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ITER toroidal field coils are electrically connected to 68-kA main busbars (terminal joints). We propose the
measurement of the electric potential distribution in a terminal joint using electrical probes (e-probe method) to
inspect the contact resistance in the joint. In this study, we experimented with a mockup of a terminal joint. The
test current was 20 A, and the electric potential was measured using the e-probe method at room temperature and

77 K. Nine different degradation patterns were prepared by distributing polyimide films in the joint interface.

Next, we performed finite element analysis to investigate the detailed relationship between the electric potential

distribution and contact resistance at 300 K and 77 K. In the numerical analysis, the same degradation patterns and
test current as in the experiment were assumed. The analysis results agree with the experimental results. Different
degradation patterns exhibit different electric potential profiles with 10-uV-scale differences. The analysis results
also indicate that the e-probe method works when the contact resistance in the degraded area is larger than

1.0 x 10~ Qmm? at 77 K and 300 K.
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1. Introduction

An ITER toroidal coil (TFC) is electrically connected
to the 68-kA main busbar of a feeder (terminal joint), as
shown in Fig. 1 [1,2]. A large electrical contact resistance
leads to severe consequences, such as magnet quenching
and arc discharge. Thus, confirmation of the local increase
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Fig.1 Terminal joint for the ITER TF coil system.
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in the contact resistance due to joint degradation is neces-
sary, and it is desirable to perform it at room temperature
(RT) during the TFC-feeder assembly.

In addition, the contact resistance in the TFC dou-
ble pancake joint (DPJ) was inspected during winding
pack (WP) manufacturing [3, 4]. The electric potential
distribution along the DPJ was measured using electrical

(a) DP joint
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(b) Terminal joint

Fig. 2 Different current path in (a) DPJ[3] and (b) terminal
joint.
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Fig. 3 E-probe method for the terminal joint where electrical probes are distributed on the copper sleeve of the terminal joint.

probes (e-probes) when a test current was applied (e-probe
method). This method was implemented for all WPs of
Japanese TFCs. Although the structure of the DPJ differs
from that of the terminal joint, the materials and electrical
characteristics of the jointed superconducting conductors
are almost the same. Thus, we propose the use of the e-
probe method for the inspection of the terminal joint.

The difference between the structures of the terminal
joint and the DPJ may lead to a difference in the current
path and electric potential distribution, as shown in Fig. 2.
Thus, in this study, we first experimentally investigated the
electric potential distribution in the terminal joint using the
e-probe method with a mockup of the joint. As a first step
of this investigation, we focus on the degradation (large
contact resistance), which is easily detected to understand
the characteristics of the electric potential distribution and
limitations of the e-probe method. The degradation as-
sumed in this study is uniform in the width direction and
distributed in the longitudinal direction. This degradation
possibly occurs because of the imbalanced compression of
the joint during the TFC-feeder assembly. The experiment
was conducted at RT and 77 K to improve the sensitivity
of the electric potential distribution to the degradation dis-
tribution. The relationship between the value of contact
resistance in the degraded area and the electric potential
distribution is important for understanding the limitations
of the e-probe method. However, it is difficult to precisely
control the value of the contact resistance in the experi-
ment. Thus, a numerical analysis was performed assuming
a wide-range contact resistance, its distribution, and differ-
ent operating temperatures (RT and 77 K).

Section 2 explains the e-probe method for the termi-
nal joint. Sections 3 and 4 present the methodology of the
experiment and numerical analysis, respectively. Section 5
presents the results and discussion, followed by a conclu-
sion in Sec. 6.

2. E-Probe Method for Terminal Joint

Figure 3 shows the structure of the terminal joint and
a conceptual diagram of the e-probe method. Two super-
conducting conductors are joined by a copper shim and

an indium foil. The contact resistance in superconducting
conductors is already known during their manufacturing.
Therefore, the resistance between the two copper sleeves
of the superconducting conductors should be measured. In
the e-probe method, electrical probes are attached to the
side surface of the copper sleeve of each conductor along
the longitudinal direction, and a test current is applied.
Then, the electric potential difference between the two cop-
per sleeves is measured along the longitudinal direction.
First, we should obtain the measurement or simulated data
for the terminal joint without any degradation. Using these
data as a reference, an increase in the contact resistance
can be identified.

