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Abstract
The performance of the toroidal field (TF) magnet conductors for the ITER machine are
qualified by a short full-size sample (4 m) current sharing temperature (Tcs) test in the
SULTAN facility at CRPP in Villigen, Switzerland, using the operating current of 68 kA and
the design peak field of 11.8 T. Several samples, including at least one from each of the six
ITER Domestic Agencies participating in TF conductor fabrication (China, European Union,
Japan, Russia, South Korea and the United States), have been qualified by the ITER
Organization after achieving Tcs values of 6.0–6.9 K, after 700–1000 electromagnetic cycles.
These Tcs values exceed the ITER specification and enabled the industrial production of these
long-lead items for the ITER tokamak to begin in each Domestic Agency. Some of these
samples did not pass the qualification test. In this paper, we summarize the performance of the
qualified samples, analyze the effect of strand performance on conductor performance, and
discuss the details of the test results.

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

1. Introduction

The conductors for the ITER toroidal field (TF) magnet
system [1–3] are procured by six ITER Domestic Agencies,
or DAs (China, Europe, Japan, Russia, South Korea and
the United States), who in total will provide 89 km of
Nb3Sn-based conductor for the TF coils. The conductor is
composed of a five-stage cable-in-conduit conductor (CICC)
with 900 superconducting and 522 Cu strands, inside a
2 mm thick round jacket tube made from a modified 316LN
austenitic stainless steel. A picture of the conductor is shown
in figure 1.

Before beginning production, all DAs are required to
qualify their choice of strand–cable–jacket suppliers by means
of a current sharing temperature (Tcs) test of a short length of
the full-size conductor in the SULTAN facility at CRPP in
Villigen, Switzerland. Presently, the SULTAN facility is the
only facility in the world capable of providing the full TF
conductor operating current of 68 kA and the background
field (10.78 T) needed to achieve the design peak field
of 11.8 T in the conductor. Given the complexity of the
procurement process, a two-stage qualification program has
been established to qualify both the performance of the
conductor and the final fabrication processes used.
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Figure 1. Cross section of the TF conductor, with a central channel
for forced supercritical helium flow, and an external round jacket.

First, the ability of the strand–cable–jacket combination
to meet the performance requirement is checked via a
conductor performance qualification sample (CPQS), a short
length (∼4 m) of conductor fabricated from strands from
one to four final stage billets and a single welded length of
conduit which is drawn or rolled around the full-size cable.
The successful acceptance of the test results by ITER allows
the DA to initiate large-scale strand production for the TF
conductor procurement.

After testing of a CPQS and subsequent strand
production, each DA fabricates a process qualification
conductor length for each strand–cable–jacket combination to
be used in final production. This conductor, typically 100 m in
length, is fabricated using all the final processes and tooling
that will be used for the main series production of conductor
unit lengths. A sample of ∼4 m is cut from one end of this
length and tested in SULTAN to verify the performance, while
the remainder of the length is sent to the TF coil manufacturer
for winding, heat treatment, and radial plate insertion trials.
This process qualification phase is followed by pre-production
and production of the required conductor unit lengths from
each DA.

An important preliminary work to start the qualification
process was the development of testing methodologies aimed
at obtaining consistent and reproducible results, as this is
essential in a wide international collaboration. Several efforts
in the past have dealt with the elaboration of standardized
procedures for the measurement of critical current (Ic) in
composite NbTi and Nb3Sn superconducting strands under
various magnetic field and temperature test conditions [4–7].
A similar standardization effort was performed for high
temperature superconducting (HTS) tapes [8]. However, no
similar round-robin work on testing of full-size CICCs could
be performed, due to the fact that no facilities outside
SULTAN are available in the world for testing ITER-sized
samples at full current and field.

A significant effort has therefore been made to
standardize the assembly process, instrumentation, test
procedures, and test data reduction of the SULTAN samples.
Each step was defined after a careful review of the existing
methodologies. The Tcs measurement of CICCs is in fact a

complex one. One of the difficulties is that the internal part
of the cable inside the conduit can only be accessed through
special measurement techniques [9]. The conductor voltage
must therefore be derived from the voltages measured on the
outer surface of the conduit. The same procedure has to be
applied for the operating temperature. Moreover, the voltages
measured on the jacket exhibit some peculiar phenomena
during the early phases of the measurements (in particular
during the operating current ramp-up), in which voltage may
arise with either a positive or a negative average slope [3,
10–12]. Finally, the conductor performance is sensitive to
the mechanical fatigue associated with electromagnetic (EM)
cyclic loading, due to the effects of the high Lorentz forces on
a brittle and strain sensitive material such as Nb3Sn. In these
conditions, different sample preparations, instrumentation
sets or test procedures may result in significantly different
assessments of Tcs.

The sample preparation procedures were aimed at
avoiding slippage between the cable and the jacket due
to their different thermal contraction coefficients by means
of crimping rings [13], and at developing a suitable joint
technology to improve the current redistribution during the Tcs
test [9, 14–19].

The instrumentation was modified by introducing crowns
of voltage taps and temperature sensors instead of single
sensors at each location, in order to account for the
non-uniformity of electric potential and temperature over the
conductor transverse cross section [20].

