OPEN ACCESS

10P Publishing Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 56 (2023) 045001 (11pp) https://doi.org/10.1088/1361-6463/aca988

Electromechanical behaviour of REBCO
coated conductor toroidal field coils for
ultra-high-field magnetic-confinement
plasma devices

Xiaodong Li'*(®, Veit GroBe’, Dongbin Song’©, Wenjiang Yang’
and Rafael Macian-Juan'

! Chair of Nuclear Technology, School of Engineering and Design, Technische Universitit Miinchen
(TUM), 85748 Garching b. Miinchen, Germany

2 Department of Research and Development, Theva Diinnschichttechnik GmbH, Gewerbegebiet Am
Lenzenfleck, Rote-Kreuz-Strafe 8, 85737 Ismaning, Germany

3 School of Astronautics, Beihang University (BUAA), 100191 Beijing, People’s Republic of China

E-mail: xiaodong.li@tum.de

Received 29 April 2022, revised 3 December 2022
Accepted for publication 7 December 2022
Published 15 December 2022

CrossMark

Abstract

The development of rare-earth barium copper oxide (REBCO) coated conductors with an
extremely high critical current density under ultra-high fields opens up a high-field path towards
large-scale fusion. The latest technology has inspired cable-in-conduit conductors such as
conductor on round core wires, twisted stacked tape conductor cables and Rutherford cables
with outstanding current-carrying capacities. In order to realise an inductance balance and
decrease magnetic diffusion, these cables have been twisted or folded to a certain extent, thus
breaking the mechanical behaviour of the ceramic superconductor and limiting their potential
for ultra-high-field applications. One possible solution is to employ a non-twisted cable, which
offers maximum protection of its mechanical properties and enables a parallel orientation of the
toroidal field vector to the surface of REBCO coated conductors, and at the same time decreases
the influence of perpendicular fields on the critical current of REBCO cables. However, the
applied physics community’s attitude towards using non-twisted, parallel REBCO stacked-tape
cables is one of scepticism, the main argument being that the nonlinear E-J behaviour
associated with screening current in the parallel stack might lead to a field distortion and reduce
the performance of superconductivity. Recent analyses have demonstrated that the effect of
screening current decreases significantly owing to a wavelike magnetic field distribution along
the cable. The authors obtained similar results using H-formulation and T—A formulation based
finite element methods and demonstrated that the non-twisted cable may be feasible for DC
current transmission toroidal field coils in magnetic-confinement devices. Furthermore, the
electromechanical behaviour of toroidal field coils has been evaluated via the Maxwell stress,
solved by using an A—V formulation. It was discovered that the stress generated by the toroidal
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field coils is within the stress tolerance of the REBCO coated conductor, something which is of
great significance in promoting the application of REBCO coated conductors for ultra-high-field

magnetic-confinement plasma devices.

Keywords: ultra-high-field, REBCO coated conductor, magnetic-confinement plasma,

toroidal field coils

(Some figures may appear in colour only in the online journal)

1. Introduction

The global race for fusion energy on earth is mainly a story of
magnetic-confinement plasma [1]. Ultra-high magnetic fields
can decrease particle drifting and disruption, and signific-
antly increase the possibility of fusion reactions. The interna-
tional thermonuclear experimental reactor (ITER) has a fusion
energy gain factor of 10 and aims to achieve a peak magnetic
flux density of 11.8 Tesla by using low temperature supercon-
ducting (LTS) Nb3Sn conductors [2]. However, things may
change with the emergence of the second-generation high
temperature superconducting (HTS) rare-earth barium copper
oxide (REBCO) coated conductor, a technique that was not
introduced when the ITER project was launched but which
has reached a certain degree of maturity so that there are now
tens of manufacturers worldwide [3]. Over the last 15 years,
REBCO coated conductors have made great strides toward
potential applications in motors [4], fault current limiters [5],
magnetic energy storage systems [6], transformers [7], wind
turbine generators [8], magnetic resonance imaging (MRI)
machines and so on [9]. They are regarded as a breakthrough
for the new generation of ultra-high-field (>20 Tesla) fusion
power plants [10]. The current baseline design for the toroidal
field coils and central solenoid coils of the European Demon-
stration Power Plant (EU-DEMO) reactor is based on Nb3;Sn
conductors. High temperature superconductor activities have
been pursued in parallel to the LTS coils, the mid-term target
has been focused on determining the best REBCO cable option
for fusion magnets [11]. The CFETR-Phase II fusion project
aims to enhance the magnet system by using REBCO magnets
[12, 13]. In addition, REBCO coated conductor cables with
current capacity of 100 kA are being built and tested for
the magnet system of the force-free helical reactor in Japan
[14-16]. A helical current-carrying element made of REBCO
coated conductors is also under development for the fusion
neutron source in Russia [17]. Since a compact fusion reactor
project relying entirely on REBCO magnets was launched
in the United States in 2020 [18], the design of REBCO
cables for large-scale fusion reactors has got into full swing.
At present, existing REBCO cabling methods for fusion are
mainly based on the cable-in-conduit conductor (CICC) tech-
nique, which has derived many cable designs such as twis-
ted stacked tape conductor (TSTC) cables [19, 20], conductor
on round core (CORC) cables [21], Rutherford cables [22]
and star conductors [23]. In our previous study, the current-
carrying capacity and magnetic behaviour of TSTC cables
were estimated by finite element methods; it was discovered
that the REBCO cable has a high-current-carrying capacity

