
 
 

The Influence of Metal Plates on 
Quench Protection of High 
Temperature Superconducting 
Pancake Coils 
 
Zhen Lu, Yawei Wang, Qingqing Yang, Wenbo Xue, Yutong Fu, Binyu Huang, 
Zhiyong Hong, and Zhijian Jin 
 
Author post-print (accepted) deposited by Coventry University’s Repository 
 
Original citation & hyperlink:  
Z. Lu et al., "The Influence of Metal Plates on Quench Protection of High Temperature 
Superconducting Pancake Coils," in IEEE Transactions on Applied Superconductivity, vol. 32, 
no. 4, pp. 1-6, June 2022, Art no. 4700306 
https://dx.doi.org/10.1109/TASC.2022.3146106  
 
DOI       10.1109/TASC.2022.3146106 
ISSN 1051-8223 
ESSN 1558-2515 
 
Publisher: IEEE 
 
© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must 
be obtained for all other uses, in any current or future media, including 
reprinting/republishing this material for advertising or promotional purposes, 
creating new collective works, for resale or redistribution to servers or lists, or 
reuse of any copyrighted component of this work in other works. 
 
Copyright © and Moral Rights are retained by the author(s) and/ or other copyright 
owners. A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge. This item cannot be reproduced or quoted extensively 
from without first obtaining permission in writing from the copyright holder(s). The 
content must not be changed in any way or sold commercially in any format or medium 
without the formal permission of the copyright holders.  
 
This document is the author’s post-print version, incorporating any revisions agreed during 
the peer-review process. Some differences between the published version and this version 
may remain and you are advised to consult the published version if you wish to cite from 
it.  
 



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TASC.2022.3146106, IEEE
Transactions on Applied Superconductivity

>EUCAS2021-137<

Template version 8.0d, 22 August 2017. IEEE will put copyright information in this area
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

1

The Influence of Metal Plates on Quench Protection 
of High Temperature Superconducting Pancake Coils

Zhen Lu, Yawei Wang, Qingqing Yang, Wenbo Xue, Yutong Fu, Binyu Huang, Zhiyong Hong, Zhijian Jin

Abstract—Quench has always been an urgent problem for high 
temperature superconductor (HTS) magnets. Fast discharge of the
coil current is an effective method to protect the HTS magnet from 
quenching. In HTS magnets, metal plates are originally used to 
provide conduction cooling and mechanical support for the coil.  
During fast discharging operations, the metal plates can rapidly
absorb part of the magnetic energy stored in the HTS coils through 
electromagnetic coupling. Previous studies are based on copper 
plates. This paper studies the influence of several promising metal 
materials on the discharging process of the HTS coils coupled with 
metal plates by experiments and simulations. The results show that
in the explored resistance range, the higher the electrical conduc-
tivity of the metal plates, the better the acceleration of the current 
attenuation of coil at the early stage of discharging process. The ef-
fects of different metal plates on accelerating current attenuation 
of the coil are ranked as follows: SS 304L < Al 6061-T6 < Al 
(RRR = 30) < Cu (RRR = 30) < Au < Cu (RRR = 300) < Ag. How-
ever, Cu (RRR = 300) plates can absorb more energy from the 
HTS coil than the Ag plates during the discharging process. Cop-
per with higher purity (Cu (RRR = 300)) and silver are promising 
alternatives for metal plates of HTS magnets. Generally, a fast 
current drop is always the most effective method for avoiding
tape turn-out during a local quench; therefore, silver with the 
highest electrical conductivity is the best choice in view of quench 
protection.

Index Terms—HTS coil, Quench protection, Fast discharge, 
Metal plate. 

I. INTRODUCTION

IGH temperature superconducting (HTS) magnets often 
operate at high magnetic fields and high current densities,

and store enormous magnetic energy [1], [2]. Thus, overheat-
ing damage caused by quenching has always been a great 
challenge for HTS high-field magnets [3], [4]. The quench 
propagation in HTS coils is slow; thus, it is difficult to detect a 
local hot-spot-induced quench at its early stage [5]-[8]. Mas-
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sive joule heat can be generated at local quench zones, result-
ing in a high hot-spot temperature in the HTS coils. The oper-
ating current of the HTS magnet must be discharged before 
the hot-spot temperature exceeds the safety limit [9]. There-
fore, fast discharge is key for successful quench protection of 
HTS magnets.