3. Experiment

An experiment was conducted by preparing a mockup
of the actual size of the terminal joint. Figure 4 shows
a mockup of the terminal joint. The two joint box sam-
ples [3-5], which primarily comprise superconducting ca-
bles, stainless steel covers, and copper sleeves, were joined
with indium wires and a copper shim. The superconduc-
tor used for the TFC winding and joint box sample was
NbsSn, whereas that for the main busbar was made of Nb-
Ti. This study aimed to confirm the characteristics of the
electric potential distribution in the joint. The influential
parameter that differs between Nb-Ti and NbsSn is elec-
trical resistivity. This difference is only 6% - 9% at 77K
- 300K [6,7]. Thus, this is considered to be a negligible
difference in this study. The assembly procedure of the
mockup was as follows: 1) indium wires with a diame-
ter of 1.2 mm were wound on the copper shim; 2) one joint
box sample was placed; 3) the copper shim with the indium
wires was placed on the copper sleeve of the superconduct-
ing conductor; 4) stainless steel shims with a thickness of
0.2 mm were placed on the copper shim to make the thick-
ness of indium 0.2 mm) another joint box was placed on the
copper shim. Polyimide sheets were inserted between the
copper shim and sleeve instead of the indium wire to rep-
resent an increase in the contact resistance (degradation).
The region of the joint interface with a length of 588 mm
was divided into two (Zones Al and A2) or three (Zones
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Fig.4 Assembly procedure of the mockup corresponding to case 3 in which the polyimide sheet covers 33% of the interface (¢: thickness).

Table 1 Degradation patterns for experiment and numerical simulaiton. R4 indicates the contact resisntace at the degraded area in the
terminal joint.
Polyimide sheet in the experiment Contact resistance in the numerical analysis
Cases Zone Zone Zone Zone Zone Zone Zone Zone Zone Zone

Al A2 Bl B2 B3 Al A2 Bl B2 B3
0 NO NO - - - 0 0 - - -
1 YES NO - - - Rd 0 - - -
2 NO YES - - - 0 Rd - - -
3 - - YES NO NO - - Rd 0 0
4 - - NO YES NO - - 0 Rd 0
5 - - NO NO YES - - 0 0 Rd
6 - - YES YES NO - - Rd Rd 0
7 - - NO YES YES - - 0 Rd Ra
8 - - YES NO YES - - Rd 0 Ra

B1, B2, and B3) regions to assume some degradation pat-
terns. Because the purpose of this study was to observe
the tendency of electric potential distribution in the termi-
nal joint with significant degradation, the smallest area of
degradation was set to be 33% of the entire area of the joint
interface. Table 1 shows the distribution of the polyimide
sheets for nine cases (cases 0 - 8). This mockup was placed
between two stainless steel plates, as shown in Fig. 5, and
was compressed by tightening the bolts at 80 N/m. Copper
e-probes with a diameter of 1.5 mm were then attached to
the copper sleeve surface with a support jig, as shown in
Fig. 5. The interval of the probes in the longitudinal direc-
tion (the x-direction) was 68 mm. The distance between
two e-probes paired in the same x-direction was 14.2 mm.

A test current of 20 A was applied to the mockup to
avoid significant heating in the conductor. The electric
potential difference between two copper sleeves (Vj(x))
was then measured using pairs of two e-probes along the
x-direction. V; (x) was measured at both RT and 77 K.
The mockup was cooled by immersion in liquid nitrogen

at 77 K. The DC power supply PAN35-20A (Kikusui Elec-
tronics Corp.) and a nanovolt meter 2182A (Keithley) were
used for the current supply and V(x) measurements, re-
spectively. Vp (x) was constantly measured for 30's, and its
mean value at each location (Vy,(x)) was recorded. The
output voltage from the nanovolt meter without the test
current was also measured as the background voltage be-
fore (Vpgp) and after (Vg,) each measurement. Finally,
V(x) = Vom(x) — (VBgb + VBGa)/2 Was evaluated for discus-
sion.