in a low-temperature cooling environment [24]. However, it
might be quite challenging to employ the cable as a component
for toroidal field coils in a compact fusion reactor because
mechanical issues caused by bending after twisting might lead
to an enormous critical current degradation. In addition, exper-
iments show that the bending strain and the twist pitch have a
negative impact on current-carrying capacity of TSTC cables
[25, 26]. The degradation of I, in CORC cables caused by
mechanical pinching has also been detected [27]. An /. reduc-
tion was observed during the cyclic transverse load in exper-
imental tests [22]. The non-twisted, star cable seems to have
a predictable and stable electromechanical performance [23].
Nevertheless, the high copper ratio in the cable might lead to
high eddy-current losses under current ramping conditions.

The advantage of the non-twisted cable design is its high
tolerance to transverse stress [28] and extremely high crit-
ical current density, since there is no critical current decay
caused by torsion. A recently analysis proposed the possib-
ility of using non-twisted paralleled REBCO stacked-tape as
the cable for toroidal field coils [29], and it has been demon-
strated that a wavelike magnetic field distribution along the
conductor can significantly decrease the negative effect of the
screening currents induced during charging. In this article, a
similar wavelike magnetic field was obtained by using T-A
formulation and H-formulation based finite element methods.
In addition, the electromechanical behaviour of toroidal field
coils consisting of non-twisted CICC cables has been studied
further using an A—V formulation. The results demonstrate the
feasibility of employing non-twisted CICC cables for ultra-
high-field magnetic-confinement plasma devices.

2. Numerical scheme

The studies were carried out by using H-formulation [30-32],
T-A formulation [33, 34] and A-V formulation [35, 36]
based finite element methods. H-formulation and T-A for-
mulation are employed to study power loss, eddy-current
loss and magnetic behaviour of the non-twisted cable, while
A-V formulation is mainly used for the analysis of mag-
netic and mechanical behaviour of the large-scale toroidal field
module coils. Descriptions of these methods are shown as
follows.

The E-J power law of the REBCO coated conductor has
been observed experimentally and can be described as:

"
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This model can be used in superconductivity theories on
magnetic flux penetration, AC loss susceptibility, flux creep
and critical state analysis [37]. It can be concluded from
equation (1) that the nonlinear resistivity of the REBCO
conductor is:

n—1

P JC(BH7BJJT)

J
J.(B),BL,T)

2

The Kim model is normally used to describe the
dependence of the critical current density J, on the magnetic
field [38], and here the model is further optimised by consid-
ering the temperature dependence of J. and can be described
as:

Je(By,BL,T) =

-
{H m/&)} e

3

In the H-formulation, H stands for the magnetic field
strength. The current density J in the solution domain
can be derived via the quasi-static approximation of the
Maxwell-Ampere’s law as:

VxH=]. 4

The electromagnetic behaviour of the REBCO conductor
domain should satisfy the Maxwell-Faraday’s law as:
OB
VXE=——. 5
En &)
Therefore, it can be rewritten by considering the dependent
variable H as:

9 (popH)
ot

The H-formulation considers both the air and the
superconducting domain, which limits its efficiency in the
calculation [30, 31]. It is used conventionally to calcu-
late the superconductivity in HTS bulks. When consider-
ing the large aspect ratio in REBCO coated conductors
(>10%), we employed the H-formulation based homogen-
isation approximation [32].

