Engineering 55 (2025) 182-190

journal homepage: www.elsevier.com/locate/eng

Contents lists available at ScienceDirect

Engineering

Research
Nuclear Power—Article

Performance of the First 80 kA HTS CICC for High-Field Application in )

Future Fusion Reactors

Check for
updates

Huan Jin?, Guanyu Xiao?, Chao Zhou*"*, Chuanyi Zhao?, Shijie Shi?, Haihong Liu?, Fang Liu?,
Huajun Liu?, Yu Wu?, Zuojiafeng Wu ¢, Hugues Bajas ¢, Jack Greenwood ¢, Mattia Ortino ¢,
Kamil Sedlak ¢, Valentina Corato ®, Richard Kamendje "¢, Alexandre Torre", Arend Nijhuis’,
Giulio Anniballi’, Arnaud Devred’, Jinggang Qin ", Yuntao Song*, Jiangang Li*

? Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China

b Institute of Energy, Hefei Comprehensive National Science Center, Hefei 230001, China
€Yichun Longteng Mechanical and Electrical Co., Ltd., Yichun 336000, China

dSwiss Plasma Center, Ecole Polytechnique Fédérale de Lausanne, Villigen 5232, Switzerland

€ ENEA Frascati Research Center, Frascati 00044, Italy
fEUROfusion, Garching 85748, Germany

& Institut fiir Theoretische Physik-Computational Physics, Graz 8010, Austria
" Commissariat a I'Energie Atomique et aux Energies Alternatives, Gif-sur-Yvette 91191, France

University of Twente, Enschede 7522 NB, Netherlands

JCERN Technology Department, Geneva CH-1211, Switzerland

ARTICLE INFO

Article history:

Received 13 November 2024
Revised 24 April 2025
Accepted 27 May 2025
Available online 3 June 2025

Keywords:

Fusion magnet

High-temperature superconductor
REBCO CICC

Electromagnetic and thermal load
Operational stability

ABSTRACT

A promising way to realize controlled nuclear fusion involves the use of magnetic fields to control and
confine the hot plasma configuration. This approach requires superconductor magnets operating above
15 T for the next generation of fusion devices. Due to their high in-field transport current capacity,
rare-Earth barium copper oxide (REBCO) coated conductors are promising materials for manufacturing
of cable-in-conduit conductors (CICCs) for fusion. However, the high-aspect-ratio geometry makes it dif-
ficult to find a multi-tape CICC configuration that fulfills the high engineering current density require-
ments while retaining enough flexibility for winding large-scale magnets. Moreover, the multilayer
structure and inherent brittleness make the REBCO tapes susceptible to degradation during CICC manu-
facturing and operation. For more than a decade, the development of a reliable REBCO-based CICC that
can sustain the huge combined mechanical, thermal, and Lorentz loads without degradation has been
ongoing, albeit with limited progress. In this paper, we report on a prototype REBCO CICC that can with-
stand an applied cyclic Lorentz load of at least 830 kN-m™!, corresponding to a transport current of 80 kA
at 10.85 T and 4.5 K. To our knowledge, this is the highest load achieved to date. The CICC uses 288 tapes
wound into six strengthened sub-cables, making it capable of having a current sharing temperature, T,
of around 39 and 20 K when operated under 10.85 T with a current of 40 and 80 kA, respectively. Scaled
to a 20-T peak field and 46.5-KA transport current, this provides a temperature margin of over 10 K with
respect to an operating temperature of 4.5 K. In addition, no perceptible transport current performance
degradation was observed after cyclic Lorentz loading, cyclic warm-up/cool-down (WUCD), and quench
campaigns. The proposed REBCO CICC is a milestone in the development of high-temperature supercon-
ductors for large-scale and high-field magnet applications.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

