
Abstract - The cable-in-conduit conductors (CICCs) that will be used for the ITER Central Solenoid (CS) and for the Toroidal Field (TF) magnets of the ITER magnet system have been extensively characterized in the SULTAN facility in Villigen, Switzerland by means of 
DC and AC tests. The AC tests were performed superimposing a sinusoidal magnetic field (amplitude of 0.2−0.3 T and frequency of 0.1 – 5 Hz) to a background constant magnetic flux density of 2 T and 9 T.  
This paper describes the analysis of the AC loss tests of two CIC Conductors, identical to those used for the CS Insert and TF Insert recently tested in the CSMC facility in Naka, Japan. The numerical modeling of these experiments was performed by means of the 
THELMA code, by pushing the analysis to different levels of discretization (sub-cables of different cabling stages and strands). The comparison between measured and computed losses per cycle allows computing the interstrand contact conductances per unit length.  
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SULTAN tests of the CS conductor 
 

 

Summary 
•  Analysis of AC losses of TF and CS conductors in the SULTAN facility shows dependencies on DC magnetic flux density, EM cyclic loading and transport current 
•  The THELMA model results provide insight on the space distribution and time evolution of the AC losses 
•  The numerical results suggest that refining the model to reach the strand level does not significantly modify the computed AC losses with respect to models including 

sub-cables of the third and fourth cabling stage 

•  In the SULTAN facility 
coupling currents are induced 
in the conductor through a time 
varying magnetic field applied 
orthogonal to the cable axis 

 
•  Losses measured by means of 

calorimetric method with 
temperature sensors located 
800 mm apart in the High Field 
Zone (HFZ) [1] 

References 
[1] P. Bruzzone, et al. "Test results of two European ITER TF conductor samples in SULTAN." IEEE Trans. Appl. Supercond., vol. 18, n. 2, pp. 
1088-1091, 2008. 
[2] M. Breschi, P. L. Ribani, “Electromagnetic Modeling of the Jacket in Cable-in-Conduit Conductors”, IEEE Trans. Appl. Supercond., vol. 18, 
n. 1, pp. 18 – 28, 2008 
[3] M. Breschi, et al., “Analysis of AC Losses in the ITER Central Solenoid Insert Coil”, IEEE Trans. Appl. Supercond., vol. 27, n. 4, Article 
Number 7762085, 2017 
[4] E. P. A. van Lanen, et al, “Full-scale calculation of the coupling losses in ITER size cable-in-conduit conductors”, Supercond. Sci. Technol., 
25, Art. ID 025012, 2012 

•  AC losses after cyclic loading are significantly less than before 
•  Increasing the magnetic flux density determines a significant drop of the losses 
•  The transport current in the conductor slightly modifies the AC losses after cyclic 

loading 

2 T DC, ± 0.3 T AC 

Thelma model vs experimental results 
2 T DC, ± 0.3 T AC 

THELMA CS Conductor model 

 

SULTAN AC coils 

SULTAN tests of the TF conductor 

 

THELMA modeling of the CS conductor in SULTAN 
 
•  Numerical model for interstrand coupling currents induced between sub-

cables and corresponding losses [2]. The model fitting parameter is the 
contact conductance between sub-cables per unit-surface. 

 
•  Analytical model to compute hysteresis losses, with effective diameter 

derived from the strand magnetization cycle [3].  
 
•  Three models of the CS cable developed, increasing the number of sub-

cables described: 
  24 (last but one cabling stage) 
  96 (third cabling stage)  
  149 (144 strands of one petal and 5 non-discretized petals) 

 
•  Contact conductances per unit surface: 

 9.2 108 S/m2  for sub-cables in the same petal (p.u.l. 8.2 106 S/m)  
    7.4 108 S/m2  for sub-cables in different petals (constant ratio from [4]) 

•  Cable discretized with 36 sub-cables of the last but one cabling 
stage 

 
•  Copper cores at the center of the petals described with a 

temperature and magnetic field dependent resistivity. 