In the T-A formulation, the critical current of REBCO con-
ductors is solved by the current vector potential T, and can be
described as:

+V x(pV xH) =0. (6)

J=VxT. @)

The magnetic flux density B in the whole domain is solved
by the magnetic vector potential A and can be described as:

B=V xA. ®)

In addition, the Coulomb gauge has been used for the vec-
tor potential. The whole solution domain should satisfy the
Maxwell-Ampere’s circuital law as:

VXV xA=puud. (&)

The transport current in REBCO coated conductors is
applied to the terminals and can be described by the integral
of the current density as:

I:Z/JdSzl/VdeS:ygTdS.

as

(10)

The soul of the T-A formulation is that it uses thin-strip
approximation to solve the meshing issue in the model derived
from the high aspect ratio of REBCO coated conductors
[33, 34]; this is efficient in analysing the current transmission
behaviour of specific REBCO cables with a certain number of
strips. In fact, the H-formulation and the T-A formulation are
both quite effective in calculating the electromagnetic beha-
viour of a certain number of REBCO coated conductors. How-
ever, when it comes to large-scale REBCO magnets that con-
tain a large number of REBCO cables, we have to consider the
A-V formulation, which is determined as follows.

The Maxwell-Faraday’s equation (5) for the electrical field
E can be expressed as:

0A
E=———-Vop.

o 1n

Here, V¢ is the gradient of electrostatic potential, and we
can replace it with the electrostatic contribution V, which is
defined as a constant to maintain the current in the REBCO
conductor. Consequently, equation (11) can be rewritten as:

E=-2=_V.

T (12)

Combining the E-J power law in equations (1) and (12) we

can derive:
. O0A

The problem in equation (13) is that it is not smooth while
0OA /0t equals zero. Considering the n value is an odd num-
ber. Equation (13) can be converted into the hyperbolic tangent
function, which has no such defect, and which was proposed
by Campbell [35] as:

13)

OA
J=J.(Bj,B1,T)tanh <_8tEo)' (14)

However, the collinearity between the current density and
the electric field should be ensured by the proportionality rule
as:

O0Ay:0Ay: 0A, =J, 1 Jy: U, (15)

Meanwhile, the limitation on the superconducting state is
defined by the current density as:

\/J2+I2+J2 < J.(By,BL,T).

(16)
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Table 1. Descriptions and values of parameters in the model.

Parameter Description Value

Ey Electric field constant in Ix10°*Vvm!
equations (1)—(17)

n n-value in 29
equations (1)-(13)

By Flux density constant in 0.04265T
equation (3)

up The magnetic 47 x 107" Hm™!

permeability of free space
in equations (6) and (9)
U, The relative magnetic 1
permeability in
equations (6) and (9)

k Constant in equation (3) 0.295 15
Jeo Critical current density of 28 %10 Am2
the REBCO coated

conductor at 77 K,
self-field in equation (3)

a Index in equation (3) 0.5
T. Critical temperature of 92 K
REBCO coated
conductors

Therefore, the current density of a REBCO conductor that
is used in the 3D computation of the toroidal field coils can be
defined by combining equations (14)—(16) as:

E, E,
Etanh | == }i+ |E,|tanh [ =2 ) j
5By | Bt (Eo>l+| )| tan (E0>J

=g E.
+|E;|tanh [ = | k
Ey

a7

The Maxwell stress tensor has been employed to evaluate
the mechanical behaviour of the toroidal field coils and is
defined as:

n7, = —%n(E-D) + (n-E)D" (18)

nT> — f%n(HB) + (n-H)B" (19)

where E is the electric field, D is the electric displacement, B
represents the magnetic flux density, H stands for the magnetic
field. T is the stress tensor and can be described by a matrix.
We define n here as the downward surface normal from the
object.

The studies were carried out in the commercial finite
element modelling package COMSOL Multiphysics. The
physical parameters of the REBCO coated conductor refer
to the experimental data at Theva Diinnschichttechnik
GmbH. Specific parameters described above are presented in
table 1.

Aluminum
Spacer

HTS taped-stacks

3

' 4
Copper support
\‘

Figure 1. Diagram of the non-twisted cable.

