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Coupling Loss Characteristics of Nb3Sn CIC
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Abstract—An Nb3 Sn cable-in-conduit (CIC) conductor with
short twist pitch structure has been developed at Institute of Plasma
Physics Chinese Academy of Sciences, Hefei, China, to meet the
central solenoid model coil (CSMC) project of China fusion en-
gineering test reactor (CFETR). 12 T magnetic field and 1.5 T/s
field change are the most basic design target. The coupling loss
characteristics of Nb3 Sn CIC conductor is the key design require-
ment for CSMS because the deposited energy in magnets from ac
losses can decrease the safe margin in the nuclear fusion device.
In order to evaluate the coupling loss performance of the Nb3 Sn
CIC conductor, the ac loss measurement for Nb3 Sn CIC conductor
sample was carried out at SULTAN facility. This paper presents
the specific structure design of the Nb3 Sn CIC conductor and ac
losses test results first. Then, the coupling losses characteristics are
discussed with Multizones PArtial Shielding model and the key fit
parameters are obtained from measurement results. Finally, two
typical field cases are considered to evaluate the coupling loss en-
ergy of Nb3 Sn CIC conductor for safe operation of the CFETR
CSMC and the optimization of the cryogenic system.

Index Terms—China fusion engineering test reactor (CFETR),
coupling losses, Nb3 Sn cable-in-conduit (CIC) conductor.

I. INTRODUCTION

THE central solenoid model coil (CSMC) project of China
Fusion Engineering Test Reactor (CFETR) was launched

at 2014 and the purpose is to develop and verify the design
and manufacture technology of the large-scale superconduct-
ing magnet [1], [2]. 12 T magnetic fields and 1.5 T/s field
change are the most basic design target. Therefore, CSMC must
not only satisfy the high transport performance, but also the
low ac losses considering the operation requirements and safe
design [3].

The International Thermonuclear Experimental Reactor
(ITER) CS Nb3Sn cable-in-conduit (CIC) conductor crash pro-
gram led to the development of a short twist pitch (STP) cable
able to withstand the transport current degradation with elec-
tromagnetic (EM) cyclic loads [4]–[7]. This design inspired the
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Fig. 1. (a) Cross section of Nb3 Sn strand. (b) CIC conductor.

CSMC conductor developed by Institute of Plasma Physics Chi-
nese Academy of Sciences (ASIPP), Hefei, China.

In order to develop the Nb3Sn CIC conductor with STP at
ASIPP, Qin et al. has developed the cabling technology and
measured the strand deformation, as well as critical current (Ic )
degradation in the cabling process [8]. Subsequently, a proto-
type CIC conductor manufacture and visual inspection of cable
damage with deformation has been performed, which ensures
the feasibility of manufacture technology for Nb3Sn CIC con-
ductor [9].

The final performance evaluation of Nb3Sn CIC conductor
needs to be performed and verified by a series of experiments.
This paper mainly focuses the coupling losses characteristic of
Nb3Sn CIC conductor combined with measurement results in
SULTAN facility (Villigen, CH). Finally, a preliminary coupling
losses energy evaluation for Nb3Sn CIC conductor is made in
two typical test cases for safe operation of the CFETR CSMC
and the optimization of the cryogenic system.

II. NB3SN CIC CONDUCTOR DESIGN AND MANUFACTURE

The internal tin process Nb3Sn wires provided by Western
Superconducting Technologies Co., Ltd., were employed for
CFETR CSMC. The diameter is 0.82 mm and thickness of
internal Nb filament size is 6 μm. Ta barrier is introduced out of
the Nb3Sn superconducting filaments. 19 Hexagon subelements
are characterized by approximate 130-μm diameter shown in the
Fig. 1(a). The high treatment temperature is 650 °C holding on
100 h in vacuum or Ar atmosphere.