Many experimental and theoretical studies have been
devoted in the past to analyzing the effects of strain
on the behavior of Nb3Sn wires and conductors [21–26].
Several investigations have pointed out the effect of EM
cycling loading on the wire and conductor [27–30]. These
studies have identified several effects that may act as
possible sources of cyclic degradation, such as strain
accumulation with mechanical fatigue and ruptures of the
Nb3Sn superconducting filaments inside the strands. The
TF conductor tests carried out in the SULTAN facility
are therefore also aimed at assessing the degradation of
performance with EM cyclic loading. Another important test
is the thermal cyclic loading performed in the SULTAN
facility typically after the end of the electromagnetic cyclic
loading. The samples are warmed up to room temperature, and
then cooled down to liquid helium temperature. The Tcs test is
then performed, and the results are compared to those prior to
the warm-up–cool-down (WUCD) [31].

Finally, a significant effort has been devoted to the
elaboration of standardized procedures for the treatment of
the raw experimental data, concerning the determination of
the current sharing temperature. Details on the standardized
procedures can be found in [32–35].

This paper reports the results of the TF CPQS tests
performed in the SULTAN facility. In particular, the current
sharing temperatures obtained with both the voltmetric and
calorimetric methods are reported, analyzing the effects of
EM cyclic loading and WUCD on the conductor performance.
The cable performance is compared here with the strand
performance. All TF strand designs adopted in the ITER

2



Supercond. Sci. Technol. 25 (2012) 095004 M Breschi et al

project are in fact characterized by means of extensive
measurements of their critical current as a function of
magnetic field, temperature and strain, from which the
corresponding scaling parameters for describing the critical
surface are determined [36]. Other important experimental
data, such as joint resistance values, voltage slopes in the
initial phase of the experiment, effective strain, n-value, and
performance assessment from each individual voltage tap are
also reported.

The results of the AC loss measurements performed
on all samples before and after the EM cyclic loading are
summarized. Finally, some aspects of the SULTAN tests that
remain to be clarified are discussed.

2. Test description

2.1. Sample preparation and instrumentation

In the SULTAN test facility, the sample consists of two
conductor legs joined at the bottom and electrically connected
at the top to the SULTAN superconducting transformer. The
sample is placed vertically in the bore of the magnetic system.
A clamping system maintains the two legs in a parallel
configuration, against the electromagnetic forces. The peak
background field provided by the SULTAN facility applies to
a region of the conductor that is about 0.45 m long (hereafter
indicated as high field zone, HFZ) [37].

As already mentioned in section 1, two crimping rings
are installed on the tested conductor near the terminals in
order to avoid sliding between the cable and the stainless
steel jacket during cool-down, due to the different thermal
expansion coefficients of the cable and jacket materials [13].
This slippage would result in a state of thermal contraction of
the cable different from that of normal operation.

The bottom joint allows both legs to be operated
by a single power supply and provides the possibility of
testing two conductors simultaneously. Because of the space
restrictions in the SULTAN magnet system, the bottom joint
is only 565 mm from the center of the HFZ. As a result,
a set of investigations has been conducted on the effect
of the joint technology on the sample performance, both
with experiments [38–40] and with independent numerical
simulations [16, 17, 41, 42]. ITER’s SULTAN Working Group
(SWG) has settled on the ‘solder filled’ joint technology,
introduced in [14] and first adopted for the ITER conductors
of the last generation by the US-DA [9]. In this technique the
joint region is completely impregnated with solder (except for
a helium flow path) in order to immobilize the strands and
minimize the interstrand contact resistance. These features
of the joint are aimed at allowing a better reproducibility of
the measurement from sample to sample. The two conductors
are cooled through a forced flow of supercritical helium
flowing from the bottom joint to the upper terminations. The
SULTAN facility is equipped with temperature, mass flow
rate, and pressure sensors for the measurement of the relevant
physical quantities. Moreover, heaters are mounted on the
helium inlet to increase the sample temperature in order to
carry out the Tcs tests. The temperature probes and voltage

taps are installed on the conductor jacket (see figure 2).
Two crowns of six voltage taps are placed on each leg,
symmetrically straddling the center of the HFZ of the test
magnet (VH1–VH4). The distance between the crowns on
each leg is 450 mm. The sample is further instrumented with
four sets of temperature sensors (T1–T4). The temperature
sensors are located upstream and downstream of the HFZ at
an 800 mm distance from each other. For each cross section
four sensors are positioned at a 90◦ angular distance. In some
cases, strain gauges and coils for Tc measurements [43] are
also attached to the samples. Some early CPQS layouts used
slightly different instrument configurations.

2.2. Test procedures

The test procedure consists of the following steps.

(1) Cool-down of the conductor.
(2) Calibration runs.
(3) AC loss tests before electromagnetic (EM) cyclic loading.
(4) Tcs and Ic runs at nominal conditions.
(5) 1000 EM cyclic loading and Tcs runs at nominal

conditions.
(6) One warm-up–cool-down (WUCD) cycle.
(7) Tcs and Ic runs at nominal conditions.
(8) AC loss tests after EM cyclic loading.
(9) Tcs and Ic runs at lower values of the Lorentz force (I×B).

The calibration runs consist of sensor checks and
baseline runs for the calorimetric method. In the baseline
runs, the sample temperature is increased by the heaters in
the absence of operating current. In these conditions, the
temperature variation along the conductor cannot be due
to the superconducting to normal transition, and can thus
be considered as an offset to be compensated for in the
subsequent calorimetric measurements at nominal conditions,
as described in detail in [20, 34, 44].

In the nominal conditions the test is conducted at the full
TF conductor current of 68 kA, and a SULTAN background
field is selected (10.78 T) such that the peak field on the
sample is the same as the design peak field of the TF coil
(11.8 T). As shown in figure 3, the nominal Tcs test procedure
consists of a current ramp-up to the operating current Iop
followed by a temperature ramp-up until the transition from
the superconducting to the normal conducting state occurs.
The ramps are subdivided into several steps aimed at reaching
steady state values at the end of the thermodynamic and
electrodynamic transients.

