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SUPERCONDUCTORS, STABILIZATION AGAINST
FLUX JUMPS

INTRODUCTION

Superconducting conductors used for ac and dc magnets are
usually composite conductors consisting of many “intrinsi-
cally” stable fine superconducting filaments in a normal
metal matrix.

It is well known that a simple twisting of the wire as a
whole cannot ensure an equal current distribution between
each filament or each layer of filaments. It appears that dur-
ing energization the current fills first the outer layers of fil-
aments up to the critical current density, whereas hardly any
current flows in the inner layers.

It has already been shown that this particular current dis-
tribution with the field totally shielded from the interior of
the wire could result in instabilities and premature quench-
ing of large multifilamentary wires as it does in a large mono-
filament. It has already been observed and explained how a
highly conductive matrix can slow the process and eventually
totally damp the flux jump. Several laboratories have also ob-
served how highly resistive matrix wires could hardly be sta-
ble. This was not very surprising and could be explained in
agreement with the theories of stability of wires made with
many filaments in homogeneous matrix (copper or cupro-
nickel).

This work was mainly devoted to superconducting wires
made of filaments embedded in a resistive matrix (such as
CuNi to reduce coupling current losses) with an outer shell of
low resistivity (such as Cu) to provide enough stability. In
order to help our understanding, this study was carried out
in line with previous work on stability (1-6). It concerns the
so-called “intrinsic stability.” We have shown how most of the
classical criteria (usually unrelated) can be integrated into
one unique and general expression. In particular, in the case
of superconducting composites with a highly resistive matrix,
we investigated how the different physical parameters can be
optimized for achieving stabilization.

Intrinsic stability of a superconducting composite refers, in
this approach, to hampering the development of flux jump-
ings, the origins of which lie in the nonuniform current distri-
bution inside the wire. This means that a wire is intrinsically
stable if a “small” perturbation does not lead the conditions
to enter in a diverging spiral, AT - —AJ, > AB - E —- @ —
AT, caused by the decrease of critical current J, with respect
to temperature 7.

The sources of perturbations are mainly of internal origin
(change in current, mechanical hysteresis) or, by extension,
any “small” change in temperature due to an external source
(field change, for instance).

In the last section of this article, a more complete discus-
sion is given about what can be considered to be a “small”
perturbation with respect to the actual relationship between
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electric field and current density. Thus, intrinsic instability is
directly ascribed to the nonuniform current distribution in-
side the wire (a direct consequence of superconductivity),
which stores a source of magnetic energy, and the decrease in
critical current density J, with respect to temperature 7.

Two ways of preventing this phenomenon are known: by
absorbing heat generation itself (adiabatic stabilization) and
by removing it by using the enthalpy of external materials or
coolants (dynamic stabilization). In fact, the second process is
different from the first only in that the flux jump has slowed
enough to provide time for heat to be transferred to the cool-
ant. This results only in obtaining more “available” enthalpy
than the enthalpy of the wire itself, to absorb the magnetic
energy stored in the system.

FUNDAMENTAL EQUATIONS AND CALCULATIONS

For a given transport current I; less than the critical current
1., the current density and field profile are shown in Fig. 1.
(The transport current I; and the background field B, are kept
constant.) The critical current density is a unique function of
temperature. For simplicity, the dependence on temperature
is taken to be linear:

for T <T,

for T > T,

In the frame of a simplified critical model, Jc is a step func-
tion versus electric field:

JE=0)=0
J(E #0) =,

The effects of more realistic expressions of current density,
such as J = J(E/E,)"", are discussed in the final section.
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Figure 1. Schematic representation of current distribution and field
profiles in a composite before and after a temperature perturbation.
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In previous work (devoted to copper matrix composites),
the resistivity of the normal metal matrix was taken into ac-
count by the expression (5)

E = pn(J — nsde)

where p, is the effective or average resistivity of the wire in
the critical state, </ is the average current density in the wire,
and 7, is the superconductor space factor.

