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1.1.1 BKREMRENE=

BWIR 2 =0 VX —DOFEIL, 2l Ax DT A 72X AV, BOR, FHAHIREIC X b e
END, BUEOERTRNAF—JATH D AM, KRBT A, AR EDICARENL, € DIHEIT -
THRAET D AR FZEDOEBNEA AT L 5 HEKIERCCREMR SN HEERFE - ST\,
S5, ALEBEI OB EIIARTH 5, RO FAF—IIL, KT ~DIRELFES X OPEH
BN BEREIIEEBESNAIZODOTHOILERH YD | Kt TR RRE IR L =R X —D%
EAE . HIERBREEOREZ RRHICH - 3720, BIRIHRA D2 RErE, REREN, HeA
BEL TR AXNF—ERLERRTH D, LD > T, BT RV X — DR & NG I D
ZAILE DN G Rl T XL X — SRR 2 R T D 2 EARD BTN D,

BKFEBE E ORI BESLCHBERBIC OV T, ZBLRFBRERD D22  ARFBREMEIC
DN, BREITBRONTEY, HIlce &R 2 2 LIWifsc& i, KEERE, BI%
BIZOWTIE, B, REAHKADZR, SEERSE LTOAERRBE= AL X —TH L3, R
A SNEEMWBRRETH D & & BIARRHEELELET D, N A~ AL EFRE, B
Bl AR, B —E LTI SN TV A2, BICOZ RV F—RE 2 O3
Thod, BHEOSEFIR LI 3EIX. 77 v 235 ZREHE 372 BUIR OBKIF721) TIEE IR
MRS R & <, EEHREIIE 2 8 O TR EH A 7 VRN EBLT 5 Z L RN LEMGORIETH D, &
I, HERRSEEMERCSL -GN A . & LSV BEREY) ORI 2240 5y DRI % iR %
VR DD, [1.1]11. 2]

INLOFFETFLF—JRICKH LT, AL 5 = L F— R RB r X —L LTAED
REHO—D2TH D, bo b bEAMEAEZ LN VD EAFE - —EHABEHMA IOV TE, £0
BN Cd 2 HARFEB LY F 0 LMK O BRBRICERIATRE CTh 5, Fio, G OREMMEE
LT, RUEREE LN & DEOBREIN SR 2L F—%2 B0 K5 2 Lo b KT
FNF—PRE L TLREMREP IR TE D 2 & PSS K DR L~ VU RS 1338 4T 5
D3 LoV BRI TR AR L7 & RUR O RE T LR S DR A D e < HIERIRRE (L O
HERbiWe CENHEEEA L TVD, 207D, BRMaIC sz X —tisz ks 720
BINCEBT 22 LI CEEQREE LTI b5, [1.3][1. 4]



1.1. 2 BZREMRVKREEBEEIMNOBLENE

BUEDOREEWITRIL, WG CiAD R E B iAo R KREL I D, MG TIAD
FHRIEH CIADEES DTGRP GBI T 7 A~ D h—F AR LB T 7 AT S, h—7 &
FHRIIBEGENL D b~ 7B~ U U NIRRT GRS B RIS D, F
7o BHPACAD FRITiFZ L ——FREeBEAS A =250 H 5, [1.3][1.4]

WA CiA A E LTiE, BIE, R~ TR EANV DNV GTARE - & SRR EAL TS,
06, M~7FATIEH, T2, 77 A ENET 5 A= X — L Ea RS2 X0 H
NENDTZRXNF=PNELLRDFMFTHDHERT T A~ RN T 2 E THEL TV D,
—J7, Fig. L.1.1@IZ/RLIEREIANY HLEEE (LHD) [1L5lIcfkFEENDH~V AL EFRL e
BIET R AER L TR0 | BBIRY 7 XA~ o L@itfg - Sl EA R <HfFsnsd & 2
HTHDHHAE, b~ A E LT Fig 1.1 1(b) (28 L7z EEEEE @l & 326257 (ITER) [1. 6] [1. 7]
DIFEFEDARE I, BEDPEDSNDERE L 2o TS, ZHUEL, BAR, EU, TAV I, o7,
FE, BEICLZERB A TEDONIERT oY 27 FTHY, HOAKSM L ERRREDE
Bla Hs U CHFEBRRE AT D, ZOFE T, JT-60 (AA) [1.8]X° JET(EU) & T oz
7 A< UADRMEOBMAE b &1, EEBEARESLTND

WP CiA 0 7 ROBRA IR OB & L Cid, BAFE E —HARICL ZMA ST L -
THRETD 14 MeV OFPET- MR SN D 5H—BERL K A /N — & 72 & OIRBI AR IEBE, e T &
VFULDRIEND N FULEERTHT Ty N, B2 E W I AR T 5 K ERE =
AV 9]-[1. 15172 EL K OBEELRBFENH 5,

IO OEMAIREDO T, WM CiAD OB EE R Tl Mm% E RIS AR T 5 %3
BT, BRE aA VIREOBEN O METH D, Tt FE8a 4 i AV AE
WEAT STt 77 A~ UIAD DT DB RS 2 AR T D72 DY o — VKR DA X
JSZ RS TERENDTZAXNF =2 BR D7D TH D, THICK LT, BIEE 3 A L2 RIRIZHER
T2 DICHERBHEEOE I NIRERIIK L THITNEN, S5, BfnEaAf Vogs, =
ANDEREEZ LT TNMULT DL ENMETH D, 20D, I X~v LBEEa A LVEOE
BEABET = & CHRBEAER ST BERE OFLILIL 161 25 L, 77 X~ O UiADIERE 4 S
TEDIET Tl BEE 3 A Tk U THa R RER > — LV RERETE D EHff s b,
DX D RBARE = A NV ORHEZE AW T RAAY 7 VEEE 1 17] KOV TRIAM-IM[L. 18] Tk, 3 Tic
30 o LERFM O EFH R T T A~ EEEH L T 5,

BED ZNENOEBIZENT, 77 A~ O LIADMREA M LS 245803t b TR D,



Inxb L, P IR DNABIOEGIE OBLEEREE T O TW D28, iz Xy
RREREHHI T H R =R =03 100 6] A2 D L9 RERRAA N AT ANKLEL S, &
B M 2 50 5 LIRHIERIIE T ok b, 4%, BIRE oA L% & bICmERT 5
ZEMERE L UL, EE A/ TS 2 E N TERBEICODEN TGS AREE D, Ko T,
G IR O FEBLUIANT T, B8RS 2 A L oEtERE b, FERICEERIRRE LS L TEST bh
HH0THD [1.19], BIEE A VOB 2 BIRRRE L Ui, BRERBE. &
Ftssssy, BAREOM b, BIREEERR L OB EE a4 VOBRZTER L, BEEbE X Om A
WO, ERARERIINCI 2 2 72 D OBEWIIRE O E | ZEM b & D T B REE RO i
FATKT DARBIHME e ER3 D D, S HIC, BUREERCHEHM B O B O, = 2 F DR,
OO EEB L ONEERSCRSTFICLNEE 2 2 2 N ORI ERRFME S BERRETH D,

1.1.3 SRBEEMROEEMH

FE DB 20 AR L 7o mIEABRERIT, 3Tl km fROBMERTTONDIZEY | BiRE=
ANSDIEHABIEE > TS, Table 1.1.1 & Fig. 1. L2 1TrT X 5, @iEBEEAERIT4ERE
(AR & el U CRE SR T, . FEBES R3S B, . BRAEIMEE J . N2 0ITEmnE WS BT
FetE a2 F5 o> TV D [1.20], ERFURE @D &3, SRS 2 a5 H OB RE 2 1 v
WH LG, EREEL2RECRETE 57720, MEANCKLERE AN Z RIBICER L, B
A ETE2b0 L HIfFIND, SHIT, HEEEEL 20 KBREICTH2Z LK, Fig. 1.1.31Z
AT KNI A VOB EOERIEEN 4 K (RIE~Y 7 NREE) &l LCTHI 100 fFIZ KX <
72572, BREINC X DFEROEEX LI L DR It L TRE~— Y 2 REL ED
TENTE, @FERBREARL i U CAEIZEESS B BT 5, — 0. EIER R EESA R
RIREBCERIZESTIE L DICENZ e D, 20T YL EOESEREDAIRETHY , 2337 K
RIFRR G~ DR N L AN D D, o, NI~ 7 FROT T A~ kmnizIEMEL21] L Lic e &
ZBN D BENLE AL EE L 22] 28032 5K & U CEiB s R E W7o TN RE ST
W5 (1,231 [1. 24], i8R 2 FI O 7o R 24 E OBEEETIE A-SSTR2[ 1. 25] 5> VECTOR[1. 26]
(AA). ARIES-AT CK[E) [1.27][1.28] & LTITHOILTWD, LLAnb, KEEEE= A L
SENREEERZEAT 5103, RERAEOBARBFEZITO & & b2, BRAEREEORM kL, 8
TEAR SR OARIR, BEARAISREE D) b mHIT & & O 1B E ORiE 2 &L S 572 205830
WBEARFRTH D, £, BHERIFRIBFEEL b OBMBIR R EREOMA N EEREE LTE
D,



(b) International Thermonuclear Experimental Reactor (ITER) [1.6]

Fig. 1.1.1 Nuclear fusion devices.



