i s  tempted t o  specu la t e  about the o r ig in  of these observations. I f  one as-  
sumes that vortex f i laments  of posi t ive v o r t i c i t y  populate the superconductor when i t  
e n t e r s  i n to  the mixed state,  a change of the s ign of dH/dt could c r e a t e  vortex motion 
of opposi te  v o r t i ~ i t y . ~  
a n n i h i l a t i o n  of vortex motion which w i l l ,  a s  a consequence, decrease the magnetic 
i nduc t ion  i n  the sainple. 

' 

A turbulent mixing of f l u i d s  may r e s u l t  with the possible 

3 .  G. d e l  C a s t i l l o  and R.W. Fast ,  unpublished. 

4 .  G. d e l  C a s t i l l o ,  B u l l .  Am. Phys. Soc. 2, 709 (1966). 
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Annihi la t ion of f l u x  quanta  is a concept t h a t  w a s  introduced before5 but  always 
r e l a t e d  t o  the r e v e r s a l  of t h e  s ign  of Hext.  
idea that the reversal of the  s ign  of  t he  t i m e  d e r i v a t i v e  is s u f f i c i e n t  to  cause the  
i n s t a b i l i t y  leading t o  f l u x  ann ih i l a t ion .  

Our r e s u l t s  seem t o  f i t  b e t t e r  t o  the  

The th i rd  sample was RCA vapor deposi ted NbgSn which showed f l u x  jumps a t  4.2 and 
2,S°K f o r  f i e l d  e i t h e r  i nc reas ing  o r  decreas ing ,  b u t  no jumps w e r e  observed a t  1.9OK. 

Next, GE 65A900001 showed somewhat s imilar  behavior as the  previous sample, and 
f i n a l l y  RCA 60299 ahowed f l u x  jumps i n  l a r g e  numbers a l l  t h e  t i m e .  

W e  can see t h a t ,  except f o r  t h e  l a s t  sample, t h e  number of f l u x  jumps a f t e r  re- 
. v e r s a l  of the s i g n  o€  dH/dt i s  always g r e a t e r  tha,n €or  f i e l d  going  up. 

The power f a i l u r e  test  w a s  omitted i n  many cases where du r ing  the normal run f l u x  
jumps w e r e  observed. Experience demonstrated t h a t  a l a r g e r  dH/dt w i l l  produce more 
jumps. 

A s  the purpose of t h i s  s tudy is t o  see i f  t h i s  method can be used foi- s e l e c t i n g  a 
given mater ia l  for a p a r t i c u l a r  app l i ca t ion ,  one may draw some t e n t a t i v e  conclusions 

'from the  resu l t s  shown i n  t h e  t a b l e .  Knowing t h a t  high c r i t i c a l  cu r ren t s  are r e l a t e d  
t o  s t rong  pinning6 and Khat ma te r i a l s  showing f l u x  jumps  are s t r o n g  p innersa3  one 
shou1.d select RCA 60299 a s  t h e  b e s t ,  as far a s  cr i t ical  current: is concerned. Next 
should come RCA 60304 followed by GE 656900001, GE 22CP030, and GE 658900000. 

. These f ind ings  a re  cons i s t en t  with the c u r r e n t  r a t i n g  of t h e  RCA ma te r i a l s ,  i .e.,  , 

1200 A and 600 A a t  100 kG, r e spec t ive ly .  There is  a l s o  cons i s t ency  between the  c r i t - .  
i c a l  cu r ren t s  of t he  RCA and GE superconductors ;  t h e  l a t t e r  group i s  ra ted  a t  300 A a t  
100 kG. However, t he  commercial l i t e ra ture  does no t  e s t a b l i s h  any d i f f e rence  between 
the  t h r e e  GE materials, and according t o  our  r e su l t s  GE 65A900001 should have a h igher  
c r i t i c a l  cur ren t  than  the  o the r  two. 

On the  o t h e r  hand, let  u s  look i n t o  t h e  s t a b i l i t y  ques t ion .  If  f lux  jumps a r e  
respons ib le  f o r  producing premature normal t r a n s i t i o n s  (quenches) i n  a c o i l ,  one should 
select as the more s t a b l e  ma te r i a l  GE 65A900000 fol lowing t h e  o t h e r s  i n  v e r t i c a l  order  
t o  t h e  most uns tab le  - t h e  RCA 60299. 

There are indica t ions '  t h a t  co i l s  wound wi th  GE 22CY030 can be energized without 
any ind ica t ions  of i n s t a b i l i t y ,  but premature quenches appear when the  cur ren t  i s  de- 
creased;  t h i s  suppor ts  the  s t a b i l i t y  argument as mentioned above. For pulsed f i e l d  
app l i ca t ion  GE 65A900000 should be t h e  best: a t  4.Z°K. A l l  t he  first four should be 
good a t  1.9OK. 

Whether t h i s  c r i t e r i o n  is v a l i d  t o  select a given ma te r i a l  remains t o  be seen; 
f u r t h e r  comparison of our results wi th  obse rva t ions  made by o t h e r  i n v e s t i g a t o r s  that: 
have used  such mate r i a l s  i s  needed. 

There i s  s t i l l  a fundamental ques t ion  thatr h a s  t o  d o  wi th  t h e  physical reasons f o r  
the d i f f e r e n t  behavior of these  samples. Outs ide  t h e  well-known d i f f e rences  t h a t  re- 
s u l t  from the GE and RCA production processes ,  t h e  inf luence  of t h e  addi t iona l  ma te r i a l s  

5 .  J. Si lcox  and R.W. Ro l l in s ,  Rev. Mod. Phys. 36, 52 (1464). 

6 .  R.W. Meyerhoff and B.B.  Heise, 3 .  Appl. Phys. 36, 137 (1965). 

7 .  J. Purce l l ,  p r iva t e  communication. 
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i n  modifying t h e  magnetic behavior i s  not clear. An i n d i c a t i o n  t h a t  the thermal  con- 
d u c t i v i t y  of t he  composite (superconductor plus  e x t r a  ma te r i a l s )  is p lay ing  a r o l e  can 
be concluded from d a t a  obtained . a t  2.S°K; never the less ,  more work i s  needed i n  t h i s  
d i r e c t i o n .  

II. SEMLADIABATIC STUDY 

The same samples were used f o r  s tudying t h e i r  magnetic and thermal  behavior  i n  
n e a r l y  a d i a b a t i c  condi t ions .  A ca lor imeter  b u i l t  f o r  t h i s  purpose w a s  f i r s t  used t o  
c a l i b r a t e  t h r e e  carbon thermometem (1/8 W ,  560 R a t  300°K) aga ins t  a germanium cryo- 
r e s i s t o r  .8 The temperature va lues  were t r a n s l a t e d  i n t o  galvanometer d e f l e c t i o n s  of 
a mult ichannel  recorder ;  i n  t h i s  manner the  temperature measurements were made d i r e c t l y  
from t h e  graph. The c a l i b r a t i o n  curves f o r  two temperature ranges are shown i n  F igs .  3 
and 4 .  These curves remained the  same during t h e  t i m e  taken by t h e  experiment (two 
months). Although t h e  r e s i s t o r s  went through many cool ing  cyc le s  and handl ing ,  i t  was 
found t h a t  readings,  reproducib le  wi th in  a few hundredths of  a degree ,  could be obta in-  
ed by a d j u s t i n g  the  cur ren t  through the carbon r e s i s t o r s  t o  the  same p o t e n t i a l  d i f f e r -  
ence obtained a t  4.2'K dur ing  t h e i r  i n i t i a l  c a l i b r a t i o n .  
r e s i s t o r s  were cemented using GE 7031 t o  t h e  va r ious  s a m p l e s  of superconductor  and 
assembled i n  the  ca lor imeter  a s  shown schemat ica l ly  i n  Fig. 1 B .  

After'  c a l i b r a t i o n  t h e  t h r e e  

For  t h e s e  tes ts  two matched samples of superconductor were used. Each was 0.5 in .  
wide and 1.0 in .  long. The same p a r a l l e l  p la te  arrangement normal t o  t h e  e x t e r n a l  
f i e l d  w a s  used. Besides t h e  t h r e e  carbon r e s i s t o r s  t h a t  were a t t ached  t o  one o f  the  
p l a t e s ,  a manganin w i r e  h e a t e r  was used t o  select t h e  opera t ing  tempera ture  and t o  pro- 
duce t h e  superconducting t o  normal t r a n s i t i o n  whenever a v i r g i n  sample run  was des i r ed .  
A s i n g l e  bismuth microprobe was used €or measuring t h e  f i e l d ,  and a s m a l l  c o i l  of  f i n e  
w i r e  was used a s  an induct ion  probe. Except f o r  some s p e c i a l  cases t h a t  w i l l  be men- 
t ioned i n  what fol lows,  t h e  e x t e r n a l  f i e l d  w a s  increased (or  decreased)  a t  t h e  s a m e  
cons tan t  r a t e  of 6 Gfsec. A l l  f i v e  s i g n a l s  ( t h r e e  temperature and t w o  f i e l d )  were fed 
i n t o  t h e  five-channel recorder .  

The samples were i n i t i a l l y  mounted i n  such a manner as t o  make a good thermal 
con tac t  w i t h  t h e i r  support ;  however, i t  was found t h a t  when the  i n n e r  p re s su re  i n  the  
ca lo r ime te r  was only a few microns, t he  samples never reached the  t r a n s i t i o n  tempera- 
t u r e  except  a t  t h e  ends where the  thermal contac t  was made. It was t h e n  decided t o  
thennal'ly i n s u l a t e  t he  samples from the  support and t o  a l low some he l ium gas  t o  remain 
i n  t h e  ca lo r ime te r  f o r  b e t t e r  hea t  exchange. 
helium p res su re  measured at  room temperature. 

Thus, a l l ' r u n s  w e r e  made a t  30 mm Hg 

I n  t h e s e  samples w e  observed four  types  of magnetic and thermal  a c t i v i t y .  These 
are shown i n  F ig ,  5. The ordif ia te  r ep resen t s  e i t h e r  temperature  f o r  t h e  upper t r a c e  
o r  magnetic induct ion  f o r  t h e  lower one. The absc i s sa  is t h e  e x t e r n a l  magnetic f i e l d ,  
which as mentioned before  is a func t ion  of t i m e .  

2 Type ( C  ) behavior was perhaps the  s implest  and most commonly expected from theo- 
re t ical  grounds.9 
f l u x  jEmp. Experimentally, w e  found in Par t  I t h a t  thermal energy w a s  r e l eased  during 
the  jump, as  ind ica ted  by small  increases  of t h e  inner  pressure  i n  t h e  helium Dewar. 
But en t ropy  cons idera t ions  show t h a t ,  under a d i a b a t i c  cond i t ions ,  t h e  temperature  of 
t h e  m a t e r i a l  should decrease dur ing  t h e  superconducting t o  noma1  t r a n s i t i o n .  W e  have 

It cons is ted  i n  a hea t  pu lse  t h a t  occurred at  t h e  same t i m e  of the  

8. CryoCal Inc . ,  1371 Avenue E ,  Riv iera  Beach, F lo r ida .  

9. P.W. Anderson and P.B. K i m ,  Rev. Mod. Phys. 36, 39 (1964) .  
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however, observed what might have been cooling pulses only i n  a very few cases  -most ly  
a t  low temperature (below 4.2%) where the sens i t iv i ty  of the carbon thermometer was 
high. It i s  probable t h a t  any cooling t h a t  occur red  in  these ma te r i a l s  was overshadow- 
ed by a he'ating pulse t h a t  presumably r e s u l t e d  from losses  due t o  inductive currents  
originated during the f l u x  rearrangement. 
samples of niobium i n  t h e  mixed state.1° 

Cooling has been reported t o  .occur in  pure 

1 2 Type (C )' a c t i v i t y  looked l i k e  (C ) with no magnetic jump. It may not necessar i ly  
represent a d i f f e r e n t  type from the physics po in t  of view, a s  i t  could always be a t t r i b -  
uted t o  a low s e n s i t i v i t y  of the magnetic probe and the recording apparatus, which,Fn 
our experiment was about 0.5 G a t  2 kG. W e  w i l l  come back t o  discuss  t h i s  point fu r -  
ther.  

Type (A) i s  unique. It was observed f i r s t  i n  NbZr 11y12 and now i n  Nb3Sn. It 
consisted i n  a thermal o s c i l l a t i o n  of low frequency (period FJ 1 sec) and 40 t o  100 
mill idegrees amplitude t h a t  always appeared be fo re  a temperature jump with magnetic 
signature ( f lux  jump). A copy of the actual record is  shown i n  Fig. 6 .  An e f f e c t  not  
reported before i n  the l i t e r a t u r e  was observed here ,  namely, the coherence of the ther-  
m a l  o sc i l l a t ions .  Although the amplitude o f  t h e  o s c i l l a t i o n  is very small, one can 
s e e ' i n  t h i s  f i gu re  t h a t  even small d e t a i l s  are reproduced i n  a l l  t h ree  traces. This 
represents temperature changes of the same phase tha t  cover an area of a t  l e a s t  2 cm*. 
The or igin and coherent nature of the thermal o s c i l l a t i o n  i s  not  yet: understood. It 
could be interpreted as c o l l e c t i v e  o s c i l l a t i o n  of the type already described i n  the 
l i t e r a tu re .13  The Type (A) a c t i v i t y  terminated i n  a large temperature (6O-90K) jump 
accompanied by a f l u x  jump. 
dropped a few mi l l i deg rees ,  remaining the same u n t i l  a new cycle was completed. 

This w a s  followed by a q u i e t  period where temperature 

Type (B) consisted i n  heat spikes of increasing amplitude showing no magnetic 
signature u n t i l  the  las t  one t h a t  had a l a rge  amplitude and a longer decay time (1 sec) .  

Type (D) consisted of groupings of s eve ra l  incomp1ete.Type (B) ; they were termina- 
t e d  by a heat and f l u x  jump. 

In a l l  types,  ce s sa t ion  of a l l  'thermal a c t i v i t y  was observed a f t e r  a f l u x  jump,  
which was always r eg i s t e red  by the  magnetic probe. f t  is probable t h a t  the absence of 
magnetic s ignature  observed i n  many heat jumps was not due to poor s e n s i t i v i t y  of our 
probe, but i t  r e a l l y  indicated tha t  no f l u x  rearrangement took place as concluded from 
the s t i l l  present thermal a c t i v i t y .  Work i s  under way t o  furt'her c l a r i f y  t h i s  point.  

The results of t h i s  study a r e  summarized i n  Table XI. They covered the tempera- 
ture  range from 10°K t o  2.9'K. I n  each column the number of f lux  jumps appear together 
with the observed type of ac t iv i cy .  For s i m p l i c i t y  no d i s t i n c t i o n  was made between the 
two types of G a c t i v i t y  which only appeared i n  a few cases always above 5 O H .  
on the other  hand, was observed almost i n  a l l  runs;.we should point out t h a t  i n  many 
cases it consisted only of a thermal osc i l l a t ion .wi thou t  f lux  o r  temperature  jumps. 
This observation was made a t  temperatures above 4.2OK. A t  temperatures below 4.2% 
a t r ans i t i on  from thermal o s c i l l a t i o n  t o  thermal spikes was observed i n  some samples.  
This is  l i s t e d  i n  the t a b l e  as AB and AD a c t i v i t y .  

Type A ,  

10. S.M. Wasim, C.G. Grenier, and N.H. Zebouni,, Phys. L e t t e r s  l.9, 165 (1965). . 
11. N.H. Zebouni, A .  Venkataram, G.N. Rao, C.G. Grenier, and J.M. Reynolds, 

12.  L . J .  Neuringer and P. Shapira, Phys. Rev. 148, 231 (1966). 

13. P.G. aeGennes and J. Matricon, Rev. Mod. Phys. 36, 45 (1964). 

Phys. Rev. L e t t e r s  2, 6Dtj (1964). 
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Sample GE 22CY030 again presented an interesting example of  activity change from 
5.5'K down to 1.9OK. 
The other samples did not go through such clear evolution. 

It started with Type A that gradually was transformed into Type D. 

Outside o f  presenting the results of this experiment, we are not  in a position to 
offer a consistent physical picture t o  account for these observations. 

Thanks are due to Mr. Howard Hart, and M r .  Vincent Patrizi for their help in taking 
data and construction of parts of the equipment used in this work. 

ISOTHERMAL 

. .  
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SUPERCONDUCTING 

SAMPLE GEOMETRY 

(A)  

PAAGNE 
PROBE 

. RIEBON 

-CARBON 
THERMOS 

HEATER 

CALOR I METER 

(81 ’ 

Fig. 1. (A ) :  Split plate arrangement. For clarity the separation between 
strips and their thickness have been exaggerated. Five 
magnetoresistance microprobes measured the magnetic induction 
in the gap. 

(B) : . Schematic view of the calorimeter and samples. 
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3 

Fig. 2 .  Observations made on sample GE 22GY030. 
(A) : Smooth flux penetration for positive dH/dt. In all traces 

the vertical scale represents the magnetic induction between 
the'plates. The external magnetic f i e l d  H ( t )  was measured 
in the horizontal scale. In A and C it increased from right 
t o  Eeft, whereas it decreased 2n traces B. 

(3): Flux jumps observed for negative dH/dt. These traces were 
obtained after (A) above. 

(C): Smooth penetration is observed again after reversal of the 
external field. Partial cancellation of the positive 
magnetization, remaining from t h e  cycle (A) (B) above, occur- 
red through the flux jump seen at the beginning of the record. 
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Fig. 3. Typical. calibration curves f o r  the temperature range between 
4.2% to 14%. 
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Pig. 4 .  Calibration curves below 4.2'K. 
slope resulted from the definition of the zero displacement point. 

The apparent discrepancy in the 
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TEMP. 
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TEMP. 
FIELD 1 
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FIELD I 
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FIELD J . c 

H EXTERNAL 

F i g .  5. Different types of thermal activity'observed under semiadiabatic 
conditions. 

APPROX. 2.5 K GAUSS If 
FLUX JUMP UP 

R 3  

7.5" K' 4 
Fig. 6. A copy of an actual record showing Type A activity. 



OBSERVATIONS OF FLUX JUMP BEHAVIOR RELATED TO VARIOUS CHANGES 

OF GEOMETRY, AND THERMAI, AND ELECTRICAL ENVIRONMENT* 

A.D. &Inturf€ 
Brookhaven National Laboratory 

Upton, New York 

These observations were made in the process of measuring hysteresis curves for 
Nb3Sn ribbons, and TiNb ribbons, wires, and composites. The term flux jump stability 
for the duration of this paper will be in reference to the frequency or number, and 
the magnitude [percentage of M(Ha) changed during'a flux jump only] of the flux jumps 
as they occur in the magnetization curves. The term therma1,environment will refer to 
the helium bath or vapor temperature and also whether the sample is thermally insulated, 
from or is well ventilated with that bath or vapor. The term electrical environment 
refers to the effects of &I/&, the probability of flux jumping at a given (H) field, 
external transport current effects on the flux jump behavior, field reaersal effects on 
the flux jump behavior, and the conductivity (electrical and/or thermal) of the normal 
metal matrix surrounding the superconductor. The geometry changes, which were made in 
the study of flux jump behavior, were changes in sample dimensions, in the angle of the 
sample with respect to the magnetic field, and in the magnetic field-transport current 
geometry. 

1 The experimental setup (similar to that of Fietz ) consisted of various carefully 
matched (S 1 turn in lo4) coil pairs, one pair €or each geometry to be investigated. 
Several variations from infinite sheet to thin disk were investigated, with or without 
transport current (see Fig. 1). 
the other to measure aE(helim)/at. 
grated, employing a chopper-stabilized operational amplifier, and was displayed on the 
y-axis of an x-y recorder. 
larly and displayed on the x-axis of the recorder. The time constant for the magnetiza- 
tion integrator (difference signal) was 0.01 to 0.05 sec. 

One coil was used to measure aE(he1ium + sample) /at, 
The difference signal from these coils was inte- 

'The signal from the afl(helium)/at coil. was integrated simi- 

The sample was placed in the specimen coil and the magnetic field was cycled ei- 
ther from H = 0 * Hmax -. tE 
taneously plotted on the x-y recorder. When transport current was employed only two 
of the sequences mentioned by &Blanc2 were used. 
raised to some predetermined value and theq the. field was cycled, or alternatively the 
field (H) was cycled to a given magnitude and then the transpore current was applied 
until the superconducting sample became resistive. The latter sequence was performed 
on both the diamagnetic and paramagnetic portions of the magnetization curves H. * 

0,  or * - Hmax. The resulting hysteresis curve was simul- 

First the transport current was 

. The thermal dependence of the flux jumps can most dramatically be seen in Fig. 2 .  
The dramatic increase in flux jumps at lower temperatures had previously been reported 
by several investigators .3-8 
statement: a decrease in temperature will increase the frequency, but reduce the magni- 
tude of the individual flux jumps. The reduction in magnitude shown in Fig. 2b can 
probably be attributed to the fact that these results are obtained below the h point 
of helium, where the tremendous increase in thermal conductivity of the bath made pos- 
sible a more efficient transfer of heat away from the sample. This more efficient 
transfer of heat would restrict the amount of sample that would be heated during the 
flux jump. 

This thermal effect can be generalized by the following 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
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The frequency of the flux jumps seems to increase as a'ii/at is increased from a 
few gauss/minute to several hundred gauss/minute. 
kilogauss/minute, the flux jumps seem (given all other parameters the same) to have 
almost identical characteristics., Thg flux jumps observed seem to be more frequent 
at fields less than or equal to H 
penetration) and in some cases slightly greater than H . 
servation were in those cases where a transport current equal to a significant per- 
centage of the critical transport current was present. 
occur even at fields several times greater 'yhan H . These flux jumps would almost 
always result in the samples becoming resistive. This might be explained if one 
notes that in these experiments the current and magnetic field were perpendicular. 

. Therefore, due to this geometry, a large Lorentz force could have caused physical 
mot ion. 

Once thg rate has reached several 

(E the magnetic Seld necessary for complete 
The exceptions to this ob- 

Then the flux jumps would 
4 

The effect of magnetic field reversal greatly increased the flux jump instability, 
as is illustrated in fig. 3c vs Fig. 3d. This phenomenon can be understood from argu- 
ments presented by Schweitzer and the author9 in a paper on flux mobility recently 
submitted for publication. 

The configuration of a thin plate [e.g., 1 cm wide ribbon (Nb3Sn or TiNb) with - 
H perpendicular to the large flat surface] is, usually for the commercially available 
type I1 superconductors, flux jump unstable. Figures 3 and 4 show a typical geometry 
dependence of the magnetization of a thin plate as a function o f  the minimum width 
dimension of the superconductor. Figures 5 and 6 show the effect of high conductivity 
metal bonded to the type I1 superconductors NbgSn and TiNb. 
be attributed to the thermal conductivity ih that these samples were edge-cooled 
stacks. Future experiments will be necessary t o  validate the above remark. 

This effect can probably 

Some early results seem to indicate that scribing the normal metal reduces the 
flux jump instability. But the Corresponding reduction in magnetization and flux jump 
instability that was reported for the NbgSn sample did not seem t o  be valid for the 
TiNb samples. It should be noted that these data are very crude measurements and 
future experimentation will be necessary to validate them. 

There was a coupling effect on the magnetization and flux jump stability observed 
in the process of these measurements. If a sample stack is prepared with no electrical 
insulators between layer or ribbon samples, the magnetization rises to much greater 
values and the severity of the flux jumps greatly increases as well. (This is easily 
understood by the flux jump stability criteria put forth by various workers in the 
field If the samples were electrically (and thermally) insulated the frequency 
of the flux jumps was greatly increased. 

In conclusion it would seem to the author th;it the aforementioned data present a 
favorable case for multifilament conductor contained in a high conductivity (thermal) 
matrix. 
electrical conductivity interface between the superconductor and the matrix to prevent 
possible coupling is required. 

From argumenrs presented by P.F. Smith15 one would also conclude that a low 

These data were taken to compare with pulsed coil data" for loss rate determina- 
tion. 
present if the flux jumps had not occurred. 
sistently if one takes into account the diamagnetic 'effects of the superconductors on 
the field as calculated for copper windings. 

The values used for comparison were taken to be those that would have been 
These results seem to check fairly con- 

The author expresses h i s  sincere thanks to P.F; Dah1 for his corrections to and 
suggestions for: this paper and to W.B. Sampson and R.B. Britton for the use o f  their 
magnets in these experiments. 
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The Fig. 1. Three of the c o i l  p a i r s  used i n  the experiments. 
coils on the l e f t  are fo r  t h i n  disk and perpendicular 
t r anspor t  current  (5 X lo3 turns each of No. 50 wire).  
The middle coils are thin disk c o i l s  (for stacks)  
(20 turns  each of No. 50 wire).  The c o i l  pair on the  
l e f t  are €or the infinite sheet geometry (2 X lo4 turns  
each of No. 50 wire).  

4 

Ti-Nb 
4.2"K 

H (mox) = t51 kG 

Ti-Nb 
1.4 "K 

H (rnax) = 4 50 kG 

Fig. 2 .  Tracings of an x-y recorder of 
and below the A point 'E.4OR. 
sample 

vs H far Ti48aloNb at 4.2'K. 
These tracings are f o r  the same 



Nb,Sn 
0.97 cm 

H (mox) = 237.3 kG 

Nb, Sn 
0.646 cm 

H (max) = t 37.7 kG 

Nb, Sn 
0.318 cm 

H Imax) = k37.7 kG 

( c )  

Nb, Sn 
0.3t8 cm 

H (maxl = +36.4 kG 

(d l  d 
Fig .  3 .  Trac ings  (a sample of vapor-deposited Nb3Sn) of an x-y'recorder 

w i t h  8 as the y-input and €3 as the x - i n p u t .  
are for both senses of 
is for the plus Gax only. 

Curves 3a, b, and c 
( p l u s  Gax and minus Q&). Curve 3d 
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Fig. 4 .  

Nb, Sn 
0.97 cm 

H (maxl = & 36.8 kG 

Nb, Sn 
0.646 cm 

H (max) = 237.3 kG 

Nb, Sn 
0.318 em 

H (max) = k 36.4 kG 

Tracings of an x-y-recorder ( a  sample of d i f f u s i o n  processed 
Nb3Sn); y-axis is  M and x-axis is  E. These curves are €or the 
same sample,  only varying the  width of the r ibbon (but  no t  the 
amount). 
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I' ... ,,. 
Fig. 5. Tracings of an x-y recorder  (Nb3Sn); y-axis i s  and x-axis 

. is E. 
con tac t ;  i n  t he  lower 'curve t h a t  contact is broken.. 
fImax = & 50 kG. 
I cm). 

The upper curve i s  taken with the  Ag pra t ing  i n  good 

This is a t h i n  d i s k  conf igura t ion  (1 c m  X 

Ti-Nb 

Ti - Nh 

Fig. 6 .  Tracings of an x-y recorder  f o r  as t h e  y-axis and E s n  the 
x-axis (%ax = f 40 IcG). The upper curve is f o r  a Ti48aloNb 
sample wi th  an  e x c e l l e n t  Cu t o  TiNb bond; in the  lower curve 
t h e  bund was h igh ly  resistive. This is f o r  a t h in  d i s k  con- 
f i g u r a t i o n  (I cm x 1 cmj. 



INSTABZLITIES AND FLUX ANNIHILATION 

S .L. Wipf 
Atomics I n t e r n a t i o n a l  

Canoga Park, C a l i f o r n i a  
A Division of North American Rockwell Corporation 

I would l i k e  t o  present a small argument t o  show why I th ink  t h a t  f l u x  annih i la -  
t i o n  i s  not as important i n  c r e a t i n g  i n s t a b i l i t i e s  as i s  sometimes impl ied l  and was 
mentioned t h i s  morning. 

W e  look a t  a region in s ide  t h e  superconductor where f l u x  l i n e s  i n  one d i r e c t i o n  
(pos i t ive)  a r e  rep lac ing  f l u x  l i n e s  i n  t h e  oppos i te  d i r e c t i o n  (nega t ive ) ,  i .e . ,  anni- 
h i l a t e  each o t h e r  (such a s i t u a t i o n  i s  i l l u s t r a t e d  i n  F ig .  l a  f o r  a plane s l a b  geom- 
e t r y ) .  We must remember the  following: From our b a s i c  knowledge of  type I1 supercon- 
duc tors  we have t o  conclude t h a t  a Meissner reg ion  w i l l  s epa ra t e  t h e  r eg ions  between 
pos i t i ve  and negat ive  f lux .  The Meissner region,  of course ,  is bounded by London 
penet ra t ion  su r faces  which sh ie ld  the  i n t e r i o r  completely from t h e  ad jacen t  magnetic 
f i e l d  which has  a value of H,1 a t  the boundary. We want t o  answer two ques t ions :  
What i s  the  mechanism by which t h i s  Meissner reg ion  travels inwards a s  t h e  ex te rna l  
f i e l d  increases? HOW f a r  apa r t  are the  boundaries  or how t h i c k  (= 2p)  i s  t h e  region? 

The superconductors under cons idera t ion  he re  a lways show f lux  pinning,  otherwise 
a f i e l d  p r o f i l e  of the type given i n  Fig.  1 cannot arise. Pinning, be ing  a de fec t -  
connected proper ty  is probably not  very uniform and consequent ly  w e  have t o  imagine 
t h a t  the boundary of the Meissner reg ion  may be q u i t e  rough and f u l l  of  bumps and 
pro t rus ions ,  e tc . ;  t h i s  w i l l  not a f f e c t  t he  b a s i c  i d e a s  of t h e  argument. 

A f i t t i n g  way of looking a t  fo rces  connected w i t h  f l u x  l ines  s i n  terms of the  

B i n  terms of d e n s i t y  n of f l u x  l i n e s )  and a l o n g i t u d i n a l  t ens ion  a l s o  of B2/8n. We 
experience these  forces  as repuls ion  between two equa l  magnet po les  o r  as a t t r a c t i o n  
between two oppos i te  poles ,  and i f  w e  cons ider  t h e  f o r c e s  t r ansmi t t ed  through the 
median plane between the two poles  w e  f i n d  t h e  p re s su re  between p a r a l l e l  f l u x  l i n e s  
i n  one case and the  rension along f l u x  l i n e s  i n  t h e  o t h e r .  The f l u x o i d s  then repel  
each other  wi th  a force  inve r se ly  propor t iona l  t o  t h e i r  d i s t a n c e  and t h e  r e s u l t i n g  n e t  
fo rce  due t o  t h e  gradient  i n  f luxoid  d e n s i t y  (equivalent t o  dB/dx) is j u s t  l a rge  enough 
t o  overcome pinning and keep t h e  f luxoids  moving w h i l e  t h e  ou t s ide  H i nc reases  with 
dH/dt. A t  t he  Meissner reg ion  boundary e x i s t s  a p r e s s u r e  of Hc1/8rr which i s  countered 
by what has been ca l led  t h e  London pressure ;  bu t  of s p e c i a l  i n t e r e s t  h e r e  i s  the longi -  

2 t ud ina l  tens ion  of n ~~1'877 i n  d f l u m i d , '  which a l lows  us  t o  th ink  of i t  as i f  i t  were 
a s t re tched  rubber  band. I f  such a band i s  bent around a r a d i u s  of cu rva tu re  p ,  a 
l a t e r a l  p ressure  (n  4!8np) i s  c rea ted  which a l s o  can overcome pinning.  

Maxwell t ensor .  It c o n s i s t s  of a la teral .  p ressure  of B2/8n = n 2 i  cpO/8n ( i f  we express  

2 

1. See C.R .  Wischmeyer, Phys. Rev. 154, 323 (1967); t h e  present  argument was a 
p r iva t e  r e p l y  t o  a d i scuss ion  of t he  Meissner r e g i o n  ("Interface")  i n  t h i s  
paper and i n  defense of  B statement i n  the  last  paragraph of a paper by the  
author [Phys. Rev. 161, 404 (196711 then i n  t h e  process  of pub l i ca t ion .  

The t o t a l  f luxoid  l i n e  energy i s  given as (~.+,/4nh)~ In  A/5 i n  P.G. deGennes 
and J .  Matricon, Rev. Mod. Phys. 36, 45 (1964). 

2. 
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A whole sequence, of two fluxoids annihi la t ing each othe-r i s  i l l u s t r a t e d  i n  Fig. 2, 
the various stages numbered 1-5: 

1. The t w o  opposing fluxoids a r e  separated by the Meissner region 
which s h i e l d s  t h e i r  mutual a t t r a c t i o n .  * .  

2. With the  outer  fluxoid moving c loser  (because of dH/dt on the 
outside) the  mutual a t t r a c t i o n  s t a r t s  deforming the fluxoid p a i r  
in  places where pinning has minima. 

. 3 & 4 .  Further deformation leads t o  coalescence of the  fluxoids under 
the formation of sections with radius of curvature p .  

5. With P being small enough f o r  the l i n e  tension t o  overcome pin- 
ning t h e  curved sect,ions move away from each other,  thus annihi-  
l a t i n g  two f l u x  l i n e s .  The s tage is set f o r  a repeat of the 
same sequence. 

The Meissner region moves deeper i n t o  the specimen by gradual r e d i s t r i b u t i o n  of 
f l u x  a s  indicated i n  Fig.  lb-d. Figure l b  shows the s i t u a t i o n  immediately a f t e r  the  
annih i la t ion  process leaving the Meissner boundary at a slightl 'y h'igher f i e l d  than H,.. 
Figure IC shows what kind of f lux movement cor rec ts  t h i s  s i tua t ion .  The l e f t  s ide  
admits f lux  through t h e  surface,  leaving H outside unchanged; the r i g h t  s ide r e d i s t r i b -  
u tes  the  flux, leaving t h e  t o t a l  f lux  inside the  specimen constant. The r e s u l t  is a 
somewhat larger  thickness  (> 2p) of the Meissner region (corresponding t o  s tage 1 of 
Fig.  2) .  Figure Id: f u r t h e r  r ise i n  the outs ide f i e l d  by AH w i l l  reduce the thickness  
t o  2 p ,  and by comparison with Fig. l a  the Meissner region.has moved a small distarice. 
The next annihi la t ion takes  place. 

I n  t h i s  whole mechanism there are never more than one fluxoid p a i r  involved. The 

This  heat  per uni t  volume may be somewhat d i f f e r e n t  from t h e  corres-  
energy d iss ipa t ion  due t o  annihi la t ion w i l l  of course be released a s  heat i n  the 
Meissner region. 
ponding value in  o ther  p a r t s  of the shielding region where i t  comes from the ordinary 
pinning d iss ipa t ion  and t h i s  may cons t i tu te  more or  less of a disturbance of the pin- 
ning equilibrium. But  on the whole the process i s  not so di f fe ren t  i n  character from 
t h e  ordinary growth of a shielding layer (without negative flux present) and the 
c r i t e r i o n  f o r  i n s t a b i l i t y ,  i..e., the question whether the  whole shielding region is  
in a s t a b l e  or  unstable  equilibrium, may be marginally modified but remains unchanged 
i n  pr inciple .  
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Fig. 1. Motion of the boundary of the Meissner region during flux annihilation. 

Fig. 2, The 

1 2 3  

L 

I 

process of flux annihil .at ion. 
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* SUPERCONDUCTING TRANSMISSION LINES - COMMUNICATION AND POWER* 

N.S. Nahman 
. Radio Standards Engineering Division 

National Bureau of Standards 
Boulder, Colorado 

INTRODUC T LON 

During the past few years inteyest has grown in the application of superconduc- 
tors to electrical power transmission lines and other power apparatus.l'll 
ability of doing so seems very remote to the majority of the industrial and scientific 
community. However, there are those of us who believe that such large scale supercon- 
ductive systems are practical and, when realized, will provide technical and economic 
advantages.12-17 Make no mistake about the motive for utilizing superconductors; 
simply put, the economic payoff would be very great. 

The prob- 

The purpose of this paper is to strongly declare that a superconductive power 
transmission system would (and should) be much more than a power transmission line. 
Considering the capital investment required t6build such a system it is then imper- 
ative that the maximum economic benefit be derived from the system, Accordingly it is 
my contention that the subject under discussion is not a superconducrive power line, 
but a much more encompassing system, a "Superconductive Transmission System" (SCTS). 

As seen through my mind's eye, the SCTS would consist of four subsystems: 

1. Data Processing Subsystem. 
2. Cryogenic Liquid Transport Subsystem. 
3 .  Electrical Power Transmission Subsystem. 
4 .  Electrical Comunicat ion Subsystem. 

Consequently, it is apparent that my vision is actually concerned with four systems 
and not just one system. 
perspective of our technologi'cally based society: each subsystem may span great dis- 
tances. Furthermore, operation of such a milktifaceted utility complex would require 
very effective interaction between the constituent utilities. 
raised eyebrows as a result of my calling a data processing system "a utility," but 
if everybody in the cities of tomorrow is going to have access to a computer, then 
an extensive time share system of the magnitude of a utility will be necessary. 

The four subsystems have a common characteristic within the 

There may be some 

With the preceding comments serving as an htroduction, my remarks will now cen- 
ter upon some aspects of the four subsystems. 
er detail'that which I know something about. Accordingly, I will not say much about 
the data processing subsystem or the cryogenic fluid transport subsystem. 
deal in somewhat of a broader sense with the power transmission subsystem in order to 
clearly establish in your minds that dc power transmission is presently a reality and 
that superconductive dc power transmission is only an extension to superconductivity 
and not to dc. 
cation transmission subsystem as I know more about such systems by virtEe of experience 
and training. 

It is my intention to discuss in great- 

Also I will 

Finally, I will discuss in greater detail the superconductive communi- 

* 
The mention in this paper of trade names or proprietary products is not to be con- 
strued as an endorsement of these items by the Nati.onal Bureau of Standards. 
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DATA PROCESSING SUBSYSTEM 

The data processing subsystem would have two functions: an internal one and an 
external one. Internally, the data processing subsystem would provide data processing 
services to the other three subsystems in order to execute the required instrumenta- 
tion and control for each subsystem. Externally, the data processing subsystem could 
provide time share computer facilities for subscribers along the length of the SCTS. 

a .  

The data processing subsystem could be implemented by using cryogenic digital and 
analog eiectronic components which possess inherently large packing densities .I8 
These brief remarks comprise my discussion of the data processing subsystem. 
now briefly discuss the cryogenic liquid transfer subsystem. 

I will 

CRYOGENIC LIQUID TRANSPORT SUBSYSTEM 

Many industrial and research centers require cryogenic fluids.for their opera- 
tions. Accordingly, a SCTS connecting such centers could provide a means of transport- 
ing cryogenic fluids t o  the individual centers. For example, if a SCTS passed through 
the helium producing fields in Kansas, liquid helium could be introduced into the SCTS 
at the helium production source and then be distributed by transmission through the 
SCTS network. The cryogenic and gas transport industries could no doubt think of many 
ingenious ways to utilize the SCTS. 
uli to their thoughts. Next, I will discuss the status of superconductive power trans- 
mi s s ion. 

In any event my brief remarks may serve as stim- 

POWER TRANSMISSION SUBSYSTEM 

A' superconducting wire can transmit a dc current without losses or an ac current 
with an extremely small loss. At first glance, the complete absence of losses in the 
dc case engenders some attractive possibilities for dc power transmission, while the 
existence of ac losses (due t o  electrical and mechanical forces) apparently decreases 
the practicality of ac power transmission. That such is the case, stems from consider- 
ation of refrigeration costs. Personally, I do not believe that ac power transmission 
systems are to be ruled out. However, in terms of our present-day lack of experience 
with really large-scale superconductive systems, it is probably prudent to concentrate . 
our present speculation on dc power systems. Present-day developments and future ex- 
perience will no doubt engender ac systems.i 

Dc transmission of large amounts of electkcal power is a reality.19 Today, 
there exist rougnly six systems in operation ranging over distances of 72 to 750 miles, 
operating in the voltage range of 100 kV to 800 kV, and transmitting powers in the 
range of 30 W to 750 MW. Also, there i s  a similar number of systems under design and 
construction which will cover distances of 25 to 875 msles, operate in the voltage 
range of 130 kV to 800 kV, and transmit powers ranging from 78 to 1440 Mw. The in- 
put and output terminals of these dc systems are mercury-arc grid controlled rectifiers 
which convert and invert ac to dc and dc to ac, respectively. Consequently, the idea 
of using superconductive dc power transmission is clearly an extension of technology 
only to superconductive systems, not to dc systems. 

As I menti.oned earlier, considerable analytical work has been done on the possl.- 
bilities f o r  superconducting power transmission. In many of the papers cited, economic 
data were presented which indicated when superconducting pouer transmission would be 
economically favorable. I will not go into any specific cases; but I should point out 
that some of the papers developed economic data on transmission systems having capac- 
ities which could be fully utilized today or in the next few years. For example, 
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'Norris and Swift15 discussed transmitting 750 Mil at 100 kV dc and 750 MVA at 33 kV ac. 
On the other hand, Garwin and Matisoo14 envisioned economically transmitting very 
large amounts of power, 100 GW at 200 kV dc over distances of 1000 km. 

In England, an experimental line has been constructed and operated.$o Also, a 3000 hp 
superconductive motor is being built .21 
have designed and are to construct a 20 ft section of niobium coaxial power line. A 
60 ft section of a superconductive power line is being built in West Germany.23 
France, and iin the U.S.A., liquid hydrogen cooled (20°K) cryogenic power apparatus is 
being designed and constructed.8,24 
engineers and scientists to work on the development of superconductive power appara- 
tus .25 
us in a limited sense. The remainder of my comments will be concerned with supercon- 
ductive electrical communication transmission. 

Superconductive power transmission studies have entered the ex erimental phase. 

In the U.S.A., Meyerhoff, Beall and Long22 

In 

Also, power apparatus manufacturers are recruiting 

Consequently, it is evident that superconductive power systems are already with 

ELECTRICAL COMMUNICATION SUBSYSTEM 

First of all, I would like to briefly describe'a fairly general model of a com- 
munication system.26 
electrical engineers view a communication system. 
acterize all forms of wired or radio comunications. The system consists of a serial 
chain of elements beginning with a data source and ending with a data processing and 
storage element. Information flows unidirectionally through the system in serial order . . 
s.tarting from element No. 1 and ending at element No. 7; the elements are as follows: 

By my doing so, you will have some idea of how cominunication 
The model is general enough to char- 

1. 
2.  

* 3. 

4 .  

5. 

6. 

7 .  

Data Source. A system which produces the information to be transmitted. 
Encoder. A system which transforms the data into a favorable form which 
insures successful transmission through the noisy transmission channel. 
Modulator and Transmitter. A system which converts the encoded informa- 
tion into a signal form capable of passing through the transmission chan- 
nel. 
Transmission Channel. 
the signal flows. Noise is inherent in any transmission channel and 
arises from natural physical causes or unnatural (man-made) causes. 
Receiver and Demodulator. A .system which extracts the signal informa- 
tion from the noisy output of the transmission channel and converts the 
extracted information into a form suitable for the decoding operation. 
Decoder. A system which converts the encoded information into some 
form €or data storage and processing. 
Data Storage and Processing. The recipient system requiring the inform- 
ation generated by the Data Source (element No. 1). 

A noisy system or physical. medium through which 

Upon considering the various elements comprising a communication system, it is evident 
that a superconductive one could employ a large amount of integrated circuit cryoelec- 
tronics. Of particular interest to me is the utilization of the superconductive coax- 
ial line as the physical transmission channel. Other electrical waveguicies such as 
hollow metal pipes for microwaves or li.ght pipes for laser wavelengths could also be 
emplbyed.with improved characteristics compared to their room temperature counterparts. 
However, the coaxial line can be miniaturized and transmit a baseband signal whose 
frequency components extend upward from dc. ' 

The baseband signal propagates in the TEM electromagnetic mode which is the or- 
dinary two-conductor transmission line mode (as contrasted to single conductor modes). 
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The TEM mode can exist i n  any two-conductor transmission l i n e  and extremely great base- 
band bandwidths may be r ea l i zed  with t h e  coaxial  geometry. In a l o s s l e s s  coaxial  l i n e  
waves of  any frequency are propagated without ' loss. Above 'z c e r t a i n  frequency undesir-  
able higher order modes ( s ing le  conductor modes) can propagate.27 Consequently, f o r  a 
given coaxial  l i n e  the  upper operating frequency i s  usually chosen t o  be less than t h a t  
of t h e  lowest frequency higher  order mode. As the diameter of the coaxial  l i n e  i s  de- 
creased, the higher order mode cutoff frequency is increased; f o r  example i n  a 50 R 
coaxial. l i n e  having a relative d i e l e c t r i c  constant.of approximately 2.0 and a 0.03 in .  
o.d., the higher order  mode cutoff frequency i s  approximately 100 GHz. 

Before summarizing the  results achieved t o  d a t e  with miniature superconductive 
coaxial  l i nes ,  I am going t o  make a few remarks about cryogenic normally conducting 
coaxial  l i nes .  Depending upon the metal pu r i ty  and s t r u c t u r a l  order (e lectronic  mean 
f r e e  path length) t h e  c l a s s i c a l  or anomalous skin e f f e c t  may occur. The anomalous s k i n  
e f f e c t  strongly occurs when t h e  electronic  mean f r e e  path is g rea t e r  than the  e l e c t r o -  
magnetic f i e l d  penetrat ion (skin)  depth. For short  (impure metal) o r  long (pure metal) . 
e l e c t r o n i c  mean f r e e  paths t h e  high frequency complex at tenuat ion of t he  coaxial  l i n e  
w i l l  follow an s1i2 o r  an s2j3 variat ion,  respect ively,  where s is the  complex frequen- 
cy  var iable .28 Furthermore, t he  anomalous skin e f f e c t  produces a greater at tenvat ion 
than would be expected ( c l a s s i c a l  theory) from the increased dc m e t a l  conductivity pro- 
duced by the low temperature environment. 
293OK conductivity r a t i o  of 400, one would expect a 10 GHz c l a s s i c a l  a t tenuat ion reduc- 
t i o n  of 20  while in  p rac t i ce  the anomalous sk in  e f f e c t  may y ie ld  an a t tenuat ion reduc- 
t i o n  o f  5 .  

Typically, fo r  copper having a 4.2*K t o  

Because the high frequency losses  i n  a.superconductor are dependent upon the nor- 
mal state  of e l e c t r o n i c  mean free path and decrease with increasing mean free path, the 
superconductor p u r i t y  and s t r u c t u r a l  r e g u l a r i t y  strongly a f f e c t  the surface impedance 
frequency dependence. Experimental data  from superconductive coaxial  transmission 
l i n e s  have been compared w i t h .  the  two-fluid superconductivity 
suggest t ha t  the p a r t i c u l a r  superconductor samples employed possessed r e l a t i v e l y  sho r t  
normal state e l e c t r o n i c  mean f r e e  paths. Typical transmission l i n e  parameters were as 
follows: 50 Q c h a r a c t e r i s t i c  impedance, polytetrafluoroethylene d i e l e c t r i c ,  Nb 0.015 in.  
diam center  conductor, Pb 0.045 in.  i .d .  outer  conductor, and 1360 f t  length. In  terms 
o f  t he  two-fluid model, a t  8 GHz, the m e t a l  l o s ses  would produce a transmission a t t e n -  
uat ion of 35 dB o r  0.7 dB f o r  a purely classical normal component or a purely anomalous 
normal component, r e spec t ive ly .  The observed at tenuat ion was LO dB. Consequently, 
improvements i n  the  superconductor metallurgy should provide an at tenuat ion approaching 
t h a t  of the anomalous l i m i t .  The e f f ec t  of the  normal state e l ec t ron ic  mean f r ee  path 
was s t r i k i n g l y  seen i n  t h e  t i m e  domain response curves. For a long mean f r e e  path the 
s t e p  response rose abruptly with a 10-90% rise time of about 5 psec. For a short  mean 
f r e e  path, the s t e p  response rose r e l a t i v e l y  slowly reaching the 80% leve l  i n  about 
30 psec .  

The r e s u l t s  

Using the two-fluid model curves ,29  the transmission c h a r a c t e r i s t i c s  of a minia- 
t u r e  superconductive l i n e  can be compared against  t h a t  of a room temperature 2 in. i .d.  
corrugated c i r c u l a r  waveguide. Using a c i r c u l a r  waveguide operat in  frequency of 
56 GHz in  the TE01 mode, one obtains an at tenuat ion of 1.5 dB/mile,50 with perhaps a 
bandwidth of 20% of the operat ing frequency, 11 .2  GHz. A 50 P;t superconductive coaxial  
l i n e  made of the same materials mentioned above and having an 0.061 i n .  i . d .  outer  con- 
ductor  would have a higher order mode cutoff frequency of 56 GHz. The lowest temper- 
a t u r e  l i s t e d  i n  the  two-fluid model curves is 2.3°K. Upon using the anomalous l i m i t  
a t  2.3'K, the superconductive l i n e  at tenuat ion would be 3.5 dB/mile a t  56 GWz. Con- 
sequently,  i t  is seen t h a t  t he  superconductive l i n e  provides a baseband bandwidth of 
g r e a t e r  than 50 GHz while t h e  c i r cu la r  waveguide y i e lds  a bandpass bandwidth of great-  
er than 10 GHz centered at  56 GHz: the a t tenuat ion values are comparable. Also, 
because of i t s  baseband c h a r a c t e r i s t i c ,  the miniature superconductive coaxial l i n e  i s  



capable of transmitting baseband digital information at very rapid rates. 
it is evident that such miniature lines could provide large bandwidth transmission 
channels for use in a SCTS. 

Therefore, . 

SUMMARY 

It has been declared that a superconductive power transmission line system could 
be much more than just a power transmission line, but rather a composite of four sub-. 
systems: (1) data processing, (2) cryogenic liquid transport, (3) electrical power 
transmission, and ( 4 )  electrical communication. 

At .present, dc power transmission in superconducting cables appears to be econom- 
However, ac transmission with its associated joule heating losses is ically feasible. 

not to be discounted. Improvements in cryogenic refrigeration, operating experience, 
and technical convenience will no doubt engender ac systems. 

Cryoelectronics has a great potential. for implementing the various subsystem 
electronic systems. 
that the electronic functions necessary for the various subsystems can be implemented 
with such components. The spectrum of components includes active analog elements, 
digital elements, transmission lines, waveguides and large-scale digital systems. 

The cryoelectronics components developed to date have demonstrated 

Finally, the idea of transporting cryogenic liquids through a SCTS ‘network offers 
some intriguing possibilities for the transportation of gases. 
gest transporting the usual cryogenic liquids, but also other liquefied gases. 

Not only does this sug- 
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INTRODUC T LON 

During the past few years inteyest has grown in the application of superconduc- 
tors to electrical power transmission lines and other power apparatus.l'll 
ability of doing so seems very remote to the majority of the industrial and scientific 
community. However, there are those of us who believe that such large scale supercon- 
ductive systems are practical and, when realized, will provide technical and economic 
advantages.12-17 Make no mistake about the motive for utilizing superconductors; 
simply put, the economic payoff would be very great. 

The prob- 

The purpose of this paper is to strongly declare that a superconductive power 
transmission system would (and should) be much more than a power transmission line. 
Considering the capital investment required t6build such a system it is then imper- 
ative that the maximum economic benefit be derived from the system, Accordingly it is 
my contention that the subject under discussion is not a superconducrive power line, 
but a much more encompassing system, a "Superconductive Transmission System" (SCTS). 

As seen through my mind's eye, the SCTS would consist of four subsystems: 

1. Data Processing Subsystem. 
2. Cryogenic Liquid Transport Subsystem. 
3 .  Electrical Power Transmission Subsystem. 
4 .  Electrical Comunicat ion Subsystem. 

Consequently, it is apparent that my vision is actually concerned with four systems 
and not just one system. 
perspective of our technologi'cally based society: each subsystem may span great dis- 
tances. Furthermore, operation of such a milktifaceted utility complex would require 
very effective interaction between the constituent utilities. 
raised eyebrows as a result of my calling a data processing system "a utility," but 
if everybody in the cities of tomorrow is going to have access to a computer, then 
an extensive time share system of the magnitude of a utility will be necessary. 

The four subsystems have a common characteristic within the 

There may be some 

With the preceding comments serving as an htroduction, my remarks will now cen- 
ter upon some aspects of the four subsystems. 
er detail'that which I know something about. Accordingly, I will not say much about 
the data processing subsystem or the cryogenic fluid transport subsystem. 
deal in somewhat of a broader sense with the power transmission subsystem in order to 
clearly establish in your minds that dc power transmission is presently a reality and 
that superconductive dc power transmission is only an extension to superconductivity 
and not to dc. 
cation transmission subsystem as I know more about such systems by virtEe of experience 
and training. 

It is my intention to discuss in great- 

Also I will 

Finally, I will discuss in greater detail the superconductive communi- 

* 
The mention in this paper of trade names or proprietary products is not to be con- 
strued as an endorsement of these items by the Nati.onal Bureau of Standards. 
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DATA PROCESSING SUBSYSTEM 

The data processing subsystem would have two functions: an internal one and an 
external one. Internally, the data processing subsystem would provide data processing 
services to the other three subsystems in order to execute the required instrumenta- 
tion and control for each subsystem. Externally, the data processing subsystem could 
provide time share computer facilities for subscribers along the length of the SCTS. 

a .  

The data processing subsystem could be implemented by using cryogenic digital and 
analog eiectronic components which possess inherently large packing densities .I8 
These brief remarks comprise my discussion of the data processing subsystem. 
now briefly discuss the cryogenic liquid transfer subsystem. 

I will 

CRYOGENIC LIQUID TRANSPORT SUBSYSTEM 

Many industrial and research centers require cryogenic fluids.for their opera- 
tions. Accordingly, a SCTS connecting such centers could provide a means of transport- 
ing cryogenic fluids t o  the individual centers. For example, if a SCTS passed through 
the helium producing fields in Kansas, liquid helium could be introduced into the SCTS 
at the helium production source and then be distributed by transmission through the 
SCTS network. The cryogenic and gas transport industries could no doubt think of many 
ingenious ways to utilize the SCTS. 
uli to their thoughts. Next, I will discuss the status of superconductive power trans- 
mi s s ion. 

In any event my brief remarks may serve as stim- 

POWER TRANSMISSION SUBSYSTEM 

A' superconducting wire can transmit a dc current without losses or an ac current 
with an extremely small loss. At first glance, the complete absence of losses in the 
dc case engenders some attractive possibilities for dc power transmission, while the 
existence of ac losses (due t o  electrical and mechanical forces) apparently decreases 
the practicality of ac power transmission. That such is the case, stems from consider- 
ation of refrigeration costs. Personally, I do not believe that ac power transmission 
systems are to be ruled out. However, in terms of our present-day lack of experience 
with really large-scale superconductive systems, it is probably prudent to concentrate . 
our present speculation on dc power systems. Present-day developments and future ex- 
perience will no doubt engender ac systems.i 

Dc transmission of large amounts of electkcal power is a reality.19 Today, 
there exist rougnly six systems in operation ranging over distances of 72 to 750 miles, 
operating in the voltage range of 100 kV to 800 kV, and transmitting powers in the 
range of 30 W to 750 MW. Also, there i s  a similar number of systems under design and 
construction which will cover distances of 25 to 875 msles, operate in the voltage 
range of 130 kV to 800 kV, and transmit powers ranging from 78 to 1440 Mw. The in- 
put and output terminals of these dc systems are mercury-arc grid controlled rectifiers 
which convert and invert ac to dc and dc to ac, respectively. Consequently, the idea 
of using superconductive dc power transmission is clearly an extension of technology 
only to superconductive systems, not to dc systems. 

As I menti.oned earlier, considerable analytical work has been done on the possl.- 
bilities f o r  superconducting power transmission. In many of the papers cited, economic 
data were presented which indicated when superconducting pouer transmission would be 
economically favorable. I will not go into any specific cases; but I should point out 
that some of the papers developed economic data on transmission systems having capac- 
ities which could be fully utilized today or in the next few years. For example, 
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'Norris and Swift15 discussed transmitting 750 Mil at 100 kV dc and 750 MVA at 33 kV ac. 
On the other hand, Garwin and Matisoo14 envisioned economically transmitting very 
large amounts of power, 100 GW at 200 kV dc over distances of 1000 km. 

In England, an experimental line has been constructed and operated.$o Also, a 3000 hp 
superconductive motor is being built .21 
have designed and are to construct a 20 ft section of niobium coaxial power line. A 
60 ft section of a superconductive power line is being built in West Germany.23 
France, and iin the U.S.A., liquid hydrogen cooled (20°K) cryogenic power apparatus is 
being designed and constructed.8,24 
engineers and scientists to work on the development of superconductive power appara- 
tus .25 
us in a limited sense. The remainder of my comments will be concerned with supercon- 
ductive electrical communication transmission. 

Superconductive power transmission studies have entered the ex erimental phase. 

In the U.S.A., Meyerhoff, Beall and Long22 

In 

Also, power apparatus manufacturers are recruiting 

Consequently, it is evident that superconductive power systems are already with 

ELECTRICAL COMMUNICATION SUBSYSTEM 

First of all, I would like to briefly describe'a fairly general model of a com- 
munication system.26 
electrical engineers view a communication system. 
acterize all forms of wired or radio comunications. The system consists of a serial 
chain of elements beginning with a data source and ending with a data processing and 
storage element. Information flows unidirectionally through the system in serial order . . 
s.tarting from element No. 1 and ending at element No. 7; the elements are as follows: 

By my doing so, you will have some idea of how cominunication 
The model is general enough to char- 

1. 
2.  

* 3. 

4 .  

5. 

6. 

7 .  

Data Source. A system which produces the information to be transmitted. 
Encoder. A system which transforms the data into a favorable form which 
insures successful transmission through the noisy transmission channel. 
Modulator and Transmitter. A system which converts the encoded informa- 
tion into a signal form capable of passing through the transmission chan- 
nel. 
Transmission Channel. 
the signal flows. Noise is inherent in any transmission channel and 
arises from natural physical causes or unnatural (man-made) causes. 
Receiver and Demodulator. A .system which extracts the signal informa- 
tion from the noisy output of the transmission channel and converts the 
extracted information into a form suitable for the decoding operation. 
Decoder. A system which converts the encoded information into some 
form €or data storage and processing. 
Data Storage and Processing. The recipient system requiring the inform- 
ation generated by the Data Source (element No. 1). 

A noisy system or physical. medium through which 

Upon considering the various elements comprising a communication system, it is evident 
that a superconductive one could employ a large amount of integrated circuit cryoelec- 
tronics. Of particular interest to me is the utilization of the superconductive coax- 
ial line as the physical transmission channel. Other electrical waveguicies such as 
hollow metal pipes for microwaves or li.ght pipes for laser wavelengths could also be 
emplbyed.with improved characteristics compared to their room temperature counterparts. 
However, the coaxial line can be miniaturized and transmit a baseband signal whose 
frequency components extend upward from dc. ' 

The baseband signal propagates in the TEM electromagnetic mode which is the or- 
dinary two-conductor transmission line mode (as contrasted to single conductor modes). 
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The TEM mode can exist i n  any two-conductor transmission l i n e  and extremely great base- 
band bandwidths may be r ea l i zed  with t h e  coaxial  geometry. In a l o s s l e s s  coaxial  l i n e  
waves of  any frequency are propagated without ' loss. Above 'z c e r t a i n  frequency undesir-  
able higher order modes ( s ing le  conductor modes) can propagate.27 Consequently, f o r  a 
given coaxial  l i n e  the  upper operating frequency i s  usually chosen t o  be less than t h a t  
of t h e  lowest frequency higher  order mode. As the diameter of the coaxial  l i n e  i s  de- 
creased, the higher order mode cutoff frequency is increased; f o r  example i n  a 50 R 
coaxial. l i n e  having a relative d i e l e c t r i c  constant.of approximately 2.0 and a 0.03 in .  
o.d., the higher order  mode cutoff frequency i s  approximately 100 GHz. 

Before summarizing the  results achieved t o  d a t e  with miniature superconductive 
coaxial  l i nes ,  I am going t o  make a few remarks about cryogenic normally conducting 
coaxial  l i nes .  Depending upon the metal pu r i ty  and s t r u c t u r a l  order (e lectronic  mean 
f r e e  path length) t h e  c l a s s i c a l  or anomalous skin e f f e c t  may occur. The anomalous s k i n  
e f f e c t  strongly occurs when t h e  electronic  mean f r e e  path is g rea t e r  than the  e l e c t r o -  
magnetic f i e l d  penetrat ion (skin)  depth. For short  (impure metal) o r  long (pure metal) . 
e l e c t r o n i c  mean f r e e  paths t h e  high frequency complex at tenuat ion of t he  coaxial  l i n e  
w i l l  follow an s1i2 o r  an s2j3 variat ion,  respect ively,  where s is the  complex frequen- 
cy  var iable .28 Furthermore, t he  anomalous skin e f f e c t  produces a greater at tenvat ion 
than would be expected ( c l a s s i c a l  theory) from the increased dc m e t a l  conductivity pro- 
duced by the low temperature environment. 
293OK conductivity r a t i o  of 400, one would expect a 10 GHz c l a s s i c a l  a t tenuat ion reduc- 
t i o n  of 20  while in  p rac t i ce  the anomalous sk in  e f f e c t  may y ie ld  an a t tenuat ion reduc- 
t i o n  o f  5 .  

Typically, fo r  copper having a 4.2*K t o  

Because the high frequency losses  i n  a.superconductor are dependent upon the nor- 
mal state  of e l e c t r o n i c  mean free path and decrease with increasing mean free path, the 
superconductor p u r i t y  and s t r u c t u r a l  r e g u l a r i t y  strongly a f f e c t  the surface impedance 
frequency dependence. Experimental data  from superconductive coaxial  transmission 
l i n e s  have been compared w i t h .  the  two-fluid superconductivity 
suggest t ha t  the p a r t i c u l a r  superconductor samples employed possessed r e l a t i v e l y  sho r t  
normal state e l e c t r o n i c  mean f r e e  paths. Typical transmission l i n e  parameters were as 
follows: 50 Q c h a r a c t e r i s t i c  impedance, polytetrafluoroethylene d i e l e c t r i c ,  Nb 0.015 in.  
diam center  conductor, Pb 0.045 in.  i .d .  outer  conductor, and 1360 f t  length. In  terms 
o f  t he  two-fluid model, a t  8 GHz, the m e t a l  l o s ses  would produce a transmission a t t e n -  
uat ion of 35 dB o r  0.7 dB f o r  a purely classical normal component or a purely anomalous 
normal component, r e spec t ive ly .  The observed at tenuat ion was LO dB. Consequently, 
improvements i n  the  superconductor metallurgy should provide an at tenuat ion approaching 
t h a t  of the anomalous l i m i t .  The e f f ec t  of the  normal state e l ec t ron ic  mean f r ee  path 
was s t r i k i n g l y  seen i n  t h e  t i m e  domain response curves. For a long mean f r e e  path the 
s t e p  response rose abruptly with a 10-90% rise time of about 5 psec. For a short  mean 
f r e e  path, the s t e p  response rose r e l a t i v e l y  slowly reaching the 80% leve l  i n  about 
30 psec .  

The r e s u l t s  

Using the two-fluid model curves ,29  the transmission c h a r a c t e r i s t i c s  of a minia- 
t u r e  superconductive l i n e  can be compared against  t h a t  of a room temperature 2 in. i .d.  
corrugated c i r c u l a r  waveguide. Using a c i r c u l a r  waveguide operat in  frequency of 
56 GHz in  the TE01 mode, one obtains an at tenuat ion of 1.5 dB/mile,50 with perhaps a 
bandwidth of 20% of the operat ing frequency, 11 .2  GHz. A 50 P;t superconductive coaxial  
l i n e  made of the same materials mentioned above and having an 0.061 i n .  i . d .  outer  con- 
ductor  would have a higher order mode cutoff frequency of 56 GHz. The lowest temper- 
a t u r e  l i s t e d  i n  the  two-fluid model curves is 2.3°K. Upon using the anomalous l i m i t  
a t  2.3'K, the superconductive l i n e  at tenuat ion would be 3.5 dB/mile a t  56 GWz. Con- 
sequently,  i t  is seen t h a t  t he  superconductive l i n e  provides a baseband bandwidth of 
g r e a t e r  than 50 GHz while t h e  c i r cu la r  waveguide y i e lds  a bandpass bandwidth of great-  
er than 10 GHz centered at  56 GHz: the a t tenuat ion values are comparable. Also, 
because of i t s  baseband c h a r a c t e r i s t i c ,  the miniature superconductive coaxial l i n e  i s  



capable of transmitting baseband digital information at very rapid rates. 
it is evident that such miniature lines could provide large bandwidth transmission 
channels for use in a SCTS. 

Therefore, . 

SUMMARY 

It has been declared that a superconductive power transmission line system could 
be much more than just a power transmission line, but rather a composite of four sub-. 
systems: (1) data processing, (2) cryogenic liquid transport, (3) electrical power 
transmission, and ( 4 )  electrical communication. 

At .present, dc power transmission in superconducting cables appears to be econom- 
However, ac transmission with its associated joule heating losses is ically feasible. 

not to be discounted. Improvements in cryogenic refrigeration, operating experience, 
and technical convenience will no doubt engender ac systems. 

Cryoelectronics has a great potential. for implementing the various subsystem 
electronic systems. 
that the electronic functions necessary for the various subsystems can be implemented 
with such components. The spectrum of components includes active analog elements, 
digital elements, transmission lines, waveguides and large-scale digital systems. 

The cryoelectronics components developed to date have demonstrated 

Finally, the idea of transporting cryogenic liquids through a SCTS ‘network offers 
some intriguing possibilities for the transportation of gases. 
gest transporting the usual cryogenic liquids, but also other liquefied gases. 

Not only does this sug- 
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RECENT DEVELOPMENTS IN SUPERCONDUCTIVITY IN JAPAN 

The Committee of Superconducting Magnets 
of the Institute of Electrical Engineers of Japan 

Present ed by 
N. Takano 

Tokyo Shibaura Electric Co., Ltd. 
Komukai, Kawasaki, Japan 

Recent developments in Japan of the study on 1) superconducting wires, 2) magnets, 
3) ,other devices, 4 )  cool down techniques for the magnets, and 5) some aspects of future . . 
projects, are described in this paper. 

I. SUPERCONDUCTING WIRES 

In Japan the study on superconducting wires was started in 1962, and since 1966 . 
several kinds of superconducting wires have been developed in many research laboratories. 

Alloys 

The superconducting wires developed in Japan have the interesting feature that most 
of them are ternary alloys with niobium base material. Some typical ternary alloys are 
NbZrTi, NbTiHf, and TiNbTa. Each of these have better H,, I, characteristics than the 
usual binary alloys such as NbTi or NbZr. 

Binary alloys have also been investigated. Several of these are NbTa, NbZr, NbTi, 
NbMo, TaRe, V-Cr, V-Ti, InPb, SnIn, ZnMn and ZnCd. These alloys are not all necessarily 
being developed to achieve good characteristics for wire for superconducting magnets. 
Some are for the study of basic phenomena and some are to develop materials which have 
higher critical temperatures. 

Compounds 

Many basic studies OR the superconducting compound wires have been carried out but 
no practical wires have yet been developed. To get basic data, Nb3Sn, NbB2, NbMoB2, 
NbS2, NbN, Nb3V, V3Ga, etc. are being studied. The last compound, especially, V3Ga, is 
being examined with keen interest as a possible practical material that can be produced 
on an industrial scale. The VjGa is made into a tape with the continuous diffusion 
method and has a critical field of about 200 kG at the current density of LO5 A/cm2. 
This is a value higher than that obtained with other: materials such as Nb3Sn. 

Composite Conductors 

Large current conductors €or the MtfD saddle-type magnets and high energy physics 
magnets have been studied. Techniques of embedding a number of superconductors into 

’ noma1 metals such a s  copper or aluminum are being studied. 

The ratio of the cross section of superconductors to that of normal metal and the 
contact resistance between these two are studied as part- of the development of.the 
optimun? stabilized superconductors. 
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Some results of these studies are being made use of in the National R&LI Program 
for the MHD generator and at the present time the construction of a saddle-type magnet 

' is in progress. 

XI. MAGNETS 

In Japan 'the development of superconducting magnets is being carried out for MHD 
generators, for high energy physics,' and for other applications. 
magnets have saddle shape configurations, so that they can be used as the field wind- 
ings of electrical machines such as dc motors or alternating machines. 

The first type of 

Sadd le-Type Magnets 

The saddle-type superconducting magnets are being developed as part of the Na- 

The parameters of one of these magnets which has already been con- 
tional R&D Program for MKD generators planned by the Agency of Industrial Sciences 
and Technology. 
structed and tested are given in Table I. This magnet is only a prototype €or the 
MHD.generators, but another magnet which is to be combined with an experimental gener- 
ator is now under construction. 
a room temperature bore at the center. 
is to produce the field strength of 45 kG at the center of the bore. 
system is to be completed by early 1969. 

This second magnet is to be set in a Dewar which has 
The magnet has an inner diameter of 38 cm and 

This magnet 
The details of this magnet are listed in 

Table 11. 

TABLE I 
Details of a Model af Saddle-Type Magnet 

Tested 

Inner diameter 33 cm 
Outer diameter 43.5 cm 

91.3 cm C o i l  length 
Weight 600 kg 

Stored energy 110 kJ 

Field strength at the center of bore 13.8 kG 
Current 695 A 

I .  Detai ls  of Saddle-Type Mappet for MHD Generator 

Under Test 

33 cm 
57 cm 
91.3 cm 

1200 kg 
- 

16 kG 
- 

TABLE I1 . 

Inner diameter 
Room temperature bore 
Coil length, 
Field strength at: the center of bore 
Stored energy 
Current 

Weight 

38 cm 
25 cm 
190 em 
45 kG 
6K.T 

585 4- 540,A 

6 ton 
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High Energy Physics Magnets 

For preliminary studies for high energy physics magnets such as bubble.chamber . 
or beam focusing magnets, many small magnets wound using the stabilized strip con- 
ductors are being tested in many research laboratories. For instance, one magnet 
consists of a Helmholtz pair which have an inner diameter of 5 cm, an outer diameter 
of 20 cm, and a length per coil of about 20 cm. The gap between two coils can be 
changed to adjust the field distribution. The field strength at the center of the 
bore of one coil is about: 40 kG. Another example is a pancake coil that has an inner 
diameter of 8 em, a length of about 63 cm, and a field strength of 56 kG at the center. 

A cusp magnet, wEich can confine the high temperature plasma produced by laser 
rays, is also being tested. This magnet has an inner diameter of 1.5 cm, an outer 
diameter of 9 cm, a length of 5 cm, and can produce a field strength of 40 kG at the 
center of one coil. 

Various Magnets for Experiments 

A number of magnets have been constructed and used for the study of solid state 
physics. In general, superconducting alloy wires are used up to about 60 kG or so 
and higher magnetic fields are generated by Nb3Sn tape-wound magnets. The highest 
magnetic field produced by superconductors in Japan so far is about 100 kG. 

111. OTKER DEVICES 

To reduce the heat input through large current power leads from room temperature 
to low temperature devices, flux pumps are also being studied. At present no practical 
flux pumps have been constructed, but to get useful data for the construction of more 
effective flux pumps, a number of basic data have been taken as part of the National 
R6iD Program for the previously mentioned MRD generator. 

Two types of flux pumps have been studied. One is a moving magnet type and the 
other is a rectifier type like that developed by Dr. Buchhold. One of the first type 
was used to supply a current of about 200 A to a small magnet, but the output voltage 
of this type of flux pump is very small. Therefore, efforts are now focused on how 
to increase the output voltage as well as to increase the current capacity. 
second type of rectifier has not generated a current, but the dynamic performance 
needed for a complete pump has been tested successfully with a half wave rectifier 
circuit, 
of about 500 A. 

The 

This flux pump will have an output voltage of about 10 mV and the current 

LV. MAGNET COOL DOWN TECHNIQUES 

Liquid helium is so expensive in Japan that the techniques used to cool the large 
superconducting magnets from room temperature to 4.2OK are very important from an 
economic point of view. 

For small superconducting magnets, precooling by liquid nitrogen before using 
liquid helium is widely practiced. 
down of larger magnets because it causes contamination of helium gas. 
cool down from room temperature to slightly above liquid helium temperature is gener- 
ally accomplished with a refrigerator. 

&ut this method is not appropriate for the cool 
Therefore, 

The previously-mentioned saddle-type magnet tested at the Electrotechnical Labo- 
ratory of the Agency of Industrial Sciences and Technology was cooled to 47OK by a 
refrigerator and then liquid helium was transferred. 
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* 

The cool down process combined with the refrigeration system in one research labo- 
ratory has been analyzed. The process is as follows: First, the magnet is cooled down 
to about 90°K by helium gas which is cooled by liquid nitrogen. 
cooled down by a helium refrigerator from 90°K to about 20°K, after which liquid helium 
is transferred. from a liquid helium storage Dewar. In the analysis, the cool down time 
is calculated using several parameters which include the weight of the magnet, the heat 
input to the magnet, the efficiency of heat transfer between the magnet and the cooling 
fluid, and the power of the refrigeration system. The results of this calculation are 
represented in graph5cal charts to estimate the cool down time immediately, 

The magnet' is then 

V. FUTURE PLANS 

It is difficult to discuss what fields have opened for the applications of super- 
conductivity. 

Considering, however, the extremely rapid advances in superconducting technologies 
since the discovery of practical superconducting wires in 1957, many devices may be 
improved by making use of new knowledge of various superconducting phenomena t o  be ob- 
tained in the near future. As seen in the development of V3Ga wire, €or example, 
efforts are still being continued to develop new materials which are able to produce 
still higher magnetic fields. If it is to be easy t o  generate high magnetic fields 
over 200 kG by a superconducting magnet, a number of 'developments must come in the 
field of engineering as well as in basic science. 

Applications for the ac devices are considered t o  be just at the starting point 
as compared with dc devices, although the basic research has long been done; 

I€ superconducting materials applicable €or ac devices are developed, electrical 
machines will occupy an important position in future superconducting applications. 

Thus, the superconducting technology which has advanced from small superconductin 
magnets to the present large size magnets is now gradually changing into the technology 
that is useful in applications for industrial equipment such as generators, motors, 
transmission lines, and so on. 
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S.L. Wipf 
Atomics I n t e r n a t i o n a l  

A Division of North American Rockwell Corporation 
Canoga Park, C a l i f o r n i a  

I. INTRODUCTION 

As an introduction t o  t h i s  morning's s e s s ion  le t  me r e c a p i t u l a t e  the p r inc ip l e  
. .  of flux pumping. 

Complete lack of r e s i s t ance  i n  a closed. c i r c u i t  leads t o  conservation of magnetic 
We see t h i s  by w r i t i n g  Faraday's induction l a w  fo r  a closed c i r -  f l u x  linked with i t .  

c u i t  with inductance Lc: 
. .  

(1) 
dH - = - v = -  R I  - d(L,I)/dt . d t .  

With r e s i s t ance  R = 0, t h i s  i n t eg ra t e s  to: 

.(2) 9 f L 1 = const.  
C 

The superconducting c i r c u i t  meets any change i n  ex te rna l  f l u x  H w i t h  a corresponding 
change i n  current t o  f u l f i l l  Eq. (2) .' 
constant i n  Eq. (2) .  Figure 1 shows the f l u x  pump pr inc ip l e .  Flux from a small per- 
manent magnet does not en te r  a superconducting c i r c u i t  (Fig. la) u n t i l  a switch is  
opened and closed again (Fig. l b ) .  On removal of. t he  magnet the c u r r e n t  A I  w i l l  then 
preserve the f lux  (Fig. l e ) .  
care, is taken tha t  t he  previously induced c u r r e n t  i s  not l o s t  du r ing  switching. One 
provides a bypass which i t s e l f  has a switch (Fig.  l a ) .  To make a pump p r a c t i c a l  one 
has t o  avoid mechanical switches (although f o r  small currents  t hey  are f eas ib l e  and 
have c e r t a i n  advantages ). It is  s u f f i c i e n t ,  i n s t ead ,  t o  introduce some re s i s t ance  by 
l o c a l l y  destroying superconductivity. This can be done by exceeding the  c r i t i c a l  t e m -  
perature  of the superconductor, using a h e a t e r  as i n  some of the earliest  pump^,^,^ o r  
else by exceeding the c r i t i c a l  f i e l d .  This las t  approach, magnetic switching, . i s  t he  
most widely used. I n  i t s  s i m p l e s t  vers ion t h e  s a m e  magnet which i s  used f o r  pumping 
( the exci t ing o r  energizing magnet) i s  a l s o  used f o r  switching because close t o  the 
poles the f i e l d  s t rength e a s i l y  exceeds t h e  c r i t i c a l  f i e l d  of superconductors such as 
lead or  niobium (with c r i t i c a l  f i e l d s  of 550 G o r  - 3000 G a t  4.2OK). The magnetic 
switching method also allows the  replacement o f  t he  loop i n  Fig. I d  by a p l a t e  i n  
Fig. le. The high f i e l d  r:ight i n  f ron t  of t h e  magnet pole w i l l  form a normal zone 
containing the flux and by moving t h i s  zone a c r o s s  the sheet - it follows the magnet - 

A f l u x  pump is a device which can change the 

To accumulate  more current  by r e p e t i t i o n  of t h i s  process, 

1 

1. I . D .  McFarlane, Cryogenics I ,  297 (1967); see also: Product Engineering, 

2 .  A.F. Hildebrandt, D.D. Elleman, F.C. Whitmore, and R. Simpkins, J .  Appl.  Phys. 33 
Feb. 27, 1968, p. 2 7 .  

2376 (1962); D.D. Elleman and B.F. Hildebrandt,  i n  Proc. 8 th  I n t e r n .  Conf. Low 
Temperature Physics, London, 1962 (Butterworth,  London, 1963), p. 332. 

3 .  H.L. Laquer, Cryogeaics 3, 27 (1963). 
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. 
t h e  same function as i n  Fig. Id is 
t h a t  the removal of  the magnet from the c i r c u i t  occurs without i n t e r rup t ing  the super- 
conductivity; t he  c i r c u i t  (other than the loop or  t he  plate)  m y  be located f a r  away 
from the pole so t h a t  the c r i t i c a l  f i e l d  of the c i r c u i t  superconductor i s  nowhere 
reached and usually it i s  made out of high f i e l d  material  anyway. 

The arrangement is , 'of-  course,  such 

Flux pumps can be operated mechanically (Fig. le) o r  without moving p a r t s  as i n  
Fig.  2 where a "loop" and a "plate" arrangement i s  shown. It i s  p r a c t i c a l  t o  d i s t i n -  
guish between "moving magnetic f i e ld"  type pumps of which t h i s  p l a t e  pump is an exam- 
p l e ,  as  w e l l  as t h a t  of Fig. 1, and " r e c t i f i e r "  type pumps, i l l u s t r a t e d  by the upper 
example of Fig. 2.  The next paper (Rhodenizer) w i l l  d e t a i l  the  r e c t i f i e r  pump which 
has  been .developed by GE5 t o  a high perfect ion.  
moving magnetic f ieLd type. 

The present paper w i l l  emphasize t h e  

X I .  THE CASE FOR FLUX PUMPS 

Once the idea is  presented it seems t o  be obvious t h a t  one should use f lux  pumps 
as soon as a current source, o r  power, is needed i n  l iquid helium. The only v i a b l e  
a l t e rna t ive  is cu r ren t  leads from room temperature i n t o  the cryogenic environment. 
Lube11 w i l l  compare t h e  two. 

One might t h ink  t h a t  the de transformer suggested by Giaever' could provide an- 
other  a l t e rna t ive .  This device i s  akin t o  t h e  f lux  pump i l l u s t r a t e d  i n  Fig.  le. W e  
imagine the p l a t e  seen there, which i s  the  secondary, t o  be very  t h i n  and t o  be sand- 
wiched together with another very t h i n  p l a t e  or fi lm, which is the  p r imary ,  with an 
insulat ing oxide l aye r  i n  between. A l l  thicknesses have t o  be  small compared t o  the  
spacing of Eluxoids which w i l l  thread both f i l m s  at  r i g h t  angle and which may be pro- 
duced by a s t a t i o n a r y  f i e l d  which i s  smaller than the c r i t i c a l  f i e l d .  
are s e t  i n t o  motion by the Lorentz force of a current ( p a r a l l e l  t o  the secondary cur- 
rent t o  be induced) passed through the primary film. Due t o  the closeness of t h e  two 
f i lms the i d e n t i c a l  f luxoids  which move through the primary are dragged through t h e  
secondary and thus  perform the same function as the mechanically moved exc i t i ng  mag- 
n e t s  of the f l u x  pump. To d a t e  t h i s  device has not replaced the  f l u x  pump, however, 
because the f luxo ids  a r e  "sheared off" and remain s t a t iona ry  i n  the secondary under 
the  influence of boph the pinning forces and the Lorentz force of a r a t h e r  small 
secondary current .  

The f luxoids  

Why do we have t o  plead a case for f l u x  pumps? Why does one who favors them 
find himself i n  t h e  r o l e  of a salesman 02- on the defensive? It can 'hardly be ignorance 
for there have been good reviews by the groups at P h i l i p 7  and Eeidena8 It may be f e a r  
of disadvantages which have perhaps not been spelled out too c l ea r ly .  If i n  t h i s  
morning's session we manage t o  dispel  some of these f e a r s  w e  may be successful i n  our 
plea.  . .  

4 .  J .  Volger and P . S .  Admiraal, Phys. L e t t e r s  2, 257 .(1962); a l s o  i n  Ph i l ip s  

5. T , A .  Buchhold, Cryogenics 4, 212 (1964); T.A. Buchhold, i n  Pure and Applied 

6. I. Giaever, Phys. Rev. Le t t e r s  IS, 825 (1965), and 2, 460 (2966) .  

7. J .  Van Suchtelen, J .  Volger, and D. Van Houwelingen, Cryogenics 5, 256 (1965). 

8. He Van Beelen, M i s s  A.J.P.T. Arnold, H.A. Sypkens, J . P .  Van Braam Houckgeest, 

Techn. Rev. 2, 16 (1963) 

Cryogenics (Pergamon Press, 1966), Vol. 6 ,  p. 529. 

R. D e  Bruyn Ouboter, J . J . M .  Beenakker, and K.W. Taconis, Physica 2, 413 (1965). 
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The following table 'lists what I consider the advantages and disadvantages of 
flux pumps (if applicable, the 'comparison is with conventional power supplies .at room 
temperature and current leads). 

Advantages Disadvantages 
4 5  Large currents (10 -10 A) 

Persistent mode when idle 

Shielding from ambient fields 
necessary 

Forward or backward operation Protect ion required 
Ideally suited to compensate for Losses in liquid helium while 
small resistive losses in circuit operating 
Over-all space requirement small Volume inside cryostat required 
(same as with superconducting 
magnets) 

(- 50 cm3/W) therefore small power 

Flexible (can operate at several 
times rated optimum 'output power 
at the price of increased losses) 

111. SOME PROBLEMS 

The remainder-of this talk will be devoted to the problems as they are encountered 
in moving magnetic field pumps if one strives to develop a theory or to increase either 
the efficiency or the ultimate current. 

Theory 

One of the simplest examples of a pump which is in practical use is illustrated in 

Mathematica1,treatments of similar arrange- 
Fig. 3.  Its main feature is a normal. zone which is moved through a superconducting 
sheet without ever entering o r  leaving it. 
me~tsg'~~ do exist and have been tested e~per2mentally~~~~~ l2 with what one could term 
semiquantitative success. They produce formulae for the output voltage and for the 
loss, 

emf = n . t u C P - L  1 

~ o s s  = n a u) L 
p load) ' 

I ( o ~ ~  P 

(3) 

(4) 

2 The rotation speed, w, is assumed to be small enough to neglect terms with w . n is 
the number of poles of the rotor, I the load current, and P the flux per normal spot 
due to the rotor poles. Lp is an effective inductance, and I(0) an effective current. 
In practice these effective quantities are adjustable parameters which cannot be calc- 
ulated. This considerably spoils the success of the mathematical approach. In fact, 

9 .  S.L. Wipf, in Prof. Intern. Symp. Magnet Technology, Stanford, 1965, 
p. 615. 

10. D. Van Houwefingen and J. Volger, Philips Res. Rep. 3, 249 (1968). 
11. H. Voigt, 2 .  Naturforsch. u, 510 (1966). 
12. R. Weber, Z+ Angew. Phys. 2.2, 4-49 (1967). 
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t o  be qu i t e  honest, t h i s  l ack  of a good theory reflects our poor understanding of what 
seems t o  be such a s i m p l e  process a s  moving a normal spot across  a superconducting 
sheet  . 

L e t  us d i s c u s s  t h i s  process i n  some more d e t a i l .  I l l u s t r a t e d  i n  Pig. 4 i s  a nor- 
* m a l  zone containing f lux  @ and moving through a superconducting shee t  which c a r r i e s  a 

load current  density.  W e  separate two processes which are indicated by t h e i r  current  
pa t t e rns .  One is the induction of eddy currents  within the normal spot.  They flow 
along closed paths, p a r t l y  within the spot and p a r t l y  without. Because the s i z e  of 
t he  eddy currents i s  proportional t o  the speed of the spot (v = Z n w r ) ,  t h e i r  ove r -a l l  
contr ibut ion t o  the t o t a l  voltage and losses  of the pump are proport ional  t o  v2 (and 
higher terms) and have been neglected i n  the given formulae (3 )  and ( 4 ) ;  eddy c u r r e n t s  
a r e  reasonably understood and i n  what follows w e  s h a l l  only consider  very low speeds. 
The o the r  process, which w e  may c a l l  the switching process, takes place i n  the  leading 
edge of the normal spot (indicated by narrow crosshatching i n  the  f i g u r e )  where the 
superconductor1 is  made normal i n  the presence of a current d e n s i t y  j, The ohmic v o l t -  
age t h u s  generated w i l l  d r ive  the current  i n to  an a l t e rna te  d i s t r i b u t i o n  while some of 
it i s  diss ipated.  The correct ions t o  t h e  output voltage and t h e  loss are r e f l e c t e d  i n  
Eqs. (3) and ( 4 )  and w i l l  be discussed a l i t t l e  fu r the r .  Without t h e  switching process 
the current  increase per pump cycle,  as seen i n  Fig. 1, is A I  = $/Le. The output v o l t -  
age, therefore ,  is given by Lc d I /d t  = Lc A I  (u = @w. 

The width As of the leading edge depends on the time constant of the switching 
process and it i s  therefore  inversely proportional t o  the r o t a t i o n  speed, For simplic- 
i t y  w e  assume tha t  t h e  normal spot is moved i n  s m a l l  s teps  by a d i s t a n c e  equal t o  t h e  
width A s  of the leading edge. Also i t  is  assumed tha t  the i n i t i a l  t o t a l  current  i n  
t h e  leading edge is I,, = A s - j ,  and f u r t h e r  t h a t  there  i s  cu r ren t  flow only across  the 
narrow ends of the edge ( top and bottom i n  Fig. 4 )  and that  t h e  r e s i seance  of the edge 
is R. Unfortunately, R is not constant and depends on the current as we w i l l  d i s cuss  
later. . 

The voltage across the leading edge i s  then, RP, = Le dXe/dt, whe;e Le i s  the 
inductance of the a l t e r n a t e  current path (which i s  the short  c i r c u i t  of the edge through 
the  rest of the sheet) .  
which gives an average voltage of LeIe02~rw/As = Lej 2mu. 
zero when no load current  i s  flowing and that  i t , h a s  a component which is proportional 
t o  t h e  load current;  thus,  j 2m = Io 3. k Iload. 
0: Le(I, -i- k Iload) and i t  i s  negative ( i .e . ,  decreasing I load) .  
gives: 

l o s s  per cycle becomes %N Le I,, dIe/dt  = % Le ru j2 ( 2 7 - 1 ~ ) ~ .  
4 (u I,, 4 (Io -+ k Iload}2, and comparison with Eq. ( 4 )  gives Lp = k Le, and 
I(0) = (Io $. k Iload)/df2k. The f ac to r  1//2k i s  only a means t o  keep Lp i n  both Eqs.  (3) 
and ( 4 )  formally unchanged; t h i s  is convenient because one,usual ly  obtains  the quanti-  
t ies P and Lp according t o  Eq. (3)  from measurements of the vol tage,  and then I(0) from 
l o s s  measurements: 

We. can assume a l i n e a r  decay of I, t o  zero during each s t e p ,  
W e  can assume t h a t  j i s  no t  

The voltage co r rec t ion  becomes 
Comparison with Eq. (3) 

P = @ - L,Io, and Lp = k Le. 

The lo s s  is obtained s i m i l y l y .  I f  there  a r d  N steps per cyc le  (N = 2m/As), the 
The total  loss i s  

A word about the various quant i t ies :  we now have k,  Le, and Io which we can 
n e i t h e r  measure d i r e c t l y  nor calculate .  The accuracy of measuring @ d i r e c t l y  i s  a l s o  
i n s u f f i c i e n t  t o  not ice  the  difference between P and @. 
an idea ‘about the formal v a l i d i t y  of Eqs. (3) and ( 4 ) ,  and we s h a l l  see t h a t  they can 
serve as guidelines through the experimental r e s u l t s .  

It is u s e f u l ,  however, t o  have 

It has already been menttoned t h a t  R depends on current .  This becomes c l e a r  when 
the leading edge region i s  described i n  more d e t a i l .  A t  its ou te r  boundary it adjoins  
the f u l l y  superconducting phase w i t h  a res is tance of zero; a t  i t s  inner boundary i t  may 
be f u l l y  normal with the  r e s i s t i v i t y  a t  the normal constant value.  We have, therefore ,  
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t o  dis t inguish two par t s  i n  t h i s  r e s i s t i v e  current carrying region which we have ca l led  
the leading edge: one i s  f u l l y  normal, the r e s i s t i v i t y  i s  constant (magnetoresistance 
and temperature e f f e c t s  a r e  i n s i g n i f i c a n t ) ,  and the currents  decay exponentially;  the 
other i s  i n  the  c r i t i c a l  s tate,  the external  f i e l d  i s  below the uppe r  c r i t i c a l  value,  
but the  current  d e n s i t y ' i s  cr i t ical  making it r e s i s t i v e .  This part  w e  c a l l  the c r i t i -  
cal region. The r e s i s t i v i t y  i n  the c r i t i c a l  region is ra ther  similar t o  the  dynamical 
r e s i s t i v i t y .  introduced i n  the  discussion of ac losses.* 
dH/dt because of the magnetic d i f fus ion  equation; other  than that  i t s  value is  too 
d i f f i c u l t  t o  calculate .  

It has t o  be proportional t o  

C r i t i c a l  regions can a l s o  be described as regions where magnetic f lux  moves under 
the  influence of pinning forces ,  Many problems a r e  e a s i e r  t o  visual ize  by using t h i s  
concept. 

C r i t i c a l  regions a r e  not  confined t o  the leading edge alone, they occur a l so  a t  
the  t r a i l i n g  edge of the spot and even i n  other  p a r t s  of the pumping sheet. 
they do occur wherever the perpendicular f i e l d  component through the sheet changes . . 
with time (dHL/dt + 0) and t h e  t o t a l  f i e l d  i s  less than c r i t i c a l .  The leading edge i s  
only d i f f e r e n t  from these o ther  regions i n  tha t  it a l s o  may have a f u l l y  normal sect ion 
which c a r r i e s  current  (other  than eddy cur ren ts ) .  

In  f a c t ,  

The s i t u a t i o n  would be s imi la r  i f  the normal spot were created by exceeding the 
c r i t i c a l  temperature instead of the c r i t i c a l  f i e l d  . I3  
edges would then create  t h e  c r i t i c a l  regions. l4  

Temperature gradients around the 

Crit ical  regions a r e  always shorted out by a l t e r n a t e  current d i s t r i b u t i o n s  through 
the f u l l y  superconducting p a r t s  of the  sheet.  These d is t r ibu t ions ,  i .e.,  t h e i r  induct- 
ances, a r e  determined by t h e  f l u x  conservation pr inc ip le  because the  sheet with pinning 
behaves j u s t  l i k e  a superconducting w i r e  mesh screen t rying to  conserve the flux through 
each mesh. To obtain information about c r i t i c a l  regions and current d i s t r ibu t ions  one 
makes f i e l d  measurements. 

In Fig. 5 there  i s  an xy plot: of the tangent ia l  and r a d i a l  f i e l d s  c lose t o  the 
outer  surface and a t  the center  of t h e  sheet vs the angular posi t ion of the  very slowly 
turning r o t o r .  The sheet c o n s i s t s  of a threefbld thickness of Nb f o i l ,  0.001 in .  thick.  
This type of pump is i l l u s t r a t e d  i n  Fig. 3; the  ro tor  has three  wings as  i l l u s t r a t e d  i n  
the i n s e r t  t o  Fig.  5. The measured f i e l d  is  a combination of .the f i e l d  due t o  the ro- 
t o r ,  which is  given by the zero current  l i n e  (dashed), and t h a t  due  t o  the load current 
which increases  by 450 A per revolut ion.  

A uniform current d i s t r i b u t i o n  i n  the cyPindrica1 sheet would produce zero r a d i a l  
f i e l d  and a uniform tangent ia l  f i e l d ,  somewhat smaller than the  increase re f lec ted  i n  
the p lo t  ( there  is a small contr2bution from the current  leads of the  c i r c u i t ) .  TFe 
tangent ia l  p l o t  then is not  very sensit ive t o  nonuniform d i s t r i b u t i o n s ,  but any con- 
t r i b u t i o n  t o  the  rad ia l  f i e l d  d i s t r i b u t i o n  is e n t i r e l y  due t o  nonuniformity. The in-  
creasing cur ren t  creates  a d i p  i n  f ront  of the pole and depresses t h e  front  edge while 
enhancing t h e  back edge of the  pole f i e l d .  An accurate calculat ion of the current  d i s -  
t r i b u t i o n  from such f i e l d  measurements would require  s t i l l  more f i e l d  prof i les  near the 
edges of t h e  sheet ,  since i t  is a three-dimensional problem because the  ro tor  i s  not 
th ick  enough t o  allow a two-dimensional solut ion.  

' 

W e  can guess the current d i s t r i b u t i o n  

;tr 
See, f o r  example, S.L.  Wipf, these Proceedings, p .  511 and p. 683. 

13. J.F. Marchand and J.. Volger, Phys. Let te rs  2, 118 (1962).  

14. F . A .  Otter and P.R. Solomon, Phys. Rev. Letters 33, 681 (1966); 
A.T. Fietry and B. Serin,  Phys. Rev. Letters 16, 308 (1966).  
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vs the angle t o  be roughly t r iangular  between t h e  poles with t h e  maximum current den- 
s i t y  (the apex of the  t r iangle)  c lose r  t o  t h e  f r o n t  edge of the po le  and s h i f t i n g  to-  
wards the middle with increasing current.  
s i t y ,  l imited by the f i e l d  of the poles, would have a f l a t  maximum i n  the middle be- 
tween the poles and would be otherwise almost symmetrical. It might then be expected 
t h a t  the t r iangular  current d i s t r i b u t i o n  could reach the c r i t i ca l  cu r ren t  near its 
apex, but not near the back edge and not even near  the f ron t  edge of t h e  poles. That 
t h i s  is indeed so can be read from the r a d i a l  f i e l d  p lo t .  We see t h a t  t he  r ad ia l  com- 
ponent undergoes a change between the poles; th i s  ind ica t e s  a c r i t i c a l  region. 
region becomes large and moves towards the middle with increasing cu r ren t .  

On' the other  hasd t h e  cr i t ical  current den- 

This 

Another important e f f ec t  can be observed i n  Fig.  5. This ef 'fect  corresponds t o  a 
sudden rearrangement of the current d i s t r i b u t i o n  as seen a t  185O i n  t h e  curve r e l a t i n g  
t o  the r a d i a l  d i s t r i b u t i o n  f o r  6000 A;  the same and s i m i l a r  e f f e c t s  are seen near 210' 
i n  the tangent ia l  curves (the difference of 25' i n  posi t ion is  the d i s t ance  of t h e  two 
Hall probes). We c a l l  t h i s  an i n s t a b i l i t y  and i t  corresponds t o  a sudden breakdown of 
t he  pinning forces  which i n  many other  s i t u a t i o n s  i s  observed and described as f l u x  
jump. 

Ef f i c  iencv 

A typical  s e t u p  used to  measure the l o s s e s  is  i l l u s t r a t e d  i n  Fig.  6 .  The torque 
transmitted t o  the.shaf t  is  measured a t  room temperature. Instead of loops as  i n  
Fig. 6, we use a sheet of 0.08 mm thick niobium, i n  t r i p l e  thickness .  The c i r c u i t  has 
four turns of 7.4 cm diameter a t  the center- of which a H a l l  probe measures the current .  
A.s imple potentiometer converts t he  d i s t o r t i o n  angle of t he  to r s ion  spr ing (approxi- 
mately 15Oflb in.) i n t o  a voltage which i s  c a l i b r a t e d  and recorded along with the out- 
pu t  current vs  the ro t a t ion  angle. (The device shown i n  Fig. 6 employs visual torque 
observation.) Such a record is shown i n  Fig. 7 .  

We recognize two new features .  One i s  the r e l axa t ion  angle between zero and f u l l  
torque, the other  the i r regular  small jumps as the  r o t a t i o n  proceeds under f u l l  torque 
while the current increases s t ead i ly .  These can e a s i l y  be in t e rp re t ed  as consequences 
of f l ux  pinning as is i l l u s t r a t e d  i n  the  accompanying q u a l i t a t i v e  p i c t u r e ,  which shows 
a pole a t  rest, and a pole before reaching f u l l  torque. Flux pinning occurs between a 
lower c r i t i c a l  f i e l d  (Hcl) and an upper c r i t i c a l  f i e l d  (Hc2), t h i s  region being shaded 
i n  the picture.  It can be seen how the d i s t o r t i o n  of the f l u x  l i n e s  increases the ex- 
t e n t  of t h i s  region, before the f lux  pattern, which w i l l  move with the pole, reaches 
an equilibrium. Even t h i s  equilibrium movement w i l l  occur i n  s m a l l  jumps due t o  in s t a -  
b i l i t i e s  caused by the inhomogeneities i n  the f l u x  pinning s t r eng th .  The shaded re- 
gions adjacent t o  the moving spot can be i d e n t i f i e d  with t h e  c r i t i c a l .  regions discussed 
above. 

In  Fig. 8 a re  show input equilibrium torques measured and p l o t t e d  in  t h i s  manner 
vs P, i n  u n i t s  of j ou le s f ro t a t ion  ( f  3 f r o t  = 1.59 X I O 6  dynacm = 1.41 l b - i n . ) .  
given i s  the output IAI Lload, shown as a dashed l i n e ,  which is  obtained from the meas- 
ured current increase A I  per  ro t a t ion .  This is  equivalent t u  e m f  X I x A t ,  but,  i n  
order t ha t  eddy current  e f f e c t s  can be completely neglected,  the experiments a r e  done 
a t  a very low speed which i s  not necessa r i ly  constant.. This p r o h i b i t s  good emf measure- 
ments. The zero current l i n e  represents  pure l o s s  s ince the re  i s  no output. 

Also 

-4 There i s  a marked m a x i m u m  of trhe l o s ses  between 1 and 2 x 10 V-sec, followed by 
a minimum and a gradual increase towards higher  values of P. The average f i e l d  i n  
f ron t  of the poles i s  also given i n  Fig.  8 and by comparison i t  i s  seen that  the maxi- 
mum occurs between 1 and 3 kG, i.e., below t h e  upper c r i t i c a l  f i e l d .  
t he re  i s  no properly normal zone developed at  t he  center of the  pumping spot; t he  
e n t i r e  spot pins the f lux,  hence the b i g  loss. Above 3 kG there  i s  a normal zone, the 

This means tha t  
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pinning area i s  only a t  the edges of t h e  spot and the losses  a re  smaller.  Another way 
of saying the same thing is: 
e n t i r e l y  by exceeding the c r i t i c a l  current  loca l ly  which is  done by induction from the 
moving pole pieces, i.e., by the d i s t o r t i o n  of the f lux  pattern.  

below Hc2 the resis tance i n  the spot has t o  be created 

The input increases with the load current  but now there i s  an output which accord- 
ing t o  Eq. . (3 )  i s  proportional t o  LP (given as  th in  l i n e  in  Fig. 8a) minus Lp12, with 
Lp being the  e f f e c t i v e  inductance of t h e  current path around the spot.  From both t h e  
1600 A and 3200 A r e s u l t s  one obtains Lp = (3.75.f 0.02) X 10-8 H. We f u r t h e r  n o t i c e  
the current l i m i t  f o r  low P values,  when P = L I and t h e  emf becomes zero. The current  
l i m i t  f o r  high values of P can have various or igins  a s  seen l a t e r .  This pump reached 
a maximum current  of 5000 A a t  about 0.2 mV.sec for  P. 

' 

P 

The e e s u l t s  f o r  the power eff ic iency,  which i s  the r a t i o  of output t o  input ,  i s  
given i n  Fig. 8b. One is  usual ly  interested i n  the t o t a l  energy e f f i c i e n c y  ( t o t a l  en- 
ergy i n p u t / t o t a l  energy stored i n  the c i r c u i t ) ,  and with the e f f ic iency  being zero f o r  
zero cuxrent, t h i s  value i s  considerably lower. I n  the best case, i t  is .between 20 and 
30% f o r  t h i s  pump. 

By subtract ing the output from the input one obtains  the losses .  I n  d iscuss ing  
these we t r y  using Eq. ( 4 )  and obtain f i r s t  the e f fec t ive  I(0) f o r  thg zero cur ren t  
losses  which has values between 4500 A f o r  the maximum loss  and 3100 A f o r  t h e  minimum. 
Adding t o  these values the actual  t ransport  current-, 1600 A or 3200 A respec t ive ly ,  
and using again Eq. ( 4 )  gives calculated values which a r e  higher than the'measured 
ones. The differences a r e  plot ted i n  Fig. 8c. The r e s u l t  i s  not surpr i s ing  and ind i -  
c a t e s  t h a t  the current  densi ty  around the  spot represents now p a r t  of t h e  load cur ren t ,  
while under zero current conditions i t  was purely induced without being much d i f f e r e n t  
a s  such.' It is a l s o  i n t e r e s t i n g  t o  note  tha t  the relaxat ion angle,  given i n  Fig.  B e  
together w i t t i  an out l ine  of the rotor ,  ohas i t s  maximum where the  measured l o s s  is 
l a r g e s t  relative t o  the calculated l o s s  (maximum i n  the loss  difference curves Fig.  8c) .  
I f  one presumes t h a t  with the  rotor  relaxed, the transport  current  i s  more o r  less uni- 
formly d is t r ibu ted ,  then the movement over the relaxat ion angle produces t h e  nonuniform- 
i t y  discussed e a r l i e r  and with it the enlarged extended c r i t i c a l  regions. 

Rere another observation may be made r e l a t i n g  to the  torque. After  unwinding 
through the f u l l  re laxat ion angle, t h e  r o t o r . w i l 1  e i t h e r  come t o  rest a t  zero torque 

. and w i l l  need a smaller torque i n  the opposite d i rec t ion  t o  dr ive  the pump backwards., 
o r ,  i f  the current  is high enough, the  r o t o r  w i l l  continue unwinding with a small 
steady torque remaining u n t i l  a t  a lower current t h i s  torque becomes zero. 
t h i s  lat ter case, the  unwinding torque i s  made zero, u) w i l l  be l i m i t e d  by eddy current  
losses .  This spontaneous unwinding, o r  operatFon of the pump as  a motor, i s  observed 
for: 0.2 < P <  0.5 mV*sec  and f o r  currents  above 900 A .  

' 

I f ,  i n  

Another way of discussing the losses  would be t o  take the  zero current  l o s s  as  a 
pinning loss  i n  addi t ion t o  any current switching losses  calculated as  Lp12.  After  s u b -  
t r a c t i n g  both the zero current  loss and the  switching loss  there  is  s t i l l a  f a i r l y  large 
loss left  which would be interpreted as coming from increased c r i t i c a l  regions ( see  
Fig. 8d). The l a r g e  re laxa t ion  angles would correspond to  t h i s  increase i n  c r i t i c a l .  
regions. 

Neither of the  two ways of looking at  the losses  i s  very s a t i s f a c t o r y  and t h i s  
i l l u s t r a t e s  very w e l l  the  shortcomings of the simple theory using only two parameters 
Lp and I(0).  This is ,  perhaps, even b e t t e r  seen when one tries t o  loca te  the regions 
where the losses  ac tua l ly  OCCUK. Such information can be extracted from f i e l d  p l o t s  
as given i n  Fig. 5 .  Figure 9 gives a complete f i e l d  plot constructed from r a d i a l  and 
tangent ia l  components and fur ther  indicates  the places where the f l u x  dens i ty  changes 
i n  f i e l d s  below 3 kG and, consequently, where there  a re  losses. These a r e  t h e  places 
where the c r i t i c a l  current i s  exceeded o r ,  equivalently,  where the  f lux  moves against  
pinning forces  
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This discussion suggests the p r inc ip l e s  f o r  designing pumps of higher  e f f i c i ency .  
T o  reduce the losses  one has t o  reduce the area of c r i t i ca l  regions sGrrounding a spot,  
and t o  increase the output one has t o  increase P. A r o t o r  with a minimum number of 
large poles (usually two) and a good f l u x  return path are suggested. 

Such pumps have been b u i l t .  Lubell  w i l l  mention an example with a measured t o t a l  
energy efficiency of 60x.15 

There i s  no reason why, with some development e f f o r t  directed towards improving 
the ro t a t ing  f i e l d  pa t t e rn  by shaping the ro to r  poles and the f lux  r e tu rn  path,  an op- 
t i m a l  eff ic iency could not be reached which is  c lose  to i t s  theo re t i ca l  L i m i t .  The 
term optimal i s  used t o  ind ica t e  t h a t  the e f f i c i ency  would probably depend on. current 
l eve l ,  power output, and sense of r o t a t i o n .  The. quest ion i s  only whether the increased 
complexity and soph i s t i ca t ion . a re  a f a i r  exchange €or a saving i n  l i qu id  helium, and 
the answer may depend on economic decisions.  

U l t i m a t e  Current 

The pumps of higher e f f i c i e n c y  generally use i r o n  as a good f lux  r e t u r n  path main- 
. l y  t o  increase P. This a l s o  inc reases  Lp i n  Eq. (3) and therefore  reduces the  maximum 

current reached: The pump mentioned i n  the  last paragraph has a current 
l i m i t  of about 2500 A .  Van gouwelingen and VolgerlO used s i x  s imi l a r ly  designed pumps 
i n  p a r a l l e l  t o  produce a record of 12 800 A .  The problem w e  want t o  discuss  i s  how do 
we design a s ingle  pump t o  give a l a r g e  current? 

hX = P/L . 
, 

. The pump used f o r  t h e  experiments desc,ribed below is i l l u s t r a t e d  i n  Fig. 10. It . 
has a corrugated sheet of 0.001 in. th i ck  Nb f o i l .  The corrugations which provide a 
large contact area wifrh l i qu id  helium are about 1.5 nnn deep and number an average of 
20 per centimeter. 

A t  f i r s t  we EQCUS on the  effective Lp. From Eq. ( 4 f . i t  can be seen t h a t  Lp is  
associated with the energy l o s t  i n  switching the t r anspor t  current from the  f r o n t  of 
the spot t o  the back, bu t ,  from Eq. (3 ) ,  i t  can be in t e rp re t ed  as describing the f lux 
due t o  the transport  current  and l inked with the spot i n  opposition t o  the  a c t i v e  pump- 
ing f lux  P. I f  t h i s  f l ux ,  Lpl ,  becomes equal  t o  P, t h e  pumping stops because the net 
f l u x  linked with the moving spot is zero. That t h i s  second view i s  more adequate €or 
the present problem is  demonstrated i n  a comparison of t h e  measured e f f e c t i v e  Lp with 
the calculated Lp of the  path wi th  the  smallest inductance around the spot .  
are  found i n  Fig. 11 whish a l s o  i l l u s t r a t e s  the dependence of Lp on the geometry of the 
rotor .  
of the poles being 1.2 cm. The smallest inductance is  calculated f o r  a loap of w i r e  
about 2 m thick (roughly the thickness  of the corrugated sheet) which surrounds the  
p o l e  face area. Taking a thinner  w i r e  would increase t h e  inductance because of the 
higher f i e l d  a t  the surface of the w i r e  and taking a th i cke r  w i r e  increases i t  a l s o  be- 
cause the loap becomes bigger i f  t h e  c e n t r a l  hole s t a y s  t h e  same, For s i m i l a r  reasons 
a wider portion of the sheet surrounding the spat a l s o  has  a l a rge r  inductance.16 
i s  seen tha t  the measured e f f e c t i v e  L values are an order  of magnitude smaller than 
the calculated minimum inductances while the r a t i o s  between the three are comparable i n  
both groups and a l so  s i m i l a r  t o  the r a t i o s  of the pole face areas (0.44, 0.64; 1.24 cm2 
f o r  the 8, 4 ,  and 3 pole ro to r ) .  

Such values 

The scale  of the r o t o r s  and pole faces i s  indicated i n  the  f igu re ,  t he  thickness 

It 

P 

15. M.S. Lubell and S.L.  Wipf, i n  Advances i n  Cryogenic Engineerinq (Plenum Press,  
19681, V o x .  13, p. 150. 

16.  F.W. Grover, Inductance Calculat ions (Van Nostrand, 1946; Dover, 1’562). 
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These r e s u l t s  imply good pump performances up t o  'Limiting c u r r e n t s  of t h e  order 
of lo5 A, taking P of t h e  order of 10-4 V.sec, i f  the  pumping shee t  and the  c i r c u i t  
a r e  capable of carrying such currents.  
a current  density of approximately 8 x lo4 A/cm2 can be expected i n  a f i e l d  of 1 kG 
perpendicular .to the shee t ,  and about half  t h i s  value i f  the f i e l d  i s  2 kG. 
3 kG the  performance drops rapidly.  This experience agrees very w e l l  with the average 
published current d e n s i t i e s  of cold-worked Nb .17 Circui t s  fram.commercia1 high f i e l d  
superconductors, s t a b i l i z e d  by copper, can e a s i l y  be dimensioned t o  take any required 
cur ren t .  Connections to the  sheet a re  made by spot welding between the  superconducting 
materials-, and superconducting j o i n t  currents  i n  excess of 100 A per spotweld a r e  q u i t e  
common. 

I f  Nb i s  taken a s  a pump sheet then general ly  

Above 

Using the three r o t o r s  of Fig. 11 (and other ro tors )  i n  t h e  pump of Fig.  10, whose 
sheet  and c i r c u i t  are capable of currents exceeding 20 000 A ,  a new performance l i m i t -  
ing phenomenon i s  experienced as  was already observed a s  shown i n  Fig.  5 and has been 
described as an i n s t a b i l i t y .  It i s  a sudden breakdown and rearrangement of t h e  cur ren t  
d i s t r i b u t i o n  i n  the sheet  and usually hap ens at  a current  dens i ty  which would cor res -  
pond t o  a surface power density of 2 W/c$ i f  the sheet were normal. It is tempting 
t o  assoc ia te  t h i s  current  density leve l  with the c r i t e r i o n  f o r  what has been described 
a s  enthalpy s tabi l izat ion18;  
n i t e  connection. For the  corrugated Nb sheet used here  and described above, t h i s  c u r -  
r e n t  leve l  i s  a t  about 6000 A .  In  Fig. 12  a re  seen examples of current  and vol tage 
t r a c e s  vs t i m e  f o r  each of t h e  three ro tors  a t  a constant low r o t a t i o n  speed ( the &pole 
t r a c e  and the beginning of the 3-pole t race  include a number of r o t a t i o n s  i n  the  oppo- 
si te direct ion a t  the same speed). The i n s t a b i l i t i e s  a r e  seen as vol tage  spikes but  
these  spikes can have e i t h e r  direct.ion, posi t tve i n  t h e  8-pole case ,  negat ive i n  the  
3-pole case. The net  e f f e c t  of the i n s t a b i l i t y  caused current  r e d i s t r i b u t i o n  i n  terms 
of s h i f t  of f lux  is not a t  a l l  obvious; i t  may reduce  t h e  pumping process as i n  t h e  
3-pole case or ,  seemingly, a i d  i t .  

the evidence so f a r  is  too tenuous t o  construct  a d e f i -  

The s ize  and the d i rec t ion  of the current r e d i s t r i b u t i o n  depend considerably on 
the shape of the r o t o r  and, i f  the d i rec t ion  is d i f f e r e n t  f o r  t h e  3-  and 8-pole r o t o r s ,  
t h e r e  should be a case i n  between f o r  which it  is zero. The 4-pole rotor has indeed a 
much smaller i n s t a b i l i t y  a c t i v i t y  but the  over-all  current  l i m i t  i s  s t i l l  given by an 
i n s t a b i l i t y  somewhere above 10 000 A. I n  t h i s  kind of process t h e  current  then f a l l s  
back t o  around 5000 A. This current l i m i t  may be more c h a r a c t e r i s t i c  of t h e  sheet 
i t s e l f  rather than the number and shape of the poles s ince a t  t h i s  current  densi ty  a l l  
c r i t e r i a  for  current  s t a b i l i t y  i n  superconductors a r e  g r e a t l y  exceeded. The question 
of i n s t a b i l i t i e s  i s  complicated by the  dependence on speed of r o t a t i o n .  Increasing t h e  
speed results i n  stronger and more frequent (per number of r o t a t i o n s )  i n s t a b i l i t i e s  and 
a l s o  i n  a lowering of the f i n a l ,  i n s t a b i l i t y  governed, current l i m i t ,  This dynamic 
dependence of f lux  jumping is  generally connectedfg with the viscous motion of f lux ,  
a l s o  named f lux  creep,20 which i s  equivalent t o  a f i n i t e  r e s i s t a n c e  of the  superconduc- 

17. C.S. Tedmon, R.M. Rose, and J. Wulff, i n  Metallurgy of Advanced Electronic  
Materials (Interscience,  Philadelphia, 1962), V d l .  19, p. 89; 
D. Kramer and C,G. Rhodes, Trans. Met. SOC. A N  233, 192 (1965); 
W.  DeSorbo, Pllys. Rev. 134, A1119 (1964);  
MEI.A.R.  LeBlanc and W.A. L i t t l e ,  i n  Proc. 9th In te rn .  Conf, Low Temperature 
Physics, Toronto, 1960, p. 362. 

18. B. Carruthers, D.N. Cornish, and R. Wancox, in Proc. 1st I n t e r n .  Cryogenic 

19. S.L .  Wipf, Phys. Rev. 161, 404 (1967). 

20. 

Conference, Kyoto, 1967 (Heywood Temple), p .  207. 

Y.B. Kim,' C.F. Hempstead, and A.R. Strnad, Phys.. Rev. 131, 2486 (1963). 

- 61.0 - 



t i n g  mater ia l .  For a closed superconducting c i r c u i t  f lux creep is’experienced as a 
slow decay of the current.  
i n  time . It has been suggested21 that such a decay be logarithmic 

However, the decay observed i n  the present case is d i f fe ren t  from any simple 
model, Figure 13 shows current t races  vs time on a great ly  enlarged c u r r e n t  sca le  
(see bar representing 10 A ) .  They are obtained by pumping a t  yarious constant  r a t e s  
t o  the current s ta ted and then stopping the ro ta t ion  of the pump. The decay, always 
f a i r l y  rapid immediately a t  the beginning, .is prac t ica l ly  finished a f t e r  about 20 min 
and the t o t a l  current reduction is of the order of 10 A .  The decay c u r v e s  f o r  a 
higher current  never reach the  ones for  a lower current nor are the  lower ones s i m i l a r  
i n  shape t o  a portion of the higher ones a f t e r  a cer ta in  t i m e  in te rva l .  This i s  borne 
out by the example of the 10 000 A case where, a f t e r  a decay of 50 min and 25 A, the 
or ig ina l  current leve l  is regained by three f u l l  rotat ions (which included several  
i n s t a b i l i t i e s ,  one of which reduced the current by about 15 A as shown i n  t h e  t rac ing  
i n  Fig. 13) and the ensuing decay curve i s  qui te  d i f fe ren t .  Also a very long decay 
run made a t  11 000 A showed no decay bigger than-  1% (equivalent t o  the d r i f t  of the 
recording equipment) over 40 hours. 
t ion  of the  current d i s t r i b u t i o n  i n  the sheet which, as w e  concluded earlier, has 

‘ a f t e r  a l l  a r e s i s t i v e  region (current induced} when the spots are  moving. A t  the end 
of the decay the current d i s t r ibu t ion  must have reached an equilibrium d i s t r i b u t i o n  
i n  a then f u l l y  superconducting sheet.  

These decays have t o  be a t t r i b u t e d  t o  a relaxa- 

These observations w i l l  also have importance when pumps are  used t o  measure very 
high c r i t i c a l  currents ;  i n  general, it w i l l  be necessary t o  make t h e  load inductance 
s u f f i c i e n t l y  large.  

IV - CONCLUSXON 

We have shown the inadequacy of the mathematical treatment which does not account . 
for  the existence of c r i t i c a l  regions i n  the sheet of a moving magnetic f i e l d  f lux  
pump. The losses  i n  the  c r i t i c a l  regions a r e  of the same nature as  the ac losses  d i s -  
cussed e a r l i e r  and they contr ibute  heavily t o  the over-all  losses  i n  t h e  pump. The 
i n s t a b i l i t y  of the c r i t i c a l  regions l i m i t s  the  ultimate output current .  A good pump 
design i s  one which minimizes the extent of c r i t i c a l  regions and avoids i n s t a b i l i t i e s .  
To f u l f i l l  both conditions in  the same pump design may not be possible .  

of the present-day a r t  of f lux pump making, and s c i e n t i s t s ,  of course, are always a 
L i t t l e  suspicious of a r t i s t s .  

The analytical. 
. d i f f i c u l t i e s  leave many design problems t o  i n t u i t i v e  solutions.  This i s  c h a r a c t e r i s t i c  

21. Y.B. Kim, C.F. Hempstead, and A.R. Strnad, Phys. Rev. Le t te rs  SIl 306 (1962); 
P.W. Anderson and Y.B.  K i m ,  Rev. Mud. Phys. 36,. 39 (1964); 
J. F i l e  and R.G. M i l l s ,  Phys. Rev. Letters 10, 93 (1963); 
J. F i l e ,  J. Appl.  Phys. 39, 2335 (1968). 
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SUPERCONDUCTOR 

SUPERCONDUCTOR 

SWITCH 
(OPEN AND CLOSED1 

bl 

PERCONDUCTOR 

P i g .  1.  Principle o f  f lux pumping. 
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7 SWITCHING MAGNETS 

I 11 111 EXCITING MAGNETS, ENERGIZED 
/ i / IN SUCCESSION 

Fig. 2. Two arrangements of flux pumps without moving parts (from Ref. 9 ) .  
The upper example is a rectifier type [see Ref. 5 and J.L. Olsen, 
J. Appl. Phys. 29, 537 (1958); R. Fasel and J.L. Olsen, in Proc. 
11th Intern. Congress on Refrigeration, Madrid, 1967; also in 
Z .  Kzltetech. Klimat. l.9, 274 (1967)]. The lower example uses a 
moving magnetic field. This version is feasible but ineffective 
because of the poor shape of the normal spot (large critical re- 
gions, high Lp) [see S.L. Wipf, in Advances in Cryogenic Engineer- 
& (Plenum Press, 1964), Vol. 9, p. 342; D. Van Houwelingen et al., 
Phys. Letters 8, 310 (1964); B.S. Blaisse et al., Phys. Letters 3, 
5 (1965)]. 

Fig. 3 .  Typical example of moving magnetic field Elux pump. 
here are coils to magnetize the iron rotor so that the poles all 
-have the same magnetic polarity, see Fig. 6 (from Ref. 15). 

Not shown 
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Fig. 4 .  Schematic cu r ren t  d i s t r i b u t i o n  around moving normal spot containing 
f l u x . $  : 

Horizontal arrow : Direction of movement 
Crosshatch : Res i s t ive  {normal) region 
Narrow crosshatch : Leading edge 
Thin s o l i d  Lines : Load current  d i s t r i b u t i o n  
Thin broken lines : Eddy current  dis . t r ibut ion 
Thick broken l i n e s  : Alternat ive current d i s t r i b u t i o n  f o r  current 

which i s  driven r e s i s t i v e l y  out of the  lead- 
ing edge. 
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. 

RADIAL FIELD COMPONENT 
FOR 1 = 0,2000,4000,60~ A 

\SING CURRENT 

1 

kG 0 

1 

2 
TANGENTIAL FiELD COMPONENT 
CURRENT WCREMENTS 450 A 

Fig. 5. Radial and tangential field components vs angle (relative to rotor). 
Measured by stationary Hall’probes at the outer surface of the pump- 
ing sheet and at the center of the path of the pumping spot. The 
diameter of the sheet is 7 . 9  cm, the rotor diameter 7 . 6  cm, width 
of pole face 1.35 em, thickness of rotor 1.22 cm. 
the center of the Hall probe from She surface of the sheet is 0 .3  cm. 
(The pump is shown in Fig.  10 with a.different sheet.) 

The distance of 
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WINDOW 
TORQUE 

TORSION SPRING 
TO OBSERVE 

STROBOSC 

TWO LOOPS 
IN SERIES 

EXCITING FIELD 
-I SUPERCONDUCTING 

COJLS 

IRON ROTOR 

Fig. 6. Example of pump used to measure losses (from R e f .  9). 
The exciting coils are energized in series opposition 
to give a l l  poles the same polarity. 
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4000 A r 

CURRENT 3500 1 

“1 0 

Fig. 7. 

1 2 3 
FULL ROTATIONS 

XY traces of input torque and output current vs rptation angle 
for pump with a sheet of 7 . 0  cm diameter and a rotor i l l u s -  
trated in Fig.  %e. Above: i l lus tra t ion  of relaxation angle i n  
terms of flux pinning (see t e x t ) .  
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Fig, 8. a) Input and output power vs flux per pole (P) and. 
vs average field in front of poles. For 0, 1600, 
3200 A output current. 

b) Power efficiency (output/input power) vs P. 
c) and d) Difference between Eq. ( 4 )  and measured 

losses with two different: interpretations of I(0) 
(see text). 

e) Relaxation angle vs P. Insert: outline of rotor, 
diameter 6.72 cm, thickness 1.7% cm. 

. . .  



I I 1 I .  I 
0 1 2 3 4  

kG - } REGION OF - ZERO CURRENT _ _ - -  4000 A ~--rlr STRONGEST PINNING LOSSES 

Fig. 9. Field distribution constructed from Fig. 5 for zero and 
4000 A currents, with indication of extent of critical 
regions. 
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F i g .  LO.  Example of f l u x  pump Eor high currents .  Circui t  consists 
of 8 tapes of NbTi s t r i p  sandwiched between copper s t r i p s .  
The current produces 0.230 G/A at the center of two turns 
of 9 . 0  crn i . d .  where i t  i s  measured by ca l ibrated Ball 
probes. The finger p o i n t s  t o  Ea11 probes which are  used 
to measure f i e l d  p r o f i l e s  as in Fig .  5 .  
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\""TOTAL CURRENT 

ROTOR 

C 

?OLE FACE MEASURED "D 

(HI 

1.5 x 10-l0 

1.15 10-9 

1.93 

0 1 2 3 4 5 cm 

0 1 2 in. 
w 

- 
L (LOOP) 
CALCULATED 

( H) 

(5.7 10-9) 

(8.1 

(1.42 x 

Fig. 11. Three d i f f e r e n t  r o t o r s  used i n  pump of F i g .  10. Comparison. 
of measured Lp w i t h  minimum hductance  of loop around pole 
face. Rotors  and pole  f a c e s  are drawn t o  scale. 
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lor 11 
0 

10 

10 7 3  

2 min TIME ------+ 

8-poie ROTOR 
13 rpm 

4-pole ROTOR 
3.1 rpm 

b 3-pole ROTOR 
3.1 rpm 

Fig. 12. Traces of emf (in WV) and output current (in M) vs t i m e  
for the three different rotors of Fig .  II used in the pump 
Qf Fig. 10. 
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DESIGN PRINCIPLE AND CHARACTERISTICS OF THE G.E.. FLUX PUMP 

R.L. Rhodenizer 
General Electric Company 

Research & Development Center 
Schenectady, New Yorlc 

INTRODUCTION 

. There have been several methods proposed for generating or otherwise creating a 
large direct current in a low temperature environment to avoid the losses associated 
with conducting high current to a low temperature region from a room temperature 
source. If such a device is operated in conjunction with a s.uperconducting magnet 
system, it is desirable that the current source also be superconducting, and be con- 
structed so that flux is introduced within a closed superconducting circuit. These 
devices can then be considered as flux pumps. 

One of the methods for accomplishing this is to use4 a transformer-rectifier 
circuit, made from superconductive components, t-o transform a small alternating cur- 
rent input into the high level current required, which can then be rectified to obtain 
a large direct current. 
using superconductive windings, but novel methods are required to achieve the rectifi- 
cation function with superconductive components. The situation is further complicated 
in that, in the case of energy storage systems such a superconducting magnets, phase- 
controlled rectification is desired so that energy can be rempved from as well as 
added to the load. 

The transformer .can be fabricated in a c’onventional manner 

The flux p m p  to be discussed here was invented and developed by T.A. Buchhold 
and uses a transformer-controlled rectifier configuration to convert a small alterna- 
ting current input to the output characteristics needed for energizing superconductive 
magnet systems. This device operates with very high efficiency and is capable of pro- 
ducing sufficient output power for practical use in many magnet applications. As this 
concept has undergone considerable improvement and refinement over the past several 
years, an up-to-date sunrmary of the characteristics of this type of flux pump and its 
capabilities will be given. 

FLUX PUMP OPERATION 

The key concept introduced by Buchhold is a unique combination of magnetically- 
controlled, cryotron-like switches used in conjunction with saturable core reactors to 
achieve phase-controlled rect ifieation. Figure 1 shows the low temperature portion of 
his flux pump circuit and the arrangement of the various components. 

The input transformer has superconductive windings on an iron core and is excited 
by a square wave, room temperature voltage source. As the transformer has a high pri- 
mary to secondary turns ratio, the input current requirement is low and, therefore, 
small cross-section input leads may be used to connect to the room temperature source. 

The secondary circuit is connected i n  a two-phase arrangement which requires two 
sets of the cryotron-reactor “rectifiers .’I 
and the center tap of the transformer secondary winding. The primary winding of the 
saturable reactor, the gate of the cryotron switch and all interconnecting leads are‘ 
made from superconductive material, usually niobium. Thus, in the absence of cryotron 
excitation, the entire secondary circuit is superconducting. 

The load is connected between the cryotrons. 
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Ideal ly ,  of course,  the cryotron switches would have zero r e s i s t ance  i n  the "on" 
The former condition i s  met by t h e  s t a t e  and i n f i n i t e  r e s i s t a n c e  i n  t h e  "off" s t a t e .  

use of a superconductive cryotron gate material ,  but the f i n i t e  r e s i s t ance  of the g a t e  
i n  the off  state i s  one of the primary f ac to r s  l imit ing the eff ic iency of the f l u x  
pump. This w i l l  be discussed more f u l l y  l a t e r .  
on, or  superconducting s t a t e ,  and t h e  o f f ,  or normal state, by means of a superconduc- 
t i n g  magnetic con t ro l  winding.. This i s  excited by an ex te rna l ,  room temperature, 
source. 

The cryotron i s  switched between the 

The s a t u r a b l e  core r eac to r s  c o n s i s t  of t h ree  windings on a to r ro ida l  core of 
Deltama. The primary winding is connected i n  series with the gate of the cryotron 
switch, the r e t a r d i n g  winding i s  connected i n  series with the cryotron control ,  and 
the signal winding i s  wound from a normal metal and extends t o  the room temperature 
control c i r c u i t .  The functions performed by these windings are best shown by a des- 
c r ip t ion  of the circuit  operation, but i t  i s  pointed out t h a t  the r eac to r  core i s  
normally i n  s a t u r a t i o n  except during short  periods i n  the switching cycle.  Thus t he  
impedance of t h e  r eac to r s  is  usual ly  negl igible  except €or short  periods when the core 
leaves sa tu ra t ion .  It w i l l  be shown t h a t  t h i s  c h a r a c t e r i s t i c  i s  a key factor  i n  the 
high e f f i c i e n c i e s  obtained with t h i s  concept. 

Figure 2a shows some of the wave forms which i l l u s t r a t e  the circuif  operation i n  
a simple r e c t i f i c a t i o n  cyc le ,  t h a t  is, r e c t i f i c a t i o n  without phase control .  For t h i s  
operation the r e t a rd ing  windings on t h e  saturable core and the phase s h i f t i n g  c i r c u i t  
may be ignored. To follow the a c t i o n  of the c i r c u i t  throughout a basic  r e c t i f f c a t i o n  
cycle, f i r s t  assume t h a t  the upper cryotron i n  Fig. 1 i s  superconducting or  on, while 
the lower cryotron i s  o f f .  A t  t h i s  po in t ,  both sa tu rab le . r eac to r  cores are i n  satura- 
t i o n  and the  load sees  t h e  voltage ac ross  one half  of the transformer secondary, el; 
and the 'load cu r ren t  increases  according t o  the r e l a t ion :  

-t- dZ =1 
d t  L " 

where L is t h e  load inductance. 

A t  the  end of the pos i t i ve  cyc le ,  the transformer voltage reverses po la r i ty  and i t  
becomes necessary t o  switch both cryotrons i n  order t o  achieve r eck i f i ca t ion .  
t h i s ,  an ex te rna l  c i r c u i t  de t ec t s  t h e  change i n  po la r i ty  of the primary voltage and pro- 
duces a s igna l  whicIi i n t e r r u p t s  t h e  con t ro l  current flow i n  the  lower cryotron. Thus 
the control f i e l d  goes t o  zero. The cryotron gate t r i e s  t o  rever t  t o  the superconduc- 
t i n g  s t a t e ,  bu t ,  as the gate  r e s i s t a n c e  decreases, the current tends t o  increase. This 
would cause l a r g e  lo s ses  and i n h i b i t  the switching process i f  i t  were not for  the reac-  
t o r  i n  series with the gate .  The rectangular hys t e re s i s  1 . 0 0 ~  charac, ter is t ics  of the 
saturable r e a c t o r  core prevents a r ap id  build-up of t h e , g a t e  current as  i s  shown i n  
Fig. 2b. 

To do 

Point A i n  Fig.  2b shows the pos i t i on  on the hysteresis  loop of the core before 
the change i n  p o l a r i t y  of t he  input voltage.  The core i s  i n  sa tu ra t ion  with a cu r ren t ,  
Iba flowing through the primary winding. The current ,  I,,, i s  determined by the voltage 
across the f u l l  transformer secondary and the resis tance of the lower cryotron i n  t h e  
o f€  s t a t e .  When the voltage reverses  po la r i ty  and the cryotron switches t o  the on 
s t a t e ,  the current  through the ca re  primary tends t o  build u p  toward the value i t  w i l l  
conduct when on. However, as the cu r ren t  goes through zero,  the core leaves sa tu ra t ion  
and the current  is limited t o  a low value,  io, determined by the width of the hys t e re s i s  
loop. The t i m e  f o r  which the  cu r ren t  i s  limited depends on the design of the c i r c u i t  
and i s  set t o  give the gate of the cryotron su f f i c i en t  t i m e  t o  complete i t s  normal t o  
superconducting t r a n s i t i o n  at  the l o w  current l e v e l .  
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The upper saturable  core reactor  a l s o  performs an important func t ion  a t  t h i s  . t i m e .  
As the  lower cryotron is  switched t o  the on s ta te  and the lower r e a c t o r  goes inco sat- 
uration, t he  encire  secondsary . c i r cu i t  is of very low impedance. Thus, t h e  current  i n  
the secondary is  commutated very quickly from t h e  upper half  of the c i r c u i t  t o  the . 
lower half  by the transformer voltage. AS the  c u r r e n t  i n  the upper h a l f  i s  driven 
through zero, the core of the upper r eac to r  comes out of s a tu ra t ion  and the changing 
f lux  i n  the core induces a voltage i n  the s i g n a l  winding. This s i g n a l  is then used t o  
t r i g g e r  current flow i n  the upper cryotron c o n t r o l  from the room temperature c i r c u i t  
which switches the upper cryotron gate t o  the  normal state. By r epea t ing  t h i s  process 
with ,the po la r i ty  changes i n  the  input vol tage,  i t  i s  seen t h a t  r e c t i f i c a t i o n  i s  achiev- 
ed and energy can be fed i n t o  an inductive load. 