Stainless-steel
Jacket

3. System design

3.1. Cable design

The inspiration for the cable comes from combining the
advantages of the viper-shaped cable and the star cable [14,
20]. It is assumed that the cable should avoid conductor tor-
sion to protect the fragile mechanical behaviour of REBCO
ceramic layers in coated conductors [39] when they are
assembled into toroidal field coils. In addition, it is sugges-
ted that the number of stacked tapes mounted on the copper
former should be more to reduce the proportion of copper, so
that eddy-current loss induced in the copper former can be
decreased. Considering the toroidal field coils are transported
with DC current, the inductance induced in the cable can be
ignored. Nevertheless, Joule heat generated in the non-twisted
cable during charging will be studied further in the coming
section. The diagram of the non-twisted cable is presented in
figure 1, and geometric parameters of the cable are shown in
table 2.

The cable has six stacks of tapes mounted on the cop-
per former, with each stack containing 40 REBCO coated
conductors of 4 mm in width, leading to a higher current-
carrying capacity compared to the star cable. The 4 mm coated
conductor was used instead of the 12 mm coated conductor
to allow a reduction of the screening current along the sur-
face of the conductor during current charging. Meanwhile, the
straight-forward rectangular cable configuration can avoid the
problem of uneven stress distribution. In addition, the cool-
ing channel system has been moved out and arranged on the
outside of the entire magnet system to avoid the possibility of
damage by excessive stress on the cooling channels due to the
large Lorentz force acting on the cable. As a result, our cable
design has a few potential advantages, such as a high current-
carrying capacity, great flexibility and reliability, while it is
also robust and cost-effective.

3.2. Toroidal field system design

The maximum magnetic flux density produced by the toroidal
field winding pack aims to reach 20 Tesla by employing the
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Table 2. Descriptions of the geometric parameters of the
non-twisted cable and the toroidal field winding pack.

Parameter Description Value

b Height of the copper 4.2 mm
support slot

e Thickness of the 2.0 mm
aluminium spacer

f Height of the 20.0 mm
stainless-steel jacket

h Height of the copper 12.0 mm
support

k Width of the stainless-steel 28.0 mm
jacket

t Width of the copper 4.2 mm
support slot

w Width of the copper 24.0 mm
support

% Width of the REBCO 4.0 mm
stacked-tape

l Thickness of the REBCO 0.1 mm
coated conductor

i Inner radius of the inboard 1000 mm
leg cross-section

7o Outer radius of the inboard 1900 mm
leg cross-section

nu Number of REBCO coated 40
conductors in each taped
stack

nc Number of cables in a 560

winding pack

non-twisted cable. The layout of the cabling system in the
winding pack has been established to meet the design tar-
get and the configuration of the magnet system is shown in
figure 2. Considering the high cryogenic stability of REBCO
coated conductors, an indirectly cooling system is established
and the non-twisted cables are cooled by thermal conduc-
tion. The helium cooling channel is on the outside of the
magnet for the concern that the enormous mechanical stress
generated under ultra-high fields should have small effect
on the cooling system. The cooling system design has some
similarities with the magnet system for the helical fusion
reactor in [16]. The geometric parameters of the toroidal
field winding pack are presented in table 2. The total num-
ber of non-twisted cables in a toroidal field coil is 560,
and each cable contains 240 stacked-tape REBCO coated
conductors.

4. Power loss and eddy-current loss of the
non-twisted cable during the transient current
charging procedure

The critical current of the REBCO coated conductor has been
identified as being 112 A in a liquid nitrogen environment
with a self-field in Theva. The value determines that the
critical current density of the conductor at 77 K can reach
2.8 x 10'° A m~2, which has been adopted for modelling the
non-twisted cable by considering the temperature dependence.

Toroidal ficld
winding pack \

Cooling channel

() ©

— 700

Figure 2. Diagram of the REBCO compact fusion reactor system.
(a) The compact fusion reactor. (b) The toroidal field winding pack.
(c) Layout of the toroidal field winding pack’s inboard leg
cross-section in the equatorial plane.

During the modelling procedure, a current ramping rate of
40 A s~! was defined, and the charging time of the cable
determined as 6 s while maintaining a current margin of more
than 20%. Justification for the high ramping rate is to study the
threshold power loss and dynamic magnetic flux characterist-
ics during cable transient charging. The purpose of this section
is to compare the power loss in the REBCO coated conductors
and eddy-current loss in the copper support and other materials
to ensure that power loss is the main loss in the cable during the
transient current charging procedure, which may demonstrate
that the cable design is reasonable. In addition, one concern
with the non-twisted cable is that the power loss and eddy-
current loss in the cable might influence the magnetic beha-
viour of the cable during the transient charging procedure;
these effects are studied further using the H-formulation based
finite element method.