Table 1.1.1 Upper critical magnetic field and critical temperature of superconductors. [1.29][1.30]

BC2 TC

NbTi 12T 9.5K
Nb;Sn 29T 18.3K
NbAl 30T 18.9K
MgB, 60 T 39 K
Bi2212 400 T 80 K
Bi2223 533 T 110 K
YBCO 674T 93 K

10% ' . | |
rE - YBCO
10}
= ' N|'J3SI‘1
— i
%‘ (Internal tin) Bi2212(wire)
0%} R
&
3
® 10%}
b=
(&}
10

5 10 15 20 25 30
Magnetic field B (T)

L=

Fig. 1.1.2 Critical current properties of superconductors. [1.19]

103 T T T T T T T T
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80
R
=, 101_ 100 times _
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Q
& 107k -
10-2 . ! . . ! . ! .
0 10 20 30 40 50

Temperature [K]

Fig. 1.1.3 Temperature dependence of specific heat (Copper).



1.2 REEARBETSIAIFALAHEE

1. 2.1 RAEEFRETSIAVEALAHEENDSRBIZERMOIEA

EHRE RS O 7T X~ R G ERREE ~OEHB & LT, BORREER T 7 A~ ifjet v
B — R SN T A~ B CiADEEE Mini-RT) 236 % [1. 311 [1. 32],

1970 FARUIZEEGR ST NEERT 7 T X< P LA IEE T, MIDLEMEE 7T X~ LIADIZD
W RFHCT R 2RO ICE IR L7z [1.33] 28, DAM&RIE. R~ 27 R~ BB (O
BRFR) NEWRE e oTz, —T7, 1980 FEARELHICREMY CBEN—2 77 AN LIAD HiL
TWDHZEN, RA VY =2 EOBRNO R END & FAR—NEHIZ L 8EHN—F 7T X
<P CIAODOFHEMESIRE S, ZHUCh &S0 T, D-Helk @il A SUGeD-DES R & U & FILA L7
EEREIR OBGT bATOI TV B [1.34]-[1.36], F7z, WHERE YT X~ LA HE 2 iz
B LRI E S S BEER—F 77 A< CiAD O AREMS L S 372 [1. 37], Mini-RTEEE
E 2o Leare b eFERET 5 2 LA A E T 5 —#HOMFROLRET & L TERINIZHDT
HY ., BEEEE A NV EEERGT CTHRE ESETHWD, —FH, AllodkiEs LT F =
—t o TRKRT: CRE) IR SN-LDXEEN D 5 [1.38]-[1.41], 2 H 5%, i E = A L1TNb,Sn
& JESRABRERM & VT Bl & RIF a4 W RIREBEERM 2 VT

Mini-RTEHEE Tk, RF LS 7RO aA NV ERHWTHE A R— G aREL, 77X
THUCAER L2 BEHIC L0 @R & ) MR LA L TEX—2 77 A2 LiAD D
[1.37], WeKF EaAmid, BZEFRCTRFME ETA0ERH Y, @R 7 A~ AT 572012
T A7 L ERTH L) RERY — FOMARESEZWOFIT LI ENTERN, TOTD, 7
oA VIR AERE— FTEEL, 24 AV OBIELEVZS TRERIKRICROBERNH D, £ 2
T, WRFEaA VOERITE S — ABi,Sr,CaCu0, (Bi-2223) EiREBEET — 7 258 L.
R ARSI O s OB SR R 2 R L CESIRE 2 20 KD 40 KOHIPHICERE L, B
B X SHREEEREL LT 5, Fig. 1.2.1 [ZMini-RTEEICBIT 277 XA~ LiAD DR T
. Fig. 1.2.2 |ZMini-RTEBEOREK 277, Fig. 1.2.3 I8 EaA Lok, Table 1.2. 1125
RS 2 A NV OFEITCE TR T, oA ML, B E AT 5 @SIREEE 2 A L LKA BT A A
v I, BV — R EWEIEE OB, AT 2 L AROEES > —L RO DRSS,



1. 2. 2 Mini-RT Z2ERESZELIMIOXKAERBEFE

Mini-RT 2E(E 23580 L72BRIC, MRR Ea A VoORMERBRZ FEli L= & 2 A, BIRBEREEN
THE Y RIBIZENZ BRI SN [1.42][1.43]), 2oL &, WEIN-HIREEEaA LD
EIRERFEZ Fig. 1.2.4 [TR 7, MBS OBE 1L, B 7 v —ICR&S < ARER 25T
PFTET 273, B 7 b —RFLOBIGRAFIEZ B8 L TR ER O Z 3 i T\ d & LTHEE LT
filr (180 FEMH) & Foige LT EERICHIE S 72 IR ES (20 BEH) (T —HTE < Wb D TH o7z,
Z OB RFEN O BIRBRE A VO IR AR D & Fig. 1.2.5 O X IRl Sz
[1.44],

—J, EOVREIA L HE I HZ R DaA )V ThHDH ) =T B—F—H—HIZHRE SN KAE
ME— FCTEWET 2 @i sE = A V21T 2 BRI AL 0. 44 %/day[1.45]-[1. 48] TH Y |
Mini-RT 2@ ORMIEEE CTH 2D RT-1 HICHFE S 7o @RS = A /L [1. 49] [1. 50] O BRI FF
PEd 1 %/day & @V ERED R S LTV D,

BRI T DORREHE & EBEOBIFE ROENOFK & L TIE, @RS S o fE0s5
(ZPED BRI 72 b3 B 2 biIvd, Lo, BUROBM TIE T 4 7 A2 MTYA A RPBHES LT
IRVMEETH D7D a A VA FNIAET D EERESC L0 K E 2R R A 5 TR (5 BT L3
D ZERHER S, 2 MEEN & OMAMERIC L BEREEAECEET S TREEDLZ AL
e,

MR OB T 298 & LTI, 1970 RIS, VA R R STV T — 7 ROE 8
RBARERRE & -T2 BE M T TV b, £z, BRI 3EFEAFZeES  (CERN) a4 BEBC
MRS~ 7 % v MZBWT, ERERS N 2 L1 L A BESNOERZRERS TEAER R U,
MERR DAL D &\ D BEBEAN GRS S AL T2 [1. 51, NbTi @B ARE M4 & IV T R AT — KR
v 7Ry MZBWTH, UNTIEH 20 EMBRIC L D &2 b 5B & Wik Bk O A
ERABF S N[1.52], ZOXEDODICaA VORBIBREZ TRT2HEMERSALTWD
[1.53], FE7o. HEMGIC LV B INDINESRAEEE~ 71y MIBW T bR O 2
B TEP. ZIUSHT DHFENBE BITHOR TV S [1.54], MIEBEERMICB T, A5
BT T D YBCO BRSSO 27 o o TR K 5 ik B OB D T S 41T\ 5 [1. 55],

Z 2T, AR TS N A AL D IR AR & IR SRR O IR R I IR 3 2 BB B S
IRV KAERE— R CEHES 2 miRBEE 2 A L OBEGRBEEAME ORI 2385 T 5,



‘ HTS coil

Fig. 1.2.1 Internal coil device “Mini-RT” with a high temperature superconductor.

Center Stack
—k/ Laser Sencer /7 UGte.
Saddle Coil [ Levitation Coil
Vacuum Vessel = <L, Vertical Field Coil
1,000 —
H—e— .
== Floating
& Col )
j Stage
He Transf Rotation
[ L
&)
od

Fig. 1.2.2 Structure of “Mini-RT”.
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©
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Fig. 1.2.3 Internal setup of the floating coil for “Mini-RT”.

Table 1.2.1 Specifications of the floating coil for “Mini-RT”.

