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Abstract—in the National Institute for Fusion Science (NIFS),
the following three research items are being advanced as applica- ower terminal
tion of high temperature superconductor (HTS) to an experimental f conventional
fusion plasma system, through collaboration with universities and urrent lead
laboratories. The firstis an application of HTS in the large current ‘
feedthrough to a superconducting coil cooled with superfluid he-
lium in order to reconcile low heat load and stable large current

transport capability. A 20 kA current feedthrough from 4.4 K to Gu electrode

1.8 K has been being developed using YBCO bulk superconduc- 4.4 K

tors manufactured by the QMG process. The second is the devel- :

opment of a 30 kA HTS current lead. The Bi2212 bulk material YBCO YBCO

fabricated by the diffusion process is considered as a candidate ma- E11 E12

terial for HTS current leads. The third is the development of the

superconducting magnetic-levitation coil for Mini-RT wound with 3 —p|ate | GFRP plug

Bi2223 tape conductor. A magnetic-levitation coil operated in per- i Ml ]
sistent-current mode has to levitate for 8 hours without a feed of N ' NN
refrigerant. Present status of these HTS application researches in Y (g | H

NIFS is reported. 1.8 K N
%
Index Terms—Bi2212, Bi2223, current feedthrough, current X 7 i 7 X

lead, HTS, magnetic-levitation coil, mini-RT, YBCO.
/1r Cu electrode l
/)

. INTRODUCTION NiTi/Cu compacted strand cables

A FTER the discovery of high temperature superconduct., 07 Short eireuit

-\ (HTS), it was expected that various superconducting 8 1. schematic drawing of the HTS current feedthrough: Prototype-.
plications will expand rapidly using advantages of HTS due to

the _high opera_ting temperatl_Jre, su_c_h as simplification of CYReder to the LTS coil is considered to be an item most close to
genic system, improvement in stability, etc. However, from ﬂ}ﬁe practical use. The HTS current feeder, which consists of cur-

discovery of this new material, much time has been NECessa feedthroughs and/or current leads, can satisfy the require-

until the utilization. Similarly the application of a low temper—ment of stable large current transport capability with low heat

ature superconductor (LT.S) took a ang time. When we try 18ad. The application to a magnetic-levitation coil is an example
apply a HTS to an experimental fusion plasma system, ma

. . : 0¥ other promising applications of HTS, which utilize the fea-
subjects which sh_o_uld be overcome, s_uch as mecha_imc_:al wegke, of high operating temperature.
ness and a low critical current density in the magnetic field, are

left behind. Also in it, the application of HTS as a large current

Il. 1.8 KHTS QURRENT FEEDTHROUGH
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TABLE | — Lﬁ
THERMAL CONTRACTION FROM 300 K—4.2 KoF YBCO AND GFRP
Direction YBCO 85 % GFRP (1) 75 % GFRP (//) Fig. 3. Schematic drawing of the HTS current feedthrough: Prototype-I.
X 0.18 % (L C-axis) 0.16 % (// Glass) 0.19 % (// Glass)
. 029% (L
Y 0.18 % (L C-axis) 0.19 % (// Glass)
o ;2 oo ) Glass) totype-I and observed the fracture part of the YBCO bulks. Both
z C-ax;)s() 0.16% (// Glass)  0.52% (L Glass)  of the bulks were mechanically broken in the root section of “H”

configuration buried into the GFRP plug. Therefore prototype-I

could not be subjected to current transport tests. The thermal
Step-by-step developments have been carried out in NIE@ntractions of an YBCO bulk and GFRPs with different glass

as an collaboration with universities and laboratories mostpntents are listed in Table I. For the prototype-I, we used 85%

for Kyushu University. As a preliminary experiment to studglass content GFRP laminated¥ndirection whereas &'-axis

the feasibility of YBCO bulk for the HTS current feedthroughof YBCO was oriented irZ direction as shown in Fig. 1. After

high current transport tests have been conducted with small “Hre cool down from 300 K to 4.4 K, the YBCO bulk undertook

shaped samples (40 mm wide, 50 mm long, 7 mm thick, affde compressive force iX andY” directions, but it undertook

cross-section of “-” part is7Tmm 7 mm) [2] The samp|es suc- the tensile force it¥ direction. Because the YBCO in the direc-

cessfully carried current up to 25 kA at 4.2 K and demonstraté@n of C-axis easily comes off in thin sheets like mica, it was

a high current transport potential of the YBCO bulk. Accordingiechanically broken with the tensile forcezndirection.

