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Abstract

AU ANEREEE I LT @i s - REFRE SR O 2 eI BT D
Studies on Stability of Large-Current Stacked-Type High-Temperature Superconductor
Applicable to the Helical Fusion Reactor

Superconducting magnets are indispensable elements for magnetic confinement fusion reactors.
They have been used for the existing fusion plasma experimental devices, such as the Large Helical
Device (LHD) of National Institute for Fusion Science (NIFS), JT-60SA, EAST, KSTAR, W7-X and
ITER. These contribute greatly to the fusion-relevant plasma experiments. In large superconducting
magnets used in these experimental devices, superconductors of metal alloys and/or intermetallic
compounds, such as NbTi and/or Nbs3Sn, respectively, are used. They are -called the
Low-Temperature Superconductors (LTS), and can be used only at the liquid helium temperature of
~4 K. Meanwhile, the High-Temperature Superconductors (HTS), such as BSCCO and REBCO,
have critical temperatures (>90 K) much higher than those of LTS, and thus, many studies on the
applications using the HTS, such as for electric power cables, motors, medical accelerators, have
been actively conducted in recent years. The HTS is a superconductor discovered in 1986, and
industrialization of wire production was begun around 2000. The improvement of wire performance
in recent years has been remarkable. In the field of nuclear fusion science, the HTS has not yet been
employed in large magnets, however, proposals, designs and tests of the prototype HTS conductors
are now being promoted in Japan, the United States, Europe and China. The advantages of using the
HTS for large magnets are summarized as follows: (1) Since the critical current is large up to a high
magnetic field, it is possible to supply high current density in the reactor by increasing the magnetic
field, (2) since the critical temperature and the cryogenic stability are high, the quench risk can be
reduced, (3) since the critical temperature is high, it is possible to set the operation temperature high
(~20 K). Among them, (3) gives resultantly another important merit that a large heat load is
acceptable in the magnet. This admits large nuclear heating (with a thin shielding blanket) and/or
having a number of joints within the winding.

At NIFS, the conceptual design of the helical nuclear fusion reactor FFHR-d1 is currently
proceeding. For the helical coils of FFHR-d1, a superconducting conductor having the rated current
of 100 kA at the maximum experiential magnetic field of 12 T is required. Three conductor options,
forced-cooling LTS conductor, indirect-cooling LTS conductor and HTS conductor, have been
proposed. In this thesis research, the HTS stacked-type conductor is studied, especially focusing on
its cryogenic stability.

Generally, in the case of a large current LTS conductor, several tens to thousands of ultrafine



multifilamentary wires, having a diameter of ~1 mm, are twisted together and spatially transposed.
As a result, the AC losses and magnetic shielding currents are reduced, and the occurrence of current
drift, due to the change of non-uniform current distributions, in the conductor is suppressed.
Especially in a tokamak-type fusion reactor, which performs pulsed operations at the time of starting
up the plasma current, twisting and transposition between the conductor strands are indispensable for
this purpose. The HTS conductor structure presently proposed in Europe and in the United States
basically have twisting and transposition, such as seen in the Roebel-assembled conductor developed
at Karlsruhe Institute of Technology, Twist-Stacked Tape Cable (TSTC) conductor at Massachusetts
Institute of Technology and Conductor on Round Core (CORC) conductor at Advanced Conductor
Technologies. The HTS wire is difficult to make a round strand, and it is often a tape structure with a
rectangular cross-section. If such tapes are pseudo twisted and transposed, the structure becomes
complicated, so that not only the manufacturing cost increases but also the mechanical strength
weakens. On the contrary, the HTS conductor proposed for the helical coils of FFHR-d1 is a
simply-stacked conductor without twisting nor transposing of tapes. This is a structure selected
based on the idea of utilizing the both facts that (1) the helical coils are basically DC operated and
(2) formation of non-uniform current distribution at the time of coil excitation can be tolerated by
essentially high cryogenic stability of the HTS. As a result, this conductor is mechanically strong due
to its simple structure without having voids and the production cost must become relatively low.
Based on these advantages, this conductor is named Stacked Tape Assembled in Rigid Structure
(STARS) conductor. Despite these merits, however, there remains a concern that an instability still
occurs due to formation of non-uniform current distribution, and thus, it is necessary to investigate
the stability issue in detail. Previous studies have confirmed that it is possible to conduct stable
excitation of this type of conductor by testing the 10-kA-class samples. The present thesis research
aims to give clearer and more quantitative guidance on the stability issues of the HTS STARS
conductor.