 
•  The drop of the AC losses occurs during the initial phase of the test campaign 
•  Strong impact of the transport current: even before EM cyclic loading the losses with 

transport current drop to the values found at the end of the test campaign 

149 sub-cables model   
 2 T DC, ± 0.2 T AC, f = 2 Hz 

149 vs 96 sub-cable models   
2 T DC, ± 0.2 T AC, f = 2 Hz 

Thelma models vs experimental results 
2 T DC, ± 0.2 T AC 

36-sub cable model 

          

    

AC loss tests in SULTAN 

  The SULTAN facility is equipped with 
AC coils that generate variable 
magnetic field in the HFZ, perpendicular 
to the conductor axis. 
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5. Pulse Coils

A set of two saddle-shaped copper coils, located in the bore of the DC magnets, generates a pulsed
field transverse to both the sample axis and the magnetic field as illustrated in Figure 11. The pulse
coils are cooled indirectly with supercritical helium. To ensure that the coils are not overheating, a
maximum power and pulse duration must not be exceeded. The maximum duration of the pulsed
field depends on the field amplitude and on the DC magnetic field, which affects the resistance and
hence the dissipated power of the copper winding. The main parameters of the pulse coils are
summarized in Table 1. The uniformity of the pulsed field in the mid-plane of the pulse coils is
illustrated in Figure 12.

Table 1: Main parameters of the pulse coils.

Field-to-current ratio at the centre of the test well 8.69 Gauss / A
Maximum field at 500 A 0.434 T
Time for re-cooling after DB = ± 0.15 T, 40 s ª 3 min

Resonance frequency (10 capacitors) ª7.6 Hz (ª130
ms)

Maximum DB at 1.5 kV discharge 4 T

Effective field length along the sample 390 mm
Self-inductance ª 10 mHy

Figure 11: Pulse Coils.
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Figure 12: Uniformity of the pulsed field in
one quadrant of the test well cross section.
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(1) Compute the average of all the measured raw data
(voltages, temperatures etc) in the last 50 s of each
current and temperature step;

(2) Compute the temperature T(n) on the conductor at each
step as the average of the temperatures measured in the
two crowns of sensors located upstream and down-
stream of the HFZ;

(3) Compute the average electric field E(n) along the HFZ
as the voltage difference between upstream and down-
stream crown arrays of voltage taps divided by the HFZ
length (LHFZ=450 mm) and linearly interpolate the
log(E) versus T plot to determine the temperature
corresponding to the critical value Ec.

The procedure for the analysis of the Ic is based on the
following main steps:

(1) Average the values of both temperature and voltage
sensors in each crown;

(2) Find the steady state value of the inductive voltage due
to the current ramp of the last current ramp-up, Vth as
shown in figure 5.

Find by interpolation of the ith data point such that

V i V L E a2th HFZ c( ) ( )= + ⋅

where LHFZ is the length of the HFZ and Ec the critical field of
10 μVm−1. The critical current Ic is then taken equal to I(i).

3.2. Ac loss assessment procedure

The procedure adopted to obtain the ac loss values presented
in this paper is based on the determination of the power
released to the helium during the test. This power is computed
considering the helium mass flow rate and temperature dif-
ference between the helium upstream and downstream of the
HFZ. The main steps of the procedure are as follows:

(1) Compute the average temperature at each crown of
sensors at step i;

(2) Compute the helium upstream and downstream
enthalpy coefficients fH,u(p(i), T(i)) and fH,d(p(i), T(i))
at each time step;

(3) Compute the total power deposited into the helium Ptot,
as

P
m
t

f f b
d
d

2H d H utot , ,( ) ( )= -

where dm/dt is the helium mass flow rate (a typical
power evolution in time is plotted in figure 6);

(4) Compute the total energy dissipated during the
measurement EAC through a numerical integration of
the power over the whole duration of the test and divide
it by the number of ac cycles and the total volume of the
superconducting strands contained in the region sub-
jected to the ac coils variable magnetic field (total
length 390 mm around the centre of the HFZ).

3.3. MQE assessment procedure

The procedure adopted for the assessment of the quench
energy is very similar to that described above for the ac loss
measurements. The calorimetric methodology is used to
determine the total energy introduced in the cable by a 128 ms
sinusoidal pulse of the magnetic flux density, with variable
amplitude, generated by the ac coils (see figure 7). The steps
of the procedure can be synthesized as follows:

(1) Determine the time window of each pulse of the
magnetic field analyzing the recorded voltage data;

(2) For each data point included in these time windows
compute the power deposited in the helium from
equation (2);

(3) Compute the energy dissipated in the conductor for
each field pulse integrating the power over the pulse
time window.

This energy is computed for all the external field pulses
with increasing amplitude except for the one that actually
determines the quench. In the latter case, the rapid increase of

Figure 5. Current (black line) and average voltage across the HFZ
(blue line) measured during the Ic test performed on sample PF1EU2
after the EM cyclic loading, at 4.52 T background SULTAN dc
magnetic field and at a 7 K temperature.