AC current periodically reverses direction with time while
DC current flows only in one direction. In the AC current trans-
mission condition, power dissipation in REBCO coated con-
ductors is conventionally evaluated by AC loss. However, it
was discovered that the power loss in REBCO conductors is
relatively small when DC current is transmitted in the con-
ductor. The amount of power loss in REBCO stacks during
the transient charging is within 10 J m~! s~! that is equival-
ent to 10 W m—!, as shown in figure 3. However, the cool-
ing power of 1 m superfluid helium cooling channel can reach
1.2 x 10* W m~! [40]; which is three orders of magnitude
higher than the required cooling power by the non-twisted
cable.

The eddy-current loss in the copper former, the aluminium
spacer and the stainless-steel jacket is also studied, as shown in
figure 4. The total eddy-current loss is approximately equival-
ent to the power loss in one REBCO stack that is in the edge
area of the conductor. It means that the main loss generated
in the conductor during the transient charging procedure will
still be the power loss in REBCO coated conductors. Eddy-
current loss in other materials is probably 1/6 of the power loss
in REBCO coated conductors. However, the loss value is small
and controllable under the DC current transmission condition.
It also demonstrates, however, that the Joule heat associated
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Figure 3. Power loss of the REBCO stacks in the cable during
current charging at 4.2 K.

12
—=— Copper support

10 - —*— Aluminum spacer
- —— Stainless-steel jacket
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Figure 4. Eddy-current loss in the copper support, the aluminium
spacer and the stainless-steel jacket during current charging in the
conductor.

with power loss and eddy-current loss generated in the cable is
very small under the DC current charging condition. This can
be removed rapidly by ensuring the heat-exchange capacity of
liquid helium in the cooling channel so as to avoid quench in
superconductors.

5. Magnetic behaviour and temperature
dependence of the non-twisted cable

The magnetic behaviour of the non-twisted cable is regarded
as an essential factor and should be analysed before sys-
tematically studying the electromechanical behaviour of the
toroidal field coils assembled from non-twisted cables. This
section thus studies the magnetic behaviour of the non-twisted

cable during the transient current charging procedure at 4.2 K
and the maximum magnetic flux density produced by the
cable under different operational temperature environments
using T-A formulation and H-formulation based finite ele-
ment methods. The T-A formulation, which is based on
the thin-strip approximation, treats each REBCO coated con-
ductor as a line strip. Therefore, the T-A formulation model
can be considered an insulating stacked-tape coil model. How-
ever, the H-formulation treats the stacked-tape conductor as
an equivalent anisotropic superconducting bulk. Hence, the
H-formulation model can be regarded as a non-insulating
stacked-tape coil model. It can be seen from figures 5 and 6 that
the magnetic flux density calculated using the H-formulation
seems to be slightly higher than the magnetic flux density cal-
culated with the T-A formulation. A comparison of the two
shows the superiority of the non-insulating coils to achieve
higher fields due to current sharing between conductors. How-
ever, the differences between the two methods are relatively
small. This can thus be considered negligible in the large-scale
computation in the coming section.

If the cable is charging with a current ramping rate of
40 A s~! at4.2 K, a magnetic field distribution along the length
of the conductor can be detected, as shown in figure 5. The
field distribution initially appears to be an anomaly, but it even-
tually shows up as a regular wave-like shape over time. This
should be an effect of the counter electromotive force resulting
from the transient effect, which is calculated from Maxwell’s
equations considering a nonlinear current density that is, in
turn, a function of the magnetic field. It indicates that the non-
linear E-J behaviour of superconductivity can lead to a field
distortion in the initial stage of charging. However, a steady-
state, wave-like magnetic field distribution along the cable at
the end of charging indicates that the negative effect of the
strong nonlinear E—J relationship on the magnetic field disap-
pears. As a consequence, the charging for non-twisted cables
can be successful. The phenomenon detected in this article has
some similar inferences with the analytical solution in [29].
It demonstrates the feasibility of using non-twisted REBCO
cables for the toroidal field coils of magnetic-confinement
plasma devices.