Critical current density (Jc ) of Nb3Sn strand is described by
the deviatoric strain model developed by University of Twente,
Enschede, The Netherlands [10], [11]. Ic of single wire is about
250 A at 12 T and 4.2 K with 0.1 μV/cm electric field criterion.
The scaling parameters are listed in Table I. The hysteresis loss
per cycle at ±3.0 T is less than 500 MJ/cm3 .
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TABLE I
SCALING PARAMETERS OF Jc FOR CFETR CSMC NB3 SN STRAND

Parameter Unit Value

Ca1 55.22
Ca2 11.2
ε0 ,a % 0.293%
εm % –0.058%
μo Hc2m (0) T 31.66
Tcm (0) K 16.13
C1 AT 19948.5
P 0.57
Q 2.0

TABLE II
DETAIL CHARACTERISTICS OF NB3 SN CIC CONDUCTOR

Property Unit Value

Cabling layout (2SC+1Cu) × 3 × 4 × 4 × 6
Final outer diameter mm 32.6
Void fraction 32.7%
Twist pitch sequence mm 24/49/89/160/450
Petal stainless steel wrap 70% overlap
Cable stainless steel wrap overlapped
# of SC strand 576
# of copper wires 288
Heat treatment schedule °C/h 210/50+340/25+450/25+575/100+650/100
Operating current kA 47.65
Peak field in the coil T 12

The design of high performance Nb3Sn CIC conductors for
superconducting magnet in fusion device requires comprehen-
sive consideration in the balance between the dc and ac per-
formance. Contact resistance (Rc ) between the inter-strands in
the cable is known to be one of the important parameters which
dominantly determine the current redistribution and coupling
current loops generation at various disturbances. The applica-
tion of Cr coating with 2 μm thickness on the surface of Nb3Sn
strands and wrap out of the subcable (70% open surface) are the
useful way to control the appropriate Rc between the strands.

In addition, the void fraction and twist pitches in different
stage cables are also important parameters, which affect the
conductor performance under the strong EM load and cycles.
32.7% void fraction and STP design are used for the Nb3Sn
CIC conductor of CFETR CSMC that originates from design
inspiration of ITER CS conductor development and feasibil-
ity of cabling technology at ASIPP. This design can effectively
enhance the cable stiffness and prevent the transport current
degradation under the strong EM load and cycles which is ver-
ified by measurement results of ITER Nb3Sn CIC conductor
[12]–[14]. The detail structure parameters of Nb3Sn CIC con-
ductor were also shown in Table II. Fig. 1(b) presents the cross
section of the Nb3Sn strand and CIC conductor.

III. COUPLING LOSSES

A. Measurement Procedure and Results

The ac losses measurement of Nb3Sn CIC conductor sample
for CFETR CSMC was performed in SULTAN facility at spring

Fig. 2. Coupling losses measurement results versus frequency of Nb3 Sn CIC
conductor.

of 2016. The amplitude of the sinusoidal ac applied field was
0.2 T where the homogeneity of ac field is 10% in the 390 mm
sample length. The frequency of ac applied field was from 0.1
to 7 Hz to obtain the ac losses in the wide frequency range. A
biased dc field of 2 and 9 T was applied to avoid the interference
from diffusion barrier out of the Nb3Sn filaments and acquire
the coupling loss characteristic in different background field.

8000 cycles have been applied with transport current of
48.8 kA under 10.85 T to meet the Lorentz force in the CFETR
CS model coil including the two times thermal cycles between
4.2 K and room temperature. The total ac losses energy per cy-
cle including hysteresis and coupling losses were obtained by
calorimetric method. If it is assume that the hysteresis losses
per cycle at full penetration of the applied field is independent
of the frequency, the coupling losses can be represented by the
energy losses per cycle versus frequency, described as follows:

Qc =
π · B2

aω · nτ

μ0
(J/m3 · cycle) (1)

where the applied field is Basin(2πft) and n is the shape factor,
τ is coupling time constant. According to the results shown in
Fig. 2, the coupling losses show a wide plateau extending to
higher frequency in virgin state. The maximum coupling loss
energy is 120 MJ/cm3 per cycle at 2.0 Hz with 2 T biased dc
field which is 50% higher than at 9 T biased dc field.

After cycles, the trends are not the same at all, it is found
that the saturation does not appear with frequency increasing.
The maximum coupling loss energy increases to 165 MJ/cm3

per cycle at 7.0 Hz in 2 T biased dc field.