To realize a balance between energy development, environmen-
tal protection, and sustainability, major efforts are being made all
over the world to promote the development of green energy. One
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promising approach is the production of stable and clean energy by
means of deuterium (D) and tritium (T) fusion reactions, as illus-
trated in Fig. 1 [1], especially relying on magnetic plasma confine-
ment, as in tokamaks [2]. Such a configuration calls for different
kinds of superconducting magnets, including toroidal-field (TF),
poloidal-field (PF), and central solenoid (CS) coils to provide the
poloidal and toroidal magnetic field components that are required
for the confinement of a very hot (many millions of degrees
Celsius) plasma at a high pressure (tens of megapascals). The
strength of the magnetic field is a critical parameter in preventing
the plasma from coming into contact with the first wall and thus in
achieving these conditions. Furthermore, the produced fusion
power is proportional to the strength of the magnetic field to the
fourth power. Therefore, future fusion tokamaks such as the
European Demonstration Fusion Power Plant (EU-DEMO),
the Chinese Fusion Engineering Test Reactor (CFETR), and the
American Affordable, Robust, Compact (ARC) reactor require super-
conducting magnets operating with peak magnetic fields higher
than 15 T, even reaching up to 20 T [3-8]. As a result, one of the
key technological issues to be resolved for the application of future
fusion energy is the development of large-scale and high-field
magnet technology beyond the present state of the art.

To fulfill the requirement of providing a high magnetic field in a
large volume, numerous ampere-turns are required in a magnet.
Cable-in-conduit conductors (CICCs) have been found to be an
attractive option for the design and manufacturing of large-scale
superconducting fusion magnets [9]. CICCs offer a number of
advantages such as mechanical stability, efficient cooling, and
low alternating current (AC) losses. The development of CICCs for
large-current-capacity superconducting magnet applications can
be traced back to the early 1970s [10]. In the last 50 years of devel-
opment, significant progress has been achieved in the design, man-
ufacturing, and application of superconducting CICCs, with a wide
range of layouts being chosen to design and eventually build mag-
nets for high-field test facilities and fusion devices already in oper-
ation (Experimental Advanced Superconducting Tokamak (EAST)
[11-13]; Korean Superconducting Tokamak Reactor (K-STAR)
[14,15]; Japanese Torus-60 Super Advanced (JT-60SA) [16,17]) or
under construction (International Thermonuclear Experimental
Reactor (ITER) [18,19]). However, all these magnets rely on low-
temperature superconductor (LTS) materials such as Nb-Ti and
NbsSn, which limit the peak magnetic fields on the conductors dur-
ing operation to values below 15 T. High-temperature supercon-
ductor (HTS) materials [20] such as rare-Earth barium copper
oxide (REBCO) tapes and Bi2212 wires show excellent current-
carrying performance under a high magnetic field and are promis-
ing candidates for field applications well above 15 T.

In recent years, HTS materials have undergone rapid growth,
particularly REBCO tapes, which can now be produced in
thousand-meter unit lengths by several companies worldwide.
The mass-produced tapes continue to show excellent current-
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carrying performance under high magnetic fields [21,22]. More-
over, REBCO tapes can operate at relatively high cryogenic temper-
atures of up to around 80 K, which can provide the benefit of
significant temperature margins for the magnets to overcome the
effects of high thermal loads during operation. All these advances
make REBCO tapes a promising candidate for application in next-
step fusion magnets. However, technological challenges have been
encountered due to the anisotropy and brittleness of the REBCO
tape’s structure, which make its transport current properties
dependent on field orientation and susceptible to performance
degradation under high mechanical and/or electromagnetic loads.
To find a practical solution to address these issues, various types
of REBCO-tape arrangements and CICC design concepts have been
proposed [23-25]. These arrangements and concepts combine
REBCO tapes for carrying currents ranging from a few to several
tens of kiloamperes. Selected representative sub-cables and CICC
specimens that have been manufactured and tested under high-
magnetic-field conditions are displayed in Fig. 2 [26-29]. To our
knowledge, none of these CICCs have demonstrated stable opera-
tion for currents higher than 50 kA under the SUpraLeiter Test
ANlage (SULTAN) test condition of 10.85 T, since the high electro-
magnetic and/or thermal loads always induce irreversible perfor-
mance degradation of the superconductor properties. For the
so-called vacuum-pressure-impregnated, insulated, partially
transposed, extruded, and roll-formed (VIPER) conductor, which
has an operation current of 45 kA and a magnetic field of
10.85 T, only a marginal degradation of no more than 5% was
observed [26]. However, for the other different REBCO-based CICC
specimens, the maximum degradation was up to around 60%
[30-33]. From that perspective, it can be said that the development
of REBCO CICC technology is still encountering difficulties in large-
scale magnet application. Therefore, it is a priority to find a suitable
CICC design concept and non-destructive manufacturing proce-
dures to resolve the performance degradation issues encountered
by numerous HTS CICC test samples operating under high electro-
magnetic and thermal loads.

