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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. 
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Fig. 1. Pulsed magnet and plas t i c  former. 

- 911 - 



IO00 

700 

400 

60 

3c 

I '  I I I I 

R.C.A. 

I I I I I 

PEAK FIELD (kG) 
'I 0 20 30 40 50 60 

Fig. 2. "Q" p l o t t e d  against field €or pulsed magnets. 

500 

200 

I00 

50 F 
0 20 40 60 

PEAK FIELD f kG) 

Fig. 3. "Q" plotted agains t  field for pulsed magnets. 
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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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