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Abstract
The Comprehensive Research Facility for Fusion Technology (CRAFT) project has been
launched in 2019, for developing the essential engineering technologies for Chinese Fusion
Engineering Testing Reactor (CFETR). Within this project, a full-size toroidal field (TF) coil
will be built as the prototype coil for CFETR. Based on design of CFETR magnet system, the
TF coil will operate at 95.6 kA in a peak field of 14.5 T. The high-Jc Nb3Sn strand is taken
into consideration due to the critical current density of ITER-grade Nb3Sn is too low at 14.5 T.
Considering that it will be the first time to apply the high-Jc Nb3Sn strand in the large-scale
cable-in-conduit conductor (CICC) for fusion magnet, a conductor sample made of high-Jc

Nb3Sn strand with short twist pitch (STP) cable pattern was manufactured in ASIPP and tested
in SULTAN facility, to investigate the feasibility. The test campaign focuses on the impact of
cyclic electromagnetic (EM) loading and warm-up cool-down (WUCD) to the performance of
the conductor, the strain distribution of the conductor before and after EM cycles was measured
by inductive method to make a deeper insight of the conductor performance evolution. AC
losses tests have also been carried out, providing relevant information for further coil design.

Keywords: CFETR, fusion conductors, high current superconducting cables, high magnetic
field, high-Jc Nb3Sn strand, STP cable pattern

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

1. Introduction

The fusion tokamak Chinese Fusion Engineering Testing
Reactor (CFETR), aims to bridge the gap between the exper-
imental fusion reactor ITER and the fusion demonstration

∗ Author to whom any correspondence should be addressed.

power plant DEMO. At present, the CFETR conceptual design
has been carried out [1, 2]. In parallel, another project,
referred to as the Comprehensive Research Facility for Fusion
Technology (CRAFT), was launched in 2019 and aims to
develop the essential engineering technologies for CFETR.
The CRAFT project mainly contains two research platforms,
one is focused on superconducting technology and the other on
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Figure 1. The reference lower single-null configuration of CFETR.

divertor research. In the superconducting technology research
platform, several sub-systems which cover the supercon-
ducting material research to larger-scale superconducting
coil development for fusion. Among others, the CFETR TF
prototype coil, which is a full-scale prototype coil for devel-
oping the key technologies and processes, such as high-
performance superconducting strand and cable-in-conduit
conductor (CICC), coil winding and coil case manufacture,
e.g. [3, 4].

According to the latest design, the major and minor radii
of the CFETR are R = 7.2 m and a = 2.2 m respectively. Its
magnet system consists of 16 toroidal field (TF) and 6 poloidal
field (PF) coils, a central solenoid (CS) and a divertor coil (DC)
[3]. Figure 1 shows the lower single-null configuration of the
CFETR, the TF at major radius (7.2 m) is Bt = 6.5 T [3]. To
fulfill this physical target, the peak field of the TF coil would be
14.5 T. Based on the magnetic field distribution on the inboard
leg cross-section, the winding pack of the TF coil is divided
into three grades (high field (HF), middle field (MF) and low
field (LF)), see figure 2, with different superconducting mate-
rials. The detailed operating parameters of the CFETR TF coil
are listed in table 1.

For the high field region (HF) conductor, the peak field on
the coil will be 14.5 T, with an operating current of 95.6 kA,
that means the peak Lorentz force on the HF region con-
ductor will be ∼1400 kN m−1. This is much higher than
for the ITER TF conductor, which brings huge challenges to
superconducting strand and conductor.

With the performance of ITER-grade Nb3Sn strand
(Jc ∼ 1000 A mm−2 @12 T, 4.2 K), it is difficult to meet
the CFETR requirements. This critical current density (Jc) is
too low at the magnetic field of 14.5 T, thus high-Jc Nb3Sn
strand (Jc > 2000 A mm−2 @12 T, 4.2 K) was taken into
consideration. High-Jc Nb3Sn strand has been developed for
more than ten years and industrialized. The internal structure
of high-Jc Nb3Sn strand is much different from ITER grade
Nb3Sn strand, the sub-elements of high-Jc Nb3Sn strand have