B. Multizones PArtial Shielding Model (MPAS)

AC losses measurement results of Nb3Sn CIC conductor re-
veal that the shielding effect between the different coupling
loops is key factor for coupling loss characteristics especially
to higher frequency. The classical unique apparent time con-
stant model is not sufficient to characterize the coupling loss for
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Nb3Sn CIC conductor in wider frequency range accurately if
existence of shielding affect from different coupling loops.

Several models have already been developed considering the
shielding effect to explain the experimental shape reasonably.
Nijhuis et al. proposed an expression for the coupling losses ac-
counting for the partial shielding [15]. Subsequently, Turck and
Zani proposed a macroscopic model named MPAS to describe
the partial shielding behavior with different zones in the cable
that was applied in the design of JT-60SA TF conductor and
ITER central solenoid conductor successfully [16]–[18]. Here
the MPAS model is used because the results could be convenient
to compare with other conductors.

With MPAS model, ac losses in superconducting strands are
caused by transverse currents between filaments while the in-
duced currents circulate in the peripheral shell of filaments.
Those currents react to the applied external field (Be ) by creat-
ing a reacting field of value τ (dBi/dt) (τ being the decay time
of the induced currents). As the reacting field is exactly dipo-
lar the internal field (Bi) inducing the circulating currents is
equal to

Bi = Be − τ
dBi

dt
. (2)

Total coupling losses power in the cable is given by the sum-
mation of the contributions of all different domains or zones
with τj and respective effective volume fraction kj considering
the partial shielding model such as

P =
1
μ0

N∑

1

kj · τj

(
dBi

dt

)2 (
W/m3) . (3)

If Be is a sinusoidal variation which is the same as the mea-
surement condition

Be = Ba sin ωt. (4)

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

W =
Ba

2

μ0

N∑

1

ki · τi · (π · ω)
1 + τi

2 · ω2

(
J/m3) . (5)

C. Results Discussions With MPAS Model

In order to simplify the fit procedure and regroup the pa-
rameters of different zones, the effective transverse resistivity
is considered equal for respective zones in the compacted cable
[19]. Although all the combinations of zones and time constants
in MPAS model are found among all the 2N possible products
(including the one equal to zero), the number of zone (present-
ing the number of the time constant) can simplify to N–1 based
on the regrouping method of MPAS model, which has obtained
good agreement between the fit and measurement result for JT-
60SA TFJS1 and ITER CS conductors [16]–[18].

Fig. 3 shows the fitting curve together with the each zone
contribution for virgin conductor in 2 T applied field using the
MPAS model, as well as measurement results. The visible and
limited shielding effects can be seen obviously. The fit result is
in good agreement with experimental range. So the five zones

Fig. 3. Experimental data and MPAS fitting curve. The respective contribu-
tions for each time constant are also shown.

TABLE III
PARAMETERS OF THE MPAS MODEL FOR COUPLING LOSS (MS)

Domains 2T 2T 9T 9T 2T 2T 9T 9T
k τ (ms) k τ (ms) k τ (ms) k τ (ms)

Virgin state Cycled state

1 1.0 12 0.78 10 3.0 10 1.55 2.5
2 0.9 50 0.485 42 0.38 55 1.90 10
3 1.4 165 1.035 138 0.15 41 0.25 34
4 0.1 528 0.098 440 0.15 120 0.20 110
5 0.4 4.0 0.40 3 0.4 4.0 0.40 3.0
Σ kiτi 352 214 73.2 54.5

Fig. 4. Experimental data and MPAS fitting curve with different state.

model and fitted parameters can be sufficient to characterize the
Nb3Sn CIC conductor for CFETR CSMC.

The corresponding fit parameters and curves of four different
conductor states are presented in Table III and Fig. 4. The corre-
sponding value of nτap is Σkiτi also shown. The all nτap after
cycle are about 21%–25% of the virgin state. The minimum
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nτap is only 54.5 ms after cycle at 9.0 T biased field. This can
be explained by the contact resistance change between the inter-
strands due to the slide friction and the pressure release after
EM cycles which is the same the other Nb3Sn CIC conductor
sample.

The applied dc field shows an important factor that affects
the coupling losses according to the results. This influence may
be caused by the magneto-resistance effect of copper wires and
matrix of the Nb3Sn strands, which can increase the electric
resistivity of copper and suppress the coupling loss energy under
the higher magnetic field.