The dependence of the maximum magnetic flux density
of the cable on the operational temperature environment has
been evaluated, as shown in figure 6. In order to achieve an
ideal toroidal field for ultra-high-field magnetic-confinement
devices, it is suggested that the operational temperature for
toroidal field coils should not exceed 30 K. This can be
achieved by a supercritical helium flow environment. There-
fore, the electromechanical behaviour of toroidal field coils at
4.2 K and 30 K has been specifically studied in the coming
section.

6. Electromechanical behaviour of the independent
toroidal field coil

The critical current of the REBCO coated conductor is
estimated to be 303.75 A at 4.2 K, 20 Tesla by referencing
experimental data in [41]. It is rated to be 260 A at 30 K,
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Figure 5. Wave-like magnetic fields detected from the magnet

charging of the non-twisted cable by using the H-formulation and

T-A formulation based finite element methods at 4.2 K.

20 Tesla using the Kim model. Therefore, the operating current
of the REBCO coated conductor in the toroidal field coil
is estimated to be 208 A at 30 K, 20 Tesla and 243 A at

1.6
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Figure 6. The dependence of the maximum magnetic flux density
produced by the non-twisted cable on the temperature.
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Figure 7. The magnitude of magnetic flux density produced by the
independent toroidal field coil at 30 K calculated by A—V
formulation. (a) Magnetic flux distribution in the cross-section of
the winding pack. (b) Magnetic flux distribution of the toroidal field
coil.

4.2 K, 20 Tesla, with a 20% margin to the critical current. The
magnetic behaviour of the independent toroidal field winding
pack has been evaluated using the A—V formulation. It could
be demonstrated that the toroidal field coil assembled from
non-twisted cables can achieve a maximum magnetic flux
density of 17.61 Tesla at 30 K, as shown in figure 7. How-
ever, the field can exceed 20 Tesla when the operating tem-
perature drops to 4.2 K, as shown in figure 8. The maximum
magnetic flux density occurs on the edge of the toroidal field
leg, which could lead to stress concentration, something that
needs a specific analysis in the coming section. In addition, it
can be seen from the cross-section area that cables arranged
in the surroundings of the toroidal field coil could be subjec-
ted to a higher external magnetic flux density and will need to
withstand more stress. If the same currents are transmitted in
each conductor of the toroidal field system, cables on the edge
area are more likely to be quenched.

In addition, the magnetic flux density generated by the
REBCO coated conductor-based toroidal field coils may be
even higher due to the magnetic superposition principle, but
the critical current density of REBCO coated conductors may
also fall with an increase in the external magnetic field.
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Figure 8. The magnitude of magnetic flux density produced by the
toroidal field coil at 4.2 K calculated by A-V formulation.

(a) Magnetic flux distribution in the cross-section of the winding
pack. (b) Magnetic flux distribution of the toroidal field coil.
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Figure 9. The distribution of Maxwell stress tensor of the toroidal
field coil at 4.2 K.

However, the ultra-high critical magnetic field of the REBCO
conductor determines that an ultra-high field of more than
20 Tesla for toroidal field coil modules can be achieved, and
that a high field path towards large-scale fusion is possible.

The electromagnetic forces on parallel, current-carrying
cables can be evaluated on the basis of the Maxwell stress
tensor. The stress tolerance of CICC coated conductors is
680 MPa, and it is recommended that the stress distribution
along the toroidal field coil should be less than 500 MPa
[10]. The Maxwell stress tensor of the toroidal field coil and
its component on the coordinate system, at 4.2 K and 30 K
respectively, have been evaluated and presented in figures 9
and 10 to better determine the stress concentration in tor-
oidal field coils. The direction of the surface normal is defined
as downward as mentioned in section 2, meaning that Max-
well stresses which are in the same direction of the surface
normal will be positive values. Otherwise, the values can
be negative. It can be seen from the figures that the Max-
well stress of the toroidal field coil is concentrated on the
inboard leg. But the maximum Maxwell stress on the toroidal
field coil is within the stress tolerance of the REBCO coated
conductors.
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Figure 10. The distribution of the Maxwell stress tensor of the
toroidal field coil at 30 K.

