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As a qualification test of ITER-TF coils, each joint sample was tested prior to manufacture of each TF coil.
Eleven joint samples were tested by a conductor test facility with a 9 T split coil. The joint sample comprised
two short TF conductors that had 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 were attached on the lower joint box to measure the field induced by
shielding currents. In order to simulate the shielding currents, an equivalent current circuit has been considered.
The main loop of the shielding currents is the current flow in two conductors with crossing the jointed plane twice.
The other two loops are the current loops inside superconducting cables in the two conductors. The resistance of
the latter loops is given by twice the value of an average contact resistance between the superconducting strands.
The calculated results are in good accordance with the experimental data, with an assumption that the overall
joint resistance is decreased at low current. This phenomenon can be explained by the existence of a few strands
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contacting the joint box with extremely low joint resistances.
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1. Introduction

A Nb;Sn cable-in-conduit (CIC) conductor is adopted
for Toroidal Field (TF) coils of ITER. One of the TF coils
consists of seven double-pancake coils that are jointed to
the neighbor coils at the lower position with “twin-box”
joints [1,2]. In order to attain low joint resistance in n€2,
the Nb3Sn strands are directly jointed to a copper sleeve
of the box by sintering, and the copper sleeve is jointed to
that of the adjacent box by soldering [3,4]. The resistance
of the ITER-TF coil joints is required to be less than 3 nQ2
at 2'T of background field.

Each joint sample was tested prior to manufacture of
each TF coil. Eleven joint samples including two trial sam-
ples were tested by a conductor test facility, which was
equipped with a 9 T split coil and a dc 75 kA power supply
at National Institute for Fusion Science [5, 6]. The joint
sample comprised two short TF conductors that had 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 were
attached on the lower joint to clarify the amount and decay
time constant of shielding currents, which were utilized for
estimation of AC losses [7]. The magnetic field induced by
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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 coil).

In order to simulate the shielding currents in ITER-TF
joint samples, an equivalent current circuit for the shield-
ing currents has been considered. The main loop of the
shielding currents is the current flow in two conductors
with crossing the jointed plane twice. The other two loops
are the current loops inside the superconducting cables in
the left-leg conductor and the right-leg conductor. Calcu-
lated results for shut-off of the external field coil are in
good accordance with the experimental data with the as-
sumption that the overall joint resistance is decreased to
one-fourth to one-half at low total current. This paper in-
tends to summarize the simulation method and results and
to discuss the current dependence of the overall joint resis-
tance.

2. Experimental Set Up and Results
An ITER-TF conductor consists of a multi-stage
twisted cable, a center channel, and a conduit [4]. The ca-
ble consists of 900 Nb3Sn strands and 522 copper strands.
A joint sample consists of two short TF conductors with a
length of 1,535 mm. The lower joint is a testing part that
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is a full-size joint of the TF coil, where the strands contact
the copper sleeve of the joint box by a length of 440 mm, as
shown in Fig. 1. A straight section of a length of 300 mm is
prepared for voltage taps to measure the voltage drop in the
lower joint. In the joint box, the cable is compacted from
a void fraction of 33% to 25%. The cable and the cop-
per sleeve are tightly contacted by sintering through heat
treatment of the sample for production of the A15 phase of
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Fig. 1 Setup of an ITER-TF joint sample in the 9T test facility.
B1 to B4 show positions of Hall probes. B1 is located
near the center of the external field coil.
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Fig. 2 Measured magnetic field at B1 (a) and B3 (b) positions
by shielding currents in the joint samples A to F after
shut-off of the external field coil from 1.0 T.

Nb3;Sn. The copper sleeves of the lower joint are jointed to
each other with PbSn solder.

Hall probes are attached on the lower joint at the
jointed plane of the two conductors (B1), at the edge of
one conductor (B2), and at the middle of each conductor
(B3 and B4), as shown in Fig. 1. The vertical positions of
these four Hall probes are the same as the center of the
external field coil. All the Hall probes measure the field
parallel to the axis of the external field coil. The magnetic
fields induced by shielding currents in the joint were esti-
mated from the difference between the measured magnetic
field strength and the magnetic field calculated from the
current of the external field coil [7].