The test campaign consists of a number of Tcs
measurements conducted at various stages during the
electromagnetic cyclic loading. In the cyclic loading phase the
SULTAN background field is held constant and the sample
current is ramped from 68–0–68 kA. This reproduces the
cyclic Lorentz forces that will be acting on the conductor in
the coil.

The critical current of the conductor is measured in
separate tests before and after EM cyclic loading. These
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Figure 2. Sketch of a typical SULTAN sample for TF conductors with upper terminations, bottom joint, temperature probes and voltage
taps. The voltage tap crowns (VH1, VH2, VH3 and VH4) are located at 225 mm distance from the center of the HFZ. The helium inlet is at
the bottom joint and the flow is in the upwards (left) direction. The background magnetic induction field is directed perpendicular to the
conductor axis.
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Figure 3. Illustration of a typical SULTAN test based on the
voltmetric method, with current ramp-up followed by temperature
ramp-up, and corresponding measurement of the average electric
field on the jacket. Data are taken from the second test of sample
TFCN3 (the sample was tested in November 2010 and retested in
May 2011), at the first Tcs measurement.

tests are performed at fixed background field and temperature
and increasing current. The same background magnetic flux
density as adopted for the Tcs tests is used in the Ic
experiments, and a Tcs test is typically carried out before an Ic
test to fix an appropriate value of the operating temperature.

The results of the conductor tests are compared in the
following sections to the performance of their constituting
strands. The critical currents of strands of witness samples,
heat treated together with the SULTAN sample, are measured
at liquid helium temperature on a barrel (temperature-
corrected to 4.22 K) with a background magnetic field of up
to 15 T parallel to the axis of the sample holder. The self-field
of the coiled sample is not taken into account. The electric
field criterion for defining the critical current is 10 µV m−1

for both strand and CICC.

2.3. Data analysis procedures

Two methodologies were developed for the treatment of the
raw experimental data obtained in a typical Tcs run at the
SULTAN test facility, namely the voltmetric and calorimetric
procedures. The voltmetric procedure is based on the voltages
measured on the conduit of the CICC under test. The
calorimetric procedure is based on evaluation of the power
released to the helium during the test through thermometers
placed on the conduit of the cable and mass flow rate data
from the facility (see figure 4). Details on this procedure
can be found in [34, 44]. The results obtained with these
two methodologies are compared in the present work. All
data presented here are analyzed according to the assessment
procedure described in [34].

In this technique, a steady-state time window is defined
at each temperature step, and a voltage–temperature plot
is constructed from the averaged voltages within each time
window. The Tcs is then determined by a linear fit (in log
space) between the point just above and the point just below
the acceptance criterion of 10 µV m−1. Data processing prior

Figure 4. Experimental data (symbols) and fit (solid line) of the
power dissipated in a typical SULTAN test, with the operation
current set to 68 kA and the background magnetic flux density set to
10.78 T, computed by means of the calorimetric method. The
critical power Pc is equal to 306 mW.

to Tcs determination includes averaging of the voltages around
each of the six taps in the crown, signal filtering by a 500-point
moving average (the data acquisition rate is 40 ms), and
adjustments for temperature and voltage offsets, if needed.

2.4. Acceptance criterion

The selected acceptance criterion for the ITER TF conductors
is defined as a value of Tcs exceeding 5.8 K (5.7 K +
0.1 K uncertainty) after 1000 EM cycles, as assessed by the
voltmetric data. Calorimetric data are taken for information
and comparison only, but are not considered for acceptance.
The results obtained after the WUCD cycle are not considered
for acceptance. This is mainly related to historical reasons. As
a matter of fact, at the time of the definition of the acceptance
criteria, no significant Tcs changes had been observed with the
WUCD cycle. The limited uncertainty of 0.1 K defined in the
acceptance criterion is compatible with estimates performed
in [20]. However, larger uncertainties, up to 0.3 K, have been
computed when applying different methodologies for the error
estimation [45, 46].

3. Experimental results

The characteristics of all TF conductors tested in the SULTAN
facility in the frame of the ITER collaboration in the period
from October 2007 to March 2011 are listed in table 1. One
of these samples (TFJA6) is not a CPQS, but a production
sample. Among the conductor procurement qualification
samples, two selection criteria have been followed to choose
those approved by ITER I/O, whose results are reported in this
paper.

As a first criterion, only the samples manufactured
with either the solder filling or solder dipping technique
have been retained. As a second criterion, only the samples
manufactured with ITER-relevant strands are considered here,
as these strands will actually be used for the construction
of the machine. The resulting list of conductor procurement

5
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Table 2. List of conductor performance qualification samples approved by ITER.

Sample TFUS2 TFUS4 TFEU4 TFEU5 TFCN1 TFCN2

DA United States United States Europe Europe China China

SULTAN leg R L R R R L R L R
Strand OST OST OST Bruker EAS OST WST
Strand type Internal tin Internal tin Internal tin Bronze Internal tin Internal

tin
Witness sample Ic 4.2 K, 12 T (A) 282.5 282.5 236.8 188.5 284.3 280.4
Cu:non-Cu ratio 1.09 1.09 1.05 0.94 0.97 0.99
Cycles before warm-up 670 600 1000 1000 950 1200