In order to confirm that the HTS STARS conductor has high cryogenic stability even at a higher
operation current, we conducted a large-current (>10 kA) short-sample conductor excitation tests.
Normally, to supply a current of 100 kA to a conductor, a DC power source with this magnitude is
required, but since it is not available at the NIFS facility, an inductive charging method was
employed; the external magnetic field was changed to induce an electric current in the sample
conductor. For this purpose, it was necessary to make the sample into a short-circuited coil shape, by
providing a connecting portion. To fabricate such a sample and verify that large current can be
conducted, a sample conductor of 30 kA class was manufactured and tested. For this sample, 20 (2
rows x 10 layers) of GdBCO tapes (produced by Fujikura Ltd., width: 10 mm, thickness: 0.22 mm,
critical current: ~600 A at 77 K, self-field) were stacked in a copper jacket and a rigid structure was

formed by the surrounding stainless steel jacket. The conductor was also covered with a GFRP jacket



for thermal insulation, and the temperature was controlled using a heater attached to the outer
surface of the stainless steel jacket. A conductor sample was made into a short-circuited coil in a
racetrack shape, and it was immersed in liquid helium in the NIFS superconductor testing facility. A
sample current was induced by changing the external magnetic field supplied by the 9 T split coil.
The mechanical lap joint developed and fabricated by the Department of Quantum Science and
Energy Engineering, Graduate School of Engineering, Tohoku University, was employed as the
connection part. As a result of the tests, it was confirmed that excitation can be performed
successfully to the critical current values without observing an occurrence of premature quenching
even when high-speed excitation of 1 kA/s ramp-up rate was performed. This was confirmed by
observing that the voltage measured on the conductor smoothly rises as the current rises, which
indicates that the magnetic flux flow region appears. Through this test, we were able to measure the
critical current at various temperatures and magnetic fields (for example, 45 kA at 20 K temperature,
and 6 T magnetic field). As a result, it was judged that the sample production as well as excitation
method was established and we were then shifted to the 100 kA excitation test.

The differences between the 30-kA-class conductor sample and the 100-kA-class conductor sample
were that (1) the number of GdBCO tapes was increased from 20 to 54 (3 rows X 18 layers), (2) the
supporting structure was reinforced to withstand the increased electromagnetic forces, (3) the
mechanical lap joint structure was also strengthened. Other features were the same as those of the
30-kA-class conductor samples. As a result of the excitation test of the 100-kA-class conductor
sample, it was confirmed that excitation was successfully performed up to the critical current value
of the conductor without causing a premature quenching even at a fast excitation of ~1 kA/s. We also
succeeded in supplying a current of 100 kA at a temperature of 20 K and a magnetic field of 5.3 T.
The maximum current reached 120 kA at 4.4 K. A 100-kA current was stably maintained for an hour
also at 4.4 K.

The critical current measured in these experiments was examined by numerical analysis. In this
analysis, the critical current value of the conductor sample was evaluated based on the critical
current characteristics of the single HTS tape, depending on the temperature, magnetic field strength
and magnetic field orientation. The critical current of the whole conductor was obtained by
self-consistently calculating the self-magnetic field distribution and current distribution among the
HTS tapes in the conductor cross-section using an iteration method. Since the numerically obtained
value gives relatively good agreement with the experimentally measured value, we consider that the
conductor sample did not cause premature quenching and could stably induce current up to the
critical current value of the whole conductor, despite the fact that a non-uniform current distribution
may have been formed among the HTS tapes according to the calculation.

In order to further clarify the cryogenic stability of the HTS STARS conductor, analysis is being

carried out to explain the excitation waveforms obtained in the sample conductor test as a whole.