Major Radius 150 mm
Minor Radius 28 mm
Total Current 50 kA
Superconductor Bi2223/Ag
Operation Current 117 A
Number of Turns 420
Operation Temperature 20K-40 K
Critical Current 108 A at 77 K, s.f.
Stored Energy 600 J
Inductance 0.09 H
Maximum Field B,:051T,B,:076 T
Total Weight 20 kg
Expected Time 180 hr (20 K)
Constant for Current

Decay

11



150 T T ] ] L ] "
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< 100 h
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Fig. 1.2.4 Temporal decaying process of the transport current of the HTS floating coill

in persistent current mode at the coil temperature of 21K.

2 I 1 I | '7 T | I
a evaluated from ’/
2 451 current decay / i
O [ .
&)
=
m 3
-— 1} )
v Index resistance
3 of SC cables (21 K)
e 37K n=10
_— 0.5 [
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O /

=
0 ;'.‘?"."r'.'7'."1".".".'1".":".'1:"1"::1;;-?.‘"1"’.:".-.- Joint resistance

0 20 40 60 80 100 120 140
Coil Current (A)

Fig. 1.2.5 Dependence of the experimentally evaluated effective resistance

of the HTS floating coil on the coil current.
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1. 3 EREBEEHRMOFFE

1. 3. 1 BERBEERMOBRFERFIEEn E

FBARE R IT Meissner (SERICENE) B & MEITH D BRMMEE 2> T b, ZhiL, Fie
L3 1@ IR d L 90T, BRSURE T, DL EDOFRERE THEICERARA L TW TS, BFURET,
LU0 | EmERBIZ 2 D & T OB Z SN ~PER T 2 AAMEE D 2 & Th 5, BURER
T, B 1 EEBEERE S 2 MBAERICOETE S, B 1 EEEERIT, Fig. 1.3.1(0)ITRT X
I, BBREL o n bR LTV &, (XU Meissner ZhED7-ORBHITHER SN D28, AR
Weshs H, TR, BERMRAT D, ZHUSx LT, 3 2 M8 Tk, MRS S H, LT T
1T Meissner ZVRD 7= OREARITHERR S 25 23, TEERSES 2B 2 2 IR 2 ICHRPMREA LIZ L O,
EERER FUE CRERMN TEARITEA L, MIREIRENEN D & W ) R A R T, H, <H<H_, D
CIE, BRI R T SRR L B L 2 FRIBREARNICIR A L T D, B TPICE L
2 B RERICERZBET D &, WBARAEREEJ, CESGVNBND, 2 BHEBEEERNTIE, &1
{EREHR DS & O EAERIC LY v — LY 21T D, ZHUCK LT, BIREENICEET D E
VRS FUL & RTINS AMPORE AR e EN ETALBOROE E 2 kD L O T 5, o =0T
DI (B2 7)) 65 2 FRERICRE 2 R ROBREEL J, WRESND, =—L Y IR
YN EBATISAE, BROBIE (BR7 7 —IRE) (L0 ESNHEET S (Fig 1.3.2), [1.56]

NbTi<°Nb,Sn7 & 4 8 REAR EARA °B1-2223 BB G 72 EFEALI N TV DR TOMIR
BRI 2 BEERTH D, Fig. 1.3.3 O L) ICBEEROES — BB EREE E-JRE)
i, nfEET AV EHTIN LA TR E NS, BRRESE I —MKIZ 1 uV/enTEFRI I, nidFF
BIS CE-JRrMEZ Il L7z & Z T/ DD FRECT, Wity 7 7ick i 2HE 2 BW L, BAER
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(a) Meissner Effect (b) Type-1 and Type-II Superconductors
Fig. 1.3.1 Magnetic behavior of superconductor.
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Fig. 1.3.2 Pinning and flux flow.
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Fig. 1.3.3 Electric field — Current density characteristics.
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Fig. 1.3.4 Observation of electric field distribution in HTS tape [1.57].
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Fig. 1.3.5 Dependence of critical current density on magnetic field and temperature

in HTS tapes [1.57].

Copper Superconductor

HTS Silver Alloy

(b) Bi2223 HTS tape

Fig. 1.3.6 Cross-sectional configuration of superconductors.
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(a) Perpendicular Field (b) Parallel Field
Fig. 1.3.7 Magnetic orientation on HTS tapes.
J J
A A
JoT JoT
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(a) LTS (b) HTS

Fig. 1.3.8 Shielding current (ramp-up process of magnetic field).

J J
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_Jo /_ _Jo
(@) LTS (b) HTS

Fig. 1.3.9 Shielding current (ramp-down process of magnetic field).

19



\4

Fig. 1.3.10 Hysteresis property of magnetization in superconductors.
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Fig. 1.3.11 External field loss of superconductors [1.72].
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Fig. 2.2.1 Magnetic field configuration using split-coils.
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Fig. 2.2.2 Schematic drawings of the experimental apparatus.
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Table 2.2.1 Specifications of the NbTi superconducting wire.

Diameter $0.648 mm (+0.005 mm)
Diameter with insulation $0.728 mm (£0.005 mm)
Diameter of filament About 10 um
Twist pitch 13£2 mm S-direction
Copper ratio 1.8
Insulation Formvar
Critical current 325 A (4.2K, 5T)
200 A (4.2K, 7T)
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Fig. 2.2.3 Temperature rise of NbTi superconducting wire after quench with a hot-spot.
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Fig. 2.2.4 Relationship between the inductance and the temperature rise.

33



W

A
¥

> D]

Fig. 2.2.5 Configuration of Helmholtz coil.
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Fig. 2.2.6 Relationship between coil radius a and number of turns.
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Fig. 2.2.7 Relationship between inner radius ¢ and distance of coils d .
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Table 2.2.2 Specification of the external field coil.

Inner diameter $156 mm
Outer diameter $324 mm
Number of turns 6673

Inductance 10.6 H/coil
Maximum field (Helmholtz) 6.8T
Central field (Helmholtz) 50T
Nominal current 100 A

Table 2.2.3 Material properties for the stress analysis.

A2024-T4
Young’s Modulus 81x10° Pa
Poisson Ratio 0.34
Winding
Young’s Modulus 20%x10° Pa
Poisson Ratio 0.34
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Fig. 2.2.9 Stress distribution of Cusp-field coil.

Table 2.2.4 Numerical results of the stress analysis.

Helmholtz-field
Maximum stress 2.0x10° Pa
Maximum displacement 0.22 mm
Cusp-field
Maximum stress 3.0x10° Pa
Maximum displacement 0.42 mm
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Fig. 2.2.10 Configuration of the electromagnetic force support.

—& > ¢
DCCB HTS Lead
Dump
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L 4§ >
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Fig. 2.2.11 Excitation circuit for the external field coil.

Table 2.2.5 Specification of the external field coil.

Inner diameter $158 mm
Outer diameter $332 mm
Number of turns 6345

Inductance 9.8 H/coil
Maximum field (Helmholtz) 6.5T
Central field (Helmholtz) 45T
Nominal current 100 A
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Fig. 2.2.12 Helmholtz-field distribution.
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Fig. 2.2.13 Cusp-field distribution.
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Fig. 2.2.14 Magnetic field and orientation as a function of the ratio of currents in two coils.
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Fig. 2.2.15 Schematic of the sample stage.

Fig. 2.2.16 Photograph of the sample stage with an HTS sample coil.
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Fig. 2.2.17 HTS current leads.

Table 2.2.6 Expected parameters of heat leak.

Name Heat Leak

Split Coils
300 K - 50 K Copper Leads (2 Pairs) 188 W
Radiant Heat 20W
Others 10W
50 K-4K HTS Leads (2 Pairs) 0.36 W
Radiant Heat 0.02wW
Others 0.03 W

Sample

300 K - 50 K Copper Leads (1 Pairs) 430W
50 K-10K HTS Leads (1 Pairs) 048 W
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Fig. 2.2.19 Photograph of the experimental set-up.
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Fig. 2.3.5 Displacement of the sample stage.
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Fig. 2.3.7 Displacement of the sample stage without 10 K cryocooler.
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Fig. 2.3.8 Frequency spectrum of the vibration.
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Fig. 2.3.9 Measurement of voltage noise before improvements
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Table 2.3.1 Measurements of voltage noise before and after improvements.