their own diffusion barrier. In the sub-element, the Cu content
between the Nb filaments is much lower than that of ITER-
grade Nb3Sn strand, causing them to be in close proximity
with each other. This Nb filament proximity, combined with
the significant expansion of Nb in the Nb3Sn reaction, pro-
duces bonding of the filaments and in many cases a monolithic
column of Nb3Sn and an increased Deff [5]. The bonding of
filaments in the sub-elements causes some issues such as high
hysteresis loss and thermo-magnetic instability, but the most
critical issue of high-Jc Nb3Sn strand for the conductor oper-
ating under the huge electromagnetic (EM) force is the sensi-
tivity to the bending strain [6], which could cause irreversible
degradation of conductor performance with EM cycling.

Previously, both ITER TF and early CS conductor suffered
from the performance degradation, this issue is especially crit-
ical for the CS conductor due to its cyclic operation. After-
wards, much effort has been done to avert the performance
degradation of Nb3Sn conductor, including cable pattern and
conductor cross-section geometry optimization [7, 8]. The
short twist pitch (STP) cable pattern has been demonstrated
to be successful by the ITER CS and CFETR CSMC conduc-
tors [9], no performance degradations was observed on these
conductors. The STP cable pattern can effectively prevent the
strand movement in cable, hence preventing or at least reduc-
ing the number of cracks in the filaments produced by bend-
ing strain and Yue’s numerical investigation also indicates that
STP cable pattern shows higher transverse mechanical strength
than that of LTP cable pattern, which is a good support for the
test results [25]. Thus, for the HF conductor of the CFETR-TF
prototype coil, the STP cable pattern is the first choice. For ver-
ifying the approach of high-Jc Nb3Sn strand with a STP cable
pattern, a conductor sample (CFTF-STP-01) is manufactured
with high-Jc Nb3Sn strand and tested in the SULTAN facility.
The conductor parameters are identical with CFETR-CSMC
Nb3Sn conductor. In doing so, the factors which could influ-
ence the conductor performance can be minimized to only the
strand when making a comparison between the performance
of the two conductors. The experiments include the Tcs evolu-
tion with EM and warm-up cool-down (WUCD) cycles under
different EM loadings, AC losses test, and minimum quench
energy (MQE) test. In addition, the strain distributions of the
conductor at virgin state and after cycling are measured by
inductive method. The results and performance analysis of this
conductor is presented in the following sections of this paper.

2. Experimental

2.1. Sample preparation

2.1.1. Superconductingstrand. The high-Jc Nb3Sn strand for
this conductor sample manufacture is provided by Western
Superconducting Technology (WST), which is an internal-tin
(IT) type of Nb3Sn strand with distributed-barrier structure.
The number of the sub-element is 54. The critical current den-
sity (Jc) is above 2200 A mm−1 (12 T, 4.2 K). Since the TF
coil operates under DC condition, the larger hysteresis losses
can be accepted. The effective filament diameter Deff is around
80 μm, which may cause thermo-magnetic instabilities, often
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Figure 2. Cross-section of inboard leg of the coil and its magnetic field distribution.

Table 1. Operating parameters of CFETR TF coil.

HF MF LF

Operation current (kA) 95.6
Operation temperature (K) 4.5
Peak field (T) 14.4 10.6 5.5

Table 2. The scaling parameters of the high-Jc Nb3Sn strand for the
conductor sample.

Deviatoric strain: Ca1 40.99
Deviatoric strain: Ca2 0.00
Hydrostatic strain: ε0, a(%) 0.32%
Thermal pre-strain: εm(%) −0.10%
Maximum upper critical field: μ0Hc2m(0) (T) 27.67
Maximum critical temperature: Tcm(0) (K) 16.00
Pre-constant: C1 (A T) 52170.
free parameters: p 0.50
free parameters: q 2.00

referred to as flux jumps, at low magnetic fields. But consid-
ering the Jc of Nb3Sn strand in jacket is reduced by thermal
pre-compression and the residual resistivity ratio of strand is
higher than 100, slightly suppressing a part of the flux jumps.
Also, the operating current of the single strand is relatively
low compared to the typical quench current of high-Jc Nb3Sn
strand.