Figures 2 (a) and 2 (b) show estimated magnetic fields
induced by shielding currents in six joint samples after
shut-off of the external field coil from 1.0 T with an exter-
nal dump resister. 4B, and 4Bj are the fields at the B1 and
B3 positions, respectively. The time constant of current
decay of the external field coil is 14.7 s. 4B is higher than
A4B3, and the decay time constants of the shielding currents
are gradually elongated with decrease of the shielding cur-
rents for all joint samples.

3. Simulation Model

We have considered three major current loops, as
shown in Fig.3. One is the main current loop, Loopl,
where the shielding current flows in two conductors with
crossing the jointed plane twice. The other two loops,
Loop2 and Loop3, are coupling currents in the left-leg and
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Fig. 3 Cross-section of the joint and a sketch of top view of ma-
jor loops of shielding currents.
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right-leg conductors. 4B; is affected mainly by Loop1, and
A4Bs is affected mainly by Loop1 and Loop2. Equations of
the electric circuits are given by

Lo -dly/dt + My, - dl,/dt + 2My, - dI>/dt

= —Ro - I, (1)
Mo, - dly/dt + Ly - dI, /dt + 2M,, - dI, /dt

=-Ry -1, (2)
Moy - dlo/di + Mys - dI Jdt + Ly - dl ) d

=-Ry- b, (3)

where L, M, R, I, and ¢t are the self inductance, mutual
inductance, resistance, current, and time. The suffixes O,
1, and 2 mean the external field coil, Loopl, and Loop2,
respectively. The parameters of Loop3 are the same as
Loop2, and their mutual inductance is ignored. From the
specification of the external field coil, Ly = 2.5H and Ry =
0.17 Q. Then the decay time constant, T = 14.7s.

In the case of uniform joint resistance, the density of
current crossing the jointed plane is proportional to the in-
duced voltage in the CIC conductors. Since the voltage
is proportional to the interlinkage flux induced by the ex-
ternal field coil, the crossing current per unit length, 7,(x),
is approximately given by 2[1x/x% where x is the distance
from the center of the joint, and 2xy is the joint length (see
Fig. 3). Therefore, the vertical length of current center of
Loopl is given by 2xy/V2 = 0.331m. Joule heating by
I,(x) is given by Rj/(Zxo)fIy(x)zdx = 16R;I,*/3 where
R; is the overall joint resistance of the lower joint. Thus,
Ry is given by 4R ;x4 /3. L; is estimated at 0.112 uH as two
parallel conductors with a length of 0.311 m, a diameter of
32 mm, and 48 mm.

The current loops in a superconducting cable in a CIC
conductor can be represented by one loop 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. L, is estimated at 0.084 uH as two parallel
conductors with a length of 0.21 m (one-half of the twist
pitch of the 5th stage), a diameter of 6 mm, and a distance
of 20mm. R, is given by twice the value of the aver-
age contact resistance between the Nb3Sn strands, which
is reported to be in the range of 1-30nQ [8-11]. The
electric parameter of Loop3 is assumed to be the same as
Loop2. Since the mutual inductance can be estimated from
the interlinkage flux, My, = 56.8 uH, My, = 10.9 uH, and
M12 =0.0112 M.H.

Calculated results with constant Ry and R, for Sample
D are shown in Figs. 4 (a) to 4 (c). Although the calculated
field within 50 s is in good accordance with the experiment,
the behavior of both 4B and 4Bj5 after 50 s is not accorded
with the experiment for any R,. Therefore, the shielding
current in Loop2 should be decreased faster than that in
Loopl, and the decay time constant of the shielding current
in Loop1 should be decreased at low current.
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Fig. 4 Magnetic field by shielding currents of Sample D. Thick
lines show filed calculated with constant R;, and the
markers show experimental data.

4. Current Dependence of Joint

Resistance

Since each strand is jointed to the copper sleeve with
individual joint resistance, Rs (i), the current of each strand,
I5 (i), is given by V/Rg (i) but less than I, where V is the
average voltage drop in the lower joint, and /. is the critical
current. At first, we assume that the voltage distribution
in the copper sleeve is negligibly small in the longitudinal
direction. The overall joint resistance of the conductor, R},
is given by V/ ¥ I5 (i) that is written as 1/ Y,(Min(1/Rg (i),
I/V)).

