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___ Abstract 

Dynamics of normal  (N) zone reg ions   ( res i s t ive  do- 
mains)  in uniform and nonuniform superconductors has 
been investigated both theore t ica l ly  and experimentally. 

analytical   theory has been proposed to   descr ibe  the 
r e s i s t i v e  domains’  (RD) dynamics in nonuniform supercon- 
ductors  with the a l te rna t ing   cur ren t .  The or iginat ion 
and local izat ion  of  R D  have  been considered. The se l f -  
exi ted  re laxat ion  osci l la t ions  of  the voltage were 
observed  experimentally. The o s c i l l a t i o n s   a r e  due to  
the  self-exited  ones  of  the RD length when the  induc- 
t ance   o f   t he   c i r cu i t   i s   l a rge  enough. The superconduc- 
t ing sample in  our  experiment was  made from the  multi- 
filament Nb-40%Ti cable ,  the character is t ic   values   of  
the  oscillations  frequency f and the  inductance L were 
of  the  order  of 1 Hz and 20 H respectively.  The theory 
proposed i s  in  a  good agreement  with  the  experiment. 

1” 

1 .  Theory 

The unstationary N-zone propagation  considered 
below arises  in  superconductors  with  the  alternating 
current ,   in  nonuniform superconductors 1-4 e t c .  The 
problem of N-zone or iginat ion and propagation i s  close- 
ly  associated  with  the problems of   s teady-s ta te   s tab i l i -  
zat i  on,  energy  losses and so on. 

We shall  consider  the N-zone propagation by means 
of  the  one-dimensional  heat-transfer  equation.  Let us 
wr i te  i t  in  the following  dimensionless form: 

d=O”-Q + i2(t)[l* FS(X,)]?(B-&l ( 1 )  

8(x,t)= hAP[T(x,t)-Tol/ 1; (Tolp ( 2 )  

where T(x, t )   i s   the   temperature ,  ? ( x )  = 1 a t  x 6 0  and 
Q ( x )  = 0 a t  x 4 0, h i s   t he   hea t   t r ans fe r   coe f f i c i -  

en t ,  To i s   the   coolan t   t empera ture ,   Tc( I )   i s   the   c r i t i -  
cal  temperature, i = I / I c ( T o ) ,  I i s  the  transport   cur- 
r en t ,   I c (T)   i s   t he   c r i t i ca l   cu r ren t  9 i s  the speci-  
f i c   r e s i s t i v i t y   i n   t h e  normal state,cA and P are   the  
area and the  perimeter  of  the  cross-section  of  the 
sample, d = A / P .  The  formula f o r  Bc i s  given by the 
E q . ( 2 )  where the  subst i tut ion  T(x, t )  = T c ( I )  should be 
made. The  dimensionless  time tl = t/to and coordinate 
x, = x/xo  are,used ( to = Cd/h,  x. = (dk/h)’/‘, k i s  
the  heat  conductivity,  C i s   the   heat   capaci ty) .   The 
term ~i 6 (X,)   in   Eq.( l )   descr ibes   the  addi t ional   heat  
generation due t o   t h e  nonuniformity - E q .  ( 1 )   i s  
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often used for   the  descr ipt ion  of  N-zone both  in  the 
composite  superconductors and in  the  thin superconduc- 
t ing  f i lms . 
a )  N-zone loca l iza t ion  on the  nonunjformity 

6 

Let us consider.  the dynamics of  the N-zone loca l i -  
zation on the  nonunifomity  ( f ig .  1 ) .  The equations  des- 
cribing  the movement of  the N-zone boundaries D + ( t )  and 
D - ( t )  ( see   the  f ig .1)  can be obtained  as  follows.  After 
Fourier  transformation on x1 the E q .  (1  ) becomes the 
f i r s t   o rde r   l i nea r   d i f f e ren t i a l   equa t ion   fo r   t he  
Four ie r   coef f ic ien ts   &( t l ) .  The solution of t h i s  equa- 
t ion  describes  the  temperature  distribution  in  the  super 
conductor  containing  the R D .  The conditions o(D+(t) , t)= 
8, lead  to   the  set   of  two nonlinear  integral  equations 

f o r  D + ( t )  and D - ( t l ) .  

