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High-temperature superconductor technology has become remarkably advanced, and components such as
current leads and magnets have been explored for their applicability to fusion. Especially, REBa,Cu307.s (RE =
rare-earth: REBCO) tape has been developed in research fields other than fusion, because of superior performance
of REBCO in high magnetic fields. Here, we fabricated a REBCO coil with a radius of 150 mm and a total coil
current of 55.2 kA, to be applied as an internal floating coil in Mini-RT, a plasma experimental device. This newly
fabricated REBCO coil has replaced the BiySr,Ca;Cu3 019 (BSCCO) coil developed in 2003, and has improved
coil performance and plasma operation. A REBCO tape of width 4.3 mm was employed, and a 0.1 mm-thick
copper laminate was attached for the countermeasure at the quench. In addition, the REBCO tape was wrapped
in a polyimide sheet for electric insulation, increasing the total thickness of the REBCO tape to 0.27 - 0.28 mm.
A persistent current switch was constructed from a small-turn REBCO winding with a heater formed from a
stainless steel sheet. Solder joint of two REBCO tapes over a 30 mm length were employed, by overlapping their
copper laminates. Persistent current, with a decay time ~320 h, has been successfully achieved at 25 K operation
temperature. This decay time corresponds to a resistance of ~125 nQ2, roughly consistent with the total resistance
of the seven joint sections in the persistent current circuit.
© 2014 The Japan Society of Plasma Science and Nuclear Fusion Research
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1. Introduction

High temperature superconductors (HTSs) are exten-
sively used in electrical components such as power cables
and electric transformers. Initially, BSCCO tapes were
employed in these applications, because a relatively long
tape with a high critical current was available. We de-
veloped a BSCCO coil for the plasma experimental de-
vice Mini-RT [1-9], in which a high-temperature plasma
is confined within a dipole magnetic field. The field is
produced by an internal floating coil constructed from a
BSCCO tape, and this represents the first application of
an HTS coil to plasma experimental devices. The BSCCO
coil in the Mini-RT device operates in a persistent current
mode. Since current is excited by an external power sup-
ply, a persistent current switch (PCS) is installed in the in-
ternal coil. The decay time of the persistent current was
~20h at I, = 100 A and T,,, = 21 K [4]. During 10 years
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of operation, the decay time of the persistent current has
gradually decreased to ~2.7h. This deterioration of the
persistent current has become problematic for plasma ex-
periments, which require a constant magnetic field for sev-
eral hours.

Here we should remark that the BSCCO tape has
been remarkably improved by introducing a controlled
over pressure (CT-OP™) sintering furnace in 2004 [10],
and since then the improved tape, called the Dramati-
cally Innovative-(DI-) BSCCO tape, has been available in
the market. While, before the development of this high-
performance DI-BSCCO tape, the BSCCO coil, which is
used in the Mini-RT device, was fabricated in 2003.

REBCO tape technology has considerably advanced
in recent years, and REBCO tapes longer than a few hun-
dred meters are now available. In addition, since a winding
technique for REBCO coils has been developed, REBCO
coils have been applied in numerous fields. Of particular
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interest and importance in some fields is the development
of a REBCO coil operating in persistent current mode. In
this study, we have decided to replace the BSCCO coil in
the Mini-RT device with a newly fabricated REBCO coil.

This manuscript is organized as follows. Section 2
presents the design and fabrication of the REBCO coil for
the Mini-RT device. The results of cooling and excitation
experiments are given in Sec.3. Finally, the summary is
presented in Sec. 4.

2. Design and Fabrication of a RE-
BCO Coil for the Mini-RT Device

In 2003, the Mini-RT device was constructed for the
study of high-beta plasmas in an advanced fusion plasma
confinement. In this device, high-temperature plasma is
confined by the dipole magnetic field produced by the lev-
itated internal coil. Previous internal coil devices such
as Spherator and Levitron were constructed using low-
temperature superconductors[11, 12]. The Mini-RT was
the first application of HTS in fusion plasma devices.

An elevation view of the Mini-RT device and the cross
section of the plasma confinement region are shown in
Fig. 1. Initially, the internal coil is cooled and excited at
the basal region of the vacuum vessel, and a persistent cur-
rent is established. Demountable transfer tubes are inserted
into the internal coil, by which the internal coil is cooled
with cold He gas supplied by Gifford—-McMahon (GM) re-
frigerators. Next, two electrodes are connected to sock-
ets installed within the internal coil, and the coil current
is excited by the external power supply. Persistent current
mode is established by the persistent current switch, also
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Fig. 1 Elevation view of the Mini-RT device, and cross section
of the plasma.

installed inside the internal coil. Since the internal coil is
disconnected from the cooling system during plasma ex-
periments, its temperature gradually increases, limiting its
operational time during plasma experiments.