In contrast to the previous work, we now consider the case
of a multifilament wire made of two different regions: a cen-
tral region consisting of the superconducting filaments in a
highly resistive matrix (CulNi), for which a justified assump-
tion is made in a later step in the calculations that the resis-
tivity of this central zone is infinite, and an outer normal re-
gion with good electrical conductivity (Cu).

Calculations are derived for a slab model. Owing to the
self-field effect, for a given transport current I;, the field pene-
trates to radius a, as shown in Fig. 1, with

where a; is the limit of the filamentary region and a is the
outer “dimension” of the wire (@ ~ RV7/2 for equivalence
with a round wire).

According to Fig. 1, there are three zones of study:

0<x<as
as <X < Q¢

a;<x=<a

A small temperature perturbation d7 in the composite results
in a magnetic flux motion together with an induced electric
field. The deviations from the steady state are related by two
electromagnetic equations and one thermodynamic equation
in each region.

In the central region (filamentary zone with no current)

H
M _y
ot

J=0

T
Cf%—t =div(KgradT)

In the central region carrying the current,

oH
tE = —pg—
o Ho7ge
ot PH _ 0
ot M
oT

C; = = neJ B + div(K grad T')

In the outer copper shell,

oH
VE = — g or
o Hoe

rot H =J,

T
Cng = anﬁ + div(K, grad T)
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For simplicity, the physical properties of materials are as-
sumed to be independent of temperature. Equivalent and av-
erage characteristics are derived for each zone after a homog-
enization that takes into account the local structure of the
composite strand.

In each zone, according to the differential equations, the
solution for the temperature can be developed in the form of
a sum of terms with time and space, for separate variables:

T(x,t) =) X;(x)exp(r;t/7) 1)
where
_ Ceaf

A dimensionless differential equation with respect to space
can be derived in the filamentary region:

X®H_x1-vX®P 4100w -—8X=0 (3)

with the fundamental parameters

,8 — M0n§J30a2 (4)
C(Te - Ty)
Kfll«o

VvV = (5)
Cy o

Note that na = ma; and that

Df
n=—%

mf

is the ratio of the thermal diffusivity over the magnetic diffu-
sivity.

In composites with a highly resistive matrix, » is much less
than 1, which allows a further simplification of the differen-
tial equation

X®_)XP_ )X =0 (6)

In the outer copper shell, if the Joule heating is neglected, the
heat equation becomes

X" - AX: (7
Y
with
K, C,
—-nt 8
Y= K, ®)

For a given constant transport current, there are eight bound-
ary conditions among the three zones concerning the electric
field, magnetic field, temperature, flux, and heat transfer to
the outer coolant. The general solutions of the differential
equations are combinations of eight hyperbolic functions, the
coefficients of which can be derived from the set of eight lin-
ear equations.

In order to ensure self-consistency and to obtain a non-
unique trivial solution for A, the determinant of the system
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must be equal to zero. From Eq. (1), it can be inferred that
any positive A value leads to an irrevocable increase of tem-
perature with time. The first positive value for A determines
the limit between stability and instability (see also Refs. 2
and 3).

Our calculations were carried out in the same way as in
previous papers (2—7). One of the goals of this work was to
find an analytical expression for the stability conditions that
included the parameter 8 and other physical characteristics.

As stability is violated for the very first positive A value, a
power-series expansion of the hyperbolic functions can be
made. Let us set the dimensionless parameters

K.C; K, pnCy en hia;
= s o= —, 8 = . € = —, h = —
’ KCy K; 1K Qg K;
When A tends to zero, it can be written in the form
4Bha
h= 3 4Be he
48(1 + he) (% - 1> — [— <1+ 7)
VZ , 9)
+h <1+ 2pe +2ﬂ+%i— %i‘*)]

GENERAL STABILITY CRITERION

From our final expression Eq. (9), we can find a condition for
B when an instability occurs (A = 0). Conversely, a general
stability criterion can be written in the form

