
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 ) .  
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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  . 
- 
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- 
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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 . 

- 931 - 

( 7 )  



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 
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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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Pig. 7. IMP superconductor. 

Fig. 8. Short sample test holder. 
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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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F i g .  11. Coi l  and s h o r t  sample tests of 0.057 i n .  x 0.114 i n .  
MbTi conductor. 
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Fig .  13. .IMP f a c i l i t y .  
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