Particularly, in the test of the 30-kA-class conductor sample, when the transport current exceeded the
critical current, there were both cases when quenching occurred and not occurred. The presence or
absence of quenching is considered to be determined by the balance between heat generation and
cooling (by thermal conduction) of the conductor. In order to investigate this in detail, a coupled
analysis code of heat transfer and electromagnetic circuit was originally prepared, and an analysis
was conducted to reproduce the excitation waveform obtained in the experiment. In this analysis, the
thermal diffusion equation is used as the governing equation, and the heat generation term includes
the magnetic flux flow characteristics of the superconducting tape and Joule heating in the
stabilizing copper jacket. The calculation method used for the analysis is the finite element method
(FEM), which is suitable for expansion from one dimension to two dimension. Prior to the
simulation of the excitation analysis of the conductor experiments, the code was applied also to the
hot-spot temperature analysis in the quench protection process of the HTS conductor expected for
the FFHR-d1 helical coils. After performing sufficient verifications of the developed FEM code,
analysis is conducted to reproduce the excitation current waveform obtained in the experiment, and
to proceed further development of the code itself to be expanded to two dimension. This makes it
possible to finally give clear guidance to the cryogenic stability understanding of the HTS STARS

conductor.
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Fig. 1.1.2 Large Helical Device [1.2]
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Fig. 1.2.1 Structure of the conductor of helical coils of the LHD. Cross-sectional photos of (a) a
NbTi wire and (b) the conductor of helical coils of the LHD. NbTi wires shaped the Rutherford-type

cable in (c) are packed into a copper jacket of the conductor.
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Fig. 1.2.2 Structure of the conductor of the toroidal field coils of the ITER [1.5].
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Fig. 1.2.4 Measurement of the current sharing temperature of the ITER PF Conductor Insert at (a) 6
kA, 5.9 T and (b) 55kA, 5.15T.
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Fig. 1.3.1 Structure of REBCO [1.8]
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(a) (b)
Fig. 1.3.2 HTS twisted stacked-tape cable (TSTC) developed by the Massachusetts Institute of

Technology.

Al o Cu spacer [or wires

(a) (b) (c)
Fig. 1.3.3 Conductors based on the concept of TSTC

(a) (b)
Fig. 1.3.4 HTS Roebel cable developed by Karlsruhe Institute of Technology

(a) (b)
Fig. 1.3.5 HTS conductor on round core (CORC) cable developed by Advanced Conductor

Technologies.
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Fig. 1.3.6 Simply stacked HTS conductor.

A~

Fig. 1.3.7 Remountable HTS helical coil [1.19].
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Fig. 1.3.8 Segmented HTS helical coil [1.20].
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62 mm

l |
\ \(f_ _--‘{(.l'

Copper Insulation

Stainless-steal (or Aluminum-alloy)

(a) Picture of the mockup (b) Cross-sectional image

Fig. 1.3.10 Cross-sectional image of a 100 kA-class HTS conductor.

Table 1.3.1 Specification of the 100 kA-class HTS conductor.

Operation current 94 kA
Maximum field 12T
Operation temperature 20K
Current density 24.5 A/mm?
Number of HTS tapes 40
Cabling method Simple stacking
Insulation Internal insulation
Superconducting material YBCO
Width of HTS tape 15 mm
Critical current of a tape >1000 A@77 K, self-field
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Fig. 1.3.10 Schematic illustration of the joint-winding method proposed for the FFHR-d1 helical

coils.

Fig. 1.3.11 Schematic illustration of the joint-winding method proposed for the FFHR-d1 helical

coils.
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Fig. 2.2.1 Schematic images of (a) the cross-sectional and (b) overall view of the 30 kA-class HTS

conductor sample.
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Fig. 2.2.2 (a) Photo and (b) schematic image of the 30 kA-class HTS conductor sample.
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Fig. 2.2.4 Photos of the joint structure (a) before and (b) after setting the upper copper jacket.
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Fig. 2.2.5 Locations of the diagnostic sensors attached on the 30 kA-class HTS conductor sample.
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Fig. 2.2.6 Cernox

Fig. 2.2.7 Voltage taps

Fig. 2.2.8 Stainless-steel heater covered by Capton tapes.
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Fig. 2.2.9 The Rogowski coil

Table 2.2.1 Specification of the Rogowski coils

Rogowski coil #1 Rogowski coil #2
Number of turns 2909 2886
Length (m) 0.97 0.97
Minor radius (mm) 6.51 6.51

Fig. 2.2.10 Experimental setup of the calibration test of the coil
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Fig. 2.2.11 Waveforms of the measured current in the ramp-rate of (a) 25 A/s, (b) 50 A/s and (c) 100
A/s in the calibration tests. A plot (d) shows the magnification of the 3rd energizing of the plot (c).