to the feasibility study, we have tested four kinds of prototype

HTS current feedthroughs described below. C. Prototype-lI

To adjust the difference of the thermal contractions, the pro-
totype-Il was made with 75% glass content GFRP laminated in
Fig. 1 shows the first prototype HTS current feedthrougl¥ direction. During cool down, the YBCO bulk undertook the

prototype-I, which was designed for the large pressurized Heelbmpressive force in all directions. Fig. 3 shows the prototype-I
test cryostat in the cryogenic laboratory of NIFS. A pair of thelTS current feedthrough, in which only one YBCO bulk same
large “H” shaped YBCO bulk conductors (60 mm wide, 140 mraize as that of the prototype-l was embedded in a GFRP center
long, 10 mm thick, and cross-section of the straight part “-” iglug in order to reduce a risk and simplify the test. A current re-
10 mmx 10 mm), which were specially manufactured for thisurning circuit was made by NbTi/Cu compacted-strand cables
application, was embedded in a GFRP center plug okthkate. penetrating\-plate. The prototype-ll was cooled successfully
Both sides of “H” shaped sample were soldered to copper elés-1.8 K without a mechanical damage in the bulk. The proto-
trodes. One pair of the electrodes was 4.4 K terminals (uppgpe-Il could be passed by a current up to 500 A. Then a pulse
side) and the other pair was 1.8 K terminals (lower side). A paiurrent of 5-10 kA suddenly flowed due to the misoperation of
of 1.8 K terminals was electrically shorted with NbTi/Cu coma power supply and it broke the bulk electrically. Fig. 4 shows
pacted strand cables for large current transport tests. During cth@t there was no damage of the bulk embedded in the GFRP but
down from 300 K to 1.8 K, however, one of the YBCO bulkst was melting in the place just out of the GFRP. Since the time
broke mechanically due to the difference of thermal contractievidth of the pulse current was less than 1 ms, it was suspected
between YBCO and GFRP. The other bulk also broke duritigat the bulk melted, because a defect existed in the bulk from
warm up. Fig. 2 shows the photograph in which we cut the prthe beginning.

B. Prototype-l HTS Current Feedthrough
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Fig. 4. Photographs of the broken YBCO conductors cut from the Prototype- »= #
HTS current feedthrough.
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Fig. 6. Map of magnetization in the YBCO bulk to detect internal defects.
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i@ joint between an YBCO and a Cu electrode. The purpose of
= the prototype-1V was to check the inspection method and the
1 ?‘ manufacturing process. For it a small rectangular YBCO bulk

J % (40 mm wide, 50 mm long and 7 mm thick) was used. In order
I

GFR

! to study the affection from the difference of thermal contrac-
o tion between GFRP and YBCO step by step, in Prototype-1V,
&

the bulk was not embedded into a GFRP. The phosphor copper
Lower Cu electrodeﬁk plates of 3 mm thickness which serve both an electric by-pass
= and mechanical reinforcement have been arranged on both sides
NbTi/Cu of the bulk, and they were fixed to the upper and lower copper
compacted-strand cable electrodes. Cooling and current transport tests were conducted
= using the He I cryostat.

= Fig. 6 shows the inspection result of the internal defect by the
magnetizing process, which has been developed by the Nippon

Fig. 5. Schematic drawing of the HTS current feedthrough: Prototype-IV. Steel Co. The magnetic field is first applied to the bulk by a
magnet at the room temperature, and the magnetic field is low-

D. Prototype-III ered after cooling the bulk by liquid nitrogen. By measuring a
. syrface magnetic field with a Hall probe, the map of the trapped

The proto_type-III had the_ same dg5|gn asthe prototype-ll a%ﬁx densitygin the bulk can be ob‘t)ained, which Fc):larifies arﬁni)n-
was tested in the normal liquid helium (He 1) cryostat InSteaternal defect. As shown in Fig. 6, magnetic flux was distributed

ngtlg dﬂﬁ;:ecgﬁlsﬁ;ecﬁgﬁgt tsrir:i?g;i e)r(ggﬂglem: Zvuerrrz:tol 1 a smooth shape like a pyramid, and it has checked that inter-
9 P 9 Y- ally there was no defect.

1 kA was reached successfully, atthe current transport of 1.4 k The prototype-IV was tested successfully in the trapezoidal

the bulk broke electrically. wave current transport test up to 17.5 kA as shown in Fig. 7.
It was estimated that the cause of bulk fractures for the PrB'uring the test of 20 kA, the NbTi/Cu compacted-strand cables
totype-l and Il was a defect inside the bulk from the beglnv'vhich were connecting the HTS current feedthrough and the

hing, which was not found by. the |nspect|on.from the surfacgiaqventional current lead, quenched at 19.6 kA, and it resulted
It becomes clear that establishment of an inspection methlﬂ

: S . d’;\thermal run away. In Fig. 7, no normal voltage was observed
for internal defect is indispensable to manufacture aIarge-smI% the HTS bulk section. and there was no abnormality from
YBCO bulk for the HTS current feedthrough. ' Y

the inspection after the warm up, either. The joint voltage did
not have a difference between up-and-down connections, and
it was confirmed that the solder joints were made under high
The prototype-IV was manufactured from a bulk showing nguality control. The joint resistances are plotted as a function of
defectinside by the magnetizing process before assembling. The transport current in Fig. 8. They increased with the current
component of Prototype-1V is shown in Fig. 5. The shape afnd then reached constant values; 35ar the upper joint and
the bulk was changed from the “H” type to the simple rectar$.1 .2 for the lower joint. The heat load from the joint resistance
gular type to increase the mechanical strength. The increasaesaibout 1 W per joint at the transport current of 17.3 kA, which
heat leak is negligible comparing to the heat generated at saisfies the requirement.