4. Numerical Analysis

It is difficult to experimentally investigate the influ-
ence of a wide-range contact resistance on the electric
potential distribution. Thus, numerical analysis was per-
formed to assess the contact resistance dependence of
the electric potential distribution. The analysis was per-
formed using the commercial finite element analysis code
Ansys Mechanical 2022 [8]. Figure 6 shows the three-
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Fig. 5 Mockup of terminal joint for experiment; (a) location of e-probes on copper sleeve, (b) support jig for e-probes, (c) structure of

e-probe, and (d) wiring of measurement leads for e-probes.
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Fig. 6 Three-dimensional analytical model of the terminal joint and boundary conditions for the finite element analysis.

dimensional analytical model. The model comprises two
superconducting conductors and several interface materi-
als. The superconducting conductor comprises a stainless
steel jacket, copper sleeve, and superconducting cables.
There are two types of interface materials: copper shim
and indium. The thicknesses of the copper shim and in-
dium are 4 and 0.2 mm, respectively. Figure 6 also shows
the boundary conditions. A test current of 20 A was ap-
plied to the cross-section of the superconducting conductor
at one edge, and the electric potential was fixed to OV on
the cross-section of the superconducting conductor at an-
other edge. A total of 196,216 hexahedron elements were
used, with the maximum element size being 5 mm X 5 mm
X 5mm and the minimum element size being 3.9 mm X
0.1 mm X 5 mm.

Similar to the experiment, nine degradation patterns in
the terminal joint were assumed by locally increasing the

Table 2 Electrical resistivity used for numerical analysis.

Electrical resistivity [uQm]

Material
300 K 77K
Stainless steel 316LN [9] 7.69 x 107! 5.68 x 10!
Copper (RRR = 100) [10] ~ 1.70x 102 2.10 x 103
Indium [11] 885x 102 1.67x 102
Superconducting cable [5]  3.85 x 1072 2.60 x 10

interface resistance between the indium and copper shim
(Rq), as shown in Table 1. Ry was set to 5.0 x 107~ -
10° Q@mm?. 300K (RT) and 77 K were assumed as the two
operating temperatures. The influence of temperature was
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considered in the temperature dependence of the electrical
resistivity.

Table 2 shows the resistivity values of the materials as-
sumed in the analysis, which were obtained from [5,9-11].
Notably, the influence of the contact resistance among the
superconducting wires and between the superconducting
wires and stainless steel jacket is considered in the analy-
sis of the resistivity of the superconducting cable.

5. Results and Discussion
5.1 Electric potential distribution for differ-
ent degradation patterns
The electric potential distributions between the e-
probes on the upper and lower copper sleeves (V(x)) in the
experiment and numerical analysis at Rq = 10° Qmm? are
compared. Figures 7 and 8 show examples of V(x) in (a)
case 0 (no degradation is considered), (b) case 4 (degra-
dation is in the 33% central area), and (c) case 7 (degra-
dation is in the 66% downstream area) at RT and 77 K.
Note that the “downstream area” represents the area near
the grounded surface. The degraded area is highlighted in
orange in the figures.
The location of the peak of V(x) corresponds to the

center of the degraded area. The peak value of V(x), which
is the maximum |V (x)|(Vmax), Varies in accordance with the
degradation conditions. Table 3 shows Vi,,x with different
degradation patterns at RT and 77 K. Here, the nanovolt
meter outputs voltages up to 10nV. The table also shows
the background noise (= |Vpgp — Vigal) in brackets. The
background noise at 77 K shows the same level or a larger
value than that at RT, except for case 0. This is because
of the boiling of liquid nitrogen during the measurement.
When there is degradation in the contact resistance (cases
1 - 8), Vinax becomes 4 - 80V and 2 - 701V in the ex-
periment and numerical analysis, respectively, and these
results agree well.

Although the degraded area in this study (33% - 66%
of the joint interface) is smaller than that in the case of the
DPJ (80% of the joint interface) [3], the largest (smallest)
Vmax 10 this study is almost the same as (larger than) the
Vmax in the DPJ. This is because of the difference in the
current path between the DPJ and terminal joint, as illus-
trated in Fig. 2. The current decreases in the area near the
end of the joint in the DPJ[3], whereas it flows over the
entire area in the terminal joint. Thus, V(x) is more sensi-
tive to nonuniform degradation in the terminal joint than in
the DPJ.
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Fig. 7 The values of V(x) obtained from experiment (open circle), numerical analysis (solid curve); (a) case 0, (b) case 4, and (c) case 7 at
RT. V(x) denotes the voltage difference between copper sleeves, and x represents the distance from the edge of the joint interface.
The values of V(x) estimated with simplified circuit in (a) case 0 and (c) case 7 are also plotted (dotted curve).
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Fig. 8 The values of V(x) obtained from experiment (open circle), numerical analysis (solid curve); (a) case 0, (b) case 4, and (c) case
7 at 77 K. V(x) denotes the voltage difference between copper sleeves, and x represents the distance from the edge of the joint
interface. The values of V(x) estimated with simplified circuit in (a) case 0 and (c) case 7 are also plotted (dotted curve).
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Table 3 Vi, in the experiment and numerical analysis, where
the values in brackets are the background noise.