The field, temperature and strain dependence of the strand
critical current is important for the conductor performance
assessment. These measurements were performed at the Uni-
versity of Twente. The measured data was fit with the Twente
deviatoric model [10], and the scaling parameters are listed in
table 2.

2.1.2. Cable and conductor. The geometry parameters and
the cable pattern are listed in table 3, identical with that of

Table 3. The geometry parameters and cable pattern of the conductor.

Parameters Value

Conductor outer diameter 49 × 49 mm
Conductor inner diameter 32.6 mm
Central spiral diameter 8 mm
Cable layout ((2Sc + 1Cu) × 3 × 4 × 4) × 6
Cable twist pitches 25/50/92/155/450 mm
Strand diameter 0.82 mm
No. of Sc strand 576
No. of Cu strand 288
Void fraction 32.5%
Jacket material 316LN

Figure 3. The final stage cable without wrap (left), and the
cross-section of the CFTF-STP-01 conductor (right).

the CFETR CSMC conductor sample. The cable was manufac-
tured at Chang Tong Company, see in figure 3, which is also
the manufacturer of the CFETR-CSMC cables. The conductor
with the circle in square cross-section, is shown in figure 3.

2.1.3. SULTAN test sample. The SULTAN test sample con-
sists of two conductor legs CFTF-STP-01-A/B, which are
joined at the bottom. The sample is placed vertically in the bore
of the magnetic system of the SULTAN test facility. A clamp-
ing system maintains the two legs in a parallel configuration,
against the EM forces. The peak background field provided by
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Figure 4. Sketch of the SULTAN sample and the instrumentation.

Figure 5. Pick-up coils for conductor susceptibility measurements
at SULTAN facility.

the SULTAN facility applies to a region of the conductor that
is about 0.45 m long [11].

The bottom joint allows both legs to be operated by a sin-
gle power supply and provides the possibility of testing two
conductors simultaneously. The two conductors are cooled
through a forced flow of supercritical helium flowing from the
bottom joint to the upper terminations.

In the experiment, physical quantities including temper-
ature, pressure, voltages and mass flow rate are needed for
result analysis. The main voltage-taps (VH1–VH4) are located
225 mm away from the central field, consisting of 6 inde-
pendent taps for each location. The main temperature sensors
(T1–T4) are located 400 mm away from the central field, and
consist of 4 independent sensors for each location to evalu-
ate the average temperature. For each cross section four sen-
sors are positioned at a 90◦ angular distance. The detailed
instrumentation is shown in figure 4.

For the strain distribution assessment, the susceptibility ver-
sus temperature of the filaments and the cable need to be mea-
sured. The susceptibility versus temperature of the cable was
measured by the pick-up coils and excitation coils wound in

the groove of the jacket as shown in figure 5. The susceptibil-
ity versus temperature of the filaments, which were extracted
from the witness strand sample, was measured by vibrating
sample magnetometer.

2.2. Test procedures

The test procedures are as follows:
Phase I
Strain distribution measurements (inductive method) at vir-

gin state;
AC loss tests at virgin state;
Tcs (current sharing temperature) runs with EM cycling and

partial EM loading of 4.5 T× 35 kA (32% of full EM loading),
7.78 T × 40.5 kA (65% of full EM loading);

Tcs runs with EM/WUCD cycling with full loading of
10.85 T × 45.1 kA;

AC loss tests after cycling;
Phase II
Tcs runs with EM/WUCD cycling and over EM load-

ing of 10.85 T × 58.5 kA (130% of full EM load) and
10.85 T × 80.0 kA (177% of full EM load);

Strain distribution measurements (inductive method) after
EM cycling;

MQE test;
The setup of full loading as 10.85 T × 45.1 kA, is the same

as applied to the CFETR-CSMC conductor sample in its SUL-
TAN test, which allows a direct comparison to the CFETR
CSMC sample. The partial loading and over loading are set
to evaluate the possible degradation at what load level possi-
ble degradation starts. The test campaign consists of a num-
ber of Tcs measurements conducted at various stages during
the EM cyclic loading. The strain distribution measurements
before and after EM cycling, was added to this test program to
investigate the impact of EM cycling to the effective strain dis-
tribution of the conductor. The AC loss test is for assessment
of the coupling loss before and after cycling.
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3. Experimental results and analysis

