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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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