Next, we assume that Rg (i) obeys normal distribu-
tion with the standard deviation of one third of the aver-
age value, and that the lowest Rg(7) is 1/500 of the aver-
age value. In the case of R; of 1.0nQ and the number of
strands of 900, the average joint resistance of each strand is
900 n€2, and 1/500 of the average is 1.8 n€2, a half of which
corresponds to a good contact with a length of 0.05m of a
strand to the copper sleeve. The calculated R; for various
sets of low Rg (i) is shown in Fig. 5 in the case of I, of 2.0
kA. The overall joint resistance, R;(/), can be well fitted by

R;(D)/Rjy = Max(Cy, 1 - a/( + a)), “)
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where R} is the overall joint resistance estimated from the
increase rate at high current, and Cy is the ratio of the low-
est overall resistance to Rjo. « is a fitting parameter that is
related to /. and the number of strands reaching /..

5. Calculated Results and Discussion

The voltage drops in the lower joint of ITER-TF joint
samples were measured under several background fields at
1 kA, 15 kA, 30 kA, 45 kA, 60 kA, and 68 kA while hold-
ing the current for 300 s to eliminate the effect of shielding
currents. Since the joint resistance of the lower joint is es-
timated from the incline of the linear regression line for
the data at 15kA, 30kA, 45kA, 60kA, and 68 kA, this re-
sistance is treated as R in the following calculation. The
dependence of R j on the magnetic field is shown in Fig. 6
for Samples A to F. The linear regressions of Ry(B) are
given by

Rjo(B) = 0.518 + 0.091B [nQ] for Sample D,  (5)
Rjo(B) = 1.475 + 0.154B [nQ] for Sample E,  (6)
Rjo(B) = 1.843 + 0.148B [nQ] for Sample F,  (7)

where B [T] is the magnetic field at the coil center.
Using equations (1) to (7), calculated results for Sam-
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Fig. 5 Calculated overall joint resistance in cases with very low
individual joint resistances of strands. The number such
as 500 - 250 means that the individual joint resistances are
1/500 and 1/250 of the average.
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Fig. 6 Dependence of joint resistances on the magnetic field.

ple D is shown in Figs.7(a) and 7 (b), and for Samples
E and F in Figs. 8 (a) and 8 (b), respectively. R,, @, and
Cy are fitting parameters. The calculated results are in
good accordance with the experiment with the parameters
in Table 1. Since « is estimated at 6-12, a few strands
should be jointed to the copper sleeve with low resistance
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Fig. 7 Calculated magnetic field by shielding currents of Sam-
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Table 1 The best values of fitting parameters for calculation of
shielding currents in Samples D, E, and F.

Sample a Co Rjo (nQ2) R> (nQY)
D 10-12 0.16 0.65-0.7
E 8 0.22 10
F 6 0.24 10-20

in the order of 1nQ, and their currents should reach I..
Since the lowest overall joint resistance is around 0.2 nQ)
in all the three samples, the lowest joint resistance between
each strand and the copper sleeve should be around 1 n€,
even in Samples E and F, the overall joint resistances of
which are relatively high. The contact resistance between
strands of Sample D is estimated at around 1 n€, and those
of Samples E and F are 10-20n(Q. These values are con-
sistent with the references [8—11].

As shown in Fig. 2, the apparent decay time constant
of Sample D around 200s is slightly longer than that af-
ter 300 s. This phenomenon can be explained by a shift of
current center with the shielding currents decreasing. In
the case that a strand with very low joint resistance is lo-
cated at a position close to B1, the current center of Loopl
is shifted to the B1 position at low current.

The very long, more than 600s, decay time constant
of AB5 after 200 s in Samples E and F cannot be simulated
with the three current loops. This field should be induced
by minor current loops that are formed by a few strands
tightly contacting each other for long length.

6. Summary

The magnetic field induced by shielding currents in an
ITER-TF joint sample can be simulated with three current
loops. The main loop is the current flow in two conductors
with crossing the jointed plane twice. The other two loops
are current loops inside superconducting cables in the two
conductors. The calculated results for shut-off of the exter-
nal field coil are in good accordance with the experiment
with three assumptions. (1) Overall joint resistance of a
CIC conductor is decreased at low current and can be fit-
ted by 1 —a/(I+a) where I and « are the current and fitting
parameter related to the critical current and the number of
strands reaching the critical current. (2) The lowest over-
all joint resistance is around 0.2 nQ. (3) Contact resistance

between strands is 1 - 20 nQ.

The current dependence of the overall joint resistance
can be explained by considering the existence of a few
strands contacting the copper sleeve of the joint box with
low joint resistances in the order of 1 nQ.

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