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A. Verweij, A. Vostner, R. Zanino, E. Zapretilina and the PF Conductor Insert Test Group 

  
Abstract— In this paper we report the main test results 

obtained on the Poloidal Field Conductor Insert coil (PFI) for the 
International Thermonuclear Experimental Reactor (ITER), 
built jointly by the EU and RF ITER parties, recently installed 
and tested in the CS Model Coil facility, at JAEA-Naka. During 
the test we (a) verified the DC and AC operating margin of the 
NbTi Cable-in-Conduit Conductor in conditions representative 
of the operation of the ITER PF coils, (b) measured the 
intermediate conductor joint resistance, margin and loss, and (c) 
measured the AC loss of the conductor and its changes once 
subjected to a significant number of Lorentz force cycles. We 
compare the results obtained to expectations from strand and 
cable characterization, which were studied extensively earlier. 
We finally discuss the implications for the ITER PF system. 
 

Index Terms— Superconducting magnets, Fusion reactors, 
Cable-in-Conduit Conductors, Nb-Ti superconducting material 
 

I. BACKGROUND ON ITER PF CONDUCTORS 
HE ITER Poloidal Field (PF) conductors have undergone 
a significant evolution in the past years. In the original 

ITER design (2001) the Cable-in-Conduit Conductors 
(CICCs) were optimised to match the current/field levels in 
each of the six PF coils [1]. Following recent design reviews, 
a number of modifications have been introduced [2], leading 
to the conductor designs detailed in Tab. 1, for the envelope of 
operating conditions in the PF Coils reported in Tab. II. The 
main change with respect to the original design is a reduction 
in the Cu:nonCu ratio of the low field conductors (PF2 to 
PF5), implying that the Stekly condition of cryogenic stability 
[3] is no longer respected. Experiments on subsize conductors 
[4] have suggested that in the planned regime of operation, 
and for the expected perturbation spectrum, full cryostability  
(i.a. a copper fraction corresponding to the Stekly limit) is 
excessive. In fact, for the conditions considered, it is more 
convenient to design the conductor for larger temperature 
margin, increasing the fraction of Nb-Ti, while maintaining 
the copper fraction to the strict minimum demanded for 
protection. 

Manuscript received 26 August 2008. 
D. Bessette, A. Devred and N. Mitchell are with ITER, Cadarache, France 
L. Bottura and A. Verweij are with CERN, Geneva Switzerland (tel:+41-

22-7673729, e-mail: Luca.Bottura@cern.ch).  
K. Okuno, Y. Nunoya and Y. Takahashi are with JAEA, Naka, Japan. 
C. Sborchia and A. Vostner are with F4E, Barcelona, Spain. 
R. Zanino is with Politecnico di Torino, Italy. 
E. Zapretilina is with Efremov InsFFtitute, St. Petersburg, Russia. 

To achieve the operating requirements of Tab. 2, two main 
conditions must be met. Firstly, the cable performance must be 
close to the sum of the projected performance of the individual 
strands, without the occurrence of the premature quenches 
often seen in large size Nb-Ti conductors and attributed to 
current non-uniformity [4,5] (see also later discussion). In 
practice, we quantify this first condition using the temperature 
margin above the operating temperature. The design value of 
the temperature margin is 1.5 K, with a maximum uncertainty 
of 0.5 K, which results in a minimum acceptable margin of 1 
K. 

Secondly, all AC loss sources in the cable must be 
controlled, so to limit the temperature increase due to the 
heating due to the pulsed operation. In particular, the product 
of the cable demagnetization factor and coupling time 
constant, nτ, proportional to coupling loss, must be smaller 
than 100 ms. 

The two conditions above (sufficient margin and limited 
AC loss) were demonstrated in the test of the PF Conductor 
Insert coil (PFI), which is representative of the most T TABLE 1.  PARAMETERS OF ITER PF CICCS. 
 PF1, PF6 PF5 PF2,PF3,PF4 
Pattern 3SCx4x4x5x6 3SCx4x4x4x6 (2SC+1Cu)x3x4x5x6
Central spiral 10 x 12 mm 
Petal wrap 0.05 mm, 50% cover 
Cable wrap 0.08 mm, 40% cover 
Dstrand (mm) 0.73 0.73 0.73 
Cu:non-Cu 1.6 2.3 2.3 
DCu,core (mm) none 2.85 2.70 
SC strands 1440 1152 720 
Anon-Cu (mm2) 229.3(1) 144.5(1) 90.3(1) 
ACu (mm2) 366.8(1) 370.5(1) 424.7(1) 
Dcable (mm) 37.7 35.3 35.3 