Sample TFCN3 TFJA4 TFKO2 TFKO3 TFRF2

DA China Japan South Korea South Korea Russia

SULTAN leg L R L R L L R L R
Strand WST Hitachi JASTEC KAT KAT ChMP
Strand type Bronze Bronze Internal tin Internal tin Bronze
Witness sample Ic 4.2 K, 12 T (A) 240.6 255.5 246.2 294.2 304.1 216.8
Cu:non-Cu ratio 0.98 0.93 0.99 1.00 0.94 1.00
Cycles before warm-up 1000a 1000 620 1000 600

a For this conductor, prior to the EM cyclic loading, the left leg was thermally cycled 15 times in liquid nitrogen.

qualification samples is reported in table 2. The strand
critical current density (Jc) values lie in the range of
700–1100 A mm−2, and the Cu:non-Cu ratios are all within
the ITER specification of 1.0 ± 0.1 [2]. Some samples
(TFCN1, TFEU5, TFRF2, TFUS4) contain identical strands
in both legs, while the remainder tested either two variants
of a strand from the same supplier or two different suppliers
with similar performance characteristics. The results obtained
in these tests, concerning bottom joint resistances, Tcs values,
voltage slopes, n-values and effective strain, and AC losses
before and after EM cyclic loading are presented in the
following sections.

3.1. Bottom joint resistances

The technique adopted for the realization of the bottom
joint and upper terminations for the experiments in SULTAN
evolved in the period from 2008 to 2011 from the original
‘solder coating’ (2007), to ‘solder dipping’ (2008) and, finally,
to ‘solder filling’ (2009–11). In the original method, a thin
layer of solder is introduced between the cable and the copper
saddle of the joint, but no solder permeates the strand region
at the joint. In the ‘solder dipping’ method, the strand region
is partially filled with solder, so that some void space is
left between the strands at the joint. In the ‘solder filling’
approach, all the strand region is fully impregnated with
solder, so that helium can only flow in the central channel at
the joint. The results presented here refer to conductors tested
either with the ‘solder dipping’ or with the ‘solder filling’
technique. The bottom joint resistances measured during the
tests are determined from the slope of the V–I curve recorded
by a voltage tap pair located on either side of the joint. The use
of only one voltage tap for the voltage measurement, instead
of a crown of voltage taps, introduces an error due to the fact
that the surface of the conductor conduit is not equipotential.
An alternative technique that can be applied for the bottom
joint resistance assessment is the calorimetric method. This

Figure 5. Bottom joint resistances measured on the ITER TF
qualification samples. The average values of resistance over the EM
cyclic loading runs at full operation current (68 kA) are reported in
the plot.

method is based on measurement of the power released to
the helium at the joint, which is computed considering the
temperatures measured upstream and downstream of the joint
and a procedure similar to the calorimetric procedure is
adopted to assess Tcs. The two procedures are generally in
rather good agreement, with maximum differences of about
0.15 n�. The values of bottom joint resistances reported here
refer to the voltmetric assessment.

The average values over the various runs performed
during the EM cyclic loading, reported in figure 5, range
from 0.4 to 2.4 n�. As expected, the lowest resistance values
have been found with the solder filling technique, which also
gives more reproducible results. The value of bottom joint
resistance obtained for sample TFUS2 is significantly higher
than the others, mainly due to the fact that one of the two cable
legs was severely damaged at the joint. The evolution of the
bottom joint resistance with cyclic loading is in general not
very large. A larger variation is found for the ‘solder dipped’
joint technology. The average variation in this case is about
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Figure 6. Electric field signals from each of the 6 V taps measured
during the Tcs test of sample TFCN2 after 800 EM cycles. The
zoom on the average voltage signal during the current ramp-up
indicates with a dashed fitting line the voltage slope found in this
test (to be reported on a V–I plot for the computation of the V–I
correction). The asterisks indicate for each operating current step
the beginning and the end of the intervals used for averaging the raw
data as described in [20].

14%, with a maximum variation of 26%. For the solder filled
joint technology the average variation with cyclic loading is
5% with a maximum variation of 10%. This result can be
interpreted in terms of interstrand contact resistance variations
with cyclic loading at the joint, possibly combined with strand
damage, one or both of which are reduced in the case of fully
soldered joints as all strands are immobilized by solder at their
initial positions.

3.2. Voltage slopes

As mentioned in section 1, a typical feature of the Tcs runs
in the SULTAN facility is an initial drift of the voltages
during the current ramp-up, when the cable is still in the
superconducting state. An example of these voltages is
reported in figure 6. For each run, the slope s of the average
signal of the six HFZ crown voltages at the three current steps
corresponding to 10, 20, and 30 kA is computed, as shown
in the inset of figure 6. The variation of s with cyclic loading
is reported in figure 7(a) for the CPQS cables analyzed here.
The voltage slopes exhibit remarkable variations with cyclic
loading. In some cases the slope s changes sign during cyclic
loading; in other cases it keeps the same sign over the whole
test. These variations can be interpreted as a change in the
current distribution among strands during cyclic loading [41].
Further details about the voltage slopes measured on several
conductors tested in SULTAN can be found in [47].

When the slope value exceeds the threshold reported
in figure 7(a), it indicates that the current distribution in
the cable is non-uniform and that affects the assessment
of the Tcs. It was shown in [48] that there is no reliable
way to exactly correct the effect of the voltage generated
by this non-uniform current distribution and deduce a signal
for a sample with uniform current distribution. In the case
of a large voltage slope compared to the electrical field

(b)

(a)

Figure 7. (a) Variation with EM cyclic loading of the early voltage
slopes of the analyzed conductors. (b) Average value of s over the
EM cyclic loading, save, for each conductor.

criterion, the calorimetric assessment provides a benchmark
for comparison [3]. When the correction is small, it is
impractical to dismiss the sample. To put the assessment
on a common basis, a linear correction approach was
recommended by the ITER International Organization.