3.1. Tcs evolution

The Tcs evolution of the conductor with EM and WUCD cycles
is the most important result from the test campaign, which
could be a significant reference for assessment of the perfor-
mance of the coil in its service life. For Tcs assessment, two
methodologies were developed in the SULTAN test facility,
which are the voltmetric and calorimetric procedures [12]. The
voltmetric procedure is based on the voltages measured on the
conduit of the CICC under test, the voltage–temperature plot
is obtained from the averaged voltages within each time win-
dow. The Tcs is then determined by a linear fit (in log space)
between the point just above and the point just below the elec-
tric field (E) acceptance criterion of 10 μV mm−1 (shown in
figure 6). In this paper, the voltmetric procedure was used and
the calorimetric procedure is not introduced.

The Tcs measurements were carried out at different trans-
verse EM loads in the following sequence:

• Cycle #1 ∼ #200 with EM load of 4.5 T × 35 kA (32%
full load);

• Cycle #201 ∼ #400 with EM load of 7.78 T × 40.8 kA
(65% full load);

• Cycle #401 ∼ #5150 with EM load of 10.85 T × 45.1 kA
(100% full load);

• Cycle #5151∼ #6902 with EM load of 10.85 T × 58.5 kA
(130% full load);

• Cycle #6903 ∼ #7103 with EM load of 10.85 T × 80 kA
(177% full load);

In the originally planned test sequence, 1 WUCD was set
at EM cycle # 500, but during actual testing, two unexpected
WUCDs were performed because SULTAN test facility was
shut down for COVID-19 and insulator repairing. In total
three WUCDs were performed at cycle #500, #501 and # 502
respectively.

Figure 7 shows the overview of the Tcs evolution with EM
and WUCD cycles, under different EM loads. It can be seen
that there is no obvious degradation of the Tcs of the conductor
until the transport current reached 80 kA.

Figure 8 shows a more detailed representation of the Tcs

evolution with EM and WUCD cycles, under the 100%, 130%
and 177% EM loads. For the 100% EM load, the Tcs of the
sample increased with the EM cycle and became stable after
cycle #1000, except for a Tcs drop of 0.03 K, which is caused
by the 3 WUCDs. When the EM load is increased up to
130%, the Tcs of the sample degraded slightly with the EM
cycles (0.03 K/1700 EM cycles), and stopped degrading after
1 WUCD. The 177% EM load caused a clear degradation of
Tcs (0.12 K/200 EM cycles), which implies that the irreversible
damage has occurred in the superconducting strands of the
conductor, under this level of EM load.

Figure 9 makes a comparison between CFTF-STP-01 and
CFETR-CSMC samples, under the same EM load. It can be
seen that, the Tcs evolutions vs the number of EM cycles
behave very similar for these two samples (the dashed lines

Figure 6. Evolution of the electric field versus temperature (E–T)
cable characteristics with EM cyclic loading of 10.85 T × 45.1 kA,
corresponding to the right leg of the sample.

Figure 7. Overview of the Tcs evolution with EM cycling under
different loading condition.

are parallel), i.e. the cable pattern seems to dominate the con-
ductor electromagnetic—mechanical performance more than
the strand. But as the EM load increases, the excessive local
bending and contact strain will lead to cracks in the Nb3Sn fil-
aments, leading to the irreversible performance degradation of
the conductor. Based on these results, the cracks in the Nb3Sn
filaments shall emerge under an EM load between 130% and
177%.

These results indicate that the CICC with circle in square
geometry (ITER-CS and PF like) and STP cable pattern can
still be applied with the high-Jc Nb3Sn, within a restricted
range of EM load.

Combining the Tcs data and the strain scaling law of the
strand, the effective strain of both conductor sample legs at
various EM loads can be assessed. The effective intrinsic strain
εeff and the effective self-field factors κeff can be determined
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Figure 8. Evolution of the Tcs for EM cycling under 100, 130 and
177% from full loading.