 (1) untwisted 
 

TABLE 2.  OPERATING ENVELOPE FOR THE PF CONDUCTORS. 
Coil Temperature 

(K) 
Current 

(KA) 
Field 
(T) 

PF2 4.7 55 
50 

4.8 
5.0 

PF5 4.7 52 
33 

5.7 
6.0 

PF6 4.5 
 

4.2(2) 

48 
41 
52 
41 

6.4 
6.5 
6.8 
7.0 

 (2)subcooled operation planned for this set of conditions 
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demanding ITER PF coil, PF6. In addition, we explored the 
operating limits of the conductor at lower fields, thus 
simulating the operating conditions of the PF2-PF5 
conductors. In the following sections we give details on the 
PFI test insert, the motivation of the test program and 
highlights on the main results. 

II. THE PF CONDUCTOR INSERT  
The Poloidal Field Conductor Insert (PFI) is the main full-

size demonstration of the conductor and joint technology that 
will be applied to the ITER Poloidal Field (PF) Coils. The PFI 
is a single layer solenoid that has been designed and built for 
extensive testing in the CS Model Coil (CSMC) test facility at 
JAEA, Naka. Its main dimensions and nominal operating 
points are reported in Tab. 3. The PFI solenoid is split in two 
parts. The main winding, consisting of 9 turns wound with 
approximately 45 m of Nb-Ti CICC, is connected through an 
intermediate joint to an upper bus-bar, which is an additional 
turn of approximately 4.5 m length of the same CICC.  

The main winding has a joggle in the midplane, largely 
instrumented with voltage taps, thermometers, a pressure tap, 
a pick-up coil and an inductive heater. This coil section is 

placed in the equatorial plane of the test facility to experience 
the peak field of the CSMC. The intermediate joint, further 
away from the midplane of the CSMC, experiences a field 
which is approximately 25 % lower, with both vertical and 
radial components, as will be the case for the ITER PF coils. 

The similarity between the CICC of the PFI and the one 
designed for the PF1 and PF6 is evident, comparing the data 
reported in Tabs. 1, 4 and 5. The PFI CICC has a similar 
strand (same diameter and JC, but reduced Cu:Non-Cu ratio) 
and the same cable layout as the ITER PF1 and PF6. Further 
details on the coil design [6], strand and cable manufacturing 
[7-11], coil manufacturing [12], short sample test results 
[5,13], and supporting analyses to the insert test [14-17] can 
be found in the extensive list of references quoted. 

III. TEST PROGRAM 
The PFI, delivered to JAEA, Naka in September 2007, was 

installed in the CSMC in the first quarter of 2008 [18] and 
tested from mid June till mid August 2008. The test program 
executed on the PFI reflected previous experience on CS 
Model Coil and Model Coil Inserts [19,20], with the necessary 
adaptations to the different operating conditions and PF 
conductor characteristics [15]. Besides the obvious 
characterization of the DC and AC conductor performance 
once wound in a coil of relevant length and size, the main test 
focus was on the following items: 

 

TABLE 3.  MAIN CHARACTERISTICS OF THE PFI WINDING. 
Inner diameter (m) 1.40 
Outer diameter (m) 1.57 
Height (m)  1.40 
Weight (tons)  6 
Operating temperature (K) 4.5 
Nominal operating field (T) 6 
Nominal operating current (kA) 45 
Backup mode operating field (T) 6.4 
Backup mode operating current (kA) 52 
Maximum stored energy (MJ) 0.2 

 
TABLE 4.  MAIN CHARACTERISTICS OF THE PFI STRAND. 