To satisfy the requirements of a transport current of approxi-
mately 45 kA at a peak magnetic field of around 20 T for the next
generation of fusion devices, HTS CICC technologies are being
investigated by the Institute of Plasma Physics, Chinese Academy
of Sciences (ASIPP), in Hefei, China, relying on commercially avail-
able REBCO tapes. A great deal of development—through both
numerical simulations and trial and error—has been carried out
to address the issue of performance degradation under electromag-
netic and thermal cyclic loads. In a tokamak magnet system, the
most severe operating conditions in terms of cyclic loads are those
for the CS, which is also the magnet for which the highest peak
field is required. Recently, we have converged toward a REBCO
CICC design. A conductor sample we manufactured using this
design was tested in a background field of 10.85 T at the SULTAN
test facility in Villigen, Switzerland (where 10.85 T is the highest
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Fig. 1. Schematic drawing of the superconducting magnet system of a tokamak to produce D-T fusion reactions. CS: central solenoid; TF: toroidal-field; PF: poloidal-field.

Reproduced from Ref. [1] with permission.
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SPC-ASTRA

ACT-CORC CICC

Fig. 2. Examples of different REBCO-based CICCs that have been developed worldwide. Reproduced from Refs. [26-28] with permission. MIT: Massachusetts Institute of
Technology; VIPER: vacuum-pressure-impregnated, insulated, partially transposed, extruded, and roll-formed; ENEA: European Nuclear Energy Agency; SECAS: sector
assembled cable; SPC: Swiss Plasma Center; ASTRA: aligned stacks transposed in roebel arrangement; ASIPP: Institute of Plasma Physics, Chinese Academy of Sciences; HFRC:
highly flexible REBCO cable; ACT: Advanced Conductor Technologies Company; CORC: conductor on round core.

background field presently available for CICC sample testing). The
sample reached a stable operation current higher than 80 kA under
a 10.85-T background magnetic field. These good results confirm
that increasing the mechanical integrity of the individual sub-
cables and reinforcing the inter-sub-cable mechanical support in
the CICC configuration are critical in overcoming the effects of elec-
tromagnetic cyclic loads. Moreover, no performance degradation
was observed after repeated warm-up/cool-down (WUCD) and
quench campaigns, as well as during and after electromagnetic
cycling. These results demonstrate that the proposed design
enables a clear step toward a practical REBCO-based CICC for
high-field fusion magnet applications that can operate at magnetic
fields exceeding 15 T. In the meantime, it may also be a good
choice for consideration for any other applications requiring
large-scale and high-field magnets, such as hybrid high-field-
magnet facilities [34,35] and high-field solenoids for muon collid-
ers [36,37].

2. The REBCO-based CICC design and manufacturing

The applied REBCO-based CICC design proposed herein is dis-
played in Fig. 3. It is composed of a round cable in a round-in-
square stainless-steel (SS) jacket. To increase the mechanical integ-
rity of the sub-cables and of their subsequent arrangement in the
final CICC configuration, a number of optimizations and innova-
tions were carried out and implemented. A detailed finite-
element model was developed in parallel to describe the mechan-
ical behavior of the CICC [38], assess critical stress concentration
points, and propose remedial actions to mitigate them. Major
improvements included optimizing the gaps between the wound
REBCO tapes from the same layers [39,40], inserting each sub-
cable into a 1 mm-thick copper tube, and filling the gaps between
the strengthened sub-cables with copper “keystone” segments to
prevent deleterious displacements and deformations. The aim of
these measures was to homogenize the stress by reducing its peak

- I 4
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Fig. 3. Schematic drawing of the REBCO-based CICC structure. SS: stainless-steel.
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concentrations on the sub-cables and to resist distortion due to the
high Lorentz load of up to 900 kN-m~! during CS operation. In this
way, the REBCO tapes can be protected from the performance
degradation caused by destruction of the REBCO superconducting
layers or by exceeding their own irreversible strain limits.

