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First test results for the ITER central solenoid model coil
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Abstract

The largest pulsed superconducting coils ever built, the Central Solenoid (CS) Model Coil and Central Solenoid
Insert Coil were successfully developed and tested by international collaboration under the R&D activity of the
International Thermonuclear Experimental Reactor (ITER), demonstrating and validating the engineering design
criteria of the ITER Central Solenoid coil. The typical achievement is to charge the coil up to the operation current
of 46 kA, and the maximum magnetic field to 13 T with a swift rump rate of 0.6 T/s without quench. The typical
stored energy of the coil reached during the tests was 640 MJ that is 21 times larger than any other superconducting
pulsed coils ever built. The test have shown that the high current cable in conduit conductor technology is indeed
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applicable to the ITER coils and could accomplish all the requirements of current sharing temperature, AC losses,
ramp rate limitation, quench behavior and 10 000-cycle operation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ITER Central Solenoid (CS) Model Coil
Program [1] has been carried out since 1992 as
one of the largest R&D programs in the ITER
Engineering Design Activity in an international
collaboration among the ITER Joint Central
Team (JCT), EU, Japan, Russia and US. In the
program, the CS Model Coil (CSMC) and the CS
Insert have been developed and tested in order to
verify the magnet technology that will allow the
ITER magnets to be built with confidence. It is
expected to provide the validation of design and
analysis tools, the demonstration of industrial
manufacturing methods, the performance of each
component integrated in the magnet and the
demonstration of reliable operation.

Fabrication of the CSMC and CS Insert
adopted a commingle-fabrication task sharing; all
participants shared the fabrication of the Nb;Sn
cable-in-conduit superconducting cables (24.6
tons). The US provided Incoloy 908 [2] as a
conductor jacket material. The EU assembled the
cables and the jacket into the conductors. The US
assembled the CSMC Inner Module (10 layers)
[3], and Japan assembled the Outer Module (eight
layers) [4] and the CS Insert (one layer) [5]. Their
configuration and major parameters are shown in
Fig. 1 and Table 1, respectively. The CSMC is the
largest pulsed superconducting magnet ever built

Table 1

Conductor Joint
1 CS Insert (Japan)

Supportlng &v NbsAl Insert (Japan)
Structure || TF Insert (Russia)
I8 Inner Module (USA)
(1st~10th Layer)
Bzuﬂer/ 1 Outer Module (Japan)
one T (11th~18th Layer)
Supporting ’) ) l
Stracture _ im

Fig. 2. CS Model Coil and CS Insert after completion of
installation.

Major parameters of the coil modules compared to those the ITER CS coil

ITER-CS CS Insert CSMC inner module CSMC outer module
Maximum field (T) 12.8 13.5 13 13
Operating current (kA) 45 40.5 40 46 46
Outer diameter (m) 4.15 1.57 2.71 3.62
Height (m) 2.0x6 1.80% 1.80* 1.80*
Weight (t) 840 7.7 49.3 52
Stored energy (MJ) 6000 11 640

2 Conductor winding pack only.
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with a stored energy of 640 MJ, at the operational
current of 46 kA. Japan assembled these coil
components coaxially as the CSMC and CS Insert
in around 5 months within a 6.5-m diameter and
9.5-m high vacuum tank, as shown in Fig. 2, at
the CSMC Test Facility [6] located at the Japan
Atomic Energy Research Institute, Naka.

The cooldown of the coil system (total cold
mass of 180 tons) was initiated by the end of
November 1999 but a cold leak was detected at a
coil temperature of around 20 K after around 500
h. Then the cooldown was cancelled, followed by
warming up the coil. After the leak was repaired,
the cooldown was resumed on March 13, 2000.
The electric performance test was started in April
and was successfully completed on August 18,
followed by the coil warm-up which was finished
by the end of August. The test implemented a
total of about 350 charging runs and around 400
sensors continuously monitored the coil perfor-
mance by the computer data acquisition system,
accumulating a huge amount of test data. The
cryogenic system also provided a stable 4-K con-
dition through the test campaign without any
problems. This paper introduces the test program,
typical achieved operation, and the results of pre-
liminary analysis.