Fig. 1 .  

The veloci t ies   of  N-S in te r faces   a re  small  (D+<<l) 
a t  I = I where I i s   t h e  N-zone  minimum propagat7on 
current  . In th i s   case   the   equat ions   for  D + ( t l )  and 
D - ( t l )  may be reduced to   the  different ional   ones:  

5p P 

where V(i)  = 4 $ ( i ) / 1 2  - 2 i s  the velocity  of the N-S 
interface  in  uniform  superconductor a t  i zz i Eqs.(3) 
a r e   v a l i d   i f  FCsl, D = D + D s- 1 ,  / V I < <  1 ,  i .e. 

11 - Ip[<<I   (v(1  ) = 0)  ’. I t  i s   the   case   tha t   wi l l  

Consider  the  localization  of  the N-S interface on 

P ‘  
+ -  

P P  
be investigated below. 

the  nonuniformity when 8(-00)=0, g(+-)= i 2 ,  i = const.  
In the  case one  has D+ = 00 and the  solut ion of 
Eqs, ( 3 )  may be writ ten  in  the form: 

where Do = D - ( O )  ._  A t  D- ,Z Dc = 1 n(2F/v) one obtains 
from Eq.(4)  that  D - ( t l )  = Do - v t l .  The velocity of the 
N-S interface  decreases  exponentially  as i t  moves t o -  
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wards the  nonuniformity and D - ( t l  ) becomes of  the  order 
of D, ( F  > 0, v > 0) .  The local izat ion of the N-S in-  
t e r f ace   a r i s e s  when the  veloci ty  v is small  enough, 
i . e .  v C  vc = 2F. Thus ,  the  14-S in te r face  is  localized 
a t  I - I 6 & b W  FIp. 

ly t ica l   so lu t ions  o f  Eqs. ( 3 )  are  bulky  functions we 
shall   represent them graphically by the  aid of the 
phase  plane ( f ig .2 ) .  The time  evolution of the R D  i s  
determined by the movement of the  representing  point 
along  the  corresponding  phase  track i n  f ig .2 .  The in i -  
t ia l   posi t ion of the representing  point depends  both 
on  the  length and the  posi t ion  ( re la t ive t o  the n o n u n i -  
formity)  of  the R D  created by the  external  heat  pulse. 

P 
Consider now the  local izat ion of RD.  Since  the  ana- 

2 

n+ 0 

-Fig. 2. 

The representing  point moves toward the point 2 
on f ig .2   i f   t he  phase t r ack   i s  on the r i g h t  from the 
dashed l i ne  A1B. This situation  corresponds t o  R D  loca- 
l i za t ion  on the  nonuniformity. The R D  disappears  in 
the  opposite  case. The phase t racks  for   this   process  
a re  on t h e   l e f t  from the  curve A16 i n  f i g .  2. 

The coordinates D, = D- = D of  the  points 1 and 132 
2 are  given by the formula: 

Localized RD e x i s t s   a t  F > 0, 0 6 2v G F , i . e .   a t  2 

Ip  - I g 6 1 d m  F I  Note t h a t   d I d -  F dXb << Ib ,  
P 

i . e .  a t  F 4 1  the N-S interface  is   local ized  in  a 
more wide current   interval   than  the RD.  

As i t   i s  seen from the  f ig.2  the  localized R D  i s  
s table   against  an a rb i t ra ry   s t rong   per turba t ions   i f   the  
representing  point remains on the right from the dashed 
l i n e  A1B.  The minimum energy E needed to   o r ig ina te   the  
N-zone.near  the  nonuniformity a t  IS I , ,  i s   e s s e n t i a l l y  
less  than  the  corresponding  value  of E in  uniform 

superconductors. 

Q Self-exi ted RD o sc i l l a t ions  

Let us consider   the  self-exi ted  osci l la t ions  of  
the R D .  The equations  for  the RD length D ( t l )  and 
I ( t l )  may be wri t ten i n  the  following form: 

where L i s .   the   inductance  of   the  c i rcui t ,  r i s   t h e  
shunt  resistance, L and r a re  normalized by Lo=roto 
and ro respectively, ro =gxo/A, Io i s  the  current o f  
the  external  source. 