I n  order t o  change the rate at',which energy i s  fed i n t o  the load or  t o  remove en- 
ergy from the load, a means f o r  phase 'shif t ing t h e  r e c t i f i c a t i o n  c y c l e  with respect t o  
the input voltage is required. This i s  accomplished with two modif icat ions t o  the 
c i r c u i t .  

The f i r s t  i s  the addi t ion of a means f o r  de l ay ing  the s igna l  der ived from the in-  
put voltage reversals  which is used t o  switch t h e  appropriate cr.yotron t o  the on s t a t e .  
This i s  e a s i l y  accomplished i n  t h e  room temperature e l ec t ron ic  c i r c u i t  by conventional 
c i r c u i t  techniques. The second change is t he  a d d i t i o n  of the r e t a r d i n g  winding t o  the 
cores of the saturable  r eac to r s .  As s t a t e d  be fo re ,  t h i s  winding i s  connected i n  series 
with the  cryotron control  c o i l s  so tha t  t he  c ryo t ron  control  s i g n a l  a l s o  .passes through 
the retarding winding. 

The wave forms of Fig. 3 show the  ope ta t ion  of the c i r c u i t  with phase s h i f t  CY. 
Again assume a point i n  the pos i t i ve  half  cycle  where both cores  are i n  sa tu ra t ion ,  the 
upper cryotron is OR, and the lower i.s o f f .  When the voltage r eve r ses  po la r i ty ,  t he re  
is now no switching ac t ion  because of the s i g n a l  de l ay ,  Q. There are two changes, 
however. 

F i r s t  the current  through the off lower c ryo t ron  reverses  due t o  the input voltage 
p o l a r i t y  change. 
out of saturat ion.  However, as t he  core a c t i o n  i s  needed only when t h e  cryotron is  t o  
be switched on, a means must be provided t o  hold t h e  core  in  s a t u r a t i o n  u n t i l  the proper 
t i m e .  This is accomplished by connecting the  r e t a r d i n g  winding i n  series with the cryo- 
t ron  control  so t h a t  the con t ro l  current creates s u f f i c i e n t  mmf t o  overcome tha t  of the 
primary winding and keep the core i n  sa tu ra t ion .  

With no r e t a rd ing  winding, t h i s  would cause the  lower core t o  come 

The second e f f e c t  is  t h a t ,  because n e i t h e r  c ryo t ron  has been switched, the load 
current  decreases due t o  the reversed input vo l t age  p o l a r i t y .  ' 

After  the delay, a, a s igna l  i s  produced t o  t u r n  t h e  lower c ryo t ron  on. This s ig -  
nal  now in t e r rup t s  the cryotron control  cu r ren t  and removes the r e t a r d i n g  winding mmf 
from t h e  core. 
bottom core leaves sa tu ra t ion  a t  the proper time t o  allow the gate  t o  switch on a t  a 
low current .  When t h i s  is completed, the secondary current  commutates and the upper 
cryotron is switched off. by the means described previously.  The output  voltage is thus 
again pos i t i ve  up t o  the next r eve r sa l  i n  the  inpu t  square wave. 

The cryotron ga te  then r e t u r n s  60 the  superconducting s ta te  and the 

It i s  seen t h a t  the phase delay,  Q, provides a means for confxol l ing the f r ac t ion  
of a period f o r  which the load i s  exposed 20 a p o s i t i v e  or a nega t ive  voltage.  
load charging r a t e  can then be e a s i l y  adjusted i n  t h e  room temperature c i r c u i t  f o r  ad- 
ding o r  removing energy. It is  also c l e a r  t h a t  t h e  e l e c t r o n i c  c i r c u i t  can be de-ener- * '  

gized a t  any t i m e  t o  leave a pe r s i s t en t  currenk i n  t h e  magnet c i r c u i t .  

The 
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. 
FLUX PUMP CRARACTERISTIGS AND APPLICATION . 

If one considers the application of this flux pump concept in conjunction with a 
superconductive magnet system, the performance of the system can be summarized by a 
few simple equations. 

First, the load current is given as: 

where V is the effective output voltage of 
the load. . 

Y 

the flux pump, and L, is the inductance of 

As the inductance of a superconducting coil is normally a function of the field, 
it has been included under the integral sign, but in a simplified analysis it will be 
assumed that L is constant. 

The maximum output voltage is shown as a function of current for a typical flux 
pump in Fig. 4 .  It is seen that the voltage decreases somewhat with current, the de- 
crease depending mainly on the output impedance of the square wave source exciting the 
transformer primary. 
approximately expressed as: 

If this decrease is also neglected, the load current can be 

% = K t  V . 

With these conditions, the total load charging time is then: 

where Ws is the energy stored in the 
put ,power at the maximum current. 

f 

magnet system, and PM = V haX, the flux pump out- 

In turn one can define 

where PL is the loss in the 

Because the efficiency 

a maximum efficiency factor as: 

Y M 
% = P  M + P L  ' 

low' temperature section of the flux pump. 

of the flux pump determines to a main extent whether or not 
the device can provide an economic savings in a given application, this definition de- 
serves further clarification. It is found that the predominant flux pump losses are 
nearly independent of the output current. Thus if one plots the efficiency as a func- 
tion of output current, the curve in Fig. 5 results. This shows that the efficiency 
is zero, by this deficition, at zero current, but rises rapidly with the current t.o 
opproach its maximum value at the full output. 
losses are nearly independent of the phase shift in the rectification cycle, so that 
the definition assumes the maximum output voltage with no phase delay. 

It should also be pointed out that the 

Further rearrangement of these equations shows that the instantaneous power loss 
is related to the efficiency and maximum power output as: 
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pL 7Xl 

The energy l o s t  i n  charging a c o i l  system t o  i t s  f i n a l  energy at the maximum charging 
r a t e  is: 

) W S " 2  ( 1  - \> ws . % = 2 ( - -  1 " % 1  

?In 
That is, the ineff ic iency on an energy bas i s  i s  twice t h a t  found from the power equation. 

These equations show t h a t  t h e  .energy l o s t  i n  energizing a magnet system is related 
only t o  the eff ic iency of t h e  f l u x  pump, w h i l e  t he  charging t i m e  is a funct ion of the 
power capabi l i ty  of the pump. The instantaneous power lo s s ,  on the  other hand, is a f -  
fected both by the e f f i c i e n c y  and power capab i l i t y  of the device. 

If some typical  f l ux  pump, parameters a r e  assumed, the following values can be 
found f o r  a representat ive app l i ca t ion .  
signed t o  energize a magnet system s to r ing  50 000 J of energy. 
energize the magnet a t  the maximum pumping rate w i l l  be about 33 minutes, and approxima- 
t e l y  2000 J w i l l  be d i s s ipa t ed  i n  the  l i qu id  helium. The instantaneous power diss ipa-  
t i o n  w i l l  be about 1 W, which is  equivalent t o  a l i q u i d  helium boi l -off  rate of 1.4 1 
per hour, and t o t a l  helium consumption i s  about 0.75 A.  This exauiple i l l u s t r a t e s  that  
very high flux pump e f f i c i e n c i e s  are des i r ab le  t o  achieve l o w  system losses ,  and the 
power range which mkst be considered t o  achieve p r a c t i c a l  charging r a t e s  i s  a l s o  indi-  
cated. 

Consider a .50 W ,  98% e f f i c i e n t  f l u x  pump de- 
The t i m e  required t o  

FLUX PUMP DESIGN AND CAPABILITIES 

A s  with many engineering devices ,  ca re fu l  optimization procedures must  be followed 
t o  maximize the e f f i c i ency  of a f l u x  pump u n i t  f u r  a s p e c i f i c  appl icat ion.  This optimi- 
zat ion process generally d e f i n e s  t h e  maximum e f f i c i e n c y  that  can be a t t a ined  i n  pract ice  
while the power c a p a b i l i t i e s  are defined by the physical  s i z e  of t h e  un i t  o r  by p rac t i -  
cal fabr icat ion cons t r a in t s .  
with any combination of cu r ren t  and voltage so t h a t  a design can be matched t o  the load 
with l i t t l e  e f f e c t  on the e f f i c i e n c y  c h a r a c t e r i s t i c s  of the device. 

Usually i t  i s  possible  t o  design f o r  given power levels  

The l i m i t  on f l u x  pump e f f i c i e n c y  is  set by t h e  propert ies  of the cryotron switch-  
es. Table I shows the  var ious components of f l u x  pump loss  and gives  the percentage of 
the t o t a l  l o s s  a t t r i b u t e d  t o  each component in  a t y p i c a l  design. This c l e a r l y  shows 
the dominant e f f e c t  of the c ryo t ron  l o s s  i n  present f l u x  pumps. 

TABLE 1. D i s t r i b u t i o n  of Flux Pump Losses 

1. Input Transformer - 15% 
a. Winding l o s s  
b.  Core l o s s  

2 .  Sa tu rab le  Reacto; 
a. Winding l o s s  
b .  Core l o s s  

3. Cryotron 
a.  Gate ohmic loss 
b. Gate h y s t e r e s i s  loss 
c. Control windiqg Loss , 

d .  I r o n  l o s s  

- 5% 

- 80%. 
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An analysis of  the l o s s e s  occurring i n  the cryotrons shows t h a i  the t o t a l  l o s s  
and, thus, the ult imate e f f i c i ency  of a f lux  pump depends mainly on the superconductive 
propert ies  of the ga t e  mater ia l .  
i s  inversely proportional t o  the length of the gate i n  the cryotron, or  t o  the volume 
of the cryotron, w h i l e  hys t e re s i s  l o s s  increases d i r e c t l y  with the  volume. Thus, t he re  
i s  an optimum design which makes the two Loss components equal,  t h e  optimized lo s s  then 
depending on the propert 'ies of the gate mater ia l .  

%is i s  due t o  the f a c t  t h a t  t he  ohmic cryotron l o s s  

Recent development programs have devoted a s ign i f i can t  e f f o r t  toward t h e  develop- 
ment of new cryotron gate materials so t h a t  the device e f f i c i ency  can be improved. 
This has resul ted i n  the use  of c e r t a i n  niobium a l loys  which d i s p l a y  c h a r a c t e r i s t i c s  
p a r t i c u l a r l y  sui ted €or use i n  construction of the cryotron ga te s .  

The design of the remaining f lux  pump components follows from r a t h e r  conventional 
considerations t o  a t t a i n  the desired operational c h a r a c t e r i s t i c s .  Every component must, 
however, be ca re fu l ly  designed and constructed t o  avoid needless l o s s  and t o  maximize 
the output c h a r a c t e r i s t i c s  f o r  a given s i z e .  

Over the pas t  several  years improvements i n  the design and f a b r i c a t i o n  procedures 
has r e su l t ed  i n  cont inual ly  improved f l u s  pump models f o r  p r a c t i c a l  use. Several f l u x  
pump u n i t s  have been b u i l t  and used with superconductive magnets. 
from an o r ig ina l  3 W f e a s i b i l i t y  model having a maximum e f f i c i ency  of about 90%, t o  
more recent  models i n  the 50-60 W range, having maximum e f f i c i e n c i e s  of almost 98%. 
The current  r a t ings  of these un i t s  has ranged from about 300 A t o  more than 1700 A a t  
approximately constant power output. However, there  appears t o  be no se r ious  techno- 
l o g i c a l  ba r r i e r  t o  fu r the r  increases i n  f lux  pump power l eve l s  i f  the need should a r i s e .  
There is  always, however, a need t o  improve eff ic iency which could r e s u l t  from f u r t h e r  
improvements r e l a t ed  to high current cryotrons. 

These have ranged 

I n  applying f lux  pumps t o  systems, several  problems had t o  be solved which were 
not d i r e c t l y  r e l a t ed  t o  the f lux  pump i t s e l f .  One of these w a s  the  nqed t o  shield t h e  
f l u x  pump when used i n  close proximity t o  a high f i e l d  magnet. Use of s t a t i c  supercon- 
ductive shields  was found t o  be only p a r t i a l l y  e f f e c t i v e  but a c t i v e  s h i e l d  concepts 
have been.used successfully i n  several  cases. For a s imple  solenoid an a c t i v e  shield 
can cons i s t  of a superconductive winding placed between the magnet and t h e  flux pump 
and connected i n  series with the main c o i l ,  but y i t h  the opposite f i e l d  sense. 

Another problem was the p o s s i b i l i t y  t ha t  the f l u x  pump could be d r iven  normal 
during a c o i l  quench with the  energy of the load being dumped i n t o  the  f l u x  pump com- 
ponents. This, of course, overheats and damages the f l u x  pump components. This 
problem was overcome with the dpelopment of spec'ial semiconductive "avalanche break- 
down" devices which, operate r e l i a b l y  a t  l i q u i d  helium temperatures. 
be custom fabricated t o  break down a t  low ,voltage and pass high cu r ren t s  and are  con- 
nected d i r e c t l y  across the f l u x  pump output t o  l i m i t  the  energy which can be dumped 
back i n t o  the f lux  pump from the load. 

These un i t s  can 

Figure 6 shows a typ ica l  f lux pump-magnet system which includes these features .  
This f igu re  shows a shield winding between a LO0 kG Nb3Sn magnet and the f l u x  pump, 
which is enclosed i n  a niobium housing. The copper heat  sink i n  which the  protect ive 
semiconductor i s  mounted i s  a l s o  v i s i b l e .  

Figure 7 shows a t yp ica l  300 A ,  50 W f lux pump. The e f f i c i ency  of t h i s  unit  i s  
c lose t o  98% and i s  s i m i l a r  t o  t ha t  i n  Fig.  6 .  For comparison another 50 W f lux pump 
designed f o r  1700 A i s  shown i n  Fig. 8. 

. The f lux  pump control uni t  shown i n  Fig. 9 i s  r e l a t i v e l y  compact and has several  
f ea tu re s  useful i n  system appl icat ions.  These include automatic s e l e c t i o n  of f i e l d  
l e v e l ,  protect ive discharge i n  case of low helium l eve l s ,  two pumping voltages to  
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minimize losses at low pumping rates, and continuous rate control between maximum 
charge and discharge. In addition, of course, persistent current operation is pos- 
sible by simply de-energizing the control unit. 

In summary it can be said that this flux pump concept has been developed to a 
point where flux pumps are considered as a commercial item rather than a research de- 
vice. Present applications have been in association with research type, superconduc- 
tive magnet systems where only modest power requirements exist. It is still true that 
flux pumps only become competitive with conventional systems for loads requiring rela- 
tively high currents, and low inductance loads are desirable to achieve rapid charging 
rates.’ 
power system i s  used, the use of a flux pump can still be considered tci supply the 
energy dissipated in the resistive joints of the load, or to attain fine field-adjust- 
ment . 

A s  for magnet systems storing many megajoules of energy, where a conventional 
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F ig .  6 .  100 kG magnet system with flux pump. 
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Fig. 7. 300 A,  50 W €lux pump. 
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Flg. 8. 1700 A ,  50 W f l u x  pump. 
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Fig.  9 .  Flux .pump room temperature con t ro l  unit. 
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FLUX PUMPS AS POWER SUPPLIES IN COMPARISON w m  ALTERNATIVES" 

M.S. Lubell and R.R. Efferson 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 

XNTRODUCTION 

For a better understanding of the losses associated with energizing a supercon- 
ducting magnet, a comparison of the relative performance between a flux pump and vapor- 
cooled input leads supplied by a conventional power source will prove illuminating; 
Thus, for the same magnet, the flux pump Losses €or various modes of operation and the 
losses for vapor-cooled leads optimized for the same operating current will be calcu- 
lated. Since both calculations are based closely on experimental results, the compari- 
son that is presented for a particular magnet is quite realistic. The inferences and 
conclusions, however, may not be applicable to all magnet systems since only one type 
of flux pump is discussed. The loss problem becomes more important with the size of 
the magnet, and so a scheme for powering large magnets with minimum loss will be pro- 
pwsed. Only partial experimental observation is available on this latter point. 

LOSS CALCULATIONS 

Flux Pump. The general theory of the losses associated with flux pumps has been 
presented by various a~thors.~'~ 
with some experimentally determined parameters - can be applied to a particular system 
to obtain the losses associated with pump switching as a function of the rotation fre- 
quene# €or a rotating magnet, Nb-foil flux pump. 
one must also consider the ac lbsses of the current carrying pump material and the joule 
losses in the normal shunt. For the small magnet system, which has been previously des- 
cribed4 ,(limax = 39 kG at Itotal = 1480 A) , the loss rate (in watts) takes the form 

It has also been shown how these theories - along 

Ln addition to the switching losses, 

(1) 
-3  -2 2 Switch loss = 9 x 10 w - k  4 .7  x 10 w , . 

Ac loss = 2 X w , ( 2 )  

(3 )  
2 Shunt loss = 3.5 X (dH/dt) . 

The relationship between dH/dt (G/secf , the rate of increase of the field, and w 
(revjsec), the pump rotation frequency, was experimentally determined.. 
of operation consistent with the above equations, w = 0.105 dH/dt rev/sec as shown in 

For the 'mode 

* 
Research sponsored by the U.S. Atomic Energy Commission under contract with the 
Union Carbide Carbide Corporation. 
1. S.L. Wipf, in Proc. Intern. Symposium on Magnet Technology, Stanford, Calif., 1965, 

2 .  D. van Houwelingen and J. Volger, in Proc. Intern. Cryogenic Engineerin? Confer- 

3. H. Voigt, 2. Naturforsch. 219, 510 (1966). 
4 .  M.S. Lubell and S.L. Wipf, in Advances in Cryoaenic Engineering (Plenum Press, 

p. 615. 

ence, Tokyo and Kyoto, Japan, 1967, p. 135. 

New York, 1968), Vol. 13, p.  150. 
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Fig. 1. 
e rg iz ing  a r e  shown i n  F ig .  2.  
r o t a t i o n  o r  dH/dt'. 
but  r o t a t i n g  pumps have been opera ted  at  much h igher  
considered i n  the  a n a l y s i s .  
equivalent  t o  a d I / d t  = I A / S e G .  

The t o t a l  l o s s e s  in  w a t t s  [Eqs.  (I) ,  ( 2 ) ,  and ( 3 ) ]  f o r  d i f f e r e n t  rates of en-  

This  * p a r t i c u l a r  pump was opera ted  a t  a maximum speed of 4 r ev / sec ,  
As is  r e a d i l y  ev iden t ,  t h e  l o s s  increases  r a p i d l y  wi th  

s o  l a r g e r  rates w i l l  be 
For t h e  magnet being d i scussed ,  a d H f d t  = 26.3 G/sec was 

Vapor-Cooled Leads. A d e s c r i p t i o n  has  r e c e n t l y  been given f o r  t he  des ign  of cur-  
r e n t  leads  which a r e  cooled by t h e  hel ium bo i l -o f f  gas .6  The s i z e  pf t he  l e a d s  and 
number of woven s i l v e r - p l a t e d  copper conductor t ubes  ( a l s o  serv ing  a s  gas  passages) a r e  
chosen t o  minimize t h e  l o s s e s  a t  t h e  a n t i c i p a t e d  maximum opera t ing  c u r r e n t .  I 

' 

For a comparison wi th  t h e  system discussed  above, a set of  vapor-cooled l eads  
which are optimized f o r  1480 A are needed. Since d a t a  f o r  t h i s  a r e  not  a v a i l a b l e ,  a 
c lose  approximation (descr ibed i n  F ig .  2 of Ref. 6) w i l l ,  be used. ,The loss rate as a 
func t ion  of cur ren t  i s  given f o r  a set  of leads  (3 /4  i n .  o .d . ,  80 conductor s t r ands ,  
optimized f o r  1320 A) up t o  a maximum cur ren t  of 1400 A .  
cur ren t  can be obtained i n  a n a l y t i c  form by f i t t i n g  the  experimental l o s s  data wi th  a 
quadra t i c  dependence on c u r r e n t .  For the  l eads  optimized f o r  h ' igh 'cur ren ts ,  t h i s  ap- 
proximation i s  q u i t e  good. The l o s s  ra te  i n  w a t t s  f o r  a p a i r  of 1400 A l eads  i s  

The l o s s  as a func t ion  of 

( 4 )  
-7 I2 51 = 1.55 + 6.7 x 10 

For the  magnet system being cons idered ,  t h e  c u r r e n t  can be expressed i n  terms of the  
ra te  of ene rg iza t ion  as 

I = 137 .(dH/dt) th , ( 5 )  

where dH/dt i s  given i n  G/sec and t h  i s  t h e  t i m e  i n  hours  necessary t o  reach t h e  max- 
imum cur ren t .  Since t h e  f l u x  pump losses depend. o n l y  on t h e  rate of e x c i t a t i o n  while  
t h e  vapor-cooled l e a d s  depend on t h e  current: level i n  a d d i t i o n  t o  an apprec iab le  zero 
cu r ren t  hea t  leak,  t h e  only  way t o  compare them is  t o  c a l c u l a t e  t he  t o t a l  l o s s  i n  
l i t e rs  o f  helium €or  va r ious  ene rg iz ing  rates and t i m e s .  For t he  vapor-cooled leads ,  
t h e  t o t a l  l o s s  i n  liters of hel ium is obtained by  s u b s t i t u t i n g  Eq. (5) i n t o  Eq. (4) 
and in t eg ra t ing .  The l o s s  i n  liters of helium i s  

( 6 )  Loss = (2.07 + b th) 2 th , 

-3 3 
where b = 5.6 x 10 
(hence 314 W d i s s i p a t e s  1 l i t e r l h ) .  

(dH/dt)2 and t h e  l a t e n t  h e a t  of  helium i s . 2 . 7  X 10 S l l i t e r  

Comparison of  Losses .  I n  comparing t h e  losses between a f lux  pump and vapor- 
cooled l eads  on the  s a m e  system, w e  are assuming t h a t  t h e  Dewar l o s s e s  are t h e  same and 
t h a t  t h e  lo s ses  introduced by t h e  m a g n e t  support  s t r u c t u r e  are i d e n t i c a l ,  and not s ig -  
n i f i c a n t l y  dependent on t h e  hel ium level. W e  are a l s o  assuming t h a t  t he  f l u x  pump can 
be a t tached  t o  the  e x i s t i n g  s t r u c t u r e  without  i n t roduc ing  any s i g n i f i c a n t  hea t  leak  and 
a l s o  t h a t  t he  vapor-cooled l e a d s  do no t  r e q u i r e  any a d d i t i o n a l  suppor ts .  

5. K.R. Efferson,  Rev. Sc i .  I n s t r .  38, 1776 (2967). 

6. For an up-to-date d i scuss ion  of t h e  Buchhold f l u x  pump, see 
. R.L. Rhodenizer, these  Proceedings,  p. 654. 
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* .  . 
Figure 3 shows the losses  as a function of t ime'for  various rates of energizing 

for  a f lux  pump and a set of vapor-cooled leads. The Losses due t o  t h e  flux pump 
cease as soon as  the maximum operating current  is reached - thus,  with the system i n  
pers is tent  mode, there  a re  no operating l o s s e s  a t  maximum f i e l d .  On the other  hand, 
while the losses f o r  the vapor-cooled leads are s m a l l  i f  the  system i s  energized rap'id- 
l y ,  the operating losses a t  maximum f i e l d  are l a r g e  and continue, of course, u n t i l  the  
magnet i s  de-energized. 
but i n  practice one must a l so  consider the losses on decreasing t h e  f i e l d .  Even i n  the  
special  case considered here,  the e s s e n t i a l  fea tures  a re  evident;  the mode o f  operation 
(steady state- or  ramp) and the r a t e  of energizing determine which system of powering a 
magnet leads t o  minimum loss .  Except for  t h e  f a s t e s t  r a t e s ,  the  vapor-cooled leads 
have much larger  'Losses. Even f o r  the f a s t e s t  rate considered, IO3 Gfsec, however, 
the t o t a l  losses of the vapor-cooled leads surpass the f l u x  pump losses  a f t e r  four 
hours of operation. 

We are comparing here  only the energizing and operating losses ,  

In  comon pract ice  most magnet systems are operated a t  a prese t  f i e l d  f o r  a long 
in te rva l .  I n  these cases, the f l u x  pumps avai lab le  a t  present are much more e f f i c i e n t  
than the vapor-cooled leads f o r  small magnet systems. The f l u x  pump considered in  
t h i s  discussion has an eff ic iency of approximately 50%, so tha t  t h e  comparison would 
be even more s t r i k i n g  had w e  used the Buchhold-type of f lux  pumps,' which have e f f i -  
ciencies approaching 95%. 

POWERING LARGE MAGNETS 

The rotat ing magnet f lux  pumps a r e  unsui table  for  powering la rge  magnets because 
of the i r  low ef f ic ienc ies .  Buchhold-type pumps have been b u i l t  wi th output powers of 
50 W, but even these would only be adequate f o r  magnets with s tored energies below, 
say, about 0.5 KJ. It seems most l i k e l y ,  therefore ,  tha t  i n  the  near future only vapor- 
cooled leads w i l l  be used f o r  energizing l a r g e  magnet systems. To reduce the  over-all  
losses ,  w e  suggest t h e  following operating scheme 8 s  being possible  for  large magnets: 
(1) Use vapor-cooled leads t o  energize the  magnet. 
ed, t h e  system can be placed i n  pers i s ten t  mode with a superconducting short .  
mal s t a t e  res is tance of the  switch should be hundreds of ohms s o  as not t o  i n t e r f e r e  
with the charging. (3) A t  t h i s  point t o  f u r t h e r  reduce t h e  heat leak in to  the system, 
the current contactr at  the top of the vapor-cooled leads ( a f t e r  the  current i s  reduced 
t o  zero) can b e  opened. I n  t h i s  manner the system's only thermal contact t o  room t e m -  
perature i s  through thin-walled s t a i n l e s s  steel. The thin-walled s ta in less -s tee l  tubes 
of ohms o r  tens of ohms resis tance connected i n  parallel. provide both an e x i t  vent f o r  
the helium vapor and a l so  serve the  important function of an ex terna l  short  €or protec- 
t i o n  should i t  be necessary t o  discharge t h e  magnet rapidly because of a quench, l o s s  
of coolant, f a i l u r e  of switch, etc. ( 4 )  For very large systems operated i n  pers i s ten t  
mode, i t  may be necessary t o  a l so  employ a f l u x  c o i l  de tec t ion  system which can be used 
t o  remotely control a re lay  activated motor t o  quickly reconnect the vapor-cooled leads. 
With t h i s  refinement the s ta in less -s tee l  tubes only have to c a r r y  the load current 
during discharge f o r  the short  t i m e  necessary t o  reac t iva te  the main current leads. 

The ideal pers is tent  switch?'7 of course,  i s  a small f l u x  pump t o  overcome any 
decay due t o  r e s i s t i v e  contacts  and j o i n t s ,  e t c . .  Although t h i s  over-al l  scheme has not  
t o  our knowledge been employed, we have used vapor-cooled l e a d s  on a test system and 

(2) After  maximum current is  reach- 
The nor- 

7 .  Private communication with S.L. Wipf; E. Brechna a t  SLAC and P.F. Smith a t  
Rutherford are  both contemplating use of a f lux  pump as a pers i s ten t  switch 
and f i e l d  trimmer. 
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the anticipated saving in refrigeration requirements was realized when the external 
electrical. and thermal contact was broken (Fig. 4). 
this system and the measured losses are also indicated. With the contacts in the 
open position, the helium vapor exits through thin-walled stainless-steel tubes. 
Note that the leads are switched in a vacuum chamber and thus, no frosting occurs 
to prevent a low resistance contact from being re-established. Even without the use 
of a persistent switch, detachable contacts to vapor-cooled leads aid in keeping the 
heat input to the system at a minimum between use and save in over-all refrigeration 
requirements . 

Figure 4 shows a schematic of . 

4 
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Fig. 3 .  Comparison between flux pump and'vapor-cooled leads of loss 
vs time fox different rates of energizing. The symbols 
indicate t he  time at which the maximum operating current was 
reached. For the vapor-cooled leads, faster rates (dH/dt 2 lo3 
G/sec) are undistinguishable from the 100 G/sec curve after 
approximately 3 hours. 

CONTACTS CL0SED';CrCONTACT.S OPEN I 

VAPOR COOLED 

500 AMPS ___________ 1.60 LTRS,/HR 
0 AMPS (CLOSED)-----O.95 LTRS./HR 
0 AMPS (OPEN)-----0.30 LTRS/HR 

Fig. 4 .  Measured heat leak through vapor-coaled leads compared with the 
leads being opened. 
helium vapor passes out through thin-walled stainless-steel tubes. 

' With the contacts i.n the open position, the 



FLUX PUMP WORK AT LOS ALAMOS* 

H. Laquer 
Los Alamos Scientific Laboratory 

LOS hlamos, New Mexico 

Flux pump work at Los Alamos has a long but- somewhat sporadic history. I started 
thinking about what we now call flux pumps in October, 1961, when for both mechanical 
and electrical reasons, I had some coils made from large cross-section Kunzler wire 
and ribbon, and somehow could not get the courage to push 1505 A into a liquid helium 
cryostat. 
is of small consequence in the bigengineered coils to be used in most high or medium 
energy physics experiments. 

I think we all feel differently now and an additional heat load of 2 to 4 w 

However, there is a regime o f  medium sized coils with field energies below 50 or 
100 W where relatively high flux pump inefficiencies may be tolerated. 
these are situations where a pumping loss of 10 to 30 liters of liquid helium can be 
of the same magnitude as the cool-down losses. This then has to be weighted against 
a steady loss of 2 to 4 liters/hour for the duration of the experiment. 
even this comparison is not necessarily clear-cut because you also have to consider 
disconnectable or extendable leads, i.e., variable loss leads in conjunction with a 
thermally, magnetically, or auiomatically operated persistent switch. So what I am 
really saying is that we have a complex syscems analysis problem involving questions 
of operational stability, simplicity, and reliability that are hard to evaluate. 
Hence there is still need €or new concepts and €or novel implementations of the old 
ideas to suggest alternatives for the systems designer. That is essentially the ob- 
jective of our present, part-time f l u x  pump effort. We are trying a number of approach- 
es, but cannot as yet quote definite numbers for flux pump efficiencies or for power 
levels. 

Specifically, 

Unfortunately, 

As I. mentioned, some of our first flux pumps (Pig. 1) were built with rigid, heat 
treated, large diameter Kunzler NbgSn wire.I 
contacts through NbSn powder-filled capsules, In 3.963 we actually pumped one of these 
coils, which was potted in indium, well into the Kim-Anderson flux creep region (at 
10 kG and 800 A ) .  
outlet tubes covering a previously flattened section of the conductor. There were 
several things wrong with this approach: 

We minimized joints and made persistent 

Our switches (Fig. 2) were just copper capsules with gas inlet and 

1) The switches were short .  Hznce, their "off" or "resistive" 
state resistances were small. This lengthened the time for 
flux transfer and, hence, limited the repetition rate of the 
pumps. 

just had triggered instabilities, as indicated by the fact 
that the switches worked best at 1000 A .  

synchronize power supply reversal, the programming of the 
primary current, and the timing of the switches. 

2) Our switching process. was highly irreversible. We really 

3) We had t o  use a fairly complicated electronic timer to 

* Work performed under the auspices  of the U.S. Atomic Energy Commission. 

I. H.L. Laquer, Cryogenics 2, 27  (1963) .  

- 673 - 



O u r  second f lux  pump2 t r i e d  to  avoid these  shortcomings .by making the switches 
automatic. It arose out of some discussions about the  nature of pers i s ten t  currents  
i n  superfluid helium and t h e  magnitude of the  c r i t i c a l  superf luid v e l o c i t i e s ,  a phenom- 
enon which i s  q u i t e  analogous t o  the onset of e l e c t r i c a l  r e s i s t a n c e  i n  a superconduc- 
t o r .  Hame13 was interested i n  determining c r i t i c a l  v e l o c i t i e s  from the pers i s ten t  
c i rcu la t ion  possible in  a p a r a l l e l  super f lu id  c i r c u i t  (Fig. 3 ) .  Since soldering is  
quicker than glass-blowing, and since f i e l d  or f lux measurements are e a s i e r  than the 
observation of superfluid c i rcu la t ion ,  Hamme1 asked me t o  assemble the equivalent 
superconducting c i r c u i t  #which cons is t s  of a small and large inductance i n  p a r a l l e l ,  
e i t h e r  i n  a r ing  c i r c u i t  (Fig. 4 )  or  as separa te  e n t i t i e s  (Fig. 5 ) .  

The performance of t h i s  superconducting equivalent turned out  completely a s  one 
might predict. A t  a fixed applied vol tage,  current  w i l l  d ivide inversely a s  the  in-  
ductances, u n t i l  the smaller (L2) reaches i t s  c r i t i c a l  or l i m i t i n g  value and it takes 
the  e n t i r e  applied voltage (E) j u s t  t o  maintain a constant l i m i t i n g  current through 
L2; hence the power diss ipated i n  L2 and i n  the l iqu id  helium ba th  i s  EZ2. The f i e l d  
i n  the  larger  c o i l  w i l l  continue t o  bui ld  up and, as  long as  the  voltage i s  maintained, 
a l l  the addi t ional  current w i l l  flow i n t o  L1. 
make L2 immediately superconductive again,  t rapping a l l  f lux.  
r e n t  reaches zero, a f i e l d  w i l l  have been trapped i n  L1 and t h e  current  i n  Lq w i l l  
have been reversed. The process can be repeated with external  cur ren t  leads o r  with 
a low temperature condenser u n t i l  L 1  reaches i t s  c r i t i c ' a l  cur ren t .  
f i e l d s  by simply reversing p o l a r i t i e s  and w e  have a hys te res i s  loop (Fig. 6 ) .  The 
hys te res i s  f igure suggests an optimum cr i t ica l  current  i n  the switching inductance 
j u s t  equal t o  the desired maximum current  i n  Ll .  

One a l so  wants these s l i g h t l y  conkradictory propert ies  i n  L2: minimal inductance, 
maximum "normal" o r  perhaps "flux flow" r e s i s t a n c e ,  and s t a b l e  (non f lux jump) switch- 
ing. Also, i t  is evident t h a t  there  may be some advantages ' in  varying or  cont ro l l ing  
the  c r i t i c a l  current in L2 by magnetic or thermal biasing. 

Reduction of the  applied voltage w i l l  
When the external  cur- 

W e  can reduce 

A device of ' the  type j u s t  described i s  c l e a r l y  nof: a f l u x  pump since i t  requires  
t h e  introduction of a t  least 2x1 max i n t o  t h e  c ryos ta t .  A f l u x  pump needs a changing 
or  moving magnetic f i e l d  a t  a low temperature, such as a step-down transformer, 
always f e l t  t h a t  an iron core w a s  des i rab le  for energet ic  reasons.  However, Dick 
Br i t ton  l a s t  week showed me a very c l e v e r l y  designed pump without any iron i n  it.. 
There are  some r e a l  advantages i n  not having t o  worry about f r i n g e  f i e l d s  sa tura t ing  
t h e  iron. 

I 

Now the problem of pu t t ing  a transformer on the  c i r c u i t  of Fig.  5 l ies i n  
(a) avoiding losing on the  back swing what w a s  gained on the forward swing, and 
(b) get t ing the f lux i n t o  the (single turn)  secondary i f  it is  a superconducting 
c i r cu i t .  The solut ion which w e  o r i g i n a l l y  appl ied t o  these problems was (1) put t ing 
a small res is tance Bo i n t o  t h e  secondary c i r c u i t ,  and (2) applying an asymmetric p r i -  
mary current so tha t  R, can l i m i t  the  secgndaxy current  during t h e  back swing t o  a 
value insuf f ic ien t  t o  switch L2 (Fig. 7 ) .  It i s  a l s o  apparent t h a t  a dc f i e l d  b ias  

9c 
The equipment necessary f o r  these experiments is  now readi ly  ava i lab le  carmnercially. 
W e  use a Hewlett-Packard 3300 A Function Generator with a 3304 A Sweep-Offset plug- 
in .  Presently, the transformer primary is dr iven  from an HP 6824 A * 5 0 . V  & 1 A 
Power Su?ply/Amplifier, bur t h e  new Kepco BOP 36-5M i 36 V zk 5A Bipolar Operational 
Power Supply should allow higher primary cur ren ts .  

2. H.L. Laquer, R.J. Carrol1, and E.P. Hanunel, Phys. L e t t e r s  2p, 397 (1966); i n  . 
Pure and Applied Cryogenies (Pergarnoa PZESS, 1966) , Vol. 6 ,  p .  539. 

3 .  P. Sikora, E.F. Hammel, and W.E. H e L l c x ,  Physica 32, 1693 (2966); see a l s o  Proc. 
10th Intern.  Con€. Low Temperature Physics,  Moscow, 1966, Vol. 2B, p .  347.  
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on Lz should make it switch more easily for one current direction than for the other 
direction, This, of course,. would eliminate the need for an asymmetric prim'ry cur- 
rent and we have done some preliminary ,experiments along this line. 
quickly pointed out the obvious fact that one needs a rather carefully calculated wind- 
ing profile in order to make the bias field most effective in producing the maximum 
"normal state" resistance. 

These experiments 

Our main effort in the last few months, however, has been on the switch proper. 
There are again conflicting requirements in that one wants a steep & stable rise in 
the E-I curves to minimize switch losses. We have reported on solder switches that 
could be used up to 200 A and niobium switches stable at 600 A . 4  However, what one 
really would like is a 1000 A switch which can be readily soldered into the circuit. 

, It may be possible to obtain copper-clad niobium wire or ribbop, but lacking this kind 
of material we did what should make the wire manufacturers shudder. We took some 
750 A at 20 kG, 0.050 in. diameter multistrand NbTi conductor and heat treated it for 
two hours at 7OO0C. 
2.6 kG so that it would switch itself in a coil with 5 .2  turns/cm. Hence, we obvious- 
ly need a less severe heat treatment. 

The resulting material had a critical current of about 400 A at 

Once the bias switches are working, we can consider replacing Ro with another 
. biased automatic switch. At this point, then, we have probably six wires leading to 
the flux pump so that it is no longer a simple device and we will have to ask ourselves 
again: 

1) Are the resistances of our inductive switches on one hand and 
their losses on the other still competitive with exkernally 
controlled noninductive switches? 

2) Are flux pumps themselves competitive with high current leads? 

The answer to the first question lies, I believe, in a more complete understanding of 
partial stability, and the answer to the second question may well limit flux pumps to 
field energies below 100 W. 

There is, of course, still another unexplored possibility, namely the use of 
truly automatic, passive, semiconductor rectifiers at liquid helium temperatures. 
This is again a materials problem. Commercial 5 A silicon rectifiers can be operated 
at 50 A in liquid nitrogen, but 4'K operation will require 111-V or IV-VI semiconduc- 
tors such as gallium-arsenide and lead-telluride. As a further speculation one might 
even c0nsider.a niobium-niobium oxide structure which would avoid one of the normal 
to superconducting metal contacts. 

4 .  H.L. Laquer, J. Appl. Phys. 39, 2639 (1968). 
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Fig. I. Electrical flux pump with .externally timed switches. 
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Fig. 2 Switch using warm helium gas. 
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Fig, 3 .  Superfluid circuit with persistent circulation of He 11. 

Fig. 4 .  Simple ring circuit with self-switching properties. 

Fig. 5. Parallel inductance circuit, with L2 acting as an automatic 
switch. 
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T .  H 

Fig. 6 .  Complete hysteresis pattern of c i rcu i t  i n  Fig.  5. 
in c o i l  L l  as a function of externally applied current Is. 

F i e l d  HI 

1 
I 

Fig. 7.  Automatic flux pump with l imiting r e s i s t o r  Ro, 
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R.B. Bri t ton  
Brookhaven Nacional Laboratory 

Upton, New Pork 

Interest  i n  f lux  pumps a t  Brookhaven arose almost simultaneously with the r e c e i p t  
i n  l a t e  1965 of 1.27 cm w i d e  Nb3Sn ribbon tha t  was capable of working a t  500 t o  700 A. 
Since we desired t o  run tests for  periods of an hour or  more at these currents ,  the  
problem of lead ineff ic iency with the associated helium loss  was grea t .  Now, the  de- 
s ign of e f f i c i e n t  leads f o r  use up t o  3000 A has become straightforward?'  but f o r  s teady 
dc operation of beam magnets above about 500 A ,  w e  a r e  s t i l l  i n t e r e s t e d  i n  f l u x  pumps. 

From the start, w e  have concentrated on a pump design t h a t  could operate from 
60 Hz, a t  f i r s t  from a three-phase l i n e ,  but i n  the l a t e s t  pumps, from s ingle  phase. 
The cold part  of the pump contains three par ts :  an air-core step-down transformer of 
r a t i o  120:1, and two ident ica l  switches tha t  operate magnetically with no moving p a r t s .  
These are wired as shown i n  Fig. 1. 

Operation is a s  follows: An autotransformer (Variac) is  used t o  control  ac which 
i s  applied through a capacitor t o  the transformer. 
phase s h i f t  i n  the current flow i n  the transformer primary. The secondary of the t rans-  
former has the two switch elements connected i n  series across  it. The superconducting 
device or magnet i s  placed i n  para l le l  with one switch element. Each switch element . 
is a length of f ine ,  multistranded, s a f t  superconductor (such as Pb30%Sn solder}. . The 
element can carry the  f u l l  magnet current with no f i e l d  around it ,  but  is f u l l y  switch- 
ed when immersed i n  a f i e l d  of 600 t o  2000 G. Each switching fi.eld is produced by a 
I in .  bore ai r -core  solenoid made of Nb48%Ti w i r e  with ex t ra  spacing f o r  helium flow. 
The solenoids a r e  capable of cycling 0 t o  LO kG t o  0 a t  a 60 Hz r a t e  (operating biased}, 
but  i n  switching use, 0 t o  1.5 kG i s  about optimum. The switch magnets are driven in  
p a r a l l e l  from a second autotransformer. Each c o i l ,  however, has a diode in  i t s  c i r c u i t  
t o  b ias  it i n  one direct ion.  A damping r e s i s t o r  i s  used across  each c o i l  t o  smooth out. 
the  diode act ion.  
The t o t a l  phasing i s  such tha t  as one switch i s  energized and r e s i s t i v e ,  the transform- 
er i s  drawing f lux from space across the r e s i s t i v e  element and i n t o  the  SC c i r c u i t .  
On the  next half-cycle, the f i r s t  switch becomes SC and the second switch r e s i s t i v e ,  
The transformer i s  now on the opposite swing s o  tha t  i t  forces  the f l u x  through the  
second switch element and i n t o  the magnet. 

The capaci tor  provides 70-80° of 

The diodes are  buckiag so tha t  the c o i l s  operate  180' out of phase. 

In normal operation, the switch dr ive i s  adjusted with an oscil loscope t o  sthe 
point where the  elements re turn  completely t o  SC between cycles .  The pumping r a t e  i s  
then fu l ly  adjustable with the transformer input control.  To put the  load, or magnet, 
i n t o  a persfstent mode, the switches and transformer dr ive a r e  turned t o  zero. 

Two pumps of t h i s  type have been made. The f i r s t  produced 1.5 W and was ab le  t o  
d r i v e  a 103 kG, 1 in .  bore magnet normal, with a f i n a l  current  of 119 A .  The second 
pump has la rger  switches and pumps a t  a 5 W maximum r a t e .  The e f f ic iency  a t  present 
i s  not good -mainly because of losses i n  the switch elements. A t  maximum r a t e  t h e  
eff ic iency i s  about 50%, while a t  one-half r a t e  i t  appears t o  be somewhat b e t t e r .  

3i 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
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Since a very small (approximately 0.5 W) pump 'will be used with each beam magnet, and 
only to counteract resistive joint losses, this efficiency is quite satisfactory. 

~ 

, 
I 
I 

120 V-60 Hz AC 

ROOM TEMPERATURE I LIQUID HELIUM 
- 1 -  

A novel modification to .the pump was suggested by K.E. Robins, namely,' t o  add a 
second load magnet across the vacant switch. This has been tried and works as Robins 
predicted, both magnets being energized simultaneously at the same voltage. 

A great deal of credit is due here to W.B. Sampson and K.E. Robins, who performed 
many of the preliminary experiments that- led to this design. 

. SOFT SUPERCONDUCTOR 
SWITCH ELEMENT 

1 

12OV-60 H z A C  

DI I 

SUPERCONDUCTIVE 
MAGNET- I 

OPTIONAL EXTRA 
MAGNET OR 

REVERSE 
WINDING ON 

-A: MAGNET-I 

Fig. 1. Flux pump to make up sesistive losses in de beam magnet. 

- 680 - 



Most of today's superconducting magnets require large dc currents. Usually these 
currents. are produced at room temperature and are transferred through leads into the 
low temperature environment of the magnet. 
component of the total losses. Therefore the attempt was made to equip the first super- 
conducting magnets with thermally-operated superconductive switches. 
permits - in principle - operation of the magnet in a persistent mode, disconnecting 
the input leads. Unfortunately, it is nearly impossible to construct a superconducting 
magnet without normal resistive joints between the different superconductors. Therefore, 
most of the magnets operating in the persistent mode show a decrease of field with time. 
Thus devices with small heat losses which can charge the superconducting magnets and 
operate at liquid helium temperature are of interest. To these ends three different 
approaches have been made up to now. 
ducting dc transformer. Buchhold2 introduces a small primary ac current, transforms 
and rectifies it with controlled power cryotrons at liquid helium temperatures. 
proposed the first superconductive generator by which a "macroscopic fluxoid" by appro- 
priate motion was threaded literally into the magnet circuit. 

The resulting heat losses are often a major 

Such a device 

Giaeverl demonstrated the principle of a supercon- 

Volger3 

Especially the latter class of devices invites speculation as to whether the dynam- 
ic properties o€ the Abrikosov vortices in type 11 superconductors could not be utilized 
for charging a superconducting magnet. 
superconductors two thermomagnetic effects analogous to the Ettingshausen and Nernst 
effects, which are associated with the motion of vortices. 
the temperature gradient produced by the transport of entropy when vortices flow across 
a type ZI superconducting sample. They also established the existence of the.inverse 
effect -the motion of vortices along an imposed temperature gradient. By this they 
demonstrated that thermal gradients are a driving force for moving vortices away from 
the warmer part of the sample, 

Otter and Solomon4 recently observed in type I1 

1n particular, they measured 

We would like to propose, therefore, t o  connect the terminals of the superconduc- 
ting magnet with a type I1 superconducting ribbon in the mixed state, much in the same 
fashion as it is done with superconductive switches for operation in the persistent 
mode. Under constant current operating conditions, this strip would act as a persistent 
mode switch. Ef we wish to change the field in the magnet, then we would have to apply 
a transverse temperacure' gradient across t h i s  strip. T h i s  would result in the vortices 
flowing either to the "inside" or to the "outside" of the strip and, since the vortices 
carry flux, it would transport flux either into the magnet circuit or out of it. 

9: 
Work performed under the auspices of the U.S. Atomic Energy Commission. 

- . 
PROPOSAL FOR A FLUX PUMP VTnlCZIWG THE INVERSE ETTXNGSHAUSEN 
EFFECT IN HAR][) TYPE 11 SUPERCONDUCTORS IN THE MIXED STATE* 

W.H. Bergmann 
Argonne National Laboratory 

Argonne, Illinois 

2 .  I. Giaever, Phys. Rev. Letters IS, 825 (1965). 
2 .  T.A. Buchhold, Cryogenics 4, 212 (1964). 

3 .  J. Volger and P.S. Admiraal, Phys. Letters 2, 257 (1962). 
LI. P.A.  Otter, Jr. and P.R. Solomon, Phys. Rev. Letters 16, 681 (1966). 
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4 

9 

It is very difficult at present to estimate the efficiency of such a flux pump. 

They give the critical current density 
Otter and Solomonemade their experiments with a very "weak" type I1 superconductor, 
an alloy of In with 40 atbmic' percent of Pb, 
at 600 G as 40 A/cm2. But they demonstrated that the thermal driving forces are of 
the same order as the Lorentz forces. 

Thus experiments with superconductors of high current-carrying capacity and 
variable pinning forces, as, for instance, niobium-titanium alloys, and niobium tin 
are indicated. But the important advantage of this flux pump would be that it could 
lead. to an "autocharping" of superconducting magnets. The whole magnet could be con- 
structed o f  one short-circuited superconductor of which only one short region has to 
be equipped with an appropriate temperature control. 
be situated in the low field region of the magnet winding where Lorentz forces do not 
compete with the thermal driving forces  for the vartices. 
effect could possibly be utilized to initiate the charging process. 

This region should preferably 

The Meissner-Ochsenfeld 
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SUMMARY OF THE FOURTH WEER - AC LOSSES, INSTABILITY AND FLUX PUMPS 

S .L. Wipf 
Atomics In t e rna t iona l  

A Division of North American Rockwell Corporation 
Canoga Park, Ca l i fo rn ia  

I. INTRODUCTION 

The fourth week, reduced t o  t h r e e  working days by t h e  Fourth of  Ju ly  weekend, was 
the shortest  of the s i x  week-long sessions.  ( I t  is  n i ce  t o  have s t a r t e d  with a de f i -  
n i t e l y  true statement; the remainder of t h i s  summary I dare not present with the same 
amount of conviction - a t  b e s t  i t  w i l l  be s c i e n t i f i c  t r u t h ,  as  1 understood and remember 
it from the presentation of my col leagues,  a t  worst i t  w i l l  be my own opinion.) 

The shortness of our week w a s  probably j u s t i f i e d  by i t  being the l e a s t  hardware- 
oriented among the whole set of weekly s t u d i e s ,  and w e  a l l  know the economic difference 
between brain e f f o r t s  and big plumbing projects  - it  i s  the difference between k i lo -  
and mega-bucks. This,  i nc iden ta l ly ,  may a l s o  explain why w e  never pa r t i cu la r ly  d i s c u s -  
sed any economics during the  th ree  days, t o  the r e g r e t  of but few pa r t i c ipan t s .  

The t i t l e d  d a i l y  topics  were: A c  Losses, Magnetic I n s t a b i l i t i e s ,  and Flux Pumps.. 
These three topics a l l  have t o  do with some aspect of the same phenomenon, namely, 
"dynamics of f lux  motion," and are therefore  not as disconnected as one night  think a t  
f i r s t .  I n  t h i s  summary I want t o  t a l k  about each of the three topics  i n  turn,  giving 
you a quick survey of the individual  contr ibut ions,  followed by a somewhat longer re- 
sume of t h e  present s t a t e  of the a r t  as i t  emerged and came int'o focus during the meet- 
ing. After t h i s  t he re  should be some time l e f t  to  d i scuss  the fourth top ic  which was 
also included i n  the formal sessions and which concerned the present assessment and the 
outlook fo r  the whole f i e l d .  This fourth pa r t  i s  e a s i l y  of most general interest and 
may serve as desser t  a f t e r  the f i r s t  t h ree  courses of  a more bread-and-butter-like 
character.  

11. AC LOSSES 

Table 1 lists the. presentat ions dealing with ac los ses ,  each characterized by a 
few key words. 

I 

The c o i l  s tud ie s  (Voelker, Morgan) were s i m i l a r  i n  nature.  Losses of a complete 
c o i l  (designed t o  be useful fox acce le ra to r  appl icat ions)  were measured. The losses  per 
cycle a re  proportional t u  En, wi th  H t he  peak-to-peak amplitude i n  f i e l d  and 2 < n <: 3. 
The frequencies are typ ica l ly  of t he  order of i Hz o r  less f o r  the highest  f i e l d s  
(- 30 kG). 

The resistance of a superconductor i n  a changing f i e l d  has been measured in  d e t a i l  
for  various al loys and w i r e  diameters by Rayrdux (see Figs;  8 and 9 ) .  It is inversely 
proportional t o  the w i r e  diameter which suggests t he  use of the smallest possible w i r e  
f o r  ac applications.  If many such fi laments are pa ra l l e l ed  i n  a pure copper matrix 
one has t o  t w i s t  the  assembly t o  avoid breakdown of the outer  f i laments due t o  shield- 
ing of transverse f lux.  These ideas  were put forward independently both by R.  Hancox, 
reporting on behalf of P.F. Smith,* 2nd by M. Foss. 
doubt soon be substant ia ted by experiments. 

The importance of t h i s  w i l l  no 

* 
P.F. Smith presented h i s  views i n  d e t a i l  i n  t he  f i f t h  and s ix th  w e e k  which he 
attended (these Proceedings, p. 913 and p. 967).  
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TABLE I" - AC LOSSES 
REVIEW: . S.L.  Wipf, AI. 

EXPERIMENTS - Reports on coil studies: 
F. Voelker (W.S. Gilbert, R.E. Hintz), LRL: Coils wound 

with round wire, NbTi.  

G.H. Morgan (W.B. Sampson, R.B. Britton, P.F. Dahl), BIG: 
Coils wound with ribbon, NbgSn. 

J . M .  Rayroux (D. Itschner, P. MGller), BBC: Dynamic 
resistivity, NbZr, NbTi. 

SHORT COMMENTS: 

W.T. Beall (R.W.. Meyerhoff), UCC: Short samples of ultra- 

R. Hancox (P.F. Smith), REEL: Very thin multifilaments, 

M. FOSS, Carnegie-Mellon U.: Twisted filaments. 

pure Nb and Nb alloys. 

twisted. 

* 
The names of the authors making the presentation are given with 
the other authors in parentheses. The affiliation is abbreviated; 
see list of participants for details. 

S t a t e  of the A r t  (Resume): 

For practical applications one is concerned with ac losses in type TI superconduc- 
tors exhibiting flux pinning, i.e., superconductors with high critical currents in high 
fields. 
pinning is very similar t o  rriction, but we can also  look at it in terms of resistivity, 
as we shall see. 

Energy is lost when magnetic flux has to move inside such a superconductor; 

Figure 1 shows the three regions we have to distinguish, demonstrated with the 
help of a magnetization curve (vs H) of a cylinder in a parallel field H. 
that a changing field will induce currents at and below the surface of the superconduc- 
tor which try to shield the field change from the interior. 
shielding Layer is always critical (j,) , either positive or negative, and it corresponds 
to a gradient in magnetic induction €3 which fs given by one of the Maxwell equations 
(in .this case dB/dx = 4nj) .  
in the shielding layer of the cylinder for which the magnetization is shown. In this 
case the shielding currents are solenoidal but the same illustration is also good for a 
transport current along the cylinder which then would flow in the shielding layer and 
produce a circular external field.+ 

We remember 

The current density in this 

The lower portion of Fig. 1 illustrates the gradient of B 

The losses are always determined by the ac field 

'A discussion of the "critical state" is found in I-fart's review of instabilities 
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at  the surface no matter whether t h i s  f i e l d  i s  external ly  applied or due t o  an applied 
current .  According t o  the  peak of the ac f i e l d ,  Ha, one d.istinguishes: 

Region I : Ha < Hcl . 
Below +. a l l  the shielding i s  done by a surface current ( i n  the London penetrat ion 
depth),. There is  no f lux  movement inside and there should be no loss. 

Region I1 : 

The crosshatched area represents  the f l u x  being pushed i n  and out during a cycle.  
There i s  s t i l l  a s t e p  a t  t he  surface,  AH. 
esis loops. 
f i e l d s  because' the shielding layer during each half  cyc.le cons i s t s  of two p a r t s ,  one 
close to the surface with the d i r ec t ion  of j iven by the present f i e l d  change, and 
the remainder with the opposite d i r ec t ion  of jC established by the preceding half  cy- 
c le .  

The lo s s  is represented by t h e  shaded hyster-  
The magnetization has a d i f f e r e n t  value f o r  increasing and decreasing 

c . g  

The bulk of the avai lable  experiments (50 t o  10 000 Hz) belong t o  region 11. 

Region I11 : H € Ha < Hc2 . 
P 

i s  t h e  value of t he  external  f i e l d  for complete penetration of t he  superconductor. 
W 5: i le  i n  region 11 t he re  is  always a core which does not see the ac f i e l d ,  i n  region 111 
the thickness of t he  penetration layer  [(E, - AH)/4rr jc 2 r] would become g rea t e r  than 
the r ad ius  of the specimen and then ac losses  w i l l  occur throughout t h e  volume of the 
superconductor. For the losses  i n  c o i l s  t h i s  region i s  of most i n t e r e s t .  

Region W : Hc2 < H a  < Nc3 

i s  of more theo re t i ca l  than p r a c t i c a l  i n t e r e s t  and i s  only mentioned for the  sake of 
completeness. 

Let us  discuss the r e s u l t s  f o r  region I, 11, and 111 i n  turn.  

Figure 2 shows experimental l o s s  r e s u l t s  fo r  Nb where H,1 has a va lue  of roughly 
1000-1500 Oe (according t o  pu r i ty ) .  
have t o  be given per uni t  surface exposed t o  the ac f i e l d  and vs Ha. Most of these re- 
s u l t s  represent  losses  i n  region I and we no t i ce  t h a t  they a re  a l l  over t h e  place. The 
surface po l i sh  and the amount of frozen-in f l u x  seem t o  be c ruc ia l  f o r  the differences.  
W e  have sa id  tha t  t he re  should be no losses ,  because there  is  no f l u x  moving i n  and out  
of the superconductor. 
the surface i n  two points ,  one of entry and one of exit .  
ex te rna l  ac the posi t ion of these points w i l l  o s c i l l a t e  with a corresponding loss  due 
t o  rhe fluxoid movement at and immediately below the surface. Such a q u a l i t a t i v e  ex- 
planat ion i s  substant ia ted by measurement of losses  vs the background f i e l d  during 
cooldmn (which i s  a measure of the amount of  frozen-in f lux)  given i n  F i g .  3 .  

The t r a n s i t i o n  from region I t o  region TI, which i n  Fig. 2 does n o t  appear very 

It i s  c l e a r  t h a t  i n  region I and I k  the los ses  

However, each fluxoid frozen i n t o  the  specimen has  t o  pierce 
Under the inf luence of t he  

c l e a r l y ,  i s  very well  demonstrated i n  Fig. 4 which w a s  presented by Beall (see Table I) 
who made measurements on Nb of very high p u r i t i e s  (up t o  a r e s i s t ance  r a t i o  of 20 OOO!). 

In  Fig.  5 we see the results of mast published loss measurements on Nb al loys.  
With t h e  exception of curves v and w, which belong t o  region I (Ii,.l e 100-400 Oe), and 
the upper p a r t s  of curves a, b, c,  which belong t o  region III (and f a l l  much c lose r  
together i f  plotted as l o s s  per u n i t  volume), a l l  others  are i n  region I1 and show a 
trend which i s  close t o  H a t  t he  upper end. The calculat ion (with t h e  simplifying 
assumption of jc  = eonst) gives: 

3 
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Loss/cycle/cm2 = 4 . 2 2  X (H - AH)3/jc 
w i t h  the  dimensions f o r  the constant [J-A-Oe-3-cm'4]. 
propert ies ,  j c  and AH, which determine t h e  losses .  Of these AB, which depends l a rge ly  
on surface q u a l i t i e s ,  is  not very w e l l  invest igated.  
AH vs H f o r  NbZr; i t  is  equal t o  H c l  (m 500 Oe) a t  H c l  and reduces t o  less than 100 O e  
i n  higher f i e l d s .  These data  are used i n  Fig.  7 together with a value of, j c  = 4 % lo5 
A/cm2 t o  obtain curves 2 and 3 (corresponding t o  samples 2 and 3 i n  Fig. 6 ) ;  the shad- 
ing indicates  the majori ty  of curves i n  Fig.  5, and curve 1 corresponds t o  AH = 0. Also 
indicated i n  t h i s  f i g u r e  are the losses  one would have i n  copper at  4.2OK (p 

S 2 a c r n )  provided the  conductor is  thick i n  cornparison t o  the sk in  depth. 
cycle  depends on frequency as does t h e  s k i n  depth. 
by one o r  two orders  of magnitude fo r  Ha > 1 kOe. 

There are only two mater ia l  

Figure 6 shows measurements* of 

The l o s s  per 
The superconductor is  b e t t e r  only 

In region 1x1 t h e  losses  become so high t h a t  a normal t r a n s i t i o n  due t o  thermal 
runaway may already occur a t  a peak f i e l d  which is very small compared t o  H,z, unless,  
of course, the frequency i s  d r a s t i c a l l y  reduced. This is  the reason why one e x p e c t s .  
t o  run c o i l s  with high peak f i e l d s  only a t  very low r e p e t i t i o n  r a t e s .  In t h i s  region, 
where t h e  whole volume of the superconductar i s  lossy,  i t  is useful  and convenient . t o  
t a l k  about the dynamic r e s i s t ance  of t h e  superconductor. A simple case i s  t reated i n  
Fig. 8. A cyl inder  of diameter 2b is i n  an ex te rna l  p a r a l l e l  f i e l d  H (> Hp) which in-  
creases  a t  a s teady rate dH/dt, and the  f i e l d  p r o f i l e  through the cylinder is given a t  
two d i f f e ren t  times (jc independent of H is assumed). 
the e l e c t r i c  f i e l d  E a t  a r ad ius  r. 
and the r a t i o  E / j c  g ives  the l o c a l  r e s i s t i v i t y  which is proportional t o  r .  
now send a t r anspor t  current  (small compared t o  rrb2jc) through the  cylinder it would 
encounter an average r e s i s t i v i t y :  

Faraday's induction l a w  gives 
E is  p a r a l l e l  t o  jc (which is constant everywhere) 

Should we 

.The d i s t r i b u t i o n  of t h e  t ransport  cu r ren t  is a n o n t r i v i a l  problem but i f  a uniform 
d i s t r i b u t i o n  is assumed t h e ' p r o p o r t i o n a l i t y  constant A becomes t .  + 

Because t h i s  is a magnetic d i f f u s i o n  problem, a comparison with the more famil iar  
thermal d i f f u s i o n  problem with i t s  many e x i s t i n g  mathematical solut ions is  helpful .  
H i s  equivalent t o  temperature T and p / h  t o  the d i f fus ion  constant a. 
equation f o r  a s t e a d i l y  increasing temperature gives the  s t a t e d  solut ion f o r  the t e m -  . 
perature  d i f f e rence  between t h e  surface and the center .  
A of  $. 
f a c t  t ha t  p is  by no means a constant.  - 

The diffusion 

This a l s o  corresponds to  an 
The h e u r i s t i c a l l y  valuable  comparison, however, has i ts  l imi t a t ion  i n  the 

W e  see a measurement of t h i s  r e s i s t i v i t y  i n  Fig. 9 which shows the voltage due t o  
a t ransport  cu r ren t  across  a b i f i l a r  c o i l  i n  a s t e a d i l y  increasing or decreasing f l e l d  
whose value is  given in  the abscissa ,  Hp i s  about 4.5 kG and below t h i s  value the 
vol tage is  zero because the  t ransport  c u r r e n t  flows through t h e  completely supercon- 
ducting core. The same i s  t r u e  on r eve r s ing  the  f i e l d  sweep a t  15 kG where a shrinking 

* 
AH i n  Eq. (1) has at  least f o u r  d i s t i n c t  components, corresponding i n  o r i g i n  to :  
t he  r eve r s ib l e  magnetization, the su r face  pinning, t he  surface barrier, and the 
surface sheath ( t h e  l a s t  t h ree  are not necessa r i ly  d i f f e r e n t  mechanisrris); thus 
AH = ABrev 4- bHs. 
seemingly not i.nc!;de the r eve r s ib l e  p a r t  except very near E,., but the i r revers-  
i b l e  component.s are-included twice. 
Eq. (1) a re  two d i f f e r e n t  q u a n t i t i e s ,  though very s imi l a r  i n  magnitude. 

+ AHs.b. 4 AHsvsa The r e s u l t s  presented i n  Fig. 6 do 

S t r i c t l y  speaking, AH of Fig.  6 and AH of 

In p rac t i ca l  u n i t s :  A = 2.5 X 10'' ~ ~ A . s e ~ ~ c r n - ~  Qe-l. t 
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dc field core remains until 13 kG is reached. Rayroux presented results showing the 
agreement with the given formula for pdyn with regard to b and dtE/dt.' 

Although in a complete coil there are always the losses of region I and region I1 
sections, they disappear in comparison to region III losses. 
losses - even only approximate - is quite complicated; possibly the concept of the dy- 
namic resistivity will prove useful. 

Calculation of these 

111. MAGNETIC INSTABILITIES 

Magnetic instabilities manifest themselves as sudden redistributions of the field 
profile inside a superconductor, conunonly called flux jumps (this term is often ,avoid- 
'ed when less than the whole cross section of the superconductor is affected). The im- 
portance, or the nuisance value, of instabilities is the possibility of a quench or 
normal transition due to the accompanying large heat dissipation. 

Table I1 lists the presentations related to this topic. 

TABLE XI - WSTABILITIES 
REXIEM: B. Hart, GE. 

EXPERIMENTS - Flux jumping in commercial tape conductqr (Nb3Sn): 
L.O. Qswald ( G .  del Castillb), ANL. 

A.D. McXnturff, BNL. 

SHORT COMMENTS: 

Y. Iwasa, MIT: Upper field limit of instability (experiments). 

R. Hancox, CLA: Survey of instability regions in coils. 
S.L. Wipf, AX: Flux annihilation and instabilities. 

State of the Art (Resume): , 

The instability problem is very complex and one is still at the stage of trying 
to find all the important variables to be fed into the theory. The superconductor 
under consideration is in general in a stable state of thermodynamic nonequilibrium 
(e.g., the critical state). Under certain conditions this state becomes unstable, 
i.e., an excursion caused by a small disturbance will grow and result in a transition 
to a new (nonequilibrium) state. We restrict ourselves to illustrating why instabili- 
ties occur (we follow Hart's review). Consider the field profile inside a superconduc- 
tor which is always defined by the critical current (jc) and previous magnetic history. 
We keep the external field constant, and consider a uniform rise in temperature, AT, 
which will reduce the critical current and require a new field prafilo. 
es itself by diffusion of flux coming from the outside. 
cess, Ah, can be calculated; locally i t  is of the same order as the change in poten- 
tial magnetic energy, (a) I&; over-all it is a function of temperature and external 
field. A qualitative picture is given in Fig. loa. Assuming adiabatic conditions, the 
heat absorbed by the temperature rise, AQT, can also be given (Fig. lob). 
always less than A@, the initial state is stable (Fig. ~ O C ) ,  but if the tangent of 

' 

This establish- 
The heat released in this pro- 

2 

If A h  is 
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l l ~ m  is above the tangent of A(& at the origin then it is unstable (Fig. IOd) . 
serve that in the unstable case the two curves cross again, thus determining another 
stable field profile. 
(compared to the critical temperature) one has a limited instability that does not re- 
sult in a temporary normal transition. 
flux jump, is the result. One can easily calculate the limit of full stability, but 
not the exp.erimentally important event, the onset of runaway instability. There are 
two main complications. 
lowing heat conduction out of the superconductor. This reduces the temperature rise 
and helps to limit the instability, as is seen in Fig. 10e where A* is modified to 
include thermal diffusion. On the other hand, if a superconducting coil is considered, 
the transport current produces an additional dissipation, raising the effective A h  
and thus the danger of instabilities. Hart presented a few calculations €or suitably 
restricted situations, but he includes some very real coil cases (wound with GE tape, 
of course). 

We ob- 

If the temperature of this crossover point is not too high 

Otherwise a runaway instability, a catastrophic 

At the beginning, the magnetic excursion may be very slow al- 
1 

Although the agreement between experiment and calculations is so far rather poor, 
our qualitative understanding progresses. Hancox presented a way of looking at insta- 
bilities which I think has great appeal and will help to reduce some of the existing 
confusion. This is illustrated in Fig. 11 where in an I vs H diagram the various sta- 
bility regions (for a coil) are entered. Both fully stable regions correspond to 
situations given in Fig. 1Oc; in the high field region AQm becomes small because the 
superconducting wire is fully penetrated and jc is small. 
change the field profile and the dissipation is small. Iwasa presented experimental 
data for the upper field limit of instability, Hstr in 0.010 in. Nb2!5%2r wire; it is 
between 25 and 30 kG. 
Hancox also gives calculations for & and the boundary between limited and catastrophic 
instabilities (which lead to breakdown in coil performance). 
that coils have to be designed so that: no region of the coil falls into the catastrophic 
instability area. 

Little flux is required to 

Hfi which terminates the lower stability region is around 3 kG. 

He further pointed out 

One can extend the diagram to include temperature as a third dimension and one may 
indicate how a low dH/dt (or a high thermal diffusivity) may reduce the catastrophic 
instability region. 

Through coil degradation experiments' one has been aware for some time of the 
The constructors of coils, 

knowing that instabilities do occur, have always tried to keep them 'Limited to prevent 
catastrophic jumps. 
(a1 AQT, or (b) AQm by: 

'shape and position of the catastrophic instability region. 

These "seabilization" efforts can be seen as either affecting 

(a) avoiding a large temperature rise by increasing the effective specific 
heat (liquid helium in porous conductor, proximity of other metals such 
as Bb or Cd); improving the cooling (spaced windings for circulating' 
helium); 
sheets between layers) ; 

(b) providing a low resistivity bypass to avoid heating by transport current 
(paralleling the superconductor by copper, silver, etc.), using very thin 
wire to reduce HSt. 

slowing down flux motion (by providing shorts and copper 

Most commercial conductors as well as large coils use a combination of these stabiliza- 
tion techniques. 
little one trusts our present understanding o f  the instability problem. 

The conservative character of some of these approaches indicates how 

Having talked about the occurrence and the effect on coils of instabilities, we 
might ask what is the experimental appearance of an instability? Oswald presented re- 
sults which show a variety of limited instabilities distinctly different in character. 
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Plotted against the increasing field in Fig. 12, some look like noise while others 
represent larger flux movements, seen as temperature spikes; these spikes may form 
repeating groups with the spikes increasing in size in'each group, etc. 
variety of inanifestations shows the complexity of the problem most directly. 

Such a 

.The mathematical difficulty seems to me to lie in the fact that two diffusion 
equations have to be solved simultaneously, one for the temperature and one for the 
magnetic field,' whereby the magnetic diffusion coefficient i s  not: constant but a non- 
linear function of both T and curl H. From the notorious scattering of experimental 
results (under equal conditions the catastrophic flux jump field scatter is 5-20"/,), e 

one might say that nature itself seems to have trouble with this problem. 

The idea of using superconducting coils is not much older than the idea of using 
superconducting power supplies to feed them. 
in combination w i t h  coi.ls of few turns is a major advantage. What has hampered 
progress? 

The possibility of very large currents 

Achievements and problems were highlighted in presentations by most flux pump 
builders in this country, as summarized in Table ILL. 

TABLE 111 - FLUX PUMPS 

PROGRESS REPORTS : 

S.L. Wipf, AI: 
R. Rhodenizer, GE: Rectifier type flux pump ,(Buchhold). 
M.S. Lubell, ORNL: Comparison between flux pumps and vapor- 

cooled leads. 
H.L. Laquer, LASL: Automatic switching flux pump (rectifier 

for asymmetric ac); flux pump equivalent 
in superfluid helium. 

Moving magnetic field pumps. 

R.B. Britton, BNL: Flux pump program at Brookhaven. 

SHORT COMMENTS : 

WiH. Bergmann, ANL: Possibility of flux pumping by using 
Nesnst-Ettinghausen effect equivalent. 

State of the Art (Resume): 

The flux pump principle is illustrated in Fig. 13. (a) A closed loop is shown 
which because of its zero resistance conserves any flux linked with it. 
its zero resistance is interrupted can €lux.from a small magnet be admitted. 
(c) Removal of the magnet induces a current increment to keep the flux constant. 
(d) On repeating the process, previously accumulated current is preserved by provid- 
ing a zero resistance bypass. 
region by exceeding the critical field; this allows. the same magnet to be used for 
both switching and pumping if its field strength close to the pole exceeds the crit- 
ical field. 

(b) Only if 

"Switching" is preferably done by creating a resistive 

(e) In a popular arrangement the bypass hop is replaced by a sheet, 
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allowing the  c r e a t i o n  of a normal, f l ux  containing zone opposite t h e  magnet pole,  
which it w i l l  follow, being swept across the sheet  i n to  the closed c i r c u i t .  The s a m e  
process can be r ea l i zed  without moving pa r t s  a's i n  Fig. 14, which shows a "loopt1 and 
a "plate" arrangement. It has  become convenient t o  dis t inguish between " r e c t i f i e r  
type" f l u x  pumps of which the upper i s  an example, and '#moving magnetic f i e l d "  f l u x  
pumps of which the  lower is an (albei t  impractical)  example. 
the second type employs r o t a t i n g  shaf ts  a s  a typ ica l  example demonstrates i n  Fig. 15. 

To dwell on the achievements we discuss the r e c t i f i e r  type pump (Rhodenizer) 

I n  i t s  useful  vers ions 

which, i n  the very. thoroughly developed version (by Buchhold) of GE, is  t o  d a t e  the 
only commercially ava i l ab le  f l u x  pump. 
means of the diagram i n  Fig. 16 where w e  see an ordinary f u l l  wave r e c t i f i e r  arrange- 
ment with a primary, a t-ransformer core, a secondary, and a load L. Both primary and 
secondary a re  superconducting; we see the p a r t s  of the f lux  pump which are i n  l i q u i d  
helium. Instead of the usua l  one-way-valve r ec t i fy ing  elements, w e  have switches X 
and Y (see Fig. 13d and Fig.  14-top) consis t ing of superconducting t ape  which can be 
made r e s i s t i v e  by magnets ("power cryotrons"). These elements do not r e c t i f y  auto- 
m a t i c a l l y ,  they have t o  be dr iven by programmed current from outside the c ryos t a t .  
I n  order t o  keep t h e  l o s s e s  t o  a minimum i t  i s  imperative t o  operate a cryotron only 
when the current flowing through i t  i s  exact ly  zero. Otherwise there  is  a resistive 
l o s s  u n t i l  the i n i t i a l  cu r ren t  i s  driven i n t o  the  other branch by t h e  ohmic vol tage.  
Next t o  each cryotron, i n  t h e  GE device the re  are sensors of the form of s a tu rab le  
reactances,  which not only indicate  when the current  through the cryotrons is  zero 
bu t  s l s o  lengthen the t i m e  i n t e rva l  of t h i s  zero flow, giving the cryotrons t i m e  t o  
switch.  Sophisticated e l e c t r o n i c  gear ( a t  room temperature) allows the regulat ion of 
t h e  output a t  a fixed primary frequency (- 10 Hz). The losses  a re  quite small and come 
from the back cu r ren t  ehrough the r e s i s t i v e  cryotrons,  the ac losses  i n  the  supercon- 
duc t ive  windings (including t h e  s-n t r a n s i t i o n  i n  the cryotron),  and the h y s t e r e s i s  
l o s s e s  i n  the ferromagnetic cores.  

I ts  s a l i e n t  features  are best  explained by 

The moving magnetic f i e l d  type pump is  w e l l  sui ted t o  i l l u s t r a t e  a few problems. 
Figure 1 7  shows a normal zone i n  a superconducting sheet and the type of current  d i s t r i -  
but ion which is  set up during i ts  movement. W e  see the eddy current  d i s t r i b u t i o n  in -  
duced i n  the normal spot ,  which corresponds t o  t he  back current  through the cryotrons 
of  t h e  r e c t i f i e r  type; t h e  ensuing lo s s  i s  i n  p r inc ip l e  unavoidable. A more se r ious  
l o s s  comes from t h e  cu r ren t  d i s t r i b u t i o n  which is encountered by t h e  leading edge as it 
becomes normal. The r e s u l t i n g  ohmic voltage d r ives  t h i s  current out of t h i s  region, 
p a r t l y  i n  f ron t  o f ,  p a r t l y  behind, and p a r t l y  i n t o  the normal zone, accompanied by con- 
s i d e r a b l e  d i s s ipa t ion .  The d i f f i c u l t y  of t r e a t i n g  t h i s  process a n a l y t i c a l l y  makes an 
( i l l -patronized)  a r t  out of improving t h i s  type of pump. In p r inc ip l e ,  it is possible  
t o  arrange induct ively fo r  zero current a t . t h e  leading edge and t o  avoid t h i s  type of 
l o s s  which is avoided i n  the GE pump by the use of Buchhold's s a tu rab le  reactors .  

The moving magnet f i e l d  pump i s  a t t r a c t i v e  i n  i t s  s implici ty  and i t s  s u i t a b i l i t y  
f o r  producing large cu r ren t s .  
maintained, although not i n  c o i l s  of any s i ze .  
reduced by the occurrence of catastrophic i n s t a b i l i t i e s  i n  the sheet.  These seem t o  be 
caused by the  imbalance of t h e  current d i s t r i b u t i o n  when the leading edge (see Fig.  17) 
switches too much cur ren t ,  e i t h e r  ahead of or behind the spot ,  t o  maintzin equi l ibr ium 
dur ing  one f u l l  rota'cion (see Fig. 15). Simple remed ies  f o r  increasing e f f i c i ency  o r  
increasing the l i m i t i n g  cu r ren t  seem t o  be divergent,  a t  least i n  my own l imited experi-  
ence. 

Currents i n  excess of 10 000 A have been reached and 
The upper current  l i m i t  is  general ly  

Figure 18 shows the reported e f f i c i e n c i e s  of various pumps. E is the  energy s to red  
i n  t h e  c o i l  and AE t he  energy l o s t  i n  t he  pump while the c o i l  i s  pumped up. 
curve gives  the poss ib l e  e f f i c i ency  of a given pump vs the inverse r a t i o  of power output 
t o  volume of t he  p e r i o d i c a l l y  switched superconducting mater ia l  i n  the f l u x  pump. 
shape of t h i s  curve i s  determined by the unavoidable lo s s  (back cu r ren t ,  eddy cu r ren t ) ;  

The s o l i d  

The 
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its position with regard to the abscissa is less strictly fixed and'reflects considera- 
tions of  instabilities (degradation) and protection against burnouts of the pump? The 
superior efficiency of the GI?, pump (newest results 4-6% higher) which is the'only rec- 
tifier pump in this graph is evident. 

Table IV summarizes a comparison of the two types of pump. We imply that the 
moving magnet type has not been in the fortunate position -notwithstanding a consider- 
able amount of publicity3 - of receiving the determined and successful development ef- 
for t  which GE g.ave to the rectifier pump. 

TABLE IV - COMPARISON BETWEEN THE TWO FLLX PUMP TYPES 

Moving Magnetic Field Rectifier 

Simple tc build (- IO3 $) 

Not well understood 
Difficult to develop ' 

Good for high current 

Complicated (- lo4 $) 

Well understood 
Well developed 
High efficiency 

Two problems: 
Shielding (< 100 Oe) 
Protect ion 

Shielding and protection are the two problems which need consideration when pumps 
are to be used in conjunction with large co i l s .  Proper operation is only achieved in 
low background fields because of ferromagnetic components and, to a lesser degree, be- 
cause of low field superconductors (such as Nb) in the switches. Pumps without these 
components, employing thermal switching, tend to be very ineffective (Laquer) . 
protection problem seems to be solved by a diode, developed by GE, which operates in 
liquid helium and has a symmetric V-I characteristic. 
its resistance drops to practically zero. 

The 

If the voltage exceeds -f V,, 

There is a general  consensus that power leads from room temperature will be used 
for charging o r  discharging large coils. 
to flux pumps, even a t  their presently available low efficiency, over the best vapor- 
cooled leads (Lubell). Flux pumps will function in lieu of persistent switches, able 
to compensate for small resistive losses in the system. 

Other ways of producing currents4 in superconducting circuits, e..g., by means of 
the Nernst-Ettinghausen effect as suggested by Bergmann, even if they are shown to be 
feasible, are unlikely to be of great practical interest for some time to come. 

Any permanent operation will give preference 

V. ASSESSMENT AN5 OUTLOOK 

The spreading and gathering of opinions and prophecies are parts of the business 
which are relegated to corridor discussions of bigger and shorter conferences and which 
many people feel are among the most useful functions which any meeting fulfills. 
decided to bring these activities into the lecture hall as much as possible, %he 
audience being comfortably small. 

We 

Table V summarizes the contributions under this heading. 
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TABLE V - ASSESSMENT OF PRESENT AND OUTLOOK 

J.P. Blewett, BNL: Actual and potential uses of superconductors 

N.S. Nahman, NBSB: Superconducting transmission lines for power 
in experimental nuclear physics. 

and communications. 

REPORTS FROM ABROAD: 

JAPAN: N. Takano, Toshiba. 
EUROPE: J . M .  Rayroux (Switzerland, France, Holland). 

G. Bogner, Siemens (Germany). 
R. Nancox (England). 

OPINION: guest ionnaire . 

Of the two major talks, Blewett's was for the beneeit of the majority of the par- 
ticipants whose main field is solid st'ate physics and who were largely ignorant about 
the requirements in high energy physics. Tf I gave details in this gathering I would 
be carrying coals to Newcastle. . 

Undoubtedly one of the highlights of the week was Nahman's talk about transmission 

Not only could the obvious power 
lines. He interprets this term in its widest sense and points out the possible uses 
which a trench filled with a Dewar pipeline may have. 
be transmitted but also - and this in a superior way to most alternatives - information. 
One might as wall use the same hardware to pipe liquid cryogenics around the country 
and, as a fourth possibifity, join small but powerful cryogenic computers and memories 
into the system with the transmission line facilitating the access. As an expert for 
many years in superconducting delay limes , he detailed the communication transmission 
line aspect, extolling the advantages in bandwidth over existing alternatives. 
sounds Utopian t o  some of you, you should remember that political boundary conditions 
will most likely prevent the full use of these possibilities long after the technolo- 
logical problems are solved. 

If th'is 

The reports from abroad did not sustain any excess optimism generated by Nahman's 
talk. 

Japan has been very successful in producing practical superconducting wires using 
Nb-based alloys OK V3Ga; it is also engaged in a number of larger magnet projects for 
MHD and for high energy physics. 
might have hoped. 

Maybe progress does not seem to be so rapid as one 

The European scenery has similarities to the scenery here, yet bubble chamber 
projects at CERN and at the Rutherford Laboratory as well as the British homopolar 
motor, existing in a 50 hp and projected in a 3000 hp version, show great promise. 

This brings us to the last item on the agenda, namely an opinion poll. You under- 
stand that the results from this poll should be considered as being a good deal less 
formal than Mr. Harris' and Mr. Gallup's reports in the dailies. There remains the 
entertainment value. 

The questionnaire (see Table VI) had three sections. The first section should 
reflect the present status of the topics dealt with by comparing their importance with 

' 
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regard to present and future problems, and by indicating the necesszty for research. 
The second section considered the importance of various superconductivity applications 
in the future and also distributed the responsibility for their research. Of course 
everybody is aware that the funding source for this research is largely the same in 
all three cases (namely, 100% for Federal Government, 80-90% f o r  universities, and . 
perhaps 70% for private industries). The third part asked for the background of the 
respondent, who otherwise remained anonymous. Fifteen returned questionnaires could 
be evaluated and the results are presented in Table VI. For better visual impact it 

I i s  the diameter of the black dots which corresponds to the percentage. For "compar- 
ative impartance," only partial agreement was found and given in words. 

Since an equal number of government and industrial representatives answered the 
"responsibility f o r  research" question, it is interesting to compare the two groups 
and the percentages are given i n  each box, top right €or industry and bottom left for 
government. We notice that such a comparison reflects the popularity of a subject. 
When we find that each group feels that the other ought to carry the ball we are not 
surprised that the field in question already has a somewhat tarnished history such as 
MHD and Computers, or has not an immediately strong appeal, like transmission or trans- 
portation. Such fields have been marked by a B for beggars. 

It is fitting €or this Summer Study that the only field'showing an enthusiastic 
reception is the one of. accelerators. It has been marked with a P for prima donna. 
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,QrVl?ST IONNAIRE TABLE VI: 

BROOKHAVEN SUMMER STUDY, WEEK OF JULY 1-3, 1968 

Please reflect your OpiniOn8 as to the present and future status of topics related t o  this week's discussions: 
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. .  
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Ac losses 
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2. Future,with respect to applications: 
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1-3 yrs 3-10 .- > 10 yre 
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Transportation 
(levitation) 

II 
I 
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I 

Small devices 
(weak link, etc.)l 

hgineer - 
fng 
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I Computers 

MHD 

Other 

Comparative 
Importance 

(rank as: 1,2 ... 1) 
Remark8 

Who should sponsor research? 
(make up to 100%-) 

Fed.Fovt. University Private hd. I I 

Remarks 

3 .  I describe myself as: Experimentalist Government 
(answer each column) 
(make up to 100% 



F i g .  1. Ac loss regions. 
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Fig .  2 .  R e p o r t e d  ac losses of pure Nb ( R e f .  5 ) .  
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Fig. 3. Illustrating the dependence of ac losses in region I on frozen-in 
flux (Refs. 6 and 7). 
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Fig. 8. To illustrate the dynamic resistivity of a cylinder in a 
parallel, changing field. 
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stable unstable 

Fig. 10. Xllustrat ion.  explaining the occurrence of magnetic i n s t a b i l i t i e s  + 

( a f t e r  Hart). 

Fig. 11. Sketch of s t a b i l i t y  regions (for  wire wound in to  2 c o i l )  i n  a 
I -H  (-T) diagram ( a f t e r  Bancox). Heavy black l i n e s  indicate 
boundary between regions of catastrophic and l i m i t e d  i n s t a b i l i t y .  
Dashed l i n e  indicates  t h e  e f fec t  of very slow dH/dt on this 
boundary. 
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Fig. 12. Measurement of instabilities on specimens of Nb3Sn tape in 

perpendicular, changing field. Records o f  H and T (measured 
near center of specimen) vs time indicate limited and complete 
flux jumps (after Oswald) .  
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SUPERCONDUCTOR 
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b) 

. 

. 

SUPERCONDUCTOR HIGH FIELD 
SUPERCONDUCTOR 

Fig. 13. Illustrating t h e  principle of flux pumping. 

. I  
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SWITCHING MAGNETS 

MAGNET -' 

I \I 111 EXCITING MAGNETS, ENERGIZED . 
/ f 1 IN SUCCESSION 

. .  
b) 

Fig. 14. Two arrangements of flux pumps without moving parts (Ref .  10). . 

Fig. 15. Typical example o f  moving magnetic f i e l d  pump. (Not shown are 
coils to magnetize the rotor so chat: the poles all have the same 
magnetic polarity.) ( R e f .  11) 
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Fig. 16.  Diagram of r e c t i f i e r  pump. 

. .  

Fig. 1 7 .  Schematic cu r ren t  d i s f r i b u t i o n  around moving normal spot 
containing f l u x  @. 

Horizontal  arrow: D i r e c t i o n  of movement 
Crosshatch: R e s i s t i v e  reg ion  
Thin s o l i d  l i n e s :  Load c u r r e n t  d i s t r i b u t i o n  
Thin broken .1 i nes  : Eddy cu r ren t  d i s t r i b u t i o n  
Thick broken l i n e s :  A l t e r n a t i v e  cur ren t  d i s t r i -  

b u t i o n  f o r  cu r ren t  which i s  
d r i v e n  r e s i s t i v e l y  o u t  of 
t h e  l'eading edge (narrow 
c rossha tch ) .  I 
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Fig.  18. Energy ef f ic iency  as reported for various pumps ( R e f .  2 ) .  
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STRESS PROBLEMS ASSOCIATED W I T H  SUPERCONDUCTMG AND CRYOGfCNIC MAGNETS 

P.G. Marston 

Cambridge, Massachusetts 
. Magnetic Engineering Associates 

MTRODUC'I! LON 

The following will be a general discussion of a broad variety of stress problems 

This should be considered merely 
encountered in the design of superconducting and cryogenic magnets of various types. 
Details of specific problems will not be discussed. 
a design problem check-off list with some comments on approach. 

The three fundamental forces are magnetic, thermal, and mechanical. A system de- 
sign must properly consider their relative interaction. 

MAGNETIC FORCES 

Magnetic forces arise from four basic interactions. These are: 

1. Torque on a magnetic dipole in a uniform (or gradient) field. 
* 

2. Forces on a dipole in a gradient. field. To calculate this force one must 
first know the magnetic properties of the material (i.e., permeability or susceptibil- 
ity), the geometry of the body, and. also, of course, the field gradient. The induced 
dipole moment will be a function of magnetic properties, geometry (demagnetization 
factor), and applied field. 
also to the field gradient. 

The force will be proportional to the dipole mament and 

3 .  'Lorentz interaction. This is, of course, the fundamental load on windings 
and any current-carrying element, i.e., leads, buswork, etc. It is simply the cross 
product of current and field. 

4. Induction. A time changing field will induce currents in any conducting me- 
dium within the field. The resulting Lorenrz interaction (and possible heating) is 
often overlooked. 

THERMAL FORCES 

Any system in which the operating temperature distribution is different from the 
initial temperature distribution or i s  composed of materials having different thermal 
coefficients (and undergoes a change in temperature) will be subject to thennal stres- 
ses. It is important to understand how the system gets from its initial to its opera- 
ting state since the worst case stresses may occur during this trensient. For low 
temperature systems it is obvious that the system orientation can have an extremely 
important effect on rhe transient temperature distribution. 

* 
I .hope it is uinnecassary to note that: there i s  no net force OR a dipole in a 
uniform field! 
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MECHANICAL FORCES 

' I n  addi t ion t o  the magnetic and thermal loads  there  a r e  usually var ious other 
loads imposed by vacuum, pressure,  dynamic experimental equipment, emergency, f a i l u r e ,  
s t a r t - u p  condi t ions,  and o t h e r  requirements which may be p a r t  of a t o t a l  performance 
specif icat ion.  

In  any system a n a l y s i s  i t  i s  .important t o  determine what combination of operating, 
t e s t ,  or  emergency condi t ions w i l l  g ive the worse case loads.  

STRESSES 

In order t o  c a l c u l a t e  stresses one must f i r s t  know the f i e l d  and force d i s t r i b u -  
t i o n  in  t h e  magnetic s t ruc tu re .  There exist a number of very powerful computer codes 
t o  solve these problems. It i s  fatuous not t o  use  them f o r  systems of any consequence. 
There a l s o  e x i s t  a number of r a t h e r  elegant general so lu t ions  for  stress problems of 
t h i s  type. I cannot, however, overemphasize the danger of using general  analyses o r  
r u l e s  of thumb which have been developed by other  people f o r  other types of devices.  
One must  be int imately aware of t he  assumptions used i n  order t o  evaluate  r e a l i s t i c a l l y  . 
whether o r  not they can be applied t o  t he  problem under consideration. 

A I R  CORE SOLENOID 

Here the force d i s t r i b u t i o n  gives r i s e  t o  two p r inc ipa l  s t r e s s e s ,  the hoop stress 
o r  t angen t i a l  stress i n  t h e  conductor, and an a x i a l  compressive s t r e s s  on the winding 
s t ruc tu re .  To analyze and design any system one should have an int imate  understanding 
of the elemental forces  in  t h e  sc ruc tu re  and how they are d i s t r ibu ted .  With  t h i s  in-  
formation cumulative loads can be calculated.  Models assuming a body force d i s t r i b u -  
t i o n  i n  a homogeneous material having predictable  mechanical propert ies  w i l l  not give 
r e a l i s t i c  r e s u l t s !  In  general  i t  is possible t o  mechanically (and e l e c t r i c a l l y )  region- 
a l i z e  any system so tha t  the cumulative loads a r e  within s a f e  l i m i t s  f o r  a l l  mater ia ls  
i n  the composite s t ruc tu re .  These would include conductors, conductor supports, insu- 
l a t ions ,  spacers,  and over-al l  system support s t ruc tu res .  

The dominant s t r e s s  problem i n  a solenoid system is the  hoop stress which ean be 
e a s i l y  calculated f o r  an elemental  Conductor by multiplyj.ng the conductor radius i n  
meters by the current  i n  amperes by the axial  f i e l d  i n  t e s l a s .  This w i l l  give t h e  
hoop force on t h a t  elemental conductor i n  newtons.* This can e a s i l y  be converted t o  
stress over any a r b i t r a r y  cross sec t ion  of conducTor andlor conductor support. It i s  
in t e re s t ing  t o  note tha t  i n  a solenoid system having an "alpha" (0.d. over i . d .  r a t i o )  
greater  than 2, the  peak hoop stress does not occur a t  the winding i.d. This fur ther  
t e l l s  us t ha t  if such a winding s t r u c t u r e  i s  a s o l i d  monolithic form then peak stresses 
i n  the body of the windings w i l l  couple t o  the i . d .  and increase t h a t  stress level .  
This emphasizes t h e  p r a c t i c a l i t y  of regional izat ion techniques. It is generally d e s i r -  
able  t o  break up the winding i n t o  a number of self-supporting mechanical regions and 
fur ther  t o  operate  these a t  d i f f e r e n t  current dens i t i e s .  

A s i m p l e  approach t o  a s t r e s s - l imi t ed  solenoid design is t o  s t a r t  with an inside 
region of small r a d i a l  dimension operating i n  the peak f i e l d  s t rength i t  is  desired t o  
produce and having some average radius .  With t h i s  and t h e  mechanical cha rac t e r i s t i c s  
of  the conductor and support used, one can ca l cu la t e  the current  t h i s  inner region can 
carry within sa fe  s t r e s s  l i m i t s .  Having thus designed the inner  winding region and 

* 
I very c l eve r ly  c a l l  t h i s  t h e  R I B  force 
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. 
having calculated the cen t r a l  f i e l d  con t r ibu t ion  of t h i s  region, on?? then moves t o  a 
next outer r a d i a l  region and repeats  the process with the new rad ius  of  curvature and 
new (lower) f i e l d  i n  which the conductors must operate ,  etc. Concentric windings are  - not self-centering and must be r i g i d l y  supported against  r e l a t i v e  r a d i a l  motion. . 

In  cases where s t r e s ses  axe a problem, one is  general ly  deal ing wi th  composite 
conductors and supports and must ,  of course, t ake  great  care t o  properly consider a l l  
of the r e l a t i v e  mechanical c h a r a c t e r i s t i c s  of t h e  materials i n  use. 

THWMAL PROBLEMS WITH COMPOSITE CONDUCTOR/SUPPORTS 

This i s  perhaps most emphatically demonstrated i n  the  design of cryogenic magnets 
where one i s  generally trying t o  support a very high puri ty ,  very weak, and very low 
modulus aluminum conductor i n  a high f i e l d .  Xn order t o  r e a l i z e  the  f u l l  potent ia l  of 
rhe i r  high r e s i s t i v i t y  r a t i o ,  one must operate these  conductors i n  an e s s e n t i a l l y  
s t r a in - f r ee  condition. It is ,  however, impossible t o  f ind a high modulus support mate- 
r i a l  which does not have a thermal. eoeEficient s u b s t a n t i a l l y  less than that of aluminum. . 
Thus during cooldown the  aluminum conductor either shr inks away from t h e  support rnate- 
r i a l  (and must  l a t e r  y i e ld  i n t o  i t ) ,  o r  i f  i t  i s  bonded t o  i ts  support has a large 
thermal s t r a i n  induced.* 

SPLITS 

When a solenoid i s  s p l i t  i n t o  a c o i l  p a i r  o r  mult icoi l  system the  problems are . 
complicated somewhat. The major new considerat ions a r e  the l a rge  f o r c e  between wind- 
ings and t h e  f a c t  t ha t  people do not make s p l i t s  unless they want l o t s  of  f r ee  access 
i n  a region t h a t  ought t o  be mainly support s t r u c t u r e .  

USE OF TRON 

I n  many instances it i s  sens ib l e  t o  use i r o n  with superconducting and 'cryogenic 
systems. 

The use of i ron  i n  a system changes the f i e l d  d i s t r i b u t i o n  s i g n i f i c a n t l y  and, 
therefore,  the force and stress d i s t r i b u t i o n .  The r e l a t i v e  stress problems depend 
largely on the ult imate f i e l d  s t rength i t  is  necessary t o  produce.' A very large 
f r ac t ion  of the t o t a l  f i e l d  can be from the magnetized i ron contr ibut ion.  This means 
tha t  the current i n  the  windings can be reduced, and therefore  t h e  f o r c e s  and winding 
stresses are a l s o  reduced. 
diameter-to-length r a t i o  (small. be t a ) ,  

This i s  p a r t i c u l a r l y  t r u e  with systems having a large 

The a x i a l  loads i n  low f i e l d  iron-bound systems a r e  dramatical ly  reduced and, i n  
f a c t ,  i n  most cases Can be made a r b i t r a r i l y  low. 

J; 

f: am confident t ha t  support s t ruc tu res  can be designed t o  accommodate t h i s ,  
and tha t  dynamic. r e s i se iv i ty  r a t i o s  of grceater than 1000 can be r e a l i z e d  i n  
f i e l d s  of hundreds of kilogauss, although t o  my knowledge t h i s  has  not yet  
been achieved. 

f would l i k e  t o  note tha t  i t  i s  very reasonable t o  consider t he  use of i ron  
with these systems up t o  f i e l d  s t rengths  of at least 50 kG and perhaps even 
higher. 

i- 

- 711 - 



With s p l i t  c o i l s  the i n t e r c o i l  fo rces  can be made such t h a t  the c o i l s  e i t h e r  
a t t r a c t  o r  repel .  

. The in t e rac t ion  of the windings with the surrounding i ron creates 'some problems 
but a lso allows add i t iona l  design f l e x i b i l i t y .  In a simple s y s t e m  magnet ical ly  cen- 
tered windings a r e  i n  a s t a t e  of unstable  equilibrium within the  i r o n  s t r u c t u r e .  Thus 
if they move away from t h e i r  magnetic cen te r ,  they w i l l  pu l l  i n t o  the  i r o n  s t r u c t u r e  
more strongly i n  t h a t  direct ion.  

It i s  possible  ta design an ove r -a l l  geometry i n  which the windings are s t a b l e  
i n  a t  least two d i r e c t i o n s  within the  system, and therefore r equ i r e  support  i n  the 
t h i r d  d i r e c t i o n  only. This h a s  obvious implications to  the  des'ign of l o w  hea t  leak 
s t ruc tu res  i n  iron-bound superconducting and cryogenic systems. An i n t e r e s t i n g  pos- 
s i b i l i t y  is  that of a winding which, wi.th a s i m p l e  feedback system, could be complete- 
l y  magnetically supported within the  surrounding i ron,  and therefore  would r e q u i r e  no 
mechanical s t r u c t u r e  at  a l l  between the  low temperature bath and the  o u t s i d e  world. 

TRANSVERSE PIELD SYSTEMS 

The next category of systems of general i n t e r e s t  might be those t h a t  do not have 
cy l ind r i ca l  symmetry. 
systems f o r  t ransverse f i e l d  generation. 

This would include the various,  "saddle" and r ec t angu la r  c o i l  

Here the bas i c  Lorentz i n t e r a c t i o n  cannot be supported by ' t he  conductor and there- 
fore  requires  some external  s t ruc tu re . .  This r e l i eves  the s t r a i n  on t h e  conductor but 
i s  apt t o  s u f f e r  from nonuniform load and stress d i s t r i b u t i o n  and high l o c a l  stresses 
on conductors and insulat ions.  There is a l s o  a general lack of mechanical r i g i d i t y  
l i k e l y  with th i s  system. Resulting motion could give problems i n  marginal ly  s t a b l e  
superconducting systems. 

O f  major consideration with these more complicated support s t r u c t u r e s  are t h e  
cryostat  and, r e f r i g e r a t i o n  cos t s  which may be associated with necessa r i ly  higher  heat 
leaks.  
i n  a v e r t i c a l  o r i e n t a t i o n  i n  order to improve thermal design. 

It i s  o f t en  des i r ab le  t o  operate  systems which are t r a d i t i o n a l l y  ho r i zon ta l  

FORCE CALCULATION 

Here again the most useful method of estimating forces and stresses i s  simply t o  
look at  the elemental and then cumulative Lorentz in t e rac t ion  forces .  O n e  must be 
ca re fu l  a t  the ends of the system and m u s t  make r e a l i s t i c  assumptions of manufacturing 
tolerances and' r e l a t i v e  load d i s t r i b u t i o n s .  

DAWGER 

The various analogies of magnetic pressure,  thick walled cy l inde r s ,  e t c . ,  can be. 
useful but i n  my estimation only r a re ly :  
tend t o  get one i n t o  a great deal  of t rouble .  
a simple I X B o r  J X E ca l cu la t ion  something i s  wrong! 

They su f fe r  from dangerous l i m i t a t i o n s  which 
I f  assumed forces  do not  c o r r e l a t e  with 

SPEC I& PROBLEMS 

There a r e  always c e r t a i n  spec ia l  problems associated with the  design analysis  of 
a magnetic system. 
requirement specif icat ion.  

One must  be c a r e f u l  t ha t  he i s  working t o  a complete performance 
Important ba.sic considerations are the following: 
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1. The effects o f  time changing fields during field increase or decay should be 
Under emergency or "quench" conditions the latter might be quite rapid, considered. 

and additional forces andlor redistribution of forces resulting from conducting loops 
coupled to the magnetic system, or possible short circuits in the winding structure 

. should be considered. 

2 .  Nonuniform cooldown and localized hot spots during a quench can often create 
serious thermal stress conditions. Judicious use of materials to take advantage of 
differential themal coefficients and prestressing to increase spring constants and/or 
optimize final operating force distributions should be considered. Thermal walking 
and loosening must not be allowed. 

3 .  eternal interactions must be thoroughly evaluated. These might be with mag- 
net ic bodies, current leads , buswork, etc . 

I 

4. If system operation is dynamic due to constantly changing or pulsed fields or 
perhaps dynamic external equipment, one must be sure that fatigue characteristics are 
properly considered. It is important to note that the field, force, and stress solu- 
tions associated with fast pulse systems are significantly different from those of 
steady state or slowly time changing systems. 

5. One must consider all possible emergency and failure conditions of the magnet 
and associated equipment. 

6. One must also be sure that he has adequate and accurate information regarding 
the properties of materials in use and how these properties may change as a function 
of temperature and field. In general, these are well understood and should present 
no surprises. One possible exception is the martensitic (nonmagnetic to magnetic) 
transformation of stainless which can occur if it is cooled in'a severely coldworked 
condition. 
problems. 

This could obviously create unexpected stress and , possibly, experimental 

Unfortunately there are no good general texts on these problems but a great deal 
of information can be gleaned from the following. Again one must be extremely careful 
to select that information which is applicable and correct. 

H. Kolm et al., ed., Proc. Intern. Conf. High'Magnetic Fields, Cambridge, Mass., 1961, 
'(M..I.T. Press and J. Wiley, 1962). 

, 
R. Pauthenet, ed., Actes du CoPloque International sur les Champs Magn6tiques Intenses, 

Grenoble, 1966 (No. 166, Editions du Centre National de la Recherche Scientifique, 
Paris, 1967)- 

E. Brechna and H.S.  Gordon., ed., Proc. Intern. Symposium'on Magnet Technology, Stanford, , 

California, 1965 (available from the Clearinghouse f o r  Federal Scientific and Tech- ' 

nical Information, Springfield, Va., USA). 

H. Hadley, ed., Proc. 2nd Intern. Conf. Magnet Technology, Oxford, 2967 (available from 
R.C. Pepperell, Rutherford Laboratory, Chifton, Didcot, Berks., England). 

One should not overlook the many useful suggestions for stress analysis given by 
S. Timoshenko, W. FLGgge, J.P. Den Hartog, R.J. Roark, and the like! 
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STRESSES I N  MAGNETIC FIELD COILS- 

W.F. Westendorp and R.W. K i l b  
General E l e c t r i c  Company 

Research d Development Center 
Schenectady , New York 

I. INTRODUCTION 

The computation of t he  mechanical stresses i n  c y l i n d r i c a l  magnet ic  f i e l d  c o i l s  
r e q u i r e s  a knowledge of t he  d i s t r i b u t i o n  of fo rces  a c t i n g  upon t h e  conductor ,  and a 
theory whereby t h i s  force  p a t t e r n  may be converted i n t o  a stress p a t t e r n .  

The methods found i n  t h e  l i t e r a t u r e  a re  e i t h e r  accu ra t e  and cumbersome' o r  s i m -  
p l i f i c a t i o n s 2 ~ 3  t h a t  may l ead  t o  s e r i o u s  e r r o r s .  

11. THEORY OF A SIMPLE C O X  

For thick-walled pressure  ves se l s ,  t o  which a c y l i n d r i c a l  c o i l  may be compared, 
t h e r e  e x i s t s  a stress theory4 i n  which i t  i s  pointed out t h a t  t h e  problem is  two- 
dimensional i f  p ressures  are applied i n s i d e  and ou t s ide  . I n  t h i s  case t h e  z component 
of t h e  stress t enso r  i s  zero  everywhere. I f ,  however, 7 x 5 body f o r c e s  are i n t r o -  
duced, t h i s  w i l l ,  i n  gene ra l ,  not be the  case  f o r  an i s o t r o p i c  m a t e r i a l .  However, a 
c o i l  cons i s t ing  of l aye r s  o f  rec tangular  w i r e  o r  of pancakes of m e t a l  r ibbon i s  not  
i s o t r o p i c ,  and s ince  the  w i r e  o r  the  metal  r ibbons  i s  provided w i t h  a t h i n  coa t ing  of  
p l a s t i c  i n s u l a t i o n ,  the  shea r  stress between wires or r ibbons i s  n e g l i g i b l y  small ,  
and t h e  compressive stress i n  the z d i r e c t i o n  w i l l  depend on ly  on t h e  boundary con- 
d i t i o n s . '  I f  w e  assume t h a t  t h e  ax ia l  forces  w i l l  be taken up by s u i t a b l e  c o i l  forms 
repea ted  a t  d i s t ances  small compared t o  the  diameter ,  w e  may n e g l e c t  t h e  e n t i r e  z com- 
ponent of  the stress t enso r ,  and the problem r e v e r t s  t o  the  s imple r  two-dimensional 
case. A d i f f e r e n t i a l  equat ion  may be derived i n  a manner analogous t o  Lam6's o r i g i n a l  

.method. W e  w i l l  he re  fol low the  s tandard textbook5 t reatment  except  f o r  t h e  in t roduc-  
t i o n  of JgB, body forces  and the  new boundary condi t ions  w i t h  z e r o  i n s i d e  and ou t s ide  
pressures .  

Figure 1 shows a view of the c o i l ,  with d e t a i l s  a t  "a" and "b". Under the  in- 
f luence  of the  electromagnet ic  forces ,  the c i r c l e  of r a d i u s  r 'in t h e  uns t ressed  state 
between inner  r ad ius  r i . a n d  ou te r  r ad ius  ro, becomes a circle o f  r a d i u s  r C u,  where 
u i s  the  outward displacement of any po in t ,  r .  Thus ii i s  a f u n c t i o n  of r,  although 

1. J.D. Cockcroft, Trcins. Roy. SOC. London 227, 317 (1928); a l s o  W.F. Giauque, 

2 .  H.P. Furth,  M . A .  Levine, and R.W. Waniek, Rev. Sc i .  I n s t r .  28, 949 (1957). 

3 .  D.B. Montgomery, The Generation of High Magnetic F ie lds ,  pp. 70-104 (see p. 80). 

Rev.  Sci .  I n s t r .  31, 374 (1960). 

4. G. La$ and B.P.E. Clapeyron, ?&moire sur  L 'gqui l ibre  i n t g r i e u r  des  corps  s o l i d e s  - 
homogenes, Mgmoires prgsent6s  par d ive r s  savants ,  Vol. 4 (Acadhmie des Sciences,  
P a r i s ,  2833).  

5.  J . P .  Den Hartog, S t r eng th  of  Mater ia ls  (McGraw-Hill, 1949, and Dover Publ. , 1961) , 
. pp. 140-145. 
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numerically very sma l l  i n  comparison t o  t. 
r ad ius  r a r e  increased  i n  the  r a t i o  (r + u) f r  .or 1 + (u / r )  .- A p iece  d s  of the c i . rc le  
becomes ds  i- u d s f r ,  which means t h a t  t h e  t angen t i a l  s t r a i n  is u f r .  

A l l  lengths  o f  t he  circle wi th  o r i g i n a l  

To f ind  t h e  s t r a i n  i n  t h e  r a d i a l  d i r e c t i o n ,  w e  look a t  the  d e t a i l  "b" i n  Fig. 1 
showing an element i n  t h e  und i s to r t ed  state i n  f u l l  l i n e s ,  which, a f t e r  loading, goes 
t o  t h e , d o t t e d - l i n e  p i c t u r e .  The l o c a t i o n  o f  the inner po in t  is  r ,  and i t  goes t o  
r + u, because of t h e  magnetic p re s su re .  
and it goes t o  r + d r  + u + du because u varies with r .  Thus the  o r i g i n a l  r a d i a l  
length of t he  p i ece  was d r ,  and i t s  d i s t o r t e d  r a d i a l  length i s  d r  + du = d r ( 1  + du/dr ) .  
Hence the  r a d i a l  s t r a i n  is  du/dr .  

The loca'tion of the  o u t e r  point  w a s  r + d r  

We w i l l  assume t h a t  t h e r e  are no a x i a l  forces  ac t ing  upon t h e  c o i l  and no shear  
forces  be tween, layers  of t h e  winding. The two s t r a i n s  can then be expressed i n  terms 
of the  r a d i a l  and t a n g e n t i a l  stres'ses Sr and St as follows6: 

du 1 
d r  - = E (Sr - @St) * 

E i s  the  Young's modulus and 
three  unknowns u, St, and Sr. 
element dr.rdt3 shown a t  "a" i n  Fig.  1 and enlarged i n  Fig.  2 .  The r a d i a l  force  1 i s  
Sr.rd8 per  u n i t  l e n g t h  perpendicular  t o  t h e  paper. 
both S r  and r a r e  s l i g h t l y  d i f f e r e n t ;  t h u s  force  2 i s  Sr.rdt3 + d(Sr*rdB) and the  re- 
s u l t a n t  of 1 and 2 outward i s  

t h e  Po i s son ' s  r a t i o .  These are two equat ions i n  the 
A t h i r d  equat ion i s  found from the  equi l ibr ium of an  

The fo rce  2 OR top  is s imi la r  but 

The fo rces  3 and 4 a r e  numerical ly  equal  but not q u i t e  oppos i te  s ince  the f aces  
they a c t  upon make an angle  de.  Hence t h e i r  r e s u l t a n t  is  d i r e c t e d  inward and has the  
magnitude 

F3d6 = St d r d e  . 
The f i f t h  f o r c e  t h a t  keeps t h e  element i n  equi l ibr ium i s  t h e  electromagnetic 

body fo rce  JOB, r d e d r  a c t i n g  outward UPOR t h e  volume element wi th  u n i t  length i n  t h e  
z d i r e c t i o n .  

Equating f o r c e s  i n  the r a d i a l  d i r e c t i o n ,  w e  f ind  

F2 - F1 + J8BZ r d 8 d r  = F d6 . 3 

A E t e r  s u b s t i t u t i n g  t h e '  appropr ia te  values and dividing' by drd0 w e  g e t  

6 .  J . P .  Den Hartog, Ref. 5 ,  Eq. ( 8 ) ,  p. 75. 
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Solving E q s .  (1) and (2) f o r  Sr and St ,  w e  f i nd :  

( 4 )  
E du 

r 

st = - (5) 
1-CL 

Subs t i tu t ion  of E q s .  ( 4 )  and (5) i n t o  Eq. ( 3 )  t h e n  y i e l d s  t h e  d i f f e r e n t i a l  equation: 

2 
(6) 

1 d u  u - 1 - C L  
r d r  r2 E J e B Z  * d r  

The homogeneous s o l u t i o n s  of E . (6) are r and l /r .  The genera l  s o l u t i o n  of 
Eq.  (6) may the re fo re  be w r i t t e n  as 7 

( 7 )  
B u = A r - I - -  r a  

where A and B a r e  func t ions  of  r t h a t  s a t i s f y  t h e  first order  d i f f e r e n t i a l  equations: 

(8) 

( 9 )  

- =  dA - l - p z J B  
d r  2E B z  a 

- =  2 9  dB r 
dr. d r  

In t eg ra t ion  of E q s .  (8) and (9) gives  two i n t e g r a t i o n  cons t an t s ,  which are t o  be 
determined by the boundary condi t ion  t h a t  t he  rad ia l  stress S, is  z e r o  a t  t h e  in s ide  
and outs ide  c o i l  r a d i i .  

For a uniform cu r ren t  d e n s i t y  Je,  i t  i s  u s u a l l y  s u f f i c i e n t  t o  assume t h a t  B, 
v a r i e s  l i n e a r l y  with r ad ius  from B 1  a t  the  i n s i d e  r a d i u s  ria t o  a s m a l l  nega t ive  
va lue  Bo a t  the  outs ide  r ad ius  ro. The radial. f o r c e  may then be w r i t t e n :  

J O B Z  = cy - Br , (10) 

where a, and a r e  cons tan ts .  

J e ( B i r o  - B o r i )  
a =  r - r  a 

0 i 

Je(Bi - Bo) 
B =  - r  

0 i 

7 .  D.H. Menzel, Fundamental Formulas of Physics  (Dover Publ . ,  1960), p. 35. 
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Using Eq ( lo ) ,  w e  may e a s i l y  i n t e g r a t e  Eqs. ( 8 )  and ( 9 )  t o  f i n d  .the so lu t ions :  

til 1 1 - u  8r2 ) ( E T - -  4 
A =- 

E 

The cons t an t s  CY and /3 are found from.Eqs. (11) and (12) ,  1-1 i s  Poisson ' s  r a t i o ,  
Note t h a t  the r a d i a l  and t a n g e n ~ t i a l  stresses, Sr and S,, and E i s  Young's modulus. 

do not depend on Young's modulus. 
of Young's modulus. 

The r a d i a l  displacement u i s ,  however, a func t ion  

A s  mentioned above, the  cons tan ts  Cl-and Cg are found by s e t t i n g  S, = 0 at  t h e  
in s ide  and o u t s i d e  c o i l  r a d i i .  This  y ie lds :  

TIL.  APPLICATION TO SIMPLE COIL 

The computation der ived above has  been appl ied  t o  t h e  case of a "superconducting 
co i l . "  
t y ,  and i t  has  a cross sec t ion  l a rge  compared t o  t h a t  of t h e  a c t u a l  superconductor, a 
niobium-tin a l l o y .  The ribbon8 of which t h e  c o i l  is wound c o n s i s t s  of two s t r i p s  of 
copper a few thousandths of an inch th i ck  wi th  the  niobium-t in  of only  a few t en -  
thousandths OF an inch sandwiched between. Therefore ,  i n  the computation the  stress 
con t r ibu t ion  of t h e  niobium-tin mag be e n t i r e l y  ignored even though both  i t s  Young's 
modulus and i t s  u l t ima te  s t rength  are h igher  than those  of copper. 
w e  s h a l l  r e f e r  t o  t h i s  type of superconducting c o i l  as t h e  "copper" c o i l .  
i s  supported by a metal spool 20-in. i . d .  so  t h a t  t he  copper has  an i . d .  equal  t o  
21 i n .  { x i  = 26.67 cm>. 
t h e  s i z e  of a D e w a r  ves se l ,  38-in. i . d . ,  and was consequent ly  assumed t o  be 36-in. 
0.d. (ro = 45.72 cm). 
of a coaxial system of c o i l s ,  and the  f i e l d  va lues  and stresses computed he re  are a l l  

'In t h i s  c o i l  t h e  copper is  employed pr imar i ly  f o r  purposes of thermal s t a b i l i -  

For t h i s  reason  
The c o i l  

The outs ide  diameter of t h i s  p a r t i c u l a r  c o i l  was d i c t a t e d  by 

The a x i a l  dimension of the  c o i l  w a s  4 i n . ,  bu t  i t  formed p a r t  

8.  M.G. Benz, G.E. Research. & Development Center Report No. 66-C-044 (1966). 
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f o r  t h i s  c o i l  as p a r t  of t h e  coaxial fu l ly-energ ized  system. 
l a r g e  s i z e  "end" c o i l ,  t h e r e  be ing  one smal le r  "end" c o i l  beyond i t .  I n  a l l  cases  
cons idered  he re ,  t h e  c e n t r a l  f i e l d  a t  t h e  c e n t e r  of the  assembly and on t h e  a x i s  was 
75 kG. Dig i t a l  computer f i e l d  determinat ions under these  condi t ions  gave f o r  t he  
"copper" c o i l :  
u l u s  of copper a s  1.03 X 10 l2  dyn/cm2 (14.93 x lo6 ps i )  and the  PoissonCL's r a t i o  of 
copper as b . =  0.33,  w e  found f o r  the'"cop er'* c o i l  t he  t angen t i a l  t e n s i l e  stress curve, 

co i l  t o  8.04 X lo8  dyn/cm2 (11 600 p s i )  on t h e  ou t s ide .  
ses are p lo t t ed  as a nega t ive  stress on the  l e f t  i n  Fig.  3 and the  r a d i a l  motion on 
t h e  r i g h t  i n  Fig.  3. 
a l though low for copper, should  be considered w i t h  r e g a r d  t o  t h e  i n s u l a t i o n  used on 
t h e  m e t a l  ribbon. The r a d i a l  motion is g r e a t e s t  on the in s ide  (0.0445 e m  o r  0.0175 in . )  
and a l s o  the l a r g e s t  of t h e  t h r e e  systems Considered. 

The c o i l  w a s  known as a .  

B i  = 91 kG, Bo = -18 kG, and J = 9.88 kA/cm2. Taking t h e  Young's mod- 

so marked i n  Pig.  3 ,  going from 17.2  X 10 t; dyn/cm2 (24 000 ps i )  on the  i n s i d e  of t he  
The r a d i a l  compressive s t res-  

The maximum compressive stress (1.6 X lo8  dyn/cm2 o r  2320 p s i )  

I V .  APPLICATION TO REINFORCED C O I L  . .  

Because of t h e  high t a n g e n t i a l  stress on the  in s ide  (24 900 ps i )  ,it was decided 
t o  cons ide r  o the r  conf igu ra t ions  than t h e  "copper" c o i l .  

The second des ign  cons idered  i s  referred t o  a s  t he  "two band" c o i l .  It has  an 
inne r  "band", c o n s i s t i n g  of  t h e  "copper" winding, of 21-in. i .d .  and 31-in.  0.13. 
(ro = 39.37 c m ) ,  which c a r r i e s  t he  cu r ren t ,  and a s t a i n l e s s - s t e e l  band of 31-in.  i . d .  
and 36-in. 0.d. (rx = 45.72 em), which c a r r i e s  no cur ren t  bu t  se rves  s t r i c t l y  as re- 
inforcement .  Because of t h e  d i f f e r e n t  l o c a t i o n  o€  the  magnetizing ampere t u r n s ,  t h e  
d i g i t a l  computer w a s  aga in  used t o  determine t h e  f i e l d ,  and the  r e s u l t  w a s  B i  = 99 kG 
and Bo = -20 kG and J = 14.7 kA/cm2.  I n  the  mathematical s t r e s s - s t r a i n  t reatment  of 
t h i s  combination, t h e  ''copper" i s  handled a s  before  with the  except ion t h a t  a t  the  , 

o u t s i d e  boundary of t h e  copper t h e  r a d i a l  stress must equal  t h e  r a d i a l  stress of t h e  
s t a i n l e s s  steel. For t h e  s t a i n l e s s  steel ,  E q s .  (21) through (17) may be used provided 

'we set Jg = 0 so cy = 0 and B = 0. 
Another condi t ion  is t h a t  t h e  ex te rna l  r a d i a l  displacement ucu of t he  copper m u s t  
equa l  t h e  i n t e r n a l  r a d i a l  motion uss of t h e  s t a i n l e s s - s t e e l  band. The fou r  unknowns 
C l c u ,  CzCu,  C l s s  and CzSs may therefore  be found from the  four  boundary condi t ions :  
S, = 0 at ri and rx; 

The r a t i o  Ess/Ecu was taken as 2 and uss = 0.30. 

ucu = uSs and Srcu S r s s  a t  to. 

Carrying through t h i s  procedure leads  t o  the  curves marked "two band c o i l "  i n  
F igs .  Sa and 3b. The main s u r p r i s e  i s  t h a t  t h e  improvement i s  so small, t h e  new 
maximum t e n s i l e  stress i n  t h e  copper being 14.9 x lo8 dyn/cm2 o r  2 1  600 p s i .  
maximum compressive stress h a s  more than doubled, 3.6 x lo8 dyn/cm2 o r  5210 p s i ,  and 
t h e  r a d i a l  motion has  been reduced t o  a maximum a t  t h e  in s ide  of t he  c o i l  of  0.0385 cm 
or 0.0251 i n .  

The 

V. COPPER-STEE3.t RIBBON C O I L  

A t h i r d  attempt w a s  made t o  reduce t h e  maximum t e n s i l e  stress i n  t h e  copper, 
while  keeping the  ove r -a l l  dimensions the  same. 
be wound of a combination of copper and s t a i n l e s s - s t e e l  ribbons so  t h a t  i n  t h e  com- 
pound r ibbon the  a r e a  of t h e  copper was twice t h a t  of the  steel. 

This  t i m e  t he  c o i l  w a s  considered t o  

' 
Consider t h i s  compound o r  sandwich c o i l  as cons i s t ing  of a "new" ma te r i a l  with a 

mean Young's modulus expressed as follows: , 

Em = fcEc 1- fsEs 
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and a ,Poisson's r a t i o  

Pm = fckc + fsws 

where f c  i s  the  f r ac t ion  o f  the t o t a l  c ros s  sect ion t h a t  is  copper, f s  i s  the fract ion-  
al  area €or the  s t a i n l e s s  s t e e l ,  and E, and Es the corresponding moduli, e t c ;  This 
value of the mean Young's modulus may be rigorously derived f o r  t h e  case where the com- 
pound rfbbon hangs v e r t i c a l l y  and is  loaded by a weight causing a s t r a i n ,  6, i n  both 
copper and s t a i n l e s s  steel and t e n s i l e  stresses, respect ively Sc and S , .  The matezial  
may even be subjected t o  a stress, Sr,  perpendicular t o  the r ibbon.  

. .  

According t o  Eq. (1) with some rearranging: 

Sc = 6Ec + ucSr and S s  = 6Es + wsSr . 
The mean stress may be wr i t t en  as 

sm = fcSc -I- fsSs , 

or  by subst i tut ion 

= 6fcEc + f ~1 S + 6fsEs 4 fslLsSr 7 sm c c r  

or  rearranged 

S = 6(f E + fsEs) + (fcwc + fsws) Sr , ne c c  

and since for  the "new" material  w e  must. have 

w e  conclude 

. = fcEc + fsEs and Pm - - fCwc + fsUs - 
The r e s u l t s  are shown in  the curves marked "sandwich coil".  The mean Young's 

modulus became 1.37 X 20x2 dyn/cm2 and the mean Poisson's r a t i o  0 . 3 2 ,  when fc  = 2 / 3  
and fs = 113. It can be seen i n  Fig. 3 t h a t  the maximum tangen t i a l  s t r e s s  i n  the 
copper for  the sandwich c o i l  has dropped to  13 X lo8  dynfcmz, which i s  3 / 4  of the 
17.2 x 108 dynlcmz for  the simple copper c o i l .  

8 Note t h a t  the maximum tangent ia l  stress i n  r h e ' s t e e l  o f  26 X 10 dyn/cm2 i s  
twice as great as the 13 x lo8 dyn/cm2 value f o r  the copper, which i s  the same r a t i o  
of two as  €or t h e i r  Young's moduli. T h i s  r a t i o  follows from Eq. (1) i f  w e  r e c a l l  
t h a t  the maximum stress point occurs a t  t he  inside surface of t h e  c o i l  where S r  = 0 .  
Since the r a d i a l  motion u i s  e s s e n t i a l l y  the s a m e  f o r  the copper and s t e e l  i n  the 
ribbon, we then have from Eq. (3 . )  that  SCcu/Ec = Stss/E, ,  which shows tha t  the r a t i o  
of the maximum tangent ia l  s t r e s s e s  i n  t h e  two ma te r i a l s  is  i n  the r a t i o  of t he i r  
Young's moduli. 

- 

A fur ther  point is t h a t  the t o t a l  t angen t i a l  stress S t  a t  a given radius is 
e s sen t i a l ly  the same whether the c o i l  i s  a "simple copper" c o i l  or a "sandwich coi l" .  
For the sandwich co i l  w e  have 

St = cStcu + V i s s  
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where Stcu and Stss a re  t h e  t a n g e n t i a l  stresses i n  the  copper and steel, r e s p e c t i v e l y ,  . 
and fc and f s  a r e  the f r a c t i o n a l  a rea  c ros s  sec t ions  of t h e  copper and steel  i n  the  
sandwich ribbon. 
above equat ion ,  and solve i t  f o r  Stcu: 

A t  t he  i n s i d e  c o i l  sur face  w e  may s u b s t i t u t e  S t s s  = EsStcu/Ec i n  t h e  

Since S t  is the  same f o r  t h e  "simple copper" and "sandwich c o i l " ,  t h e  f a c t o r  
l / ( f c  f fsEs/Ec) gives  the  reduct ion  i n  maximum stress i n  t h e  copper of t h e  "sandwich 
c o i l "  as compared t o  the  "simple copper" c o i l .  For f c  = 213, f ,  = 113 and Es/Ec = 2,  
t h i s  r educ t ion  f a c t o r  i s  314, j u s t  a s  t he  numerical va lues  i n  Pig.  3 show. Also no te  
t h a t  t he  maximum reduct ion occurs  i n  the  l i m i t  of very  l i t t l e  copper ( f c  -+ 0) and 
nea r ly  a l l  steel ( f s  4 11, i n  which case the  reduct ion  f a c t o r  becomes Ec/Es. Thus 
t h e  g r e a t e s t  poss ib le  reduct ion  i n  the copper t angen t i a l  stress i s  50%, which occurs  
when t h e  r ibbon is near ly  a l l  steel. Note t h a t  one-third copper and two- th i rds  steel  
would give a reduct ion  f a c t o r  of  60%. 

VI. CHARTS AND GRAPHS 

For t h e  simple c o i l  w e  have se t  up a computer program t h a t  de te rmines  t h e  f i e l d  
i n  the  c e n t e r ,  i n  the cen te r  plane on the  i n s i d e  wall and on t h e  ou t s ide , '  and i n  
va r ious  p l aces  in s ide  t h e  winding a t  the mean r ad ius .  From these  v a l u e s  the t angen t i a l  
t e n s i l e  and t h e  r a d i a l  compressive stresses are computed. The r a d i a l  components a t  
t h e  m e a q r a d i u s  allow u s  to  compute t h e  maximum a x i a l  compressive stress i n  t h e  c e n t e r .  
W e  are not consider ing the  increased s t r a i n  caused by t h e  supe rpos i t i on  of t a n g e n t i a l .  
t ens ion  and a x i a l  compression no r  what theory of s t r eng th  t o  use. F i g u r e  4 i n  the  
o r i g i n a l  r e p o r t  was a "fold ou t  and fo ld  up" cha r t  i n  which t h e  c e n t r a l  f i e l d  may be 
found from 1eng th l i . d .  and 0 .d . l i .d .  on t h e  left  and to the  right- by means of nomograms 
from current dens i ty  and i . d .  and by a f i n a l  reading on the  extreme r i g h t .  Figure 5 
shows o t h e r  f i e l d  values  expressed i n  the  one read from Fig.  4 .  

Figure  6 is  a char t  s i m i l a r  t o  Fig.  4 showing a t  t he  extreme r i g h t  t h e  maximum 
t a n g e n t i a l  tensile stress based on, from lei3 t o  r i g h t ,  l e n g t h / i . d . ,  o .d . l i .d . ,  c u r -  

' r e n t  dens i ty ,  and i.d.. 

F igure  7 shows o ther  stresses expressed i n  t h e  t e n s i l e  stress read  from t h e  c h a r t .  

If c o i l s  are loosely wound o r  have very compressible i n s u l a t i o n  t h e  t e n s i l e  stress 
becomes h ighe r  than read i n  the  char t .  
f o r  the  "loose" c o i l .  

Figure 8 shows the maximum f a c t o r  of increase  

In  a l l  cases the  space f a c t o r  has been assumed t o  be uni ty .  Actua l  cu r ren t  den- 
si t ies,  t e n s i l e  and compressive stresses a r e  higher  and may be found by d i v i d i n g  by 
t h e  appropr i a t e  space f a c t o r s .  

For c e r t a i n  c o i l  shapes of o.d.1i.d. r a t i o  l a r g e r  than two the  maximum t e n s i l e  
stress may occur  at a r ad ius  l a r g e r  than the  in s ide  and the  compressive srress a t  
smal le r  r a d i i  disappears .  The computer program and the  c h a r t s  take  t h i s  i n t o  account. 
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9,lO V I 1  . CONCLUSION 

We have der ived an .accura te  theory  f o r  t h e  t angen t i a l  and r a d i a l  s t r e s s e s  i n '  
. simple c y l i n d r i c a l  c o i l s .  To apply t h i s  theory ,  t h e  maximum and minimum values  of 

B, should be found by means of  a computer program. 
involves only t h e  de t e rmina t ion  of two i n t e g r a t i o n  constants  i n  the  expressions f o r  
the two stresses and t h e  t a n g e n t i a l  s t r a i n .  

From there  on the  computation 

The theory may ais0 be appl ied  t o  a c o i l  surrounded by a r e in fo rc ing  band, but 
i n  t h i s  case four  c o n s t a n t s  have t o  be determined from the  boundary condi t ions .  

For a t h i r d  s i t u a t i o n ,  where t h e  c o i l  is  wound of a compound r ibbon made up of 
two d i f f e r e n t  m a t e r i a l s ,  our  theory is  adequate  provided w e  use spec i f ied  mean values  
of Young's modulus and Poisson ' s .  r a t i o .  

By means of a computer program c h a r t s  and graphs were p lo t t ed  of magnetic f i e l d s  
i n  var ious p laces  and of the t h r e e  maximum stresses fo r  a l a r g e  range of shapes and 
sizes of c o i l s  of t h e  s i m p l e s t  type. 

9. Since the or iginal .  pub l i ca t ion  d a t e  of t h i s  r epor t  (August 1966, Report 
No. 68-C-255), t h e  fol lowing paper was presented on t h i s  sub jec t ,  which con- 
t a i n s  f u r t h e r  r e f e r e n c e s  t o  recent  l i t e r a t u r e :  A . J .  Middleton and C.W. 
Trowbridge, h o c .  2nd I n t e r n .  Con€. Magnet: Technolopy, Oxford, 1967, p .  140. 

10. R.W. Kilb and W.F. Westendorp, G.E. Research 61 Development Center Report 
NO. 67-C-440 (1967)-  
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Fig. 1. Cross section of coil considered as a thick-walled 
pressure vessel showing stresses (a) and deformation (b). 

Fig. 2. Forces acting on an element. Not shown is the electro- 
magnetic force J B rdedr, directed radially outward. e z  
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Fig. 3 .  Stresses and r a d i a l  motion shown as a func t ion  of r ad ius .  
For the "copper co i l "  ri - - 26.67 cm, rol= 45.72 cm, 
B i  = 91 kG, Bo = -18 kG, J = 9.88 kA/cm"; "sandwich co i f "  
same as copper  c o i l ;  "two-band coil" ri, = 26.67 cm, 
ro = 39.37 cm,  rx = 45.72 c m ,  B i  = 99 kG, Bo = -20 kG, 
J = 14.7 kA/cm2, E,,/E," = 0.33, us = 0.3 .  
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VERY HIGH FIELD HYERYD MAGNET SYSTEMS 

D. Bruce Montgomery, J.E.C. W i l l i a m s , *  N.T. P i e rce ,  
R. Weggel, and M.J.  Leupold 

Francis B i t t e r  National Magnet Laboratory 
Massachusetts Inst i tute  of Technology 

Cambridge, Massachusetts 

t 

I. GENERAL CONSIDERATIONS 

The term "hybrid" magnet has.begn coined t o  describe c o i l s  i n  which only pa r t  of 
t he  f i e ld .  i s  generated by superconductors and p a r t  by nonsuperconductors. 
have the advantage t h a t  they can produce higher f i e l d s  than can be produced by e i t h e r  
of t h e i r  pa r t s  alone. In  addition, they can represent a r a t h e r  economical approach t o  
very high f i e l d s  f o r  laborator ies  who already possess e i t h e r  power suppl ies  o r  r e f r i g -  
e r a t o r s  of reasonable capacity.  