Diameter (mm) 0.73 
SC material Nb-47.5 wt% Ti 
Number of filaments  2346 
Nominal filament diameter (μm)  9.8 
Cu:non-Cu ratio  1.41 +/- 0.06 (1σ) 
IC (5 T, 4.2 K, 0.1 μV/cm) (A) 489 +/- 10 (1σ) 
JC (5 T, 4.2 K, 0.1 μV/cm) (A/mm2)  2817 +/- 47 (1σ) 
n index 54 +/- 7 (1σ) 
RRR  199 +/- 17 (1σ) 
Nominal twist pitch (mm) < 10  
Surface Ni-coating (μm)  2.2 +/- 0.3 
 

TABLE 5.  MAIN CHARACTERISTICS OF THE PFI CICC. 
Number of Nb-Ti strands 1440  
Cabling pattern 3SCx4x4x5x6 
Twist pitches (mm) 45/85/125/160/490 
Wrap of 4th cabling stage (mm) 0.05 (SS 304) 
Wrap of last cabling stage (mm) 0.1 (SS 304) 
Central spiral ID x OD (mm x mm)  10 x 12 (SS 304) 
Cable outer diameter (mm)  38 
Jacket material  SS 316 LN 
External dimensions (mm x mm) 50.3 x 50.3 

• sudden quenches. Short sample tests in SULTAN [5] had 
shown that above a current threshold ranging from 38 to 
45 kA, the quench current of the PFI CICC was much 
below the expected strand critical current. This was 
attributed to the combination of the magnetic and electric 
field gradient in the large cross section of the cable, 
uneven current distribution in the short sample, impressed 
by the joint [21], and poor current redistribution. The 
nominal design point of the ITER PF coils is above this 
threshold, and it was hence very important to check the 
quench current and temperature margin in a geometry 
close to that of a PF coil and with improved joint design; 

• intermediate joint resistance and AC loss. A relatively 
high resistance (10 nΩ) was observed during the test of 
the prototype joint in the short sample described above. 
This was attributed to the materials selected (CuCrZr 
sleeve) and joint assembly procedure (strand coating 
removal and soldering) in the preparation of the sample 
[5,22]. Improvements in the base material conductance 
(by overaging at 550 oC the sleeves) and joint technique 
were expected to reduce the resistance to an acceptable 
value for operation, around 5 nΩ. The AC loss in the joint 
was not measured previously, nor its stability in pulsed 
field conditions, both factors of relevance for operation; 

• AC loss characteristics of the conductor and variations 
with cycling. The coupling loss measured in a short piece 
of the final conductors (400 mm) was found to be a strong 
function of the number of mechanical loading cycles 
under a transverse force of 315 kN/m [13], which is in the 
range of the maximum expected mechanical load from 
Lorentz forces in the ITER PF coils (270 to 330 kN/m). 
The initial product of demagnetization factor and 
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coupling time constant nτ, around 15 ms in virgin state, 
decreased to less than 10 ms in the first 100 cycles, to 
increase again above 40 ms after 10,000 cycles. These 
results could be only partially confirmed by short sample 
tests in SULTAN, where a monotonic decrease was 
measured over a smaller range of cycles. AC loss, and 
cable coupling in transverse field in particular, is a 
dominating source of heat in the ITER PF coils. A large 
part of the PFI test was hence dedicated to the 
measurement of the cable AC loss vs. cyclic loading.  

 
More details on the genesis and finalization of the test 

program can be found in [15-18]. 

IV. CRITICAL CURRENT AND TEMPERATURE MARGIN 

A. DC measurements 
The critical current and operating margin of the PFI CICC 

was verified by over 20 TCS, TC, IC and BCS measurements. TCS 
measurements were performed ramping the CSMC and PFI to 
pre-defined currents, and varying the temperature in small 
steps (typically less then 0.1 K) using the resistive heaters 
placed at the inlet of the cooling circuits. The conditions at 
each temperature step were held for a time duration 
sufficiently long (typically 5 minutes and longer) for the PFI 
to reach steady state conditions. The TC measurements were 
analogous to TCS, but the PFI current was 20 A. IC tests 

consisted in charging the CSMC to a predefined current (and 
corresponding background field), setting the inlet temperature 
of the PFI, ramping the PFI to a current well below the 
expected quench limit (typically 10 kA below IC), waiting a 
time sufficiently long to reach steady state, and ramping to 
quench at a speed of 1 kA/min. We also performed a current 
sharing field run, BCS, in which the temperature and PFI 
current was set, and the CSMC current was ramped at 1 
kA/min (which corresponds to a central field ramp-rate of 4.7 
mT/s) to determine the background field at which the PFI 
quenches. The complete summary of these tests is reported in 
Tab. 6, where for each shot we have reported the type of run, 
the set CSMC current, the set (TCS, TC and BCS runs) or 
measured (IC runs) PFI current, the computed peak field in the 
PFI CICC, the measured temperature at the central joggle in 
the PFI main winding, and the temperature uncertainty 
obtained as half the range between minimum and maximum 
measured temperatures at all thermometers in the main 
winding, including inlet and outlet. 