The average voltage slope found in the whole test
campaign is reported in figure 7(b). Each value reported in the
figure corresponds to the average value of the slopes computed
in all runs performed during the EM cyclic loading. It can
be noticed that, in general, lower slopes have been obtained
with the solder filled joints than with the solder dipped ones.
It is worth noting that when the linear correction is applied, its
impact on the Tcs assessment ranges from 0.08 to 0.12 K for
the conductors analyzed here.

3.3. Tcs values

3.3.1. Effect of EM cyclic loading. The assessment of Tcs
is the most relevant result of the SULTAN tests for an ITER
magnet conductor. The E–T characteristics of the cables vary
during the tests, due to the effect of EM cyclic loading. An
example of this effect is presented in figure 8(a), for the left leg
of sample TFJA4. The E–T curves shift with cyclic loading,
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Figure 8. (a) Evolution of the E–T cable characteristics with cyclic
loading (example derived from TFJA4 tests, left leg). (b) Definitions
of electromagnetic cyclic loading and warm-up–cool-down Tcs
drops, corresponding to sample TFJA4.

crossing the critical field at decreasing values of Tcs. The
corresponding drop from the first to the last test performed
is indicated here as 1TEM.

This drop of performance is also related to the choice of
the criterion for the definition of electric field. In some cases
(three out of 18 conductors), the E–T characteristics measured
before and after EM cyclic loading cross at high electric fields.
In other cases the two curves practically converge at high
fields, at about 80–100 µV m−1.

Apart from the EM cyclic loading drop, a second
reduction of Tcs usually occurs when the cable is subjected,
after the end of EM cyclic loading, to the warm-up–cool-down
procedure, as already mentioned in section 3.2. Both the EM
cyclic loading drop and this second WUCD drop are indicated
in figure 8(b) for the left leg of TFJA4.

A summary of results for the CPQS conductors that
have been accepted by ITER is reported in figure 9. The
maximum difference between the calorimetric and voltmetric
approaches after EM cyclic loading is 1 K for the solder
dipped joint technique (TFKO2, left leg), but reduces to
0.23 K for the solder filled joint technique (TFKO3, left
leg). The average difference between the voltmetric and
calorimetric estimations of Tcs is of the order of 0.2 K for all
tests. The acceptance criterion chosen by ITER (5.7 K+0.1 K
margin) only considers the results of the voltmetric method.
The results reported in this paper refer only to the CPQS

Figure 9. Summary of accepted CPQS sample test results from
SULTAN. Two bars are reported for each conductor, referring to the
voltmetric and calorimetric Tcs values before and after EM cyclic
loading.

conductors with final configurations of the strand design
(relevant for the ITER machine) which have met the ITER
criterion.

A plot of the performance variation with cyclic loading
is reported in figure 10, where the results for the conductors
made of internal tin-route strands are in light gray and those
for bronze-route (BR) strand conductors are in dark gray. It
is worth noting that for most conductors a large Tcs drop
occurs in the first 100 cycles after the initial Tcs measurement.
Unfortunately, in most cases no apparent saturation of Tcs is
reached after 1000 cycles, meaning that the phenomenon of
irreversible conductor performance degradation is still present
at the end of the test [49]. However degradation saturation
is not part of the TF conductor acceptance criteria, since
the TF magnet system is operated in DC mode and is not
expected to exceed 1000 EM cycles during the life of the
ITER device. Moreover, the plot clearly shows that, for the
TF cable in this final configuration, the internal tin (IT) strand
conductors perform better than the bronze strand conductors
in terms of Tcs, consistent with the strand Jc. The average
Tcs at the end of cyclic loading obtained with IT strand
conductors is equal to 6.63 K, while that obtained with bronze
strand conductors is equal to 6.07 K. It is not surprising
that the internal tin strand based conductors have higher
TCS, given that internal tin strands have 10%–35% higher Jc.
Additionally, the results show that after EM cyclic loading,
even though internal tin based conductors generally suffer
larger degradation than bronze strand conductors, their Tcs
values are still higher. Notwithstanding these lower values of
Tcs, these bronze conductors also meet the ITER acceptance
criterion.

The Tcs drops with EM cyclic loading are reported in
figure 11. The average Tcs drop with EM cyclic loading at
1000 cycles is about 0.3 K for IT strand conductors and
0.2 K for bronze strand conductors. This result shows that,
even if in some cases bronze conductors exhibit practically no
degradation (e.g. the TFRF2 sample), this is not a general rule.
The degradation with cyclic loading of bronze conductors
is generally 30% smaller than that of IT based conductors.
This ‘larger degradation’ observed on IT conductors may also
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Figure 10. Summary of accepted CPQS test results from SULTAN: Tcs variation with EM cyclic loading.

Figure 11. EM cyclic loading drops of Tcs as defined in figure 7(b)
for bronze and IT strand conductors. The asterisks refer to samples
manufactured with the solder dipped technique for the bottom joint.

occur because the initial degradation from virgin condition
(expected value of Tcs) is larger for BR cables. The
standard deviation of 1TEM for the bronze conductors is
also smaller.

3.3.2. Effect of warm-up–cool-down. A further Tcs drop
often occurs at the end of EM cyclic loading when the sample
is subjected to a warm-up to room temperature followed
by cool-down back to liquid helium temperature. The Tcs
differences due to this procedure are reported in figure 12.
These tests indicate that some samples are more susceptible
to thermal loading than others. The positive differences refer
to cases of small Tcs enhancement after WUCD. The1TWUCD
values are in the range from−0.12 to+0.02 K for the selected
conductors (average drop of 0.04 K for bronze and 0.06 K for
IT). Higher values of WUCD drops, up to 0.3–0.4 K, have
been found in other TF conductors not reported here as the
strands adopted in those samples are not ITER-relevant. A
detailed report on these results can be found in [31].