In general, coupling losses could be decreased with STP struc-
ture according to the classical coupling losses theory [19]. But
the measurements results of conductor for STP option here are
more than two times higher than the original ITER CS Nb3Sn
CIC conductor [18]. The feasibility explanations for this effect
are as follows [14]: STP structure limits the wires potential move
by increases the crossing angle of the strands, which increases
the imprint or pinching between the strands in the cabling pro-
cedure. Another explanation could be possible removals of Cr
plating on the strands due to the higher stiffness of the ca-
ble which results in the lower inter-strands contact resistance.
These speculations need to be demonstrated in future.

D. Model Applied to Two Typical CSMC Field Cases

Once the parameters of MPAS model (time constants and
volume fraction) for any given CIC conductor are obtained, the
total coupling losses power can be evaluated for any type of
variation for applied field. The first use of MPAS model to fit ac
losses measurements is JT-60SA successfully and considers the
impact of a plasma disruption on the magnetic field variations
and heat deposition [17].

For CFETR CSMC, two typical cases representing the perfor-
mance test are considered to evaluate the coupling loss energy of
Nb3Sn CIC conductor. One is the exponential decay field with
the 8 s time constant, another is the triangular wave field with
0.4 T/s change rate and 12 T peak to peak fields. Two typical
field cases can verify the different running ability respectively.
Case 1 is used to validate the fast discharging ability where the
maximum field changing can reach to 1.5 T/s; Case 2 is used to
verify the 12 T field design requirement which is also similar as
the ITER CSMC.

The simulation result of coupling losses power versus time
with four different conductor states in case 1 is shown in Fig. 5.
The peak values of coupling loss power appear at the range
of less than 1 s for four conductor states. The maximum loss
power is 0.485 MW/m3 in the 2 T applied field and virgin state.
The maximum coupling loss energy per unit volume of super-
conductor is 2.41 MJ/m3 in one complete cycle presented in
Table IV.

Fig. 6 presents evaluated results of coupling losses power in
case 2. The coupling losses power shows the saturation state
after a short time. The maximum coupling losses power is
0.043 MW/m3 also in the 2 T applied field and virgin state after
0.4 s. The maximum coupling losses energy per unit volume

Fig. 5. Coupling loss power deposited in Nb3Sn CIC conductor for 8 s time
constant of the applied field.

TABLE IV
ENERGY LOSS WITH EXPONENTIAL DECAY APPLIED FIELD (8 S)

State 2T_virgin 9T_virgin 2T_cycled 9T_cycled

Pm ax (MW/m3 ) 0.485 0.30 0.126 0.087
Time for Pm ax (s) 0.72 0.70 0.40 0.37
Em ax (MJ/m3 ) 2.41 1.51 0.57 0.39

Fig. 6. Coupling loss power deposited in Nb3 Sn CIC conductor for triangular
wave of the applied field.

of superconductor is 2.6 MJ/m3 in one complete cycle. The
detail energy deposition parameters are presented in Table V.

Those simulation results of coupling losses in two typical
cases can provide the heat deposition as important input pa-
rameters to evaluate the performance of Nb3Sn CIC conductor
such as temperature rise and stability. It can also give the useful
guidance for the safe operation of the CFETR CSMC and the
optimization of the cryogenic system.
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TABLE V
ENERGY LOSS WITH TRIANGULAR WAVE APPLIED FIELD PER CYCLE (0.4 T/S)

State 2T_virgin 9T_virgin 2T_cycled 9T_cycled

Pm ax (MW/m3 ) 0.043 0.027 0.01 0.007
Time for Pm ax (s) >0.4 >0.36 >0.3 >0.06
Em ax (MJ/m3 ) 2.6 1.64 0.6 0.416

IV. CONCLUSION

An STP structure Nb3Sn CIC conductor has been developed
at ASIPP for CFETR CSMC project. This paper presents the
structure design and coupling losses measurement results of
the Nb3Sn CIC conductor in SULTAN facility. The coupling
losses is characterized by MPAS model and the key parameters
were obtained. Finally, two typical field cases are considered
to evaluate the coupling losses energy of Nb3Sn CIC conductor
for safe operation of the CFETR CSMC and the optimization of
the cryogenic system.
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