A+ (A2 +4hB)1/?
<

°B (10)

B
with
A:4(1+’E>+2}5(2i+e)+2h+4el (1+h—€> (11)
o ) o 2a

B=§<1+%>i3+gi4 (12)
For greater clarity, it is convenient to present criterion Eq.
(10) in terms of an energy balance. The magnetic energy re-
leased by the flux jump should be less than the available en-
thalpy in the system (composite and exchange to the sur-
rounding helium layer)

SJCO 2 .
M i3 < Cp (T, — T + f(he. K.C. p. ..)]

where f is a function containing all the extra terms issuing
from Eq. (10). To confirm the general character of this crite-
rion for composites with a highly resistive matrix, we can
show how some usual criteria can be found, at the cost of a
few approximations.

We must bear in mind in any case that the first assump-
tion that has been made in our calculations is v — 0 in the
filamentary zone (p; — ).

Let us recall a few typical orders of magnitude for physical
properties (Table 1). It can be seen that thermal and electrical
diffusivities are exactly permutable for the inner region and
the outer shell.
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Table 1. Physical Properties of the Materials of Superconducting Composites

Zone K (W-mK™) C(J-m3-Kb p (Q-m) D, (m?-s7Y) D, (m?-s™)
NbTi, CuNi 1.0 1500 3 X 1077 6 X 10 0.25
Cu 300 1000 3 X 1071 0.3 2.5 X 10™

It takes 0.5 us to diffuse heat over 0.5 mm in the copper
or magnetic flux in the CuNi matrix, whereas it takes a much
longer time (0.3 ms) to diffuse magnetic flux in the copper or
heat in the CulNi matrix. This means that the process in the
filamentary region is almost locally adiabatic. There is hardly
any current generated in the inner core due to the fact that
at the initiation of the flux jump the electric field in the inner
core is zero when it is at a maximum at the interface between
the filamentary region and the outer copper shell. The self-
field effect tends to expel the excess current to the periphery.

APPLICATIONS TO A FEW SIMPLIFIED OR USUAL CRITERIA

Adiabatic Criterion

If one assumes h; — 0 (no heat exchange with the helium
bath), Eq. (10) becomes

3 enCh
=1 13
B<= ( + a Cf) (13)
and using Eq. (11) we obtain
o (s o@)? 5 ( enC'n>
—_ C.(T.—-T) (1 14
3 1” < C( i1+ a.C; (14)

This criterion indicates the role of the enthalpy of the outer
normal metal shell. With i = 1 and e, = 0 (no shell), we obtain
the usual so-called adiabatic criterion (1-4). The “stable” pa-
rameter B varies with i as 1/i3. A direct application of this
expression is the evaluation of the maximum average current
density J that can be carried in a wire of half-dimension a.
Letting

. enCy
J = nedcl and C=C; <1+ afo>

yields

_ 1/3
J < (M) (nch)1/3a‘2/3 (15)

Mo

Whereas using a wire with the highest possible critical cur-
rent density seems important, the gain in stable density is
not so significant, however. On the other hand, the stability
is not as dependent on the size a as is often considered. Al-
though it is true that the stability parameter 8 varies as a?,
the maximum stable average current density varies as a 2.
For instance, doubling the thickness a results in a stable av-
erage current density multiplied by 0.63.

Dynamic Criterion

Several workers have proposed analytical expressions for sta-
bility criteria of homogeneous composites (6—8). To our knowl-

edge, they have always been presented for i = 1 (critical cur-
rent) and for nonzero values for v in the case of exact
solutions obtained along a similar approach.

Let us consider a typical composite wire as a guide to jus-
tify some approximations, with a; = 0.7 X 102 m, e, = 0.3 X
1023 m, n, = 0.2, ney = 0.5, pouns = 0.3, and A, = 10° W-m2-
Kl The basic assumption (v = 0) is satisfied by p/u, >
K,;/C;. To derive a dynamic criterion, it is necessary to assume
that the heat conductivity in the inner region is not negligi-
ble (p; is kept infinite). The two terms h«¢/K; and he, /K, are
considered to be much less than 1.

