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Abstract. Joint sample tests have been carried out as a qualification test for ITER Toroidal
Field (TF) coils. The joint sample comprises two short TF conductors that have "twin-box"
joint terminals at both ends. The lower joint is a testing part that is a full size joint of the TF
coils. Hall probes are attached on the lower joint box at around the center of the external field
coil of the test facility. The magnetic field induced by shielding currents in the joint can be
estimated from the difference between the measured magnetic field strength and the magnetic
field generated by the external field coil. The magnetic field by the shielding currents during
shut-off of the external field coil from -1.0 T is evaluated for six samples. The decay time
constants of the shielding currents are gradually elongated with decrease of the shielding
currents in all the samples. In comparison with simulation results, it is considered that the main
shielding current flows in superconducting cables in the two conductors with crossing the
jointed plane and that the joint resistance is decreased at low total current.

1. Introduction
A Toroidal Field (TF) coil of ITER comprises seven double-pancakes that are connected to each other
with "twin-box" joints [1, 2]. The twin-box joint is also adopted for the TF coil terminal. Low
electrical resistance in nQ is attained by direct contact of Nbs;Sn superconducting strands to a copper
sleeve of the box and by soldering of adjacent copper sleeve of the two boxes [3, 4]. The required joint
resistance of the ITER-TF coil joints is less than 3 nQ2 at 2 T of background field. As a qualification
test of the ITER-TF coils, their joint samples have been tested prior to manufacture of each TF coil
with a conductor test facility, which is equipped with 9 T split coils and a dc 75 kA power supply [5].
The joint sample comprises two short TF conductors that have twin-box joint terminals at both
ends. The lower joint is a testing part that is a full size joint of the TF coil. Hall probes are attached on
the lower joint box to clarify amount and decay time constant of shielding currents. The magnetic field
induced by shielding currents in the joints can be estimated from the difference between the measured
magnetic field strength and the magnetic field generated by the external field coil (9 T split coils). In
this paper, we intend to summarize the experimental results during shut-off of the external field coil
and to discuss the features of the shielding currents as well as the dependence of the joint resistance on
the current in comparison with simulation results.
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Figure 1. A setup of an ITER-TF joint sample in the 9 T test facility. B1 to B6 show the positions of
Hall probes.

2. Experimental set up

An ITER-TF conductor consists of a multi-stage twisted cable, a center channel, and a conduit [4].
The total numbers of Nb;Sn and copper strands are 900 and 522, respectively. The twist pitches of the
cable are 81, 140, 186, 298 and 420 mm for 1st to 5th stage. A joint sample consists of two short TF
conductors with 1,535 mm of length, which is restricted by the test facility, as shown in Fig. 1. The
lower joint is a testing part that is a full size joint of the TF coil, where the strands contact to the
copper sleeve by the length of 440 mm. The total length of the lower joint box is 675 mm including
the transition region of cable compaction. The length of the upper joint box is shortened to 560 mm in
order to attain the original conductor part of 300 mm length for setting voltage taps. At the joint region,
a cable wrap and sub-cable wraps at the outer surface of the cable are removed, and the chromium
layer of the cable surface is also removed [4]. The cable is compacted from the void fraction of 33% to
25%. Low contact resistance between the cable and the copper sleeve is achieved by sintering through
heat treatment of the sample for production of A15 phase of Nb;Sn. The copper sleeves of the lower
joint are connected to one another using PbSn solder. The upper terminals of the joint sample are
attached to copper bus-bars that are attached to the current leads, and the entire assembly is installed
into the test facility. The lower joint is set near the center of the external field coil.

Hall probes are attached on the lower joint box at the jointed plane of the two conductors (B1), at
the edge of one conductor (B2), and at the middle of one conductor (B3 and B4), as shown in Fig. 1.
The vertical (longitudinal) positions of these four Hall probes are the same as the center of the external
field coil. BS and B6 probes are attached for only Sample C at the height of -100 mm and +100 mm,
respectively, at the jointed plane. All of the Hall probes measure the field parallel to the axis of the
external field coil.

While the external field coil of the test facility is cooled with liquid helium, the joint sample is
cooled with supercritical helium (SHe). Therefore, a sample case made from stainless steel is inserted
between the 9 T split coils, and the samples are tested in gaseous helium atmosphere. SHe is supplied
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from the bottom of the two conductors and exhausted from their top. The temperature of the supplied
SHe is controlled from 4.4 K to 6 K with film heaters on the inlet cooling pipe.