A basic active quench protection system promptly forces
the energy stored in the coil to be released using dump re-
sistances or quench heaters [10]-[13]. However, an excessive-
ly fast discharging operation may lead to voltage breakdown 
in the coil [14], [15]. It is sometimes difficult for the quench 
heater to heat the entire HTS coil to the normal state in a suffi-
ciently short time when the coils are too large [16], [17]. Metal
plates are typically used in superconducting magnets for me-
chanical support and conduction cooling. During fast dis-
charge operations with dump resistances, a considerable part 
of the magnetic energy stored in the HTS coils can be trans-
mitted into metal plates through electromagnetic coupling [18],
[19]. This can accelerate not only the discharge of the coil, but 
also the coil heating process. This has been proposed and stud-
ied based on copper plates [20], [21]. However, a variety of 
metal materials, such as copper, brass, aluminum alloy, and 
stainless steel, are promising alternatives for this technique. 

A HTS magnet (25 T @4.2 K) with 12 double pancake coils 
is being developed at Shanghai Jiao Tong University, which is 
an industry-scale quench test magnet for compact Tokamak 
HTS magnets. This study investigates the influence of metal 
materials on the discharging behavior of HTS coils coupled 
with metal plates. First, the influence of copper and brass 
plates is analyzed by measurements on a small HTS test coil.
Then, a simulation study is performed on an industry-scale 
HTS double pancake coil, which is for the 25 T @4.2 K HTS 
magnet. Several different metal materials are analyzed: stain-
less steel 304L, Al 6061-T6, Ag, Au, Al (RRR = 30), Cu 
(RRR = 30), and Cu (RRR = 300). The influence of different
metal plates on accelerating the discharge of the HTS coil is 
studied by comparing the coil current, integral of the square 
current, current in the metal plates, and temperature rise of the 
coil and metal plates.

II. EXPERIMENT

A. Experiment setup
The experimental platform is shown in Fig. 1. The coil used 

for testing is a double pancake (DP) coil wound using second-
generation HTS ReBCO tapes. The tape is wrapped with Kap-
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ton strips. The specifications of the coils are listed in Table I. 
The coil frame is made of G10, and no metallic materials are
used in the coil frame to eliminate electromagnetic interfer-
ence. A copper plate and brass plate are prepared for the ex-
periment, and the two plates are of the same size. The thick-
ness of both plates is 1 mm, and the inner and outer diameters
are 70 mm and 120 mm, respectively. The metal plates are 
wrapped with Kapton sheet as electrical insulation. The coil 
and metal plates are immersed in liquid nitrogen (77 K) during 
the discharge tests. The positions of the HTS coil and plates
used in the tests are shown in Fig. 1(a).

In the experiments, first, the coil is ramped up to an ex-
pected transport current by a DC power supply, and then, the 
metal plate is placed coaxially with the coil. After the coil and 
metal plate are cooled to a stable state, a discharging test with 
dump resistance is performed on the HTS coil. The current 
and voltage of the coil are measured using an oscilloscope in 
the process. Three discharging tests are performed on the HTS
coil: without metal plate, with a brass plate, and with a copper 
plate.

TABLE I
SPECIFICATIONS OF TEST COIL AND INDUSTRY-SCALE COIL

Parameters Test coil Industry-scale coil

Tape width/thickness 4/0.25 mm 10 mm/ 95.3 μm
Average thickness of each turn 444 μm           120.3 μm         

Number of turns, DP 27 2 450 2
Inner/outer diameter 80/104 mm 100/208 mm

Turn-to-turn insulation Kapton Kapton
Field per Ampere at center 0.736 mT/A 7.43 mT/A

Self-inductance 0.4 mH 127.7 mH
Distance between upper and 

lower coils 0.4 mm 1 mm

Critical current of the coil 96 A, @77 K 1351 A, @4.2 K

Fig. 1. Experiment setup for discharging tests of the HTS double pancake coil:
(a) The position of the HTS coil and plate; (b) Experimental circuit diagram.

B. Experiment results

Fig. 2. Discharging process of the coil with different metal plates when dump 
resistance is 0.28 Ω: (a) current in the coil; (b) Voltage across the coil. Note 
that A1 and B1 are points on the solid line, point A2 is on the dotted line, and 
point B2 is on the dashed line.