Table 2.2.2 Calibration coefficient of the coil

k1 k2

25 A/sec 1.10 1.08

50 A/sec 1.12 1.09

1 1.10 1.08

100 A/sec 2nd 1.11 1.08
3rd 1.12 1.09

Average 1.11 1.08
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Hall probe

Fig. 2.2.12 Locations of the Hall probes.
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Fig. 2.2.14 (a) Waveforms of the sample current and the bias magnetic field at 20 K. (b) V-I

characteristics of the excitation result. The critical current is 45.3 kA using a 1pV/cm criterion.
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Fig. 2.2.16 Critical current measurement with waveform of the sample current of the continuous
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Fig. 2.2.17 Sample current and bias magnetic field as a function of the time.
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Fig. 2.2.18 Waveforms of the sample current evaluated by each Hall probes at each location.
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Fig. 2.3.1 Cross-sectional image of the 100-kA-class conductor sample.
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A H T B 23K 2 um, HEGERPUZ 050Q THD, 1m B2 DA L Z T B R L
BHUC L 2EEIT B EE % 1 kA/s BEEIAE 100 kA &35 & ZENE 0.7 mV,
0.017mV &720  ZOHITKI 40 THDH, —F, FFHR-dAl ~V v aAf Ll 7ay 7 DRE
135K 4800 m, H A > & 7 & 2 A13K 30 mH, B HTIiL 160 nQ Th 5, JelF & & RIS
Im B DA E T B2 A EBERIEIUC L HEIEIL, ~V v aA LOhblgs 2.8 KT
179 LMRE LT L S OEFRLIEEE 10 Als, BEEFZ 100 kA &35 L. £0.06 mV,
0.003 mV &720 . ZOHIFMN2 THDH, ZOfEIE 100 kA KV T LD & A —F —T
—HLTEBY, MERRBREORKEZELD EEZXLND, Thbb, ERY 7 LTI
WO EIGEEE TR 2 ik, EEOANY DL af VTHERLESA 2R CTX -
LEZLND,
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Fig. 2.3.2 (a) Waveforms of the sample current and the bias magnetic field at 20 K. V-I

characteristics of the excitation result at (b) the continuous part and (c) the joint part.
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Fig. 2.3.3 Waveforms of the sample current and the bias magnetic field at 4.2 K.
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Fig. 2.3.4 Stable sample conductor current of 100 kA sustained for 1 h at 4.2 K.
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Fig. 2.3.6 Critical current measurement as a function of the bias magnetic field.

Table 2.3.1
100 kA-class sample 1 block of helical coil of FFHR-d1
Length ~3m ~4800 m
) ~30 mH (excluding mutual inductance with
L (self-inductance) ~2 uH
other blocks)
Joint Resistance 0.5 nQ @1 joint 160 nQ @160 joints
~0.06 mV @10 A/s
L dl/dt for 1 m ~0.7 mV@]1 kA/s
~0.03 mV @5 A/s
RIfor 1 m ~0.017 mV@100 kA ~0.003 mV @100 kA
Ratio between L dl/dt ~20 @10 A/s (2.8 h excitation)
~40 @1 kA/s o
& RI ~10 @5 A/s (5.6 h excitation)
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ARFETIX, HTS FEEARNLEICKEMBELZITZH Z L 2R 72DIZ, 100 kA % HTS 74
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(LB FR R EETE & Y o TV ORUE R IEAREET D 72DIZ, £77 30 kA #k HTS 8
Eﬁfwﬁ%ﬁi@%@ R E(To72, ZOME., Bl :/%%t;¢: &7 ERLEN E
THEBEL, WEFEEERECHERN D LRI N,
3%Aﬁ%%ﬁ%@ﬁ%%xTTJNWA&%%@@W&ﬁ%%ﬁOt%%JmﬁMK\
W35 5T IZT 100 kA OFEIEA T Z ST I Lz, £72, IRE 4.2 K, #45 0.5T 12T 118 kA
OFEMZWT Z LN TEI=, NZ T, SNBSS OZLZFHEST 5 2 & T, 100 kA DOFENE 1
L EICEET S22 EICblIh Lz, &5ic, UFOZ ERENTz,