We remark first that the consistency among different types 
of measurements of the same critical point is excellent. 
Compare as an example shots 25-1 and 27-1 (representative of 
the nominal 45 kA, 6 T operating point in the original PF6 
design), or shots 28-1 and 30-1 (representative of the sub-
cooled operation mode in PF6). Once translated in temperature 
margin, the difference between TCS and IC runs is less than 30 
mK. 

The second, very important remark is that the quench point 
(in terms of temperature, current or field) is very close to the 
expected conductor performance obtained as the sum of the 
critical current (at 10 μV/m) of the single strands evaluated at 
the peak field in the conductor. The intuitive reason for this 
result is that in the case of Nb-Ti the superconductor operates 
close to TC and BC, which implies a sharp voltage-temperature 
and voltage-field characteristic. The resistive transition starts 
at the peak field point of the conductor, and evolves into a 
thermal runaway with no measurable voltage, nor significant 

TABLE 6.  SUMMARY OF TCS, TC, IC AND BCS RUNS. 
Shot type ICSMC IPFI Bpeak T δT 

  (kA) (kA) (T) (K) (K) 
10-1 TC 0 0.02 0 9.35 0.05 
25-1 TCS 19.799 44.90 6.11 6.27 0.06 
27-2 IC 19.786 43.99 6.09 6.28 0.05 
28-1 TCS 20.88 51.89 6.51 6.03 0.10 
30-1 IC 20.856 52.90 6.52 6.01 0.07 
31-1 IC 11.634 49.66 3.96 7.21 0.04 
32-1 IC 15.29 56.47 5.06 6.67 0.07 
35-1 TCS 19.04 54.92 6.06 6.22 0.05 
44-1 IC 13.1 25.89 3.98 7.33 0.02 
45-1 TCS 21.2 17.99 6.07 6.46 0.04 
46-1 TC 22.1 0.02 6.03 6.80 0.04 
48-1 IC 16.85 29.60 5.06 6.84 0.02 
49-1 TCS 9.45 30.00 3.05 7.71 0.06 
50-1 IC 31.56 26.51 9.03 4.84 0.06 
53-1 TCS 21.62 6.00 6.00 6.57 0.02 
61-1 IC 31.56 26.55 9.03 4.84 0.03 
68-1 IC 31.56 27.30 9.04 4.83 0.04 

105-1 IC 31.56 26.49 9.03 4.84 0.04 
120-1 IC 31.56 27.16 9.04 4.83 0.04 
136-1 IC 31.56 26.58 9.03 4.84 0.04 
138-1 IC 22.55 54.30 7.01 5.73 0.06 
145-1 BCS 18.77 45.00 5.83 6.40 0.02 
146-1 IC 28.72 44.02 8.53 4.99 0.05 
148-1 IC

(1) 28.902 30.00 8.36 5.00 0.06 
157-1 TCS 19.6 45.00 6.06 6.25 0.12 

 (1) this run was performed at PFI ramp-rate of 300 kA/min  

 
Fig. 1.  Measured quench temperature vs vs. expected current sharing 
temperature for the complete set of TCS, IC and BCS runs in the main winding 
of the PFI. The result for the ramp-rate shot 148-1 is shown for comparison. 
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current redistribution. To give a quantitative evaluation of this 
statement we have reported in Fig. 1 the scatter plot of the 
measured vs. expected quench temperature. This last was 
computed as the current sharing temperature corresponding to 
the combination of operating current and peak field at the 
moment of quench. This calculation is based on the scaling of 
[23] applied to the set of strand IC(B,T) data from [7-11]. The 
calculation matches the DC quench limit to a very good 
accuracy, with an average error of 50 mK on the temperature 
margin, compatible with our estimate of the error bar on the 
evaluation of the local temperature at the quench point. The 
only exception to this behaviour are Shots 58-1 (not reported 
in Tab. 6) and 148-1. The first one is a quench that occurred 
during a verification of the ramp-rate cycling conditions, and 
the second an IC measurement, both performed at the 
maximum PFI ramp-rate allowed by the test set-up of 5 kA/s. 
Among these two shots, only 148-1 was performed in 
controlled conditions, thus allowing an analysis of the quench 
origin and a proper determination of the quench current. In 
this case we observed a degradation of the order of 0.15 K, a 
small but appreciable effect (see the point labeled in Fig. 1). 