Table 1 summarizes the key design parameters of the proposed
REBCO-based CICC. The cable itself is made of six twisted sub-
cables wound from 4 mm-wide and 0.1 mm-thick REBCO tapes
from Shanghai Superconductor Technology, Inc. (China) [41]. Each
sub-cable consists of 48 REBCO tapes helically wound around a
4.6 mm-thick copper core in 16 layers. In addition, there are eight
4 mm-wide and 0.1 mm-thick copper tapes helically wound in two
layers on the outer surface of the sub-cable for protection, which is
relevant not only for sub-cable transportation but also for subse-
quent procedures in CICC manufacturing. The gaps between tapes
belonging to the same layer were reduced to 0.6 mm; this opti-
mum was chosen to maintain a balance between control over the
sub-cable’s winding and its bending flexibility. Therefore, the num-
ber of wound tapes per layer was increased, starting from the
inmost layers and ending with four tapes for the outer layers of
the sub-cable. In addition, the jacket was made of a newly devel-
oped high-nitrogen material [42] with combined high strength
and ductility under cryogenic temperatures. All these measures
are expected to ensure good operational stability and, in theory,
the ability to withstand a Lorentz load exceeding 1000 kN-m™!
[38]. All the operations concerning the insertion of sub-cables into
copper tubes, twisting of strengthened sub-cables, and keystone
mounting were carried out at the ASIPP conductor workshop,
which was set up at the time for ITER conductor manufacturing.

To qualify the transport current stability of the proposed
REBCO-based CICC design, CICC samples with a length of 2.77 m
(to satisfy the length of HTS CICC sample required by the test
equipment at SULTAN) were manufactured with the parameters
listed in Table 1, following the main processes displayed in Fig. 4.
In total, 288 REBCO tapes were helically wound into six sub-
cables. Every sub-cable was inserted into a copper tube, which
was then compacted to its final dimensions. The six sub-cables
were twisted with a pitch of around 620 mm together with the
copper keystones and then secured by the overlapping SS strip.
To preserve the mechanical integrity, the entire composite cable
was inserted into the jacket and then compacted, decreasing the
inner diameter of the jacket to a value equal to the outer diameter
of the SS-wrapped CICC cable. Cold rolling was used to compact
both the SS jacket and the copper tube around the sub-cable. As
shown in Fig. 4, the rollers of the compaction machines were
custom-made according to the outer configurations of the jacket
and copper tube. The jacket cross-sectional dimensions were
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Table 1
Salient parameters of the REBCO-based CICC.
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Parameter

Value

Design target
Critical operation conditions
Inlet temperature
Temperature margin/current sharing temperature
REBCO tape
Width x thickness
Thickness of substrate
Total amount of tape per meter CICC
Critical current at 77 K and self-field conditions
Critical current at 4.2 K, 12 T
CICC cable
Number of sub-cables
Sub-cable layout (number of wound tapes x layers)
Number of tapes
Outer diameter of central core for sub-cable
Gap between wound tapes for sub-cable
Outer diameter of sub-cable

Copper tube around sub-cable and the central tube outer diameter x thickness

Outer diameter of twisted cable
SS tape (thickness x width)
Cable diameter with overlapped SS tape
Void fraction of the whole CICC cable
Twist pitch
Jacket
Material
Outer dimensions after conductor forming

46.5kAat20T
45K
>10 K/> 145 K

4 mm x 0.1 mm
50 pm

~500 m
165-200 A
>410 A

6
(2x4+3x8+4x4)REBCO tapes + (4 x 2) copper tapes on outer layers
48 per sub-cable, 288 in total
4.6 mm