3. Experimental results

3.1. Method to estimate shielding currents
Shielding currents induced in the samples can be estimated from the difference between the measured
magnetic field strength and the magnetic field generated by the external field coil. Assuming that
shielding current just before shut-off is zero, the magnetic field AB;(f), which is induced by shielding
currents at the position of the Hall probe of Bi (i=1, 6), is given by

AB((1) = Bi() — Bi(0)/16(0) 1o(?) (1)
where ¢, Bi(?), and Iy(¢) are the time after shut-off, the magnetic field measured with the Hall probe of
Bi and the current of the external field coil. An example of B;(¢) and B,(¢) during a shut-off from -1.0
T with an external dump resister is shown in Fig. 2a. Each off-set of zero is estimated from the
exponential function that is regressed from the data at the time when the shielding currents are
decayed sufficiently. The estimated magnetic fields induced by shielding currents are shown in Fig. 2b.
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Figure 2. Outputs of Hall probes of B1 and B2 (a) and estimated magnetic fields of AB, and AB,
induced by shielding currents (b) during shut-off from -1.0 T in Sample A.

3.2. Experimental results

Estimated magnetic fields induced by shielding currents, AB;, are shown in Figs. 3a to 3f with a
logarithmic scale for six joint samples of ITER-TF coils. Fig. 3a is the same data as Fig. 2b. Decay
time constants of most of AB; are gradually elongated with decrease of the shielding currents. The
magnetic field by the shielding currents at the jointed plane, AB), is higher than that at the middle of
one conductor, AB; or AB4, as shown in Figs. 3d, 3e and 3f. Here we consider three current loops with
long decay time constant. One is the largest current loop, Loop 1, where the shielding current flows in
two conductors with crossing the jointed plane (see Fig. 5). The other ones are coupling currents in
left-leg and right-leg conductors, which are named Loop 2 and Loop 3, respectively. Bi(¢), B;(¢) and
By(¢) are affected mainly by Loop 1, by Loop 1 and Loop 2, and by Loop 1 and Loop 3, respectively.
In the case of Sample F, the decay time constant of Loop 1 is considered to be shorter than that of
Loop 3 because the decrease of AB; is faster than AB, after around 80 s from the shut-off, and because
AB, is decreased to the same value as AB, at 300 s. In the other cases (Samples D and E), the decay
time constant of AB; is longer or equal than AB; and AB,.

The decay time constants at the beginning of decay are listed in Table 1 with each joint resistance
R;of the joint samples at 4.4 K without external magnetic field. Since the current of Loop 1 crosses the
half length of jointed plane twice, the decay time constant of Loop 1 is given by L/(4R;), where L is the
inductance of Loop 1. In other words, the effective inductance of Loop 1 is given by 4R;' T where 7 is
the decay time constant. In the case that 7 is longer than 50 s, L is estimated around 0.16 uH that
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corresponds to the inductance of a set of parallel conductors with the length of 0.30 m, diameter of 32
mm and distance of 48 mm. In the case of shorter 7, the decay time constant of the external field of
14.7 s can not be ignored. The actual 7 can be estimated from the calculation of an electric circuit with
a resistor, an inductance (coil), and a voltage source with the decay time constant of 14.7 s, as shown
in Fig. 4 in the case of Sample A. The estimated actual 7 is shown in brackets in Table 1.

The highest current of Loop 1 depends mainly on R;, and the value estimated from AB, and ABj; is
in the range of 50 kA. The current of Loop 2 is estimated to be approximately one-half of the current
of Loop 1. Therefore, the decrease of the decay time constant of the shielding currents is considered to
be caused by the decrease of the joint resistance at low total current, which is discussed in the next
section by comparing the experimental data with simulation results.
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Figure 3. Estimated magnetic field by shielding currents during shut-off from -1.0 T at 4.4 K.
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Table 1. Decay time constant and joint resistance of each sample. The decay time constants in [ ] are
estimated with considering the decay time constant of the external field.

Sample Joint resistance at 0 T, R; (n€2)  Decay time constant at B1, 7 (s) 4Rj-T (uWH)
A 2.16 28 [20] 0.24 10.17]
B 0.61 63 0.15
C 0.79 52 0.16
D 0.52 74 0.15
E 1.48 33 [28] 0.20[0.17]
F 1.84 30 [24] 0.2210.18]

4. Simulation and discussion

4.1. Simulation model

The main loop of shielding currents, Loop 1, should flow in two conductors with crossing the jointed
plane twice, as shown in Fig. 5. The inductance of Loop 1 is set at 0.16 uH from the experimental data
shown in Table 1. The current loops in a superconducting cable in right-leg conductor are represented
by Loop 2 that is formed by the final (5th) stage sub-cables because its decay time constant should be
the longest among the current loops in the cable. The inductance of Loop 2 is estimated as a set of
parallel conductors with the length of 0.21 m (one-half of the twist pitch of the 5th stage), diameter of
6 mm, and distance of 20 mm. The resistance of Loop 2 is given by twice value of the average contact
resistance between the superconducting strands, which is reported to be in the range of 1-30 n€2 [6-9].
The current loops in left-leg conductor are represented by Loop 3. The electric parameter of Loop 3 is
assumed to be the same as Loop 2.