4 K cryocooler | 10 K cryocooler before After
1 ON ON +15 pv +0.9 uv
2 ON OFF £7.5uV | £0.75 pVv
3 OFF OFF +0.1uV | 0.1 puVv
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Lhh, ZZT, dITEEOEETH D, Table 2.4.4 OFEIRY — RO/RT A —F ZHWTEKRD
TSN U — KDoA 8 O HEAER % Fig. 2.4.8 1277,

LEOHBERREID, 2OHOITHRKRT 1.9 mm 725 2 Elbhotz, £, BRMEEL OEL
MFEPMER S > & BITVMIE TS 6.6 mm FRERBNH D Z LR TE 7, FEBEOEIRBEEE
it Y — FOSFIZIT e OAN B Z 520K 91T GFRP TIEFL, #EDI1Z & A L DSy ¥R
DL T2DZ L THIG L,

2. 4.2 SRBEEER)-FEERBEEMDRKRE

BB AR TR TV D IR E B AN 92T SUS304 KO8 3%4 AV $RE 4 D& EM I -
HEAEL T, miREEERE &N SUS304 "OZENMMARET 5 Z LI LY miRE{EEE
Y — RaRET 5, —ERMZOLEHM OIREE EH23 300 K LLF & 785 X 5 I E{bsr o Wrik
EakET %,

HTS &t U — ROFENE KD 2 7212, SUS304 L2 iE b K OVl s 5 D> — 2 T % 3%
SANVEEENLIRD Fig. 2.4.9 DX ) R MEKE 5 2 5,

IOLE, ENEAD 1 n Y70 D SUS304 LEAM DHEHL Ry, (T) RO 3%&2 A 0 $-A G DL
FER s (1)
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1

R(T)SUS304 = Psus3o4 (T)S— (2.4.9)
SUS304
1
R(T)AgS%Au = P 4g3% Au (T)S (2.4.10)
Ag3% Au

L7205, 22T Pausson(T) R P g a(T) 1 SUS304 ZEALM RN 3 A SRA 4 DHEHIR
Ssussos B LTS 04, 1F SUS304 ZEALH L O 3z A V) SRE B OWIHFE TH 5.
Kz, @A DRETCE 4. 10RE Y N DOERIHIR(T) 2k 5 &
(T)— R(T)SUS3O4 ’R(T)Ag3%Au

- (2.4.11)
R(T)SUSSM + R(T)AgS%Au

L5,
ﬂi%%%:é%%:fﬁékﬁﬁbffnmﬁ%ﬁ?ﬁﬁiﬁ%ﬁbé F D71z, SUS304
A R OEIRBEER OV — 24 Th 5 WS AV A0 ROT) 2525, BAR
Qﬂm\wwmﬁEMM@ﬁ@ngmx)&U%&A@ﬁa@@wﬁgwwx)@mkbf%
ZHNBDT,
O(T) = Osis304 (T)+ O ye300a (T) (2.4.12)
LB, ZOCAIDARDENENAD 1 n 4720 OBEE O (T) RO 4500 (T) 1 HE
Csussos ) TRy (T) B AN T B BT 2|
Osus304(T) = Cuszoa(T) 7 sussoa - Ssussos (2.4.13)
Q ter6iu (T) = C gz )V s S aasoa (2. 4. 14)
L7250 2T Vsussos OV ygroon, 15 SUS304 ZREALM KUY 3% A 0 SRABOBETH 5.
EILBAEER ) — FOEE LR 2RO 57010, BUTFO X 9 2 BEGE T CoBCE# %
1Y

2
or _ R(T)I (2. 4. 15)
or  Or)
ZIZTC, IR, [TmEBEERTH D, (2.4, 15) KOEFRIM Y BESIERT 5 &
2
ror RO (2.4.16)
o)

b, 220, ARG, T1XE ORRICHS T DIRE, T, ZAtHIOIRETH D,

Table 2.4.5 \Z@ BRSO TTE T, FEERICHE Mﬁﬁﬁ L723tR /T XA — % % Table
2.4.6 \Z/RT,
F7o, @AV ERE SO E L O EE 1T RRR=30 DOERDOEZ VN,

SUS304 ZTEALAM DWifE & /X T A —4 & L CREiREREER Y — R23 300 KIZEIE#ET 5 E TOR
W% (2.4.16) N CEEAE LTz, ZOFHRMR L Fig. 2.4.10 TR 7,

Fig. 2.4.10 OFHEFER IV . SIREEER Y — R2% 300 KICRET 2 £ TORH % 30 UL 1
& T B T2 DITIESUS304 ZELM OWrE A 110 mm*Lh B & T2 MR H D Z Enbnd,
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2. 4. 3 B Y—ILFORRE

EIREEER Y — RERFT 2 BT, &Y — RUSMTER T 28R AZ -9 5 2 & I3EE
Thbd, £IZ T, BEABLE VLR I A JL~OERD HIEFEE KT 2 72012 Fig. 2.4.111Z
AT KD RGOSR v —V REBEERG EBEE A VORICRET 5, 2O —/L R
B A VO,V ATREHIIHET HIMENIC L D2 BRI 2 72O E O T H A R S 2
mm @ SUS304 THEUET S, LArL. SUS304 IHHLHBMRE RN E S | 20720 TIEBES & —/V B
THAETERWVREENEAET D, T2 T, SRV BEZER S — LV NICEET L2 LI k> T4
IRENE IR T B, BEH L — L K&+ ITm BT 5 7o OIS B8k 0 BRSOV TRET 21T .

16 F. 3 OFEAER LY . BIEEDIES S — /L F~OIEHEUL 8.0 W & 725, Fig. 2.4.11 D
£ O REEH T — v REAGE LT, R 0 BROARE A BT 2 72912 SUS304 H D M B RIE=K 4 28
b & T ANSYS Z U T 3 IROLE BB Z2 ATV RS o — /L RO A 2 R d 7=, g 1st
HERCH OIREZ 60 K & LT, $RVBEZ W WES OS> —/V ROIRE S % Fig. 2.4.12
2R,

Fig. 2.4. 12 OFHERER L 0 | SRV BREZ WL ZDIREITR KT IT5K &> TR Y B
A NASDEFRAEEZEZ D LR TED L YUIRNZ ERbD D, RIZ, SR RARE L2
& AR LT SUS304 # DS M BVmE R & 100 W/m—K 7> 5 500 W/mK & L7z & & DO KILE#E% Fig.
2.4. 13 12”7,

COHERMELY BEEE SKUNICMZ 570D MEMEMEE 2R A 300 &35 & 5 78k v
MEBET OV ENRD D, Flo, FMEMERITINT D8R 0 BRO AL n 1%
n= LM (2.4.17)
Z‘Cu SCu

LD, ZIT, AIHTICAE M L7 SRR A, (THHA W ROBMRER | S¢ 00, 13 SUS304
AR O W FE, S IZEHR 0 FR 1 AR M7 0 OWEfE CTH 5,

PLEZ D SUS304 HIER D MBS =R & ik D RO A OGRS R % Fig. 2.4. 14187 T, 2D
FER LD | EAEVRE S 300 W/mK (ZKHIGT D 88 0 BROARBUIHI 500 KTH D Z L n3bnn b

2. 4. 4 EESHE LTS MIVABEBEGEER) - FOKETEHR

INETORFHRERE £ & T EHHEERBIRE UL 2 3 A L~H D @i B RE E T
U— F&ikGt L7z, Table 2.4.9 @B EER Y — FOE LA, Fig. 2.4.15 [I&EILBIEE
Y — FoOfE&EEZ ~7,

RERHAI G B RBRE VA A VA~OEMZAEL T L, 8585 2 A VOBEREZHEES
%, Table 2.4.10 (G Ist AT — U ~DEYR AR %Z ., Table 2. 4. 11 [T/ EHEE 2nd AT — T~
DEMZNEZ RS, R L7 m i X A B kNS48 RDK-415D Th 5, = DmHEE
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JIMR % Fig. 2.4.16 \ZR T, [mBHHEEREIRE V2 aA( LTk, ERRomfii#s 2 ol
HLTWS, koT, Ml end 27—V OIREITEHEERF T 3.5 K, 1 kA BERTH 3.8 K2
FEL T2 Z L REREHEN D PRI D,

Fig. 2.4. 17T IZEiEZEEI Y — FEZBY T 7280 EE LTS VR a A )V OFER G E 4 7R
T, 2 B0 MEBHEE AW TUEERHARI LTS 7L A a A V2RI LTz, Fig 2.4.1812F D& & D
WHEIARZ 7R, WEIRERE] A0 5 BTG, RS — 0 RORFER X 49 K, LTS 7L 2 a4 )L DF|
BEREIL3.6 K Thole, ZNED, REMELEB VA SN Z L 2RI N,

LTS B L R aA L OfihkgatBr & LT, Fig. 2.4.20 ® X 912 1.42 kA, 1 FEREfemERR &
1. 42 kA 22 BRFESL 1. 37 B CHEWTARBR 21T - 7, T ORER, MRS ER Y — Nk 2 EER
. 72 UoFEFBR ST, ERU EOBELMERATAHI L EEIELT,

