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Presently, well-established low-temperature superconductors (LTS), such as NbTi and
Nbs3Sn, operating at ~ 4 K are being selected in the existing and near future fusion
devices for producing high magnetic fields. However, LTS conductors possess low
stability margin at 4 K due to the low specific heats of materials, which further degrades
by non-uniform current distributions among strands. The future fusion energy reactors,
such as the LHD-type force-free helical reactor (FFHR), cannot allow their huge magnets
to quench, and thus, high stability conductors are required to secure safe operations.
Compared to LTS, high-temperature superconductors (HTS) possess higher stability as
they can be operated at elevated temperatures above 20 K, which assures higher specific
heats. In addition, high critical current density is expected for HTS materials in high
magnetic fields even at elevated temperatures. Moreover, lower refrigeration power is
required due to elevated temperature operations. Owing to these advantages, HTS
conductors are considered to be a potential candidate for fusion magnets. However, HTS
conductors are presently available only in wire and tape forms, and there have been
limited activities for developing large-current (> 10 kA) HTS conductors that can be used
for magnet windings. Thus, in this thesis, feasibility studies of large-current capacity
HTS conductors for fusion reactors have been conducted. »

We hereby make a new proposal of simple stacking of HTS wires in the conductor
form, and the focus of the research is on cryogenic stability of such conductors. Due to
simple stacking of HTS wires, it is probable to observe inductance mismatching among
wires, and therefore, non-uniform current distributions are supposed to be formed in the
conductor. Non-uniform current distribution is a serious problem for the stability of LTS
conductors, and it is also an important task to investigate similar effects on HTS
conductors. In this respect, firstly, the present research was initiated by critically
examining the stability of LTS cable-in-conduit conductors (CICC) with non-insulated
strands by artificially introducing non-uniform current distributions. Secondly, the effect
of non-uniform current distributions on HTS conductors was examined by utilizing an
LTS/HTS hybrid conductor. Thirdly, 10 kA-class HTS conductors were fabricated and
tested, extensively. Finally, the HTS conductor design studies for FFHR were conducted.

The stability margin was measured on a full-scale CICC with non-insulated NbTi/Cu
strands by artificially introducing non-uniform current distribution in a controlled way.
The conductor applied for the SST-1 tokamak (at IPR, India) was used, and the
experiments were carried out at 4.2 K temperature and 6.1 T bias magnetic field. In the
experiments, it was found that the stability margin of the conductor reduced significantly

due to non-uniform current distributions, especially in the transition region between the
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well-cooled and ill-cooled regions. The limiting current, which separates the two regions,
was also reduced. Numerical calculations were also carried out to simulate the
experimental data of stability margin with uniform and non-uniform current distributions,
and good consistency was observed.

In order to examine the effect of non-uniform current distributions on the stability of
HTS conductors, a unique and innovative experimental method was proposed with an
LTS/HTS hybrid conductor, which was the world first superconductor using both LTS
and HTS together. In a hybrid conductor, layers of Bi-2223/Ag HTS tapes were soldered
to form a stabilizer for the LTS wires. Once a normal-zone appears in the LTS wires, the
transport current transfers into the HTS part from one layer to another and so on. This is
supposed to be a case of extreme non-uniform current distribution in the HTS part. In the
experiments at 4.2 K and 7 T, it was found that even with such an extreme non-uniform
current distribution, the HTS part was stable and the conductor did not quench fully even
though the transport current was close to the critical current of the HTS part in the hybrid
conductor. These experimental results suggest that non-uniform current distribution
should not be a problem for the stability of HTS conductors, which suggests that the
freedom of conductor configuration can be increased for HTS conductors.

Thus, a large-current capacity HTS conductor was proposed, consisting of
simple-stacks of HTS wires with presently available tape forms. This is regarded as a
new but a controversial proposal, since simple stacking of superconducting strands
without transpositions has never been allowed for LTS conductors. As a first step, a 10
kA-class (at 20 K, 8 T) HTS conductor was fabricated using Bi-2223/Ag tapes. The
conductor was prepared by stacking HTS tapes in two bundles and then encasing them
inside a copper jacket of 12 mm (width) X 7.5 mm (thickness). An innovative technique
was applied to test the HTS conductor at different temperatures from 4.2 to 30 K. Thin
stainless-steel heaters were attached to the conductor surface to elevate the temperature
and the conductor was insulated by epoxy and GFRP to obtain similar conduction cooling
conditions as in future magnets made of HTS conductors. The critical currents were
measured, and the results were found to be close to the expectations by taking account of
the self-field generated by the transport current in the conductors. This suggests no
degradation in HTS conductors during the fabrication process. The stability margin of the
HTS conductor was also measured at different temperatures. The conductor was found to
be highly stable, as it was expected from the high heat capacity of the materials at
elevated temperatures, and could not be quenched even with an energy input of several
tens times higher than that required to quench LTS CIC conductors.

Having observed the encouraging results of 10 kA-class HTS conductors, the 100

kA-class HTS conductor design was initiated as an option for the LHD-type fusion
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energy reactor FFHR. An innovative idea of having rather thin layers of HTS wires
within the conductor with stainless-steel jacket is proposed. By having such a
configuration, the bending strain can be minimized to be ~0.05% level so that the
winding of coils using these conductors is feasible. Moreover, the problem of error
magnetic field generated by shielding currents in the HTS tapes and/or by the occurrence
of non-uniform current distribution among tapes due to inductance mismatching is
considered to be equivalent as the shift of current centers in the conductors. If the HTS
part can be confined in thin layers, the current shift is supposed to be in an acceptable
level within the tolerance of winding accuracy. As a conclusion, it has been found that
HTS conductors can be feasible to be used for fusion energy reactor magnets, though a

number of issues associated with their development should be solved one by one.
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