While operating in persistent current mode, the inter-
nal coil is mechanically lifted into the mid-plane of the vac-
uum vessel, and is suspended by exciting the levitation coil
located at the top of the vacuum vessel. Since the magnet-
ically levitated internal coil is vertically unstable, the levi-
tation coil current is feed-back controlled by measuring the
internal coil position with laser sensors. We have success-
fully levitated the internal coil during a few hours with an
accuracy of 0.1 mm.

The cross section of the internal coil is shown in
Fig.2, where the main coil and PCS are covered with a
thermal shield made from copper. The main coil was layer-
wound and cooled with cold He gas, flowing through a
cooling pipe attached to the coil frame. The PCS com-
prises a REBCO winding with a bifilar method and a co-
wound stainless steel heater. The PCS switches as the
REBCO winding conditions between superconducting and
normal by controlling the PCS temperature with the heater.
The egg-shaped coil casing of the internal coil contains the
check valves and electrode sockets. In this study, we have
replaced the main coil and PCS made from BSCCO tape
with those constructed from REBCO; however, other com-
ponents such as thermal shield, check-valves, and elec-
trode sockets of electrodes have been reused.

2.1 Characteristics of REBCO tape

The specifications of the REBCO tape employed in
the Mini-RT coil are listed in Table 1. Because the wind-
ing pack for the main coil (Fig.2) is size-restricted, the
REBCO tape could not be larger than the original BSCCO
tape. Thus, we cut the original 10 mm-wide REBCO tape
into 4.32 mm width. Since the Mini-RT coil required more

Thermal shield

Aluminum sheet

Coil casing

74 mm
I

Main coil

Socket of
Detachable electrode

Cooling pipe

Fig. 2 Cross section of the Mini-RT internal floating coil. A
REBCO tape is employed for the main coil and the PCS,
and an aluminum sheet is inserted between the winding
pack and the coil frame.
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Table 1 Specifications of REBCO tapes employed in the main

coil.
No. 1 tape No. 2 tape
— 49.6 um .0 pm
Polyimide tape (19 2.64pum x 4) (5 10 2(.)5uum x 4)
Copper: Cu 100 um 100 um
Tin: Sn 2 -4 pum 2-4um
Silver: Ag 6.5 um 5.1 um
REBCO 2.3 pm 3.1 um
CeO, 0.4 pm 0.4 pm
MgO Snm 5 nm
Y,0; 25 nm 25 nm
Al,O4 100 nm 100 nm
Hastelloy 100 um 100 um
(i) No. 1 tape
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Fig. 3 Critical current, /., of two REBCO tapes employed in the
Mini-RT coil, measured at 77 K under the self-magnetic
field condition and an induced voltage of 1 uV/cm. Since
signals measured by a Hall sensor fluctuate, the upper and
lower bounds of the measured signals are depicted as red
and blue lines, respectively. The width of the REBCO
tape is 4.32 mm. The end regions of tape No.1 were not
used because the critical current degraded at the end re-
gions.

than 500m of tape, we used two segments of REBCO
tapes, each exceeding 300 m in length. As shown in Fig. 3,
measurements revealed that the critical current exceeds
200 A (77K, self-field, 1 wV/cm) in almost all regions of
the 300-m tape.

The REBCO tape substrate was a Hastelloy of 0.1-mm
thickness. To overcome the poor electric and heat conduc-
tivities of the Hastelloy substrate, the REBCO tape was af-
fixed with a 0.1 mm-thick copper laminate. The thickness
of the copper laminate was determined by the countermea-

Polyimide tape

\
Copper
Silver\ F\

Intermediate
layer

Hastelloy

Fig. 4 Schematic of the REBCO tape prepared for the Mini-RT
coil. A REBCO tape with a copper laminate is wrapped
within a polyimide sheet. The REBCO tape is 4.32 mm
wide, and its total thickness is 0.27 - 0.28 mm.

sure on the quench of the REBCO layer, as discussed later.
In addition, the REBCO tape was electrically insulated by
a polyimide sheet, as shown in Fig. 4. The total thickness
of the REBCO tape was, resultantly, 0.27 - 0.28 mm.

2.2 Design of main coil with a REBCO tape

For comparison, the specifications of the main coil
wound with the REBCO tape, and those of the BSCCO-
based coil are summarized in Table 2. The major ra-
dius of the Mini-RT coil is 150mm. As discussed in
the previous section, the REBCO and BSCCO tapes were
of equal width, and the main coil was fabricated with a
layer-winding method. To reinforce the winding pack of
the main coil, epoxy resin was applied on the REBCO
tape under atmospheric conditions during the winding pro-
cess. Since the total thickness of the REBCO tape is re-
duced (i.e., 0.27-0.28 mm in REBCO tape, and 0.39 mm
in BSCCO one), we successfully increased the turn num-
ber of the main coil wound with REBCO tape by 30%
rather than that with the BSCCO tape. The inductance of
the REBCO coil is increased to be 0.144 H.