Fio. T ORMGERERORER ) DRI Rl L 72 /55K % Fig. 2.4.21 1T 7, ZORRNL
SRS & HTS HBOBEGHEHTL 0. 75 p Q. 0.45 nQ & 72V . NbTi/Cu B mERTPRAER & HTS i) —
DEFHRPLTnQ, 6nQ Lo TND I ENbMoT, T OREFHRIIOMITFHZ IO J i E 7
EKhETh 5,

1 kA JEEERE & i ﬁ@mmﬂmész~%@Eiﬁﬁmﬁ“ﬁ@ﬁ“#ﬁ&%%#%%Mg
2.4.22 1”9, ZOREIY ( HTS EOIREILFHFAIE & ERES —B L T\ 5, SHETOIRE SIS
owfm%%ﬁib%ﬁﬁﬁ%<@ofwéﬂﬂ@f%é AN TH 5,

Pl X oz, miBBEEERY — NORFFFIEZMNL L, ERICEEHHEEL VR 3 A L~
ML, ZORER, aA VOERKER OS2 #iti@EER L OERT 25 Z LN T, BRAR
Bl libie E bR Rl Th o 72,
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Copper terminal O
at room temperature

Copper part —>

A

1st stage(40K-70K)

HTS part —>

< 2nd stage(4K)

NbTi or HTS
superconductor

Fig. 2.4.1 Configuration of HTS current lead.

Cryocooler
Feedthrough
Copper part
[ | EI ] 1 |
| —

— 1
Superconducting coil P L 1B — st stage

Radiation shield 0 i
" il — 2nd stage

' E E HTS part

Fig. 2.4.2 Configuration of conduction cooled superconducting coil.
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Table 2.4.1 RRR of coppers.

Material
Oxygen-free copper (C1020)
Tough-pitch copper (C1100)

Phosphorous-deoxidized copper (C1220)

Residual Resistivity Ratio (RRR)
50 ~ 300
10 ~ 100
3 ~5

o0
[

Heat Leak [W]
TN N
F—F

[\
[ =]
I

Qo

|
10

10°

residual resistivity ratio

Fig. 2.4.3 RRR dependence of Heat leak.

08 ! L B | T L B |

0.6

0.4

Length [m]

0.2

| T BN | | o byl
900 10! 10°

residual resistivity ratio

Fig. 2.4.4 RRR dependence of optimized length.
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Table 2.4.2 Design parameters.

Material RRR Length Heat Leak
Oxygen-free copper (C1020) 4 0.31m 445 W
Tough-pitch copper (C1100) 50 0.47m 432 W

Phosphorous-deoxidized copper (C1220) 100 0.48 m 431 W
50 - T |
48+ -
E L
= 46 -
S L
E ! I
s 44 .
< °
42+ -
40- L | | |
C1220 C1100 C1020

Types of Copper

Fig. 2.4.5 Effect of RRR error of coppers Z8##1D RRR DIEH D EIZ K L

Table 2.4.3 Specifications of copper part of HTS current lead.

Material
Nominal current
Cross-sectional area

Length

Tough-pitch copper
1000 A
128 mm?

480 mm

Fig. 2.4.6 Time which arrived at temperature of 400 K.
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Fig. 2.4.7 One end support and uniform load.

Table 2.4.4 Parameters.

Magnetic field 01T
Nominal current 1000 A
Length 0.4 m
Diameter 0.0128 m
Young’s modulus 128x10° N/m
2.5_ T T T T | T T T T | T T T T | T T T T
oL ]
= 1.5 .
E I
w ]:— .
0.5F 1
O: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 p
0 0.1 0.2 0.3 0.4
x [m]

Fig. 2.4.8 Displacement of end of copper lead by electromagnetic force.
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'ﬂ;ﬁm.,

Fig. 2.4.9 Equivalent circuit.

Table 2.4.5 Specifications of HTS tape.

Width 4.0 mm
Thickness 0.24 mm
Ag ratio 2.0
Critical current (77 K, 1 yV/cm) 62 A

Table 2.4.6 Parameters.

Current [ 1000 A
At 1%10™*s
Initial temperature T (high end) 65 K
Number of tapes 6
Density of SUS304 d g0, 7.9x10%kg/m®
Density of Ag with 3%Au d s, , 10.47x10%kg/m®
Cross-sectional area of Ag with 3%Au S 3, 4, 3.84x10° m?
100
80 =
g 60F -
£ 40F =
H -
20+ =
A SR RN TR SRS TN NN T ST SO SN NN ST SO T S NN ST S N
0 50 100 150 200 250

2
Ssus3os [mm7]

Fig. 2.4.10 Relationship between cross-sectional area of SUS304 and time arrived 300 K.
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Cryocooler Joint A6061 upper plate

— —x [ T~
i A A
_ 285 ;J 2
$90
- 2t
Super Insulation
p30 loyers SUS304
Copper wire
I
SUS304 bottom plate
\ _ Vv
_ ¢ 940 R
3 $ 960 N
Fig. 2.4.11 Configuration of the radiation shield.
Table 2.4.7 Parameters.
Heat leak by radiation 2.0 W/m?
Thermal conductivity of A6061 111 W/m-K
Thermal conductivity of SUS304 6.8 W/m-K

Fig. 2.4.12 Temperature distribution without copper wires.
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A R S ST SO NN ST SR ST NN ST SR SRR
POO 200 300 400 500
Thermal Conductivity [W/m-K]

Fig. 2.4.13 Relationship between maximum temperature difference

and equivalent thermal conductivity.

Table 2.4.8 Parameters of copper wire and SUS304.

S susa0a 5.9x10°m?
Se. 6x10°m?
Acu 600 W/m-K

1000 | | T

Number of Litz Wires

L | L | L | L
{)00 200 300 400 500
Thermal Conductivity [W/m-K]

Fig. 2.4.14 Number of copper wires on thermal conductivity.
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Table 2.4.9 Specifications of HTS current lead.

Current 1.0 kKA
External Field 0.2Tat1.0 kA
HTS Part
Effective Length 214 mm
Conductor Bi2223/Ag-3%Au tapes
| of tape 62 Aat 77 K, self field
Stabilizer SUS304 (60 mm?)
Heat Leak 0.41 W/lead at 0.0 kA

0.54 W/lead at 1.0 kA

Copper Part
Effective Length 1.0m
Cross-section Area 400 mm?
Heat Leak 45.6 W/lead at 0.0 KA

50.6 W/lead at 1.0 kA

Copper terminal

Bi2223/Ag—3%Au tapes

Cryocooler 1st

SUS304

Rutherford cable

Cryocooler 2nd

Copper terminal

Fig. 2.4.15 Configuration of HTS current lead.
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Table 2.4.10 Heat leak to 1st stage of cryocooler.

Copper current lead 2 | 45,6 W/lead at 0.0 kA | 91.2 W/lead at 0.0 kKA
50.6 W/lead at 1.0 kA | 101.2 W/lead at 1.0 KA
Radiation 1 8W 8W
Coil support 6 0.16 W 1.3W
Shield support 8 0.07W 06w
Liquid nitrogen pipe 1 0.32W 0.32W
Data acquisition wires 01W

total

102 W/lead at 0.0 kA
112 W/lead at 1.0 kA

Table 2.4.11 Heat leak to 2nd stage of cryocooler.

HTS current lead 2 | 0.41W/lead at 0.0 kKA | 0.82 W/lead at 0.0 kA
0.54 W/lead at 1.0 kKA | 1.08 W/lead at 1.0 kA
Radiation 1 0.15W 0.15W
Coil support 6 5 mw 30 mw
Liquid nitrogen pipe 1 1 8 mW 8 mWw
Liquid nitrogen pipe 2 1 85 mwW 85 mwW
Data acquisition wires 10 mW

Total

1.1 W/lead at 0.0 kA
1.37 W/lead at 1.0 kA
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2 K s O
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2st Stage Temperature (K)
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-

RDK-415D Typical Load Map (60Hz)

1st Stage Heat Load (Watts)
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=
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E With transport current
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a o
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0 20 30 40 50 &0 70 80

1st Stage Temperature (K)

Fig. 2.4.16 Cooling performance curve of the cryocooler.