Figure 9. Comparison of the Tcs evolution with EM cycling
between CFTF-STP-01 and CFETR CSMC samples, under the
sample EM load.

by the least square fit to the measured cable Ic data [13]:

min
(∑(

Icable
c − N · IStrand

c (T, Beff, εeff)
)2
)

,

where the effective self-field factor κeff is defined by:

Beff = Bb + keff · Icable
c .

The calculated effective intrinsic strains values εeff are plot
as a function of applied EM load in figure 10.

Figure 10. Effective strain of both conductor sample legs as a
function of the EM load.

From figure 10, it can be seen that the effective intrinsic
strain of the conductor is a linear function of the applied EM
load, which can be fitted by a linear equation:

εeff (L) =
−ε0 − b ∗ BI/10 000

100
.

The intercept values ε0 for the two legs are −0.51 and −0.53,
and the slope b for the two legs are 1.758 and 1.777 respec-
tively. The intercept values ε0 can be considered as the extrap-
olation of the effective intrinsic strain of the conductor when
the applied EM load equals zero, i.e. the thermal strain caused
by the mismatch of thermal expansion coefficient between the
conductor jacket and the cable, at the virgin state. The extrap-
olated thermal strain will be compared with that measured by
the inductive approach, in the follow section. The slope value
b reflects the impact of transverse EM load to the conductor
performance. The value b of CSJA-3 and CFETR CSMC con-
ductor sample are 1.54 and 1.42 respectively [8, 24], which
indicates that the performance of this conductor sample, made
of high-Jc Nb3Sn strand, is more sensitive to transverse EM
load than that of CSJA-3 and CFETR CSMC conductor, which
are made of ITER-grade Nb3Sn strand. But it also depends
on the internal structure of the high-Jc Nb3Sn strand, i.e.
the sub-element configuration, different sub-element config-
uration may lead to the different result and it need further
investigations in the future.

3.2. Strain distribution

For making a deeper understanding of the conductor perfor-
mance evolution and its mechanism, the strain distribution
in the conductor cross-section were measured via the induc-
tive method, which was developed in SULTAN test facility
[14–16]. The principle of this method is to measure in situ
the behavior of the magnetic susceptibility versus temperature,
χ(T ) of the conductor. Then measurements are performed for
the corresponding free-standing filaments of the Nb3Sn strand
used for the cable manufacturing. The comparison of both the
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Figure 11. Susceptibility versus temperature curves of the Nb3Sn
filaments for the low- and high-field region of the CICC sample in
the virgin state.

χ(T ) curves allows at first to measure the critical temperature
(Tc) distribution in the conductor cross-section, then combin-
ing the relationship between strain and Tc of Nb3Sn, the strain
in the CICC cross-section can be assessed.

Figure 11 represents theχ(T ) curves of the Nb3Sn filaments
for low- and high-field region of the CICC sample, in the virgin
state.

As shown in the figure 11, the transition of the CICC is
broader than that of the free-standing filaments, which is the
evidence of the Tc distribution in the CICC cable cross-section,
i.e. each filament in the measured CICC cross section has its
own Tc value. From the view point of mathematic, it can be
described by the Fredholm equation of the first kind:

χCICC (T) =
∫ Tcm

0
χf (T, Tc) f (Tc)dTc,

where the χCICC (T) is the temperature dependence suscepti-
bility of the CICC and the χf (T, Tc) is the temperature depen-
dence susceptibility of the filament with the corresponding Tc.
This problem can be solved numerically by discretizing the
Fredholm equation [17]:

χCICC = χf f .

Figure 12 shows the χ(T ) curves of the low- and high-field
region of the CICC sample after cycling. It can be seen that
the EM cycling has almost no impact on the low-field region
of the CICC sample. However, a decrease of Tc was observed
at the high-field region of the CICC sample. Meanwhile, the
transition of high-field region conductor became broader than
that of low-field region conductor, which indicates that EM
cycling changed the strain state of the Nb3Sn filaments in the
CICC.

Figure 13 shows the evolution of the Tc distribution in the
high-field region of the conductor, from the figure, it is pos-
sible to observe that the peak of the distribution after cycling
has shifted towards the a lower Tc region, meanwhile, together
with a broadening of the distribution. This behavior matches
the observed decrease of the current sharing temperature (Tcs).