Such systems 

The most compelling reason t o  consider hybrid systems is  t h a t  superconductors by 
themselves are l imited by t h e i r  upper cr i t ical  f i e l d .  If one wants t o  produce a fi.eld 
above t h i s  level ,  it is c l e a r ,  t ha t  the superconductor cannot do it alone. I f ,  an t h e  
other  hand, we replace those sections of the winding which are exposed t o  a f i e l d  too 
high f o r  the superconductor by nonsuperconducting materials, we can go on increasing 
the  f i e l d  limited only by our a b i l i t y  t o  power or cool the now d i s s i p a t i v e  inner re- 
gions.  
This cryostat  must not only provide low l o s s  temperature i s o l a t i o n ,  but m u s t  support 
very large magnetic i n t e rac t ion  forces  as w e l l .  

Needless t o  say, one m u s t  separate the two sec t ions  by a s u i t a b l e  c ryos t a t .  

When one designs an actual  hybrid system i t  i s  necessary t o  take a more s u b t l e  ap- 
proach than simply replacing only those windings which would be above the upper cri t i-  
c a l  f i e l d  of the superconductor. One needs t o  take i n t o  account the power (or cryogen- 

cost  of the superconducting magnet as a function of f i e l d  and bore. 
. i c  cooling) avai lable ,  the space required f o r  the nonsuperconducting i n s e r t ,  and the  

L e t  us first consider the r e l a t i v e  cost  of superconducting magnets a s  a funct ion 
of f i e l d .  This w i l l  give u s  an indicat ion both of how high f i e l d  a superconducting 
c o i l  we w i l l  be w i l l i n g  t o  invest  i n  f o t . t h e  hybrid, and a t  t he  same t i m e  i nd ica t e  what 
p r a c t i c a l  upper l i m i t s  of f i e l d  we might expect from an a l l  superconducting system. 

It is w e l l  known t h a t  the current carrying capacity of superconductors drops rap-  
i d l y  as the c r i t i c a l  f.ield i s  approached. Figure 1 shows t h e  c r i t i c a l  current f o r  a 
widely used  commercial Nb3Sn material. nominalized t o  t h a t  a t  100 %G far 4.Z°K1 and f o r  
1.5*K.2 
m u s t  be used i n  the conductor m u s t  increase as the inverse of F ig .  1. As the conductor 
p r i ce  is  related almost d i r e c t l y  t o  the  amount of NbgSn, w e  can construct  a . r e l . a t i v e  
cost  curve as  i n  Fig. 2 .  We have added as  w e l l  the r e l a t i v e  cos t  of NbTi i n  the low 
f i e l d  region as it becomes less cost ly  than NbgSn. 

Lf we wish our conductor t o  carry a fixed cu r ren t ,  t he  amount o f  NbgSn which 

' 

* 
Present address, Oxford Instrument Co. L t d . ,  Oxford, England. 

Supported by the U.S. A i r  Force Office of' ScientifPc Research. 

RCA Nb3Sn ribbon R60291 0 %< H e: 140 kG; above 140 kG d a t a  from D.B. Montgomery 
and W.B. Sampson, Appl. Phys. L e t t e T S  6 ,  108 (1965). 

T 

1. 

2 .  W.B. Sampson, p r iva t e  communicati.on. 
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T o  comp'ute the  r e l a t i v e  c o s t  of magnets from Fig .  2 we must make assumptions about 
the amount of ma te r i a l  pe r  u n i t  volume of t he  magnet which requires t h a t  w s  se t t le  on 
the number of subdiv is ions ,  c u r r e n t  dens.ity, and on t h e  number of turns/cmL. For s m a l l  
bore ,  h igh  f i e l d  c o i l s  reasonable  cu r ren t  d e n s i t y  and turns/cm2 t o  assume are given i n  
F ig .  3 and are based on adding Nb3Sn t o  maintain cons tan t  cur ren t  and adding copper i n  
propor t ion  t o  the  l i n e a r l y  inc reas ing  magnetoresis tance.  

F igure  4 p l o t s  t h e  relative c o s t  of 1 . 5  inch bore,  a l l  superconducting magnets 
under t h e  assumptions d iscussed  f o r  var ious  numbers of subdiv is ions  of t h e  c o i l .  It i s  
c l e a r  t h a t  c o s t s  'rise extremely r a p i d l y  a t  h igh  f i e l d s ,  even at  reduced temperatures .  
W e  might expec t  from such a f i g u r e  t o  see hybrid systems considered fo r  any f , i e lds  
above 175 kG, and c e r t a i n l y  f o r  a l l  f i e l d s  a t  200 kG o r  h igher .  While f u t u r e  m a t e r i a l s  
may alter these  d iv id ing  p o i n t s  somewhat, the  fact  remains tha t  t h e r e  w i l l  always be a 
d i v i d i n g  po in t  a t  which i t  is advantageous o r  necessary t o  consider  hybrids .  

A s  an i n d i c a t i o n  of materials t o  come, F ig .  1 also g ives  the  cr i t ical  cu r ren t  den- 
s i t y  of some V3Ga ma te r i a l3  i n  i t s  abso lu te  r e l a t i o n  t o  t h a t  of NbgSn a t  4.2'K. 
probable performance a t  1.5'K should make i t  t h e  bes t  a v a i l a b l e  ma te r i a l  f o r  . t h i s  very  
h igh  f i e l d  range.  . 

Its 

Superconducting c o i l s  f o r  use  i n  hybrid systems m u s t ,  of course,  have much l a r g e r  
bores  than  those  i n  F ig .  4 ,  bu t  w i l l  be sub jec t  t o  the  same s t eep  rises i n  c o s t s  as 
f i e l d s  inc rease .  F igure  5 ,  f o r  example, indicates the  relative c o s t  of a 10 in .  room- 
temperature bore superconducting system r e l a t i v e  t o  t h e  cost a t  513 ,kG. Cryos t a t  and 
power supply  c o s t s  have been included i n  t h i s  case, and t h e  r e l a t i v e  c o s t  of  ma te r i a l  
is based on Fig .  2 and an assumed current dens i ty  of 5 X 10 A/cm . We n o t e  t h a t  t h e  
system c o s t s  a t  120 kG i s  n e a r l y  t w i c e  what i t  i s  at 100 kG. 

3 2 

It is  of interest  t o  examine the  magnitude of the  absolu te  c o s t s  of t h i s  10 in .  
system. I f  w e  t i e  F ig .  2 t o  a t y p i c a l  f i g u r e  for cos t  per ampere per  m e t e r  a t  today ' s  
prices w e  can c a l c u l a t e  t h e  m a t e r i a l  c o s t s .  I f  w e  t ake  $16.50 per kA/m a t  100 kG w e  
ob ta in  a material c o s t  , fo r  t h e  12  in.  50 kG superconducting c o i l  (10 in .  roorn-tempera- 
t u r e  bore)  of  $30 000 and w i t h  t h e  $20 000 add i t iona l  system cos t  g e t  a normalizing 
nonsa lary  c o s t  f o r  F ig .  5 of $50 000 at 50 kG. In  add i t ion ,  one would need t o  add 
engir ieer ing 'and l abor  c o s t s  which can e a s i l y  be..equal t o  material c o s t s  i n  prototype 
systems. Taking the  nonsa lary  f i g u r e  of $50 000 a t  50 kG w e  thus note  t h a t  a 100 kG 
system is  worth $150 000 i n  material c o s t s  a lone and a 120 kG system, $265 000. 
a r e  t h e r e f o r e  t a lk ing  about major  investments and we  see t h a t  w e  are un l ike ly  t o  wish 
t o  exceed 100 kG by very  much in  t h e  superconducting p a r t  of t he  hybr id .  

We 

L e t  u s  now s h i f t  our  a t t e n t i o n  t o  the  nonsuperconducting i n s e r t .  Th i s  can be a 
water-cooled c o i l  or  a cryogenic  c o i l  and which one t o  choose depends on a number of 
v a r i a b l e s .  Probably the  most important f a c t o r  i s  what i s  a l ready  a v a i l a b l e  t o  the  de-  
s igne r .  Most of the  l a r g e r  h igh  energy physics  l a b o r a t o r i e s ,  f o r  example, can make a t  
least  s e v e r a l  megawatts of power a v a i l a b l e  a s  can any of t h e  l a b o r a t o r i e s  a l ready  en- 
gaged i n  h igh  f i e l d  water-cooled magnet work. Some f a c i l i t i e s ,  on the  o t h e r  hand, have 
l a r g e  c ryogenic  capac i ty  and a shor tage  of power. I f  one i s  s t a r t i n g  from t h e  beginning 
wi th  noth ing  a v a i l a b l e ,  t he  problem is more complex and. t h e  dec i s ion  i s  o f t e n  most heav- 
i l y  in f luenced  .by what else might be done wi th  the  f a c i l i t y  were it a ~ a i l a b l e . ~  I n  t h i s  
paper w e  w i l l  restrict  our a t t e n t i o n  t o  water-cooled i n s e r t s  a s  w e  a l ready  have consid-  
e r a b l e  dc power and the  need € o r  many hours of cont inuous f i e l d s .  

3 .  Ribbons made by K. Tashikawa, Nat ional  Research I n s t i t u t e  f o r  Metals ,  Tokyo, 
and t e s t e d  a t  the  Franc is  B i t t e r  Nat ional  Magnet Laboratory by Y .  I w a s a .  

4 .  R .  Stevenson and P. Marston, Colloque i n t e r n a t i o n a l  su r  les champs magngtiques 
i n t e n s e s ,  Grenoble, 1'366 (CRNS, Par i s ,  1967), p. 169. 
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We w i l l  start our  d i scuss ion  by cons ide r ing  what f i e l d s  one might  expect t o  
achieve given a 100 kG superconducting c o i l  of  s u f f i c i e n t  s i z e  t o  accobnodate water- 
cooled c o i l s  at va r ious  power levels. T h i s  i s  shown i n  F ig .  6 .  With 2 MW we can 
achieve 200 kG i n  a 1.5 i n .  bore c o i l  (1.25 i n .  working bore)  and w i t h  4 MW, 250 kG. 
Above a f i e l d  of 250 kG the  i n s e r t  i t s e l f  beg ins  t o  s u f f e r  from some of the  same l i m -  
i t a t i o n s  of c r i t i c a l  cur ren t  t h a t  a f f e c t  superconductors ,  namely t h a t  t he  magnetic 
stresses a r e  becoming so  high t h a t  performance begins  to s u f f e r .  The c o i l  must e i t h e r  
use increas ingly  s t rong  conductors o r  g i v e  up inc reas ing  space t o  suppor t  s t r u c t u r e .  
The power requi red  per gauss the re fo re  goes up. We have . the re€ore  shown the curve i n  
Fig. 6 div id ing  above 250 kG; t h e  upper curve  r ep resen t s  an i d e a l  s i t u a t i o n  of no l i m -  
i t a t i o n ,  and the  lower one, t h e  more p r a c t i c a l  case. Nonetheless, w e  no te  tha t  with 
10 Nl one can achieve a f i e l d  of over 300 kG. 

W e  next examine how l a r g e  a superconduct ing c o i l  w e  .need t o  b u i l d  f o r  a given 
hybrid system. 
t a i n  a c o i l  ab le  t o  d i s s i p a t e  t h e  power we wish  t o  use.  Th i s  i s  g e n e r a l l y  not the  
optimum s i z e ,  however, a s  w e  s h a l l  d i scuss .  L e t  u s  assume t h a t  w e  wish t o  generate  
200 kG i n  a 1.25 in .  bore and w e  have 2.5 PIW of  power a v a i l a b l e .  W e  would f i r s t  pro- 
ceed t o  c a l c u l a t e  t h e  f i e l d  t h a t  an i n s e r t  o f  1 .5  i n .  i n s i d e  d iameter  would produce 
a s  a func t ion  of i t s  ou te r  diameter. A s  t h e  insert c o i l  is enlarged ,  t h e  gauss per 
wat t  goes up due t o  t h e  inc rease  i n  the c o i l ' s  Fabry f a c t o r  and t h e  decrease i n  opera- 
t i n g  temperature. The inc t ease  i n  i n s e r t  f i e l d  wi th  ou te r  diameter  means tha t  less 
f i e l d  need be generated by t h e  superconducting c o i l  t o  r each  200 kG, bu t  a l so  r e q u i r e s  
t h a t  t h e  superconducting c o i l  have a p rogres s ive ly  l a r g e r  bore to  accommodate the  
l a r g e r  i n s e r t .  It is thus necessary t o  examine the balance between t h e  cos t  of i n -  
c reas ing  t h e  bore  aga ins t  t h a t  of producing a h igher  f i e l d  a t  a smaller bore. 
shows the  r e s u l t s  f o r  t h i s  case and for a YMW, 250 kG case. We n o t e  t h a t  t he re  is  an 
i n s e r t  c o i l  ou te r  diameter which y i e l d s  a minimum c o s t  system at  t h e  given power and 
required f i e l d .  Where t h e  minimum w i l l  l i e  depends upon t h e  type o f  insert, t he  power 
l e v e l ,  the  f i e l d  range and t h e  cos t  of t h e  superconductor. The minimum can thus  be 
expected t o  s h i f t  wi th  changing economics of  the superconducting m a t e r i a l .  Figure 7 
i s  given only t o  i n d i c a t e  t h a t  t he re  w i l l  be an optimum s i z e  t o  p i c k  and tha t  wi th in  
p lus  o r  minus one t o  two inches,  i t  i s  nat p a r t i c u l a r l y  c r i t i ca l .  

The minimum s i z e  i s  d i c t a t e d  by t h e  smal les t  bore l a r g e  enough t o  con- 

Figure 7 

Having found the  optimum, i t  is  necessa ry  to go back and be s u r e  t h a t  it i s  Eea- 
s i b l e  t o  bu i1d .a  coi l  wi th in  t h a t  optimum space  which can be supported and cooled. 
This  is a more complex ques t ion  a s  t h e r e  i s  seldom an abso lu te  l i m i t  on performance. 
A p a i r  of t y p i c a l  i n s e r t  c o i l s  are shown i n  Big.  8 t o  g ive  an i n d i c a t i o n  of what is  
poss ib le .  The i n s e r t  c o i l  has  an i .d .  of 1 . 5  i n .  and an 0.d.  of 4.375 i n .  and absorbs 
1.1 Mw t o  generate  75 kG. It could e a s i l y  absorb  1.5 MW. The second c o i l  of 4.6 i n .  
i .d .  and 13 in. o.d. absorbs 5 MM and g e n e r a t e s  LOO kG. The o v e r - a l l  diameter ou t s ide  
the  r e t a i n i n g  s t r u c t u r e  i s  14 in. A proposed f u t u r e  c o i l  system h a s  been designed t o  
absorb 16 'MW wi th in  t h e  same envelope a l though with a d i f f e r e n t  c o i l  arrangement * 
Based on our experience with c o i l s  l i k e  t h e s e  we f e e l  t h a t  t h e  minimum allowable s i z e  
w i l l  genera l ly  f a l l  below t h e  optimum s i z e ,  p a r t i c u l a r l y  i f  m u l t i p l e  c o i l  arrangements 
a r e  used. 5 

A 10 i n .  room temperature bore supercsnduct ing c o i l  as d i scussed  i n  connection 
with P ig .  5 would be c lose  to the  optimum s i z e  f o r  a 2 . 5  MW i n s e r t ,  and i f  i t . gene r -  
a t e s  90 kG would g ive  a 200 kG c e n t r a l  f i e l d .  This  c o i l  would r e p r e s e n t  an investment 
of about $120 000 exclus ive  of s a l a r y  c o s t s  and would be cons ide rab ly  less c o s t l y  than 
the  all-superconducting c o i l s  ind ica ted  i n  F ig .  4 .  As t h e  f i e l d  r equ i r ed  increases  
f u r t h e r ,  hybrids  must be used and the  question is  no longer  one of economics. 

. 5. D.B. Montgomery, Colloque i n t e r n a t i o n a l  s u r  l es  champs magngtiques intenses ,  
Grenoble, 1966 (CRNS, P a r i s ,  1967), p .  51. 
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11. PROTOTYPE HYBRIb MAGNET 

1. Over-all System 

We are constructing a prototype hybrid system which will use various water-cooled 
insert coils in a 14 in. room temperature bore 60 kG superconducting coil. 
of 225 kG in a 1.25 in. bore or 200 .kG in a 2.125 in. bore can be produced for 5 Mw of 
power input. Later inserts at 10 and 16 MW can be expected to produce fields close to 
300 kG. While it appears technically and economically feasible to construct outer coils 
up to 120 kG, the lower field prototype was selected to remain within the convenient 
range of NbTi and to minimize coil development problems. As we shall discuss, there are 
a number of severe problems which must be met in connection with the cryostat design, as 
well as an immediate need for the system in the magnet facility; we therefore considered 
it expedient to choose a superconducting coil of modest performance. 
the design details of the superconducting coil, we shall examine the over-all system and 
the cryostat design. 

Total fields , 

Before discussing 

Figure 9 shows the over-all system, which consists of the superconducting magnet 
cryostat, external 250 liter storage vessel, 8 kW power supply, and a typical water- 
cooled insert. The storage cryostat is considered a permanent part of the system and 
is connected to the magnet cryostat by a permanently installed, shielded, low loss 
transfer tube. Helium can be transferred into the magnet cryostat for operation and 
the excess out again after the run. Between runs the coil will be held at 20°K by a 
small regenerative refrigerator. 6 

The power supply can charge the 2 IU superconducting magnet in 15 minutes and 
sweeping operation will then be accomplished by the insert. An energy removal protect- 
ive system parallels the coil by a permanently installed 0.1 CJ resistor and disconnects 
the protected power supply by means of a two-pole breaker. 

When additional hybrid systems become operational in the laboratory, it is pro- 
.posed to connect'them all together with a 500 W helium refrigerator. 

2 .  Magnet Cryostat 

The superconducting magnet cryostat and the two-coil water-cooled insert are sche- 
matically shown in Fig. 10. The insert is similar to that pictured in Fig. 8. All 
water and power connections are located at the bottom and the 14. in. 0.d. retaining 
structure and coils can be easily removed as a unit up through the open bore of the 
magnet cryostat without disturbing the cryostat. Any other standardized insert can 
then be reintroduced, all without any necessity of warming up the superconducting coil. 

The magnet cryostat can be very short as it needs t o  contain no reservoir of heli- 
um, the helium being supplied from the external storage vessel. The helium cryostat is 
welded shut to avoid seal problems and is suspended from supports at 77OK by 118 in. 
diameter stainless-steel cables running from the bottom of the helium cryostat to the 
top of the nitrogen cryostat and vice versa. A nitrogen shield cryostat is used rather 
than a gas coo2ed shield because of the desire to hold the coi.1 at 20°K when no helium 
is present; the nitrogen reduces the load. that the 20°K refrigerator must supply. The 
nitrogen cryostat and vacuum vessel are aluminum, the radiation shields copper, and the 
helium cryostat stainless steel. Cooldown weight of the coil and helium cryostat is 

.2Of10 lb. 

6 .  W. Hogan and R.W. Stuart, Cryodyne Refrigerator, ASME 63-WA (1963) 
by A.D. Little, Inc. 
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Access t o  the  helium cryostat  i s  provided through a 40 in .  long 3 i n .  diameter 
This allows t h e  use of long counter flow leads7 and minimizes the neck s t a c k  tube. 

tube loss. 'The leads may be remotely disconnected near the top of $h is  s tack and t h e  
l o w  temperature side of t h e  disconnect is  shielded from heat input by a separate vacu- 
um space. The leads w i l l  remain connected during operation a s  no p e r s i s t e n t  operation 
i s  possible (due t o  coupling with the changing f i e l d  of the  co.pper c o i l ) ,  but w i l l  be  
disconnected between runs t o  minimize heat  input which must be removed by the 20°K 
r e f r i g e r a t o r  I 

The pr incipal  design problem which must  be m e t  i n  the magnet c ryos ta t  i s  the sub- . 
port  of the magnetic in te rac t ion  forces between t h e  inser t  and superconducting c o i l .  
The in te rac t ion  forces ,  calculated on an inductance basis,  resu l t  i n  an a x i a l  spr ing 
constant of 40 000 l b l i n .  and a r a d i a l  spring constant of 6000 l b / i n .  of r a d i a l  d i s -  
placement. Under ordinary conditions the a x i a l  force is a restor ing force  and, hy 
proper alignment and t h e  allowance 05 some r e l a t i v e  axial  motion, would not be t rouble-  
some. However, during assymmetric f a i l u r e  of the  copper c o i l ,  the magnetic centers  
would be displaced and a la rge  accelerating force would be introduced. While these 
conditions w i l l  only ex is t  during the 300 m s e t  period required t o  f u l l y  open the  break- 
ers, * the  peak acce lera t ing  force can reach 24 g. The ax ia l  support cables  running from 
t h e  helium cryostat  t o  t h e  nitrogen cryos ta t ,  and from the nitrogen cryos ta t  t o  the  
vacuum vessel ,  contr ibute  an e f fec t ive  spring constant of 10 000 l b l i n .  and under high- 
er off-center loads,  s t r e t c h  e l a s t i c a l l y  t o  allow the inner cryostat  t o  come up against  
s tops (not shown i n  the  f igure)  carried by the upper and lower rad ia t ion  shield covexs. 
They thus t r a n s f e r - t h e  loads d i r e c t l y  t o  the vacuum vessel covers. 
(and the i n s e r t  magnet assembly) a r e  both mounted on s t i f f  spring systems and can then 
move t o  reduce the off-center  loads. The c o i l  is  held inside the helium cryostat  by 
long b o l t s  passing through a cover p l a t e  above the co i l  and threaded i n t o  the c ryos ta t  
base p la te .  

The vacuum vesse l  

The r a d i a l  forces  a r e  unstable and i t  is  therefore nece-ssary t o  have a res tor ing  

s t a n t .  A res tor ing  spr ing constant of 15 000 l b / i n .  is provided. Radial cables run- 
ning from the helium to the  nitrogen cryostat  a re  fixed i n  place, while those running 
from the nitrogen cryostat: t o  the vacuum vessel a r e  external ly  adjustable  t o  minimize 
forces  by proper i n i t i a l  alignment. Experience with t h e  f i r s t  system w i l l  indicate  i f  
t h i s  adjustment fea ture  i s  necessary. 

' r a d i a l  spring constant i n  the  cables grea te r  than the upsett ing magnetic spring con- 

The estimated helium losses  for  the cryostat  under various conditions,  as  w e l l  as 
cooldown requirements, a r e  given i n  Table I. 

3 .  The' Superconducting C o i l .  

.A.  Coil construction. The design parameters f o r  the superconducting c o i l  t o  be 
The c o i l  i s  t o  be con- used with the prototype hybrid system a r e  given i n  Table 11. 

s t ruc ted  from 24 double pancakes, with each double pancake wound from a s ingle  620 f t  
piece of 0.079 in. >( 0.397 .in. copper NbTi composite material.' 
t o r  parameters are given i n  Table E I I . .  

The specified conduc- 

The turns of the pancakes are separated by 0.1 in.  long by 0.015 i n .  high poly- 
es te r -g lass  spacers which a r e  cemented i n  place by a s i l icone adhesive coating on both 

7 .  K.R. Efferson, Rev. S c i .  Instr .  38, 1776 (1967).  

8 .  The composite mater ia l  was manufactured by Cryomagaetics, Znc. Denver, Colorado. 
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TABLE I 
E s t i m a t e d  Cryos ta t  and Cooldown Losses 

1. Input t o  helium c r y o s t a t  (4 .2 - 77OK) 
Axial cab les  0.04.W 
Centering cables  0.17 W 
Neck tube 0.10 w 
Radiation (emissivity = 0.05) 0.21 w 

0.52 W 2 750 X l i t e r l h  

Lead lo s ses  at, 1500 A 3.0 W 2 4.2 l i t e r l h r  

2. Input t o  n i t rogen  c r y o s t a t  
Axial cab les  0.6 w 
Centering cab le s  2.4 W 
Radiation (0.25 i n .  supe r insu la t ion )  9.3 w 

L2.3 W 1- 0.27 l i t e r / h  

3. H e l i u m  cooldown requirements  ( p e r f e c t  exchange condi t ions)  
To cool from 77'K 140 l i t e r  
To cool  from 70°K 115 liter 
To cool from 20°K 5 l i t e r  

TABLE I1 

Coi l  Parameters  

Lnside diameter 
Outside d i a m e t e r  
Length 
Number of double pancakes 
Number of t u r n s  per  pancake 
Length of i nd iv idua l  conductors  

Tota l  conductor l eng th  
Coi l  weight 
In t e rna l  cool ing  passages 

( s ing le  length per  double  pancake) 

Edge cool ing 
Central  f i e l d  
Maximum winding f i e l d  
Design cu r ren t  
Maximum f a u l t  cu r ren t  
Energy s torage  

TABLE I11 

Conductor Parameters 

Cross s e c t i o n  

R a t  i o  o f  copper t o  superconductor 
Number of  superconduct ing s t r ands  
Diameter of superconducting s t r ands  
Exposed surfacelcm l e n g t h  
Anticipated r e s i s t i v i t y  a t  65 kG 
S t a b i l i t y  parameters (F ig .  16)  
Maximum hea t  f lux  (1650 A) 

16 i n .  
26 i n .  
23 i n .  
24 
52 

610 f t  
14 700 f t  
1500 l b  
0.017 i n .  X 0.3 i n .  (75% o f  

internal  su r face )  
80% of each pancake face 
60 kG 
65 kG 
1500 A 
1650 A 
2 X lo6 J 

0.397 i n .  x 0.079 i n .  

8: 1 
60 

E;: 0.0091 fn. 
2.25 cmL 
3.75 x 10-8 Q*cm 
an = 0.25,  Bn (4.2OK) = 0.3 
0.25 W/cm2 

(10 mm x 2 mm) 
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s ides  of 0.001 in .  W l a r  tape.9 
applied parallel t o  t h e  tape surface per square inch of  bond su r face .  
each pancake are f u l l y  exposed f o r  cooling with the exception of 64 0.2 i n .  wide r a d i a l  

cover 15% of the  face cooling surface.  
mid-plane is 300 000 l b ,  giving a compressive force on the i n s u l a t o r  s t r i p  of 5500 p s i .  

The bond w i l l  resist a modest f o r c e  of 100 l b  a t  77OK 
The faces of 

. Micarta spacer s t r i p s  which separate the pancakes and support the axial forces.  They 
T h e  integrated a x i a l  compression force a t  t he  

The pancakes are,banded at  the outer diameter by a yellow b r a s s  tension band 
0.187 i n .  thick,  closed by a half  inch b o l t .  The yellow brass has a y i e ld  s t rength of 
45 000 p s i  a t  300°K and an integrated contractionlo higher than t h a t  of copper 
(&/L = 397 X from 300°K t o  OOK). 

The peak conductor stress is 10 800 p s i  d i s t r ibu ted  across the conductor and the  
r e s u l r a n t  s t r a i n  is so  s m a l l  t ha t  no adverse e f f ec t  on r e s i s t i v i t y  i s  ant ic ipated.  
The thermally induced stress re su l t i ng  from the d i f f e r e n t i a l  con t r ac t ion  of copper and 
NbTi €or the 8: l  copper-to-superconductor r a t i o  composite adds an add i t iona l  2500 p s i  
(see Fig.  15) .  

A l l  connections a r e  a t  the outside of the c o i l  and a r e  overlapped, soldered, and 
The pancakes a re  wound on a removable mandrel and are bolted t o  a support s t r u c t u r e .  

thus not wound on a core tube. The cross-over t u r n  from one half  of t h e  pancake t o  
the o the r  i s  supported by appropriately placed insulated pieces.  

B. Choice of conductor and anticipated c o i l  performance. In view of the p o t e n t i a l  
problems associated with the cryostat  and operation of the prototype system it was de- 
cided t o  bui ld  as conservative a c o i l  as  possible.  
s t a b l e  ( t h a t  is, have a recovery current higher than the operating cu r ren t )  and t o  op- 
e r a t e  a t  a r e l a t i v e l y  modest current dens i ty  of 5 X 10 A / c m  . 
an appropriate  conductor, a number of tests on magneto- and stress-induced r e s i s t i v ' i t y ,  
thermal. stresses, heat: t r a n s f e r ,  thermal conductivity,  and f i n a l l y  voltage-current 
c h a r a c t e r i s t i c s  of short  samples were undertaken. 

The c o i l  i s  expected t o  be f u l l y  

3 2 To specify and s e l e c t  

i )  H e a t  f l u x  measurements. A test was made t o  determine t h e  take-off and recov- 
ery heat f l uxes  f o r  the conductor and passage geometry t o  be used i n  the  c o i l .  A 0 . 2 5  W 
carbon r e s i s t o r  w a s  embedded i n  a 1 cm wide copper conductor backed with a s t a i n l e s s -  
steei heater  s t r i p .  The conductor w a s  then spaced off a v e r t i c a l  p l a t e  by the  0.017 in .  
i n su la to r  s t r i p s  t o  be used i n  the c o i l ,  and the heater  s t r i p  s i d e  blocked off from e f -  
f e c t i v e  contact with the  helium. The r e s u l t s  a r e  shown i n  F i g .  11. The recovery heat  
f l u s  of 0.31 W/c& can be fu r the r  reduced t o  0.25 W/cm2 i E  s u f f i c i e n t  addi t ional  heat  
i s  put i n t o  a heater below the  t e s t  secti-on, choking the passages wi th  bubbles. f t  i s  
c l e a r  t h a t  t he  most conservative approach would l i m i t  the heat f l u x  with a l l  the cu r ren t  
i n  the  copper t o  0.25 W l c m  , and t h i s  we have done. 2 

W e  have selected a passage height of 0.017 i n .  as  a reasonable compromise between 
overly r e s t r i c t i n g  heat f l u x  and reducing the packing f r ac t ion .  The influence of 
changing t h e  passage height on the total. conductor required i s  shown i n  Fig.  1 2  i n so fa r  
as t h e  passage height changes the turns/crn2 and hence the over-al l  cu r ren t  dens i ty  a t  
f ixed cu r ren t .  We note t h a t  the coif s i z e  and conductor thickness make the influence 
of passage size on conductor length r a t h e r  small. 

ii) S t r e s s  and r e s i s t i v i t y .  In order t o  a n t i c i p a t e  what reasonable value of re- 
s i s t i v i t y  t o  expect fo r  the conductor a s e r i e s  of tests was undertaken. Magnetoresist- 
ance d a t a  taken on magnet w i r e  and f ive  NbTi copper composites a r e  surmnarized i n  Fig.  13. 

9 .  Mylar double coated "Scotchpar," 3 M  Company Tape No. Y93O. 

1 0 .  R.B. Sco t t ,  Crvogenic Engineering (Van Nostrand, Princeton, N.J .  1959) 
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We note that the slopes of all the curves are very similar and that only the materials 
of a resistivity less than the 1OO:l deviate appreciably from a linear relationship. 
Once knowing the initial resistivity and the slope one can estimate rather well the 
operating resistivity . 

Also shown in Fig. 13 is the relationship between stress-induced resistivity and 
magnetoresistance. Curves 1 and 2 and curves 7 and 8 represent.two samples before and 
after strain. The curves simply move up and consequently can also be constructed from 
zero field strain-resistivity measurements and zero strain magnetoresistance measure- 
ments. 
tivity of the copper could be measured in the presence of superconductors in the com- 
posite. 

The magnetoresistance measurements in Fig. 13 were taken at 12'K so that resis- 

The effect of strain on zero field resistivity for annealed magnet wire is shown 
in Fig. 14. It is interesting to note that most of the strain-induced resistivity 
introduced at low temperature in copper anneals out upon returning to room temperature. 

Stress can be introduced both by magnetic forces and by thermal contraction. The 
thermally induced stress in a NbTi copper composite (assuming zero stress ai 300°K) is 
shown in Fig. 15 as a function of the ratio of copper to superconductor. 
is based on a measured1' modulus at 4.2OJ.C of E = 22.2  X lo6  for NbTi and E = 20 x l o6  
for copper, and a measuredll 300°K to 77'K integrated contraction of O L f t  = 131 X 
for NbTi and &/L = 310 X loe5 €or copper. 
the stress is small, and little effect on resistivity from thermal contraction alone 
would be expected above a ratio of 2 to I. 

The figure 

For large copper-to-superconductor ratios, 

iii) Stability. Having explored allowable heat fluxes and expected resistivities, 
it is possible to specify the desired characteristics of the composite in regard to the . 
ratio of copper to superconductor and the number of strands of superconductor. The 
parameters of the composite chosen €or Q U ~  60 kG coil are given in Table 111. 

The stability parameters are defined in Fig. 16. It will be noted that the usual 
stability parameter,l2 a, has to be redefined as an to allow the use of a nonlinear 
heat transfer coefficient. We have also introduced a second parameter, @,, relating 
to the temperature rise associated with thermal gradients within the superconductor. 
The simple model used assumes a uniform distribution of current within the superconduc- 
tor and a mean temperature rise given by Eq. (4), Fi 
can be combined into a single stabilization equationK5 as given in Fig. 16. 

16. The influence of ctn and $n 

We can demonstrate the effect of an and $, on stability by the use of Fig. 17 and 
Fig. 18. Figure 17 assumes Bn = 0 and shows only the effect of the nonlinear heat 
transfer which is assumed to be of the sample form of Eq. (l), Fig. 16, with h, = 4 ,  
n = 2 .  One notices discontinuities at I = I,, an occurrence which has been reported 
previ0us1y.l~ Figure 18 assumes a fixed value of an = 0.25 and shows the effect of 
gradients in the superconductor. These gradients can also introduce discontinuities 
ai I = IC. One must therefore know something about the thermal conductivity of the 
superconductor, and should then choose N to limit the discontinuity of the critical 

. 11. Measured at the Francis Bitter National Magnet Laboratory by N.T. Pierce and 
C. Park. 

12.  Z.J . J .  Stekly and J.L. Zar, IEEE Trans, Nucl. S c i .  NS-12, No. 3 ,  367 (1965). 
1 3 .  D.B. Montgomery, Magnet Design (John Wiley & Sons, New York, 1969), Chap. 6 .  

14. W.F. Gauster and J.B. Hendricks, in Proc. IEEE Intermag Conference, Washington, 
- 1968 (to be published). 
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current chosen. 
smaller .> (For a fixed current, if N gets larger, the strand-diameter must get 

The thermal conductivity of NbTi at H = 0 is given15 in F i g .  19 and is a rapidxy 
changing function of temperature. (In Pig .  18, the conductivity is assumed fixed and 
if taken at the 4.2'K value, for example, will obviously overemphasize the effect.) 
To assure no discontinuity we chose a large number of individual conductors, N being 
60 €or our composite. 

15. These measurements were made by A .  Milner and R. Hale at the Francis Bitter Magnet 
Laboratory. The material was supplied by Cryomagnetics, Inc., Denver, Colorado. 

' .  

Fig. 1. Crit ica l  c.urrents for Nb3Sn ribbons at 4.2'K (Ref. 1) and 
1.5OR (Ref. 2) as a function of field, normalized to their 
values at 100 kG. Also shown i s  a sample of V3Ga (Ref. 3) 

. at 4.2% in its absolute relation to NbgSn at 4.2OK on the 
basis of equivalent over-all cross section. 
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Big. 4 .  

1.5 INCH BORE SUPERCONDUCTING COILS 
N= NUMBER OF SUBDIVISIONS 
COIL L E N G T H  = 6 I N C H E S  . . 

I 
30 225 

Cost of 1.5 in. bore superconducting coils in relation to costs 
at: 100 kG. The number N is the number of subdivisions of the 
c o i l .  Each subdivision, starring at the inside, is assumed to 
produce a field hi = 1 unit, h2 = 2 unit:: . . . , h, = n units, 
thus generating progressively more field with the lower field 
coi ls .  Curves are shown for 4.2OK and 1.5'K. 
cost of 200 kG coils,ranges from l5 to 40 times costs at 100 kG. 

We note that the 
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a power supply and $30 000 f o r  inaterials. 
costs are included. 
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various amounts of power, Curve 2 assumes no limitation of 
stress, and curve 1 shows the effect of stress limiting in ' 
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6 7 8 9 IO II 12 13 14 
CORE OUTER DlAMETER ( I N C H E S )  

Fig 7 .  Relative cost of superconducting outer coils as a function of 
the outer diameter of the insert core. The superconducting 
coils are assumed to be 2 in. larger than the core 0.d.  (see text). 

- 739 - 



Fig .  8 .  A typical .  5 MW water-cooled i n s e r t  (Ref. 5 )  c o n s i s t i n g  of two 
c o i l s ,  t he  inner producing 75 kG and t h e  o u t e r  100 kG. The 
c learance  dimension ou t s ide  the  con ta in ing  b a r r e l  is 24 i n .  
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Fig. 9. Over-all v i e w  of the 225 kG hybrid water-cooled and superconducting 
magnet system being developed at the Francis Bitter National Magnet 
Laboratory. 
supplies helium to the magnet cryostat. The 8 kW power supply is 
shown between the cryostats. A small refrigerator is shown mounted 
0% top of the magnet cryostat and is used to hold the magnet at 20% 
between scheduled operations. The magnet cryostat is mounted on 
heairy springs t o  allow relative motion between the two coil systems 
under fault conditions. 

The external helium storage vessel is at the left and 
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Fig. 10. Schematic of t h e  225 kG hybrid magnet. A p a i r  of water-cooled c o i l s  
consuming 5 MW of dc  power a r e  t o  be operated i n s i d e  a 2.4 i n .  room 
temperature bore  60 kG superconducting c o i l ,  The superconducting . 
c o i l  w i l l  weigh 1600 lb and s t o r e  2 M J  of energy.  
containing t h e  c o i l  as w e l l  as t h e  n i t rogen  s h i e l d  Dewar are sus-  
pended aga ins t  t h e  v e r y  l a r g e  magnetic i n t e r a c t i o n  fo rces  by the  
spokes ind ica ted  schemat i ca l ly  i n  the  l e f t -hand  sec t ion .  Access f o r  
e l e c t r i c a l  l eads  and cryogenic  f l u i d s  i s  provided through t h e  3 i n .  
neck tube shown at t h e  top  l e f t  of t he  c r y o s t a t .  
i n s e r t  can be exchanged e a s i l y  f o r  a l t e r n a t e  co res  without  d i s t u r b i n g  
the  superconducting c o i l .  
water-cooled s e c t i o n  a r e  loca ted  below t h e  i n s e r t .  

The helium Dewar 

The water-cooled 

A l l .  water  and power connections f o r  t he  
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HEAT FLUX (WATTSKM~)  

Fig. I f .  C r i t i c a l  heat f lux  measurements i n  passages simulating those 
i n  t h e  magnet, 0.017 in .  high by 0.3 in .  wide by 0.397 in .  
long.. The dotted curve resu l t s  when a large input of bubbles 
i s  produced with a heater  below the test sect ion,  simulating 
a normal zone i n  a lower pancake. 

4.0 
1.0 1.02 1.04 1.06 1.08 1.10 1.12 1.14 

NORMALlZED CONDUCTOR LENGTH 

Fig. 12. Effect on conductor length of changing passage height .and 
consequently the turns  Jcm2 and the over-al l  current  densi ty  
a t  fixed current .  
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0 I O  20 30 40 50 60 70 

FIELD (kG 1 

Fig. 13. Effect of magnetoresistance on a variety of composite 
samples of different initial resistivities. Curves 1 
and 2 and 7 and 8 before and after strain, illustrating 
the simple additive nature of  the two resistivity con- 
tributions. 
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Fig .  14. Effect of. stress and' strain on the resistivity of copper 
magnet wire. 
on resistivity is noted. 

A 1% strzin is required before any effect 

0 1 2 3 4 5 6 7 8 9 1 0  

ACU /Asc 

Fig. 15. Thermal stress induced in the copper por t ion  of a copper- 
NbTi composite conductor as a function of the area ratio 

' of copper to superconductor (see text). 
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I I 

F ig .  16. Formulation used t o  describe the s t a b i l i t y  of copper- 
superconductor compounds (see t e x t )  * 

Fig. 1 7 .  Plot of Eq. (6) with 8, = 0,  thus i l l u s t r a t i n g  the e f f e c t  
of a nonlinear heat t r a n s f e r  i n  producing a d i scon t inu i ty  
a t  the c r i t i c a l  current.  The normalized cu r ren t ,  i, i s  
che t o t a l  current.normal'ized t o  the c r i t i ca l  cu r ren t ,  
Ic(R9z and iR is the current  i n  the normal path normalized 
to Ic( lx) .  
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I .o 1.2 1.4 
i 

F i g ,  18. Plot of Eq. (6) with an = 0.25, 
effect of a gradient within the 
discontinuities at the critical 
currents, i and iR, are defined 

I 

1.6 

thus illustrating the 
superconducting core on 
current .  The normalized 
in Fig. 17. 

4 5 6 7 8 9 IO 12 14 16 20 
TEMPERATURE (OK1 

Fig. 19. Thermal conductivity of NbTi (Ref. 15) as a function of 
temperature at zero f i e l d ,  
parallel strands of 0.020 in. diameter NbTi. The meas- 
urements were made along the wire in a h'igh vacuum cryostat. 

The sample consists of 19 
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INTRODUCTION 

PRINCIPLES OF STABILITY IN COOLED SUPERCONDUCTING MAGNETS" 

The behavior of a composite conductor is determined by the characteristics of the 
superconductor, the substrate which surrounds it and the characteristics of the cooling 
medium used t o  carry away the heat. 

This paper considers the. general case of a composite conductor taking into account 
the temperature drop within the superconductor itself, a thermal interface resistance 
between the superconductor and the substrate, and the cooling of the conductor by a 
coolant. 

The approach taken consists of analyzing the steady state characteristics. Since 
the purpose of studying the stability of a conductor is to achieve steady state stabil- 
ity, the problem should be tractable by understanding the steady.state behavior, with 
onset of instability being derived from the response of the coil in a quasi-steady man- 
ner to a transient triggering phenomenon. 

. In the following treatment the emphasis is on the physics of the phenomenon rather 
than the derivation of a set of equations that can accurately predict trhe terminal 
characteristics of a particular composite conductor. 

.FORMULATION OF EOUATIONS 

Consider the general case of a conductor composed of superconductor (in many 
strands) and a cooled stabilizing substrate which completely surrounds each strand of 
superconductor. 

The following assumptions will be made: 

1) All the. superconducting strands have equal properties and have the same 

2 )  There are no thermal gradients in the stabilizing substrate. 

3) The heat generated within a superconducting strand is transferred to 
the substrate through a surface thermal contact resistance which is 
assumed to be uniform throughout. 

4 )  There are no thermal gradients along the conductor so'that we can deal 
with'heatl flow transverse to the conductor length. 

5) The current density at any point within each superconducting strand is 
assumed to depend only oa the local temperature. Also the current den- 
sity is assumed to decrease to zero linearly with increasing temperature: 

shape and size. 

* 
Prepared under Contract NkS8-21037 for the National Aeronautics and Space Administra- 
tion, George C. Marshall Space Flight Center, Huntsville, Alabama. 
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where j, = local superconductor current density, 

j,, = local superconductor current density at bath temperature, 

Ts = local superconductor temperature, 

Tb = bath or coolant temperature, 
- temperature at which the current density goes to zero. 
(In the presence of whatever magnetic field exists.) 

Tch - 

The temperature distribution within each superconducting strand is determined by 
heat conduction toward the superconductor-substrate'interface and by the heat genera- 
tion within the superconductor when a voltage exists across it. Without specifying 
the detail shape o f  the superconducting strands, we can write down the equation for 
their temperature distribution: 

k # T s = v * j s  , 

where k = thermal conductivity (assumed constant), 
v = voltage per unit length of conductor. 

The right-hand side of Eq. (2)  represents the heat generated per unit volume with- 
in the superconductor itself. 

At the surface of the superconducting strand the temperature is assumed to be uni- 
form and equal to T,. 

The total current carried by all the superconducting strands is: 

'= R js dAs 
IS a (3)  

where n is the number of superconducting strands. 

All the heat gene'rated within a superconducting strand flows through the thermal 
contact resistance at the superconductor-substrate interface into the substrate: 

v ( 2 ) = h.P.(Tw 13. - Tsub) , 

where hi = superconductor-Substrate interface heat transfer coefficient, 
Pi = perimeter of one strand of superconductor in contact with the substrate, 

T,,b = temperature of the substrate. 

All the heat generated within the conductor passes from the substrate to the 
coo l ant' : 

v I hP(TsUb - T,,) , 

where I = total current in the conductor, 
h = heat transfer coefficient at the substrate-coolant interface, 
P = perimecer exposed to the coolant. 
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The voltage per unit,length of conductor is determined by the current that flows 
in the normal substrate: 

where p = resistivity of the substrate, 
A = cross-sectional area of the substrate. 

.It is very informative to put the equations into dimensionless form: 

where 0' has been nondimensionalized with respect to the half width or half thickness 
of a superconducting strand rw: 

'ch 

I vA - - _ -  * 

In the above equations 

Ich = critjlcal current = jchAs, 

ils 

rw 

= total superconductor cross section, 

= half thickness or radius of superconducting strand. 

Let us now define the following variables: 

J = jsljch 

B =  (with appropriate subscript s, sub, w) 
T - Tb 

Tch - Tb 
v A  v = -  
'ch 

. 
c 
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n 

- ':h 
CYi - nh.P.A(Tch - Tb) 

1 1  

With these  v a r i a b l e s  the  equat ions reduce to: 

J = 1  - os 

6sub VT = - 
cy 

Eliminating and rear ranging  the  above equat ions  w e  arrive a t :  

The quan t i ty  0s - Bw is  the  dimensionless temperature r ise i n  t h e  superconducting 
s t r ands .  

Making use of E q s .  (20) and (2'1) it can r e a d i l y  be shown t h a t :  

(27) 
=W 

V r 2  [(e,- 6,) - (1- Ow)] + V ( 7 [ e s -  Ow - (1 - Qw)] = 0 , 
CS 

which has a s o l u t i o n  of the fern: 

os - Ow = (1 - ew) 4- F [ ( * ) J V  J 1 , 
cs 
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where F[ ] denotes a functional relationship. 
1 - Ow can be eliminated: At r = rw, 8, = 8, and the quantity 

The quantity under the integral sign in Eq. (26) is simply the average value of 
BS - Ow over the superconductor area, which means integration over r, so: 

where G[ ] represents a functional relationship. Substitution into Eq. ( 2 6 )  yields 
the final relationship: 

b 
v = 7 - 1 -t- o! v T +  cuiv(r - v) + G [ (5 ) ~v 3 

cs 
(31) 

given the quantities CY, ai, and rwlrcs and the geometry of the strands so that the 
functional relationship G is defined, the curye of  V vs is completely determined. 

DISCUSS ION 

Equation (31) above shows very graphically the effects of heat transfer to the 
coolant, the interface thermal resistance, and the conductor size. Very simply the 
equation 

V = T - l  (7 ’ 1) ( 3 2 )  

is the dimensionless v’oltage per unit length for a superconductor and a substrate, all 
current above the critical current (T = 1) flows in the normal substrate and produces 
a voltage proportional to the excess current over the critical value. As yet no ac- 
count has been taken of the heating of the conductor as a whole, which is the product 
of the voltage times the current. 

If the next term is added to Eq. ( 3 2 ) :  

The additional term is indeed proportional to the dimensionless voltage times the 
dimensionless current VT, and the proportionality constant: 

is simply the temperature rise with all the current in the substrate divided by the 
temperature rise for the current density to go to zero in the superconductor. 

The term QVT can be thought of as an additional voltage which appears across the 
superconductor due to imperfect cooling by the coolant. The quantity cy is a measure 
of the cooling effectiveness. 

The next term to be added is aiV(T - V). Referring to Eq. ( 2 5 )  this term can be 
written as atV(IS/Ich). In this form it is analogous to the QVT term, with the 
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difference that the interface perimeter and heat transfer coefficient are used, and 
that since the temperature drop across the interface is proportional to the voltage 
times the superconductor .current rather.than the total current, the quantity T is 
replaced by Isllch. 

The constant of proportionality Cyi is analogous to the quantity CY except that 
the interface heat transfer coefficient h i  and total perimeter of contact nPi are used. 

The last term in Eq. (31) contains the quantity (rwfrcs)JV. It is evident that 
if V = 0 there is no heating in the superconductor, and therefore G(0) = 0. 

The effect of superconductor size 2nd its interaction with other quantities is 
. best revealed by examining the slope of the voltage-current characteristic at the 

critical current (7 = 1) when voltage first begins t o  appear (V = M ) .  

Taking the derivative of hq. (31) with respect to V: 

l=-+a[T+v~]+a,[(r-V)+V d? ("-l)]+= dV dG 
d.V dV 

at r = 1 and V = 0 we can solve for dT/dV: 

- =  a7 1 - c Y - a i - - .  dG 
dV dV 

The derivative dG/dV is evaluated as follows: 

& -  1 du dG dG 
du dV 2 dV u du (+I ' 

--..--.-=- 
c s  dV 

where 
r 

u = - JV 
r cs 
W 

( 3 4 )  

(35) 

The quantity dG/u du i s  a €unction of u only,  and as u -+ 0 it f&es on a numerical 
value (determined by the shape of the superconductor). 

Taking the inverse of Eq. (37) we have: 

The general condition for stability against small voltage excursions is to have 
dV/dr finite, which requires the denominator to be non-zero. 

This l eads  t o  the general stability requirement that 
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. 

f o r  s t a b i l i t y  aga ins t  small disturbances a t  the c r i t i c a l  current .  
l a rge  disturbances requires  de t a i l ed  knowledge of t h e  complete V-T curve. 

S t a b i l i t y  aga ins t  

Several i l l u s t r a t i v e  curves w i l l  now be examined. - 

CONSTANT a (ai, rw -. 0) 

The case f o r  constant heat  t r ans fe r  coe f f i c i en t  h leads t o  the s i t u a t i o n  where 
CY can .be considered t o  be a constant f o r  a p a r t i c u l a r  geometry of conductor. 
(from Ref. 1) shows the curve of dimensionless voltage vs dimensionless cu r ren t  f o r  
various values of CY. 

Figure 1 

Two d i s t i n c t  types of operation are possible,  depending on t h e  value of CY. For 
CY < 1.0 no vol tage appears u n t i l  T = I/xch = 1 (the superconductor c r i t i c a l  c u r r e n t ) .  
For I > IC., the vol tage increases gradually w i t h  current .  
where single-valued. . .  

The c h a r a c t e r i s t i c  is every- 

For CY > 1.0 t h e  operation is more complicated: 

1 
O < T s -  V = 0 a l l  current i n  superconductor 

- - S T <  1 1 double-valued operation r = O *  or  
V = T  JCY 

T > 1  a l l  current  i n  substrate  (V = T) . 
For t h i s  case of constant CY, s t a b l e  operation occurs f o r  CY I 1.0. For CY > 1.0 

s t a b l e  operation is  l imited t o  currents  up t o  xCh/Ja. 

s i b l e  up t o  I,h, however the  current can switch from the superconductor t o  the  s u b s t r a t e  
should a l a rge  enough disturbance occur. 

I n  the region of cu r ren t  above 
. Ich//a, metastable operation with a l l  the current i n  the superconductor i s  s t i l l  pos- 

NONLINEAR HEAT TRANSFER CHARACTERISTIC 

The nonlinear c h z r a c t e r i s i i c  of the boi l ing curve of l i qu id  helium can, t o  a f i r s t  
approximation, be represented by a region of constant heat t r a n s f e r  c o e f f i c i e n t  up t o  
a surface temperature, Tm, which i s  the maximum temperature  a t  which nuc lea t e  bo i l ing  
can occure2 Above t h i s  temperature a t r a n s i t i o n  t o  f i lm boi l ing w i l l  occur,  and t o  a 
f i r s t  approximation w e  can assume a constant heat: f l u x  per un i t  area.  

Under these assumptions the conductor terminal c h a r a c t e r i s t i c s  can be calculated.  
Figure 2 (from Refs. 3 and 4 )  shows the case where 

* 
Operation on the negative r e s i s t ance  p a r t  of the curve is  unstable  for  constant  current .  

1. 2.3.5. Stekly and J.L. Zar, Avco Research Report AMP 210 (1965); IEEE Trans. 

. 2 .  C.N. Whetstone and R.W. Boom, i n  Advances i n  Cryogenic Engineering (Plenum Press, 

3 .  2.3.J. Stekly,  Avco Research Report AMP 231 (1967); paper presented at t he  In t e rn .  

4 .  Z.J.J. Stekly,  R .  "home, E. Lucas, B.P. Strauss,  and F. DiSalvo, 

Eucl. Sci .  NS-12, NO. 3 ,  367 (1965). 

' New York, 1968), Vol. 13, p. 68. 

Cryogenic Engineering. Conference, Kyoto, Japan, 1967. 

Final Report NAS8-21037 (1968). 
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'For e-=? 1 no voltage appears u n t i l  t he  cu r ren t  reaches the c r i t i c a l  value 
(T = x/Ich = I ) ,  t he  voltage then rises gradually u n t i l  t h e  l i m i t  of nucleate boi l ing 
i s  reached. A t  t h i s  point a l l  t he  current  is  expelled suddenly from the superconductor 
and t ransferred t o  the subs t r a t e .  I f  t he  current  is then reduced, a recovery occurs i n  
which a l l  or most of the current  t r a n s f e r s  back i n t o  t h e  superconductor. 
i s  shown i n  Fig. 2 f o r  cy = 0.5.) For IY > 1 no vol tage appears u n t i l  the current reaches 
the c r i t i c a l  value,  then the  current  t r a n s f e r s  abrupt ly  out of the superconductor. &ow- 
e r ing  of the current  t o  a recovery value w i l l  again r e s u l t  i n  a r e t u r n  of a l l  the  cur- ' 

(This cycle 

rent  i n t o  the superconductor. 

A s  can be seen i n  Fig.  2 t he re  are three points  
a pa r t i cu la r  conductor exposed t o  a magnetic f i e l d .  

X) The c r i t i c a l  current .  

2) The t r a n s i t i o n  from nucleate  t o  f i lm  bo i l ing  
, i s  shared between t h e  superconductor and the 

the c r i t i c a l  current  .) 

which character ize  the behavior of 

from a condition where current 
subs t r a t e .  (This occurs above 

3) The recovery from f i lm  bo i l ing  t o  nucleate  b o i l i n g  s t a r t i n g  from a condition 
of a l l  the current  i n  the  subs t r a t e .  

A behavior map can be drawn of t he  d i f f e r e n t  regions of operation f o r  a pa r t i cu la r  
I n  general ,  the map m u s t  behavior. 

take i n t o  account the va r i a t ion  of the cr i t ical  temperature, the c r i t i c a l  current,  and 
the r e s i s t i v i t y  of the s u b s t r a t e  with magnetic f i e l d .  

This type of map i s  shown schematically i n  Fig .  3 .  

The behavior of a t yp ica l  superconductor has the  following regions and curves: 

I - H  curve - represents  the c r i t i ca l  current  of t h e  superconductor. 

Recovery curve - defined by t h e  condition f o r  the t r a n s i t i o n  from f i lm t o  
nucleate bo i l ing  with a l l  the  current  in the  subs t r a t e .  

Take-off curve - defined by t h e  t r a n s i t i o n  from nucleate t o  f i lm boiling 
with current  sharing between superconductor and substrate .  

Stable zero r e s i s t ance  region - below the recovery curve and I -H  curve. 

Stable r e s i s t i v e  region - above fhe I - H  curve and below the recovery 
curve. 

Metastable region - between the take-off and recovery curves: e i t h e r  
above o r  below the I - H  curve i n  which the  conductor can be tr iggered i n t o  
f u l l y  normal state from e i t h e r  a f u l l y  supercbnducting o r  current  sharing 
condition. 

Unstable region - operation i s  possible only with a l l  the current  i n  the 
normal conductor. 

Figure 4 shows a , p o r f i o a  of a s t a b i l i t y  map generated experimentally f o r  a NbTi 
conductor. 

5.  Z.J.J. Stekly,  E.J. Lucas, T.A. dewinter, B.P. S t r a w s ,  and F. DiSalvo, 
J .  Appl. Phys. 39, 2641 (1968). 
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EFFECT OF THERMAL CONTACT R.ESISTANCE BETWEEN SUPERCONDUCTOR AND SUBSTRATE 

Figure 5 shows the terminal characteristics for IY = 0.5 and for various values of 
CY:. A s  expected from Eq. (38) ;  the slope at the onset of resistance becomes infinite 
at t u +  ai = 1, or ai = 0.5 in the case shown. 

For ai > 0.5 the voltage-current curves are double-valued below I/Lch = 1. For 
this case below a certain value of current only the fully superconducting condition is 
possible, above th'is value of current the curve becomes double-valued.* 
ical current, operation occurs with a significant fraction of the current in the sub- 
s trate . 

Above the crit- 

Specifically, for ai = 5 up to currents approximately 0.7 of the critical value 
the operation is single-valued. Between 0.7 and 1.0 of the critical current there is a 
metastable region where the voltage can remain zero or be triggered to the upper portion 
of the curve. At the critical current the voltage increases abruptly until about 95% 
of the current switches into the substrate. If the current is now lowered the current 
begins to transfer back into the superconductor and at about 0.7 of the critical current 
the voltage drops abruptly to zero. 

Figure 6 summarizes the effect of interface thermal contact resistance. It shows 
on a logarithmic plot of cy vs ai the stable region (defined by cy + ai 5 1) and the di- 
mensionless voltage VR and the dimensionless current 7 ' ~  at recovery t o  the superconduc- 
ting state. 

The region in the upper left of Fig. 6 (CY large, ai small) exhibits a behavior 
which is independent of ai. 
recovery occurs from the condition of all the current in the substrate, consequently at 
the beginning of the recovery there is no current in the superconductor and, therefore, 
no heat need be conducted across the superconductor-substrate interface. 

Physically this region is poorly cooled to begin with and 

It should be emphasized at this point'that for the model of the conductor consider- 
ed, which has the same current and temperature distribution along the conductor length, 
the current does not transfer from substrate to superconductor or vice versa along the 
conductor. Therefore, the electrical contact resistance is immaterial as long as the 
voltage drop per unit length is essentially-the same in both the substrate and super- 
conductor. It is the,thermal contact resistance which plays a major role. 

In practice, electrical contact is easier to make than thermal contact, and in 
conductors such as cables, wires embedded in strips, and soldered assemblies it is im- 
portant to verify that good thermal contact has been achieved. This is best done by 
measuring the slope of the voltage-current curve at the critical current for a well- 
cooled (a, --. 0 )  sample. 

EFFECT OF SUPERCONDUCTOR SIZE 

The question of what effect the size of the superconducting strands has on the 
performance of a particular conductor i s  a very important one. 

It is not the purpose of this paper to fully answer this question, but merely to 
point out that from a steady stare stability point of view there are two mechanisms 
which have size dependence - the surface contact resistance, the temperature rise in 
the superconductor itself. 

* 
Operation on the negative resistance portion of the curve is unstable f o r  a constant 
current source. 
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The total interface perimeter between the superconductor and substrate for round 

n P i = n r i d  . 
wires of diameter d is: 

If we desire a constant current in the over-all conductor then 

combining Eqs. (40) and (39) results in: 

n p i = -  'ch 
jc, d 

For a superconductor with currettt density independent of size d, the perimeter in- 
creases inversely with d, which results in ai proportional to d .  However, in most super- 
conductors the current density increases inversely as the square root of the size, so 
that the gain in perimeter is then only inversely as the square root of the diameter. 

In a conductor with poor interface characteristics it would be expected that an 
improvement would result from going to smaller diameter strands if it could be assured 
that the same interEace heat transfer coefficient would exist. 

The temperature drop in the superconductor itself is more sensitive to size vari,a- 

Figure 7 shows the results4 of the dimensionless voltage-current calculations for  

tions than the interface thermal contact resistance parameter ai. 

a well-cooled (a! = 0 )  round wire. 
is abrupt and a double-valued region exists below the critical current. 

For rw/rcs > J8 the onset of resistance a t  the origin 

As an example, let us consider a 0.020 in. (0.0508 cm) outer diameter wire with a 
single 0.010 in. (0.0254 cm) diameter NbTi strand at 50 kG which carries 60 A .  We then 
have the following conditions: 

2 r = 0.0254 cm 

A 
W 

= 1.52 x 10 -3 cm2 

&.h = GO A 

P = 0.16 cm 

j,, = 1.3 X lo5  A/cm (NbTi at 59 kG) 

k = 2 x W/cm OK (NbTi) 
P = 2,5 )i G - c m  (Cu at 50 kG) 

Tch - Tb = 2.6OK (NbTi at 50 kG) 
h = 1 W/cm OEi 

The value of rcs i s :  

and 

r = 0.00635 
CS 
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According to the plot in Fig. 7 this is a significant effect on the terminal 
characteristics even if the conductor is well cooled (CY + 0). 

For round wixes it has been shown416 that the initial slope at the first appear- 
ance of resistance is (neglecting mi); 

1 
r 2 .  

dV 
67 . - =  

l-a,-i(?) 
cs 

(425 

Using the values given: 

CY = 0.142 . 
If we take the ratio of dV/dr taking into account the wire size to the value as- 

suming rw + 0 then: 

This is a very significant effect and points to the fact hat _-I this particular 
conductor the strand size cannot be neglected as,far as its effect on the terminal. 
characteristics is concerned. 

The characteristic conductor size can be written as: 

where jsub is the substrate current density I,h/A. 

This relationship is shown plotted f o r  round wires in Fig. 8 for a composite NbTi 
conductor at 50 kG. The quantity 
begins to affect the terminal characteristic. 
large enough to result in a jump in voltage at the critical current. 
the plot axe values for the ratio of copper area to superconductor area. Most common- 
ly available high current density multistrand composites have ratios of copper to 
superconductor areas ranging from 3 to 1. The curve shows that depending on jSub, 
wire diametexs between 5 and 2.5 mils respectively would result in practically no ef- 
fect on the terminal characteristics. On the other hand, strand diameters between 
14 and 8 mils respectively would result in instabilities due to the. strands themselves. 

= 2rcs is the wire diameter at: which the strand 
If dw = 2 ,f8 rCS then the wire size is 

Also  shown on 

The actual numerical values used may be in errdr, especially the thermal conduc- 
tivity, which has been assumed to be 2 x W/cm OK, so that the actual numerical 
results must be interpreted very loosely. 

6 .  Z . J . J .  Stek’ry, to be published. 
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CONCLUDING REMARKS 

. 
* 

The steady state s t a b i l i t y  of composite superconductors has been reviewed taking 
in to  account cooling of the substrate ,  i n t e r f ace  thermal contact resistance and tem-. 
perature r ise within the superconductor i t s e l f .  Gradients along t h e  conductor i t s e l f  
were not considered. 

The general  equations were derived and the e f f e c t s  of subs t r a t e  cooling, i n t e r -  
” 

face thermal contact res is tance and t empera tu re  rise i n  the  superconductor w e r e  shown 
t q  a f f ec t  t he  slope of the voltage-current curve a t  onset  of r e s i s t ance .  

It should be re-emphasized a t  t h i s  point t ha t  t he  treatment i n  t h i s  paper i s  aimed 
a t  presenting r e l a t i v e l y  s i m p l e  r e s u l t s  so as to  provide a maximum of physical insight  
i n to  the behavior of compostte superconductors r a t h e r  than a d.etailed p red ic t ion  of 
the termiqal c h a r a c t e r i s t i c s .  

The assumption of constant heat t r a n s f e r  c o e f f i c i e n t ,  and the  assumption of very 
s teep r e s i s t ance  rise a t  the c r i t i c a l  current  €or t he  superconductor alone are both 
r e l a t i v e l y  crude approximations. 

The e f f e c t s  of varying heat t r ans fe r  coe f f i c i en t  can e a s i l y  be taken account of 
i n  any s ing le  instance by estimating a voltage-current curve with constant heat  t rans-  
f e r  Coefficient (constant a), computing the heat f l u x  and then recomputing a n e w  curve 
with the correct  heat  t r ans fe r  coe f f i c i en t  at each value of heat f l ux .  This procedure 
can be performed numerically or  graphical ly  u n t i l  t h e  r e s u l t s  converge. 

The approximation of the superconductor c h a r a c t e r i s t i c  by a more complex model 
can a l so  be done r e l a t i v e l y  eas i ly ;  t h i s ,  however, introduces more parameters, and it  
was f e l t  t h a t  l i t t l e  additional physics would result from a more complex model. 

The results derived are based on ’a  steady state ana lys i s  of t h e  terminal charac- 
t e r i s t i c s .  Regions defined as f u l l y  s t a b l e ,  with a l l  t h e  current i n  the superconductor, 
a r e  expected t o  be f u l l y  superconducting i n  r e a l i t y .  

However, i n  a l l  metastable regions the re  e x i s t s  t h e  p o s s i b i l i t y  of a t r i gge r ing  
disturbance t h a t  w i l l  force the current out of the superconductor i n t o  the subs t r a t e .  

For instance,  i n  a l l  cases considered one branch of the voltage-current curve is 
the V = 0 l i n e  extending up t o  the c r i t i c a l  cu r ren t .  There i s  nothing i n  the analyses 
presented t h a t  i nd ica t e s  anything more than tha t  i n  c .er ta in  current  ranges the re  a r e  
other operating points  (usually with a l l  or Large f r a c t i o n s  of t he  current  i n  che 
normal subs t r a t e ) .  

It can be concluded t h a t  i f  only one . s t ab le  operat ing point e x i s t s  then the con- 
ductor w i l l  operate there ,  I f  there  i s  more than one operating point then i t  i s  neces- 
sary t o  study the t r iggering process. 

It should be borne i n  mind tha t  the a i m  of studying s t a b i l i t y  of superconductors 
i s  t o  achieve magnets t ha t  can operate r e l i a b l y  rit d given current ,  and do not quench 
a t  the s l i g h t e s t  mechanical OT e l e c t r i c a l  d i s t u r b a k e .  
steady s t a t e  s t a b i l i t y ,  the conditions €or achieving t h i s  s t a b i l i t y  a s  w e l l  as i t s  
l i m i t s  should be obtainable from a study of steady o r  quasi-steady Charac te r i s t i c s  of 
the conductor. 

Since the d e s i r e  is  t o  achieve 

Final ly ,  one of the important resu l t s  i n  t h i s  paper i s  tha t  below a c e r t a i n  
strand s i z e ,  t he  temperature r ise i n  the  superconductor i s  very s m a l l  ( rw < rCS). 
For these conditions the temperature of t h e  superconductor i s  e s s e n t i a l l y  equal t o  
tha t  of the subs t r a t e .  In order fo r  Superconductor generated i n s t a b i l i t i e s  t o  occur 
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it is necessary t o  have a temperature rise in the superconductor. 
be concluded that for r, € res no superconductor generated instabilities or flux jumps 
can occur. 
rents. 
exists where strands may interact with each other. 

It can, therefore, 

If rw > /8 res the individual strands are unstable at their critical cur- . 
In the region res < rw < ,f8 rcs the possibility of collective interaction 

The analysis presented in this paper is intended to explagn in a quasi-quantitative 
way some of the experimental behavior’of composite conductors. 
out the important variabkes which influence stability or the lack of it. 
work is necessary to verify (or contradict) the predicted characteristics of composites. 
It is hoped that the theory presented here can provide a framework for these experiments. 

In doing so it points 
Experimental’ 
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THE 1.8 TESLA, 4 . 8  M I.D. BUBBLE GHAHBW MAGNET" . 

J . R .  P u r c e l l  
Argonne National Laboratory 

Argonne, I l l i n o i s  

INTRODUCTION 

The 1.8 T** magnetic f i e l d  f o r  the ANI, 3.7 m chamber (Fig. 1)  i s  provided by en- 
' 

ergizing c o i l s  (Fig. 2)  wound f om copper-clad, 'Nb48%Ti s t r i p  '(Fig. 4) and immersed i n  
l iquid helium a t  4.5OK (1.2 bar  ) contained i n  a to ro ida l  s t a i n l e s s - s t e e l  reservoir .  
The 4.8 m i.d. c o i l s  are located i n  a carbon steel yoke.which forms a low reluctance 
r e tu rn  path for the magnetic f lux .  The use of i r o n  reduces the  ampere-turns needed t o  
produce t h e  required magnetic f i e l d .  
superconductor w e r e  chosen t o  give a r e l i a b l e  conservative magnet. The coil .  and cryo- 
s t a t  are 'cooled by a separate  closed cycle l i qu id  helium re f r ige ra t ion  plant.  A con- 
ventional power supply is used t o  energize the c o i l  which i s  protected by low resist- 
ance, room temperature r e s i s t o r s .  These can be switched across the  c o i l  terminals when 
required.  The 3000 A ,  10 V dc power supply is  adequate to charge the magnet t o  design 
current i n  2.5 hours.  

F 

The carbon steel yoke and heavi ly  copper-clad 

The operating cos t  of the c o i l  should be $400 000/year less. than an equivalent 
copper c o i l  because of t he  saving i n  e l e c t r i c a l  power. A conventional electromagnet 
of t h i s  performance with copper c o i l s  would have the same c a p i t a l  cos t  as the super- 
magnet ($3 000 000) .  
which has  the same winding space a t  some fu tu re  da t e .  The pr incipal  c h a r a c t e r i s t i c s  
of t he  magnet a r e  given i n  Table I. 

It may be possible  t o  replace the present c o i l  with a 4.0 T c o i l  

The arrangement of the superconducting c o i l s  within the i ron  yoke and bubble cham- 
ber system i s  shown i n  Fig. 3 .  The inner and ou te r  vacuum cans, and intermediate r ad i -  
a t i o n  shield can be seen i n  more d e t a i l  i n  Fig.  4 ,  where t h e i r  posi t ion with respect  t o  
the windings is shown. The use of i ron  with a simple rectangular c o i l  s e c t i o n * r e s u l t s  
i n  a high f i e l d  uniformity over the chamber volume (15%). Stray magnetic f i e l d s  are 
reduced by the i ron  which a l s o  provides a sturdy mechanical foundation f o r  the whale 
s t r u c t u r e .  
100 t.' 
because the f i e l d  un i fo rmi ty . i s  high. 
moving p a r t s  of the expander system and consequently the  heat load on the hydrogen 
r e f r i g e r a t i o n  system. 

The major port ion o f  t he  frame i s  made up of cast ings weighing up t o  about 
Eddy current  heat ing i n  the moving p a r t s  of the bubble chamber system i s  low 

This reduces the production of heat i n  the 

ENERGIZING C O I L  SYSTEM 

The coil s t r u c t u r e  is s p l i t  i n t o  two sect ions (Figs. 1, 3,  and 4 )  t o  permit the 
beam of high energy p a r t i f l e s  t o  en te r  the chamber in a plane perpendicular t o  the l i n e  

* 
Reprinted from Argonne National Laboratory Report ANL/KEP 6811 (1968), 
edi ted by C. Laverick. 

1 T = 10 kG, 
** 

2 ' 1 bar  = 0.99 cztm = 100 000 N/m . 
-$. l t: = 1000 kg. 
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TABLE I 
Superconducting Magnet Characteristics 

Operating current at 1.8 T central field 
Ampere turns (30 pancakes of 84 turns eac.h) 
Inductance at windings 

Field uniformity over working volume 
. Current density in conductor 
Average current density in windings 
Energy stored in field 
Weight of copper in windings 
Weight of superconductor 
Coil axial compressive force . 

Compressive stress OR coil separators 
Outward force between coil halves 
Weight of iron 
Inside diameter of coil 
Outside diameter of coil 
Length of coil 
Power supply voltage 
Charging t: ime 
Heat transfer rate required for 100% stability 

Resistance/cm of conductor copper at 

Total winding resistance at 4.2OK and 2.0 T 

Total power dissipation at 2200 A 

2.0 T field and 4.2OK 

assuming superconductor completely normal ' 

(no superconductor) 

2200 A 

5.5 x 106 

40 H 
-4 2.5% 
I700 A/cm 

2 775 A/cm 

80 X lo6 J 
45 000 kg 
300 to 400 kg 

5 6.8 x LO kg 

2 

140 kg/cm2 
450 000 lcg 
1.45 X lo6 kg 
478 cm 
528 cm 
304 cm 

10 v 
2.25 h 
0.13 W/cm2 

1.32 X 9/cm 

0.031 h 

150 kW 

of sight of the cameras which are located on top of the system. 
cryostat weigh 45 t each, 
steel pipes of total cross-sectional area 690 ern2 spaced at 90' t o  each other, 

The tension in the 
central connector ring during operation is 450 t since each coil half is attracted to 
its adjacent pole piece when the coil is energized. The coil system is centered mag- 
netically with respect to the iron. 
20 t/cm of vertical displacement which increases in direct- proportion to its distance 
from the equilibrium position. 

The coil system and 
They are hung from the magnet yoke by pairs of stainless- 

The 
. complete support system can accommodate a vertical load of 450 t. 

If displaced it could experience a force of 

' Similarly the constant for lateral displacement is 14 t/cm. The maximum lateral 
force is 45 t and the Lateral support structure is designed to withstand 225 t. This 
lateral slrpport structure consists of two sets of four 7.95 cm diameter,.l.5 m long 
titanium rods spaced at 9Qo t o  each other which connect the top and bottom 10 cm thick 
stainless-steel gi.rder rings in the winding structure to the iron return frame. The 
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heat leak to the helium bath from the magnet iron through the lateral support rods is 
limited to 50 W by wrapping each rod with gas cooling.tubes and flowing 5Q0H helium 
gas through the tubes to intercept the incoming heat. 

The enclosing vacuum vessel of the cryostat is fabricated from 2.5 cm thick type 
503 aluminum and is designed in accordance with Section VI11 of the ASME Unfired Pres- 
sure Vessel Code for an external pressure of 1.01 bar and an'internal pressure of 
1.38 bar. It has a 25 cm diameter emergency vent which is activated at 1.38 bar. 
This vessel acts as a short-circuited turn around the magnet with an 8 sec time con- 
stant. This is considerably longer than the 0.25 sec time constant for the helium' . 
can so that most of the coil energy on fast discharge will be absorbed by the external 
coil circuit and this can. The two beam access windows in the cryostat are spaced 
90° to each other with an aperture of 18 cm-X 68'. 
sulation is used in conjunction with an aluminum radiation shield. 

Aluminized Mylar multilaminar in- 

Each coil half comprising 15 pancake units is divided into two coil sections each 
of which has i t s  own liquid helium container (Figs. 2 and 4 ) .  This is accomplished by 
fitting annular stainless-steel vessels over each coil section and welding them to the 
central support: rings (see Fig. 5). These rings serve as the primary support and a- 
lignment reference €or the complete coil structure and contain suitable interconnec- 
tions for the liquid helium chambers so as to form a single helium reservoir for the 
coil structure. The diameter o f  the helium can structure will shrink 1.5 cm duxing 
cooldown from 300°K to 4.2OK so the vertical and radial support systems are arranged 
to accommodate this contraction. Each of the four liquid helium containers is pro- 
vided with an inlet and outlet gas manifold and interconnecting holes permit access 
for current leads, instrumentation leads and emergency helium ejection if necessary. 
The venting system and helium vessel pressure ratings (4.5 bar) are adequate to sup- 
port a 200 kW power dissipation inside the helium reservoirs if necessary although it 
is difficult to see how this can occur. The wall thickness of the helium vessels at 
the inner diameter is 2 . 5  cm and at the outer diameter is 1.5 cm while the normal 
internal operating pressure will be 1.2 bar. 

Eight spirally wound pancake units are assembled in the lower section and seven 
in the upper section to comprise the 15 pancake 2.8 m high stack of each coil half. 
The spacing between each coil half is 51 cm. 
sembled with spacer blocks between them covering only a small fraction of the total 
cooling surface area. 
the stainless-steel rings on either side of the stack. The assembly is shown in 
Fig. 5 where the arrangement of the pancakes with respect to the containing vessels 
is shown. The top ring of the top coil half and the bottom ring of the bottom coil 
half are actually the top and bottom, respectively, of the helium Dewar vessel. The 
interpancake electrical connections consisting of double sections of the stabilized 
conductor are attached t o  the i.d. and 0.d. turns of the pancakes to form a series 
circuit. The winding ends and the jumper leads -are anchored mechanically to prevent 
any motion and stressing of these electrical joints, 
treated in the same manner. These details are obvious from Fig. 6 in which the mode 
of clamping of the coil stacks to the girder ring with stainless-steel tie rods is 
shown as are the spacer blocks, thermal clamps, pancake interconnections and conductor 
clamps. 

The pancakes of each coil stack are as- 

These pancake stacks are then tied together by rods welded to 

The coil terminal leads are 

The 60 spacers located between adjacent pancakes at 6O intervals are epoxy-coated 
aluminum having a cross section of 5 cm X 1.25 cm thick. 
znd 0.d. when installed. Each section is capped with a set of spacers and a clamp 
plate. 
threaded aluminum rods. There are 60 rods on the i.d. and 60 rods on the 0 . d .  The 
aluminum rods are screwed to the clamp plate, but pass through holes in the girder 
ring. They are prestressed to approximately 276 bar via nuts which bear against the 

They extend beyond the i.d. 

The clamp plates are connected to the central girder rings via 2.2 cm diameter 
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g i r d e r  r i n g .  'The 0.45 c m  d i f f e r e n t i a l  c o n t r a c t i o n  between the  pancake s t r u c t u r e  and 
g i rde r  r i n g  diameters on cooldown i s  taken up by  incorpora t ing  a s l i d i n g  i n t e r f a c e  
a t  t he  junc t ion  between t h e  two. 

A sec t ion  through t h e  copper-clad s i x - s t r a n d  Nb48%Ti conductor i s  shown i n  Fig. 7 
and i ts  p r inc ipa l  c h a r a c t e r i s t i c s  a r e  t a b u l a t e d  below. i n  opera t ion  t h e  conductor i s  
edge-cooled i n  s ta t ic  l i q u i d  helium a t  4.S°K. 

TABLE Ii 

Conductor S p e c i f i c a t i o n  4.8 m i . d .  Araonne 
Bubble Chamber Magnet 

I 
Width 

Thickness 

Indiv idua l  p i e c e  l eng th  

Indiv idua l  p i e c e  weight 

Cri t ical  c h a r a c t e r i s t i c s ,  f i e l d  
para l le l .  t o  s t r i p  c ros s  s e c t i o n  

C r i t i c a l  c h a r a c t e r i s t i c s ,  f i e l d  
normal t o  s t r i p  c r o s s  sec t ion  

Calculated s t a b l e  cu r ren t  

Calcu la ted  recovery  cu r ren t  

Res is tance  r a t i o  of copper 

.Design stress 

Percentages of copper  and 
superconductor i n  s t r i p  

c ladding p(273OK) /p (4.2'K) 

Res is tance  / c m  of conductor at 

Area of s t r i p l c m  l eng th  of .conductor  
exposed t o  hel ium ba th  

Estimated h e a t  t r a n s f e r  rate from 
exposed conductor  su r face  f o r  0. 1°K 
temperature r ise  i n  conductor 

4.2OK and 2 T 

. Operating c u r r e n t  a t  1.8 T c e n t r a l  f i e l d  

5.0 cm 

0.25 cm 

220 m 

240 kg 

a) 3000 A a t  2.5 T - spec i f ied  
b) 4000 A at 2.5 T - measured 

. .  

3000 A a t  1.35 T - spec i f i ed  

4300 A a t  2.5 T 

3300 A a t  2 . 5  T 

200 

840 kglcm' 

96% Cu, 4% Nh48%Ti i n  s i x  
separa te  s t r a n d s  

1.32 X 10'' C I  

2 0.5 c m  

2 0.13 W/cm 

2200 A 

The measured performance of the conductor  exceeded i t s  s p e c i f i e d  performance by 
more than 30% (Table 11). The edge-cooled pancak5s w i l l  opera te  i n  the  s t a b l e  mode 
i f  necessary with a hea t  d i s s i p a t i o n  of 0.13 W/cm- of exposed conductor su r face  fo r  a 
O.l°K temperature rise i n  t h e  conductor. The cryogenic system i s  adequate f o r  such a 
hea t  load. The s t r i p  con ta ins  s u f f i c i e n t  copper t o  support  the hoop stresses generated 
during magnet opera t ion .  The design c h a r a c t e r i s t i c s  f o r  t he  s t r i p  w e r e  f u r t h e r  check- 
ed by c u t t i n g  each of t h e  f i r s t  t h ree  l eng ths  de l ivered  i n  ha l f  and winding them t o  
form a s i x  pancake c o i l  of 60 c m  i . d . ,  85 c m  o.d. ,  and 38 c m  he igh t .  The t o t a l  winding 
length  was 690 m and t h e  c o i l  weight was 800 kg. Teflon t ape  and epoxy formed the 
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i n t e r t u r n  in su la t ion  and bond. 
maximum f i e l d s  of 3 T p a r a l l e l  and 1.9 T normal t o  t h e  s t r i p  c r o s s  s e c t i o n  and i t  w a s  
t h e  1.9 T condi t ion  which caused the  t r a n s i t i o n  i n  the  superconductor .  Current  s h a r i n g  

. between t h e  copper and superconductor began. a t  4650 A which exceeds t h e  minimum accept -  
a b l e  spec i f i ca t ions  of Table 11 by a l a rge  margin, thus provid ing  an ample r e s e r v o i r '  of 
performance s t a b i l i t y .  This  test c o i l  is shown i n  Fig.  8. 

When t e s t e d  t h e  c o i l  c a r r i e d  4600 A wh i l e  developing 

THERMAL PROBLEMS ON COOLDOWN 

One of the  major design problems i n  using such l a rge  s t r u c t u r e s  a t  low tempera- 
t u r e s  i s  t h a t  of minimizing thermal stress. The l a r g e  d iameter  of t he  magnet makes it  
ve ry  s e n s i t i v e  t o  thermal stress. 
t h e  bond between t u r n s  wi th in  the  c o i l s .  
f e r e n t i a l ,  AT t o  less than  10°K w i l l  l i m i t  t h i s  shear  stress t o  less than  140 ba r .  
Laboratory tests have shown t h a t  t h i s  type of  bond has  a shea r  s t r e n g t h  of from 210 t o  
700 bar .  
it i s  at  a uniform temperature of 4.5'K. 
dur ing  cooldown o r  on acc iden ta l  discharge of the magnet and must be considered over 
t h e  range from 300°K down t o  about 50%. 
c o e f f i c i e n t s  are so s m a l l  t h a t  thermal stress i s  no t  a problem. I n  o rde r  t o  l i m i t  t h e  
AT t o  1O0K, the  cold gas used f o r  cool ing is  introduced i n t o  each c o i l  compartment 
through a manifold t h a t  extends completely around the  circumference of t h e  c o i l s .  Th i s  
manifold has  small h o l e s  spaced about every 6 in .  t o  spray  t h e  co ld  gas  downward and 
mix i t  wi th  the  w a r m  gas  wi th in  t h e  conta iner .  I n i t i a l l y ,  l i q u i d  n i t r o g e n  w i l l  be used 
t o  cool  t h i s  incoming gas  so  the  i n l e t  temperature w i l l  be about  80°K. 
f r i g e r a t o r  compressor w i l l  be ,used t o  c i r c u l a t e  t h i s  gas  du r ing  cooldown. The gas  i s  
re turned  t o  the  compressor through another 360' manifold a t  the bottom of each c o i l  
package. 
each c o i l  compartment r e s u l t i n g  i n  a very l a r g e  mass flow of gas .  
t u r e  of  t h i s  l a rge  gas  flow i s  only s l i g h t l y  below t h a t  of t h e  c o i l s  r e s u l t i n g  i n  a 
uniform c o i l  temperature. 
mal ly  sho r t ing  the  ends of the  aluminum spacer  blocks toge the r .  
heavy copper braid and is shown i n  Figs .  2 ,  6, and 9. 

Ver t i ca l  thermal g r a d i e n t s  produce a shear  load  on 
Keeping the  t o t a l  v e r t i c a l  temperature  d i f -  

Temperature g rad ien t s  are no problem during o p e r a t i o n  of the  magnet because 
The thermal g r a d i e n t  problem occurs o n l y  

Below t h i s  temperature ,  thermal  expansion 

The helium re- 

Introducing t h e  cool ing gas i n  t h i s  manner sets up convect ion c u r r e n t s  w i t h i n  
The average tempera- 

A second method of  improving tempera ture  uniformity i s  t h e r -  
' This  is  done w i t h  a 

The des ign  philosophy was checked by cons t ruc t ing  a model similar t o  t h e  test c o i l  
The thermal clamps chosen t o  e q u a l i z e  temperatures  throughout  u s ing  only copper s t r i p .  

t h e  l a r g e r  s t r u c t u r e  w e r e  used i n  t h i s  model which i s  shown i n  F ig .  9 .  
chosen f o r  bonding t h e  t u r n s  together  w a s  a l s o  used i n  t h i s  model. The mechanical i n -  
t e g r i t y  of the  s t r u c t u r e  when subjected t d  seve ra l  success ive  thermal shocks by c y c l i n g  
i t s  temperature from 7 7 O K  t o  room temperature was found t o  be  adequate. 

The technique  

COIL FABRICATION 

A s i n g l e  pancake i s  shown i n  F ig .  10 i n  pos i t i on  on i t s  winding j i g  i n  ANL a f t e r  
completion of the  winding process. 
m i t  easy access t u  the  pancake during winding, 
i n i t i a l  sp l i c ing  and inspec t ion  s t a t i o n  followed by c l ean ing  and tens ioning  equipment 
and then the  6 m diameter  winding f i x t u r e ,  The Teflon i n s u l a t i o n  was fed through an  
epoxy roll coa te r  and guided onto the  winding f i x t u r e  about 30' ahead of  t h e  p o i n t  
where the  conductor w a s  f e d  i n ,  
connected together  bg using 30 cm long, lead  t i n  so ldered ,  copper r i v e t t e d  l a p  j o i r i t s  
between successive lengths  t a  form the  continuous s i n g l e  l e n g t h s  requi red  f o r  each  pan- 
cake. Abrasive brushes were used t o  remove bu r r s  from t h e  conductor  which w a s  sand- 
b l a s t ed  and then washed with a lcohol  t o  provide a good keying su r face  f o r  t he  i n t e r t u r n  
epoxy bonding ma te r i a l .  

The c o i l s  were wound i n  a h o r i z o n t a l  plane t o  per-  
The winding l i n e  cons is ted  of an 

Six l engths  of t he  210 m long  p ieces  suppl ied w e r e  
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The combination of t h e  t h i n  layer  of  b r i t t l e  epoxy adhesive with a comparat ively 
t h i c k  l a y e r  of f l e x i b l e  i n s u l a t i n g  shee t  as i n t e r t u r n  i n s u l a t i o n  was chosen t o  permit 
some shear ing  t o  t a k e  p l a c e  without  breaking ' the  b r i t t l e  bond. 
e thylene-propylene i n s u l a t i o n  w a s  etched p r i o r  t o  a p p l i c a t i o n  of t he  epoxy t o  provide a 
b e t r e r  bonding sur face .  

The f l e x i b l e  f l u o r i n a t e d  

The degree of f l a t n e s s  and accuracy of winding th ickness  f o r  t h e  pancakes was as- 
sured by hand gr inding  us ing  an  appropr ia te  f i x t u r e .  
and r i g i d  assembly of t h e  f i na l  c o i l  s t ack .  A l l  pancakes were t e s t ed  f o r  tu rn- to- turn  
electrical  sho r t  c i r c u i t s  t o  ensure  t h e i r  freedom from such d e f e c t s  before  i n s t a l l a t i o n  
i n  t h e  f i n a l  s t acks .  
s tacked  and clamped t o  the  g i r d e r  r ings ,  t h e  e n t i r e  s t r u c t u r e  was turned over and t h e  
o t h e r  po r t ion  was s tacked and clamped t o  form t h e  complete package shown i n  Fig.  2 .  
The assembly with a l l  i t s  l e a d s ,  connectors ,  and ins t rumenta t ion  was then  f u l l y  inspec-  
t e d  and t e s t e d  be fo re  the  he l ium cans were welded i n t o  place on the g i r d e r  r ing .  

This  was necessary  for accura t e  

When one sec t ion  of a 15 pancake ha l f  c o i l  assembly had been 

COIL STACK TEST PROCEDURES 

The fol lowing tests w e r e  made t o  ensure  c o r r e c t  assembly of t he  magnet and t o  pro-  
v i d e  information f o r  f u t u r e  maintenance. 

The actual l o c a t i o n  of t h e  .windings wi th  r e fe rence  t o  the  g i r d e r  r i n g  was deter- 
mined at  90° i n t e r v a l s  t o  4 0.075 cm. 
inspec ted .  A l l  parts were checked fo r  mechanical i n t e g r i t y .  A l l  log books, drawings, 
and r eco rds  were reviewed t o  a s c e r t a i n  t h a t  every component had been i n s t a l l e d  accord- 
ing  t o  des ign .  

The e n t i r e  assembly was c a r e f u l l y  cleaned and 

The c o i l  s t ack  was energ ized  a t  room temperature  t o  15 A a t  39 V and turn- to- turn  
v o l t a g e  drop  measurements w e r e  ca r r i ed  out  and recorded. The vol tages  a t  all, p o t e n t i a l  
t a p s  w e r e  recorded t o  check t h e i r  p o t e n t i a l  t a p  loca t ion .  A l l  ins t rumenta t ion  leads  
w e r e  checked f o r  c o n t i n u i t y ,  r e s i s t ance ,  i s o l a t i o n ,  etc. ( a s  app l i cab le ) .  The resist- 
ances between the  c o i l s  and support  s t r u c t u r e s  w e r e  measured. A check w a s  made t o  en- 
s u r e  that t h e r e  w e r e  no s h o r t s  o r  poss ib le  s h o r t s  which could arise from magnetic 
fo rces  on unsupported cu r ren t - ca r ry ing  elements. 

A f i e l d  p r o f i l e  a t  t h e  i , d .  of the  windings was made a t  t h e  approximate loca t ion  
of t h e  i .d .  of t he  helium can,  and the vacuum can. A l l  . i n t e r n a l  s t r u c t u r e s  were in -  
spec ted  t o  determine t h e  e x i s t e n c e  of c losed  electrical  loops which could i n t e r a c t  
w i th  a t i m e  changing f i e l d .  The winding sense of t h e  c o i l  s t r u c t u r e  w a s  noted and t h e  
e x t e r n a l  l eads  were marked appropr ia te ly .  

MAGNEX' YOKE AND SUPPORT STRUCTURE 

Cons t r a in t s  on the  yoke des ign  included i t s  l a r g e  s i z e ,  t h e  means of absorbing t h e  
p u l s a t i n g  expander fo rces ,  accommodating t h e  c o i l  and c ryos t a t  s t r u c t u r e ,  and in tegra-  
t i n g  the complete system. Cyc l i c  opera t ion  of t h e  expander system genera tes  i n e r t i a l  
f o r c e s  equ iva len t  t o  t h e  weight  of . the  magnet irm. (1360 t )  . R e s t r i c t i o n s  on the b a s i c  
des ign  and f a b r i c a t i o n  techniques  wi th  such a l a r g e  s t r u c t u r e  are imposed by a v a i l a b l e  
manufactur ing f a c i l i t i e s .  Shipping and m a t e r i a l  handl ing c a p a c i t i e s  l i m i t  the  s i z e  of 
i nd iv idua l  pieces .  

Lateral  fo rces  on the  windings . a r e  minimized by making the  i r o n  s t r u c t u r e  s p -  
There are no f o r c e s  on the windings when they a r e  metrical about i t s  c e n t r a l  axis. 

magnet ica l ly  centered.  The requirement €o r  two beam access windows of 2 . 4  m azimuthal 
width loca ted  a t  90' with  r e s p e c t  t o  one another ,  coupled wi th  the  need f o r  c y l i n d r i c a l  

- 770 



- .  . 
symmetry i n  t h e  i r o n  s t r u c t u r e ,  d i c t a t e d  t h a t  there be f o u r  2.4 m windows equal ly  
spaced (90') i n  t h e  median plane, 
i t y  are achieved wi th  the  geometry used for th i s  yoke. 
and bottom of the  hydrogen chamber vacuum can. 
be contained by t h e  aluminum c ryos t a t  vacuum can  around t h e  hydrogen chamber and vacuum 
w a l l .  

Low r e l u c t a n c e  r e t u r n  pa ths  and h i g h  f i e l d  uniform- 

Accidental  l i q u i d  hydrogen leakage can 
The magnet po le s  form the  t o p  

2 

assemblies each contz in  500 t of steel i n  e i g h t  p ieces  ranging i n  weight  from 1 5  t o  
100 t .  The r e t u r n  legs conta in  600 t of  steel  i n  e i g h t  i d e n t i c a l  p i e c e s  (two 75 t 
pieces i n  each of t he  fou r  corners ) .  The p r i n c i p a l  es t imated loads on t h e  top and 
bottom magnet blocks are given i n  Table  1x1. 

The magnet i r o n  c o n s i s t s  of top  p l a t e  and bottom plate assembl ies ,  each 7.6 m by 
.. 1.27 m separated by four  corner  pos t s  at a d i s t a n c e  of 3 m. The t o p  and bottom p l a t e  

ar 

TABLE 111 
Estimated Magnet Block Loads 

Induced vacuum loading on t o p  

Outward loading on top  and bottom 

and bottom co re  blocks 254 t 

core blocks due t o  3.1 bar  vacuum 
can test pressure  1540 t 

chamber opera t ion  

a) A t  12 ba r  maximum opera t ing  p r e s s u r e  1260 t 

Bottom core loading due t o  

b) A t  15.8 ba r  maximum test pres su re  1530 t 

Due t o  l i m i t a t i o n  of p r e s s u r e - d i f f e r e n t i a 1  
across  the  omega bellows t o  4 b a r  

a )  A t  8.3 ba r  opera t ing  pressure  on 
p i s ton  bottom 2090 t 

b) A t  11.7 ba r  test pressure  on p i s t o n  
bottom 1540 t 

Due. t o  4 bar  c y c l i c  pressure  220 (cons tan t )  
ZIZ 220 (cyclic) 
t downwards 

Maximum c i r c u l a r  d e f l e c t i o n s  a t  t h e  
vacuum can sea l ing  su r faces  on t h e  more 
h ighly  s t r e s sed  bottom ca re  b locks  0.06 c m  

100 t Weight of each bottom core block p i e c e  

The maximum al lowable impur i t i e s  €or  t h e  magnet i ron  as shown by a l ad le  a n a l y s i s  

The minimum a l lowable  y i e ld  and tensile s t r eng ths  f o r  t h e  
The remaining p a r t s  

: carbon - 0.20, s i l i c o n  - 0.05, manganese - 0.80, sulphur  - 0.05, phosphorous - 
0.05, and aluminum - 0.05. 
h igh ly  stressed core  blocks are 2000 and 4000 b a r ,  r e spec t ive ly .  
of t he  yoke have minimum y ie ld  and t e n s i l e  s t r e n g t h s  of 1300 and 2600 bar, r e spec t ive ly .  
Minor sur face  and i n t e r n a l  imperfect ions are t o l e r a t e d  i n  most p o r t i o n s  of the  yoke so 
long as they do not  impair t he  gross  mechanical. i n t e g r i t y  Q €  t he  p i ece .  

Tolerances on indiv idua l  pieces  were chosen t o  give a mechanical ly  sound s t r u c -  
t u re .  Shimning was allowed provided t h a t  t h e  shim a t  any j o i n t  covers  the  e n t i r e  
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mating surface area and is  of uniform thickness over t h a t  area. Localized imperfec- 
t i ons  w e r e  t o l e ra t ed  along mating surfaces  i f  they did not degrade t h e  s t r u c t u r a l  
integr ' i ty .  Repair welding w a s  allowed anywhere. 
surfaces  were chosen t o  minimize cost .  Small imperfections were t o l e r a t e d  on a l l  ma- 
chined surfaces  except the pole piece vacuum s e a l s .  Alignment p ins ,  dowels, handling 
holes ,  bosses,  and l i f t i n g  eyes were permitted i n  the i ron  wherever t hey  d id  not i n t e r -  
f e r e  with system assembly. These simplify repeated const.ruction and breakdown. 
complete i ron  s t ruc tu re  w a s  assembled a t  the vendor's plant p r io r  t o  breakdown i n t o  
separate pieces  f o r  shipment. 

Tolerances on unmachined, and external  

The 

POWER SUPPLY AND ENERGIZKNG C O I L  SYSTEM 

The power supply is  a three-phase, f u l l  wave, t h y r i s t o r  control led u n i t  whose 
t i m e  average output voltage can be var ied by adjust ing the f i r i n g  angle of the thy- 
r i s t o r s .  It is equipped with the u s u a l  s a fe ty  inter locks and f a u l t  i n d i c a t i n g  lamps. 
These c i r c u i t s  include a holding c i r c u i t  so  t ha t  t h e  appropriate lamp has  t o  be reset 
manually t o  energize the powei: supply when a f a u l t  has been cleared. Provisions have 
been made f o r  a remote permissive inter lock t o  operate i n  conjunction with t h e  r e l a y  
contacts  of t h e  f a u l t  i nd ica to r .  This contact i n t e r lock  i n  the bubble chamber control 
room should be closed before the power s u p p l y  can be energized. 

The magnet windings are protected against  a sudden release of t h e  s to red  magnetic 
energy i f  f o r  some reason the  coil begins t o  discharge quickly. A p o s s i b i l i t y  would 
be a sudden increase i n  c o i l  r e s i s t ance  due t o  the l iquid helium l e v e l  dropping below 
the top of the  c o i l  and the subsequent l o s s  of cooling. Two means of p ro tec t ion  a r e  
provided. The f i r s t  method cons i s t s  of a "dump r e s i s t o r "  (Fig. 11) which i s  always i n  
the e l e c t r i c a l  c i r c u i t ,  connected i n  p a r a l l e l  with the coil.. 
develop i n  the  c o i l ,  both the power supply and the s t a b i l i z e r  r e s i s t o r s  w i l l  be d i s -  
connected from t h e  c i r c u i t  and the c o i l  current w i l l  flow through t h e  dump r e s i s t o r .  
The energy s tored i n  the  magnetic f i e l d  w i l l  then be diss ipated i n  t h e  dump r e s i s t o r  
a t  an i n i t i a l  r a f e  of approximately 0.4 MW (2000 A at 200 V f o r  designed operating 
conditions).  Even in  the worst case, with the whole c o i l  being resistive, a t  *least 
60% of t h e  energy w i l l  be diss ipated i n  t h e  dump r e s i s t o r .  The second p ro tec t ive  
measure guards against  pressure buildup i n  the helium vessel and high l o c a l  temperature 
rise i n  a resistive c o i l  region. A t  a preset  pressure rise i n  the Dewar (caused by he- 
lium vaporizat ion i n  the proximity of the power d i s s ipa t ing  region) ,  t he  bu lk  of the 
l iquid helium can be rapidly t ransferred from the Dewar  t o  a dump tank. 
l i u m  removed, the whole c o i l  w i l l  become normal and power w i l l  be uniformly diss ipated 
throughout t he  windings. I f  t he  f u l l  stored magnetic energy of 80 MJ and 1.8 T is 
absorbed by the  t o t a l  thermal mass of the windings, t he  c o i l  temperature w i l l  rise only 
to about W O K .  Since the  l i qu id  helium has been removed from the tank,  the temperature 
rise of t he  c o i l  w i l l  not r e s u l t  i n  any ser ious pressure r ise  of t h e  system. 

Should a r e s i s t i v e  region 

With the he- 

The emergency dump r e s i s t o r  is a 0.1 SZ,  grounded center  tap,  l a r g e  thermal mass 
r e s i s t o r .  A heavy duty, double pole switch is  located c lose  t o  and on t h e  power supply 
s ide  of this r e s i s t o r ,  When t h i s  switch i s  opened, the magnet current  (and f i e l d )  w i l l  
decay w i t h  a t i m e  constant of approximately 6.6 m i n .  Under noma1 condi t ions,  t he  dump 
r e s i s t o r  w i l l  absorb very near ly  the t o t a l  energy stored i n  the system. I f  t he  magnet 
windings were t o  become completely r e s i s t i v e ,  the dump r e s i s t o r  would absorb approxi- 
mately 60% O P  the  t o t a l  s tored energy. It contains approximately 942.5 kg of Bo. 1008 
carbon steel  s t r i p  wound i n  10 pancakes connected i n  series p a r a l l e l  t o  give the cor- 
r e c t  r e s i s t ance .  Its temperature rise with 100 M;s input and no cooling would be 250°C. 
The dump r e s i s t o r  value w a s  se lected t o  l i m i t  the  peak voltage across t h e  system t o .  
approximately 300 V tic. The energy dump switch in t e r rup t s  both power leads t o  the mag- 
net  (double pole, s ing le  throw). The switch is  designed t o  in t e r rup t  a maximum magnet 
c ~ i r r e n t  of 3000 A dc. 
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The dump system w i l l  be tes ted a t  incrementally increasing cu r ren t  l eve l s  during 
A 0.2 0 (grounded center  tap) r e s i s t o r  and an automatical ly  i n i t i a l  system checkout;. 

operated power supply output shorting switch a r e  connected across the  power supply bus 
on t h e  power supply s i d e  of the dump switch. The former w i l l  protect  the power supply 
from high voltage t r a n s i e n t s  during dump switching and the l a t t e r  w i l l  protect  the 
water-cooled free-wheeling diode i n  t h e  event of l o s s  of cooling. 

. .  

. A schematic diagram of the power supply c i r c u i t  is  given i n  Fig.  12 .  The fre- 
quency response from t h e  input of the t h y r i s t o r  control un i t  t o  t he  output of t h e  power 
supply should-be 7 Hz minimum. The power supply, free-wheeling diode, and East d i s -  
charge r e s i s t o r  are a l l  water-cooled. Protection against  flow f a i l u r e  and component 
overheating is provided. 
t o  less rhan 600 V during a l l  discharge conditions.  Manual reversing l i n k s  are pro- 
vided s o  tha t  the current flow i n  the magnet may be reversed i f  required.  

The shunt r e s i s t o r s  across the magnet l i m i t  t he  peak. vol tage 

The voltage regulated supply has i t s  reference derived from the e r r o r  s i g n a l  be- 
tween the magnet cu r ren t  and a reference.  The purpose of the voltage loop is t o  remove 
any power l i n e  induced voltage va r i a t ions  and a l s o  t o  l i nea r i ze  the voltage con t ro l .  
The voltage loop, which consis ts  of t he  d i f f e r e n t i a l  amplifier A2, a r i p p l e  f i l t e r j  and 
the amplif ier  A i .  has an open loop gain of 100. 
vol tage o r  cu r ren t  r egu la t ion  mode by a switch on the f ron t  panel of the power supply. 
When operated i n  t h e  vol tage regulate mode, the supply voltage is set by a f r o n t  panel 
control .  When the power supply i s  operated i n  the current regulate  mode, the operator  
may set the charge rate of the power supply by a front  panel control .  

The operator may s e l e c t  e i t h e r  t he  

Current con t ro l  is  provided by a c i r c u i t  which compares the current  read by the  
precis ion current  transducer t o  the reference voltage.  When the  e r r o r  voltage i n t o  . 
t he  temperature s t a b i l i z e d  amplifier A3 exceeds approximately 80 uV (0.004% a t  2000 A) 
the  r e l a y  KI w i l l  operate  which switches the input t o  A 1  t o  e i t h e r  the charge rate 
reference or t o  ground (0 vo l t s ) .  The reference voltage €or A3 i s  derived from a t e m -  
perature  regulated zener diode and a s t a b i l i z e d  buffer amplifier.  Control of t h e  r e f -  
erance voltage is by a four-posit ion thumbwheel switch which permits a r e so lu t ion  of 
10-4 i n  s e t t i n g  the  magnet current.  The va r i a t ion  of the supply current  and c o i l  v o l t -  
age with current during dperation i s  shown i n  Fig. 23. 
s t a b i l i t y  is  maintained with t h i s  on-off control  because of the l a rge  inductance and 

i s  0.1% a t  2000 A. The accuracy w i l l  degrade t o  about 2% a t  cu r ren t s  below 500 A .  The . 
output from the t ransducer  i s  used a s  the  feedback voltage fo r  the r egu la to r  and f o r  
ex te rna l  use.  

The necessary degree of f i e l d  

. high stored energy of thetmagnet. The basic  accuracy of the current  readout transducer 

The normal cu r ren t  decay#of the power supply is  set by the forward vol tage drop 
across  the free-wheeling diodes and the voltage drop i n  the dc bus which connects t h e  
magnet t o  the power supply. 
13.2 K 10-3 Alsec.. 
r e n t  decay t o  0.250 Aisec. 
normal current  decay r a t e  i s  automatic when the magnet current reaches the value pre- 
set on the current  reference.  The an t i c ipa t ed  long-term current deviat ions are a s  
tabulated below: 

For a 0.5 V drop i n  the diodes, the decay r a t e  is 
The f a s t  discharge r e s i s t o r  has been provided t o  increase t h e  cur-  

T h i s  i s  a manually tr iggered operation. The r e t u r n  t o  the. ,  

-6 1) Current reference - 24.8 x 10 

2) Current sensing amplifier - 0.1 x 10-6 V / O c .  

3) Current transducer - 34 )i IO'' V f ° C ,  based on a 

Based on a temperature va r i a t ion  of i 5OC, a t o t a l  e r r o r  of ic 29.4 x PO 
t ed .  

vioc. 

V I A .  
-6 V is  predic- 

This is  equivalent  t o  t 0.015% a t  2000 A .  
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The safety circuits are designed to protect the magnet in the event of a power 
failure. If the cooling system fails or the power supply overheats the primary'volt- 
age is removed from the rectifier transformer, and the output shorting switch is closed, 
The shorting switch around the fast discharge resistor will be closed if it overheats. 
and the power supply will continue to operate normally. The magnet is protected by 
meter relays against overvoltage (either polarity) and overcurrent. The meters, which 
are located on the control panel of the power supply, have a visible trip point which 
is manually adjustable from the front of the meter. 

HELIUM REFRIGERATOR 

The performance characteristics and main load for the helium refrigerator are 
given in Table IY. The refrigeraror is also used to cool the superconducting coils 
and containers from ambient temperature to liquid helium temperature. When used in 
this fashion the full compressor flow is taken through the exchange.rs. and then to the 
cooldown distribution header of the magnet. Warm helium vapor is removed from the 
magnet can and returned to the compressor section after this gas has passed through 
a heater. The helium refrigerator has to maintain the superconducting magnet of the 
3 . 7  m bubble chamber at a temperature of 4.5'K for continuous and indefinite periods 
of time. High reliability with periods of downtime kept to short duration is the 
primary requirement for the refrigerator. 

TABLE IV 
Load Characteristics for the Helium Refrigerator 

Performance characteristics under: 
a) Normal operation with liquid hydrogen precooling. 
b) Modified operation with liquid nitrogen and a 

second expansion engine in'place of the hydrogen 
stage. 

Cooling for insulation shield around 

Maintenance of liquid in storage and 

500 W at 50zK - 
the magnet reservoir 500 W at 80 K - 

400 W at 4 . 4 5 3  
magnet Dewar 320 W at 4.45 K 

normal 
mod if ied 

- normal 
- modified 

Counterflow cooling of power supply 
I 

25 liquid liter/h of  helium - 
leads and supports normal and modified 

Liquid hydrogen.is available in large quantities in this bubble chamber complex , 

and is also generated by a hydrogen refrigerator of large capacity so liquid hydrogen 
precooling is used. An expansion engine in parallel with the J-T (Joule-Thmnson) ex- 
pansion valve is used to lower the capital investment in the plant and to gfve high 
reliability. The expansion engine can be removed and installed without interruption 
of refrigerator operation. The helium refrigeration system can be used to cool the 
magnet and its container from ambient to operating temperature. Liquid nitrogen and 
liquid hydrogen can be used for cooling the magnet to decrease the time required for 
cooldown. 

A second expansion engine can be used instead of liquid hydrogen precooling to 
provide refrigeration at times when liquid hydrogen is not desired in the bubble cham- 
ber building. A substantial storage capability for liquid helium is provided. Vacuum- 
jacketed transfer lines which can be replaced in a short period of time without need 
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€or purging or evacuation are incorporated. The cold box of the refrigerator is divided 
into two parts so that equipment containing hydrogen 1iquid.and vapor can be placed in 
a separate enclosure containing an inert atmosphere. This ensures greater safety. The 
system uses components of proven capability. 

The helium refrigerator together with the liquid storage Dewar (11 000 liter capac- 
ity, including LOO0 liter.: of ullage volume), and. the superconducting magnet can 
(6500 liter volume) constitute a closed system. Ignoring leakage, gas and liquid is 
kept in the system for an indefinite period of time. Gas can be stored in a vessel, 
which has a capacity of 2100 m . 3 

The rate of liquid vaporization may temporarily exceed the capacity of the refrig- 
erator. During this time, excess gas is compressed by the compressor and put in the 
gas storage veasel. When excess gas is present, the suction pressure of the compressor 
will increase and the compressor will automatically handle more gas. Gas will be drawn 
from the vessel when the rate of liquefaction exceeds the rate of liquid vaporization. 
This occurs automatically since the suction pressure of the compressor is then reduced. 
The helium refrigerator system will operate automatically without attendance. The com- 
pressor requires occasional blowdm of oil knockaut drums. ?he helium purification 
system requires occasional reactivation (once every 24-48 hours, depending on level of 
contamination). Except for these two operations, the system will operate and adjust 
itself to upsets in the form of more or less demand for refrigeration. The automatic 
operation i s  achieved by means of pressure and liquid level sensors. Pressure sensors 
will automatically monitor arid maintain the suction pressure of the compressor. 
happen that the compressor discharge pressure will decay, but this will only be a re- 
sult of excess refrigeration capacity and a depleted gas storage vessel. 

It may 

The instrumentation necessary for checkout and operation of the helium refrigerator 
is concentrated in two areas. Compressor operation with its pressure and temperature 
indicators, controllers and alarms is located in the compressor room. Cold box instru- 
mentation is divided between the compressor room and a panel located near the helium- 
helium cold box. 
information required during normal operation of the system is available in the compres- 
sor room. This information is supplemented with information available at the helium- 
helium cold box. The local information is useful during the initial checkout of the 
refrigeration system, 
to assess the heat exchanger performance, but once these have been checked out, abnormal 
conditions will be indicated by the pressure readouts in the compressor room. 

The refrigerator system is operated from the compressor room so that 

As an example, all temperature and some pressure data are needed 

PRINCIPAL PERFORMANCE PARAMETCRS - HELIUM REFRIGEELATOR 
The three main parameters which determine the performance of the refrigerator are, 

the heat transfer, insulation, and expander efficiencies, assuming the compressor oper- 
ation to be satisfactory. 

The heat exchangers have been designed to perform with a predetermined temperature 
difference between the high and low pressure helium streams. When the low pressure gas 
does not reach its design temperature at the warm end.of the heat exchangers, the high 
pressure gas becomes too warm at the cold end of the exchanger. 
deterioration in heat exchanger performance, e.g. a 1'K increase in high pressure gas 
temperature at the cold end o f  Exchanger If1 represents a loss of 200 W of refrigeration. 
Temperature sensors are provided for both low and high pressure gas streams at both ends 
of the exchangers t o  allow an assessment of heat exchanger. performance to be made at 
any time. 

This causes a large 

Loss of insulation of the high vacuum,from 0.013 to 13 or 130 ubar wiLl represent 
a loss o f  several hundred watts o€ refrigeration. All vacua except those in the 
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t r a n s f e r  l i n e s  are monitored by vacuum gauges, but it is easy  t o  d e t e c t  poor vacua by 
sens ing  outs ide  vacuum w a l l  temperatures  of the  e q u i  ment. Heat i s  suppl ied from the  

fe rence .  
a i r  t o  t h e  wal l  a t  an approximate r a t e  o f  5000 J/h*m !i f o r  each l 0 C  of temperature d i f -  

0 The t o t a l  amount of r e f r i g e r a t i o n  provided a t  the  4.5 K temperature  level i s  d i v i d -  
ed between J-T e f f e c t  and expander work. Under normal ope ra t ing  cond i t ions ,  the  J -T  
e f f e c t  accounts for  one- th i rd  and t h e  expander f o r  two-thirds  of t h e  t o t a l  r e f r i g e r a t i o n .  
The con t r ibu t ion  of the  J -T effect  i s  e a s i l y  determined from a measurement of the  t e m -  
pera tures  of t h e  gas  a t  t he  w a r m  end of Exchanger 111. The con t r ibu t ions  of  the  expand- 
er i n l e t  and o u t l e t  temperatures  a r e  approximately the  same. The expander i s  equipped 
with t h e  means t o  observe P-V diagrams which permit eva lua t ion  of the machine perform- 
ance. This  eva lua t ion  should always begin  with a check of the  thermal, i n s u l a t i o n ,  and 
expander e f f i c i e n c i e s  and t h e  compressor performance. 

SAFETY CONSIDERATIONS 

The s e a l i n g  su r face  a t  t h e  'lower magnet pole i s  sub jec t  t o  c y c l i c  d e f l e c t i o n  a s  a 
r e s u l t  of expander loading.  
contours  a t  t h i s  r ad ius  are approximately c i r c u l a r .  A 1 1  d e f l e c t i o n s  a r e  small and 
t h e r e  w i l l  be no degrada t ion  of t h e  "0" r i n g  se-als. These s e a l s  are pro tec ted  aga ins t  
rup tu re  due t o  a hydrogen s p i l l  by s u i t a b l e  hea te r s ,  flow d e f l e c t o r s ,  and super insu la-  
t i on .  The system i s  designed t o  permit an  overpressure due t o  a hydrogen s p i l l  i n t o  
the  vacuum space of 11.376 b a r ,  above which it w i l l  be  au tomat i ca l ly  vented t o  t h e  a t -  
mosphere. It w i l l  apso wi ths tand  a p res su re  of 1.01 b a r  i n  t h e  vacuum space and i n  
vacuum between t h e  chamber bottom p l a t e  and the  p i s ton  which could occur due t o  opera- 
t o r  e r r o r .  The vacuum v e s s e l  and i t s  beam window a r e  pro tec ted  from e x t e r n a l  damage by 
t h e  c r y o s t a t  vacuum can which forms a capsule  around t h a t  e n t i r e  system. 

Although t h e  core  blocks a r e  r ec t angu la r ,  the' de f l ec t ion  

This  yoke i s  designed t o  withstand a l l  t he  magnetic, p ressure  and vacuum, and ex- 
pander system loads.  The b o l t i n g  procedures  f o r  the  upper and lower core  blocks have 
been c l e a r l y  s p e c i f i e d  by prevent  f a i l u r e  due t o  improper bo l t ing .  The i r o n  s t r u c t u r e  
can withstand any reasonably a n t i c i p a t e d  hydrogen s p i l l  wi thout  cracking.  The bottom 
pla te ' assembly  components are sub jec t  t o  f a t i g u e .  They w i l l  be  inspected c a r e f u l l y  
during i n i t i a l  repea ted  cooldowns t o  77OK and rou t ine ly  inspected during normal opera- 
t ion. 

The most c r i t i c a l  hazards  are those  which could change the  ove r -a l l  fo rce  d i s t r i -  
bu t ion  on the  winding s t r u c t u r e .  I n t e r l o c k s  are provided t o  prevent  t he  magnet from 
being energized withouc t h e  top  and bottom poles  and co re  blocks i n  place. Forces on 
a l l  c o i l  support  members a r e  r o u t i n e l y  monitored and checked. Coi l  hoop stresses and 
clamping t i e  b a r  stresses a r e  monitored using s t r a in  gauges. The design stress values  
can be exceeded by a l a rge  margin wi thout  hazard. 

Connectors and leads  w i l l  wi ths tand  a l l  an t i c ipa t ed  magnetic forces  and thermal 
motions. Voltage t aps  a r e  loca t ed  a c r o s s  .each j o i n t  and connect ion so t h a t  poss ib le  
f a i l u r e s  can be de tec ted .  Co i l  temperatures  a r e  monitored t o  l i m i t  thermal stresses 
during cooldown. The major e f f e c t s  of thermal  stresses would be l o s s  of t he  turn- to-  
t u r n  bond in t h e  winding pancakes and pancake-to-spacer bonds which should not a f f e c t  
opera t ion .  An alarm w i l l  i n d i c a t e  a low helium level condi t ion .  Such a condi t ion  
should not  damage the  winding s t r u c t u r e .  A l l  windings have been c a r e f u l l y  t e s t ed  t o  
a s c e r t a i n  t h a t  t h e r e  a r e  no s h o r t s  at  i n s t a l l a t i o n .  S t r a i n e r s  have been i n s t a l l e d  a t  
t he  helium systems t o  keep shor t -caus ing  ch ips  and d e b r i s  t o  a minimum. Any shor t s  i n  
the  windings du r ing  a f i e l d  t r a n s i e n t  could r e d i s t r i b u t e  the  c u r r e n t s  and hence the  
magnetic fo rces .  The energy w i l l  be dumped a t  a low f i e l d  level each t i m e  t he  magnet 
i s  turned on t o  determine t h e  v e r t i c a l  f o r c e s  on the  winding support  s t r u c t u r e  and as- 
sess i f  any s i g n i f i c a n t  change has  taken  place.  
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I f  t he  f i e l d  decay rate i s  dominated by the vacuum can, t he  stresses induced i n  
the can may cause the aluminum t o  y i e ld  but not break. 
i n to  place i n  the iron so tha t  it cannot move during such a f i e l d  t r a n s i e n t .  It also 
serves as a protect ive capsule around the hydrogen chamber and i t s  vacuum w a l l  and can 
withstand and vent hydrogen s p i l l s  due t o  simultaneous f a i l u r e  of t h e  beam windows i n  
both the hydrogen chamber and the hydrogen chamber vacuum w a l l .  
adequately vented t o  accept helium vessel  f a i l u r e .  
an alarm but t he  vacuum space a l s o  has a r ad ia t ion  s h i e l d  and superinsulat ion s o  tha t  
i n  the event of vacuum f a i l u r e ,  both the  heat leak and r e s u l t i n g  pressure rise i n  the  
helium bath w i l l  be r e l a t i v e l y  slow. 

The can i s  securely locked 

The vacuum can i s  
Low vacuum i n  t h e  can w i l l  actuate 

The helium re f r ige ra t ion  system provides adequate l i qu id  helium storage to  permit 
eight hours of magnet system operation without t h e  r e f r i g e r a t o r .  
adequate time f o r  normal maintenance and emergency r e p a i r  of the r e f r i g e r a t i o n  system 
i f  necessary. 

This should allow 

CAMERA-- 

-- SUPERCONDUCTING 
COILS iN LIQUID 

COIL TtE ROD- MAGNET IRON HELIUM 

EXPANSION SYSTEM 

SCALE IN FEET 

Fig. 1. Over-all view of the ANI, 3 . 7  m hydrogen bubble chamber showing the 
location of t h e  chamber,,expansion system, c o i l  assembly and crgo- 
stat w i t h  respect t o  the i ron yoke and particle beam access window. 
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Pig. 2. One of the two 4.8 m i.d. coil halves of the 1..8 T hydrogen 
bubble chamber magnet showing details of the 15 pancake assem- 
bly. 
between separate pancake units minimize temperature differen- 
t ials and hence thermal stresses during cooldown. A section 
of the stainless-steel helium can is shown suspended above the 
assembly. This can forms the vacuum tank for the magnet. 

The vertical braided copper thermal interconnections 

Y 
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-CHAMBER VESSEL 

HEAT EXCHANGER 

EVACUATED INSULATlON . 

VACUUM VESSEL 

,.-OMEGA BELLOWS 

,-RADIAL MAGNET SUPPORT 

I .' 

SYSTEM 

Fig .  3 .  A cross section th raugh t h e  AM, 3 .7  m hydrogen bubble  chamber 
system. 
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'.'%. INNER COIL 
CONNECTOR 

Fig. 5. Detail showing the arrangement of the individual pancakes 
with respect eo the containing vessels, the mode of connec- 
tion o f  the internal girder xings to t he  helium vessel, the 
type of electrical interconnections between pancakes and 
the spacer block arrangement between pancakes. 

TIE BOLT __ 



Big. 6 .  Photograph of a portion of a c o i l  assembly showing t h e  mode of 
clamping QE a roi.1 stack to the girder r i n g  wi th  stainless- ' 
steel tie bolts, the thermal clamps, the e l e c t r i c a l  intercon- 
nect ions between pancakes and the mechanical clamping arrange- 
ment for t i le ends of the conductor. 
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Fig. 7 .  A c r o s s  s e c t i o n  of the c o p p e r - c l a d  s i x - s t r a n d  N b 4 8 X T i  
conductor  f o r  t h e  1.8 T, 4.8 in i .d. hydrogen b u b b l e  
chamber magnet. 

F ig .  8. .A s i x  panrake,  4600 A , ' 2 . 5  T test c o i l  usieg t h e  f i rs t  
three lengths of composi te  s t r i p  suppl ied  f o r  t h e  large 
hydrogen bubble  chamber magnet p r o j e c t .  



. 

. 

- .  

. *---.-- 

Fig. 9 .  Cooldown test model t o  check the  efficiency of the design 
from the point  of view of minimizing thermal stresses. 

. .  
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FAST 

I .Q FILTER 

THYRISTOR 
CONTROL 

1 VOLT 
LATE MODE 

I 
1 DIAL-A-VIDER I 8 2 2 4n 

A VOLTAGE CHARGE 
LEVEL RATE 

REFERENCE 

Fig. 12. Schematic circuit diagram of power supply. 

+.004 o/o f\ 

-.004 Yo1 

Fig. 13. Variation of soil current: and on-off power supply voltage 
with time €or normal magnet operation. 

- 785 - 



THE SUPERCONDUCTING MAGNET FOR THE PROPOSED 25-FOOT CRYOGENIC BUBBLE CHAMBER* 

A.G. Prodell 
Brookhaven National Laboratory 

Upton, New York 

. A preliminary proposal has been made for the construction of a'25-ft cryogenic 
bubble chamber for use at the 200 GeV accelerator at the National Accelerator Labora- 
tory. This chamber, which is to b.e designed by Brookhaven National Laboratory, is to 
have an air-core superconducting split-pair magnet capable of generating an average 
magnetic field intensity of 40 kG' over the bubble chamber volume. The superconducting 
air-core design makes more accessible the component parts of the bubble chamber assem- 
bly and gives large savings in magnet costs and power for operation.. 

To eliminate the need for a magnet helium Dewar and to achieve a magnet coil con- 
figuration that is compact and mechanically strong, it is proposed that the 25-ft cham- 
ber magnet conductor be a hollow stabilized superconducting conductor cooled by an 
internal flow of helium. 

Hollow stabilized superconducting conductors have recently been fabricated which 

These conductors may be cooled by an 
consist of a number of superconducting filaments embedded in the wall of a tube of 
copper of square, or rectangular cross section. 
internal flow of helium which is maintained at a temperature of 4.5OK and at pressures 
above its critical pressure of 2.23 atm. 
fluid above 2 .23  atm, the formation of two phases within the conductor is prevented. 
The one-phase positive fluid flow through the conductor insures that cooling is contin- 
ually brought to all parts of the magnet conductor. The total volume of helium in con- 
tact with the conductor is less than that required to cool the magnet by pool boiling. 
Thus liquid and gas storage requirements are minimized with the hollow superconducting 
design. 

By maintaining the pressure of the helium 

The normal conductor material in which the superconducting filaments are bonded 
not only stabilizes the superconductors but also aids in supporting the electromagnetic 
forces to which the .magnet is subjected. The amount of normal conductor to be bonded 
to the superconductor for  stabilization €or a given magnet current depends on the rate 
of heat transfer from the conductor to the helium coolant and OR the resistivity of 
the normal conductor. The resistivity of the normal conductor is a function of its 
purity, of the stress in the conductor, and of the magnetic field intensity at the 
conductor. 

7 
' The 25-ft bubble chamber magnet is designed for 3 x 10 ampere-turns to generate 

a central field of 38 kG with an average magnetic field intensity of 40 kG over the 
chamber volume. 
ings will. be 65 kG and the magnet coil will be subjected to total radial pressures of 
the order of 2800 psi. 
limit deformation of the conductor material, and to reduce the amount of normal conduc- 
tor required, a reinforcing or stiffener strip of a high.strength material such as 
stainless steel is wound in the magnet: coil windings with the hollow conductor. A thin 
strip of fiberglass epoxy or Mylar tape is also wound in the magnet coil. between the 

At this value o f  average field, the maximum field at the magnet wind- 

To aid in supporting the stresses in the magnet windings, to 

* 
york performed under the auspices of the U.S. At0mi.c Energy Commission. 
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surfaces of the hollow conductor strip and the stiffener strip t o  provide turn-to-turn 
electrical insulation. A schematic of the proposed magnet coil configuration is shown 
in Fig. 1. 
in the schematic, 0.75 in. square with an 0.375 in. diameter hole, may be designed to 
carry 8500 A in a magnetic field of 65 kG. Sufficient reinforcement is also wound in 
with the conductor to limit the stress in the copper to 15 000 psi. 

A hollow copper-multifilament superconductor composite of the type shown 

The 25-ft bubble chamber magnet is a split-pair of coils, each coil-half consist- 
ing of a number of single layer pancakes as shown in Fig. 2. The pancakes are insula- 
ted from each other by thin sheets of fiberglass epoxy. 
supporting against radial forces by' clamping the external free end. of the conductor at 
the periphery of the coil. The pancakes are connected electrically in series with sta- 
bilized superconducting connectors soldered and clamped at the inner and outer diameters 
of the magnet coils. The pancakes are connected in parallel to the helium supply mani- 
fold at the inner diameter of the magnet and to the helium return manifold at the outer 

Each pancake is made self- 
. 

. diameter of the magnet coil. 

The single layer pancakes are stacked vertically for each of the two magnet-half 
coils. Each magnet-half coil is 4 ft 6 in. high and has an inner diameter of 2 3  ft 
6 in. and an outer diameter of 29 ft 2 in. The two half-coil assemblies are separated 
by 5 ft to allow for particle beam entry to the bubble chamber. This large coil sepa- 
ration permits the winding of magnet coils of a smaller diameter, reduces the axial 
forces on the coils, and improves the uniformity of the magnetic field over the bubble 
chamber volume. It also permits the large curved beam window section of the bubble 
chamber to extend 2 ft into the gap between the coils, as shown in Fig. 3,  for easy 
entry of particle beams with a large range of momentum. 
transverse to the beam axis has an average value of about 22 kG in the volume in the 
beam window between the coils. An elevation view of the magnetic field intensity plot 
is shown in Figs. 4 and 5. 
average field over the chamber volume Of 40 kG, the two coil-half assemblies are attrac- 
ted to one another with a force of the order of 30 000 tons. This force between the 
coils is supported by a coil spacer which is reinforced around the chamber beam window 
so that a large aperture is available in the spacer for beam entry. 

The magnetic field intensity 

With a total of 3 X lo7 ampere-turns in the magnet and an 

The pancakes of each magnet-half coil assembly are tied together by vertical rods 
at the inside and outside diameters of the magnet which are threaded into or bolted to 
stainless-steel washers at the top and bottom of each coil-half. These rods serve to 
align the coils. 
coil Eire bolted to the coil spacer, while the bottom washer of the bottom coil is bolt- 
ed to the three support 'legs. These legs support the magnet and bridge assembly in the 
bubble chamber vacuum tank and are designed to carry the total weight of approximately 
400 tons. Thermal insulating pads are placed between the coil-halves and the coil 
bridge, and between the bottom coil and the support legs to minimize the heat leak from 
these structures to the coil. The magnet is thermally insulated from the bubble cham- 
ber and the vacuum tank by multilayer insulation. 

The bottom washer of the top coil and the top washer of the bottom 

The final figure, F i g .  6, shows an isometric view of the main assembly of the 
bubble chamber. 

This brief description represents a summary of some of. the preliminary genetal de- 
sign concepts being developed by the Bubble Chamber Group at Brookhaven National Labo- 
ratory for the superconducting magnet €OK the 25-f t  'cryogenic bubble chamber. 
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Fig.  1. Magnet c o i l  components. 
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F i g .  2 .  25-ft  bubble chamber main assembly - front elevation 
sectioned view. 
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Fig.' 5. F i e l d  strengths expressed in percent of field strength at 
intersection of vertical ceuter line and beam center line. 
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F i g .  6 .  25-Et bubble chamber main assembly - isometric view. 
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THE SUPERCONDUCTING MAGNET FOR THE 
BROOWAVEN NATIONAL LABORATORY 7 -FOOT BUBBLE CHAME'EX* 

D.P. Brown, R.W. Burgess, and G.T. Mulholland 
Brookhaven National Laboratory 

Upton, New York 

INTRODUCTION 

An air core, fully stabilized'superconducting magnet has been constructed for the 
Brookhaven National Laboratory 7-Foot Bubble Chamber. The magnet incorporates conduc- 
tor face cooling and stainless-steel reinforcement in an effort to mzximize the per- 
formance-cost ratio. The design approach is integral with that of'the Bubble Chamber. 
The conductor selection, the magnet design, construction considerations, cryogenic 
support facilities, and preliminary test results are described. 

. .  

THE MAGNET 

The magnet1 has 16 double layers; or pancakes, wound with a conductor consisting 
of six NbTi (48% Ti by volume) cores metallurgically bonded to, and evenly distributed 
within a 2 in. X 0.078 in. OFEiCt copper substrate. 
the stabilized superconductor, a Mylar insulator, a stainless-steel strength member, 
and a copper cooling channel spacer, in that- order radinlly outward (Fig. 1). The 
double wound layers are arranged in 'two stacks in an annular helium Dewar concentric 
with the chamber's vertical axis. The two stacks are separated from each other by a 
bridge structure to allow the entry of particle beam into the chamber (Fig. 2). 

Each Curn contains four strips: 

The layers are connected in series electric-ally and externally powered through 
gas-cooled leads by a conventional power supply, 
at 6000 A (see Table I). 

The central field expected is 30 kG 

CONDUCTOR SELECTION AND TEST RESULTS 

Preliminary investigations indicated that the minimum superconductor current den- 
sity expected in the processed composite conductor (actual 4 . 3  X 104 A/cm2> was an 
order of magnitude higher than the composite conductor current density (actual 6 x lo3 
A/cm2) required , aliowing thermal and stress considerations to proceed without detailed 
consideration of the superconductor but assuming a reasonable distribution of super- 
conductor in the copper and good thermal and mechanical contact. 

If the copper, by virtue of its OWR strength or in combination with the strength 
of a reinforcing strip, can support the forces involved without significant. resistiv- 
ity change, the full stability criterion can be written a s :  

* 
Work performed under the auspices of the U.S. Atomic Energy Comrnission. 
'Oxygen free high. conductivity, American Metals Climax trademark. 
1. D.A. Kassner, in International Colloquium on Bubble Chambers, Heidelberg, 1967, 
' (Yellow Report CERN 67-26), p .  435 ,  
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TABLE I 

7-FOOt Bubble Chamber Magnet Parameters 

. 

16 

32 

44 

Number of double pancakes 

Total number of layers 

Turns per layer  
Total  number of turns 2408 

Coil current (A) 6000 

Central f i e l d  (kG) 
Maximum v e r t i c a l  f ie ld  (kG) 40.5 

27.9 
Coil inside diameter ( in . )  94.6 

Coil outside diameter ( in . )  108.4 

Conductor length per l ayer  ( f t )  

30 

, Maximum r a d i a l  f i e l d  (kG) 

1160 

37 200 Total conductor length ( f t )  
Weight per pancake (lb) 2000 

Total coi l  weight (lb) 

Inductance (H) 

Energy ( M J )  

4 1  000 

4 

72 

Tptctsh3’z )” 
I =  

(Hmax? 
1 

where 1 is  the f u l l y  s t a b l e  current (A) ,  ll is  t h e  normalized surface exposure and flow 2 
e f f ic ienc  parameter (0.5, here) , k is  the c r i t i c a l  heat f l u x  proport ional i ty  constant 
(6 w/cm5/3, i n  the region of i n t e r e s t ) ,  t, is t h e  thickness of copper (cm), ts i s  the 
thickness of cooling channel (cm}, h is  the channel and conductor height  (cm), p ( b x )  
i s  the  r e s i s t i v i t y  a t  the highest f i e l d  within the c o i l  (Sa-cm) [ res i s tance  2 r a t i o  a t  
H = 0, p (3OOOK) /p ( 4 O K )  = 2001, and J is  the  average current densi ty  (A/cm ) . 