The rated operation current, /,p,, of the REBCO tape is
100 A, yielding a total coil current of 55.2kA, and a total
stored magnetic energy of 0.72kJ. The distribution of the
magnetic field is shown in Fig. 5. This figure presents the
magnetic field perpendicular to the REBCO tape, which is
maximized at 0.656 T in the top/bottom areas of the wind-
ing pack.

Thermal quench of the REBCO coil is of major con-
cern during persistent current operation. Since the spread
of hot-spot heat along the REBCO tape is not easily esti-
mated, we calculated the temperature increase as a function
of the REBCO tape length transiting to the normal state.
From the results, which are plotted in Fig. 6, we observe
that the increase in temperature depends on the tape length
of the normal zone. For example, if the tape length of the
normal state is below 0.5 m, the temperature of the RE-
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Table 2 Specification of main coils made from BSCCO and REBCO tapes, installed in the Mini-RT device. The BSCCO coil fabricated

in 2003 was recently replaced by the REBCO coil.

BSCCO coil REBCO coil

Fabrication year 2003 2013
Major radius 150 mm 149.3 mm
Minor radius 16.15 mm 16.04 mm
Total coil current 50,000 A 55,200 A
Super conductor Bi-2223 REBCO
vendor Sumitomo Fujikura
Cross section of a tape

Width 4.4 mm 4.36 mm

Thickness 0.39 mm 0.272 - 0.281 mm
stabilizer Silver ratio = 1.57 0.1-mm thick

Copper laminate

Critical current: /.

at 77K, self field, 1 uV/ecm ~100A 216-223A
Critical temperature: 7, ~113 K 92 K
Operation current: /y, 116.82 A 100 A
Coil turns 428 552
Current density 64.95 A/mm’ 68.30 A/mm’
Total tape length 403.4 m 517 m
Winding/bonding Layer winding/epoxy resin
Coil inductance 0.0876 H 0.144 H
Stored magnetic energy 0.598 kJ 0.720 kJ
Magnetic field strength
B,: radial component 0.6043 T 0.656 T
B,: perpendicular component 0.7944 T 0.841 T
Tape 10 turns —70A_ —+100A —=110A —=120A —=130A |
. 400
B —> 350
-
300 \ \
AR & 250 \\
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Fig. 5 Distribution of the magnetic field strength perpendicular
to the REBCO tape at a total coil current of 55.2kA. In
the figure, upper half of the winding pack is shown. The
maximum magnetic field perpendicular to the tape ap-
pears at the top/bottom of the winding pack.

BCO tape might increase to 320K even when I, = 70 A.
The temporal evolution of the coil temperature, shown in
Fig. 7 (a), indicates that 300K is reached in around 20s.
When I, = 130A, to maintain an acceptable tempera-
ture increase, more than a few meters of tape length should
transit to the normal state. Figure 7 (b) shows the temporal

Normal-zone length (m)

Fig. 6 Temperature increase at the quench of the main coil, as
a function of tape length transited from the super to nor-
mal conducting state for various operational coil currents.
The initial coil temperature is assumed as 50 K.

evolution of the coil temperature, coil current, and induced
voltage in the coil at I,, = 130 A and 10m of tape in the
normal state. Although the temperature is restrained at a
sufficiently low level (i.e., ~130 K), the voltage induced in
the coil by the large resistance of the circuit requires at-
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Fig. 7 Time evolutions of the coil current, temperature, and
voltage at the quench of a REBCO tape for two cases;
(a) I,, = 70A and normal-zone length = 1 m and (b)

I, = 130A and normal-zone length = 10m (where
normal-zone length is the length of tape operated in nor-
mal mode).

tention. As shown in Fig.7 (b), however, the maximum
voltage in the coil is ~6V, which is under the acceptable
level for a polyimide-wrapped REBCO tape.

Since the one-turn length of the REBCO tape is
around 1m, the heat generated at the hot spot must be
dispersed into several layers in the winding pack. Gen-
erally, the heat from the hot spot transfers only along the
REBCO tape through the copper laminate, and should be
precluded in the direction of the adjacent layers because of
the poor heat conductivity of the Hastelloy substrate. Con-
sequently, to improve heat transfer between adjacent layers
of the REBCO tape, we inserted 0.8 mm-thick heat transfer
plates made of pure aluminum sheet between a coil frame
and winding pack at the top and bottom sides, as shown in
Fig. 2. This plate would enable heat dispersion to adjacent
layers. Such heat transfer is facilitated at the top/bottom ar-
eas of the winding pack by the magnetic field being max-
imized, while the heat transfer plate cannot be placed in
other areas because of the layer-winding.