Figure 12. WUCD drops of Tcs as defined in figure 7(b) for bronze
and IT strand based conductors. The asterisks refer to samples
manufactured with the solder dipped technique for the bottom joint.

In order to investigate the effects of WUCD, one sample
provided by the Chinese Domestic Agency (TFCN3) was
subjected to an extended thermal cyclic loading procedure
before testing. The ad hoc cool-down setup for one conductor
is described in [50]. The TFCN3 sample was manufactured
with two nominally identical conductor legs relying on WST
bronze strands (see table 2). Prior to the SULTAN test,
the left leg was thermally cycled 15 times between room
temperature and 77 K in liquid nitrogen. The results of the
Tcs tests are reported in figure 13. The thermally cycled
leg appears to perform ∼0.15 K higher than the other leg
throughout EM cyclic loading and WUCD. Comparing the
two legs of CNTF3 shows that repeated thermal cycles before
EM loading do not result in a performance degradation.
Since the thermal expansions/contractions between 77 and
4.2 K of the components are small, this result seems to
indicate that WUCD only affects the cable performance
when performed after EM cyclic loading. Moreover, a large
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Figure 13. Comparison of conductor performances for the TFCN3
sample. The left leg was thermally cycled prior to the tests, whereas
the right leg was not.

Figure 14. Plot of Tcs and Ic for sample TFJA4, Hitachi leg. The
results reported here refer to different operating currents and
background magnetic fields, before and after cyclic loading.

number of consecutive thermal cycles do not appear to have a
significant effect on the conductor performance.

3.3.3. Correlation between conductor Tcs and conductor Ic.
As a verification of the experimental results, we compare the
Tcs and Ic values of the cables at corresponding conditions.
Some Tcs tests with different values of operating current
(typically lowered current) are performed at the end of the
EM cyclic loading in order to study the effects of the
Lorentz force load on the cable performance. Additionally, the
critical current is measured before and after cyclic loading, at
different values of the background magnetic field.

As an example, these Tcs and Ic values are reported on
the same plot in figure 14 for sample TFJA4. The results refer
to runs performed at different values of operating current and
background magnetic field (10 or 10.8 T at the center of the
HFZ). The results of these two quite different measurements
fall rather close on the (I, T) plane. This result holds true
in general, and allows for the conclusion that the Tcs and Ic
voltmetric measurements performed in the SULTAN facility
are in good agreement.

Figure 15. Conductor Tcs values (a) before and (b) after EM cyclic
loading plotted as a function of the strand critical current (average
of witness samples at 4.2 K and 12 T).

3.3.4. Correlation between conductor Tcs and strand Ic.
Figure 15 shows the conductor Tcs values before and after EM
cyclic loading as a function of the average witness sample Ic
of the constituting strands as measured by CRPP on the ITER
barrel at 4.2 K and 12 T. IT strands generally exhibit higher
critical currents than bronze strands. IT based conductors also
show better performance in terms of Tcs. A weak correlation
between the conductor Tcs and the strand Ic is thus observed
for these conductors, all of which have the same cabling
parameters. Only in one case is the strand Ic of an IT strand
(used for conductor TFEU4) lower than that of some bronze
strands. Nevertheless the IT strand conductor exhibits a Tcs
larger than the bronze strand conductors with similar or even
higher Ic.

3.4. Dispersion of the voltage tap signals

As already pointed out, the Tcs value derived from the
voltmetric method is defined in the standardized procedure
considering the average of the six voltage signals recorded
on the conduit of the conductor. If the signals from each
individual voltage tap are considered, a large difference
in terms of voltage is found at Tcs (generally between 2
and 4 µV, compared with a voltage criterion of 4.5 µV).
This difference translates into different assessments of
Tcs from different voltage taps, obtained considering the
aforementioned standard procedure applied to each voltage
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Figure 16. (a) Voltage traces of the six voltage taps in a typical Tcs
run, performed on the Hitachi leg of TFJA4 after 1000 cycles. (b)
Maximum difference in Tcs values as derived from each voltage tap
before and after EM cyclic loading and after WUCD.

tap signal instead of the average signal. Figure 16(a) reports
an example of the six voltage traces recorded during a
typical Tcs test. The difference 1Tv between the highest
and lowest Tcs as derived from each individual voltage tap
is reported in figure 16(b) at the first cycle, at the end of
EM cyclic loading, and after WUCD. The differences range
from 0.02 to 0.95 K, with an average value of 0.2 K. This
difference is computed considering all six voltage taps in
the crown at the HFZ. In some cases, this difference can be
reduced by excluding voltage taps that give outlying voltages,
maybe due to contacting artifacts. Figure 16 shows that these
differences change with EM cyclic loading, thus supporting
the observation of a change in the local current distribution
with regard to the voltage slopes. According to different
studies, these differences cannot be regarded directly as the
error bar in the Tcs measurement, but they are indeed related to
the statistical uncertainty of the measurement [45, 46]. From
the experimental standpoint, the remarkable difference in the
Tcs assessment performed with single voltage taps highlights
the importance of taking the average voltage signals to assess
Tcs. Independent studies based on numerical models [42, 51]
show that in the presence of a non-uniform current distribution
in the cable, the jacket surface is not equipotential at each
cross section, and the average jacket voltage is the best
possible estimate of the average cable voltage.