The product term a causes a r a t h e r  f l a t  current  densi ty  maximum a t  t, = t,, 
allowing t, t o  be increased (decreased) as  t 
strength (economics) with l i t t l e  e f f e c t  on J .  

i s  decreased (increased) f o r  reasons of 
. .  s* 

J; 3 2 
J ac tua l  = 2 .5  X 10 A / c m  . 

2 .  M,N. Wilson, in Pure and Appl ied  Cryogenics (Pergamon Press, ’P966), 
V o l .  6, p .  109. 
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2 The maximum heat flux with all the current in the copper is 0.34 W/cm . This 
number is in good a reement with the demonscrated stability of the Maddox and.Taylor 
magnet3 at 0.4 W/cm 8 with similzr cooling provisions. 

A stress analysis4 taking into account (1) the nonlinear stress-sixain relation- 
ship for copper, (2) the addition of an elastic reinforcing material, (3) the details 
of radial and axial support, and ( 4 )  the thermal contraction differences, was used as 
the basis for a computer study5 of the stress distribution within the coil. The re- 
sults of the study indicated that a stainless-steel strip 0.012 in. thick was suffi- 
cient to reinforce the 0.078 in. copper at the maximum (full field) load. 

The important features of the reinforcement approach (the layers are tightly 
wound) taken here are: (1) the copper, required by the stability considerations, is 
used to its yield strength, (2) each turn transfers the stress in excess of that 
consistent with the mean layer strain to the next outer turn, until (3) the strength 
required of each turn is very nearly equal, resulting in minimum composite conductor 
and stainless steel material requirements. 
not support the major portion of the (hoop) forces but guards against what at room 
(or higher) temperatures would be called "creep" in the copper. 

Note thac here the stainless steel does 

The maximum stresses in the copper and stainless steel at 30 kG are 16.0 and 
38.5 kpsi, respectively. The thermal stresses, which account for 1.25 kpsi in the 
copper and 6.7 kpsi in the stainless steel (Fig. 3) ,* are given by: 

where E = elastic modulus, t = radial thickness, hr = differential thermal expansion 
coefficient, T 5 temperature, and subscripts 1 and 2 refer ta copper and stainless 
steel, or vice versa. Using the fact that most of the stress is hoop stress and that 
the calculation takes, the circumferential conductor and reinforcement strains equal, 
the "effective" elastic modulus of the copper is less than 

3 - E c . s  (16.0 - 1.25) 28 X 10' kpsi = 9,2 kpsi (38.5 + 6.7) 
3 It is interesting to note that the superconductor, with a modulus of - 13 X 10 kpsi, 

and 115 kpsi ultimate tensile strength, can lend some of its strength to the mechanical 
composite. 
stress-strain relationship serve as the design margin. 

The superconductor strength and a conservative approximation to the copper 

The selection of stainless steel as the reinforcement material in this applica- 
tion is not to imply that it i s  the best material as the thickness of reinforcement 
approaches that of the composite conductor in larger diameter magnets of equal field 
(at the coil) and current density. In fact, Eq. (2) suggests that a copper alloy 

* 
The differences between the quoted stresses and those implied by Fig. 3 are radial 
and axial copper bending stresses. 
3. B.J. Maddock et al., in Proc. 2nd Intern. Conf. Magnet Technology, Oxford, 1967, 

p.  533. 
4. R.P. Shutt, Brookhaven National Laboratory Internal Notes (1966). 
5. S .  Kern, Brookhaven National Laboratory Program MAGIC (1966) I 
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(e.g. BeCu, o r  phosphor bronze) may be a b e t t e r  choice with the nonlinear stress- 
s t r a i n  re lat ionship of t h e  copper affording the stress t ransfer  mechanism. 

The test resu l t s  obtained i n  the  Brookhaven 8-in. bore 60-kG superconducting 
magnet test f a c i l i t y '  on the composite conductor, which was manufactured7 t o  a COR- 

servative 4000 A - 20 kG cent ra l  f i e l d  spec i f ica t ion  ( t h e  or iginal  design),  indicated 
. tha t  the conductor would ac tua l ly  perform t o  c r i t i c a l  currents  consistent with central  

f i e l d s  of 24 t o  28 kG. The composite conductor exhibited a 5:l  c r i t i c a l  current  ani- 
sotropy favoring the v e r t i c a l  f i e l d  component, so t h a t  the region of highest rad ia l  
f i e l d ,  and not t h a t  of the highest  t o t a l  f i e l d ,  within the  co i l  determined the  l i m i t -  
ing condition. In an e f f o r t  t o  maximize the r a t i o  of cent ra l  f i e l d  t o  maximum radia l  
f i e l d  by r e d i s t r i b u t i o n  of t h e  conductors a t  the extremes of the magnet c o i l ,  various 
c o i l  configurations were studied. 
l imited the p o s s i b i l i t i e s  t o  the 9% increase of Fig.  4b. 
the predicted c e n t r a l  f i e l d  value t o  between 25.4 and 29.7 kG. 
t o r  lengths with the higher c r i t i c a l  current  values f o r  magnet pancakes i n  the higher 
f i e l d  regions, the  upper magnetic f i e l d  l i m i t  may be achieved. 

. 

Construction d e t a i l s  and helium Dewar t o n s t r a i n t s  
The r a t i o  change increased 

By select ing conduc- 

CONDUCTOR MEXHBNLCAL CONSIDERATIONS 

. The composite superconductor mater ia l  contains  s i x  niobium-titanium cores,  each 
with a cross-sectional area of approximately 0.00375 sq. in . ,  arranged i n  the copper 
conductor as shown i n  Fig. 1. 
magnification (see Fig. 5) demonstrated tha t  the  bonding was sound'and f r e e  of voids. 
Short pieces were acid etched on one s i d e  t o  expose t h r e e  NbTi cores.  The cores were 
gripped a t  one end and peeled away from the copper. The break occurred i n  the  copper 
and not a t  the Cu-NbTi interface.  

Polished and etched sect ions examined under X 500 

When copper and NbTi a r e  metal lurgical ly  bonded, the composite material  exhibi ts  
a higher t e n s i l e  s t rength than copper alone, and a higher ultimate elongation than 
# T i  alone, as i l l u s t r a t e d  i n  Figs.  6 and 7 .  The copper supports the NbTi cores t o  
the extent tha t  the NbTi-has an increase of approximately 25% i n  i t s  e l a s t i c  l i m i t .  
This can be seen from the  d i f fe rence  i n  s t r a i n  t o  the  apparent y ie ld  points i n  the 
curves i n  Figs. 6 and 7 .  
material  showed t h a t  each NbTi core  had yielded and fractured i n  succession a t  a 
number o f  places. 

X-ray photographs o f , a  f ractured specimen of the composite 

MAGNET CONSTRUCTION 

A top and a bottom layer ,  each of 44 turns ,  a r e  wound t o  make a double "pancake" 

This allows the inter-  
assembly. 
l y  clamped t o  a curved p l a t e  a t  the  inside diameter (Fig.  9 ) .  
pancake e l e c t r i c a l  connections t o  be made on the  (exposed) outside diameter of the 
assembly. 
r a t e  t h e  layers and pancakes, respect ively,  t o  allow the  rad ia l  and ax ia l  flow of 
l iquid helium (Fig. 8). The 0.625 in .  spacers are assemblies of 0.75 in .  wide blocks, 
spaced 1.5 in .  on center  by t u b u l a r  spacers mounted on 0.125 in .  phosphor bronze 
connecting rods. 

The ins ide  ends of the conductor a r e  e l e c t r i c a l l y  connected and mechanical- 

Open phenolic insu la t ing  spacers of 0.125 and 0.625 in .  thicknesses sepa- 

6.' J.A. Bamberger e t  al .  a in Advances i n  Cryogenic Engineering (Plenum Press, 1968), 

7.  J .  Wong e t  a l . ,  J .  Appl. Phys. 39, 2518 (1968). 

Vol. 13, p .  132. 
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In  the double-layer winding procedure the  inside ends of t h e  composite supercon- 
ductor s t r i p s  a re  soldered t o  the crossover p l a t e  and clamped along with t h e  Mylar- 
backed s ta in less -s tee l  s t r i p .  The s t r i p s  a r e  formed around the ends of t h e  crossover 
p l a t e  with a cuff made from a short length of composite superconductor soldered a t  the  
inner  diameter t o  compensate for  the reduction in  c r i t i c a l  current  caused by the' sharp 
bend. The p la te  i s  then mounted t o  a mandrel on the winding t a b l e .  The t a b l e  is  
rotated by a geared, constant torque, var iable  speed a i r  motor. 

The lower layer i s  wound with the upper c o i l  supply reels of superconductor and 
Mylar-backed s t a i n l e s s - s t e e l  s t r i p  r id ing  a t  the center  of the  t a b l e .  The copper cool- 
ing spacer s t r i p  i s  fed i n  s o  that a l l  three s t r i p s  are wound simultaneously. After  
44 turns are  wound the  ends of the s t r i p s  a r e  clamped t o  the  t a b l e  and the excess cu t  
o f f .  The upper layer  supply reels that  w e r e  r iding a t  the c e n t e r  of the  winding t a b l e  
a r e  now placed on the supply tables (adjusted t o  the new l e v e l ) ,  t h e  0.125 in.  insu la-  
t i n g  spacers are  positioned on the lower layer ,  and the upper l a y e r  is wound i n  counter 
ro ta t ion .  Two aluminum bronze e l e c t r i c a l  connector backing p l a t e s  (Fig. 10) a r e  sand- 
wiched i n  the  l a s t  tu rn  of each layer i n  posi t ions tha t  vary from one double pancake. 
t o  the next t o  of fse t  a l t e r n a t e l y  the . rad ia1  clamps, and t o  comply with the  arrangement 
of e l e c t r i c a l  connections (Fig. 14). 

A f iberg lass  end clamp is  then fixed i n  posit ion between t h e  upper and lower con- 
ductor ends, and the  ends a r e  formed around it and secured with bolted clamping p l a t e s  
(Fig. 11). The end clamp r e s t r a i n s  the hoop forces  t ransferred t o  the outer  tu rns  of 
t h e  c o i l ,  causing each conductor end t o  p u l l  against  t h e  other .  

When the twelve r a d i a l  clamps (Fig. 12) a re  secured t o  t h e  c o i l ,  the  double layer  
assembly is  complete (Fig. 13) .  Eight double layers  a r e  stacked, with inter leaved 
0.625 in.  spacers, on a s ta in less -s tee l  bottom washer, and t h e  whole assembly i s  t i e d  
together by 0.625 in.  diameter 7075-T6 aluminum rods t o  a s t a i n l e s s - s t e e l  top washer. 
The.top washer of the  lower magnet ha l f  has upward protruding threaded s tuds to form, 
together with a T-section, an I-section s t a i n l e s s - s t e e l  "bridge" s t r u c t u r e  which sepa- 
rates the lower and upper magnet halves. The upper c o i l s  a r e  s i m i l a r l y  stacked on the 
T-section s t ruc ture ,  and t i e d  with aluminum rods t o  a top washer. 

The b o l t s  t h a t  fas ten the magnet t o  t h e  Dewar base and t h e  aluminum t i e  rods must 
withstand the 2g dynamic loading (82 klb) associated with the  bubble chamber expansion. 
The t i e  rods a r e  pre-tensioned, because of t h i s  dynamic loading, with Preload Indica- 
t i n g  Washers t o  assure t h a t  the stack i s  held t i g h t l y .  Aluminum, r a t h e r  than s t a i n l e s s  
steel, w a s  chosen as  t h e  t i e  rod mater ia l  as i t  has a higher thermal contract ion than 
the copper-phenolic combination and acts as a thermal compensator on cooldown, reducing 
the necessary room temperature pre-tension to, 48 kpsi.  
t o  the magnetic forces Q C C U ~  a t  approximately 113 the magnet h a l f  height ,  measured 
above and below the beam bridge, and are  directed toward the  center .  A t  30 kG t h i s  
corresponds t o  a compressive s t r e s s  of 10.3 kpsi i n  the  copper of the conductor a t  the  
0.75 in.  wide phenolic spacers. The pi tch of the phenolic insu la t ing  spacers i s  a 
compromise between the  open space necessary f o r  f r e e  l iquid helium flow and a reason- 
ab le  stress level .  

The maximum v e r t i c a l  loads due  

. 

When both halves of t h e  magnet a r e  placed i n  the  Dewar and secured, parallel com- 
pos i te  superconductor e l e c t r i c a l  inter-pancake jumper s t r i p s  a r e  temperature control  
soldered and clamped i n  place.  The arrangement (Fig. 14) was designed t o  give the 
.jumper s t r i p s  suf f ic ien t  length so  they could be bowed t o  allow the f l e x i b i l i t y  re- 
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DESCRIPTION OF DEWAR, REFRIGERATOR AND PLUMBING 

The magnet Dewar i s  an annular vessel  of type 316L s t a i n l e s s  steel tha t  f i t s  
c lose ly  around t h e  magnet and shares  a common vacuum tank with the bubble chamber. 
Approximately 3000 liters of l i qu id  helium are  required t o  f i l l  the vessel  with the 
magnet i n  place.  

The Dewar i s  supported by three l egs  which rest on pads cooled with l iquid hydro- 
gen. The l e g s  are designed on the  basis of a v ib ra t iona l  analysis  of def lect ions and 
forces  on the magnet during the bubble chamber expansion cycle,  and l e g  def lect ion due 
t o  contract ion of t he  Dewar  r e l a t i v e  t o  i t s  room temperature supports. 
t i ons  have made it  necessary t o  use a l eg  cross sect ion which i s  heavier than that re- 
quired t o  support t h e  weight of the magnet and Dewar  i n  the s t a t i c  s i t ua t ion .  
hydrogen cooling of the l egs ,  however, provides a means of reducing conduction losses  
t o  the helium D e w a r  t o  a low value. 

These considera-' 

The 

Each of . the cyl inders  which form the walls of t h i s  ves se l  have cooling loops on 
the vacuum s ide .  The coolant passes through 0.75 in .  0.d. tubing t h a t  has been tack- 
welded and soft-soldered t o  the  w a l l s .  The loops are provided fo r  precooling the mag- 
net  with l i q u i d  ni t rogen and l i q u i d  hydrogen while pressurizing the magnet Dewar with 
helium gas, thus eliminating the necess i ty  of purging the main Dewar volume at  low 
tempera tures .  

Original ly  the  magnet current  leads were helium gas cooled. Each lead w a s  con- 
s t ructed of 76 p a r a l l e l  0.125 in .  0.d. copper tubes soldered i n t o  terminal blocks a t  
both ends. The gas flow w a s  i n s ide  of the 'tubes. 
cross sec t ion  and 36 i n .  i n  Length. 

. 

supply the cu r ren t  f o r  t he  short  sample t e s t  program described earlier. The test leads 
had an optimum a t  2900 A ,  but w e r e  used f o r  short  periods of t i m e  a t  6000 A .  

Each lead w a s  about 0.75 in.2 i n  
The leads w e r e  extrapolated from leads used t o  

The D e w a r  w a s  insulated only wi th  NRC-2 aluminized Mylar i n su la t ion  applied a t  a 
densi ty  of 100 l a y e r s  per inch. Four inches of i n su la t ion  are used i n  the vacuum 

i n  the  vacuum space between hydrogen (bubble chamber) temperature and helium tempera- 
. space between room temperature and helium temperature. One inch of insulat ion is  used 

' t u re .  

The cooldown weight of the magnet and Dewar i s  about 53 klb.  There a r e  14 tons 
of copper, 12  tons of s t a i n l e s s  steel  and 0.5 tons of p l a s t i c s .  

The helium r e f r i g e r a t o r - l i q u e f i e r  used with the magnet is  an ADL Model 2000 
machine. It has  a capacity of 60 l i t e r / h  as a l i q u e f i e r ,  and 240 W at 4.5% as  a 
r e f r i g e r a t o r .  The machine uses  l i q u i d  nitrogen precooling and has two 3 in .  bore 
expansion engines.  A non-lube three-s tage Norwalk compressor supplies gas f o r  the 
system. 

The flow from the r e f r i g e r a t o r  goes t o  an intermediate supply Dewar  and then t o  
the  magnet D e w a r .  A s implif ied schematic i s  shown i n  Fig. 15. The intermediate sup- 
ply Dewar  i s  used t o  insure a l i q u i d  helium supply f o r  the magnet i n  the event of a 
r e f r i g e r a t o r  f a i l u r e .  

A schematic of t he  helium cooldown and fill system i s  shown i n  Fig. 16. During 
cooldown, l i q u i d  helium or cold gas i s  introduced at  the bottom of the Dewar, d i r e c t l y  
under the magnet c o i l s .  The gas flows upward, en te r s  the gas re turn piping, and can 
e i t h e r  be returned t o  the r e f r i g e r a t o r  o r  d i r e c t l y  t o  compressor suction through a 
warm-up c o i l .  
top,  instead of the bottom. 

When the Dewar  has been f i l l e d ,  flow' i n t o  t h e  Dewar i s  directed t o  the 
The boi l -off  gas i s  returned t o  the r e f r i g e r a t o r .  
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I n  addi t ion  t o  t h e  vent  and r e l i e f  va lves  on t h e  gas  phase l ines ,  two 1.5 i n .  
l i q u i d  vent  valves  and a 6 i n .  rup tu re  d i s k  a t  t h e  bottom of the  D e w a r  provide pro- 
t e c t i o n  aga ins t  overpressure of t he  ves se l .  

. 

TRIAL COOLDOWN 

A t r i a l  cooldown of t h e  magnet wi thout  t h e  hydrogen bubble chamber w a s  conducted 
from May 9 t o  June 2,  1968. 
successfu l ,  but i t  w a s  poss ib l e  t o  run t h e  magnet a t  3300 A and 16.5 kG, i n  cold gas. 

Attempts t o  f i l l  t h e  Dewar with l i q u i d  h e l i u m  were un- 

The magnet D e w a r  and r e f r i g e r a t i o n  system were purged and l i q u i d  n i t rogen  pre- 
cool ing s t a r t e d  on May 9. 
i n  about four  days. It had not been planned t o  use  a l i q u i d  hydrogen precool  f o r  
t h i s  test, but  because of t h e  slow rate of c o o l i n g  obtained wi th  t h e  helium l i q u e f i e r ,  
some plumbing changes were made and l i q u i d  hydrogen w a s  c i r c u l a t e d  i n  t h e  cool ing 
loops on May 21. 
made t o  cool t-he magnet f u r t h e r  wi th  t h e  r e f r i g e r a t o r .  It soon became apparent t h a t  
t he  heat  load exceeded the  capac i ty  of t h e  r e f r i g e r a t o r  and t h a t  a d d i t i o n a l  r e f r i g -  
e r a t i o n  i n  the  form of purchased l i q u i d  would have t o  be used. A number of a t tempts  
were made t o  supply l i q u i d  from the  r e f r i g e r a t o r  whi le  a t  . the  s a m e  t i m e  maintaining 
flow from an outs ide  Dewar. Because of plumbing l i m i t a t i o n s ,  t h e  procedure w a s  f i n a l -  
l y  abandoned and an i n t e r m i t t e n t  t r a n s f e r  o p e r a t i o n  was employed. Th i s  allowed the  
use of l i q u i d  a t  a ra te  i n  excess  of l i q u e f i e r  capac i ty .  

The magnet had reached  a temperature  of  less than 100°K 

This  cooled t h e  magnet t o  about  30°K. A series of  a t tempts  were 

0 On May 25, the  magnet w a s  cooled t o  a tempera ture  of 5 t o  6 K when an in te r rup-  
t i o n  of t he  n i t rogen  flow due t o  a plugged supply  Dewar caused a loss of r e f r i g e r a t i o n  
and l e g  cooling. The magnet warmed up and i t  w a s  decided t o  i n t e r r u p t  t he  helium 
cool ing flow i n  order  t o  r e l i q u e f y  a l l  the  he l ium gas i n  s torage .  The magnet was 
maintained a t  a temperature of 2S°K w i t h  l i q u i d  hydrogen dur ing  t h i s  opera t ion .  

On June 1, the magnet was cooled t o  less than  5OK. Repeated a t t empt s  were made 
t o  f i l l  t h e  Dewar wi th  l i q u i d ,  us ing  "bottom fill" mode, "top f i l l "  mode and a combined 
"top-bottom f i l l "  mode. No d e t e c t a b l e  amount of l i q u i d  w a s  c o l l e c t e d  i n  the  D e w a r .  
By t h e  morning of June 2,  t h e r e  w a s  no t  enough l i q u i d  i n  s t o r a g e  t o  f i l l  the  Dewar. 
It w a s  decided t o  attempt t o  run t h e  magnet in cold  gas .  A s  t h e  c u r r e n t  was increased 
through 3300 A, the  c o i l  went normal caus ing  t h e  D e w a r  p ressure  t o  rise about 5 p s i  t o  
8 ps ig .  The excess pressure  w a s  vented through the l i q u i d  dump valves. The magnet 
cu r ren t  had slowly decreased t o  1500 A when t h e  rest of  t h e  f i e l d  energy was dumped 
i n t o  an ex te rna l  r e s i s t o r .  
can t  movement during the  e n t i r e  test .  

S t r a i n  gauges i n s t a l l e d  on t h e  magnet showed no s i g n i f i -  

A number of system modif ica t ions  were i n d i c a t e d  by t h e s e  tests. Modifications 
which are t o  be included p r i o r  t o  the next cooldown are :  

1) A hydrogen-cooled r a d i a t i o n  s h i e l d  us ing  t h e  e f f l u e n t  gas  from 
the  bubble chamber cool ing  loops as t h e  coolan t  w i l l  be added.' 

2) The t r a n s f e r  l i n e s  w i l l  be l i q u i d  n i t rogen  sh ie lded .  

3) Hydrogen, i n s t ead  of helium, gas w i l l  be used f o r  power lead  
cooling.. Because t h e  helium r e f r i g e r a t i o n  is  suppl ied  by a 
closed system, the  gas  used t o  coo l  t h e  l e a d s  reduced t h e  re- 
f r i g e r a t i o n  a v a i l a b l e  f o r  o t h e r  purposes by about 80 W. 

4)  A b e t t e r  system f o r  u t i l i z a t i o n  of  purchased l i q u i d  i n  p a r a l l e l  
with t h e  r e f r i g e r a t o r  w i l l  be i n s t a l l e d .  
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5) A bypass around the J-T heat exchanger of the refrigeratar 
will be added. 

These modifications are expected to result in a reduction of refrigeration required 
by over 100 W. 

We are studying and plan to run some t e s t s ,  as required, on the feasibility of 
changes to the fill system. 
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Fig .  2. Chamber over-all. 
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Fig. 5. Photomicrograph of NbTi core in Cu. 
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Fig. 8. 118 in. and 518 in. phenolic cooling spacers. 
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Fig .  9 .  I n t e r n a l  crossover  p l a t e  assembly. 





F i g .  11. End clamp assembly. 
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Fig. 1 3 .  Plan view of completed pancake. 



F i g .  14. Inter-pancake electrical assembly. 
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A 70 KILOGAUSS.MAGNET FOR THE PROPOSED RUTHERFORD LABORATORY 
1.5 METER DIAMETER HYDROGEN BUBBLE CHAMBER 

P.T.M. Clee, D.B. Thomas, and C.W. Trowbridge 
Rutherford Laboratory 
Chilton, Berks., England 

I. INTRODUCTION 

In January 1967 a design study report' was produced on a new hydrogen chamber for 
the Rutherford Laboratory. Since that date R&D funds have been made available to in- 
vestigate aspects of the design which are essentially novel. 
magnet is, of course, a major item in the development program, and a considerable pro- 
portion of the available effort has been concentrated upon it. 
obtained have recently been reported in print.2 

The superconducting 

Some of the results 

Work now being performed or already completed in connection with the superconduc- 
ting magnet can best be described under.four headings: selection of geometry of magnet 
and surrounding iron shield including proposed winding configuration; selection of 
stabilized superconductor; full-scale winding trials; and construction of a test magnet 
.from full-size stabilized superconductor. 

11. SELECTION OF PARAMETERS FOR THE SUPERCONDUCTOR MAGNET 

The physics specification €or the High Field Chamber (EIFC) calls for a reasonably 
uniform magnetic field of 70 kG over the fiducial volume of the chamber, this being' a . 
cylindrical region 1.5 m diameter by 1 m deep. Particle beam entry across the median 
plane of the fiducial volume requires the field to be provided by a pair of coils se a- 
rated sufficiently to allow entry channels of at least 10 cm height and 50 cm width. 5 

A general idea of the magnet-bubble chamber system can be obtained from Fig. 1. 
The latest dimensions of the evolving design of magnet coils are given in schematic 
form in Fig. 2 and the principal parameters are listed in Table I. The proposed wind- 
ing configuration is shown in Fig. 3 .  Copper-stabilized niobium-titanium superconduc- 
ting strip of dimension 50 mm by 4 or 5 nun is interwound with a cooling strip, interturn 
insulation and stainless steel reinrorcing strips. 

The cooling strip, as conceived at present, allows cooling of about 75% of one 
face of the conductor and is to be manufactured by spot-welding a regular pattern of 
stainless steel buttons of about 6 mm diameter and 1 or 2 mm thickness to a stainless 
steel backing strip 50 mm wide by 1 mm thick. This backing strip serves as part of 
the necessary reinforcement to carry hoop,stresses. A sample length of cooling strip 
of this type i s  shown in Fig. 4 .  The, economics of producing such a strip in quantity 

1. Design Study f o r  a High Magnetic Field'flydrogen Bubble Chamber for Use on Nimrod. 
Rutherford Laboratory Report RHELlSflOl (1967). 

Progress Report €or 1967 on the Research and Development Program for the High 
Field Bubble Chamber, Rutherford Laboratory Report AP/DS/HFC/lO (1968) 

High Field Bubble Chamber, Rutherford Laboratory Report AP/DS/HFC/g (1967). 

2 .  

3 .  Proceedings of the Study Week on Optics and Beam Entry and Exit Problems for the 
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TABLE I 

Main Parameters of Mapnet Coi l s  

, Nominal c e n t r a l  f i e l d  

Computed c e n t r a l  f i e l d  with chosen parameters  
(excluding c o n t r i b u t i o n  of surrounding i r o n  

Computed peak f i e l d  

Total  ampere t u r n s  

Inductance 

Stored energy . 

Over-all c u r r e n t  d e n s i t y  

Operating c u r r e n t  

Number of s i n g l e  pancakes per  c o i l .  

Number of t u r n s  p e r  pancake 

sh ie ld)  

Thickness of pancake 8 .  

$ 

Thickness of  in te rpancake  i n s u l a t i o n  

Thickness of each t u r n  ( inc luding  conductor ,  
cool ing s t r i p ,  i n s u l a t i o n  and reinforcement  s t r i p )  

70 kG 

71.4 kG 

80.6 kG 
7 2.16 x 10 

11.9 H 

3.4 X 10' J 

140 0 A / cm2 

7500 A 

18 

80 

50 mm 

10 mm 

9mm 

(which would involve t h e  u s e  of a custom-bui l t  machine) have not  y e t  been f u l l y  inves-  
t i ga t ed .  I n i t i a l  s t u d i e s  are s u f f i c i e n t l y  promising f o r  the  s e l e c t i o n  of  t h i s  type of 
cool ing s t r i p  f o r ' a  test  m a g n e t  now under c o n s t r u c t i o n .  

I n  t h e  HFC c o i l s ,  a i t h  75% of one f a c e  and 75% of both edges of t h e  conductor 
exposed t o  l i q u i d  helium, f u l l  s t a b i l i z a t i o n  r e q u i r e s  a heat  t r a n s f e r  c o e f f i c i e n t  of 
about 0.25 W/cm2f°K. T h i s  f i g u r e  is  ca l cu la t ed  on t h e  b a s i s  of a conductor of c ross  
sec t ion  50 mm by 5 mm, a r e s i s t i v i t y  a t  80 kG of 5 X 10-8 Q - c m  and an ope ra t ing  cu r ren t  
of 7500 A .  

Addit ional  interwound s t a i n l e s s  steel s t r i p s  have a l s o  been included t o  carry t h e  
hoop stresses generated i n  t h e  c o i l .  T h e . t o t a 1  th i ckness  of s t r i p  requi red  ( including 
cool ing s t r i p  backing) h a s  been determined t o  be 3 mm a f t e r  a stress a n a l y s i s  of t h e  
most h ighly  s t r e s s e d  pancake i n  the  c o i l .  p. computer program which so lves  t h e  d i f f e r -  
e n t i a l  equat ions  f o r  stresses i n  a nonhomogeneous c y l i n d r i c a l  pancake h a s  been devised. 
Since each pancake employs a mul t ip l e  element winding with seve ra l  s t r i p s  of d i f f e r e n t  
material interwound ( inc lud ing  cool ing channels) t h e  problem is t r e a t e d  numerical ly .  
A f i n i t e  element method is used which ensures  a ba lance  of fo rces  a t  each s t a t i o n .  
Nonlinear s t r e s s - s t r a i n  cu rves  can"be  handled a l lowiag  elastic-plastic deformation t o  
be included.. The p r i n c i p a l  stresses are t abu la t ed  as output  toge ther  wi th  the  s t r a i n  
and displacements. 

The HFC c o i l  geometry i s  such t h a t  t h e  r a d i a l  stress is compressive, ensuring t h e  
v a l i d i t y  of  t h e  above method. 
been discussed e 1 s ewher e. 

The dependence of  r a d i a l  stress an c o i l  geometry has 

4 .  A . J .  Middleton and C.W.  Trowbridge, Proc. 2nd I n t e r n .  Conf. Magnet Technolo& - .  
Oxford, 1967, p. 140. 
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The results of these and other force calculations for the proposed coils are 
shown. in Table XI. 

TABLE I1 
Stresses and Forces in HFC Coils 

2 

2.93 kg/mm2 

Maximum hoop stress in stainless steel 

Maximum hoop stress in conductor 
reinforcement 21.5 kg/mm 

Maximum radial (compressive) stress 0.93 kgfmm 2 
Maximum axial (compressive) stress 

Maximum hoop strain 

Total attractive force between pair 
of coils 

'2 1.80 kg/mm 

0.11% 

8680 tons 

Additional hoop forces which arise from differential contraction between the con- 
ductor and the stainless steel reinforcing strip on cooling from 300°K to 4OK must also 
be considered. Assuming that the conductor is pure copper rather than superconducting 
composite, the differential contraction produces a tensile stress of 2.5 kg/mm2 in the 
copper (4  mm thickness) and a compressive stress of 3 . 3  kg/ntm2 in the stainless steel 
(3  mm thickness). Stresses due to differential contraction are thus much smaller than 
those due to current-field interaction. 

The variation of hoop stress with radius in the most highly stressed pancakes in 
each coil is shown in Fig. 5. Only stresses due to the electromagnetic forces are in- 
cluded. The stress levels in both the stainless steel reinforcing strip and the con- 
ductor are a maximum at the inside edge of the coil where the peak field of 80 kG 
occurs and fall off as the radius increases. 

It should prove possible by pze-tensioning both the copper and the stainless steel 
at the coil winding stage to produce a locked-in distribution of hoop stress in the 
windings, which, when added to that due to electromagnetic forces, 'results in a some- 
what more uniform stress distribution across a particular pancake. The proposed coils 
are rather suitable for this type of treatment for the ratio of external to internal 
diameter is almost 2. 

Surrounding the superconducting magnet, an iron shield is positioned to protect 
ancillary equipment from the effects of stray magnetic fields. 
serves as part of the support structure for the bubble chamber itself.) AR optimiza- 
tion of the geometry of the iron shield has been carried out so as to provide adequate 
shielding using a minimum weight of iron. A computer program TRIM,  which originated 
at the Lawrence Radiation Laboratory in Berkeley, has been modified to solve this type 
of problem. Numerous different shapes of  iron configuration have been investigated. 
One example is shown in Fig. 6. A s  might be expected with a 70 kG coil, the presence 
of an iron shield somewhat distant from the coils makes very little difference to the 
magnitude of the  central magnetic field - only a few percent. 

(The,shield also 

1x1. SELECTION OF STABILIZED SUPERCONDUCTOR 

A research contract was placed in October 1967 by the Rutherford Laboratory with 
the one British manufacturer of eo-processed niobium-titanium in copper, Imperial 
Metal Lndustrie's (Kynoch), Ltd. One of the objects of this contract was the develop- 
ment of a conductor suitable for the HFC. Numerous samples have beep produced and 
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measurements of their electrical and mechanical properties carried out. No test facil- 
ity is available .in the U.K. which is capable.05 measuring the critical current of 
conductors of the size required for the HFC coils. Tests have therefore been confined 
to samples of much smaller section and current rating, or to single filaments cut from 
larger samples. Fields up to 45 kG are available at the Rutherford Laboratory at pres- 
ent. An 80 kG 3 cm bore split pair of niobium-tin coils should become operational 
later this year. This new magnet will be mounted with its axis horizon.ta1 in its 
cryostat. Each sample under test will be aligned vertically in the 2 cm gap between 
the coils. 
sized conductor samples can have their critical currents measured at all fields up to 
80 kG. 
longitudinal axis with respect to.the applied transverse magnetic field without removal 
of the sample from the cryostat qr'de-energization of the magnet. 
form one straight leg of a hairpin with the return current flowing through a length of 
superconductor of much higher critical current, this being the other permanent leg of 
the hairpin .) 

With this arrangement single filaments or groups of filaments cut from full- 

Furthermore, the chosen arrangement permits rotation of the sample about its 

(The sample will 

Anisotropy in critical current in rectangular samples of composite superconductor 
rolled from the round has been noted, and the extent to which this occurs in the selec- 
ted samples can be speedily determined €or any angle between the applied magnetic field 
and the wide dimension of the conductor. 
lationship connecting critical current and this angle is elliptical in form will be 
extended or modified. 
at fixed angular orientations will also be determined. The variation of anisotropy 
with field for one of the samples measured in the existing 45 kG magnet is shown in 
Fig. 7 .  
of samples to be evaluated quickly, and could indeed be used for quality control of 
conductor for the bubble chamber itself. 

The evidence already existing that the re- 

The variation of anisotropy with absolute magnetic field value 

An 80 kG test facility of the modest size described should allow large numbers 

0 Resistivity tests on numerous copper samples have also been carried out at 4 K 
(without magnetic field) and these indicate that better resistance ratios can be ob- 
tained from Electrical Tough Pitch copper (ETP) than with Oxygen Free High Conductivity 
copper (OFHC). Consistent resistance ratios of greater than 250:l can be obtained with 
ETP copper and figures as high as 600:l have been achieved on occasion. 

' 

curves, ultimate strengths, etc. at 4OK for superconducting composites, structural 
materials, welds and joints of various types with applied loads up to 3500 kg. An 
investigation of the strength of various solders has recently been completed., 

Facilities also exist at the Rutherford Laboratory for measuring stress-strain 

It is proposed to join individual lengths of conductor to form a continuous'length 
sufficient for the fabrication of one double pancake of the HFC coils by an explosive 
welding technique. 
less for conductor cross sections of 0.25 cm2) with good mechanical strength, even 
after machining the joint down to exactly the same cross section as the conductor 
itself, 

This has been shown to produce joints of low resistance (10-9 0 or 

IV. COIL WINDING TRIALS 

Stress calcufat ions have shown that stainless steel reinforcement of thickness 
3 mm is required t o  support each turn in the highly stressed regions of the coils. 
number of thinner strips of the same total thickness may be prejEerable to a single 3 mm 
strip t o  minimize the bending stresses induced in this thick member at the coil winding 
stage. 

A 

Furthermore, thinner strips would certainly be easier to wind into a coil. 

To establish the relative difficulty of: interwinding reinforcing tapes of differ- 
ent thicknesses, either singly or with several in parallel, into a coil of the required 
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. 
dimensions, f u l l - s c a l e  winding t r i a l s  have been carried out .  
these.  t r i a l s  was t o  eva lua te  the  p r a c t i c a l  eng inee r ing  problem which would , a r i s e  i n  
c o i l  winding, and t o  determine winding tens ions ,  etc.  

A f u r t h e r  ob jec t  of 

A standard motorized turn tab le ,  8 f t  square,  from an Asquith Boring Machine, was 
A general  view of t h e  winding j i g s  

Three 50 m h  by 1 m s t a i n -  
temporar i ly  converted t o  a c o i l  winding machine. 
and f i x t u r e s  around the  winding t a b l e  is  shown i n  F ig .  8. 
less tapes  are shown being interwound wi th  50 uun by 5 mm annealed copper .  In  t h i s  

r e s u l t i n g  c o i l  was removed from t h e  machine. F igu re  9 shows t h e  completed c o i l  of 
18 tu rns .  

‘ f i n a l  winding test 18 composite t u r n s  were added, free ends w e r e  t hen  secured,  and t h e  

I n  e a r l i e r  winding operat ions 0.5 mm, l nun and 3 mm t h i c k  steel t apes  were t r i e d  
i n  var ious  formations. N o  cooling s t r i p  was a v a i l a b l e  and no i n t e r t u r n  in su la t ion  
was incorpqrated.  For s impl ic i ty ,  winding t e n s i o n s  were appl ied  by squeezing the con- 
duc tor  or  reinforcement s t r i p  between “Tufnol” b locks  wi th  a known f o r c e  and r e l i ance  
placed on f r i c t i o n  t o  produce a cons tan t  tens ion .  
systems w i l l  probably be required f o r  t he  f i n a l  c o i l s .  

More soph i s t i ca t ed  tens ioning  

The minimum tens ion  r e q u i r e d  t o  produce a t i g h t l y  wound c.oil w a s  determined f o r  
t he  d i f f e r e n t  s t r i p s ,  and t h i s  var ied  between about 20 kg f o r  t h e  0.5 mm th i ck  steel 
tape (0.8 kg/mm2) t o  150 kg for  both the  3 rmn t h i c k  steel  and 5 mm t h i c k  copper 
( 1  kg/mm2 and 0.6 kg/mm2). f n  some tests t ens ions  w e r e  increased t o  t h e  equivalent  
of 4 kg/mm2 without no t iceable  change i n  the  t i g h t n e s s  of  wind. 
of each c o i l  was compared with the value c a l c u l a t e d  from the known ind iv idua l  s t r i p  
thicknesses .  The d i f f e rence  i n  corresponding f i g u r e s  never exceeded 3%. A s  i t  was 
not poss ib l e  t o  s l i d e  a ’ f i n e  f e e l e r  gauge between t u r n s ,  it is concZuded t h a t  t h i s  3% 
add i t iona l  build-up was due t o  known f a c t o r s  such as edge b u r r s , o n  t h e  s t a i n l e s s  steel 
tapes ,  e t c .  

The f i n a l  thickness  

The general  conclusion from the  winding trials i s  t h a t  l i t t l e  d i f f i c u l t y  should 
be experienced i n  winding conductors and steel suppor t  s t r i p s  of t h e  requi red  th i ck -  
ness  at  the required diameters. Indeed, the  whole winding ope ra t ion  proved much 
e a s i e r  than had been an t ic ipa ted .  

V.  RACOON TEST COIL 

A test magnet made from f u l l - s i z e  bubble chamber conductor i s  a t  p resent  under 
cons t ruc t ion .  Coi l  winding should be completed i n  September of t h i s  y e a r .  This  mag- 
n e t ,  code named RACOOM, uses approximately the s a m e  winding conf igu ra t ion  a s  the  HFC 
magnet, and w i l l  thus  be used t o  check the  performance of t h e  s e l e c t e d  s t a b i l i z e d  
superconductor i n  a thermal and magnetic environment similar t o  t h a t  which w i l l  pre-  
va i l  i n  the  l a rge  c o i l s .  This test c o i l ,  being f o r  experimental  use only ,  need not  
be b u i l t  wi th  such a high sa fe ty  margin on s t a b i l i t y .  Indeed t h e  prime purpose i n  
bui ld ing  such a c o i l  i s  t o  determine q u a n t i t a t i v e l y  the  s t a b i l i t y  margin of the pro- 
posed des ign  of t h e ’ l a r g e  c o i l s .  

The conductor spec i f ied  fo r  RACOON i s  t o  c a r r y  7500 A a t  80 kG - t h e  same a s  the  
HFC c o i l s .  Conductor dimensions have been chosen at. 50 mm by 3 mm t o  be less con- 
se rva t ive  than the HFC c o i l s  (50 m by 4 o r  5 mm). A cool ing  channel thickness  of 
1.5 mm has been adopted ( c f .  HFC c o i l s  1 t o  2 mm t h i c k n e s s ) .  Because of t he  small 
diameter o f  the  test magnet, no s t a i n l e s s  s tee l  re inforcement  o f  t he  c o i l s  o ther  .than 
t h a t  provided by the cool ing s t r i p  i t s e l f  i s  r e q u i r e d .  The o v e r - a l l  cu r ren t  d e n s i t y  
f o r  R4COON i s  2600 A/cm2, almost twice tha t  of t h e  HFC magnet (1400 A/cm2). 

The p r inc ipa l  dimensions of RACOON a re  given i n  F ig .  10. The magnet comprises 
s i x  double pancake c o i l s .  I n i t i a l l y  all these  double  pancakes w i l l  be  iden t i ca l  i n  
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cons t ruc t ion ,  but  i t  is  envisaged t h a t  a d d i t i o n a l  double pancakes w i l l  be  manufactured 
and s u b s t i t u t e d  at a l a t e r  s t age .  These s p e c i a l  pancakes w i l l  test d i f f e r e n t  .conduc- 
t o r s  o r  winding conf igu ra t ions  o r  perhaps have many explos ive ly  welded conductor  
j o i n t s ,  etc.  

A t  t he  spec i f i ed  opera t ion  cur ren t  t h e  RACOON c o i l  a lone w i l l  provide a central 
Since t h e  conductor i s  r a t e d  at 7500 A at  f i e l d  a t  26 kG and a peak f i e l d  of 27 kG. 

80 kG, it should a l s o  be capable of c a r r y i n g  more than 15 000 A a t  50 kG. It i s  thus  
proposed t o  provide a 15  000 A power supply t o  energ ize  RACOON t o  f i e l d s  up t o  52 kG. 
A t  t h i s  upper l i m i t ,  t he  magnet w i l l  be only  p a r t i a l l y  s t a b i l i z e d  (about 1 W/cm2) SO 

t h a t  i t  should prove poss ib l e  t o  s tudy t h e  e f f e c t  of f l ux  jumps i n  wide conductors  
under somewhat extreme condi t ions.  The main parameters of RACOON are given i n  
Table  111. 

The dimensions of the  RACOON c o i l  have been c a r e f u l l y  se l ec t ed  so t h a t  it can 
ope ra t e  as an i n s e r t  c o i l  t o  t he  CERN test f a c i l i t y  BRARACOURCIX. Under t h e s e  con- 
d i t i o n s ,  with normal opera t ing  cu r ren t s  i n  both BRARACOURCM and RACOON, peak f i e l d s  
of over 80 kG should be achieved. It is  hoped t o  arrange such a j o i n t  test la te  
t h i s  year o r  i n  g a r l y  1969. ( I n  Fig.  10 ,  t he  outer  chain-dotted r eg ions  r e p r e s e n t  
t h e  BRARACOURCIX c o i l s  .) 

If a l l  t h i s  proves poss ib le ,  t he  RACOON c o i l  w i l l  have dupl ica ted  t h e  thermal  
and magnetic environment t o  be expected i n  a l l  reg ions  of t he  proposed HFC c o i l s .  

TABLE 111 

Main Parameters of RACOON Coil 

I n t e r n a l  d iameter  of windings 

External  diameter  of windings 

Length of c o i l  . 

Number of double  pancakes 

Number of t u r n s  per  pancake 

To ta l  number of t u r n s  

Spec i f ied  conductor cu r ren t  at  80 kG 

Magnetic f i e l d  produced by c o i l  

1. With 7500 A e x c i t a t i o n  

Cen t ra l  f i e l d  
Peak f i e l d  
Over-all cur ren t  dens i ty  i n  windings 

2 .  With 15 000 A e x c i t a t i o n  ' 

Central  f i e l d  
Peak f i e l d  
Over-all. cur ren t  dens i ty  i n  windings 

3 .  With 7500 A e x c i t a t i o n  as a n  i n s e r t  
i n  BRARACOURCIX (1000 A) 

Cen t r a l  f i e l d  
Peak f i e l d  

135 mm 

304 nnn 

655 mm 

6 

16  

192 

7500 A 

26 kG 
27 kG 
2640 A j c m  

52 kG 
54 kG 
5280 A/cm 

*- 84 kG - 85 kG 
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F i g .  1. Artist's impression of proposed High F i e l d  Chamber. 
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I- . 190cm 

334 cm 
0 -- -1 

Fig. 2. Principal dimensions of High Field Bubble Chamber 
magnet coils. 

Fig. 3. Proposed winding configurations for superconducting 
coils of High Field Bubble Chamber. 

Conduct or 50 m x 4 or 5 mm 
'Cooling channels 50 m x 2 or 1 mm 

(75% of one conductor 
face exposed) 

Stainless-steel 

Insulation 50 m x 0.2 mm 
reinforcement 50 nnn X 3 mm total thickness 



F i g .  4 .  Stainless-steel cooling strip. 

CONDUCTOR .I- 
01 I I I I I 

I I 

95 105 115 125 135 145 155 165 

COIL RADIUS cm 

Fig .  5 .  Hoop stresses vs, c o i l  radius €or most h i g h l y  stressed 
pancake in  HFC coil. 
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WEIGHT OF SCREENs926.5 TONS 

-3 1-5 
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Fig. 6 .  High F i e l d  Bubble Chamber screen No. 5 A .  
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CURVE A SINGLE FILAMENT CUT FROM EDGE 
OF STRIP - FIELD PARALLEL TO WIDE 

CURVE B AS *&',BUT FIELD AT 30" TO WIDE 
DIMENSION OF CONDUCTOR - . 

DIMENSION OF CONDUCTOR * 

TO WIDE DIMENSION OF CONDUCTOR- 
CURVE c AS *A",BUT FIELD PERPEN~ICULAR 

CURVE D AVERAGE WRRENT OF TWO 

OF STRIP- FIELD PERPENDICULAR 
TO WIDE diMENSlON OF 
CONDUCTOR * 

2500 FILAMENTS CUT FROM CENTER 

I I 1 I I I I I I 
10 20 30 40 

MAGNETIC FIELD (kG) 

Fig. 7. Anisotropy t e s t  of  I.M.I. Niomax-M sample BC4/1D. 



Fig. 8. Testing winding of fu l l - sca le  s i n g l e  pancake. 
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Fig. 9. Completed test pancake. 

F i g .  10. Cross sectian of RACOON coii. 



DEVELOPMENT PROGRAM FOR THE MAGNET OF TAE EUROPEAN 3 . 7  METER BUBBLE CI-TAMBER 

(BEBC) 

CERN Study Group f o r  che Large European Bubble Chamber 

Presented by 

The l a t e r a l  force caused by the presence of an i ron  neutr ino f i l t e r  w i l l  amount 
t o  about 18 tons and t h e  a t t r a c t i o n  between the c o i l s  and the pole plates  w i l l  amount 

I t o  about 800 tons. 

F . W i  t t gens t e in  
CERN, Geneva, Switzerland 

i 111. SHORT SAMPLE TEST FACILITY 

To test the conductors proposed by d i f f e ren t  manufacturers €or the winding a€ the  
BEBC magnet, a test f a c i l i t y  named BRARACOURCLX was developed. The general lay-out is  
shown i n  Fig.  4 .  This f a c i l i t y  c o n s i s t s  of a s p l i t  c o i l  magnet- housed i n  a ring-shaped 
c ryos t a t ,  and a short  sample s t r e t c h i n g  device su i t ab ly  arranged i n  a cen t r a l  separate 
Dewar. The s t r e t c h i n g  device is shown i n  Pig. 5. It is  made of a s t a in l e s s - s t ee l  

I. INTRODUCTION 

I n  order t o  de f ine  major parameters and to  gain some operat ional  experience with 
superconducting magnets, a magnet development program has been establ ished.  
gram should lead t o  the f i n a l  design of the BEBC magnet. , 

This pro- 

Figures 1 and 2 give some general  view.of the e n t i r e  project .  

The magnet has been designed t o  produce' a magnetic f i e l d  of 3..5 T i n  the center  
of the chgnber. 
s t r a y  f i e l d  sh i e ld ,  it has a t  the present  time the following cha rac t e r i s t i c s :  

Consisting of two c o i l s  separated by a gap and surrounded by an i rpn  

Total  number of ampere turns  2 - 0 5  x 107 

Rated cu r ren t  (copper s t a b i l i z a t i o n )  8 kA 

(aluminum s t a b i l i z a t i o n )  10 kA 

Axial peak f i e l d  on the conductor .5.1 T 

Radial peak f i e l d  on t h e  conductor 3 . 8  T 

Stored magnetic energy 750 M J  

11. MODEL MAGNET 

The f i r s t  experimental device which has been p u t  i n t o  operation was a 1:20 model 
of the BEBC magnet which has been used t o  determine the  s t r a y  f i e l d  around the chamber 
and the  various fo rces  ac t ing  on the c o i l s  fo r  d i f f e r e n t  shie-Id geometries. 

With an i ron  sh ie ld  of abouc 1800 tons ,  composed of two pole pieces of 500 mm 
thickness and a cyl inder  of 12 m diameter and 340 nun thickness,  the s t r a y  f i e ld  w i l l  
be reduced by a f a c t o r  of 6 above and below the po'l'e pieces and by a f a c t o r  of 1.25 
around the shielding cyl inder .  The s t r a y  f i e l d  d i s t r i b u t i o n  is presented i n  Fig. 3 .  



. .  bellows which can be pressurized by helium. The maximum force developed by the pneu- 
matic-hydraulic system is 9000 kg, with a maximum stroke of 1.5 m. 

The magnet has the following general characteristics: 

Inner diameter of the first layer 400 m 

Free bore of central Dewar 363 mm 

at 6 

Total height of the assembled coils 699 mm 
Total ampere turns 4.14 x lo6 

Rated current 1000 A 
Total inductance 4.1 H 
Central field 6 T  
Stored energy 2.05 EZJ 
Current density of the top coil 

Current density of the bottom coil 

(A1 -stabilized conductor) 4900 A/cm2 

(Cu-stabilized conductor) 4420-5180 A/cm2 

On short samples of the coil conductors the following results have been obtained 
6 T: 

2 Copper-stabilized conductor (cross section 10 x 1.5 mm ) 
Res is t ivi t y 
Recovery current 1200 A . 

3 . 3  x n-cm at 4.2'K 

Aluminum-stabilized conductor (cross section 5 )I 3 mm') 

Resistivity 1.12 x Q-em at 4.2'K 
Recovery current 1350 A 

The resistances of all joints on either type of conductor are better than 
3 x 10'8 R. 

The measuring arrangement is represented in Fig. 6 .  It also shows the 2000 A, 
5 V power supply and the dumping resistors. 

Some typical recordings of the differential voltage signals are given in Fig. 7 .  
These signals have been measured with outside dumping r.esistors of 2 X 0.250 R. 

When exposed to the magnetic field and stretched by the above-mentioned system, 
the short samples are fed by a power source delivering a maximum current of 16 000 A 
at 4 V. 

Figure 8 illustrates the lay-out of the above-described test system. 

Figure 9 shows short samples from different suppliers in their final test form. 
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IV. GEOMETRY OF BEBC MAGNET . 

For the time *being the c o i l  parameters a re  envisaged as follows: 

Number of c o i l s  

Number of pancakes per c o i l  

Number of turns  per pancake 

a) with copper s t a b i l i z a t i o n  

b) with aluminum s t a b i l i z a t i o n  

Inner diameter of t h e . f i r s t  t u rn  

2 

14 

91 

72 

4720 mm 

Over-all current density with copper 
s t a b i l i z a t i o n  1030 A/cm2 

The configuration of the pancake winding inspired by the development a t  Brookhaven 
f o r  the 7-f t  Bubble Chamber is  shown i n  Fig.  10. 

Models of the chosen arrangement are a t  present prepared i n  order t o  check the 
thermal behavior of the system. R e s u l t s  w i l l  be reported 'Later. 

. 
-. 
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Fig. 2 .  Lay-out of 'she magnet .coils. 
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Fig .  4.  Lay-out: of the BRARACOIJRCE t e s t  f a c i l i t y .  
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Fig. 5. Stretching device. 
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Fig. 8. General view of the BRARACOURCIX t e s t  facility. 
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Fig. 10. Configuration of the pancake winding f o r  the BEBC magnet. 
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A POSSIBLE SOURCE OF INSTABILITY I N  "FULLY STABILIZED" MA(=hrETS 
%9 

. *  
P.F. Smith, M.N. Wilson, and J.D. Lewin 

Rutherford Laboratory 
Chilton, Berks., England 

The purpose of t h i s  b r i e f  note is t o  draw a t t e n t i o n  t o  a problem which could 
a f f ec t  t he  performance of f u l l y  s t a b i l i z e d  magnets made from wide s t r i p  conductor. 

The f u l l y  s t a b i l i z e d  conductor i s  designed by assuming t h a t  the f u l l  transport  
current may flow i n  the normal m e t a l  and equating the power d i s s i p a t i o n  t o  the s u r -  
face heat t r a n s f e r  with,  typicall ty,  a s a f e t y  f a c t o r  of 2 .  

T h i s  s a fe ty  f a c t o r  may, however, be i n s u f f i c i e n t  t o  cope with the  power diss ipa-  
t i o n  during a f l u x  jump, since i n  the lower f i e l d  regions of the c o i l  the superconduc- 
to r  can support a magnetization current  dens i ty  which i s  much higher than the peak 
transport  current densi ty .  

An approximate q u a n t i t a t i v e  est imate  of t h i s  e f f e c t  may be obtained as follows: 

1) I n  addi t ion t o  the t ransport  cu r ren t ,  t he  conductor throughout most of the 
c o i l  i s  f i l l e d  with magnetization currents .  When the superconducting filaments are 
connected by low r e s i s t a n c e  metal, the f i n i t e  r a t e  of r i s e  of f i e l d  w i l l  i n  general 
be su f f i c i en t  t o  cause these cu r ren t s  t o  flow around the e n t i r e  composite, instead of 
being confined within the individual  f i laments  (Fig. 1 ) .  The magnetic energy asso- 
c ia ted with t h i s  current  d i s t r i b u t i o n  is  

(1) 
3 

(J/cm ) , Q=-- 2l-r J2A2 
lo9 

where J i s  the over-al l  current  densi ty .  

2) Since J increases  as H decreases,  the maximum value of J P  w i l l  occur approx- 
imately a t  the f i e l d  which j u s t  achieves complete penetration of the s t r i p .  Let t h i s  
occur at: J l& = H , say. Let  the over-al l  current  densi ty  be Jp  a t  the peak f i e l d  Izp, 
and assume J = l j H ,  so  t h a t  Jl - HpJp/H1. Then 

(2) 
HI 2 - (J,atz ~4 H J 1, 

P P  

which i s  the value t o  be in se r t ed  i n  ( l ) ,  and a l s o  

(3) 
2 2  

J1 - J X (H /J 1) . 
P P P  

3) To see what these equations could mean i n  pract ice ,  consider a spec i f i c  exam- 
p l e  of a large coil with H = 60 000 G,  and suppose a superconductor-copper composite 
w i t h  J p  = 1500 A/cmZ, and !!A = 8 cm. Then JI - 10 J$ at HI - 15 000 G. I f ,  during 
a flux jump i n  t h i s  p a r t  of the c o i l ,  a l l  the superconductor i n  rhe cross  sect ion be- 
came r e s i s t i v e ,  the magnetization currents  would t r a n s f e r  t o  the normal metal, and 
decay with an i n i t i a l  power d i s s i p a t i o n  about 10 t i m e s  as great as the design value 
(neglecting the reduct ion i n  magnetoresistance) . 
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9 he time constant f o r  t h e  decay of these cu r ren t s  is  approximately (16/10 n) (g2/p) ; 
i n  . this case i s  about 2 sec. The thermal time cons t an t ,  Sa2/2k ( S  i n  J / c m 3 ,  

sec, so t h a t  uniform hea t ing  can be assumed; t h e  k i n  f$/cm.%) is about 10-3 t o  
t o t a l  energy re-leased, given by ( l ) ,  is about 0 . 7  J / c m 3 .  

4 )  Since only p a r t  of t h i s  energy can be t r ans fe r r ed  immediately t o  the  l i q u i d  
helium there w i l l  be a rise i n  t e m p e r a t u r e ,  which i n  t h i s  case could amount t o  15-25'K. 
Thus, the example w e  have considered would appear to be reasonably sa fe ,  s i n c e  a t e m -  
perature rise of t h i s  order would cause very l i t ' t le  inc rease  i n  t h e  r e s i s t i v i t y  of the ' 

copper, the t ransport  current  would s t i l l  be s t a b i l i z e d ,  and the conductor would re- 
cover. There remains, however, the p o s s i b i l i t y  t h a t  t h e  increased hea t  t r a n s f e r  rate 
associated with the higher temperature might be s u f f i c i e n t  t o  vaporize the l i q u i d  h e l i -  
um i n  the  (narrow) cooling channel, a f t e r  which the  t r anspor t  cu r ren t  would no longer 
be s t ab i l i zed .  This appears d i f f i c u l t  t o  assess with any c e r t a i n t y .  

These e f f e c t s  could, of course, become more se r ious  w i t h  wider conductors, higher 
peak f i e l d s  and lower-enthalpy mater ia ls  such as aluminum. 
t o  be observed i n  lower f i e l d  c o i l s  such a s  those f o r  t he  Argonne bubble chamber. 

They are, however, unl ikely 

The preceding ca l cu la t ions  a re  based on some apparent ly  r a t h e r  pessimist.i.c as- 
sumptions: f i r s t l y  t h a t  the length of conductor invoived i n  the f l u x  jump is  s u f f i c i e n t -  
l y  great  fo r  longitudinal and r a d i a l  heat conduction t o  b& n e g l i g i b l e ,  and secondly 
t h a t  a complete f lux  jump occurs, whereas i n  p rac t i ce  i t  may w e l l  be p a r t i a l l y  o r  com- 
p l e t e l y  extinguished by the  electromagnetic and thermal damping provided 'by the  copper. 

An approximate estimate of the conditions under which normal m e t a l  may prevent 
f lux  jwp ing  has been made by Chester1 f o r  the case o€ t h i n  shee t s  of superconductor 
embedded i n  a good thermal conductor. Using the  same approach w e  ob ta in  the  following 
c r i t e r i o n  f o r  absence of f l u x  jumping i n  a composite containing c i r c u l a r  f i laments  of 
diameter d (cm): 

0 where To = Jc / f -  dJc/dT) 3 K, 
-3 k = thermal. conductivity of superconductor, - 10 (W/cm.OK), 

p = r e s i s t i v i t y  of normal m e t a l ,  =n: 2 x 10 (Cl-cm), 

J c  = current ciensity i n  superconductor (at appropriate  f i e l d  value) ,  

Jm = mean current densi ty  i n  composite (at appropriate  f i e l d  value) .  

A/cm , and Jm = 5 x lo3 A/cm , ( 4 )  g ives  d 

-8 

5 2 2 Putting Jc = 2 X 10 
(0.005 in.).' The approximate der ivat ion we have used i s  uncertain by var ious fac- 
t o r s  of order 2, and a l s o  assumes the copper t o  be a pe r fec t  heat  s ink,  which assump- 
t i o n  may not be va l id  i f  the perturbation i n i t i a t i n g  t h e  f l u x  jump is  l a rge .  There 
is  at  present no experimental confirmation of t h i s  theory,  and the  p red ic t ions  which 
it  makes f o r  copper-clad Nb3Sn tapes, t yp ica l ly  tha t  superconducting l a y e r s  less than - 10 thick should be s t a b l e ,  a r e  i n  evident disagreemerit with observation. 

1.2 X 10" c m  

1. 
2 .  

P.F. Chester, Rep. k o g r .  Phys. 30, P t .  2 ,  361 (1967). 

Note tha t  t h i s  c r i t e r i o n  r e f e r s  onty t o  f l u x  motion across  the e n t i r e  composite, 
and not t o  €lux jumping i n  the individual f i laments.  
sidered in more d e t a i l  i n  a separate paper i n  these Proceedings (p.  913). 

These cr i ter ia  are con- 
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In the present s t a t e  of,knowledge, therefore,  one cznnot be a t  a la  confident 
specifying a f u l l y  s tab i l ized  composite i n  which low f i e l d  f l u x  jumping is ab 
the preceding ca lcu la t ions  suggest that '  even i n  extreme cases the  heating eff 
j u s t  begin t o  reach a dangerous level. 

On balance, there  seems t o  be a reasonable chance tha t  no i n s t a b i l i t i e s  of t h i s  
kind w i l l  be encountered i n  any of the large magnets now being planned. Nevertheless, 
i n  view of t h e  importance and high cost  of such projects ,  some experimental reassur-  
ance appears des i rab le  before f i n a l i z i n g  the i r  design. 
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Fig. 1. Energy of magnetization currents. 
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Fig. 2. Typical temperature variation of enthalpy and resistivity 
f o r  copper and aluminum. 
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INTRODUCTION 

The analysis of magnetic fields produced by currents is an essential part of the 
design and construction of superconducting magnets. Beyond this, of course, a broad 
range of engineering judgements is involved, such as those concerning cost, materials, 
mechanical design, machining, production, assembly, testing, etc. These are not taken 
up in this summary, nox is the use of iron in the magnetic field. 

A static magnetic field is always a three-dimensional configuration in space. 
While the basic physical principles are well understood their detailed analytical ap- 
plication to a whole three-dimensional magnet can rapidly become unmanageable, even 
with computers, unless appropriate simplifications and idealizations are introduced. 

For accelerator and many other applications transverse magnetic fields are used 
to guide and focus beams of charged particles. When the beam cross section dimensions 
are small compared'to the radius of curvature of the beam it is often an appropriate 
simplification to use a Go-dimensional analysis to make the initial design of a mag- 
net. Three-dimensional features, such as end effects, can later be taken into accounr 
as necessary along with engineering modifications once an idealized two-dimensional 
design has been chosen. 

It should be clearly recognized, however, that certain,. possibly very useful, 
three-dimensional patterns, such as spiral or alternating spiral fields, are expressly 
left out of consideration when we restrict ourselves to an idealized two-dimensional 
design. 

The main purpose of the present paper is to describe and illustrate some of the 
methods now available for the analysis of two-dimensional fields. 

I. TWO-DIMENSION& FIELDS PRODUCED BY CURREmS 

Required Field and Aperture 

.The componen;s, Hx and Hy, of the transverse field required in a beam handling 
X,Y plane normal to the beam and the beam cross section will 

The primary problem is 
magnet will lie in an 
lie'within a specified "aperture" region in this X,Y plane. 
to find an arrangement of longitudinal currents, assumed infinitely long, straight 
and perpendicular to the X , Y  plane (current filaments, current sheets, or solid cur- 
rent "blocks") lying outside the aperture which will produce the required two-dimen- 
sional field within the aperture. 
inverse way - i.e., by assuming a distribution of current magnitudes and locations 
and calculating the field that would be produced, then modifying the assumed currents 
and/or their locations until the calculations give the required field with sufficient 

Usually this primary problem is solved in an 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
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, Obviously t h e  e f f ic iency  of t h i s  procedure w i l l  be g r e a t l y  enhanced i f  the 
urrent  d i s t r i b u t i o n s  can be guided by idealized but mathematically precise 
solut ions such a s  those which can be obtained by the methods described h e r e .  

- d  

ana . 

These methods a l s o  enable u s  t o  obtain ana ly t ica l  solut ions t o  a wide range of 
secondary problems i n  t h e  idealized case - f o r  example, finding the ex terna l  f i e l d ,  
t h e  f i e l d  within conductors, the f i e l d  forces act ing on conductors, and the  energy . 
stored in  the magnetic f i e l d .  

Complex Representation 

Maxwell's equations f o r  a s t a t i c  two-dimensional magnetic f i e l d  p a r a l l e l  t o  t h e  
X,Y plane may be w r i t t e n  i n  the form 

- - - =  ax ay 

0 ¶ '  

- + - =  a% 
ax a Y  

where o(X,Y) is  the dens i ty  of current'normal t o  the X,Y plane and B = H. 
(3 = constant ( including 0) ,  these two Maxwell equations may be ident i f ied '  with t h e  
- two Cauchy-Riemann equations 

When 

which are necesszry and suf f ic ien t  f o r  

F r l J + i V  

t o  be an ana ly t ic  funct ion,  F(Z), i n  any region of the  Z = X + iY plane. 
seen tha t  the  i d e n t i f i c a t i o n  may be made by s e t t i n g  

It is  e a s i l y  

u = Ky - 2nox 

v = $ + 2 n d Y  9 

or 

* F = R - Z r r o Z  , 
where Z* = X - i Y  and 

E Ky + is = i<)Bx - iyI> 

i s . t a k e n ,  by d e f i n i t i o n ,  as the complex f i e l d .  

1. R.A. Beth, J .  Appl. Phys. 38, 4689 (1967). 
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.Field as  a Complex Power Series 

In  any region without currents  (e.g., i n  a magnet ape r tu re ) ,  CT = 0 and H ( Z ) G s  
i t s e l f  an ana ly t i c  function without s i n g u l a r i t i e s .  Hence two-dimensional f i e l d  
t h a t  s a t i s f i e s  Maxwell's equations can be k i t t e n  a s  a complex power series 

m 

2 H(Z) = H1 4 H2Z -t- H3Z 1- . .. .. = 1 HnZn-l 

n=l 
(5) 

about any point within the regular  region as o r ig in .  The complex coe f f i c i en t s ,  G, 
completely specify W(z) ; thus H i  s p e c i f i e s  the dipole  component , H2 the quadrupole, 
H3 the sextupole, and, i n  general ,  % t he  2n-pole component. 

' 

For many appl icat ions the desired f i e l d  w i l l  be antisymmetric above and below 
some "median plane" through the o r i g i n .  When the X-axis represents  the median plane 
a l l  of the Rn coe f f i c i en t s  are real. 

Current Filaments 

2 The magnetic f i e l d  a t  Z due t o  a fi lament current I at  z i s  

LI H(2) = - = Hy+ iI$ z - z  

Thus an isolated fi lament current  I c o n s t i t u t e s  a s i m p l e  pole with residue 2 1  f o r  the 
two-dimensional magnetic f i e l d  defined by Eq. (4). 

Since the in t eg ra l  of H(2) around any closed contour C i n  the Z-plane i s  2ni  
times the sum of t he  residues within C ,  i t  follows tha t  

where IC is the t o t a l  cu r ren t  within C. 

Current Sheets 

If d I  i s  the filament current  flowing along the elements of a cylinder perpen- 
then the f i e l d  d i scon t inu i ty  between'the dicular  t o  the Z-plane i n  the i n t e r v a l  dz 

r i g h t  and l e f t  s ides  of dz can be shown from ( 6 )  t o  be3.  

. .  d I  
% ( z )  - % ( z )  = 4rii - dz 

where ER(z) and %,(z)  a r e  the l i m i t  values  a t  the cyl inder  where 2 = z of the f i e l d s  
ER(Z) and HL(Z) i n  the regions t o  the r i g h t  and l e f t  of t h e  cy l ind r i ca l  current sheet .  

2 .  R.A. Beth, J .  Appl. Phys. 37, 2568 (1966). 

3 .  R.A. Beth, .Brookhaven National Laboratory, Accelerator Dept. Report 
. AADD-102 (1966). 
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When the current densi ty  i s  uniform (U = constant) ,  a s t r a i g h t  conductor, repre- 
sented by i t s  cross sect ion i n  the Z-plane, may be ca l led  a current  block. 
a current  block the function F(Z) i n  Eq. (3) can be shown t o  be1 

For such 

c 

where z = x + i y  represents t h e  points of the cross-section boundary, and z* = x - iy .  
Then t h e  f i e l d s  inside and outs ide the conductor are 

. .  These a r e  both given by the s ing le  formula 

H = io ( '* '* ) dz  
z - z  

C 

+r .it. 
s ince  the residue of z /(z - 2 )  is  Z f o r  Z = Z i n  and is zero f o r  Z = ZOut. 

F ie ld  Forces 

The resu l tan t  f i e l d  force  acting on a unit  length of a l l  t h e  c u r r e n t s  within an 
a r b i t r a r y  contour C i n  the 2-plane can be shown435 t o  have X and P components which 
a r e  given by the  contour i n t e g r a l  

Similarly the force df act ing on uni t  length of a current  sheet  i n  the  in te rva l  
dz is  given by 6 

which, using (8), can be w r i t t e n  in  the form 

- df - - iti(z) df  
dz 
- -  

4.  R . A .  Beth, Brookhaven National Laboratory, Accelerstor Dept . Report 
AADD-107 (1966) . 

5. R . A .  Beth, i n  Proc. 2nd Intern.  Conf. Magnet Technology, Oxford, 1967, 
p .  135. 

6. R.A. Beth, i n  Proc. 6th Intern.  Gonf. High Energy Accelerators, Cambridge, dplass., 
. - 1967, p. 387. 
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where 

i s  the  mean of the l i m i t s  of the l e f t  and r i g h t  f i e l d s  at the cur ren t  sheet. 

Potent ia ls  

In any simply connected region without currents the in tegra l  of the analyt ic  
function H ( 2 )  between t w o  points is independent of the path of integrat ion.  The 
vector 'and sca la r  po ten t ia l s ,  A(X,Y) and n(X,Y),  are  then given by 

0 
R=l 

where H i s  defined as i n  ( 4 )  and 2 = 0 lies i n  the regular region. Conversely, the 
f i e l d  i s  given by 

The curves A = constant  give the l i n e s  of force of the magnetic. f i e l d  and a r e  every- 
where orthogonal. t o  t h e  sca la r  equipotent ia ls ,  = constant. 

It w i l l  be seen t h a t  the vector p o t e n t i a l  A(X,Y) i n  t h i s  two-dimensional case 
is  r e a l l y  only the component of the three-dimensional vector po ten t ia l  normal t o  
the  f i e l d  plane; the  o ther  two components l i e  i n  the field plane and are  constant. 

Field Energy 

The vector and scalax poten t ia l s  

A = A(X,Y) and n = Q(X,P) 

specify a transformation from the  X,Y plane t o  an A , n  plane whose Jacobian i s  

i.e.,  J i s  proportZona1 t o  the f i e l d  energy density. 
thickness in  any region R of the X,Y plane is  proportional t o  the area of the trans- 

Hence the  f i e l d  energy per u n i t  

formed region R' i n  the A $  plane,5r7 i.e., . .  

Eg = & J;' JdXdY = & JJ dAdn . 
R R '  

7 .  R . A .  Beth, Brookhaven National Laboratory, Accelerator Dept. Report 
AADD-106 (1966). 
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c 

thk p o t e n t i a l  func t ion  W(Z), def ined  i n  (15) ,  i s  known i n  complex form i t  
i s  often convenient t o  c a l c u l a t e  t h e  a rea  of t h e  r eg ion  R '  i n  t h e  W p l ane  as a contour 
i n t e g r a l  around i t s  boundary C ' :  

?i. 7 is the .  complex conjugate  of W. where W 

11. ILLUSTRATIVE EXAMPLES 

Mult ipole  F ie ld  i n  a C i rcu la r  Aperture 

The most general  nonsingu,lar Maxwell f i e l d  i n  two dimensions nay be represented  
as a superpos i t ion  of mul t igI9  f i e l d s  as in (5 ) .  

*i 
; ; J&wT:: 1. 

Suppose we wish t o  "Froduce the  2n-pole component 

n-1 
Hin(Z) = Hn 2 

with in  a c i r c u l a r  ape r tu re  of rad ius  a by an a r r a y  O€ c u r r e n t  f i l amen t s .  

The a r r ay  of minimum lateral  s i z e  and min imum f i e l d  energy s t o r a g e  w i l l  be ob- 
ta ined  wi th  a c y l i n d r i c a l  cu r ren t  shee t  t i g h t l y  surrounding t h e  r e q u i r e d  c i r c u l a r  
aper ture .  L e t  t h e  poin ts  z of t h e  cy l inde r  c r o s s  s e c t i o n ,  and t h e  arc l e n g t h  s meas- 
ured around t h e  circumference be 

0 5 e < 2 r r  i 9  
,z = ae 

s = a %  . 
Then z* = ae-ie = a 2 / z  and dz = i zd9  = i ( z / a ) d s .  

By means of t h e  cu r ren t  sheet  theorem (8) we can  see t h a t  t h e  r e q u i r e d  cur ren t  
d i s t r i b u t i o n  is 

I H , ~  n-1 
ds 
d I  

4rra ( Hnzn + Hzz"" ) = - 7 a cos (ne -I- en) , - = - -  

where K, = ei&, and t h e  e x t e r n a l  f i e l d  is  

c 

n-1 Thus t h e  requi red  l i n e a r  cur ren t  d e n s i t y  i n  t h e  c y l i n d e r  is  p ropor t iona l  t o  a and 
v a r i e s  s i n u s o i d a l l y  as an n th  harmonic of t h e  c e n t r a l  ang le  % around the circumference 
of t he  cy l inde r .  Note t h a t  the phase angle  en merely s p e c i f i e s  t h e  o r i e n t a t i o n  of t h e  
mult ipole  f i e l d  wi th  r e spec t  t o  t h e  d i r e c t i o n  chosen f o r  8 = 0. 

The f i e l d  force  a c t i n g  on u n i t  area of t h e  c u r r e n t  shee t ,  d f / d s ,  can  be evaluated 
It t u r n s  o u t  t h a t  t h e  r a d i a l  component is everywhere by using t h e  f o r c e  theorem (14). 

zero and t h e  t angen t i a l  component is  
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Thus the t angen t i a l  fo rce  densi ty  (26) is zero where the current densi ty  ( 2 4 )  i s  zero 
o r  has  maximum magnitude. The tangent ia l  force i s  directed toward the  nearest  abso- 
l u t e  maximum of ( 2 4 )  a t  intermediate points.  

It can be shown from the  energy theorem (20) t h a t  the in t e rna l  and external  f i e l d  
energies  are equal €or a c i r c u l a r  multipole current sheet and tha t  

2 a2n J 
(27) I - - - 

E i n  Eout 8n 
. .  

For an e l l i p t i c  a p e r t u r e  and current sheet t he  formulas are somewhat more compli- 
cated; they have been worked out together with the case of two confocal e l l i p t i c  (or 
concentr ic  c i r c u l a r )  cy l inde r s  required t o  produce a prescribed f i e l d  within the inner 
cyl inder  while cancel l ing t h e  f i e l d  external  t o  the outer cylinder.  

Step-Function Approximation f o r  cos cp 

W e  may wish t o  approximate the smoothly varying current densi ty  (24) by a s t e p  
funct ion made up of i n t e r v a l s  of constant current density.  We set 

cp = ne + en (2 8) 

and seek t o  approximate cos rp by a function of N s t eps  per quadrant. 
metry as shown i n  Fig.  1, the Fourier composition of the s t e p  function is 

With cosine sym- 

where the coe f f i c i en t s  C, w i l l  depend on N values of gv and N values of cp,. 
values  can be chosen t o  make C1 -$ 0 and Cm = 0 f o r  m ,= 2, 3, . . . 2N.  

These 2N 
The solution' i s  

, v = 1, 2,  ... N - cos ( v  - k) Q - 
gv , cos  fa 

TV = . , v = 1, 2, ... N , 

where 

TT 2TT 
Q = - = -  2 N + l  M . 

8. ' R.A. Beth, ZEEE Trans. Nucl. Sci.  NS-14, No. 3,  386 (1967). 

9. R.A. Beth, Brookhaven National Laboratory, Accelerator Dep t .  Report 
AADD-135 (1967). 
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With these values of g, and rpV t h e  Fourier  expansion of the s t e p  function i s  
m m 

k=O k= 1 

so tha t ,  a f t e r  the fundamental, a l l  harmonics are eliminated up t o  t h e  cos (4Et-l)  cp 
t e r m  - which, i n  view of (281, means s inusoidal  functions of n(4N+ l ) e  and a deviat ion 
of the order of 

t i m e s  the  fundamental 

from the ideal  f i e l d  (22) .9 
t h e  first f e w  cases N = 1, 2, 3, and 4 .  

Figures 2 through 6. show t h e  general form of %(a) and 

It w i l l  be seen t h a t  the  approximation is  so good 'that p rac t ica l  construction 
' 

inaccuracies w i l l  soon outweigh the devia t ion  of SN from a pure cos w f i e l d  even f o r  
N = 3 or 4. The construction of ste -function dipoles  and quadrupoles-was described 
by Brit ton during t h i s  Summer Study. f 0  

Constant Gradient Field i n  an  E l l i p t i c  Aperture 

Any desired f i e l d  (5) can be produced within an e l l i p t i c  aperture by providing 
the proper current d i s t r i b u t i o n  on t h e  e l l i p t i c  cyl inder  determined by t h e  specified 
aperture;  the resu l t ing  ex terna l  f i e l d  and f i e l d  energy can be calculated .8 

The re la t ions  for  a constant gradient  f i e l d  i n  an e l l i p t i c a l  aper ture  may be 
sun&arized as  follows5: 

To produce the f i e l d  . 

= Bo (1 + E) (dipole + quadrupole) 'in 

within the e l l i p t i c a l  cyl inder  whose normal sect ion is 

z = a cos 0 4 i b  sin 6 = reie f 6e-ie (0  I: 6 < 2ri) 

where 

r = %(a + b) 6 = f(a - b) 
requires  the  current d i s t r i b u t i o n  i n  t h e  cyl inder  elements 

2 ( r  cos  0 + r K cos 20) d I  BO 
e=-- 

d6 2l-r 

with 

2 2  2 W 2 = 2 r  ( r  + S ) K  . 

(33) 

(34) 

(35) 

10. R.B. Britton, these Proceedings, p. 893. 
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The external. f i e l d  i s  

- -1 + 2w2 1/42  - c 2 
Nout - - Bo c w1 e 

The complex p o t e n t i a l s  are W = - (A + 22) such that H = dW/dZ 

'in - - Bo [ Z + + KZ2 ] Wout  = Bo [ wo + w1 5-1 + w2 f 2  ] . 
2 Vector po ten t i a l  A i s  continuous across the e l l i p s e  when Wo = r 6  = . c  14. 

Circular  cyl inder  case: r = a = b,  6 = 0,  c = 0. 

The f i e l d  energies  per uni t  length are:  

Ein = 8 B2 0 [ ab + t K2ab(a2 3. b2) ] 

Eout 8 o 
1 2 2  - _ -  B2 [ a2 t- E K (a + b2)2 ] 

E t o t a l  = $ E: (a + b) [a + K2(a + b)(a2 + b2)] . 

The r i n g  magnets of the Brookhaven Alternating-Gradient Synchrotron provide a 
constant gradient f i e l d  with K = 0.0425 cm'l within a roughly e l l i p t i c a l  ape r tu re  f o r  
which a = 8.8 cm, b = 4.0 cm. 

Such a f i e l d  can be produced by an e l l i p t i c  cylinder current  sheet chosen t o  f i t  
t he  aper ture .  The equipotent ia l  curves U = - A(X,Y) = const and V = - n(X,Y)  = const 
are p lo t t ed  i n  t h e  l e f t  s ide  of Fig. 7 and the corresponding A$ p l o t  with areas pro- 
port ional  t o  f i e l d  energy i s  shown in the  r i g h t  s ide of the same  f i gu re .  5 

The U = const curves show l i n e s  of force of the magnetic f i e l d  i n  the  space 
p lo t .  
cover only f i n i t e  regions of the U,V (or  A,n)  plane. 
a r ea  theorem (21) .  Selected corresponding regions have been crosshatched s i m i l a r l y  
t o  e luc ida te  the i n t e r r e l a t i o n s  of the two p lo t s .  

Since the t o t a l  f i e l d  energy is always f i n i t e ,  the po ten t i a l  p lo t  will always 
Areas can be calculated by the 

Superposit ion of E l l i p t i c a l  Current Blocks 

By means of the in t eg ra l  fornula (9) the f i e l d s  (10) in s ide  a s  w e l l  a s  outs ide 
an e l l i p t i c a l  conductor' bounded by 

z = a cos % + i b  s i n  8 

and carrying a uniform current densi ty ,  Q = const,  can be evaluated1: 

(bX - iaY) 4no = -  
Hin a + b 

where 
c 2 = a 2 - b  2 . 
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If we superpose two 
and centers at Zo = - Xo 
forms an empty aperture 
gradient field: 

equal area elliptical conductors with 0’ = - CT, ab = a’b’, 
, 2,: = Xo, as shown in Fig. S(a) ,  then the overlap region 
(since 0 + CT‘ = 0 )  with the resultant interior constant 

1 [(ab’ + a’b + 2bb’) Xo +,(a’b - ab’) 21 = 4no 
Hin (a+b)(a’+b‘) 

where 
ab = a’b‘ . 

We obtain a pure dipole field 

8 m  b xo 
= const - - 

Hin a + b  

for equal ellipses, a’ = a and b’ = by as in Fig. &(b). 

We obtain a pure quadrupole field 

i - 47~0 (a’b - ab‘ - 
Hin (a+ b)(a’ + b’i 

when both ellipses are centered at the origin, Xo = 0 ,  as in Fig. 8(c). 

* + e * * * * * *  

Remarks OR Complex Methods 

The complex variable methods fox two-dimensional fields described and illustrated 
in this paper go beyond the older methods which focus on setting up a potential that 
satisfies Laplace’s equation in a region without currents. Here the natural emphasis 
is on the & of field components which have direct physical significance everywhere - even within current bearing regions where- both potentials cannot be defined. Cur- 

. rents are systematically taken into the theory as singularities and all three aspects 
of anaIytic functions - Cauchy-Riemann equations, Cauchy integrals, and power series 
representations - turn out to have useful physical applications. Field forces and 
field energy storage can be calculated. 
form useful extensions of the usual complex.treatment of two-dimensional fields. 

In these and other ways the methods described 
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Fig.  L .  General form of s t e p  function. 
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SPACE COORDINATES 

AREAS ARE PROPORTIONAL TO FIELD ENERGY 

I MEDIAN PLANE 

Fig.  7. Constant grad ien t  f i e l d  wi th in  an  e l l i p t i c a l  cur ren t  s h e e t ,  
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Fig. 8. Apertures formed by overlapping el--gtical conductors. 
(a) Constant gradient field. 

(c) Quadrupole field. 
. (b) Dipole field. 
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SUPERCONDUCTING MAGNETIC DIPOLES* 

G. Parzen 
Brookhaven Nat tonal Laboratory 

Upton, New York 

I. INTRODUCTION 

This paper describes an approach to the design of superconducting magnetic dipoles. 
Numerical results are given for dipoles having several different geometrical arrange- 
ments of the conductors. The procedure applied here to the design of dipoles should be 
applicable to any magnet shape. 

One of the few analytical solutions available in the design of superconducting 
magnetic dipoles is the cos 0 distribution of the current density around a circle, or 
the corresponding distribution around an ellipse. However, the usefulness of the cos 
solution is limited by a number of other requirements. The magnetic field needs to be 
uniform to a high accuracy, approximately one part in a thousand. The conductors have 
considerable thickness and it becomes difficult to place them SO that the cos Q distri- 
bution is achieved at all radii. For reasons of support and ease of winding, a surface 
made out of a series of planes may be more desirable than the elliptical surface re- 
quired by the cos 0 distribution. 

It seems likely that some other more general approach to calculating the current 
distribution to obtain the dipole field is desirable which will permit considerable 
freedom in the geometrical arrangement of the current-carrying conductors. One such 
approach is investigated'in this paper. In this approach, the field is specified at a 
certain number of discrete points on the median plane. Then for a given geometrical 
arrangement of rectaqgular conductors, the current is found in each conductor to give 
the desired field by solving a set of linear equations relating the currents and the 
field. The details of this procedure are given in Section V. 

11. TWO- PLANE RECTANGULAR DIPOLE 

Magnetic dipoles were investigated having three different geometries. Each dipole 
had a good field aperture of 9 X 18 cm2. 
tors in each dipole is shown in Figs. 1 and 2 ,  where one quadrant of the dipole is 
shown. 

The geometrical arrangement of the conduc- 

One dipole, shown in Fig. la, has a rectangular arrangement of conductors. The 
inner surface of the rectangle is at i 10.5 cm and f 6 cm, which allows 1.5 cm between 
the conductors and the good field region that can be used for the vacuum tank and sup- 
ports for the conductors. 
being a region of constant current density, and each .conductor has a thickness of 
2.54 cm, which would correspond to two layers of a 0.5 in. ribbon. 

There are ten conductors in. each quadrant, each conductor 

The currents in the ten conductors for a 50 000 G field are given in Table I. 
The field variation in the median plane over & 9 cm is AHIH = 1.6 X If we de- 
fine the good horizontal aperture as a region where the field variation AH/H is less 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 
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TABLE 1. The cu r ren t  d i s t r i b u t i o n  f o r  t h r e e  magnetic d i p o l e s  having 
d i f f e r e n t  geometries. AWIH is the f r a c t i o n a l  v a r i a t i o n  of 
the  magnetic f i e l d  i n  the  median plane.  
t a l  good aper ture  i n  cent imeters .  

Ax i s  t h e  hor izon-  

'Conductor 
Number 

1 

2 ,  

3 

4 

5 

6 

7 

8 

9 

10 

T o t a l  cu r ren t ,  kA 

M a x i m u m  cur ren t  
dens i t  y , kA/ cm 2 

AHIH, y = 0 

Ax, y = 0 

hx, y = 2.5 

ax, y = 4.5 

kG 'max, 

2-plane 
Rectangular 

1.00025 

1.01546 

1.06907 

2.26290 

1.99581 

0.46032 

0.39499 

0.25653 

0.14740 

0.04673 

865 

59 

1 . 6  x lom6 

18 

18 

1 6' 

56 

5 e n t  i n  10  A 

3-plane 
E l l i p t i c a l  

I. 16559 

1.89295 

2.2.7930 

0.24313 

1.05001 

0.41540 

0.65559 

0.07148 

0.14594 

0.01953 

59 

1 .6  x 

18 

15 

9 

57 

1 - p l  ane 
Planar  

2.76034 

2.99422 

3.19995 

3.21642 

2.43819 

0.84723 . 

.0.71688 

0.25205 

0.19254 

0.05337 

1667 

42 

6.0 x 

19  

21 

1 7  

82 .5  

than 2 x then the  good ape r tu re  a t  y = 0 i s  x = -C 9 cm, a t  y = 2.5 cm, 
x = f 9 cm, at  y = 4.5 c m ,  x = i 8 cm. Thus almost  t h e  e n t i r e  r e g i o n  contained 
by t h e  two-plane a r r ay  has  a s a t i s f a c t o r y  f i e l d .  The maximum f i e l d  a t  the  conduc- 
t o r s  i s  56 000 G or  12% higher than  the  f i e l d  on t h e  median plane.  The l a r g e s t  
cur ren t  dens i ty  is 59 000 A/cm2 and the  t o t a l  c u r r e n t  r e q u i r e d  i n  one quadrant i s  
865 000 A .  
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111. THREE-PLANE ELLIPTICAL DIPOLE 

The second dipole  is  shown i n  Fig. l b ,  and represents an attempt t o  approximate 
an e l l i p s e  more c lose ly .  The e l l i p s e  i s  shown by a dotted l i n e .  This d i p o l e  a l s o  
allowed 1.5 c m  fo r  the vacuum tank and support and a l s o  had t en  conductors i n  each 
quadrant with a thickness  of 2.54 cm. 

The cu r ren t s  i n  the  t e n  conductors for a 50 000 G f i e l d  are given i n  Table I. 
The f i e l d  v a r i a t i o n  i n  the median plane over i 9 cm is AH/H = 1.6 x 10-5. 
horizontal  aper ture  a t  y = 0 i s  x = f 9 cm, a t  y = 2.5 cm, x = -C 7.5 c m ,  and a t  
y = 4.5 cm, x = f 4.5 cm. The good f i e l d  region i s  close t o  t h a t  indicated by the 
e l l i p s e  with axis 4.5 X 9 cm shown i n  Fig.  l b .  The t o t a l  current  required i n  one 
quadrant i s  794 000 A .  This i s  about 9% less than the current required f o r  t h e  two- 
plane array.  However, one has t o  balance t h i s  against  the smaller good f i e l d  ape r tu re  
t h a t  is obtained by the  three-plane a r r ay .  The maximum f i e l d  a t  the conductors is  
56 900 G, and the l a r g e s t  current  densi ty  is 59 000 A/cm2. 

The good 

. .  
One can de tec t  no important advantage f o r  e i t h e r  the two-plane r ec t angu la r  a r r a y  

o r  the more e l l i p t i c a l  three-plane 'array.  The choice between the two would be d e t e r -  
mined by the shape of the good f i e l d  ape r tu re  required,  and by considerat ion of t h e  
construct ion d i f f i c u l t i e s .  

I V .  PLANAR DIPOLE 

The t h i r d  dipole  i s  shown i n  Fig. 2 .  This dipole  has a l l  the conductors i n  a 
s ing le  plane. Although c l e a r l y  less e f f i c i e n t  than the other two geometries, i t  may 
be worth considering because of the ease of winding t h i s  dipole.  I n  p a r t i c d l a r ,  t h i s  
type of dipole  may be considered i f  the requirements on the uniformity of t h e  f i e l d  
can .be relaxed. 

' This d ipo le  a l s o  allowed 1.5 cm f o r  t he  vacuum tank, and the lower su r face  of the 
plane i s  6 cm above the median plane. 
9 x 18 cm2. 
The plane i s  60 cm wide, or about 3 .5  t i m e s  as  wide as the 18 cm of good h o r i z o n t a l  
aper ture  . 

The required good f i e l d  a p e r t u r e  is again 
There are ten conductors i n  each quadrant, with a thickness of 2.54 cm.  

The cu r ren t s  i n  the t en  conductors f o r  a 50 000 G f i e l d  are given i n  Table I. 
The f i e l d  v a r i a t i o n  i n  the median plane over & 9 cm is AHJH = 6 x The. good hor i -  
zontal  aper ture  a t  y = 0 is x = i 9.5 cm, a t  y = 2.5 cm,  x = & 10.5 c m ,  and a t  y = 4.5 cm, 
x = f 8.5 cm. 
The t o t a l  current  required i n  one quadrant i s  1 667 000 A ,  which is  about t w i c e  t h e  cur- 
r e n t  required i n  the rectangular  geometry. 
82 500 G, o r  about 60% higher than the median plane f i e l d .  The l a r g e s t  cu r ren t  dens i ty  
i s  42 000 A. 

Thus almost t h e  f u l l  r ec t ang le  of 9 X 18 cm2 i s  a region of good f i e l d .  

The maximum f i e l d  at  the conductors i s ,  

The e f f i c i ency  of t h i s  dipole  could be improved i f  a leas uniform magnetic f i e l d  
were acceptable.  

V. THEORY 

The problem t o  be solved is: given a geometrical arrangement of N conductors,  f ind 
t h e  current i n  each c'onductor, Cn, i n  o r d e r , t o  obtain a desired magnetic f i e l d  i n  the 
median plane. L e t  us suppose t h a t  the magnetic f i e l d  is specif ied a t  L po in t s  i n  the 
median plane, t he  points  d r e  designated by xi, and the magnetic f i e l d  a t  these points  by 
H i .  
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The equations for  the  Cn can be w r i t t e n  i n  terms of Gi,.,, which 'is the magnetic 

One can then write down the 
f i e l d  a t  point x i  due t o  a un i t  cu r ren t  flowing i n  conductor n. 
culated from the geometry of the conductor arrangement. 
L equations 

The G i , ?  can be cal- 

N 

1 Gi,n Cn = Hi . 
n=l 

In pr inciple  one might solve Eq. (1) by making L and N equal. This, however, 
leads t o  mathematical d i f f i c u l t i e s  i n  solving the  equations.  Solution of the equations 
requires  a high degree of numerical precis ion,  and the solut ion o f t en  gives currents  
too high t o  be acceptable. 
equations by a 'least squares procedure. 
expression, 

It is  preferable  t o  make L l a rge r  than N ,  and t o  solve the 
One chooses t h e  currents  Cn by minimizing the 

(2a) 
2 2 

E = K  + q C  , 

L N  

i = L  n=1 

The term q C2 is  added i n  order  t o  help r u l e  out solut ions with large o s c i l l a t i n g  
The parameter q is  determined by t r ia l ,  and a q = 10-11 w a s  used i n  the  r e -  currents.  

s u l t s  l i s t e d  i n  t h i s  paper. 

Minimizing E i n  Eq .  (2a) y i e l d s  the equations €or Cn, 

(G' G f  4 I) C = G'H . (3) 

Equation (3)  i s  a matrix equation. 
C has the elements Cn, H has the  elements H i ,  and I i s  the  i d e n t i t y  matrix. 

G is  the  matrix G i + ,  G '  i s  the transpose of G,  

The solut ions €or en found from Eq. (3) were s t i l l  not s a t i s f ac to ry ,  as so f a r  
only the f i e l d  on the median plane has been spec i f i ed .  
f i e l d  on the median plane w a s  equal t o  the spec i f i ed  f i e l d  t o  a high degree of accuracy, 
the f i e l d  off the median plane departed considerably from the desired f i e l d .  
was found des i r ab le  t o  specify the  magnetic f i e l d  a t  L, points on the  median plane and 
a t  L points along the y-axis o f f  the median plane. 

It w a s  found tha t  although the 

Thus i t  

57 

I n  order t o  specify the magnetic f i e l d  along the  y-axis,  the following r e l a t i o n s  
fo r  the f i e l d  along the y-axis may be used. 
plane i s  given by the power series 

L e t  us assume that  the f i e l d  i n  the median 

m 

It follows from Maxwe11's equations tha t  the f i e l d  along the y-axis i s  then.given by 
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a (5a)  
2 6 

Hy(O,y) = bo - b2 y -I- bq. y4 - b6 y + .... 

I 
1 1 . 8  I I I I I f  I 

I n  computing magnet ic  d i p o l e s ,  w a s  s p e c i f i e d  a long  t h e  y - a x i s .  I n  computing 

Y quadrupoles ,  i t  would be more e t o  s p e c i f y  H, a long  t h e  y-axis as H = 0 .  

I 
, I I 
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Fig .  1. The arrangement of t h e  conductors  i n  two magnet ic  d i p o l e s ,  
t h e  two-plane r e c t a n g u l a r  d i p o l e  and t h e  t h r e e - p l a n e  
e l l i p t i c a l  d ipole .  
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Fig. 2. ' The arrangement of the conductors in a planar magnetic dipole .  
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SUPERCONDUCTING QUADRUPOLE FOCUSLNG LENS 

Part I: Analytical Design and Full-Scale Copper-Wound Pole 

A .  Asner 
C W N  

Geneva, Switzerland 

I. INTRODUCTION 

In 1966 CERN decided to design a first superconducting beam transport element, a 
quadrupole lens, with the aim of gaining operational experience with such magnets in 
external beams of the Proton Synchrotron and of sponsoring European superconductor'tech- 
nology. 

A collaboration between GERN, the Culham Laboratory and the Oxford Instrument Com- 
pany (both of the latter being in Great Britain) has since been established, the proj- 
ect being partially financed by the British Ministry of Technology. 

This paper gives a theoretical analysis of the quadrupole lens and describes a 
full-scale, copper-wound pole model made at CERN with the aim of performing magnetic 
measurements and of establishing the winding procedure and the mechanical construction 
in view of the four poles to be wound with superconductors. 

IH. THE ANALYTICAL DESIGN OF THE QUADRUEOLE LENS 

Several authors have considered the problem of obtaining accurate two-dimensional 
dipole, quadrupole - 2n pole fields in general -within a certain aperture by computing 
the required current. density distribution around it. Grivet' has examined rectangular , 

tion for an ideal sine-like line-current distribution around a circular aperture, since 
in any real case the current density and the coil height will be finite. The sine-like 
distribution is approximated by a number of uniform current density steps, yielding the 
required magnetic field, field gradient, etc. uniformity within the aperture. 

uniform current density configurations; Beth 2 .has developed a method of best approxima- 

The theory of the quadrupole lens under consideration is based on an independent 
though similar approa~h.~'~ 
aperture had been assumed and the appropriate configuration €or uniform current den- 
sity, yielding the (dipole) quadrupole field, etc. y with required precision computed. 

A finite current density and coil height around a circular 

We start with the vector potential A at point P ( p a $ )  of a line current +I placed 
at r,yY according to Fig. 1. Cylindrical coordinates are used. 

1. A. Septier, European Organization for Nuclear Research Report CERN 60-6 (1960). 
2. R.A. Beth, Brookhaven National Laboratory, Accelerator Dept. Report AADD-135 (1967). 
3 .  A. Asner, F. Deutsch, and Ch. Iselin, CERN Report MPS/ht. MA 65-12, TN 75 (1965). 
4 .  A. Asner and Ch. Iselin, in Proc. 2nd Intern. Conf. Magnet Technology, Oxford, 1967, 

5 .  F. Deutsch, CERN Report MPS/Int. MA 67-9,  TN 90 (1967). 
p. 32. 
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The vector potential at P is given by: 

with 
A = -  ILl0 . 

2l-r 

The expression f o r  the vector potential can be expressed as the following trigonometric 
power series6: + = - + In [r 2 2  + p - 2rp cos (V-JI)] 

m 

ak COS k (rp-$) 
k 

_ -  - 1 n r - t  1 
k=l 

for a = p / r  e 1, and as: 
OD 

COS k (u-$) - =  - 
k A l n p +  1 

k= 1 k*a h 

(3) 

( 4 )  

for a = p / r  > 1. 

For a symmetric arrangement of four line currents according to Pig. 2, the vector 
potential a,t P(p,JI) is: 

m 
2k-1 

sin [(2k- l)~] sin [(Zk - 1)$] T a  
L Z k - l  (5) 
k= 1 

for a = p/r < 1. 

If, according to Fig. 3, four symmetric sector coils with uniform current density j 
are assumed so that dl: = j r dr dq, and if the sectors cover the angular region between 
CY and (rr/2)- cy, etc., and between the radii R1 and R2 the vector potential A is given 
by: 

. 

2 R2 

% 
A = 2k (sin 2$) (cos 20') p 1n - -I- 

m 

From the vector potential the magnetic'field components B and 
f 0 11 ows : 

can be obtained as 
P 

6 .  H.B. Dwight, Tables of Integrals and Other Mathematical Data (MacMillan, New York, 
1955), Formula 418, p .  85. 
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m 

(7) $3 cos C(4.k + 2)al  
Zk(4k + 2) 

k= 1 

m 

( 8 )  
sin r(4k + 2 ) t l  cos r(4k + 2)al 

Zk(4k + 2) 
k= 1 

For $ = 0 ,  Eq. (7) yields the field Bp in the horizontal p-axis, and for $ = n/4, 
Eq. (8) yields the field By or B,, respectively. 
under these conditions one obtains for the field gradient: 

Differentiating Eqs .  (7 )  and (8) 

?B 

gp = ( ) 4-0 R1 
= 41 (cos 2u) In - + 

03 

I. 4k+1 cos [(4k + 2)u] p4k ( - - +I k14k + 1) 4k 
k=l Rl 

m 

(10) - 
4k + 2)cY' (4k + 1) p4k (+ - 5 ) . 

k(4k + 2 )  
k= 1 R1 R2 

Equations ( 9 )  and (10) are very convenient for the design of a quadrupole lens: the 
first: constant tern corresponds to the wanted constant gradient, the sum to the error 
terms. By putting CY = 15O, which in accordsnce with Pig. 3 corresponds to 300 sector 
coils, the first dodecapolar error term vanishes, and the gradient error is mainly de- 
termined by the 20th harmonic. A simple calculation shows that the same reasoning is 
valid for sector coils between the angles a2 and (rr/4)(cyZ -al>, respectively, between 
(n/2) - cr2 and (rr/4) + (cy2 - 21) (see Pig. 4 )  . 

Two ways of eliminating both.the 12th and 20th harmonic .and of obtaining an even 
more unifom gradient within the aperture are shown in Figs. 5 and 6 .  By introducing 
an intermediate sector radius Ri - as shown in Fig. 5 - and by introducing the angles 
ai and 012 the gp gradient (for example) becomes: 
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- R2 + cos 2cy2 I n  - Ri ) +  
RI. 

(g,) = 4A ( COS ZQl I n  Ri F i g ,  6 
m 

+ C 2 A  = p4k x 
k(4k -k 2) 

k= 1 

Choosing I Y ~  = 9' and a2 = 27O the 20th harmonic i s  el iminated.  
e l imina ted  by choosing Ri such t h a t  

The 12 th  harmonic is 

cos 54O (4 - - ) +  cos 162O ( + - s ) =  1 0 

Ri R: R1 Ri 

or 

M ;  

I f  according to  F ig .  6 two constant  cu r ren t  density s e c t o r s  w i th  j, and j 2  are chosen, 
and aga in   CY^ = go,  CY^ = 27O, Eq. (9) changes in to :  

= 4a COS 2 9  I n  - R2 + 4(A2 - AI) cos 2a2 I n  - R2 + 
R1 R1 k,) 1 Fig .  7 

x { 4hl cos [(4k -k 2 ) 5 ]  + 4(A2 - A I )  cos [(4k + 2>cy2] } . (14) 

The 20th harmonic i s  again el iminated wi th  a1 = 9' and p2 = 27'; t h e  12th harmonic by 
making : 

4a1 54' + 4 ( h 2  - hl) 162' = o (15) 

- 1.5 j, . - 1.318 
j2  - j l  0.88 - 

When designing superconducting quadrupoles i t  i s  important t o  know t h e  f i e l d  i n s i d e  
t h e  winding i n  order  t o  determine the  mechanical fo rces  and stresses a s  w e l l  as t h e  
magnetic f i e l d  ou t s ide  the  winding. 

By a s imi l a r  computation as before  one f i n d s  f o r  t he  magnetic f i e l d  components 
B and Bll, i n s i d e  the  winding, i .e. ,  f o r  R1 < p < R2: P 
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R2 
BP P = 4A p (cos 28) (cos 201) I n  - + 

m 

cos r(4k + 2 )  $1 cos [(4k + 2)al  
2k(4k f 2) 

k= 1 L 

m 

. COS r(4k - 2) $1 COS r(4k - 2 ) ~ l  +c  2k(4k - 2) 
k= 1 

R2 
. .  

B = - 4A ( s i n  2 $ ) ( c o s  201) p I n  - - 
$ P 

$1 cos r( - c sin C(4k i- Zk(4k 2, + 2) . 
k= 1 

m 
s i n  r(4k - 2)$]  COS r(4k -  CY] [ - ( f ) 4k ] 

+ L  2k(4k - 2) 
k=l 

For the f i e l d  outs ide the quadrupole (R2 < p < m) one finds:  
m 

COS [(4k - 2)$] COS [(4k - Z)CY]  1 Bp = 4h L Zk(4k - 2) 4k-1 ( R;k - ’? ) 
P k= 1 

m 

Similar expressions can be derived for  dipole  f ie lds .3” 
uniformity required f o r  high energy physics beam transport  and accelerator  magnets, 
the elimination of a la rger  number of harmonics than i n  the quadrupole case w i l l  be 
necessary. When doing so, the  method demonstrated approaches the analysis  of Beth. 

I n  order t o  obtain a f i e l d  

The CEJXN-Culham Laboratory quadrupole w i l l  be shielded by a magnetic s t e e l  cyl in-  
d e r ,  concentric with the  longi tudinal  axis of the  lens. It i s  useful t o  compute the 
minimum radius  rs of t h i s  cylinder a s  w e l l  as the  e f f e c t  of the imaged currents  on the 
f i e l d  and the f i e l d  gradient within t h e  useful aperture.  

Normally one would-choose p = rs such that t,he f i e l d  components outside the quad- 
rupole winding Bp and B$ [see Eqs. (19) and (2011 are B p P  B$ i. Bsat M 2 T. 

The minimum cyl inder  thickness i s  found from Eq. (21): 
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. 
In  order t o  find the  addi t iona l  magnetic f i e l d  (B)s or gradient (g): due to the  mag- 
ne t ic  screen €or a s i n g l e  sector ,  uniform current  density quadrupole, the coordinate 
system shown i n  Fig. 7 w i l l  be used. 

By imaging the winding r a d i i  on rs one obtains:  

I 2 _- 2 
r r 
S , R ; = -  S 

R2 R; = - R1 

and f o r  the imaged cur ren t  density 

j r d r  

j ’ =  j 

By a s imilar  ana lys i s  as  appl 
t ion,  one f inds  for :  

from: 

d q =  j “  r’ d r ‘  dcp’ 

ed t o  t h e  main win 

n=O 

(23) 

(24) 

ing f i e l d  and gradient computa- 

The gradient g according t o  Eqs. (9)  and (10) i s  increased by 

x- w0 j s i n ~ c p  [(’) R2 - ( - - )  R1 3 .  
0 (Ag).screen 2n S S 

111. THE QUAERUPOLE PARAMETERS 

Based on the expressions derived so  f a r  and’t3king in to  account the performance 
obtained with the NbTi composite superconductor wound test c o i l ,  a s  s ta ted in  para- 
graph 3 of the second par t  of t h i s  paper, wr i t ten  by D. Cornish, t h e  nominal supercon- 
ducting quadrupole parameters - without screening effect: - have been chosen as follows 
(see Fig. 8): 

. I  
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Qu'adrupole length 

Winding inner radius  

Winding outer radius  

Useful aperture radius  

Screen radius 

Angles of sector c o i l  

Over-all current densi ty  

Nominal current 

Nominal f i e l d  gradient 

Maximum f i e l d  i n  winding 

Maximum end f i e l d  

Maximum tangent ia l  and 

Quadrupole inductance 

Stored energy 

s t r a i g h t  part  

compres s ive winding stress 

70.0 cm 

6.5 cm 

14.8 cm 

5.0 cm 

33.5 cm 

2'; (30-2)O 

1.15 x l o 4  A/cm 

820.0 A 

57.0 Vs/m3 (5.7 kG/cm) 

4.5 T (45 kG) 

4 . 9  'r 
2 < 4.0 kg/mm 

0.6 H 

200 kJ 

Figure 9 shows the  quadrupole gradient e r r o r s  on t h e  main axes. 

IV.  WINDING OF A FULL-SCALE UPPER ??OLE 

I n  order t o  gain experience i n  winding the four  poles with a r a t h e r  unusual geom- 
e t ry ,  a fu l l - sca le  pole had been wound a t  CERN with a copper conductor of t h e  f i n a l  
1.52 x 4.05 mm2 (0.06 in .  X 0.16 in.) composite Cu-superconductor c ross  s e c t i o n .  

Figure 10 shows the four pole cores and two of t h e  2' s i d e  p la tes .  
ing, '  t h e  core i s  clad with s lo t ted ,  1 mm thick v e t r o n i t e  (glass  re inforced epoxy r e s i n ) ,  
providing electrical insulat ion and e f f i c i e n t  helium flow i n t o  the winding. 

Before wind- 

Since the conductors a r e  wound i n  layers  p a r a l l e l  t o  the  28' faces  of the pole 
cores, the  layers  s t a r t  t o  depart from the inner cy l inder  a t  point P (Fig. 8). 
shown i n  Fig. 11 r a d i a l  segments have been foreseen t o  guide the  layers  and determine 
the 90° angle of a compleeely wound pole. I n  a similar vay the upper c i rcumferent ia l  
segments determine the winding outer radius. 

As 

The model pole proved t o  be very useful i n  studying and determining many d e t a i l s  
of the  winding technique such as  twisting the conductor i n  order t o  obtain smooth 
layers i n  the c o i l  s t r a i g h t  par ts ,  cast ing of the end helmet inner epoxy l a y e r s  t o  
€it closely the  c o i l  end geometry and machining of t h e  2' s ide  p l a t e s  i n  str ict  ac- 
cordance with the staircase-shaped s t r a i g h t  c o i l  p a r t s ,  

The four c o i l s  w i l l  be s l i g h t l y  overwound so t h a t  when assembled with t h e i r  side 
plates and pressed with the outer cylinder - one ha l f  of which is  shown i n  Fig. 12 
with helium passages and grooved vetroni te  insu la t ion  at the  inside - a compact arrange- 
ment is  obtained preventing r e l a t i v e  displacements of individual  conductors due t o  
thermal and electromagnetic s t resses .  
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. .  

Fig. 1. Vector potential of line current 
I(r ,rp) in P(P,$) '  

P 

Fig.  2. Vector potential of four symmetric line 
currents .i 1 in P(p,  $). 
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Fig. 3. Computation of field components Bp and Bt, €or constant 
current density - j (A/cm2) - sector coils between the 
radii R1 and R2 and angles (Y and (rr/2) - cy. 

Fig. 4 .  Same, but €or sector coils between Ct2 - el and 
W / 4 )  - (CY2 - a,).' 
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Fig .  5. Uniform cu r ren t  d e n s i t y  sector c o i l  quadrupole winding 
wi th  in te rmedia te  radius R1. 

F i g .  6. Sector  coil quadrupole wind'ing w i t h  t w o  c u r r e n t  
d e n s i t i e s  jl and j,. 
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Fig. 7. Influence of concentric screen on uniform current 
densisy sector coil quadrupole winding. 

Fig. 8. Main geometrical parameters of the CERN 
superconducting quadrupole lens. 
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Fig .  9. Re la t ive  g rad ien t  error of t h e  CEXN SC quadrupole lens.  

- 877 - 



Fig .  10. The four  po le  cores, t o p  one clad w i t h  v e t r o n i t e ,  and two 2 O  s i d e  p l a t e s .  

F ig .  11. Winding of t h e  f u l l - s c a l e  model pole w i t h  copper.  



. .., .. . 

Fig. 12. Pole cores, 2' s i d e  p l a t e s  and one-half of outside clamping cy l inder .  
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SUPERCONDUCTING QUADRUPOLE FOCUSING LENS 

Part 11: Construction and Preliminary Tests 

D.N. Cornish 
U . K . A . E . A .  Research Group, Culham Laboratory 

Abingdon, Berks., England 

I. INTRODUCTION 

A quadrupole focusing lens is being developed using NbTi/copper composite super- 
conductor. CERN, the Culham Laboratory and the Oxford Instrument Company are cooper- 
ating to carry out the work, which is also being partially financed by the Ministry of 
Technology. This paper discusses the problems associated wirh the superconductor, ‘the 
general construction of the quadrupole, and preliminary tests on a test solenoid. The 
analytical design of the lens is described in the paper by Dr. A .  Asner. 

. 

II. W I N D I N G  DPTAI’LS 

1. Selection of Superconductor . 

Since a high over-all current density is required in the winding if a worthwhile 
performance of the quadrupole is to be obtained, a fully copper stabilized winding is 
unsuitable for this application. The coil has been designed,.therefore, to operate in 
the partially stabilized mode such that transient normalities, associated with short 
lengths of the conductor, will not result in a quench o f  the coil. To obtain this the 
heat transfer at tfie surface of the conductor has been limited to 0.4 W/cm 
channels 0.01 in. wide have been provided between all layers. 

2 and cooling 

From cuqrent density considerations, the optimum size of conducror would be a 
copper-clad 0.01 in. diameter NbTi wire, but the problems of winding a coil of this 
shape with such a small wire and preventing subsequent wire movements are very severe. 
A larger, rectangular conductor incorporating a number of superconducting filaments 
has therefore been used. 

Details of the conductor, manufactured by I.M.I., are as follows: 

Over-all dimensions 0.06 in. X 0.16 in. 
NbTi superconductor 16 strands 0.01 in. d i m  

Operating current 820 A (at approx. 46 kG) 
Copper resistance ratio 2 200:l (H = 0) 

Critical current 900 A at 50 kG 
Conductor insulation 0.00075 in. thick Formvar 

2. Interlayer Insulation 

1: specially manufactured nylon net is inserted between all layers to ensure that 
the two wide surfaces of the conductor are in contact with liquid helium. The net 
consists of 0.012 in. diam nylon monofilaments, spaced 16 to the inch, in a direction 
perpendicular to the direction of the wirtding, held in position by interwoven 0.0001 in. * 
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diameter  f i laments .  
t o  increase  the  s u r f a c e  area i n  contac t  w i th  t h e  conductor .  The ove r -a l l  cur ren t  den- 
s i t y  i n  the winding i s  1.1 X lo4 A/cm2 wi th  a conductor cur ren t  of 820 A .  

3 .  General Windinn Details 

The woven ne t  i s  calendered t o  an ove r -a l l  th ickness  of 0.01 i n .  

Figure 1 i s  an i l l u s t r a t i o n  prepared from pre l iminary  drawings t o  show the  general  
arrangement of t h e  quadrupole. The windings are wound on hollow formers f ab r i ca t ed  
from nonmagnetic s t a i n l e s s  steel. Winding s u r f a c e s  are insu la ted  wi th  resin-bonded 
g l a s s  f i b e r  s h e e t s  w i t h  machined channels  €or  l i q u i d  helium access .  
the  winding the  l eng th  of t h e  l a y e r s  is  gradual ly  decreased.  
ed by progress ive ly  i n s e r t i n g  a t h i n  s tee l  p l a t e ,  backed with stepped and channelled 
in su la t ion ,  a long t h e  s t r a i g h t  faces of t h e  pole  as t h e  winding proceeds. 

Pa r t  way through 
These l a y e r s  are support- 

When t h e  winding is completed a m e t a l  helmet i s  placed around the  curved ends, 
with a small th ickness  of epoxy c a s t  between i t  and t h e  outs ide  of t h e  winding. To 
reduce the maximum f i e l d  s t r e n g t h  a t  t h e  ends of t h e  poles ,  the  c u r r e n t  dens i ty  i s  re- 
duced by i n s e r t i n g  half-moon-shaped p i eces  of i n s u l a t i o n  between the  l a y e r s  a t  a number 
of po in ts  i n  the  winding (not  shown on i l l u s t r a t i o n ) .  S t e e l  bands surround the  four  
poles  t o  r e s t r a i n  t h e  windings aga ins t  the  outward r a d i a l  e lectromagnet ic  fo rces .  

111. TEST C O I L  

Before commencing manufacture of t h e  f i r s t  po le ,  a small test solenoid was wound 
t o  check the  ope ra t ion  of t h e  conductor in  a thermal  environment s i m i l a r  t o  t h a t  i n  
the  quadrupole. The c o i l  parameters were a s  fol lows:  

Ins ide  diameter  1.0 i n .  

Outside diameter  4.37 in.  

Length 3.94 i n .  

The an t i c ipa t ed  load  l i n e  of t h e  quadrupole and t h a t  of t h e  test solenoid a re  
shown on Fig .  2. The s o l i d  [ H - I )  curve was obta ined  by mul t ip ly ing  the  manufacturer ' s  
t yp ica l  curve f o r  a 0.01 i n .  diam wire by 16 .  
t o  t h i s  through a s i n g l e  spot  check poin t  measured on a sample of t h e  conductor used 
i n  t h e  c o i l .  

The do t t ed  curve has .been drawn p a r a l l e l  

1. Tests on Solenoid 

For the  f i r s t  series of tests t h e  c o i l  was mounted wi th  i t s  a x i s . v e r t i c a 1 .  ' In  
a l l  ins tances  t h e  c o i l  was cooled t o  77% by hea t  t r a n s f e r  through helium gas t o  n i t r o -  
gen outs ide the  helium c r y o s t a t .  The pressure  i n  t h e  vacuum chamber of t h i s  c ryos t a t  
w a s  ra i sed  t o  a l low hea t  t r a n s f e r  t o  t a k e  p l ace  and i t  was repumped when cool ing below 
77'K was commenced. 

When f u l l y  immersed i n  l i q u i d  helium the  c o i l  w a s  energized and the  cur ren t  in-  
creased u n t i l  i t  quenched. This  procedure was repea ted  a number of t i m e s  - the  quench- 
ing value being 930 A on a l l  occasions except  t h e  f i r s t  which w a s  850 A .  
then remounted w i t h  i t s  a x i s  h o r i z o n t a l  and t h e  test repea ted ;  t he  results of t h i s  
series a re  shown on Fig .  3 .  

The c o i l  w a s  

Since the minimum angle  between the  plane of t h e  l a y e r  and t h e  ho r i zon ta l  plane 
w i l l  be 2 6 O  on t h e  quadrupole, t he  c o i l  was then t e s t e d  with i t s  axis  t i l t e d  a t  t h i s  
angle. 
s ion .  The cu r ren t  through t h e  c o i l  was a l s o  reversed  without a f f e c t i n g  the  quench value.  

The c o i l  was quenched many t i m e s ,  r eaching  t h e  c r i t i c a l  cu r ren t  on each occa- 
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The f i n a l  run in  t h i s  series of t e s t s  w a s  car r ied  out with the  c o i l  hor izonta l ly-  
mounted exactly a$ on the previous occasion. 
every t i m e  . The c r i t i c a l  current  w a s  now reached 

2.  Flux Jumping 

A copper search c o i l  had been wound on the  outs ide of t h e  test solenoid and i t s  
output s ignal  was continuously recorded on a multichannel recorder during a l l  the  above 
tests. It is in te res t ing  t o  note the  current  a t  which s i g n a l s  were-observed on t h i s  
t race immediately pr ior  t o  a quench during the second series of tests when the  c o i l  
behaved e r r a t i c a l l y  with the  axis  horizontal .  
jumps" have been shown f o r  t h i s  ser.ies on Fig. 3. This t r a c e  a l s o  indicated t h a t  a l l  
quenches a t  930 A,  with t h e  exception of run number 1 2 ,  s t a r t e d  with a smooth runaway 
whereas a l l  the other quenches were i n i t i a t e d  by a "flux jump." 

The posi t ions of the l a s t  few "f lux  

3 .  Tests with Added Axial Pressure 

The forces caused by the ax ia l  component of t h e  magnetic f i e l d  tend t o  expand the 
central  turns  of a layer  more than the end turns  where t h i s  component i s  weaker. The 
rad ia l  component of f i e l d  produces ax ia l  compressive forces  along the layers .  It was 
thought possible that t h e  signals observed on the pickup c o i l  might have been t r iggered 
by in te r turn  movement resu l t ing  from the r a d i a l  pressure being released i n  jumps as the 
f r i c t i o n a l  force between turns was overcome. The c o i l  was rewound a f t e r  the  weld hold- 
ing one of the end checks t o  the form had been machined of f  and was now held t o  t h e  
form by three ax ia l  t i e  b o l t s .  With the c o i l  mounted v e r t i c a l l y ,  i ts  performance was 
checked by running i t  up t o  915 A a number of t i m e s  without a quench occurring. The 
t i e  b o l t s  ,were then tightened such t h a t  the  c o i l  length w a s  reduced by 0.025 i n .  There 
w a s  no change i n  the s igna ls  on the pickup c o i l  and the c o i l  performance w a s  unal tered.  
After t ightening two b o l t s  t o  t h e i r  f u l l  extent ,  compressing the c o i l  by a f u r t h e r  
0.012 i n . ,  the  brazing on the third bol t  broke. The c o i l  performance w a s  again un- 
a l tered.  ' 

. A f t e r  repairing the  t i e  bol t ,  fur ther  tests were car r ied  out and, while the f l u x  
jump s igna ls  were unaltered, the c o i l  behaviok w a s  e r r a t i c  and quenched a t  cur ren ts  
between 500 and 810 A. 
the c o i l  had been rewound and s ignals  from these  indicated that t h e  quenches w e r e  being 
triggered by f lux  jumps and that the quench w a s  propagating from varying points i n  the  
v i c i n i t y  of the cent ra l  layers ,  When the c o i l  quenched a t  f u l l  current ,  i t  s t a r t e d  i n  
the inner,  high f i e l d ,  region. 

Potent ia l  taps  had been added t o  a number of t h e  layers  when 

Subsequent examination of the c o i l  showed t h a t  the PTFE packing a t  the ends of 
the layers  had been a x i a l l y  compressed by the force of the  t i e  b o l t s  and t h i s  had re- 
sul ted i n  a corresponding expansion i n  the r a d i a l  d i r e c t i o n  between the in te r layer  
nylon s t rands,  thus p a r t i a l l y  blocking many of the cooling passages. 

4 .  Conclusions from Solenoid T e s t s  

The following conclusions are  drawn from the r e s u l t s  so f a r  obtained on t h e  test 
coi l :  

a) The c o i l  produces transient s ignals  which appear t o  be caused by f lux  
jumps and not by mechanical movement of the  wiring o r  heating due t o  
f r i c t i o n a l  forces .  

by these disturbances and the c r i t i c a l  current  of t h e  ccmductot i s  
reached before t h e  c o i l  quenches. 

b) I f  the cooli.ng passages a re  not blocked, the  performance i s  unaffected 
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. 
c) I f  t h e  cooling passages are p a r t i a l l y  blocked, the energy associated 

with t h e  f lux  jumps i's s u f f i c i e n t  t o  cause the c o i l  t o  quench prema- 
t u r e l y .  

The behavior of the c o i l  when tes ted horizontal ly  suggests t h a t  the 
cooling ducts w e r e  p a r t i a l l y  blocked the f i r s t  t i m e  but t ha t  t he  
blockage was cleared f o r  subsequent t e s t s .  

d) The current  i n t e r v a l  between f lux  j m p s  appears t o  be r e l a t ed  t o  the 
p robab i l i t y  of quenching at a f l u x  jump. Above about 700 A ,  i n  most 
cases ,  i f  the current  interval. between jumps i s  not greater  than 60 A 
then the c o i l  w i l l  not quench u n t i l  the c r i t i c a l  current  is reached. 
If', however, t h e  current  i s  increased by more than t h i s  amount w i t h -  
out a f l u x  jump occurring, i t  i s  probable tha t  the next f lux jump w i l l  
i n i t i a t e  a quench. 

In  these cases normality i s  i n i t i a t e d  i n  a low f i e l d  region. 

I V .  PRESENT POSITION OF OUADRUPOLE 

The f i r s t  pole has now been wound and i t  w i l l  be tes ted i n  the near future . '  

Note added by the  Editor 

We have received from M r .  Cornish a l e t t e r  dated August 30, 1968 which includes 
the following information: 

"The design current  f o r  t he  whole magnet is 820 A giving a f i e l d  gradient of . 
5.5 kG/cm. 
without quenching. 

The f i r s t  pole has now been tes ted and the  current  was r a i sed  t o  1000 A 
The maximum value of f i e l d  a t  t h i s  current  was approximately 50 kG. 

"We are very s a t i s f i e d  with t h i s  performance and thought you might be interested 
i n  the r e s u l t  ." 
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Field (kgauss) 

Fig .  2 .  (a)  Load l i n e  of maximum B i n  quadrupole.  
(b) Load l i n e  of maximum B kn test co i l .  
(c )  Typical  c r i t i c a l  c u r r e n t .  
(d) Curve through measured po in t  on c r i t i ca l  curve .  
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QUADRUPOLE FOCUSING MAGNET" 

J.D. Rogers, W.V. Hassenzahl, H.L. Laquer, and J.K. Novak 
Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

Particle accelerators consume enormous amounts of electrical energy. A very large 
fraction of this power is dissipated in the windings of the magnets used to guide and 
focus the primary beam during acceleration and in the primary and secondary beam lines 
which transport protons, electrons, muons, IT mesons, and K mesons after acceleration. 
The magnets in beam lines are usually dc devices and their capital cost is a large per- 
centage of the installation cost. Because these magnets operate at essentially fixed 
fields they are ideal candidates for superconduting materials. Such magnets provide 
the means for obtaining high fields and field gradients in small volumes with low power 
demands. Operating costs for superconducting magnets may be as much as a-factor of ten 
less than for conventional, copper conductor, iron yoke magnets. The associated equip- 
ment includes Dewars, power supplies, and helium refrigerators. 
nature and size that their physical space requirements and connecting ufilities =re mod- 
est and can be moved with ease compared to the bulky conventional magnets. 

These 'are of such a 

Because of the possible savings and convenience some portions of the LAMPF experi- 
mental area beam transport systems could use superconducting systems. A superconduc- 
ting quadrupole doublet has been designed at LASL and is now being constructed. 
parameters are listed below. The field gradient, 3 kG/cm, is somewhat higher than will 
be required f o r  the LAMPF experimental area. 

The 

Beam aperture (room temperature) 15 cm diam 
Field gradient 3 kG/cm 
Effective length > 30 cm 
Doublet focal length for 

800 MeV protons - 60 cm 
Optical alignment capability f 0.0.10 in. 
Dipole correction f 0.020 in. 

Each quadrupole is to be made of four alumfnum bobbin forms which bolt together 
and are then close to 30 cm 0.d. and 20 cm i.d. The forms are of two types and approx- 
imate the necessary current-turns density in six graded steps. One of the doublets is 
stepped with varying radial thickness of windings about a median cylindrical surface 
whereas the other has windings of uniform radial thickness but varying circumferential 
dimension with aluminum spacers of different widths. The room temperature duct of the 
containing Dewar i s  15 cm. 

Two different types of commercially available superconducting wire will be used. 
The first is a single, large strand of superconductor in a copper sheath; the second 
is a recently developed multiple-strand wire consisting of a matrix of 49 small strands 
of superconductor in copper. The former material has a copper to superconducting ratio 
of fhree, the latter four. Both wires are 0.050 in. 0.d. wit-h Nomex braid insulation 

* 
Work performed under the auspices of the U.S. Atomic Energy Commission. 



with 50% coverage. 
characteristics, but it is more expensive. . 

The multiple-strand wire is expected .to have superior perfonnance 

In addition to the quadrupole doublet, superconducting double dipoles will be 
placed'around each quadrupole to make fine adjustments in the beam trajectory. The 
dipole magnets will be capable of shifting the quadrupole field centerline by about 
-+ 0.020 in. with a maximum field of 600 G. 

SUMMARY 

Two superconducting quadrupole magnets with correcting dipoles enclosed in a sin- 
g l e  Dewar to form a focusing doublet, iron magnetic shielding, and liquid helium re- 
frigerator are.being designed and constructed for use in the LAMPF facility. 
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THE RUTHERFORD LABORATORY BENDING MAGNET 

M.N. Wilson, R.V. Stovold, and J.D. Lawson 
Rutherford Laboratory 

Chilton, Berks., England 

I. INTRODUCTION 

I n  May 1967 w e  decided t o  bui ld  a f u l l y  s t a b i l i z e d  bending magnet t o  provide a 
f i e l d  of 40 kG over a l eng th  of 140 an with a room temperature a p e r t u r e  of 1 7  cm. 
Not on ly  w i l l  t h i s  be a use fu l  i t e m  f o r  t he  new Nimrod experimental a r e a ,  but  we hope 
t o  learn s&e of the  engineer ing  d i f f i c u l t i e s  encountered i n  c o n s t r u c t i n g  and oper- 
a t i n g  a l a r g e  magnet, and t o  g a i n  experience i n  running i t  under o p e r a t i o n a l  condi- 
t i o n s  i n  the  experimental a r e a .  In  t h e  design,  t h e  p r i n c i p l e  of f u l l  s t a b i l i z a t i o n  
has  been d e l i b e r a t e l y  pushed t o  i t s  l i m i t ,  the  peak nuc lea te  b o i l i n g  h e a t  f l u x  having 
been assumed. 
d i f f e r  s u b s t a n t i a l l y  from t h i s  one, w e  a r e  a l s o  keeping c a r e f u l  account of t he  c o s t  
and l a b o r  involved in  making it. 

Although any magnets u l t ima te ly  produced i n  q u a n t i t y  w i l l  no d o u b t .  

11. BASXC DESIGN FEATURES 

A drawing of t h e  magnet (omit t ing some f e a t u r e s  which have not  y e t  been f i n a l -  
ized) is.shown i n  F ig .  1. The uniform f i e l d  i s  produced by i n t e r s e c t i n g  cu r ren t  
d i s t r i b u t i o n s  of approximately e l l i p t i c a l  shape, as suggested by Beth .' The conduc- 
t o r  i s  a f u l l y  s t a b i l i z e d  L.M.I .  composite cons i s t ing  of NbTi scrands  i n  copper, and 
he ld  i n  pos i t i on  by s l o t t e d  s t r i p s  of  nylon, loaded wi th  40% g l a s s  t o  minimize the  
mismatch on cont rac t ion .  A t  t h e  ends of the  magnet t h e  windings are bent  i n t o  a 
c i r c u l a r  shape, i n  a plane perpendicular  t o  'the a x i s ,  and he ld  by r a d i a l  s l o t t e d  
nylon s t r i p s .  
s t a i n l e s s - s t e e l  spool  and by long i tud ina l  t i e  b o l t s ,  and l a t e r a l  t h r u s t  is taken by 
s t a i n l e s s - s t e e l  clamps he ld  wi th  t r ansve r se  b o l t s .  
inc luding  the c o r r e c t  l o c a t i n g  of the bends and t h e  s p e c i a l  space r s  a t  t h e  corners  
i s  complicated; t h i s  has  been s tudied  wi th  the a i d  of a model, bu t  tests wi th  dumy 
conductor on the f i n a l  spool  are now being made p r i o r  t o  f i n a l i z i n g  t h e  d e t a i l s .  

End t h r u s t s  are taken by a series of f langes  mounted on t h e  c e n t r a l  

Details of t he  winding procedure, 

111. TABLE OF 'PARAMETERS 

In t h i s  s ec t ion  the  q u a n t i t a t i v e  f e a t u r e s  of t he  design a r e  l i s t e d  under var ious  
headings : 

1. Performance 

Angle of bend of 7 GeV beam = 12' 
S a g i t t a  ( inc luding  end reg ion)  = 5 c m  

1. R.A. Beth, i n  Proc.  6 th  In t e rn .  Conf. High EnerPy Accelera tors ,  Canbridge. 1967, 
p.  387. 
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2. Dimensions , 

Effective length = 140 cm 
Over-all length (including cryostat) = 200 cm 
Central tube diameter = 22 cm 
Room temperature aperture = 17 cm 
Outer diameter of winding = 41 cm 

3. Conductor and Winding 

Material: 
Diameter = 0.15 in, 
Length = 12 300 ft (370 m) 
Number of joints = 8 
Spacing between conductors = 1 nun 
Number of layers = 20 
Number of turns = 1036 

J.M.T. copper composite, containing 32 strands of NbTi 

4 .  Magnetic and Electrical Parameters 

Magnetic field E 40 kG 
Uniformity: 

Peak field at winding = 44 kG 
Current = 1690 A 

2 -  Current density = 7260 Afcm 
Heat transfer to helium, assuming all current in copper at 

Inductance = 0.75 H 
Stored energy = 1.1 M J  

0.4% across the cross section at the center of magnet 
and A I' B dl < 3% within 8 cm of the axis 

4.2OK = 0.8 W/cm2 

5.  Forces and Weights, etc. 

Weight of conductor = 770 lb 
Weight of coil assembly = 2.4 tons 
Weight of cryostat = 2 tons 
Weight of shielding (see Section V) = 6 tons 
Total lateral force on winding = 340 tons 
Maximum lateral force on conductor = 7.2 kg/cm 
Helium capacity of cryostat = 350 liters 

. . Expected heLium boil-off when running (with current leads 
removed) = 2-4 liters/hour 

Estimated cost, excluding internal labor costs = E45 000 

IV. SPECIAL FEATURES 

In order to conserve helium, detachable current leads and a persistent current 
switch (not shown in the figure) will be used. A flux pump, controlled by a field 
monitor in the magnet, will replace flux which leaks away because of the finite 
resistance of the joints in the winding. 
worked o u t .  Early tests on contact resistance suggested that this would be t o o  
high to permit the use of mechanical switches for the persistent current switch or 

The details of these items are not 'yet 

- 889 - 



2 the  f l u x  pump, though t h i s  is  being recons idered  i n  t h e  l igh t .  of measurements by Zar .  
The alternatives a re  a thermal swi tch , 'which  might tend  t o  be u n s t a b l e ,  and a f lux  
pump o f  the type developed by van Suchtelen e t  a1.3 i n  which a normal r e g i o n  is  made 
t o  move ac ross  a superconducting niobium s h e e t .  ' P r e s e n t  p lans  are f o r  such a pump, 
which i s  k indly  being suppl ied  by D r .  Volger .  A disadvantage of t h i s  dev ice  i s  t h a t  
good sh ie ld ing  i s  requi red ;  a NbSn cy l inde r  designed t o  provide such s h i e l d i n g  has 
been ordered from the  Fulmer Research I n s t i t u t e .  