Figure 6. Power deposited in the HFZ of conductor MBCN4 during
the ac run performed after the EM cyclic loading at a background
field of 3.22 T, operation current of 45.5 kA and frequency of 6 Hz.
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  The magnetic field is varied 
sinusoidally with a given 
frequency and losses are 
measured with a calorimetric 
method Power deposited in supercritical helium Power deposited in the 

supercritical helium 

9 T DC, ± 0.3 T AC 2 T DC, ± 0.2 T AC 9 T DC, ± 0.2 T AC 

 
•  Contact conductance per unit surface between sub-

cables of the same petal: 6.3 108 S/m2 

•  This parameter is of the same order of magnitude as 
the value found for the CS conductor. 

THELMA modeling of the TF  conductor in SULTAN 

some samples (TFKO4, TFJA6 and TFUS5) only one of the
two conductors tested in the corresponding SULTAN samples
is considered here, which is the one manufactured with ITER-
type strands relevant for quality control in the production
phase. For the TFUS6 sample both legs are made of the same
conductor, whereas in other samples different conductors are
used for each leg. The results obtained in these tests, con-
cerning Tcs, Ic values, n-values and effective strain and AC
losses are presented in the next sections. All analyses were
performed according to the standardized data reduction pro-
cedure described in [9, 10].

3.1. Tcs and Ic values

3.1.1. Effect of EM cyclic loading. The Tcs assessment is the
most relevant result of SULTAN tests. The conductor
electrical characteristic is affected by the EM cyclic
loading, which can determine the rupture of filaments
[16–19] and the modification of the strain distribution in the
conductor [20–23]. In most cases, the shift of the E–T curves
determines a crossing of the critical electric field at decreasing
values of temperature. In some cases of interest however, Tcs
slightly increases with cyclic loading (shown for example in
figure 3). The variation of Tcs from the beginning of test
campaign is denoted here as ΔTEM. For the same samples, the
Tcs evolution with cyclic loading is shown in figure 4.

Figure 5 shows the current sharing temperatures after
1000 EM cycles in comparison with those obtained at the
beginning of the test campaign (i.e. cycle #1). A detailed
diagram of the Tcs variations ΔTEM is also reported in
figure 6. It is worth noting that the Korean sample TFKO7
and all TFRF samples exhibit a slight increase of Tcs during
the test campaign. For the TFRF samples this performance
improvement has been attributed to a different coating of the
strands [24]. As a matter of fact, the strands provided by the
Russian Federation are characterized by an unusual Cr
coating, thicker than that applied to the other ITER-type
strands. The detailed micrographic analyses described in [24]
have shown that this coating exhibits a significantly higher
surface roughness as compared to those of the other strands.
This roughness may lead to a rise of the friction factor
between strands, which could limit their relative transverse
movement during cyclic loading. According to [24], this
feature of the Russian strands may prevent the slip and lock
mechanism which could be responsible for the breaking of the
filaments in the TF conductors.

As already observed in [5] for the ITER TF conductors
prepared for the qualification phase, it can be noticed in
figure 5 that Tcs reaches higher values in the IT-type samples

than in the Bronze ones. Figures 6(a) and (b) show that,
excluding the already mentioned cases of a Tcs increase, the
Tcs drop between the first and the last EM Cycle is on average
greater for the IT samples.

Two plots of the performance variation with cyclic
loading are reported in figure 7, where the same scale has
been used to compare IT strands in figure 7(a) and Bronze
strands in figure 7(b). The largest part of the Tcs variation
generally occurs within the first 200 EM cycles; in the
following part of the test campaign the conductors exhibit
slight performance changes. The range of the initial Tcs values
of the IT samples is broader than that of Bronze-type samples.
At EM cycle #1000 however, the conductor performances
get closer to each other: most of the Tcs values can be
collected in a temperature window of 0.2 K, i.e. 5.9–6.1 K for
Bronze-type and 6.3–6.5 K for IT-Type. Even if not all the
sample results are included in this window, the average Tcs at
the end of the EM cyclic loading is 6.0 K for the Bronze
conductors, and 6.4 K for the IT ones.

3.1.2. Effect of WUCD. Apart from two exceptions, a further
Tcs drop occurs at the end of EM cyclic loading when the
sample is subjected to a warm-up to room temperature
followed by a cool-down back to the supercritical helium
temperature. This type of test indicates to which extent each
sample is susceptible to thermal loading as compared to
others. Figure 8 reports the Tcs drop for the conductors under
analysis, separated by manufacturing route type. ΔTWUCD

indicates the difference between Tcs after WUCD and Tcs at
the end of the cyclic loading at EM cycle #1000. Only in
three cases, namely TFKO4 R, TFEU12 L and TFUS8 L, is
the current sharing temperature slightly increasing with the
WUCD procedure, while in the case of TFEU13 L no
measurable drop is found. The results reported here for the
conductor TFUS8, obtained by applying to all runs the
standard procedure for the data treatment [9, 10], slightly
differ from other assessments of Tcs of the same conductor,
for instance performed by the CRPP team [25]. In the
procedure applied here, no correction of the V–I
characteristics is applied if the voltage offset at 68 kA is
less than 1 μV. Instead, by applying this correction, the result
of TFUS8 L also exhibits a slight performance drop
at WUCD.