Figure 17. Conductor n-values as derived from Ic and Tcs runs
before and after cyclic loading. Larger n-values are usually obtained
from the Ic runs.

3.5. Conductor n-values and effective strains

The n-values of the strands used for these conductors are in a
range from 20 to 45, at 4.2 K, 12 T. By contrast, the n-values
of the conductors are usually much lower than those of the
corresponding strands. Here, the n-values have been derived
by two methods.

In the first method, the V–I curves recorded during
Ic runs at constant temperature are considered. Only the
experimental results with electric fields in the range from
5 to 50 µV m−1 are used for the fitting with the usual
power law. The results are reported in figure 17, which
shows that the n-values derived from the V–I curve are in
the range from 6 to 18. A drop of the n-value between
the first and the last run can also be noticed for most
conductors.

In the second method for the n-value computation,
described in [35], the conductor E–T characteristics are
reproduced by means of a two-parameter best fitting
procedure. Again, only the experimental values for which the
electric field is included in the range from 5 to 50 µV m−1 are
considered for the fitting. One parameter is the n-value and the
other is the aforementioned effective strain. As the conductor
performance is directly compared to the corresponding strand
performance, this procedure relies on the parameterization of
the critical surface of the strands, Ic(T,B, ε). The parameters
of the scaling law have been measured by the DAs on selected
strand types, but are not available for all strands. The effective
strain indicates the level of compressive strain that should
be applied to a strand to obtain the same E–J characteristics
as measured on the full-size conductor. This parameter does
not therefore include any filament breakage in the description
of the cable behavior. Its application is therefore limited to
selected case studies. In particular, when derived at different
values of the transverse electromagnetic load (I × B), it
allows determination of the sensitivity of the conductor to
the applied force. This indication can be useful for design
purposes to extrapolate the conductor behavior at different
values of I × B. This extrapolation of course requires a
careful experimental validation. The n-value derived with this
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Figure 18. (a) Conductor n-value variation with cyclic loading for IT and bronze conductors. (b) Conductor effective strain variation with
cyclic loading for IT and bronze conductors.

approach generally varies with cyclic loading as reported in
figure 18(a). A generally higher initial n-value is obtained
with bronze strand conductors, but this value drops rather
quickly in the first 100 cycles. The n-value obtained for the IT
conductors is generally lower, and exhibits less dependence on
cyclic loading. In some cases, n-values around 4 are obtained
after EM cyclic loading, a very low value for superconducting
cables. This drop also gives an indication of the performance
degradation of the conductor. A variation of the effective
strain is also observed with cyclic loading, as shown in
figure 18(b). The enhancement of effective strain (in absolute
value) corresponds to the reduction of Tcs.

The comparison reported in figure 17 shows that the
n-values derived from a direct analysis of the V–I curves are
significantly higher than those obtained by considering the
V–T characteristics. As shown in [52], the n-value determined
by V–I tests is affected by the growth of the cable temperature
due to heating coming from the joint and from the current
sharing regime of the conductor, making it appear higher than
the n-value determined from the V–T tests. Corrections for
non-isothermal conditions eliminate the difference.

3.6. AC losses

The AC losses of all samples are measured both before
and after the DC tests in order to evaluate the effect
of electromagnetic and thermal cyclic loading on the AC
behavior of the cables. The AC losses are measured by
gas-flow calorimetry as the total energy deposited in the
helium during the excitation of the SULTAN AC coils in a
background magnetic field of 2 T with a sinusoidal current
sweep at different frequencies, ranging from 1 to 0.1 Hz.

As in all CICCs based on Cr plated Nb3Sn strands,
the AC losses of all samples exhibit a remarkable reduction
after cyclic loading, as shown in figure 19(a) for the selected
conductor TFCN3. The values reported refer to the energy
deposited per cycle per unit volume in the region perturbed by
the AC magnetic field. This result is confirmed in all SULTAN
tests of TF conductors, as demonstrated by the summary plot
in figure 19(b), which shows the losses of different samples
at the same frequency of 1 Hz. The average reduction of AC
losses with cyclic loading at 1 Hz is by a factor of 4, with a
peak of a factor of 5.5. This drop of the AC losses is mainly
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Figure 19. (a) Conductor AC losses as a function of frequency
before and after cyclic loading for sample TFCN3 and (b) at a
frequency of 1 Hz for all samples.

due to changes in the pattern of contacts among strands, i.e. an
increase of the interstrand resistances [53].

4. Issues on the Nb3Sn conductor test results

Some issues have been under debate in the scientific
community with regard to the understanding of specific
features of the SULTAN test results and the accuracy in the
assessment of the Nb3Sn conductor performance. In particular
the extrapolation of the results obtained on short samples to
the in-coil performance is not trivial for Nb3Sn conductors.

The broadness of the superconducting to normal
transition of Nb3Sn cables with respect to NbTi cables, and
their strong sensitivity to strain are two main factors that
complicate the test analysis. In this section, a brief qualitative
discussion of the critical issues of these tests is provided,
with a description of the possible strategies that have been
envisioned to address them in future tests.
Tcs values of identical conductors. Several samples
manufactured with nominally identical conductors (same
strand/cable/jacket combination) have been tested in the
SULTAN facility. As pointed out in [49], for some of these
samples the Tcs values of identical conductors are very
similar. However, in a few samples, like TFKO3, significant
differences have been found (up to 0.3 K) between the
Tcs values of nominally identical legs. The origin of these
differences seems not to be related to either the accuracy