V.  CRYOSTAT 

I n  t h e  design of t h e  c ryos t a t  every e f f o r t  h a s  been made t o  reduce  the heat  flow 
i n t o  t h e  magnet vesse l .  To t h i s  end, i n  a d d i t i o n  t o  t h e  de tachable  c u r r e n t  leads,  a 
helium vapor-cooled s h i e l d  i s  t o  be in te rposed  between the  helium v e s s e l  and the an- 
nu la r  n i t rogen  vessel and around the  down tube  assembly. The c o n c e n t r i c  vessels are 
supported by rods a t tached  t o  t h i c k  r i n g s  a t  t h e  ends and loca ted  a x i a l l y  by rods 
relative t o  t h e  mid-length t o  minimize t h e  effect o f  t h e  d i f f e r e n t i a l  con t r ac t ion 'on  
cool-down. To avoid t h e  e f f e c t  of eddy c u r r e n t s  when the  magnet is  s h u t  down, the 
end r a d i a t i o n  sh ie lds  a t tached  t o  the annular  n i t r o g e n  vessel are cons t ruc t ed  from 
t h i n  s t a i n l e s s - s t e e l  s h e e t s ,  r o l l e d  t o  form channels  w i th  an i n t e r s p a c e  of  0.125 i n .  
depth. Through these channels  l i q u i d  n i t r o g e n  passes  i p t o  a sleeve, c o n s i s t i n g  of 
t h i n  concent r ic  cy l inde r s ,  through the  c e n t r a l  bore  of the  magnet. 

On assembly the  v e s s e l s  w i l l .  be d imens iona l ly  centered  with.in each  o t h e r .  S t r a i n  
gauges mounted on the j a c k s  support ing the c r y o s t a t  w i t h i n  t h e  magnet ic  sh i e ld ing  w i l l  
then enable  the  magnet t o  be centered i n  t h e  s h i e l d i n g .  

V I .  MAGNETIC SHIELDING 

I n  order  t o  reduce t h e  ex te rna l  f i e l d  i n  t h e  beam l i n e  where t h e  magnet w i l l  be 
T h i s  w i l l  be 20 c m  used t o  to l e rab ld  propor t ions ,  an i r o n  s h i e l d  i s  be ing  designed. 

t h i ck  i n  a hor izonta l  p lane ,  reducing t o  ze ro  i n  a v e r t i c a l  d i r e c t i o n .  The inner 
edge of t h e  sh i e ld  w i l l '  be 45 cm from the  axis. C a r e  is  needed t o  p reven t  la rge  
fo rces  a r i s i n g  from misalignments i n  a d i r e c t i o n  perpendicular  t o  t h e  a x i s .  

V L I .  PROTECTION 

Voltage t aps  w i l l  be  taken for  monitor ing and p r o t e c t i o n  purposes from every 
l aye r  of  t he  winding. I f  a normal r eg ion  develops,  an e x t e r n a l  0.25 pro tec t ion  re- 
s i s t o r  w i l l  be placed a c r o s s  the  magnet w i t h i n  a f e w  t e n s  of m i l l i s e c o n d s  by recon- 
nec t ing  t h e  cur ren t  l eads  and opening t h e  p e r s i s t e n t  c u r r e n t  swi tch .  With t h i s  va lue  . 
of r e s i s t a n c e  the d ischarge  vol tage  w i l l  be about 200 V, t he  c u r r e n t  w i l l  decay i n  
about 2 sec, depos i t ing  some 5% of the  energy i n  t h e  helium. These , e s t ima tes  were 
made us ing  a computer program4 which c a l c u l a t e s  t h e  rate of  spread of a normal region 
assuming the  reduced r a t e  of hea t  t r a n s f e r  a p p r o p r i a t e  t o  f i l m  b o i l i n g .  To minimize 
the danger of breakdown i n  the  mag&t t h e  central t u b e  and f l anges  have been covered 
with a t h i n  .tough p l a s t i c  coa t ing  (PTFCE). The conductor  i t s e l f  w i l l  n o t  be. insu la ted .  
Despite i n i t i a l  hopes it has  not proved poss ib l e  t o  provide an  e f f e c t i v e  in su la t ing  
coa t ing  without  s e r ious ly  impairing t h e  hea t  t r a n s f e r .  

2 .  J.L. Zar, Avco Evere t t  Research Laboratory Report  AMP 234 (1967). 

3. J. van Suchtelen, J .  Volger, and D. van Houwelingen, Cryogenics 5, 256 (1965). 

4 .  M.W. Wilson, t o  be published as Rutherford Labora tory  Memorandum. 
. .  
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BROOKHAVEN SUPERCONDUCTING DC BEAM MAGNETS* 

R.B.. B r i t t o n  
Brookhaven National Laboratory 

Upton, New York 

Superconducting (SC) beam magnet development was started i n  t h e  Accelerator  
Department at  Brookhaven i n  the  spr ing  of 1965. Work has  s ince  progressed t o  the  
point  where dc quadrupoles a re  considered (by t h e  author  a t  l e a s t )  t o  be ready f o r  
a p p l i c a t i o n  t o  experimental beam l i n e s .  Dipole development, however, i s  j u s t  begin- 
ning and i s  running about two yea r s  behind. For both types  of magnets, t h e  f i e l d  
s t r e n g t h s  obtained t o  d a t e  (15 t o  35 KG peak). have been l imi t ed  by i n s t a b i l i t i e s  t o  
about one-half of t he  p o t e n t i a l  f o r  niobium-tin superconductors when used i n  a s i n g l e  
l a y e r  of 1.27 c m  wide ribbon. By p o t e n t i a l  i s  meant t h e  f i e l d  at  which t h e  cu r ren t  
i n  t h e  magnet would reach the level  obtainable  i n  a shor t  sample of  t h e  same ma te r i a l .  
This  level is a t t a i n a b l e  i n  small  solenoids .  

The beam magnet work was i n i t i a t e d  by Sampson and Kruger wi th  ideas f o r  a Panofsky- 
type quadrupole , l ,2  a s  shown i n  c r o s s  sec t ion  i n  F ig .  1. 
s l a b s  of uniform cu r ren t  dens i ty  arranged t o  form a square p a r a l l e l e p i p e d .  Gradients  
up  t o  10 kG/cm were produced i n  a 3 c m  diam bore,  but d e s p i t e  t h e  good performance, 
this winding method w a s  abandoned because of t he  following d e f i c i e n c i e s :  the  windings 
are not  conver t ib le  t o  any mul t ipo le  magnets o the r  than quadrupoles;  t h e  magnetic , 

f i e l d  is  h ighes t  i n  a small  reg ion  a t  the  corners  which causes  t h e  e n t i r e  s.upercon- 
duc t ive  block t o  be l i m i t e d  by t h e  corner t u rns ;  t h e  end loops i n t r o d u c e  f i e l d  e r r o r s  
and are exceedingly bulky; and t h e  windings are ted ious  t o  c o n s t r u c t .  Nevertheless ,  
several of t he  quadrupoles were developed, as shown i n  F ig .  2 .  . 

This  magnet cons is ted  of fou r  

A more des i r ab le  topology f o r  a r a d i a l  f i e l d  magnet winding, shown by the  c r o s s  
s e c t i o n s  i n  Fig.  3 ,  was a r r ived  at  i n  November of 1965. With t h i s  method of lay ing  
c o i l s  f i r s t  aga ins t  an  octagon and then f l a t  aga ins t  a c i r c u l a r  o r  e l l i p t i c a l  beam 
space, one can r e a d i l y  develop mul t ipo le  f i e l d s  having two, f o u r ,  s i x ,  e i g h t ,  o r  more 
poles .  The f i r s t  quadrupole us ing  c o i l s  wound on a c y l i n d r i c a l  form, shown i n  Fig.  4 ,  
was t e s t e d  i n  January 1966, and developed 8.5 kG/cm i n  a 7.6 c m  bore .  The \deal cu r -  
r e n t  and winding d i s t r i b u t i o n ,  shown i n  Fig. 5 ,  f o r  such magnets w a s  no t  obvious, 
however, and i t  remained f o r  Beth t o  solve t h i s  and a l l  o t h e r  problems3 r e l a t e d  t o  
opt imizing t h e  p o s i t i o n  of cu r ren t  blocKs f o r  minimum f i e l d  e r r o r s  w i t h i n  mult ipole  
magnets of var ious c r o s s  sec t ions .  The e l e c t r i c a l  t heo ry  which i s  r equ i r ed  f o r  the  
des ign  of these  r a d i a l  f i e l d  magnets has thus  been a v a i l a b l e  and has  remained unchanged 
s ince  t h e  s u m e r  of 1966. 

A s o l u t i o n  t o  the  f i e l d  p u r i t y  a t  the  cen te r  of a long magnet does not ,  of  course ,  
guarantee a' workable f i e l d  a t  t he  ends of  t he  coils. To determine t h e s e  e r r o r s  in our  
quadrupoles, Sampson, Robins, and Kruger have made measurements bo th  by a sho r t  

* 
Work performed under t h e  auspices  of the U.S. Atomic Energy Commission. 

1. L.N. Hand and W.K.H. Panofsky, Rev. Sci .  I n s t r .  30, 927 (1959). 

2 .  P.G. Kruger, W.B. Sampson, and R.B. B r i t t o n ,  Brookhaven Nat iona l  Laboratory,  

3 .  R.A. Beth,. Brookhaven Nat ional  Laboratory, Acce lera tor  Dept . Repor ts  

Accelerator  Dept Report AADD-164-R (1966). 

AADD-102 (1966) , AADD-112 (1966), AADD-135 (1967), AADD-103 (1966). 
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f i lamentary.  bismuth probe2 which could be revol.ved a t  va r ious  r a d i i  i n  planes perpen- 
d i c u l a r  t o  the  axis, and by a lohg (78 cm) i n t e g r a t i n g  c o i l  which summed t h e  f i e l d  
completely.at  a r a d i u s  o f  3 .5  c m  through a 60 cm l eng th  element. The conclusions from 
the  two methods of measurement a r e  t h a t  the f i e l d s  f a l l  o f f  smoothly as one leaves  t h e  
end of t h i s  type o f  magnet (see Fig. 6 ) .  The experimental measurements.appear t o  be 
i n  good agreement w i t h  c a l c u l a t i o n s  made by  Kruger e t  a1.4 It i s  t h e r e f o r e  assumed 
t h a t  t h e  present  shape of t h e  winding end loops i s  c l o s e  t o  optimum and t h a t  any 
changes found necessa ry  t o  produce perfect f i e l d  f a l l - o f f  a t  t h e  ends w i l l  be small 
and topo log ica l ly  p o s s i b l e  w i t h  b r i t t l e  r ibbon conductors. 

Mechanical d e s i g n  of frames t o  c o n t a i n  the  windings w a s  t h e  nex t  problem. The 
f i r s t  des ign  f o r  t h i s  was an  e x t e r n a l l y  supported,  bo l t ed ,  composite s t r u c t u r e  of h igh  
e f f i c i e n c y  but a l s o  h igh  c o s t  because of t h e  requirement f o r  excessive machining t i m e .  
This  s t t u c t u r e  is used i n  our  10 c m  bo re  X 60 cm l eng th  quadrupole element, shown i n  
Fig.  7. 

To reduce f a b r i c a t i o n  t i m e  fo r  t h e  magnet frame, an i n t e r n a l l y  supported, mono- 
l i t h i c  frame was des igned .  The machining t i m e  fo r  t h i s  s o l i d  frame w a s  on ly  about 
one-tenth of t h e  t i m e  r e q u i r e d ' f o r  the  composite. However, i t  can only  hold 70-80% 
of the  ' t h e o r e t i c a l  maximum number of t u r n s  pe r  c o i l  s e c t i o n ,  and t h e  turris m u s t  work 
at  a 5-20% g r e a t e r  d iameter  than  the  t h e o r e t i c a l  minimum. 
l a rge  metal frame d i p o l e s  wi th  few sections, but can be severe f o r  smal l  bore ,  non- 
metal frame quadrupoles  o r  h ighe r  order  magnefs which r e q u i r e  'many c o i l  s ec t ions .  
s o l i d  frame f o r  an e l l i p t i c a l  bore d i p o l e  i s  shown i n  Fig.  8. 

This  pena l ty  is  s m a l l  f o r  

A 

The i n s u l a t i o n . f o r  r ibbon superconductors  a s  used i n  a l l  beam magnets at Brook- 
haven has  been e i t h e r  a t h i n  ribbon of stainless steel o r  a va rn i sh  coa t ing  put on the  
r ibbon by t h e  manufacturer .  For  small magnets ( l e s s  than 25 mH), a t  c u r r e n t s  up t o  
700 A, t h e  va rn i sh  i n s u l a t i o n  has  been s a t i s f a c t o r y .  When t h e  s to red  energy exceeds 
about 10 000 J ,  however, it becomes a d v i s a b l e  from a p ro tec t ion  poin t  of view t o  use 
metal  i n t e r l e a v i n g .  The func t ion  of t h e  m e t a l  i s  t o  provide uniform electrical  sho r t -  
ing  between t u r n s  throughout  t h e  winding. It a l so  has  b e t t e r  hea t  t r a n s f e r  p rope r t i e s  
than  organic  i n s u l a t i o n .  The shor t ing  is h igh ly  res i s t ive  compared w i t h  t h e  supercon- 
duc tor  and does not  affect t h e  normal, slow energ iz ing  of  t he  device .  I f  t h e  magnet 
quemhes,  however, t h e  r e l a x a t i o n  t i m e  cons t an t  €or  t h e  shorted winding i n  t h e  normal 
state is long enough t o  a l low the  magnetic energy t o  d i s s i p a t e  uniformly through the  
winding i n  the  form o f  h e a t .  When l a r g e  c o i l s  of Nb3Sn r ibbon are operated without 
sho r t ing ,  a quench at h igh  cu r ren t  w i l l  f r equen t ly  p r e c i p i t a t e  an arc t h a t  t hen  de-  
s t r o y s  a po r t ion  o f  t h e  winding. 

I n s u l a t i o n  h a s  a l s o  been found necessa ry  f o r  t h e  frames o f  beam magnets, though 
less than  one might expec t .  
due t o  sho r t ing  through t h e  frame, but  'rather tha t  of  avoiding any g rea t  asymmetry 
i n  t i m e  cons tan ts  between, say ,  the  four coils of a quadrupole. The i n s u l a t i o n  which 
i s  p resen t ly  being used f o r  s t a i n l e s s - s t e e l  frames i s  a spray p a i n t  appl ied  by a tech-  
nique developed by F. Abba t i e l lo  of  ou r  labora tory .  The same method works f o r  alumi- 
num. Two o the r  methods used t o  in su la t e .  aluminum are t o  have i t  anodized, o r  t o  t r e a t  
i t  i n  ALrok s o l u t i o n  after a l l  machining i s  done. 

The problem is  not one of avoiding long t i m e  cons tan ts  

The development of a superconductor f o r  beam magnets i s  a long s t o r y  - one which 
t h e  au thor  b e l i e v e s  w i l l  cont inue  f o r  many decades. The p a r t  which has  made the  
Brookhaven beam magnets p r a c t i c a l ,  however, has  been t h e  compet i t ive  development of 
Nb3Sn in .  a ribbon o f  appropr i a t e  width, l eng th ,  uniformity o f  th ickness ,  s t r eng th ,  

4 .  P.G. Kruger, J.N. Snyder, and W.B. Sampson, Brookhaven Nat ional  Laboratory, 
Acce lera tor  Dept . Report AADD-113-R (1966). 
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. 
and s t ab le  current  density,  Js. 
magnet winding. An appropriate width fo r  a beam magnet conductor i s  about one-eighth 
of the bore diameter (with greater  widths, the wedges consume too much winding space), 
and f o r  s t rength a thickness of a t  least 75 assuming t h e  mater ia l  t o  be pr imari ly  . 
copper on a niobium or nickel a l loy  substrate .  
one wishes t o  avoid having j o i n t s  i n  the high cu r ren t  dens i ty  sec t ions .  Idea l ly ,  each 
c o i l  o r  sect ion would contain a s ing le  length. A t  the moment, ribbon i s  most r ead i ly  
avai lable  i n  e i t h e r  0.23 or 1.27 c m  width, but some companies o f f e r  any width up t o  
5.0 cm. Lengths of 300 t o  950 m are avai lable  without a j o i n t .  Yield s t r eng ths  are 
typ ica l ly  7 16 o r  more f o r  ribbon 1.27 X 100 fi  thick.  

The Js r e fe r r ed  t o  here i s  t h a t  obtginable i n  the  

The minimum length i s  about 100 m i f  

The requirement of uniform thickness has been d i f f i c u l t  f o r  t h e  manufacturer t o  
meet. 
200 II. t o t a l  thickness. Thickness va r i a t ions  a f f e c t  winding dens i ty  which d i r e c t l y  
determines.current density,  .and the la t ter ,  of course,  a f f e c t s  t he  shape and precis2on 
of the magnetic f i e l d .  The thickness va r i a t ions  e x i s t i n g  i n  much of t he  ribbon obtain- 
ed t o  da t e  have made i t  d i f f i c u l t  t o  produce a quadrupole of 10 c m  bore p rec i se  t o  
b e t t e r  than f YL a t  80% aperture. 

We present ly  are trying t o  get  f 2.5% thickness tolerance on ribbon of 75 t o  

The most d i f f i c u l t  conductor requirement t o  ob ta in  is a high Js. I f  one f i x e s  
the conductor width and fo r  the sake of minimizing complexity uses  only a s i n g l e  layer 
of winding, then the maximum f i e l d  obtainable i n  a d ipo le ,  or a t  t he  w a l l  of a quadru- 
pole i s  'as follows: 

B = -  2rr J X 1.27 ss 0.798 J , 10 

2 where B i s  i n  gauss, J is  i n  A/cm , and 1.27 i s  the  width of the  current  sheet i n  cm. 
Similarly, the f i e l d  gradient,  G, i n  gauss/cm i s  given by 

G = -  2rr x 1.27 = 0.798 y J , 10 r 

where r i s  the mean radius of the current  sheet i n  cm. 

I n  windings which contain a l a r g e  volume of Nb3Sn ribbon, t he  l i m i t i n g  f a c t o r  i n  
t h e i r  performance i s  ~ t a b i l i t y . ~  
f i e l d  and c r i t i c a l  current but by a s t a t i s t i c a l  p robab i l i t y  of a sudden quench at a 
Jc x B product f a r  below the s t r a i g h t  sample performance of the ma te r i a l .  
appears t o  be on current density alone, and f o r  s i n g l e  l a y e r  windings which are exposed 
t o  helium on one or  both s ides ,  t he  l i m i t  is always above 25 000 A/cm2 and usually 
below 55 000 A/cm2 for a winding containing between 200 and 800 m of r ibbon. 

In  other  words, they are not l imited by c r i t i c a l  

This l i m i t  

The only f a c t  which is known about th8 current  d e n s i t y  problem i s . t h a t  some pieces 
of supposedly i d e n t i c a l  ribbon a r e  over twice as good as others .  
present technique. is  t o  test every piece of ribbon i n  a s i m p l e  p i e  winding p r i o r  t o  
putting i t  i n t o  a device. In addi t ion t o  y i e ld ing  d a t a  on Js: t h i s  test a l s o  gives 
winding thickness and provides an opportunity t o  search f o r  flaws. 

For th i s  reason, our 
'' . 

. .  

5. W.B. Sampson, Brookhaven National Laboratory, Accelerator Dept .  Report 
AADD-111 (1966). 
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There are at present two SC beam magnets under construction at Brookhaven. 
is a quadrupole6 designed by Sampson and the author. 
shown in Fig. 7, and a finished winding for it in Fig. 9 .  The winding distribution 
is essentially the same as that shown in Fig. 5 .  
wound and tested to gradients of about 3 . 5  kG/cm. 
tained for one element and is being tested without a magnet at present. 

One 
The frame of this magnet is 

Two of these elements have<been 
A horizontal Dewar has been ob- 

The other magnet is a dipole designed by D. Jacobus and the author. The bore 
is an ellipse, 17 cm >! 7 cm, and the effective length is 60 cm. Four current sections 
are used per coil, as shown in the lower part of Fig. 10, with different current den- 
sities in each so that the current blocks essentially cover the circumference. Var- 
ious views of the aluminum frame containing a single dummy winding are shown in Figs. 
8, 11, and 12. A field of 25 to 30 kG is expected in this magnet with a uniformity 
of f y/o over the full cross section at the center. Diamagnetic effects similar to 
those seen in solenoids are expected to affect the field uniformity more than winding 
errors. A Dewar for this dipole is being fabricated at Brookhaven, 

. .  
An estimate of the cost for duplicating these magnets is given in the following 

The cost of refrigerators,’which can easily exceed the cost of. a single m a g -  table. 
net, has not been included. 

TABLE I 
Estimated Duplication Costs f o r  Brookhaven Beam Magnets 

Quadrupole Doublet Elliptical Bore Dipole 
10 x 60 cm each 7 x 17 x 60 cm 

3 . 5  to 7 kG/crn Gradient 25 to 50 kG Field 

Frames 2 Composite 1 Monolithic 
1100 shop hours $11 000 100 shop hours $1 000 

Superconductor 

Dewars Outside shop $8 000 Brookhaven shop $16 000 

$28 600 . $24 200 

1.27 cm wide x 125 j . ~  thick 1600 m @ $6/m $9 600 1200 m $7 200 

Winding and assembly time 
for magnets 12 man-days 6 man-days 
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Fig. 3.  Octagonal and cy l ind r i ca l  current block quadrupole cross sec t ions .  
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Fig .  4. Cyl indrica l  current block superconducting quadrupole. 



Fig. 5. Turns distribution for cylindrical quadrupole. 
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F i g .  6. F i e l d  strength vs axial position in quadrupole. 
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Fig .  8. Internally supported frame construction for dipole. 
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Fig. 9 .  Quadrupole element - 10 crn bore x 60 cm length. 
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. F i g .  10. Winding cross, sections of superconduct ing  d i p o l e s .  
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Fig. 11. Top view of e l l ip t i ca l  dipole with dummy winding. 
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Fig .  12. End view of e l l i p t i c a l  d ipo le .  
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PULSED SUPERCONDUCTING MAGNETS* 

W.B. Sampson 
Brookhaven National Laboratory 

Upton, New York 

INTRODUCTION 

The poss ib i l i ty  of achieving s u b s t a n t i a l  economic gains by using superconducting 
magnets i n  large proton synchrotrons has inspired an experimental program a t  Brook- 
haven aimed a t  invest igat ing the propert ies  of p u l s e d  superconducting magnets. 
of the  measurements resu l t ing  from t h i s  program have been described during t h i s  Summer 
Study1 and else where.'^^ 

Some 

There are two main aspects  t o  the u s e  of such magnets i n  acce lera tors :  t h e  f i r s t  
being tha t  the losses  incurred during pulsed operation must  be low enough t o  make t h e i r  
use  economically desirable ,  and the second t h a t  the magnets must operate  i n  .a r e l i a b l e  
and predictable manner. 
devices w e  have been tes t ing  perform as  magnets and how much they m u s t  be improved be- 
fore  they w i l l  become ser ious candidates f o r  use i n  future  high energy machines. 

I shall. concentrate on the l a t t e r  aspect ,  t h a t  i s ,  how the  

EXPERIMENTAL DETAILS 

With t h e  exception of one c o i l  a l l  t h e  magnets tested were made using f in.  w i d e  

High cur ren t  dens i ty  i s  required 
NbgSn conductor clad with a small amount of copper o r  s i lver .  
because 'of i t s  very high current  densi ty  p o t e n t i a l .  
i n  synchrotron magnets i n  order t o  minimize the energy stored i n  t h e  windings and thus 
the s i ze  .and cost of the power supply. 

This  mater ia l  was chosen 

The c o i l s  are of ident ica l  geometry w i t h  an i .d .  of 2.5 in. ,  an 0.d. of 6 in. ,  
and a length of 0.5 in .  ( i . e . ,  s ingle  s p i r a l  windings of f in .  wide conductor). 
Figure 1 shows a typ ica l  ribbon magnet a n d - p l a s t i c  former. The slots i n  the end 
p l a t e s  allow liquid helium access t o  approximately 60% of the ribbon edges. Electri- 
c a l  insulat ion i s  provided by 4 in. w i d e  Mylar ribbons of var ious thicknesses.  
mercial inductance bridge w a s  used t o  measure t h e  c o i l s  during winding t o  ensure t h a t  
there  were no shorted turns.  

* 

A com- 

A programmable 100 kW motor generaror w a s  used t o  p u l s e  the  magnets with a t r ian-  
gular current  waveform similar  t o  tha t  used i n  synchrotrons. The losses  w e r e  determin- 
ed by measuring t h e  boil-off as produced during pulsing. This method is described 
elsewhere i n  the Proceedings. f 

* 
Work performed under t h e  auspices of the  U.S. Atomic Energy Commission. 

1. G.H. Morgan and P.F. Dahi, these Proceedings, p. 559. 

2 .  W.B. Sampson e t  al., i n  Proc.  6th In te rn .  Gonf. High Energy Accelerators,  
Cambridge, Mass., 1967, p .  393. 

3 .  G.B. MorgaE et a l . ,  J. Appl. Phys. I in press.  
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EXPERIMENTAL RESULTS 

The results are summarized i n  Table I. The numbers appearing i n  quo ta t ion  marks 
a f t e r  GE r e f e r  t o  t h e  nominal c r i t i c a l  cur ren t  of these r ibbons a t  100 kG. C o i l s  2 ,  
3 and-4 are made of t h e  same material but wi th  fewer tu rns ,  t he  r educ t ion  i n  winding 
d e n s i t y  being achieved by using th i cke r  Mylar i n su la t ion .  Those c u r r e n t s  marked wi th  
an  a s t e r i s k  r ep resen t  t h e  c r i t i ca l  c u r r e n t s  f o r  t h e  values  of the f i e l d  l i s t e d  i n  t h e  
table and ind ica t e  t h a t  these  magnets a r e  not  l i m i t e d  by i n s t a b i l i t i e s .  The f i g u r e s  
i n  b racke t s  i n  t h e  maximum power column are t h e  cyc le  times used i n  seconds which 're- 
present  approximately twice the r ise t i m e s .  The cur ren t  d e n s i t i e s  are f o r  t he  t o t a l  
magnet cross s e c t i o n  and include t h e  in su la t ion .  
u l a t ed  from the  peak power assuming t h a t  60% of  both edges of t h e  ribbon was exposed 
t o  helium and inc ludes  a f a c t o r  which takes  i n t o  account t he  nonuniform product ion of 

The maximum energy f lux  was calc- 

energy i n  the  co i1 . l  .. 

The dependence of t h e  lo s s  OR magnetic f i e l d  i s  shown i n  F igs .  2 and 3 where t h e  
"Q", o r  energy l o s s  per  cyc le  divided i n t o  t h e  s tored  energy, is p l o t t e d  a g a i n s t  f i e l d .  

TABLE I 
Maximum Current Maximum Maximum Energy 

(kG) (W) (w/ cm2 
F ie ld  Power F1 ux No.of Current 

Magnet Turns iA) 

GE "1 5 0" 

GE "300" 

GE "300" 

GE "300" 

RCA 

GE "600" 

G SF 

T4 8B 

3 7 1  515* 35 ' 41 

350 680* 42 SO 

122 1280* 28 33 

175 960* 30 36 

168 600 20 22 

175 800 25 30 

553 ' 276 30 33 

1195 50 11 . 13 

6.6(2) 0 -09 

10.5(2) 0.12 

9.8(1) 0.22 

12.0(1) 0.38 

5.571) 0.16 

5.0(1) 0.14 

11.0(2) 0.30 

2.7(2) - 

DISCUSSION 
1 

A s  t h e  r e s u l t s  show, simple magnets can be pulsed t o  high c u r r e n t  d e n s i t i e s  and, 
The i n  f a c t ,  i n  some cases t o  c r i t i c a l  c u r r e n t s  i n  t i m e s  of t h e  order  of one second. 

poores t  performing magnet was constructed from NbTi wire of 0.019 in. diam which w a s  
copper c lad and in su la t ed  t o  a t o t a l  diameter  of 0.025 in .  This  poor performance i s  
probably due i n  p a r t  t o  t.he f a c t  t h a t  t h i s  c o i l  d id  not have helium i n  con tac t  w i t h  a l l  
t h e  tu rns ,  but  rhe  low "Q" i nd ica t e s  t h a t .  t h i s  ma te r i a l  has cons iderably  h ighe r  l o s s e s  
than  NbgSn, at least in w i r e  form. 

A l l  the  NbgSn c o i l s  behave i n  e s s e n t i a l l y  t h e  same way but w i th  a number of in -  
t e r e s r i n g  d i f f e rences .  The "Q" of t h e  CSF c o i l  does not  go t o  very h igh  va lues  a t  low 
f i e l d s  d e s p i t e  t h e  fact t h a t  t h i s  ma te r i a l  i s  s imi l a r  t o  the  GE r ibbon.  Another no ta-  
b l e  d i f f e rence  is i n  t h e  performance of t h e  two magnets made from mate r i a l s  capable  of 
ve ry  high "short  sample" c r i t i c a l  cu r ren t s .  These c o i l s ,  5 and 6, of RCA and GE "600" 
ribbon r e spec t ive ly ,  do not  reach c r i t i c a l  cur ren t  and i n  f a c t  quench a t  energy d i s -  
s i p a t i o n  r a t e s  cons iderably  lower than some of t h e  o ther  magnets. 
t h e  e a r l y  quenches are not  due t o  d i f f i c u l t i e s  i n  t r ans fe r r ing  the  hea t  produced dur ing  

This  sugges ts  t h a t  

. t h e  f i e l d  change from t h e  edges of t h e  normal ma te r i a l  t o  the  helium ba th  but r a t h e r  
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i n  ge t t i ng  the thermal energy from t h e  superconductor  i n t o  the  normal me ta l  c ladding.  
The reason f o r  t h i s  e f f e c t  may be due t o  the poor conduc t iv i ty  of NbgSn which would 
lead t o  l a r g e r  temperature g r a d i e n t s  across t h e  t h i c k e r  high cu r ren t  samples. A s i m -  
i lar e f f e c t  would r e s u l t ,  of cour se ,  from a poor bond between t h e  superconductor and 
the normal metal. 

. CQNCLUS IONS 

The r e s u l t s  are summarized i n  t h e  fo l lowing  statements ( see  a l s o  Ref .  1): 

1) The l o s s  per  cyc le  i s  independent of  f requency (at  l e a s t  i n  t h e  range i n v e s t i -  
ga ted , .  0.1 t o  60 Hz) . This  means. t h a t  "Q" i s  independent of frequency i n  marked con- 

. t r a s t  t o  convent ional  magnets whose "Q's" dec rease  w i t h  frequency approaching zero f o r  
dc operat ion.  

2) The loss  i s  approximately p ropor t iona l  t o  t h e  square of t h e  average of t he  com- 
ponent of f i e l d  perpendicular  t o  the  s u r f a c e  of  t h e  r ibbon .  This  means t h a t ,  f o r  a 
considerable  range of f i e l d ,  the "Q" i s  independent of f i e l d .  . 

2 have been achiev- 
ed i n  simple magnets using p u l s e s  w i t h  rise t i m e s  of the order  of  one second. 

3) Fie lds  as high as 50 kG and c u r r e n t  d e n s i t i e s  up t o  42 kA/cm 

4 )  The cu r ren t  d e n s i t y  i n  a pulsed superconduct ing magnet: cannot be increased by 
simply increas ing  t h e  th i ckness  of superconductof s i n c e  the re  appears  t o  be a l i m i t  
set by the thermal conduc t iv i ty  of t h e  superconductor  i t s e l f .  A r educ t ion  in l o s s  
would presumably lead t o  improved cu r ren t  dens i ty .  

The r e s u l t s  i nd ica t e  t h a t  t h e  goal4 of 60 kG p u l s a b l e  d ipoles  ope ra t ing  a t  
60 kA/cm2 with "Q 's"  i n  excess  of 1000 may be obta ined  i n  the  near  f u t u r e ,  p a r t i c u l a r l y  
i n  view of the  promise of t h e  subdivided conductors  now under i n ~ e s t i g a t i o n . ~  

4 .  W.B. Sampson, these Proceedings,  p. 998. 

5.  P.F. Smith, t hese  Proceedings, p .  913. 

- 9x0 - 



Fig. 1. Pulsed magnet and plas t i c  former. 
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INTRINSICALLY STABLE CONDUCTORS 

P.F. Smith, M.N. Wilson, C.R. Walters, and J . D .  Lewin 
Rutherford Laboratory 
Chilton, Berks., England 

It is generally believed that flux jumps are the only real obstacle to obtaining 
reliable short sample performance in superconducting coils. The sudden local release 
of energy results in a premature transition to the resistive state and prevents the 

Even in large, Zully-stabilized coils, 
the flux jumps which could occur in wide conductors might in some cases release suf- 
ficient energy to cause an undesirably large temperature rise, perhaps of the order of 
15-25O. This is discussed in a sep-arate paper. 

' reliable attainment of high current densities. 

During the last few years, the development of realistic theoretical.models fpr the 
electrical and thermal processes which occur during a flux jump has led to sme remark- 

ting wires typically less than about 0.002 in. in diameter, and in certain arrangements 
of superconducting filaments and normal metal. 

. ably simple criteria which indicate that flux jumping should be absent in superconduc- 

There is, therefore, an obvious incentive to try to develop conductors using 
these criteria. 
progress at the Rutherford Laboratory since,early 1967, and was reported briefly last 
year.l 
ac loss small enough for use in pulsed synchrotron magnets, which could also be achiev- 
ed by the use of finer filaments. 

With this objective, theoretical and experimental work has been in 

Closely related to this is the possibility of developing a conductor with an 

Since the beginning of 1968 the scale o f  this work has increased, and experiments 
are being carried out on samples and small coils of a wide variety of filamentary com- 
posites developed in collaboration with Imperial Metal Industries, Ltd. (U.K.). Al- 
though the initial tests are encouraging in many respects, much still remains to be 
done and we would not normally publish any results a t  this stage. However, in view of 
the growing interest in this possibility, we have agreed to set down the essential 
features and principal conclusions of the theory, and to summarize the experimental 
results obtained so far, as a guide to those planning similar programs, but with the 
reservation that some of our statements may turn out to require modification in the 
light of further experimental. data. 

We discuss .the subject under the following headings: 

-Theory of single filaments of superconductor. 
-Theory of composites of superconductor and normal. metal. 
- Conductor configurations being tested. 
- Description of the four types of test being used. 
-Main results so far. 

More detailed accounts of both theoretical and experimental work will.be published 
a t  a later date. 

1. P.F. Smith, in Proc. 2nd Magnet Technology Conference, Oxford, 1967, p.  543. 
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I. THEORY OF SINGLE FILILAMEWS 

An ex te raa l  f i e l d  applred t o  i! piece of superconductor induces loops of curyent 
These are known a s  magnetization cur- 

A simple in t eg ra t ion  of H2dV f o r  the 

a t  the c r i t i c a l  current  dens i ty  & Jc (A/cm2). 
r en t s  and, i n  typ ica l  0.010 i n .  diameter w i r e s ,  are observed t o  be unstable  and may 
suddenly decay rapidly with release of energy. 
f i e l d  associated with these currents  [for the case,  say,  of an i n f i n i t e  s l ab  of thick- 
ness d (cm)] shows tha t  the energy released i s  about (2n/3)(J$ d2)/109 joules/cm3. 
This is enough t o  cause, €or example, a temperature r ise  of 10°K i n  0.010 i n .  wire ,  
but .only Sl-.l°K i n  0.002 in. w i r e ;  t h i s  ca l cu la t ion  by i t s e l f  i n d i c a t e s  t h e  use of 
f i n e r  wires. 

Several authors have analyzed t h i s  i n s t a b i l i t y  i n  more d e t a i l  and have shown that  
the f l u x  jump should not occur provided t h a t  

I 
(1) . ' 9 d (10 S To f ) ' / Jc  , 

where S is  the heat  capaci ty  (joules/cm3 OK), To (OK 3 Jc/(-dJb/dT) and is  usual ly  of 
order Tc/2, and f i s  a numerical f a c t o r  i n  the region 0.6 t o  0.9, depending on d e t a i l -  
ed assumptions. 

The right-hand s ide of (1) is t y p i c a l l y  of order  1500/Jc, so i f ,  f o r  example, the 
maximum (low f i e l d )  value of  .Ic is 300 000 A/cm2, f l u x  jumping should not occur pro- 
vided t h a t  d < 5 x c m  (0.002 in . ) .  

Among the authors who have derived and discussed t h i s  r e s u l t  are Hancox, Carden, 
Swartz and Bean, Neuringer and Shapira, Wipf, Kim,  Lange, etc. It i s  probably most 
w e l l  known from the papers by Banc0x,~'4 who has a l s o  extended t h e  theory t o  include 
the e f f e c t  of the temperature rise on the  t ransport  c ~ r r e n t , ~  and has  shown t h a t  un- 
degraded performance should i n  general be possible  under somewhat less s t r i n g e n t  COR- 

d i t i o n s  than suggested by Eq. (1) (see Fig.  1 ) .  

This was a l l  done i n  1965 and 1966, but a t  t h a t  t i m e  r e l i a b l e  ways of manufactur- 
ing fi laments below 0.005 in .  diameter w e r e  not ava i l ab le .  By 1967, however, i t  became 

.possible t o  make f i n e r  Superconducting f i laments  provided they w e r e  embedded i n  a ma- 
t r i x  of normal metal. 

11. !L'JXORY OF COMPOSITES 

We thus want t o  know what happens when a number af p a r a l l e l  superconducting 
fi laments are joined together by normal metal. 

Consider t he  s imples t  (two-dimensional) case of two parallel  sheets of supercon- 
I f  they a r e  separated by an i n s u l a t o r ,  then obviously the magnetiza- 

B u t  i f  they are connected by a 

. 

ductor (F ig .  2 ) .  
t i o n  current loops flow separately i n  each (Fig. 2 a ) .  
low resis tance-metal ,  then i n  general the voltage a s soc ia t ed  with t h e  f i n i t e  rate of 
rise of f i e l d  R (Glsec) i s  s u f f i c i e n t  t o  d r i v e  the cu r ren t  from one s t rand t o  the  other 

2. R. Hancox, Phys. Letters l6, 208 (1965). 

3 .  R. Hancox, Culham Laboratory Report CLM-Pl2l (1966). 

4 .  R. Hancox, i n  Proc. 10th Intern.  Coof. Low Temperature Physics, Moscow 1966, 
' V O ~ .  214, p. k 5 .  
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through t h e  normal metal, forming one large loop occupying the f u l l  width of the  com- 
pos i te  (Fig. 2b). 
a r e  governed by the f u l l  width and not the strand width. 

It can then be shown tha t  phenomena ,such as s t a b i l i t y  and ac losses  

We f ind,  theore t ica l ly ,  t h a t  the transverse currents  occupy a f i n i t e  length of 
conductor Rc (cm), given by 

2 where d (cm) is the  superconductor thickness, Jc (A/cm ) i t s  current  density,  p .(O*cm) . 
is  the matrix r e s i s k i v i t y ,  and A is a space fac tor ,  discussed l a t e r .  (Note tha t  tran- 
s i e n t  and s teady-state  der iva t ions  of t h i s  formula only d i f f e r  by a factor  of 2 i n  the 
right-hand s ide . )  

Therefore, i f  the  conductor length i s  less than Rc, only par t  of the  magnetization 

As an example, taking Jc (at  low f i e l d )  = 300 000, d = 0.003, p - 2 x loe8,  
So for  a length > 28 cm 

current w i l l  cross t h e  matr ix  and the rest w i l l  be confined t o  the  separate filaments. 
( F i g .  2c). 
H - G/sec (and ignoring h f o r  the moment) , w e  find 1, - 14 cm. 
the sample behaves a s  a conductor of width w ,  but €or a length << 28 c~ it  behaves as  
two s t rands  of width d. 

Considering now the three-dimensional s i tua t ion ,  w e  can i n  f a c t  achieve the l a t t e r  
condition i n  an a r b i t r a r i l y  long length of w i r e ,  simply by twist ing with a pi tch 4 IC. 
The l o c a l  emf's cancel i n  adjacent segments of wire, each loop acts independently, and 
the system is  e f f e c t i v e l y  c u t  i n t o  lengths equal t o  one-half the twist pitch.  
less than IC t h e  t w i s t  must be i s  not known. 
i c a l l y  i n  the region 0.3 A,, but w e  have some theore t ica l  and experimental evidence 
t h a t ,  owing t o  an addi t iona l  heating e f f e c t  r e s u l t i n g  from the localized penetration 
of f lux  at the  cross-over points ,  the t w i s t  p i tch may possibly have t o  be as small as 
0.01 I, f o r  s t a b i l i t y .  
s ince one can increase Rc by lowering H. 

How much 
By simple arguments, it need only be typ- 

However, i n  d c - c o i l s  t h i s  should usually present no problem , 
' 

We tiave a l so  examined t h e  theory f o r  more complicated systems containing many 
fi laments.  Some useful f e a t u r e s  t o  note a re  the following: 

1) Rc i s  independent of w, the strand separation. 

2) 1, i s  unaffected by intervening superconducting filaments. 

3) I n  a composite containing several values of p i n  a path connecting 

p which governs R,, and not the average value. 
. two  fi laments,  i t  is, t o  a good approximation, the highest  value of 

'4)  I n  a th-ree-dimensional system, only some i r a c t i o n  A of the direct ion 
p a r a l l e l  t o  the f i e l d  is occupied by superconducting filaments, so 
tha t  i n  any p a r t i c u l a r  case some guess must be made a t  an e f fec t ive  
value of h. for  i n s e r t i o n  in to  Eq. ( 2 ) .  

5) When the r a d i a l  o r  a x i a l  f i e l d  gradients become appreciable, one 
must  transpose r a t h e r  than simply t w i s t  the  filaments. Approximate 
c r i t e r i a  are:  

d > -  w 
AH across composite 

Mean (mod 8) across composite 

and 
AH along one t w i s t  2 

Mean (mod H) along t w i s t  . w  
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This usually seems to suggest that it is sufficient to twist a basic 
0.010 in. composite, but multistrand cables formed from this may have. 
to, be transposed. 
some degree of transposition or twist is necessary, in view of the 
fact that all the filaments are connected together at the end of the 
conductor. 

Even with mutually insulated filaments, of course, 

In the case of pulsed synchrotron magnets, where fI may be as high as 60 000 G/sec, 

However, by using a higher resistance alloy, with 
Rc in the preceding calculation reduces to - 0.2 cm, presumably making it difficult to 
achieve the necessary rate of twist. 
p - 2 X 10-5 Recm, Rc increases to the more manageable value of 5 cm. Alternately, it 
has been suggested that it may be possible to create a high resistivity layer around 
each filament . 

d < (Tok/p JmJ&)' 
No twist necessary 

Recently, it has been found that there is a second, independent, criterion for 
This requires the assistance of the normal absence of flux jumping in a composite. 

metal itself to slow down the flux motion, and has been discussed by Che~ter.~ 
this approach for the case of filaments of thermal conductivity k (W/cm OK) embedded 
in a matrix of resistivity p @*cm), we obtain the approximate Criterion: 

Using 

Low p essential; not suitable 
€or pulsed magnets 

.where To is the same as in (I), Jc is the critical current density in the filament, 
and Jm is the mean current density in the composite; Jm and Jc apply to the magnetiza- 
tion currents, so that values appropriate at low fields must be used. 
10-3 for NbTi. 
Stekly at this Summer StudyS6 which was derived independently using a different ap- 
proach. 
sink, so that it may not be valid for perturbations above a certain level. 

k is of order 
Note that (3) is identical to the criterion given in the paper by 

Note also that the derivation assumes the normal metal to be a perfect heat 

At the time of writing, the numerical factors in the derivation are somewhat un- 
certain and the rightkhand side of (3) could, f o r  example, be greater by a factor of 
four. This new criterion tends to lead to similar values of d (- 2 mil), but in this 
case a low resistance matrix is essential, and a twist is no longer necessary except 
to reduce .ac heating effects during charging. 

To summarize, the theory in its present stage suggests two distinct ways of achiev- 
ing an intrinsically strrble conductor: 

I I I 
Method 1: d e 1500/Jc 

mist << 4, 
Low p suitable for dc coils, 
but high p necessary for pulsed 
magnets 

Method 2: 

5 .  P.F. Chester, Rep. Prog. Phys. 30, B a r t  2, 361 (1967). 
6 .  Z.J.J. Stekly, these Proceedings, p. 748. 



A conductor satisfying both criteria, for example composed 02 0.002 in. filaments 
in copper with a twist pitch of a few centimeters, looks particularly attractive, and 
initial coil. tests with conductors of this type are giving encouraging results. 
er it is actually.necessary, in Method 2, to also satisfy criterion (l), is not clear 
at the present time. 

Wheth- 

lity to be determined as a function of sweep rate and current density. 

111. RANGE OF SAMPLES 

For the initial stages of this work, quantities of the order of 2 lb of each con- 
figuration (e.&., 8000 ft of 0.010 in. diameter composite) are being produced. The 
range of parameters being covered is as follows: 

Filament diameter . - 0.0005 in. to 0.004 in. 
Composite diameter - 0.005 in. to 0.020 in. 
Number of filaments - in range 10 to 100 
Ratio NbTiInormal metal - approximately 111.3 
Resistivity - 2 x (copper) or 2 x 10- 
Twist - 0 or llin. 

(cupronickel) 

Three-component composites, containing both Cu and CuNi, are also being designed (main- 
ly for protection reasons). 

. IV. EXPERIMENTAL PROGRAM 

Four types of test are being used, summarized in Fig. 3: . 

3) Ac losses. Loss measurements as-a function of frequency provide con- 
firmation of the results of the magnetization tests. 

4 )  Coil degradation. The transport current in small coils wound from 
about f Eb material is determined €or various values of an externally 
applied field . 

V. INITIAL RESULTS 

Results so far on short samples are in very good agreement with theory. The on- 
set of instability has been determined as a function of filament diameter, and is 
consistent with the relation Jcd = const, the constant being in the region io3 as pre- 
dicted by (1). 

The effect of twisting is also clearly shown in these tests, the samples without 
a twist being highly unstable down t o  much lower values of J,. An experiment was also 
carried out in which a single sample, initially without a twist and unstable, was sub- 
sequently twisted and found to be stable below a certain value of 6. 
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A few magnetization and ac loss results are available which approximately confirm 
the formula for .ec. 
are in progress. 

Further experiments to determine Ac and its effect on stability 

Coil tests using cupronickel composites with no twist show considerable degrada- 
tion, as expected, the currents obtained being similar to those obtained from coils of 
unstabilized 10 and 20 mil wire. 

Coils of the twisted cupronickel composites reached much higher currents, often 
approaching short sample, but still show some degradation and variability of perform- 
ance at all field 'levels. This effect is independent of filament diameter, and is at 
present believed ,to be caused by internal heating due to wire movement; the effect' of 
impregnation of the coil with, for example, grease or oil, is being investigated. * 

Initial coil t e s t s  using copper composites are giving short sample performance. 
FOP example, a small (f lb) coil of 0.020 in. composite containing 0.002 in. filaments 
reached its short sample current of about 120 A at 50 kG, corresponding to a current 
density in the region 40 000 A/cm2. 
composites will be tested in the near future. 

Larger coils wound from the filamentary copper 

* 
Note added in proof: We have now confirmed this; a coi l  of cupronickel composite, 
previously showing some residual degradation, reliably went to short sample current 
after impregnation with oil. 

I 

0' H 
I 

H 

Fig. 1. Stability of transport current predicted by Wancox' theory. 
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Fig .  3. Experimental program on filamentary composites. 
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SUPERCONDUCTING MAGNETS FOR GONTROLLED THERMONUCLEAR RESEARCH* 

C.E. Taylor 
Lawrence Radiation Laboratory 

Livermore, California 

Some of the general considerations for magnetic fields used in controlled thermo- 
nuclear research (CTR) are outlined in this paper, along with a list of a few of the 
early superconducting coils which have been built for this purpose and a list of coil 
systems now planned or under construction. These comments are intended as a general 
orientation for persons unfamiliar with CTR but with some understanding of supercon- 
duct ing magnets . 

Basic to this discussion are some fundamental requirements for a fusion reactor. 
Most plasma confinement schemes receiving serious consideration today require a magnet- 
ic field which, if strong enough, confines moving charged particles to a helical motion 
about magnetic field lines and limits plasma escape across field lines to that net mo- 
tion produced by classical scattering effects or by small-scale turbulence. 
"open-ended machine," escape of plasma along field lines is limited by the "magnetic 
mirror"ls2 effect to particular components of the plasma which, by scattering, acquire 
enough momentum alang field lines. In a "closed-ended" machine,3 partic1.e~ remain on 
magnetic "surfaces" contained within the vacuum chamber and are lost by diffusion and 
instabilities, but are not: subject to the severe end losses of open systems. 

In an 

Some basic general requirements for a fusion reactor are: 

1) Plasma pressure must be less than "pressure" of the confining 
magnetic field: 2nkT < B2/8rr. 

A simplified power balance4 for an ideal deuterion-tritium 
(D-T) system - assuming a reactor which produces heat by 
fusion reactions and by radiation only, which recovers this 
heat with an efficiency of 113, and which consumes only 
enough additional energy to heat the fuel to reaction tem- 
perature - leads to the criterion that nT > lOl4 sec/cm3 for 
a positive power balance. 
anisms and power requirements, and therefore to this extent 
represents an optimistic limit. 

This neglects all other loss mech- 

For an optimum temperature of 15 keV, the above two criteria can be combined5 to 
' 

give 

* 
1. R.F. Post, Rev. Mod. Phys. 28, 338 (1956). 
2. R.F. Post, in Progress i n  Nuclear Energy, Series XI, Plasma Physics and Thermo- 

3. W.P. Allis, Nuclear Fusion (I). Van Nostrand, 1960), Ch. IX, "Stellarators." 
4 .  J . D .  Lawson, Proc. Phys. SOC. (London) e, 6 (1957). 
5. L.A. Artsirnovich, Controlled Thermonuclear Reactions (Gordon and Breach, 1965). 

Work performed under the auspices of the U.S. Atomic Energy Commission. 

nuclear Research (Pergamon Press, 1959), Vol. 1, p. 154. 
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2 7 2  B ' r > 6 X 1 0  G . s e c  , 

which r e l a t e s  B t o  average confinement t i m e .  

It can be seen tha t  f o r  T m 1 sec, B > 8 kG, and a t  f i r s t  glance it would s e e m  
t h a t  r e l a t i v e l y  weak f i e l d s  might s u f f i c e  f o r  a dc system or  t h a t  a pulsed system opera- 
t i n g  a t ,  say, 60 cps  might require  only 60 kG. (There a re  some schemes f o r  pulsed reac- 
t o r s  involving very high d e n s i t i e s  f o r  much s h o r t e r  pulses which w i l l  not be discussed 
here,  s ince superconducting c o i l s  do not ap ear a propriate  f o r  v e r y  f a s t  f i e l d  pulses.)  

therefore ,  a t  say 10 kG, P w  0.07 W/cm which r equ i r e s  very l a r g e  apparatus f o r  rea- 
sonable central-s ta t ion-scale  power l eve l s .  
much higher;  f o r  example, i f  P = 10 W/cm3, B w 20 kG. 
i t y  l imi t s6  the r a t i o  

A t  the optimum temperature, P = 7 X Be W/cm 3 f o r  the idea l  D-T reactor5 and, 

Cost considerations may require P t o  be 
Also, because of various s t a b i l -  

e = -  2n kT 

B /8~r 2 

may be required t o  be much smaller than one, and therefore  s t ronge r  f i e l d s  would be 
required.  It can be concluded t h a t  f o r  fusion r e a c t o r s  t he re  may be  an u l t i m a t e  lower 
l i m i t  t o  B of about 8 kG, but because of var ious plasma l o s s  mechanisms,' and required 
economical minimum power densi ty ,  t h i s  l i m i t  i s  more l i k e l y  t o  be a t  l e a s t  about 20 kG. 
Since P a B4, i t  i s  unlikely tha t  f i e l d s  much above the minimum w i l l  be required. 
Therefore, fusion reactors  w i l l  probably be operated at f i e l d s  on ly  s l i g h t l y  larger 
than the minimum required f o r  pos i t i ve  power output,  and w i l l  probably require very 
large plasma volumes, perhaps several  meters i n  radius .  Since t h e  r a t i o  of the con- 
f in ing  f i e l d  a t  the plasma t o  the maximum f i e l d  a t  the conductor m a y  be as  high a s  3: l  
f o r  complex c o i l  shapes (such as basebal l  c o i l s ) ,  t h e  f i e l d  at  the conductors may be 
about 60.kG which is  w e l l  within the l i m i t  f o r  p r a c t i c a l  NbTi materials using today's 
technology. - 

The above comments apply only t o  a t h e o r e t i c a l  fusion r e a c t o r .  Present CTR exper- 
iments are not miniature fusion r eac to r s  but are designed t o  exp lo re  confinement and 
s t a b i l i t y .  Therefore, the above power r e a c t o r  conditions and s c a l i n g  laws do not,  in  
general ,  apply. Usually, the experimental appargtus must have dimensions l a rge r  than 
a minimum number of p a r t i c l e  o rb i t  r a d i i  so t h a t  t r u e  plasma condi t ions can be achieved. 
For protons t h i s  radius is  about 1 cm f o r  5 keB a t  10 kG ( t y p i c a l  f o r  Alice6). For a 
minimum of 20 o r b i t  diameters within the plasma, a c o i l  s ize  of a t  least 1 m is neces- 
sary.  Required f i e l d  s t rength can usual ly  be reduced by increasing appara tus  s i z e ,  the 
deciding factor  becoming cost .  ,Plasma generation' techniques m u s t  a l s o  be scaled t o  
larger plasma volumes and t h i s  requirement makes small-volume, high-f ie ld  apparatus 
des i r ab le  for  most research. Plasma energies  much lower than required for  a reactor  
are su f f i c i en t  f o r  studying confinement i n  open-ended systems.' Th i s  allows considera- 
t i on  of weaker magnetic f i e l d s  and/or smaller apparatus s i ze .  However, present tech- 
nology f o r  building neu t r a l  beam sources ( a  c u r r e n t l y  popular method f o r  creat ing a 
plasma) l i m i t s  energies t o  a minimum of a f e w  k.eV. A t  lower ene rg ie s  p rac t i ca l  beams 
may become s o  weak t h a t  the losses  may become competitive with plasma generation rates. 
The point t o  be emphasized here i s  t h a t  t h e  s i z e  and s t rength of any open-ended CTR 
magnet system i s  s t rongly dependent on the state of  the a r t  i n  plasma source and vacuum 
technology, and parameters such as  s i z e  and f i e l d  can be varied over a wide  range. 
Therefore, the next "generation" of open-ended c o i l  systems may not necessar i ly  involve 
l a rge r  s i z e  c o i l s  or  higher f i e l d  s t r eng ths  i f  plasma production techniques can be 
s ign i f i can t ly  improved. 

6.  R.F . Post , Lawrence Radiation Laboratory , Livermore , UCRL-70681 (1967) . (Presented 
a t  Intern.  Conf. on Plasma Confined i n  Open-Ended Geometry, Gatlinburg, Tenn., 1967). 
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Three examples of open-ended coil systems are illustrated in Fig. 1. Figure la 
.is the simple mirror system used in many early experiments. Note that two of these 
systems, Figs. lb and IC, are not simple axially symmetric solenoid systems but involve 
three-dimensional current patterns. Figure lb shows the superposition of a multipole 
field and a pair of mirror coils. This class of open-ended system has been used in 
many laboratories with pulsed or dc copper coils, originally without the multipole com- 
ponent; more recently, most such systems have a multipole component, which was demon- 
strated by Ioffe7 to result in much more stable confinement. The plasma,  being diamag- 
netic, tends t o  move toward the minimum-B region which these coils produce. Another 
current distribution which produces a similar field - using a single coil - is the 
baseball (or tennis ball) coil shown in Fig. IC. 

Some early superconducting solenoids were designed8" and built for plasma studies 
and single-particle containment studies. The first superconducting minimum-B system 
used in a plasma experiment was a baseball coil,lo although it was too small and weak 
for really useful results. A similar coil was built by Bronca et al.ll but was not 
used for plasma studies. The first large superconducting minimum-B systems are now 
under construction: the IMP machine at ORNL,12 a high-field mirror/Ioffe-bar system at 
NASA-Lewis, and a superconducting version of the Alice experiment in Li~erm0re.l~ 
parameters of these coils are described in Table I. A major complexity of these coils 
is due to the noncircular shape which requires a support structure capable of with- 
standing bending stresses as well as hoop stresses. 

Some 

Another class of CTR experiments which have been more recently proposed involves 
closed-ended systems with floating or levitated superconducting rings. Toroidal exper- 
iments with external coils have been made for many years3 and have usually required 
only pulsed fields of a few milliseconds duration; therefore, superconductors have not 
been considered. However, to satisfy present requirements for good confinement, exter- 
nal coil systems such as stellarators must have high shear fields which, in a practical 
sense, require complex windings placed around a toroidal vacuum tank with exacting me- 
chanical tolerances. A simpler way tQ provide a strongly stabilizing toroidal contain- 
er is to have one or more current-carrying conductors buried within the plasma; i.e., 
the flux surfaces on which plasma is distributed completely surround the conductors. 
This is a simpler way to provide high shear and/or "minimum average B,"  although more 
investigation is required to determine the relative importance of these two parameters. 

8. L.J. Donadieu and D . J .  Rose, in High Magnet'ic Fields (M.I.T. Press/John Wiley 
& Sons, Inc., 1962). (Proc. 1n:ntern. Conf. High Magnetic Fields, Cambridge, 
Mass., 1961 .) 

J.C. Lawrence and W.D. Coles; in Advances in Ckyogenic Engineering (Plenum Press, 
1965), Vol. 11, p. 643. 

9. 

10. C.E. Taylor and C. Laverick, in Proc. Intern, Symposium on Magnet Technology, 
Stanford, California, 1965, p. 594. 

11. G. Bronca, J. Krikorian, J.P. Pouillange, and D. Rappanello, in PKOC. 2nd Intern. 

14. D.L. Coffey and W.F. Gauster, these Proceedings, p. 929. 

13. C.D. Henning, R.L. Nelson, M.O. Calderon, A.K. Cargin, and A.R. Harvey, to be 
published in Advances in Cryogenic Engineering (Plenum Press 1968) V o i .  14. 

Conf. Magnet Technology, Oxford, 1967s p. 547. 
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TABLE I 
Superconducting Coils now Under Construction for Cont'rolled Fusion Research 

Open-Ended Systems 

Characteristic' Central Max. field at 
Laboratory Type dimensions , cm field , kG conductor, kG 

Oak Ridge Natl. Lab. Mirror and 
quadrupole 

NASA-Lew i s Mirror and 
multipole . 

LRL-L ivermore Baseball 

35 diam, 
70  long 
51 diam 

120 diam 

20 ' 

75 ' 

20 

75 

90 

75 

Closed Systems -Levitated Rings 

Laboratory Type Ring diameter, cm Ring current, kA 

Princeton Plasma 1 ring 152 (major diam) 375 
Physics Lab. "Spherator" 
Princeton Plasma 2 ring 101 460 
physics Lab. 

FM 2 02 325 
LRL-Livennore 1 ring 80 5 00 

Culham, ya 1 ring 50 500 
"Levi tron" 

a Tentative. 

Several such devices have been built utilizing a temporarily levitated, inductively 
energized central cond~ctor,~~ or conductors suspended on support rods.15 In the in- 
ductively energized case, the time-varying ring currents are accompanied by large to- 
roidal plasma currents because of close inductive coupling; these plasma currents lead 
to undesirable instabilities. In the rod-supported cases, collisions between supports 
and plasma cause r a p i d  losses. A group of experiments is now under construction uti- 
lizing' superconducting, magnetically levitated conductors. Princeton plans a two-ring 
"quadrupole" device, called FM (floating multipole) . LRL-Livermore is building a 
single-ring machine of somewhat smaller size. 

Similar experiments have been proposed at the University of Wisconsin, the Culham 
Laboratory in England, and the Institute f o r  Plasma Physics at Garching in West Gema- 
ny. The technological problems imposed by levitated'coils are unique; for example, 

14. H.P. Purth, in Plasma Physics (Intern. Atomic Energy Agency, Vienna, 1965), 

15. T. Okawa and D. Kast. Phys. Rev. Letters 1, 41 (1961). 
p .  411. 
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such coils must be periodically recooled to remain below their transition temperature; 
therefore, there is reason to use Nb3Sn because of its higher critical temperature 
rather than because of its high field capability. Practically all present. design ex- ’ 
perience has been witrh coils immersed in saturated liquid helium at 1 atm or lower, 
whereas these floating coils will be subject to periodic temperature cycling and may 
be immersed in a gaseous rather than liquid environment when energized. 
coils will be NbgSn, will be energized through removable leads, and will be immersed 
in saturated liquid when energized; the LRL coil will. have no external leads, will be 
inductively energized, and will be contained in a sealed toroidal container which is 
permanently pressurized with helium gas to provide heat capacity. The heat transfer 
and general cryogenic design problems of periodically recooling these rings are, of 
course, unique. The ring position must be magnetically controlled by a system which 
maintains stability, because all such systems of current interest are inherently un- 
stable.16 
position-correcting coils and position sensors connected in an appropriate servo sys- 
tem. However, another possible way to stabilize such rings is to use superconducting 
surfaces located outside the plasma. If these surfaces were cooled below their crit- 
ical temperature while the ring was mechanically held in its equilibrium position, 
then subsequent ring motion would be resisted by inductively generated eddy currents 
in the superconducting surfaces. Design of such surfaces is theoretically possible; 
this would represent a novel application €or superconduFting materials. 

The Princeton 

Stability can be accomplished in a straightforward manner by a system of 

I 

CONCLUSIONS 

Because of many parameters which can be varied in fusion experiments, it is dif- 
Most research require- ficult to generalize about specific requirements for magnets. 

ments can be satisfied by a range of coil shapes, sizes, and field strengths. The 
deciding factor usually is cast. 

Superconducting magnets will be used for many nonpulsed controlled fusion experi- 
ments in the nea; future, mainly because of their lower cost compared to conventional 
systems for these inherently large size experiments. 

The dc levitated coils for closed systems must be superconducting. Here the de- 
termining factor is not cast but rather the fact that no other practical method ap- 
pears to be available. 

1 6 .  J. File, G.D. Martin, R.G. Mills, and Y.L. Upkam, .I. Appl. Phys. 39, 2623 (1968). 
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ON He II MICROSTAB~IZATION OF =3Sn* 
' 

* .  

W.H. Bergmann 
Argonne Nat tonal Laboratory 

Argonne, Illinois 

The Abrikosov-Mendelssohn' theory describes the hard superconductor of the second 
kind 'in the mixed state as a multiply connected structure of supercurrent filaments 
orthogonally penetrated by an array of flux vortices of diameter o f  the coherence 
length. 
through the "hardening process ," which made the surface energy for boundaries between 
the two phases negative. On the one hand, this has improved the current-carrying 
capacity in these materials to such a degree that superconducting magnets became fea- 
sible. But, on the other hand, it also enhanced their instability since no positive 
boundary energy inhibits the propagation and growth of the normal phase zones propaga- 
ting as "flux jumps" in the superconductor. . 

The coexistence of the noma1 and superconducting phase has become possible 

With changing field and/or current density, the density of fluxoids changes and 
the vortices move through the superconductor in or against rhe direction of the Lorentz 
force. This flow is not a continuous movement but an erratic one, since the vortices 
display an affinity to crystal defects rind lattice imperfecrions. Within the course 
of this discontinuous, rapid movement, joule heat is being dissipated, heating the 
superconductor locally. If this heat is allowed to accumulate, it can form macroscopic 
normal zones -macroscopic in terms of the coherence lengths -which propagate as 
"flux jumps" through the superconductor until their propagation is impeded by the 
rapidly rising specific heat, or until they have driven the total superconductor nor- 
mal. 

The condition limiting the formation of macroscopic normal zones is that the 
electromagnetic diffusivity has to be smaller than the thermal diffusivity. 
portance of these two quantities was first discussed by FurthZ in connection with 
pulsed magnets. 
magnets. 
ible with the coherence length. 

The im- 

Kim3 discusses their relationship macroscopically for superconducting 
It is also essential to secure this condition on a microscopic scale compat- 

One approach in this direction is to divide the superconductor into very fine 
filaments embedded in a metal matrix of high thermal capacity and thermal and electric 
conductivity. This approach finds its limitations in the Wiedemann-Franz l a w ,  which 
governs the ratio of thermal to electrical conductivity in metals; the low strength of 
ultrapure metals used as stabilizers on superconductors., which introduce severe mechan- 
ical support problems in high field magnets; and fabrication technology, since a metal- 
lurgical bond of higfi electrical and thermal conductivity is required between the 

Ji 
Work performed under the auspices of the U.S. Atomic Energy Commission. 

1. A . A .  Abrikosov, 3 .  Exp. Thewr. Phys. 32, 14-42 (1957); 
R.A. French, J. Lowell, and K. Mendelssohn, in Proc. 9th Intern. Conf. 
Lo.w Temperature Physics (Plenum, New York, L965), Part A .  p. 540; 
R.A.  French, J. Lowell, and K. Mendelssohn, Cryogenics 1, 83 (1967). 

2.' H.P. Furth, M.A. Levine, and R.W. Waniek, Rev. Sci. Znstr. 28, 949 (1957).  

3 .  Y.B. Kim, Phys. Today 17, No. 9 ,  21 (1964). 
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superconductor and i ts  s t a b i l i z i n g  metal. 

d e n s i t i e s  within the superconductor i t s e l f  , at t h e  same f i e l d  and temperature condi- 
t i ons .  Voluminous c o i l  windings with t h e i r  inherent  mechanical and thermal problems 
are . the ,consequence. 

This approach usual ly  l eads  t o  average cur- 
. r en t  d e n s i t i e s  within the coil-winding body, which do 'no t  exceed 10% of the current 

There appears t o  be a second in t r igu ing  p o s s i b i l i t y .  W e  have seen above t h a t  the 
bas i c  problem of s t a b i l i t y  i s  the heat of d i s s i p a t i o n  associated w i t h  t h e  discontinuous 
movement of the fluxoids.  
fore  i t  can accumulate i n t o  macroscopic normal regions.  The p r i n c i p a l  questiorf, there'- 
fore ,  i s  how t o  ex t r ac t  t h i s  heat most expediently.  It has been pointed out - f o r  
instance,  by Hancox4 - t ha t  the thermal capaci ty  of l i qu id  helium is  more than one hun- 
dred t i m e s  g rea t e r  than tha t  of NbgSn. Several. experimenters4~5 have demonstrated 
tha t  porous s intered cylinders of Nb3Sn could be s t a b l e  against  f l u x  jumping f o r  f i e l d  
changes up t o  50 kG i f  l i q u i d  helium i s  admitted f r e e l y  t o  the pores.  Within the  s in -  
tered material, Claude achieved 150 kA/cm2 current densi ty  at  50 kG i n  such a s intered 
cylinder by c i r cu la t ing  l i q u i d  helium through the material, without any f lux jumps oc- 
curring. 
c r i t i c a l  helium, but w e  believe t h a t  before one should proceed i n  t h i , s  d i r ec t ion ,  one 
should f i r s t  invest igate  the unique p o s s i b i l i t y  nature  has provided u s  f o r  t h i s  very 
problem. One should at tempt  t o  e x p l o i t . t h e  unique heat t ransport  mechanism of super- 
f l u i d  helium, which can set up heat flows of several W/cm2 over temperature gradients  
of only mill idegrees with very s m a l l  losses ,  and.possibly even no l o s s e s  at  a l l .  

S t ab i l i z ing  a superconductor means t o  remove t h i s  heat b>e- 

These resul ts  should encourage one t o  attempt s t a b i l i z a t i o n  of Nb3Sn by super- 

One has t o  separate careful ly  the above e f f e c t s  from those which are due t o  the 
increase i n  current-carrying capacity with decreasing temperature. 

We have s t a r t e d  experiments aiming a t  the observation of He I1 microstabi l izat ion 
of Nb3Sn. A s  a f i r s t  s t e p ,  we have constructed two iden t i ca l  solenoids ,  consis t ing of 
two counterwound s p i r a l s  of 100 tu rns  each. The ove r -a l l  dimensions are 2 i n .  i .d . ,  , 

34 in .  o.d., and 1-1/32 in.  ax i a l  length. The first solenoid w a s  wound with RCA-R-160322 
s i lver-plated 1200 A at 100 kG niobium-tin vapor-deposited superconductor. This ribbon 
was wound interleaved with a s t a i n l e s s - s t e e l  r ibbon of 0.001 i n .  x 0.4 in.6 
second c o i l ,  w e  removed the s i l ve r -p l a t ing  completely - by chemical means - laying bare 
the niobium t i n .  The space vacated by the silver and s t a i n l e s s - s t e e l  ribbon was f i l l e d  
by f ibe rg la s s  c lo th .  The f i r s t  c o i l  w a s  i n i t i a l l y  operated a t  4.2OK i n  boi l ing He I. 
The c o i l  could be charged up t o  about 50 kG a t  a current  densi ty  of 40 kA/cm2. 
the charging process, "flux jumps" could be observed with a magnitude of up t o  50 mV. 
I n  the second experiment, the c o i l  was again charged, but at a temperature of 1.85'K 
i n  superfluid helium. 
w a s  the  noise reduction during the charging process.7 Only small " f l u x  jumps" with an 
amplitude.of abbut 1 mV could be observed. 
t i on  below the l ' i m i t  of d e t e c t a b i l i t y  of our system,. which was about 10 &I?, during the 
charging of the second c o i l  a t  1.85OK i n  supe r f lu id  helium. 

.w i th  the second c o i l  any higher current  d e n s i t i e s  o r  f i e l d s  than wi th  the first one, 
s ince we had t o  leave the s i l v e r  on the  very ends of the superconductor ribbons i n  

In  the 

. During 

The most pronounced d i f f e r e n c e  between these two experiments 

This noise  l e v e l  experienced fur ther  reduc- 

We have not  ye t ' a t t a ined  

4 .  R. Hancox, Phys. Le t t e r s  l3, 208 (1965). 

5. M.L. Claude and M. Williams, i n  Proc. 2nd I n t e r n .  Conf. Magnet Technology, 

6. 

7 .  W.B. Sampson, M. Strongin, A.  Paskin, and G.M. Thompson, Appl. Phys. Le t t e r s  8,  

Oxford, 1967, p .  497. 

Kindly supplied t o  us by W.B. Sampson of Brookhaven National Laboratory.  

191 (1966). 
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order to solder the joints and possibly because the superfluid had access only to the 
surface of the vapor-deposited layer. 
ed from "flux jumps" propagating from these joints into the spirals, but we feel that 
the most significant observation of this experiment is the complete elimination of 
"flux jumps" propagating partially through the coil during charging operations, which 
suggests to us that we may have been successful in preventing the development of macro- 
scopic normal zones. 
interpretation is justified. 

We have evidence that the second coil was quench- 

Further investigations are in progress to clarify whether this 

The author is greaely indebted to J.J. Davids and R.J.  Diaz €or their skilled 
experimental assistance. 
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PROGRESS ON THE IMP FACILITY* 

' D.L. Coffey and, W.F. Gauster  
Oak Ridge Nat iona l  Labora tory  

Oak Ridge, Tennessee 

The conceptual  magnet des ign  of the "IMP" ( " I n j e c t i o n  i n t o  Microwave Plasma") 
f a c i l i t y  of t he  Oak Ridge Nat iona l  Labora tory  has  been b r i e f l y  descr ibed as an example 
of a nonaxisymmetrical superconduct ing magnet system i n  a paper which d i scusses  genera l  
problems i n  des igning  such systems. l  
sented.  

LR t h e  fo l lowing  a d d i t i o n a l  d e t a i l  w i l l  be pre-  

The IMP f a c i l i t y  c o n s i s t s  of t w o  mi r ro r  c o i l s  surrounded by a quadrupole magnet 
system (" lof fe  bars") as shown i n  p r i n c i p l e  i n  F ig .  1. The in s ide  diameter  of t h e  m i r -  
r o r  c o i l s  is 18 cm. The f i e l d  s t r e n g t h  i n  t h e  centers o f  t h e  mir ror  c o i l s  i s  40 kG and 
t h a t  i n  the center of t h e  e n t i r e  system is  20 kG. The quadrupole produces an add i t ion -  
a l  magnet f i e l d  such t h a t  t h e  t o t a l  f i e l d  inc reases  from t h e  minimum value  of 20 kG in  
t h e  system cen te r  t o  a t  l e a s t  26 kG when one proceeds from t h e  c e n t e r  i n  any d i r e c t i o n  
("E-minimum f i e ld" ) .  The maximum f i e l d  s t r e n g t h  i n  t h e  mi r ro r  c o i l s  i s  68 kG, t h a t  i n  
t h e  quadrupole i s  75 kG. 

Figure 2 shows t h e  midplane c r o s s  s e c t i o n  of the magnet system. The c u r r e n t  den- 
2 s i t y  i n  the quadrupole w a s  assumed t o  be 11 300 A / c m  , t h a t  i n  t h e  mir ror  c o i l s  t o  be 

10 600 A/cm2.  
quadrupole c o i l s  were supposed t o  have sadd le  shape. Applying t h e  computation methods 
descr ibed a t  another  p l a c e , l  i t  became obvious t h a t ,  f o r  a symmetrical quadrupole de- 
s ign  as shown in  Fig .  2 ,  t h e  space between I o f f e  c o i l s  (pos i t i ons .  Si t o  S4 i n  F ig .  2) 
i s  e s p e c i a l l y  important f o r  p rov id ing  ampere t u r n s ,  i.e., ampere t u r n s  at t h e s e  p laces  
of the  quadrupole are most e f f e c t i v e .  
r ibbons fo r  the  quadrupoles,  i t  would be poss ib l e  t o  f i l l  ou t  almost e n t i r e l y  t h e  
spaces S1 t o  S4 and t o  make the windings i n  saddle  shape. Such a des ign  of a NbrjSn 
quadrupole has  been descr ibed  by Sampson e t  a1.' 
e lectromagnet ic  f o r c e s  on t h e  windings a r e  s o  h igh  t h a t  v e r y  s t r o n g . s t a i n 1 e s s - s t e e l  
reinforcement would be necessary ,  and it would no t  be p o s s i b l e  t o  reach t h e  des i r ed  
average cur ren t  d e n s i t y .  

I n ' o r d e r  t o  provide  a f r e e  c y l i n d r i c a l  opening f o r  t h e  mi r ro r  coiLs, .  t h e  

When us ing  s t a i n l e s s - s f e e l - r e i n f o r c e d  NbgSn 

In t h e  case of t h e  IMP p r o j e c t ,  t h e  

Windings made of NbTi can c a r r y  c e r t a i n  hoop stresses and f o r  axisyrmnetrical mag- 
ne t  systems simple re inforcements ,  s a y ,  i n  t h e  form of s t a i n l e s s - s t e e l  bands, can be 
convenient ly  provided i f  necessary.  For nonaxisymmetrical  magnet systems, t h e  only 
p r z c t i c a l  so lu t ion  i s  t o  encase t h e  magnet windings by s t r o n g  mechanical s t r u c t u r e s .  
In order  nut t o  l o s e  prec ious  winding spaces  S1 t o  S4 by t h e  wa l l s  of t h e  support ing 
winding cases ,  it i s  p re fe rab le  t o  provide  a nonsymmetrical  design a s  shown i n  F ig .  3 .  
The computation method used f o r  volume op t imiza t ion  of quadrupole windings i s  descr ibed  
e1sewhere.l To bu i ld  such a quadrupole  wi th  saddle-shaped c o i l s  would 
and i t  was decided t o  provide t h e  s imple r  "race t rack"  shape (see Fig.  

be d i f f i c u l t ,  
1 of Ref. 1 ) .  

Research sponsored by t h e  U.S. Atomic Energy Commission operated by t h e  
Union Carbide Corporat ion.  

1. W.F. Gauster and D.L. Coffey, J .  Appl. Phys. 39, 2647 ( 1 9 6 8 ) .  

2 .  P.G. Kruger, J .K .  Snyder, and W.B. Sampson, J .  Appl. Phys. 39, 2633 (1968). 
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A disadvantage of t he  race t r a c k  shape i s  tha t  t h e  " turn  arounds" of t h e  l a r g e r  quad- 
rupo le  windings (Coils A and A '  and B and B '  i n  F ig .  3) would i n t e r f e r e  wi th  the  m i r -  
r o r  c o i l s  i f  the  quadrupole c o i l s  d id  not  have s u f f i c i e n t  a x i a l  l e n g t h .  However, t h i s  
disadvantage seemed t o  be not dec i s ive ,  and t h e  p r o j e c t  assumes tha t  che l a r g e r  quad- 
rupo le  c o i l s  a r e  s u f f i c i e n t l y  long. 

A s  discussed i n  R e f .  1, t h e  electromagnet ic  f o r c e s  a c t i n g  on the mi r ro r  and t h e  
Ioffe c o i l s  of the  IMP f a c i l i t y  are ve ry  high. Here, we w i l l  no t  d e s c r i b e  i n  d e t a i l  
the f o r c e  and stress a n a l y s i s  of the  IMF magnet system, but  w e  restrict ourse lves  t o  
making a few general  remarks about problems of t h i s  kind. 

F i r s t ,  i f  w e  assume the  use of NbTi f o r  winding t h e  c o i l s ,  w e  have t o  cons ider  
t h e  performance of compound conductors made up of t w o  d i f f e r e n t  materials w i t h  d i f f e r -  
e n t  Young's (and s t r i c t l y  speaking a l s o  Poisson!s) moduli and d i f f e r e n t  thermal expan- 
s i o n  c o e f f i c i e n t s .  A t  77OK, t h e  Young's moduli are 3 

6 

6 

= 20 x 10 p s i  

= 12.2 x 10 p s i  . 
- 
- Ecopper 
- 

E2 - %bTi 

These values  are not v e r y  d i f f e r e n t  from those at  4.2'K. 
0 4 When cool ing down from room temperature t o  4.2 K, the  c o n t r a c t i o n  is  

- - Ak - -  - 326 x = cyl x ( 4 . 2  - 300) 
a copper 

- - as 
- L  - 131 x l oe5  = a2 x (4.2 - 300) . 

'NbTi 

By applying the  well-known s t r e s s - s t r a i n  r e l a t i o n s ,  we ob ta in  a n  equ iva len t  Young's 
modulus E, and an equ iva len t  average expansion c o e f f i c i e n t  5 as fo l lows:  

E =  e (1.1 

- 
CY ea: 4 Z2 ( 1  - a) 

1 + a ( e  - 1) 
- 1  
C Y =  

Here, t h e  quant!ties a and e are the  r a t i o s  

c r o s s  sec t ion  a rea  of copper 
t o t a l  cross s e c t i o n  area a =  

and 

3 .  D.B. Montgomery, p r i v a t e  communication. 

4.  National  Bureau of Standards Nomograph 29. 
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. 
Using Eqs.  (1) and (Z), stress .and strain of the two components of a compound conductor 
(which has been prestressed at room temperature and then cooled down) can be calculated 
as if it were a uniform body. 

Unfortunately, at this time insufficient research has been done to enable one to' 
calculate reliable values of the stresses in nonaxisymmetrical coil systems, i.e., in 
coiis of nonaxisymmetrical shape or in axisymmetrical coils exposed to nonaxisymmetric- 
a1 electromagnetic forces. For instance, the mirror coils of the IMP device are axi- 
-symmetric; however, the total electromagnetic forces, considering the fields generated 
by the Ioffe coils, are not axisymmetric. At the Oak Ridge National Laboratory, approx- 
imation methods for treating cases of this kind have been worked -out and have been used 
for designing the mechanical structure of IMP. Here, we will not discuss this rather 
complicated matter, but we will present only a few related simple problems of a general 
nature. 

The first problem concerns the forces in a wire and on the spool when a coil is 
wound with stressed wire. No electromagnetic forces are considered. If the spool 
radius is r and if friction is not taken into account, the hoop stress CT and the ten- 
sion S are 

S = o A = p r  , (3)  

where A is the wire cross section and p the force exerted on the spool per unit length 
of the wire. If the wire is wound with the tension S in one layer of n turns on a 
spool with the length a, it could be expected that the pressure Dr on the spool is 

5 = -  n S  
r l r '  ( 4 )  

The assumption of no friction is, however, unrealistic. After Euler's formula, the 
forces S and So, acting on the cross sections of a rope which is wound around an angle 
cq over a spool (Fig. 4 ) ,  are correlated by 

if f is the coefficient of static friction between rope and spool surface. Practically, 
it is very difficult to estimate with sufficient accuracy the friction coefficient, f 
[which should be known very exactly since f appears in Eq.(5) in the exponent of an 
e-power 1. 

* 
The difficulty becomes worse if we try to determine the pressure or on the spool 

surface for the case of a winding with a certain number of layers instead of a single 
layer. 
distance from the point where the wire leaves the spool during the winding process. 
We will use a simple model which considers only a relatively small number of layers, 
y, stressed, however; with the full wire force S, and we write 

We assume that in the wire the tension S decreases in some way with increasing 

J; 
rav is the average radius corresponding to y layers. In this model, the pressure G 
acts'on the first of the remaining unstressed layers. The next step is to find the 
pressure on the spool. If we assume that the unstressed part of the winding reacts 
against the pressure S* like an elastic body, it can be shown that the pressure on the 
spooi surface is 

J; Jr 

r 5 s 1.54 0 . 
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J- 
D; increases with increasing total thickness of the winding; however, the limit 
1.54 O* is reached soon. 

We made experiments with a "race track" shaped coil similar to those which we 
intended to be used for the IMP quadrupole winding. The coil spool was divided in 
two parts (Fig. 5 ) ,  and a load cell was provided in order to measure the force ex- 
erted by the winding. A tension of 52 lb was used during the winding process. The 
compound conductor consisted of multistrand NbTi in a copper matrix with 0.057 x 
0.114 in. cross section. A spiral wrap of 0.080 in. X 0.005 in. "Nomex paper" has . 
been applied to the conductor for insulation. Approximately 50% of the conductor 
surface was exposed. Figure 6 shows the load cell force vs number of layers. After 
an approximately linear increase the force becomes almost constant, i.e., additional 
layers do not increase the force on the spool.. The decreases in the magnitude of 
force as indicated at several places in Fig. 6 are due to interruptions of the wind- 
ing process for making splices and repairing spots of damaged insulation. 

Other measurements of the mechanical winding performance were made with a test 
apparatus called "coil expander" which is described in Ref. 1. These tests showed 
that appreciable differences can be expected between the actual performance of the 
coil winding volume under stress and the performance of an elastic body of identical 
shape which is exposed to the same volume forces. However, the elastic body model 
for a winding is at least a very important guideline for. the stress analysis in 
coil winding. 5 

A much simpler approach for approximate stress calculations of axisymmetrical 
coils considering the electromagnetic forces due to the self-field can be achieved 
by assuming that the displacement vector ?I has one constant magnitude fo r  the entire 
coil v6lume. Furthermore, end effects have been neglected. A similar method has 
been described by Appleton, Cowhig, and Caldwell.6 We made such calculations for 
several typical cases, and we found reasonable agreement with the stricter elastic 
model computations. However, none of these methods were sufficient to the stress 
analysis of the windings and structures of the IMP quadrupole system and, as it has. 
been mentioned before, it was necessary to use additional special approximation 
methods. 

Another major effort in the design of.lMP has been toward the selection of an 
. adequate superconductor. 

NbTi in copper with current densities of about I0 000 A/cm2. 
the work of Sampson,2 we have undertaken a parallel study program to determine if a 
higher current density (- 15 000 A/cm2) Nb3Sn design would provide a more reliable 
quadrupole coil system. Since the data are not yet complete fur the Nb3Sn alterna- 
tive, the following discussion will be limited to the NbTi coil system. 

We have very carefully studied the use of multifilament 
However, encouraged by 

The central question in the design of an appropriate superconductor is that of 
the electrical stability of the conductor in tee magnet system. 
use superconductors in mirror-quadrupole systems indicated the presence of electrical 
instabilities which are more severe than in axisymmetrical magnet systems., We have 
purchased a variety of superconducting samples.from several manufacturers and sub- 
jected each sample t o  both short sample and coil tests i o  evaluate the stability of 
the various conductor designs. In general, we have found that the conductor perform- 
ance seems to depend principally upon che conductor design rather than the special 

Early attempts to . 

5. R.W. Kilb and W.F. Westendorp, General Electric Co., Report No. 67-C-440 (1967). 
6. A.D. Appleton, T.P. Cowhig, and J. Caldwell, in Proc. 2nd Intern. Conf. Magnet 

Technolopy, Oxford, 3.967, p.  5 5 3 .  
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manufacturing process. In testing the conductors, we have attempted to answer the 
following questions: 

1) What influence has the copperlsuperconductor ratio? 
2) What effect is found with smaller superconductor filaments? 
'3) Does the shape of the short sample curve, in the current 

sharing region (determined with constant field and variable 
current), relate to the performance of the conductor in a 
coil? 

4 )  What conductor configurations show flux jumps in short sam- 
ple tests (determined with constant current and variable 
field), and what effects do they have on coil performance? 

5) Is the normal state surface cooling rate (W/cm ) a reason- 
able coil design parameter? 

2 

These questions have been examined primarily through the analysis of the results 
obtained with two standardized test methods which we have developed for short sample 
and coil performance. It has not been possible to find final answers to the questions 
listed, but the results of our tests show some influence of these effects and serve as 
a guide in selecting conductor. 

The basic conductor shown in Fig. 7 was selected for our study, It is rectangular 
rather than square or round t o  facilitate good winding and to withstand most effective- 
ly the high electromagnetic forces in mirror quadrupole systems. The figure indicates 
15 superconducting filaments; actually, our test samples contained as  many as 252 fila- 
ments in this size conductor. Insulation is provided by a 50% coverage of Dupont Nomex 
paper 0.005 in. thick x 0.080 in. wide. The Nomex paper was selected after compressive 
displacement tests showed that under electromagnetic forces it allows less motion of 
the magnet windings than Mylar. However, the Nomex paper has a much'lower shear 
strength than Mylar which must be provided for by the coil construction. The compres- 
sive displacement test also establishes the maximum winding section dimension which 
can be used without the danger that certain conductor loops become dislocated into void 
winding spaces resulting from electromagnetic forces. 

The standard short sample test developed at ORNL uses the sample holder shown in 
Fig. 8 .  With this apparatus the conductor is suspended in free flowing liquid helium 
and is subjected only to hoop stresses due to the sample current and applied'field. 
The test employs a very low impedance power suppJy so complete test cycles can be safe- 
ly performed. The critical current, the region of current sharing, the normal state 
transition, and the recovery to the superconducting state can be measured. Our facil- 
ity allows the test to be run in fields up to 75 kG and at sample currents up to 
3000 A .  

The standard coil test utilizes approximately 1000 ft of conductor wound into two 
identical coils which are operated in series-cusp mode as shown in Fig. 9 .  They are 
tested with a horizontal axis in the vertical field of a large 6 MW copper magnet which 
produces a homogeneous background field of up to 60 kG. A s  indicated, the peak forces 
are axially outward at the bottom of the coil, and axially inward at the top. The max- 
imum field is found in the winding section near the midplane. The cusp coil test has 
been selected as that which best reproduces the extreme forces and field gradients of 
the mirror-quadrupole system. It also allows measurements over a wide range of magnet- 
ic fields and in a thermal environment which closely simulates that of ,the final IMP 
coils. Figure 10 shows an actual cusp coil after testing. Note the heavy series 310 
stainless-steel structure required to restrain the forces generated by the cusp coil. 
Preliminary tests showed that perforated interlayer insulation sheet did not influence 

- 933 - 



the c r i t i c a l  current o r  the charge rate sensitivity and therefore  a l l  tests w e r e  con- 
ducted with t h i s  add i t iona l  i n s u l a t i o n  t o  avoid i n t e r l a y e r  shear. 

The results of these s h o r t  sample and cusp c o i l  tests are shown i n  Fig. 11. The 
data  shown include the  manufacturer of the conductor and the number of fi laments (e.g., 
Supercon 18) ,  the average f i lament  diameter,  the copper-to-superconductor r a t i o ,  test 
c o i l  performance, and short  sample performance. 

Those par ts  of Fig. 11 which show test c o i l  performance include the  short  sample 
IC@) f o r  comparison (marked SS). AS indicated by t h e  p a r a l l e l  load lines, an external-  
l y  applied background magnetic f i e l d  of 0-60 kG is  used t o  study t h e  performance of the 
co i l  over a wide range of f i e l d s .  C r i t i c a l  cu r ren t s  vary with the ra te  of current  r i s e ,  
d I fd t , .  i n  the t e s t  c o i l  (e.g. ,  t h e  Supercon 1 8  c o i l  reached IC values  from 550.A t o  
680 A, over the maximum f i e l d  range 1 7  t o  80 kG, when charged at  0.2 A/sec). A t  high 
charging r a t e s  (10 A/sec) the c r i t i c a l  current  w a s  found t o  be r e l a t i v e l y  i n s e n s i t i v e  
t o  the magnetic f i e l d .  

Short sample tests of t he  conductors used i n  t h e  c o i l s  a r e  a l s o  shown i n  Fig.  11. 
In  these tests, with a fixed background f i e l d  of 0-75 kG, the  sample current  w a s  in- 
creased beyond I, i n t o  the cu r ren t  shar ing region and then past  the take-off cu r ren t  so  
tha t  e s sen t i a l ly  a l l  current  w a s  c a r r i e d  by the  copper. Then, lowering the cu r ren t ,  a 
copper res is tance curve (marked 70, 60 and 50 kG) w a s  determined. F ina l ly ,  the recovery 
current w a s  established as  the remperature became low enough tha t  t h e  current  returned 
t o  the superconductor. 

The results of t he  short  sample and c o i l  tests lead t o  some t e n t a t i v e  answers to  
the f i v e  conductor design quest ions which were l i s t e d  above. 

What influence has t h e  copper/superconductor r a t i o ?  

Generally t h e  samples w i th  g r e a t e r  proportions of copper w e r e  more s t ab le .  
However, exceptions are noted f o r  those conductors with smaller filament 
diameters. 

What e f f ec t  i s  found w i t h  smaller superconductor filaments? 

The c o i l  with the sma l l e s t  filament- diameter (0.0030 in.) w a s  found t o  
be the most s t a b l e  of those t e s t e d . .  It w a s  poss ib l e  t o  charge it a t  a 
r a t e  of 1 A/sec (34  G f s e c ,  maximum) t o  values  very near s h o r t  sample. 
With zero applied f i e l d ,  c r i t i c a l  cu r ren t s  w i th in  10% of s h o r t  sample 
w e r e  measured a t  charging rates up t o  10 A f s e c .  These r e s u l t s  are in  
contrast  t o  those obtained with the other  test c o i l s  at  zero applied 
f i e l d ,  a11 of which measured f a r  below the s h o r t  sample curve with f a s t  
charging rates. A t  slower charging rates, only the two cusp c o i l s  with 
conductors containing 0.0030 and O . O l l 1  i n .  f i laments  reached shor t  sam- 
p l e  performance over t h e  f u l l  range of applied f i e l d s .  The reason f o r  
the unusuaPly good performance of the Supercon 15 c o i l  i s  n o t  clear, 
since a very s i m i l a r  Supercon 18 c o i l  performed very d i f f e r e n t l y .  

Does the shape of t he  s h o r t  sample curve, i n  the current shar ing region 
(determined with constant f i e l d  and va r i ab le  cu r ren t ) ,  relate t o  the 
performance of the conductor i n  2 c o i l ?  

There seems t o  be a d e f i n i t e  c o r r e l a t i o n  on t h i s  point. Those conduc- 
t o r s  which exhibited smooth t r a n s i t i o n s  i n t o  the current shar ing region 
a l s o  behaved w e l l  i n  cusp c o i l  t e s t s .  It is  ve ry  l i k e l y  t h a t  a smooth 
t r ans i t i on  i s  necessary t o  allow continuous and steady d i s s ipa t ion  of 
the trapped cu r ren t s  which a r e  generated between fi laments w i th in  2 

conductor by the increasing magnetic f i e l d .  I f  the t r a n s i t i o n  i s  not  

’ 
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smooth and revexsible,  the energy associated with the  trapped cu r ren t  
can be momentarily released causing T. > Tc and the- i n i t i a t i o n  of nor- 
m a l  state propagation. Below the m i n i m u m  propagation cu r ren t  (approx- 
imately given by the 10 A/sec performance l i n e ) ,  temperature excur- 
s ions above Tc a r e  of l i t t l e  consequence s ince they do not i n i t i a t e  
propagation. 

4 )  What conductor configurations show,flux jumps i n  short  sample  tests 
(determined with constant current and var iable  f i e l d ) ,  and what e f -  
f e c t s  do they have on c o i l  performance? 

Short sample tests with fixed current and swept f i e l d  operat ion show 
l a rge  f l u x  jumps a t  low f i e l d s  (5-10 kG) followed by a series of small- 
er f l u x  jumps i n  the  f i e l d  range 10-45 kG i n  the Supercon 18, Cryomag 37 
and Airco 85 conductors. .The Supercon 15 conductor did not  e x h i b i t  the 
l a rge  f l u x  jumps a t  low f i e l d s  but had the smaller f l u x  jumps a t  higher 
f i e l d s .  The Avco 252 sample d i d  not show any f lux  jumps, suggesting 
t h a t  the filament diameter 0.0030 i n .  i s  s u f f i c i e n t l y  s m a l l  t o  be s t a b l e  
i n  the manner suggested by a number of authors.7 
showed l a rge  low f i e l d  f l u x  jumps performed poorly i n  c o i l s .  The s m a l l -  
er f lux  jumps a t  higher f i e l d s  seem t o  have no detectable  inf luence on 
c o i l  performance. 

' 5 )  Is the normal state surface cooling r a t e  (W/cm ) a reasonable c o i l  de -  
s ign parameter? 

I n  our c o i l  tests normal s t a t e  t r ans i t i ons  have been recorded over a 
range of currents-which would correspond t o  0.6 t o  1 2  W/cm2 su r f ace  
d i s s i p a t i o n  i f  the current were completely i n  t h e  copper. 
l y  s t ab i l i zed  c o i l s ,  i.e., beyond 0.2 t o  0.4 W/cm2, the surface cool- 
ing rate does not s e e m  t o  be a sensible design parameter. 

Those samples  which 

2 

In p a r t i a l -  

The test cusp c o i l s  have been operated up t o  short  sample performance of 20 000 
A/cm2 at 60 kG. 
sample tests. In  addi t ion,  using the information from these tests,  w e  have wound and 
t e s t e d  two 7 i n .  bore, 1 H mirror c o i l s  (Fig. 12) which employ 6000 f t  of  Supercon 15 
conductor each. The performance of the mirror c o i l s  w a s  predictable  by the cusp c o i l  
tests. Each mirror  c o i l  reached short  sample performance at  67 kG, 600 A ( lo4 A/cm2) 
with 0.2 A/sec charging r a t e .  
graded i n  quan t i t a t ive  agreement with cusp c o i l  tests. 

They have yielded complementary da t a  t o  a i d  i n  t h e  evaluat ion of short  

With f a s t e r  charging r a t e s  the c r i t i c a l  current  w a s  de-  

Figure 13 shows the e n t i r e  IMP f a c i l i t y .  The two mirror c o i l s  w i l l  be i n s t a l l e d  
i n  the  f a l l  of 1968. It i s  expected tha t  t he  complete magnet system (including the 
four quadrupole c o i l s  which surround the mirror c o i l s )  w i l l  be operat ional  i n  1969. 

7 .  P.F. Chester, i n  Reports on Progress i n  Physics (The I n s t i t u t e  of Physics and the 
Physical Society, London, 1967), Vo l .  30, Part 11, p .  561. 
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Fig. 1. Schematic of a E-minimum magnet system 

Fig. 2 .  Conceptual des ign of the IMP magnet: system with wedge-shaped 
saddle coils forming syrmnetrical quadrupoles. 
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Fig.  3. 

I 

Nonsymmetrical magnet system f o r  IMP. 

f 

Fig .  4 .  Forces i n  a rope wound around a s p o o l .  
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Fig. 5. Race track c o i l  winding experiment. 
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F i g .  6 .  Results of  race track coil. winding experiment. 
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Fig.  9. Large cusp test c o i l .  

Fig. 10. Completed cusp t e s t  c o i l .  
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STANDARDIZED TESTS FOR SUPEXCONDUCTING MATERIALS* 

W.F. Gauster 
Oak Ridge National Laboratory? 

Oak Ridge, Tennessee 

It has become necessary to define more clearly the properties of commercial wind 
ing materials for superconducting magnet coils and to standardize appropriate test 
methods. Basic physical constants (e.g., critical temperature of the superconductor, 
or the resistance of the substrate of a compound conductor)-are important data which 
can be determined by means of well-known experimental procedures. However, they are 
not sufficient to describe fully all of the relevant properties of commercial super- 
conductive materials. More complex performance data are of interest which call for 
special test methods. 

First of all, I shall discuss the concepts of the critical current Icy the take- 
off current It, and the recovery current I,. The dependence of these three quant.ities 
on the external field H should be determined by short sample tests in unrestricted 
liquid helium flow. Furthermore, the current source should have such a characteristic 
that complete test cycles involving IC, It, and 1, can be.run without damaging the 
sample.' 
ble for describing fully the stability performance of short samples, because different 
forms of the flux flow characteristics can be observed. "Stability Case A" means a 
smooth transition from resistanceless superconducting state to a stable flux flow state 
which is. terminated by "take-off" to the normal state. "Stability Case B" designates 
discontinuous transition from the resistanceless state to a stable flux flow state, and 
finally, "Stability Case 6" stands for abrupt transition from superconducting to normal 
state without attaining a stable flux flow state.2 

Besides these three numerical values, complete flux flow diagrams are desira- 

In addition to these tests with noninductive short samples, tests with inductive 
samples (conductor lengths from a few hundred to a thousand feet) are of interest. At 
ORNL such a special test, called "Cusp Coil Test," has been de~eloped.~ The supercon- 
ducting material is wound in a split coil with horizontal axis. IR the two halves the 
current flows in opposite directions so that- a "cusp field" is produced. This split. 
coil is exposed to a vertical external field of up to 60 kG which is generated by a 
"conventional" magnet coil with an inside diameter of 32 cm. Critical currents of the 
test cusp coil are most conveniently measured by raising the cusp coil current with 
constant external field. The windings of the cusp coil are exposed to a nonaxisymmet- 
rical field which results from the superposition of the external and the self fields. 
Thus, the magnitude of the resulting field in the various volume elements of the wind- ' 

ings varies between the sum and difference of self and external fields. The cusp coil 
characteristics deviate appreciably from the short sample characteristics of the same 
winding materials. Furthermore, significant influence of the rate of rise of the ex- 
ternal field can be observed. The cusp coil test, which can be done with a not too 

¶k 
Work sponsored by the U . S .  Atomic Energy Cornisston and NASA. 

'Operated by the. Union Carbide Corporation. 
1. W.F. Gauster and J.B. Hendricks, J. Appl. Phys. 39, 2572 (1968). 

2. W.F. Gauster and J .B '  Heridricks, in Proc. Intermag Conf. 1968 (to be published). 
3 .  W.F. Gauster and D.L. Coffey, J. Appl. Phys. 39, 2647 (1968). 
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large quantity of superconducting winding material, seems at present to be the most 
realistic test for the material performance in the actual magnet coil. However, the 
cusp coil test needs a coil of large working diameter for providing the external 
field, and this restricts this test method to larger laboratories. 

After this discussion of test procedures,, we arrive at the following conclusiork: 
,In the interest of both manufacturers and users, it is highly desirable to work out 
clear concepts and definitions concerning the performance of winding materials of super- 
conducting magnet coils. In order to achieve well reproducible test data, standardized 
test methods should be used. There have been undisputed benefits o f  the various stand- 
ardized test procedures now generally employed in almost all fields of engineering. I 
would suggest the formation of a working group (most fittingly in the frame of the IEEE) 
with the gpal of working out clear definitions of the nomenclature used in,connection 
with the performance of commercial superconducting winding materials and to standardize 
methods for determining the relevant numerical test data. 
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SUPERCONDUCTING MAGNETS FOR THE 

200 GEV ACCELERATOR MPERIMENTAL AREAS* 

R.B. Meuser 
Lawrence Radiation Laboratory 

Berkeley, California 

INTRODUCTION 

'The experimental areas of the 200 GeV accelerator provide an opportunity to real- 
ize a really large payoff from the use of superconducting magnets. 
reduced because of the virtual elimination of the electric power and the systems neces- 
sary for delivering and dissipating that power. Further savings, and perhaps better 
physics, may result from the shortening of beam lines made possible by the higher mag- 
netic fields. 

Costs might be 

A major part of the cost of an experimental area is associated with the dc magnets 
used for transporting secondary particle beams, and it is these magnets which are under 
consideration in this paper. If it is decided to make them superconducting, that de- 
cision must be made before large sums of money are committed for furnishing the elec- 
trical and cooling systems and other features of the experimental areas associated with 
conventional magnets. For the first of the three experimental areas planned, the de- 
cision must be reached by the fall of 1969. An early decision will furnish an impetus 
to the development of magnets suitable for that application. 

The multitude of problems associated with superconducting magnets can be divided 
into two groups. The "priority program" comprises those items necessary for reaching 
a decision at an early date on whether to adopt conventional or superconducting mag- 
nets. The "nonpriority program" comprises the remaining items aimed at deriving the 
maximum benefit from.superconducting magnets by continued improvement of the technol- 
ogy - 

The priority program must include not-merely magnets but also the entire sys- 
tem associated with large numbers of magnets, and interaction between that system 
and the performance of physics experiments. 

To be acceptable, the superconducting magnet system must be economical. But, the 
economics will probably be rather different from a sysgem of conventional magnets. At 
present it seems that the total capital cost of the superconducting magnet system w I1 
be higher than a system of conventional magnets. If initial equipment money is lim t- 
ed, this may mean that the superconducting system must be acquired at a slower rate 
But a strong argument could be made for enhanced equipment funds to be traded off  
against lowered operating costs. 

To be acceptable, superconducting magnets must be predictable, realiable, and 
easy to operate. If each of the 20 to 40 magnets on a beam had the characteristics 
of a temperamental laboratory device the physicists would find it intolerable. The 
optical properties must be at least as good as conventional magnets, and this requires 
careful design, precise conductor placement, and freedom from hysteresis effects. 
Short focal lengths and large acceptance angles may cause additional problems. 

* 
Work performed under the auspices of the U.S. Atomic Energy Comdssion. 
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* 
Work performed under the auspices of the U.S. Atomic Energy Comdssion. 
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Various conductor materials and forms and various winding configurations and 
methods should be investigated with emphasis on those which lend themselves to pro- 
ducing lots of, say, ten to twenty magnets. Cryostats must be designed to be com- 
patible with magnetic shielding, to hold the windings and shields rigidly, and to 
minimize dead space at the ends. It is not clear that one has gained anything if 
to double'the field available with conventional magnets one must use a cryostat 
having a length twice the effective length of the winding. 

Cutting across all facets of the problem, and highest on the priority program, 
is the construction and operation of a beam line having as many beam transport ele- 
ments as practicable. In addition to demonstrating feasibility of a system and pro- 
viding both the opportunity and the necessity for solving some of the known problems 
it might provide answers to questions we do not yet. know how to ask. 

MAGNET REOUIRFMENTS 

As a part of a study of the refrigeration requirements a model of the experi- 
mental areas was developed, using as a basis the NAZ. Design Report, the various 

In order to determine the numbers of the various kinds of magnets req'uired it was 
assumed that the bending and focusing power required for the various beams was 
supplied by modular superconducting magnets having the following characteristics: 

studies on experimental use, and discussions with various LRL and NAL personnel. 1 

Bending magnets: 35 to 40 kG in aperture 
Quadrupoles : 30 to 35 kG at edge of aperture 
Effective length: 1.75 m 

These assumptions lead to a requirement for 254 magnets which may be grouped 
as follows: 

Type : 
Quadrupoles 
Dipoles 

7 7% 
2 3% 

Radiation shielding: 
Probably required 5 3% 
Probably not required 34% 
Possibly required 13% 

High fields useful 3 9% 
High fields not useful 6 1% 

High fields useful €or shortening beams: 

(rf separated and 
neu t r ino beams) 

Sizes: 
Most quadrupoles have 4 in. diameter apertures 
A few 8 in. and 12 in. 
Most bending magnets require aperture widths of 8 in. 

Required for most magnets 
Magnetic shi.elding: 

1. M.A. Green, G.P. Coombs, and J.L. Perry, 500 Incorporated Report ( 1 9 6 8 ) .  
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Excluded from the list are a number of large spectromet.er magnets, and the 
bubble chamber magnets'. Also excluded are the hyperon beam magnets packed within 
the shielding near the targets. 

For the latter the high fields attainable with superconducting magnets will 
probably result in shorter beam lines, and greater admittance solid angles. The 
shorter beam lines will result in greater particle fluxes and savings in shielding 
and real estate. The use of superconducting magnets for these applications has not 
been investigated in detail, and we are not yet in a position to List quantities, 
sizes, and kinds. 

MAGNET DESIGN AND THE CURRENT DENSITY GAME 

Most magnets will require magnetic shielding to minimize interaction between 
beam lines. The use of iron shielding enhances the field of a bending magnet by 
5 to 10 kG and of a quadrupole by 2 to 5 kG. Iron shie1din.g is the subject of, a. 
recent LRL study,2 and Beth 'of Brookhaven has investigated' the use of counterwind- 
ings to cancel the stray field.3 
made more compact than iron-shielded magnets, but tHe total amount of superconduc- 
tor required is much greater. Nevertheless, they may find applicdtion where space 
is dear - close to targets, for example. Even a low-field iron-shielded supercon- 
ducting magnet can be made more compact than the equivalent conventional magnet 
(unless one is willing to expend astronomical quantitie?, of ele.ctric power on the 
latter). 

Magnets with counterwindings can sometimes be 

Figures 1 and 2.illustrate the effect of current density, size, and field 
strength upon ampere-turn requirements for iron-shielded dipoles and quadrupoles, 
respectively. The ordinate is normalized t o  the current required for a thin wind- 
ing having infinite current density. The necessity for high current densities for 
small high-field magnets, particularly quadrupoles, is apparent; 

2 Current densities of more than 15 kA/cm at fields of more than 60 kG have 
been obtained with NbTi in solenoids of the size of the beam transport magnets 
under consideration. In fact, however, no beam transport elements using NbTi have 
been completed. It is probable that twice the current density can be obtained by 
using fine-filament conductors, but it remains to be proved. Current densities of 
40 to 60 kA/cm2 at around 50 kG have been obtained in Nb3Sn quadrupoles, somewhat 
too small for use at the 200 GeV accelerator, by Sampson and Britton at Brookhaven, 
and by others (G.E., British Oxygen) using substantially the Brookhaven configura- 
tion. 
200 GeV accelerator, but a small one at Brookhaven is well along. 

No bending magnets using Nb3Sn have been built of a size useful for the 

If we adopt as a working hypothesis that Nb3Sn costs twice as much as NbTi 
2 per ampere foot and that current densities of 15 and 40 kA/cm are applicable to 

NbTi and Nb3Sn, respectively, we find, using Figs. 1 and 2,  the following cross- 
over points. 

. .  

2. R.B. Meuser, Lawrence Radiation Laboratory Report UCRL-18318 (1968). 
3 .  R.A. Beth, Brookhaven National Laboratory, Accelerator Departmeat Reports 

AADD-103 and AADD-ilU (1966). 
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Inside radius of winding (in.) 

Field strength 

40 kG 
55 kG 

Bending 
magnets 

< 1  

c 1  

Quadrupole 
magnets 

1.9 

2 . 5  

On this basis, Nb3Sn wins the game for the.smaller sizes .and higher fields. How- 
ever, many of the magnets foT the 200 GeV accelerator application are larger than that 
for crossover at 55 kG, and for most of the magnets it is doubtful if there is any 
technical or economic reason to demand fields even as high as 55 kG. For many applica- 
tions, however, the field strength, and therefore,the current density, should be pushed 
as high as the state of the art will permit. 

Clearly such numbers games as this are subject to many factors which cannot be 
accurately evaluated at present. We do not know how accurately present prices reflect 
actual production costs, or how the costs'and production technology will be affected 
by time, quantity, or subsidization. Manufacturers are popping into and out of the 
field at frequent intervals, and prices sometimes vary by a factor of two between suc- 
cessive orders placed a few monrhs apart. The cost of the conductor does not tell the 
whole story; it appears to this author that the costs of constructing a large number 
of Sampson-type Nb3Sn magnets would be substantially less than for any of the magnets 
using NbTi now under construction, but if any of several alternative ways of building 
NbTi magnets worked out satisfactorily the picture could be reversed. It appears, 
therefore, that both Nb3Sn and.NbTi beam transport magnets should be pursued, and that 
in the end there will probably be some applications €or which one is superior to the 
other. 

THE LRL PROGRAM 

Refrigeration 

In the Ea11 of 1966 the National Bureau of Standards undertook €or us a study of 
the refrigeration  problem^.^ 
systems for supplying refrigeration were investigated. 

The practicability and relative costs of a number of 

.In'ehe fall of 1967, 500 Incorporated, a subsidiary of Arthur D. Little, Inc., 

A summary was 
was induced to undertake, at their own expense, a further study of the refrigeration 
system, and the results of that study have been recently published.' 
presented at this Summer Study by M.A. 

It is convenient to treat the cryostat design and the refrigeration systems as 
separate problems, but in fact they interact quite strongly. For some systems the 
cost of the refrigeration system is insensitive to the heat load of the magnet crya- 
stat, whereas other systems - for example, where many magnets are serviced from one 

4 .  T.R. Strobridge, D.B.  Mann, and D.B. Chelton, National Bureau of Standards, 

5. M.A. Green, these Proceedings, p .  293. 

Boulder, Colorado, NBS Report 9259 (1966). 
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refrigerator or storage Dewar - are qu.ite sensitive to the heat load of the cryostat. 
Although large transfer-line systems for liquid hydrogen are now commonplace, no such 
systems. for hel.ium have been -built, and hence there has been little incentive to devel- 
op cheap and efficient ones. It would seem that a modest effort might result in such 
systems’ becoming a reality, and this might change the complexion of the refrigeration 
system economics and the cryostat design. 

Over-all Systems Studied 

’ A preliminary study of the relative costs of conventional and superconducting 
magnets was presented at the Particle Accelerator Conference in March 1967.6 The NBS 
study of the refrigeration problems, plus feedback from the industry, was used as the 
basis for estimating the cost of the .refrigeration. 

Over the next year we intend to continue developing a coherent picture of the 
superconducting magnet system. 
portant t o  the development of that picture. 

Magnets and Beam Lines 

Operation of a superconducting be& line will be im- 

. .  

Early in 1967 we decided to attempt to build a beam transport magnet and install 
it on the beam line of an actual physics experiment as quickly as possible. There 
came to our attention the need for a solenoid capable of producing a JB,dz of 140 kG*ft 
for an experiment at: the 184-inch Cyclotron. The axis was to be horizontal and a 4 in. 
diameter clear w a r m  bore was required. 
us experience in all the aspects of the problems of a beam transport element except 
that the winding configuration would.be different. It was agreed that we should build 
it, and design started inmid-year. The magnet has since been completed and is instal- 
led and operating. Its characteristics are, briefly, as follows7: 

The construction of such a magnet would give 

Conductor: Nb48”/,Ti, round wire, 0.015 In. diam core, 
0.030 in. diam copper sheath. 
Clear inside diam of warm bore 4.25 in. 
Winding length 35.75 in. 
Maximum field on axis 65.5 kG 
Stored energy 200 kJ 
Current density based on coil envelope 16.6 kA/cm2 

We started early in 1968 on a bending magnet model using 0.080 in. square &Ti 
conductor that was on hand. 
race-track shaped, and then bend them over a cylinder. No potting or adhesive is used. 
Nine such double layers assembled on each side of a cyiinder comprise the winding. A 
nonsuperconducting mock-up has been built to work out the fabrication techniques, and 
the winding of the superconductor has started. The winding has a 5 in. inside diam- 
eter, an over-all length of 15 i2. A solenoid using the same conductor has operated 
at a current density of 14 kA/cm . With that current density the bending magnet model 
should produce a fieid o f  30 kG without an iron return path. This is too small a mag- 
net to be useful on a beam line, but it i s  intended to serve a s  a model for future 
magnets of a more useful size. 

The procedure adopted was to wind flat: double pancakes, 

6. R.B. Meuser, SESE Trans. Nucl. Sei. NS-14, No. 3, 372 (1967). 

7.  R.B. Meuser, W . H .  Chamberlain, and R.E. Hintz, Lawrence Radiation Laboratory 
Report UCRL-1817? (1968).  (To. be published in Proc. ,2nd Intern. Cryogenic 

. Engineering Conference, Brighton, England, 1968.) 



It is planned that a 6 in. aperture bending magnet be built by early 1969, to be 
A re- followed by additional elements, and installed on a beam line at the Bevatron. 

frigerator .for cooling these magnets has been purchased. 

Fast and inexpensive winding techniques are made possible by the use of random- 
wound round wire. Complicated windings for motor and generator armatures and field 
coils and television deflection yokes, which are actually small bending magnets, can 
be wound in seconds. The space factor is poor - 50 to 70% - but by using small cores 
and a minimum of copper the over-all current density may still be acceptable. A small 
effort - one summer student - is being expended toward the utilization of this tech’ 
nique. 
been promising, and somewhat better tooling is now being built. 

Preliminary tests using inexpensive plaster and plastic winding forms have 

Methods of winding round wire in a more orderly fashion are being contemplated by 
LA!% and the British Oxygen Go. We have given some thought to the matter but have not 
yet devised a scheme that we feel will be satisfactory. 

Pulsed Magnet Operation 

To help gain an understanding of the effects produced during the turn-on of a 
superconducting magnet, some experimental work has been done with pulsed operation of 
solenoids. This was reported on at this Summer Study by Voelker8 and Gilbert .’ 

8. F. Voelker, these Proceedings, p. 550. 

9 .  W.S. Gilbert, these Proceedings, p. 1007. 
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Field in aperture( kG) 

lnside radius of winding (inches) 

Fig .  1. Ampere t u r n s  r equ i r ed ;  bending magnets. 

lnside radius of winding(inches) 

Fig .  2 .  Ampere turns r equ i r ed ;  quadrupole magnets, 
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CONSTRUCTION OF A SUPERCONDUCTING TEST COIL 
COOLED BY H ~ I U M  FORCED CIRCULATION* 

M. Morpurgo 
CERN 

Geneva, Switzerland 

I. GENERAL 

Superconducting coils are normally operated immersed in a liquid-helium bath. 
Alternatively, it seems possible' to wind the coils with a hollow conductor and to cool 
them with a forced circulation of helium. 

We think that this method of cooling will show the following advantages: 

Each point of the conductor will be correctly cooled, and 
thus a good coil stability will be guaranteed. 

The absence of flow channels and of empty spaces between 
conductors will allow an improved mechanical design and 
construction of the coil. For the same reason, a better 
electrical coil insulation will be possible. 

The cryostat construction will be simplified. 
the cryostat will reduce t o  a vacuum tank and, if neces- 
sary, a cold shield. 

The amount of helium contained in the hollow conductor 
will, in general, be smaller than the corresponding amount 
of helium required to fill the cryostat of a conventional 
superconducting coil. 

In 'fact, 

We think that these advantages will be particularly evident for coils of large 
dimensions. In the case of small coils, they might be counterbalanced by the diffi- 
culty of having (with forced cooling) at the same time a relatively small feeding 
current and a high over-all current density in the coil cross section. Large values 
of feeding current will cause power losses in the input leads which would normally 
be unacceptable f o r  small coils. 

For the purpose of studying experimentally the technical problems related t o  
forced cooling of superconducting coils, we have constructed an apparatus to ciiculate 
the helium, and a test coil. 

Details. of this work are reported in the following sections. 

11. FORCED CIRCULATION SYSTEM 

Liquid helium at normal pressure is a poor cooling medium in the case of forced 
circulation. The small helium latent heat of evaporation permits easy formation o i  
vapor and liquid mixture. 

J; 
Reprinted from NP Division Report CERN 68-17 (1968). 
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It has been demonstratedi t h a t ,  on the contrary,  s u p e r c r i t i c a l  helium a t  4.2OK 
and a t  a pressure above the c r i t i c a l  p r e s s u r e  of 2.26 atm i s  an excel lent  cooling 
medium. A s  a matter of f a c t ,  i n  t hese  conditions,  only one phase can e x i s t ,  and hence 
the inconveniences o r ig ina t ing  from the mixture of l iquid and vapor a re  eliminated. 

W e  have constructed a system t o  c i r c u l a t e  s u p e r c r i t i c a l  helium, very s imilar  t o  
the one described i n  Ref. 1. It should be noted t h a t ,  while t h i s  system i s  excel lent  
f o r  t e s t i n g  purposes, i t  i s  somewhat doubtful whether i t  would a l s o  be convenient f o r  
cooling an operat ional  c o i l .  In t h i s  case, unless  the c o i l  is very small, i t  w i l l  
probably be preferable  t o  bu i ld  the c i r c u l a t i n g  system a s  an i n t e g r a l  par t  of the 
helium l i q u e f i e r .  

The forced cooling system and the  pr inciple  of operation a r e  i l l u s t r a t e d  i n  
Fig.  1. The vessel ( 6 )  i s  f i l l e d  with l i q u i d  helium. H e l i u m  gas is  introduced 
through t h e  l i n e  (7)  and the valve (8) to  the closed loop (l), (2), ( 3 ) ,  and (4) .  
The helium i s  c i r cu la t ed  i n  the  closed loop by the pump ( 3 ) .  The helium is brought 
t o  a temperature of 4.Z°K i n  the f i r s t  heat exchanger ( l ) ,  and subsequently cools . 
down the  coil ( 4 ) .  The second heat  exchanger (2) of the c i r c u i t  is  used t o  recuper- 
ate,  p a r t l y ,  the enthalpy of the helium vapors wh.ich a re  exhausted rerough (5).  The 
helium i n  the closed loop is  maintained a t  high pressure, while t h e  pump ( 3 )  has only 
t o  produce the  small. pressure drop required f o r  c i r cu la t ion .  A t  t h e  beginning of the 
operation, be fa re  equilibrium condi t ions a re  reached, helium must be introduced con- 
t inuously i n t o  the closed loop through ( 7 )  and (8).  When equilibrium i s  reached, 
the valve (8) can be closed. 

Figures 2 and 3 give cons t ruc t ion  d e t a i l s  and a general view of the forced cool- 
ing system. 

The pump (3 ) ,  which is i l l u s t r a t e d  i n  Fig. 4 ,  i s  a double ac t ion  pis ton pump. 
The p i s ton  has a p las t ic  gasket .  
ensured by t h e  f i n e  machining of t he  surfaces.  The pump i s  motor-driven through a 

5 and 200 tu rns  per minute. The max imum speed corresponds t o  a nominal helium flow 
of approximately 420 l i t e r s l h o u r .  

The valves have no gaskets,  but good t ightness  is  

* long t h i n  rod and crank mechanism, and can be operated a t  a speed varying between 

III. HOLLOW CONDUCTOR AND TEST C O a  

The compound conductor used t o  wind t h e  test c o i l  is an aluminum pipe  i n  the wall  
of which six,  0.25 mm, superconducting wires $re embedded. The conductor cross sect ion 
i s  shown i n  Fig. 5.  The reason f o r  t h i s  geometry of the conductor cross sect ion i s  , 
t ha t ,  with a l l  t he  superconducting wires being on one neu t r a l  axis ,  the conductor can 
be e a s i l y  bent t o  a small r ad ius  i n  one plane. In f a c t ,  a bending radius of l e s s ' t han  
1 cm is possible  without damaging the  wires, which a r e  of Supercon heat- t reated copper- 
plated NbZr a l loy .  The aluminum pipe is  of hggh pur i ty  ( b e t t e r  than 0.9999) metal. 

The aluminum r e s i s t i v i t y ,  measured on a heavi ly  cold worked sample a t  4.2'K i n  a 
t ransverse magnetic f i e l d  of 40 kG, i s  approximately 1.4 x I O m 8  da-cm. 

The conductor has  been produced, by an extrusion process, by the firm "Atelier 
Glectromrkanique de Gascogne - R. Creuzet," Marmande, France. 

(each 'having 36 turns)  e l e c t r i c a l l y  connected i n  series. Approximately 300 m of con- 
ductor w e r e  used t o  wind the  c o i l .  For cooling, the 1 6  pancakes are fed i n  p a r a l l e l  

The test c o i l  wound 
. with t h i s  conductor i s  shown i n  Figs .  6 and 7 .  It cons i s t s  of 16 double pancakes 

~ 

1. H.H. Kolrn, i n  Proc. Intern.  Symposium Magnet Technology, Stanford 1965, p. 611. 
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. 
by a common manifold to which they are connected through special insblating joints. 
The coil has been operated at a pressure between 3 and 4 atm and at a pumping speed 
of 
The coil temperature was measured by means of carbon resistors immersed in the helium 
flow at the coil input and output. The temperature was 4.7'K. IR these conditions 
the current in the coil could be raised up to == 900 A corresponding to a field in the 
center of = 28 kG without detecting any dc voltage at the coil terminals.' During the 
current rise time (" 2 min from 0 to 900 A} the usual flux jumps could be observed. 

" The maxinium value of current was in very good agreement with the value which could be 
predicted by knowing the short sample characteristic curve of the superconducting wire 

80 turnslmin. The pressure drop in the coil was approximately 0.1-0.15 atm. 

When the current was raised slightly above 900 A,  a dc voltage could be detected 
at the coil terminals. 
coil temperature slowly and steadily increased with time. The .coil temperature rise 
was shown by a pressure variation in the circulating helium. 

If the current was kept constant, this voltage'and the average 

To re-establish the equilibrium conditions it was sufficient to reduce the cur- , 
rent t o  1- 600 A .  The coil current could a l so  be cut rapidly without any imconvenience. 
IR this case the largest fraction of the magnetic energy stored in the coil (approx- 
imately 10 000 J at 28 kG) was discharged into an external resistor of 0.2 ba connected 
in parallel with the coil. After a fast current cut-off the helium pressure in the 
coi1,increased by 1 to 2 atm. 

The coil was fed by an external power supply through current leads which were 
cooled by helium vapor. Figure 8 shows the cross section of a lead. 

. .  
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F i g .  1. Schematic d iag ram of the fotceii cooling system. 
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Fig .  3 .  General view of the sysrem. 
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Fig. 4 .  Cross section of the helium pump. 
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SUMMARY OF FIFTH WEEK OF 1968 SUMMER STUDY 

W.B. Sampson 
Brookhaven National Laboratory 

’Jpton, New York 

. The f i f t h  week of the 1968 Summer Study w a s  devoted t o  superconducting magnets. 
The program for the f i r s t  day was composed of papers concerned with generzl  aspects 
of magnet design such as fo rce  calculat ions and questions of s t a b i l i t y .  Bubble cham- 
be r  magnets were gshe sub jec t  f o r  the second day and reports  were presented on a l l  the 
l a r g e  magnet systems being constructed or  designed f o r  t h i s  purpose. The th i rd  day 
w a s  devoted t o  beam handling magnezs with progress reports  from the major l abora to r i e s  
designing or  building such devices. Thermonuclear appl icat ions f o r  superconducting 
magnets occupied a l a r g e  p a r t  of the discussion on the fourth day along with the most 
i n t e r e s t i n g  ideas of P.F. Smith on the ac lo s ses  and s t a b i l i t y  of twisted multicore 
conductors. The f i f t h  day included discussions of the use of superconducting magnets 
a t  the 200 GeV acce le ra to r  as w e l l  as a desc r ip t ion  of  the CERN s u p e r c r i t i c a l  helium 
cooled magnet. 

STRESSES 

The f i r s t  paper of t h e  session w a s  by P.G. Marston of Magnetic Engineering Asso- 
c i a t e s  and w a s  concerned with the stresses produced i n  superconducting magnets by 
therma1,Fchanical and magnetic forces.  Marston did not c i t e  spec i f i c  magnets as 
examples but confined himself t o  general aspects  of magnet design, point ing out sources 
of stress which a r e  often overlooked such as the  in t e rac t ion  between the  magnet and 
induced current  i n  nearby conducting materials during rapid f i e l d  changes. 
s ized t h a t  caution must  be  used i n  employing general  solut ions to s p e c i f i c  problems 
s i n c e  such solut ions can o f t e n  give misleading r e s u l t s .  The use of i r o n  w a s  discussed 
since it  can resul t  i n  a considerable reduction i n  the stress and lead t o  a useful re- 
duct ion i n  ampere-turns even at r e l a t i v e l y  high f i e l d s .  

He empha- 

The second paper by W.F. Westendorp of t he  General E lec t r i c  Company was a l so  about 
We described a method of ca l cu la t ing  the ax ia l  and tangent ia l  

The r e s u l t s  were ap- 
stress calculat ion.  
stresses i n  c y l i n d r i c a l  c o i l s  w i t h  and without re inforcing bands. 
p l i e d  to c o i l s  wound f r o m  ribbon conductors. Computer calculations w e r e  used t o  p r e -  
pare monographs which allow the easy determination of the maximum stress and f i e l d  i n  
simple solenoids i f  the bore and current: dens i ty  Lire specified.  

The term “hybrid magnet” has been coined t o  describe magnets only par t ,  of which 
are superconducting. The design aspects  of such.magnets were.outlined by D.B. Mont- 
gomery of the National Magnet Laboratory a t  MIT. Such a magnet can be an economical 
approach t o  high f i e l d s  f o r  l abora to r i e s  which have OR hand large dc generators o r  
helium r e f r i g e r a t o r s .  For  f i e l d s  above about 1 7 5  kG hybrid systems m u s t  be used s i n c e  
t h e r e  are no superconductors current ly  avai lable  which w i l l  s u s t a in  useful  current den- 
s i ty  above t h i s  f i e l d .  Montgomery emphasized t h i s  by pointing out t h a t  a 120 kG super- 
conducting magnet c o s t s  t w i c e  as much as a 100 kG magnet and the cos t  rises even more 

.. 
s t e e p l y  at higher f i e l d s .  The choice between water-cooled and cryogenic inner c o i l s  
depends on whar is a v a i l a b l e  at a par t icular  laboratory,  and s ince trhe Magnet: Labora- 
t o ry  is  wel l  supplied with de power Montgomery confined himself t o  the use of water- 
cooled inner  solenoids. He ca l cu la t e s  t ha t  i f  a background f i e l d  of 100 kG i s  ava i l ab le  
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from t h e  superconducting sec t ion  it  should be poss ib l e  t o  reach 200 kG i n  a 1.5 i n .  
bore  wi th  2 MW of power while  300 kG would r e q u i r e  10 E. 
a hybrid magnet now being b u i l t  a t  MIT where the  outer sec t ion  of a n  e x i s t i n g  225 kG 
water-cooled magnet w i l l  be rep laced  by a 60 kG superconducting c o i l  reducing the  
t o t a l  power required from 10 t o  5 W .  

I n  conclus ion  he described 
' 

STAB n I T Y  

A review of t he  s t eady- s t a t e  s t a b i l i t y  of composite superconductors  was presentFd 
by Z . J . J .  Stekly of Avco Evere t t  Labora to r i e s .  He der ived a set o f  normalized equa- . 
t i o n s  which take i n t o  account the  cool ing  of the  s u b s t r a t e ,  t he  thermal  contact  resist- 
ance between the s u b s t r a t e  and superconductor,and the  temperature  r i s e  i n  the  supercon- 
duc to r  i t s e l f .  These parameters were shown t o  inf luence  t h e  shape of the vol tage  cur-  
r e n t  curve a t  the onset  of r e s i s t a n c e .  S t e k l y  pointed out  t h a t  f o r  a superconductor 
s t r a n d  s i z e  smaller  than a c e r t a i n  va lue ,  t h e  temperature rise i n  t h e  superconductor is 
very  small and i ts  temperature i s  e s s e n t i a l l y  the  same a s  t h a t  of t h e  subs t r a t e .  Since 
it i s  necessary t o  have a temperature r ise i n  the  superconductor t o  cause i n s t a b i l i t i e s  
o r  " f lux  jumps," ma te r i a l  made from such f i n e  s t r a n d s  should be i n h e r e n t l y  s t ab le .  The 
ques t ion  of the inherent  s t a b i l i t y  of f i n e l y  divided superconductors  w a s  the  sub jec t  of 
cons iderable  d iscuss ion  later i n  t h e  week. 

BUEBLE CHAMBER MAGNETS 

The second-day of the  magnet week was devoted t o  bubble chamber magnets and the  
f i r s t  magnet t o  be descr ibed w a s  t h e  one f o r  t h e  12  f t  d iameter  ANL chamber which was.  
descr ibed by J.R. Pu rce l l .  This  magnet u ses  a massive i r o n  yoke and has  an inner  bore 
of almost 16 f t .  Purce l l  r e l a t e d  some of  t h e  problems t h a t  occur red  during construc-  
t i o n  and pointed out  how a l l  very  l a r g e  magnets tend t o  become somewhat dated even 
be fo re  they are completed due t o  r ap id  progress  i n  superconducting technology. The . 
magnet is  designed t o  use f u l l y  s t a b i l i z e d  conductor and ope ra t e  a t  low cur ren t  den- 
s i t y  (lo00 A/crn2) wi th  modest hea t  f l u x  requirements  (0 .1  W/cm2) which require only 
edge cooling of t he  s t r i p  conductor. Some of t h e  d e t a i l s  of t h i s  and the  o ther  bubble 
chamber magnets a r e  summarized i n  Table I. The magnet is  scheduled f o r  i n i t i a l  cool-  
down i n  October 1968. 

TABLE 1 

Bubble Chamber Magnets 

Cent ra l  Stored. 
Bore F ie ld  Energy 

Bubble Chamber ' ( f t )  (kG) Conductor I r o n  (la) Sta tus  

ANL I 2  f t  ' 15.7 18 Nb48%Ti, 6 conduc- 
t o r s  i n  copper  
2 i n .  X 0.10 i n .  

BNL 7 f t  8 30 Nb48%Ti, 6 conduc- 
t o r s  i n  copper 
2 i n .  x 0.08 i n .  

RHEL 5 70 NbTi i n  copper  

CERN 15.5 35 NbTi i n  copper  o r  

5 c m  x 5 cm 

aluminum 

Yes 80 F i r s t  test 
scheduled 
f o r  Oct. 1968 

No 72 Tested i n  gas, 
Spring 1968 

Shie ld ing  340 Design s t a g e  

Shielding 750 Design s t age  
on1 y 

only 
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The Bqookhaven 7 f t  d iameter  magnet was descr ibed  by A.G. P rode l l .  This  magnet 
u s e s  a conductor  similar t o  the.Argonne c o i l  bu t  opera tes  a t  h igher  c u r r e n t  d e n s i t y  
and h a s  p a r t i a l  face  cool ing  of the  conductor due t o  a novel spacer  s t r i p  which i s  
wound i n t o '  t h e  c o i l s .  A movie w a s  shown of t he  c o i l s  being wound and assembled. The 
magnet i s  designed t o  produce approximately 30 kG i n  t h e  chamber volumesand does not  
u s e  i ron .  A p a r t i a l  t e s t  o f  t he  magnet was made i n  t h e  Spring of 1968 bu t  dile t o  re- 
f r i g e r a t i o n  problems t h e  D e w a r  could not  be f i l l e d  wi th  l i q u i d  helium. It w a s  p o s s i b l e ,  
however, t o  power the  magnet t o  h a l f  f i e l d  i n  cold gas .  Fur ther  tests are scheduled 
when the  complete chamber has  been assembled. 