Joint plane

Loop 1 . L
\ P <Equations of electric circuits>

Lo-dlo/dt+Mo,-dl/dt +2Mydl/dt = -Ry (2)
Moy dly/dt+Li-dl/dt+2M 5 dL/dt = -R,- I (3)
Moy dly/dt +Miy-dl/dt+ Ly dlb/dt = -Ry I, (4)

where L, M, R, I, and ¢ are the self inductance, mutual
inductance, resistance, current, and time. The suffixes
0, 1, and 2 mean the external field coil, Loop 1, and
Loop 2, respectively. The parameters of Loop 3 are
the same as Loop 2, and their mutual inductance is
ignored.
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Figure 5. Cross-section of joint and equivalent electric circuits for shielding currents.
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4.2. Calculated results

Calculated results for Sample E are shown in Figs. 6a to 6d. In the calculation of Figs. 6a and 6b, the
dependence of R; on magnetic field is considered. From the experimental data in the case that the total
current of the power supply is higher than 15 kA, the regression curve of R; is given by

Ri(B) =1.48+0.154 B [nQ] 5)
where B [T] is the external magnetic field at the center. In the calculation of Figs. 6¢ and 6d, the

dependence of R; on the total current is additionally considered. According to trial and error, R; is
assumed as

R{(B, I})=1.48+0.154 B [nQ] for ;> 10 kA
=(1.48+0.154 B)(1-0.67(1-1,/10)) [nQ] for I, < 10 kKA (6)

where [, [kA] is the current of Loop 1. R; is set at 5 nQ2 for Figs. 6a and 6c¢, and 1 nQ for Figs. 6b and
6d.

In the case of R, of 1 nQ, the decay time constant of Loop 2 is longer than that of Loop 1, and the
decrease of AB; is slower than AB;, which differs from the experiment. Fig. 6¢ is in good accordance
with the experiment. Therefore, the decay time constant of Loop 2 is considered to be shorter than that
of Loop 1 in Sample E, and the joint resistance R; should be decreased at low total current. This
phenomenon can be simulated by the assumption of existence of few strands contacting to the copper
sleeve with extremely low joint resistances [5]. The currents in the few strands should reach to the
critical current at high total current, and the ratio of current flowing in the few strands becomes larger
at lower total current. In this assumption, the inductance of Loop 1 is slightly changed with the total
current because the current center in the cable is changed. This effect can be a cause of the
phenomenon that the apparent decay time constant of Sample D around 200 s is slightly longer than
that after 300 s. AB, of Sample D is considered to be increased at around 200 s with the shift of the
current center.

The calculated fields in all cases are higher than the experiment, the reason of which is considered
to be exclusion of current loops with shorter twist pitches in the superconducting cable as well as eddy
currents in the copper sleeves.
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Figure 6. Calculated magnetic field by shielding currents during shut-off for Sample E. The thick
lines show the calculated values, and thin lines with markers show the experimental values.
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5. Summary

Shielding currents in ITER-TF joint samples were measured with Hall probes. According to evaluation
of the shielding currents during shut-off of the external field coil, the main shielding current is
considered to flow in superconducting cables in the two conductors with crossing the jointed plane.
This decay time constant is given as L/(4R;), where L is the inductance of the current loop, and R;is the
joint resistance. The effective length of this current loop is estimated at 0.30 m, which is around three
fourths of the joint length. In the case of the joint resistance around 0.5 n€2, the main shielding current
after shut-off from -1.0 T is evaluated to reach the range of 50 kA, and the highest shielding (coupling)
current in each conductor is estimated to be approximately one-half of the main shielding current.
Decay time constant of the main shielding current induced in the joints is gradually elongated with
decrease of the current, which suggests that the joint resistance is decreased at low total current. This
phenomenon can be simulated by the assumption of existence of few strands contacting to the copper
sleeve with extremely low joint resistance.

*The views and opinions expressed herein do not necessarily reflect those of the ITER Organization.
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