2. Test program

The test program, the first mission of the
CSMC and CS Insert electrical experiment, con-
sists of the following three categories: DC test
operation, AC test operation, and cyclic test for
the CS Insert up to 10000 cycles. The major test
items in each category are listed in Table 2.

The coil operating current pattern depends on
the power supply capacity. A DC power supply
system consisting of one 50 kA/15 V and two 30
kA/12 V power supplies was used for the DC test
operation and the cyclic test. A ramp-up and
-down rate of 1 kA/min (16.7 A/s) was chosen for
the CSMC based on the coil inductance. In the
case of the CS Insert, 5 kA/min (83.3 A/s) was
selected when the CSMC maintained the back-up
field of 12.5 T but 5 to 6.5 kA/s was used for the
cyclic test when the CSMC was operated in persis-

tent mode with 44.5 kA. The AC test operation
used the JT-60 power supply system [7], which has
two kinds of power supply, namely, F-power sup-
ply (45 kA-1.5 kV with available operation time
of 70 s) and V-power supply (50 kA—4.5 kV with
15 s). The F-power supply provided the rated
pulse operation such as the ramp-up to 46 kA (13
T for the CSMCQC) at the ramp rate of 0.4 T/s, flat
top of 5 s, followed by the ramp-down to zero at
0.7 T/s. The V-power supply has high current and
voltage capacity but a short operation time of 15
s and was used for the operation pattern such as
higher ramp-up rate operation from 1 to 2 T/s,
flat top 1 s, followed by the fast discharge with
the coil dump. Accordingly, the ramp-up rate was

Table 2
Concretely implemented test items

Test item Brief outline

DC test operation
(1) 13-T Demonstration and verification to
demonstration produce 13-T peak field with 46 kA

(2) 13-T with Demonstration of 13-T operation with

2-K margin temperature margin of 2 K
(3) Shearing To measure shearing temperature (7)
temperature  for Ist layer, 11th layer and CS Insert

(4) AC losses To measure AC losses by manual dump,

changing the dump time constant

(5) Joint Evaluation of the 40 conductor joints,
performance  measuring their resistances

(6) Stability To observe stability and quench
and quench behavior, induced by intentional

disturbance

AC test operation
(1) 0.4 T/s Demonstration of 0.4 T/s trapezoid
demonstration operation, producing 13-T peak field

(2) AC Demonstration of several AC operation
demonstration patterns

(3) AC losses To measure AC losses with the trapezoid

operation pattern

To observe the stability behavior,

changing the coil ramp rate

(4) Ramp-rate
limitation

Cyclic test for the CS insert

(1) Cyclic test ~ To perform cyclic operation (0-40 kA)
for the CS Insert up to 10 000 cycles
To check degradation due to cycles,
measuring 7, after specified cycles

(2) Shearing
temperature
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restricted in the ranges of 0.4-0.6 and 1.0-2.0
T/s.

The following sections in the paper introduce
the test results obtained from preliminary analy-
sis: (1) typical demonstrated operation, (2) current
shearing temperature (7.,) measurement, (3) AC
losses measurement, (4) ramp rate limitation, (5)
quench characteristics, and (6) T, performance of
CS Insert and cyclic test.

3. Typical demonstrated operations

Typical demonstrated operations are listed in
Table 3. Three of the most typical operations are
as follows: (1) Operating scenario of the ITER CS
coil requests the maximum field change of — 1.2
T/s from 13 T, simulating the plasma breakdown
phase. To prove such operating scenario, the
CSMC was fast discharged from 13 T with a time
constant of 8.5 s, corresponding to a field change
of — 1.5 T/s (DC-3 in Table 3). Measured coil
current, temperature and pressure in this condi-
tion are shown in Fig. 3. The operation was
successfully achieved, the peak pressure and the
maximum temperature rise at the outlet of the
innermost-turn conductor, mainly induced by AC
losses, were observed to be 0.9 MPa and 6.7 K,
respectively. (2) The fastest pulse operation of the
CSMC is to ramp up to 46 kA, 13 T with a
trapezoid pattern at 0.6 T/s (AC-6 in Table 3) as
shown in Fig. 4. This shows 1.5 times faster
ramp-rate than the rated ramp-rate of 0.4 T/s.
The outlet temperature of the innermost-turn con-
ductor increased from 4.5 to 6.4 K (AT=1.9 K)
due to AC losses and two temperature peaks such
as 5.3 and 5.7 K were observed in the inlet
temperature profile. It is supposed that the gener-
ated AC losses stopped the helium flow at the
inlet and then such peaks appeared. (3) The CS
Insert was charged up to 13 T by a ramp-up rate
of as high as 1.2 T/s (ACI-7 in Table 3) as shown
in Fig. 5. The coil outlet temperature increased to
5.4 K (AT = 0.9 K), which is a half as small as the
0.6-T/s CSMC operation. Accordingly, the AC
losses of the CS Insert are around half of the AC
losses of the CSMC. The temperature rise at the
conductor center was also observed to have a