A des ign  study f o r  a h igh  f i e l d  chamber magnet was presented by  D.B. Thomas of 
t h e  Rutherford High Energy Laboratory. The des ign  f i e l d  of 70 kG poses  cons iderably  
more d i f f i c u l t  stress problems than the  lower f i e l d  magnets. S t a i n l e s s - s t e e l  s t r i p  
wound i n  p a r a l l e l  wi th  t h e  conductor i s  expected t o  g ive  the  requi red  s t r e n g t h  whi le  
"but tons"  welded t o  the  s t r i p  would provide f ace  cool ing  of t he  conductor  i n  a manner 
s i m i l a r  t o  t h e  Brookhaven magnet. An i ron  s h i e l d  i s  planned t o  reduce t h e  s t r a y  f i e l d  
and it  is  incorporated i n  the  support s t r u c t u r e .  Thomas a l s o  desc r ibed  a ' f a c i l i t y  f o r  
t e s t i n g  conductor  samples and a method of making j o i n t s  i n  t h e  conductor  using shaped 
explos ive  charges .  A small  coc l  i s  being constructed using t h e  conductor  intended f o r  
the  chamber magnet and t h i s  c o i l  which produces 50 kG i t s e l f  is  e x p e c t e d . t o  produce 
80 kG when used as an i n s e r t  i n  t he  CEW7 magnet "Braracourcix." 

The CERN design s tudy  f o r  a very la rge  b a r e  35 kG chamber magnet w a s  descr ibed  by 
F. Wi t tgens t e in .  This magnet a l s o  used an i r o n  f l u x  sh ie ld .  A scale model (1:20) of 
t h e  magnet called "Braracourcix" has been b u i l t  t o  s tudy  t h e  f r i n g e  f i e l d .  It c o n s i s t s  
of two co i l s  o f  40 cm bore  set up t o  form a s p l i t  p a i r .  
s t a b i l i z e d  wh i l e  the lower h a l f  has  t h e  more convent ional  copper s t a b i l i z i n g  ma te r i a l .  

The upper c o i l  i s  aluminum- 

The f i n a l  paper of  t h e  day w a s  given by P.F. Smith of t h e  Ruther ford  Laboratory 
and w a s  concerned with poss ib l e  i n s t a b i l i t i e s  i n  the  wide composite conductors  being 
used i n  t h e  l a r g e  bubble chamber magnets. Smith pointed out  t h a t  w h i l e  a conductor 
may be designed t o  c a r r y  t h e  f u l l  t r anspor t  cu r ren t  at  f i e l d  wi thout  undue temperature  
rise t h i s  may not  be t r u e  dur ing  a f l u x  jump s ince  t h e  magnet izat ion c u r r e n t  d e n s i t y  
is  much h i g h e r  than the  t r a n s p o r t  cu r ren t  dens i ty .  This  e f f e c t  is most pronounced f o r  
wide conductors  and f o r  conductors  s t a b i l i z e d  with low entha lpy  materials such as a l u -  
minum. Wh.ile he d id  not t h i n k  t h a t  any of t h e  c o i l s  prev ious ly  d e s c r i b e d  would be 
s e r i o u s l y  a f f e c t e d ,  Smith caut ioned t h a t  the s t akes  w e r e  very  high and s o m e  experiments 
were i n  o rde r .  

BEAM HANDLING MAGNETS 

The s e s s i o n  on beam handl ing  magnets began with an a n a l y t i c a l  paper  by R.A.  Beth 
of Brookhaven. Using i? very  e legant  method of represent ing  magnetic f i e l d s  by comp'iex 
q u a n t i t i e s  h e  der ived i d e a l  s o l u t i o n s  f o r  t h e  cu r ren t  d e n s i t y  d i s t r i b u t i o n  required 
around t h e  per iphery  of an e l l i p t i c a l  a p e r t u r e ' t o  produce a magnetic f i e l d  wi th  the  
d e s i r e d  m u l t i p o l a r i t y  i n  t h a t  ape r tu re .  
t r i b u t i o n s  were analyzed and c o e f f i c i e n t s  ca lcu la ted  €or d i s t r i b u t i o n s  of up t o  fou r  
s e p a r a t e  c u r r e n t  dens i ty  s t e p s .  Beth suggested tha t  mechanical i n a c c u r a c i e s  and t h e  
n e c e s s i t y  of placing i n t e g r a l  numbers of t u r n s  i n  each s t e p  would t end  t o  outweigh t h e  
imperfec t ions  of the approximation even f o r  t h r e e  o r  fou r  s t e p s .  

Step func t ion  approximations t o  t h e  i d e a l  d i s -  

G. Parzen of Brookhaven presented ca l cu la t ions  on superconduct ing d i p o l e s  formed 
from arrsys of f l a t  c o i l s  wi th  cu r ren t s  chosen t o  produce a 50 kG central f i e l d .  
i nd ica t ed  t h a t  good f i e l d  r eg ions  could be made with two-plane r e c t a n g u l a r  a r r ays  and 
even wi th  s i n g l e  plane c o i l s ,  a l though the la t ter  case  would lead t o  a f i e l d  a t  t h e  
conductor which was 60% higher  than the  c e n t r a l  f i e l d .  

He 
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The f i rs t  a c t u a l  beam handl ing  magnet t o  be descr ibed was the  CERN quadrupole. 
The a n a l y t i c a l  des ign  of  t h i s  device  was presented  by A .  Asner of CERN while  the  test 
procedures and r e s u l t s  w e r e  given by D.N. Cornish of the Culham Laboratory.  The mag- 

be a t  room temperature. 
been designed t o  run  a t  the minimum propagat ing current  at  an ove r -a l l  cur ren t  dens i ty  
of 15 000 A/cm2.  
the  same f ie ldlampere a s  t he  quadrupole has  been operated success fu l ly .  

. n e t  has  an e f f e c t i v e  l eng th  of 70 c m  and an inne r  radius  of 65 cm of which 5 cm w i l l  
The conductor used i s  rec tangular  i n  c ros s  s e c t i o n  and has  

A small  test c o i l  made from t h i s  conductor and designed t o  produce 

A superconducting bending magnet w a s  descr ibed  by J.D. Lawson of t he  Rutherford 
Laboratory. In c ros s  s e c t i o n  t h e  windings of t h i s  magnet a r e  i n  t h e  form of two i n t e r -  
s ec t ing  e l l i p s e s  which form a c i rcu lar  a p e r t u r e  of 22 c m  diameter .  
length of t he  magnet is  140 cm and i t  is  cons t ruc ted  from 0.15 i n .  round mult icore  
conductor. The use of detachab.le cu r ren t  l e a d s  i s  planned and a f l u x  pump w i l l  be 
used t o  maintain t h e  f i e l d  a t  a cons tan t '  va lue .  

The e f f e c t i v e  

R.B. B r i t t on  ou t l ined  t h e  Brookhaven program on beam handl ing magnets, To da te  
two quadrupoles have been b u i l t  and a d ipo le  i s  under cons t ruc t ion .  The design of 
these  magnets u s e s  t h e  s tepped c u r r e n t  d e n s i t y  approach out l ined  e a r l i e r  by Beth. The 
magnets are made from i; . in .  w i d e  Nb3Sn tape wound with s t a i n l e s s - s t e e l  ribbon. 
s t a i n l e s s  tape  se rves  as an  i n s u l a t i o n  and a l s o  t o  e f f e c t  the  changes i n  cur ren t  den- 
s i t y .  
and are consequently very compact. 

The 

These c o i l s  a r e  designed t o  ope ra t e  a t  a very high cur ren t  d e n s i t y  (50 000 A l c d )  

A quadrupole double t  of 20 c m  i . d .  and 30 c m  e f f e c t i v e  length w a s  descr ibed by 
J.D. Rogers of LASL. The quadrupole f i e l d  i s  produced by changing t h e  r a d i a l  thickness  
of winding i n  one quadrupole whi le  t h e  o t h e r  uses  aluminum spacers  t o  vary  the  e f f ec -  
t i v e  cu r ren t  dens i ty .  

PULSED MAGNETS 

The author  descr ibed  some recen t  experiments on pulsed superconducting magnets 
made from NbgSn r ibbons.  The r e s u l t s  i n d i c a t e  t h a t  r e l i a b l e  magnets capable of being 
pulsed t o  50 kG i n  one second can be cons t ruc ted  and made t o  opera te  a t  very high cur- 
ren t  d e n s i t i e s .  The l o s s e s  incur red  dur ing  pulsed opera t ion  a r e  coo l a r g e  t o  permit 
the  use of such magnets i n  synchrotrons a t  least wi th  p re sen t ly  a v a i l a b l e  conductors 
b u t  i t  i s  expected t h a t  more s u i t a b l e  materials w i l l  be a v a i l a b l e  i n  t h e  near fu tu re .  

INTRLNS ICALLY STABLE CONDUCTORS 

One of the  h i g h l i g h t s  of t h e  week was a paper by P.F. Smith of , t h e  Rutheriord 
Laboratory o u t l i n i n g  h i s  work on f i lamentary  superconductors. 
s ion  by poin t ing  out  t h a t  very  f i n e  wires should be subjec t  t o  very small  temperature 
rises during a f l u x  jump and should thus be inhe ren t ly  s t a b l e  when smaller than a 
c e r t a i n  diameter .  H e  t hen  extended t h i s  t o  inc lude  f i n e  s t r ands  of .  superconductor i n  
il conducting m a t r i s  and showed t h a t  a conductor formed i n  t h i s  way would ac t  the  same 
as  a s o l i d  superconductor i f  i t s  length exceeded a c e r t a i n  va lue  which i s  always shor t  
r e l a t i v e  t o  the  l eng ths  used i n  magnets. H e  t hen  sugges ted ' tha t  by tw i s t ing  the  wire 
with a p i t ch  s h o r t e r  than  t h i s  c h a r a c t e r i s t i c  length t h i s  coupling between the f i l a -  
ments could be removed w i t h  a corresponding inc rease  i n  s t a b i l i t y  and reduct ion  i n  ac 
lo s ses .  Smith then descr ibed  an ex tens ive  experimental  program designed to  t es t  his 
conclusions. He i nd ica t ed  t h a t  pre l iminary  r e s u l t s  were i n  good q u a l i t a t i v e  agreement 
wi th  the  theory.  

Smith began h i s  d i scus-  
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THERMONUCLEAR DEVICES 

A survey of the uses of superconducting magnets in controlled thermonuclear exper- 
iments was presented by C.E. Taylor of the Lawrence Radiation Laboratory.- In almost 
all experiments of this type magnetic fields are used to confine the charged particles 
of a plasma. In general such plasma containment devices can be divided into two clas- 
sif ications ,, "open ended" and "closed. ended" machines. 
usually exceed 60 kG and are thus within the range of present NbTi technology. 
superconducting magnets are used in most applications because they are more economical 
than conventional devices there are some applications where the unique properties of 
superconductors make them indispensable. An. example of this is the floating ring type 
of experiment in which a ring containing persistent supercurrents is levitated in a 
magnetic field forming part of the plasma containment vessel. Taylor listed the prin- 
cipal CTR experiments now being planned which utilize superconducting magnets. 

The fields required do not 
While 

The next speaker, W.F. Gauster of the Oak Ridge National Laboratory, described in 
more detail the superconducting magnet system designed for the IMP project which was . . 
mentioned by Taylor. 
fields combine to produce a configuration which has a central field of 20 kG and which 
increases to at least 26 kG in any direction from the center. 
system is 75 kG. Gauster pointed out the difficulties in calculating the forces in 
such a nonaxisymmetrical system. 
and construction of these magnets was described by D.L. Coffey. To test the conductors 
a series of solenoids were constructed with their windings in series opposition to ap-  
proximate the forces and gradients experienced in large systems. To date the mirror 
coils have been built and tested and will be installed in the Fall of 1968. The com- 
plete system is expected to be operating by 1969. 

This system consists of two mirror coils and a quadrupole whose 

The peak field in the 

The experimental program associated with the design 

SUPERCONDUCTING MAGNETS AT THE 200 GeV ACCELERATOR 

. R. Meuser of LRL discus.sed the possible uses of superconducting beam handling mag- 
nets at the new 200-400 GeV accelerator being constructed at Weston, Illinois. His 
survey indicated that about: 250 magnets would be required, with 77% of them being quad- 
rupoles and the rest bending magnets. It was estimated that approximately half of these 
magnets would require radiation shielding and about 40% would be used in beams which 
would become shorter due to the higher fields and gradients available. Meuser pointed out 
that current density becomes increasingly important for magnets of small aperture and 
higher multipolarity and suggested that due to the uncertainties in costs both Nb3Sn 
and NbTi based design should be investigated. He finished by describing the test pro- 
gram at L E ,  which includes operating a long solenoid with a closed loop refrigerator. 

FORCED HELIUM COOLING 

A magnet constructed from hollow superconductor was described.by M. Morpurgo of 
CEXN. The conductor was formed by embedding superconductors of 0.01 in. diameter in 
an aluminum pipe. 
conductor. 
be operated slightly into the resistive region without quenching. 

The magnet was then cooled by forcing helium through the hollow 
The solenoid appeared to operate in a completely stable fashion and could . 
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SUPERCONDUCTING SYNCHROTRONS 

P.F. Smith 
Rutherford Laboratory 
Chilton, Berks., England 

The subject will be discussed under the following headings: 

1. - Costs. Superconductor, engineering, refrigeration, power supply, 
and radius-dependent costs. Dependence on field, aperture,. cycle 
time and ac loss. Separated function and combined function. . _  

11. Ac losses. Basic thebry; theory of losses in composite conductors; 
development of low-loss conductors. 

111. Other design problems. 

1. Basic features; coil configurations; typical prirameters. 

2. Eddy current heating; particle heating; stabilization and 
cooling; coil and cryostat materials; radiation damage. 

IV . 

3 .  - Coil structure; forces; movement;.winding accuracy; 

4 .  Stray fields; shielding; remanent fields. 

5. Operating current and voltage; protection; power supply; 

alignment. 

alternative power supply concepts. 

Specific designs. Results of exploratory studies of: 

1. Conversion of Nimrod ( 7  GeV) to - 40 GeV. 

2 .  Single stage 180 GeV ring, with 50 MeV injection. 
3 .  Conversion of Nimrod to booster (5-25 GeV) for 100-200 GeV 

ring . 
Most of the topics under Sections I, TI, and TIL, were surveyed in a previous 

paper.l 
during the past year, and on glans and prospects for the immediate future. 

In the present review, attention will be concentrated on any progress made 

In general, there has been little change in the over-all picture. Although there 
is widespread interest in this application, its long-term prospects are still rather 
uncertain compared with dc superconducting magnet applications, and the amount of ef- 
fort devoted to it is correspondingly small. Paper studies, such as those described 
in Section IVY are instructive but lack realism until a suitable low-loss conductor is 
available f o r  model magnet studies. 

Development of a suitable conductor is, therefore, the overwhelming priority, and 
in this direction progress is fairly encouraging. It should not, as was originally 
feared, require the development of completely new fabricacion techniques; theoretical 
studies of ac losses in composites composed of superconductinp filaments in a metallic 

1. P.F. Smith and J .D.  Lewin, Nucl. Instr. Methods 52, 298 (1967). 
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matr ix  i n d i c a t e  t h a t  a low-loss conductor nay be poss ib l e  wi th  only a moderate ex ten -  
s ion  of  e x i s t i n g  manufacturing c a p a b i l i t y .  W e  can a n t i c i p a t e ,  t h e r e f o r e ,  t h a t  w i t h i n  
the  next  12 months i t  should be poss ib l e  t o  begin cons t ruc t ion  of r e a l i s t i c  model mag- 
n e t s  f o r  tests under cond i t ions  of cont inuous pulsed operat ion.  

I. CAPITAL COSTS 

Accurate f o r e c a s t s  of c o s t s  a re ,  of  course,  impossible a t  t h i s  e a r l y  s t a g e .  It 
i s ,  however, u s e f u l  t o  have some simple approximate c o s t  formulae as a b a s i s  f o r  com- 
par ing  exp lo ra to ry  des igns ,  t o  i n d i c a t e  which c o s t  components a r e  dominant, and t o  set 
an economic l i m i t  t o  t he  ac  l o s s .  

I 

For t h i s  purpose w e  are concerned only  wi th  those  pa r t s  of t h e  c o s t  which a r e  de- 
pendent on magnetic f i e l d ,  machine r a d i u s ,  and magnet aper ture .  To t h e s e  must be added 
va r ious  f ixed  c o s t s  depending on the n a t u r e  of the  p ro jec t  (new a c c e l e r a t o r ,  conversion 
of e x i s t i n g  a c c e l e r a t o r ,  new i n j e c t o r  o r  boos te r  requi red ,  e t c . ) .  

I n  each case t h e  c o s t  i s  es t imated a s  a func t ion  of f i e l d  E, r a d i u s  R ,  and aper -  
It i s  s imples t  t o  con- t u r e ,  and d iv ided  by 3%/107 t o  ob ta in  t h e  c o s t  i n  f/(GeV/c). 

s i d e r  i n i t i a l l y  on ly  the  bending f i e l d  and d i scuss  sepa ra t e ly  t h e  a d d i t i o n a l  c o s t  of 

dependence on a p e r t u r e  is  now included. Based on experience of t y p i c a l  des igns ,  t h e  
a p e r t u r e  i s  now assumed t o  be c i r c u l a r  r a t h e r  than e l l i p t i c a l  ( s e e  Sec t ion  I V ) .  

. providing focus ing .  These estimates d i f f e r  on ly  s l i g h t l y  from those  i n  R e f .  1, but  

1. Superconductor 

Assume a d i s t r i b u t i o n  of cur ren t  11 s i n  8 (A/cm) around a c i r c u l a r  a p e r t u r e ,  
g iv ing  a f i e l d  H = 0.2 ri Il (G). L e t  r be the  mean r ad ius  of t h e  winding g iven  by 

r = beam ape r tu re  r a d i u s  a 
i th ickness  of c r y o s t a t  and c o i l  former 

.+ ha l f  of c o i l  th ickness  . 
(Typical ly ,  f o r  example ,  w e  might expect  t h a t  r w a + 2 cm.) 

Then t h e  amount of  superconductor requi red ,  a l lowing an a d d i t i o n a l  15% f o r  magnet 

H (f/A-crn) up t o  H -  80 kG; more o p t i m i s t i c a l l y  w e  might guess t h a t  t h i s  
ends,  is  40 WRr (A-cm)  o r  1.5 X lo8 r (A.cm/GeV). 
4 X 
could even tua l ly  be halved f o r  l a rge  q u a n t i t i e s .  

Present  c o s t  of NbTi conductors  i s  

The cost range is  the re fo re :  

Superconductor cos t  = 0.06 rlf t o  0.03 r H  (&/GeV) . (1) 

2 .  Engineering 

Cryos ta t  c o s t s  are a t  present  u s u a l l y  i n  t h e  r eg ion  20.3 S,-where  S (em2) is the  
c o i l  su r f ace  a rea .  The c o i l  cons t ruc t ion  c o s t s  are ' d i f f i c u l t . t o  e s t ima te  and are h e r e  
a r b i t r a r i l y  assumed t o  be propor t iona l  t o  t h e  q u a n t i t y  of superconductor. Using c o s t s  
experienced i n  r e c e n t  dc  magnet p r o j e c t s ,  and bear ing  i n  mind t h a t  des ign  and drawing 
c o s t s  should be n e g l i g i b l e  f o r  a l a rge  number of i d e n t i c a l  u n i t s ,  w e  guess t h e  fol low- 

. ing c o s t  range: 

7 

7 ( f l G e V )  . (2) 
Magnet engineer ing c o s t  =.lo00 r 3. 8 X 10 r/H 

t o  500 r + 4 x 10 r l n  

For example, f o r  a 200 c m  long,  60 kG magnet wi th  a 5 em beam a p e r t u r e  r ad ius ,  t h i s  
formula g ives  an engineer ing  cos t  of %OOO t o  212 000. 
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3 .  Refrigeration 

Consider first the requirements other than the ac loss.* There are contributions 
from conduction and radiation losses, current leads, joints, eddy currents, and par- 
ticle heating, as estimated i.n Ref. 1. Assume that with care these can be limited 
typically to - 3 W/m of circumference for r - 6 cm, and that they are proportional to 
r. Costs of a variety of multimagnet refrigeration schemes have been estimated by 
Strobridge et al.2 and it has subsequently been suggested that costs a factor - 2 lower 
might be achieved. 

We arbitrarily assume subdivision into 1200 W units, al1owing.a factor 2 for trans- 
fer losses, at a cost, including distribution, of 23 x 105 to $6 X lo5 per unit. 
gives a basic refrigeration cost of 0.5 to 1 X 10 8 r / H  (EIGeV). 

This 

Now assume'an ac loss of P (W/in)  and increase the size of each unit accordingly. 
At an incremental cost of 2100 to f200jW the additional cost is 2P to 4P X 1 0 7 / H  
(g/GeV). The total estimated cost range is ,thus 

8 
(&/GeV) . (?  

Refrigeration capital cost = (r 4 0.4 P) 10 /W 
8 to (0 .5  r + 0.2 P) 10 /H 

Thus f o r  r - 8 cm, P can be - 20 W/m before the cost of refrigeration equipment is 
doubled. 

4. Power Supplx 

Assuming a uniform field up t o  radius r, and equal stored energies inside and out- 
Cost of conventional power sup- side the coil, the total is approximately r2H/2 J/GeV. 

plies is proportional to the peak rate of energy transfer, and is usually about 0.04 f/J 
€or the typical 1 sec rise time. Costs may be proportionately lower at very high stored 
energies, and because no dc power is required for "flat-top" conditions; on the other 
hand higher costs may be necessary to improve reliability. This suggests the cost 
range: 

(2 / GeV) Power supply cost = 0.024 r 2 H  

to 0.012.r H 2 ( 4 )  

f o r  a 1 sec rise time T, and proportional to 1 / T  in other cases. 

5 .  Radius-Dependent Cost 

In addition to the magnet tunnel cost, this includes such items as site prepara- 
tion, magnet installation, vacuum system, site power, etc. In Ref. 1 it was suggested 
that about $30 million of the 300 GeV estimate would decrease linearly with radius, 
which is equivalent to 12 X lo8/, (f/GeV). This may, however, be too optimistic, par- 
ticularly if substantial reductions in magnet tunnel cost are possible. We allow for 
this by assuming: 

8 

8 .(g/GeV) . Radius-dependent cost = 12 x 10 /H 

to 6 x 10 /H 

2. T.R. Strobridge et al., National Bureau of Standards Report 9259 (1966) : 

- 969 - 

(5) 



There i s  a l s o  the  f u r t h e r  complicat ion t h a t  t h e  tunne l  r a d i u s  w i l l  no t  u s u a l l y  r educe  
i n  propor t ion  t o  t h e  bending r a d i u s ,  s ince  t h e  s t r a i g h t  section l e n g t h  i s  f ixed  by 
o t h e r '  cons idera t ions .  I n  comparing s p e c i f i c  des igns ,  t h e r e f o r e ,  i t  i s  more r e a l i s t i c '  
t o  t a k e  the radius-dependent cos t  t o  be f2000-f4000 per  m e t e r  o f  c i rcumference .  

6. Op t imum Values 

The occurrence of zterms propor t iona l  t o  H and 1 / H  l e a d s  t o  a cost-optimum f i e l d .  
The optimum c o s t s  a r e  shown i n  Table I, us ing  the  means of t h e  preceding  c o s t  r anges ,  
f o r  t h r e e  t y p i c a l  va lues  of r .  The optimum i s  r a t h e r  f l a t ,  and s u b j e c t  t o  the  uncer-  
t a in t ies  i n  c o s t s ,  so t h a t  t he  f i g u r e s  cannot be taken  ve ry  s e r i o u s l y .  Never the less ,  
t he  genera l  t r ends  a r e  of  i n t e r e s t ;  f i r s t l y  t h a t  t h e  t y p i c a l  optimum f i e l d s  40-60 kG 
convenient ly  co inc ide  wi th  the  f i e l d  range d e s i r a b l e  from p r a c t i c a l  v iewpoin ts ;  
secondly tha t  a l l  f i v e  items tend t o  be of t h e  same  order  of  c o s t ;  and t h i r d l y  t h a t  
f o r  l a r g e r  ape r tu re s  t h e  power supply requirements  begin t o  b e  unreasonably l a r g e .  

TABLE I 
"Optimum Costs ,  Without Focusing 

I Optimuh c o s t s  i n  u n i t s  S l O O O / G e V  

I t e m  

Superconductor 

Power Supply 

Engineering ' 

Ref r ige ra t ion  

Radius  -dependent 
i t e m s  

Mean o f  Co.st Range r = 10 c m  
(g/GeV) ' I H = 37 000 G 

0.045 r H  17 

0.018 r% 67 

24 

1.5 X lo8 r / H  40 

750 r -4- 6 X LO7 r / H  

9 X 108/H 24 

T o t a l  of above 
i t e m s  

(N.B. Constant 
cost i t e m s  not 
included) 

'or  3 sec cycll  

r = 7' c m  
H = 45 000 G 

. 14 
40 

15 

2 3  

20 

112 

r = 4 c m  
H = 60 000 G 

11 

18 

7 

10 

15 

61 

7 .  Cost  of Focusing 
. .  

Quadrupoles have approximately t h e  same c o s t s  per  u n i t  l e n g t h  a s  bending magnets 
f o r  the same f i e l d  and ape r tu re ,  w i th  the  except ion  t h a t  t h e  power supply c o s t ,  pro-  
p o r t i o n a l  t o  s to red  energy,  i s  only  ha l f  a s  g r e a t .  Thus, i f  t h e  r a t i o  of  quadrupole 
l e n g t h  t o  bending magnet l eng th  i n  a separa ted  func t ion  l a t t i c e  is q, t h e  above power 
supply  cos t  is m u l t i p l i e d  by (1 4 4/2), and t h e  o t h e r  c o s t s  are m u l t i p l i e d  by (1 -I- 4). 
To a good approximation, t he re fo re ,  w e  can assume the optimum t o  be unaf fec ted ,  and 
a l l  c o s t s  simply increased  b y -  (1 + 0.9 4). 
t y p i c a l  va lues  of q are between 0.15 and 0.3. 

I n  Sec t ion  I V  i t  w i l l  be found t h a t  

For a combined func t ion  machine the cost changes a r e  more complicated,  and n o t  
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uniformly d i s t r i b u t e d .  Simple approximations suggest t h a t ,  i n  an equivalent  combined 
func t ion  l a t t i c e ,  t h e  o v e r - a l l  cos t  is  mul t ip l i ed  by - (1  + 0.4 4). It thus follows 
t h a t  a separated f u n c t i o n  machine is  t h e o r e t i c a l l y  dearer  than a combined func t ion  
machine by a f a c t o r  - (1 + 0.5 q), i .e. - 10-15%. 
no allowances f o r  the g r e a t e r  engineer ing complexity of the  asymmetric separated func- 
t ion magnets . 

This  c o s t  d i f f e r e n c e ,  however, makes 

8. Comparison wi th  Conventional Magnets 

Assuming r = a + 2 c m ,  t h e  r = 7 f i g u r e s  i n  Table I ( increased  by 20% to  allow 
f o r  focusing) ,  may be compared with t h e  corresponding c o s t s  f o r  a conventional synch- 
ro t ron  of 5 cm a p e r t u r e  r ad ius ,  which amount t o  about $150 000/GeV. Spec i f ic  des igns ,  
such as those i n  Sec t ion  I V ,  suggest t h a t ,  f o r  a given energy and number of p a r t i c l e s ,  
t he  required a p e r t u r e  would i n ' f a c t  be smal le r  than i n  a convent ional  machine, r e s u l t -  
ing i n  a f u r t h e r  c o s t  ga in .  The economics of the  superconducting system would be even 
more convincing if reduc t ions  i n  the  power supply and r e f r i g e r a t i o n  c o s t s  become pos- 
s i b l e ,  The poss ib l e  c o s t  ga ins  a r e ,  of course ,  much g rea t e r  i n  t h e  case of conversions 
of e x i s t i n g  a c c e l e r a t o r s ,  s i n c e  many of t h e  f ixed c o s t  i t e m s  ( s i t e ,  exper'imental a r eas ,  
i n j e c t o r ,  e t c  .) a r e  absen t .  

Comparative running  c o s t s  have not  y e t  been es t imated ,  and no f u r t h e r  thought has  
been given t o  combined superconducting + conventional s y s t e m s .  

11. AC LOSSES 

1. Object ives  

High f i e l d  superconductors  'have an i r r e v e r s i b l e  magnet izat ion curve. Changes i n  
f i e l d  must t h e r e f o r e  genera te  hea t ,  and t h e  heat  re leased  per  u n i t  volume i s  propor- 
t i o n a l  t o  t h e  superconductor  width perpendicular  t o  t h e  f i e l d .  Using 0.025 c m  w i r e ;  
the  d i s s i p a t i o n  i n  a t y p i c a l  60 kG, 10 c m  aper ture  diameter synchrotron magnet, with 
a 3 sec cycle  t i m e ,  would be about 500 W/m length of magnet. 
would be expected us ing  NbgSn tapes .  Th i s  i s  obviously too  high,  both from economic 
and magnet des ign  v iewpoin ts ,  and al though i t  i s  s t i l l  not c l e a r  exac t ly  how much re- 
duct ion w i l l  be necessa ry ,  i t  appears t h a t  f o r  most purposes a l i m i t  of 10-20 W/m would 
be a d e s i r a b l e  o b j e c t i v e .  We a re ,  t h e r e f o r e ,  faced with the  problem of reducing the  
l o s s  by a f a c t o r  25 t o  50. 

A s i m i l a r  o r  higher l o s s  

Three ways of do ing  t h i s  have been considered.  

a) Reduction of average s t rand  d i a m e t e r  t o  5-10 LL (- J; t o  32 m i l ) .  

b) Thin l a y e r s  of superconductor shaped t o  fol low the  f i e l d  l i n e s .  

c )  Increase c u r r e n t  d e n s i t y  by s e v e r a l  orders  of magnitude, so t h a t  
the cu r ren t  i s  confined t o  t h i n  su r face  l a y e r s  ( see  below). 

Iiethods h) and c) d o  not  look f e a s i b l e  at  present ,  but a) should be possible  using 
e x i s t i n g  manufacturing techniques i n  which a number of p a r a l l e l  s t r ands  a r e  drawn down 
i n  a support ing ma t r ix .  I d e a l l y  the  ma t r ix  should be an i n s u l a t o r ,  b u t  a conducting 
matr ix  may a l so  be s u i t a b l e  provided t h e  s t r ands  are s u f f i c i e n t l y  t w i s t e d  o r  t ransposed.  
Some aspec ts  of t h e  theory  of t h i s  w i l l  now be d i s c u s s e d .  

2 .  Theor? 

Consider f i r s t  t h e  usual  c a l c u l a t i o n  of the ac  l o s s  f o r  a s l a b  of superconductor 
(Pig.  1 ) .  Magnetization cu r ren t  J, (A/cm2) i s  induced by a changing ex te rna l  f i e l d ,  
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and completely fills the material when H a Jd/2 (which will. be for most of the, cycle 
in the case of thin wires and high fields). 

I .  

The loss/unit volume at any point is simply the current density times the local. 
electric field (proportional to the magnetic flux crossing the element per unit time) 
Integrating this over the whole slab one obtains for the total energy released: 

( 6 )  
3 8 Q(J) = H(G) x Jc X V(volume, cm ) X d(cm)/ 4 X 10 

r wire J / 4 x 1 0 8  . - A-cm o f  1 - L superconductor J L diameter _I (7) 

More exact estimates for a komplete‘coil must take into account the spatial variation 
of H, the variation of Jc with H, the transport current, and the shape of the conduc- 
tor cross section, as discussed in Ref. 1. For small test coils,-allowance must also . . 
be made for the zero ac loss below Hcl (which may be in the region % to 1 kG). 

For coils wound from wide tape, particularly single layer.windings, a further 
correction is necessary €or field distortion, and for incomplete penetration of the 
flux during most of the cycle. Typically these two effects can multiply formula ( 6 )  
by a factor 0.05 to 0.1, but the loss is usually still higher than in corresponding 
coils of 0.010 in. wire. 

When the penetration depth is p, the above formula is multiplied by (p/d)’, and 
l/Jc, showing the possibility of decreasing Q by 

. 

since p a H/Jc, it follows that Q 
increasing Jc, as mentioned above. 

Now’consider the loss in a multifilament conductor. Fig. 2(a) shows two strands 
of superconductor embedded in an insulator. The two strands are independent (ignoring 
€or the moment the problem of the eventual end corrections), and separate magnetiza- 
tion currents flow in each strand as shown. 
electric. field, which is approximately proportional to the diameter of the strand. 

Th’e ac loss is given by Jc x the Local 

In Fig. 2(b) the insulator is replaced by a normal conductor. If the resistance 

change of field is sufficiently high, the magnetization currents will be driven round 
the entire composite as shown. 
electric field, but the latter is now proportional to the distance between the strands. 

.of the available path between the strands is sufficiently low, or if the rate of 

The ac loss will still be given by Jc X the local 

For a lower rate of change of field, or a higher resistance path between strands, 
a= interkediate state may exist in which some of the magnetization current is confined 
to the strands and the rest crosses the matrix [Fig. 2(c)]. 

In general, by providing sufficient twisting or transposition of the strands, a 
state of this type can be produced in which the majority of the magnetization current 
is confined to the strands, and the ac loss is then closely proportional to the fila- 
ment diameter, as required. The criterion is that the twist pitch must be substantial- 
ly less than a critical length given by 

where is the rate of change of field in G/sec, p the matrix resistivity in 0-cm, - 
d the filament diameter in cm, Jc the filament current density in A/cm , and h is a 
space factor. This is discussed in mare detail in the paper on intrinsically stable 
conductors in’these Proceedings. 
3 .  P.F. Smith, these Proceedings, p. 913. 

2 

3 
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With h igh  r e s i s t a n c e  a l loys ,  and fi- 60 kG/sec, i t  may be poss ib l e  t o  achieve t h e  
, r equ i r ed  t w i s t  p i t c h .  

be impract icably l o w ;  i f  requi red ,  however, copper may be incorporated i n  the  composite 
provided i t  does not  d i r e c t l y  l i n k  two superconducting f i laments .  

With copper as the  mat r ix  mater ia l  t he  t w i s t  p i t c h  appears  t o  

I n i t i a l  composite diameters i n  the  reg ion  0.010 in .  are envisaged, which could 
then  be in su la t ed  and formed i n t o  mul t i s t rand  cables  t o  ca r ry  h igher  cu r ren t s .  These 
w i l l  probably have t o  be transposed r a t h e r  than twisted cables ,  because of the  magni- 
t ude  of t he  f i e l d  g rad ien t  across  t h e  conductor. An approximate theo ry  of t h i s . e f f e c t  
i n d i c a t e s  t h a t  t w i s t i n g  should never the less  be adequate i n  the  b a s i c  0.010 in .  com-' . 
p o s i t e .  

Even i f  composites wi th  an i n s u l a t i n g  matr ix  can be developed, a c e r t a i n  (at 
present  uncalculated)  amount of t r a n s p o s i t i o n  o r  t w i s t  w i l l  be necessary  because of 
t h e  end connect ions.  This  i s  one of the d i f f i c u l t i e s  i n  using a subdivided Nb3Sn t a p e ,  
s i n c e  only one t w i s t l t u r n  would appear t o  be possible .  

3 .  Experiments 

The bas i c  theory  of l o s ses  i n  hard superconductors i s  w e l l  e s t a b l i s h e d ,  and amply 
v e r i f i e d  exper imenta l ly  t o  b e t t e r  than a f a c t o r  of 2 .  Small c o i l s  of NbZr w i r e  and 
Nb3Sn tape  t e s t e d  a t  t h e  Rutherford Laboratory a t  f requencies  between 4 Hz and % Hz 
have shown l o s s e s  c o n s i s t e n t  with theory,  and we regard fu r the r  confirmation as un- 
necessary.  

Our i n t e r e s t  is t h e r e f o r e  concentrated on the  behavior of composites. A v a r i e t y  
of samples conta in ing  NbTi f i laments  i n  a r e s i s t i v e  mat r ix  a r e  being t e s t e d .  Magnet- 
i z a t i o n  measurements have been made on small c o i l s  a s  a func t ion  of dH/dt, and the  
propor t ion  of magnet iza t ion  cur ren t  i n  the  s t r and  and i n  t h e  mat r ix  a r e  e s s e n t i a l l y  i n  

. accordance wi th  theory .  The e f f e c t s  of t w i s t i n g  a r e  a l s o  f n  accordance wi th  theory.  . 
Some ac  l o s s  measurements are a l s o  being made using these composites. 

It. i s  proposed t o  extend t h i s  work t o  the  required % o r  % m i l  f i l ament  s i z e s .  
I f  l a r g e  q u a n t i t i e s  can be produced s a t i s f a c t o r i l y  and economically, such a m a t e r i a l  
should be s u i t a b l e  f o r  synchrotron magnets, and a more thorough and l a r g e r  s c a l e  pro- 
gram of t es t s  may be  attempted. 

111. OTHER DESIGN PROBLEMS 

It i s  c l e a r l y  n o t  poss ib le  t o  make a r e a l i s t i c  study of the  m a j o r i t y , o f  magnet 
des ign  problems u n t i l  t h e  dominant problem of  t h e  ac l o s s  i s  solved,  and a c l e a r e r  
p i c t u r e  i s  obtained of t h e  e l e c t r i c a l  and mechanical, c h a r a c t e r i s t i c s  of t h e  conductor 
l i k e l y  t o  be used .  Accordingly, although t h e r e  has been some c r y s t a l l i z a t i o n  of i deas  

. d u r i n g  the past  yea r ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  t o  add t o  the  remarks i n  Ref. 1. 

1. Basic  Parameters 

It i s  now g e n e r a l l y  f e l t  t h a t  separated func t ion  magnets w i l l  almost c e r t a i n l y  
be prefer red  t o  combined func t ion  magnets.. Although the  l a t t e r  t h e o r e t i c a l l y  provide  
t h e  most compact and economical system, the  d i f f e rence  is  usua l ly  f a i r l y  small ( t y p i -  
c a l l y  10-20%, as explained above) and i s  o f f s e t  by the g rea t e r  s i m p l i c i t y  and f l e x i -  
b i l i t y  of the  des ign ,  engineer ing,  and commissioning of  separa te  bending and focus ing  
u n i t s .  

The c o i l  c r o s s  s e c t i o n  could e i t h e r  c o n s i s t  of some convenient approximation t o  
t h e  overlapping e l l i p s e s  conf igura t ion ,  o r  cu r ren t  blocks spaced t o  approximate t h e  
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s i n  8 o r  sin 28 c i r c u m f e r e n t i a l  d i s t r i b u t i o n .  The a i m ,  of course,  i s  t o  achieve  uni-  
formity of f i e l d  or  f i e l d  g r a d i e n t ,  and t o  minimize t h e  peak f i e l d  on t h e  windings, 
with a shape which i s  r easonab ly  s t r a igh t fo rward  from an  engineer ing  viewpoint .  
high cu r ren t  dens i ty  i s  e s s e n t i a l  f o r  a compact and economic des ign ,  and a va lue  i n  
the reg ion  30 000 t o  50 000 A/cm2 i s  u s u a l l y  assumed, g iv ing  a c o i l  t h i ckness  of about 
2 cm. 

A 

Typical optimum l a t t i c e  des igns  require an a p e r t u r e  rad ius  i n  the  range 3 cm t o  
6 cm, and the ape r tu re  tends  t o  be more nea r ly  c i r c u l a r  than i n  convent ional  machines. 
An important ques t ion ,  p a r t i c u l a r l y  f o r  small  a p e r t u r e s ,  i s  how much should be allowed 
fo r  t he  d i f f e rence  between a p e r t u r e  r a d i u s  and inne r  r a d i u s  of winding. - 1 c m  i s  usua l ly  taken ,  on t h e  assumption t h a t  t h e  beam pipe need not be a t  room 
temperature. - 

A f i g u r e  of 

. _  

Table I1 shows a r e v i s e d  list of t y p i c a l  parameters  f o r  bending magnets of 3 c m  
and 6 c m  usable ape r tu re  r a d i u s .  

TABLE 11 

Typica l  Parameters €or  Bending Magnets 

Beam ape r tu re  r a d i u s  

Coil  i n t e r n a l  r a d i u s  

Maximum winding th ickne s s 

Coil  cu r ren t  d e n s i t y  

Magnetic f i e l d  {uniform) 

Magnetic bending rad i u s  

Tota l  magnet l e n g t h  

A a c m  of superconductor  

Stored energylmeter  

Stored energy/GeV 

Rise t i m e  

Cycle t ime 

Ref r ige ra t ion  requi rements  
a t  4OK: 

a) Cryostat: l o s s e s ,  cu r ren t  
leads ,  eddy c u r r e n t s ,  
par t ic le  h e a t i n g  

b) Ac l o s s e s  ( f i l a m e n t s  
6 x c m  d iameter )  

2 .  Othei: Heating E f f e c t s  

6 cm 

7 c m  

2 c m  

48 000 A/cm2 

60 kG 

55 cm/GeV 

3.4 m/GeV 
8 3.5 x 10 /m 

0.57 MJ 

1.9 MJ 

1 sec 

3 sec 

4 W/m 

20 wjm 

3 cm 

' 4 c m  

2 c m  

48 000 A/cm2 

60 kG 

55 cm/GeV 

3.4 m/GeV 
8 2.2 x 10 /m 

0.22 M J  

0 .75  M J  

1 sec  

3 sec 

2.5 W/m 

12 W/m 

It was shown i n  Ref .  1 t h a t  eddy cu r ren t  h e a t i n g  in any nornial m e t a l  i n  a com- 
pos i t e  conductor w i l l  be smal l  provided t h a t  t h e  d iameter  of t he  s t r ands  of composite 
i s  i n  the  region 1 imn o r  less. 
the  dose m u s t  be kept below lo4  r a d l h ,  and t h i s  means t h a t  p a r t i c u l a r  c a r e  must be 

To prevent  excess ive  hea t ing  by high energy p a r t i c l e s ,  
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t aken  t o  ensure t h a t  t h e  e x t r a c t i o n  lo s s  i s  s u f f i c i e n t l y  low a n d ' n o t  concentrated i n  
a s m a l l  r eg ion  of t h e  circumference. 

It i s  hoped t h a t  s t a b i l i z a t i o n  w i l l  be unnecessary i n  a f i l a m e n t a r y  composite, 
s o  t h a t  t h e  c o i l  can be f u l l y  insu la ted ,  and impregnated f o r  s t r e n g t h  and r i g i d i t y ,  
and cooled on the  su r face  only. W/cm OK,  

t h e  ac l o s s  and o the r  hea t ing  e f f e c t s  would cause a temperature r ise  of  order  1°K. 
Th i s  would presumably be only j u s t  t o l e rab le ,  and some assessment i s  needed of t he  pos- 
s i b i l i t i e s  of i n s u l a t o r s  wi th  a high thermal conduct iv i ty .  

For an average thermal conduc t iv i ty  of  - 

Eddy cur ren t  hea t ing  appears a l s o  t o  n e c e s s i t a t e  t h e  u s e  o f  i n s u l a t i n g  m a t e r i a l s  
f o r  t h e  c ryos t a t  and c o i l  former. A prel iminary assessment of t h i s  problem would a l s o  
be of  i n t e r e s t .  With a l l  these  ma te r i a l s  (and, t o  a lesser e x t e n t ,  the . superconductor  
i t s e l f )  t h e  complication of long-term r a d i a t i o n  damage must be t aken  i n t o  account. 

3 .  Forces  

2 For a t h i n  winding, t h e  t o t a l  outward fo rce  on the c o i l  is aH /3n dyn/cm/.length, 
where a i s  the  rad ius  of t he  c o i l  ( t h i s  is  misprinted i n  Ref. 1 ) .  For  t h e  magnet 
dimensions envisaged, t h i s  fo rce  is  smaller  than t h a t  encountered i n  many e x i s t i n g  
o r  proposed dc magnet p ro jec t s .  Nevertheless t he re  i s  obviously some anx ie ty  about 
t h e  r i g i d i t y  and long-term r e l i a b i l i t y  of t he  c o i l  under cont inuous pulsed opera t ion .  
S t r e s s e s  a r i s i n g  from d i f f e r e n t i a l  thermal cont rac t ion  could p re sen t  an  even g r e a t e r  
problem, wi th  the  mixed u s e  of m e t a l l i c  and nonmetal l ic  m a t e r i a l s .  

A r e l a t e d  problem i s  t h a t  of def in ing  and maintaining the  c o i l  p o s i t i o n  wi th in  
t h e  c r y o s t a t ,  t o  enable  the  requi red  accuracy of magnet alignment t o  be achieved. .  

These problems a r e  un l ike ly  t o  be s t u d i e d  s e r ious ly  u n t i l  t h e  f i r s t  model magnets 
a r e  designed.  

4 .  S t r a y  F ie lds  

The f i e l d  a t  a d i s t ance  d (cm) from an unshielded bending magnet ( c e n t r a l  f i e l d  
H, mean winding rad ius  r) i s  approximately H(r/d) . This  is, of c-ourse, much h igher  
than  the  s t r a y  f i e l d  usua l ly  encountered i n  an acce le ra to r  magnet t u n n e l ,  and t h e r e  
i s  a t  p resent  some disagreement a s  t o  whether magnetic sh i e ld ing  w i l l  be necessary 
o r  n o t .  However, the  use of concentr ic  superconducting windings appears  t o  be an 
expensive luxury, while t h e  a l t e r n a t i v e  of us ing  steel, i n  a d d i t i o n  t o  increas ing  the  
magnet cos t  by about 5-10%, makes the  system much more bulky and less a c c e s s i b l e .  It 
might be p re fe rab le ,  t he re fo re ,  not t o  have t o  provide sh i e ld ing  except  f o r  s p e c i a l  
purposes (e.g. r f  c a v i t i e s ) ;  a more de t a i l ed  survey of t h i s  p rob lem. i s  needed. 

Also under t h i s  heading the quest ion of remanent f i e l d s  can be mentioned. A l -  

2 

though l a r g e  i n  present  superconducting c o i l s  t hese  a r e  au tomat i ca l ly  reduced, a long 
wi th  the  ac  l o s s ,  by the  u s e  of f i n e r  superconducting f i l amen t s ,  and are expected 
even tua l ly  t o  be lower than i n  iron-cored magnets. This  would mean t h a t  an accu ra t e  
f i e l d  d i s t r i b u t i o n  might be re ta ined  a t  lower f i e l d s  than i n  convent iona l  magnets, 
a l lowing  t h e  use of a lower energy {and cheaper) i n j e c t o r ;  i n  p r a c t i c e ,  however, i t  
w i l l  no t  usua l ly  be poss ib le  t o  t ake  advantage of  t h i s ,  s ince  space charge l i m i t a t i o n s  
n e c e s s i t a t e  a high i n j e c t i o n  energy t o  achieve adequate beam i n t e n s i t y .  

5 .  Power Supply 

The usual assumption i s  t h a t  conventional power supply systems w i l l  be used, with 
t h e  ope ra t ing  cur ren t  s imi l a r  t o  t h a t  of convent ional  synchrotron magnets, i . e .  a few 
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thousand amperes, and with the magnet r i n g  subdivided a s  u s u a l  t o  reduce the exc i t a -  
t i on  vol tage t o  a few k i l o v o l t s .  
unreasonable amount of subdivision of t he  c i r c u i t ;  higher cu r ren t s  would increase the 
complexity of the superconducting cab le ,  bu t  values i n  the 10 000 t o  20 000 A region 
might w e l l  be considered. To reduce hea t  leak i n t o  the system, current  l eads  need 
only be brought out  t o  room temperature f o r  connection t o  the supply, interconnections 
between magnets being kept a t  4OK. 

Lower cu r ren t s  would r e s u l t  i n  higher vol tages  or  an 

With the high current  dens i ty  c o i l s  envisaged, any shor t s  o r  normal regions form- 
ed within the c o i l  would r e s u l t  in  l o c a l  damage by overheating o r  voltage breakdown 
wi th in ‘a  few mill iseconds.  Protect ion aga ins t  t h i s  appears almost impossible, the 
u s u a l  methods ava i l ab le  f o r  dc magnets being unsuitable f o r  pulsed operation. It w i l l  
undoubtedly be possible ,  however, t o  confine the damage t o  a s i n g l e  magnet u n i t ,  so 

. t h e  best so lu t ion  appears  t o  be t o  design the c o i l s  with an adequate s a f e t y  margin, 
and replace individual  u n i t s  i n  the event of an occasional f a i l u r e .  

Since, i n  c o n t r a s t  t o  conventional magnets, no provision has  t o  be made for dc . 
power requirements under “ f l a t - top”  condi t ions,  and s ince the re  is  neg l ig ib l e  energy 
l o s s  per cycle,  t he  p o s s i b i l i t y  can be envisaged o f  a l t e r n a t i v e  power ,supply schemes 
u t i l i z i n g  energy s torage i n  superconducting magnets. This is discussed i n  a separate 
paper. 4 

I V .  SPECIFIC DESIGNS 

Some exploratory s t u d i e s  have been made of possible  schemes f o r  the conversion o r  
extension of t he  e x i s t i n g  acce le ra to r s  at the Rutherford Laboratory. Although of some- 
what l imited general  i n t e r e s t ,  they neve r the l e s s  provide a useful guide t o  the typical  
parameters of superconducting magnet lat t ices.  

It should be emphasized t h a t  no proposal of t h i s  nature i s  being considered at  
-present; the ca l cu la t ions  have been c a r r i e d  out simply t o  ob ta in  a preliminary impres-  
s i o n  of what might be possible  i n  the  f u t u r e .  

Separated funct ion latt ices a r e  used throughout, designed with the a i d  of a com- 
puter  program and optimized f o r  approximate minimum aperture.  

1. Original Nimrod Conversion 

Nimrod is  a constant gradient  proton synchrotron with a 15 MeV i n j e c t o r  and an 
energy of 7 GeV (7.9 G e V l c  momentum} at  tlie normal 14 kG peak magnetic f i e l d .  

The o r i g i n a l  suggestion w a s  simply t o  replace the l a r g e  aperture  constant gradient’  

This might allow the energy 
magnet with a small a p e r t u r e  superconducting a l t e r n a t i n g  gradient  magnet which, a t  .., 70 kG, would have about t h e  same s to red  energy, - 40 MJ.  
t o ’ b e  increased t o  - 40 GeV using a l l  t h e  e x i s t i n g  f a c i l i t i e s  except the magnet and rf 
system. Alternat ively,  with a separate ( l a rge r  radius)  magnet tunnel and a mean f i e l d  
of 50-60 kG, an energy of 50 GeV might be achieved with the ex’isting power supply. 

Closer examination showed tha t  t h i s  scheme would not s a t i s f y  the  f u t u r e  necessi ty  
f o r  a higher beam i n t e n s i t y ,  s ince ,  w i t h  t he  assumed a p e r t u r e  r a d i u s -  5 cm, the space 
thaxge l i m i t  would be s 3 X 1012 protons/pulse.  
t i o n a l  50 MeV l i n e a r  acce le ra to r ,  which could be used t o  replace the ex i s t ing  i n j e c t o r  

Nearby, however, there  is an opera- 

4 ,  P.F. Smith, these Proceedings, p.  1002. 
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and inc rease  t h e  space charge l i m i t  t o  - 1013 p ro tons lpu l se .  
a completely new i n j e c t o r  could be provided. 

Better s t i l l ,  of course,  

A t y p i c a l  computed l a t t i ce  i s  shown i n  Fig.  3 ,  assuming 60 kG i n  t h e  bending 
magnets and peak f i e l d s  of 60-70 kG i n  t he  quadrupoles. With an emi t tance  of 150 Um-R 
(corresponding t o  - 1013 protons at 50 MeV) t h e  beam r a d i u s  f o r  t h i s  optimum l a t t i c e  
i s  about 4.1 c m ,  t o  which must  be added perhaps 0.5 cm f o r  c losed o r b i t  d i s t o r t i o n s .  
One long bending magnet i s  provided per per iod,  which can be omit ted t o  provide a 
s t r a i g h t  s h c t i o n  about 4 m long. Assuming only f o u r  s t r a i g h t  s e c t i o n s  and a maximum 
mean rad ius  of 26 m, one obta ins  a p a r t i c l e  energy of 30 GeV, which r e p r e s e n t s  a more 
r e a l i s t i c  upper l i m i t  of what might a c t u a l l y ' b e  achieved i n  t h e  e x i s t i n g  magnet h a l l .  

2. S ingle  Stage 180 G e V  Machine 

AS a second exe rc i se ,  the  p o s s i b i l i t y  of a l a r g e r  magnet r i n g  w a s  cons idered ,  
again using t h e  50 MeV i n j e c t o r .  Guessing a lower l i m i t  of 100 G f o r  t h e  i n j e c t i o n  
f i e l d ,  a peak. f i e l d  of 60 kG gives an energy of 180 GeV. Pre l iminary  t r ia l s  showed 
t h a t  of va r ious  quadruplet ,  t r i p l e t ,  and FODO latt ices,  the  l a t t e r  gave t h e  smal les t  
aper tures '  f o r  a given peak quadrupole f i e l d .  

The parameters of one of the best l a t t i c e s  a r e  summarized i n  F i g .  4. This  t i m e  
a more r e a l i s t i c  allowance is made f o r  t he  r a t i o  of peak € i e l d / u s a b l e  f i e l d  i n  the  
quadrupoles, and t h e  r a t i o  mean radius/bending r a d i u s  w a s  f i xed  a t  1.35 (o r  - 1.6 with 
i n s e r t i o n s ) .  With these  assumptions t h e  beam r a d i u s  i s  about  5 c m  €or  an emit tance of  
75 u,m.R, corresponding t o  only 5 X 10I2 protons. 

I n  t h i s  machine the  required s t r a i g h t  s e c t i o n  l eng th  would probably be - 15 m f o r  
ex t r ac t ion  purposes, and so  would have t o  be provided by matched i n s e r t i o n s  r a t h e r  
than by the  omission of bending magnets. 

3 .  Conversion of Nimrod t o  Boost'er 

The beam i n t e n s i t y  i n  the  previous machine could be increased  simply by increas ing  
the  beam ape r tu re  r a d i u s  a ( a  =/N), but  the  f i g u r e s  i n  Sec t ion  I T  show t h a t  t h e  c o s t  
begins t o  inc rease  r ap id ly  fo r  a > 7 cm. A less expensive s o l u t i o n  is  t o  provide a 
booster  synchrotron a t  an intermediate  energy. 

The th i rd .  e x e r c i s e ,  therefore ,  was t o  cons ider  t h e  conversion of Nimrod i n t o  a 
5-25 GeV boos te r ,  Eollowed by a high energy machine of ve ry  small  ape r tu re .  I n  the  
180 GeV s ing ,  f o r  example, the space charge ' L i m i t  would al low containment df 4 X 1013 
protons i n  a beam r a d i u s  of only - 1 c m  a t  5 GeV i n j e c t i o n ,  and - 0.5 cm a t  25 GeV in -  
j e c t i o n .  Since these  numbers a re  now becoming smal le r  than  t h e  allowance necessary 
f o r  c o i l  former and thickness ,  the  advantage i n  i n j e c t i n g  a t  25 GeV r a t h e r  than 5 GeV 
i s  not very g r e a t .  This immediately suggests  t he  p o s s i b i l i t y  of schemes i n  which the re  
i s  an i n i t i a l  conversion to ,  say, 20-25 G e V ,  and t h e  same magnet i s  subsequent ly  used 
a t -  5 GeV a s  a convent ional  f a s t  cyc l ing  boos te r  f o r  a h ighe r  energy machine. A t  
180 GeV,  t he  r a d i u s  r a t i o  would be - 6, so t h a t  > 7 X 1 0 l 2  pro tons /pulse  i n  the  boost- 
e r  would be necessary t o  give 4 x lOI3 protons i n  t h e  main r i n g .  
duced f i e l d ,  f a s t  cyc l ing  a t  3-4Isec should not  r e s u l t  i n  any s i g n i f i c a n t  power supply 
o r  ac  l o s s  problems. 

. .  

Because of t he  re- 

A v a r i e t y  of ca l cu la t ions  along these  l i n e s  are i n  progress .  A t y p i c a l  2 5  GeV 
l a t t i c e  is  shown i n  Fig. 5 ,  requi r ing  a beam r a d i u s  of  - 3.8 cm f o r  1013 p a r t i c l e s .  
In  general ,  f o r  a f ixed  machine r ad ius  o f -  20 m, t h e  computed beam r a d i i  f i t  t he  ex- 
pression a = 3.3  \ 

t he  momentum p between 5 and 30 (GeV/c). 
poS4 N O s 5 ,  where N i s  t h e  number of p a r t i c l e s ,  f o r  va lues  of 
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For the main ring, if the lattice of Fig. 4 is used, the beam radius is now re- 
The smaller aperture, however, allows the duced to - 1.1 cm for 4 X loL3 particles. 

use of a higher field gradient so the lattice must be reoptimized; the result is 
shown in Fig. 5 and the new beam radius is - 0.9 crn. Only a small gain results, there- 
fore , from the increase in quadrupole strength (principally because the quadrupoles 
occupy only about 15% of the circumference) and the optima are, in any case, fairly 
flat. Much larger changes in beam radius can result, however; from a change in the 
type of lattice; triplet lattices, for example, appear to require apertures typically 
twice as great as FODO lattices. 

Cost estimates have not yet .been made for the above schemes, nor has any detailed 
consideration been given to rf requirements, injection and extraction efficiencies, 
etc.. 

Since the computed lattices cover a fairly wide range of energy and intensity, 
the magnet parameters are likely t o  be fairly typical of future requirements. 
appears, therefore, that for a 60 kG peak field we can expect bending magnet lengths 
in the range 1 to 6 m, quadrupole lengths of 0.3 to 1.2 m, and aperture radii between 
2 and 6 cm. 

It. 

+d/2 

-d/2 
POWER= JJE dV = J, x ( A x / l O ' ) x L t  8 x  

= fiJc x L i d  x d / 4 x 1 O 8  

6 = f iJcVd/4x IO' 

Fig. 1. Basic ac loss calculation. 
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4 c d FILAMENTS W 

LOSS C, d LOSS=C2w LOSS=Cid ( I - f  NGwf 

Fig. 2. Distribution of magnetization currents in a composite conductor. 

50 MeV 

-0.33111 3A8m 0.33m 0.76111 
E,Q i e l  rn E g g  j 
j 0.28111 0.28m 0 . z m  0.Zrn: +------ 6.66m 

28 periods 

(long' bending magnet omitted in 4' periods to give 4 x 4 m ,  straights ) 
bending field 60 kG 

quadrupole field gradient I2 kG /cm 
beam radius 4.1 crn 

no.of betatron oscillations (a) 4.75 
transition energy/rest energy (yT) 4.5 

Fig. 3. Typical lattice for Nimrod conversion. 
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180 GeV/c 
5 x ~ ~ ' ~ / p u i s e  

L d  6.5rn 1.2m 6.5m 
l F l l B 1 1 0 1 1 _ 8 1 !  

48 periods ( 8  per superperiod) j 0.6m 0.6m p.6m 0.6m 
bending field 6 0 k G  '-17.8m- 

quadrupole field gradient 7 kG/cm 
beam radius 5.2cm 

no. of betatron oscillotions (Q) 
transition energy/rest energ? (yT) 9.3 

9 -75 

Fig. 4 .  Typica l  180 G e V  l a t t i c e  wi th  50 MeV injection. 

25 G e W c  

Bwster (24 periods) Main Ring (72 periods) 
0.44~1 1.82m OA4m 1.82m 0.7m 4.4m 0.7m 4.4m w c a m  m i  1 0.4m 0.4m 0.4m 0.4m i 0.18m 0.18m 0.18m OJ8m 

L 5 . 2 4 m L  I lL8m 4 

IFI m m m :  

6OkG [at 25GeV'c); l2kG(ai  SGeV/c) 

9 k G / u n  ( 0 ) 

bending field 6 0 k G  (at 180 GeV/c 1 
17kG/cm ( n ) 

. .  
1.8 kG/m ( ,, ) quadrupole field gradient 

3.8 cm beam radius 0.9 crn 
4.75 no.of betatron oscillotions(Q) 14.75 
4.5 tronsition energylrest energy (yT) 14.0 

Fig. 5 .  Typical lattices €or 180 GeV wi th  5 GeV booster. 
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ECONOMIC FACTORS INVOLVED I N  THE DESIGN OF A 
PROTON SYNCHROTRON QR STORAGE RING W I T R  A 

SUPERCONDUCTING GUIDE FIELD* 

M.A. Green 
Lawrence Radia t ion  Laboratory 

Berkeley , Cal i fo rn ia  

INTRODUCTION 

A synchrotron wi th  a superconducting guide f i e l d  w i l l  be j u s t i f i e d  i f  t h e  synch- 
r o t r o n  can be b u i l t  and operated i n  such a way t h a t  it u l t ima te ly  saves money. A l -  
though it may be argued tha t  a superconducting f a c i l i t y  of  h igh  c o s t  i s  j u s t i f i e d  
because it w i l l  speed development of t h e  ar t ,  t he  arguments i n  favor  of  a supercon- 
duc t ing  f a c i l i t y  must u l t ima te ly  be economic ones. 

I b e l i e v e  t h a t  one must t ake  a c a r e f u l  look a t  the ove r -a l l  p r o p e r t i e s  of 
superconducting acce le ra to r s .  
nomic cons idera t ions  t h a t  a r e  involved i n  the  des ign  of a superconducting synchrotron 
o r  s torage  r i n g .  This  paper shows t h a t  a superconducting synchrotron i s  compet i t ive  
wi th  a convent ional  machine even when today ' s  high cos t s  and equipment are used. 

T h i s  paper d i scusses  a number of  t he  important  eco- 

A c o s t  e s t ima te  of energy expansion of the  200 GeV machine using a sup,erconduc- 
That r e p o r t  showed t h a t  i t  might be f e a s i b l e  t o  expand t i n g  r i n g  w a s  made i n  1967.l 

t h e  energy of  t h e  200 GeV a c c e l e r a t o r  a t  a c o s t  lower than w a s  proposed by some . 

schemes. The most important advantage was t h a t  one did not  have t o  commit himself  
t o  energy expansion a t  an e a r l y  da t e .  
t h a t  were suggested by Smith2 and by Smith and L e ~ i n . ~  

The c o s t  f i gu res  are comparable w i t h  ones 

This  paper d i scusses  the  unique p rope r t i e s  of a superconducting magnet r i n g  
The machine parameters t h a t  s t rong ly  in f luence  and how they  should be u t i l i z e d .  

c o s t  are a l s o  discussed.  The i n t e r a c t i o n  of t he  var ious machine components s t rong-  
ly in f luence  c o s t  of a superconducting r i n g ,  hence the whole system must be looked 
at  i n  d e t a i l .  

UNXQIJE SUPERCONDUCTING SYNCHROTRON PROPERTIES 

The s t r o n g  focusing synchrotron wi th  a superconducting guide f i e l d  i s  q u i t e  
d i f f e r e n t  from the  conventional AGS machine. These d i f f e rences  a f f e c t  t h e  des'ign 
of a superconducting machine. The important d i f f e rences  are: 

1. Superconductors a re  capable  of opera t ing  a t  high f i e l d s  and c u r r e n t  
d e n s i t i e s ,  which permits h igh - f i e ld  a i r - co re  magnets to be b u i l t .  

* 
1. M.A. Green, Universi ty  of C a l i f o r n i a ,  Lawrence Radiat ion Laboratory Report 

2 .  P.P. Smith, i n  Proc. 2nd I n t e r n .  Conf. Magnet Technology, Oxford, 1967, p a  5 9 4 .  

3 .  

Work performed under t h e  auspices  of  che U.S. Atomic Energy Commission. 

UCRL-17862 (1967). 

P.F. Smith and J . D .  Lewin, Nucl. I n s t r .  and Methods 52, 248 (1967). 
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2. Superconductor,s have zero r e s i s t a n c e  except during charging, hence s u p e r -  
conducting s to rage  r i n g s  ,appear t o  be f eas ib l e .  

3 .  The energy l o s t  per cyc le  i n  the  superconductor i s  independent of frequency, . 
hence the power consumed goes down as the cycle t i m e  increases .  ( I t  should 
be noted t h a t  superconducting systems with l a rge  eddy-current l o s ses  behave 
i n  the same general  way.) Conventional machines require  the  s a m e  amount of' 
power regardless  of  the cycle t i m e .  Long cycle t i m e s  and s torage r ings  have 
much lower power consumption and t h e i r  c o s t s  a r e  not power-dependent. 

4 .  Horizontal and v e r t i c a l  aper ture  c o s t  nea r ly  the same i n  superconducting 
dipoles and quadrupoles, A s  a r e s u l t  magnets with a round aperture  a r e  of 
i n t e r e s t  from both an economic and an engineering standpoint.  

. .  
It should be noted t h a t  superconducting devices have a unique set of problems as  

w e l l  as advantages. The superconducting c u r r e n t s  must be ca re fu l ly .p l aced .  The high 
s t r e s s  levels i n  a h igh - f i e ld  superconducting magnet make it d i f f i c u l t  t o  insure proper 
magnet performance. A number of problems are associated with the  cryogenic environment 
needed t o  produce superconductivity.  Control of the magnet stor.ed .energy during a 
quench is  a l so  needed. A l a r g e  number of t hese  problems can be solved only by building 
a number of model magnets and t e s t i n g  them. 

BASIC MACHINE PARAMETERS 

A 100 GeV machine i s  used as an example. It is  a "bare-bones'' machine with no 
external  beam l i n e s ,  t a r g e t  areas, o r  i n j e c t o r .  The machine i s  assumed t o  be a sepa- 
rated-function machine with a v value of between 10 and 11. The machine i s  assumed t o  
have fourfold symmetry with fou r  s t r a i g h t  s ec t ions  t h a t  a r e  each one betatron wave- 
length long. (See Fig. 1.) The s t r a i g h t  s e c t i o n s  a r e  assumed t o  have the same quadru- 
pole s t ruc tu re  as  the bending sect ions.  They are one betatron wavelength long t o  min- 
imize the radiat ion dumped i n t o  the superconductdr during i n j e c t i o n  and extract ion.  

The machine parameters are divided i n t o  two bas i c  categories ,  f ixed parameters 
and va r i ab le  paramet'ers. The primary f ixed parameters are  f i n a l  energy, i n j ec t ion  en- 
ergy, and in t ens i ty  i n  protons per  second. The va r i ab le  parameters are those de t e r -  
mined by economics r a t h e r  than by f i a t .  The most important va r i ab le  parameters a r e  
r e p e t i t i o n  rate or  cyc le  t i m e ,  aper ture ,  and magnetic f i e l d .  

The in j ec t ion  energy is assumed t o  be  5 GeV,  t he  peak o r  f i n a l  energy 100'GeV. 
The study used i n r e n s i t i e s  of 5 X 10l2 protons per second. The 100 GeV machine w a s  
assumed t o  have a r a t h e r  l a r g e  R/p  r a t i o  of two because of the low v value and the one- 
betatron-wavelength long s t r a i g h t  s ec t ions .  The 1000 GeV examples have a much. more 
reasonable R / p  r a t i o  .of 1.5. 

The r e p e t i t i o n  rate of the machine i s  d i r e c t l y  r e l a t ed  t o  i t s  ape r tu re  i f  the i n -  
t e n s i t y  i n  protons per second is  kept constant .  There are compelling arguments both 
from a power standpoint .and from a c a p i t a l  c o s t  standpoint t o  go t o  long cycle times. 
Longer cycle t i m e s  r e s u l t  i n  l a rge r  ape r tu re s  i f  a constant average beam current i s  
maintained. The ape r tu re  i s  assumed t o  be nea r ly  independent of peak magnetic f i e l d .  
This assumption holds i f  t h e  beam ape r tu re  i s  emittance-limited. Arguments can be 
made f o r  o r  against  t h e  preceding assumption; as a r e s d t ,  one has t o  look at  a par t ic-  
u l a r  machine i n  order t o  f ind  out whether t h e  aperture  i s  dependent on the magnetic 
f i e l d .  The magnetic f i e l d  i s  s t rongly dependent on economic f a c t o r s  f o r  the machine - 
of lowest cost  per  GeV.  
repetitrion r a t e .  
f o r  o tne r  reasons, such as physical s i te  l imi t a t ions . )  

The optimum magnetic f i e l d  i s  also dependent on aperture and 
( I t  should be noted t h a t  one might want t o  use  a nonoptimum f i e l d  
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. 
A computer program was written to calculate the costs of a large number of super- 

conducting  machine^.^ The program calculates the size of and the cost of the following 
machine components: (1) the superconducting magnet ring, ( 2 )  the ring magnet power sup- 
ply, (3 )  the magnet cryostats, ( 4 )  the 4.2OK helium refrigeration system for the mag- 
nets, (5) the rf system, ( 6 )  the machine injection and extraction system, (7) the vacu- 
um system, (8) the machine control system, and (9)  the conventional plant facilities 
(including tunnel, earthwork, foundation, and utilities). 

T€E METHOD OF COST ANALYSIS OF MACHINE COMPONENTS 

The detailed equations and assumptions are omitted from this section. One may 
find these equations and a listing of the program in Ref. 4.  The main cost: relation- 
ships are presented for each of the c.omponents. 

This 'paper is relatively conservative in its presentation of costs. Today's costs 
are used as much as possible. Neither the upward nor downward trend in costs for some 
products is considered. 
ting synchrotron can be built more cheaply than the conventional machine. 

The superconducting magnet cost can be estimated by knowing the cost of the super- 

This paper shows that even at today's costs the superconduc- 

conductor, because 70 tD 80% of the magnet cost is the superconductor itself. One may 
calculate the cost of superconductor by calculating the number of ampere meters of 
superconductor in the system and multiplying it by the cost o f  the superconductor in 
dollars per ampere meter. 
conducting material is shown in Fig. 2. The cost per ampere meter is a function of 
winding peak field. It is assumed there is no gradation of the superconductor in the 
magnet. The number of ampere meters of superconductor is a function of magnet length 
and ampere turns required. The ampere turns is a function of coil current density, 
peak central field, and aperture. The coil current density is a function of the peak 
field in the coil, as shown in Fig. 3; 

The cost of a typical niobium-titanium and niobium-tin super- 

A 2/3-rule dipole and quadrupole were used as models to calculate the cost of ma- 
terial (see Figs. 4 and 5). Detailed analyses of such a dipole or quadrupole are given 
by Asnera5 BroncaY6 and Halba~h.~ Ampere-turn requirements and stored energy, calcu- 
lated by using the 2/3-rule model, compare within 10% with those that would be calcu- 
lated by using a varying current density or intersecting-ellipse models. 
iron was not considered in the cost estimate. 

The use of 

The magnet cost is one of the largest items in a superconducting synchrotron. 
Several conclusions can be made that relate magnet cost to machine parameters: (1) The 
cost of the magnet goes up as the peak central field goes up despite the reduction in 
magnetic radius; ( 2 ) .  low-current-dens2ty magnets require more ampere meters of material 
than high-current-density magnets ; (3)  quadrupoles require more material than dipoles 
of the same peak. field and curxent density. 

4 .  M . A ,  Green, University of California, Lawrence Radiation Laboratory Report 

5. A. Asner and C. Iselin, in Proc. 2nd Intern. Conf. Magnet Technology, Oxford, 1967, 

6 .  G. Bronca and J.P. Pouillange, CERN Report CW/ECFA 67/W62/US-SGl/JPPZ (1967) ; and 

7. K. Halbach, Lawrence Radiation Laboratory, private communication. 

UCID 3204 (1968). 

p. 32. 

ECFA Utilization Studies for a 300 GeV Proton Synchrotron (CERN, 1967), Vol. 2 ,  p.203. 
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The power supply is assumed to be a conventional motor generator set such as the 
ones used on today's synchrotrons. 
the magnet stored energy and inversely proportional to the machine rise time. The 
magnet stored energy goes up as the peak central field to the N power, where N is 
greater than unity. 
where m is somewhat less than 2. 

The cost of the power supply is proportional to 

The power supply costs also go up with apextuxe to .the m power, 

There appear to be several schemes which may result in large decreases in power 

This scheme may be particularly promising for short-cycle-time machines. Long flat- 
tops will require an extremely low ripple factor. Today's power supplies have too 
high a ripple factor to permit long beam spills. However, superconducting magnets can 
be made to run in the persistent mode, which is essentially ripple-free. 

supply cost; one such scheme has been advanced by Smith of the Rutherford Laboratory. 8 

The magnet cryostat cost is a function of its length, hence is inversely propor- 
tional to the peak central field. 
because the high heat leak found in the simplified Dewar is dominated by ocher loads 
in the system. The cryostat is estimated to cost about $3000 per meter. 

The cryostat is assumed to be as simple as possible, 

The liquid helium refrigeration system would consist of one or more large refrig- 
erators and the appropriate transfer lines. The large system is applicable €or an ac- 
celerator9~10 because: (1) the loads are relatively concentrated, (2) the load in the 
accelerator system greatly exceeds the transfer line losses, (3)  the system position 
is fixed. The system is assumed to consist of a group of central refrigerators with 
cold gas transport. The J-T (Joule-Thomson) valves and final J-T heat exchangers are 
located at the Dewar. (see Fig. 6 ) .  

0 There are three primary sources of heating in the 4.2 K region: (1) heat leaks 
from the outside through the Dewar and power supply leads, (2) heating due to energy 
loss frob the beam, (3) various kinds of ac losses. 

Heat leaks into the system are roughly proportional t o  the cryostat length. It 
is assumed that 10% of the beam is lost at extraction and 5% of the beam is lost during 
injection. It is further assumed that 20% of the lost beam energy is dumped into the 
4'K region. There could also be a severe local heating problem; it can be reduced by 
the long straight sections and the use of special quadrupoles in these sections. It 
is desirable to have as high an extraction and injection efficiency as possible to 
reduce the beam heating. 

The ac losses are divided into t w o  basic terms, a hysteresis-like loss and an 
eddy-current-type loss. 
confirmed by work at LRL,ll Brookhaven,I2 lutherford,13 and other places. 
sumed that the basic wire dimensions are 0.0025 cm (0.001 in.). 

I use Smith's2 ac loss equation, which is being experimentally 
I have as- 

There is strong 

8 .  P.F. Smith, in Proc. 2nd Intern. Con'f. Magnet Technology, Oxford, 1967, p. 589. 

9. ,M.A. Green, G.P. Coombs, and J.L. Perry, report by 500 Incorporated, a subsidiary 
of Arthur D. Little, Inc., Cambridge, Mass. (2968) .  

LO. M.A.  Green, G.P. Coombs, and J .L .  Perry, these Proceedings, p. 293. 

11. W . S .  Gilbert, R.E. Hintz, and F. Voelker, University of California, Lawrence 

12. W.B. Sampson, R.B. Britton, G.H. Morgan, and P.F. Dahl, in Proc. Sixth Intern. 

13. P.F. Smith, these Proceedings, p. 913. . 

Radiation Laboratory Report UCRL-18176 (1968) .  

Conf. High Energy A i ,  p.  393. 
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evidence that such a material can be made in a high-resistance substrate. Work is 
proceeding on such an NbTi material. The same dimensions are used €or both the NbTi 
and Nb3Sn cases. An eddy-current term is included in the program. Prevention of 
eddy-current losses will require extensive use o f  high-resistivity metals and non- 

. .  metallic materials in the 4OK region. 

The refrigeration cost i s  based on the Strobridge, Chelton, and Mann14 estimate. 
.It.bs assumed that there is one refrigerator at each point where leads leave the en- 
closure. The cost of each refrigerator can be calculated by using the relationship 

2 / 3  Refrigerator cost = $3720 (Power @ 4 . 2 O K )  , 

where the '4.2'K power required is greater than 100 W. 
Strobridge, Chelton, and Mann curve very well. The' 'actual cost of large units is tend- 
ing to be somewhat lower than the cost predicted by the above relationship. 

The above relationship fits the 

15 

The rf system cost is primarily a function of rf power, which is a function of 
the beam power. The injection extraction system consists of fast kickers, thin septums, 
deflectors, and magnet to get the beam into and out of the machine. The cost o f  in- 
jection and extraction elements is a function of the injection and extraction energies 
respectively . 

The vacuum system consists of vacuum piping in regions where there are no magnet 
cryostats, vacuum joints, a roughing pump system, and high-vacuum cryogenic pumps 
using liquid helium. 
ring radius. 
accelerator cost. 

. The cost of the vacuum system is roughly proportional to the 
The accelerator control system is assumed to be 5% of the sum of the 

The'cost of tunnel, earthwork, and plant facilities is an extremely important 
part of the cost analysis. The computer program is capable of calculating the conven- 
tional facilities cost €or three types of sites: hard sites with cut-and-fill meehods 
used, soft sites with cut-and-fill methods used, and a hard-rock bored tunnel site. 
The s o f t  site was used for the 100 GeV example. The cost of enclosure, shielding, 
foundation, and earthwork is estimated to be about $7400 per meter. The tunnel is 
much like the LRL 200 GeV design study tunnel16 '(see Fig. 7), which may be larger and 
more expensive than needed. The utilities or plant facilities cost consists of an 
electric power distribution net and a cooling water system (cooling water is required 
for the rf system and refrigerators). The cost of the utilities is about $100 per 
kilowatt fed into the power consuming systems. 
of all the systems. An additional 50%'was added for engineering development, civil 
engineering, architecture, and contingency. The latter was added to make the estimate 
comparable to today's actual conventional'machine costs. 

The machine subtotal cost is the sum 

, 

14. T:R. Strobridge, D.B. Mann, and D.B. Chelton, National Bureau of Standards 
Report 9229 (1966). 

15. G.P. Coombs (500 Incorporated, a subsidiary pf Arthur D. Little, Inc.) ,  

16. 200 BeV Accelerator Design Study,  Vol. 11, University of California, Lawrence 
private communication. 

Radiation Laboratory Report UCRL-16000 (1965). 
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THE EFFECT OF MAGNETIC FIELD, APERTURE, AND 
CYCLE TIME ON TOT& MACHINE COST 

A number o f ' i n t e r e s t i n g  things can be seen from looking at  the whole system c o s t .  
The va r i ab le  parameters have a strong e f f e c t  on machine cos t ,  t he re fo re  it  i s  possible  
t o  minimize machine cost  by varying the var iable  parameters. 

Figure 8 shows c l e a r l y  t h a t  t he re  i s  a f i e l d  f o r  which the machine c o s t  i s  mini- 

The machine aperture  a f f e c t s  the machine c o s t  a t  a l l  cycle  
mum. 
t he  optimum machine cos t .  
t i m e s  (see Fig.  9 ) .  
f o r  l a r g e r  aper tures .  

Also shown i n  Fig. 8 i s  the  e f f e c t  of cycle t i m e  on both the  optimum f i e l d  and 

The difference i n  cost. between NbTi and NbgSn machines i s  greater  

The optimum f i e l d  increases as the cycle time increases (see Fig.  10).  The Nb3Sn 
The op- systems at  long cycle t i m e  have a higher optimum f i e l d  t h a n , t h e  NbTi systems. 

t i m u m  f i e l d  a t  long cycle times is s t rongly affected by the cu r ren t  d e n s i t y  i n  the 
magnet c o i l s .  Today NbgSn c o i l s  have a l a rge r  c o i l  current dens i ty  than NbTi except. 
a t  very low f i e l d s .  A f ac to r  of two .increase i n  current dens i ty  . for  NbTi, which w i l l  
be achieved within a year,  w i l l  r e s u l t  i n  higher optimum f i e l d s  and somewhat lower 
c o s t s  than shown i n  Figs.  9 and 10. 

There is  a l s o  an aperture  and r e p e t i t i o n  r a t e .  which w i l l  r e s u l t  i n  a minimum-cost 
machine f o r  a given average beam current  and duty f ac to r .  Table I i l l u s t r a t e s  t h a t  
t he  slow-cycle large-aperture machine may be very a t t r a c t i v e  from a c o s t  standpoint.  
A 100 GeV s torage r ing  w a s  included f o r  comparison with the acce le ra to r s .  A more de- 
t a i l e d  cost  breakdown of the machines shown i n  Table I i s  given i n  the  Appendix. 

A 1000 GeV accelerator  and storage r ing  are shown i n  Table I f .  The 1000 GeV ma- 
chines have a r a t i o  of average r ad ius  t o  magnetic radius  of 1.5 in s t ead  of 2.0. The 
v value f o r  the 1000 GeV machine is  approximately 100, hence the long s t r a i g h t  sect ions 
do not take up a l a r g e  p a r t  of t h e  machine circumference.. It should be  noted tha t  the 

8 cm. 
. 1000 GeV accelerator  has an i n j e c t i o n  energy of 25 GeV and an ape r tu re  diameter of 

A storage r i n g  i s  a l s o  shown i n  Table I1 f o r  comparison with the  synchrotron. 

GEXERAL CONCLUSIONS AND THE EFFECT OF 
FUTURE DEVELOPMENTS 

A number of conclusions can be drawn from the s tud ie s  t h a t  have been made on the 
economics of superconducting synchrotrons. These conclusions w i l l  be g r e a t l y  affected 
by changes i n  cos t  and technology of superconductors and other equipment. 

This paper shows t h a t  niobium-titanium a l loys  a r e  promising from a c o s t  stand; 
point.  
cheapest material, pa r t i cu la r ly  i f  the aperture of the magnet i s  s m a l l .  It i s  not in-  
conceivable t h a t  the quadrupoles may use NbgSn while the dipoles  a r e  made of NbTi. 
D u c t i l i t y  and the a b i l i t y  t o  form NbTi i n t o  a large va r i e ty  of shapes are very advan- 
tageous. There are NbTi materials tha t  could be used i n  s torage r i n g s  today. It i s  
q u i t e  evident ,  however, t h a t  more work i s  required on magnet design so that  r e l i a b l e ,  
uniform magnets are b u i l t .  Current d e n s i t i e s  achievable i n  NbTi materials can be ex- 
pected t o  double i n  the next year o r  two ( t o  40 000 A / c m 2  or more i n  60 kG c o i l s ) .  
. E  r e s u l t  NbTi w i l l  become increasingly a t t r a c t i v e  a t  50 or  60 kG. There has  been a 
doinlnward trend i n  material  c o s t ,  due primarily t o  improvement i n  manufacturing tech- 
niques, and the p o s s i b i l i t y  of running these mater ia ls  a t  t h e i r  c r i t i ca l  cu r ren t .  No 
d e f i n i t e  material choice can be made a t  t h i s  t i m e .  

I f  high f i e l d s  are required (greater  than 50 kG), Nb3Sn appears t o  be the 

A s  
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TABLE I. Cost breakdown f o r  two 100 GeV sync..rotrons and a s to rage  r i n g .  

MACHINE PARAMETERS 

F i n a l  energy 
I n j e c t i o n  energy 
Beam . i n t e n s i t y  . 
Magnetic f i e l d  
Cycle t i m e  
Apex t ur e 
Mater ia l  

MACHINE COMPONENT COST 

Hagne t s 
Magnet power supply 
Magnet c r y o s t a t  
Helium r e f r i g e r a t i o n  
Rf system 
I n j e c t i o n - e x t r a c t i o n  system 
Vacuum system 
Control system 
Enclosure and p l an t  f a c i l i t i e s  

SUBTOTAL COST 
I_ 

TOTAL COST with D I A  and contingency 
~ 

YEARLY POWER COST 

Short-cycle  machine 

100 GeV 
5 GeV 

5 x 1012 PIsec 
30 kG 
2.0 sec 
5.0 cm 
NbT i 

1.9 M$ 
7.9 M$ 
2.5 M$ 
7 . 1  M$ 
2 . 9  M$ 
1.0 M$ 
0.8 M$ 

12.3 M$ 
1.2 M$ 

37.6 M$ 

5 6 . 4  M$ 
~ 

1.55 M$ 

Long-cycle machine 

100 GeV 
5 GeV 

5 x 1012 P/sec 
40 kG 
20 sec  
12.5 cm 
NbT i 

6.6 M$ 
6 . 3  M$ 
2 . 1  M$ 
3.2 M$ 
2.9 M$ 
1.0 M$ 
0.6 M$ ' 

1.1 M$ 
8.7 M$ 

32.5 M$ 

48.7 M$ 

0.65 M$ 

Storage r i n g  

100 GeV 

..-- 
45 kG 

12.5 cm 
NbT i 

--- 

8.3 M$ 

1.9 M$ 
1 .5  M$ 
0.2 M$ 

0.5 M$ 
0.7 M$ 
7.1 M$ 

0.2  N$ 

. 1.0 M$ 

21.4 M$ 

32.1 M$ 

0.11 M$ 



I 

I 

TABLE 11. Cost estimate for a 1000 GeV synchrotron and a storage ring. 

MACHINE PARAMETERS 
Final energy 
Injection energy 
Beam intensity 
Magnetic field 
Cycle time 
Aperture 
Materia 1 

MACHINE COMPONENT COST 
Magnets 
Magnet power supply 
Magnet cryostat 
Helium refrigerator 
Rf system 
Injection-extraction system 
Vacuum system 
Control system 
Enc 1 os ure and plant f ac i 1 it ie s 

SUBTOTAL COST 

TOTAL COST with EDIA and contingency 
~~ 

YEARLY PQWER COST 

Synchrotron 

1000 GeV 
25 GeV 

3.3 x 1012 P/sec 
40 kG 
30 see 
8.0 cm 
NbT i 

44.3 M$ 
29.6 M$ 
19.2 M$ 
14.8 M$ 
28.7 M$ 
4.6 M$ 
3.8 M$ 

63.4 M$ 
7.2.M$ 

215.6 M$ 

323.4 M$ 

3.95 M$ : 

Storage ring 

1000 GeV 

---- 
45 kG 

8.0 cm 
NbT i 

56.9 M$ 
1.0 M$ 

.17.9 M$ 
7.3 M$ 
0.4 M$ 
4.6 M$ 
3.4 M$ 
4.6 M$ 

52.7 M$ 

147.9 M$ 

216.6 M$ 

0.82 M$ 



This study indicates that the magnetic field for a minimum-cost ,machine is lower 
than what is talked about by Smith2y3 and Sampson.17 Fields of 60 kG are high for 
today's technology. However, changes in material cost, superconductor current density, 
and the power supply may make the 60 kG field level practical (particularly for long- 
cycle-time machines) from an economic standpoint. It should be noted, however, that 
if tunnel cost and cryostat cost can be reduced below the numbers given in this paper, 
the optimum magnetic field will also be reduced. 

This paper indicates that long cycle times are attractive even when the aperture 
is increased to accommodate a larger beam current. A long flat-top adds very little 
to the cost, but the ability to produce long beam spill has to be perfected. Super- 
conducting magnets can be made ripple-free if they are run in the persistent mode; 
which may help solve long spill problems. Shor't cycle times are desirable for some 
kinds of experiments. Changes in power supply technology may make shorter cycle times 
more attractive. It is clear that some thought is required to find a solution that is 
best with respect to both physics and economics. 

In conclusion the following statements can be made. (1) Superconducting technol- 
ogy has .advanced far enough that storage rings are possible to build. (2) It appears 
that costs for a 50 to 100 GeV superconducting synchrotron are competitive with today's 
conventional machines. 
dollars per GeV.) (3)  A large economic advantage is likely to be gained when machines 
in the TeV (trillion electron volt) range are built. (Machine costs should be reduced 
by a factor of 2 or more.) ( 4 )  Changes in superconducting technology, cryogenics, and 
power supply technology should have a favorable effect on the projected cost of a 
superconducting synchrotron. 

( A  conventional bare-bones machine would cost 0.7 to 0.8 million 

Superconductivity has a bright future, but a great deal of realistic thinking and 
hardware development is required before superconductivity becomes a tool of high energy 
physics instead of a plaything. The full utilization of superconductivity in high en- 
ergy physics will require both money and manpower. We must commit ourselves to super- 
conductivity if we are going to realize its promise. 

~- 

17. W.B. Sampson, these Proceedings, p. 998 .  



APPENDIX 
A DETAILED COST BREAKDOWN OF THE 100 CEV MACHINE SHOWN IN TABLE I 

Table A. 100 GeV machine parameters 

Parameter 

General parameters 
Peak final. energy 
Injection energy 
Average proton intensity 
Peak dipole field 
Aperture diameter 

Cycle time 

Detailed parameters 
Machine average radius 

Dipole magnetic radius 
Superconducting material 
Superconductor cost 

Coil current density 
Dipole ampere turns 
Peak magnet stored energy 

Peak MG set power 
Magnet rise time 
Magnet f 1 at -top time 
Injection time (front porch) 
Number of refrigerators 
Refrigeration required 

Rf power required 
Ac ce 1 era t ing vo I t age 
Inject ion efficiency 
Extraction efficiency 
Total power required 
Type of site 

2-second cycle 20-second cycle St or age 
'accelerator accelerator r in& 

100 Gev 100 Gev 100 Gev 
, 5 GeV 5 GeV 
5 x P/sec 5 x P/sec 
30 kG 40 kG 45 kG 
5 cm 12.5 cm 1 2 - 5  cm 

20 sec 2 sec --- 

224.2 m 
112.1 m 
NbT i 
$2 .55  X O - ~ / A ~  

3.57 x lo5 

2 31 400 A/cm 

25.5 MJ 

84.7 MVA 

0.6 sec 
0 .7  sec 
0.1 see 
4 
27 300 W 
504 kW 

168.2 m 
84.1 m 
NbTi 
$3.48 I O - ~ I A ~  

2 23 000 A/cm 
1.04 x 10 
170.5 M J  

68.0 W A  

5 sec 

7 sec 
3 see 
4 
7600 W 

605 kW 

6 

149.6 m 
74.8 m 

NbTi 
$4.07 x 10-3/Am . 

19 600 A/cm 

1.23 x lo6 
210.2 M J  

2 

--- 
500 sec 

--- 
--- 

4 
2000 w - 20 kW 

1.49 x io 6 v/turn 1.34 x 10 5 Vlturn --- 
9 5% 95% 9 5% 

9 0% 90% 90% 
19.0 m 
Soil 

8.5 Mw 

S o i f  

1.5 Mw 

Soil 
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Table B. The cost of various machine components for the 
100 GeV machine shown in Table I 
(costs in thousands of dollars) 

2-second cycle 20-second cycle Storage 
Component accelerator accelerator ring 

1. Magnet System 
Dipole cost 
Quadrupole cost 
Correction magnet cost 

Total magnet cost 

1634 
104 
174 
1912 
- 

5301 
713 
60 1 
6615 
__I 

660.8 
958 ' 
757 
8323 
- 

2. MG set power supply 
Generator cost 10 12 788 18 
Motor cost 131 1103 7 
Rectifier cost 4113 3232 60 
Flywheel cost 9 60 74 

. Leads and bus bar cost 1314 1031 21 
40 

Total power supply cost 7895 6259 220 
- 1045 - 1316 - Installation cost 

3. Magnet cryostat cost , 2549 2113 1885 
~ 

4 .  Refrigeration system. 
Refrigerator cost 6553 

549 
Total refrigeration system cost 7102 
Transfer fine cost - 

2806 
426 
3232 
- 

1157 
385 
1542 
I_ 

5.  R f  system cost 2861 2906 183 

6. Injection-extraction system 
Injection ,system cost 270 2 70 270 

725 - 725 - 725 Extraction system cost - 
Injection-extraction system cost 995 995 995 

Vacuum piping 235 166 147 
Vacuum joints 151 122 109 

Roughing pumps - 

7. Vacuum system 

Cryopumps 180 129 114 
141 

Total vacuum cost 777 576 511 

, 8. Control system cost 1205 1135 683 

- 159 - 211 

9. Tunnel earthwork and plant 
facilities 
Tunnel cost 4651 
Earthwork cost 3946 
Foundat,ion cost 1832 
Utilities cost 1963. 

Total plant cost 12 332 

3488 
2960 
'1374 
846 

8668 
- 

3100 
2631 
1221 
132 
7084 
- 

__ ~ 

Machine subtotal cost 37 628 32 499 21 426 

I 50% EDIA and contingency 18 815 16 250 10 716 

Total machine capital cos t  56 443 48 749 32 140 
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Table C. Operating power and annual power cost 
f o r  the 100 GeV machine shown in Table I 

Power required by the accelerator 

MG set power 
Refrigerator power 
Rf s t a t  ion power 
Tunnel power 
(includes air conditioning, 
lights, etc .) 

Total power required 

Annual power cost @ $O.Ol/kWh 
delivered to the equipment 
(cost in thousands of dollars 
per year) . .  

3776 kW 2936 kW 50 kW 
13 643 kW 3783 kW 975 kW 

1890 kW 1428 kW 160 kW 
4-23 kW 317 kW 282 kW 

19 032 kW 8464 kW 1477 kW 

' 1553 64 5 10 6 

RF system 

.Straight section Extracted 
(one betatron beam 

wavelength) ( t o  an t 1 ertmental weal  

I . ., - - 

Possible internal target area 

Fig. I. A superconducting synchrotron with fourfold symmetry. 
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Nb3SN ribbon cdst $15.00 meter 

Nb-Ti wire cost $0.75 meter 

i 
Nb3SN ribbon cost basedon the /' 
current carried at the semi /' 

Nb-Ti wire cost based on the 
current carried at the semi 
stable l i m i t  

a The cost of actual coils bui l t  
a t  LRL using the Nb-Ti ' 

conductor 

I I I I I I 

20 40 60 80 100 120 10-3L 

Maximum coil field ( k G )  

Fig.  2. The cost of  a superconductor vs t h e  maximum f i e l d  
i n  a c o i l  winding. 
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Current density in Nb3SN superconductor at - - 1- >?= -- - - - - - . the semi stable l imi t  

', Nb3SN superconductor 
1 at the semi stable l imi t  \ 

r C N b - i i  wire a t  the semi \ - 

Coil current 
density using 1' Current density in 
wire superconductor 
at the semi stable l imit ', stable l imi t  t .b4 \ "\ K 

2 
L. 

\ . .  . . v Actual LRL coi l  current densities in coils 
wound using the Nb-Ti superconductor 

e Actual current density in a small LRL 
single pancake Nb3SN coil 

1 
- 
0 20 40 60 80 100 120 140 

Maximum coi l  fteldtkG) 

P i g .  3. Coi l  and superconductor c u r r e n t  d e n s i t i e s  u s ing  NbTi 
and Nb3Sn h igh-cur ren t -dens i ty  superconductors .  



A m - 2  [ L . D + ~ ~  ( R 1 + R p ) ] N i  

. .  

Fig. 4.  A d i p o l e  cross section based on the  213 r u l e .  
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Fig. 5. A quadrupole cross sectrion based on the 213 r u l e .  
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Magnet 
cryostat 

Fig.  6.  

. 
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Fig. 7. A,typical tunnel cross section showing a 45 kG 
magnet installed in the tunnel. , 
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A 2000 GEV SUPERCONDUCTING SYNCHROTRON* 

I 

W.B. Sampson 
Brookhaven National Laboratory 

Upton, New York 

INTRODUCTION 

There a re  so many unknowns involved i n  es t imat ing the  cost  of a superconducting 
synchrotron that  it i s  l a rge ly  an academic exercize a t  the  present t i m e .  The f e a s i b i l -  
i t y  of such a machine is s t rong ly  dependent on the magnitude of the ac lo s ses  produced 
by the  changing guide f i e l d ,  s ince  such lo s ses  must  be removed a t  very low temperatures, 
a notoriously i n e f f i c i e n t  process. 
these ac losses  could be made i n  a p r a c t i c a l  acce le ra to r  magnet, although the subject. . 
is being s t u d i e d  extensively.  Even i f  t he  losses  are reduced t o  a s u i t a b l e  l e v e l ,  the 
r e l i a b i l i t y  of both the  magnets and associated cryogenic equipment has ,ye t  t o  be dem- 
onstrated.  D e s p i t e  these d e f i c i e n c i e s  i n  knowledge i t  is  possible  t o  make crude es t i -  
mates of the cost of a 2000 GeV machine based on present  experience and reasonable ex- 
pectat ions for  the future .  

There is  r e l a t i v e l y  l i t t l e  known about how small 

MACHINE PARAIGTERS 

The machine under discussion is assumed t o  have the  following parameters: 

Energy 2000 GeV 

I n j e c t i o n  energy 30 GeV (AGS) 

Radius 1.5 Jan 

Aperture 30 cm2 

Peak f i e l d  60 kG 

The energy was chosen as a s u i t a b l e  next s t e p  a f t e r  the 200 t o  400 GeV machine 
being b u i l t  a t  Weston. The i n j e c t o r  i s  assumed t o  be t h e  AGS, which might conceivably 
be avai lable  €or such d u t i e s  by the  t i m e  t he  l a rge  machine w a s  b u i l t .  The radius  and 
f i e l d  w e r e  chosen so  t h a t  the machine would f i t  on the present Brookhaven s i t e  and the 
assumption was made t h a t  80% o f  t h e  r i n g  would'be f i l l e d  with bending magnets. Since 
the  cost  of both the magnets and power supply are s t rong ly  increasing functions of the 
aperture  s i z e ,  a c i r c u l a r  aper ture  of approximately 3 c m  radius  has been chosen as ,the 
smallest reasonable size. 
mediate r i n g  between the i n j e c t o r  and f i n a l  r i ng  so  t h a t  t he  aperture  could be reduced 
fu r the r  i n  the main r i n g  magnets by i n j e c t i n g  a t  approximately 150 GeV. 

It is  poss ib l e  tha t  a saving could be made by using an in t e r -  

MAGNET DESIGN 

i t  is  assumed t h a t  t he  a c c e l e r a t o r  would be of t h e  separated function type consis t -  
.ing of dipoles' and quadrupoles arranged i n  a s u i t a b l e  array. '  

* 
Work performed under the auspices of t h e  U.S. Atomic Energy Commission. 

1. G.T. Danby e t  a l . ,  IEEE Trans. Nucl. Sei. NS-14, No.  3, 431 (1967). 
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The magnets would resemble t o  a considerable de ree the high cu r ren t  dens i ty  dc 
beam handling magnets being developed at Brookhaven, s but would be made with the  low 
loss type of conductor which w i l l  be described i n  the next sect ion.  
s t r u c t i o n  a c i r cu la r  aperture has been chosen, but an e l l i p t i c a l  aper ture  could be 
used i f  o r b i t  dynamics require  more horizontal  than v e r t i c a l  aper ture .  The required 
f i e l d  configuration is  obtained by arranging ribbons of conductor around the. perimeter 
of the aper ture  t o  form a number of d i sc re t e  current blocks according t o  the  methods 
developed by Beth.3 Shielding of the stray.magnetic f i e l d  i s  achieved by the  use of a 
laminated i r o n  shield which could a l s o  serve as the vacuum jacket of t h e  D e w a r .  A l t e r -  
na t ive ly ,  a set of similar windings of lower current density a t  a l a r g e r  radius  could 
be used t o  cancel the external f i e l d .  The use of i ron  shielding, . s u f f i c i e n t l y  f a r  from 
the magnet t o  prevent saturat ion,  leads t o  an increase of about 10 kG i n  the dipole  
f i e l d / +  while the superconducting shield would lead. t o  a similar reduct ion i n  f i e l d .  

For ease of con- 

. 

For a dipole  f i e l d  o f  60 kG (50 kG without i ron) ,  a current  of about 8 x 10‘ A/cm 
of circumference i s  required i n  t h e  high densi ty  portion of the windings. 
ponds t o  a current  densi ty  of approximately 6 )c lo4 A/cm2 f o r  a conductor width of 
0.5 in. 
r e n t  densi ty .  Figure l i s  a schematic diagram of the magnet cross  sec t ion .  

This corres-  

The quadrupoles would produce a gradient of about 20 kG/cm f o r  t h e  same c u r -  

AC CONDUCTOR 

While the  losses produced. i n  pulsed magnets using presently a v a i l a b l e  mater ia l  
are r a t h e r  t ~ i g h , ~ , ~  i t  seems possible t o  reduce such losses  by a s u i t a b l e  subdivision 
of. the  s u p e r c o n d ~ c t o r . ~  A conductor configuration expected t o  produce low power d i s -  
s i p a t i o n  and high current dens i ty  under pulsed conditions i s  shown i n  Fig.  2 .  This 
conductor is  formed by weaving a l t e r n a t e  s t rands of f i ne  s t a i n l e s s - s t e e l  and niobium- 
t i n  f i laments  t o  form a f l a t  s t r ap .  The superconducting fi laments a r e  e l e c t r i c a l l y  
separated by the  s t a i n l e s s  steel and a ceramic insulator  such as boron n i t r i d e , 4 a n d  
are transposed by the weaving process. The u s e  of such a conductor i s  expected t o  l e a d  
t o  a reduction i n  losses  of approximately an order of magnitude over p re sen t ly  ava i l -  
able  materials. Similar conductors could be made from insulated f i laments  of NbTi 
a l l o y ,  but they would probably be capable of somewhat lower current  d e n s i t i e s  and would 
mot be as des i r ab le  i f  the magnets w e r e  t o  operate at  elevated temperatures i n  super- 
c r i t i c a l  helium. 

COMPONENTS 

M a y t s .  

About 2 X 10 m of superconductor would be required f o r  quadrupoles. 

The main r ing  which cons i s t s  of 80% dipoles w i l l  r e q u i r e  about 
7.5 x 10 m of superconducting ribbon capable of carrying about 1000 A .  

6 

2 .  R.B. B r i t t on ,  these Proceedings, p. 893. 

3. R . A .  Beth, Brookhaven National Laboratory, Accelerator Dept.  Report 

‘ 4 .  J . P .  B l e w e t t ,  these Proceedings, p.  1042. 

5 .  W.B. Sampson, ibid. ,  p .  908. 

6 .  G.H. Morgan and P.?.’ Dahl, i b i d .  , p .  559. 

7 .  P.F. Smith,  ibid. ,  p .  913. 

AADD-135 (1967). 
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Power Supply. 
which represents  a 

The s to red  energy of t h e  synchrotron is equal t o  about 100 W/m 
t o t a l  s to red  energy i n  t h e  r i n g  of some 750 W. Since the power 

supply must be capable of supplying t h i s  much energy i n  a time equa l  t o  the rise t i m e ,  
or  approximately one ha l f  of the cycle  t i m e ,  t h e  power supply mus t  have a r a t i n g  of: 

750 I O 6  
= 300 MVA f o r  t = 5 sec. 

t 12 
Power supply = 

It should be noted here t h a t  a superconducting synchrotron i s  e s p e c i a l l y  su i t ed  t o  l o w .  
r e p e t i t i o n  r a t e  operat ion s i n c e  the  energy l o s s  per cycle  i s  independent of frequency 
(Refs. 5 ,  6). It is a l s o  possible  i n  p r i n c i p l e  t o  have very long f l a t - t o p s  s ince lit- 
t le  o r  no energy is required t o  maintain peak f i e l d .  

It i s  possible t h a t  the cos t  of t h e  power supply could be reduced by using super-  
conducting technology8 e s p e c i a l l y  i n  v i e w  of t he  f ac t  t h a t  the add i t iona l  r e f r i g e r a t i o n  
w i l l  be r e l a t i v e l y  inexpensive due t o  the  l a r g e  i n s t a l l a t i o n  required f o r  the synchro- 
t ron  magnets themselves. 

RFFRIGERATOR 

The s i z e  of t h e  r e f r i g e r a t o r  required i s  determined almost e n t i r e l y  by the ac 
lo s ses  i n  the magnets s ince o the r  sources of heat  production such as lead l o s s  and beam 
r a d i a t i o n  can probably be made comparatively low by ca re fu l  design. It is convenient 
t o  express the l o s s e s  produced i n  the  magnets by an e f f e c t i v e  "Q" defined here as the 
energy l o s s  per  cyc le  divided i n t o  the  t o t a l  s tored energy. The lo s ses  are then given 
by 

ac l o s s  = - W / c y c l e  . Q 
The "Q" of present ly  ava i l ab le  superconducting c o i l s  is approximately 200, and i f  w e  
assume a f ac to r  of ten improvement using s p e c i a l  conductor, t h i s  should give a rqQ" 
close t o  2000. The l o s s  then is 375 W per  pulse  which f o r  a r e p e t i t i o n  rate of once 
i n  5 sec equals 150 kW of r e f r i g e r a t i o n .  

Assuming the most optimum r e f r i g e r a t o r  e f f i c i ency  of 30% Garnot, t h i s  machine 
would require  40 MVA f o r  operation. 

CONCLUSIONS 

The f e a s i b i l i t y  o f  such a machine depends on the p o s s i b i l i t y  of producing a con- 
ductor capable of being wound i n t o  magnets of very high r'Q". 
material could'be produced at  a p r i c e  lower than $5/m, important savings would be 
possible.  

I f ,  i n  addition,. such 

A point of considerable importance concerning pulsed superconducting magnets is 
t h a t  t h e  loss/cycle  is independent of r e p e t i t i o n  r a t e .  
designed f o r  slow cyc l ing  could be used a t  lower energies with a reasonable cycling 
time and a t  very high energies  with a few pulseslminute. When it  became apparent what 
s o r t  of physics would.be done a t  very high energies  and when t h e  required experimental 
equipment was more f u l l y  developed, the power supply and r e f r i g e r a t o r  of the machine 
could be upgraded t o  improve the  r e p e t i t i o n  rate. The superconducting machine i s  idea l -  
l y  su i t ed  f o r  t h i s  type of operation s i n c e  i t s  power requirements vary l i n e a r l y  with 
r e p e t i t i o n  rate. 

Thus a very high energy machine 

~ 

8. S.C. Collins,  t hese  Proceedings, p. 59. 
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HEAT SHIELD 

IRON FLUX SHIELD EL MAGNET WINDINGS 

/ L l y l D  HELIUM 

Fig. I. Schematic drawing of cross section of superconducting accelerator. 

Nb,Sn FILAMENTS 
INTERWOVEN WITH 
STAINLESS STEEL 

Fig. 2 .  Low loss ac superconductor. 
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SYNCHROTRON POWER SUPPLIJ3S USING SUPERCONDUCTING J3NERGY STORAGE 

P.F.  Smith 
Rutherford.Laboratory 
Chilton, Berks., England 

I. INTRODUCTION 

The possibility of using energy storage in superconducting coils as the basis of 
a synchrotron power supply was discussed in a previous paper.' The present report re- 
introduces the idea for comment and discussion, with comments on one or two relatively 
minor addftions to the theory. No significant improvements on the original version of 
the idea have been achieved, and no assessment has yet been made of its practical fea- 
sibility. 

This line of thought arises immediately from work on superconducting synchrotron 
magnets. The energy stored in the latter would be typically at least four times that 
of conventional magnets (i.e., probably - 1 W/GeV or more). This. not only leads to 
an undesirably high power supply cost, but also, for very high energy accelerators re- 
quiring 108-109 joules, may pose basic problems of feasibility and reliability. (Some 
authoritative comments on the feasibility of conventional supplies in this energy range 
would be of value.) 

On the other hand, the problem is simplified by the fact that the energy lost per 
cycle will be very small, and there will be no dc power requirements for "flat top" 
operation. Under these circumstances there arises the obvious concept of using a super- 
conducting coil storing the same energy as the synchrotron magnet, with some means of 
transferring the energy from one to the other. Favorable economics results basi.cally 
from the fact that a single large soil can store energy much more efficiently and cheap- 
ly than the large number o f  small magnets which constitute the synchrotron magnet ring. 
Nevertheless, over-ail economics will obviously depend very much on the efficiency and 
cost of the energy transfer scheme. In the conventional motor-alternator-rectifier 
schemes, for example, only about 10% of the flywheel energy is utilized, and the recti- 
fier conversion equipment represents typically half the total cost. The cost of the 
conventional system is indicated by curve (dl of Fig. 1, as a function of energy trans- 
ferred. 
timum field - 50 kG, is about 3 3  to $1.5 x (stored energy in joules) . Comparison 
of the two curves in the 108-109 joule region, suggests that we have at least a factor 
of 10 available to turn the basic superconducting coil into a synchrotron power supply. 

Curve (a) shows the present cost of superconducting coils, yy$ch, at the op- 

11. EETRGY TRANSFER 

Several elementary ways of transferring energy between inductances were discussed 
in Ref. 1. 
system of a different type (capacitor bank, mechanical system, etc.). The exception 
was the system of coupled coils shown in Fig, 2. AI1 coils are assumed superconducting, 
and by appropriate variation of the two coupling coefficients ka and kb, not only can 
energy be transferred to and from L s  {which represents the synchrotron magnet) , but in 
addition the total energy of the system can be kept constant. The process is then com- 
pletely reversible, and RO external work is necessary during any part of the cycle. 

Most of these involved either appreciable losses or a second energy storage 

~ ~~ - 

1. P.F. Smith, in Proc.  2nd Magnet Technology Conference, Oxford, 1967, p. 589. 

- 1002 - 



The simplest solution is when L2 = LgS L4 = Ls, and 11 is constant. The condi- 
tion €or constant total energy is then 

k: + = constant , 

‘i where the coupling coefficients are defined in the usual way by Mxy = kY (LxLy) . 
Zero coupling between L2 and L3 is assumed. . 

For this solution, 12 = ka and I3 a kb, so that the net effect is simply a revers-. 
ible interchange of energy between L4 and Ls. 
pletely passive role in the circuit, it is in fact the largest coil; its stored energy 
is minimized when L2 = L3 = L4 = Ls, and is given by 

But although Ly, appears to have a com- 

where k, is the maximum value of ka or kby and, of course, k, must be < 1. 

The stored energy in all the coils can, in principle, be halved by using a syn- 
chrotron magnet with a dc bias, and allowing both positive and negative currents in 
the ac coils. However, the use of separate dc and ac magnets;Fig. 3a, is probably 
ruled out by the particle dynamics, and the use of superimposed dc and ac windings, 
with a scheme such as that shown in Fig. 3b, alters Eq. (1) to (ka - k0)’ 4- kg = const., 
which seems t o  be more difficult to achieve in practice. Nevertheless something along 
these lines might well be devised. 

1x1. PRACTICAL SYSTEMS 

2 From Eq.  (l), by analogy with the geometric relationship cos2 & + sin 8 = 1, 
one is led immediately to a simple practical representation of the above circuit, 
shown in Fig. 4 .  
on a common shaft in the field produced by L1.  
motor and dynamo; provided ka and kb remain exactly proportional t o  sin 0 and cos 8 
the forces on L2 and L3 are always equal and opposite, and no force is necessary to 
rotate the system except that required to overcome inertia and friction. Alternative- 
ly, of course, L2 and Lg may remain fixed while L1 rotates. 

L.2 and L3 are mutually perpendicular, rigidly connected, and rotate 
They constitute a mechanically coupled 

Notice that in the absence of resistance the equations do not contain the time 
variable. If the.rotation is stopped.the currents simply remain constant. By program- 
med rotation or. oscillation of the shaft, therefore, any desired current waveform can 
be fed into L s .  
dc supplies and superconducting switches. 

The initial currents in L1, L3, 2nd L 4 ,  are established by means of 

In the previous paper it was pessimistically assumed that the maximum value of 
2 k This is true for a configuration of the shape 
indicated in Fig. 3 ,  but further work has shown that much better coupling could be 
achieved by using approximations to ideal spherical coils, i.e., with a sin 8 distri- 
bution of current producing a uniform internal field. For two such concentric wind- 
ings, of mean radii R 1  and R2,  the maximum coupling is ( R ~ / R I ) ~ / ~ ,  so that for very 
large coils values of k2 in the region 0.7 to 0.8 can be envisaged. 

likely to be achieved was - 0.5. 

A s  an example, consider a power supply for a 200 GeV superconducting syhchrotron 
magnet storing 2 x LO8 joules. 
the stored energy of L i  would be - 1.2 X lo9 joules. 

Assuming a maximum k2 of 0.7, and no dc bias scheme, 
At 50 kG, this would be a coil 
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of radius 240 cm (for a pherical coil E = R 2 3  a /3 X 10') costing perhaps E1.5 X lo'. 8 L2, L3 and L4 are 2 jC  10 
.€3 X IO', plus control and ancillary equipment. 
required topological arrangement of L2 and L3 can be achieved without significantly 
decreasing the coupling to L1. It may also prove desirable to split the system into 
several smaller units, which would further increase the cost. Nevertheless these 
figures suggest that the system may still be competitive with a conventional power. 
supply, which, for 2 x lo8 joules, might cost about E8 x 10'. 

joule coils and would bring the total cost up to about 
It is, however, not clear whether 

The ac loss in the superconductor presents much less of a problem than in the 
synchrotron itself; since it is relatively small in the largest coil L1, t-hrough 
which the total flux and current remain constant and only local field variations oc- 
cur. 
and L4, but reduction of the filament size to - 1. mil should be sufficient, compared 
with the 0.2 to 0.4 mil needed for the synchrotron magnet. 

The loss is sufficient to rule out the use of existing conductors in L 2 ,  L3, 

Apart from this, very few of the practical aspects of the system have been con- 
sidered. One major prob1em;for example, is likely to be the internal stresses, 
since the forces on L2 and L3, although equal and opposite, are extremely large. 
Other problems arise from the sinall losses present in any real system, and from the 
usual need to subdivide the magnet ring and ensure equality of the'parallel currents. 

It was originally hoped that a substantial reduction in the size of the L1 L2 L 3  
energy transfer system would be possible by devising a multiply7cycled arrangement in 
which the energy was transferred.in smaller increments. So far, no such system has 
been discovered. The basic reason for this is that the circuit equations require 
that certain sums of f lux terms (of the form LxIys %Iy) remain constant; at the 
same time we require that the total energy (i.e., the sum of terms of the formL 1 

requirements if the circuit contains only L4, Ls, and an arbitrarily small energy 
transfer device, but a rigorous proof of the minimum size of the latter has not been 
obtained . 

2 
M.&&) also remains constant. It is clearly impossible to satisfy these two x Y' 
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F i g .  1. (a), (b) and (e).  'Approximate cost of energy storage systems. 
(a). Cost of conventional synchrotron power supplies as a 
function of energy transferred. 
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Fig. 2. Constant energy system. 
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SO3E AC LOSS DPLEXMINATIONS BY AN ELECTRICAL MULTIPLIEBmTHOD” 

W.S. Gilbert  
Lawrence Radiation Laboratory 

Berkeley, Cal i fornia  

A t  t he  Lawrence Radiation Laboratory i n  Berkeley w e  have been measuring cyc l i c  

I n  the range of 1-5 W power d i s s ipa t ion ,  
l o s s e s  i n  various superconducting magnets w i t h  an e l e c t r i c a l  m u l t i p l i e r  method, c u r -  
r e n t l y  employing Hall e f f e c t  mu l t ip l i e r s .  
the evolved helium gas has been monitored t o  provide a check on the e l e c t r i c a l  method. 
The method and test r e s u l t s  on several  soienoids were presented by Voelker a t  t h i s  
Summer Study1 and per t inent  d e t a i l s  w i l l  be found i n  h i s  r epor t .  

The p a r t i c u l a r  magnet of interest f o r  t h i s  t a l k  i s  a solenoid 4.5 i n .  long, with 
a 1.5 in .  bore and a 4.5 i n .  o.d. ,  wound with s ing le  core NbTi Supercon w i r e .  The 
w i r e  core s i z e  i s  1s m i l s  and t h e  conductor i s  30 m i l s  over-al l ,  giving a copper-to- 
superconductor r a t i o  of 3 : l .  The wire is insulated by forming a copper oxide coating 
and f ibe rg la s s  c l o t h  i s  used f o r  i n t e r l aye r  insulat ion.  The c o i l ,  operated a t  short  
sample  c h a r a c t e r i s t i c s ,  was d e f i n i t e l y  understabil ized. 
- a x i s  an& a few percent higher a t  the conductor. 
J = 18 000 A/cm2 an3 the  gross f i l l i n g  f a c t o r  i s  1 = 0.18. 
reasonable tha t  i f  one can increase the amount of superconductor per un i t  volume, 
h = 0.5 has been mentioned, 5 = 50 000 A/cm2 seems achievable. 
copper and NbTi cores  have yielded 7 > 30 000 A/cm2 and a s ing le  layer solenoid f o r  
which the f i e l d  w a s  only about 6 kG gave 3 2 85 000 A/cm2.  

The f i e l d  was 67 kG on the 
The average current densi ty  is  

Therefore, i t  seems q u i t e  

Other c o i l s  with less, 

Figure 1 shows the lo s s / cyc le  vs frequency €or t h i s  c o i l  a t  Imax = 10 A and 15 A .  
The l o s s  at  l o w  frequency is  about- what one would expect f o r  l o s s  i n  the 15 m i l  diam- 
e t e r  superconductor. The dependence of l o s s  on frequency has been something of a 
mystery t o  us. Eddy current  l o s s e s  in  the copper would give the  same frequency de- 
pendence but are some 50 t i m e s  smaller than the measured frequency-dependent t e r m  
We were unable t o  f ind any low re s i s t ance  sho r t s ,  which would y i e ld  the same type of  
d a t a .  Smith and Sampson have both pointed out t h a t  a number of high r e s i s t ance  sho r t s  
could give the same type of r e s u l t s  and t h a t  our i n su la t ing  technique might be subject 
t o  t h i s  condition. 

A n  i den t i ca l  magnet using a multicore conductor made by Airco was tes ted t o  give 
a measure of the e f f e c t  of core  filament s i z e .  There were 131 approximately 1.3 m i l  
cores  uniformly d i s t r i b u t e d  i n  t h e  copper matrix. These measurements w e r e  made l a s t  
week before I heard.Peter  Smith t a l k ,  and so perhaps I may be forgiven f o r  thinking, 
at t h a t  time, t h a t  h i s  t heo r i e s  on multicore conductor behavior might not be correct .  
The d i r e c t  comparison of  the Airco and Supercon magnets might then y i e ld  the follow- 
ing possible resu l t s :  

l }  I f  Smith were wrong and the l o s s  simply depended on filament . .  
LAirco‘LSupercon 1/10. 

2} I f  t he  normal ma te r i a l  t i e d  the superconductor together so  tha t  

3) I f  Smith were c o r r e c t ,  LA/Ls M 2. 

i t  acted as one co re ,  LA/Ls sz 1. 

4 
Work performed under ehe auspices of the U.S. Atomic Energy Commission. 

1. F. Voelker, these Proceedings, p. 550. 
. a  
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Examination.of F ig .  1 shows less frequency dependence i n  the  Airco magnet case than i n  
the Supercon magnet case. I f  one makes t h e  assumption tha t  i n  both cases the frequency 
dependence i s  due t o  high r e s i s t a n c e  s h o r t s ,  then t h e  r e l evan t  l o s s  data  i s  found a t  
the low frequency end of t h e  curves. Then the Airco magnet l o s s e s  a re  approximately 
t w i c e  those of the Supercon magnet. For s i n g l e  cyc le  measurements up to. Imax = 100 A 
(some 57 kG) t h i s  same f a c t o r  of two p e r s i s t s .  Therefore, a l t e r n a t i v e  3) above i s  the 
proper one and Smith's suggested so lu t ions  t o  the ac l o s s  problem a r e  the most reason- 
ab le  t o  pursue a t  t h i s  time. 

A most s t r i k i n g  advantage of the Airco magnet as compared wi th  the Supercon magnet 
was the absence of f l u x  jumps i n  the s m a l l  f i lament Airco case. In  both magnets 13 c o i l s  
w e r e  used t o  monitor f i e l d  changes and f l u x  jumps could e a s i l y  be observed i n  the Super- 
con mater ia l  when the f i e l d  w a s  changed at a rate g r e a t e r  than a few kilogauss per  sec- 
ond. This i s  a r e l a t i v e l y  f a s t  charge rate and t h i s  magnet i s  considered r e l i a b l e ,  
s t a b l e ,  only s l i g h t l y  charge rate s e n s i t i v e ,  and general ly  q u i t e  s a t i s f a c t o r y .  I n  the 
Airco case w e  could not induce measurable f l u x  jumps a t  even g r e a t e r  rates of f i e l d  
change and so the mater ia l  s e e m s  t o  be i n t r i n s i c a l l y  s t a b l e ,  as Smith a l s o  p red ic t s .  

We have a l so  t e s t ed  an Nb3Sn ribbon pancake wound with RCA 600 tape. W e  used a 
f i b e r g l a s s  tape f o r  i n su la t ion  and achieved IC = 1284 A ,  o r  48 000 A/cm2 at 52 kG, 
which i s  on the short  sample curve. The pulse l o s s  d a t a  are shown i n  Fig. 2 .  The low 
frequency data  are inco r rec t  due t o  power supply r i p p l e  and the  curve is dotted i n  t h i s  
region. W e  get agreement with Sampson i n  the  low, 300 A range. Our magnet went normal 
i n  the 0.5-1.5 W range while he was a b l e  t o  d i s s i p a t e  5 . 5  W .  
w e r e  q u i t e  low as compared with Sampson's. The most probable reason f o r  t he  difference 
i s  our having high r e s i s t a n c e  sho r t s  i n  our pancake. 

Our Q's a t  high current 

CONCLUSIONS 

2 1) High average cu r ren t  densi ty  i n  NbTi systems, above 50 000 Afcm , seem 

2) Losses s m a l l  enough t o  make pulsed a c c e l e r a t o r s  a t t r a c t i v e  have not yet  
' 

3) Multicore conductor with l a rge  (15 m i l )  cores  i s  degraded when wound 

readi ly  achievable i f  the f r a c t i o n  of s t a b i l i z i n g  material  can be reduced. 

been demonstrated but might w e l l  be wi th in  a year i f  experimental pro- 
grams under way continue t o  confirm Smith's  rheory. 

i n t o  magnets, not because of hea t  added through c y c l i c  l o s s  (which w e  
measured) but because of f l u x  jumps. 
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F i g .  1 .  Loss/cycle vs frequency f o r  2 solenoids. 
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RADIATION EFFECTS ON SUPERCONDUCTING MAGNETS* 

H. Brechna 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 

I. INTRODUCTION 

When subjected to nuclear radiation, superconducting materials, normal metals, 
structural materials, insulation and the cooling media - in short, the superconducting 
magnet system - exhibit changes where physical and mechanical properties are altered, 
modified or degraded. The changes depend on the type of particles, the intensity, 
spread and distribution of the beam, the irradiation pattern, and the type of material 
being irradiated. 

In order to study radiation effects on a superconducting magnet in a systematic 
way, the following areas where obvious modifications are encountered are summarized. 

1) Physical and metallurgical properties of superconducting type I1 

2) Mechanical, electrical 'and thermal properties of noimal shunt materials , 

3) Structural and coil supporting materials are affected. 

4 )  Organic insulation used between turns and between coils and ground is 

5 )  The coolant, such as helium, is contaminated, and isotopes are produced. 

6 )  Coolant is evaporated at an accelerated rate, and mass transfer between 

materials are changed. 

thermoelectrically bonded to the superconductor, are altered. 

degraded. 

liquid and gas is enhanced. 

The mechanisms responsible for large transport *I -rents in type I1 superconductors 
are attributed mainly to cold-working and introductiu of defect structures, and through 
enhancement of the pinning force. Controlled introdar .ion of impurities results in en- 
hancement of current density. Precipitated impurities affect the current density in a 
reproducible manner. 1 

The primary effect of nuclear radiation is the introduction in the lattice struc- 
. ture of simple defects which affect the critical supercurrent, the upper critical field 
and the critical temperature. 

When irradiated at a temperature below transition value, low-current, high-field 
type I1 superconductors generally show an enhancement in their critical current density 
Jc; high-current-density superconductors exhibit either no change or a reduction in 
their current-carrying capacity - e.g., Nb3Sn shows generally an improvement in Jc 
when irradiated, while irradiated NbTi exhibits a reduction in current-carrying capac- 
ity when irradiated at T < Tc. 

Work supported by the V.S. Atomic Energy Commission. 

1. H.T. Coffey et al., Phys. Rev. 155, 355 (1967). 
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Normal shunt materials (Cu, Al, Ag) become brittle. Their electrical resistivity. 
is increased, thermal conductivity reduced 

Organic materials used to insulate conductors and coils show embrittlement and 
become crush sensitive. When insulation properties are degraded, interturn and inter- 
layer short circuits are produced, affecting over-all magnet charging time. If the 
short circuits are localized in one area, the magnet energy will be dissipated in case 
of a quench into this area, causing extensive damage to the magnet. 

Liquid helium boil-off is generally enhanced. Even if the additional helium evap- 
oration is moderate, in case of’ localized irradiation, isotopes, such as tritium, hy- 
drogen, etc., are produced which, in frozen condition, may restrict coolant passages 
and affect operational reliability. 

The study presented in this paper is at a very preliminary stage and is by no 
means complete. Considerably more work is needed t o  predict the lifetime of a magnet, 
operating in a radiation environment. However, the data presented should shed some 
light on this complex subject in order t o  determine the magnet degradation and predict 
operational stability . 

11. INDUCED RADIOACTIVITY 

Induced activity exists in almost any accelerator. Radiation encountered includes 
fast and thermal neutrons, gammas, electrons and positrons, and protons. In electron 
accelerators, the electromagnetic shower develops in a short distance. Activation due 
to neutron capture reaction is less severe than in proton machines of equal power be- 
cause of cross section for nuclear interaction. However, ionizing radiation fields 
are much larger.’ 

”Meson factories“ produce a localized source of fast neutrons. High energy proton 
machines produce intense fast neutr?ris. But the shower is spread over large volumes 
and thus is less damaging. 

In designing specific beam tr; sport and septum magnets, dipole coils, etc., one 

Penetration, 
important problem is the knowledge E the beam pattern throughout the system. In areas 
where the beam is deliberately absorbed, intense activation will exist. 
scattering and “tails“ of energy spectra are encountered around slits and collimators, 
as well as around targets. Activation due to beam absorbers exists in other locations 
of the system, endangering the long-term reliability of equipment and magnets. 

Exact prediction of beam losses is difficult, but activity measurements in the 
early life of.accelerators may reveal areas of high activation, where, if possible, 
appropriate measurements may be taken. Long-term ccntinuous radiation measurements 
will yield undoubtedly the average integrated dosa rates, which in turn are important 
to predict lifetime of equipment. 
utilized with good success in “danger”  area^.^^^ 

Several syitems of dosimeters are currently being 

To a certain extent, quantitative data on radiation properties of ferrous and non- 
ferrous materials, insulations, and superconductive type II materials are avaiiable at 
cryogenic temperatures. Although sketchy and not complete, they give a first-order 

2 .  R.E. Taylor, IEEE Trans. Huc1. Sci. NS-12, No. 3 ,  846 (1965). 
3. R. Sheldon, Rutherford High Energy Laboratory (1966). 
4 .  M.H. Van de .Voorde, Report CERN 67-14 (1967). 
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estimation of t h e  average l i f e  expectancy of magnets. More information on material  
propert ies  when i r r a d i a t e d  a t  2-10°K i s  urgently required,  when superconducting mag- 
n e t s  are  introduced i n  v i t a l  areas of high-energy accelerators .  

In  order t o  present some q u a n t i t a t i v e  data on beam losses ,  one may simulate the 
"deliberate" beam absorption by means of coll imators,  s l i t s ,  or by accidental  beam m i s -  
steering i n  l i n e a r  machines or  beam switchyards by means of "thick target"  s tudies  , 
where the t a r g e t  l eng th  and r a d i a l  extension exceed several  r a d i a t i o n  lengths. A 
charged p a r t i c l e ,  t r ave r s ing  the magnet, undergoes a l a rge  number of c o l l i s i o n s ,  most 
of which produce s m a l l  angular d e f l e c t i o n s .  
(pa i r  production) and radiat ion.  Exact estimates of the average dose r a t e  are  d i f f i -  
c u l t  and we u s e  s implif ied models. Careful radiat ion mapping w i l l  give a good estimate 
of dose r a t e s ,  s p e c i f i c a l l y  incident t o  beam ent'ry d i r ec t ion  and perpendicular t o  i t .  

The p a r t i c l e s  l o se  energy by c o l l i s i o n  

Activation due t o  p a r t i a l  beam absorption by means of t h i n  t a rge t s  i s  a l so  of 
importance . 

In the followlng, we t r e a t  each case i n  more de ta i l .  

1. Thick Targets 

Any obs t ac l e  i n  the path of t he  beam hatring dimensions of several  r ad ia t ion  lengths 
i n  a x i a l  Xo (beam d i r ec t ion )  and r a d i a l  & direct ions (perpendicular t o  beam d i r ec t ion ) ,  
being able t o  absorb most of the inc iden t  beam, can be considered as  a th i ck  t a r g e t .  
Three types of par t ic les  a re  observed i n  conjunction with them: 

a .  Gammas. 
f o r  gammas are independent of the beam energy as f i r s t  approximation (Fig. 1) and of 
tl?e t a rge t  ma te r i a l .  
3 . 6  h, Jenkins6 measured f o r  6 = 0 a dose r a t e  of 

Measurements by DeStaebler et  al. '  i nd ica t e  t h a t  induced dose rates 

For a c y l i n d r i c a l  t a rge t  having a length of 17 Xo and a radius  of 

2 5 e . m  2 x 1 0  kw . 
A s  seen from Fig.  2 ,  the energy spread over 477 sr i s  f a i r l y  i so t rop ic .  I f  w e  as- 

sume tha t  1% of the  t o t a l  energy escapes r a d i a l l y  (Fig. 1)  , an average dose of 
1 - 3 d . m "  

kW D = l O  

can be calculated.  To give an example, we assume tha t  a c o i l  i s  located 5 m from the 
t h i c k  t a rge t ,  where "a beam power of 10 kW i s  absorbed. 
are large enough t h a t  w e  can assume t h a t  a l l  scat tered p a r t i c l e s  may co l l ide  with the 
c o i l  surface perpendicular t o  the  inc iden t  beam d i r ec t ion .  

Generally the magnet dimensions 

A r ad ia t ion  dose r a t e  D (rad/h) i s  equivalent t o  

5 H. DeStaebler e t  a l . ,  The Stanford Two-Mile' Accelerator (W.A. Benjamin Publishing 

6.  T.M. Jenkins ,  Report SLAC-PUB-432, t o  be published i n  Health Physics (1968). 

Co., 1968), Chap. 26, p .  2029. 
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The beam power induced by the sca t t e red  beam d i s s i p a t e d  i n  a volume V of the magnet i s  
given by 

D 6(V) dV (W) * (1) - - 
pd 3.6 x 10' V 

I f  the t o t a l  dose r a t e  D is absorbed by the c o i l  and we e s t i m a t e , f o r  t h e  densi ty  6 of 
the c o i l  an average value of 5 g/cm , the  power d i s s ipa t ed  i s  

-8 - 
3 

Pd = 1.388 x 10 DV . 
This add i t iona l  power must be absorbed by the coolant .  
t h i s  p a r t i c u l a r  case can be calculated from: 

The in t eg ra t ed  dose r a t e  f o r  

3 d = 0.4 x 10 rad/h . 
b. Fast  neutrons. Except i n  the forward direc. t ion,  where production of muons be- 

comes s ign i f i can t ,  neutrons with energies  of 200-500 MeV dominate i n  high-energy accel-  
e r a to r s .  
photons. 
r ead i ly  absorbed. 

Higher energy neutrons are scarce because the re  are very few high-energy 
Neutrons with lower energies have s h o r t  a t tenuat ion d i s t a n c e s  and a re  more 

Neutron fluxes i n  the giant  resonance region w e r e  measured a t  SLAG,6 indicating 
tha t  it is  isotropic  within a f a c t o r  of 2.5 o r  b e t t e r ,  i f  the  e f f e c t  of back-scatter 
i s  added. 
1.25 X lo1' n/sec/kW could be measured. 
the f l u x  a t  one-meter d i s t ance  is  expressed by 

A t  an angle of 90° with respect  t o  the incident  beam, a neutron f lux of 
Assuming the  f lux  d i s t r i b u t i o n  i s  isotropic ,  

1.25 x 10 l2 n 
4 sec*kW ' 

u ) =  

4l-r x 10 

The neutron dose  f u r  1 kW beam power a t  1 m d i s t ance  at 2-3 MeV peak neutron en- 
e r g i e s  i s  given by: 

3 - - - X 6 ' . ~  lo-' x 3.6 X 10 4 DN 4n x 10 
n 

2 (We use the conversion f a c t o r  6 X lo-' rad/n/cm .) 