Figure 12. Susceptibility vs temperature curves of the low- and
high-field region of the CICC sample after cycling.

Figure 13. The Tc distribution in the high-field region of the CICC
sample at the initial state and after cycling.

As it is known that the relationship between Tc and strain of
Nb3Sn can be written as: [18],

Tc(B, ε) = Tcms(ε)1/3.

Also an asymmetric Gaussian distribution [17] is chosen to
provide an estimated shape of G(ε).

G (ε)=
1√

2πσ2
sk

exp

(
− (ε− μsk) 2

2σ2
sk

)⎛
⎝1+erf

⎛
⎝α

ε− μsk√
2σ2

sk

⎞
⎠
⎞
⎠ ,

where the μsk and σsk are the skew Gaussian distribution mean
value and standard deviation respectively.

Figure 14 depicts the assessed strain distribution of high-
field region of the CICC before and after cycling. The peak of
the strain distribution from the high-field region before cycling
is about −0.49%, which agrees well with the extrapolated
value of −0.51% for the effective strain from figure 10. After
cycling, the peak of the strain distribution shifted to the higher
strain region and the standard deviation increased. The strain

7
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Figure 14. The Gaussian strain distributions corresponding to the
measured Tc distributions.

distribution after cycling expanded to the tensile region, which
indicates that part of the filaments in tensile strain region and
could be subjected to cracks, which could explain the CICC
permanent performance degradation.

The types and distribution of the cracks in the filaments
will be investigated in the future by metallographic observa-
tion. The insights regarding filament damage may be helpful
for further conductor and cable optimization.

3.3. AC losses

AC losses of the sample have been measured by calorimetry
both in virgin and cycled conditions with zero current in the
sample. The measurements are carried out at the background
field of 2.0 T and 9.0 T, and applying sinusoidal field variations
of ±0.2 T, from 0.1 to 7 Hz, the effective length of 390 mm.
The coupling loss versus. frequency at virgin state and after
cycling are plotted in figure 15. It can be seen from figure 15
that the losses reduced after cycling, due to the inter-strand
contact resistance changes, which is typical behavior of the
Nb3Sn CIC conductor.

The AC loss test results of the CFTF-STP-01 are compared
with the ITER CSJA3 [8] and CFETR-CSMC samples [9],
which are shown in figure 16 (virgin) and figure 17 (cycled).

From figure 16, it can be seen that the coupling loss versus
frequency behavior at virgin condition of CFTF-STP-01 sam-
ple is very similar to that of the CFETR-CSMC and CSJA3
samples. But after cycling, the coupling loss of CFTF-STP-
01 at the background field of 2.0 T is much lower than that of
the CFETR-CSMC and CSJA3 samples. The possible reason is
that the cable pattern of the CFTF-STP-01 sample is similar to
that of the CFETR-CSMC and CSJA3 samples, and the strands
in the cable are all sintered after heat treatment, meaning that
the inter-strand contact states are similar for the three samples
at virgin state. At virgin state, the magneto-resistance domi-
nates the inter-strand resistance, and the EM force and temper-
ature variation change the inter-strand contact states during the
EM and WUCD cycles due to strand movements as observed
in [19]. It should be considered that the test sequences are

Figure 15. Coupling loss vs frequency of the CICC sample at virgin
state and after cycling, the dashed lines are the fitting curves with
the MAPS model.

Figure 16. The comparison between the CFTF-STP-01,
CFETR-CSMC, and ITER CSJA3 samples, at the virgin state.

different for the three samples, leading to the different inter-
strand contact states for the three samples after cycling, which
indicates that the strand-to-strand contact resistances domains
inter-strand resistance after cycling.

The test results of coupling loss behavior versus frequency
for virgin and cycled condition can be fitted well with the
MPAS model, which is shown in figure 15 (dashed lines). This
model is proposed by Turck and Zani [20] and based on earlier
work from Nijhuis [19, 21]. It is a macroscopic model which
describe the partial shielding effect with different zones in the
cable. The model was applied successfully in the design of the
JT-60SA TF conductor, ITER CS conductor and the CFETR
CSMC conductor [22]. The MPAS model is briefly described
with equations:

Pcoupling(W m−3) =
1
μ0

Σκ jτ j

(
dBi

dt

)2

.