(a) BSCCO case (b) REBCO case
Cooling pipe
O/ PR — SUS304

heater

REBCO
tape

19.1

Manganine

m Aluminum
heater m

e

4.6

BSCCO
tape

4.3 .
Unit : mm

Fig. 8 Schematics of PCSs made from (a) BSCCO tape and (b)
REBCO tape.

2.3 Design of a PCS with a REBCO tape

The designed PCS was expected to act as a damping
resistor to protect the main coil, in addition to its switching
function. Hence, the PCS was introduced as an HTS tape
winding into the Mini-RT device. At very large magnetic
energies, a larger PCS might be required, whose tempera-
ture would be more difficult to control. Therefore, a thin
YBa,Cu3 075 film with a heater was employed in the RT-
1 device [13], yielding a switching time of around 1 min.
However, to enable damping of the magnetic energy in the
main coil, the resistor was installed inside the internal coil
in the RT-1 device.

Here, to prevent unnecessary magnetic fields, the tape
was wound using a bifilar method. In the BSCCO PCS,
a manganese heater was employed, as shown in Fig. 8 (a).
Although this BSCCO coil sufficiently performs the basic
function of the PCS, its operation introduces some prob-
lems; namely, a large temperature difference establishes
along the BSCCO tape (e.g., AT = 20-30K), and heating
and cooling of the PCS consumes a relatively long time
(e.g., 5-10min). The new PCS employing the REBCO
tape was designed to alleviate these problems. For com-
parison, the specifications of the REBCO PCS and BSCCO
PCS are listed in Table 3.

The REBCO PCS achieves the following improve-
ments:

(1) reduction of PCS size,

(2) introduction of a sheet-type heater made from a stain-
less steel,

(3) equipment of cooling pipes on both sides of the PCS
winding frame,

(4) insertion of a heat transfer plate between the winding
pack and frame.

The length of the REBCO tape was ~22 m, which is
determined by considering the energy damping reservoir of
the main coil. As shown in Fig. 6, even if the REBCO PCS
consumes the total magnetic energy stored in the main coil,
also the increase in temperature is small enough (AT = 30 -
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Table 3 Specification of the PCS made from BSCCO and REBCO tapes. The BSCCO PCS was recently replaced with the REBCO PCS.

BSCCO PCS REBCO PCS
Super conductor Ag (5%Au)-sheathed REBCO
Bi-2223
Size of the PCS
Inner diameter 326.8 mm 329.8 mm
Outer diameter 335.4 mm 335 mm
Height 23.7 mm 13.8 mm

Total turns and winding

20 turns, bi-filer

22 turns, bi-filer

Heater Manganese ¢ = 0.5 mm SUS304L (10 pm x 4.3 mm)
total resistance at R.T. 202Q 440 Q
heating power 50 W 50 W
operation current/voltage 0.5A/101V 0.34A/148 V
Total weight 0.9 kg 0.71 kg

Table 4 Heat transfer rates through current leads for the Ag (5% Au)-sheathed BSCCO tape and the REBCO tape.

at 77K, self-field, 1 uV/em

BSCCO REBCO
Ag (5%Au)-sheathed
Super conductor Bi2232 REBCO
Critical current: /. 20 A 216-223 A

Size of the conductor

4.3 mm x 0.23 mm

4.0 mm x 0.1 mm

Cross section of heat transfer

4.3 mm x 0.23 mm x
1.6/2.6* = 0.61 mm?>

4.0 mm x 0.008 mm**
=0.032 mm®

Total length of the current lead

300 mm

Heat transfer rate

0.0073 W

0.0079 W

*) Only the silver area is considered.
**) Only the silver layer is considered.

40 K). Although the total length of the HTS tape was com-
parable between the BSCCO and REBCO PCSs, the total
weight of the REBCO PCS was reduce to be 0.71 kg, com-
pared with 0.9 kg for the BSCCO PCS. This weight reduc-
tion improved the thermal response of the REBCO PCS.
In the BSCCO PCS, since a manganese heater was wound
behind the BSCCO tape, the tape was heated from only
one side, as shown in Fig. 8 (a). Such nonhomogeneous
heating might account for the nonuniform temperature of
the BSCCO tape (AT = 20-30K). To avoid this prob-
lem, a 0.01 mm-thick stainless steel sheet was wound to-
gether with the REBCO tape, as shown in Fig. 8 (b). Thus,
the temperature difference in the PCS was now reduced
(AT = 5-10K). The total resistance of the stainless steel
sheet was 440 Q. To excite the coil current, the PCS was
typically heated to 95 K. A heating power of ~20 W was
required to heat the PCS to 95 K in 5 min. Once the main
coil is excited, the PCS should be cooled as rapidly as pos-
sible, because quenching the current lead (i.e., the BSCCO
tape) would be afraid in the Mini-RT device. Thus, a cool-
ing pipe was added at the bottom of the PCS, as shown in
Fig. 8 (b). Finally, to improve the heat conduction between
the PCS layers, the aluminum heat transfer plate was in-

serted, as shown in Fig. 8 (b).

