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High Temperature Superconductor (HTS) materials can operate at higher magnetic fields up to 20 T with high
critical current and higher operating temperature, compared to low temperature superconductors (LTS). A
Highly Flexible REBCO Cable (HFRC) is introduced at the Institute of Plasma Physics, Chinese Academy of
Sciences (ASIPP); a cabling method that is suitable for REBCO HTS tape having anisotropic material properties
in its thin REBCO layer. This type of HTS superconducting cable shows high potential for applications in
nuclear fusion. The alternating currents and magnetic fields in tokamak type of fusion magnets, cause AC
power losses in such cables, which can provoke instability of the conductor by induced currents and increase
the temperature. As a first step in characterizing the electromagnetic (EM) performance of an HFRC cable, the
AC loss and contact resistance of the HFRC prototype cable were measured at the University of Twente. The
measurements were done in liquid helium (4.2 K) with AC magnetic fields, applied perpendicular to the cable's
long axis. The AC loss was measured simultaneously by a calibrated gas flow calorimeter utilizing the helium
boil‐off method, and by the magnetization method using pick‐up coils. For the applied test conditions, no cou-
pling loss could be distinguished as a part of the overall AC loss. It is suggested that this might be explained by
the shielding of the conductor interior from the applied magnetic field by the outer tape layer due to the high
critical current density of the REBCO tape, leading to a high penetration field.
Introduction

With the rapid development of High Temperature Superconductors
(HTS), HTS has already demonstrated encouraging potential for appli-
cation in magnets for nuclear fusion, high energy particle accelerators,
and many other types of high‐power electrical facilities and equip-
ments [1–3]. For nuclear fusion reactors such as the Tokamak reactor,
several kinds of superconducting coils need to be applied with high
current cabled conductors being exposed to fast ramping AC magnetic
fields, in particular for the Central Solenoid coils [4,5]. The cables in
these coils are subjected to large stress due to electromagnetic loads,
and should have sufficient flexibility to be bend in the required radius
of the coils. Considering the important advantages of obtaining favor-
able bending properties from a round cable, a principal concept of
Highly Flexible REBCO Cable is introduced (see Fig. 1). The main char-
acteristic features of the HFRC cable are the inner Cu tapes and inner
stainless‐steel (SS) spiral tube. By using an inner spiral and winding
multiple REBCO tapes to achieve the required current, this concept
allows optimum flexibility and cooling performance [6–9].

The AC conditions of the currents and magnetic fields in supercon-
ducting fusion magnets lead to power losses in the cable, which could
provoke instability of the cable and even damage to the coil [10–14].
The AC loss of superconductor with simple shapes in an external
applied AC field (Ba), can be calculated by the equation in [13]:

Q ¼ S π
μo
χ0B

2
aχ

00
int yð Þ J½ � ð1Þ

where S is the sectional area of superconductor, χ00int yð Þ is the imaginary
part of the internal complex magnetic susceptibility, and χ0 is a shape
factor. The shape factor is roughly estimated for conductors with simple
geometry [15] as:
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Fig. 1. The concept of the HFRC cable with inner Cu tapes and an inner
stainless-steel (SS) spiral tube as a characteristic feature.
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χ0 ¼ 1þ a
b ð2Þ

In which, a is the dimension perpendicular to the applied field, and
b is the dimension parallel to the applied field. When the magnetic
field direction is parallel to the wide REBCO side, the χ0≈1 and when
applied perpendicular to the wide side of REBCO, the χ0≫1. A signif-
icant hysteresis loss is generated when the magnetic field direction is
mainly vertical to the wide side of the conductor. A conductor with
multiple stages will also generate coupling loss between the tapes
linked through the electrical contacts between the tape layers, forming
current loops with dissipation mainly at the tape contact areas. If the
penetration field is higher than the applied field, the layers inside
the conductor will be largely shielded by screening currents in the
outermost layer, which could lead to the reduction or even practical
absence of coupling loss. In order to confirm this hypothesis, the AC
loss of the HFRC cable is determined experimentally and compared
with the analysis of simulation results [16]. Furthermore, it is a neces-
sary to measure the inter‐tape contact resistance to assess the ability
for current sharing between tapes in the cable.

In this work, the AC loss of a newly designed REBCO HFRC cable
was measured under different sinusoidal applied magnet field ampli-
tudes (Ba), with and without a background DC offset field of 1 T
(Bdc), at 4.2 K within liquid helium bath. The magnet field was applied
in the transverse direction and different frequencies were used. Addi-
tionally, the inter‐tape contact resistance was measured for various
tape combinations. These results and analysis are reported, here.