(1) ~1KkA/s LW EWVERIRSIEEICB W TS, B 7 oo F 2242 &< iR
B E TRIZE LS,

(2) HEHRSOBWEREEIZX A8 OBILITH 7203, BUS T 72 EICERT 52 E(L
J& D FIBEZ K D DB T2 o T,

Flo. WICTGT o4 &7 &0 A LEGIRHUC X D BEDHIZOWT, 100 kA Hik
PN E FFHR-dl ~U v aA v (1 7wy 7)) THEZITH 2 & T, RlBrRo 247
ZREEL7=, ZOREF. 100 kA ERY > 7L TIERWVGEE TRBR+5 Z &ick v, #
BEONY BNV af VTR LIS G R cEX - E 16N 5,
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3.1 &

TR DA L 5 7 5 o ZADER0IRGT, A — e BiRilic k> THEL D, #2
FCRE LT 30 kA % + 100 KA HEERITE ORISR (~1 kA/s) ICXDmnA w27
S ABERLESRIZE D@ WEMIRFTEEO O ITRIREZE LT VWEEZLLND, L
ML, ZNOOEKIIFRM 7 2o FEREZ T ER<HERAERE CREELL, ZAUIBLT
DEIITHIATE 5, BRIZIENDERBHEIML T & RIS K > T—E OB A E
PEESEIICET D, AEREZEZ THAL 5 &7 2 EMITEE A ERICEZE L TWH72wn
FRAZHRRE L, HefldRdtl LJZO’C‘/:L“—/V%E&?—%) BETIE HTS O @ W s EIZ ENEIC L -
TEDOHNIM A, 7= FETICHEAERCEZE LB 00D, £ 2 THRIMMOE
VRERTEAS A b— R 2T e & RE L?’:?ﬂlEEJFE—%Tﬂ/%i’C BROERSEREZF R L,

ARETITET., 30 kA FEROEERETRMTIZON TR D, £ 2 TIHTroET AT
T Y XA B RO ETERE T /M OWTHB L, T ofE R & R0 iE R %
BT 5, 100 KA BEERIZ DWW T SRR, ENTET M OW TR~ 7%, TRE R & 3
BRAE RO 21T 9,
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3.2 30 kA HREARDEEREREH

321 MBIETIL
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L, A7V hag e XML e — 2> T EA LIZRER R E 720,
HROERERITZ Z CHREIND EEZEX NGO THDL, L—A N7 v 7 ERKHEIZ
%LU CFig. 321 OXIICHEEZE Y MM 1F110BOKRE 1 DOEKRE L THRL, T
ZHL500 DEFE (T7ebb, 500 DL—A T v 7 HER) ICHEILE, 1 DOERNTENR
SAE—E L Lic, FERITHWOERME L G2, £ OEMIED & 18 o H R (2
B M I EE /25y (Fig. 3.2.1 (281 5 x fil 5 M y) ORGREZRDT-, ZD
B, EROPLREMGOESAE L, FEROBERMELY . 4= L OERINGR
Wiz, FHESNREERE L T OFMAEN S K ERICB T D BRERMEE RO, £
FIZHRWT, BRMESERERMELY KE VWL X, ZOERIFERICELL AR L,
B U IE L ER OB & BB L O2ESOEFT, BARICE L TWOARWERICE
Bl L7, EROBERMEABEFERMEL D /NS NE & ZOEFEITH D ERLH+ 5
BLLEERENOA— =T a— LEREZMA, BE, MGREOHEND ZoilE%
VIR L TS, BEHNCT R TOEENREEICE L & & 0K BEROENETMEOGF
Z 2 DERY TNV AEROREREE Lic, ZoEf#fr2— RO 7 e —F ¥ — % Fig.
322177,

FEMT DB BT 72 2 B4 Dl S BT RE SRR Grilli HIZ K » TREINTWDHET L
R LZ[3.1], ZORE=ZE VTR,

Jco

b
(1 + J(kB)? + BJ_Z/BC)