peak of around 6.1 K, still showing a temperature

margin of about 1.5 K against the current shear-

ing temperature at 13 T of around 7.6 K. Note
that the conductor center temperature could not
measure at the time from the beginning of charge
to the end of flat top due to large noise induced
by the power supply in AC operation.

The successfully demonstrated operations have
brought the following results.

1. The CSMC and the CS Insert obviously satisfy
the ITER CS coil design criteria.

2. ITER CS coil operation scenario is completely
demonstrated.

3. Up to 4.8 kV was practically applied to the
CSMC without any problems.

4. Both the CSMC and the CS Insert could
operate beyond their rated condition. In par-
ticular, the CS Insert was able to operate up to
13 T with the ramp-up rate of 1.2 T/s.

5. The trapezoid operations generating 13 T at
the ramp rates of 0.4 and 0.5 T/s with an inlet
temperature of 6.5 K for the CSMC and for
the CS Insert were successfully achieved,
respectively.

6. Both the CSMC and CS Insert were revealed
to be very stable pulsed coils.

7. Developed conductor joints (measured average
resistance of 2 nQ at 46 kA) satisfied the ITER
R&D target (less than 6.5 nQ at 46 kA).

4. Current sharing temperature (7,) measurement

Current sharing temperature (7,,) is one of the
important test objectives to determine supercon-
ducting properties of the conductor used in both
the CSMC and CS Insert, which will provide and
determine a degradation of the superconducting
properties and a required /., margin through the
coil fabrication. The 7., measurements were car-
ried out for the specific layer conductors, namely,
the 1st layer and the 11th layer of the CSMC, and
the CS Insert (one layer coil). The 1st layer is the
innermost layer of the CSMC inner module, gen-
erating a peak field of 13 T at the center of its
conductor length, and the 11th layer is the inner-
most layer of the CSMC outer module, generating
a maximum field of 6.5 T at both end of its
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Table 3
List of typical demonstrated operations

No. Outline of the operation

DC operation of the CSMC

DCl1 Ramp-up to the nominal current of 46 kA and generation of a maximum field of 13 T (stored energy 640 MJ)
with an inlet temperature of 4.5 K. No coil quench occurred, even in the first run

DC2 Ramp-up to 13 T with elevated inlet temperatures of 5.3 and 6.3 K to the innermost turn (highest field layer)
without quench

DC3 Fast discharge from 13 T with a time constant of 8.5 s, corresponding to a field change of —1.5 T/s, to
simulate the operation of ITER CS at plasma breakdown phase

DC4 Fast discharge from 13 T with a time constant of 5.3 s (shortest), corresponding to the maximum-field change
of 2.5 T/s. The peak voltage of the coil terminals was around 4800 kV

DC-5 All the 37 conductor joints (35 interlayer joints and two terminal joints) worked as designed, generating around

4 W per joint at a current of 46 kA
AC operation of the CSMC

AC1 Ramp-up to 46 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s, flat top of 5 s, followed
by ramp-down to zero at 0.7 T/s

AC2 Ramp-up to 46 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s, flat top of 5 s, followed
by a fast discharge with a time constant of 8.5 s (1.5 T/s)

AC3 Ramp-up to 46 kA, 13 T, in 26 s (0.5 T/s), flat top of 5 s, ramp-down to 41 kA in 2 s (0.7 T/s), flat top of 5 s,
followed by ramp-down to zero in 18 s (0.6 T/s)

