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Abstract

A large-scale superconducting coil system, which is an essential technology for a fusion reactor, requires large ca-
pacity and high performance current feeders from the power supplies at the room temperature to the superconducting
coils at the operating temperature, which is usually liquid helium temperature at present. The superconducting current
feeders are being considered as a promising application of a high temperature superconductor (HTS), which can satisfy
the requirements of a large current capacity and a low heat in-leak, simultaneously. To study the feasibility of the HTS
current feeders, a melt-textured YBCO bulk superconductor was selected as a candidate material because of its high
current transport characteristics. The YBCO disk fabricated by quench and melt growth process was cut into a short
sample with the cross section of 7 mm x 7 mm and the length of 40 mm and was mounted on the copper bars to
perform the actual large current transport tests. The sample could be successfully excited up to 20 kA at 4.2 K and 10 kA
at 77 K. These performance test results and the further R&D items for the HTS current feeders are discussed. © 1998

Elsevier Science B.V. All rights reserved.

1. Introduction

A large-scale superconducting system consists of
many components; superconducting coils, supporting
structure for a large electromagnetic force, a cryostat, a
cryogenic system, a power supply system, a protection
system and their interfaces. As the system becomes large,
the peripheral devices such as a cryogenic system and a
power supply system are set up away from the super-
conducting coils. For the Large Helical Device (LHD)
[1], which is the first fully superconducting heliotron
type experimental fusion device under construction at
the National Institute for Fusion Science (NIFS), the
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distances between the superconducting coils and the
power supplies become 45-66 m. A current feeder con-
necting the power supply and the superconducting coil is
a key component of the superconducting system, which
is used not only to supply current to the coil but also to
extract the large magnetic stored energy from the coil
when the coil quenches. A current feeder is composed of
current leads, a bus line, a coil lead and their interfaces.
These components are being considered as a promising
application of a high temperature superconductor
(HTS), which can satisfy the requirements of a large
current capacity and a low heat in-leak, simultaneously.

Recently, many types of HTS based on Bi-com-
pounds have been developed and were applied to the
current leads [2]. However, the current leads consisting
of Bi based conductors need large geometrical dimen-
sions for high current capacities above 10 kA due to the
limit of the critical current density under the large self
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magnetic field. Porcar et al. demonstrated the feasibility
of a high current transport device made of HTS based
on YBa,CuzO, (YBCO) [3]. Because of the large pinning
force, YBCO have a high critical current density, which
is about 10 times higher than that of the Bi-compounds.
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We have been developing a compact high current feeder
based on YBCO [4]. In this paper, we present feasibility
test results of YBCO conductor and discuss the further
R&D items, which are necessary for the application of
HTS current feeders.
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Fig. 1. Typical setups of current feeders for a large-scale superconducting system: (a) a conventional setup using a normal conducting
bus line and normal conducting current leads; (b) an advanced setup using a superconducting bus line and normal conducting current
leads; (c) a future setup corresponding to the LHD in phase II operation using a HTS current feed-through from 4.4 to 1.8 K, a
superconducting bus line and HTS current leads.
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2. Current feeders for a large scale superconducting
system

Fig. 1 shows typical setups of current feeders for a
large-scale superconducting system. Fig. 1(a) is a con-
ventional setup using a normal conducting bus line and
normal conducting current leads. The current leads
cryostat is settled adjacent to the coil cryostat and the
4.4 K terminals of the current leads and the terminals of
the coil leads are connected with short superconducting
bus lines. In this case, the energy consumption of the
normal conducting bus lines becomes large according to
the distance of the power supply and the superconduc-
ting coil and which may wipe out a merit of the super-
conducting system. Fig. 1(b) is an advanced setup using
a superconducting bus line and normal conducting
current leads, which is adapted as an actual system for
the LHD in phase I operation [5]. The current leads
cryostat is settled near the power supply. The current
leads and the coil leads are connected with long flexible
superconducting bus lines. Fig. 1(c) shows a future setup
for the LHD in phase II operation using HTS current
feeders from 4.4 to 1.8 K, a superconducting bus line
and HTS current leads. The helical coils of the LHD are
planned to be cooled to 1.8 K with superfluid helium.
The current feed-through from 4.4 to 1.8 K made on an
HTS is an indispensable part, which enables stable and
safety high current transfer to the coils keeping the heat
in-leak to 1.8 K within an acceptable level. The HTS
current leads is also necessary to reduce the large liquid
helium consumption of the normal current leads.