In the equation, the dBi/dt can be solved by:

Bi = Be − τ j
dBi

dt
.
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Figure 17. The comparison among the CFTF-STP-01,
CFETR-CSMC, and ITER CSJA3 samples, after cycling.

Table 4. Parameters of the MAPS model for coupling loss.

Virgin Cycled

Domain 2 T 9 T 2 T 9 T

k τ (ms) k τ (ms) k τ (ms) k τ (ms)

1 1.08 14 1.2 8.0 1.4 13 1 9
2 0.94 60 0.6 46 0.3 46 0.5 30
3 1.13 175 0.68 210 0.15 40 0.25 40
4 0.3 675 0.25 680 0.26 260 0.4 280
5 0.4 4.0 0.6 4.2 0.35 6.0 0.3 5.0

Table 5. Hysteresis loss of the CFETR-CSMC and CFTF-STP-01
samples.

CFETR-CSMC CFTF-STP-01

Ba 2 T 9 T 2 T 9 T
ΔB ±0.2 T ±0.2 T
Qhys/cycle 1.03 J 0.97 J 3.53 J 3.49 J

The total coupling loss energy per cycle can be written as a
function of the frequency (ω = 2πf ):

Qcoupling(J m−3) =
B2

a

μ0

N∑
1

πκ jτ jω

1 + (τ jω)2
.

In the model, the coupling loss heat power is given by the
sum of the contribution in loss of five domains with time con-
stant τ j and corresponding effective volume fraction κ j, and
the nτ ap is Σκ jτ j. The fit parameters are listed in table 4. Con-
cerning about the other component of AC losses, the hysteresis
loss of the cable. The hysteresis loss of the conductor could be
calculated with the initial slope of the loss versus frequency
curve and the constant offset of the curve represents the hys-
teresis loss Qhys [23]. The Qhys of CFTF-STP-01 sample and
CFETR-CSMC sample is presented in table 5.

From table 5, it can be seen that the Qhys of the CFTF-
STP-01 sample is about 3.5 times that of the CFETR-CSMC

sample, which agrees well with the Qhys of ITER Nb3Sn strand
with ∼500 mJ/c.c. compared to Qhys ∼ 1900 mJ/c.c. for high-
Jc Nb3Sn strand. The results indicate that the conductor with
high-Jc Nb3Sn strand would generate high AC losses when
applied it in the coil operating in a relative low frequency
time-varying magnetic field, like a CS coil, since the hysteresis
loss would dominate the total loss energy. However, for a TF
coil, which operates in steady-state condition, this seems not
an issue although it still needs to be taken into consideration
during the ramping up stage of the coil.

4. Conclusion

The first large-scale CICC sample (CFTF-STP-01) made of
high-Jc Nb3Sn strand has been tested successfully in the SUL-
TAN facility in Villigen, Switzerland. The main purpose of
this experiment was investigating the feasibility of applying
the high-Jc Nb3Sn strand on the large-scale CICC to be used
for future fusion magnets.

The test results of CFTF-STP-01 are compared with
CFETR-CSMC conductor sample, which has the same con-
ductor structure with this sample but is made of ITER-grade
Nb3Sn strand. It shows that the Tcs evolution with EM cycling
of CFTF-STP-01 and CFETR-CSMC are very similar and no
performance degradation was observed under the same EM
loading condition. But with the EM loading increasing, the
irreversible performance degradation occurred eventually. It is
demonstrated that the STP cable pattern is working well for
high-Jc Nb3Sn strand within a limitation of EM loading. The
measured critical temperature distribution, representing the
strain distribution, shows a broadening and increase towards
tensile strain, indicating irreversible degradation caused by
Nb3Sn filaments damage.

The test results of AC losses are compared with the CFETR-
CSMC and ITER CSJA3 sample, the coupling loss vs fre-
quency characteristics of the three samples are similar due to
the cable pattern of them are similar.

The metallographic observation will be performed on this
sample, to investigate the types and distribution of the cracks
on the filaments. The insight into the filament damage will be
helpful for the conductor and cable optimization in the future.
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