AC4 Bipolar operation of zero to —11 kA in 6 s, 2 s flat top, —11 kA to +35 kA in 40 s, 4 s flat top, and
ramp-down in 19 s

ACS5 Ramp-up to 46 kA, 13 T, with inlet temperatures of 6.0 and 6.5 K at 0.4 T/s, flat top of 5 s, followed by
ramp-down to zero at 0.4 T/s. A quench occurred at around 45 kA during the ramp-up in the 6.5-K operation

AC6 Ramp-up to 46 kA, 13 T, with an inlet temperature of 4.5 and 6.5 K at 0.6 T/s, flat top of 10 s, followed by

ramp-down to zero at 0.6 T/s. A quench occurred at around 41 kA during the ramp-up in the 6.5-K operation

DC operation of the CS Insert

DCI-1 Ramp-up to the nominal current of 40 kA and generation of a maximum field of 13 T with a back-up field
from the CSMC and an inlet temperature of 4.5 K. No quench occurred, even in the first run

DCI-1 Ramp-up to 13 T with a back-up field from the CSMC and an inlet temperature of 5.3 and 6.8 K without
quench

AC operation of the CS Insert

ACI-1 Ramp-up to 44.3 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s, flat top of 5 s,
followed by ramp-down to zero at 0.7 T/s
ACI-2 Ramp-up to 44.3 kA, 13 T, with an inlet temperature of 4.5 K at a ramp rate of 0.4 T/s, flat top of 5 s,

followed by fast discharge with a time constant of 10 s, corresponding to a field change of 1.3 T/s, to simulate
the operation of ITER CS at plasma breakdown phase

ACI-3 Ramp-up to 44.3 kA, 13 T, in 26 s (0.5 T/s), flat top of 5 s, ramp-down to 39 kA in 2 s (0.7 T/s), flat top of 5
s, followed by ramp-down to zero in 18 s (0.6 T/s)

ACI-4 Bipolar operation of zero to —11 kA in 5.4 s, 5 s flat top, —11 to +44.3 kA in 40.5 s, 5 s flat top, and
ramp-down in 14.3 s

ACI-5 Ramp-up to 44.3 kA, 13 T, with an inlet temperatures of 4.5 K at 0.6 T/s, flat top of 5 s, followed by
ramp-down to zero at 0.6 T/s

ACI-6 Ramp-up to 44.3 kA, 13 T, with an inlet temperatures of 6.5 K at 0.5 T/s, flat top of 5 s, followed by
ramp-down to zero at 0.5 T/s

ACI-7 Ramp-up to 44.3 kA, 13 T, with inlet temperatures of 4.5 K at 1.2 T/s, flat top of 1 s, followed by fast

discharge from with a time constant of 10 s. A quench occurred at around 44 kA from the CSMC during
ramp-up
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Fig. 3. Fast discharge from 13 T of the CSMC by a field
change of more than — 1.2 T/s.

conductor length. The T, performance on the CS
Insert will be mentioned in the cyclic test section in
the paper.

The T, measurements were done at the specified
constant currents of 46, 40, 30 and 1 kA for the 1Ist
layer conductor and 46, 40 and 1 kA for the 11th
layer conductor, respectively such that the CSMC
was first charged and kept at each specified current
and the inlet helium temperature to the specified
conductors was gradually increased by the resistive
heaters to access the 7T, T, is defined here as the
temperature when the Voltage at both ends of the
conductor reached 100 pV. In the CSMC, the
thermometers were only mounted at both the inlet
and outlet of each layer. Then, the temperature

50
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Fig. 4. Fast charging (0.6 T/s) of the CSMC up to 13 T.
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Fig. 5. Successful charging of the CS Insert up to 13 T by a
ramp rate of 1.2 T}/s.

through the conductor should have a distribution
due to heat diffusion to the adjacent layer. Since an
evaluation of such a temperature profile should be
required to determine the temperature at the peak
field, it was preliminarily supposed to be an average
of both the inlet and outlet temperature. In the case
of the 11th layer, the peak field appears at both end
parts of the conductor. The T, is almost equal to
the inlet temperature. Measured . are plotted in
Figs. 6 and 7 for the Ist layer and the 11th layer,
respectively. An estimated 7, curve for each layer
is also superimposed on each graph, which is
calculated by the ITER design criteria [§8] with the
design data (non-copper critical current density of
the strand: J, = 550 A/mm? at 4.2 K, 12 T, longi-
tudinal strain of Nb;Sn filament in the strand:

e= —0.25%, T,om = 18 K, Bygm = 28 T). The mea-
sured T, performances for both the 1st and
50
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T, performance on the Ist layer conductor
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CSMC.