§
Cur

: LS pulse coll

Fig. 2.4.17 Photograph of conduction-cooled LTS pulse coil.
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Z 300 : .
T r Radiation shield
S 200 il
R
2 100 -
= : —
= N N L
= 9 50 100 150
Time (hr)
& 300 ———r .
- - LTS pulse coil
Z 200k i
E |
2 100F i
= 0 50 100 150
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Fig. 2.4.19 Cooling curve.
—_ L | | T | | ]
ﬁ 1.5F =
= 1f
5 3
& 0.5F
= -
o OE l l l
0 1000 2000 3000
Time (s)
(a) Excitation test 1.42 kA, 1 hr
— F |
ﬁ 1.5;—
4
= 0.5F
= r
O O- 1 | 1 1 1 1
0 500 1000
Time (s)

(b) Dump test 1.42kA (time constant 1.37 s)

Fig. 2.4.20 Excitation and dump test.
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Voltage (mV)

0.5

0.015—

0.01]

Voltage (mV)

0.005]

=)

s I
500

PR R S T L
1000 1500 0

Current (A)

(a) Joints betw

een Copper and HTS

® L
500 1000
Current (A)

(b) Joints between HTS and Coil

Fig. 2.4.21 Measurements of joint resistances.

3 OO [ T T T T I T T T T I T T T T I T T T T I T T T T I T T /I _ L

- 250FHTS part Copper part /,// ° 3
\% C 2 ]
=~ 200F e E
s 150F : ]
o - ’/ -
(oF C P — OKA Calculation ]
E 100_— /,/ ----1kA Calculation -
o r 7 ® (kA Measurement(+) 1
= 50F = O  0kA Measurement(-) A
o B ]1kA Measurement(+) -

L = 0O 1kA Measurement(-) J

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 r

0 02 04 06 08 1 1.2

Position (m)

Fig. 2.4.21 Temperature distribution of the HTS current leads.
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2.5 $5hk

FEREAT O T2DIZ, RO aA )VIRGEREHI R U TN 2 MA 5 Z LN TE D & L big,
TR, WASTEVE, JMERESE O, B O TN EMNIICE L ST Z ENTE HEiRBEEa A L
ERAEE 2 BT LT, AN ZHINT 572912 2 5O NbTi BinEaf LA REL, A7) v |
aA N E L THAIAR, Zb O IV EREEEa A VERET A& & Lz, 4
RGN ABARE = 1 Uik, bBET 1R & bR & 2 AL E il 5 = & T, SRS O TRIE &
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Wb o Z L Lol 3 WTOARERELE HWO TS JIFITIC X DEEMEREH 21TV, 0 7ok
PRIV 2 7 L7z, FERICEWES N2 A L Tlk, GMBHEZ WA EEAHIC k> T 4.4 K
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ENDHH, HHEEOBEICER U CREABEE 2 A VOBIEFHNCKR LT 2 A X355,
INEBET 572D TRAITV, 100 nV LT OMAEELZRBER S FHIT 2 A7 LR LT,
o, RBEEICT, BMBARZEET 2 - OICEIRBEEERY — REHWED, ZoHFRX0E
i) — RIZ oW Tl b P2 M2 2 SIS b LT, £72, TR EmHA & R 7R
RE NNV Zaf N~EEHAT 52 LIk > T, MIREEEER Y — NOBWIRHE & e rh: 2 550
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3.1 #H

& B SRR R 1236 1T 2 MR NS Ui & S B IR OFH BEAEFIZ DWW T, 2 E O ARG
RAE AT 2 W22 T 40 [3. 1] [3. 2] KAENE— N CEIET 2858 2 A L ORSLE
PRI 2 Bt UE IS B T 2 e 3 T TV A [3.11[3. 31 [3. 4], N aMEtT HERICEZE
732 2 DDA NI DT DR R T 2, @BRREBIEMRM T, 714 7 A 2 MO EIREEG
I X DREABIROWBE3. 5] 23w SN TV D, MIRBRERMOLE, 747 A MTYA AR
NS TNz &b H Y, MR 27 V—7[3.6][3. 712 X » CERERSBEET 5[3.8], =D
72, KANEE— FTHET D X ) RIEKE LR TIE, @B RBRE = A L &[RRI NIk
Bt L A OM AERANEE L 702, BEBRFIESCZRBAORNE TiX, ZOMAEMEHOE
BIEK LIS v 7 ORSHT TR LA REBRZEN#Ham SAL[3. 9], A8 T —T %
L7 ERPRbEm SN TS [3.10]-[3.12], F=, @BERBEE 2113, 13][3. 14] L [FEkIC =
AR E LT 2 LI X 2B W TRIRBEE 2 4 L THRFDThiL TV 5 [3. 15],

ARETIE, SRS = A /L OB NIRRT O BRI DU TR~ TR ROV T
WA Z DRy, R, BEFEIC L > TR T 2 2 L2y, Bt maluE L-fisET
V7 T E QRN B IRBEEAR DRI X - TIRE &N D 2 & R O %I 12 i+
DT LERT, E LT, BN & kR O A/ERIZ DWW TT 5 2 FEBRFERIZOW TR
D,
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AR R 2 A L NIZHEA D A NI B O I R 3 L O Ok I & OF AR & it
% 1= OIZBE U2 BRI R E a2 A Z DWW TR B, i FE 1R R A 1 1 TR E 22 435 4 N 2 7= 45
AR b Z WD, €2 T, miREEERMICERRESEZINZ D 2 ERARBRY v TN r—
XA NERERIR LTz, Fo, EkEiR A MET 5 72 O @ IREBARE A, O /5550 1 g o
Ui {2 N AWK D IR AT 7o, R U e SR RS DR T A Table 3.2, 1, miE(zE = A /LD
#IC% Table 3.2.2 127”7,

L [ 2 E LI RE CEIRERE a A NA~REFROYS B #Mx 5 L, LLFO X 9 7Bk
X > TEENFE BREAET S,

F =1IBI (3.2.1)
22T, IEREBEEaA VAWM ETH 5, BEER LN 285 %2 /7 A —4 L L&
W aEHE LR E Fig. 3.2.1 IR, 20X I/MIOEIRBEE 2 A )L THIEFITHRVERT)
DM Enbnd, ERIXERE LT, SRBEEHRM ZEET 572 OIBB ATV RN bR
FUBAEEZBRY, LR AHMICHO 7 7 U ERHT, =R BB CREIZ O 572 EOEEETT o
Too Flo, $OBVEE OMRIZAR Y A I T —T%8&, 7702 L ORI 0.5 mm JED FRP > —
N7 T oD LEROMITHEAT,

FERICRYE L miBBEE A L& Fig 3.2.2 ([T, @IRBEE oA VET ORI &R EE
AN T MR FERIC X 2 RHME A TET DA — NV HEF 20 AT, B 0 & IR AR5 2 A L)

B LHEN 7oA SRR OB S g VAR — LR B Y 415 72,
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Table 3.2.1 Specifications of the HTS tape.

Superconductor Bi,Sr,Ca,Cus;0y
Thickness 0.305 mm (+/-0.02 mm)
Width 4.1 mm (+/-0.02 mm)
Critical Current 130 A
n-value 19.5

*at 77 K, Self magnetic field, 1 uV/cm

Table 3.2.2 Specifications of the HTS caoil.

Configuration Single-Pancake

Inner Radius 122 mm

Outer Radius 150 mm

Number of Turns 34.5

Tape Length 14.7 m
Inductance 295 uH
Insulation Polyimide

Thickness of Insulation 50 um
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gr———7
Tape Length = 14.7m B=1.0

AN
LI I

Force (kN)

N
L L

L e BT B B B
0 100 200 300 400 500
Current (A)

Fig. 3.2.1 Calculation of electromagnetic force on the HTS cail.

Copper Bobbin . Hall Probe
____________ R
_ = i
- — i —
! .
Magnetic field (b) HTS Coil

Fig. 3.2.2 Photograph and schematic of the HTS coil.
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LA EZEE LTV, TRV R E 2 A VO AL O BTN & 2R LT
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Fig. 3.3.1 Temporal variation of magnetic field which measured using hall probes.
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Fig. 3.3.2 Dependence on magnetic field of temporal variation of magnetic field
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Coil temperature: 40 K, Ramp rate of external field: 1.2 mT/s.
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External field: 0.59 T, Ramp rate of external field: 1.2 mT/s.
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Coil temperature: 40 K, Ramp rate of external field: 1.2 mT/s.
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Fig. 3.4.1 Simple model of uniform round-current distribution.
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Fig. 3.4.2 Simple equivalent circuit.

93



Table 3.4.1 Parameters.

External Field Coil

Inner Radius 79 mm
Outer Radius 166 mm
Height 40 mm
Distance between Split-coil 80 mm
Number of Turns 6345
HTS Coil

Inner Radius 61 mm
Outer Radius 75 mm
Height 4.1 mm
Number of Turns 34.5

Length of Shielding Current Path 29.7m

Table 3.4.2 Inductances.