Je(By, BL) =

Z ZC, JC ISR, Bl B LIXE NI K765 & BB e Th b,
F72. Joo, Bo, bk 13T AKX —Thn, ZNHDONRTAZ—XT7 V7 TnbigfhE it
M O REREEDT — 2 MO HE Lz, Z Ol A FV TR L7 b AR O B RS
TR RFE 2 Fig. 3.2.3 1R T, ()IXIEED 20, 40, 65K O & & QR EIROMGHAFIET
BD, FERIIHEDSEME I ATICHIME N2 5E ., BRIEEOBA TH D, (b)TIRE
42K TG 5, 10, 15T O & & O EROBEGHINA B Th 5, B o
x| BAERIIRbELS R, BEICRDICONTRAMIZIK T 5,
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Fig. 3.2.1 Model of the numerical analysis of a 30 kA-class HTS conductor.
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Fig. 3.2.3 Critical current characteristics of GABCO tapes with 10 mm in width as a function of (a)
magnetic field and (b) angle of applied field.
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Fig. 3.2.4 Critical current of the experimental results and the numerical results as a function of the
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Fig. 3.3.1 Model of the numerical analysis of 100 kA-class HTS conductor.
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Fig. 3.3.2 Critical current of the experimental results and the numerical results as a function of the

bias magnetic field.
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Fig. 4.1.1 Waveforms of the sample current and the bias magnetic field at 20 K in 30-kA-class

sample. Enlarged waveforms at quench are shown in (b).
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Fig. 4.1.2 Waveforms of the sample current and the bias magnetic field at 4.2 K in 30-kA-class

sample. Enlarged waveforms at quench are shown in (b).
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Fig. 4.1.5 Analytical and numerical solutions of nonlinear and nonstationary analysis.
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Fig. 4.1.8 Equivalent electric circuit to analyze the experimental results obtained in the 30-kA-class

HTS STARS conductor test.
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Fig. 4.1.9 Comparison between the experimentally observed waveform and that obtained by

numerical simulation.
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Fig. A.1.2 100 kA-class HTS conductor for helical coils of FFHR-d1
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Fig. A.1.2 One-dimensional FEM calculations for temporal evolutions of (a) the temperature, current,
and voltage and (b) temperature distributions of the HTS STARS conductor. It is assumed that the
electrical insulation gives perfect thermal insulation and the stainless steel jacket is not included. The

discharge time constant is 15 s. A disturbance energy of 1.8 kJ is injected.
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Fig. A.1.3 One-dimensional FEM calculations for temporal evolutions of (a) the temperature, current,
and voltage and (b) temperature distributions of the HTS STARS conductor. It is assumed that the
electrical insulation gives perfect thermal insulation and the stainless steel jacket is not included. The

discharge time constant is 15 s. A disturbance energy of 1.8 kJ is injected.
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(a) SS jacket included
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Fig. 6.1.2 One-dimensional FEM calculations for temporal evolutions of the temperature,
current, and voltage of the HTS STARS conductor. Both the copper stabilizer and stainless steel
jacket are included in (a) on the assumption that the electrical insulation between them does not
work as thermal insulation. The discharge time constant is 30 s. In (b), it is assumed that the
electrical insulation gives perfect thermal insulation and the stainless steel jacket is not included.
The discharge time constant is 15 s. A disturbance energy of 1.8 kJ and 1.7 kJ are injected for
(a) and (b), respectively.
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Fig. 6.1.3 One-dimensional FEM calculation results for temporal evolutions of the temperature,
current, and voltage of the HTS STARS conductor. Both the copper stabilizer and stainless steel
jacket are included in (a) on the assumption that the electrical insulation between them does not
work as thermal insulation. The discharge time constant is 30 s. In (b), it is assumed that the
electrical insulation gives perfect thermal insulation and the stainless steel jacket is not included.

The discharge time constant is 15 s. A disturbance energy of 1.8 kJ is assumed to be injected for

both cases.
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BIE Tk _7- X 92  HTS 73 3 v ORI O — o1 T8R4 LT~ b a A LAl
BT 22 iz b, AFFECIRET., AT —ZINELZHME LT, AT v 78 LT
HTS #4f B OBk 2 e L7z,

A21 EEHUTIL
Z OFEBRCTH = HTS #4413 American Superconductor (AMSC) #E#»d YBCO 7—7
B Td %5, Table 2.1.1 ([T OfEER A5, Fig. 2.1.1 (a) (ZHM ORERL & &8 DJE I
BT, BMITEWEENRSE (Ni-5%W alloy) @ k2, #WFRE (Y203, YSZ, CeO,) ., #
FEE (YBaxCuiOx) . PRi#/E (Ag) 238 S-S ZFFD, Fig 2.1.1 (b) ([ZHH W
M %&Rd, B OmEICITRELEE LTRT I x— M, FHa—7 1 7S
nNTW5,
Z O Z YBCO I LR MEA D> X HIC7 Y v P Lz (Fig.2.1.2), 7'V v P8
EEROE ST 40mm, 7 v TERHOESIZZNZEN 20 mm TH 5, #ERHITITE &
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6 x4 DEIGTEEND 64 FHER W=, £, BEY v 7@ (Tap A) &
BEfett (Tap B) (24 v ZWEEEE 50 mm THY 1172, 27z 4 >8UEL, %
N NBSHRETIE 21T > 72,