the 11th layer show a good fitting to the design or
slightly better than the design, suggesting only
small /. degradation. This, however, is the reason
that the actual critical current (J.,) of the used
conductor should be slightly better than the de-
sign J, (J.=550 A/mm?). Though more detail
investigation will be required to determine an
exact evaluation of the measured 7. performance,
the CSMC clearly verified and satisfied the ITER
design criteria on the T, performance.

5. Measurement of AC losses

This was the first measurement of AC losses for
such a large CIC conductor as used in the CSMC
and CS Insert that operate at high field and
current up to 13 T, 46 kA with long conductor
length from 90 to 150 m. Coupling losses for a
long and large CIC conductor is of great interest.
We therefore try to provide a few of the prelimi-
nary results of the measured AC losses for both
the CSMC and CS Insert.

First, AC losses for the CSMC were measured
by quickly discharging the coil from the specified
current such as 23 kA (50% of the rated current),
30 kA (65%) and 36.8 kA (80%), varying the
dump time constant from 27 to 5.3 s. AC losses
were evaluated by integrating the helium enthalpy

measured at the outlet of the conductor for the
time until the losses passed through the total
length of the conductor. The results are shown in
Fig. 8 where the x-axis is chosen as the reverse of
the dump time constant. Generally, coupling loss
(Q.) caused by an exponential current dump indi-
cates the following relation:

Q. B Tol(t, + 7o) (1

where B, 7. and 7, indicate the maximum
magnetic field, coupling time constant of the con-
ductor and dump time constant, respectively. In
the figure, losses at each specified current show a
linear dependence to the reverse of the dump time
constant. Therefore, the coupling time constant of
the conductor is much shorter than the dump time
constant, suggesting that the conductor should
not have a long coupling time constant such as a
few tenths of a second that has been reported for
the CIC conductor [9]. It was also observed that
losses were significantly decreased in accordance
with the charging cycles, a phenomenon which
has also been reported in the CIC conductor
[10,11]. Fig. 9 shows the measured dependence of
the AC losses in the Ist layer conductor as a
function of run number, which were periodically
measured from the beginning of the coil test by
the manual dump from 20% current (9.2 kA) with

1,200 1
— 4 50% (23kA)
2 1,000 ® 65% (20.9kA) o
L [e 80% (36.8%)
72}
O 800 /
(h +
o [ P
-1 600 -
5 400 L /‘// Y
cs I\I!odel Coil |
0 0.05 0.1 0.15 0.2
1/ (1/sec)

Fig. 8. Measured AC loss performance of the CSMC on its
coupling time constant.
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the dump time constant of around 20 s. Note that
many runs of up to 100% charging and inten-
tional quench test were involved among such
runs. As indicated in the figure, the losses were
finally reduced by around a half the value of the
initial one. Detail investigation will be required in
future to explain the phenomenon but one of the
possible explanations for this reduction is to
break the low resistance links between strands due
to generation of large electromagnetic loads when
energizing the coil at the high current regime. A
coupling time constant (n7) for the CS Insert was
preliminarily evaluated to be 90—140 ms as shown
in Fig. 10, based on measurements during trape-
zoid current operation where the ramp rate (dB/
dr) was varied from 0.2 to 2.0 T/s. When
estimating such coupling time constant, hysteresis
losses and losses at the joint for each current were
assumed to be the value at dB/d¢ = 0 in the figure.
The coupling time constant has been found to be
much higher than the ITER design reference of 50
ms [8]. However, the CS Insert could be energized
to 13 T with the ramp-up rate as high as 1.2 T/s
without quench, indicating sufficient margin for
the ITER CS coil operation scenario even if the
time constant was larger than twice the ITER
reference. This result will lead to reducing the
coupling time constant determined as the
reference.