3. Large current transport tests of HTS sample
3.1. Experimental setup

To study the feasibility of the HTS current feeders;
the HTS feed-through and the HTS current leads, a melt
textured YBCO bulk superconductor was selected as a
candidate material and high current transport tests of
the short samples were performed.

The YBa,Cu;O, (YBCO) bulk was fabricated into
the shape of a disk 65 mm in diameter and 15 mm thick
using the modified quench and melt growth (QMG)
process developed by Morita et al. [6]. For the high
current transport tests, the short sample was cut into an
H shape from the disk sample to keep joint areas to the
normal conductors large about 800 mm? as shown in
Fig. 2. The cross sectional area and the length of the
current transport test region are 7 mm x 7 mm and 20
mm, respectively.

The H shaped sample was mounted in the copper bus
bar as shown in Fig. 3. The copper bus bar consists of
two layers 45 mm wide and 13 mm thick for the current
supply to the sample and the current return from the

A

40

20

7 )

Fig. 2. Schematic drawing of the “H” shaped sample for the
high current transport tests.

sample. The current is supplied to the sample through
the upper layer and returns through the lower layer. The
GFRP plate 2 mm thick was inserted between the cur-
rent supply- and return-layers. The joints between the
sample and the copper bus bars were done with solder.
The voltage taps B and C were attached on the front
surface of the sample, and the voltage taps A and D on
the joint ends of the supply- and return-layers of the
copper bus bars. We can measure the superconducting
sample voltage with the voltage drop between B and C
and the joint voltages with those of A and B or C and D.
The temperature rises of the joint regions were moni-
tored with platinum—cobalt (Pt—Co) resistive thermom-
eters inserted in the holes of the joint ends of the supply-
and return-layers.

High current transport tests were carried out using
the short sample test facilities at the cryogenics and su-
perconducting laboratories of NIFS [7]. The test facility
consists of a 30 kA DC power supply with an active
filter, 30 kA He gas cooled short sample current leads
and 8 T superconducting split coils with a sample area of
30 mm gap and 50 mm wide. The sample and its holder
were designed to be able to do the current transport tests
under the external field inserting the sample into the split
coils. However, we could not apply an external magnetic
field to the sample during this experiment.

3.2. Experimental results

The sample was cooled down slowly to 4.2 K with
liquid helium keeping the temperature difference be-
tween the joint ends of the supply- and return-layers
below 1 K. We conducted high current transport tests
with a trapezoidal-shape current-changing-pattern in-
creasing a flat-top current from a small current to a large
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Fig. 3. Schematic drawing of the sample mounted in the copper bus bar for the current supply and return.

current step by step. The maximum transport current of
the first sample in liquid helium reached 20 kA without a
normal transition. Fig. 4 shows results of a 20 kA
transport test. As shown in Fig. 4(a), the sample current
was increased up to 20 kA with a ramping speed of 150
Als and was held at 20 kA for about 10 s, then the
current decreased quickly. Fig. 4(b) shows Vpc; the
voltage drop of the current transport region in the
sample. The inductive voltage of +0.5 uV was observed
corresponding to the ramp up of the sample current. The
negative voltage was observed after 95 s corresponding
to the current over 14.5 kA, which was due to the dif-
ference of the thermoelectromotive force between each
of the voltage taps. There were large heat generations
from both joint regions and the sample had a large

temperature gradient. There was no obvious normal
transition in the current transport region of the sample.
Fig. 4(c) shows the voltage drop Vap between the taps A
and B in the upper joint region and the voltage drop Vep
between the taps C and D in the lower joint region.
Fig. 4(d) shows the corresponding temperatures of both
joint region measured by the thermometers embedded in
the copper bus bars at the upper joint 7;, and the lower
joint Ty,. The voltage drop Vap at the upper joint region
increased corresponding to both the sample current and
the joint temperature 7,. After 140 s from the start of
the current ramp up at the flat top current of 20 kA, Vap
jumped over the upper range. This jump of Vg implied
the appearance of a normal conducting zone in the
sample at the upper joint region, which was also
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Fig. 4. Results of a 20 kA transport test of the YBCO bulk
sample in liquid He: (a) transport current; (b) voltage drop of
the current transport region in the sample; (c) voltage drops of
the joint regions; (d) temperatures of the joint regions.