2.4 Opverall design of the persistent current
circuit

In the BSCCO coil, to minimize the heat ingress from
the external electrode to the main coil and the PCS, a sil-
ver (5% Au)-sheathed BSCCO tape was employed for the
current lead, which was connected to the external power
supply. This is because the heat conductivity of the silver
(5% Au)-sheathed BSCCO tape is about 10 times lower
than that of pure silver-sheathed BSCCO tape. To further
reduce heat ingress, the external electrode was cooled with
liquid nitrogen. Hence, by implementing these designs,
we successfully excited the main coil to the rated current
(Iop = 120 A in the BSCCO coil). In this study, we have
also considered the possibility of the current lead with the
REBCO tape. The characteristics of the silver (5% Au)-
sheathed BSCCO and REBCO tapes are compared in Ta-
ble 4. Since the heat conductivity of both tapes is similar,
we adopted the silver (5% Au)-sheathed BSCCO tape as
the current lead, because this tape is potentially more tol-
erant to tape burnout.
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l
V16

Fig. 9 Schematic of the persistent current circuit. The main coil
and the PCS are made from REBCO tapes, and the cur-
rent lead to the external power supply is a silver (5%
Au)-sheathed BSCCO lead. The joint sections are rep-
resented by the overlapping of the tapes (marked with
red circles). During persistent current operation, the joint
sections (marked with solid red circles) contribute to the
resistance in the persistent current electric circuit. Since
joint sections exist inside the main coil and PCS, seven
joint sections are present in the persistent current opera-
tion. The voltages at the joint sections (A) and (B) were
directly measured, as shown in Fig. 21.

Figure 9 is a circuit diagram of the REBCO coil.
Intrinsically, a single joint section exists in the main
coil, marking the connection of two ~300 m-long REBCO
tapes. In the PCS, another joint section exists at the start-
ing point of the bifilar winding. Several additional joint
sections of the REBCO tape are present in the persistent
current circuit, because the main coil, PCS, and current
leads to the electrodes for the external power supply should
be interconnected. To join the REBCO tapes for overcom-
ing the high electric resistance of the Hastelloy, the copper
laminate sides are turned toward each other and soldered
together, as shown in Fig. 10.

To reduce the electrical resistance, the joint region
should be extended as far as possible. However, a uni-
form solder joint over long regions presents a technical
difficulty. To examine the characteristics of the solder joint
between two REBCO tapes, we measured the joint resis-
tance at different joint lengths (10 mm, 20 mm, 30 mm,
and 50mm). As shown in Fig. 11, the joint resistance de-
creased with increasing joint length, and saturated around
30mm. Since a current decay of <1% during a few hours
is acceptable for plasma experiments, a joint resistance be-

Hastelloy
Copper /
/\ REBCO
Soldering

Fig. 10 Schematic of the joint section between two REBCO
tapes, where the copper laminates were jointed with sol-
der over a 30 mm length.

(o)
o

Joint length *

¢ 10 mm
= 20 mm /:

~
o

D
o

30 mm /
.

® 50 mm

(O
o
I
!

w
o

Resistance (nQ)
D
o

= N
o O

o

0 20 40 60 80
Temperature (K)

Fig. 11 Jointresistance as a function of tape temperature for dif-
ferent joint lengths.

Tape joint
section

Tape winding
(end)

Electrode
(V-16)

Electrode
(V-6)

Tape winding

/ (start)

Main coil

Fig. 12 Top view of the winding pack of the Mini-RT coil, and
distribution of the REBCO/BSCCO tape leads. Red
broken circles indicate the joint sections where two
tapes overlap. The joint sections (A) and (B) in Fig.9
are also highlighted.

low 20 - 30 nQ2 might be sufficient. Moreover, considering
the technical reliability of the solder joint, we specified the
joint length as 30 mm.
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Figure 12 shows the layout of the REBCO tapes con-
nected to the main coil, PCS, and interconnecting current
leads. The connecting HTS tapes were located at the ceil-
ing of the coil frame, and cooled by the main coil. While
connecting the REBCO tape, we must ensure that (a) the
copper sides of two REBCO tapes turn toward each an-
other, and (b) the REBCO tape can’t be twisted, because
the Hastelloy substrate is quite stiff for twisting. Instead of
twisting REBCO tape, an additional short piece of REBCO
tape was inserted, as shown in Fig. 12. Despite the sim-
plicity of the electrical circuit shown in Fig.9, the layout
of the REBCO tape appears quite complicated. As shown
in Figs.9 and 12, seven joint sections were ultimately re-
quired along the persistent current circuit. The combined
resistance of these joint sections is possibly responsible for
the decline in persistent current.