Experimental details

Sample layout

To achieve the performance requirements, the prototype HFRC
cable was designed with multiple layers of REBCO tape combined with
several copper tapes between SS spiral and REBCO tapes, to protect the
REBCO tapes from damage such as scratches, buckling, and limit peak
stress concentration. Table 1 shows the detailed layout of the proto-
type structure, the cable was wound from 2 innermost copper tapes
(Cu) followed by 36 REBCO (SC) tapes in 13 layers and another 7 outer
layers of copper tapes around a center SS spiral tube of 4.95 mm diam-
eter. The final outer diameter is 10.2 mm, and the total length for each
prototype sample is 400 mm.

The REBCO tape of the HFRC cable is provided by Fujikura; type
FESC‐SH04. Fig. 2 shows how the tapes were wound automatically
by the winding machine. The REBCO layer in the tape was wound with
the usual inward position from the tape neutral bending axis in the
2

conductor cross‐section to improve the mechanical stability of the
cable.
Contact resistance measurements

The contact resistance (Rc) values were measured by using the four‐
point probe method using a DC current of up to 40 A, the definition of
Rc is:

Rc ¼ V
I � l Ωm½ � ð3Þ

In which V is the measured voltage, I is the current applied through
the selected group of tapes, and l is the length of the cable. The details
of the selected tape combinations for the Rc tests are summarized in
Table 1. For every SC layer in the cable, at least one tape was con-
nected, and the outer 1st and 2nd layers were selected to measure
the contact resistance between the tapes from the same layer
(Fig. 3). For the other layers, the Rc represents the value of the accu-
mulated Rc, starting from outer layer 1 to the selected one deeper
inward. All operations were performed with special care to prevent
superconducting bridges which could be created between individual
tapes at the ends of the sample by accident. The tapes at both ends
of the HFRC Rc sample were secured with tie wraps, in order to keep
the configuration intact during handling and testing.

The currents applied for the Rc measurement is 10, 20, 30, and
40 A, respectively, with and without 1 T background magnetic field.
AC loss measurements

The AC loss was measured in the Twente AC Dipole facility, with
the sample insert shown in Fig. 4. Also, for the HFRC AC loss sample,
the tapes at both ends were secured with tie wraps, in order to keep
the configuration intact during handling and testing. The AC Dipole
can provide AC and DC magnetic fields with a length of more than
500 mm homogeneous field. The samples were bathed in liquid helium
and the measurements were done at 4.2 K with 100 and 200 mT ampli-
tude (Ba), sinusoidal modulated magnetic field with and without an
offset field (Bdc) of 1 T, for a frequency range of 5–55 mHz. The AC loss
was measured simultaneously by a calibrated gas flow calorimeter uti-
lizing the helium boil‐off method and by the magnetization method
using pick‐up coils [17]. The magnetization loop area is calibrated
by using the calorimetric data. The measured AC loss is normalized
by the volume of the SC tapes in the cable. The hysteresis and coupling
losses can be differentiated by the frequency of the total loss (QtotÞ. At
low frequencies, the coupling loss is represented by frequency‐
dependent part of Qtot , while the hysteresis losses (QhysÞ in the cable
are then represented by the value of frequency in the curve fitting line
extrapolated to zero AC field.

The coupling loss time constant characterizes the time it takes for
the coupling current to decay nτ. The time constant is a measure for
comparing the AC loss performance of various conductor designs. By
making a fit of the AC loss‐frequency dependence with a linear or
second‐order polynomial function, the initial slope of the loss curve
α and the Qhys values can be obtained as a first order approximation.
The slope α then is used to calculate the coupling loss time constant
nτ [18] using the formula:

nτ ¼ α μo
2π2B2a

s½ � ð4Þ
The total AC loss of the HFRC sample was also measured at 4.2 K in

order to explore the penetration magnetic field. The excitation field
frequency was controlled at 15 mHz, at the mean time, the amplitude
was adjusted in a range from 10 to 1400 mT, and the DC background
field again once at zero and once at 1 T.



Table 1
The layout of the HFRC cable with tape combinations selected for inter-tape contact resistance (RcÞ measurement, the innermost layer is labeled as number 15 (CL is
the current lead for Rc measurements).