An analysis of the characteristics of the voltage transition 
(smooth or sudden, depending on the operating current), and 
on the origin of the ramp-rate dependence observed, is in 
progress and will be reported at a later stage. 

V. STABILITY AND QUENCH 
The stability of the PFI CICC was measured by using one 

of the two inductive heaters placed in the joggle in the 
midplane of the main winding (peak CSMC field region). The 
inductive heater is a 102 mm long solenoid wound around the 
conductor, and it generates a field component parallel to the 
CICC varying at a frequency of 1 kHz. The calibration of the 
energy deposited by the heater was performed in a dedicated 
test [24] on a short piece of conductor as well as on a piece of 
cable and a piece of jacket separately. The energy from a pulse 
is mainly deposited in the jacket, 85 % of the total, while the 
remainder, 15 % of the total, is deposited in the cable. This 
situation is not representative of energy release in the ITER PF 
coils, but provides a well known calibration for comparison 
with analytical and numerical estimates, and a suitable 
mechanism for quench initiation.  

All stability and quench runs started from steady state 
operating conditions and approaching the stability/quench 
boundary from below. The inductive heater was fired after a 
relaxation time sufficient to reach uniform temperature in the 
coil (typically 5 minutes), and the transient recorded. In case 
of stable response, the energy setting of the heater was 
increased empirically, and the procedure repeated till quench. 
These stability and quench measurements were performed 
varying parametrically the operating current (45 kA and 52 
kA), the peak field (6 T and 6.4 T), the operating temperature 
(4.5 K and 5.5 K) and the heating time (10 ms and 40 ms). In 
Tab. 7 we have reported the energy margin ΔE, defined as the 
average of the highest stable energy and the lowest quench 
energy, vs. the operating and pulsing conditions tested. The 
energy reported is the total deposited by the heater on the 
conductor (i.e. cable and jacket). The shot number in Tab. 7 

corresponds to the quench, for which we have also reported 
the delay between the start of the inductive heating and the 
detection of a voltage across the voltage taps covering the 
location of the heater.  

There is a relatively long delay between the heating pulse 
and the start of the quench, which is consistent with the fact 
that most of the power is deposited in the jacket of the CICC, 
and is slowly transferred to the cable either through direct 
contact or heat exchange in the helium. The stability margin 
has the expected qualitative dependence on the operating 
current and temperature. For operation at 52 kA, 6.4 T and 4.5 
K the margin does not depend on the heating time (compare 
shots 111-5 and 115-4), while at 45 kA, 6 T, 4.5 K we 
observed a strong dependency. Specifically, the CICC seems 
to be much more stable to a pulse of 10 ms (shot 112-18) than 
to a pulse of 40 ms (shot 110-7). Note that shot 112-18 is the 
one with the shortest delay between pulse and quench, which 
may indicate a change in heat transfer regime at the higher 
heating power used. We will comment further below, 
discussing initial quench propagation. 

In each of the quench shots, the quench evolution was 
recorded at constant current and field for a time Δtevolution in the 
range of 6 to 7 s, consisting in a detection time of 1 to 2 s 
necessary for the resistive voltage to increase above the 
detection threshold (set at 100 mV) and a quench delay time, 
set at 5 s for quenches at 45 kA and 4 s for quenches at 52 kA. 
After this time, the PFI power supply was switched, and the 
current dumped. 

A representative sample of the evolution of voltage is 
shown in Fig. 2 for the quench shot 115-4, at 52 kA, 6.4 T, 4.5 
K and 10 ms heating time. An interesting feature is that the 
voltage seen by voltage taps VD0809 and VD1011, covering 
the conductor section just before and just after the inductive 
heater, start showing a resistive voltage much earlier than the 
knee observed on voltage tap VD0910, spanning the heated 
region. The knee corresponds to the time when the whole 

TABLE 7.  SUMMARY OF STABILITY SHOTS. 
Shot IOP BOP TOP ΔtPULSE ΔE Δtquench 

 (kA) (T) (K) (ms) (J) (s) 
108-5 45 6 5.5 40 25.5±5 1.5 
110-7 45 6 4.5 40 48.6±3.1 2.5 
111-5 52 6.4 4.5 40 36.1±2.5 1.9 

