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Abstraet, In this paper, the optimum copper to superconducter (Cu/Sc) ratio is calculated for composite
superconductor operoting at 1.9K. The goal is to guarantee the composite superconductor stabilizabilily via
selecting the optimum Cu/Sc ratios associated to the maxitaum values of the minimum quench energy
(MQE}. Al the caleulations as well as the simulation studies are carried cut based on the one-dimensional
heat conduetion formula of Dresner. It has been shown that the optimum values of the Cu/Se ratic depend on
the operating conditions concerning both the current density and the magnctic field. Furthermore, these
optimum ratios are found 1o be feasible and acceptable from the economic view point in the manufacturing of
the composite superconductor.
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Introduction

The present confidence in the reliability of composite superconductors has led to the
design and construction of large and complex magnet system [1-3].

However, the stability problem of a superconductor against small fluctuations is an
open question. That is because the critical state in a superconductor represents a
nonequilibruim configuration.  Such a fluctuation may be caused internally (thermally
activated flux creep) or externally (change of applied magnetic field or current
mechanical movements, ...etc.). The power dissipation associated with the small
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perturbation can cause a small temperature rise locally. Since the pinning force density
usually decreases with increasing temperature, the perturbation may become larger,
resulting in an instability and therma! munaway. This can lead to catastrophic
consequences, if the magnetic energy stored in a superconducting magnet energy is
suddenly converted into thermal energy. Hence, the developmient of stability criteria
becomes highly important for applications of superconductors [1-3],

The minimum quench energy (MQE) is one of the key elements that affects the
stability of the composite superconductor. For magnet designers, the main problem is to
maximize the MQFE, i.e. to make it more difficult for random energy disturbances such
as wire movements, flux motion, ....etc. to make quench the magnet. That is to make the
magnet mote stable against the above discussed perturbations.

Recently, the problem of finding an optimum CwSc ratio in a composite
superconductor has received litile attention [4-6]. For example, Yoda et. al. [5] have
studied the addressed problem. However, their analysis and calculations suffer from
strong approximation which limit the range or the applicability of their formulas. In [6],
Ishuyamn and Shimizu have presented an optimal design method to calculate the
optimum Cw/Sc ratio that minimizes the winding volume of superconductor magnets.
Cu/Sc ratio that minimizes the MQE. However, the resulting ratios are not feasible from
the economic point of view,

The main objective of this paper is threefold:

* First, link the meaning of the superconductor stability and maximization of
the MQE as shown in the above discussion.

# Second, formulate more accurate expressions with less approximations than
those given in [5],

* Third, calculate, via simulation stdy, the optitum Cuw/Sc ratio
corresponding to the maximum values of the MQE, which is a good
indicator of the composite superconductor stability. We have focused on
the feasibility of the resulting optimum Cu/Sc ratios for different vales of
the current density (J=100~~600 Amp/mm?2) and background magnetic
filed (B=2~10 Tesla). In order to fulfill these requirements, we move to
the next section to formulate the MQE as a nonlinear function of the Cu/Sc
ratio,

Problem formulation

Our starting point is the one-dimensional heat conduction equation that describes
the winding as an anisostropic continuum [4]:
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 where the definitions and the units of the variables can be found in the appendix
at the end of the manuscript, and g(t) is the current-sharing function given by:

0 T,<T<Ty
g(T)= (Tf Tcs)/(Tc - TCS) TesT< T, (1b)
1 T>T,

Dresner [ | solved this equation and gave the following MQE formula:

= HSAJK_Z(TC_QS)“ [I‘I/Ic] I "
MQE'[ N } NI [TJ @

where the heat conduction is ignored in the epoxy region inside the
superconducting magnet.

It is worth mentioning that the formula (2) is somewhat dlﬁ'erent from equation
(26) given by Dresner [4]. The reason is that we add the term {Tcsf'['b) 5 which serves
as one of the correction factors for the Dresner's solution (26) in [4] in order to enhance
the Scott's experimental data [10]. This was discussed by Dresner in Table 3 in his
paper [4].

Now, if X denotes the Cu/Sc ratio, then we have:

X
A, =A—— 3
e 1+X ®

1
I.=AJ. —— 4
¢ 1+ X @

Using the cormrelation of Wilson [3] and considering the average heat capacity and
thermal conductivity of the composites, S and Kz at 4.2K are expressed as:

§ = (5400+ 890.X)/(L+ X) )
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K, =Ko, X[(1+ X) (6)

where Kcu is the thermal conductivity of the copper matrix. Further, Tcs is given
by [4]:

Tes =T H{Te - B)/(1-1/1¢) Y
and Tc and Je under the background magnetic field B are practically given by [3]:
T, =92(1- B/145)"% (8)
Je =(Je0 799410 BY1-7/T,) 9
where J, = 10" A/ M? and finally, pand Keu are typically expressed as [3]:
L7+107% 10
= +05+10"" B 10
> (10)
BT
Key =2454107° (i1)

At this point, it is worth mentioning the following remarks:

(2) Equations (2)-(11) provide the complete solution of the one-dimensional
MQE as a nonlinear function of the Cuw/Sc ratio X under a given composite
current I, composite arca A, and background magnetic field B.

{b) The approximation adopted in equations (8)-(11) is valid in the range of (B
=2~~10 T ). Therefore, these equations are more accurate than those
given in [5]. This is clear from the dependence of Jc in (g) in Jco, B, T
and Tc instead of B only in [5]. Also, the dependence of Keuin (11) on T
and poy; rather than B in [5].