2.5 Fabrication of the Mini-RT coil

Initially, having fabricated the main coil and the PCS,
we constructed the electrical circuit of the persistent cur-
rent. The performance of this persistent current coil sys-
tem was experimentally tested in the cryostat. Figure 13
shows photograph of the experimental set-up. The system
was cooled to 35K, and the current persisted at its rated
current of 100 A. Details of this experiment are provided
in [14].

Next, the winding pack of the main coil and the PCS
constructed from BSCCO tapes in the Mini-RT coil were
replaced with their REBCO counterparts. The current lead
comprising the silver (5% Au)-sheathed BSCCO tape was
connected to the newly fabricated REBCO coil system. Al-
most all of the connecting tapes were located at the coil
frame, while the current lead was not supported during the
length of ~300 mm, so as to prevent heat leakage and/or
input between the electrode and the coil.

Current lead

Cooling pipe

Main coil

PCS

Fig. 13 Photograph of the winding pack of the main coil and the
PCS. This system was tested with a cryostat to recon-
firm the characteristics of the persistent current mode.

3. Excitation Experiments

3.1 Cooling characteristics and heat leakage
of the REBCO coil

The internal coil was cooled with He gas supplied by
two GM refrigerators (combined power 33 W at 20 K). The
layout of cooling pipes in the internal coil is shown in
Fig. 14. The cold He gas inside the internal coil is guided
through the inlet transfer tube, and separately distributed
to the main coil and the PCS.

The superconducting characteristics of the REBCO
tape are sometimes degraded during REBCO coil fabrica-
tion[15]. Peeling of the REBCO layer is considered to
contribute to this deterioration. Since the REBCO layer
attached to the substrate is extremely thin (typically 1 -
2 um), the critical stress of the REBCO layer against the
peeling force is quite low (typically several tens of MPa).
When the winding pack of the REBCO coil is stiffly packed
with resins, the peeling force can be introduced by thermal
stress during the cooling of the REBCO coil. To allevi-
ate thermal stress, slow cooling of the REBCO coil might
be preferable, because it prevents nonuniform shrinkage of
the REBCO coil during the cooling process. In the current
experiments, we applied a cooling rate of ~10K/h. Fig-
ure 15 shows a typical cooling history of the main coil and
the PCS, in which a single GM refrigerator was employed

oil casing

Current lead

=)

GM refrigerators
(16.5Wx2=33W)

Fig. 14 Cooling system of the Mini-RT coil, comprising two
GM refrigerators. Note the single inlet and two out-
lets. When the PCS is heated to ~100K to maintain
the switch-off condition, the cooling channel at the PCS
side is closed.
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Fig. 15 Behavior of the REBCO caoil as it is cooled from room
temperature to 25 K. The cooling rate of ~10K/h is
achieved by controlling the flow rate of the cold He gas.

during the initial phase and the cooling rate was controlled
by altering the flow rate of the cold He gas. This cooling
system decreased the temperature of the REBCO coil to
around 25 K.

We next examined the heat input to the main coil. No
cooling system is applied during the plasma operation (in
other words, during persistent current operation). There-
fore, the duration of plasma experiments is limited by the
temperature increase of the internal coil. The temporal
temperature rise in the main coil and the PCS in the ab-
sence of the cooling system is plotted in Fig. 16. Tempera-
ture data are lacking in the plasma experiment phase, dur-
ing which the coil temperature was not measured. At the
completion of a plasma experiment, typical coil tempera-
ture was 50 - 60 K.

From this temperature increase of the main coil, the
estimated heat input to the main coil was about 2.4 W. The
source of this heat input to the main coil might be radia-
tion from the thermal shield (~1 W), and heat conduction
from fixtures such as the coil support (~0.25 W), cooling
pipe (~0.2 W), current lead (~0.05 W), and diagnostic ca-
bles (~0.05 W). The main coil and the PCS were wrapped
in five layers of multi-layer insulation (MLI). Since the ef-
fectiveness of thermal shielding might depend on the per-
formance of MLI, we suspect that heat input to the coil is
predominantly in the form of radiation through the MLI
from the thermal shield.