Layer Number of tapes Number CL and voltage taps Rc tape combination: Tape material

−6 3 – – Cu
−5 3 – – Cu
−4 3 – – Cu
−3 3 – – Cu
−2 3 – – Cu
−1 3 – – Cu
0 3 – – Cu
1 3 2 Rc1-Rc2 REBCO
2 3 2 Rc3-Rc4; Rc1-Rc3; Rc1-Rc4 REBCO
3 3 1 Rc1-Rc5 REBCO
4 3 1 Rc1-Rc6 REBCO
5 3 1 Rc1-Rc7 REBCO
6 3 1 Rc1-Rc8 REBCO
7 3 1 Rc1-Rc9 REBCO
8 3 1 Rc1-Rc10 REBCO
9 3 1 Rc1-Rc11 REBCO
10 3 1 Rc1-Rc12 REBCO
11 2 1 Rc1-Rc13 REBCO
12 2 1 Rc1-Rc14 REBCO
13 2 1 Rc1-Rc15 REBCO
14 2 – – Cu
15 2 – – Cu

Fig. 2. Automatic winding process and the final HFRC cable sample.

Fig. 3. For every SC layer in the cable, at least one tape was connected. For the oute
the others, the Rc represents the value of the accumulated layers starting from lay
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Results and discussion

Contact resistance results

The Rc values measurement results of both tapes on the same layer
of the HFRC cable are listed in Table 2. Comparable values of the con-
tact resistance within the same layer indicate an even current sharing
within that layer, related to wing tension and tape to tape contact
properties with the neighboring layers.

The measurement results of Rc values between two tapes from dif-
ferent layers are listed in Table 3. The Rc measurement for different
layers was carried out by connecting Rc1 or Rc2 respectively for pos-
sible spread and error estimation. During the first series of measure-
ments with Bdc = 0 T, the average Rc values measured for Rc1 and
Rc2 are 14.8 and 14.2 μΩm, respectively. As shown in Fig. 5, during
the measurement series with Bdc = 1 T, the Rc increased suddenly
increased when switching from layer 7 to layer 8 in the cable. During
this measurement session, the tie wrap at one of the cables snapped
and the local fixation by radial tension was suddenly released. The
tie wraps at the ends, not only secure the shape of the cable at these
positions but also keep the different components of the cable at the
same axial strain. However, due to the different thermal expansion
coefficients between SS spiral tube and helically wound structure, both
components also experience axial stress between them [6]. This axial
stress is released at the moment a tie wrap at one of the ends breaks,
r 1st and 2nd layers, the Rc was measured between tapes of the same layer. For
er 1 to the selected one.



Fig. 4. Calorimeter insert with HFRC cable sample for the AC loss measurement.

Table 2
Tape to tape Rc for HFRC cable at 4.2 K within the same layer, the measurement was done by applying 10 A current with and without 1 T background magnetic field.

Layer Tape combination Rc , Bdc = 0 T
（μΩm)

Rc ; Bdc = 1 T
（μΩm)

Rc difference for
Bdc = 0 & 1 T （%)

Layer1 Rc1-Rc2 15.8 17.4 +10
Layer2 Rc3-Rc4 12.1 17.2 +42

Table 3
Tape to tape contact resistance for the HFRC cable at 4.2 K within different layers, the measurement was done by applying 10 A current with and without 1 T
background magnetic field.

Number of layers Rc pair Rc, Bdc = 0 T
(μΩm)

Rc, Bdc = 1 T
(μΩm)

Rc pair Rc, Bdc = 0 T
(μΩm)

Rc, Bdc = 1 T
(μΩm)

2 Rc1-Rc3: 16.3 18.2 Rc2-Rc3: 15.7 17.5
2 Rc1-Rc4: 12.3 17.1 Rc2-Rc4: 11.6 16.4
3 Rc1-Rc5: 15.1 17.2 Rc2-Rc5: 14.5 16.6
4 Rc1-Rc6: 16.5 22.2 Rc2-Rc6: 15.8 21.6
5 Rc1-Rc7: 14.8 18.4 Rc2-Rc7: 14.2 17.9
6 Rc1-Rc8: 12.4 47.0 Rc2-Rc8: 11.8 46.4
7 Rc1-Rc9: 17.4 49.6 Rc2-Rc9: 16.7 49.0
8 Rc1-Rc10: 13.6 45.4 Rc2-Rc10: 12.9 44.9
9 Rc1-Rc11: 15.0 54.1 Rc2-Rc11: 14.4 53.4
10 Rc1-Rc12: 15.2 48.1 Rc2-Rc12: 14.6 47.6
11 Rc1-Rc13: 15.2 50.4 Rc2-Rc13: 14.6 49.8
12 Rc1-Rc14: 13.2 46.0 Rc2-Rc14: 12.5 45.5
13 Rc1-Rc15: 16.3 49.3 Rc2-Rc15: 15.7 48.8