In the  case L > LC the  local ized RD becomes u n -  
s table   against   the  small  perturbationsdD and 61 with 
the  frequency . The expression  for L C  may be obtain- 
ed by the  a id  of the  Eqs.(6) , (7) :  

where Do = ( I o / I p  - l ) r  i s   t he   " s t a t iona ry"  RD length 
a t  F<c 1 (Do>> 1 i f  r-1 and Io*>  I ). The formula 
fo r  t3 i s  given by: 

P 

Thus ,  the  R D  may be in  the  pulsing regime  with  the 
frequency C& L-'/~*c 1 i f  L > L,, D, > D, = 

= 21n(Z/F). 

bations  only i f   t he i r   ampl i tude  d1 is  small enough 
( d I  C A I ) .  A I may be writ ten  in  the form: 

For Le LC R D  is  s table   against   the   current   per tur-  

where LC and CI) a re  given by the  formulae (8),(9). A t  
I o >  I, and L L C  any s t a t iona ry   s t a t e  of the  super- 
conductor is   unstable .  In th i s   case   the   se l f -ex i ted  
current   osci l la t ions  with  f ini te   ampli tude  ar ise  '. The 
osc i l l a t ions  may be represented  as  follows. 

First R D  or iginates   in   the "weak" , p o i n t  (Tc< IC)  
then i t  expands into  the  length Dm and f ina l ly   d i sap-  
pears. This process  is  a periodical one w i t h  the  period 
determined by the time  of  the  current  relaxation tc = 

= L/r. The time  of  the R D  ex i s t ance   i s  of the  order of 
&v L1/2 N t,. In this  case  the formula for   the  os- 

c i l la t ions  f requency f may be writ ten  in  the form: 
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The  dependence o f  D,on Io may be  obta ined i n   t h e  
limit Do<< L by   i n teg ra t i ng   o f   t he   Eqs . (6 ) , (7 ) .  Assum- 

i n g   t h a t  i D >> ior a n d   n e g l e c t i n g   t h e   t e r m   e x p ( - D ) e l  
one f i n d s :  

2 

P m  

where d =Qjcd / (Tc  - To)h is  Stek ly 's   parameter ,  

g(&) i s  some s l o w l y   c h a n g i n g   f u n c t i o n   w h i c h   i s   o f   t h e  
o r d e r   o f   u n i t y .  As the  second  term i n  Eq. (1  3)  i s  negl i- 

g i b l e   t h e n   t h e  maximum v o l t a g e   a l o n g  RD Um i D is 
p r a c t i c a l l y   i n d e p e n d e n t  on I I n   t h e   o p p o s i t e   c a s e  
L - D i  one o b t a i n s  Dm- Do . 

The c o n d i t i o n  L L c ( I o )   i s   n o t   v a l i d   a t  Io  Ik 

(L = L c ( I k ) )   b e c a u s e   L c ( I o )   i n c r e a s e s   e x p o n e n t i a l l y  
w i t h  Io. Thus, t h e   s e l f - e x i t e d   o s c i l l a t i o n s  may d i s -  
appear a t   t h e   c u r r e n t  Io i s   l a r g e  enough.  Note t h a t  RD 
s t a b i l i t y  may b e   v i o l a t e d   b y   t h e   s t r o n g   p e r t u r b a t i o n s  
even  though L C  LC,  (see f o r  example Eq. ( 1 0 ) ) .   T h i s  

e f f e c t  may b e   r e s p o n s i b l e   f o r  some h y s t e r e s i s  phenomena 

accompaning t h e   o s c i l l a t i o n  c~rodbh. 

2 

P m  
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2 .  Experiment 

The superconducting  sample was  made f r o m   t h e   m u l t i -  
f i l a m e n t   c a b l e   c o n t a i n i n g  6 Nb-40%Ti f i l a m e n t s  ( 6  69ftm) 

i n  Cu m a t r i x   ( t h e   r a t i o  Nb-40%Ti/Cu i s  about o f  3 2 % ) .  