6. Ramp rate limitation

The instability induced by fast ramp-up has
been reported as one of the unique instabilities for
the superconducting pulsed magnet with the CIC
conductor [12,13]. Therefore, the existence of a
ramp rate dependency of quench or ultimate oper-
ation current (ultimate operation magnetic field)
was checked as one factor of the pulsed coil
stability performance. It was measured on the CS
Insert, varying its ramp rate up to 2.0 T/s with
trapezoid current operation. Measured data,
namely, the achieved magnetic field as a function
of ramp rate without quench are plotted in Fig.
11. In the figure, the estimated I, curve, calculated
from the temperature rise due to AC losses with
the coupling loss time constant of 100 ms, is also
indicated. The data indicated as E and D in the
figure can be plotted on or close to the I, curve
and no quenches were observed at a lower regime
than the I, curve, resulting in the conclusion that
the CS Insert operation limit should depend on its
I, performance. An effect of higher ramp rate is
mainly to increase conductor temperature caused
by AC losses and to reduce the temperature mar-
gin, namely, the quench current. Unknown insta-
bility was not observed through the ramp rate test
in the CS Insert.

20—

F| a 1CkA
o511 m 20KA

Measured Lesses (kJ)

0 05 1 15 2 25
dBidt (T lsec)

Fig. 10. Evaluation of the coupling time constant (n7) for the
CS Insert.
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Fig. 11. The magnetic field achieved as a function of ramp rate
without quench.

7. Quench characteristics

To investigate the propagation of the normal
zone, and the temperature and pressure rise dur-
ing quench in the CIC conductor, quench test was
performed using the CS Insert. An inductive
heater, installed at the highest field region (the
center of the conductor) was used to induce the
quench. Thermometers and a pressure tap are also
mounted at the central region to measure the
maximum temperature and pressure rise in the
quench. The test was carried out at a field of 13 T,
keeping the initial temperature at the conductor
center of 5.3 and 6.8 K simulating a 2- and 1.5-K
margin, respectively. Furthermore, a delay time to
initiate the current dump was controlled up to
around 7 s so as to observe the extension of the
normal zone. A typical measured behavior of the
normal voltage across the conductor at the initial
temperature of 5.3 K is shown in Fig. 12. We
observed that the voltage increases in proportion
to (time)!! in the first 2 s and (time)'® after 2 s.
The normal zone voltage behavior in the case of
6.8 K shows almost the same tendency. A Joule
heating energy is to define the energy generated
by the growth of the normal zone until the cur-
rent dump. It will provide a characteristic to
indicate the size of the disturbance induced by the
quench. The temperature and pressure rise data
through the quench test are arranged as a func-
tion of the Joule heating energy as shown in Figs.
13 and 14 for temperature and pressure, respec-
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Fig. 12. Measured normal voltage across the conductor.

tively. Note that the temperature at the higher
regime was evaluated using the resistance of a
copper stabilizer. The ITER design criteria deter-
mine the hot spot temperature of 150 K assuming
a delay time of 5 s. The temperature and pressure
rise at the Joule heating energy of 70-80 kJ
correspond to the data at the delay time of
around 7 s, whose values are read from the figures
to be around 85 K and 0.21 MPa, respectively.
They are converted to around 90 K and 0.82 MPa
in absolute units. Comparison between the hot
spot temperature by the ITER design and the
measured temperature rise proves that the coil
should have sufficient safety margin against the
ITER hot spot design criterion. As the end of this
session, let us mention the largest quench. It was
experienced in the 0.4-T/s pulsed operation with
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Fig. 13. Temperature rise as a function of the Joule heating
energy.
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Fig. 14. Pressure rise as a function of the Joule heating energy.

the initial temperature as high as 7.5 K. The
quench current reached 43.6 kA. The measured
normal voltage across the coil is shown in Fig. 15,
showing a rapid voltage increase, reaching 10 V
within 1 s. Indeed, the normal zone extended to
almost the whole conductor, more than 100 m.
The maximum temperature rise was around 65 K.
The maximum pressure rise, unfortunately, could
not be measured beyond the measurable range of
the pressure sensor. But it is supposed to be in the
range of 6—7 MPa at the conductor center. The
CS Insert and the test facility could withstand
such a large quench without any problems.
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Fig. 15. Measured normal voltage across the coil in the largest
quench.
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Fig. 16. Measured T, performance on the CS Insert.
8. T, of the CS insert and cyclic test