Fig. 5. Layer to layer Rc between Layer1 and the other layers of the HFRC
cable with and without 1 T background field. Fig. 6. The tapes with helical structure shrink more than the tube.
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Fig. 7. Layer to Layer Rc between Layer1 and other layers for the HFRC cable
with and without 1 T background field, the current of measurement is 20, 30
and 40 A respectively.
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see Fig. 6. Then the cabled tapes with helical structure, shrink more
than the inner spiraled tube and in addition, the layer‐to‐layer contact
stress level is decreased, resulting in an increased level of Rc.

Due to the difference in thermal expansion rate between the layers
with helical structure and SS spiral tube, the multi‐layer HFRC cable
may suffer from cyclic thermal expansion and contraction from the
internal stainless steel spiral tube. This should be further investigated,
and it might be necessary to select materials with more similar thermal
expansion rates for the HFRC.

The average Rc values measured at Bdc = 1 T, before snapping of
the tie wrap, for Rc1 and Rc2 are 18.2 and 17.8 μΩm, respectively.
After snapping of the tie wrap, the average Rc values measured at
Bdc = 1 T, for Rc1 and Rc2 are 48.7 and 48.2 μΩm respectively. By
measuring and applying the same current in the same magnetic field,
the electromagnetic force is similar in both conditions. Comparing the
differences leads to a clear conclusion that the stress release of the
winding structure due to tie breakage is the main factor for the
increase in the Rc value. The release of the stress of the winding struc-
ture leads to a decrease in the pressure of the tapes between different
layers, thereby reducing the contact area and increasing the contact
resistance.

In summarizing, the results of the Rc measurements before the tie
wrap snapped, at zero and 1 T background field, are 15 and 18
μΩm, respectively. The Rc after the tie wrap snapped and release of
tape contact pressure, for zero and 1 T background field, is 49 and
48 μΩm, respectively. This level of Rc is an order of magnitude higher
than for the CORC® found in [6]. The HFRC sample Rc is three orders
of magnitude larger than ITER Central Solenoid Nb3Sn CIC conductors
and one to two orders of magnitude higher than ITER Poloidal Field
NbTi CIC conductors [19]. Such level of Rc corresponds with a very
low level of coupling loss when compared to the results presented in
[6] obtained on a CORC® sample with 30 tapes, the coupling loss time
constant based on these results is expected to be less than 10 ms (re-
lated to the volume of REBCO tape).

To further investigate the change of the Rc inside the cable due to
tie‐wrap breakage, the measurement current was changed to double‐
check possible errors affecting the measurement. The detailed results
are shown in Table 4, to better compare the difference in applying dif-
ferent currents, the result was also summarized in Fig. 7. The value of
the Rc shows only very little spread when applying 20, 30 or 40 A.
Fig. 8. AC loss of the HFRC cable at 0 and 1 T background magnetic field for
Ba = 100 and 200 mT. The filled symbols represent the measurement data
without background field; open symbols measurement with 1 T background
field.
AC loss

The total AC loss versus frequency with Bdc of zero and 1 T for the
HFRC cable sample is shown in Fig. 8, for three different AC magnetic
field amplitudes. The measurement data without a background field
are represented with the filled symbols; the open one are with 1 T
background field. The magnetic field is perpendicular to the cable
length axis. The hysteresis loss is the major loss component in the con-
ductor for the applied magnetic field conditions at 4.2 K. For both
amplitudes of 100 and 200 mT, the AC loss remains constant with
frequency.

When Bdc ¼ 1T, the AC loss of cable is slightly elevated compared
with zero background field. This is illustrated by the measured magne-
Table 4
Tape to tape Rc for the HFRC cable at 4.2 K within different layers, the measurem
background magnetic field.