Vimax 1n the experiment Vmax in the numerical

Cases [nV] analysis [uV]
RT 77K RT 77K
0 (832) (8?2) 0.34 0.04
: ol (oh 513 5.7
2 ((3).76?1) ((5):243‘) 46.3 6.02
3 (}70?) (?2471) 232 2.61
4 ((7):23) ((f 518) 4.86 0.69
S ody  ary W4 2
6 (8.342) (5_03'3) 75.5 9.77
7 (gllg) (?;g) 82.9 10.2
’ 0sh  qom B4 27

In the cases of the terminal joint with degradation,
both experimental and analysis results at RT and 77 K show
the smallest Vi,.x in case 4. The largest Vi,.x was observed
in cases 6 and 7 in the experiment and numerical analysis,
respectively. T his difference is caused by the background
noise of the measurement at 77 K in the experiment, which
is 0.39 - 1.75uV, as shown in Table 3. Although the Vj,.x
in case 7 is larger than that in case 6 in the numerical anal-
ysis, the difference is only ~0.2 wV. Thus, this difference
is practically negligible considering the background noise
at 77 K.

The causes of the variation of V.« values can be
quantitatively understood from the current distribution in
the terminal joint with a simplified circuit analysis. Fig-
ures 9 and 10 show the one-dimensional simplified elec-
trical circuit of the terminal joint in cases 0 and 7, respec-
tively. Note that continuous current distribution inside each
196-mm region is not considered in this circuit. Only the
resistace of the joint box (bulk resisatnce) in the horizontal
direction are shown since it would be larger than that in the
vertical direction and the resistance fo the inserted materi-
als, such as copper and indium. R [Q2] denotes the equiva-
lent resistance of the joint box. Figures 9 and 10 show the
current and electric potential distribution in cases 0 and 7,
respectively. In Fig. 10, two major current paths, A and B,
are illustrated for the upper and lower joint boxes, respec-
tively. The current and electric potential were estimated
on the basis of the simplified circuit. In case 4, the cur-
rent distribution showing the small |V (x)| would be similar

"\ Upper
|—!\'A"’_f 'A'A" OV joint box
ApA Ll apa ] A A_I | Lower
20A = V VW=V~ /{' joint box
R )
(a) Major current paths
10A 10A 10A
30R 20R 10R 0 . Upper
ov | joint box
20A | Lower
30R jop 20R q0a 10R j9a O / joint box
I ' i } x [mm]

T 1
0 196 392 588

(b) Current and electric potential distribution

Fig. 9 Simplified circuit model of terminal joint in case 0; (a)
major current paths, and (b) distribution of current at each
branch (green color) and electric potential at each node
(blue color).

Degradation Path A
M - | Upper
o _/ joint box
20 A = Lower
R / joint box
Path B :
(a) Major current paths
10A 20 A 20 A .
50R 40R 20R 0 \_Upper
joint box
20A = Lower
50R 1oa 40R ga 40R op 40R / joint box
l ' I f x[mm]

1
0 196 392 588
(b) Current and electric potential distribution

Fig. 10 Simplified circuit model of terminal joint in case 7; (a)
major current paths, and (b) distribution of current at
each branch (green color) and electric potential at each
node (blue color).

to that in case 0, except for the local current distribution
around the degradation. Conversely, in case 7, the equiv-
alent resistances of current paths A and B are almost infi-
nite and 3R, respectively. Thus, the smaller current flows
into the upper copper sleeve, resulting in a large |V (x)| of
40R [V] (= |0 — 40R|) at x = 588 mm. V(x) estimated us-
ing the simplified circuit model (Vi (x)) is also plotted in
Figs.7 and 8. R was assumed to be 1.14pQ at RT and
0.094 uQ at 77 K. |Vs(x)| is lower than |V(x)| in the exper-
iment (|Vexp(x)) and numerical analysis (|Vpym(x)|) in case
7 because the resistance between the superconducting fila-
ments and the copper sleeve is not considered in the sim-
plified circuit model. However, V(x) quantitively agrees
with Veyp(x) and Vium(x). Thus, the discussion above is
reasonable, and the bulk resistance through the major cur-
rent path is considered a key parameter for the relationship
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between V(x) and the degraded location at >77 K.