120 [rrrrprrrrrrrTT T T
—~ 100[ — T.PCS No measurement /
) during experiment
-] H
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- F - ]
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Fig. 16 Natural rise of the REBCO coil temperature in the ab-
sence of active cooling. The cooling of the main coil,
PCS, and shield was stopped at ¢ = 2600 s, and temper-
atures begin to increase because active cooling was no
longer maintained.
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Fig. 17 Excitation experiment of the REBCO coil. Initially, the
temperature of the PCS increases with heating of the
PCS, and the main coil current is excited by the external
power supply. Next, the PCS is cooled and the exter-
nal current declines, thereby establishing the persistent
current.

3.2 Excitation of the main coil and operation
of the persistent current mode

The excitation scenario of the REBCO and BSCCO
coil systems is identical. Typical temporal behavior of the
coil parameters is plotted in Fig. 17. Immediately follow-
ing PCS cooling, the PCS heater was switched on. When
the PCS temperature reached ~95 K, the power supplied to
the heater was reduced sufficiently such that temperature
did not increase further. Having established the switch-
off condition of the PCS, the main coil was excited by the
external power supply to its rated operation current at a
ramp-up rate of 1 A/s. Once the main coil had reached the
rated current, the PCS was rapidly cooled. Typically, the
PCS reaches ~30 K within a few minutes. Finally, the cur-
rent of the external power supply was reduced to zero, and
the persistent current in the circuit of the main coil and the
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Thermal anchor

Thermal shield ‘

Fig. 18 Photograph of the thermal anchor of the current lead.
The silver (5%Au)-sheathed BSCCO tape is connected
to the thermal shield through a thermal anchor fabri-
cated from a copper block.

PCS was established. Since the temperatures of the main
coil and PCS were slightly increased by the heat input to
the PCS, it took several minutes to cool the REBCO coil
system. Once the main coil and the PCS were sufficiently
cooled, the transfer tubes were detached from the coil, and
the internal coil was mechanically lifted to the mid-plane
of the vacuum vessel for the plasma experiments.

3.3 Demagnetization of the main coil
Immediately following plasma experiments, the main
coil must be demagnetized. At first, we tried to reverse the
excitation process in the internal coil. The external elec-
trodes cooled by liquid nitrogen were inserted into the coil,
and the current of the external power supply was increased
to the rated coil current. However, the quenching occurred
at the current lead constructed from the BSCCO tape, be-
cause this current lead is connected to the thermal shield,
as shown in Fig. 18. The excitation phase requires this ther-
mal anchor, since cooling of the current lead is reinforced
by the cooled (to ~30 K) thermal shield. In contrast, during
the demagnetization phase, the temperature of the thermal
shield might increase to around 100K (see Fig. 16).
Notably, during demagnetization, the temperature of
the transfer tube might increase to room temperature ap-
proximately. In addition, no by-pass cooling channel is
installed in the Mini-RT device (see Fig. 14). If the trans-
fer tube is connected to the main coil, the He gas heated
by the transfer tube would be transferred to the main coil
and PCS. Therefore, to avoid this thermal shock, we do
not re-cool the internal coil during demagnetization. Con-
sequently, the reverse excitation process was not applica-
ble in the Mini-RT coil, since temperature of the current
lead can approach the critical temperature of the BSCCO
tape; moreover, the coil was not equipped with a damping
resistor. Thus, demagnetization of the Mini-RT coil was
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Fig. 19 Temporal behaviors of the coil parameters during the
demagnetization phase. The PCS temperature gradually
increases, and current decay begins at the time of super-
normal transition of the PCS. The temperature increase
of the PCS and the induced voltage across the main cir-
cuit are also shown.

achieved via the PCS, which was designed to safely con-
sume the stored magnetic energy of the main coil.

Figure 19 shows the temporal evolutions of the coil
parameters during the demagnetization phase. Initially, the
PCS heater was switched on, and the temperature gradually
increased. When the PCS temperature reached the criti-
cal temperature of the REBCO tape (~85 K), the persistent
current was decayed by the emergent PCS resistance. The
time constant of the persistent current decay was around 7 -
8s, and the induced voltage across the circuit was at most
0.4V. Since the resistance during the demagnetization
phase was calculated as ~20 Q, the estimated length of the
normal transition zone of the REBCO tape in the PCS was
1-1.5m. While, in the case of demagnetization at 10 A
persistent current, the current decay time was prolonged
(t ~ 305). Therefore, we deduce that the normal transition
zone lengthens as the operation current is increased. As
shown in Fig. 19, the PCS temperature slightly increased
as the device absorbed magnetic energy. The temperature
increase in the PCS can be evaluated, as shown in Fig. 6.
At an operation current of 50 A, the estimated maximum
temperature was 170 K; in contrast, the experimental data
shows a maximum temperature of roughly 90 K, possibly
because heat was dispersed through other heat channels.