Inductance of the external field coil L. 14.7H
Inductance of the shielding current Lyzs 48.6 uH
Mutual Inductance M 300 pH
Table 3.4.3 The HTS tape properties.
Critical Electric Field 1.0x 10° V/m

Critical Current

145 A

n-value

16.5
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Fig. 3.4.3 Shielding current during excitation of the external field coil.
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Fig. 3.4.4 Ramp rate of the external field coil and the initial shielding current.

95



1072
>
go 10
S
107
— Voltage vs Current of HTS
---- Initial Current vs EMF
1 0-6 l l | l
50 55 60 65 70
Current (A)

Fig. 3.4.5 Comparison between V-I characteristics of the HTS tape and electro-motive force.

Table 3.4.3 HTS tape properties.

Critical Electric Field 1.0x 10* V/m
Critical Current 145 A
n-value 16.5
Initial Current 60 A
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Fig. 3.4.6 Comparison between three equations.

96



i=100A

i=60A

N
(-]

i=40A

Current (A)
N oN
TTT IOI T 1T T 1T IOI T 1T TT T I LI

i=20A

| | | | | | | | | | ]
%-310-210-1100 10"10°10°10%*10°10°107 108
Time (s)

Fig. 3.4.7 Comparison of the initial current on the shielding current decay.
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Fig. 3.4.8 Comparison of the normal resistance on the shielding current decay.
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Fig. 3.4.9 Comparison of n-value on the shielding current decay.
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Fig. 3.4.10 Comparison between measurement and calculation using simple model.
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HTS Filaments

Fig. 4.2.1 Configuration of HTS tapes with non-twisted and multi-filaments.

Shielding current
HTS

External magnetic field

Fig. 4.2.2 Shielding current.
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External magnetic field

Fig. 4.2.3 Magnetic coupling of shielding currents.
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Fig. 4.2.4 Magnetic field distribution of HTS floating coil of Mini-RT device.
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Fig. 4.2.5 Simple equivalent circuit of HTS coils.
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Fig. 4.2.6 Numerical model of HTS coils.
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Table 4.3.1 Specifications of the NbTi superconducting split-coil for calculation.

Inner Radius 79 mm
Outer Radius 166 mm
Height 40 mm
Distance between coils 80 mm
Number of Turns 6345
Current Density 1.823x10°A/m? (1 A)

Table 4.3.2 Specifications of the HTS tape for calculation.

Width 4.1 mm
Thickness 0.305 mm
Ag/SC 2
Cross-sectional Area (HTS) 0.417 mm?
Aspect Ratio (a/b) 20
Major Radius a 1.63 mm
Minor Radius b 0.0815 mm
Ic (40K, 0.59T) 145 A
Jc (40K, 0.59T) 3.48x10% A/m?
n (40K, 0.59T) 16.5

Table 4.3.3 Specifications of the HTS coil for calculation.

Number of Turns 35
Inner Radius 61 mm
Outer Radius 75 mm
Thickness of Insulation 0.095 mm
Configuration Single-pancake
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Fig. 4.3.1 Comparison between measurement and FEM result for the shielding current decay.
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Fig. 4.3.2 Waveform of the external field.
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Fig. 4.3.3 Comparison between measurement and FEM result for effect of external field histories.
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Fig. 4.3.4 Comparison of current distributions.
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Fig. 4.3.5 Maximum current density of both directions in HTS caoils.
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Table 5.2.1 Specifications of Bi2223/Ag tape for HTS coils.

Superconductor Bi,Sr,Ca,Cu;0,
Width 4.1 mm
thickness 0.23 mm
Ag/SC 1.5
Critical Current* 104.8 A
n-value* 244
Manufacturer Sumitomo Electric

*at 77 K under self-field

10-65 E

E [ I.=1048A '

S 107k n-value = 24 .4 |

s f E

9 [ i

= L i

§ 10°% E

8 E

0 - i
1072 ! ! | L
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Current (A)

Fig. 5.2.1 Electric field vs. current characteristic of Bi2223/Ag tape for HTS coils

at temperature of 77 K under self-field.
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Table 5.2.2 Specifications of HTS coils.

Configuration Two Double-Pancake
Number of Turns at a coll 80 Turn
Inner Radius 50 mm
Outer Radius 65 mm
Insulation 50 um
Inductance 4.0mH
Length of Tape 60 m
]‘03 o I g 3
-~ B . VA
g L Coill I; 69.3A n-value 16.8 / ]
L2 10%L Coil2 I, 70.9A n-value 15.7 [ i
> : / ]
a C / ]
N - u
= 1l / 1
2 10 3 ’/ E
— . / ]
2 i / T
= ol [ 1
5 107 ,/" ® Coill 73
p— F /// A . .
85 - Y Coil2 ]
107! | N | | |
20 30 40 50 60 70 80

Current (A)

Fig. 5.2.2 Electric Field vs. current characteristics of HTS coils

at temperature of 77 K under self-field.
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Fig. 5.2.3 Schematic configuration of experimental set-up

for measurements of current decay in HTS coils.
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Fig. 5.2.4 Electric Circuit for measurements of current decay in HTS coils.
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Fig. 5.2.6 Photograph of HTS leads, PCS and joints.
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Fig. 5.2.7 Current decay properties of HTS coil at temperature of 60 K.
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Fig. 5.2.9 Comparison of excitation histories on current decay in HTS caoill

at temperature of 60 K.
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Table 5.3.1 Numerical parameters of HTS coil for FEM Analysis.

Number of Turns 4 Turn 8 Turn 16 Turn 32 Turn
Configuration Double Pancake
Inner radius 50 mm
Outer radius 50.75mm | 51.5mm 53 mm 56 mm
Thickness of Insulation 0.145 mm
Inductance 3.27 yH 12.9 pH 50.0 uH | 192.3 pH
Tape Length 127.2cm | 255.1cm | 531.4cm | 1064 cm

Tape Dimension

41 mm/0.23 mm

Ag/SC

Filament Configuration

ellipse

Aspect Ratio
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Fig. 5.3.1 Current decay properties of HTS coil in persistent current operation.
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Fig. 5.3.2 Effective resistance evaluated from current decay properties.
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Fig. 5.3.5 Effect of switching time on current decay properties of HTS caoil.
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Fig. 5.3.6 Effect of ramp rate on current decay properties of HTS caoil.
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Fig. 5.3.11 Effect of excitation histories on current decay properties of HTS caoil.
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Fig. B.2.1 Relationship between vector potential and flux [B.3].
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Fig. B.3.1 Current distribution of ring conductors.
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Fig. C.1.1 Flow diagram for FEM analysis each time step.
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Table E.1 Parameters of coil.

Inner radius 0.4m
Outer radius 0.8 m
Height 0.44m
Number of turns 8
Distance between conductors 40 mm
Dimension of conductor 80 mm x 80 mm
conductivity 1.0x10™"° S/m

P/,EI DPZ
. L0

Fig. E.1 Calculation model.
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Fig E.3 Comparison of calculation results between ANSYS and developed FEM code (Self-field).
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(a) ANSYS

Magnetic Field |B]| (T)
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(b) Developed FEM code

Fig. E.4 Comparison of magnetic field distributions after 1 s.
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Fig. E.5 Comparison of current distributions after 1 s.
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Fig. E.7 Comparison of calculation results between ANSYS and developed FEM code
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(a) ANSYS
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(b) Developed FEM code

Fig. E.8 Comparison of magnetic field distributions after 1 s.
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Fig. E.9 Comparison of current distributions after 1 s

205



fTHF BBRAOGEFRCEZEYILE

AAFEETIX, BRADETFIE L BFEYMEES W TS, F1 8Tk, EICEREEEERY
— FHFEC O W T340 25K D % 7280 DA IRERIEZ L D RER L OBRA DK DI IZHONT
WD, F2 fiTik, BURAZ RO 57 OIZUERER Y — FOSKRAEM IO 2 S MM B O
PEE A Rd, F3HiClE, AT X 2BUR AZ GRS 2 HIEIC SV TR 5,

F1 ARERZCIZEESMERRADHEFE

EEAREE R Y — FEFOBYR AL, RO DR E BIEEICHE D V2 — W BATH D,
BMRAZ IEMEIZ R D 7201203, SBOEE S M EZ RO DMENH D, 2T, UTFDX 72—k
OB R E v b5 [,