T., of the CS Insert was investigated in detail
since thermometers were mounted at the peak
field position, allowed to measure the 7, tempera-
ture directly. 7, was measured at the specified
current of 40, 30, 20, 10 and 1 kA, respectively.
Critical current (/,) measurement was simulta-
neously done at both 20 and 10 kA to check that
the measured T, were the same as the I, measure-
ment. Then the CS Insert has the voltage tap pair
located at the center turn with the length of 1.1 m.
The T, and I, were determined at 11 pV indicat-
ing at such voltage tap pair, corresponding to 0.1
puV/em criterion that is the same voltage defined
by the ITER I, reference. Measured data are
plotted in Fig. 16, where the T, curve calculated
by the ITER criteria is superposed. It can be seen
that the measured 7, performance satisfies the
ITER criteria and shows better 7., than the crite-
ria. The reason is that the actual J, of the CS
Insert should be higher than the J, defined by the
ITER design criteria. Although the actual degra-
dation should be evaluated from the actual J_ of
the CS Insert strand, it is a fact that the CS Insert
has enough T, or J. margin to satisfy the ITER
design.

A cyclic test was applied to the CS Insert as one
of the crucial tests to reveal fatigue performance
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Fig. 17. Operated current pattern of the cyclic test.

for a large pulsed magnet with the CIC conduc-
tor. The cyclic test was performed by charging the
coil current rapidly up and down from 0 to 40 kA
in a 13-T background field from the CSMC. Fig.
17 shows the current pattern used. The test cycli-
cally applied a peak electromagnetic force from 0
to 520 kN/m to the central part of the CS Insert
conductor and 10 003 cycles were finally achieved.
During the test, degradation was checked by mea-
suring T, after 100, 200, 500, 1001, 2001, 5001
and 10003 cycles, respectively. T,, degradation
was observed and the measured T, were superim-
posed in Fig. 16. When the measured T, at 40
kA, 13 T are re-plotted as a function of cycle
number as shown in Fig. 18, it noted that the
degradation shows an interesting tendency. Sig-
nificant degradations occurred at the specified cy-
cle intervals such as between 0 and 100 cycles and
between 500 and 1000 cycles, however, the degra-

Table 4
Summary of the test results compared to the design criteria
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Fig. 18. Measured T, at 40 kA, 13 T as a function of cycle
number.

dation did not appear for the other cycle intervals.
It was found that the AC test operation including
many of the large quenches were performed be-
tween the intervals that indicate the degradation.
Accordingly, it suggests that such degradations
might be caused not by cycles but by quenches.
However, so far we cannot find a reasonable
explanation that the degradation should be
caused by quenches. Changes of mechanical and
electric-insulation stiffness were also monitored
through the cyclic test and significant changes of
strains and electric insulation resistance did not
appear. To conclude, the CS Insert, namely the
conductor proposed for the ITER CS coil, can
withstand full charge operation up to 10000
cycles.

Items R&D target Achievement ITER-FEAT design

Operation current (kA) 46 46 42/45

Maximum field (T) 13 13 13.5/12.8

Current ramp-up rate (T/s) 0.027 (<13 T), 04 (<13 T)* 12(<137T) 0.1-0.2 (<8 T), 0.045 (<13.5T)
Current ramp-down (T/s)® —12at 13T —15at 13T —12at 13T

Hot spot temperature (K) 150 (5-s delay time) 90 (7-s delay time) 150 (2-s delay time)

Fast discharge decay time const. (s) 20 5.3 7.5

AC loss coupling time const. (ms) 25-100 90-140 50

Joint resistance (nQ) Less than 6.5 Average 2.0 Less than 4.5

* This test program target.
® At the plasma breakdown.
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9. Conclusion

The CS Model Coil project, continuing over 8
years of international collaboration, has attained a
significant milestone here through the first coil test.
The CSMC and the CS Insert are obviously proved
to satisfy and exceed almost all the ITER CS coil
design criteria as shown in Table 4. Finally, we can
say that the superconducting magnet technology
has now developed to a level that will allow the
ITER magnet to be built with confidence.
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