(0.6 £ 0.1) mm

(8.89 + 0.10) mm

(10.9 x 1.0) mm

(32.8 +0.2) mm

(0.1 x 25) mm, 50% overlap
(33.7 £0.15) mm

26%

(620 £ 20) mm

CHSNOT1 SS tube
42.5 mm x 42.5 mm

£ + AN
Jpe—
;igmm )
]

l‘
Q REBCO tape

CICC forming

4.6 mm

Wound REBCO tapes into different layers

Sub-cable winding

Strengthening and twisting

Fig. 4. Scheme of the main processes involved in manufacturing the REBCO-based CICC.

reduced from 43.5 mm x 43.5 mm to 42.5 mm x 42.5 mm, and the
inner diameter was decreased from 35 to ~33.8 mm. The outer
diameter of the copper tube containing the sub-cable was com-
pacted from 12.5 to 10.9 mm, increasing its thickness from 0.90
to ~0.95 mm. Fig. 5 shows the configuration of the wound REBCO

" Conductor part

| Termination

Fig. 5. Pictures of the main components of the manufactured REBCO-based CICC
specimen.

cable before and after being braced with the copper tube, as well as
the manufactured REBCO-based CICC with its termination, which
has a length of 330 mm, a width of 64 mm, and a height of
41 mm. The termination box was made of SS and oxygen-free cop-
per, which were connected by brazing. The cable with staged tapes
was inserted into the termination box and filled with PbSn solder.
Finally, the SS parts were interlinked by means of manual welding.

3. Performance testing at cryogenic temperatures and under a
high magnetic field

3.1. Testing of specimen preparation

The aforementioned REBCO-based CICC specimen was assem-
bled in view of its mounting at the SULTAN test facility. Two
2.77 m-long conductor sections were manufactured according to
the design shown in Fig. 3. The only difference between the two
CICC sections was the central core used for sub-cable winding:
one contained a stainless spiral tube and the other relied on an
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REBCO CICC
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Fig. 6. Schematic of the instrumentation and view of the assembled ASIPP REBCO-based CICC test specimen at SULTAN. (a) Schematic of a CCIC legs; (b) distribution of voltage

taps V and temperature sensors T; (c) the assembled test specimen.

oxygen-free copper rod. The two CICC sections were assembled
together by means of SS and glass epoxy clamps to form a
hairpin-shaped sample. The leg whose sub-cables were wound
with oxygen-free copper rods was assembled as the right (R) leg.
The other leg, which had sub-cables wound with a stainless spiral
tube, was assembled as the left (L) leg. Both legs were electrically
connected by a bottom joint and were tested simultaneously at
cryogenic temperatures against a background magnetic field of
up to 10.85 T. Crown arrays of temperature sensors and voltage
taps were assembled at several axial locations along the jacket of
the two CICC legs to detect the superconducting-to-normal transi-
tion of the CICC specimens during operation. The main focus was
around the high-field area, shaded in pink in Fig. 6(a), which had
a length of around 450 mm. The two sets of temperature sensors
and voltage taps assembled near the borders of the high-field zone
were used to assess the critical current-carrying performance. For
every instrumented cross-section of the CICC, there were three
voltage taps (labeled Vin Fig. 6) and three temperature sensors (la-
beled T) mounted on adjacent sides of the conductor jacket; their
distribution is shown by the rectangular red shapes in Fig. 6(b).
The assembled test specimen is shown in Fig. 6(c). The helium
coolant flows in from the bottom termination and flows out at
the upper terminals of both CICC legs. The focus of this manuscript
is on the specimen assembled on the right leg (with copper rods in
the sub-cables), which exhibited a more stable performance under
the high-magnetic-field operation conditions.

3.2. Performance evaluation under a 77-K self-field

A test was carried out in liquid nitrogen at ASIPP prior to the
assemblage at the SULTAN test facility. The aim of the test was
to assess the reliability of the applied manufacturing processes in
avoiding any damage to the fragile REBCO tapes. For the test, the
CICC samples were immersed into liquid nitrogen and connected
to a 100-kA direct current (DC) power supply. Fig. 7 shows the
expected self-field distribution on the cable for an operation cur-
rent of 6 kA, which is supposed to be evenly distributed among
the sub-cables. The peak field is about 0.06 T, which yields a factor
of approximately 0.01 T-kA™! for self-field correction during oper-
ation. Fig. 8 shows the measured electrical field as a function of the
transport current, with the electrical field being measured from the
assembled voltage taps; V3-V; and V,-V, show the same variation
trends with the current injection. The plot displays a slight initial
slope (~2 x 107 pQ.cm™!) before the superconducting-to-
normal transition occurs. This initial voltage is likely caused by