or the layout of the facility. It is worth noting that in NbTi
CICC no significant difference was ever observed among
nominally identical conductors. Besides the experimental
uncertainty, the reasons for the different performance of
nominally identical conductors might be due to variability of
the conductor properties along the length or local cable pattern
variations, as assessed by the code MULTIFIL [26]. Whatever
the origin of these discrepancies, the experience gained from
the tests in the SULTAN facility indicates that an uncertainty
of up to 0.3 K should be considered in the design phase of
CICCs made of Nb3Sn when assessing Tcs from SULTAN test
results.
Current distribution effects. The current distribution among
the cable strands during a Tcs test in the SULTAN
facility is mainly determined by the presence of the cable
terminations [41, 42]. Several investigations performed with
numerical codes [16, 17], with input data derived from
experimental results [38–40, 54], have led to the conclusion
that the solder dipping and solder filling techniques for the
joint allow satisfactory current redistribution during the Tcs
tests, thus reducing the impact of non-uniformities on the
assessment of the conductor performance. In one case, namely
for the TFJA3 sample [11] (manufactured with a pressure
contact joint), the high total joint resistance and the highly
dispersed distribution of the joint resistances measured on
individual strands were considered to have a negative impact
on the DC performance [54, 55]. Monitoring of the joint
procedure and resistance is applied to exclude any impact on
CICC performance.
Coupling between legs. In a few cases, the behaviors of
the two SULTAN legs seem to be correlated. For example,
upward steps in the Tcs plot with cyclic loading have been
observed for both legs, as if there was a link between the
two leg performances. This kind of ‘common mode’, observed
only occasionally, may be linked to overall shrinkage of the
sample. A possible explanation for this phenomenon is that
if one conductor shrinks (e.g. due to tensile strain relaxation
in the jacket [56]) the other conductor also shrinks as both
are mechanically coupled in the sample. In general, using
identical conductors in the sample mitigates the risk that the
performance of one conductor is adversely affected by the
behavior of the other conductor.
Strain effects. Effects of strain relaxation on the conductor
conduit have been observed in the HFZ during energization
and after SULTAN testing [31, 57]. The underlying
mechanism for these strain changes during the tests has not
been clarified yet. A theory presented in [57] shows that
this phenomenon could be related to the specific features of
the SULTAN facility, where large gradients of magnetic field
occur along the cable length that are not present inside large
coils. If transverse magnetic loading causes a local reduction
in the longitudinal elastic modulus of the cable in the
HFZ, then the thermal compression along the cable becomes
non-uniform, with a higher compression in the high field. This
effect could result in an increased drop of Tcs related to the
specific features of the short sample configuration with respect
to in-coil performance. The changes of strain in the high field
region will therefore be monitored systematically in future
tests.
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Effect of the short HFZ. The length of the HFZ in SULTAN
(0.45 m) is much shorter than in large coils. It is well
established that this limited length is not an issue in the
assessment of NbTi conductor performance. In order to
investigate whether this limited length affects the assessment
of Nb3Sn conductor performance, the test results in a new
facility (EDIPO, also located in Villigen, Switzerland) [58]
with an extended HFZ of 1 m will be compared to those
obtained in SULTAN. The tests are foreseen in early 2013.
Extrapolation of SULTAN test results to in-coil performance.
The extrapolation of SULTAN test results to in coil
performance works very well for NbTi conductors, as the
tests of the PF conductor insert coil have shown [59]. For
Nb3Sn strain sensitive conductors this extrapolation has not
been demonstrated yet. One of the problems is that the hoop
strain is missing in the SULTAN sample geometry. Direct
application of the scaling law to add the hoop strain to
the SULTAN result is not reliable, as the scaling law is
applicable only to non-degraded performance. An assessment
of the conductor–coil correlation will be made with the CS
conductor insert coil, to be tested in 2014.

Conclusions

The tests of the conductor performance qualification samples
have been discussed with respect to joint resistances, voltage
slopes, Tcs, Ic, n-values and AC losses. The joint resistances
are well under control, with values of around 0.5 n� for the
final joint configuration chosen, in which the solder filling
technique was adopted. The impact of the data treatment
procedure on the Tcs results can be obtained by considering
the results obtained with and without correction of the voltage
slopes. The two assessments differ by 0.1 K on average.
Also, the Tcs results are well in line with the conductor Ic
results when reported on a common I–T plot. Significant
differences still remain between the calorimetric and the
voltmetric assessments of Tcs, with an average difference of
0.2 K, and a maximum difference of about 1 K for solder
dipped joints and 0.23 K for solder filled ones.

The conductors discussed here have met the ITER
requirement of a Tcs higher than 5.8 K after 1000 EM cycles.
However, a degradation of Tcs during EM cyclic loading is
observed in all conductors (0.3 K at 1000 cycles on average).
This degradation process does not reach saturation. The drop
of performance is also visible in the results concerning the
conductor n-values. For the conductors tested up to 1000
cycles, initial n-values in the range from 5 to 10 drop with
EM cyclic loading to values in the range from 5 to 6.

In most conductors, a further degradation of performance
is related to the procedure of warm-up–cool-down performed
at the end of EM cyclic loading. Average and maximum Tcs
drops of 0.05 K and 0.12 K respectively have been measured
on the conductors discussed here. This thermal degradation
seems negligible when warm-up–cool-down is performed
prior to EM cyclic loading.

Signs of local current distribution and redistribution
phenomena occurring in these samples are given by the
significant differences of the six voltage traces measured by

the crown of voltage taps around the conductor jacket and by
the presence of early voltages arising during current ramp-up.
Taking the average value of these voltage signals gives the
best possible estimate of the average cable voltage.

A significant variation of AC losses before and after
EM cyclic loading has been measured on all conductors,
confirming similar results obtained in the last two decades.
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