The current and voltage of the measured coil are shown in 
Fig. 2. The external dump resistance Rex is 0.28 Ω, and the ini-
tial transport current is 28.8 A, which is 30 % of the critical 
current of the HTS coil. The beginning of the discharging pro-
cess is t = 0. A high coil voltage is generated suddenly at the 
beginning of the discharging process, and then the coil voltage 
decays gradually to zero. Compared with the discharging test 
without metal plates, the test with the brass plate has the larg-
est current difference at t = 0.86 ms. The current of the coil 
without the plate at this time is 21.61 A, which is at point A1;
the current of the coil with the brass plate at this time is 20.45 
A, which is at point A2. The difference is only 4.03 % of the 
initial transport current, 28.8 A. The case with the copper plate
shows a much faster current drop, and the maximum differ-
ence occurs at t = 1.3 ms, and the maximum current difference 



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TASC.2022.3146106, IEEE
Transactions on Applied Superconductivity

3

is 5.84 A, 20.28 % of the initial transport current, which is five
times that of the brass plate.

The measurements show that the coupled copper plate can 
significantly accelerate the discharging process of the HTS 
coil at its early stage, which matches well with the previous 
studies in [21]. However, the coupled brass plate shows less
effect on the discharging process, although it also speeds up 
the discharging process to some extent. At 77 K, the resistivity 
of the copper used in the experiment is 2.51×10-9 Ω m, and 
the resistivity of the brass used is 4.66×10-8 Ω m, which is an 
order of magnitude higher than that of copper. Therefore, there 
is no considerable current induced in the brass plate.

III. MODEL AND STUDY CASE

A. Model development
A 2D axisymmetric multi-physics model is developed for 

this study, which couples a magnetic field module with A-
formulation, a heat transfer module, and a circuit network 
module. The relationship between the three modules is shown 
in Fig. 3. The magnetic field and heat transfer modules are 
solved by the finite element method, and both FEM modules 
and the circuit network module are built in COMSOL. The 
circuit module calculates the current variation in the HTS coils.
The current in the metal plates is assumed to be uniformly dis-
tributed, so metal plates can be equivalent to secondary coils
for electromagnetic coupling with the HTS coil. This method 
is introduced in detail in [21]. The magnetic field module is 
coupled to the circuit network module to calculate the eddy 
current induced in the metal plates, and the governing equa-
tion is:

B J
B A

                                (1)

where B and A are the magnetic flux density and magnetic 
vector potential, respectively, and μ is the permeability. J is 
the external current density, which is calculated using the cir-
cuit network module. The heat transfer module is coupled with 
a magnetic field module through an electromagnetic heating 
interface to calculate the temperature distribution of the HTS 
coil and metal plates. The governing equation of the heat 
transfer module is:

( )TC k T Q
t

                   (2)

where ρ is the density, k is the thermal conductivity, and C is 
the heat capacity of the material. Q is the heat source, which is 
obtained from the eddy current in the metal plates. The tem-
perature distribution of the metal plates is fed back to the cir-
cuit network module. The model is validated experimentally
by comparing the currents and voltages from the measure-
ments and simulations, as shown in Fig. 4. There is a slight
measurement error between the measurements and simulations.

Fig. 3. Coupled modules for the HTS coils with metal plates.

Fig. 4. The current and voltage of the coil from measurement and simulation
in the fast discharging process with a dump resistance 0.28 Ω, which is for the 
test HTS coil in Table I.

B. Studied industry-scale HTS coil
An industry-scale HTS DP coil with a larger size and more 

turns is studied in this section (25 T all-HTS magnet). The coil 
comprises ReBCO tapes and is insulated using Kapton tapes. 
Three identical metal plates are used to provide mechanical 
support and conduction cooling, as shown in Fig. 5. More de-
tails regarding the DP coil are presented in Table I.

In the simulation, a variety of common metal materials are
analyzed, including silver (Ag), gold (Au), aluminum (Al
(RRR = 30)), copper (Cu (RRR = 30), Cu (RRR = 300)), alu-
minum alloy 6061-T6, and stainless steel 304L (SS 304L).
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The electromagnetic and thermal properties of Ag and Au are 
obtained from the COMSOL material library. Reference [22]
provides the electromagnetic and thermal properties of Al
(RRR = 30), Cu (RRR = 30), Cu (RRR = 300), Al 6061-T6,
and SS 304L. In this study, the initial operating temperature is 
4.2 K, the initial transport current is 300 A, and the dump re-
sistance is 0.5 Ω. The coil current, current in the metal plates,
and temperature of the model are analyzed.