{c) The satisfaction of condition [ < Ic besides equation (4) give the inequality
constraint:

X+1-J. A <0 (12)

This constraint will play an important rule to find the optimal ratio X~ as
shown in the following section.

Simulation Results

In this section, we have simulated the system of equations (2)-(12) using the
MATLAB package along with its nonlinear toolbox facility [8]. The MQE is plotted
against X for the composite superconductor operating at 1.9K for different values of J
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and B, and the results are depicted in figures (1)-{5). By inspection of these plots
besides thc constraint given by (12), one can easily obtain the optimum value of Cu/Sc
ratio, X* corresponding to the maximum value of the minimum quench energy, MQE
The results are summarized in Table (1},

Table 1. Opti Ratio X" and Maximum MQE* Corrcsponding to Different Values of J and B
1 B x* MOE" x 100 Left hand
{(Amp./mm?) (Tesla) {Joules) side of (12}

100 2 6.29 7338 5808
200 2 395 403 2854
300 2 3106 272.2 -17.69
400 2 21 203 1327
500 2 1.94 156.5 -10.016
600 2 1.85 1224 +1.847
100 4 516 285.855 44879
200 4 306 157.971 -21.456
00 4 2.02 102698 -13.997
400 4 1.953 75185 5807
500 4 1.797 56.296 74N
600 4 0.937 42.502 -6.57
100 6 468 100.7 32326
200 6 31 52,76 14663
300 6 281 34.48 0.442
400 6 2.74 2373 6332
500 6 113 17.27 -5.465
600 6 0.968 135 -4.221
100 8 347 2538 20117
200 B 226 12.82 -9.059
300 8 1.94 7.693 -5.039
400 8 0.97 5.167 4029
500 3 0.95 3 -2.824
600 ] 0.93 27 2019
100 10 251 1.688 -2.821
200 10 0.98 0724 291
300 10 092 0.412 -1.94
400 10 691 0.221 0.955
500 10 0.89 0.080 0.364
600 10 0 0 097
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Fig. 1. MQE versus Cu/Sc ratlo at B=2T and A=Imm®
(a) 4 = 1041, 200, 300 Amp./mm*,

{b) J = 400, 500, 600 Amp./mm>.
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Fig. 2. MQE versus Cu/Sc ratio at b =4T and A=1mm®.
() J = 100, 200, 300 Amp./mm’; (b} J = 400, 500, 600 Amp./mm’.
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Fig. 3. MQE versus Cu/Scratio at B=6T and A = 1 mm®.
{2} J = 100, 200, 300 Amp./mm?;

(b) J = 400, 500, 600 Amp./mm?,
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Fig. 4. MQE versus Cu/Sc ratio at B=8T and A=1 mm®
(a) J = 100, 208, 300 Amp./ mm®;

{b) J = 400, 500, 600 Amp./mm*.
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Fig. 5. MQE versus CwSc ratioatb=10 T and A = 1 mm?,
(8) J=100, 200, 300 Amp./mm?; (b} J = 400, 500, 600 Amp./mm®.
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From these results, one can easily show that the optimum Cu/Sc ratio (here,
X*={}~6.29) can be abtained via a proper selection of J and B parameters of the problem
at hand. This means that the ratio X depends highly on the composite current density and
the background magnetic field. Recalling the discussion adopted in the introduction, the
magnet designer should take this result in his mind in order to guarantee the stabilization
of the composite superconductor.

On the other hand, from the economic point of view, the resulting values of x*
seem to be well in the design of the composite superconductor. The reason is that the
natio X* is greater than one in many cases of the simulations and the cost of copper is
less expensive than that of preparing the superconductor in the fabrication of the
composite superconductor. This point will be stressed in our future research.

Conclusions

(1} The results of numerical calculations and simulation study of the optimum
Cu/sc ratio comesponding to the maximum values of the MQE for the
composite superconductor are reported.

{2) Correction of many equations in the previous relating research are made. This
leads to a wide range of the applicability of both current density and
background magnetic field.

(3) A focus has been given for the feasibility of the obtained results in the
economic fabrication of the composite superconductor.

(4) Further progress is being undet our consideration concerning the pot {(3).
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AFPFPENDIX
List of parameters and their definitions
A[mz] Area of superconductor composite.

Acu[m ] Area of the copper mairix.
Asc[m ] Area of the superconductor filaments.

B[T] Background magnetic field.

g[T) Current-sharing function defined by equation (lb).

I[A] Operating current.

I [A] Critical current of the superconducting composite.

J[A/m2 Current density in the superconducting composite

T.[A/me] Critical current density in the superconducting composite

Key[W/mK]  Longitudinal thermal conduclivity of the coppet matrix at the bath
temperature.

KAW/mK]  Longitudinal thermal conductivity of thé composite at the bath
temperature.

MQE [J] Minimum quench energy.

S[I,"m;K] Volumetric heat capacity of the composite at the bath temperature.
T[K] Operating temperature.

TplK] Bath temperature (4.2K).

T,[K] Critical temperature of the superconducting composite.

TeslK] Current-sharing threshold temperature.

X Copper to superconductor ratio [FAcu/Asc)

£[0m] Normal resistivity of the superconducting composite.

A Volume fraction of the composite superconductor in the winding,

mr Ratio of copper resistivity at 300K and 4.2K (rr = 100 in the

simulation),
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