The  sample was wounded o n   t h e   t e x t o l i t e   t u b e  
6 2,5 cm, and  had  the  fo l lowing  parameters:  d =7,5-1c1-~ 

cm, t h e   t o t a l   l e n g t h  1 = 32 cm, IC = 108 A, I = 48 A 

C = (1,23T + 0,114T ) 10  J/cm O K ,  k=1,36 W/cm"K, 
t h e   s p e c i f i c   r e s i s t a n c e   p e r   u n i t   l e n g t h  R0=3,5*10- R /cm 

t h e   t o t a l   c o n t a c t   r e s i s t a n c e   o f   t h e  sample  ends Rb = 

= 5,05.10- Q . The experiments  were  performed a t   t h e  

d i f f e ren t   magne t i c   f i e lds   O<B<4 ,5T ,   and   t he   cu r ren ts  
0 < I o <  250A. The e l e c t r i c   c i r c u i t   c o n t a i n e d   t h e   s u p e r -  

conduct ing sample (Ls = 0 , 4 r H ) ,   t h e   s h u n t   ( r  = 12,3 * 

1 0 - 6 p  ) and the   superconduct ing   co i l   (L   =19,5pH) .  
The accuracy o f   t h e  measurements  discussed  below was 

about lo"%. 

P 
(To = 4,Z°K, B = 0,5  T), T ( O K )  = 9,37 - 0,52B(T), 

3 -6 3 

5 

6 

The vo l tage  a long  the  sample was measured  simulta- 

n e o u s l y   b y   t h e   a i d   o f   6 2   p o t e n t i a l   c o n t a c t s   t o   d e t e r -  
m ine   bo th   t he   l eng th   and   t he   pos i t i on   o f   t he  R D .  ( t h e  

d is tance  be tween  the   con tac ts  was 0,5 cm) . 
A t  Io> IC the  pu l s ing   vo l tage   a r i sed   on  some sec- 

t i o n s   o f   t h e  sample  3-6 crn long.  It i s  i n t e r e s t i n g   t o  
n o t e   t h a t   t h e  number o f  these  sect ions  depends  on  the 
e x t e r n a l   m a g n e t i c   f i e l d  B. A t  l ow   magne t i c   f i e lds  

( O c B   1 T )   t h e r e   e x i s t s  one R D  i n  the  sample  but a t  
h i g h   m a g n e t i c   f i e l d s  ( 2T.c B c 4 T )   t h e r e   e x i s t  2-4 RD. 
I n   t h e   l a t t e r  case f o r  example  one RD arose  on  the 

end o f   t h e  sample  and  two  others  arose  inside  the 

sample. 

F ig .  3. 

The observed  osc i l lograms o f   t h e   v o l t a g e   a p p l i e d  
t o   t h e  sample  ( lower   curve)   and  to   the  shunt   (upper  

cu rve )   a re  shown i n   f i g . 3 .  The exper imenta l  dependence 
o f  f on Io  i s  desc r ibed   by   t he  Eq. (11 )   w i th   t he   accu -  

r a c y  3-5%.  The o s c i l l o g r a m   o f  one v o l t a g e   p u l s e  i s  
shown i n   t h e   i n s e r t i o n   i n   f i g . 3 .  
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The  dependence o f  Um on Io is  shown i n   f i g . 4 .  The 
s h u n t   r e s i s t a n c e   i n   o u r   e x p e r i m e n t s   i s   n e g l i g i b l e  com- 
p a r e d   w i t h   t h e  maximum RD r e s i s t a n c e  RmeRoDm. I n   t h i s  

case  the   Eq. (12)   descr ibes   the   exper imenta l   da ta   w i th  

the  accuracy  about  30% ( the   va lue  U, should be rep laced 
b y  2Um t o   a p p l y   t h e  Eq. (12) i n  the  case when t h e  RD 

a r i s e s   a t   t h e  sample  end). The d i s t r i b u t i o n ' s   o f   t h e  
e l e c t r i c   f i e l d   a l o n g   t h e  RD a r i s e d   a t   t h e  sample  and 

a re  shown i n   t h e   i n s e r t i o n   i n   f i g . 4   f o , r   d i f f e r e n t  
moments( 6 = 1 T). 
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