Table 2.1.1 Specifications of the YBCO coated conductor

Manufacture American Superconductor
Width / Thickness 4.35 mm/ 0.2 mm
Minimum Critical Current 70A (77K, self-field, 1uV/cm)

Ag (~1 pm)

YBa,Cu,0;, (~1 pm)

CeO, (~75 nm)

YSZ (=75 nm)
Y,0, (~76 nm)

Metal alloy substrate
(50 - 75 um)

(a) (b)
Fig. 2.1.1 (a) Structure and (b) cross-section of an YBCO coated conductor manufactured by AMSC
[2.1].

(a)
40 mm YBCO side
L a
YBCO tape é' : v—=/ —Substrate side
Soldering A | &
- ] j
Tap B Tap A
(b)

Fig. 2.1.2 (a) Schematic image of a single-tape joint with two overlapped YBCO tapes and (b) its
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photograph.
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AT L AMOE G WEE AL, REEHE (77K ZENTHAIL TiTo 7,

A23 EEBRHERLER

FERAER D 1 B% Fig. 2.1.3 12T, ZOWE, JE S B RPIE 128.8nQ T, ##
FEHRHT & HEfi i & OFE Ch D HEFHERIUR (=M OE S 25 ATZHEGTER) 13 5.54 pQm?
Thote, £z, BRAEMIZT100.5A ThoT-,

BUE LT 4 SOV T OHEGHRHTE 98.7 ~ 191.1 nQ  (BEGHEHTIR : 4.25 ~ 8.21 pQm?)
Thole, ZTOEFXLHOEDOFRERDOOE DT, BHOBEOFHORIZEIDZ D THL LE
oD, VU T NOERRIZ TR EH AT 7o 7 &2 5 Tl 7L Tl
FEOHFH, DFEVLHOENL VT D NEEEGIRTIEZ R Lic, 207, ERAI725Hb
IFAT > TRV, #ERHRIIOIE S ST X RICEHORICE 2D THDL EEXLND,
B O 6 S EX 4 pQm? P EHOATHELND LT 5 & ZDREX1E4 0.13 mm
EIRENW, BERIEPIOIRE L X IO RIS TR B O TS > & 0B
DEOBIZ L DM OB b B LI EEZ DD,
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Fig. 2.1.3 Example of the V-I characteristics of a single-tape joint sample.
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A3 EIREBRERM BEROEGEROREKREFEERIESER

ATHT TR A~ 7B R O BEFHRPUTIRIAZE TR 77 K TITbivlz, FEEO~ 7Ry MIBT
DEREE2D L, HREEICES T 2R EZHE L T LERDH D, £, KO
BERGEEZRSGL TR ZEIAEHATHLIZ D, UTOX b7 rE2HWT,
HTS #44 Hifg T ORI ERBR 21T 2 ORERFNEE T~

A31 ZEEH 2T

Z DFEBRTHN = HTS #4413 Fujikura #1540 GABCO ##44 T 5, & DA% % Table 2.2.1
2R, M 1 AMSC fHBL D & @ & [FIER I i@ (Hastelloy) . H[HJE (ALOs, Y203, MgO,
Ce0,), MI=HEE (GdBaCusOy) . Hi#fE (Ag). ZEE (Cu) MEEK D2, FEIINIC
AT LI, ATV DAMER DT NES, £z, BEIMEDIED G-
J& & DR %ﬂ%wenfwéo%g®gﬁ%mMﬂz1m%#omgxn@)m%y
TNDEFEERLTWD, 12 DFTD T v TR Bk 5 GABCO #4413 GFRP DM JE
FEEOMEICEE Y 1T b T s, #iEiX 10, 20,30, 50 mm D 4 5H 0 Zhn 3O
Tobb, TNb &, Hifitk & FZAMAEGOE T, 210 mm #17, “10 mm #27, “10 mm #3”,
“20 mm #17,++, “50 mm #3” & AT B, IREFHOT=HIc'/L ) v 7 RREE (Fig. 2.2.2
(@) % 4 SV, BEEeE0”10 mm #17, 20 mm #17, 30 mm #17, ”50 mm #1”_ B F N E ik
BL7, B/ v 7 AEIT Y T R TEMEERZ R L2 2T, 70
2T =TT T ICREY £ 72, Fig. 2.2.2 (b) 1% PtCo {EJEF TdH 5, PtCo ILEFFHIE
BIY — FOMBIZ 1 A GF2AK) FoMV, TAITF—7TREE L, ST
DAHTTZEE S » I K-> TEER FE2HE L, Beiiia #im L7,