The general criterion can then be written as follows:

o (s oa)? "

3
enCn htaf hten
<Ci(T.-T,) <1+ afo> (1 +A17f +A, K, ) (16)
with
3
2+3 <e“(é“ + %
a .
1= e a1 (17)
enCh
4 <1
a;Cy
enCn ll«()Kn <ef ) encn]
1+ ) [2 + £ 12 ) +
( a;C; oCr \ay a;C;
enCh enCn \’
2+3
_ e <afcf) <afcf>
9 = 2
enCh
4(1
( + Cf) (18)
I'LOKn <e_n +2l> (2+ enCn>
N mCr \ ¢ aCe) 1

Equation (16) emphasizes the respective influences of the in-
ner region and of the outer shell. From Eq. (16), two particu-
lar cases can be derived as follows.

1. Letting e, = 0 (no outer normal shell) and i = 1, we find

2
7“0(”5;’700“) <CyT, —T,) (1 42 ]ﬂ>

24 K; (19)

This expression is similar to the expression obtained
previously (6) in the case of a homogeneous multifila-
mentary composite for low values of the ratio v:

o (s oa)?

7 ha
: ) (20)

<Cm(Tc_Tb) <1+ %K
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The small discrepancy between the two expressions can
be mainly ascribed to the fact that the calculations per-
formed previously (6) were only correct for v # 0,
whereas the present calculations were carried out with
v=0.

2. If we keep e, # 0 and assume a very low resistivity for
the outer normal metal shell (made of copper, for in-
stance), Eq. (16) becomes

1o (s 9@)? 5 B ( enCn> ( hten>
3 i < Cy(T. - Ty) 1+afo 1+A, X

with

(22)

Again we find a simplified criterion that emphasizes the
beneficial influence of a low resistivity p, as in the case
of homogeneous composites. This is already visible in
Egs. (21) and (22). It can be pointed out more clearly
for e,/a; < 1, which permits another simplification step.
It follows that

o (sl o@)? 2
3
<Cy(Ty—T,) [1 4 &l

a;Cy

3 o hien [en .
2o L) 2
+7 o C \a +2i (23)

We can see that the simplified Eq. (23) of our general
criterion Eq. (10) can also be put in a form similar to
more conventional criteria derived for homogeneous
composites. For instance, for i = 1 (and in the frame of
the particular assumptions), we find stability for

1o (s oa)?

<T.-Ty) <Cf+Cn oy §w> (24)
3 a;

2 pn

when it was determined for homogeneous composites in
previous work

o (s o@)?

3 ,u,ohta>
3

< (TC - Tb) (Cm + 1—0 om

(exact solution in Ref. 6) and

o (s yoa)?

4 ,u,ohta>
3

< (T=T) (Cn+ =

m

(approximate solution in Ref. 8). Both expressions were
given with no outer copper shell.

We can see that the criterion given in Eqs. (23) and (24)
indicates the enhancement of stability by the heat removal to
the coolant due to the “shell effect.” In addition to the en-
thalpy of the composite, the third term in Eq. (24) represents
the enthalpy transferred to the helium during the diffusion
time of the current in the copper shell.

SUPERCONDUCTORS, STABILIZATION AGAINST FLUX JUMPS

The enhancement of stability with increase in the Cu shell
thickness is clear. Evidently a good heat transfer is of no help
when no copper can damp or slow the development of the flux
jump. In contrast, with a sufficient copper thickness, time is
provided to take advantage of the heat transfer to the coolant
and therefore for accounting for the enthalpy absorbed by he-
lium in the heat energy balance.