il

E. Prototype-IV
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with FZK. The performance tests were successfully carried out

E'L'| —
_ e and it demonstrated high potential of a HTS current lead using
o« Ag/Au stabilized Bi-2223 tapes [3], [4].
- 10 Bi-2212 bulk fabricated by the diffusion process is expected
= . .
B s as an alternative material for HTS current leads. Development
a researches, such as large-current-transport experiment of this
i : . material and evaluation of mechanical property, are performed.
o 100 E,:'.;, 50 500 EOO ~.:',_-, The design study of a prototype HTS current lead, with mechan-
519 ical reinforcement and current by-pass circuit, will be carried
0 Tl ey fiy ) s - out [5], [6]
2 ] A HTSV ieh I
E- -10 4 HTS-V right IV. HTS MAGNETIC-LEVITATION CoIL
-15 - . .
= :1:-r 1 The plasma experiment apparatus S-RT (Superconducting
5 4 Ring Trap) is planned for the purpose of high beta plasma con-
5+ - J T - 1 finement research in the University of Tokyo. As a preceding
o 100 Fina] e n i hUO B0 o]

Fig. 7. \oltage drops in HTS part at the surfaces of left and right.

step, Mini-RT, which is the size reduction version of S-RT,
is under construction in collaboration with NIFS and Kyushu
University. In this experiment a magnetic-levitation coil op-
erated in persistent-current mode has to levitate for 8 hours

e | without a feed of refrigerant. In the plasma vacuum vessel with
35 . & i 1000 mm bore, the magnetic-levitation coil with diameter of
! L] 300 mm is dominated by the levitation coil installed at the top
A " i [ | of the vacuum vessel, and a position control is carried out. The
= | coil winding has 435 turns of a Bi2223 tape wound on the brass
L a5l i bobbin furnished with the cooling pipe for indirect cooling. Itis
E | installed with the radiation shield into the coil vacuum vessel.
S =0 i [ ' AL Joint_up Since a feed of refrigerant to the coil is impossible during
o 7 the plasma experiment, the coil is designed so that the coill

1.5+ l'

R_Joint_down

o 2 4 &

1

Isample (KA)

Fig. 8. Joint resistances of the prototype-IV HTS current feedthrough.

F. Results of Prototype Experiments and a Future Program

The effectiveness of the inspecting process to check an
ternal defect, before assembling the current feedthrough, h
been shown by doing the magnetization measurement of

14

16 18

temperature rise after 8 hours levitation is less than 40 K with
the specific heat of the coil and radiation shield. Therefore the
heat loads to the coil and radiation shield are severely limited
to 0.2 W and 0.78 W, respectively. After the end of the daily
plasma experiment, the coil is taken down to the maintenance
location at the bottom of the plasma vacuum vessel, and the coil
is re-cooled to 20 K. In order to arrange the persistent current
switch (PCS), the connectors for the detachable current leads
and the check valves for the transfer lines, etc., we have to start
with development of each component which is much smaller
{an the conventional one because the space in the coil vacuum
Tsel is strictly restricted. After the extensive design works, a
fi scale model for the HTS PCS has been successfully tested

YBCO bulk at LN, temperature. As a next step of experimen ]
the YBCO bulk which was used for prototype-1V is embedded
into a GFRP, and same cooling and current-transport experi-

ments are being conducted (prototype-V). Subsequently, a new
prototype HTS current feedthrough, which uses two large-sized
YBCO bulks of the thin strip shape with a width of 30 mm, ar‘e
length of 140 mm, and a thickness of 10 mm to improve reli?é
bility, are planned to be manufactured and high current-transpor

tests in He | and He Il will be carried out.

Ill. HTS CURRENT LEAD

V. SUMMARY

As a development program of the 20 kA HTS current
edthrough from 4.4 K to 1.8 K, four types of HTS current
dthroughs have been tested to evaluate their current transport
capability in He Il and He | cooling condition. During cool
down from 300 K to 1.8 K, the YBCO bulks of prototype-I
broke mechanically due to the difference of thermal contraction
between YBCO and GFRP. The prototype-ll and Il broke

The development of HTS current leads is progressing éfectrically due to a defect inside the bulk, which was not found

the framework of the LHD International Mutual Experimenby the inspection from the surface. In tests of the prototype-1V,
(LIME) with international universities and laboratories. A joineffectiveness of the inspecting process to check an internal
experiment of a 20 kA HTS current lead developed by thdefect, before assembling, has been shown by doing the mag-
Forschungszentrum Karlsruhe (FZK) was conducted in NIR&tization measurement of the YBCO bulk atd témperature.
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As a development of the HTS current lead, large-current-
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