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We study the formation and propagation of a normal zone in Rutherford-type superconducting 
cables. We use a rectangular conductor model to account for the electric current redistribution 
process between the multifilamentary strands in the presence of a normal zone. We obtain and 
integrate numerically the diffusion equations for the temperature and the current density 
distributions. Our simulations show the formation of stable normal domains propagating along the 
cable for certain values of the current and parameters characterizing the cable and cooling 
conditions. 0 1995 American Institute of Physics. 

The study of normal zone in current-carrying supercon- 
ductors has been continuously a subject of interest in the 
field of applied superconductivity (see, for example, the 
review’ and references therein). It is well known that in ho- 
mogeneous superconductors an initial normal seed is always 
unstable. If a normal seed nucleates, it will shrink when the 
current is less then a certain value Ip , while for higher cur- 
rents, I>IP ,-- this normal seed will expand. Stable normal 
zones of finite size (normal domains) were found in mul- 
tifilamentary composite superconductors in the presence of a 
transition layer with a high contact resistance between the 
superconductor and the stabilizer. Recently it was found ex- 
perimentally that normal domains can propagate along the 
multifilamentary composite superconductor with a large 
stabilizer.’ This effect was investigated in a number of theo- 
retical studies.3-5 It was shown that the formation of these 
propagating domains is a result of a relatively long process 
of current redistribution between the superconductor and the 
stabilizer. 

Rutherford-type superconducting cables are considered 
for use in superconducting particle accelerator magnets?-s 
These cables consist of multifilamentary composite strands, 
twisted together, and shaped into a flat keystoned form. Due 
to the twisting, each strand goes successively from the inner 
edge of the cable to the outer edge, and back to the inner 
edge, over a characteristic length, I,. Over this distance the 
strand crosses over and has electrical contact with all the 
other cable strands [see Fig. l(a)]. If a normal seed nucleates 
in some part of the cable, the current in this region starts to 
redistribute between the strands due to the existence of the 
interstrand electrical contact. This redistribution process af- 
fects the normal zone propagation in the cable, as in the case 
of a composite superconductor with a large stabilizer. 

In this paper we study the formation and propagation of 
a normal zone in Rutherford-type superconducting cables. 
We consider the case when an initial normal seed nucleates 
in one of the multifilamentary strands. To simulate the pro- 
cess of current redistribution between the strands, we model 
the cable by a rectangular conductor. We represent the strand 
consisting the initial normal seed by a flat superconductor 
(referred to as S,) of the thickness dr . We represent the 
others strands by a flat superconductor (referred to as Sd of 
the thickness d2 (d,>d,). To account for the relatively high 

interstrand resistance in the cable’ we consider the presence 
of a transition layer of the thickness di (diC<d, ,da be- 
tween these flat superconductors. We suppose that the tem- 
perature, T1, T2, and the current density, jr, j,, distribu- 
tions in both superconductors are one-dimensional 
depending on the coordinate along the conductor (x axis) 
and time. 

The process of current redistribution in the conductor is 
modeled by the effective circuit sketched in Fig. l(b). Each 
component of the conductor is described by a discrete chain 
of resistors. The upper chain of resistors represents the su- 
perconductor Sr , each resistor of resistance R1= prA.x/dr , 
where Ax is an arbitrary discretization length. The lower 
chain of resistors represents the superconductor Sa, each re- 
sistor of resistance, R2=p2AxId2. Both chains are linked 
through a third kind of resistor Ri=pidilAx representing the 
transition layer. The inclusion of a characteristic time scale in 
the electric current diffusion process is accomplished by tak- 
ing into account the inductances of both superconductors, 
Z’r= yIpoAxdl and 3’a= Y~~aAxda, where yl-1 is a nu- 
merical factor. 

To consider the temperature distributions we assume that 
the heat capacities Cr , Cz, and the heat conductivities kl, 
kz of the superconductors St) S2, are equal, i.e., 
Cr= CZ=C, and kl= k2=k,. We suppose that the values of 
C, , k, , ki and ho are constant, where ki is the heat conduc- 
tivity of the transition layer and h,j is the heat transfer coef- 
ficient.to the coolant with the temperature To. We introduce 
the dimensionless temperatures; or, 13~) and current densi- 
ties, il, iz, in the superconductors S, and S2 as 

T,,z- To 
@1,2= T,- To - 

jl,2 
il,2=jc ) 

where T, is the critical temperature and j, is the critical 
current density of the superconductor. We consider the “step 
model” for the resistivity of the superconductor, i.e., we take 
pl,z in the form1 

p1,2= Ps dh,2- 1+ 4,zL (2) 

where r](x) is the Heaviside step function. 
We define lth, the characteristic thermal length and rth, 

the characteristic thermal relaxation time for the supercon- 
ductor Sr , 
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FIG. 1. (a) Principal scheme of transposition of a Rutherford-type cable in 
the case of four multifilamentary strands. (b) Effective eIectrica1 circuit de- 
scribing the current distribution in the rectangular conductor. 
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where IV= ho+ kildi . We define I, , the characteristic length 
and t, , the corresponding characteristic time for the current 
redistribution 

l2 =d.d pi t = Yrruodl 
m 11 2 

PS 
m- 

PS 

We introduce two dimensionless parameters 

4d 
lYs; 2W(T,-To) ’ hsk, I (5) 

where it is the ratio of characteristic rates of Joule heating 
and the heat flux to the coolant (Stekly parameter), and h is 
the characteristics of the thermal coupling between two su- 
perconductors. 