1405014-10



Plasma and Fusion Research: Regular Articles

Volume 9, 1405014 (2014)

2 400
=
=}
= 5
£ 300 * @
E Coil current(A)
S m30A )/
g 200
e ¢ 50A .
g
£ 100 80A
@ 100A
0 I I I I
0 10 20 30 40 50
Temperature (K)

Fig. 20 Decay time constant of the persistent current for vari-
ous coil currents as a function of the coil temperature.
The decay time depends on the coil temperature, but is
independent on coil current.
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Fig. 21 Measured voltages across the joint sections (A) and (B)
in Fig.9. The coil current is ramped up to 100 A at
Teon = 41K

3.4 Decay time constant of the persistent
current

The resistance in the circuit of the main coil and the
PCS induces gradual decline in the persistent current. Fig-
ure 20 shows the e-fold time of the current decay mea-
sured for various coil currents at different coil tempera-
tures. At 25K, the decay time was independent of oper-
ating current and exceeded 300 h, corresponding to a resis-
tance of ~125nQ in the persistent current circuit. Possi-
ble causes of the resistance include flux flow loss, contact
resistance at the joint sections and defects on the tape in-
troduced during fabrication, and/or cooling of the REBCO
coil. The persistent current circuit contains seven joint sec-
tions (see Fig. 9). Since the joint resistance at a single sec-
tion is ~15nQ at 25-30K (see Fig. 11), the overall joint

resistance is estimated to be 100-110nQ). We measured
the voltages induced across the joint regions at 41 K using
the voltage taps shown in Fig.9. The voltages across the
joints (A) and (B) in Fig. 9 are presented in Fig. 21, where
the coil current was 100 A. The measured voltages (elec-
trical resistances) across (A) and (B) were 2uV (20nQ)
and 1.5uV (15nQ), respectively, consistent with the data
shown in Fig. 11. The decay time of the persistent current
also depends on the temperature, consistent with data of
joint resistance shown in Fig. 11. Thus, we conclude that
the decay time of the persistent current is primarily deter-
mined by joint resistance, and that fabrication and cooling
introduce no serious defects onto the REBCO tape.

4. Summary

In 2003, an HTS coil fabricated from BSCCO was
adopted as the internal floating coil of the plasma exper-
imental device Mini-RT, which has been extensively used
in plasma experiments. The decay time constant of the
persistent current in this device was 20 - 30 hours, which
was considerably shorter than expected, and possibly de-
graded by defects introduced during the fabrication pro-
cess. During 10 years of operation, the current decay of
the persistent current has gradually fallen to ~2.7h. Such
deterioration is problematic for plasma experiments, where
a constant magnetic field is preferable.

The production of REBCO tapes and coils has ad-
vanced sufficiently for us to consider replacing the BSCCO
coil with a new REBCO coil in the Mini-RT device. In this
study, the REBCO tape was 4.3 mm wide, and the total
current in the fabricated REBCO coil was 55.2kA. As for
the countermeasure on the quench, a 0.1 mm-thick copper
laminate was attached, and the coil was electrically insu-
lated by a polyimide sheet. The final thickness of the RE-
BCO tape was 0.27-0.28 mm. If a few meters of the RE-
BCO tape would be transited into the normal conducting
state at the quench, the temperature of the REBCO tape
should not exceed 200 K. Thus, to improve the heat dis-
persion at hot spots, an aluminum sheet was inserted be-
tween the winding pack and the coil frame. A persistent
current switch was fabricated from the REBCO tape, and
several improvements were introduced. As a uniform heat-
ing source, a stainless steel sheet was wound together with
the REBCO tape. In addition, the cooling system was re-
inforced by an additional cooling channel. The size of the
PCS was determined from its role as a heat sink for the
stored magnetic energy during the demagnetization phase.
The REBCO tapes were joined by a wrap-joint soldered
at the copper laminate sides. In preliminary development,
30 mm was decided as the joint length. Notably, joint re-
sistance depends on both joint length and tape temperature.

To prevent thermal stress induced by nonuniform con-
traction of the main coil, the coil and PCS were gradually
cooled from room temperature to 25 K at ~10 K/h. Using
the PCS and an external power supply, the current of the
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main coil was excited, and a persistent current was estab-
lished. Under operation at 25 K, the decay time of the per-
sistent current was improved to 320 h. The corresponding
resistance was 125 nQ), which is comparable with the total
resistance of the seven joint sections in the persistent cur-
rent circuit. The decay time was observed to reduce with
increasing operation temperature. Based on these observa-
tions, we infer that the decay constant of the persistent cur-
rent is attributable to joint resistance, and that the REBCO
tape was not seriously degraded during the fabrication and
cooling process.
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