Fig. 5. Schematic illustration of the HTS double pancake coil with metal 
plates.

IV. RESULTS AND DISCUSSION

A. Coil current
Fig. 6 shows the variation in the coil current during the fast 

discharging tests. The current of the coil with SS 304L plates 
is almost the same as the current of the coil without metal 
plates. In three cases of Au, Cu (RRR = 300), and Ag, the coil 
current decays with a similar trend, which has a rapid decline 
at first, followed by a rebound and then decays gradually to 
zero. The coil with Ag plates shows the fastest current drop at
the early stage, which is up to 95 % of the initial current at t =
50 ms. Its rebound is also the highest, which is 30.6 % of the 
initial current at t = 404 ms. Fig. 7 shows the temperature-
dependent electrical conductivity of different metal materials 
in the temperature range of 4–70 K [22]. In the range of 4–10
K, the resistivities of SS 304L and aluminum alloy 6061-T6 
are so high that few currents are generated in the plates; there-
fore, these two materials have little effect on the discharge
process. Ag has the highest electrical conductivity, leading to 
the most significant acceleration effect on the coil current at 
an early stage. The higher the electrical conductivity of the 
material, the lower the coil current drops caused by the metal 
plates at the early stage of discharge. However, higher electri-
cal conductivity of the metal plates can also lead to a more 
significant rebound of the coil current in the subsequent stage,
which may lead to a second quench of the HTS coil.

A parameter k is defined to represent the influence of metal 
plates on the discharge of the HTS coil. The equation is as:

-

0

( ) ( )
max 100%no plate with plateI t I t

k
I

              (3)

where Ino-plate and Iwith-plate represent the discharging current 
of the coil with and without metal plates, respectively, and I0

is the initial coil current. The corresponding time of k is de-

fined as tk. Fig. 8 shows k and tk for the seven study cases with 
different metal materials. The maximum current difference be-
tween the two cases (with and without metal plates) occurs at
tk, and the maximum difference is k of the initial transport cur-
rent. As shown in Fig. 8, the higher the electrical conductivity 
of the material, the larger the k, and k is approximately linearly 
related to tk. In the seven cases with different materials, the 
current of the coil with metal plates decays with a similar rate 
at the very early stage of the discharging process.

TABLE II 
PARAMETERS OF DIFFERENT METAL PLATES

Metal materials 2

0

t
I dt Ratio η

Without plate 11491.3 /
SS 304L 11486.6 99.96 %

Al 6061-T6 11326.6 98.57 %
Al – RRR=30 9350.5 81.37 %
Cu - RRR=30 8471.9 73.72 %

Au 7803.2 67.91 %
Cu – RRR=300 4604.1 40.06 %

Ag 5338.6 46.46 %

The integral of the square current of the coil can estimate 
the increase in hot spot temperature in the coil during the dis-
charge process [9]. A parameter η is defined to describe the ra-
tio of the integral of the square current of the coil with and 
without metal plates. The definition of parameter η is as:

2

0

2

0

100%

t

with plate

t

no plate

I dt

I dt
                             (4)

where Ino-plate and Iwith-plate represent the discharging current of 
the coil with and without metal plates, respectively, and t is
the discharge time, which is 2 s for all discharging operations.
In the discharging process without metal plates, the energy 
stored in the coil at the initial state is dissipated in the dump 
resistance. The dump resistance is a constant, so η can also 
represent the ratio of the energy dissipation in the dump re-
sistance to the total energy. During the discharging process 
with metal plates, metal plates can absorb energy from the coil 
through electromagnetic coupling and convert it to joule heat;
thus, the total energy is dissipated simultaneously in the metal
plates and dump resistance. Therefore, the decrease in η can 
not only represent the decrease in hot spot temperature in the 
HTS coil, but also describe the increase in energy dissipation 
in the metal plates. The η values of the seven different materi-
als are displayed in Table II. Generally, a plate with a lower 
resistivity can absorb more energy from the HTS coil and its η
is lower. The lower η, the more favorable for the quench pro-
tection of the HTS coils.