The integrated dose r a t e  f o r  r = 5 m and P = 10 kW gives the  in t eg ra t ed  dose r a t e  
of d = lo2 radlh.  

c .  Muons. Muons lo se  energy by ion iza t ion  and t h u s  a unique range is  associated 

. without appreciable energy loss .  For e l ec t ron  and proton machines, high-energy muons 

muons are s t i l l  sca t t e red  up t o  angles of i 5O - go off the i n c i -  

with each energy. However, muons penetrate  t h i c k  shielding of several meters i n  depth 

a r e  peaked predominantly i n  the forward d i r e c t i o n .  Transverse sh i e ld ing  i s  of no con- 
sequence. 
dent beam. 

However 
Nelson ? has measured muo? peak dose rates without sh i e ld ing  of about 

7 .  W.R. Nelson, Report SLK-PUB-481, t o  be published in  Nucl. I n s t r .  and Methods (1968). 
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2.  Thin Targets 

Multiple scattering was studied by Moli'ere8 and recently by Marion' and Zimmerman. 9 
To determine the fraction of scattered electrons due to an incident electron beam of 
energy Eo passing through a thin target, data presented by Marion and Zimerman. and 
experimental results at SLAG' are used. 

The angular distribution of scattered particles, concentrated at a forward angle, 
is approximately Gaussian, of the form 

-(X/Xw) f(X) = e 

where XW is the value of X at the l/e point. 
a slowly varying function of the parameter B: 

The differential angular distribution is 

t = target thickness in (g/cm 2 ), where 
Z = atomic number, 
A = atomic weight, 

0' (p~c)' = relativistic particle energy "E 

A t  values of X larger than for the l/e point, the distribution falls more slowly * 

due to wide-angle scattering contributions. The shape of the scattering distribution 
m a y  be described by curves for various values of the parameter E. The differential 
distribution (function of X) must be integrated over all angles to find the fractions 
of electrons G(X) that are scattered out of a cone of a given angle. This fraction is 
also a function of the parameter E. 

For various target materials and thicknesses, Jenkins' has published B values. 
In Fig. 3, the calculated B value €or copper is given. If the location of the target 
to a point in space, where activation must be determined, is known, we. may calculate 
for various values of the scattering angle 6 the corresponding value 8 = X . XW and 
obtain from Fig'. 3 the fraction of the scattered beam at the specific point in space. 
A s  an example, we use a copper target with 

t = 0.1 radiation length 

2 = 29 

A = 63.54 

B 2 10 

2 = 0.1 x 13.1 = 1.31 g/cm 

We calculate from Eq. ( 3 )  Xu 2 5.35/E0 (with EO in MeV). 

8. 

9.  J . B .  Marion and B . A .  Zimmerman, Nuci. Instr. and Methods 2, 93 (1967). 
G. Molikre, 2. Naturforsch. &, 133 ( 1 9 4 7 ) ;  3a, 78 (1948). 
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For E = 10 GeV,  w e  c a l c u l a t e  the radius r a t  which 0.1% of the  energy sca t te red .  
From Fig.  3, for  B = 10, w e  ge t  X = 9.7 and thus 

8 = 9.7 x 5.35 “ 5 . 2  mrad . 
10 lo3  

To determine the  a c t i v a t i o n  i n  superconducting c o i l s ,  located a t  a c e r t a i n  d i s -  

With a given value of 
tance from the t h i n  ta rge t ,  t h e  c o i l  surface perpendicular t o  the incident beam di rec-  
t ion  may be subdivided i n t o  sec t ions  where 8 can be measured. 
XW, w e  calculate  X and determine from Fig. 4 the  f r a c t i o n  of the incident beam energy. 
To obtain the diss ipated power due t o  r a d i a t i o n ,  one may use the method described f o r  
thick ta rge ts  i n  Section 11.1. 

3 .  Maximum Expected Radiation Dose Inside Magnet Coi l s  

For the buildup of showers ins ide  coils, the  v a r i a b l e  c p l l i s i o n  loss  is replaced 
by-a constant c o l l i s i o n  l o s s  eo, ca l led  the “ c r i t i c a l  energy,” which i s  the  ionizat ion 
loss  per radiat ion length Xo  expressed i n  g/cm2. 

W e  confine the  ca lcu la t ion  t o  p a r t i c l e  energies  la rge  compared’to the c r i t i c a l  
energy. I f  the incident energy Eo i s  , large,  or: 

the shower may be described by “Approxihation B,” according to  Rossi,” where: 

- = - -  I A‘ - 137 s t r u c t u r e  const ant  
e2 

e l e c t r o n  rest mass -28 rn = 9.105 x 10 g e 

Z = 29 atomic number f o r  Cu . 
We u s e  as an example the e l e c t r o n  beam energy a t  SLAC: 

Ei = 20 GeV , 

and get  
9 7 = 20 x 10 e V  >> 2.286 X 10 e V  . Ei 

For copper the rad ia t ion  length i s  Xo = 13.1 g/cm2 and the  c r i t i c a l  energy 

6 
E = 20.9 x 10 e V  . 0 . .  

2 The average energy loss per p a r t i c l e  p,er un i t  iength ( g / c m  ) i s  calculated from: 

B dE 8 
dX Xo 

- - = -  (5) 

= 1.6 MeV/g (for copper) . 

10. &. Rossi, High Energy P a r t i c l e s  (Prentice-Hall ,  New York, 1953). 
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The l eng th  where the  shower maximum i s  reached is ca lcu la ted  accord ing  t o  Approxima- 
t i o n  B. from: 

( g))max = 1.01 L r 1,n Eo - 1 3 . 
0 

A t  t h e  shower peak, t he  number of e l e c t r o n s  i s  given by: 

EO . -  0.31 n = n  - 
max 0 Eo f EO , i In  - - 0.37 ) 

0 E 

(7) 

where no i s  the  inc iden t  number of e l ec t rons .  Combining Eq. (5) and Eq. (7) ,  w e  ge t :  

EO . -  0.31 n max dE - _ - - -  
0 [ l n ~ - 0 . 3 7 ~  EO 1% xo - 

Equation (8), mul t ip l i ed  by the  beam curren t  dens i ty  i n  A/cm2 g ives  t h e  beam power 
absorbed by the  c o i l  i n  W/g. 

I f  w e  assume a s  a f i r s t - o r d e r  approximation t h a t  t h e  whole beam energy of SLAC 
(20 x l o 9  eV) is concentrated i n  a beam cjith the r ad ius  r = 0 . 3  cm and an  average cur -  
r e n t  of 25 % A passes  through the  magnet, w e  ge t  from Eq. (8): 

3 For t h e  magnet wi th  an average dens i ty  of 6 = 5 g/cm , one ob'tains 

2 Xo = 15 g/cm . 

The beam curren t  d e n s i t y  is 

-4 2 Jb = 1.06 X 10 A/cm , 

and thus  the  power absorbed i n  t h e  magnet: 

- m dE 8 -4 n 
Jb = 1.6 x 10 x 1-06  x 10 2 1.7 X IO4 . _-I.-. 

'a no dX g 

The ca l cu la t ion  of power dens i ty  €OK a point  beam gives  excess ive  va lues .  In 
f a c t ,  t h e  high-energy beam has a f i n i t e  c ros s  s e c t i o n  and the  above c a l c u l a t i o n  m u s t  
be  modified foymore  real is t ic  cases .  
cu l a t ed  by Gui ragoss i in l l  using Monte Carlo computation. The r e s u l t  of h i s  ca l cu la -  
t i o n  f o r  a th ick  copper t a r g e t  i s  i l l u s t r a t e d  i n  F ig .  5 .  The r a d i a l  ex tens ion  of 
shower i s  est imated from 2rr r evo lu t ion  of the Gaussian beam d i s t r i b u t i o n .  The inc iden t  
beam power of 1 PN/cm i s  modified i n  Curves 2 and 3 t o  determine the power d e n s i t y  i n  

The power d e n s i t y  f o r  a d i f f u s e  source i s  cal- 

11. 2.  Guiragossi in ,  Technical Note SLAC-TN-63-85 (1963). 
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w/g i n  Curve 3 .  The beam r a d i u s  a t  L = 0 is  0.52 cm.” For the  inc iden t  beam power 
of 1 m, the  power d e n s i t y  at shower maximum is 9 . 3  x 10 3 W/g. 

If the beam is  miss teered  and may h i t  t he  c o i l  f o r  on ly  one second before  t h e  ‘ 

i n t e r l o c k  may i n t e r r u p t  t h e  beam, t h e  energy of 9.3 X lo3  J / g  i s  absorbed by the  c o i l  
at  shower maximum, corresponding t o  9 . 3  x 108 r a d .  I n  t h i s  case, t h e  c o i l  hea t ing  i s  
more i n t e n s i v e  than  t h e  i o n i z a t i o n  effect due t o  i r r a d i a t i o n .  
t e c t e d  by means of c o l l i m a t o r s  and only  a f r a c t i o n  c o l l i d e s  wi th  t h e  c o i l ,  Curve 3 i n  
F ig .  5 can be modified accord ingly  i n  order  t o  determine t h e  absorbed beam power a t  
shower maximum. 

I f  t h e  magnet is  pro- 

4 .  
. .  

I n  order  to  calculate t h e  expected long-term in t eg ra t ed  r a d i a t i o n  dose i n  a mag- 
n e t  c o i l ,  w e  assume t h a t  a magnet i s  loca ted  5 m from a co l l ima to r  and a beam power 
of 10 kW i s  passed t o  t h e  c o i l .  Th i s  p a r t  w i l l  be p a r t l y  s c a t t e r e d ,  p a r t l y  absorbed. 

The i n t e n s i t y  of t h e  s c a t t e r e d  p a r t  of t h e  beam decreases. wi.th the d e f l e c t i o n  
angle  according to:  

W e  assume t h e  r a d i a l  d i s t a n c e  of t h e  c o i l  i s  5 c m  from t h e  beam axis ;  thus:  

e = 

10 Using mean square  angle  of d e f l e c t i o n ,  w e  w r i t e  according t o  Rossi  

wi th  

= 21 MeV . 
9 For t h e  p a r t i c u l a r  case of S A C  w i t h . E O  = 20 X 10 e V ,  w e  ge t :  

(e’av = 1.05 ($  ) . 

For X = Xo, w e  have 

-4 = l.1 x < e2 = 10 ’av 

and thus: 
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A t  5 m dis tance,  t he  current densi ty  of t he  sca t t e red  beam is: 

1 -4 2 
Jsc = 3.5 X 10 / 2.5 X l o 5  = 1.4 x 10 Io (A/cm } 

3 2  which corresponds t o  an e f f ec t ive  area of Aeff 7.2 X 10 cm . For 20 kW beam power 
passed unaffected to t h e  magnet, we get  from Fig. 5 

a t  shower maximum, and 

The power densi ty  at the magnet i s  decreased, because the  e f f e c t i v e  beam area i s  
increased, i .e.,  

-4 0.87 = 13.3 x 10 W/g . 3 11 ' 
c o i l  7 .2  x 10 

The power densi ty  per  unit  volume is: 

-3 3 
= 6 - ( g  ) = 5 x 13.3 x = 6.65 x 10 W/cm . 

c o i l  *v 

The t o t a l  dose rate i s  given by the simple r e l a t i o n :  

with t i n  seconds. 

Id. . KADIATION EFFECTS ON TYPE XI SUPERCONDUCTORS 

hihen mater ia ls  are  i r r ad ia t ed ,  t h e i r  p rope r t i e s  are changed i n  a v a r i e t y  of ways, 
which are  b r i e f l y  'si~mmarized: 

a) Disordering e f f ec t  of i r r a d i a t i o n  a l t e r s  l a t e i c e  i r r e g u l a r i t y  (thermal 

b) Mechanical propert ies  a r e  changed (hardness, elongation, d u c t i l i t y } .  

c) Atomic displacements and associated phenomena. 

d )  Ionization e f f e c t s .  

and e l e c t r i c a l  conductiviky) 

Production of defects  i s  bas i ca l ly  a cascade process,  i n  which the  incident ir- 
r ad ia t ion  i n t e r a c t s  and displaces an atom with s u f f i c i e n t  energy. This atom can i n i -  
t i a t e  secondary, t e r t i a r y  displacements, e t c .  

. I  
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0nce.an atom has received enough energy to dislodge it from its equilibrium lat- 
tice site, it moves through the lattice losing its energy through further collisions 
with other atoms and individual electrons. If the atom is sufficiently energetic, it 
will be ionized and initially lose energy by ionizing collisions, occasionally displac- 
ing other atoms by cou'iomb scattering collisions. 

However, the interactions produce a greater number of recoils. Displacement cross 
sections for fission neutrons are about 
trons and alphas) are light and sufficiently energetic (- 50 MeV). Their energy loss 
mechanism is primarily ionization (Rutherford scattering). Deuteron cross sections are 
about ( 3 - 4 )  x cm2. 

cm2. Charged particles (protons, neu- 

Irradiation has at least four effects: 

1) Exchange of atoms between sites. 
2)  Creation of interstitial vacancy pairs. 
3) Clustering of vacancies. 
4 )  Creation of new elements. 

Of the four, the disorder caused by exchange of atoms is most important.. 

The proposed use of superconducting devices in a radiation environment has been 
accompanied by studies to determine the extent of radiation effects on such devices. 
Past and present experiments conducted have shed some light on the current-carrying 
capacity mechanism of superconducting type I1 materials. 
is creation of defect structures by cold working and irradiation. The importance of 
defect structures is particularly pertinent in ductile alloys such as NbZr and NbTi. 
It is recognized that: gross radiation effects are similar to the effect of cold work. 
Both effects yield increase in hardness and tensile strength (indicating embrittle- 
ment). Both effects are annealed at approximately the same temperature. 

The important property here 

Another important aspect concerns the thermal stabil.ity of radiation-induced 
defects. .Many radiation effects anneal out at room temperature (some even at 1OoK). 
Most promising experiments are those at liquid helium temperatures. 

Information regarding irradiation effects on three widely wed, commercially 
available superconducting type XI materials is scattered in the literature. 
of measuring techniques, etc., are not presentec! here. We give quantitative data for 
a few of these materials, measured at temperatures below transition temperature. 

Details 

*Sn 
2 Deuteron irradiation' doses up t o  IO1' d/cm 

5.7'K, the critical current density is increased for fields higher than 
1 T and is nut affected by annealing. 
fields and tends toward annealed values. The increased current-carrying 
capacity is characterized by the Kim-Anderson model . 

reveal (Fig. 6) that at 

A t  10.9'K, J, is reduced at all 

(Y =- 
Jc H S  Bo 

in the range of I.... 4.5) T. 
served at transverse fields higher than 4.5 T, where the l i , ~  values 
were changed. 
secondary importance. 

Large departure from the,model is ob- 

Tt was shown that the Wc2 is of primary, the 3, of 
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Proton i r r a d i a t i o n 1 2  shows an  enhancement of t h e  c r i t i c a l  cu r ren t  dens i ty  

irr 
- -  AJ - Jc - Jco 

%o %o 
i n  Fig. 7. The enhancement of  Jc i s  independent a t  f i r s t  approximation 
of ex te rna l  f i e l d  Ha up t o  5 T. 
t h e  Kim-Anderson model, a l though non i r r ad ia t ed  samples do. S imi l a r i t y  t o  
heavi ly  cold-worked NbgZr a l l o y s  is  ev iden t  a t  medium f i e l d s ,  where J, i s  
independent of Ha. 
of Np 2 8 X 10 l6  p/cm2. 

Neutron i r r a d i a t i ~ n . ' ~  
t o r  CY of NbgSn tubes placed i n  a r e a c t o r  were enhanced up t o  SO%, a f t e r  
i r r a d i a t i o n  wi th  a dose rate of 2 X 10 l8  fast neutrons/cm2. 
f i e l d  a t  t he  specimen w a s  - 2 T. The increase i n  CY (Anderson's model) 
and J, are respons ib le ,  however, f o r  a more u n s t a b l e  performance by ex- 
h i b i t i n g  more f l u x  jumping than  the  non i r r ad ia t ed  sample.  Power d i s s i p a -  
t i o n  (due t o  f l u x  creep) increases exponen t i a l ly  wi th  CY and leads  t o  
i n s t a b i l i t i e s .  Neutrons produce d e f e c t  c l u s t e r s  wi th  f luxoid  pinning 
energies  com a rab le  t o  t h o s e  a l r e a d y  present  i n  Nb3Sn due t o  cold work. 
Measurementsf4 at  low f i e l d s  (- 0.4 T) i n d i c a t e  f o r  diffusion-processed 
Nb3Sn an enhancement i n  J, by a f a c t o r  of 2 .7 ,  wh i l e  the  c r i t i c a l  tempera- 
t u r e  was decreased by 0.08OK. 

t i o n  da t a  a t  f i e l d s  h ighe r  t han  2 T are a v a i l a b l e  at present .  

The i r r a d i a t e d  sample does not  follow 

The maximum value  of AJ/Jco is  measured at  a dose rate 
A t  h igher  i r r a d i a t i o n  doses ,  nS decreases .  

The c r i t i c a l  cu r ren t  Jc and demagnetization f ac -  

The magnetic 

The r a d i a t i o n  dose  w a s  1 O l 8  n/cm2 and the  
p re rad ia t ion  cur ren t  d e n s i t y  10 5 A/cm2. Unfortunately no neutron i r r a d i a -  . 

b). N 3 Z r  Alloys 

Deuteron i r r ad ia t ion . '  
i r r a d i a t i o n  depression of  t h e  c r i t i ca l  temperature  of 0.2 ... 0.8OK. 
Samples no t  copper coated show l i t t l e  or  no change i n  Tc (< 0.2OK). 
No great  changes were observed i n  t h e  c r i t i c a l  c u r r e n t  dens i ty  except 
i n  the reg ion  near  t he  upper c r i t i ca l  f i e l d .  
observed a s  i n  Nb3Sn a l l o y s .  
1017 (15 MeV). d/cm2 (Fig. 8 ) .  

Neutron i r r a d i a t i o n .  I r r a d i a t i o n  w i t h ,  f a s t  neut rons  up t o  n/cm2 
d id  not r evea l  s i g n i f i c a n t  changes up t o  f i e l d s  of 2 T. It i s  bel ieved 
t h a t  near ' the  upper cr i t ical  f i e l d ,  t h e  cu r ren t  dens i ty  w i l l  again ex- 
h i b i t  peak effects,  a s  observed i n  t h e  case of deuteron i r r a d i a t i o n .  

Copper-coated samples i r r a d i a t e d  show a post- 

Recovery at: anneal ing was 
Measurements had been performed up t o  

Proton i r r a d i a t i o n .  No d e t a i l e d  experiments have  been repor ted .  

c) Nb61%Ti Alloys 

Deuteron i r r ad ia t ion . '  A s  seen  from F i g .  9 ,  c r i t i c a l  cu r ren t  dens i ty  
i s  reduced,  s p e c i f i c a l l y  a t  f i e l d s  between 4 and 5 T,  i nd ica t ing  a l s o  
a reduct ion of the upper c r i t i c a l  f i e l d .  

' 
Post-curing t o  77'K r e s t o r e s  

1 2 .  H.J. Bode and K.  Wohlleben, Phys. Let ters  m, 25 (1967). 

13. P.S. Swartz e t  a l . ,  Appl. Phys. L e t t e r s  4, 7 1  (1964). 

14. J .P .  McEvory, J r .  e t  a l . ,  Appl. ?hys. L e t t e r s  5 ,  43 (1964) 

- 1021 - 



preirradiation properties. 
fields are measured, it is not clear if peak effects observed for 
Nb25%Zr are repeated for %Ti. 

As no irradiaiion data above 5 T external 

Neutron and proton irradiation. No data are available at present. 

IV. IRRADIATION EFFECT ON NQNSUPERCONDUCTING METALS 

Copper, aluminum, a few copper alloys, and silver are the few metals which are 
used extensively in conjunction with superconducting magnets. 
of copper have been studied in detail and we report only properties pertinent to the 
stability of supermagnets. 

Irradiation properties 

1. Mechanical Properties 

Yield and tensile strengths of electric grade OFHC copper are given .in Fig. 10, 
when subject to various dose rates'of fast neutron, irradiation. Both yield and tensile 
strengths are increased, indicating embrittlement. Examination by means of electron 
microscopes indicates that the high yield stress is caused by kinking 02 glide disloca- 
tions and the low rate of strain hardening is related to blocking free glide planes. 

Bombardment by means of neutrons and electrons shows that irradiation causes a 
strengthening of copper. 
locations by irradiation. 
ilar after neutron or gamma irradiation to a temperature quenching) that pinning sites 
are vacancies. After irradiation, many more defects could be observed, i.e., copper 
irradiated up to 6.7 X 1017 n/crn2 at 35OC contains 3 X 1015 defects per cm3 in the 
form of small strained regions. After increasing the radiation dose three orders of 
magnitude to 14 X 1020 n/cm2, many more defects, such as dislocation loops, were ob- 
served. 
migration of vacancies or vacancy clusters. 

The decrease in internal friction is a result of pinning dis- 
It was even suggested (decrease in internal friction is sim- 

The defect sizes were increased from 75 2 to about 150 8. The loops grow by 

2 .  Electrical Resistivity 

The atom-displacement type of damage in copper resulting from fast neutron irradia- 
tion causes lattice imperfections. 
irradiation temperature is low compared to the recovery temperature of the metal. 

This creates a residual disorder, specifically if 

OPHC copper, irradiated at 78OK, shows an increase in resistivity of about 24%, 
electric grade A1.even to 36%, when irradiated up to d9 nvt (integrated neutrons/cm2). 
High-purity copper, annesled at 90°C, shows an increase in resistivity of only 8%, when 
irradiated up to 7 x 1020 nvt. 

Cooper et al.15 measured a nearly linear change in resistivity of copper and sil- 
ver with the number of deuterons bombarding the material. at lOoK (10 MeV neutron ir- 
radiation). Further investigation shows that lower irradiation temperatures were 
necessary to immobilize defects produced. , A  portion of the change in physical prop- 
erties is annealed and removed during continued irradiation at a given temperature. 
Room temperature radiation produces little permanent change because the effect of radi- 
atiQn anneals out at radiation temperature. 
ing already at 7'K. Nonlinear change in resistivity as a function of radiation dose is 

Copper irradiated at 4 O K  shows some anneal- 

15. H.G. Cooper et al., Phys. Rev. 97, 599 (195.5). 
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attributed to annealing effects. The rate of increase in resistivity during neutron 
bombardment at 2OoC is measured to be 3.1 6 
when bombarded with a neutron flux of 7 X loll n/cm Isec. 
fects is prevented, the increase in resistivity is assumed proportional to the number 
of defects produced in the metal. Annealing at elevated temperatures after irradiation 
reduces the resistivity to some proportion of the original preirradiation value. The 
damaging rate at 4.2OR in cold-worked copper is by far greater than for annealed copper. 

The effect of neutron irradiation in 'Tow-alloy steels has been investi ated by 
Porter.16 Yield and tensile strengths are increased in the range of 5 x lop8 to 1020 
n/cm2, considered to be about 7 X lo3 kg/cm2. Up to lo1' n/cm2;no changes could be 
measured (Fig. 11). Some measurements indicate that the rate of change in yield and 
ultimate tensile strengths decreases slightly after exposure of 2 x 1021 n/cm2. 

for copper, 7.9. X for aluminum, 
2 If annealing of induced de- 

. 

The irradiation-induced hardgning occurs to a greater extent in fully annealed 
materials than in steels purposely-hardened prior to irradiation, o r  at cryogenic 
temperatures. 

Magnetization properties of low-alloy steels have not been investigated as a func- 
tion of irradiation dose. 

V. IRRADIATION EFFECTS ON INSULATIONS 

Insulations in superconducting magnets are generally based on polyamides (Nomex, 
Nylon) , polyethylenes (Mylar), polytetra fluoroethylene (Teflon), phenolic materials, 
epoxies, silicons, or glass filament epoxy complexes. Due to the cryogenic environ- 
ment and the high electromagnetic stresses (> lo4 kg/cm2, compressive stress; > 2 x 103 
kg/cm2, shear stress), requirements on mechanical and physical properties, specifi.cally 
fatigue, and thermal expansion are enhanced. 

The dielectric stress on the insulations is roughly the same as in water-cooled 
dc electromagnets, but in order to dissipate the electromagnetic field energy within a 
few seconds, into external water-cooled resistors, in order to prevent coils from dam- 
age after a quench and to preserve helium, voltages in excess of 5 kV may be necessary 
across the coil terminals. The transient voltage waveform produces voltage gradients 
between turns in the order of magnitude of several kV/cm. Internally, a few insulation 
breakdowns, leading to interturn short circuits or  layer shorts, have several discom- 
forting effects: 

a) Current charging time is delayed. 
b) Occurrence of instabilities due to sudden changes of the coil inductance, 

c> Localized increase in ac resistivity in superconductors, producing local 

d) Increase of helium boil-of€ due to flux motion. 

e) Short circuits between turns and layers become more pronounced and extend 
over wider areas. 

f) Increased risk that a localized short circuit absorbs the magnet energy 
in case of a quench. This may produce melting and discontinuity of the 
conductor. The arc produced internally may destroy the coil. 

indicating magnetic field rearrangement over the coil. 

regions of normality. 

16. L.F. Porter, Am. SOC. Testing Mater., Spec. Tech. Publ. No. 276. 
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. Radiation properties of most organic insulations have been tested at room or 
elevated temperatures. Irradiation data at cryogenic temperatures specifically below 
21°K are scarce. In the following, it is tried to correlate the existing data to me- 
chanical and electrical properties expected at cryogenic tem eratures. Irradiation 
effects on insulations can be summarized briefly as follows 17 : 

5 1) Pexmanent changes. In appearance, color effects (< 10 rad threshold 
damage). 

2) Chemical changes. Double bond formation, cross linking, oxidative 
degradation, golymerization, depolymerization, gas evolution 
(106 - 5 x 10 rad). 

3) Mechanical changes. Embrittlement, hardness, elongation, tensile 
and flexural stress, elastic modulus, flexibility (104 . . . l0l2 rad). 

4) Physical changes. Thermal conductivity, dielectric constant, volume 
resistivity, dissipation factor, heat distortion (lo5 . . . 1013 rad). 

Several reactions may occur simultaneously. The initial effect is a cut-ing 'proc- 
ess which improves tensile, flexural and shear stress by cross linking. .The percentage 
elongation is reduced. The end result is always a structure highly cross-linked, frag- 
ile, and crush-sensitive. 

At cryogenic environments, the irradiation effects are marked by low temperature 
effects. Tensile and elongation properties are enhanced considerably at low tempera- 
tures. -The degradation of mechanical Properties due to irradiation is again consider- 
able, as in air at room or elevated temperatures, but they are vastly improved, com- 
pared to air radiation values. 
systematic changes of insulation materials, and thus materials are discussed in groups: 

From the few available datal8 it is difficult to predict 

. I) Teflon TFE and PEP (films) 

Material thiclmess and manufacturing procedure are probably the most 
important parameters in evaluation of irradiation properties. Thin films 
(5 x 10-3 to 
(0.1 cm thick). However, the data obtained are not: systematic and the 
trend not predictable. Thickness and environmental effects reduce the 
ultimate elongation by a factor of 2 to 3 .  

cm) are more radiation resistant than thick films 

Results obtained for 0.025 CN thick TFE film are summarized in Tables 
3A and LE. 

At room temperature, evaluated elongation values for various thicknesses 
of Teflon FEP (Fluorinated Copolymer of Ethylene and Propylene) show one 
order of magnitude improvement in radiation dose, compared to Teflon TFE. 

17. W. Brechna, Report S A C  40 (1965). 
18. E.E. Kerlin and E.T. Smith, General Dynamics, Fort Worth, Texas, Reports 

FZK 188-1 (196t) FZH 188-2 (1964) and FZK 290 (1966). 
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TABLE I A  

Mechanical Proper t ies  of Teflon TFE (0.025 and 0.3 c m  th i ck )  

Average Average y I r r a d i a t i o n  U 1  t i m a  t e Ult imate  
Temperature Pressure Dose Tens i l e  S t r eng th  Elongat ion 

(OK) (mm Hg) (rad) (kg /.cm2) (X) 

300a 760 
-6 300a - 10 

300a l o +  
78b 7 60 

7 gb 760 

21b 760 

21b 760 

21b 7 60 

282 f 70 

191 f 14 

91.7 4 5 

705.0 . 

5 64 

820 

800 

785 

a)  0.025 cm t h i c k  
b) 0.3 c m  t h i c k  

270 4 50 

180 * 10 

99 f 3 

5.2 

2.15 

3 . 2  

2.45 

1.95 

TABLE IB 
E l e c t r i c a l  Proper t ies  of Teflon TFE (0.3 c m  t h i c k )  

Average Average y I r r a d i a t i o n  Dielectric D i s s i p a t i o n  Volume 
Temperature Pressure Dose Cons tan t a Fac t  or R e s i s t i v i t y  

(OK) (mm Hg) (rad)  (61 - cm) 

297 7 60 0 1 <t2 x >5 

89 5 Y l o m 7  0 1.015 ~2 >5 x 

88 3 9.5 E 10 1.019 2 .6  x lom3 >5 x loL7 
14 297 760 9.5 x 10 0.9977 4 . 5  2 x.10 7 

7 

a) In t he  t a b l e ,  normalized d i e l e c t r i c  cons tan t  i s  used t o  compare d a t a .  The 
t r u e  d i e l e c t r i c  constant  a t  room temperature  and atmospheric  pressure  i s  2.0. 

* 
2 )  Kynar 400 (Halocarbon) 

Fluorocarbon p l a s t i c s ,  such a s  Kel F and some Tef lons ,  are widely used i n  
superconducting magnet systems. As seen,  Tef lon  h a s  poor r a d i a t i o n  prop- 
ert ies i n  a i r .  The i r r a d i a t i o n  p r o p e r t i e s  improve, however, i f  r a d i a t i o n  
and tests a r e  performed i n  vacuum and a t  cryogenic  temperatures .  Kynar, 
used f r equen t ly  i n  aerospace app l i ca t ions ,  may be use fu r  f o r  conductor 
i n su la t ions ;  i t  i s  a thermoplast ic  r e s i n  con ta in ing  59% Fluor ine .  It 
has improved i r r a d i a t i o n  s t a b i l i t y ,  a s  seen from d a t a  f o r  f i l m  specimens 
given i n  Tables  IIA and I I B :  

J; 

Trade name. Pensa l t  Chemical Corporation. 
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TABLE IIA 
Electrical Properties of Kynar 400 

Average Average Gamma Dose Dielectric Dissipation Volume 
Temperature Pressure (rad) Constant a Fact or Res is t ivi t y 

(OK) (mm Hp) (Q = cm) 
Vacuum-Cryotemperature-Irradiation Tests 

81 .O 2 x 1 8  0 0.5756 1.4 x loe3 >6 x 10 
80 .o 2 % 6.6 x 10 0.5845 7.5 x >6 x 10 

297.5 760 0 1 .ooo 4.2 x 4 

116.0 2 x 1.7 x 10 0.6154b 2.Rx I 
286 760 6.6 x 10 0.9880 1 x 5 

15 
15 

Air- Irradiat ion Tests 
286 7 60 0 L .ooo 3.8 x 8 x 10'' 

10 291 7 60 2.1 x 10 0.9994 5 . 6  1 x 10 

a) Normalized. 
b) Values obtained during irradiation at highest dose rate. 

Actual value at 300'K and 1 atm pressure is 4. 

TABLE IIB 
Mechanical Properties of Kynar 400 

Radiation Exposure At Rupture 
Average Average Gamma Dose Neutrons Tensile 

P2.9 MeV Strength Elongation 
2) (kg/cm2> (XI 

333a 760 9.7 lo7 2 520 ' 7 

Temperature Pressure (rad> 
(OK) (mm Hg) (n/cm 
297 . 760 0 0 32 5 91 

366 7 60 1.7 X lo9 . 2.5 X 10 3 54 4.2 
333b 2 x 8.5 x lo7 1.7 x 10 565 19.2 
333c 2 x 9.2 x lo7 1.5 x 10 290 6.2 

16 
15 
15 

77d 760 0 0 1460 1.75 
77e 7 60 , 7 . 8  lo7 1.4 x 920 1.42 
21f 760 0 0 1425 2.15 
218 7 60 7 . 9  x lo7 1.4 x IO 940 1.44 15 

a) Tested in air, measured in air. 
b) Irradiated in vacuum, tested in air. 
c) Irradiated and tested in vacuum. 
d) Tested in Liquid nitrogen. 
e) Irrad'iated and tested in liquid nitrogen. 
f) Tested in liquid hydrogen. 
g) Irradiated and tested in liquid hydrogen. 
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3) Kepton (H-Film) 

Kepton is a polyamid f i l m  and has  a unique blend of phys i ca l ,  e l e c t r i c a l  
and mechanical proper t ies .  Its d i e l e c t r i c  constant  i s  i n v a r i a b l e  i n  t h e  
range of 298'K t o  473'K. It shows e x c e l l e n t  i r r a d i a t i o n  p r o p e r t i e s  up to 
8.8 x 10 rad ;  i t s  cont rac t ion  c o e f f i c i e n t  i s  bes t  compatible t o  s t a i n l e s s  
steel and thus i t  i s  used f r e q u e n t l y  as a b a r r i e r  i n  glass filament-epoxy 
s t ructures  aga ins t  d i f f u s i o n  of g a s e s  and cryogenic l i q u i d s .  It is used 
only i n  l imi ted  app l i ca t ions  i n  superconduct ing magnets. Specimens of 
5 x 
i n  t e n s i l e  s t r eng th  and break a t  3.3 x lo8 r ad ,  and a n o t i c e a b l e  damage at  
1.7 x lo9 r ad .  The i n i t i a l  value of @ongation (109%) changed t o  66% a t  
3.3 x 10 r a d ,  and t o  98% at: 1 . 7  x 10  rad.  There were no apparent co lo r  
changes dur ing  test. 

7 

c m  th i ck  f i lms  t e s t ed  i n  a i r  at  room temperature ,  e x h i b i t  a change. , 

8 

Present ly ,  no da ta  on i r r a d i a t i o n  p r o p e r t i e s  of H-Films a t  cryogenic 
temperatures a re  ava i l ab le .  

Lexan i s  a polycarbonate p l a s t i c  and i s  used i n  some high-energy super- 
conducting magnets. I t s  room t empera ture  p rope r t i e s  are e x c e l l e n t .  A t  
lo8 rad,  Lexan changes colox and becomes dark; however, it r e t a i n s  i t s  
transparency. A t  lo9 r ad ,  
gama i r r a d i a t i o n  caused swel l ing,  severe embri t t lement ,  and general  d i s -  
i n t eg ra t ion .  

Threshold value € o r  ernbrittlement is  108 r a d .  

E l e c t r i c a l  p rope r t i e s  of Lexan are g iven  i n  Table ZIIA. Room temperature 
mechanical p rope r t i e s  a r e  presented i n  Table  I L I B .  N o  mechanical tests 
a t  cryogenic temperature vs i r r a d i a t i o n  dose are r epor t ed .  

TABLE I I I A  

E l e c t r i c a l  P r o p e r t i e s  o f  Lexan 

Average Average y I r r a d i a t i o n  D i e l e c t r i c  D i s s i p a t i o n  Volume 
Tempera t me Pressure Dose Cons t a n t a  Fac to r  R e s i s t i v i t y  

(OK) (mm HE) (rad) (Q * cm) 

297 760 0 1 1.2 x 6 x lo1' 
286 . 7 60 6.6 x l o 7  0.982 1.4 x 7 

77  . 2 x lo-6 6.6 x 10 0.9612 1.9 x 5 x 

286 760 0 1 1.5 2 

290 7 60 2.1 x 10  0.991 1.9 x 3 x loL2 

7 

Tests i n  air  , 

8 

a) The values  given i n  Table I I I A  are normalized.  The t r u e  d i e l e c t r i c  cons tan t  
o f  Lexan a t  morn temperature and atmospheric  p r e s s u r e  i s  3.0. 

J- 
T r a d e  name. General E l e c t r i c  Company. 
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TABLE IIIB 
Room Temperature Mechanical. Properties of Lexan 

Radiation Exposure 
Aver age Average Gammas Neutrons 

Temper at ure Pres sure (rad) D 2 . 9  MeV 
(OK) (m Hg) (n/cm2) 

297 7 60 0 '  0 

333a 760 9.7 lo7 2 

364a 760 1.7 x lo9 2.5 Y 10l6 
15 333 2 x 8.5 x lo7 1.7 x 10 

Ultimate 
Tensile U1 t imate 
Strength Elongation 
( kg/cm2) (%) 

685 5 
2 50 1.7 
too brittle to test - 
466 8 

a) Irradiated in air, tested in air. 
b) Irradiated under vacuum, tested in air. 

Mylar, a polyethylene terephthalate, is quite camonly used in supercon- 
ducting magnets for interturn' and interlayer insulation. A s  seen from 
Table IV, at a dose of 5.7 X 106 rad, mechanical properties are improved. 
Degradation starts before 9.7 X.107 rad and at 1.6 x lo9 rad, the samples 
were too brittle to permit testing. Vacuum-irradiated samples behaved 
similarly. No data at cryogenic temperatures are available. 

TABLE I37 
Room Temperature Mechanical Properties of Mylar 

Radiation Exposure Rupture 
Average Average Gsrrmnas > 2.9 MeV Tensile Rupture . 

Temperature Pressure (rad) Neutrons Strength Elongat ion 

297a 7 60 0 0 1700 80 
2 OK n / cm2 k /cm2 % 

297a 760 5.7 j c  IO6 1.4 x 10 1700 91 
31La 760 5.2 lo7 1.1 10 1610 100 ' 

350a 7 60 3.3 x lo8 5.4 x 10 

14 
15 
15 
15 

333a . 7 60 9.7 x lo7 9 >I 10 1280 65 

300b 5 x 2 . 4  x lo6 4.4 x d3 1750 89 

311b 2 1 8  8.5 lo7 1.7 1370 87 

300' s 2.4 lo6 4.4 10 1470 167 

too brittle to test 

13 

325' 9 x 5.3 i.10~ 9.7 1100 44 

E) Irradiated in air, tested in air. 
b) Irradiated under vacuum, tested in air. 
c )  Irradiated under vacuum, tested in vacuum. 
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6) Thermoset Laminates 

Glass fiber epoxy laminates are widely used as spacers, structural ‘sup- 
ports, pancake insulation €or radial cooling, etc., in cryogenic magnets. 
Ample data on irradiation properties are available at room temperature19 
but test results at cryogenic temperatures are scarce. 

Extensive data €or Lamicoid 60383 (melamine-fiberglass) are presented by 
Kerl5.n and Smithl8 and Tables VA and VB reflect their measurements. 
data are representative €or glass fiber epoxy structures as well, and may 
be used to determine irradiation damage in interlayer and interturn 
insulations. 

These 

TABLE VA 
Electrical Properties of Me lamine -Fiberglass Eamico id 

Average Average y Irradiation Dielectric Dissipation Volume 
Temperature Pres Sure Dose Constanta Factor Resistivity 

(OK) (mm Hg) (rad) (a- cm) 
Vacuum-Cryotemperature-Irradiation Tests 

297 760 0 1 1.9 x los3 7 

86 2 x lo+ 0 0.86 1.3 x 3 x loL5 
287 760 6.6 x 10 0.99 1.7 1 x loL5 

79 2 x 6.6 x l o 7  0.866 1.8 x >5 10 . 

7 

15 

Air- Irradiat ion Tests 
286 760 0 1 2.6 X 6 x lox4 

340 7 60 2.1 x 10 1.02s 2.8 x 2 

290 7 60 2.1 x 10 0.999 3.2  x lom3 2 x lox2  

7 

7 

a) Normalized dielectric constant. True value of melamine-fiberglass at 
room temperature and ,atmospheric pressure is 6.6. 

19. M.H. Van de Voorde and G. Pluym, Report CERN MPSllnt Go., 66-25 
and 66-27 (1966). 
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TABLE VB 
Mechanical Propert ies of Melamine-Fiberglass 

Average Average Radiation Exposure Tensile Rupture 
Temperature Pressure y Irradiation Neutrons Strength Elongation 

297 7 60 0 0 4060 2.18 
36fja 7 60 1.7 X 10 2.5 x 10 3830 . 2.09 

333b 2 x 9.7 lo7 2.0 3520 1.63 
333c 2 x 9:7 x 10 2.0 x 10 4200 4.38 
llbd 0.2 - 0.02 . o  0 9000 7.15 
94e ' 0.13- 0.07 1.2 x 10 9.4 x 10 7680 ' 7.36 

Rupture 

(OK) (Mm HP) (rad) (n/cm2) (kg / cm2 ) ( X )  

16 

15 

14 

As expected, the glass fiber tapes or cloth.impregnated with melamines, epoxies 
The radia- or silicones are radiation resistive up to dose rates of l o f o  rad in air. 

tion resistance is improved considerably at cryogenic temperatures. 
dosage €or the above tests should be extended to 10l2 rad at liquid helium temperature 
(4.2OK) in order to make predictions about the performance of insulations for supercon- 
ducting magnets. 

Chemical Reactions 

The radiation 

It is known that irradiation causes formation of H2 and N2 gases and produces 
radioactive isotopes (e.g., tritium). At cryogenic temperatures, no measurements of 
gas evolution are reported. 
temperature. 
rial prior to penetration into liquid helium. 

Presumably gas evolution 5s reduced at liquid helium 
It is hoped that most gases produced, freeze inside the insulation mate- 

I Data on gas evolution at room temperature are given below: 

21f 7 60 0 0 8000 8.5 
218 7 60 6.2 l o 7  . 1.1 x 10 8300. 7.53 15 

15 218 7 60 2.3 x 10 ' 4.1 x 10 7750 7.42 

a) Tested and irradiated in air. 
b) Irradiated in vacuum, tested in air. 
c) Irradiated and tested in vacuum. 
d) Tested at LN2 temperature. 
e) Irradiated and tested at LN2 temperature. 
f) Tested at LEI2 temperature. 
g) Irradiated and tested at LH2 'temperature. 

6 '  4 
8 

Teflon TFE 0.022 mL/g at 4 x 10 rad (threshold 10 rad) 

Mylar (PT) 1.2 mA/g at 3.3 x lo8 rad (threshold 6 X lo7 rad) 

Phenolic Fabrics 4.7 mA/g at 3.7 X 10 rad (threshold lo8 rad) 
Polyethylene Films 38 ma/g at 6.4 x 10 rad (threshold 10 rad) 

9.0 mR/g at 9 x 10 rad 

8 
8 8 

Glass-f ilament-epoxy 
struc tures Traces up to lo1' rad 
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. 
VI. IRRADIATION EFFECTS ON HELIUM 

Scattered parts of the beam have to traverse the liquid helium bath, or during 
shower development, fractions of the beam energy are absorbed by helium. The most . 
interesting phenomena are power absorption and hydrogen evolution from photoreactions. 

1. Power Absorption 

For processes connected with the passage of electrons and photons of high energy 
through matter, when energy losses are essentially due to bremsstrahlung and photo- 
production, respectively, the range is expressed in terms of the radiation length XO. 
For helium,20 XO = 93.1 g/cm2; for a typical magnet, Xo 2 15 g/cm2. The density of 
saturated liquid helium at 4.2'K is 0.126 g/cm3, and €or the magnet, we assume an aver- 
age density o f  6, = 5 g/cm3. 
and 1 cm depth of the magnet to 0.333 XO. 

One centimeter of helium correspbnds to 1.35 X XO 

When the beam passes first through a relatively thin layer of helium, no shower 
is developed. We neglect shower buildup when the beam passes through the Dewar walls 
with A << XO, but we can determine shower buildup when the beam passes through struc- 
tural parts and through the magnet. This shower buildup wilS add to the integrated 
irradiation dose generated in helium. The power absorbed in the helium bath with the 
magnet immersed in it must be calculated for the various sections of the magnet and 

By assuming that the particles traversing through the magnet- 
and-Dewar system have essentially the same energy as the incident beam, then, according 
to Fig. 5, about nine times more reactions are expected at shower'maximum within the 
coil as would occur by passing through helium alone. 

. Dewar system separately. 

2 The average energy loss per particle by collision per unit length (g/cm ) was 
obtained from 

For liquid helium, the critical energy 

E =250  MeV 0 .- 

and thus # 

2 - -  dE = 2.7 MeV/g/cm 
dX 

which corresponds to: . 
1 2.7 (5.) - 93.1 (5) . - dE 

dX 
- - =  

g/cm xO 

MeV = 250 - . 
xo 

The fraction of energy absorbed in one radiation length depends on the incident 
beam energy; e.g.,. for EO = 20 GeV (SLAC), one gets: 

- - = -  dE 250 X = 1.25 x IO-' per radiation length. dX 20 

20. 0.1. Dovzhenko and A . A .  Pornanski?, Soviet Phys. JETP l8, 187 (1964) .  



For one centimeter of helium, corresponding to 1.35 X XO, the absorbed beam power 
is : 

1nsi.de the magnet, due to shower production, we estimate the absorbed power from Fig. 5: 

*'ab s -4 'abs 

"inc 
--.= 

1 cm He . 
Taking into account shower development in structural parts and thin target type 

beam absorption in Dewar walls, we estimate a total power absorption of 

W -4 & 
inc 

- 2 x 1 0  

in one centimeter of the depth in the beam direction. 

2. Photoreactions 
1 3 Photoreactions .in He4 lead to various forms of hydrogen, such as H , H2, H , etc. 

The photo disintegration of He4 can be of the form: 

etc. 
1 It seems feasible to combine all the reaction products, such as (T, D, H ...) as 

hydrogen gas. 
Ferguson.21 
The number of neutrons are measured from (y,n),  (y,2n), as we11 as (y,np) and (y,nn) 
reactions. 

Cross sections for the above reactions are listed up to 150 MeV by 
The measurements are made by detecting the number of neutrons released. 

We make the assumption that there is an equality in the following cross sections: 

(y,p) cross section =" (y,n) cross section 
(y,D) cross sectian zz (y,np) cross 'section 
(y,T) cross section 1; (y,2t1,2p) cross section 

Thus measuring neutrons from the (y,n) , (y,np) and (y,2n,2p) reactions is equivalent 
to measuring neutrons from (y,p), (y,D) and (y,T) reactions. 

21. G . A .  Ferguson et al., Phys. Rev. 95, 776 ( 1 9 5 4 ) .  
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If the reaction cross sections were large, one could approximate 

u dk (r dk 

k2 (ko = 25 MeV) . by - 

Using cross section values obtained by integration of 
have, for a photon energy of 50 MeV: 

ff dk by Costa et a1.,22 we 

50 MeV 4 72 mb - MeV 
and thus: 

dk 72 mb X MeV 110 bb -= 
(25)' (MeV)2 MeV 

which is a conservative estimate of the D, T, and H yield. 

According to DeStaebler the differential photon track length (Approximation A) 
from the absorption of an electron with energy EO is: 

EO - =  dN 0.57 2 Xo . 
k dk 

Accordingly, for the absorption of a beam current I; one may write: 

dk NO R = fI 0.57 ( Eo 2 Xo ) g * A o(k) 
k 

where IEo = toral beam power, 

fIEO = fraction of beam power absorbed, 

g =.atomic abundance of parent nucleide f 1, 

No = Avogadro number, 
' A  = atomic weight, 
o(k) = CL"QSS sections. 

For 100 kW beam power, we have: 

= 6.25 x lOI7 MeV/sec. . IEQ 

22. S. Costa et al., I1 Nuovo Cimento m, 382 (1966) .  

23. H. DeStaebler, Technical Note SLAC-TN-62-10 (1962). 
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In Section VI.1, we calculated for one watt of incident beam power the absorbed 
power value of 2 X 10-4 W in one centimeter of helium. 
power, one gets, from Eq. (12): 

For lo5 W of  incident beam 

= 3.2 x 10'' atomslsec 

-13 of hydrogen evolved per 100 kW of electron beam power. This is equivalent to 6 x 10 
literfsec in one centimeter of helium. 
of the magnet, or contaminate the refrigeration system. 

These gases may freeze in the coolant passages 

VI1 . CONCLUSION 

Activation due to beam absorbers endangers long-time reliability of magnets more 
than particle beam missteering, which generates heat, but if the beam current can.be 
interrupted fast enough, the geneiated heat in magnets can be absorbed. 

The effects of nuclear irradiation in various materials are diverse and should 
be treated separately: 

1) Superconducting type 11 materials 

Changes in critical current density are different €or various types of supercon- 

IR NbTi and NbZr alloys, Jc is either reduced or 
ductors. 
conductor more flux jump sensitive. 
is .unchanged, with the exception of peak effect near the Bc2 region, indicating pro- 
duction of new defects. 

Nb3Sn exhibits at low initial Jc a marked enhancement in Jc and ty, making the 

Hc. is generally reduced in all three types of type 11 super- 
. conductors, as well as Tc. , 

Annealing to room temperature recovers initial conditions to a large extent. 

2) Normal metals 

At low integrated dose rates <: lo8 rad, no major changes in physical properties ' 

are encountered. Material embrittlement is primarily due to cryogenic environment 
rather than induced activity. At higher dose rates, the resistivity of coppers, Al, 
and Ag is increased markedly. 
strength is increased and elongation reduced. At very high dose rates, ultimate ten- 
sile strength is decreased subsequently. 

Thermal conductivity is reduced. Ultimate tensile 

3). Insulation materials 

Irradiation tests on organic insulations (thermoplastic films and thermosetting 
compounds) are carried down only to liquid hydrogen temperatures. The irradiation ef- 
fects are generally masked by the cryogenic environment. However, marked improvements 
against radiation damage are measured in mechanical properties, while electrical prop- 
erties are less affected. 
'Lmprovement in irradiation properties is in most insulations one order of magnitude, in 
some others even two orders of magnitude, compared to room temperature values. Gas 
evolution is markedly reduced. It is believed that generated isotopes freeze within 
the insulation.matrix and.may cause internal damage to the matrix structure before 
penetrating into the coolant. 

Ionization effects measured during air radiation are reduced. 
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The most dangerous effect is production of internal short circuits inside the coil 
between turns and layers which increase the current charging time constant, produce ad- 
ditional ac Losses, or, in case of quenches, may lead to a melting of the conductor and 
destruction of the coil due to energy dissipation in the short circuit area. No safety 
precautions can be foreseen for internal failures. 

4 )  Helium 

Helium evaporation is enhanced, but is in most cases less alarming. Production of 
isotopes, even in small quantities, inside the coil body in coolant passages is of con- 
cern, which in frozen condition may impare cooling or contaminate the refrigeration 
system. 

Generally speaking, there is a considerable lack of irradiation data at liquid 
helium temperature. Specifically, a broad-range testing program is needed to determine 
the performance of insulation materials and normal shunt materials at liquid helium 
temperature. Tests on type I1 superconductors are required up to high fields, even, if 
possible, up to Hc2 values, to correlate observations reported in the literature and in 
this paper. Evaluation of fatigue properties of insulations and superconductors is re- 
quired. 

Prior to any wide-range applications of superconducting magnets for beam transport 
and accelerators, it is imperative that test magnets should be placed and operated in 
high-irradiation environments In order to predict long-time coil performance. 
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Fig. 1. Angular distribution of gamma dose rate from a typical 
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Fig. 2. Gamma dose rate from typical beam absorbers as a function 
of the angle from the incident beam direction, normalized 
to 1 kW of beam power and to a source to detector distance 
of 1 m. 
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Pig. 3. The fraction of electrons that escape a cone w i t h  a space 
angle x = e / ( x ,  /'E) vs x for E = 10 (copper). 
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Fig. 4 .  Frac t ion  of t he  inc iden t  energy t h a t  escapes from a t h i n  target.  
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F i g .  5. Longitudinal e l ec t ron  beam power d i s t r i b u t i o n  i n  a shower 
i n i t i a t e d  by e l ec t rons  of i n c i d e n t  energy Eo i n  copper.  

I. dP/dL (kW/cm) for 1 2% i n c i d e n t  beam power. 
2. l / y  
3 .  l /yA dP/dL (kW/g) for  1 MW.incident beam power. 
4 .  ~eam cross section A~ in cm2.  

dP/dL (kW cm2/g> €or l MW inc ident  beam power. 
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Fig. 7 .  Enhancement of critical current density for NbgSn diffusion 

Mean proton energy 2.83 MeV. 
Layers as a function of the integrated proton flux N /cm 2 . 
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IRON SHIELDING FOR AIR CORE MAGNETS* 

J.P. Blewett 
Brookhaven National Laboratory 

Upton, New York 

INTRODUCTION 

Air core magnets, whether superconducting or cryogenic, have high external fields 
which, in practical applications, can be troublesome. These can be removed either by 
additional windings (which decrease the useful field) or by using iron (which increas- 
es the useful field). This paper is on the consequences of the latter procedure. 

COILS OF I@INITESIMAL THICKNESS 

The problem of distribution of fields around'a multipole air core magnet surround- 
The config- ed by iron has been solved by Beth.l. 

uration studied by these authors is shown in Fig. 1. Region (1) of radius a1 is sur- 
rounded by a winding of infinitesimal thickness (a2 in Fig. 1 is assumed equal to al) 
bearing a current normal to the paper of 

It has ,been treated also by Meuser.2 

I = Io cos ne . 
The region (3)  beyond radius r = b is filled.with iron of permeability u. 

For the present purpose we assume CL t o  be infinitely large and write Beth's solu- 
tion in the form: 

In region (1): Br = 2 ~ r  . CL 0 0  I (r/a)n-l { 1 + (a/b)'" )- sin n6 

Be = CL 0 0  I (r/a)n-l { 1 + (a/b)'" } cos ne . 
n- 1 

t- 1 } sin ne rrl-1 
ni-1 r 

In region (2): Br = 2rr fi 1 a 
0 0  

Be = 2n uoIo a 
r 

This solution gives zero azimuthal field at r = b. The maximum normal field is 

.j: 
Work performed under the auspices of the U . S .  Atomic Energy Commission. 

1. R.A. Beth, Brookhaven National Laboratory, Accelerator Dept. Report MD-119 (1966). 
2. B.B. Meuser, Lawrence Radiation Laboratory Report UCE-18318 (1968). 

. 
-. 

d 
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. 
For the case where hax is assigned a s p e c i f i c  value Bo ( t o  avoid s a t u r a t i o n ,  

f o r  example), the expression (3)  defines b i n  terms of bax and the  other  parameters. 

I n  Eqs. ( l ) ,  the term (a/b)2n represents the increase i n  f i e l d  in s ide  t h e  magnet 
due t o  the presence of the iron. From (1) and (3)  the  f i e l d  amplitude i s  

The second term i s  the increase due t o  the i ron  sh ie ld .  
i n c r e a s e - i s  simply B0/2.  
w i l l  add 10 kG t o  whatever f i e l d  i s  s e t  - u p  inside the. magnet. 
(n = 2), the add i t iona l  term i n  the bracket is 

For a dipole ,  (n = l), the 
I f  f i e l d s  as high as  20 kG are allowed a t  r = b, t he  i ron 

For a quadrupole, 

( Bo )4'3 
4n w0Io 

If, f o r  example, Io is  such as t o  give 60 kG "pole- t ip  f i e l d s " ,  without i r o n  and Bo i s  
chosen t o  be 20 kG, the increase i n  pole- t ip  fi.eld d u e  t o  the i ron  w i l l  be about 
5600 G. 

The radius b f o r  a 60 kG dipole  with 20 kG at  r = b w i l l  be given approximately 
by 

h = 2 a  . 
The radius b f o r  a 60 kG pole-tip quadrupole with 20 kG at r = b w i l l  be given approx- 
i m a t  e 1 y by 

h = 1.7a i 

COILS OF FINITE THICKNESS 

To obtain the  f i e l d s  f o r  c o i l s  of f i n i t e  thickness we merely replace Io i n  
E q s .  ,(1) and (2) by I,da and .integrate from an inner r ad ius  a1 t o  an ou te r  r ad ius  a2. 
For r a d i i  t < al i t  is necessary only t o  in t eg ra t e  Eqs. (1) t o  obtain 

( an+2 - ad2 )} s i n  ne 
1 2-n 2-n 

Br = 2n 0 0  I rn-l { ( a2 - al 2 1 
(n + 2) b2n 

2n ( a?' - )} cos ne . n-1 1 2-n 2-n ' 1 
B 8 = 2n cloz0 r { 2-n ( a2 - a 1 ) +  ( n +  2) b 1 

For r a d i i  r > a2 w e  integrate  Eqs. (2) t o  obtain:  

n- 1 
Be = 2n woI0 ( '1: - - *l ) (& ) ( aF2 - .;'" ) cos ne . 

r 

( 5 )  

- 1043 - 



I n s i d e  t h e  c o i l ,  f o r  a2 > r > a12 the solut ion is  a combination o f  solut ions of 
types ( 4 )  and (5): 

The vector p o t e n t i a l s  i n  the three regions are: 

€or r al 

2n ( a T 2  - a;f2 )} cos ne > ( 7 )  
1 2-n ) + 1 R 

A~ = - 2 n p  I ~ { z  ( a2, 
(n + 2) b 

0 0  n 

€or r > a2 

f o r  a, > r > a. 

DIPOLE FIELDS 

For a dipole ,  t h e  f i e l d  patterns are:  

1 €or 'I: < a 

Br = 2n u 0 0  I {( a2 - al ) + 2 ( a i  - a: )} s i n  e 

Be = 2l-r u . , ~ ~  (( a2 - al ) + -L;i ( ai - a: )) cos B .. 
3b 

€or. r > a2 
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3 1 f o r a  > r > a  2 

1 3 al = 271 hoIo { a2 + 7 ( a2 - a: ) - 7 - f r } s i n  e 
3b 3 r  Br . 

3 

3b2 3r 

1 "1 Bo = 2n w 1 { a2 + - ( a i  - a: ) + 7 - 4 r } cos 8 . 
0 0  

The vector po ten t i a l  f o r  a dipole  is: 

2 f o r  r < a 

1 3 A, = - 2n poIor {( aZ - al ) + 7 { a2 - a: )} cos 0 , 
3b 

f o r  r > a . 2  

A, - - - -  $ i-r woIor ( -+ + -+ ) ( a i  - a: ) cos e , 
b r  

f o r  a2 > r > al 
2 
J 

1 al 2 A, = - 271 boIor { a2 + 2 ( a i  - a: ) - 7 - 7 r } cos 8 . 
3b 3r  

The f i e l d  pat terns  €or  two poss ib l e  d ipo le s  are shown i n  Figs.  Zand  3. Figure 2 
represents a dipole  f o r  40 kG i n  an a p e r t u r e  of 5 cm radius .  The c o i l  is 1 cm i n  thick- 
ness  and i s  surrounded by an i ron  s h i e l d  of 10 cm radius.  
enter ing the i ron  i s  20 kt;. 
should be about 13 cm thick.  Current d e n s i t y  i n  the c o i l  has a maximum value of about 
6 x lo4  A/cm2. 

The maximum f lux  dens i ty  
To ca r ry  t h i s ' f l u x  at  an average densi ty  of 16 kG the  i ron  

Figure 3 represents a 60 kG magnet of the same aperture .  The thickness of the 
coil is .1.5 cm,  which resu l t s  i n  about t he  s a m e  peak current  densi ty  (6 X 10 4 A/cm 2 ) as 
the  c o i l  of Fig.  2 .  The i r o n  shield has  an inner radius  of 12.9 cm and a peak enter ing 
f l u x  density of 20 kG. 
i ron  should be about 16 c m  thick.  The weight of t h i s  s h i e l d  would be s l i g h t l y  less 
than 2 tons per meter of length.  

To ca r ry  the r e t u r n  f l u x  a t  an average densi ty  of.16 kG, the 

QUADRUPOLE F I F L D  S 

When n i s  s e t  equal t o  2 i n  Eqs. (4 ) - (9 ) ,  the reader may be disturbed by the ap- 
pearance of 2 -  n in the denominator of s eve ra l  terms. This ,  however, appears i n  terms 
of the form 

1 ( - a2-n ') . 2 - n  1 

A s  n approaches 2 ,  set n = 2 - A .  The term now becomes 

AAn a2 - e  1 0 8  a ( a2 - al ) = $ ( e 
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As A 4 0, t h i s  term becomes An (a2/al). 
l a r i t y  wherever i t  appears. 

Similar treatment removes t h e  apparent singu- 

The vector po ten t i a l  f o r  a quadrupole is: 

f o r  r al 

AZ = - TT LloIor2 { h (a2/al) + 4 1 ( a; - a; )} cos 29 , 
4b 

f o r  r > a2 

cos 20 , - AZ - -- 4 

Lr 1 f o r a  > r > a  2 

AZ = - n, uoIor2 { an ( a 2 / r l  + 7 1 ( a: - a: ) - 7 "1 + } cos 3 0 .  . 
4b 4 r  

Figure 4 shows the f i e l d  pa t t e rns  f o r  a quadrupole with 60 kG "pole- t ip  f i e lds"  
surrounded by an inon sh ie ld  whose maximum enter ing f l u x  dens i ty  i s  20 kG. 
erture of 5 cm radius ,  the c o i l  thickness is 1.5 cm. The c o i l  as before ,  carries a 

d ius  of t h e  i ron  shield is 10.7 cm. 
t he  i r o n  should be about 7 cm th i ck .  

For an ap- 

cos 26 cu r ren t  d i s t r i b u t i o n  of maximum densi ty  of about 6 X 10 2, A/cmz. The inner ra- 
To carry the f l u x  a t  an average d e n s i t y  of 16 kG 

LRON CROSS SECTION 

Numerical examples thus f a r  have used the case where t h e  f l u x  d e n s i t y  of the i r o n  
r i n g  is 20 kG (2 T) .  In t h i s  s ec t ion  i t  w i l l  be shown t h a t  less i r o n  can be used i f  
lower f i e l d s  are chosen a t  t he  i ron  surface.  This w i l l  r e s u l t  i n  less increase i n  the  
f i e l d s  in the  multipole due t o  t h e  presence o f  i ron,  but i t  may neve r the l e s s  have eco- 
nomic advantages. 

From Eqs. (5)  the  normal f i e l d  a t  the surface of t he  i r o n  i s  

I f  b2 i s  the  iron inner r ad ius  f o r  which a maximum normal f i e l d  of 2 T i s  set up, then 

L 

and 
b2 n+l 

Br = 2 (7) s i n  ne . 

The t o t a l  f l u x  that  m u s t  be ca r r i ed  by the i ron is  tha t  enter ing between. 9 = 0 and 
0 = ~ i / 2 n ,  and is 
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Br b de = - n 
0 

If t he  f l u x  r e t u r n s  i n  t h e  i r o n  w i t h . a n  average  f lux  d e n s i t y  B 1  and t h e  i ron  r i n g  has 
an ou te r  diameter c, t h e n  

2b2 ti2 
( c - b ) B l = y - ( ~ Y  

and 

c = - - ( ~ ) n + b  2b2 b2 . 
nB1 . 

The cross-sec t iona l  area of  the i r o n  i s  

T ( C  

For a d ipole  the  area is 

L For l a rge  b ' s  t he  i r o n  area approaches a cons t an t  value of 477 b2/B1. 
(1.6 T) as we have assumed i n  our previous examples, t he  maximum reduct ion  i n  i r o n  
a rea  poss ib le  below t h a t  necessary €or  20 kG en te r ing  f i e l d  i s  [(1/1.6) + 1]:1 o r  
about 1.6:l.  

If B1 is 16 kG 

For a quadrupole, t h e  i r o n  a r e a  i s  

3 

b2 ' 3  + 1 }  . 

Evident ly ,  by reducing t h e  e n t e r i n g  f i e l d ,  t h e  necessary i r o n  f o r  sh ie ld ing  a quadru- 
pole  can be reduced as far  as d e s i r e d .  

DISTRIBUTION OF STORED ENERGY 

For an eva lua t ion  of s to red  energy i n  t h e  var ious regions,  an approximate method 
w i l l  be used .  It w i l l  be  assumed t h a t  t he  th ickness  of t he  coil is small compared 
with the  ape r tu re  dimensions. The fo l lowing  no ta t ion  w i l l  be used: 

a2 = s1 4 0 

r = al + x (wi th in  t h e  winding) 

271. ~ L ~ I ~ A  fl  + (a,/b)2n 1 = Bi . 

The approximatipn w i l l  be c a r r i e d  only  t o  t h e  f i rs t  o rde r .  
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Equations (4) to (6) can now be wri t ten:  

1 f o r  r < a 

B~ = (r/alln-'  s in  ne 

Be = Eo (r /a l )  cos ne , n-1 

2 f o r a  < r < a  1 

Br = E s i n  ne 
0 

cos ne , E e = B o ( l  - 2x/A 
1 + (a,/b)'" 

2 f o r  r > a 

- BO ( a l / r )  [ 1 + ( r /b)2n ] s i n  ne 
Br - 1 + (a,/b)2n 

Be = - Eo *' [ 1 - ( r /b )2n  ] cos ne . 
1 + (al/blzn 

Using these expressions the s tored energy E i n  t h e  var ious regions can e a s i l y  be 
evaluated: 

for  r < al 
2 2  

E=---.--- 
8n wo ' 

f o r  a, < r < a, 

I A 

for r > a, 

2 2*2 1 - ( ~ i , / b ) ~ "  
L 

2n 1' Bo "I 
2n E =  

an p, a o 2 [ 1 + 4al/b) 

If (al /b)2n is s m a l l ,  and a2 
imately t h e  same as t ha t  s tored i n  the  useful  ape r tu re .  

a l ,  then the energy stored outside t h e  c o i l  is approx- 
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The average energy d e n s i t y  i n  the  ape r tu re  is  

2 
Bo 

8n TT u 
0 

I n  t h e  c o i l  i t  i s  

213 + (al/b)2n + (al/b)4n 

2n l2 
For t h e  p a r t i c u l a r  case where 'b = 2a1, t he  r a t i o  o€ energy dens i ty  i n  the coil t o  
energy dens f ty  i n  t h e  use fu l  a p e r t u r e  i s  

for a d ipole :  0.63 

for a quadrupole: 1.29 . 
For cases  of the type d iscussed  above where A = 0 . 3  a1 the  r a t i o  of t h e  t o t a l  

energy s to red  i n  the c o i l  t o  t h e  t o t a l  energy s to red  i n  t h e  use fu l  ape r tu re  w i l l  be 

f o r  a d ipo le :  0.44 

f o r  a quadrupole: 0.89 . 
Hence €or a d ipo le  the t o t a l  energy  s ta red  i n  t h e  c o i l  ( f o r  t he  dimensions quoted) is  
a l i t t l e  more than  20% of t h e  t o t a l  energy s to red  i n  t h e  d ipo le  system. For a quad- 
rupo le  of s i m i l a r  dimensions t h e  energy s to red  i n  the  c o i l  i s  about 45% of the  t o t a l  
energy s to red  i n  t h e  system. 
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Fig .  1. Geometry of multipole winding and iron shireld. 

Fig. 2. Field pattern f o r  40 kG d i p o l e .  



F i g .  3 .  F i e l d  pattern for 60 kG d i p o l e .  

Fig. 4. Field pattern for quadrupole wich  40 kG pole-tip field. 



SUPERCONDUCTING FFAG ACCFLERATORS*, 

G. Parzen 
Brookhaven National Laboratory 

Upton, New Pork 

I. LNTRODUCTION 

The p o s s i b i l i t y  of superconducting high f i e l d  magnets makes a nonpulsed ac'celer- 
a t o r  l i k e  the FFAG (Fixed F ie ld  Alternating Gradient) seem a t t r a c t i v e .  It seems worth- 
while t o  point out  some c h a r a c t e r i s t i c s  of the FFAG which p e r t a i n  t o  the  possible  use  
of t h i s  acce le ra to r  i n  the  current  state of  the accelerator  f i e l d .  

One d i f f i c u l t y  with the  FFAG as i t  w a s  conceived by t h e  MURA group' w a s  t he  l a r g e  
r a d i a l  a p e r t u r e  required.  
several  reasons. One reason is tha t  some accelerators  being considered today have a 
low momentum r a t i o  p f f p i ,  where pf and p i  are the f i n a l  and i n j e c t i o n  momenta of the 
particles.  Some examples are: 

This d i f f i c u l t y  i s  t o  some extent ameliorated today f o r  

, 
a) A 200 MeV t o  1 GeV booster,  pfIpi  =r 3 .  

b) A high energy second s t age ,  300 GeV t o  1000 GeV,  pi/pi  a 3 .  

The momentum swing of p f / p i  = 3 i n  the,above two examples is  s m a l l  enough t o  be achiev- 
ab le  i n  an ape r tu re  of about 15 em. 

A second reason i s  t h a t  the extract ion '  from one accelerator  followed by i n j e c t i o n  
i n t o  a second acce le ra to r  now seems more f eas ib l e .  Experience with e x t r a c t i o n  over the 
pas t  yea r s<has  ivcreased one 's  confidence i n  being able to e x t r a c t  and i n j e c t .  Thus, 
r a t h e r  than bui ld  one FFAG acce le ra to r  with a very large aperture ,  i t  appears possible  
to build an FFAG having seve ra l  s tages ,  each with a moderate aper ture ,  where the beam 
is extracted from one s tage and injected i n t o  the following s tage.  An example of such 
a multistage FFAG would be an accelerator  t o  go from 30 GeV to 800 GeV in  t h r e e  stages, 
each s tage having a pf/pi = 3 .  The th ree  s tages  would be 

30 - 90 ,  90 - 270, 270 - 810 . 
One i n t e r e s t i n g  r e s u l t  is t h a t  the r a d i a l  aper ture  of each of t he  th ree  s t ages  would 
be t h e  same. This r e s u l t  follows from the  energy scal ing p rope r t i e s  of t he  FFAG and 
is  discussed below. An ape r tu re  of about 15 c m  i n  each stage may be s a t i s f a c t o r y .  

XI. CHOICE OF PARAMETEXS 

The ho r i zon ta l  aper ture  r e q u i r e d  f o r  the accelerator  depends on how large one can 
make the magnetic f i e l d  gradient.  However, the magnetic f i e l d  gradien'c is l i m i t e d  by 
i t s  e f f e c t  on the  s t a b i l i t y  l i m i t s  €or the betatron o s c i l l a t i o n s .  The higher  t he  gra- 
d i e n t ,  t he  smaller the s t a b i l i t y  limits w i l l  be. 

It i s  worth noting here t h a t  the PFAG is a high r e p e t i t i o n  rate machine, which 
A repeti t ' ion means it can go through i t s  acce le ra t ion  cycle  many times p e r  second. 

t 
Work performed under the auspices of the U.S .  Atomic Energy Commission. 

1. MURA FVoposal f o r  a 10 GeV Accelerator,  1962. 
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rate of 30/sec t o  60/sec s e e m s  reasonable . '  
small for t h e  three examples mentioned i n  t h e  In t roduc t ion .  

Thus, t he  s t a b i l i t y  l i m i t s  can be q u i t e  

A s t a b i l i t y  l i m i t  of A, = 1 cm has  been assumed i n  t h i s  paper .  Th i s  choice  should 
be reconsidered f o r  t h e  p a r t i c u l a r  a c c e l e r a t o r  be ing  designed. 
on t h e  s t a b i l i t y  l i m i t  and r e p e t i t i o n  rate are g iven  i n  Sec t ion  111. 

Fur the r  cons ide ra t ions  

The manner i n  which t h e  a c c e l e r a t o r  parameters  vary  with t h e  p a r t i c l e  energy o r  
the  acce le ra to r  r a d i u s ,  R, fo l lows  from a cons ide ra t ion  of t he  s t a b i l i t y  l i m i t s .  It 
i s  shown i n  the  Appendix t h a t  t h e  r a d i a l  a p e r t u r e  i s  energy independent f o r  a given 
momentum swing p f / p i  and is given by 

AR 7.53 - l og  (pf/pi) , f 

when f is the  azimuthal f l u t t e r  i n  t h e  magnetic f i e l d .  W e  f i n d  1IR = 8.26 cm f o r  
A, = 1 cm, f = 1 and p f / p i  = 3 .  If w e  a l low room f o r  be ta t ron  o s c i l l a t i o n s ,  synchro- 
t ron  o s c i l l a t i o n  and . c e n t r a l  o r b i t  e r r o r s ,  assuming r a t h e r  a r b i t r a r i l y  1 cm f o r  each, 
and allowing 0.3 c m  f o r  c e n t r a l  o r b i t  s ca l lop ing ,  we g e t  AR = 15 c m .  

The var ious  parameters of s e v e r a l  a c c e l e r a t o r s  having d i f f e r e n t  f i n a l  ene rg ie s  
are given i n  Table I. 
and a circumference ' factor  of 2 w a s  assumed. 
according t o  

The maximum f i e l d  i n  t h e  median plane w a s  assumed t o  be 50 kG, 
The median plane magnetic f i e l d  v a r i e s  

Equation (2) i n d i c a t e s  t h e  meaning of t h e  parameters  k ,  P, N ,  f .  The parameter P de- 
termines the  s p i r a l  of t h e  magnetic f i e l d .  
2rr/N. f i s  the  f l u t t e r  of t h e  f i e l d  i n  t h e  r a d i a l  d i r e c t i o n .  
t he  f i e l d  rises i n  t h e  r a d i a l  d i r e c t i o n .  f w a s  assumed t o  be 1. The choice of para- 
meters given i n  Table I w a s  found us ing  t h e  r e s u l t s  l i s t e d  i n  t h e  Appendix. 

The azimuthal p e r i o d i c i t y  is  given by 
k determines how rap id ly  

TABLE I. A t a b l e  of parameters of va r ious  a c c e l e r a t o r s  having a f i n a l  
energy hx ranging from 0.2 t o  800 GeV. 
a maximum median plane f i e l d  of 50 kG, a circumference f a c t o r  
o f  2 'and a momentum swing of 3 .  
ape r tu re .  

Each a c c e l e r a t o r  has  

AR is the  good f ie ld  r a d i a l  

0.2 

0.05 

0.86 

18 

3.6 

2.5 

11.4 

73 

1 

15 

1 

0.2 

0.26 

30 

6 . 2  

4.2 

30 

192.1 

1 

15 

30 

10 

41.26 

124 

24.8 

17.5 

543 

3509 

1 

15  
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30 

121 

212 

42.4 

2.90 

1614 

IO 334 

1 

15  

270  

90 

361 

366 

73.2 

51.6 

4807 

30 779 

1 

15 

800 

267 

1069 

632 

126.4 

89.1 
14 218 

91. 038 

1 

15 



TIL. MATCHING OF BEAM INTENSITY AND PHASE: SPACE 

At this time'there ids interest in using a superconducting FFAG in connection 
with existing conventional accelerators. This raises the question as to whether the. 
relatively small radius of the superconducting accelerator will give rise to problems 
as regards space-charge limits and in the matching of the emittance and acceptance of 
the accelerators. 

To illustrate the problems that arise, an example will be considered which is 
the use of a superconducting FFAG booster to raise the injection energy of the 200 MeV 
linac to 1 GeV €or injection into the Brookhaven AGS. The following arguments and 
calculations are very rough and are meant only to be indicative of the kind of solu- 
tions available. 

. .  
In this example there are three aspects to be considered. These are: 1) space- 

charge limitations, 2) injection into the booster from the 200 MeV.linac, and 3) ex- 
traction from the booster into the AGS at 1 GeV. 

. .  Space-Charge Limit at ions 

The question here is whether the FFAG with a radius of 2.26 m and a stability 
limit of about 1 cm can contain enough charge to inject into the AGS at 1 GeV. 

The incoherent space-charge limit is given very roughly by 

( 3 )  
2 a (a + b, v tlv yB , R N S  

where a more conservative y$' dependence is used instead of y3D2. 
horizontal and vertical apertures respectively. . v is the betatron oscillation fre- 
quency and Av is the allowable shift in v due to space charge. 
the accelerator. 
v f c .  

a and b are the 

R is the radius of 
y and B are the particle energy E/mc2, and the particle velocity 

If we assume that the AGS at 200 MeV has the space-charge limit of 
N (AGS, 200 MeV) = T.0 X lOI3 protons, then.Eq. (3)  indicates that at 1 GeV, 
N (AGS, 1 GeV) = 4.0 x 1013 protons. 

The injection space-charge limit of :he FFAG may be found by comparison with. 
the AGS at 200 MeV and using Eq. (3). The FFAG space-charge limit when compared 
with the AGS space-charge limit is larger by the radius factor 12012.26 = 5 3 ,  is 
smaller by the aperture factor 5(5 f 2.5)11(1.0 -I- 1,O) = 18.7, and is smaller by 
the v factor 8.2514.12 = 2.08. Thus we find 

N (FFAG, 200 MeV) = 1.36 N (AGS, 200 MeV) , 
N (FFAG, 2DO.MeV) = 1.36 X 10l3 protons . 

The 4 X 1013 protons required by the AGS at 1 GeV can be obtained if the repeti- 
tion rate of the FFAG is larger than 3lsec. 

Injection into the FFAG 

The 200 MeV linac has difficulty injecting enough protons into the FFAG because 
of the small timelturn due to the small radius. The timelturn at 200 MeV for the 
FPAG is T = 0.084 usec. 
2.5 x 1010 protoas per turn, 

If the linac is assumed to deliver 50 mA, then it can inject 



. 
The number of turns that can be accepted is determined by the'acceptance of the 

FFAG, which we will assume' given by the rough formula 

2 
Acceptance 1 - R a  

v a  
( 4 )  

Using a = 1 cm, v = 6 .2 ,  we find the FFAG horizontal acceptance at 200 MeV, 

AC (FFAG, 200 MeV) = n 27.4 X cm-rad . 
If we assume the emittance of the linac is n 1 x cm-rad, then we have room for 
27 turns, or 6.75 X 10l1 protons can be injected in 27 turns. 

Thus in order to be able to inject' the 4 X 1013 protons 'required by the AGS at 
1 GeV, it is necessary for the FFAG to have a repetition rate of 60/sec. 

An alternative to the repetition rate of 60/sec is' to increase the stability 
limit to perhaps 1.4 cm, which would allow a repetition rate of 301sec. 

One may note that at the present time the Brookhaven 200 MeV linac is designed 
with a repetition rate of 10/sec. 

Extraction from the FFAG into the AGS at 1 GeV 

First let us'compare the emittance of the FFAG at 1 GeV with the acceptance of.. 
the AGS at 1 GeV. 

Because the momentum swing of the FFAG is pf/pf = 3,  the emittance at 1 GeV is 
one-third the acceptance at 200 MeV,or the emittance is 

EM (FFAG, 1 GeV) = n 9.1 X cmnrad . 
The acceptance of the AGS at 1 GeV can be compared with the emittance of the FFAG at 
1 GeV using Eq. ( 3 ) .  It is larger by the aperture factor (5 [3)2 = 7 5 ,  smaller by 
the radius factor 120/2.26.= 53, and larger by the v factor 916 = 1.5. We find that 

AC (AGS, 1 GeV) = 2.1 x EM (FFAG, 1 GeV) . 
One may note that the matching of the phase spaces is due to the cancellation of the 
radius factor by the aperture factor, which seems to require the stability limit of 
the FFAG to be relatkvely small or the emittance of the FFAG wi.1-1 become too large 
f o r  injedtion into the AGS. 

The transfer.of the charge between the FFAG and the AGS is complicated by the 
radius factor of 5 3 .  A distance of 2rr >! 2.26 m in.the AGS can only contain 1/53 of 
the space-charge limit of 4 x 1013 protons. . .  

One possible method is to inject 60 times/sec' into the FFAG and to stack the 
60 pulses at 1 GeV. 
extracted over 53  turns in the FFAG and injected over the entire circumference of the 
AGS. Needless to say, there are many problems to be solved in such a scheme. 

The stacked beam, containing roughly 4 x 1013 protons, can be 

A second method would be to extract each of the 60 pulses in the FFAG efter it 
is accelerated to 1 GeV and inject it over 2 n  x 2.26 m in the AGS. If the transfer 
of charge is asynchronous, the process is likely to be less efficient. 
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I n  conclusion,  i t  would s e e m  t h a t  u s ing  a h i g h  r e p e t i t i o n  rate and a small aper- 
t u r e  o r  s t a b i l i t y  l i m i t  wi th  t h e  small  r a d i u s  superconduct ing a c c e l e r a t o r  can produce 
a s a t i s f a c t o r y  match wi th  a convent ional  a c c e l e r a t o r .  
apply a l s o  t o  a superconducting pulsed AGS. 

The above d i s c u s s i o n  should 

I V .  A 200 MeV TO 1 GeV BOOSTER 

A b e t t e r  idea of t he  magnetic f i e l d  c o n f i g u r a t i o n  i n  a superconduct ing FFAG may 
be obtained by consider ing a p a r t i c u l a r  a c c e l e r a t o r  i n  more d e t a i l .  For  t h i s  purpose, 
let us  cons ider  a 200 MeV t o  1 GeV FFAG b o o s t e r  which might be used i n  conjunct ion 
wi th  t h e  Brookhaven AGS. 

A poss ib l e  set of parameters f o r  t h i s  b o o s t e r  a r e  the  fol lowing:  

Ins ide  r ad ius ,  R 
Good f i e l d  ape r tu re ,  AR 
Per iod ic i ty ,  N 
vr ' 

vz 
Radial g rad ien t ,  k 
S p i r a l  g rad ien t ,  P 
Sp i r a l  angle, cy 
Flu tce r ,  f 
Maximum f i e l d  
In j ec t ion  f i e l d  
Hor izonta l  s t a b i l i t y  l i m i t ,  Ax 
Vertical s t a b i l i t y  l i m i t ,  Ay 
Ver t i ca l  ape r tu re  

250 c m  
1 7  c m  
24 
4.8 
3.3 
20.5 
131 
100 
1 
50 kG 
13 kG 

f 1.62 cm 
f 0.46 cm 
+ 3 cm 

The above parameters are somewhat d i f f e r e n r  from those given i n  Table  I, and they 
are a l i t t l e  more on the  conserva t ive  s i d e .  
the  azimuth where t h e  ho r i zon ta l  @ has  a maximum. 

The s t a b i l i t y  l i m i t s  A,, Ay a re  given a t  

Median Plane Magnetic F ie ld  

The magnetic f i e l d  i n  t h e  median plane i s  i n d i c a t e d  i n  F ig .  1. The crosshatched 
areas i n d i c a t e  the reg ions  of  high f i e l d ,  t h e  b l ank  areas t h e  r e g i o n s  o f  zero f i e l d .  
The r eg ion  which w i l l  be crossed by protons i s  bounded by the  dashed circles. 

A poss ib l e  magnet arrangement i s  shown i n  F i g .  1. In  t h i s  arrangement the  magnet 
edges a r e  a long r a d i i  t o  t h e  center of t h e  machine, and wi th in  each magnet the  s p i r a l s  
may pczssibly be replaced by s t r a i g h t  l i n e s .  

An a l t e r n a t e  arrangement f o r  a small a c c e l e r a t o r  is  t o  use long s p i r a l  magnets 
whose shapes would be s i m i l a r  t o  t he  c rossha tched  areas i n  Fig. 1. 

V. POSSIBLE PROBLEMS OF THE SUPERCONDUCTING FFAG 

One aspec t  of t h e  FFAG t h a t  may prove a s e r i o u s  problem has  t o  do  wi th  the  r a t i o  
of t he  maximum magnetic f i e l d  at the  cu r ren t - ca r ry ing  c o i l s  t o  t h e  magnet ic  fie1.d on 
t h e  median plane. If t h i s  r a t i o  is  too l a r g e ,  t hen  t h e  Superconducting FFAG l o s e s  i t s  
advantage a s  the f i e l d  at t h e  c o i l s  is l i m i t e d  t o  some va lue  of  t h e  o r d e r  of 100 kG. 
This  f i e l d  r a t i o  tends t o  g e t  l a r g e r  when t h e  f i e l d  has a r a p i d  r ad ia l  v a r i a t i o n  as i s  
requi red  i n  t h e  WAG. 
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Some o t h e r  problems inc lude  that  of determining t h e  cu r ren t  d i s t r i b u t i o n  t o  
o b t a i n  t h e  des i r ed  median plane magnetic f i e l d ,  and the  problem of p u t t i n g  r a d i a l  
s t r a i g h t  s e c t i o n s  i n  the FFAG. Some f u r t h e r  cons idera t ions  of p a r t i c u l a r  magnets 
and machine des ign  are repor t ed  elsewhere.2 
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APPENDIX 

Some handy formulas  are a v a i l a b l e  f o r  es t imat ing  the .parameters  of t h e  FFAG. 

The s t a b i l i t y  l i m i t s  a t  some optimized opera t ing  poin t  are r e l a t e d  t o  the  
parameters by3 

A,IR = 3.74  IN^ 
2 

AZ/R = 5.12 FIN 

k/N2 = 0.03559 

fPlN = 0.2279 2 

vr/N = 0.2007 

v Z I N  = 0.1410 . 

The r a d i a l  a p e r t u r e  i s  given by 

R 
, AR = E 1% (Pf/Pi) ' Y 

where pi and pi are the f i n a l  qnd i n i t i a l  moment$. 

Rough formulas f o r  V r  and vz are 

v2 = k +  L r .  

For a given ope ra t ing  poin t  vr/N and v,/M, the  s t a b i l i t y  l i m i t s  a r e  p ropor t iona l  
t o  R/$, where 2nlN i s  the p e r i o d i c i t y  of t h e  acce le ra to r .  If one assumes t h a t  each  

2 .  P.G. Kruger and J . N .  Snyder, Un ive r s i ty  of I l l i n o i s  I n t e r n a l  Report ,  Sept.  1966. 

3 .  G. Parzen and P. Morton, Rev. S c i .  Lns t r .  34, 1323 (1963). 
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stage of the accelerator  i s  to  have t h e  same s t a b i l i t y  l i m i t s ,  i t  follows t h a t  the 
per iodici ty  paramefzer N v a r i e s  with the radius  according t o  

N - L ~ R  . ( A .  6) 

Since €or an accelerator  wi th  a given operating point *IN, vZ/N, one m u s t  have 
k/N2 = constant, where t h e  f i e l d  goes l i k e  rk; one f inds tha t  t h e  f i e l d  gradient 
parameter k var ies  with r a d i u s  according t o  

k - R  . (A.7) 

The r a d i a l  aper ture ,  AR, of the acce lera tor  i s  given by Eq. (A.4). 

Thus, f o r  a given momentum swing p f / p i ,  the r a d i a l  aperture v a r i e s  l i k e  R/(k i- l ) ,  
since k - R  is  independent of R f o r  large k.  This es tabl ishes  the  r e s u l t ,  mentioned 
i n  Section I, tha t  the r a d i a l  aper ture  is  the same f o r  each s tage of the  accelerator .  . .  
Combining E q s .  ( A . l ) ,  ( A . 2 )  and ( A . 4 )  gives the r e s u l t  for t h e  r a d i a l  aper ture  

Ar 
(A. 8) AR = 7.53 - log (pf/pi)  . f 

/ 

/- 

I 

,’ 

/-- 

/ 
s/ 

/ .--- 

0.5 0.6 0.7 0.8 0.9 1.0 1.1 

Fig. 1. The magnetic f i e l d  i n  the.median plane of an FPAG accelerator .  
. Crosshatched areas  indicate  regions of high f i e l d .  The period 

2x/N i s  15* and the acce lera tor  r a d i u s  is 2.5 m. 
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CALCULATIONS CONCERNING SUPERCONDUCTMG ACCFLERATORS 

P. Gerald Kruger 
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Urbana, I l l i n o i s  

and 

J . N .  Shyder 
Department of Computer Science, University of I l l i n o i s  

Urbana, I l l i n o i s  

INTRODUCTION 

Pa r t  I of t h i s  paper considers the number and posit ioning of Nb3Sn superconducting 
ribbons t o  produce the magnetic f i e l d  necessary €or an FFAG ( f i x e d - f i e l d  a l t e rna t ing -  
gradient)  separated-sector spiral-r idge accelerator .  It a l s o  considers  the necessary 
f l u x  biasing so tha t  t he  f i e l d  between peaks, a s  the radius increases ,  does not become 1 

negat ive.  The pet f i e l d  (biased f i e ld )  f o r  several  values of 8 ( t h e  azimuthal angle 
with respect  t o  the center  of the accelerator)  is  given. The f i e l d  index, k, i s  found 
t o  be s a t i s f a c t o r i l y  constant from R = 239 cm t o  R = 261 cm. 
FFAG accelerator  b u i l t  t o  t h e s e  specif icat ions should be ab le  t o  accept 50 MeV protons 
which are injected and accelerate  them t o  about 1.2 GeV. It would be an in t e re s t ing  
model t o  build wi,th the Nb3Sn now avai lable;  

This means tha t  a model 

P a r t  IT. considers a separated-function pulsed superconducting acce le ra to r  f o r  30 
t o  300 GeV. The necessary magnetic dipoles and quadrupoles can be b u i l t  from Nb3Sn now 
avai lable .  One disadvantage of t h i s  type of accelerator  is  t h a t  t h e  pulsing produces 
hea t ing  which must  be removed by the r e f r i g e r a t i n g  system and t h i s  i s  cos t ly .  But some 
members of t h i s  Surmner Study believe tha t  the cos t  w i l l  be reduced i n  the future  so  
t h a t  i t  i s  not a ser ious inh ib i t i on  to  t h i s  type of accelerator .  

A second disadvantage i s  tha t  the pulsing demands a motor generator  power source 
(or some s imilar  equipment) so t h a t  the magnet may change the magnetic f i e l d  from zero 
t o  a maximum magnetic f i e l d  every 2 or. 3 sec. Such c a p i t a l  equipment i s  cos t ly  and 
the operating cost  fo r  the many megawatts of power which are necessary t o  operate the  
magnets i s  a major i t e m .  Otherwise, these a re  i n t e r e s t i n g  a c c e l e r a t o r s .  

Part  I11 concerns some parameters and propert ies  of a superconducting FFAG accel-  
e r a t o r  fo r  30 t o  300 GeV. Such an accelerator  i s  f eas ib l e  now with the  Nb3Sn ava i l ab le  
and has  the advantage t h a t  there i s  no heating owing t o  pulsing and t h u s  no large ex- 
pense i s  necessary f o r  the r e f r ige ra t ing  equipment. Secondly, no l a r g e  and cos t ly  motor 
generator s e t s  t o  run the magnet a r e  necessary. It does have a small  disadvantage 
owing t o  a circumference f ac to r  of 2 whereas the circumference f a c t o r  f o r  the pulsed 
acce le ra to r  i s  about 1.3 or 1:4. 

Pa r t  Iv compares,,on a r e l a t i v e  basis ,  the estimated c o s t s  of some components of 
the pu l sed  superconducting accelerators  with an FFAG superconducting accelerator  .. It 
appears that  a t  the present time the FFAG accelerator  i s  much less expensive than the 
pulsed accelerator .  However i f ,  i n  the fu tu re ,  the heat ing owing t o  pulsing can be 
reduced by a f ac to r  of 5 and i f  the cost of r e f r i g e r a t i n g  equipment w e r e  t o  be reduced 
by a f a c t o r  of 4 (a t o t a l  factor  of cost reduction of 20) then the estimated cost  of 
these c r i t i c a l  i t e m s  would be about the same f o r  the. two systems. A t  t h a t  time the 
remaining disadvantage 'of the  pulsed accelerator  would be the l a rge  power b i l l  i n  t h e  
operating cost .  
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I .  THE BROOKHAVEN FFAG MODEL 

Parzen h a s  d iscussed  superconduct ing FFAG a c c e l e r a t o r s  a t  t h i s  Summer Study and 
s1sewhere.l 
a c c e l e r a t o r  has been under d i s c u s s i o n  a t  Brookhaven Nat ional  Laboratory f o r  some t i m e .  
It i s  a sepa ra t ed - sec to r  s p i r a l - r i d g e  acce le ra to r  and c o n s i s t s  of 24 s e c t o r s  (N = 2 4 ) ,  
each wi th  e i g h t  subsec t ions  as shown i n  Fig.  1. Addi t iona l  d e t a i l s  of a s p i r a l  s ec to r  
a r e  given i n  F ig .  2 where, however, t h e  number of t u r n s  per  each subsec t ion  and the  
r a d i i  of t h e  semic i r cu la r  ends of t h e  subsec t ions  are d i f f e r e n t  from those used  i n  the  
c a l c u l a t i o n s  descr ibed  below. 

Consequently, and i n  accordance wi th  those  ideas ,  a model of an FFAG 

While the genera l  f e a t u r e s  of t h e  Brookhaven model a s  given by Parzen and as 
drawn by D. Jacobus are maintained i n  these c a l c u l a t i o n s ,  i t  is  w e l l  known from t h e  
calculat ' ions  done f o r  t h e  M4-244 quadrupole2 t h a t  it is necessary  t o  make d e t a i l e d  
magnetic f i e l d  c a l c u l a t i o n s  using the ac tua l  currents  i n  t h e  (NbgSn) r ibbon,  i f  one 
i s  t o  have a good idea  of t h e  number of  t u rns  of r ibbon necessary  i n  the subsec t ions ,  
TO produce a g iven  magnetic f i e l d  and a given f i e l d  grad ien t  (i.e.,  a spec i f i ed  f i e l d  
index, k). Accordingly, P a r t  I of t h i s  d i scuss ion  d e a l s  wi th  t h e  magnetic f i e l d  ca l c -  
u l a t i o n s  f o r  t h e  model and the  c o i l  parameters deduced therefrom. 

Pre l iminary  f i e l d  c a l c u l a t i o n s 3  f o r  t h i s  mode1 inc lude  a desc r ip t ion  of the  method 
by which t h e  magnetic f i e l d  is  c a l c u l a t e d  i n  t h e  median plane of t h e  acce le ra to r .  (It 
i s  perpendicular  t o  the  major  a x i s  of t h e  e l l i p s e  i n  Fig.  5.) I n  these  prel iminary 
c a l c u l a t i o n s  a l l  subsec t ions  were r e c t a n g u l a r  and had t h e i r  axes along t h e  same s t r a i g h t  
l i n e .  I n  t h e  present  c a l c u l a t i o n s  t h e  var ious  subsec t ions  of t he  s p i r a l  have axes which 
are tangent  t o  t h e  real s p i r a l  and s t r a i g h t  s i d e s  p a r a l l e l  t o  t h e  axes. The ends of t he  
subsec t ions  approximate a semicircle wi th  four  tangent  s t r a i g h t  s ec t ions .  This  geometry 
is  showk i n  Fig. 3 and r e p r e s e n t s  t h e  geometry used i n  these  c a l c u l a t i o n s .  The approxi- 
mations are thought t o  be a reasonably  good approximation t o  a real s p i r a l  FFAG r idge .  
Table I g i v e s  some phys ica l  d a t a  f o r  one s p i r a l  and such a s p i r a l  is repeated every 15' 
around t h e  a c c e l e r a t o r .  

TABLE I I 
P e r t i n e n t  spiral c o i l  d a t a  which wi th  t h e  d a t a  

i n  Fig.  3 s p e c i f y  one separa ted  FFAG r i d g e  

Length between . Ins ide  r ad ius  
Subcoi l  Number of t u r n s  subsec t ion  o f  end tu rns  
number per  subsect  i o n  centers of subsect  ion 

(cm) (cm) 

188 
140 
100 
79 ' 

79 
60 
44 
32 

21.2725 
16.. 8275 
16.8275 
16.8275 
16.8275 
16.8275 
16.8275 
20.9550 

1.763 
2,024 
2.237 
2.413 
2.555 
2.674 
2.770 
2.857 

1. G .  Parzen, Brookhaven Nat ional  Laboratory,  Acce lera tor  Dept. Report A&D-138 (1967); 

2 .  P.G. Kruger and J . N .  Snyder, i n  Prac. 6th  In t e rn .  Conf. High Energy Accelerators ,  

3. P.G. Kruger and J.N. Snyder, Un ive r s i ty  of I l l i n o i s  Report (1968). 

G .  Parzen and P. Morton, Rev. S c i .  I n s t r .  34, 1323 (1963). 

Cambridge, 1967, p .  397. 
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Other pe r t inen t  d a t a  are: 

1) The cur ren t  i n  the r ibbon i s  assumed t o  be 2000 A.  

2) The ribbon is  f i n .  w i d e  Nb3Sn, 0.00625 i n .  t h i c k .  

3) For t h e  ca l cu la t ions  the  cu r ren t  is  assumed t o  be i n  e i g h t  wires 
uniformly spaced i n  the  ribbon r a t h e r  than i n  a uniform c u r r e n t  
shee t  . 

The magnetic f i e l d  r e s u l t i n g  from t h i s  c u r r e n t  d i s t r i b u t i o n  h a s  been ca lcu la ted  
f o r  a system of th ree  s p i r a l s  and f o r  a system o f  f i v e  s p i r a l s  but  no t  for  24 spirals  
which make a complete acce le ra to r .  There is no s i g n i f i c a n t  d i f f e r e n c e  i n  the r e s u l t s  
f o r  t he  two cases and thus  a l l  da t a  below are For a system o f ' t h r e e  s p i r a l s .  The 
f i e l d  has been ca lcu la ted  along R from R = 230 c m  t o  270 c m  i n  s t e p s  o f  hR = 1 c m  and 
a t  va r ious . ang le s  of 0 where €I = 0 i s  the  angular  coord ina te  f o r  t h e  s m a l l  end of one 
s p i r a l  which then ends a t  0 = 32.872O. 

Figure 4 shows the results of the  c a l c u l a t i o n s  f o r  8 = 30.5'. It ,is noted i n  
Fig.  4 a . t h a t  a s  R increases  the  f i e l d  becomes nega t ive  between t h e  peaks.  This is un- 
des i r ab le  and may be el iminated by f l u x  b i a s i n g  from cur ren t  s t r i p s  on an  e l l i p t i c a l  
c o i l  whose c r o s s  sec t ion  i s  shown i n  F ig .  5. The necessary  tu rns  d i s t r i b u t i o n  f o r  
such flux bias ing3  i s  given i n  Table II and t h e  c a l c u l a t e d  n e t  b i a s i n g  f i e l d  f o r  t he  
above case i s  given i n  F ig .  4b. F igure  4c g i v e s  t h e  n e t  f lux-biased f i e l d ,  i .e . ,  t he  
sum of the  f i e l d s  i n  F igs .  4a and 4b. 

TABLE I1 
Necessary Turns D i s t r i b u t i o n  f o r  Flux Bias ing  . 

(Note the  f s igns  denote the relative d i r e c t i o n  of t h e  cu r ren t  i n  t h e  s t r i p . )  

A 6  Number of t u r n s  
(degrees) per  A0 

0 - 2.5  
2.5 - 5 
5 - 47.5 
7.5 - 10 

. 10 - 20 
20 - 30 
30 - 40 ' 

40 - 50 
50 - 60 
60 - 70 
70 - 80 
80 - 90 
90 - 100 

100 - 110 

120 - 130 
130 - 140 
140 - 150 
150 - 160 

. 160 - 170 
170 - 172.5 
172.5 - 175 
175 - 177.5 
177.5 - 186 

110 - 120. 

+ o  
+ 35 
+ 30 
+ 25 
+ 42 
+ 12 

0 
- 2  
- 3  
- 4  
- 4  
- 5  
- 5  
- 6  
- 7  
- 8  
- 11 
- 16 
- 23 
- 29 
- 7  
- 7  
- 7  

0 
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Energy (MeV) 

BR (kG-cm) 

R a c c e l e r a t o r  ( in . )  

R a c c e l e r a t o r  (cm) 

B peak a c c e l e r a t o r  (kG) 

B average a c c e l e r a t o r  (kG) 

B 
Rota t iona l  f requency (sec-l) 

u,=m 
v$ = - k-k f2 t an2  E: i- ( f2 /2 )  

f = 1 ( f l u t t e r )  

f (degrees) 

I n  F ig .  5 t h e r e  is shown a schematic c r o s s  s e c t i o n  of t he  vacuum chamber and the  
c o i l  s t r u c t u r e  a long  a r ad ius  ( t h e  major a x i s  of t he  e l l ipse) .  The s p i r a l  coils of  
F igs .  1 and 2 are represented  by the  open boxes above and below t h e  major a x i s  of  t he  
e l l i p s e  a d i s t a n c e  2 (here  2 = 1.1 in .  = 2.8 cm) .  The e l l i p t i c a l  s t r u c t u r e  enc loses  
t h e  whole s p i r a l - r i d g e - f i e l d  c o i l s  and a l s o  suppor ts  t h e  b ias ing  f i e l d  c o i l s  l i s t e d  
i n  Table  11. The t u r n s  are placed i n  t h e  angular  s ec t ions  shown i n  t h e  o u t e r  e l l i p s e  
of F ig .  5 and which are a9 = 2.5O out t o  B = 10' and then A0 = loo  ou t  t o  90'. The 
t u r n s  wound i n  t h e  AB a n g l e - i n t e r v a l s  t o  t h e  l e f t  of t h e  pos ts  would have t h e  c u r r e n t  
i n  one d i r e c t i o n  whereas t o  the  r i g h t  it would be i n  t h e  opposi te  d i r e c t i o n .  

F igure  6 g i v e s  t h e  ca lcu la ted .magnet ic  f i e l d  (biased) a s  a func t ion  of t h e  r a d i u s  
f o r  f o u r  values  of 8. 

From these i t  is  poss ib le  t o  cons t ruc t  F ig .  7 which shows t h e  peak va lue  of t h e  
magnetic f i e l d  a t  its corresponding r ad ius .  From these  da ta  i t  is poss ib l e  t o  c a l c -  
u l a t e  an average v a l u e  of k ( t h e  f i e l d  index) .  
k = 20.44 (+ 0.27 o r  - 0.36). It may be poss ib l e  t o  improve f u r t h e r  t h e  t u r n  d i s t r i -  
bu t ion  so t h a t  k i s  even more cons tan t .  A l s o  by a s l i g h t  adjustment i n  the  t u r n  d i s -  
t r i b u t i o n  k may be reduced i n  magnitude so t h a t  vz (Table 111) is  l a r g e r  than 3 . 5 .  

From R = 239 c m  t o  R = 260 c m ,  

Other p e r t i n e n t  parameters €or t h e  model are ca lcu la ted4  i n  t h e  usua l  way and a r e  
given i n  Table 111. These appear t o  r ep resen t  an i n t e r e s t i n g  FFAG modelaacce lera tor  
which could be b u i l t  wi th  the superconducting Nb3Sn ribbon now a v a i l a b l e .  

TABLE 111 

Per t inen t  Model Parameters 

F i n a l  - I n i t i a l  

50 1230 

1.03 x 103 

94.1 102.7 

239 260.7 

'8.62 50 

4.31 25 

0.31406 0.9 

6.28 x l o6  
4.63 

3.50 

6.52 x I O 3  

16.5 X lo6 

- 
, 80.11 

4 .  K.R. Symon, D.W. K e r s t ,  L.W. Jones, L.J. L a s l e t t ,  and K.M. T e r w i l l i g e r ,  
Phys. Rev. 103, 1837 (1956). 
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11. NOTES, COMMENTS AND CALCULATIONS CONCERNING A PaSEz) 
SUPERCONDUCTING ACCELERATOR 

1. Introduct ion 

5 
. Because of the  success  of t h e  MURA sepa ra t ed . func t ion  s torage  r ing  and the  desi'gn 

of t he  Weston.200 GeV a c c e l e r a t o r  a s  a separated func t ion  acce1erator;there i s  much 
i n t e r e s t  i n  the separated func t ion  superconducting a c c e l e r a t o r s .  Furthermore, i t  i s  
now w e l l  known t h a t  one can bu i ld  superconducting quadrupoles2 and d ipo le s  almost any ' 
s i z e  which one may want and of e l l i p t i c  o r  c i r c u l a r  c r o s s  sec t ion .  These make.ide$l . 
components f o r  a separated func t ion  a c c e l e r a t o r  provided t h a t  the  l o s s e s  i n  the  super-  
conductor owing t o  puls ing  are not  so l a r g e  as t o  obvia te  t h e  o the r  advantages of t he  
superconductor. These general  i deas  are considered i n  these  notes .  

2 .  Components f o r  a 30 t o  300 GeV Acce lera tor  

Dipoles. Considerat ion w i l l  be given t o  d ipo le s  w i t h  a c i r c u l a r  c ros s  sec t ion  
and a length  of about 6 m. This  l eng th  i s  a r b i t r a r i l y  chosen and seems l i k e  a reason- 
abTe length from an engineer ing s t andpo in t :  f o r  a magnetic f i e l d  of  60 kG and f o r  
300 GeV protons where Hp = 1.0038 X lo6 kG-cm, p = 166.7 m and thus t h e r e  would be 
175 six-meter-long magnetic d i p o l e s  i n  .the circumference of the  acce le ra to r .  

The diameter of t he  c i r c u l a r  c r o s s  sec t ion  of the  d i p o l e  i s  spec i f i ed  by consider-  
ing t h e  s a g i t t a  f o r  a chord of 6 m i n  length and a r a d i u s  of 167 m. This  c a l c u l a t e s  
t o  be 2.7 cm. To t h i s  must be added about i 2 cm €or b e t a t r o n  o s c i l l a t i o n s  and some 
s m a l l  amount (say 2.3 cm) f o r  des ign  c l ea rance ,  i n  which l i q u i d  helium may flow, and. 
w a l l  th ickness  of t he  chamber. Thus t h e  i n s i d e  diameter  of the  magnetic f i e l d  i s  taken 
t o  be 9.0 c m  o r  about 3 .5  i n .  

Accordingly, under these  cond i t ions  and assumptions, t h e  t o t a l  s to red  energy in ,  . 
the  magnetic f i e l d  w i l l .  be about 1.8 X l o5  J / m  so t h a t  

8 = 1.9 X 10 J E t o t a l ,  s t o r e d  

The necessary t u r n  d i s t r i b u t i o n  of 0.,5 i n .  Nb3Sn on a 3.5 in .  diameter d ipo le  
can be estimated from the  d a t a  i n  an  earlier r epor t6  wherein a 3 i n .  diameter d ipo le  
(M3-15L1) was considered. From t h e s e  d a t a  i t  i s  expected t h a t  the 60 kG f i e l d  would be 
a t t a ined  (conservat ively)  from t h e  s a m e  t u r n s  d i s t r i b u t i o n  as t h a t  i n  Table V I  of t h a t  
r epor t  and tha t  the f i e l d  would be . f l a t  t o  about -I 0.1% over  the  r e q u i s i t e  diameter .  

The t o t a l . l e n g t h  of NbgSn r ibbons  which are necessary  i s  a minimum of 1.22 X 10 6 m 
f o r  the  dipoles  

Quadrupoles. The M4-244 quadrupoles2 a l ready  b u i l t  and t e s t e d  a t  Brookhaven 
su re ly  are more than adequate f o r  t h i s  separa ted  func t ion  a c c e l e r a t o r .  
lengths  of a pa i r  of quadrupoles are i n v e r s e l y  p ropor t iona l  t o  t h e  s q u a r e  of t h e  f i e l d  
gradient  and s ince  the  grad ien t  i n  M4-244 i s  about 16 kG/in. a quadrupole, M4-160 
( i . e . ,  1 6  i n .  long ins tead  of 24 i n .  long) w i l l  s u f f i c e .  M4-244 has  1280 tu rns  which 
a t  50 cm per tu rn  (conservat ive)  g ive  640 m of Nb3Sn r ibbon necessary f o r  each quad- 
rupole .  

Since t h e  foca l  

5 .  E.M. Rowe and F.E. M i l l s ,  Un ive r s i ty  of Wisconsin Phys ica l  Sciences Laboratory,  

6. P.G. Kruger and J.N.  Snyder, Un ive r s i ty  of I l l i n o i s  Report (1967). 

p r iva te  communication. 
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Zt i s  estimated tha t  €or the M3.5-24OD dipoles  one needs 318 quadrupoles and 
consequently 2.04 x lo5  m of Wb3Sn ribbon. 

7 About 10 J w i l l  be the  t o t a l  stored energy i n  the magnetic f i e l d  of the  quadru- 
poles. These d a t a  a r e  summarized i n  Table I V .  

. TABLE I V  

Summary of Some Parameters for  a Pulsed Superconducting 
Separated Function Accelerator 

Maximum proton energy (GeV) 3 00 

Hp (kG-cm) ,1.0038 x lo6 
Average dipole f i e l d  (kG) 60 

Length of dipole magnet sect ions (m) 6 

Number of dipole  magnet sect ions 175 

p ,  protons path radius  i n  the magnetic f i e l d  (m) 166 

2 ~ p ,  magnetic f i e l d  path i n  accelerator (m) 1047 

Diameter of dipole cross  section ( in . )  3.5 

Length of 0.5 in .  ribbon Nb3Sn f o r  dipoles (m) 1.22 x 106 

Length of 0.5 i n .  ribbon Nb3Sn fox quadrupoles (m) 0.2 x 106 

Total  length of Nb3Sn (m) 1.45 x 106 

Total  stored energy d ipoles  and quadrupoles (J) 2.0 x lo8  

111. PARAMETERS AM) PROPERTIES OF A ,SUPERCONDUCTING FFAG ACCnERATOR . 
30 TO 300 GeV PROTONS 

1. Introduction 

Many of the ideas expressed or used in  Part  111 of t h i s  paper a r e  based on those 
developed by Parzen.1 These, together with the superconducting proper t ies  of NbgSn, 
make it feasible  and reasonable t o  consider the  construction of superconducting accel-  
e r a t o r s  i n  the region of 30 t o  309 GeV as w e l l  as i n  the region of 300 GeV to 3 TeV. 
Some of the notat ions used i n  Table V ,  where some parameters f o r  a 30 GeV t o  300 GeV 
acce lera tor  are  Lis ted ,  a r e  those of Symon e t  a l .4  

As mentioned by Parzenl two of the most important reasons f o r  again considering 
FFAG s t ruc tures  fo r  accelerators  are: 

a) Nb3Sn makes large constant magnetic f i e l d s  p r a c t i c a l .  

b)’The small AR and large k now rea l izable  make the s t r u c t u r e  
economical and prac t ica l .  

However, ra ther  than l i m i t  AR t o  about 15 cm and P f / P i  t o  about' 3 which would 
necess i ta te  many ex t rac t ions  and inject ions from r ing  t o  r ing  of successive accelera- 
t o r s ,  it w i l l  be considered here  that  p f / p i  2 10 and that  AR EZ 60 c m  (see Table V). . 
This leads t o  a s t r u c t u r e  which has a reasonable engineering s i z e  and saves on extrac-  
t i o n  and inject ion.  The circumference fac tor  w i l l  be 2 and the f l u t t e r  1. Moreover, 

. 
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the  inside clearance between c o i l s  i s  assumed t o  be 22 = 2.2 in .  so  t h a t  
z = 1.1 in .  = 2.8 cm = ~ = . 1  

2 .  Determination of Constants (see Table V) 

a) Choice of the magnetic f i e l d :  The maximum magnetic f i e l d  a t  t h e  median 
plane of the FFAG s t ruc ture  is  chosen t o  be 50 kG. This makes t h e  esti-  
mated f i e l d  a t  an Nb3Sn ribbon i n  a c o i l  about 87 kG and according to the 
RCA superconductivity propert ies  of the 0.5 in .  wide ribbon, the c r i t i c a l  
current  a t  t h i s  f i e l d  i s  1525 A .  

This i s  given by the usual expression (B/Bo) = (R/Ro) 
which y i e l d s  k = 1515. 

This is given by bm = 38.9. 

k b) The f i e l d  index k: 

c) The r a d i a l  betatron frequency: 

d )  Now, t h e  ver t ica l  betatron frequency i s  given by4 "22 = - k + f 2  tan2 5 -1- f2 /2  and t h i s  i s  s a t i s f i e d  by: vz = 26.8, 
tan 5 = 47.35, 5 = 88'47'. 
a s p i r a l  sector  with 5 = 88O47'. 

value l i s t e d  in  Table V.  

It i s  considered feas ib le  t o  construct  

e) Next bR can be calculated from Parzen,' Eq. (A.4). T h i s  gives t h e  

f )  F i n a l l y ,  the rad ia l  separation between points of maximum magnetic 

g) The lengths  of a spiral. sector  a re  28.16 m. 

f i e l d  i s  calculated t o  be A r  = RA = 23.04 cm = 9.08 i n .  

TABLE V 
Some Parameters f o r  a 30 t o  300 GeV FFAG Accelerator 

I n i t i a l  

30 

1.0315 x lo5  
2.58262 

5.16524 

3.994 lo4 

399.4 

60 

2 30 

1515 

1.09 >: 10 

47.35 

88'47 ' 
5.76 X 

23.04 

38.9 

26.8 

4 

F i n a l  

3 00 

1.0038 x l o 6  
'2 5 

50 

4 x 10 

400 

4 
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3. Some Details of Co i l  Cons t ruc t ion  

Based on t h e  model des ign  (Pa r t  I) and t h e  f i e l d  c a l c u l a t i o n s  f o r  t he  model, i t  
is  poss ib l e  t o  e x t r a p o l a t e  those  d a t a  to g i v e  prel iminary cons t an t s  f o r  the  s p i r a l  
s e c t o r  c o i l s  f o r  t h e  30 G e V  t o  300 GeV FFAG a c c e l e r a t o r .  Accordingly, i t  w i l l  be con- 
s ide red  t h a t  t h e  s p i r a l  c o i l s  are 28.16 m long,  have 12 subsec t ions ,  thair each sub- 
s e c t i o n  is  2.34  m i n  l e n g t h  and t h a t  each s p i r a l  s ec to r  is separa ted  from i t s  neighbor 
by 10.92 m along t h e  circumference. These d e t a i l s  are depicted i n  F ig .  8 .  

I V .  A COST COMPARISON OF SOME COMPONENTS 
OF SUPERCONDUCTING ACCELERATORS 

The purpose.of  t h i s  p a r t  of ' t he ' d i scuss ion  i s  t o  present  a comparison of  the esti-  
mates of  the c o s t s  of  c e r t a i n  c r i t i c a l  i t e m s  for  a pulsed and f o r  a n  FFAG a c c e l e r a t o r .  
It should be clearly understood t h a t  t h e s e  are not  es t imated c o s t s ' f o r  an  a c c e l e r a t o r  
and t h a t  they a r e  no t  a c c u r a t e l y  es t imated  c o s t s  but t h a t  t he  r e l a t i v e  c o s t s  should be 
reasonably r e a l i s t i c .  

For example, t h e  c o s t  o f  Nb3Sn f o r  t h e  two d i f f e r e n t  types of a c c e l e r a t o r  i s  
l a r g e r  f o r  the  FFAG than  f o r  t h e  pulsed a c c e l e r a t o r .  This  i s  owing t o  the f a c t  t h a t  
t h e  vacuum chamber ( i .e. ,  t h e  magnetic f i e l d  volume) is l a r g e r  f o r  t h e  FFAG than f o r  
t h e  pulsed machine. On t h e  o t h e r  hand, t h e  c o s t s  fo r  r e f r i g e r a t i o n  t o  remove the hea t  
produced by pu l s ing  are l a r g e  i n  the  pulsed machine whereas they  a r e  n i l  f o r  the FFAG 
machine. Correspondingly, t h e  cos t  f o r  a motor generator  set  o r  o t h e r  s i m i l a r  equip- ' 

ment t o  provide t h e  pulsed energy a t  t h e  proper  t i m e  i n t e r v a l  ( a  few seconds) fo r  t h e  
pulsed a c c e l e r a t o r  i s  l a r g e  whereas f o r  t h e  FFAG acce le ra to r  i t  i s  neg l ig ib l e .  Other 
c o s t s  as presented i n  Table  V I  are somewhat i n  favor  of the  pulsed a c c e l e r a t o r ,  owing 
t o  the  l a r g e r  c i rcumference f a c t o r  f o r  t h e  FFAG machine. 

The cost of t h e  superconduct ing Nb3Sn r ibbon i s  based on an est imated c o s t  for  
t h e  f u t u r e  and for a l a r g e  q u a n t i t y  of: t h e  superconductor. It seems l i k e  a r e a l i s t i c  
p r i ce .  (See no te s  on c o s t  i tems.)  I n  any case t h e  amount of t h e  needed superconduc- 
t i n g  r ibbon i s  reasonably  a c c u r a t e l y  e s t ima ted  so t ha t  even i f  t h e  absolu te  cos t  w e r e  
i n  e r r o r  t h e  relative c o s t  would be q u i t e  good. 

The l a r g e s t  u n c e r t a i n t y  i n  these  cost e s t ima tes  i s  t h a t  owing t o  the r e f r i g e r a t i o n  
necessary  t o  remove t h e  h e a t  developed by pu l s ing  the  superconductor. 
fers by about a f a c t o r  of 20 from t h e  p r e s e n t  t o  the op t imis t i c  f u t u r e  c o s t  which some 
people envis ion.  A t  t h e  p re sen t  t i m e  t h e  FFAG acce le ra to r  s u r e l y  has  a l a r g e  cost  ad- 
vantage and even i n  the f u t u r e  would break  even unless  the present  l o s ses  owing to  
puls ing  are g r e a t l y  redcced and concur ren t ly  t h e  cost  of r e f r i g e r a t i n g  equipment i s  
g r e a t l y  reduced. 

This  cost d i f -  

For l a r g e r  a c c e l e r a t o r s  t h e  c o s t  should scale approximately w i t h  the  r ad ius .  

No r f  Costs are l i s t e d t i r t  Table  V I .  

Another d i sadvantage  t o  t h e  pulsed accelerator i s  tha t  dur ing  opera t ion  many 
megawatts of power w i l l  be consumed by t h e  magnetic s t r u c t u r e  and w i l l  need t o  be p u r -  
chased. For the  FFAG a c c e l e r a t o r  t h i s  ope ra t ing  cos t  i s  n e g l i g i b l e .  

Other poss ib l e  d isadvantages  and advantages:  

a) The pu l s ing  of  p re sen t  a c c e l e r a t o r s  h a s  been respons ib le  f o r  some mechanical 
f a i l u r e ,  problems; and d i f f i c u l t i e s .  A t  t h e  Larger magnetic f i e l d s  envisioned here  
t h e  corresponding magnetic pressure  may be 15 t u  20 t i m e s  l a r g e r  t han  i n  present  
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. 
machines since the pressure is proportional to B2. 
if it should be necessary to design to only 40% of the tensile strength of materials 
for the pulsed machine compared to 80% for the FFAG accelerator. 
that material fracture would result from pulsing at such high fields. 

Thbs, one shouid Rot be surprised 

It might also be 

b) Possibly one might get larger beam currents.from an FFAG accelerator than from 
a pulsed machine if one used the beam stacking techniques developed by MURA but, of 
course, one cannot extract more beam than is injected. Also, the power supply for the 
-rf system will be relatively more costly for larger beam currents. 

TABLE VI 
A Cost Comparison €or some Critical Items for Superconducting Accelerators 

with an Initial Eneray of 30 GeV to a Final Energy of 300 GeV 

(Estimated cost in millions of dollars) 

1. Cost of Nb3Sn for magnets 
a. Unbiased magnetic field coil 
b. Biasing magnetic field coil 
c. For dipoles 
d. For quadrupoles 

a. Owing to ordinary heat leaks . 
b. Owing to pulsing the stored energy 

2. Cryogenic costs: refrigeration 

in the dipoles and quadrupoles 
i. A t  present prices 
ii. At opt-imistic future prices 

3 .  Magnet power supply 

4 .  Housing for magnet power supply and 
primary and secondary power lines 

5. Vacuum system 
6. Ring building for the magnet 
7. .Miscellaneous engineering costs 

Total relative est.im.ated cos t  for  
these critical items 

Pulsed Cost 

Present 

3.7 
0.6 

2.9 

‘Loo 

30 

2 .o 
0.55 
4.1 
6.8 

150.7 

Future 
Optimistic 

Same ’ 

Same 

Same 

5 
15 

Same 
Same 
Same 

Same 

FPAG Cost 

Present 

5.5 
4.2 

5.0 

0.02 

Nil 
1.3 
7.5 
12.5 

40 36 
. .  

- 1067 - 



Notes on Cost I t e m s  

' l a .  From P a r t  111: ( f o r  s p i r a l  s e c t o r s )  
6 '(4000 m'pe r  s e c t o r )  2 (230 s e c t o r s )  $3.00/m ( R e f .  7) = $5.52 x 10 

lb .  From P a r t  111: ( f o r  f l u x  b ias ing)  
6 

(Znp) [552 t u r n s ]  $3.00/m = $4.16 x 10 

IC. From P a r t  11: 
6 

= $3.66 x 10 6 (1.22 X 10 m) $3.00/m ( f o r  d ipoles )  

Id .  From P a r t  11: 
6 ( 2  x I O 5  m) $3.00/m ( f o r  quadrupoles) = $0.6 x 10 

2a.  Cryogenic c o s t  owing t o  ord inary  hea t  l e a k s  w i l l  be  t h a t  f o r  an 
ord inary  D e w a r  and is est imated t o  be about  $2000/m of  circumference. 

For the. pulsed a c c e l e r a t o r  = 2np (circumference f a c t o r )  $2000 
= 2np (1.4) $2000 = $2.9 x 106 

For t h e  FFAG a c c e l e r a t o r  = Znp (2) $2000 = $5 y l o6  

A t  p resent  i t  is observed' t h a t  t h e  energy loss owing t o  puls ing  super- 
conductors  is g iven  by: 

Energy l o s s  ( J / cyc le )  " 0 . 5 %  of the  maximum s tored  energy i n  the  system. 

Also, i t  might be  poss ib l e  i n  t h e  f u t u r e  t o  reduce t h i s  l o s s  by a f a c t o r  
of 5 so t h a t  t o  be op t imis t i c  t h e  f u t u r e  loss would be only 0.1%. 

Also n o t e  t h a t  at t h e  present  t i m e  r e f r i g e r a t i n g  equipment c o s t s  about 
$400/W a t  500 W and at 4'K. I n  the  f u t u r e ,  according t o  t h e  consensus 
of t h i s  S m e r  Study, t h i s  might be reduced t o  $lOO/W. . 

For these  c a l c u l a t i o n s  it i s  assumed t h a t  t he  acce le ra to r  magnets w i l l  
be pulsed once i n  4 sec. Consequently t h e  c o s t  

2b. 

6 Present  = $100. x lo6 i. 
ii. Future = $ 5 x 10 . 

This  g i v e s  such a wide spread in  cos t  t h a t  no r e l i a b l e  conclusion can 
be made. However, f o r  the  next  f e w  y e a r s  an average value o f  t h e  pres -  
en t  and f u t u r e  p r i c e  may not  be f a r  wrong. 

3 .  This  is basad on the present  c o s t  f o r  the new Brookhaven genera tor  
which is $2 i: lo6 t o  handle 12 X lo6 J of s to red  energy. T en f o r  
t h e  2 X lo8 J t o  be s tored  h e r e  t h e  sca led  cos t  i s  $30 X 10 . But 
P.P. Smith9 a t  t h i s  Summer Study has  expressed t h e  b e l i e f  t h a t  a 
superconducting power supply could be made i n  the  f u t u r e  f o r  about 
one-half of t he  present  c o s t .  . Much engineer ing  and development needs 
t o  be done b e f o r e  t h i s  i s  accomplished. 

k 

7 .  A p r i v a t e  communication e s t ima tes  the  f u t u r e  c o s t  o f  1.0 i n .  wide r ibbon at  4000 A 
as $6.00/m i n  q u a n t i t i e s  of two m i l l i o n  m e t e r s  o r  more f o r  d e l i v e r y  over 1 t o  2 
years. This  is  equ iva len t  to 0.5 in. ribbon a:: $3.00/m. 

8. W.B. Sampson, p r i v a t e  communication. 

9 .  P.F. Smith, t hese  Proceedings, p. 1002. 
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5.  The vacuum envelope can be just a stainless-steel tube or the equiv- 
alent {it is cooled to 4'K) and so with pumps, valves, controls, etc. 
may cost $400 or $500/m. 

. 

6. The ring housing (tunnel) for the magnet is assumed to cost about 
$3000 /m. 

7 .  Miscellaneous engineering costs:  coil windings, structural support, 
outer shell, etc. Guess $500/m. 
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Fig. 1. Spiral-separated sectors for an FFAG model accelerator at 
Brookhaven, drawn by D. Jacobus of Brookhaven. The dimen- 
sions are somewhat different from those used in the text 
but all essential features are as Parzen originally out- 
1 ined them s 



\ I  I \  I I 

Fig. 2. Details of one spiral sector as drawn by D. Jacobus of 
Brookhaven. The number of turns of 0.5 in. wide NbgSn 
per subsection is different from that used in the text, 
as are the, radii of the semicircular ends (see Table I). 
However, the general features of the construction are 
maintained and are pertinent. 

. 
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Fig. 3 .  Schematic coil construction to simulate actual coils such as 
thbse in Figs. 1 and 2. 
netic field calculations. 
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INTRODUCTION 

In our effort to see the possibility of applying superconductors to accelerators, 
using magnetic guide fields, we came up with several questions. 
have an answer, for others we see probable so1utions';but there are still several for 
which we do not see a workable solution. Although this is our present situation, our 
answers and doubts are presented in this paper. 

For some of them we 

Some general considerations will be made on the problem of building a supercon- 
ducting ring for an accelerator. 
field; problems related to injection and extraction or rf acceleration, although very 
important, are not discussed in this paper. Rather than presenting a detailed study 
of a cryogenic system with optimum performance;emphasis is placed on those problems 
where clear solutions are needed if one thinks seriously of building an accelerator. 

These considerations will apply only to the guide 

Without talking specifically of a particular type of accelerator (pulsed or dc), 
we will discuss in general the problems of accuracy in field measurements, in position- 
ing and alignment of a magnet set subject to thermal contraction and strong magnetic 
forces. , .  

In what follows, three possible ways of building an accelerator magnet ring are 
presented. 

The whole accelerator is in a vacuum chamber which serves as a cryogenic en- 
closure. This scheme is shown in Fig. 1. 
machines, perhaps not more than 4 m diam; beyond this size this design is not 
economical. 
If the magnets, forming the ring, have no obstructions in the median plane 
(open midplane), field measuring and positioqing can be made inside of the 
enclosure at 4 . 2 O K .  It is 'required to have a support for the field measur- 
ing instruments. and a boom that can move radially and azimuthally. 
mapping will be in polar coordinates.' 
One can conceive ways of "zeroing" the measuring scales at 4.2'K before start- 
ing to take magnetic measurements. 
uring devices to remain inside of the enclosure for future checking of the 
fields. Notice that this can be accomplished easily as there is no vacuum 
chamber in the field region. 
For closed mid-plane magnets, the previous procedure will not apply. 
measurements need to be carried out on a separate cryogenic measuring chamber 
(see Fig. 12) ; once a magnet is "measured" it takes its place in the ring. 
One very important point in this operation is that positioning a magnet re- 
quires reference marks that are related t p  magnetic measurkments; the operation 

This design will apply t o  small 

The' field 

A proper design may allow the field meas- 

Magnetic 
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of the magnets is at 4.20K; thus, to minimize errors, a correspondence be- 
tween field values and coordinates should be established at such a tempera- 
ture. We will come back to discuss thks point further. 

(B). The second alternative corresponds to the case of an accelerator having all 
the magnets in the ring sharing a common vacuum-cryogenic chamber as well as 
the same mechanical support. This case is illustrated inFig. 2 .  This de- 
sign will be suitable for ltirge machines. 
One can visualize at least two possible ways for field measuring. and position- 
ing of the magnets. 
(i) . Using a cryogenic measuring chamber as mentioned above, regardless of 

whether the mid-plane is open or closed.- After measuring each mag- 
net it is transferred into the ring. The final alignment of all mag- 
nets should be made at 4.2'K; thus, it is essential to have access to 
reference marks or targets through the cryogenic enclosure. Azimuthal 
positioning can be done by normal surveying techniques and radial posi- 
tioning by laser interferometry. 

' 

(ii). Using a field measuring machine that can be part of the ring.- A magnet 
(and modular vacuum-cryogenic chamber) can be roughly positioned in the 
ring, the enclosure evacuated, cooled down, field measurements taken, 
and the reference marks established for future accurate positioning. 
In this case, a s  before, the reference marks should be accessible, 
through a window, from outside of the enclosure. Successive magnets 
will be accommodated in the ring until closed. Although this procedure 
may have some advantages, a detailed economic study will be needed to 
decide its applicability, 

Versions A and B are also attractive from the point of view that, having the vac- 
uum chamber at 4.2OR, ideal conditions against gas scattering will be obtained. 

( C ) .  The field region of the magnet is at room temperature, each magnet being a sepa- 
rate unit (see Fig. 3 ) .  This design may be suitable for a very large machine, 
where each magnet is far away from its neighbor. In this last option, the min- 
imum separation between two adjacent magnets is determined by the magnitude of. 
the magnetic force that can be tolerated without producing misalignments. 
The advantage of this design is that the magnetic .fields can be measured, using 
well-known techniques, at room temperature; however, positioning reference marks 
should be located in the magnet, not in the shell of the cryogenic enclosure 
that, by definition, cannot be rigidly attached to the magnet. 
This design may require a separate vacuum chamber, whereas in the two previous 
ones the cryogenic enclosure provides the vacuum needed f o r  thermal insulation 
as well as for the beam. A s  mentioned before, the absence of a vacuum chamber 
may allow us to measure magnetic fields, at least in some spots, when the 
whole magnet ring is already assembled. This was a practice followed in the 
past for FFAG accelerators using iron magnets.' 

The previous examples illustrate the types of problems that will be encountered 
in this field. Neither o€ these designs presents a complete picture of the situation, 
a s  many details have been omitted for simplicity. 
development of a new technology to meet tight tolerances in an environment at 4.2'K. 
A possible way to find some solutions will. be outlined in this paper. 

' Satisfactcry solutions require the 
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as well as for the beam. A s  mentioned before, the absence of a vacuum chamber 
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TRE FFAG ACCELF;RATOR 

The application,of superconductors to accelerators seems to be most probable in 
the case of machines using time independent magnetic fields. The FFAG accelerator is 
an attractive candidate. 
of the magnetic field; it is, nevertheless, the type of machine that we will consider 
in what follows. 

It has, however, a Clear disadvantage, namely, the complexity 

Among the two types of FFAG accelerators, we are interested in the spiral sector 
in which the field in the median plane is given by the well-known expression* type1 

In a very small accelerator, 'one can produce this field by a current distribution 
running along a spiral from the inner to the outer radius of the machine.'* Accelera- 
tion can be obtained by betatron action. However, if rf acceleration is used as in the 
case of a large machine, continuity within the spirals is no longer possible and the 
accelerator guide field needs to be interrupted by short straight sections. Further- 
more, if each unit (between two straight sections) needs to be kept within a reasonable 
size, further division of the unit wil.1 be necessary. The spirals will then be broken 
into many pieces as illustrated in Fig. 4.3 By assigning the required magnetic poten- 
tial at the reference radius, the corresponding potentials (or ampere-turns) can be 
calculated along the different blocks forming the spiral. The change in potential per 
sector, i.e., between adjacent coils in any block, determines the ampere-turns required 
to excite each pole. Figure 4 shows these 'coils in an iron yoke. For simplicity in 
the calculations, the iron poles can be considered as magnetic equipotentials. For an 
air core magnet the required field may be obtained by some form of current distribution; 
our problem consists in selecting the distribution that satisfies both magnetic and 
mechanical requirements; the latter i s  related to deformations resulting from forces 
and thermal effects. The current distribution, from the geometrical point of.view, 
should also conform with the shape of the superconductor, as mechanical stability in 
superconducting coils cannot be obtained through operations like vacuum impregnation 
or epoxying. 

Taking these points into consideration together with the fact that the radial ap- 
erture in an FFAG machine is somewhat.large, we believe that the block configuration of 
Fig. 4 may satisfy all requirements, at least in the first approximation. 

A simple way to obtain a current distribution that may satisfy the field require- 
ments was proposed by Blewett.' 
ampere-turns required €or excitation are found for the successive poles located along 
a radius and €or a given azimuth. This yields the field patterns already shown in 
Parzen's and Kruger's papers. The presence of negative fields is undesirable because 

Given the scaling condition between sectors, the 

* 
** See G .  Parzen's second article in these Proceedings, p. 1052. 
This is discussed by P.G. Kruger in these Proceedings, p. 1059, 
although not in connection with small accelerators. 