7. Electromechanical behaviour of the toroidal field
coil modules

The Maxwell stress tensor along the toroidal field coil would
be higher if all of the toroidal field coil modules are considered.
Nevertheless, the critical current density of the coil modules
will be mainly determined by temperature and external fields.
In the same operational temperature environment, the crit-
ical current of the REBCO coated conductor can be defined
by the interpolation method, with a consideration of the
external magnetic fields. The concern focuses on the increas-
ing magnetic flux density caused by the magnetic superpos-
ition principle possibly leading to a critical current degrad-
ation. Consequently, the operating current in each REBCO
coated conductor of the toroidal field coil modules is defined
as 148 A at 30 K and 186 A at 4.2 K, with a safety mar-
gin of more than 20% to the critical current of the REBCO
coated conductor in the independent toroidal field coil. The
magnetic flux distribution of the toroidal field coil modules is
presented in figure 11. The upper line, middle line, and down
line, which are distributed along the inner leg of the toroidal
field coils in the figure have been selected as the stress con-
centration sites to evaluate the Maxwell stress tensor of the
coil modules. In addition, a comparison of the magnetic flux
density along the inner-loop of the toroidal field coil mod-
ules at 4.2 K and 30 K is presented in figure 12. The meas-
urement starting point O m has been marked in figure 11, and
the measurement direction is clockwise, which means that the
8 m point is in the centre of the inboard leg of the toroidal field
coil.

It should be emphasised that the toroidal field coil modules
are more likely to achieve a magnetic flux density of more than
20 Tesla with a relatively small transported current if an inde-
pendent toroidal field coil can reach the threshold. In addition,
it has been demonstrated in experiments that the independent
toroidal field coil for the SPARC compact fusion reactor has
achieved 20 Tesla if REBCO coated conductors are used [42].
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Figure 11. Distribution of the magnitude of the magnetic flux
density in the toroidal field coil modules at 4.2 K.
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Figure 12. The magnitude of the magnetic flux density along the
toroidal field coil inner-loop at 4.2 K and 30 K.

This also demonstrates the feasibility of using REBCO coated
conductors to achieve ultra-high fields for large-scale fusion
reactors.

The Maxwell stress distribution along the upper line,
middle-line, and downline of the inboard leg of toroidal field
coils is shown in figure 13. These lines have been marked in
figure 11. The measurement starts from the left side of the
inboard leg, the 0 mm position as shown in figure 13, and con-
tinues to the right side, the 800 mm position. The 400 mm pos-
ition where the stress concentration occurs, is in the centre of
the line. It can be seen from this figure that the maximum Max-
well stress is concentrated on the upper line of the inboard leg,
due to the smaller bending radius. The maximum stress value
is 245 MPa, within the stress tolerance of REBCO coated con-
ductors.
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Figure 13. The distribution of Maxwell stress along the line of the
toroidal field coil in the module under 4.2 K and 30 K.

8. Conclusion

A high-field path towards large-scale fusion on earth would be
a landmark for fusion energy with the assistance of REBCO
coated conductors that have a highly critical current density
under ultra-high fields. In order to achieve the target, this paper
proposed a non-twisted REBCO cable with outstanding DC
current-carrying capacity. A layout for the toroidal field coils
with the ability to achieve an ultra-high field of more than
20 Tesla has been designed based on this. In order to evalu-
ate the electromagnetic behaviour of the cable, Joule heating,
which is associated with power loss and eddy-current loss, and
the magnetic behaviour of the cable during transient charging,
have been studied further using optimised T—A formulation
and H-formulation based finite element methods, taking tem-
perature into consideration. It could be demonstrated that the
designed non-twisted cable is able to carry ultra-high DC cur-
rents so as to achieve a high magnetic field with an operational
temperature environment of between 4.2 K and 30 K. In addi-
tion, the electromechanical behaviour of the independent tor-
oidal field coil and the toroidal field module coils have been
studied further using an A-V formulation-based finite element
method. It was found that the independent toroidal field coil
and the toroidal field module coils are able to generate a mag-
netic flux density of more than 20 Tesla within the stress tol-
erance of REBCO coated conductors on the premise that the
coils do not quench.
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The study is of great significance in demonstrating the
feasibility of using non-twisted REBCO coated conductor
cables as a component for toroidal field coils in ultra-high-field
magnetic-confinement devices. It may provide effective refer-
ences for designing new-generation compact and large-scale
fusion reactors by using the second-generation high temperat-
ure superconducting REBCO coated conductors.
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