Similarity with the Cryogenic Criterion

Equation (23) contains two terms: the enthalpy of the compos-
ite and the enthalpy absorbed by the helium. If the resistivity
of the shell is small enough or the heat transfer large enough,
the enthalpy of the composite becomes negligible, and stabil-
ity is completely ensured by the transfer to helium.

The criterion becomes

J )2 3uohien [ en .
Ko (nS COa) i3 < Holtee <e_ + 2l> (Tc _ Tb) (25)
3 4p, ae

Under these conditions, the criterion can be written, to a first
approximation, in the form of generated and exchanged heat
fluxes. For a thin outer copper shell

4pn (ﬂchoi)%z

9, <h(T. - T})

(26)

Effect of Thermal Conductivity

In the general expression Eq. (10), assuming now a very high
heat exchange to the helium (h; — ) and good thermal and
electrical properties of the shell (high K, and low p,), we ob-
tain

A~ 4pphien
pan

ha; .
B~ 14
9K, "

hence

h.a
A% 4t1B
> Kf

In particular, when i = 1, it can be found that the condition
for stability becomes

n(nd®)® ap g 27)

8K; (T. — T;) en
This expression can be compared with the expression that
was regarded as being the dynamic stability criterion:

Pm(rlch()a)2 <1

3En(T. - T,)
This criterion, developed by several groups, quoted in Ref. 8,
assumes an infinite heat transfer coefficient to the coolant. As
a result, it is too optimistic in most practical cases. However,
it is correct in that it determines the limit for the existence of
stationary solutions for temperature-dependent critical cur-
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Figure 2. Comparison of stability curves for composites with no
outer shell with usual curves given for homogeneous composites.
Dashed lines, this work (v = 0) ; solid lines, Ref. 5 (v = 0.1).

rent profiles inside the filamentary region. It points out
clearly, in this case, the effect of poor thermal conductivity.
Simplified Analytical Expression for Homogeneous Composites

In the general criterion Eq. (10) written in a dimensionless
form, stability is ensured when 8 < Q(i), where

A+ (A% +4hB)!/?
2B

MOES

The coefficients A and B include all the physical parameters,
the heat transfer, and the reduced transport current. For a
given set of physical parameters, it is possible to plot the ex-

General criterion
(10)
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pression Qi) as a function of the current i in the form of a
boundary line between stability and instability for any given
value of the pair (B, 7).

In order to compare with theoretical and numerical calcu-
lations performed previously (6), we give here an analytical
expression for the particular case of a highly resistive matrix
superconducting composite without a stabilizing shell (e, = 0).

In the general criterion Eq. (10), let us set e, = 0 and de-
fine h = (ha)/K;. We find

g 32h+2)+ [2A2(2 +i*) + 16A(1 +i3/3) + 16]1/2

= 2
i3 8+ 3hi (28)

This expression can be compared with the expression ob-
tained for the homogeneous composite studied previously (6)
in the case of a low ratio of thermal diffusivity to magnetic
diffusivity (»):

D,

V=—

Dr,

Figure 2 shows the stability function Q) for two values of
reduced heat transfer A. In the present approach v = 0 be-
cause pr is infinite. In the previous approach (6), the limiting
case v = 0.1 was considered. It can be seen that the results
are similar if it is remembered that the theory of the homoge-
neous composite was developed for a round wire (a correction
coefficient of 7/4 was applied to the curves plotted previously
(6) to obtain the curves plotted in Fig. 2.

Developing Eq. (28) for i = 1 and for small values of the
reduced heat transfer A leads to

ma(1+2)

[another form of Eq. (19)].

ht =0 | | ht oo
Adiabatic criterion hyag < Thermal conductivity effect
(14) K; (27)
and
hien <<1
n
Dynamic criterion
(16)
e, =

e, —0 pn—0

Simplified dynamic criterion
for homogeneous composite
(19)

Simplified dynamic
criterion with shell effect

(23)

Enthalpy of composite << energy absorbed by helium

Cryogenic criterion

Figure 3. Summary of conditions to de-
duce usual criteria from the general sta-
bility criterion

(26)
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Figure 4. Stability is improved when both copper shell thickness and the heat transfer coeffi-
cient attain significant values for copper shell thickness € = e,/a;: (a) 0; (b) 0.3; (¢) 0.6; (d) 1.0;
(e) 1.3. Lines from top to bottom: A = 10, 1, 0.1, 0.01.
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Our expression especially developed for the case of an
outer good conducting shell is in perfect agreement with pre-
vious models devoted to homogeneous composites.