5.2 Dependence of contact resistance on the
electric potential profile

Considering the sensitivity of signals to degradation, it
is important to focus on not only the value of V. but also
on the extent to which Vp,,x changes with different degra-
dation patterns. Thus, the parameter « is defined as @ =
the largest Vix (case 7) / the smallest Vi, (case 4) as
an indicator of the effect of temperature on the proposed
method. Notably, cases 7 and 4 exhibited large and small
Vimax values, as shown in Table 3. Thus, « represents how
much the temperature changes the difference in V(x) with
different degradation patterns. The @ values obtained in
the numerical analysis at 300K and 77 K are compared.
Consequently, « is 13.9 at both 300K and 77K in the
numerical analysis. Thus, there appears to be no advan-
tage in cooling the joint in the case of Ry = 10° Qmm?.
However, the @ value at 77K may be larger than that
at 300K with a smaller Ry if Ry is sufficiently smaller
than the bulk resistance in the terminal joint. Figure 11
summarizes « and the difference in V,,,x between cases 4
and 7 (AVimax) When Ry is 5.0 x 107 - 10° Qmm?. The
a value at 77K is larger than that at 300 K when Ry is
< 5.0 x 107*Qmm?. This larger @ value at 77 K helps
to distinguish the degradation patterns. Given the level
of background noise, 1 WV would be the limit, and this
method would fail when Ry is < 1.0 x 10~> Qmm?. No-
tably, detectable Ry can be increased by increasing the test
current as much as possible. Considering the minimum de-
tectable Ry, cooling of the terminal joint is effective only
when 1.0 x 1073 Qmm? < Ry < 5.0 X 10~* Qmm? in terms
of @. Moreover, AV« at 300 K is several times larger than
that at 77 K. Thus, the proposed method works at RT with-
out cooling the terminal joint when the degraded area is
more than 33% of the joint interface. Degradation of 33%
of the joint interface with Ry of 1.0 X 107> Qmm? corre-
sponds to 0.73nQ (= 1.0 x 107> Omm?/(588 mm x 71 mm

20 80

—e— a(300K)
18 P i =< | 70 e a(T7K)
16 K 60 -o- AV/(300 K)
14 <
-o AV(TTK)
12 50 % 77
-é- 10 40 €
6 IS
20
4
2 10
0 oo 0
109 108 10t 10 107 10"

Ry [Qmm?]

Fig. 11 Relationship between a and Ry (solid line), and between
Vinax and Ry (dotted line) at 300K and 77 K where « is
defined as the largest V. (case 7) / the smallest Vi,ux
(case 4).

X 33%)), which is less than the criteria for an overall re-
sistance of 3nQ at 4 K[1]. Thus, this method is useful to
check major distributed degradation, such as the air gap
due to the misalignment of the joint boxes at any step be-
fore cooling or even at the training of the joint assembly.

6. Conclusion

In this study, we proposed the use of the e-probe
method for the inspection of an ITER toroidal field termi-
nal joint, and its applicable conditions and characteristics
of voltage signals were numerically and experimentally in-
vestigated. The assumed degradation is uniform in the
width direction and distributed in the longitudinal direc-
tion, which could occur because of the imbalanced com-
pression of the joint during the TFC-feeder assembly. The
highlights are as follows:

o The experimental and analysis results indicate that 2.1
-81.4uV and 0.7 - 82.9 uV are detectable when Ry in
more than 33% of the joint interface is 10° Qmm?.
The difference in the voltage signal above 77 K is pri-
marily caused by the bulk resistance of the major cur-
rent paths.

e The parameter « is defined to evaluate the sensitiv-
ity of the voltage signal to degradation. The value
of @ at 77K is larger than that at RT when Ry is
< 5.0x107* Qmm?. Considering the limitation of de-
tectable contact resistance in the degraded area, where
Ry is < 1.0 x 107> Qmm?, cooling of the terminal
joint is effective when 1.0 x 107 Qmm? < Ry <
5.0 x 10~* Qmm?. However, the range of Ry in which
cooling is effective is small, and AV, at RT is still
several times larger than that at 77 K. Thus, the pro-
posed method works at RT without cooling to detect
a degraded area exceeding 33% of the joint interface.

These findings show the limitations and applicability
of the proposed method and will be useful information for
the design of an inspection procedure of the ITER toroidal
field terminal joint during the assembly phase.
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