Fig.223 @) [ZH T NEA VA N— N LIZEZXDI TAFAX v FOBIKIX, (b) 12
A VA RN—=VHIOY TNV D EE AT,
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Table 2.2.1 Specifications of the GdBCO coated conductor

Manufacture Fujikura
Width / Thickness Smm/0.23 mm
Critical Current >200 A (77K, self-field, 1pV/cm)

Table 2.2.2 Thickness of each layer of the GABCO coated conductor

Material Thickness of layer
Cu 100 um
Sn 2~4 um
Ag 2.1 ym
GdBa,CusOx 2.1 pm
Ce0O2 0.4 pm

MgO 5 nm

Y203 25 nm
AI203 100 nm
Hastelloy 100 pum

(b)
Fig. 2.2.1 Experimental sample; (a) overall view of the sample. (b) GABCO tape attached at the side

of a flat circular plate made of GFRP.
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(a) (b)
Fig. 2.2.2 (a) Cernox and (b) PtCo temperature sensors attached on the GABCO tape and the current

lead, respectively.

LA REYE |

o —

HETTYY

HUILAITVS T

$oIN

(@) (b)
Fig. 2.2.3 Experimental setup; (a) schematic image of the medium-sized superconductor test facility

at NIFS and (b) the sample before installing
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TATKE L, IREE 4.2, 10, 20, 30, 40, 50, 60, 77, 85 K TOHkHEHIZME LT,
42 K TOREITRIENY 7 LR TITO ZRLSANOWRE Tld e — & 2> THRIK~Y ¥
L% A S FHRIRFE OB FIZRB W CTHIE Lz, FHIE COMEBEERIL 100A TH D,
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Fig. 2.2.4 Excitation patterns for the joint resistance measurement; (a) one-shot at 10 K and (b)
four-shot at 77 K.
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Fig. 2.2.5 (a) IZHSGARIIOMER R Z "4, IREEDMEWE EH UL L TE D |
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2. HEEENEWVIEERWVIRFIREZ R L TWD, ZHUTEBRENE VY, a2 —
IHHE T D OB THHT-DEEZ BILD, 2.1 Hi TR LI BRI Tl B ARV Vi IX
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Fig. 2.2.5 (a) Joint resistance and (b) joint resistivity as a function of temperature.
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Fig. 2.2.6 Measured resistance of “10 mm #1” joint and the expected resistance of the tape
constituents, such as Cu, SnPb and their sum. A 30 nQ offset is included as the intrinsic joint

resistance.
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Fig. 2.2.7 Joint resistance as a function of the joint length
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Fig. 3.1.1 Schematic illustrations of (a) the joint structure of a 10 kA-class HTS conductor and (b) its

cross-sectional image.
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(a) (b)
Fig. 3.1.2 Photos of (a) 10 kA-class HTS conductors before jointing and (b) jointing process by

soldering.
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Fig. 3.1.3 Experimental setup
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Fig. 3.1.4 V-I characteristics of the 10 kA-class HTS conductor having the bridge-type soldered lap

joint.
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Fig. 3.2.1 Photos of (a) 10 kA-class HTS conductors before and (b) after making a joint.
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Fig. 3.2.3 Contact resistivity obtained by the 10-kA class sample in mechanical lap joint as a

function of the conductor thickness.
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Fig. A.6.2 Constitution of (a) experimental and (b) measurement setups.
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Fig. A.6.3 Contact resistance as a function of the number of times of contact in the room

temperature.
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Fig. A.6.4 Contact resistivity as a function of the number of times of contact in the room
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Fig. A.6.5 Contact resistance as a function of the number of times of contact in liquid nitrogen.
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Fig. A.6.6 Contact resistivity as a function of the number of times of contact in liquid nitrogen.
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