Finally, applying Kirchhow’s laws to the circuit shown 
in Fig. l(b) and using the heat diffusion equations for the 
temperatures of the superconductors Sr and Sa we tind that 
the system of equations for Br,a and i1,2 has the form 

doI a2e, 
- =~g- -8r-i-h8z+2cri~ v(iI-l+&) 
at 

(6) 

ae2 2 
r-g- =r 2 -6,+h0 1+2cwii v(i2-- 1+ e,) 

(7) 

7 2 =A22 -i2 77(iz- I+ S,)+: i, r(iI-lf e,), 

(8) 
i,+r&=(l+r)i, (9) 

where r=ddd,, the time t is normalized to rth, the coordi- 
nate x is normalized to &h, 

9 

@-2 , 

FIG. 2. Temperature distrxbutions 0, , 6)* in the superconductors .S, , Sz in 
the first regime. The parameters are (Y= 2, h = 0.1, T= 10, X = 20, r = 2, and 
i=O.65: (a) t=5, (b) t=30. 

t I?2 i 
ps - , 

rth 
i=y, 

Jc 

and j is the transport current density in the cable. 
Using the experimental data8’9 we estimate that 

r-10- 100, h-10- 100, CY- l- 10, and h-0.05-0.1. The 
value of the parameter r depends on a number of strands 
composing the cab1e.s We use the values of r in the range 
r-S-30. 

To study the dynamics of a normal zone, we performed 
numerical simulations of Eqs. (6)-(g). We observed how the 
temperature and current-density distributions evolve in time 
when the conductor .is initially in the superconducting state, 
except for a normal seed of length It,, in the superconductor 
Sr . We found that for small transport currents, i<ip , this 
normal seed shrinks and superconductivity recovers in a 
whole conductor. For higher currents, i> i, ; the initial nor- 
mal seed starts to expand along the superconductor Sr . Dur- 
ing the expansion the current and heat diffuse into the super- 
conductor S2 through a transition layer. We found that two 
different regimes exist. 

In the first regime we observed the quench propagation 
of superconducting to normal interfaces in both supercon- 
ductors. We found that the formation of these interfaces is a 
result of a normal seed nucleation in the superconductor Sz 
during the current and heat diffusion process. In the second 
regime (cryostable regime) we observed the formation of 
stable normal domains propagating along the superconductor 
St. In this case the superconductor S2 remains in the super- 
conducting state during the current and heat diffusion pro- 
cess, and functions as a stabilizer with zero electrical resis- 
tance. 

Let us now represent our results in more detail. In Fig. 2 
we show a sequence of the temperature distributions t), and 
e2 obtained for the values of the current and parameters in 
the first regime. The initial normal seed in the superconduc- 
tor S, starts to expand and the temperature, e2, in the super- 
conductor Sa increases slowly due to the heat diffusion pro- 
cess [Fig. 2(a)]. The normal zone expansion in Sr is 
accompanied with the current diffusion into the supercon- 
ductor S2. When the current density i2 reaches its critical 
value in a certain point x0, i.e., &(x0) = l- e2(xo), a normal 
seed nucleates in the superconductor S2. Formation of this 
normal seed leads to high Joule power in S, and, conse- 
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FIG. 3. Temperature distributions 0,, 13, in the superconductors Sr , S2 in 
the second regime. The parameters are LY=~, h=0.05, r= 100, h=20, 
r=8, and i=O.6: (a) t=40, (b) t=80. 

quently, to a rapid increase of the temperature 19~. As a result 
the normal domain in S2 starts to expand and finally we find 
the superconducting to normal interfaces propagating in both 
superconductors with the same constant velocity [Fig. T(b)]. 
The equilibrium temperature distributions, 8r and 19~) for the 
normal zone far from the propagating interface can be ob- 
tained from Eqs. (Q-(9), namely, 

0,=4Q(l+rh), 8p2cxi2r. (11) 

In Fig. 3 we show a sequence of the temperature distri- 
butions 8r and e2 for the values of the current and param- 
eters in the second regime. As in the previous case the ex- 
pansion of the initial normal nucleus in the superconductor 
Sr is accompanied with the current diffusion into the super- 
conductor S2. In this regime, however, the superconductor 
S2 remains in the superconducting state (i.e., acts as a stabi- 
lizer) and the current diffusion process has a finite duration. 
As a result, the regions of high temperature are formed near 
the boundaries of the normal nucleus in Sr where current is 

diffusing into the stabilizer (the heat generation where is 
maximal), and the region of low temperature is formed in the 
center of the normal nucleus, where current flows mostly 
through the stabilizer [Fig. 3(a)]. Consequently, the outer 
sides of the normal zone continue to expand while its center 
cools down. Finally, superconductivity recovers at the center 
of the normal zone and we find two separated normal do- 
mains. The system tends to a steady state where two normal 
domains propagate along the superconductor Sr, while su- 
perconductivity recovers behind [Fig. 3(b)]. 

In conclusion, we use a rectangular conductor model to 
study the propagation of a normal zone in Rutherford-type 
cables. Our simulations show the existence of two regimes. 
In the first regime, nucleation of a normal seed in one of the 
multifllamentary strands composing the cable results in the 
normal zone expansion in whole cable. In the second regime, 
we find the formation of propagating normal domains in this 
particular strand, while other strands remain in the supercon- 
ducting state. 
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