SUMMARY

At the cost of some particular assumptions, it has been shown
that the general criterion Eq. (10) encompasses the usual cri-
teria that have been already developed in various particular
cases. This can be represented schematically as in Fig. 3.

INFLUENCE OF THE OUTER SHELL THICKNESS
AND OF THE HEAT TRANSFER COEFFICIENTS

A set of curves have been plotted in Fig. 4 using the more
general criterion Eq. (10) directly. The particular case under
investigation corresponds to typical orders of magnitude of
v = 200, « = 200, and 6 = 1.

The thickness of the shell and the heat transfer coefficients
are given in the form of the dimensionless parameters e =
e/as and h = ha/K;.

It is clearly seen in Fig. 4(a), for € = 0, that because of the
low thermal conductivity of the filamentary region, little is
expected in improving the stability from a good heat transfer
to the coolant. Figures 4(a)-4(e) show the significant role of
the heat transfer coefficient when e is not negligible (for low
values of i, improvement is only provided by the increase in
the equivalent heat capacity of the composite). A noticeable
improvement in stability is provided when both € and A& simul-
taneously attain significant values.

The copper fraction in the conductor is given by 7c, =
e/(1 + e). This expression means that the amount of copper is
totally concentrated in the outer shell. It is, for instance, 23%
for e = 0.3 and 56% for € = 1.3. The reduced heat transfer is
about A = 1for A, = 10 W-m2-K'!and a; = 0.6 X 103 m.

The influence of the shell thickness is summarized in one
set of curves for A = 1 in Fig. 5.

200 TR L L R R
;
S 100 ; ;
:
0 - N N T T T I
0.0 0.2 0.4 0.6 0.8 1.0

i

Figure 5. Influence of the copper shell thickness € = e,/a; on stability
curves for A~ = 1. Lines from left to right: e = 0, 0.3, 0.6, 1.0, 1.3.
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DETERMINATION OF THE STABLE CURRENT L IN A
PARTICULAR EXAMPLE

For any given composite there is no special difficulty in plot-
ting the general curve Q(i) of criterion Eq. (10). Then, the
evaluation of the parameter

B = Mo(’lchoa)2

Cu(T. - Tp)
leads immediately to the determination of the maximum sta-
ble current i,.

As a practical example, let us consider a multifilamentary
composite with a cupronickel matrix surrounded by a copper
shell with the two fixed parameters 2R = 1.35 mm (diameter)
and 7, = 0.20 (superconductor volume fraction).

In order to point out again the influence of the outer cop-
per, let us present the curves in terms of copper volume frac-
tion (the CuNi is entirely located in the filamentary region)

Rf = (1-ne)R?* and o,y =1-1s— g,

The equivalent dimensions used in the slab model are given
by

azgR and a;=

b s
R
respectively. All the parameters intervening in the expres-
sions for Q(i) can be derived as equivalent physical properties.

The expressions Q(i) are plotted in Figs. 6(a)—6(e) with the
copper fraction as a parameter for given values of the actual
heat transfer coefficient 4,. Up to a heat transfer of 102 W -
m2- K1, the composite can be considered to behave as in adi-
abatic conditions.