(D the current through the copper parts of the CICC cross-section,
@ the contact resistances among the wound tapes, and @ the
uneven distribution of the current among the wound REBCO tapes,
which was mainly introduced at the terminations. The measured
critical current at 77 K and the maximum self-field of 0.23 T is
around 22.6 kA when using a criterion of 1 uV-cm™' after removing

Self-field distribution (T)
A 0.0556

-0.02

-0.04

v -0.0556

Fig. 7. The computed self-field generated on the cable when carrying a current of 6
KA (1 kA per sub-cable).

12+
10k —— Tested results
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Fig. 8. Electric field of the REBCO-based CICC as a function of current at 77 K under
a self-field.
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the offset from the slope. This result is in good agreement with the
value of approximately 21 kA that was estimated using the average
tape performance from the supplier. In addition, an n value of
about 22 can be derived from the data in the 0.1-1 uV.cm™! range
in Fig. 8, which is equivalent to that of a single tape. These results
confirm that the manufacturing process does not seem to have
resulted in any measurable tape degradation.

3.3. Overall stability under a high magnetic field

To assess the mechanical stability, sensitivity to temperature
variation, and robustness to quenching of the REBCO CICC, the
manufactured sample was tested at the SULTAN facility. Tests
including electromagnetic force, WUCD and quench cycling were
carried out on the CICC specimens. The WUCD and quench tests
were performed in combination with electromagnetic cycling runs.
To assess whether any degradation had occurred during the vari-
ous phases of the test campaign, the current sharing temperature
(Tes) at 40 kA and under a 10.85-T background magnetic field
was selected as a benchmark. Before and after all tests, the T, at
40 kA and 10.85 T was measured by slowly raising the temperature
of the cooling medium (liquid helium). The T.s under those condi-
tions was estimated based on the following fitting equation with a
criterion of 1 puV.cm™":

EF = (T/Tes)™ + RoT + EFo (1)

where EF, represents the resistive offset electrical field, m is a
fitting parameter, and Ry represents the calculated slope in the
tested electrical field versus temperature plots. Details for each test
and the results are described in the following sections.

3.3.1. Electromagnetic cycling performance

The electromagnetic force acting on the CICC was generated by
supplying a DC into the CICC sample at 4.5 K under a background
magnetic field of 10.85 T. To avoid missing the critical point
of possible performance degradation at low electromagnetic force,
the current was increased in a stepwise manner from 40 to 80 KA.
The DC loads used for the electromagnetic cycling are shown as
magenta dots in Fig. 9. The figure shows the evolution of the T
assessed at 40 kA and 10.85 T at regular intervals over a total of
1267 electromagnetic cycles carried out at increasingly higher cur-
rent levels. There are three calculated T, plots corresponding to
estimates based on the three different temperature sensors
mounted on the conductor jacket of the R-leg (shown in

Engineering 55 (2025) 182-190

Fig. 6(b)). The plots show no sign of T.s; degradation, even after
current cycles up to 80 kA at 10.85 T and 4.5 K. A fluctuation of less
than 1 K was observed at around 700 load cycles, after the cycling
current had been raised to 55 KA. The likely cause for this fluctua-
tion is that it was decided to reverse the current direction in the
two legs at that time. This change in current polarity changed
the direction of the Lorentz load and the position of the stress
concentration point from one side of the CICC to the other, as illus-
trated at the bottom of Fig. 9. The change of the cable-to-jacket
contact side may in turn have caused a different temperature
distribution in the two-dimensional cross-section of the CICC. This
explains the observed fluctuation measured by temperature sensor
T»,, which—given its position at the CICC mid-plane—was the most
affected.