In all the other cases the performance drops with the
thermal cycle. The ΔTWUCD values range from −0.32 to
+0.07 K for the Bronze-type conductors, with an average
value of −0.13 K, and from −0.27 to +0.01 K for the IT-
type, with an average drop of −0.09 K. On average, the

Figure 2. Typical instrumentation of a SULTAN sample consisting of two legs of TF conductor.
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SULTAN Instrumentation 

Summary – The transport performance of Nb3Sn Cable In Conduit Conductors (CICCs) depends on the strain distribution along the superconducting filaments determined by the combination of electromagnetic and mechanical forces applied to 
the wires. Experimental studies on the effect of bending strain were performed at the University of Twente, by means of the TARSIS facility. The aim of this work is to verify the agreement between a detailed electromechanical model of the wire and 
the experimental results obtained in the TARSIS facility at the University of Twente. A detailed numerical model describes the wire with a distributed parameter non-linear electrical circuit. The wire is discretized into a number of elements, 
connected by transverse conductances and subjected to a given strain distribution. The strain distribution maps were computed at the Ecole Centrale Paris by means of the MULTIFIL code. 

Electromechanical modeling of Nb3Sn superconducting wires 
subjected to periodic bending strain  
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Strain distribution in the wire 
cross section 

Peak strain in the strand cross section  along the wire length, 
at various vertical displacements of the TARSIS tool 

Numerical vs Experimental results 
•   Electrical transverse conductances between sub-elements were previously determined    

 experimentally and with dedicated numerical computations [3].  

•     The critical surface of the superconductor is described by a measured scaling law. 

•     The model implements strain maps computed with the mechanical model MULTIFIL 

No fitting parameters have been used to obtain the numerical results 

Normalized critical current vs TARSIS tool displacement 

n-value vs peak bending strain 

OST1 
Normalized critical current vs peak bending strain 

n-value vs TARSIS tool displacement 

LMI 

The present model does not include any description of the filament ruptures 

Impact of the filament twist pitch on the strand performance 

A parametric study was carried out to analyze  the effect of the filament twist pitch on the wire performance, using the model developed for the OST1 wire. 

The twist pitch was varied in the range from 1 to 21 mm, including the nominal value of 15 mm. The bending wavelength in the TARSIS experiment is 5 mm. 

When the filament twist pitch (Lp) equals the bending wavelength, the strand exhibits its maximum critical current, under any TARSIS tool displacement δ."

Normalized critical current vs filament twist pitch – OST1 current along the wire, in different sub elements (1-19) at the critical electric field 

Lp =15 mm Lp = 5 mm = Lw 

Numerical Model 

The model used to compute the voltage-current characteristic of Nb3Sn strands subjected 
to periodic bending strain is the electromagnetic part of the THELMA code [1].  

Strain maps for the wires in the TARSIS facility were computed by means of the 
MULTIFIL mechanical model, at the Ecole Centrale Paris [2]. 

The strand is subdivided into electrical elements (EE), in which the current is assumed 
uniform over the whole cross section. Different EEs are connected by a transverse 
conductance that accounts for the paths of currents flowing transversally between EEs.  

 
 

Analyzed Nb3Sn Wires 
OST1                                LMI 

 
 

 

 

 
  •   The OST1 wire was 

p r o d u c e d b y O x f o r d 
Instruments, UK. It is a 
Nb3Sn round wire fabricated 
wi th In te rna l Tin ( IT) 
technique. 
•  The wire cross section is 
subdivided into 31 electrical 
elements, representing the 19 
sub-elements and the outer 
copper stabilizer, discretized 
into 12 sectors. 

 

• T h e L M I s t r a n d w a s 
produced by Europa Metalli 
SpA, Italy. 
•  The wire was discretized in 
42 e lec t r ica l e lements , 
representing the 36 composite 
sub-elements and the 6 parts 
in which the normal matrix 
was discretized. 
•  The resistive matrix in the 
inner part of the pentagon 
traced above was equally 
distributed among the 36 
composite electrical elements. 
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