1. K.R. Symon et al., Phys. Rev. 103, 1837 (1956). 
2. D.W. Kerst et: al., Rev. Sci. Instr. 2, 1076 (1960). 
3. Proposal for a High Intensity Accelerator, MUIPA, September 1963. 
4. J.P. Blewett, Brookhaven National Laboratory, Accelerator Dept., AADD Technical 

Note No. 30 (3.967). ' 
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they cause an increase in the circumference factor of the accelerator. The problem 
then consisted in finding the currents that will satisfy the scaling condition plus 
the condition that B = 0 at the minima. This yielded five equations with five unknowns 
from which the currents were determined. 

To see the practical difficulties that one may encounter in producing such a field 
when dealing with finite size coils and to study edge effects, which are difficult to 
calculate, a small copper model was built. The same three coil configurations used by 
Blewett were studied. A'schematic view of the magnet appears in Fig. 5. The dimen- 
sions were determined experimentally to give the best fit to the calculated values, and 
the winding scheme was obtained from Blewett's note. 

A comparison of our results to the calculated field can be seen in Fig. 6. The 
accuracy in the field measurement is about 0.5%. The results presented here were ob- 
tained after many trials where conditions were changed, and although there is still 
some discrepancy between the two curves, we believe that more work could yield better 
results. This, however, was not attempted as we are now interested in developing.com- 
puter programs for calculating the fields in.a realistic configuration involving finite 
size coils also satisfying the requirements needed in an accelerator. 

THE SUPE;RCONDUCTING M A G N ~  

Before one can think about using superconductors for magnetic guides in FFAG ac- 
celerators, one should have clear answers to the following questions, all related to 
an environment at 4.2'K. 

1) Can one measure magnetic fields with accuracies of the order 

2 )  1s it possible to establish reproducible correlations between 

3)  In an FFAG magnet, how can one solve the problem of "low field . 

of O.Ol%? 

, currents and fields compatible with the above accuracy? 

superconductivity" ? 

There are also questions of an engineering nature, namely, can reference marks, 
related to field measurements, be established and extrapolated outside of the cryogenic 
enclosure maintaining accuracies of a few parts in PO5 (in 100 in. length)? 

These and other questions related to rf acceleration, injection and extraction at 
low temperatures are important to the accelerator builder. 

A simple magnet configuration as illustrated in Fig. 7, having rectangular coils, 
may be a step in the right direction. The geometry is simple enough to facilitate cal- 
culations and interpretation of results. If one wants to be realistic, the dimensions 
and fields must be consistent with the parameters that may be used in an accelerator. 

A possible field value of about 50 kG may be obtained in such a magnet using coils 
having ab0ut.a 4 in. X 4 in. cross section and 18 in. long with a 6 in. separation be- 
tween the centers of the coils. 
field is shown in Fig. 8. The results of the calculation indicated that field uniform- 
ity of one part in lo4 should be expected in a cylinder of 1 in. diameter and about 
2 in. long. Each of these coils can be made using a conductor having 15 strands of 
superconducting NbTi in a copper matrix of a rectangular cross section 0.055 in. X 
0.115 in. with a copper-to-superconductor ratio of 3.5:l. 
at least 500 A at 50 kG. 

The expected variation of the By component of the 

This conductor should carry I 

In the absence of diamagnetic effects, the equigauss plot in the cross section 
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of the coil should be as shown in Fig. 9. This indicates the regions,in the.coi1 that 
one should protect against %ow field instabilities .5 

Magnetic forces can be a serious problem in these coils as can easily be seen from 
The expected total attractive force between the upper and lower coil Figs. 10 and 11. 

is about 210 tons. 

It would be naive to think that a coil subject to thermal contractions and large 
magnetic forces can maintain the dimensions as imposed by field tolerances, i.e., a 
displacement of the center of the coil bundle of 0.002 in. will produce a field change 
of about 0.01%. Thus, most likely correction coils need to be used; presumably these 
should be made of copper. 

The first tests of this magnet can be carried out in a Dewar, the magnet standing 
in the vertical direction. Dimensional changes due to thermal contraction and magnetic 
forces may be observed and measured through a window in the Dewar. The field measure- 
ments can be made with an NMR probe (bore at room,temperature) which will serve as a 
primary standard. Other magnetic measuring instruments, flip coil, rotating coil, and 
bismuth probe can then be calibrated both at 300°K and 4.Z°K. 

The final tests should be conducted in a cryogenic enclosure as shown in Fig. 12. 
This can be used for field mapping and establishing reference marks for future align- 
ment. Provisions should be made for positioning the magnet with respect to the same 
coordinate system used for the magnetic field measuring instruments. 

The enclosure essentially consists of two coaxial cylinders - the inner one at 
77'K serves as a radiation shield between &e magnet at 4.Z°K, and the outer shell is 
at room temperature. Initially, liquid helium can be used in the reservoir designed 
for such a purpose; in the future a refrigerator may take the place of the helium res- 
ervoir. 
sign contains the power connections, helium transfer and liquid level controller, plus 
instrumentation required for operating the enclosure and the magnet. The side windows 
will be used for alignment of the magnet. 

Many details have been omitted in this figure for clarity, but the final de- 

Several mechanisms are now under study to select the most appropriate one-for 
performing operations like rotations, displacements, etc., as required by the position- 
ing devices and field measuring equipment. 

The chamber is of a modular type; thus, combinations of magnets can be studied by 
adding a module of the size required to accommodate as many magnets as needed. 

It i s  our hope that these steps will help us to better understand the problems in 
this field and look for the appropriate solutions. 

We are grateful to Dr. T. Khoe for many illuminating discussions on the general 
subject of magnetic fields, and to Dr. E. Crosbie for his interest and support of this 
project. 

Thanks are also due to M r .  E. Berrill who is developing the technology for 
measuring fields at low temperature. 

5. G. del Castillo and L.Q. Qswald, these Proceedings, p. 601. 

- 1079 - 



LIQUID He 
FILLING T U B T q  

Pig. 1. 

I 
CROSS SECTION OF ACCELERATOR 

Simp 1 i f  ied vers ion of a “superconduct ing” acce f e r a t o r  
inside of a common vacuum chamber ana cryogenic enclosure.  
The e l l i p t i c a l  areas  represent  t h e  magnetic f i e l d ,  region. 
The beam c i r c u l a t e s  i n  a plane normal t o  the paper. The 
center of t h e  machine coincides with the center of t h e  
spherical  enclosure.  This vers ion  o f f e r s  optimum cryogenic 
conditions. For s impl ic i ty  t h e  use of l iquid helium i s  il- 
lus t ra ted ;  however, i n  t h i s  as w e l l  as the following cases, 
a r e f r i g e r a t o r  should be used. 
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POWER LINES 

CROSS SECTION SIDE VIEW 

Fig. 2 .  Version of an accelerator using a common vacuum-cryogenic 
chamber and magnet support. 
alignment as well as manipulators for fine adjustment are 
required. 

Notice that windows for magnet 

Fig. 3 .  Accelerator version using superconducting magnets with bore 
at room temperature. 
large s ize  machine or beam transport system. No alignment 
targets are included, as it is unlikely that after cool-down 
the targets located in the outer enclosure will remain un- 
changed relative to the magnet. Positioning of these magnets 
should follow other techniques different.from triangulation. 

This design will be suitable for a 
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t MAGNETIC 
PROBE PLANE MEDILN- -- A rxl I 
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DIMENSIONS 

A = 4.43" 
B, =4.59" 
B2 = i ;5s" 
83 = I .75" 

c, = 11.59" 

c2 = 1.75" 

WINDING SCHEME 

299 

Fig. 5. Practical realization of J. Blewett's scheme. The two- 
dimensional calculation was used to build this magnet. 
The A = B = C condition used by Blewett w a s  corrected, 
as indicated, to take into account finite size coils 
and end effects. 

EXPERIMENTAL 

X ARBITRARY UNITS 

Fig. 6. Comparison between the results of magnetic measurements 
made in the model magnet and the two-dimensional calculation. 
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SIDE VIEW FRONT VIEW 

Fig. 7. 50 kG superconducting magnet. The stainless-steel structure 
surrounding the coils is needed to minimize dimensional changes 
due to magnetic forces. Two windows each 1 in. x 5 in. are 
provided along two perpendicular axes €or magnetic measurements. 
The magnet is surrounded by an enclosure to be used in conjunc- 
tion with the €ield.measuring chamber (see Fig. 12). 
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Fig. 8. Variation of By component of the field with respect to 
coordinates X and Y. The expected field uniformity is of 

“one part in .LO4 in a cylinder 1 in. diam and 2 in. long. 
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tae OF COlF 

Fig. 9. Equigauss plot  in  the cross section of the co i l  shown i n  the 
insert of Fig. 8 .  . N o  diamagnetic effects are considered in  
th i s  calculation. 
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Fig. 10. Horizontal. f o rce  d i s t r i b u t i o n  i n  the cross s e c t i o n  of t he  c o i l .  
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Fig. 11. Vertical force d i s t r i b u t i o n  i n  t h e  cross s e c t i o n  of t - -e c o i l .  



LN2 SHIELD 77°K 

L.He ENCLOSU 
FOR MAGNET 

SUPERCQNDUC 
MAGNET 

Fig. 12. Cryogenic f i e l d  measuring chamber. The design i s  based on 
Fig. 1. 
is shown near t h e  end of the chamber. 
for  t h e  f i e l d  measuring instruments (not shown i n  t h e  f igure) .  
For c l a r i t y  many other d e t a i l s  have been omitted. 
and length of t h e  outer cyl inder  are 4 ft and 5 f t ,  respec t ive ly .  

The magnet, surrounded by its l iqu id  helium enclosure,  
The other  end i s  used 

The diameter 



A SUPERCONDUCTING SLAC WITH A RECIRCULATING BEAM* 

W.B. Herrmannsfeldt 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 

I. INTRODUCTION 

The old idea of recirculating the beam in a linear accelerator becomes more inter- 
ting with the introduction of the superconducting accelerator. The long duty cycle 

makes it possible for the beam to go around several times. In fact, if the supercon- 
ducting accelerator is operated cw,*the recirculating beam could also be continuous. 

e 

The purpose of this note is to examine the practical limitations involved in re- 
circulating a beam at SLAG in order to get the highest possible energy. 

A nominal goal of 100 GeV has been chosen as a value worthy of an extensive re- 
building of the SLAC accelerator, yet low enough that good use can be made of the beam 
within the confines of the S A C  boundaries. 
ed on the tentative parameters of a LOO GeV superconducting accelerator, 3000 m long. 
It was noted that this requires. an energy gradient of 33 MeV/m, a value which has yet 
to be demonstrated in a superconducting accelerator structure. 

Earlier in this Summer Study, Neal' report- 

Interest in a recirculating beam stems from the need for an alternative way of 
obtaining high energy if for any reason it proves impossible o r  unfeasible to achieve 
the 33 MeV/m energy gradient. In passing, it should be noted that, although 33 MeV/m 
is theoretically possible for a traveling wave design in a niobium structure, there 
are at least two practical limitations which have not been resolved as of the date of 
this Summer Study. One limitation is the rf magnetic field limit, H,., at which the 
type I1 superconductor starts to go normal. 
at this Summer Study, in excess of 500 G for El,,, are reasonably close to the approxi- 
mately 750 G required for a TW structure at 33 MeV/m. 

The latest results, reported by Sehwettman2 

The second limitation is the onset of field emission for electrons from the walls 
of the structure. R f  energy is lost to such electrons which then strike the walls, 
converting the energy to heat which must be removed by the refrigeration system. 
accelerator structure operating at a high energy gradient must have very low field 
emission or else the refrigeration demand becomes excessive. Until a structure can be 
operated in the accelerator mode at high enough field levels, it is essentially impos- 
sible to predict at what field level field emission could become important. Although 
the Fowler-Nordheim theory appears to apply, field enhancement due to sharp projec- 
tions or foreign matter on the surface may cause field emission at fields lower than 
predicted from rf field calculations. 

An 

3: 

1. R.B. Neal, these Proceedings, p .  101. 
2 .  H . A .  Schwettman, these Proceedings, p. 1. 
3. H . A .  Schwettman, J.P. Turneaure, W.M. Fairbank, T.I. Smith, M.S. McAshan, 

Work supported by the U.S. Atomic Energy Commission.' 

P.B. Wilson, and E.E. Chambers, IEEE Trans. NucB. Sci. NS-14, No. 3, 336.(1967). 
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11. SYNCHROTRON RADIATION 

The l imi ta t ion  on the energy o f  a c i r c u l a r  e l e c t r o n  acce lera tor  i s  t h e  l o s s  of 
Synchrotron r a d i a t i o n  i s  t h e  name energy of the beam due  t o  synchrotron radiat ion.  

given t o  the band of l i g h t  and X-rays emitted by a beam of e lec t rons  which are being 
accelerated i n  an electromagnetic f i e l d .  I n  the case i n  which the beam i s  caused t o  
go i n  a circle,  the energy loss  per revolution is  given by 4 

B = 8.85 X E 4 / r  (eVlrevolution) , (1) 

where r is  the radius of curvature i n  meters and E is  the  beam energy i n  e l e c t r o n  v o l t s .  

Figure 2 i s  a view of the SLAC s i te  with the proposed r e c i r c u l a t i n g  beam superfm- 
posed using a 225 m radius .for the loops. 
but  the e f f e c t  of changing i t  by less than a f a c t o r  of two is  e s s e n t i a l l y  negl igible  
for  the purpose of t h i s  note.  The long s t r a i g h t  l i n e  f o r  the r e t u r n  path is ,  of course, 
very s i m p l e  and could be made by a tunnel-digging machine.5' It would conta in  on1.y an 
ordinary vacuum pipe and some s teer ing  and focusing magnets. The magnet r i n g s  are as- 
sumed t o  consis t  of a su i tab le  l a t t i c e  of separated function bending and focusing mag- 
nets .  Figure 2 shows the topographic cross  sec t ion  on the beam path. 

The choice of the rad ius  is q u i t e  a rb i t ra ry ,  

The fac t  that  the synchrotron rap ia t ion  l i m i t  is r'eached so  quickly appears t o  
favor a separate re turn  path r a t h e r  than one which uses  the acce lera tor  tunnel .  Even 
though the beam can be accelerated on the re turn  path i n  a standing wave acce lera tor ,  
the bigger,  more complicated magnet r ings add t o  the  cos t  without apparent ly  adding any 
capabi l i ty  . 

I n  an earlier note' on which t h i s  work is  based, it w a s  assumed t h a t  as many as 
three separated o r b i t  re turn  loops could be used. 
ise of superconducting r f  s t r u c t u r e s ,  a s  described i n  Ref. 1, make it  s e e m  more r e a l i s -  
t i c  t o  assume t h a t  at l e a s t  50 o r  60 GeV can be achieved i n  a s i n g l e  pass  through the 
3000 m long accelerator  housing. Then only one r e t u r n  loop would be requi red  t o  obtain 
100 GeV. 

Subsequerit cons idera t ion  of the prom- 

Due t o  the  high r a t e  of synchrotron rad ia t ion ,  t h e  beam energy is changing signi- 
f i c a n t l y  within the magnet rings.  Thus it  is necessary t o  i n t e g r a t e  t h e  energy los s  t o  
ca lcu la te  the remaining energy. From Eq. (I), the energy l o s t  per rad ian  i s  

-32 E4 - =  dE - 8.85 x 10 - 
de  2n r (eV/rad) , 

where r i s  a constant.  Integrat ing Eq. (2) over 2n radians r e s u l t s  i n  

3 8.85 
. r  a 

0 
( 3 )  

where E i s  the energy a f t e r  the beam has gone through both r ings  and i s  back a t  the in- 
j ec t ion  end. Eo is  the energy the beam had as it  entered the magnet r ing .  

4 .  M.S. Livingston and J .F.  B l e w e t t ,  P a r t i c l e  Accelerators (McGraw-Hill, New Yqrk, 

5 .  T.E. Howard, S c i e n t i f i c  American 217, No.  11, 74 (1967). 

6. W.B. Kerrmannsfeldt, Stanford Linear Accelerator Center Technical Note 

1962). 

TN-68~8 (1968). 
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The c h a r a c t e r i s t i c  energy of the photon spectrum of the synchrotron radia.t ion i s  
given by 7 

3hc 3 = -  
Ec 4 m y  ’ ( 4 )  

where h i s  Planck’s constant,  c i s  the ve loc i ty  of l i g h t ,  r is the  e f f e c t i v e  bending 
r a d i u s  and y i s  the  beam energy i n  uni ts  of mc2. 
t u a t i o n  of the  emitted r a d i a t i o n  can be found by assuming tha t  the l o s t  energy, 
Eo - E = nEc, where n i s  the  number of photons emitted i n  a bend of 2n radians.  
standard deviat ion of t he  e m i t t e d  radiat ion is thus 

An estimate f o r  the s t a t i s t i c a l  f l u c -  

The 

- 
AE = ,/ nE: = ,/ (Eo - .E) Ec . (5) . 

The r e s u l t i n g  spread  i n  the beam energy i s  AE/Eo. 
acceptable approximation i f  Eo i s  used i n  Eq. ( 4 )  t o  ca l cu la t e  y .  

The use of Eo r a the r  than E i s  an 

Using Eqs.  ( 3 )  and (5) and the parameters assumed above, i t  i s  now ppssible t o  
obtain a l i s t  of parameters f o r  a r ec i r cu la t ing  beam f a c i l i t y  (see Table I). 

TABLE I 

Parameters f o r  a Single Loop, Recirculated Beam Accelerator 

Length = 3000 m 

Energy gain per pass = 60 GeV . 

Energy gradient = 20 MeV/m 

Effect ive r ad ius  of loop = 200 m 

Energy l o s t  t o  synchrotron r ad ia t ion  = 4.8 GeV (360’ bend) 

Final  energy a f t e r  two passes = 2 X 60 - 4.8 ss 115 GeV 

Charac te r i s t i c  energy of synchrotron photons = 2.5 MeV 

Number of c h a r a c t e r i s t i c  photos per e l ec t ron  = 1920 

Quantum s ta t i s t ica l  energy spread = 109 MeV 

One-loop percentage energy spread = 0.109/55.2 = f 0.2% 

F ina l  percentage energy spread = f 0.1% 

(a) 

(b) 

(c) 

( c )  

‘a)Effective R a d i u s :  The e f f ec t ive  radius  is defined as the ac tua l  bending 
r a d i u s  i n  t he  bending magnet. It was chosen as about 10% l e s s  than the 
radius  of the beam l ine t o  permit i n se r t ion  of su i t ab le  focusing magnets 
and d r i f t  lengths.  

‘b)Final Energy: Assuming 60 GeV per pass, the f i n a l  energy i s  somewhat high- 
er than 100 GeV. Note tha t  the maximum possible  energy of e lectrons which 
can be bent through the  200 m loops, found by s e t t i n g  Eo t o  i n f i n i t y  i n  
Eq.  (3) , i s  only 91 GeV ( i f  we ignore quantum f luc tua t ions ) .  

(“Energy Spread: A t  t he  in j ec to r  end, a f t e r  t he  f i r s t  loop, the spread i s  
f 0.2%. After t h e  second pass through the acce le ra to r ,  the spread due 
j u s t  t o  synchrotron r ad ia t ion  i s  f 0.1%, which i s  probably comparable t o  
the spread due t o  a l l  other causes combined. 

7 .  J.  Schwinger, Phys. Rev. 75, 1312 (1944). 
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111. MAGNET LOOPS 

At this Cime, onlysenough is known about the magnet loops to permit some general 
remarks. 

It is expected that the magnets would be dc excited for economy and stability. 
If conventional magnets are used, the power costs would be considerable. Attention is 
thereby drawn to superconducting magnets or to aluminum wire cryogenic magnets such as 
described by Danby.8 The latter would be ideally suited since the fields required are 
only about 10 kG. 

The magnetic transport system must be both achromatic and isochronous. The isoch- 
ronous (constant time) condition 'is required to preserve the bunched characteristic of 
the beam. Debunching due to velocity spread is negligible at these energies. It ap- 
pears desirable to have the shortest possible focusing (betatron) wavelength in order 
to minimize debunching in each 18OW bend. 
straight return path, can be used to restore the bunch structure if necessary. 

A small. (- 60) reverse.bend, on the long 

The effect on transverse phase space of the emission of s.ynchrotron radiation is 
to cause an increase, particularly in the horizontal plane, which will be difficult to 
transport through the accelerator. The accelerator steering and focusing will be con- 
strained by the requirement that t w o  beams will be transported simultaneously. How 
much can be gained by damping with the magnetic focusing system has not been determined. 

This proposal has been described as "4 miles of BBU." If a transverse instability' 
develops it may, in fact, be possible to use a feedback scheme. 
cated because of the cw operation and the fact that the beam takes a longer path than 
the signal cable from pickup cavity to amplifier. 

Such a scheme is indi- 

For the beam to be accelerated on the second pass, it must have traveled an inte- 
gral number of rf wavelengths. 
requires that the path length tolerance is h/lOU. 
order path length is determined by the position of the focusing elements. 
phase can be obtained by remotely moving some of the quadrupole lenses. 

The requirement for phasing to A/100 (about 4 O  of phase) 
In an isochronous system, the zero 

The correct 

IV. CONCLUSION 

The problems discussed above make it clear that it would be much preferred if the 
100 GeV beam can be generated without resorting to a recirculating scheme. 
it does appear that, if necessary, a recirculating beam facility could help boost the 
energy to about 100 GeV. 

However, 

That 100 GeV is nearly the upper limit is also fairly apparent. 

It is a pleasure to acknowledge helpful discussions with M . A .  Allen, R.H. H e l m ,  
R.H. Miller, and M. Sands. R.S.  Gould kindly supplied the topographic cross section. 

8. G.T. Danby, these Proceedings, p .  1115. 
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PROPERTIES ANI) PREPARATION OF HIGH-PURITY ALUM&IJM* 
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I. INTRODUCTION 

The potential economy of using aluminum magnets operating at low temperatures was 
suggested by Post and Taylor1 in 1959, before the advent of high field superconductivi- 
ty. A liquid-hydrogen-cooled aluminum magnet 'was built and operated not long there- 
after,:! but by that time superconducting magnets seemed to be generally more attractive. 
Nevertheless, a small effort was carried on, since, for some low duty cycle conditions, 
aluminum appears to be more attractive than  superconductor^.^^^ 
study of the properties of aluminum which are related to this type of application, and 
a major part of this paper summarizes this study and knowledge in a tutorial fashion. 
The final and minor section of the paper reports the current status on the availability 
of high-purity aluminum in technologically useful quantities. 

We have continued a 

11. PROPERTIES OF HIGH-PURITY ALUMINUM 

In this, the major portion of the paper, exectrical and thermal conductivities of 
metal are discussed, and data relevant to high-purity aluminum are presented. The 
analysis starts with a summary of various contributions to the dc resistivity. It then 
goes on to demonstrate the quantitative relationship between the electrical and thermal 
conductivities. Finally, it considers the response of metals under ac conditions. 

1. The dc Resistivity of Metals 

The customary approximation used in the discussion of the resistivity of metal's is 
Mathiessen's rule 

P&Pi 1 , (1) 

where pi is the "partial" resistivity due to any one mechanism which inhibits the flow 
of electrons through the metal. 
terms to be added to the right side of Eq. (I)!; however, they will not be considered 
in this paper. Equation (l), then, forms the basis for sepazate discussions of various 
contributions to the total electrical resistivity of a metal. 

In the next a proximation, one can find deviation 

Data on the electrical resistivity of. aluminum as a function of temperature are 
Starting at low temperature, samples of different purity are summarized in Fig. 1.6 

seen to have different resistivities, independent of tempkrature. This is the region 
where localized imperfections in the atomic lattice dominate the total resistivity; 
various types of imperfections, and the separate contributions to the total resistivity 
are discussed in Section l.A. 
all samples finally begins t o  rise, following a common or universal curve for this 

A s  the sample temperature is raised, the resistivity of 

9%- 
This work was'carried out at the National Bureau of Standards under the sponsorship 
of the Department of the Army and the Department of the Air Force.. 
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element. 
discussed in Section l.B. 
illustrated in Fig. 1, is discussed in Section l.C. 

The temperature dependent resistivity is due to lattice vibrations, and is 
The increase in resistivity for small sample sizes, not 

1.A. Imperfection Resistivity 

Imperfections in a metal can be divided into two general classes: impurities, 
which axe discussed in 1.A.1., and lattice defects, which are discussed in 1.A.2. 
Lattice defects are further subdivided into (a) vacancies, (b) dislocations, and 
(c) grain boundaries. 

l.A.l. Impurity resistivity. In close analogy with Eq. (l), the impurity resis- 
t2vity can be written 

impurit ies = T(P/C)~ ci , (2) 

where (p/c)i is a measure of the electron scattering by an isolated impurYty atom of 
species i when substituted for  a host atom in the lattice, and ci is the concentration 
of the i atoms. Table I gives ex erimentally determined values of pic €or a vari.ety 
of impurity atoms in a l ~ m i n u m . ~ - ~ ~  It must be emphasized that these data cannot be 
used at high concentrations or where the sample treatment has caused precipitation, 
segregation, or clustering of the impurity atoms. 

TABLE I 
Impurity Resistivity in Aluminum 

"Partial resistivity 
ratio" for * 

1 ppm of -impurity 
P I C  

Imp ur i t y (10-12 Q*m/ppm) 

Cr 
MO 

Mn, V, W. Zr 
Fe 
Ti 
sc 
CO 

Ni 

Ge, Ag, Cu, Pb, 
Li, Sb, SR, Sb 
Si, Zn As, Be, Mg 

8 

7.5 

7 

6.5 

6 

5 '  
3.5 

1.8 

- 1  
4 0.7 

3 300 

3 500 

3 800 

4 100 

4 400 

5 300 

7 500 

15 000 

x 26 000 

B 38 000 

In practice, for all reasonably pure metals except mercury, the impurity resistiv- 
ity is much larger than any other contribution to the total resistivity in the liquid 
heli'um range. Thus, the resistivity at 4OK is a direct measure of the total impurity 
content of the metal. It has become customary, however, to cite the "residual resist- 
ance ratio," (usually called just the "resistance ratio," or just "ratio'!) which is 

RC20°C) , 
R(408) Residual resistance rsrtio = 
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. 
where R is a measured sample resistance, rather than P(4’K) as a meas‘ure of the sample 
purity. The last column of Table I gives the resistance ratio which would result from 
1 ppm of the stated impurity in aluminum. 
2.64 x loB8 a.m. 

We have been using p(ZO°C)= 2.64 aQ.cm = 

For samples having resistance ratios in the range 1000 to 10 000, we have found 
excellent agreement (within 20%) between the measured resistivities and resistivities 
calculated using Eq. (Z),  Table I, and quantitative mass spectroscopic analysis. At 
-higher resistivity ratios (higher purities), the calculated resistivities tend to be 
systematically higher than the measured resistivities, the disagreement being a factor 
of two f o r  a 24 000-ratio sample. 
of doing accurate mass spectrographic impurity analyses at less than 1 ppm total impu- 
rity concentration. We feel, however, that the systematic trend may be evidence for 
segregation of a fraction of impurities at grain boundaries where they would have less 
effect on the total resistivity than they would if randomly distributed throughout the 
sample. 

This certainly is due in part to the great difficulty 

This will be discussed more carefully in Section 1.A.2. 

A recent study on copper1’ contains evidence for the major effect which clustering 
of impurities can have on the re,sistivity ratio. 
they have been able to increase the resistivity ratio of copper from 2500 to 42 000 
without removing the impurity atoms. They suggest that this is probably due tb solute 
atom clustering or precipitation of impurity oxides, but neither has been verified. 
If the impurity oxide precipitation is responsible, however, the analogous procedure 
for aluminum would probably be ineffective, since aluminum oxide has a higher heat of 
formation than do the oxides of any expected impurities in aluminum. We have found no 
difference between aluminum annealed in air and aluminum annealed in a vacuum. 

By a suitable oxygenation technique 

1.A.2. The lattice defect resistivity. A number of defects may occur in the 
.atomic lattice arrangement of a metal. 
them into three classes: (a) vacancies. and/or interstitial atoms, (b) dislocations, 
which are linear regions where the atomic layers exhibit a slight misfit, and (c) grain 
boundaries, which separate regions (crystals) having completely different lattice orien- 
tations. Impurity atoms are often attracted to these defects, and so must be consider- 
ed in certain aspects of the study. 

For the purposes of this paper, we may group 

Vacancies are formed spontaneously in a metal when it is heated to near its melt- 
ing temperature, but a substantial portion will be retained at low temperatures only if 
the metal is quenched rather than being allowed t o  cool slowly. They are also formed 
at any temperature when the metal is strained beyond its elastic region. For aluminum, 
the vacancy resistivity is 12 : 

p/c = 1.4 x ,‘l-m/ppm . 
We have found that: vacancy concentration reaches equilibrium in high-purity aluminum 
at room temperature in just a few hours. 

The resistivity due to dislocation structures in metals is a subject of active 
study at the present time,13’15 particularly in trying to find agreement between theory 
and experiment. The results depend to some extent on the type of dislocation and other 
factors which are beyond the scope of this paper. A reasonable estimate for aluminum 
comes from Rider and Foxon16: 

where n is the number o f  dislocation lines per square meter in the sample. 
reasonably expect no more than ZOlo or lox1 dislocations/m2 in an annealed pure metal 
sample. 
for most metals. 

We may 

After heavy deformation, this rises to a saturation value of roughly 
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As with vacancies, dislocations are formed when a metal is strained beyond its . 
elastic limit. Large uncertainties exist in trying to predict theoretically the num- 
ber of vacancies or dislocations which are formed by a given strain.17 We have studied 
a portion of this problem with measurements on high-purity aluminum at low temperature. 
Samples were carefully prepared and annealed so as to be truly polycrystalline, since 
dislocation formation and structure are strongly dependent upon the relative orienta- 
tion of t.he individual grains and the applied stress. Results obtained at 4'K on sam- 
ples of about 2000 resistivity ratio are shown in Fig. 2 ,  where the increase in resis- 
tivity is plotted against the strain c which produced that resistivity. 

These results are described approximately by the equation I 
It is reasonable to assume that minor changes in temperature or purity in the range of 
interest for cryogenic coils will not significantly change the numbers in this equa- 
tion. Subsequent annealing of the samples at room temperature for a day or more re- 
sults in the disappearance of about two-thirds of the strain-induced resistivity. We 
believe this is due to removal of vacancies and dislocation rearrangement, A much 
higher temperature, probably 300 to 4OO0C €or one hour, would be necessary to eliminate 
the dislocations which are formed during straining. 

Figure 3 shows the stress-strain curves which were taken simultaneously with the 
data of Fig. 2. It is difficult to estimate how the yield stress (about 3000 psi in 
these samples) would vary with purity in this high-purity range. It is, in fact, prob- 
ably more strongly dependent upon grain size and orientation than on impurity content 
per se. 
cial 1100 aluminum) is only 2 to 3 times higher than that of these samples, so that a 
dramatic decrease in yield stress would not be expected as the resistivity ratio is 
increased from 2000 to the limit of available material. We will be making experimental 
measurements in this range in the near future. Fatigue life at stress levels below the 
yield stress would be very high, probably well into the lo6 to lo7 cycle range. 

The yield stress for annealed samples of lo3 higher impurity content (commer- 

The resistivity due to grain boundaries has not been studied in much detail, and 
its direct effect is probably rather small, especially in high-purity metals where the 
grain size may be very large. However, i-urities are in general attracted toward 
grain boundaries and may thus be removed from solid solution where they have maximum 
contribution t o  the sample resistivity. If we make the assumption that the saturation 
concentration of impurities at the grain boundaries corresponds to one atomic layer,18 
this impurity trapping could become important when 

(impurity concentration in ppm) X (grain diameter in mm) 2 . 
In practice, for a well-annealed sample, the grain size tends to increase as the purity 
increases, so that this inequality is not so .easily satisfied. Much depends in this 
respect on details of sample preparation, annealing sequences, etc. 

I 

We have initiated a study of grain size vs resistivity in high-purity aluminum. 
Some of the preliminary results are shown in Fig. 4 which is a plot of sample resisti- 
vity as a function of grain boundary area per unit sample volume. The increase in re- 
sistivity at low values o€ grain boundary area/unit sample vol.ume, S/V (large grain 
sizes), is tentatively interpreted as release of impurities from grain boundaries 
which have become saturated at the minima of the curves. This is in qualitative agree- 
ment with Fig. 3 of Maimoni's paper" where a minimum in aluminum resistivity is seen 
as a function of annealing temperature; he does not report the corresponding grain 
sizes 
inumzi as a function of annealing temperature. 
an explanation of the effect. 

It is also similar to a resistivity minimum found in copper2* and one in plat- 
None of these authors have suggested 
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Extrapolation of these grain-size data to other purities, cold-work and annealing 
sequences, etc., is complex, and we cannot yet do this with confidence. The minimum 
in resistivity at less than maximum annealing conditions is of considerable importance, 
and should influence the design and fabrication of aluminum coils. 

1 .B. The Lattice Resistivity 

In principle there would be no resistance to the motion of conduction electrons 
through a perfectly regular atomic lattice if the individual atoms were rigidly fixed 
in position. However, rather than being fixed in position, the atoms are vibrating 
about their equilibrium lattice posit ions with an amplitude and frequency which in- 
creases as the temperature rises, and as a result there is increasing resistance to 
the motion'of conduction electrons through the lattice. 
in resistivity seen in Fig. 1 as the temperature rises above the residual resistance 
reg ion. 

This is the cause'for the rise 

The theory for the lattice resistivity was worked out by Griineisen, and is covered 
in many texts. 
terization of the modes of vibration. 

For a given lattice, the Debye temperature 6 is an approximate charac- 
Grheisen theory predicts that 

and 
P K T  when T C < 8 ,  

P C T  when T > 6 .  

For most metals, the Debye temperature is in the neighborhood of 300°K. 
perature o f  aluminum is a little higher than most, about 400°K.22$23 (One must be care- 
ful to distinguish between the Debye 6 evaluated from resistivity measurements and 
Griineisen theory and the Debye 8 evaluated from heat capacities.or neutron spectroscopy. 
These are numerically close, but not identical.) 

The Debye tem- 

Numerous experiments on metals have verified that the GrKneisen theory is essential- 
ly correct, though the low temperature exponent on T is often closer to 4.5 than to 5. 
Several reports have shown that the lattice resistivity of aluminum at 20.4'K is about 
0.64 n9*cm.10,24-26 Of these, Pawleck and Rogalla26 show that the resistivity is quite 
accurately proportional to T5 from 20°K up to about 5U°K, while Alexandrov and d ' Y a k ~ v ~ ~  
obtain 4.6 as the exponent on T i n  this range. In the neighborhood of room temperature, 
the exponent on T has fallen to about 1.27. . 

28 Below 20°K, available data for aluminum by Willott," Holwech and Jeppeson, 
Alexandrov and d ' Y a k ~ v , ~ ~  Reve1,lo and Chiang and' EremenkoZ9 are in major disagreement 
with extrapolation of the T5 law as well as being general1 inconsistent among each 
other. It happens, though, that both Revell' and Willott" obtain a value of about 
1.3 x 10-13 Ram at 4 . 2 O K .  
Alexandrov that there is a T2 contribution to the resistivity which is making itself 
felt below 20°K. Such a term has been found in transition metals and explained on the 
basis of electron-electron  interaction^,^^ but it is not expected to be measurable €or 
aluminum in t h i s  purity range. A theoretical calculation by Kagan and Zhernov31 shows 
that impurities may contribute a temperatu e dependent resistivity. At low temperatures 
they calculate terms proportional to T2, T , and T5, but the magnitudes of the terms are 
not known. 
mental data. We will be making resistivity measurements in this range in the near fu- 
ture. 

Chiang and Eremenk~~~ mention an unpublished suggestion of 

z 
At present there are no clear correlations of theory to available experi- 

Figure 5 is a graphical summary of available.data on the lattice, resistivity of 
a 1 uminum. 
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1.C. The Size Effect 

When an electron strikes the surface of'a sample, it is reflected back into the 
metal in a3manner which depends primarily upon its angle of incidence and the micro- 
scopic surface roughness. A certain fraction of these reflections, in particular those 
near grazing incidence, will be specular and have no effect on the resistivity. More 
generally, however, these collisions with the surface will' be diffuse and add to the 
resistivity in the same way that collisions with impurities do. When the sample size 
is reduced to the point that electron collisions with the surface become comparable in 
frequency with other types of collisions, the resistance of the sample rises. This is 
called the size effect. 

.The natural parameter to use in evaluation of the size effect is the ratio of the 
sample dimension, d (thickness of plate, or diameter of wire), to the electron mean 
free path, A ,  which would be observed in a large sized sample of the same percent im- 
purity and imperfection, and at the same eemperature. To evaluate E, it is most con- 
venient to make use of the equation 

p x E m  constant E ( P A ) ,  , (3)  

which is approximately true for a bulk sample independent of temperature and impurity. 
The constant (pa), is a measure of the area of the Fermi surface of the metal, again 
within a certain approximation. For aluminum, a reasonable average of reported values 
in the helium range is32 

The increase in resistivity with decreasing dlE 
and later Sondhei~ner,~~ on the assumption that there 

33 was first calculated by Fuchs 
is no specular reflection at the 

surface. 
tions on the assumption that electrons incident to the surface at less than some angle 
0 will be specularly reflected, while those incident at greater angle (more nearly nor- 
mal incidence) will be diffusely reflected; the angle 0 becomes an additional adjust- 
able parameter. 
surface roughness to the electron scattering process. He finds that the fractional 
specular reflection is angle-dependent , and that the diffuse reflection is anisotropic. 
The qualitative behavior of the resistivity as predicted by these theories as a function 
of sample thickness is shown in Fig. 6 .  Except for the unrealistic case of pure specu- 
lar reflection, the theories are in pretty good quantitative agreement for thicknesses 
down to dl.4 M 1 or 2. Quantitative corrections based on Fuchs' theory for flat plates 
and round wires, for both dc and eddy current measurements, are given in Fig. 7 .  The 
coordinates are chosen so that a measured resistivity can conveniently be corrected to 
a theoretical bulk resistivity. The eddy current correction for round wires has been 
evaluated from an unpublished calculation provided by Dr. Cotti. For rough calcula- 
tion, the size effect resistivity PSE to be added to the bulk resistivity p 3  is 

More recenily Parr~tt,~' and Brandli and Cc~tti~~ have extended the calcula- 

A ye't more recent study by Soffer37 relates statistical measures of 

2 .  Map,netoresistivity 

The statistical link between the macroscopic electrical resistivity and the para- 
meters describing the microscopic electron collision processes is the Boltzman equation. 
Its various ramifications and approximations have been the subject of much study, and 
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the %interested reader should consult a good text if he wishes to pursue this. The 
point to be made here is that the presence of a magnetic fdeld enters the Boltzman 
equation in such a way as to affect the electron collision processes (except for 
certain special cases and approximations of no importance here). 
resistivity of a sample as a function of applied magnetic field is more generally a 
multiplicative factor rather than an additive factor as with Matthiessen's rule; the 
only exception is the size effect resistivity, as will be explained later. 

Hence the change in 

The general Boltzman equation including a magnetic field is not susceptible to 
simple analysis. 
which is useful for engineering study: 

However, with certain approximations, one can obtain Kohler's rule 38  

where cp is the angle between the field H and the measuring current. 
unique for a given polycrystalline metal, i.e., it is independent of small variations 
in purity for a nominally pure metal. 

The function f is 

Magnetoresistance data for aluminum have been summarized by Corr~ccini.~~ 
transverse magnetoresistance (field perpendicular to current), he gives an empirical 
equation for f which fits most available data within about =t 20%: 

For 

rn - I =  h2 (1 + 0.00177 h) 
2 ,  1.8-+ 1.6 h 4- 0.53 h P (0) 

where 

and 
= 2.75 x 0-m . 'ref 

This equation is plotted in Fig. 8. It is im ortant to note, however, that data taken 
at 20°K on aluminum of 10 000 to 20 000 ratios9 are in major disagreement with this 
curve, and show a saturation magnetor.esist'ivity of about 7 times the zero field. value, 
rather than the approximate value of 3 from Pig. 8. This may be an indication of tem- 
perature dependent anisotropy in the electron scattering processes, a phenomenon which 
was assumed not to occur in deriving Kohler's rule. 

Also shown in Fig. 8 is a curve summarizing available data on the magnetoresistiv- 
The linearity with field in the high field region is evident. This ity of copper.40-43 

is related t o  innnutable electronic properties of copper, and is the primary basis for 
choosing aluminum over copper for high field service. 

When a sample thin enough to show the zero-field size effect is placed in an in- 
creasing magnetic field, two effects operate simultaneously: (1) The bulk +esistivity 
begins rising as would be expected from Kohler's rule, and (2) the radius of the helical 
motion of the electrons decreases and for most geometries the electrons collide less 
often with the surface. 
curves of unusual shape, especially in the low fiel'd region, which depend strongly on 
~rientation.~~,~~ 
pears. 

Combination of these two effects may give resistance-field 

At sufficiently high fields the size effect resistivity often disap- 
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3 . A .  Thermal Conductivity 

The conduction of heat through a metal is governed by much the same processes . 
which govern the flow of electric current. 
conductivity K and the electrical resistivity are quantitatively related by the 
Wiedemann-Franz equation 

It turns out, in fact, that the thermal 

K -  P=L;T , ' (4)  

where L is known as the Lorenz number. 
resistance region at low temperatures, and at temperatures above the Debye temperature, 
the Lorenz number has the constant value 

Detailed theory46 shows that in the residual 

L = 2.44 x km/OK2 

for any metal or alloy in which heat transport by lattice vibrations (phonons) is 
negligible, i.e., for any nominally pure metal or dilute alloy. This is a very power- 
ful result, for it allows a prediction of thermal conductiviEy in these two tempera- 
ture ranges from much simpler measurements of electrical resistivity on the same metal. 

Over the intermediate temperature range there is no simple rule, but qualitative 
guides can be given. Consider Eq. (4) to be exact, so that a temperature dependent 
Lorenz number L(T) can be evaluated knbwing K(T) and p(T). Generally L(T) tends to 
drop below the theoretical value as T increases, and may exhibit less understandable 
bumps and dips before leveling off again at the theoretical value of T Z 8. This is 
illustrated in Fig. 9 (Powell, Hall, and'R~der~~; these data are slightly in error at 
low temperatures where corrected data cpnverge to the theoretical Lorenz number within 
experimental error) and Fig. 10 (Hust and for several aluminum alloys, Note 
that in no case does L(T) dip below 50% of the theoretical value. It is reasonable to 
expect that the deviations from the theoretical value will be of this order of magni- 
tude for other dilute alloys. 

In a heavily alloyed (highly impure) sample, oz in one containing many disloca- 
tions or defect structures, resistance to the motion of conduction electrons &y be so 
high that a significant portion of the heat is carried by lattice vibrations or phonons, 
as with an electrical insulator. In this case, the L(T) curve will rise above the 
theoretical value, at least initially. This is illustrated in Fig. 11 for A-11OAT 
titanium.48 Serious errors could occur in trying to estimate such a curve without 
much more knowledge than is available now. 

Unfortunately there have been very few evaluations of L(T) in the literature, and 
no detailed correlations of such curves have been made. Studies along this line have 
begun in our laboratory. 

3 . B .  Thermal Conductivity in a Magnetic Field 

Just as a magnetic field inhibits the flow of electric current through a metal, 
it also inhibits the transcer of thermal energy by the (saute) conduction electrons. 
In a nominally pure meeal or dilute alloy, where most of the heat is carried .by the 
conduction electrons, we thus might reasonably expect that the thermal conductivity 
would scale with the electrical conductivity in a magnetic field. In other terms, 
the Lorenz number would be relatively independent of magnetic field. 
has not been studied theoretically to my knowledge, and I have not found experimental 
measurements which relate directly to this suggestion, though decreasing thermal con- 
ductivity in a magnetic field has been reported.49 This might be a deterrent to the 
use of copper as a theml conductor in a high field at low temperature, because of 

This topic 

. 

* its high magnetoresistivity. . .  
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4 .  Ac Effects  

The response of a conductor t o  a l t e r n a t i n g  electromagwtic  f i e l d s  may be typ i f i ed  
by the relative magnitudes of three length parameters. These are: 

The c l a s s i c a l  skin depth, 6 == 

The electron mean f r e e  path,  A , 
The sample dimension ( thickness  or  diameter),  d . 

I n  the .equation f o r  the skin depth, P is the dc r e s i s t i v i t y  of a l a r g e  sample of the 
conductor having the same percentage impuri t ies ,  k0 = 4rr X lo'' H/m , and w i s  2i7 times 
the frequency. I f  response t o  a p u l s e  r a t h e r  than a continuous wave i s  being analyzed, 
i t  w i l l  be necessary t o  consider t he  Fourier components of t he  pulse  i n  order t o  esti-  
m a t e  the appropriate w and 6; however, i n  some s i t 'uat ions i t  mag be less complicated 
t o  use other  mathematical.te.chniques which do not e x p l i c i t l y  involve the; Fourier com- 
ponents. 
be low. 

C las s i f i ca t ion  of the types of response i s  outlined i n  Table PI and discussed 

TABLE 11 

Frequency and Size Effects  

6 > d > R  dc c i r c u i t  theory 

6 > R > d  dc s i z e  e f f e c t  

R > 6 > d  dc s i z e  e f f e c t  

d > 6 > R  classical skin e f f e c t  

d > R > 6  anomalous skin e f f e c t  

R > d > 6  "anomalous s i z e  e f f e c t "  

A t  low frequencies 6 > d ,  current d i s t r i b u t i o n  i s  e s s e n t i a l l y  uniform throughout 
the sample,  and dc theory is applicable.  I f  1 d ,  a s i z e  e f f e c t  co r rec t ion  m u s t  be 
made. 

When d > 6 > A ,  t he  theory of the c l a s s i c a l  s k i n  e f f e c t  a p p l i e s .  The current i s  
confined. to  a t h i n  surface layer ,  r e s u l t i n g  i n  h ighe r  c i r c u i t  r e s i s t a n c e  than in  the 
dc case. The e f f ec t ive  resis tance of t h e  surface l aye r  i s  

When d > A 6 ,  t he  theory of the anomalous s k i n  e f f e c t  must  be used. Analysis 
of t h i s  s i t u a t i o n  i s  much more complex than t h a t  of the c l a s s i c a l  skin e f f e c t .  Here 
the e l e c t r i c  f i e l d  sensed by an e l ec t ron  changes s i g n i f i c a n t l y  over t he  space of one 
mean free path. This means that  instead of using the  ordinary Ohm's l a w  J ( r ) X p =  E(r) 
(J i s  the current densi ty  and E i s  t he  e l e c t r i c  f i e l d )  a s  w a s  done in ,  t h e  c l a s s i c a l  

. s k i n  effect: calculat ion,  one must  i n  essence use  an e f f ec t ive  E averaged over the mean 
f r e e  path. The calc.ulations are qu i t e  complex, and the r e s u l t i n g  in t eg ro -d i f f e ren t i a l  
equations have not been solved i n  f u l l  generality.46y50,51 When R >> 6 the r e su l t i ng  
expression f o r  the surface resis tance i s  
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where (PA), is the same fundamental parameter which arose earlier in the discussion of 
the dc size effect. This expression assumes 100% diffuse reflection of the electrons 
at the sample surface, but it is multiplied only by a factor of 819 if 100% specular 
reflection occurs. It is worth noting that in this limit the surface impedance is in- 
dependent of the sample purity. The surface resistivity will be higher than that calc- 
ulated from the classical skin effect, since the current density falls off more sharply 
with distance than in the classical case (or following Pippard's reasoning, only a 
fraction 6 / R  of the electrons contr.ibute to the effective current). 

. .  
The importance of using the anomalous skin effect theory for high-purity metals 

can be emphasized by calculating the frequency at which the electron mean free path R 
is equal to the classical skin depth 6. Galling this frequency we, -we find 

For aluminum this turns out to be a frequency 

wc 10 
2rr = 3 ,  fc (Hz) = - 

where r.r. is the resistivity ratio, 2.64 o*cm/p. Aluminum can be purchased at the 
present time in large ingots of about 14 000 resistivity ratio. With this material at 
helium temperatures, the anomalous skin effect theory would be necessary above about 
4 Hz; with the most pure aluminum obtained in the laboratory (45 000 ratio), the anom- 
alous skin effect theory would be used above 0.1 Hz. 

' When A > d > 6, the theory of the anomalous skin effect must be combined with the 
size effect calculation. 
(Gant~nakher~~ and references cited therein) , though with particular application to 
various cyclotron-like resonances which occur in single crystals in a large static 
magnetic field. 
of a magnetic field, and it is not clear what modification would be necessary in 
Eq. (5), for example. Cotti's eddy-current size effect correction illustrated in 
Fig. 7 is somewhat related to this problem, but his analysis was made in terms of res- 
ponse t o  a step function and did not treat: individual Fourier components. 

This subject has been discussed in the literature 

The analysis is not particularly applicable to systems in the absence 

5. I Summary 

Through the analysis of Section 1, the complete resistivity-temperature curve 

The residual resistivity may be determined by direct measurement, or 
for aluminum may be constructed by adding the residual resistivity to the "lattice" 
resistivity. 
estimated from knowledge of impurity content, grain size, and state of lattice strain. 
The "lattice" resistivity below 20°K is not: known accurately, but the curve in Fig. 5 
labeled "Alexandrov" is probably the best estimate at the present time. The resistiv- 
ity in a magnetic field at any temperature may then be calculated from the Kohler plot 
in Fig. 8; the important discrepancy between this curve and the data or' Borovik, 
Volotskaya, and F ~ g e l ~ ~  for aluminum of the highest purity around 20% is unresolved 
at' present. 
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The thermal conductivity at: any temperature may then be e s t i m a t e d  from the 
Wiedemann-Franz r e l a t ionsh ip ,  Eq. ( 4 )  , knowing the  r e s i s t i v i t y  and assuming t h a t  the 
Lorenz number is  roughly constant.  
a r e  possible,  i n  keeping with the  curves of Figs. 9 and 10, but i n su f f i c i en t  data  
e x i s t  t o  e s t ab l i sh  a t r u l y  r e l i a b l e  L(T) curve f o r  high p u r i t y  aluminum. Though the 
derivation of the Lorenz number assumed the absence of a magnetic f i e l d ,  i t  i s  postu- 
lated that  in  the f i r s t  approximation the Lorenz number would be independent of mag- 
ne t i c  f i e l d .  Thus the thermal conduct ivi ty  should decrease as the e l e c t r i c a l  r e s i s t i v -  
i t y  increases. 

More accurate assumptions on t h e  Lorenz number 

The response of a conductor t o  a l t e rna t ing  electromagnetic f i e l d s  i s  discussed i n  
terms of the skin depth 6, the e l e c t r o n  mean f r e e  path A, and the sample dimension d.  
The importance of the anomalous s k i n  e f f e c t  ttieory f o r  high puri ty  metals a t  low t e m -  
peratures i s  emphasized. Calculat ions based on t h i s  theory are very complex, and have 
not been carried out except f o r  t h e  l imi t ing  case d >> A >> 6, i n  which case the  s u r -  
face r e s i s t i v i t y  becomes independent of sample  puri ty .  In  any case the surface resis- 
t i v i t y  w i l l  be higher than t h a t  calculatgd by the  c l a s s i c a l  skin e f f e c t  theory, s ince 
( i n  one sense) not a l l  t he  e l ec t rons  can e f f e c t i v e l y  respond t o  the applied f i e l d .  

111. PREPARATION- OF HIGH-PURITY ALUMINUM 

Since the f i r s t  separat ion of t h e  metal from i t s  ore ,  aluminum has been prepared 
by e l ec t ro ly t i c  reduction of molten aluminum oxide. 
ed  that  residual impuri t ies  i n  the  aluminum produced by t h i s  process may be s t rongly 
influenced by contaminants i n  the carbon electrodes,  as w e l l  as  the impurit ies i n  the 
or iginal  ore. With very careful  s e l e c t i o n ,  it i s  possible  t o  obtain multikilogram 
quan t i t i e s  refined by only t h i s  technique having r e s i s t i v i t y  r a t i o s  i n  the range 1000 
t o  2000. 

I sh iha ra  and MukaiS3 have suggest- 

I 

I 
To obtain add i t iona l  puri ty ,  zone r e f in ing  is performed on the nominally pure  

metal. This process i s  usually found only on the laboratory scale ,  producing a t  mast 
perhaps one-kilogram ingots  a t  a low r a t e .  Recently, however, a commercial source of 
zone refined ingots weighing up t o  about 40 kg has become avai lable .  The best  20 kg 
of these ingots a r e  apparently of reasonably uniform high puri ty ,  having r e s i s t i v i t y  
r a t i o s  i n  the 13 000 t o  1 7  000 range. This seems t o  open the  door t o  possible tech- 

handled and shaped, on a laboratory scale a t  least, without measurable contamination. 

The success of zone r e f in ing  depends on the increased s o l u b i l i t y  of impurity 
atoms i n  the molten metal a s  compared t o  t h e i r  s o l u b i l i t y  i n  the s o l i d .  It turns  out 
fo r  aluminum54 tEat Mn has close t o  t h e  same s o l u b i l i t y  in the sol id  a s  i n  the l i qu id ,  
while T i ,  V ,  C r y  Zr, Nb, Mo, Ta, and W a re  less soluble  i n  the l i qu id  than i n  the 
sol id .  These a r e  the impuri t ies ,  then, which are not e a s i l y  removed by zone r e f in ing ,  
s o  .that the f i n a l  pu r i ty  is s i g n i f i c a n t l y  l imited by the  i n i t i a l  presence of these 
par t icular  elements. 

I 

. nological use i n  large-scale  app l i ca t ions .  We have found t h a t  t h i s  mater ia l  can be 
I 
I 

I 

It seems c l e a r  t h a t  ca re fu l  s e l e c t i o n ,  probably including the source of t he  ore ,  
may measurably improve the f i n a l  product. Research groups i n  Norway, France, and 
Russia have reported zone ref ined aluminum, presumabl i n  s m a l l  quan t i t i e s ,  having 
r e s i s t i v i t y  r a t i o s  i n  the 22 000 t o  29 000 range.3935zy56 
cated t o  u s  (pr ivate  correspondence) t ha t  t he  choice of s t a r t i n g  mater ia l  i s  of great 
importance. 

The French group57,58 has c a r r i e d  t h i s  l i n e  of . reasoning one s t e p  fu r the r .  
have obtained small q u a n t i t i e s  of aluminum prepared by an "organic ref ining" process 
involving the e l e c t r o l y t i c  reduction of Al(C2H5)3 and/or r e l a t ed  compounds. 
duces aluminum of 8000 t o  10 000 r a t i o .  

D r .  Bratsberg has ind i -  

They 

This pro- 
With subsequent zone r e f in ing  of t h i s  mater ia l ,  
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Revel has obtained a resistivity ratio of 39 000 on a 5 mm diameter sample; correcting 
for the size effect, this corresponds to a resistivity ratio of about 47 000 for a 
bulk specimen. We likewise have obtained a small quantity of the organically-refined 
aluminum, had it zone refined, and obtained a resistivity ratio of about 45 000; cor- 
recting for the size effect in our sample brings this to 47 000, in remarkable agree- 
ment with the ratio obtained by Dr. Revel. We speculate that this organic refining 
method happens to be relatively effective in removing the transition metals which can- 
not easily be extracted by zone refining. 
made to cover this point, but do not yet have the results. 

We are having mass spectroscopic analyses 

The availability of commercial quantities of this “organically-refined” aluminum 
seems remote at this time. The process is slow, and the high-purity anode decomposes 
at a relatively fast rate. 
tact with oxygen, hydrogen, phenol, alcohol, acids, and water, and explodes spontaneous- 
ly above 180°C. 
compounds, but apparently this involves compensating disadvantages in the.refining 
process. 

Aluminum triethylene reacts vigorously or explodes on con- 

The reactivity can be lessened somewhat by addition of related organic 

At this time, then, it seems that for design purposes one can count, on availabili- 
ty of about 15 000-ratio aluminum in ingots of about 20 kg. 
ments, one can obtain small quantities of about 45 000-ratio aluminum, but a major tech- 
nological development would be required to obtain this on a commercial scale. 

For laboratory measure- 
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Electrical Resistivity of Aluminruo 
Cryogenic b t n  Memorandum No. M-5' 

TEMPERATURE, O R  

2 4 6 8 1 0  20 40 60 80100 200 400 601 
I I : . i I I l l  

r- ELECTRICAL RESISTIVITY RAT10 

. .  

-- . . 

-. . . . . .  

4 6 8 1 0  20 40 60 80 100 200 400 I 2 

TEMPERATURE,. K 

Fig. 1. Compilation of electrical resistivity measurements on aluminm. 
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Fig. 3. Stress as a function of strain in polycrystalline 2000-ratio 
aluminum at 4OK. 
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Fig. 4.  Resistivity at 4'K as a function of grain boundary area 
per uni t  sample volume for two different sample purities. 
A l l  five of the No. 19 samples had very close to the same 
purity. 
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Fig. 5. Lattice resistivity of aluminum as a function of temperature. 
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Fig. 6. Qualitative behavior of the resistivity as a function 
of (sample size/electron mean free path), according 
to various size effect theories. 
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F i g .  8. Kohler  p l o t  g iv ing  transverse magnetoresis tance of 
copper  and aluminum. 
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Fig. 9.  Lorenz number a s  a func t ion  of temperature ' for s e v e r a l  aluminum 
a l l o y s .  (The da ta  a c t u a l l y  converge the  t h e o r e t i c a l  va lue  
2.44 x l o m 8  a s  T -+ 0; t h e  graph i s  s l i g h t l y  i n  e r r o r  due t o  a 
cal. ibrat i o n  e r r o r .  1 
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SYNCHROTRON MAGNETS W I T H  CRYOGENIC EXCICTMG CO?LS*. 

G.T. Danby, J . E .  Allinger,  and J . W .  Jackson 
Brookhaven National Laboratory 

Upton, New York 

I. INTRODUCTION 

By s u i t a b l e  choice of magnet parameters i t  is p r a c t i c a l  to e x c i t e  iron magnets of 
the window frame type t o  f i e l d s  exceeding 40 kG while re ta ining useful  f i e l d  propert ies .  

High f i e l d  performance i s  obtained by employing exc i t a t ion  current  densi ty  values 
intermediate between normal 300°K pract ice  and the very high current  dens i t i e s  required 
fo r  moderately t h i n  s h e l l  air  core magnets of smal1,cross section. 

Cryogenic aluminum e x c i t i n g  c o i l s  are  competitive with superconducting c o i l s  from 
an ac loss  point of view and appear t o  have many p r a c t i c a l  advantages. 

In t h i s  paper a b r i e f  desc r ip t ion  of high current dens i ty  i ron magnet performance 
i s  given together  with a summary of some parameters as applied t o  a 2 TeV (2000 GeV) 
machine l a t t  i ce .  

11. STUDIES ON EXCITATION OF HIGH CURRENT DENSITY WINDOW FRAME DIPOLES 

Variaus papers have been wr i t t en  by the authors on the subject of a separated 
function magnet l a t t i c e  f o r  l a rge  ~ y n c h r o t r o n s . 1 ' ~  
f l e x i b l e  operat ion and control  o f . a n  operating acce le ra to r ,  and i n  f l e x i b i l i t y  and 
economy i n  construct ing an expandable machine, i t  was recognized t h a t  e f f i c i e n t  opera- 
t i o n  a t  high f i e l d s  i s  l imited by the low current d e n s i t i e s  p rac t i ca l  at  300°K. It w a s  
s t a t ed  t h a t  with superconducting o r  cryogenic exc i t i ng  c o i l s  of about f i v e  t i m e s  small- 
e r  cross  sec t ion  than a re  t y p i c a l  a t  300°K, useful f i e l d s  would be obtained t o  about 
30 kG. This work has been'pursued fur ther .  

In  addi t ion t o  the  advantages i n  

For very l a rge  machines, various f ac to r s  lead one t o  the conclusion tha t  the ver- 
t i c a l  aper ture 'can useful ly  be a t  l ea s t  as large a s  the horizontal ,  i.e., a c i r c u l a r  
vacuum p i p e  would be qu i t e  s a t i s f ac to ry .  Typically the v e r t i c a l  a p e r t u r e  has been one- 
half  t o  one-third of the horizontal .  Scaling up the aspect r a t i o  of the v e r t i c a l  t o  
horizontal..  aper ture  dimensions leads t o  equivalent l e v e l s  of s a tu ra t ion  and of harmful 
aberrat ions s e t t i n g  i n  a t  s i g n i f i c a n t l y  higher values of the f i e l d .  

A modeling program has been carr ied out.  A f l e x i b l e  "kit" magnet was constructed 
i n  which the  s i d e  yokes and pole p l a t e s  zre separate s t ruc tu res  so tha t  t he  basic  

Jr 
Work performed under the auspices of the U.S. Atomic Energy Commission. 

1. G.T. Danby, J . E .  Allinger,  and J.W. Jackson, Brookhaven National Laboratory, 
Accelerator D e p t .  Report AADD-115 (1966). 

2 .  G.T. Danby, J .E .  Al l inger ,  and J . W .  Jackson, IEEE Trans. Nucl. Sci. NS-14, 
No. 3 ,  431 (1967). 

3 .  G.T. Danbp, J . E .  Allinger,  and J . W .  Jackson, i n  Proc. 2nd In t e rn .  Conf. Magnet 
Technology, Oxford, 1967, p.  87 .  
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aperture parameters can be easily changed. The steel is M-3.6 silicon steel sheet left 
over from the AGS construction. 

Figure 1 shows an assembly containing a matrix of search coils inserted in the . 
aperture. The entire structure is simply immersed in liquid nitrogen. 

Figure 2 illustrates schematically the type of construction. The top and bottom 
yokes (12 in. X 1 2  in. X 4 in.) are always used, and various side yokes, pole pieces, 
and coils are employed. 

Figure 3 shows the effect on saturation of increasing the vertical gap dimension 
for a constant coil thickness of 1 in. and a constant aperture width of 1.8 in. 

The slope of the saturation curve is inversely proportional to the vertical aper- 
ture; the aberrations similarly diminish with increasing vertical aperture. One is 
approaching more closely the uniform field between two parallel current sheets of in- 
finite extent. For a synchrotron (or general beam transport) one can expand the field 
in multipolarities about its center and ask what terms are present over the necess.ary 
high field aperture. . .  

For the present geometry, the field aberrations are predominantly sextupole. On 
the horizontal and vertical mid-planes the 10-pole term is quite small even at full 
aperture in the case of an approximately square aperture. At maximum extent on the 
45' axes, i.e., in the corners, the 10-pole term is four times larger. However, exper- 
imentally at - 90% of the way to the corner the fit is still good to sextupole and 
10-pole terms, and in agreement with the horizontal mid-piane data. Practically speak- 
ing, an inserted vacuum pipe would be roughly circular, and the 10-pole field aberra- 
tion at the vacuum pipe at all angles would have the same magnitude as on the mid-plane 
at full aperture. Figure 4 shows aberrations on the horizontal mid-plane for a 2.4 in. 
version. 

It can be seen from Figs. 3 and 4 that the '2.4 in. gap model has about 20% satura- 
tion of the B vs I curve at 41 kG, and about 3.7% sextupole. This aberration can be 
corrected with properly distributed exciting coils in the magnet. Figure 5 illustrates 
a partial correction with a three-turn pole face winding. However, passive improvement 
with crenolations or pole shaping is very attractive. It should be borne in mind that 
a synchrotron should have sextupole control in each half cell in any case for beam 
manipulation and high intensity operation, even for "perfect" magnets with zero aber- 
rations. As a result, reducing the above aberrations by about a factor of two is suf- 
ficient to keep combined control and aberration correction sextupole elements 'to modest 
proportions. 

Tests to further improve magnet performance are in progress. This interacts with 
broader considerations of economically and operationally optimum current densities for 
a given application. 

In summary, practical iron dipole magnets of > 40 kG peak excitation have been 
demonstrated. The flux density in the yoke is of normal magnitude, and saturation 
OCCUKS only in the pole regions adjacent to the aperture. In principle, small cross 
section insertions in this region of either high field magnet steel (- 3 kG improvement) 
or of low temperature ferromagnetic rare earths could further enhance performance. 

These magnets are very compact: because of the high current density. This leads 
to a structure of small over-all cross section. The ratio of useful aperture stored - 
energy to total stored energy is very large. 

. - lfZ6 - 



1x1. CHOICE OF IRON CORE MAGNETS 

Since . t h i s  i s  not pr imar i ly  an  acce le ra to r  meeting no at tempt  is  made t o  j u s t i f y  
i n  d e t a i l  t h e  use  of  window frame i r o n  d ipoles  i n  preference t o  a i r  c o r e  c y l i n d r i c a l  
cu r ren t  d i s t r i b u t i o n s .  

I n  t h e  p re sen t  design t o  a very  good approximation the  EYeld i s  everywhere p a r a l l e l  
t o  t h e  plane of  t h e  current  shee t s  both in s ide  and outs ide the  conductor. 
t he  tu rns  are almost uniformly outward, and modest i n  magnitude 
-u 1200 p s i  a t  40 kG). Window frame d ipo le  magnet c o i l s  a r e  not  "pole face windings" 
except i n  a q u i t e  weak sense. With good but common to le rances  on t h e  inne r  t u r n s  
(which a r e  wound f i r s t  i n  a c o i l )  abe r ra t ions  due t o  c o i l  l o c a t i o n a l  e r r o r s  a r e  very  
small. 

Pressures  on 
( the  c o i l  p re s su re  i s  

, 

High c u r r e n t  dens i ty  a i r  core  magnets of small bore can have, i n  p r i n c i p l e ,  n e g l i -  
g i b l e  two-dimensional aber ra t ions .  However, they requi re  h igh  mechanical and e l e c t r o -  
magnetic s t a b i l i t y  of the  cu r ren t  elements i n  the  presence of  complex f o r c e s  of l a rge  
magnitude. 

I n  p r a c t i c e ,  f o r  air  core  cu r ren t  d i s t r i b u t i o n s ,  an i r o n  shea th  may be a t t r a c t i v e  
as a s h i e l d  and t o  enhance somewhat the  f i e l d ,  un less  workable magnets can be made with 
much h igher  f i e ld -cu r ren t  d e n s i t y  ( B j  product) mater ia l  than  i s  p r e s e n t l y  contemplated. 
However, t he  m u l t i p o l a r i t i e s  generated by the cur ren t  d i s t r i b u t i o n  s t i l l  l a r g e l y  de t e r -  
mine t h e  f i e l d  p rope r t i e s ,  so  the  bas i c  advantages and disadvantages of  such t h i n  s h e l l  
c y l i n d r i c a l  a i r  co re  magnets are not  g r e a t l y  a f f ec t ed  by concen t r i c  s h i e l d s .  

. 

I n  t h i s  paper we concentrate  on d ipo le  magnets. Figure 6 shows reasonable  l a t t i c e  
parameters €o r  a 2 TeV synchrotron of 40 kG peak f i e l d ,  w i th  v va lues  o f -  20. With a 
ha l f  cel l  l eng th  of - 185 f t ,  only an - 8 €t Length of room temperature  quadrupoles  
would be r equ i r ed .  Quadrupoles a r e  a minor considerat ion a t  t h i s  s t age .  However, one 
could a l s o  use c ryogenica l ly  exc i ted  quadrupoles f o r  compactness. 
h igher  cu r ren t  d e n s i t y  c o i l s  w i l l  l e a d  t o  considerably h igher  g rad ien t s  being .p rac t i ca l .  

As w i t h  t h e  dipoles, '  

TABLE I 

Coeff ic ien ts  of Nonlinear Terms i n  a Typical  
Brookhaven 3-in. Quadrupole 

= 16.3 kG Bt i p  = 13.5 kG Bt i p  = 7.1 kG B t i p  Rat io  of 
Coef f i c i en t s  

4 8 / 2 8  0.025% 0.048% 0.068% 

68/28 4-0.052 -16'39' 1-0 io57 -16°401 t-0.160 -,16°30' 

109/28 -0.415 - 8'19' -0'.372 - 7'47' -0.286 - 6'22 ' 
1 4 0 / 2 8  1-1.096 - 8O09' 1-1.059 - 8O15' +0.925 - 8'26' 

. .  

39/28 

56/28 

0.03 

0.01 

0.05 

0.03 

0.07 

0.05 

79/28  0.02 0.02 0.02 

Table I l ists  the  amplitudes of abe r ra t ions  measured almost touching t h e  i r o n  
poles  i n  a 3-in. diam Brookhaven quadrupole. 
as a percentage of  the quadrupole f i e l d  a t  the measurement r a d i u s ,  which i s  - 0.025 i n .  

The abe r ra t ion  m u l t i p o l a r i t i e s  are given 
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from the iron. The true quadrupole aberration terms are 68, 108, and 140; these depend 
on the details of the particular-design. For the magnet concerned, 68 can be made ar- 
bitrarily small, and all vary slowly with excitation. However these terms vary in am- 
plitude with very rapidly increasing powers of radius, so that over a useful aperture 
of 80-907' of the pole aperture these effects can be made completely negligible. The 
38,  48, 58, and 78 terms represent "noise" either due to structural asymmetry or to 
errors in the measurements. These results are typical and illustrate the high stabil- 
ity of such iron magnets. 

IV. PROPERTIES OF LOW TEMPERATURE PURE ALUMINUM COILS 

Magnet coils of pure metals operating at cryogenic temperatures have been consider- 
ed for a long time.4 
have been overshadowed by the advantages of superconductors for such devices. Air core 
cryogenic synchrotron magnets have also been considered by several groups, but, unless 
a quite low duty factor was assumed, the high current density required for'efficient 
small bore magnets has led to formidable refrigerator requirements. Considerable in- 
terest exists in the USA and other countries in various power frequency systems using 
either cryogenic or superconducting conductors. 

Large stored energy magnets have been built, but, in general, 

The great promise of superconductivity has perhaps overshadowed too greatly con- 
siderations of pure metals. 
very high resistivity ratio aluminum could be made available by large-scale commercial 
processes. As a result, even at the very low temperatures associated with supercon- 
ductivity, aluminum may be very attractive for many applications. 

In the paper by Arp in these Wo~eedings,~ it appears that 

For the present application it appears that the refrigerator requirements for the 
resistive losses in aluminum coils of existing material may be about the same as for 
optimistic superconductor ac losses. The aluminum coil system seems fairly straight- 
forward. It is our judgment that, in addition, there are great practical operational 
and over-all cost advantages €or Dewars, transfer lines, etc,, by operating a t  higher 
temperatures (18-270K); 
rangeS although very low resistance appears practical at the helium temperatures asso- 
ciated with superconductors. 

A s  a result, we arbitrarily concentrate the discussion in this 

We now very briefly summarize some resis.tance properties, for which we are prin- 
cipally indebted to Arp. 

The resistivity, for no magnetic field present, is given by 

The term pi(T) represents the lattice resistivity and varies approximately as the cube 
of the temperature below 20°R. Above 20°K it approaches the fifth power law with tem- 
perature. 
sistivity ratio p(3OOQK) /p(4OK) gives Po, since pi(4OK) is extremely small. 

The term po is due to impurities and lattice defects. In practice the re- 

.For aluminum in a magizetic field p~ saturates at - 2 . 8 ~ .  The saturation occurs at 
lower fields as p decreases. Zn the present case, saturation occurs at a few kilogauss. 

4 .  R.F. Post and C.E. Taylor, in Advances in Cryogenic Engineering (Plenum Press, 

5. V. Arp, these Proceedings, p. 1095. 

1959), Vol. 5, p. 13. 

- 1118 - 



. .  

Anomalous resistive behavior occurs for thin material when the electron mean free 
path becomes appreciable compared to the thickness. However, in a magnetic.field, the 
cyclotron radius reduces this effect. 

For our case where we consider 0.015 in. tape coils and an effective resistivity 
of 2 . 7 5  x l o m 9  n*cm, anomalous effects are very small. 

Strain also incr.eases p ,  The effect conunences to be noticeable at 3000 psi and 
becomes quite appreciable about 10 000 psi. For the present coils, the pressures at 
40 kG are only 1200 psi, so strain is not a problem. 

In summary, for the coils considered herein, which are - 0.015 in. 1.000 in. 
tape, operating in the 18-27OK range, the resistivity is effectively the bulk resistiv- 
ity. 

We define a constant resistivity for the magnet coil (p eff.) which gives the cor- 
rect dissipation for the assumed magnet cycle. Actually, the field in the coil varies 
with time and with location, so the effect of magnetic field should be somewhat below 
saturation. We assume (p eff.: = 2 .75  X LO+ R-cm at an operating temperature T. 

0 Assuming effectively pure aluminum, Pi(T) at T - 25 K is - 2000 times less than 
at 300'K. As a result, the resistivity ratio of the material should be a number large 
compared with 2000 to give this almost ideal aluminum behavior (i.e., perhaps 10 000). 

Assume a power duty factor of 40% to 40 kG. This corresponds, for example, to a 
1 sec dwell time, 1 sec rise time, 1 sec flat-top, and a 1 sec invest. (These equal 
time intervals can be changed from 1 sec without affecting the heat load.) This c.or- 
responds to a 25% flat-top duty factor. For a 2.25 in. magnet gap and a coil cross 
section of 5.33 in.2 of aluminum the dissipation is 60 W/ft. 

Additional Losses (all €or 1 sec rise time): 

(1) Vacuum chamber eddy currents. Assume a 0.020 in. cylinder of 2 in. 

(2)  0.0'15 in. aluminum tape coil eddy currents: 2 W/ft. 
(3) Iron eddy currents (0 .025 in. steel): 2 W/ft. 

diam and of p = 10 x This gives 0.8 W/ft. 

( 4 )  Hysteresis in iron: 6 W/ft. 
(5) Dewar and transfer line losses: 1 or 2 W/ft. 

V . REFRIGERATION REQUIREMENT 

The over-all dissipative load is about 70 W/ft. This is approximately independent 
of  rise rate, the dominant loss  being resistive. For a given magnet design the dissi- 
pation is invariant with absolute scaling of aperture, if the same relative cross- 
sectional dimensions are maintained. 

There are, however, several mechanisms by which this load can be varied by large 
amounts. 

1. Refrigerant 

For 27OK (neon), the dissipation should be increased by about 50% (this is a lumped 
correction which includes both the higher (p eff.) at 27'K and the higher refrigerator 
temperature, since refrigerator efficiency is considered at 20°K) . 

- 1119 - 



For 20% (hydrogen), t he  d i s s i p a t i o n  would be reduced t o  two-thirds of the 
70 w/f t .  

A t  18OK, the  d i s s i p a t i v e  loads  would be reduced to  one-half of the 70 Wlft .  
(At 1O0K, and with very pure A l ,  i .e . ,  - 50 000 r e s i s t ance  r a t i o ,  the r e s i s t i v e  d i s -  
s ipa t ion  goes down an order  of magnitude; the o the r  f ac to r s  become more s i g n i f i c a n t . )  

2 .  Coil Area and Sa tu ra t ion  

The d i s s i p a t i o n  w a s  computed f o r  a comparatively large c o i l  of 5 . 3 3  in.2 of 
2 ac tua l  conductor. It now seems more probable t h a t  one would u s e  a c o i l  of - 4 in .  

over-all  c ros s  sec t ion ,  which could be made with a very high packing f ac to r .  This 
would increase the d i s s i p a t i o n  by about 35%. 
and prolonged operat ion a t  peak f i e l d  with long f l a t - t o p s  would increase the  power by 
about 50%. 

Magnet s a tu ra t ion  a l s o  was not included, 

3 .  D u t y  Factor  

S ix ty  percent of t h e  d i s s i p a t i o n  i s  i n  the f l a t - t o p ,  and only 40% $n the rise 
and f a l l  of f i e l d .  With s a t u r a t i o n  included almost a l l  the excess is i n  the f l a t - top .  
Present l a r g e  synchrotrons do not  have such long f l a t - t o p s  (and i t  is not c e r t a i n  
t h a t  one could use them e f f e c t i v e l y  i f  they w e r e  ava i l ab le ) .  Furthermore, t he  power 
supply and r f  cos t s  and problems of  a 1 sec r i s e  time are formidable and i t  i s  prob- 
ab le  t h a t  f o r  2 TeV operat ion,  a t  least 2 o r  3 sec of r ise t i m e  w i l l  be used. A 2 or  
3 sec f l a t - t o p  a t  top energy is luxurious. 

4 .  Energy Storage 

One g rea t  advantage t o  t h e  f l e x i b i l i t y  of cryogenic (or superconducting) acceler-  
a t o r s  is t h a t  the major e l e c t r i c a l  d i s s ipa t ion  i s  t ransferred from the power supplies 
t o  the r e f r i g e r a n t .  
t h a t  i t  would take hours of running t o  vaporize most of the r e f r ige ran t ,  even with 
the r e f r i g e r a t o r  o f f .  

The heat  of vaporization i s  so l a rge  fo r  neon or  even hydrogen 

(For neon 100 kW evaporates l l i t e r / s e c . )  

A 3OO0K synchrotron has  about a 1 sec time constant ,  so t h a t  unless ;i very large 
machine i s  pulsed formidably f a s t  the power supply sees  a very d i s s i p a t i v e  load. 
g rea t ly  increases  power supply c o s t  and power consumption. 
massive power supply (and r f  system). 

This 
A fast  cycle requires  a 

With a time constant  o f -  1000 sec,  one has complete freedom t o  t rade off the 
power supply cost  and complexity, assuming an adequate flywheel, and the r f  and refFig- 
e r a t o r  capaci ty .  I n  the  cryogenic case, one could, f o r  example, have a l t e r n a t e  p u l s e s  
t o  2 TaV and t o  1 TeV and thereby cu t  t h e  d i s s i p a t i o n  almost i n  h a l f .  (The 1 TeV load 
goes down by more than the  f a c t o r  due t o  Ez.) 

I n  suimnary, t h e  f i g u r e  of 70 W/ft r e f r i g e r a t i o n  capacity i s  a conservative one, 
and a machine of high performance could be constructed with r e f r i g e r a t o r  capac i t i e s  
two o r  t h r e e  times lower than t h i s .  

As an i l l u s t r a t i o n  of a l a r g e  r e f r i g e r a t o r  planr ,  a 33 000 hp hydrogen plant a t  
Sacramento, Cal i fornia ,  manufactured by Linde, would produce 530 kW a t  20°K, operating 
as a r e f r i g e r a t o r .  
Responsible designs a t  20°K f o r  l a r g e  systenis give a range of conversion r a t i o s  from 
35 t o  5Q. 
comparison t o  superconductors a d i s s i p a t i o n  of 50 W/ft a t  20°K is about equivalent . to 
5 w l f t  a t  ~OK.. 

This is a conversion r a t i o  of 50 €or input power t o  20% power. 

For By comparison, at 4% t he  range of conversion r a t i o s  i s  300 t o  500. 
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. 
Figure 7 shows a magnet and Dewar c ros s  .section. Neither the magnet nor the 

Dewar design o r  r e f r i g e r a n t  capacity are meant t o  be taken a s  more than an i l l u s t r a -  
t ion. 

Figure 8 i l l u s t r a t e s  a type of assembly of the ends of magnets and Dewars. 

CONCLUSION 

It appears t h a t  cryogenically powered magnets of the type described can be con- 
s t ruc t ed  with e x i s t i n g  pu r i ty  commercial aluminum and be competitive w i t h  projected 
superconductor c o i l  ac losses .  The compactness and high e f f i c i ency  of stored energy 
a c t u a l l y  in  the  u s e f u l  region, plus the inherent f l e x i b i l i t y  of a system with a very 
long time constant w i l l  be very bene f i c i a l  t o  over-all  accelerator  design. 
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Fig. 1. Magnet model. 
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GAP.: ... HT = 2.37" MAGNET STEEL' 
W T =  1.80" 5 COPPER COIL. 

HALF SCALE. 

Fig.  2 .  Schematic assembly drawing of "kit" rhagnet. 
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Fig. 7. Cross section of cryogenic magnet and Dewar (repfesentative only). 



F i g .  8. Possible end section of magnets and D e w a r s .  
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SUMMARY O F  SIXTH WEEK OF 1968 SUMMER STUDY 

J.P. Blewett 
Brookhaven National Laboratory 

Upton, New York 

The topic of the sixth and last week of the 1968 Summer Study was "Accelerators 
and Storage Rings usiag Superconducting or Cryogenic Magnets." The first two days and 
a small part of the third day were devoted to design studies and cost estimates for 
accelerators using superconducting magnets. Storage rings were mentioned in passing 
but it soon became evident that there has been virtually no serious work on supercon- 
ducting storage rings. The third day was "FFAG day" when Brookhaven and Argonne de- 
sign work on superconducting FFAG machines was presented. On the fourth and last day 
of this session cryogenic magnets using pure, but not superconducting, metals were 
introduced. 

SUPERCONDUCTING SYNCHROTRONS 

The week began with a discussion by Peter Smith of the Rutherford Laboratory on 
superconducting proton synchrotrons. His presentation was divided into four parts. 
The first was on costs, a subject which he considered in a paper in Nuclear Instruments. 
and Methods last year. There he had shown.that the cost of a superconducting 300 GeV 
machine could be 10-202 lower than that of a conventional, room-temperature machine. 
Optimum bending fields appear to be of the order of 60 kG. The main change in the pic- 
ture since last year is the imminent solution of the problem of high losses in super- 
conductors. This led into the second part of the lecture which was on ac losses and 
was a summary of a presentation by Smith given in the preceding week. At that time 
he described the design of a superconducting cable that consists of a large number of 
1 mil or 2 mil strands of NbTi embedded in a high resistance alloy. Smith and others 
have shown that, if this cable is twisted around its axis at a rate of about one turn 
per inch, it should be free of flux jumps and should also have very low ac los8es. 
This conductor has been fabricated in a variety of combinations and dimensions by IMI 
and is just now under test at the Rutherford Laboratory. Although the tests are not 
complete, the results t o  date seem to bear out the theoretical predictions and so are 
very encouraging. This probably is one of the most important revelations of the Sum- 
mer Study. It should open the field of ac and power applications to low temperature 
operat ion. 

The third part of Smith's presentation was devoted to design problems, of which 
there appear to be many. The straightforward problems of coil design, choice of aper- 
ture, magnet length, etc. involve educated choices from available techniques. Heating 
effects and removal of heat are more difficult. 
eddy currents, or particle beam loss. Probably the cryostat must be nonconducting. 
Stray fields outside of the coil probably must be shielded. 

Heat may be generated by ac losses, 

The magnet power supply might consist of units rated at about 3000 A ,  5000 V 
distributed around the ring. In a separate talk, Smith described some ingenious ideas 
f o r  storing energy in superconducting coils. He showed that energy can be transferred 
,from one inductance to another by making mechanical changes in the coupling coefficient 
and finally he described a rotating system in which energy could be transferred from a 
superconducting energy storage coil t o  a superconducting synchrotron without introduc- 
tion of any external energy source. 
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Fina l ly  Smith described a few p ro jec t s  t h a t  are under cotisi.deration a t  the Ruther- 
ford Laboratory. These include conversion of the ' 7  GeV Nimrod accelerator  t o  4.0 GeV by 
replacement of Nimrod's room-temperature magnets with superconducting magnets. Another 
p ro jec t  involves a more modest increase i n  Nimrod's energy t o  about 25 GeV a t  which en- 
ergy it  would serve as a booster  i n j ec to r  f o r  a 100-200 GeV r ing.  In  Smith's words 
"the c o s t s  are so low as t o  be unbelievable." 

Some of the  t h e o r e t i c a l  analyses presented by Smith were not followed completely 
by a l l  members of the audience so when t h i s  presentation was completed, John Lawson, 
a l s o  of the Rutherford Laboratory, attempted tQ revive the sagging confidence of those 
who had been l e f t  behind. 
blackboard and showed how s i m p l e  i s . t h e  fundamental approach. As he said i t  i s  " the 
s o r t  of thing you can do on the platfo-rm while you a r e  waiting f o r  trains." 
was s a i d  t h a t  nothing i s  involved b u t  Ohm's l a w ;  i t  was s t a t ed  t h a t  "Ohm's law i s  a l l  
you need t o  know, but you m u s t  know i t  very w e l l . "  
than once during the week. 

He wrote Maxwell's equations i n  appropriate form on the 

'Later, i t  

T h i s  statement w a s  re€e,rred t o  more 

A second paper  pr imari ly  on cos t s  of superconducting synchrotrons w a s  presented by 
Michael Green of the Lawrence Radiation Laboratory. 
study of the consequences of redoing the o r i g i n a l  LRL 200 GeV study using superconduc- 
t i n g  magnets d i s t r i b u t e d  around the  LRL c i r c l e  of 690 m radius .  
r a t h e r  conservative assumptions and used a computer t o  look f o r  optimum parameters. 
These assumptions e s s e n t i a l l y  concerned parameters that  were c lose  t o  the present s t a t e  
of t he  a r t .  H i s  f i r s t  conclusions included t h e  following: 

T h i s  w a s  a c a r e f u l l y  considered 

H e  made a number of 

- The push t o  high f i e l d  may not be j u s t i f i e d ;  the economic considerations 

- High current  d e n s i t y  is important. 

- E l l i p t i c a l  beam geometry may w e l l  change t o  c i r c u l a r  geometry fpr supe r -  

- The cost  of superconducting machines probably w i l l  decrease with t i m e .  

s e e m  t o  point t o  lower than maximum f i e l d s .  

conducting systems. 

Green then proceeded t o  a cost  study of a "bare-bones" 100 GeV machine, a machine 
which included no experimental f a c i l i t i e s ;  indeed, i t  did not even include an i n j e c t o r .  

A number of pe r t inen t  conclusions emerged from t h i s  study. The cos t  of the mag- 
n e t s ,  using present superconductor cos t s ,  w a s  70-85% accounted €or by the cost  of t h e  
superconducting ribbon o r  w i r e .  A t  low f i e l d s  NbTi i s  cheaper but,  a t  about 100 kG, 
Nb3Sn w a s  cheaper. Power suppl ies  were estimated on conventional systems "bad as they 
are." Cryostats w e r e  t o  be of s i m p l e  design w i t h  high heat leak but of high r e l i a b i l -  
i t y .  No l i qu id  ni t rogen shielding was included. Cost w a s  estimated a t  $2000-$3000 pe r  
m e t e r .  

Refr igerators  would be l a rge  un i t s  s ince  c o s t  of r e f r i g e r a t i o n  s e e m s  t o  vary wi th  
about the two-thirds power of the r e f r i g e r a t i o n  power required. 

Other systems would be conventional with the  exception of the vacuum system, which 
would use  cryopumping. 

Green's conclusions w e r e  somewhat su rp r i s ing .  For a 2 sec cycle h i s  econoinic op- 
timum occurred a t  a peak f i e l d  of 25 kG ( s l i g h t l y  higher f o r  Nb3Sn superconductors). 
For a 10 sec cycle  the  optimum i s  a t  35-40 kG. 

Perhaps the m a i n  impact of Green's presentat ion came from the conclusion t h a t ,  
even a t  such modest i nc reases  i n  f i e l d ,  the c o s t  of a superconducting synchrotron would 
be.  about half  of t h a t  of a conventional machine f o r  the same energy. 
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Sampson of Brookhaven then presented a combined paper. Under his chairmanship the 
previous week's session on superconducting magnets was so crowded that he postponed a 
paper of his own on pulsed superconducting magnets which was now coalesced with a study 
on superconducting synchrotrons. 

Sampson and his associates have shown experimentally that,: 

-Loss per cycle is independent of freqQency. 
-Loss  correlates with total field swing regardless of bias. 
- L o s s  correlates even better with the rms value of field normal to the 

- For the same change in field, loss  is independent of current. 
- L o s s  is proportional to the Nb3Sn content of the tape used. 
- L o s s  is influenced by the winding density. 

Sampson emphasized a point made earlier in the session by Howard Hart of General 
Electric that attempts to increase current carrying capacity by increasing the thick- 
ness of a layer of Nb3Sn can be self-frustrating since, from our experimental results, 
the low thermal conductivity of NbgSn can.make it impossible to remove the heat gener- 
ated in ac losses in a thick layer of this superconductor. 

tape surface (Nb3Sn tape was used in all cases). 

Sampson then presented a few cost estimates for a modest accelerator of 2000 GeV 
using superconducting magnets. This is to be a machine of 1.5 km radius with a peak 
field of 60 kG. The aperture is assumed to be 6 cm in diameter. About 80% of the 
ring will be full of magnets. Stored energy in the ring has a peak value of about 
750 MJ. Injection would be at 30 GeV, which happens to be available from Brookhaven's 
AGS . 

From Brookhaven's ac measurements it seems that a ratio of stored energy t o  loss 
per cycle of about 200 is presently achievable. Sampson assumed that this can be in- 
creased to about 1000, an assumption that, in view of Smith's work, seems pessimistic. 
He then made cost estimates that were even more encouraging than those of Michael 
Green. 

STORAGE OF ENERGY IN SUPERCONDUCTING MAGNETS 

Smith's proposals for power supplies for superconducting synchrotrons already 
have been mentioned. Another energy storage project in progress in France was report- 
ed by G .  Bronca of Saclay. In an attempt to simulate conditions encountered by satel- 
1ites.on re-entry into the atmosphere, the ONERA laboratory in France is planning 
storage of about 50 MJ in superconducting coils for release in 20-50 msec. Pilot 
tests for this experiment are in progress at Saclay. 

AC LOSSES IN SUPERCONDUCTORS 

LRL work on this topic was presented during the fourth week by F. Voelker. New 
work since that date was described by W.S. dilbert, also of LRL. 
not hear Voelker's paper the earlier results were reviewed. 
coils of 0.5 in. h'b3Sn ribbon were presented. 
cipitated a discussion of t ? ~ e  significance of short circuits in test coils. 

For those who did 
New results on pancake 

The rather high losses observed pre- 

In conclusion Gilbert expressed considerable opzimism about the possibility of 
operating at high over-all current densities. 
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IRON SHIELDING FOR SUPERCONDUCTING MAGNETS 

A short  paper.was presented by the writer on i ron  shielding f o r  cosine wound c i r -  
Analytic expressions were wr i t t en  f o r  a c o i l  of f i n i t e  c u l a r  dipoles  and quadrupoles. 

thickness  surrounded by a cy l ind r i ca l  shield of inner diameter l a r g e  enough so tha t  
t he  e x t e r n a l  f i e l d  of t he  magnet has f a l l e n  below the sa tu ra t ion  value f o r  iron. It 
was shown that  such a s h i e l d  w i l l  not d i s t o r t  the f i e l d  i n  the  u s e f u l  aper ture  but t h a t  
i t s  value w i l l  be increased t o  some extent .  In the case of d ipo le s  the  dipole  f i e l d  
can be increased by about 10 ICG fo r  no change i n  current .  

RADIATION EFFECTS ON SUPERCONDUCTING MAGNETS 

T h i s  subject w a s  a t tacked by H. Brechna of SLAC who, i n  typical Brechna fashion, 
i n j ec t ed  a few st imulat ing introductory remarks. These remarks w e r e  aimed a t  the gen- 
eral  a t t i t u d e s  toward superconducting devices. He drew a p i c t u r e  of a c l a s s i c a l  s ca l e s .  
One pan of the sca l e s  included a package of "uncertainty about superconducting magnets 
+ room temperature magnets." The other pan w a s  f i l l e d  with "experiments + optimism." 
It w a s  h i s  f ee l ing  t h a t ,  i n  t he  present atmosphere, the former pan might.move rapidly 
downward. 

Brechna emphasized a few of the problems. facing the designer of high f i e l d  magnets 
- f a t i g u e ,  f o r  example, about which a t  t h i s  e a r l y  state of knowledge l i t t l e  i s  known. 

On the question of r a d i a t i o n  e f f e c t s ,  t h i s  t a l k  w a s  divided i n t o  f i v e  sections.  
These sect ions f e l l ;  very log ica l ly ,  i n to  the following categories:  

- Induced r a d i o a c t i v i t y .  AS an example, f igures  w e r e  presented for a magnet 
5 m downstream from a t a rge t  a t  SLAC. This magnet would receive 3 W of 
gama rays,  1 W of'  neutrons, and 0.4 W of protons. 

- Radiation e f f e c t s  on type I1 superconductors. The usual e f f e c t s  of radia- 
t i o n  - la t t ice  d i s t o r t i o n s ,  changes i n  mechanical p rope r t i e s ,  i on iza t ion  
e f f e c t s ,  etc. can be expected. For NbgSn changes of c r i t i c a l  current  i n  
e i f h e r  d i r e c t i o n  can r e s u l t .  f t  should be noted tha t  an inc rease  i n  c r i t -  
ical current ,  although apparently desirable ,  may make a s t a b l e  superconduc- 
t o r  unstable. 
i n  the i r  superconducting propert ies  as a r e s u l t  of r a d i a t i o n .  

Nbfi and NbZr can both be expected t o  d e t e r i o r a t e  s l i g h t l y  

- Radiation e f f e c t s  on nonsuperconducting metals. The usua l  metals  used fo r  
s t a b i l i z a t i o n  - copper, s i l v e r  DX aluminum - can be expected t o  l o s e  mechan- 
ical s t rength and t o  increase i n  e l e c t r i c a l  r e s i s t i v i t y  under intense radia-  
t ion. 

- Radiation e f f e c t s  on insulat ion.  These a l s o  are uniformly bad. Insula- 
t i on  can be expected t o  become conducting and so t o  d e t e r i o r a t e  the f lux  
jump pat tern.  
ample, t e f l o n  a t  9 X lo8 rad gives off 9 mg  per^ gram of mater ia l .  
gas i s  predominantly f luorine.  

Many insu la to r s  evolve large q u a n t i t i e s  of gas. For ex- 
The 

- Radiation e f f e c t s  on helium. Here, offhand, one does not  expect  ser ious 
d i f f i c u l t y .  Bu t ,  of course, the three isotopes of hydrogen w i l l  be pro- 
duced and could freeze and obstruct  the cooling system. A t  SLAG i n  in- 
tense r ad ia t ion  areas hydrogen can be produced from helium a t  a r a t e  of 
one l i t e r  every t h r e e  hours. 
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Wednesday was FFAG day. The topic was introduced by George Parzen of Brookhaven. 
Parzen described the procedures for choosing parameters in an FFAG accelerator. 
MURA, because of the very large range of momentum to be included, the proposed machine 

. had an enormous (4  m) radial aperture. But if the momentum range could be held to a 
factor of three (for example, 200 MeV to 1 GeV or 300 GeV to 1000 GeV) the radial ap- 
erture could be held to 15 cm regardless of the energy level. Vertical apertures 
would be about 2 cm. 

At 

Problems with the' FFAG mentioned by Parzen included: 

- The field ratio between the useful field in the median plane and the max- 
imum field at the windings. This could approach a factor of two. If a 
maximum field of 60 kG is tolerable at the windings the maximum usable 
field would be 30 kG. 

-Magnet design, which at best is very complicated. End effects of return 
windings may be troublesome and are barely calculable. 

- Field-free, straight sections of any appreciable length cannot be tolerated 
in an FFAG machine. Thus injection, ejection and rf acceleration systems 
become very difficult to design. 

The design of a magnet for an FFAG accelerator was described by P. Gerald Kruger 
of the University of Illinois. Kruger has been for many years a consultant to Brook- 
haven. Using the computer at the Urbana campus Kruger has shown that air-core super- 
conducting coils can be designed to provide the fields required for a superconducting 
accelerator. The structures that he described, although complicated, appeared to be 
quite feasible. Kruger presented a comparison between cost estimates for a pulsed . 
synchrotron and an FFAG machine indicating that the dc operation of the FFAG accelep- 
ator might make it somewhat cheaper. 

G. del Castillo of Argonne presented design ideas evolGed at AM, and emphasized 
a number of mechanical problems that remain unsolved for FFAG and, indeed, for all 
types of superconducting machines. He emphasized the problems of aligning structures 
in cryostats at 4'K and of measuring magnetic fields at low temperature with the high 
precision required. 
making the necessary measurements, but it cannot be said that he appeared confident 
that any of his designs was completely satisfactory. 

He presented three possible cryostat designs, including means for 

del Castillo then discussed plans for FFAG developments at Argonne. Room-tem- 
perature tests of a coil configuration proposed at Brookhaven indicated that such a 
configuration might be useful. Kruger pointed out the fact that this configuration, 
although initially intriguing, had very bad end effects. 

Plans at Argonne include construction of a superconducting coil which would re- 
present an element of an FFAG system. Attempts will be made with this coil to measure 
fields to O.O.l% to check detailed computations of field patterns. 
tween field and current will be checked and the effects of field induced forces up to 
200 tons will be observed. 

The relation be- 

A paper not in the program was introduced on Wednesday by W. ilerrmannsfeldt of 
. SLAC. After a few pungent remarks about cost estimates, Berrmannsfeldt discussed the 

possibility of converting the two-mile linear accelerator to a superconducting machine 
yielding 100 GeV. This would require acceleration rates of 10 MeV per foot whi.ch is 
somewhat above current acceleration rates. If this could not be achieved, SLAC pro- 
poses that the electron beam should be magnetically deflected back to the injection 
end of the machine and reaccelerated. 
heads. 

A couple of intriguing problems raise their 
The geometry of the return path is adversely affected by a new Freeway which 
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is under construction and which crosses the two-mile machine on a bridge. 
problem is that of energy loss  by radiation in the curved sections of the returned 
beam. Here it is quite possible to lose half of  the .energy in the accelerated beam. 
These rather formidable problems do not appear to have frightened the indefatigable 
group at SLAC. 

The second 

The last day of this week's session was a departure from superconductivity t o  a 
consideration of nonsuperconducting metals at cryogenic temperatures. Here pure alu- 
minum appears to be the most promising material. It can be operated in the temperature 
range between 4' and 30°K. 
Vincent Arp of the Bureau of Standards at Boulder. 
up of a sum of components due to impurities, lattice defects, grain boundaries, lattice 
vibrations, etc. The larger are these components the higher will be the value of the 
temperature at which a sample reaches an asymptotic value of resistance when cooled - 
further reduction of temperature will cause no further decrease in resistance. By 
removing impurities, the ratio of resistivity at room temperature to that at &OK can 
be increased to values as high as 45 000. Values as high as 15 000 are commercially . 
available - these samples are purified by zone refining. This process, .however, leaves 
traces of transition metals. 
electrolytic deposition of aluminum from aluminum triethylene, a very inflammable and 
explosive substance. 
clude transition metals. 
attained. 

The properties of very pure aluminum were outlined by 
The resistance of aluminum is made 

A new German process is now available wbich involves 

The electrolyzed aluminum has many impurities b u t  does not in- 
It can then be zone refined to produce the highest purity yet 

The resistivity of aluminum rises sharply if it is strained beyond its yield point. 
The low value can be restored, however, if the sample is annealed at room temperature 
or at a somewhat higher temperature. 

A desirable property of aluminum is a relatively low value of magnetoresistance. 
At about 10 kG the resistivity reaches a value approaching about three times its zero 
field value, but at higher fields the resistivity shows no further increase. 

Aluminum samples show a variety of size effects when used in ac applications. 
These size effects depend on the relative magnitudes of the sample diameter, the clas- 
sical skin depth, and the electron mean free path. 

The possible use of aluminum in cryogenic accelerator or.beam transport magnets 
was discussed by Gordon Danby of Brookhaven. Danby pointed out the fact that "picture 
frame magnets" for very high flux densities suffer from the relatively low current den- 
sity attainable in copper in conventional room-temperature magnets. 
above 20 kG the winding becomes absurdly large. But for materially higher current den- 
sities Danby has shown that fields in iron core magnets can be pushed t o  40 kG and 
above. Field distortions of sextupole or higher order become surprisingly low if the 
magnet gap is increased to be of the same order as the separation between the windings. 
The models thus far have included copper windings cooled by liquid nitrogen but Danby 
will soon have obtained some aluminum strip with a resistance ratio of 15 000. 
this he hopes to attain current densities of the order of 10 000 A/cm2. 

For fields much 

With 

Danby then turned to consideration of a 2000 GeV accelerator using cryogenic mag- 
nets, operated at 40 kG. He would propose operation at 27'K using liquid neon as a 
coolant, although in the subsequent discussion it appeared that operation as low as 
.1O0K might be advantageous. 
Eddy current and hysteresis losses would increase the total loss to about 66 W/ft. 

At 27OK resistive losses would amount to about 60 W/ft. 

At this early stage it is not at all obvious whether cryogenic or superconducting 
magnets will. be preferable €or use in synchrotrons. 
give comparable results for the two cases. They do, however, indicate that major 
savings should be possible for the super-energy synchrotrons of the future. 

Very preliminary cdst estimates 
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1968 summer study on superconducting devices and accelerators at Brookhaven National Laboratory is considered as
one of the most important and defining meeting that led to the application of superconductivity in modern particle
accelerators and storage rings. One must admire that bold vision, and years of persistent and hard work of number of
scientists, engineers and technicians which turned that vision in to reality. Moreover, the research work presented then,
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INTRODUCTION 

John P; Blewett 
Brookhaven National Laboratory 
Upton, New York 

The 1968 Summer Study had as its objective a comprehensive survey of the field of superconducting devices and
accelerators. The six weeks allotted to it seemed a reasonable period for a study that was to be relaxed though not
leisurely, intensive but not concentrated like a five-day conference. On the whole these goals were achieved; we at
Brookhaven learned a great deal and it is our hope that our visitors were equally happy. 

Almost 200 visitors attended the study for varying periods. Of the attendees about half came from American or
Canadian national laboratories and universities. About one-third of the visitors represented some twenty-seven
American and Canadian companies involved in superconductivity or cryogenics. The remaining one-sixth of the study
group came from foreign laboratories in England, France, Germany, Holland, Switzerland and Japan. It was
particularly pleasant to welcome eleven representatives of our sister laboratory CERN. 

Almost a hundred papers were presented during the study. Most of them are included in this volume which has been
capably edited by Albert G. Prodell and Harald Hahn with the able assistance of Mrs. Yvonne Winterbottom. 

The headquarters for the study was in Brookhaven's Accelerator Department but members of Brookhaven's Physics and
Nuclear Engineering Departments, also were involved in the study's organization. Offices in an Accelerator
Department annex were made available for the use of visitors, some of whom were able to join the study for several
weeks. 

The period of the study was divided into one-week sessions on various topics. Each session was organized by a
"chairman for the week." The first week on "Superconducting Rf Cavities and Linacs" was organized by H.A.
Schwettman of Stanford. T.R. Strobridge of the National Bureau of Standards in Boulder planned the second week on
"Cryogenics." The third week on "Superconducting Materials" was under the direction of A. Paskin of Brookhaven.
The fourth week was cut short by the Fourth of July holiday, most unfortunately since S.L. Wipf of Atomics
International planned a very interesting program on "Ac Effects and Flux Pumps." The fifth week drew the largest
attendance for a program on "Superconducting Magnets" arranged by W.B. Sampson of Brookhaven. The sixth, and
final, week on "Accelerators and Storage Rings using Superconducting or Cryogenic Magnets" was organized by the
writer. On the last day of the last week summaries of each session were presented by the various "chairmen of the
week."

The organizing committee for the study included H. Hahn, A. Paskin, A.G. Prodell, W.B. Sampson, and the writer who
acted as chairman. 

It is a pleasure to acknowledge the assistance throughout the study period of Miss Barbara Pryor at the registration
desk, of 3.R. Craig of Brookhaven's Instrumentation Department, of Mrs. Mariette Kuper and Mrs. Virginia Sayre of
our Director's Office, of the staff of the Brookhaven Center, and of Brookhaven's Housing, Transportation and Travel
Offices, all of whom provided unfailing and good-humored support for the program. Over-all supervision of the
administrative details of the study was maintained by Mrs. Yvonne Winterbottom with her usual skill and efficiency.

Introduction as it appeared in the original proceedings

Return to 1968 Proceedings Home Page
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W.B. Sampson, and the writer who acted as chairman. 

It is a pleasure to acknowledge the assistance throughout the study period of 
Miss Barbara Pryor at the registration desk, of 3.R. Craig of Brookhaven's Instrumenta- 
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INTRODUCTORY REMARKS 

Maurice Goldhaber, Director 
Brookhaven National Laboratory 

Upton, New York 

Superconductivity was discovered in the same year as the nucleus - 1911. 
I remember it well because I was born in the same year. 
based on superconductivity is just coming to fruition, more than twenty years 
behind nuclear technology. This can probably be ascribed to the fact that 
superconductors for high fields were not discovered until a few years ago. 
The magic element is niobium, an element which has a single stable isotope, 
Nbg3. 
much. The next odd 2 element, technetium, did not quite make it, otherwise 
it would strongly compete with niobium. 
progress is illustrated by the fact that the theory of superconductivity due 
to Bardeen, Cooper and Schrieffer has application also to the understanding 
of nuclei. The technology of dc superconducting magnets has been successfully 
developed for a number of years and you can see many examples of it here and 
elsewhere. I hope you will have a chance to see the new 7-ft bubble chamber 
test facility which has a very large superconducting magnet. Here at Brook- 
haven we have an important cooperative effort in superconductivity which 
involves the Accelerator, Nuclear Engineering, and Physics Departments. The 
big hope, especially of high energy physicists, is to build high field ac 
superconductors which will permit relatively cheap and relatively small, 
extremely high energy machines. Your Summer Study may prove to be an impor- 
tant contribution to this end. I wish you luck. 

Strangely, technology 

Nuclear physicists have shown that it is just stable, but not by very ' 

The interrelation of all physics 

. 
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INTRODUCTORY REMARKS 

Maurice Goldhaber, Director 
Brookhaven National Laboratory 
Upton, New York 

Superconductivity was discovered in the same year as the nucleus - 1911. I remember it well because I was born in the
same year. Strangely, technology based on superconductivity is just coming to fruition, more than twenty years behind
nuclear technology. This can probably be ascribed to the fact that superconductors for high fields were not discovered
until a few years ago. The magic element is niobium, an element which has a single stable isotope, Nb93. Nuclear
physicists have shown that it is just stable, but not by very much. The next odd 2 element, technetium, did not quite
make it, otherwise it would strongly compete with niobium. The interrelation of all physics progress is illustrated by
the fact that the theory of superconductivity due to Bardeen, Cooper and Schrieffer has application also to the
understanding of nuclei. The technology of dc superconducting magnets has been successfully developed for a number
of years and you can see many examples of it here and elsewhere. I hope you will have a chance to see the new 7-ft
bubble chamber test facility which has a very large superconducting magnet. Here at Brookhaven we have an
important cooperative effort in superconductivity which involves the Accelerator, Nuclear Engineering, and Physics
Departments. The big hope, especially of high energy physicists, is to build high field ac superconductors which will
permit relatively cheap and relatively small, extremely high energy machines. Your Summer Study may prove to be an
important contribution to this end. I wish you luck.

Introductory remarks as they appeared in the original proceedings
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L E G A L  N O T I C E  

This report was prepared as an account of Government sponsored work. Neithcr the 
United States. nor the Commission. nor any person actinqon behalf of theCommission: 

A. 5lakes any warranty or representation, expressed or implied. \vith respect to the 
accuracy. completeness, or uselillness of the information contained in this report. or 
that the use of an!' inforination. apparatus. method. or process disclosed in this report 
may not inl 'rin~c privately tnviird rights: or 

R. ;\ssumes any liatiilitics \vith respect to the use of. or for damages resultins from 
the use ol' ;in! inlormnrion. appiratus. method, or process disclosed in this report. 

.\a i w d  in thr almvc. "prrson acting on behalf of the Commission" includes any em- 
ployer or contractor i l l  the (:ommission. or employee of such contractor. to the extent 
[hat such employee o r  contractor o1' the Commission. or employee of such contractor 
prepares. disscniiriatcs. o r  provides access to. any inlormation pursuant to his employ- 
inent !)r contriict \\ ith tlie Commission. or his employment with such contractor. 

Printed in the United States ofAmerica 
.Available from 

Clearinqhorise for Federal Scientific and Technical Information 
National Bureau of'Standards, US. Department of Commerce 

Springfield. Virginia 22 151 
Price: Printed Copy 83.00; Microfiche $0.65 

April 1969 1500 copies 
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FIRST WEEK - SUPERCONDUCTING RF CAVITIES AND LINACS 

Chairman: H.A. SCHWETTMAN, Stanford University 

The Summer Study began with a week on applications of superconducting surfaces a t  radio frequencies. Under the able leadership 
of Alan Schwettman, an easy and informal atmosphere was rapidly achieved and soon a free and vigorous interchange of informa- 
t ion was in progress between exponents of various techniques and representatives of the manufacturers whose technology wil l  be 
essential t o  progress i n  this field. The session was dominated by the energetic Stanford group who continually amazed the audience 
with the scope and daring of their plans. 

Chairman H. Alan Schwettman with W.M. Fairbank and E. Jones, all of Stanford. G.A. Loew and R.B. Neal of SLAC. In the background is H.J. Halama of Brookhaven. 





SECOND WEEK - CRYOGENICS 

Chairman: T.R. STROBRIDGE, NBS, Boulder 

A comprehensive survey of the esoteric mysteries of the .field of cryogenics was arranged by Dick Strobridge. Enormously valuable 
papers were presented by Hurlich of General Dynamics and Mowers of  Rocketdyne on the properties of materials at low tempera- 
tures; these papers will save many of us from making costly and dangerous mistakes. Papers on refrigeration and cryostat design 
provided a fine survey of the state of the art and of the directions in which further progress can be expected. 

LEFT: Chairman T.R. Strobridge with W.H. Bergmann of Argonne and H.A. Schwettman of Stanford. 
RIGHT: Two participants from European industry: G. Prast of Philips and G. Bogner of Siemens. 





THIRD WEEK - SUPERCONDUCTING MATERIALS 

Chairman: A. PASKIN, Brookhaven National laboratory 

Arthur Paskin arranged this week as a survey of presently available superconducting materials and a look into the future. Par- 
ticularly interesting were two “Manufacturer-User round-tables,” in  which opinions were exchanged about what would be desirable 
in the realm of superconducting materials. The voice of common sense came from the representatives of industry who explained 
which user hopes were reasonable and which were not. Unfortunately for those who were not present, these sessions were not  
recorded; it had been agreed early in  the Study that, in the interests of free discussion, nothing would be published that was not  
submitted to the Editors in writing. 

Chairman Arthur Paskin listening to one of the presentations. R.B. Britton of Brookhaven with H. Laquer of Los Alamos. 



UPPER LEFT: M. Strongin of Brookhaven discussing a point with J.D. 
Livingston of G.E. UPPERRIGHT: J.R. Hale and Y. lwasa of the Francis 
Bitter National Magnet Laboratory in Cambridge, Mass. LOWER LEFT: 
Sharing a coffee break - H. Brechna of SLAC, J.M. Rayroux of Oerlikon 

in Zurich, Switzerland, and W.F. Gauster of Oak Ridge. LOWER RIGHT: 
One of the many informal “round-tables’’ - W.V. Hassenzahl (LASL), 
Y. Iwasa, J.M. Rayroux, H. Brechna, H. Laquer, and C.D. Graham and 
D.W. Lillie of G.E. 
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UPPER LEFT: M. Foss of the Carnegie Institute of Technology in a discussion 
with W.T. BeaII of the Union Carbide Speedway Laboratories in Indian- 
apolis. UPPER RIGHT: Waiting for the morning session to start - H. Brechna 
of SLAC, with R.L. Rhodenizer of G.E. in the background. LOWER LEFT: N.S. 

Nahman and W,.D. McCaa of the National Bureau of Standards in Boulder 
check in at the registration desk. LOWER RIGHT: R.L. Rhodenizer and G.W. 
Donaldson of G.E. Mr. Donaldson was on leave from the University of 
New South Wales in Sydney, Australia. 
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UPPER LEFT: A. Asner of CERN and D.N. Cornish of the Culham Laboratory 
reported on the CERN-Culham co-operative effort on a CERN supercon- 
ducting quadrupole. UPPER RIGHT: P. Lazeyras and R. Wittgenstein of CERN; 
R.B. Meuser of LRL, Berkeley. LOWER LEFT: D. Bruce Montgomery of the 
National Magnet Laboratory and C.N. Whetstone of Cryomagnetics 

exchange information; in the background are M. Morpurgo of CERN 
and H.M. Long of Union Carbide. LOWER RIGHT: J.D. Lawson of the Ruther- 
ford Laboratory, J. Alcorn of SLAC, R.B. Meuser of LRL, Berkeley, M. Snow- 
don of the Rutherford Laboratory listen to a point being made by J.P. 
Blewett of Brookhaven at a party given by Brookhaven's Director. 



SIXTH WEEK - ACCELERATORS AND STORAGE RINGS 
USING SUPERCONDUCTING OR CRYOGENIC MAGNETS 

Chairman: J.P. BLEWETT, Brookhaven National laboratory 

The final week of  the Summer Study, under John Blewett, was a speculative survey of the probable impact of superconducting 
magnets on the accelerator field. The atmosphere was generally confident and optimistic; superconducting accelerators are surely 
just over the horizon. A day during this week was devoted to an all ied field, the use of pure, but not superconducting, metals at 
cryogenic temperatures. Here also the prospects appear to be bright. Finally, on the last day of the Study, the chairmen of all of 
the week-long sessions presented summaries of their weeks. The Study closed amid expressions of  mutual admiration and 
self-satisfaction. 

P. Gerald Kruger of the University of Illinois with D.D. Jacobus of Brookhaven. W.C. Gough of the U.S. Atomic Energy Commission. 



UPPER LEFT: W.S. Gilbert of LRL, Berkeley, preparing his presentation. 
UPPER RIGHT: M.A. Green of LRL, Berkeley, with C.J. Walker of Air Reduc- 
tion. LOWER LEFT: A. Citron of Karlsruhe and Richard A. Beth of Brookhaven. 
LOWER RIGHT: Much discussion was held during the coffee breaks. Here are 

W.B. Sampson of Brookhaven talking with P.F. Smith of the Rutherford 
Laboratory (with back to the camera) while A.D. Mclnturff and K.E. Robins 
of Brookhaven listen in. 
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with W.T. BeaII of the Union Carbide Speedway Laboratories in Indian- 
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UPPER LEFT: A. Asner of CERN and D.N. Cornish of the Culham Laboratory 
reported on the CERN-Culham co-operative effort on a CERN supercon- 
ducting quadrupole. UPPER RIGHT: P. Lazeyras and R. Wittgenstein of CERN; 
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exchange information; in the background are M. Morpurgo of CERN 
and H.M. Long of Union Carbide. LOWER RIGHT: J.D. Lawson of the Ruther- 
ford Laboratory, J. Alcorn of SLAC, R.B. Meuser of LRL, Berkeley, M. Snow- 
don of the Rutherford Laboratory listen to a point being made by J.P. 
Blewett of Brookhaven at a party given by Brookhaven's Director. 
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The Summer Study ran for six weeks, with each week covering an in-depth discussion on the subject
listed below.  Please follow the links for presentations, photos and other information.
 

1. SUPERCONDUCTING RF CAVITIES AND LINACS (First Week)

2. CRYOGENICS (Second Week)

3. SUPERCONDUCTING  MATERIALS (Third Week)

4. AC EFFECTS AND FLUX PUMPS (Fourth Week)

5. SUPERCONDUCTING MAGNETS (Fifth Week)

6. ACCELERATORS AND STORAGE RINGS USING SUPERCONDUCTING OR CRYOGENIC

MAGNETS (Sixth Week)

Author Index
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SUPERCONDUCTING RF CAVITIES AND LINACS
(First Week)

Chairman: H.A. Schwettman, Stanford University
(Photos)

 
The Summer Study began with a week on applications of superconducting surfaces at radio frequencies. Under the able
leadership of Alan Schwettman, an easy and informal atmosphere was rapidly achieved and soon a free and vigorous
interchange of information was in progress between exponents of various techniques and representatives of the
manufacturers whose technology will be essential to progress in this field. The session was dominated by the energetic
Stanford group who continually amazed the audience with the scope and daring of their plans.
 
Following papers were submitted for publication:
 
The Development of Low Temperature Technology at Stanford and its Relevance to High Energy Physics
    H. Alan Schwettman, Stanford University
 
Q Measurements on Superconducting Cavities at S-Band  
     H. Hahn, H.J. Halama, and E.H. Foster, Brookhaven National Laboratory
 
Coupling Losses in Superconducting Cavities
     H. Hahn and J. Miller, Brookhaven National Laboratory
 
Fabrication of Niobium Rf Cavities
     R.W. Meyerhoff, Union Carbide Corporation
 
Fabrication of High Q Superconducting Niobium Cavities
     I. Weissman, Varian Associates
 
Materials Investigation for a Two-Mile Superconducting Accelerator
     M.A. Allen and H.A. Hogg, Stanford Linear Accelerator Center
 
Characterization of Residual Rf Losses in Superconductors
     C.R. Haden, University of Oklahoma
 
Technetium as a Material for ac Superconductivity Applications
     S.H. Autler, NASA Electronics Research Center
 
Applications of the Fountain Effect in Superfluid Helium
     C.M. Lyneis, M.S. McAshan, and H.A. Schwettman, Stanford University
 
Refrigeration at Temperatures Below the Boiling Point of Helium
     S.C. Collins, 500 Incorporated
 
Rf Amplitude and Phase Stabilization for a Superconducting Linear Accelerator by Feedback Stabilization Techniques
     L.R. Suelzle, Stanford University
 
Particle Motion in a Standing Wave Linear Accelerator
     E.E. Chambers, Stanford University
 
Sample Parameters of a Two-Mile Superconducting Accelerator
     R.B. Neal, Stanford Linear Accelerator Center
 
Consideration of the Use of Feedback in a Traveling-Wave Superconducting Accelerator

file:///E|/summer1968cd/test-combine-pdf/photos-week1.pdf
file:///E|/summer1968cd/test-combine-pdf/0001.pdf
file:///E|/summer1968cd/test-combine-pdf/0013.pdf
file:///E|/summer1968cd/test-combine-pdf/0013.pdf
file:///E|/summer1968cd/test-combine-pdf/0018.pdf
file:///E|/summer1968cd/test-combine-pdf/0023.pdf
file:///E|/summer1968cd/test-combine-pdf/0032.pdf
file:///E|/summer1968cd/test-combine-pdf/0034.pdf
file:///E|/summer1968cd/test-combine-pdf/0040.pdf
file:///E|/summer1968cd/test-combine-pdf/0049.pdf
file:///E|/summer1968cd/test-combine-pdf/0052.pdf
file:///E|/summer1968cd/test-combine-pdf/0059.pdf
file:///E|/summer1968cd/test-combine-pdf/0067.pdf
file:///E|/summer1968cd/test-combine-pdf/0079.pdf
file:///E|/summer1968cd/test-combine-pdf/0101.pdf
file:///E|/summer1968cd/test-combine-pdf/0111.pdf


SUPERCONDUCTING RF CAVITIES AND LINACS

file:///E|/summer1968cd/test-combine-pdf/week1.htm[10/7/2010 4:14:53 PM]

     R.B. Neal, Stanford Linear Accelerator Center
 
Summary of Recent Investigations of the Karlsruhe Group on Rf Properties of Superconductors and on Applications
     W. Jungst, Kernforschungszentrum Karlsruhe
 
An Enriched Particle Beam Using Superconducting Rf Deflectors
     H.N. Brown, Brookhaven National Laboratory
 
Design Problems in Superconducting Rf Beam Separators
     H.J. Halama, Brookhaven National Laboratory
 
Superconducting Rf Separator Research at the Rutherford Laboratory
     A. Carne, B.G. Brady, and M.J. Newman, Rutherford Laboratory
 
Beam Optics Design for a 600 MeV Microtron
     D.C. Sutton and A.O. Hanson, University of Illinois
 
High Stability UHF Oscillators using a Superconducting Cavity
     F. Biquard, Nguyen Tuong Viet, and A. Septier, Institut d’Electronique, Orsay
 
Summary of First week of Summer Study
     H. Alan Schwettman, Stanford University
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CRYOGENICS
(Second Week)

Chairman: T.R. Strobridge, NBS, Boulder
 (Photos)

 
A comprehensive survey of the esoteric mysteries of the field if cryogenics was arranged by Dick Strobridge.
Enormously valuable papers were presented by Hurlich of General Dynamics and Mowers of Rocketdyne on the
properties of materials at low temperatures; these papers will save many of us from making costly and dangerous
mistakes. Papers on refrigeration and cryostat design provided a fine survey of the state of the art and of the directions
in which further progress can be expected.
 
Following papers were submitted for publication:
 
Refrigeration at 4 0K
     T.R. Strobridge, National Bureau of Standards, Boulder
 
European State of the Art in Cryogenics
     G. Prast, Philips Research Laboratories
 
Cryogenic Safety
     M.G. Zabetakis, Bureau of Mines
 
Cryopumping
     C. Barnes, CVI Corporation
 
Review of Heat Transfer to Helium I
     R.V. Smith, National Bureau of Standards, Boulder
 
An Examination of a Liquid Helium Refrigeration System for Superconducting Magnets in the 200 GeV Experimental
Area
     M.A. Green, Lawrence Radiation Laboratory, Berkeley, and G.P. Coombs and J.L. Perry, 500  Incorporated
 
Cryogenic Electrical Leads
     C.D. Henning, Lawrence Radiation Laboratory, Livermore
 
Low Temperature Metals
     A. Hurlich, General Dynamics/Astronautics
 
Properties of Nonmetallic Materials at Cryogenic Temperatures
     R. Mowers, Rocketdyne
 
Review of the Cryogenics Session – Second Week of the Summer Study
     T.R. Strobridge, National Bureau of Standards, Boulder
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SUPERCONDUCTING  MATERIALS
(Third Week)

Chairman: A. Paskin, Brookhaven National Laboratory
 (Photos)

 
Arthur Paskin arranged this week as a survey of presently available superconducting materials and a look into the
future. Particularly interesting were two “Manufacturer-User round-tables,” in which opinions were exchanged about
what would he desirable in the realm of superconducting materials. The voice of common sense came from the
representatives of industry who explained which user hopes were reasonable and which were not. Unfortunately for
those who were not present, these sessions were not recorded; it had been agreed early in the Study that, in the
interests of free discussion, nothing would be published that was not submitted to the Editors in writing. 
 
Following papers were submitted for publication:
 
Structure and Properties of High-Field Superconductors
     J.D. Livingston, General Electric Company
 
Instability Comments
     S.L. Wipf, Atomics International
 
Critical Current Behavior of Hard Superconductors
     W.W. Webb, Cornell University
 
Critical Fields of Type II Superconductors
     G. Cody, RCA Laboratories
 
The Effect of Radiation on the Properties of Superconducting Materials
     G.W. Cullen, RCA Laboratories
 
Niobium Tin and Related Superconductors
     R.B. Britton, Brookhaven National Laboratory
 
Composite Materials
     A.D. McInturff, Brookhaven National Laboratory
 
Materials and Conductor Configurations in Superconducting Magnets
     H. Brechna, Stanford Linear Accelerator Center
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AC EFFECTS AND FLUX PUMPS
(Fourth Week)

Chairman: S.L. Wipf, Atomics International
 (Photos)

Although the Fourth of July cut this week to three days, Stefan Wipf compressed into this period not only a brilliant
survey of the problems of instabilities and at effects in superconductors, but also a half-day review of the status of flux
pumps. Particularly notable in the first category were the review papers by Hart of General Electric and by Chairman
Wipf. Some very imaginative ideas in the field of superconducting transmission systems were outlined by Nahman of

the Bureau of Standards who thinks not only of transmitting power but also of transmission in the same system of
information and of cryogenic liquids.

 
Following papers were submitted for publication:
 
Ac Losses in Superconductors
     S.L. Wipf, Atomics International
 
Use of Superconductors in High Energy Physics
     J.P. Blewett, Brookhaven National Laboratory
 
Electrical Loss Measurements in a NbTi Magnet
     F. Voelker, Lawrence Radiation Laboratory, Berkeley
 
Ac Losses in Magnets made of Nb3Sn Ribbon
     G.H. Morgan and P.F. Dahl, Brookhaven National Laboratory
 
Dynamic Resistivity of Hard Superconductors in a Perpendicular Time Varying Field
     A. Altorfer, F. Caimi, and J.M. Rayroux, Oerlikon Engineering Company
 
Magnetic Instabilities and Solenoid Performance: Applications of the Critical State Model
     H.R. Hart, Jr., General Electric Company
 
Magnetic and Thermal Instabilities Observed to Commercial Nb3Sn Superconductors
     G. del Castillo and L.O. Oswald, Argonne National Laboratory
 
Observations of Flux Jump Behavior Related to Various Changes of Geometry, and Thermal  and Electrical
Environment
     A.D. McInturff, Brookhaven National Laboratory
 
Instabilities and Flux Annihilation
     S.L. Wipf, Atomics International
 
Superconducting Transmission Lines – Communication and Power
     N.S. Nahman, National Bureau of Standards, Boulder
 
Recent Developments in Superconductivity in Japan
     Presented by N. Takano, Tokyo Shibaura Electric Company
 
The Case for Flux Pumps and Some of Their Uses
     S.L. Wipf, Atomics International
 
Design Principles and Characteristics of the G.E. Flux Pump
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     R.L. Rhodenizer, General Electric Company
 
Flux Pumps as Power Supplies in Comparison with Alternatives
     M.S. Lubell and K.R. Efferson, Oak Ridge National Laboratory
 
Flux Pump Work at Los Alamos
     H. Laquer, Los Alamos Scientific Laboratory
 
60 Hz Flux Pumps
     R.B. Britton, Brookhaven National Laboratory
 
Proposal for a Flux Pump Utilizing the Inverse Ettingshausen Effect in Hard Type II Superconductors in the Mixed
State
     W.H. Bergmann, Argonne National Laboratory
 
Summary of the Fourth Week – Ac Losses, Instability and Flux Pumps
     S.L. Wipf, Atomics International
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SUPERCONDUCTING MAGNETS
(Fifth Week)

Chairman: W.B. Sampson, Brookhaven National Laboratory
 (Photos)

Bill Sampson’s week on superconducting magnets was the most popular of the Summer Study. Superconducting
magnets were described, from the huge affairs under construction for large bubble chambers to miniature units suitable
for transport of particle beams. It was during this week that Peter Smith of the Rutherford laboratory brought forward
his suggestions for stabilizing superconducting magnets and for reducing ac losses. These ideas already have inspired
programs in a number of laboratories; thus far Smith appears to have been correct in all of his predictions. 
 
Following papers were submitted for publication:
 
Stress Problems Associated with Superconducting and Cryogenic Magnets
     P.G. Marston, Magnetic Engineering Associates
 
Stresses in Magnetic Field Coils
     W.F. Westendorp and R.W. Kilb, General Electric Company
 
Very High Field Hybrid Magnet Systems
     D. Bruce Montgomery, J.E.C. Williams, N.T. Pierce, R. Weggel, and M.J. Leupold,
     Francis Bitter National Magnet Laboratory
 
Principles of Stability in Cooled Superconducting Magnets
     Z.J.J. Stekly, R. Thome, and B. Strauss, Avco Everette Research Laboratory
 
The 1.8 Tesla, 4.8 m i.d. Bubble Chanmer Magnet
     J.R. Purcell, Argonne National Laboratory
 
The Superconducting Magnet for the Proposed 25-foot Cryogenic Bubble Chamber
     A.G. Prodell, Brookhaven National Laboratory
 
The Superconducting Magnet for the Brookhaven National Laboratory 7-foot Bubble chamber
     D.P. Brown, R.W. Burgess, and G.T. Mulholland, Brookhaven National Laboratory
 
A 70 kilogauss Magnet for the Proposed Rutherford Laboratory 1.5 m Diameter Hydrogen Bubble Chamber
     P.T.M. Clee, D.B. Thomas, and C.W. Trowbridge, Rutherford Laboratory
 
Development Program for the Magnet of the European 3.7 m Bubble Chamber
    Presented by F. Wittgenstein, CERN
 
A Possible Source of Instability in “Fully Stabilized” Magnets
     P.F. Smith, M.N. Wilson, and J.D. Lewin, Rutherford Laboratory
 
Analytical Design of Superconducting Multipolar Magnets
     Richard A. Beth, Brookhaven National Laboratory
 
Superconducting Magnetic Dipoles
     G. Parzen, Brookhaven National Laboratory
 
Superconducting Quadrupole Focusing Lens – Part I: Analytical Design and Full-Scale Copper-Wound Pole
     A. Asner, CERN
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Superconducting Quadrupole Focusing Lens – Part II: Construction and Preliminary Tests
     D.N. Cornish, Culham Laboratory
 
Quadrupole Focusing Magnet
     J.D. Rogers, W.V. Hassenzahl, H.L. Laquer, and J. K. Novak, Los Alamos National Laboratory
 
The Rutherford Laboratory Bending Magnet
     M.N. Wilson, R.V. Stovold, and J.D. Lawson, Rutherford Laboratory
 
Brookhaven Superconducting dc Beam Magnets
     R.B. Britton, Brookhaven National Laboratory
 
Pulsed Superconducting Magnets
     W.B. Sampson, Brookhaven National Laboratory
 
Intrinsically Stable Conductors
     P.F. Smith, M.N. Wilson, C.R. Walters, and J.D. Lewin, Rutherford Laboratory
 
Superconducting Magnets for Controlled Thermonuclear Research
     C.E. Taylor, Lawrence Radiation Laboratory, Livermore
 
On Helium II Microstabilization of Nb3Sn
     W.H. Bergmann, Argonne National Laboratory
 
Progress on the IMP Facility
     D.L. Coffey and W.F. Gauster, Oak Ridge National Laboratory
 
Standardized Tests for Superconducting Materials
     W.F. Gauster, Oak Ridge National Laboratory
 
Superconducting Magnets for the 200 GeV Accelerator Experimental Areas
     R.B. Meuser, Lawrence Radiation Laboratory, Berkeley
 
Construction of a Superconducting Test Coil Cooled by Helium Forced Circulation
     M. Morpurgo, CERN
 
Summary of Fifth Week of Summer Study
     W.B. Sampson, Brookhaven National Laboratory
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ACCELERATORS AND STORAGE RINGS
USING SUPERCONDUCTING OR CRYOGENIC MAGNETS

(Sixth Week)
Chairman: J.P. Blewett, Brookhaven National Laboratory

 (Photos)

The final week of the Summer Study, under John Blewett, was a speculative survey of the probable impact of
superconducting magnets on the accelerator field. The atmosphere was generally confident and optimistic;
superconducting accelerators are surely just over the horizon. A day during this week was devoted to an allied field,
the use of pure, but not superconducting, metals at cryogenic temperature. Here also the prospects appear to be bright.
Finally, the chairman of all of the week-long sessions presented summaries of their weeks. The study closed amid
expressions of mutual admiration and self-satisfaction.
 
Following papers were submitted for publication:
 
Superconducting Synchrotrons
     P.F. Smith, Rutherford Laboratory
 
Economic Factors Involved in the Design of a Proton Synchrotron or Storage Ring with a Superconducting Guide
Field
     M.A. Green, Lawrence Radiation Laboratory, Berkeley
 
A 2000 GeV Superconducting Synchrotron
     W.B. Sampson, Brookhaven National Laboratory
 
Synchrotron Power Supplies using Superconducting Energy Storage
     P.F. Smith, Rutherford Laboratory
 
Some ac Loss Determinations by an Electric Multiplier Method
     W.S. Gilbert, Lawrence Radiation Laboratory, Berkeley
 
Radiation Effects on Superconducting Magnets
     H. Brechna, Stanford Linear Accelerator Center
 
Iron Shielding for Air Core Magnets
     J.P. Blewett, Brookhaven National Laboratory
 
Superconducting EFAG Accelerators
     G. Parzen, Brookhaven National Laboratory
 
Calculations Concerning Superconducting Accelerators
     P. Gerald Kruger and J.N. Snyder, University of Illinois
 
Preliminary Steps for Applying Superconductors to FFAG Accelerators
     G. del Castillo, R.J. Lari, and L.O. Oswald, Argonne National Laboratory
 
A Superconducting SLAC with a Recirculating Beam
     W.B. Herrmannsfeldt, Stanford Linear Accelerator Center
 
Properties and Preparation of High-Purity Aluminum
     V. Arp, National Bureau of Standards, Boulder
 
Synchrotron Magnets with Cryogenic Exciting Coils
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     G.T. Danby, J.E. Allinger, and J. W. Jackson, Brookhaven National Laboratory
 
Summary of Sixth Week of Summer Study
     J.P. Blewett, Brookhaven National Laboratory
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