The achieved stable operation current of 80 kA under a back-
ground magnetic field of 10.85 T (the field on the sample is around
10.4 T, due to the reversed self-field) and at 4.5 K corresponds to an
electromagnetic load of approximately 830 kN-m~!. Achieving an
even higher current is still possible for this sample, since the test
was stopped due to a high resistance in the test circuit localized
at the bottom joint, which might have been caused by a non-
conformity in the joint manufacture. This was also the reason for
the reversal of current direction applied at 55 kA. Therefore, we
plan to re-assemble the successful leg of this sample using another
REBCO-based CICC specimen to check its operational limits in the
near future. This 80-kA current represents 94% of the expected
peak load in the CS of the next-generation fusion device in China,
which is designed to operate with a maximum current of 46.5 kA
and a peak field of about 20 T.

3.3.2. Thermal cycling

Long-term operation of fusion machines (and other devices)
will impose multiple WUCD cycles on the magnet between 4.5 K
and room temperature during its lifetime. Therefore, we also paid
attention to the effects of the WUCD cycles on the CICC's current
carrying capacity and stability. The first WUCD cycle was carried
out after 600 electromagnetic cycles, with a current cycling
between zero and 47 kA; a second WUCD cycle was carried out
after completing the electromagnetic cycling tests. Fig. 10 shows
the measured T at 40 kA and 10.85 T before and after the WUCD
cycles, where the T, evaluation used the measured maximum tem-
perature from the jacket surfaces, as shown in Figs. 6 and 9. The
first WUCD cycle was carried out before reversing the current
direction, and the T, values before and after the WUCD are almost

50 90
—#—Calculated T.-T,,, K
48 e cs” '21s —
—i—Calculated T,-T,y, K - 80
46 |-—=—Calculated T-T, K = = 4 70
44 |._—*= Operation current (kA) './ -
_/ T
—-—o <
o 2f ./.»" 150 =
3 40 | L e e 5
[Batt | D= - — A= e ey = | 4 E
: " T — =
38 F 7 o
= =T, =T <4 30
Sl — O < 20
/ _:) Tzz -~ T22 7
Hl— &y 8 i
. 7 : N 410
- Ly -
30 ? 1 1 =T 1 -TQQ 1 10
0 200 400 600 800 1000 1200

Lorentz load cycle number

Fig. 9. Evolution of T, measured at regular intervals over a sequence of electromagnetic cycling at increasing Lorentz load values from 450 to 830 kN-m~

1, carried out at

10.85 T and 4.5 K. The three T curves correspond to assessments carried out for the three different temperature sensors mounted on the CICC jacket. A minor fluctuation of
less than 1 K for the estimated current sharing temperatures was observed around 700 cycles, likely due to a change in the transport current polarity, which was applied

starting at an operating current of 55 KA.
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Fig. 10. T, at 40 kA and 10.85 T, measured before and after the first and second
WUCD cycles.

equal. However, the second WUCD cycle was carried out at the end
of the electromagnetic cycling at 80 KA, after the current direction
reversal, and the T.s values are based on temperature sensors
mounted on different sides (i.e., the T,3 sensor shown in Fig. 10)
of the CICC jacket. The value before the second WUCD cycle is
around 0.6 K higher than the value after the first WUCD. The value
after the second WUCD is around 0.4 K lower than that before the
second WUCD, but it is still 0.2 K higher than the value after the
first WUCD cycle. The fact that the values before and after the sec-
ond WUCD are higher than the values before and after the first
WUCD can be explained by the fact that the cable peak field on
the cable dropped by about 0.45 T as a result of the current direc-
tion reversal that was applied in between. The slight decrease in T
before and after the WUCD may be within the error bar of this dif-
ficult measurement; at this stage, therefore, it can be concluded
that the WUCD cycles do not seem to have a strong impact on
the CICC performance.

3.3.3. Quench performance

The T.s measurements were carried out by fixing the current
and magnetic field and then increasing the temperature of the
cooling medium until the superconducting-to-normal transition
occurred. Thus, every T.s measurement at 40 kA and 10.85 T was
stopped by quenching the samples, and these quenches did not
appear to result in any noticeable performance degradation. To
confirm this result, it was decided to provoke additional quenches
at different current levels and assess whether higher electromag-
netic loads would have an impact. Additional quench campaigns
were then carried out. The test processes were similar to those
used for T testing. The background magnetic field was fixed at
10.85 T, while the current was changed from 47 to 55 kA and then
to 65 kA in a stepwise manner. The test was stopped by switching
off the power supply when the voltage caused by the quenching
exceeded a certain threshold, as set by the lab to protect both
the whole test system and the sample. Fig. 11 illustrates the elec-
tric field versus the rising temperature measured on the CICC
jacket by letting the current and magnetic field remain fixed until
a quench occurred.