In order to determine the stable operating current, we can
proceed as follows. Calculate the parameter

B = Mo(’lchoa)2

Ce(T. - T,)
and then, for a given copper fraction and a given heat transfer
coefficient, determine the maximum operating current. For
instance, Fig. 6(d) shows the evaluation of the stable current
for two amounts of copper for a particular case. In a field of
11 T and if one assumes the strand to be cooled in superfluid
helium to 1.8 K (h; = 5 X 10° W-m™2), 8 =~ 90, which means
that the transport current can be increased safely up to 60%
of the critical current for 60% of copper, whereas it is 77% of
the critical current for 70% of copper.

SMALL PERTURBATION AND THE CRITICAL STATE MODEL

The theoretical calculations that have been discussed in the
previous sections assume an ideal critical state model, that
is, the electric field and the current density in the supercon-
ductor are related simply by E # 0 = J = J,. Actually, in
composites made up with a large number of fine filaments, a
continuous dependence of E on ¢/, caused mainly by inhomoge-
neities, can be observed.
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Figure 6. Stability curves for a 1.35 mm diameter wire with 20% of superconductor. A, =
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(a) 0;

(b) 10% (c) 10% (d) 5 X 10% (e) 10* W-m 2- K. Lines from left to right: n¢, = 0.3, 0.5, 0.6, 0.7.



One of the expressions that is most often accepted is

E=r(3)

where n is of the order of 10—100 depending on the field level
and on the quality of manufacture. Under these conditions,
the “critical current” is defined for a given electric field. For
instance, the conditions E, = 10 V-m™! and J, = 2 X 10°
A -m? result in another definition of critical current for £ =
10*V-m%: J, = 216 X 10° A-m™2 for n = 30 and J, =
2.046 X 10° A-m™2 for n = 100.

One of the consequences is that the concept of a small per-
turbation is more difficult to define, since there is no step
function in the E(J) relationship. Another way of pointing out
this effect is to compare the apparent resistivity in this re-
sistive “critical state” with the resistivity pc, of the stabiliz-
ing copper.

The differential resistivity is

0E __E, (J)”_l

od ", \ T,

The “effective critical” current J¥ for which this value equals
the copper resistivity can be estimated. For dE/dJ = pcy,

J* J() 1/n—-1
== (i)
c0

Cu nEO
Assuming pe, =5 X 100°Q-mand E, = 10°V-m, forn =
30

Ji=1.32J,
and for n = 100
Ji=1.07J,

This shows that the critical current density </, defined for E,
has to be noticeably exceeded in order to obtain a stabilizing
effect by the copper matrix.

In order to establish the full relevance to our model, the
perturbation has to generate enough electric field so that JF
is locally exceeded. This is hardly to be expected from the ac
losses produced by an external changing field or by the self-
field of the increasing current itself, except in case of very
high field or current change rate (in less than 10 ms).

A way to cope with this problem is to evaluate the stability
through B8 and i, not in using J, to define 8 but with J¥ taken
as 10 to 30% more than J,, depending on the n value (Fig. 7).
This will result in a larger value for 8 (20 to 60%) and a
smaller value for i. However, the stable transport current I}
will be larger

% __ s Tx
I =i l;

As a result, one can see that a low n value could suggest that
the conductor is more stable, when actually it is only the
“true” critical current that has been underestimated.

Some other factors can give rise to a more stable current
than given in the calculations. They arise from the existence
of a steady-state current distribution (for E = 0) that is differ-
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Figure 7. How the determination of J, is affected by the “n” value.

ent from the distribution given by the ideal critical state
model. The spiral aspect of the filament enables some current
to flow in the unsaturated region (5); after a current increase,
the current decays in the outer layers of filaments because of
the resistive effect (n value), and in a conductor with limited
length, the current distribution is mainly imposed by the
transfer resistances from layer to layer.

To conclude with these considerations, we can describe a
typical perturbation that can obviously give rise to the re-
quired electric field for transferring enough current in the
copper (Fig. 8). If we consider that the current-sharing tem-
perature is given by

Tcs - Tb = (Tc - Tb)(l - L)

and if we consider that a shift in critical current of typically
10% is at least necessary, because of the shape of the E(J)
curve, a small perturbation AT =~ 0.1(T, — T}) is typical for
initiating a flux jump in a wire whose operating parameters
(B, h, i, € just lie on the theoretical curves between stable
and unstable behavior [in other words, J(E,, T}) can also be
considered as J7 at the temperature T}, + AT see Fig. 7].