112-18 45 6 4.5 10 79.6±3.7 0.9 
115-4 52 6.4 4.5 10 38.3±1.9 1.6 

 
Fig. 2.  Voltage recorded in the voltage taps covering the inductive heater 
(VD0910), and the next neighbours during quench shot 115-4. 
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conductor length is normal, at which time the voltage increase 
seen by the voltage tap is only driven by the temperature rise. 
The fact that the neighbouring voltage taps react before the 
whole central section is normal suggests that the initial 
propagation of the quench takes place very inhomogeneously 
in the cable cross section. In particular, the propagation along 
the strands, possibly in a whole “petal” (the last-but-one 
cabling stage with wraps), is initially faster than the 
propagation in the cable cross section, and the quench hits the 
neighbouring voltage taps before filling the whole cable cross 
section. This is no longer the case for the voltage rise in the 
next neighbours that happens at a time close to the knee of the 
voltage curves in the previous taps (see as a clear example in 

Fig. 2 the case of VD0708 flattening at about 5 s, followed by 
the rise of the neighbouring voltage tap VD0607). After the 
initial phase, the quench is well developed and appears to 
propagate as expected as a flat front in the cable cross section. 

The evolution of the normal zone for all stability shots is 
reported in Fig. 3. Quenches at 52 kA, 6.4 T and 45 kA (shots 
111-5 and 115-4) have the same evolution, which is consistent 
with the fact that the energy necessary to initiate the quench is 
the same in both cases. In contrast, quenches at 45 kA, 6 T 
and 4.5 K initiated by much different energies (shots 110-7 
and 112-18) are very different. Shot 112-18, initiated with a 
short pulse of 10 ms and higher energy, has an initial 
propagation that is much faster than shot 110-7, initiated by a 
longer pulse of 40 ms and lower energy. This result suggests 
that the energy in shot 112-18 affects a longer conductor 
length than in shot 110-7, which is consistent with the 
significantly larger stability margin measured for shorter 
heating time. Finally, shot 108-5, measured for initial 
operation at 45 kA, 6 T and 5.5 K, has initial evolution 
comparable to that of the high current/high field quenches. 
This result is consistent with the expectation of faster quench 
propagation for smaller operating margin. The evolution of 
this quench could only be measured up to 3.5 s because of a 
dump trigger generated by the massflow quench detectors. 

 
Fig. 3.  Normal zone as a function of time for all quench shots. The origin of 
time corresponds to the appearance of a quench voltage in the voltage tap 
covering the inductive heater section. 
 

We report in Tab. 8 a compilation of relevant quantities for 
quench, i.e. the hot spot temperature Thot, the maximum 
pressure pmax, and the length of the normal zone Lnormal, all 
measured or computed at the time Δtevolution after the beginning 
of the quench, and just before dump. The hot spot temperature 
was derived from the resistive voltage in the voltage tap 
VD_0910 (centered around the inductive heater) assuming 
that the whole cable length is normal, current flows in the 
copper only, and using the known relation between cable 
resistance and temperature. As shown in Fig. 4, the hot-spot 
temperature is found to be in very good agreement with an 
adiabatic evaluation based on the copper and superconductor 
cross section, neglecting the heat transfer to the helium and 
jacket. This result confirms the presence of significant 
temperature gradients in the cable cross section (cable to 
helium and cable to jacket). Similar values of temperature are 
found analysing the voltage of the neighbouring voltage taps 
(see again Fig. 4), although in this case the presence of a 
longitudinal temperature gradient yields somewhat lower 
average temperatures, as expected. 

VI. CONDUCTOR AC LOSS MEASUREMENTS 
The AC loss of conductor and joint was measured at zero 

current in the PFI, and varying the field generated by the 
CSMC. Two field waveforms were used: an exponential dump 
of the CSMC from different initial currents and with 6 s time 
constant, and trapezoidal ramps with variable flat-top field and 
ramp-rate. The measurement of the AC loss energy was 
mainly based on calorimetry, using the thermometers in the 
cooling paths and in the winding. Data from the pick-up coils 
placed on the conductor and on the joint could be only 
partially analysed at the time of writing. So far an absolute 
calibration of the electrical measurements is not available and 
hence we expect only a qualitative confirmation of the 

 
Fig. 4.  Hot spot temperature deduced from the measured voltage in the pair of 
voltage taps covering the inductive heater section (VD_0910), and simulated 
assuming adiabatic conditions (superconductor and copper cross sections). 
The temperature values are plotted vs. the time integral of the square of 
current, for all shots in Tab. 8. Also reported for comparison the temperature 
deduced from the neighbouring voltage taps. 
 