Based on the nonlinear fitting described above, the results were
T.s of about 34.5 K at 47 kA, about 30 K at 65 KA, and about 25.5 K
at 65 KA. A total of three quenches were initiated at a current of
80 KA at the end of all DC tests. After the completion of all men-
tioned quench cycles, a last reference test was carried out at
40 kA under a 10.85-T background magnetic field, which provided
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a T of 39.3 K with a criterion of 1 pV.cm™'. This result means that
no noticeable performance degradation occurred during the
quench cycles—at least, under the condition of having an active
quench protection system for electric fields exceeding 20 pV-cm™'.
It is important to note that the initial low slopes of less than 0.5
uV-(cm-K)~! seen on the curves in Fig. 11 are likely due to current
non-uniformity resulting from the short length of the bottom joint
(i.e., about half of the CICC twist pitch) in combination with the rel-
atively high contact resistance among the wound tapes [24]. In
order to confirm the feasibility of and the parameters to be used
for a protection system of a REBCO-based CICC in a fusion magnet
system, a longer CICC unit length will be tested in the near future
as an insert coil.

3.4. Calculated operation performance for fusion magnet application

Fig. 12 presents a summary of predicted versus measured T for
the REBCO-based CICC while carrying different currents at 10.85 T.
Because the predicted T.s uses the average critical current data
from the REBCO tape supplier and does not take into account the
effects from stress, strain, and current non-uniformity, the mea-
sured values are slightly below the predictions. However, the fact
that the difference between the two curves is nearly constant
and around 2 K indicates that we are not far off and that we can
still produce a reliable T, prediction for the operating conditions
of future fusion magnet applications. For the proposed and manu-
factured CICC, the predicted T, versus the operation current at 20 T
is shown as a purple dotted line in Fig. 12. For 46.5 kA at 20 T, we
can expect the temperature margin to be higher than 15 K with
respect to an operating temperature of 4.5 K.
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Fig. 11. E-T plots of the REBCO-based CICC sample at different currents under a
background magnetic field (B) of 10.85 T.
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Fig. 12. Predicted and tested T at 4.5 K under different magnetic field conditions.
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4. Conclusions

In this work, we presented the details of the design, manufac-
turing, and test results of one type of HTS CICC made of REBCO
tapes. The design was proposed for applications requiring a high
transport current and a magnetic field beyond 15 T, as is the case
for superconducting magnets for next-generation fusion devices.
Based on the results presented above, the main conclusion to be
drawn is that the newly designed and tested REBCO-based CICC
specimen can operate reliably under critical conditions such as
high electromagnetic and thermal cyclic loads and sudden quench
events.

The results show that REBCO tapes have potential to meet the
most rigorous stability requirements needed for the next genera-
tion of fusion devices (i.e., operation with a maximum current of
46.5 kA at a peak field of around 20 T and a nominal temperature
of 4.5 K). As long as the tapes are implemented in an appropriate
CICC architecture and the manufacturing procedures are well con-
trolled, the operation parameters can even be higher. However,
there are still some key issues to be overcome before the suitability
of REBCO tapes can be fully demonstrated for fusion magnet appli-
cations, including but not limited to (D scaling of the manufactur-
ing technology to allow long CICCs; @ AC loss evaluation and
control during demanding plasma scenarios; @ high-precision coil
winding; @ reliable, low-resistance splices; and ® sensitive
quench detection and robust quench protection for large-scale
magnets. Following this important first step and achievement,
our focus will now shift to addressing all these issues in a system-
atic and rigorous manner. Despite these challenges, we have a high
degree of confidence that, in the near future, large-scale and high-
field REBCO magnet technology can be used in the construction of
the next generation of fusion devices.
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