CONCLUSION

The general analytical criterion that has been presented con-
cerns the intrinsic stability of superconducting composites

E (V-m™)

Ey =
0

Figure 8. Effect of a small temperature perturbation on the E(J)
curve.
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with a highly resistive matrix. It has shown consistency and
continuity with previous theoretical results.

Apart from the general character of this criterion, the in-
fluence of an outer copper shell on intrinsic stability condi-
tions has been clearly emphasized with the help of some ana-
lytical expressions.

The “critical” stability curve Q(i) for a given composite un-
der precise operating conditions acts as a useful basis to pre-
dict its behavior and to determine a “safe” current for intrin-
sic stability.

Conversely, our criterion can be used in a straightforward
manner for a composite design. It becomes possible to con-
sider how a modification of physical characteristics (ratios,
relative positions of the materials, etc.) can improve the sta-
bility conditions. The general criterion Eq. (10), given in an
analytical form, can be of great help in the optimization of the
structure of low-loss composites.

We have also pointed out the great advantage of locating
the copper at the periphery of the composite in order to take
full advantage of the appearance of a maximum electric field
to help current flow in the copper. On the other hand, copper
around the axis is of almost no help, as the electric field is
always negligible in the unsaturated region. However, the de-
bate is not totally settled. In fact, the self-field effect is re-
duced and the conditions for a flux jump are less likely when
the filaments are distributed in a concentric layer with no
superconducting region close to the axis (9). The theory has
to be developed for this case. Also undetermined is whether a
good compromise exists with some copper both in the center
and at the periphery.

NOMENCLATURE

a Composite external radius (slab model) (m)
as Multifilamentary zone radius (m)

as Saturated zone radius (m)

B, Background magnetic field
C Specific heat of the composite (J-m™3-K™)

C; Average specific heat in the filamentary zone
(J-m3-K1

Cn Average specific heat in homogeneous composites (J -
m3-K1)

C, Average specific heat in the normal metal shell (J -
m3-K1)

D, Magnetic diffusivity (m?-s™!)
D, Thermal diffusivity (m?-s1)

Electric field (V-m™?)

Normal metal shell thickness (m)

hwai/K;, reduced heat transfer coefficient

Heat transfer coefficient (W-m™2-K™)

I/I,, reduced transport current

Critical current (A)

Stable transport current (A)

Transport current (A)

Current density in the composite (A -m™2)

Critical current density at T for the given B (A-m?)
0 Critical current density at T}, and B (A-m™2%)
Current density in a normal metal region
Thermal conductivity in the composite (W-m™-K!
K; Average thermal conductivity in filamentary zone

(W-m1t- K1

L UNNNT IS
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K, Average thermal conductivity in homogeneous
composites (W-m™1- K1)

K, Average thermal conductivity in normal metal shell
(W-m1-K1

T, Helium bath temperature (K)
T. Critical temperature for a given field (K)

Greek Letters

o K,/K;, dimensionless ratio
Dimensionless stability parameter
B Critical value of 8 bounding stable and unstable
domains
v (K. /K,)(C/C,), dimensionless ratio
S (po/ o)(C¢/Ky), dimensionless ratio
€ ey/a;, reduced thickness of normal metal shell
e Superconductor ratio in the filamentary zone
s Superconductor ratio in the composite

Mcu Copper ratio in the composite

newwi  Cupronickel ratio in the composite

A Eigenvalue of the system

o Magnetic permeability of vacuum

v (K¢/Cr)(wo/ pr), dimensionless ratio of the diffusivities
Dr Matrix resistivity ({1 - m)

P Average composite normal resistivity (- m)

Pa Normal metal shell resistivity (- m)
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