TABLE 8.  MAIN RESULTS OF QUENCH EVOLUTIONS. 
Shot Δtevolution Thot pmax Lnormal 

 (s) (K) (bar) (s) 
108-5 4.23 58 9.1 4 
110-7 6.53 81 10.3 5.1 
111-5 5.7 100 22.8 15.1 

112-18 7.48 93 15.0 15.1 
115-4 5.66 100 22.3 15.1 
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Fig. 4.  Value of the product of cable demagnetization and coupling time 
constant, nτ, evaluated from loss measurements during the whole test 
campaign of the PFI, as a function of the load cycles. The first drop in nτ  
after 4020 load cycles corresponds to the situation after the stability and 
quench shots. The scattered results at 6330 load cycles correponds to 
variation in the measurement conditions and procedure. The last drop, after 
9080 load cycles, corresponds to the situation after high field quenches at the 
end of the cycling. 

 
Fig. 5. AC loss in the intermediate joint, plotted for all runs as a function of 
the product of the field change times the average field change rate. 

calorimetric result. The accuracy of calorimetry was verified 
by a series of dedicated heat slug runs (shots 4-1 to 4-7). It 
was found that in the expected range of energy input (1 kJ to 
10 kJ, depending on the field variation) the energy balance 
had a systematic error of -6 % and an uncertainty of ±110 J. 
This could be confirmed by cross correlation of calorimetric 
evaluations of the AC loss shots at various thermometers in 
the winding. 

A total of 38 AC loss measurement shots were performed at 
various stages during the test. A summary of the evaluation of 
the conductor loss in the main winding, quoted in terms of the 
coupling loss product nτ , is shown in Fig. 4. The loss was 
measured before applying any significant Lorentz force to the 
conductor and before any quench, using exponential field 
dumps from a set field of 4 or 6 T in the CSMC. The virgin 
value of the product nτ for the conductor in the main winding 
is evaluated in the range of 30 ± 6 ms. This value decreased to 
14 ± 5 ms after the first powering and quenches of the PFI 
together with the CSMC (equivalent to about 10 full load 
cycles). Trapezoidal cycling at 30 kA, in a background field of 
approximately 8 T, i.e. with Lorentz forces comparable to 
those experienced in the normal operating conditions for 
ITER, led to a steady increase of the product nτ up to 37 ± 7 
ms after 4020 load cycles. At this point we performed the 
stability and quench experiments described earlier, and we 
observed a sharp drop of nτ to 12 ± 5 ms, i.e. a value close to 
the one obtained after the initial quenches. After further 1155 
load cycles the value increased rapidly back to 33 ± 6 ms, i.e. 
the value before the stability and quench tests. Subsequent 
tests were performed varying the test conditions, and in 
particular the initial mass flow and temperature, and the field 
cycle leading to the dump. The range of variability observed in 
the following results indicates that the envelope of operating 
conditions, field cycles and any measurement artifacts, results 
in an uncertainty of 10 ms on the estimated nτ. The highest 
value measured for nτ, obtained after 9080 load cycles, is 43 ± 
7 ms. Relaxation and quenching may further influence these 
results. We witnessed this effect when re-measuring AC loss 

after the end of the cycling and two high field quenches, 
yielding a nτ of 19 ± 5 ms 

Although there is a clear need for further critical analysis of 
these results, the values of nτ obtained are consistent with a 
saturation value below 50 ms after a very large number of load 
cycles, which is well within the allocated budget of 100 ms. 