However, η of the Ag plates is slightly higher than that of 
Cu (RRR = 300) plates, although Ag has a lower resistivity 
and higher k than Cu (RRR = 300). This is because the electri-
cal conductivity of Ag decays much more significantly with 
temperature than that of Cu (RRR = 300), and the rebound of 
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the coil current is much more significant than that of Cu (RRR 
= 300); thus, the integral of the square current of the coil with 
Ag plates is higher. During the current rebounding process, the 
coil absorbs energy from the metal plates, so the energy dissi-
pation in the Ag plates is lower than that in the Cu (RRR = 
300) plates.

Fig. 6. Current of the coil with different metal plates during fast discharging 
tests. The dump resistance is 0.5 Ω. Note that the curve of SS 304L basically 
coincides with the curve “Without plate”.

Fig. 7. Temperature-dependent electrical conductivity of different metal mate-
rials [22].

Fig. 8. k and tk in the seven cases with different metal materials.

B. Current of metal plates

Fig. 9. Current in different metal plates during fast discharging tests: (a) Metal 
plate 1 or 3; (b) Metal plate 2. The number of metal plates is marked in Fig. 5.

The above results show that Al (RRR = 30), Cu (RRR = 30),
and Cu (RRR = 300) are relatively practical materials for met-
al plates, which can significantly accelerate the discharging 
process and have an acceptable price. This section uses them 
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as examples to study the variation in their current during fast 
discharging operations, as shown in Fig. 9. Plates 1 and 3 have 
the same current variation because of their symmetrical posi-
tion. The total current induced in the metal plates rises rapidly 
to a peak at the beginning of the fast discharge process and 
then gradually decays to zero. As shown in Fig. 7, in the tem-
perature range of 4–10 K, the electrical conductivity of Cu
(RRR = 300) is one order of magnitude larger than that of Cu
(RRR = 30), thus the peak current of Cu (RRR = 300) plates is 
much higher than that of the Cu (RRR = 30) plates. Al (RRR = 
30) has the lowest conductivity, leading to the lowest induced 
current peak in the plates.

C. Temperature of metal plates and HTS coil.
Fig. 10 shows the average temperature of the metal plates 

and HTS coil during the fast discharging operations. During 
the entire discharge process, the maximum temperature differ-
ence of the HTS coil with metal plates is less than 2 K, thus
the whole coil is uniformly heated by the metal plates. In the 
case of Cu (RRR = 300), the temperature rise is 35.1 K, which 
is 37.6 % higher than that of Cu (RRR = 30). In the case of Al 
(RRR = 30), the temperature rise is the lowest, only 22.5 K.
As shown in Table II, the order of the ratio η of the metal 
plates during the discharging process is Cu (RRR = 300) < Cu 
(RRR = 30) < Al (RRR = 30). The heat capacities of Cu (RRR 
= 300) and Cu (RRR = 30) are the same, slightly lower than 
that of Al (RRR = 30). Therefore, the lower η and heat capaci-
ty of the metal plates, the higher the temperature rise of the 
model.

Fig. 10. Average temperature of the metal plates and HTS coil during fast dis-
charging tests.

V. CONCLUSION

In this paper, the influence of different metal plates on the 
fast discharge of HTS coils is studied through experimenta-
tions and simulations. The results show that the effects of dif-
ferent metal plates on accelerating coil current attenuation at 
the early stage of the discharging process are ranked as fol-
lows: SS 304L < Al 6061-T6 < Al (RRR = 30) < Cu (RRR = 
30) < Au < Cu (RRR = 300) < Ag. The higher the electrical

conductivity of the metal plates, the better the acceleration of
the current attenuation of the coil.

A higher electrical conductivity can lead to more energy be-
ing absorbed by the metal plates. However, the more signifi-
cant the current rebound, the higher the integral of the square 
current of the coil. Compared with Ag plates, Cu (RRR = 300) 
plates can absorb more energy and reduce the hot spot temper-
ature in the coil more significantly. Both Cu (RRR = 300) and 
silver are promising materials for metal plates of HTS coils.
Generally, a fast current drop is always the most effective 
method for avoiding tape turn-out during a local quench;
therefore, silver with the highest electrical conductivity is the 
best choice in view of quench protection.
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