estimated from the sharp temperature rise of T, up to 37
K. The voltage drop Vcp at the lower joint region in-
creased almost linearly corresponding to the sample
current. The temperature rise 7}, was kept less than 13 K
and there was no normal transition in the sample at the
lower joint region.

From above results, it was considered that there was
no normal transition at least in the current transport
region of the sample. However the voltage drops of both
joint regions were larger than the expected value and we
could not hold the sample current at 20 kA more than 10
s due to the large heat generations at the joint regions.
The joint voltages (resistances) at 20 kA were 2.2 mV
(0.11 pQ) at the upper joint and 1.5 mV (0.075 pQ) at the
lower joint. The heat generations at 20 kA became 44 W
at the upper joint and 30 W at the lower joint.

After the high current transport tests in liquid heli-
um, we conducted tests at 77 K in liquid nitrogen with
the same sample. Fig. 5 show results of a 10 kA trans-
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Fig. 5. Results of a 10 kA transport test of the YBCO bulk
sample in liquid N,: (a) transport current; (b) voltage drop of
the current transport region in the sample; (c) voltage drops of
the joint regions; (d) temperatures of the joint regions.

port test. Small voltage drop of 2 pV was observed in
Vgc. This voltage drop was thought corresponding to
the normal resistance of the sample at 77 K. However
the heat generation from this resistance was only 20 mW
at 10 kA operation. The total heat generation from both
joints was 35 W at 10 kA and the temperature of the
both joints was kept less than 80 K. The gradual in-
creases of the joint temperature came from the temper-
ature rise of liquid nitrogen due to the pressure rise of
the cryostat.

Fig. 6 shows results of a 12 kA transport test. At the
sample current of 11.7 kA, the sample was suddenly
broken due to the large thermal stress caused by the
overheating of the lower joint. Vcp, the lower joint
voltage, jumped over at 68 s (10 kA) and a sharp in-
crease of Vpc, the sample voltage was observed at the
same time. However the temperature profiles of the both
joints were almost the same as those of a 10 kA test. This
means that the temperature rises in the sample after the
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Fig. 6. Results of a 12 kA transport test of the YBCO bulk
sample in liquid N,: (a) transport current; (b) voltage drop of
the current transport region in the sample; (c) voltage drops of
the joint regions; (d) temperatures of the joint regions. The
sample was broken at 11.7 kA.

normal transition cooled by liquid nitrogen were ex-
tremely localized comparing to those cases cooled by
liquid helium, which becomes difficulty for safety de-
tection and protection to a quench.

4. Conclusion

Applications of high-T7, superconductors to current
feeders for a large-scale superconducting system are in-
vestigated. High current transport characteristics were
examined for a melt textured YBa,Cu;0, bulk sample to
study the feasibility for the current feeders. In the ex-
periments at 4.4 K cooled with liquid helium, the
transport current of the bulk sample was successfully
reached up to 20 kA. During the 20 kA test, however,
large joule heat over 70 W was generated in the upper
and lower joint regions of the bulk sample and the
copper bus bar. In the experiments at 77 K cooled with
liquid nitrogen, the bulk sample demonstrated stable
current transport up to 10 kA. During the 12 kA test,
the bulk sample was suddenly broken due to the large
thermal stress caused by the local overheating in the
joint region. We could confirm that the YBCO bulk
sample has an extreme ability for high current transport
without energy consumption. For application to actual
current feeders, however, low-resistive joint techniques
of the YBCO bulk conductor and normal metal should
be improved for further reduction of the joule heat
generation and stable operation of high current trans-
port.
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