VII. INTERMEDIATE JOINT 

 
TABLE 6.  SUMMARY OF TCS,  AND IC RUNS FOR THE 

MEASUREMENT OF THE MARGIN IN THE INTERMEDIATE JOINT. 
Shot type ICSMC IPFI Bpeak T δT 

  (kA) (kA) (T) (K) (K) 
34-1 IC 22.55 50.93 5.19 5.99 0.15 

142-1 TCS 15.97 45 3.77 6.29 0.01 
143-1 TCS 20.7 52 4.80 5.84 0.04 
149-1 TCS 24.05 30 5.19 5.63 0.01 
155-1 IC 32.5 47.05 7.10 4.22 0.10 
156-1 TCS 9.2 10 1.97 7.23 0.13 

The joint resistance was measured systematically during the 
test campaign using the voltage taps across the joint 
terminations. Measurements were performed from 10 kA to 55 
kA, and for background fields at the location of the joint BIJ in 
the range of 0 T to 5 T. In this range the value of the joint 
resistance RIJ was found to be:  

 
RIJ = 2.03 + 0.057 BIJ ± 0.14 nΩ 

 
with no dependence on time or powering history during the 
test. This value is much improved with respect to the one 
obtained on the SULTAN short sample (≈ 10 nΩ) as well as 
the expectation after the design and manufacturing 
improvements (≈ 5 nΩ). 

The possibility of heating independently the intermediate 
joint using either the facility heaters on the inlet cooling lines, 
or the resistive heaters directly applied on the joint, has 
allowed us to measure the quench current and temperature of 
the joint itself. Tab. 6 reports the values of the quench current 
and temperature evaluated during these shots, defined as for 
the test of the main winding as the values of current and 
temperature at the joint leading to a thermal runaway. With 
respect to the conductor properties, using the same analysis as 
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described for the data in Fig. 1, there is an apparent 
degradation of the temperature margin at the intermediate joint 
of about 0.7 to 1.5 K. Although this is not critical for the 
performance of the coil, it is important to understand its 
origin, whether caused by a measurement artifact (e.g. a local 
temperature gradients not seen at the helium thermometers), or 
inherent to the joint itself. 

The AC loss of the intermediate joint was deduced from the 
same calorimetric balance used to establish the conductor AC 
loss. A summary of the loss results is reported in Fig. 5. The 
measured loss has been plotted there as a function of the 
product of the field change ΔB times the average field change 
rate over the excitation waveform <dB/dt>, which equals the 
integral of the square of dB/dt over the excitation time. The 
loss energy deposited in the joint during an exponential dump 
of the CSMC from a field of 4 T and with a time constant of 
approximately 6 s (initial dB/dt of 0.67 T/s) is 1670 ± 80 J, 
while for an exponential dump of the CSMC from a field of 6 
T, and 6 s dump time constant (initial dB/dt of 1 T/s), the 
measured loss is 2140 ± 160 J. For exponential dumps and 
high ramp-rate trapezoidal ramps, the loss seems to scale 
linearly with ΔB <dB/dt>, as would be expected for eddy 
currents loss at low excitation frequency. In the case of 
trapezoidal ramps at modest ramp-rate, the results are affected 
by a large spread. Unstable magnetization signals were 
observed in the same range of excitation, which could explain 
at least some of the observed instability. 

VIII. CONCLUSIONS 
The PFI coil test was highly satisfactory as regards 

achievement of its main objectives, i.e. the establishment of a 
large database of experimental data relevant to the ITER PF 
coils. The assessment of the data collected is not yet complete, 
only few days after the end of the test campaign, and more 
analysis is definitely required to complete the picture drawn 
here. Nonetheless, already at this preliminary stage of the 
analysis, we see that most results match closely the 
expectations, and thus provide excellent confidence that the 
ITER PF coils will meet their performance requirements. 

Specifically, the coil limits were found to be identical to the 
sum of the strand performances in the cable at the location of 
the peak magnetic field, and there was no sign of any training 
or fatigue effects. Most important, the coil performance at the 
nominal design current (45 kA to 52 kA) was not affected by 
the premature quenches observed on short cable samples [5]. 
This result supports our understanding that the quench 
performance of short cable samples at high current is affected 
by the current distribution impressed by the joints [21], and an 
extrapolation to long lengths is not trivial.  

Although pulse testing of the coil at high voltage was 
limited, sufficiently accurate assessments of the AC loss of the 
conductor and joint were obtained during fast discharges. 
These confirmed that the asymptotic value of the coupling loss 
constant nτ is of the order of 50 ms, in the range of the value 
expected from measurements on short samples [13] and well 
within the range acceptable from the point of view of heat 
removal.  

Finally, the coil was powered to conditions corresponding 
to an electromagnetic load 50 % in excess of the design values 
(Shot 155-1, B × I ≈ 450 kN/m) without showing any sign of 
mechanical or electrical degradation in the following shots. 
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