Background field (Bdc) 0 T

Number of layers Rc (μΩm) Rc with 20 A Rc with 30 A

1 Rc1-Rc2: 16.68 16.89
5 Rc1-Rc7: 17.66 18.05
13 Rc1-Rc15: 43.72 44.07

5

tization curves with 400 mT modulation, as shown in Fig. 9, with a
slightly wider loop for 1 T background field.
ent was done by applying current at 20, 30, and 40 A, with and without 1 T

1 T

Rc with 40 A Rc with 20 A Rc with 30 A Rc with 40 A

17.06 17.92 18.20 18.39
18.32 19.14 19.53 19.83
44.36 49.82 50.09 50.36



Fig. 9. Magnetization loops with 400 mT modulation amplitude of the
excitation field with zero and 1 T background magnetic field. The frequency of
measurements are kept at 70 mHz magnetic field by the pick-up coils method.

Fig. 10. The total AC loss, divided by the square of the magnetic field
amplitude versus the magnitude of the applied field. Measurements are done
at 15 mHz magnetic field frequency and compared to data taken on a 30-tapes
CORC® from [6].
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Estimation of the penetration field

Since no AC coupling loss was found in the HFRC cable, which is
mostly like due to the magnetic field does not penetrate beyond the
outside tape layer of the cable. The screening current in the outer most
layer of tapes is shielding the inner volume of the cable from the
applied magnetic field entirely. The penetration filed for a single
REBCO tape is given by [20],
Fig. 11. Magnetization loop versus the amplitude of the applied field with
zero background magnetic field. Measurements are done at 15 mHz magnetic
field frequency by the pick-up coils method.
Bp≈μ0Jc 2t
π

� �
ln 2w

t

� �
T½ � ð5Þ

In which, Bp is the penetration field, the Jc is the critical current
density of the superconductor, t is the value of half‐thickness of the
REBCO layer in the tape, and w is the half‐width. The Jc was taken
from an internal report of critical current measurement in ASIPP and
amounts to 2:75 � 105A=mm2 in self‐field at 4.2 K. For FESC‐SH04
REBCO SC tape, the w and t are 2 mm and 1 μm respectively, hence
the estimated penetration field value is Bp ¼ 1:8T at 4.2 K.

In order to approximate the HFRC Bp with more accuracy, the total
AC loss is measured as a function of the magnitude of the transversal
applied magnetic field at a frequency of 15 mHz. Fig. 10 shows the
total AC loss divided by the square of the magnetic field with the mag-
nitude of the applied field. According to the assessment and the exper-
imental results, the maximum applied magnetic field in the
measurement didn’t reach the actual Bp, although some saturation
was reached, illustrated by the declining rate of Qtot/Ba

2 at the highest
amplitudes (see results from [6]). The Bp is defined by a peak of the AC
loss in Fig. 9, with linear evolution before and after the peak. How-
ever, the amplitude of the applied AC field could not reach the Bp level
due to limitations in the experimental setup. Deviations of the mea-
sured magnetization losses from the analytical values based on a uni-
form critical current density distribution can be explained by non‐
uniform critical current distributions in actual REBCO [21]. This is
exposed as a larger loss generation mechanism in a small magnetic
field modulation. Further tests can be performed in 77 K liquid nitro-
gen bath, like in [6], to reach the penetration field. The data taken
from [6] on a 30‐tapes CORC® in Fig. 10 illustrate the tendency when
Bp is well exceeded by the modulation field. The magnetization loop in
Fig. 11 also confirms that Bp is higher than the applied amplitude of
1.4 T.
6

Conclusion

The inter‐tape contact resistance and AC loss of a Highly Flexible
REBCO Cable (HFRC) prototype sample, as a potential candidate for
the central solenoid of a fusion reactor, has been measured and ana-
lyzed. The test results show that at 4.2 K for the applied testing condi-
tions, with applied fields lower than the penetration field, no coupling
loss is observed due to the high current density and shielding by the
outer layer of REBCO tapes.

The level of contact resistance between tape layers at zero and 1 T
DC background field, are 15 and 18 μΩm, respectively. This is an order
of magnitude higher than previously found for CORC® cables, three
orders of magnitude larger than ITER Central Solenoid Nb3Sn CIC con-
ductors and one to two orders of magnitude higher than ITER Poloidal
Field NbTi CIC conductors.

Due to the difference in thermal expansion rate between the layers
with helical structure and SS spiral tube, the multi‐layer HFRC cable
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may have a problem of inconsistent expansion and contraction rate
with the internal stainless steel spiral tube. It might be required to
select materials with more similar thermal expansion rates. The
obtained results provide a basis for further analysis of current sharing
between tapes and the cable coupling loss by future modeling work.
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