2
ZIT, AFBMRER o TRPER, [ ITEEER, s IWmAE, TIHRE, x 13ERY — Fidh
STNETH D, SEORIZ1E L, HEb Ui =x/l #Z%E LTELDRZEXMRZ S
N

=0 (F.1.1)

o 0T plI*l’

—A—++

ou Ou s?
L%, EHIT HOR ST LS s DL TH D BAFH T A= A=1[s ZEAL T, (F.1.2)
REEWR D &

aizg—T [* 4> =0 (F.1.3)
u u

b, EREY ., $EOBMRANITE S EWmEOIC L 0 b SnDd Z ERnbad, £2. B
R A B X OB p (XIRE KT T DM CTH D70, IERIEMNT 21T 2 WERH 5,

(F1.3)RXZEfEL 72912, $iiH % Fig. F1.1 O L5 ITRBEMOFRZEr & LT {HOMREFRIC
FRET 5,

N COMRE TV 13—k EET DT O L 5 RISGEE T 5[F2l,

(1)

=0 (F.1.2)

T2C A BEOBEE T LI ESNAER CTH D, BRI B LG+l OBRET, . T, b4
WAL E w, . u,, Z VIR, BRICE T 2IREIFLLTO X 9 Zedlsr —k HREA L 72 2,

LL_|b a‘g) (F.1.5)
T, 1w, 051(1)

EEf 2 lick o, BEEKA . dVEUTFOLIICRkDDZLNTE D,

206



M M w]l' (7
{aﬁ.)}:{ "} { } (F.1.6)
a1l 1 ui+1 THI
HenrT, BHEINOEEZOMEORETY 13, (F1.47%8 L 0FE1.6)F L 0 | a0 & HIsAr
BICL IR TE B,

-1
: 1 u T o= u || T
TV ={l u ’ =l uf I L (F.1.7)
1 Uin ];‘Fl Uy —U; | — 1 1 ];+1

IR o3 225K 6D 2 BARI 72 0715 & L TR IRERIEEZ W 5, ERXYBIZOWTIESS T RAEED
—HMTH D Galerkin tEz M5, UL ED & 5752 T& S T, Galerkin £ &%
SHEIFFE LWARERALZES ZENTED 2 ERHONTWDIR3], Hifi OfHEB% 4 =B
e LT, BEAEHOXIRY LEbOE G, T UL

G ==G,= | R-Ndu=0 (F.1.8)

LB, 22T, RIEFFELIRDLEDTHSL, 2L T, GIFAMRERX LTINS, KIZ, BYzE
A LARPUR p OIS 2 MM FIRIC OV CHAT 5, ARERNX G, ITE RO E
T, T OB THY ., ZNESEEEEIZOVTO Taylor BRAZTTY &, BLTFOX 51225,

G(T, +T,,---,T, + T, ) = G(O,--,T)+an{iGi(To,---,T)-éT}+-~ (F.1.9)

n aT n J

(F.1.9UzBWN\ T, 1RO (T2 L, MEEBR DM BITER) £ TEHBET DL,

G,(T +oT)= G(T)+ 6G(77 o7, (F.1.10)
Lhsn, 22T, G(T, -~,Tn) Haﬂ-;@t CG(T) &% L=, T+6T ZEfE & T 1T,

G(T+6T)=0 (F.1.11)
L7250 T, (F1L103UL,

2 —aG[(T)'W/ =-G,(T) (F.1.12)

j:O 6T ’
LD, INEEHRIZOWTTIIRRTH L, UTOXIITRED,

_aGO oo aGO e aGO |

oT, oT, orT, |(s1,) (-G,

QQL | oG, aéi 5% = k; (F.1.13)

oT, or, or, ||7 /[ | o

oG, oG, oG, |lor.) |-G,

oT, or, oT, |

YoT, k+1EHOKETHE LN AHiA OREOTEWRT 13, hA TR BN,
T®) = 70 4 gs7® (F.1.14)

207



Z2T, STIE (F1.13) REML 2 LIS R VRE HIEFM, o FEEHKTH 5, &I, Galerkin
B X D EIR BT 2 ARERXOERLICON TR S, Hifi I 2 A RERL

Gj:j“’“N{a PRLENNEY }duzO (F.1.15)
ou’ ou
LD, M DAX LY
v J i( el
0 ou ou ou ou
( j (W_j_%(ﬁlj (F.1.16)
8u ou ou ou
LT, (F1.16)RXA2([F.1.15) XU CAT 5 &,
="  ON, ( jd [ 2 (lea—Tjdu + [ Npl* Adu (F.1.17)
u  Ou ou u; ou u;

Lheh, TIT, NS 1 EHIFEEERALMEER VS OERL, G OB SEREELEZG L LT
ZHURBEIEE 2 D,

G = j”aN( jd j N.pl*A*du (F.1.18)
—RRERE O N, 1%
. . . . T
T = NOT + NOT, = N9 NY) }{ ’ } (F.1.19)
7;+1
TERSN, F1LDXLY,
N R o
zA :{1 u} 1 Uiy U — 1 Uy —U (F120)
Nz(-:—} U — U, -1 1 Upy —U; (—U; U
L%, (F1L1)AAF119XARA L, Himi 0EFEIIHAT 2 ARERAL
G@:f‘%czaM T+ MZH j N9 oI 42 du (F.1.21)
u  Ou ou
En, oT, EXEEPTLH L
(i) Ap (o) M) Apr(i)
(i) _ Uit aN aNl U; 16N 6NH1 2 42 (Yin (l)
G! _A{Lv T j LT du— pl* A j NO%u — (F.1.22)
L%, MFBE O EIX
oN"
P 1 -1
U= (F.1.23)
aNz+1 g —u; 1
ou

Lns, ZhuaEFE122)XA~ATH &

208



-T i U, —U
=2 du+ ——dut— pl* 4 —du
{j l+l J. (uH—l ui ) } j z+1 u[
T -
:/1( i j pl* A (u,,, —u,) (F.1.24)
Uu.
L7 %, [ARRIC,
uam+ ua ONY) ONY
=4 1 Tl.du+J.ui e lTHld} ol AJ. N9 du

H—l {

z{j [ ﬁdu}_puj p—
Ui U, —u —U;

z+1 ( Hlj plez(”m_”i) (F.1.25)

L%, Ko T, HWHRIITHET H2AMRERNT

G" r-1,)[1 , 1
Lob= A ol A (uy,, — F.1.2
{Gz(ﬂ} g (qu - ”i) -1 p (um K 1 ( 0

L%, (F1200R% 0, MEbERICET 2T & 85 L7 0GY JoT) kw5 & |

oG" oG
T, 6Tl+l A vt (F.1.27)
aGl+l aGHl (ui+l - ui) _1 1 h
o, orT,

i+1

Lt F1.200 B LOEFEL)X LV FELIDXKO—FHTHILLTFD L 5 72 BFEE A TR A K
HHb,

oG"  aG"
oT  or,, {é’T} {G@} (
it =17 F.1.28)
aat o6 |7, |6
or  oT,

i+l

VbD X HREHZEGEGRANS, 2EHFICHOWTHEET S Z L TEF1.13)XoE . — &k iR
ERERRT D 2 ENTE D, AR GRS & ARRROEE 2 BER AR E LTRET S
T, Bk GEREREEE . F1L1ORUC L FHRORE Z KEEET 2 Z & CRiiirg
Bt Y — ROFEOIRESMZRD D Z LN TE D, o, BYRERMPIRZRE T DRI
THIREX, AT O XD RERBNOIREDFEEEE V5,

70 =Lt T (F.1.29)
2

ZD XKD LN DFEBOMRE NN DEMR AL RO D, B2 NITARIRS G~ DA T HEE T

b5, KIRmEIZHR BITWETE 0 DEBYRERE 2 SOFHROIRET, . T,00ERFAQZRDD &,
0 =as(T, - T,) (F.1.29)

209



LD,

GFRP 7¢ ¥ O X HEEEM O AE Z BT 2 LEDO 2 W E B EEER Y — K HTS o3 A%
RKDABESIE. F1.20RXB L OFEL127E ¥ a2 — BT AHEAEHT A7 TR . WimkE
DEALT HEAE LU TFO X )ICENENOIEICWHEs 28T 5721 TRV,

(1) _ 1
G,(') _ T Tm){ } (F.1.30)
G (ui+1_ui) -1
oGY  aGY
Y 1 -1
o O |_ s { } (F.1.31)
oG, 0G (”m_”i) -1 1
oT,  oT

i+l

Fig. F1.2 [ZEiE 8B ) — FOFEHORE M EBMRAZ RO LTOD T —F v — M
Y,

210



0 1 2 i i+1 n-1 n
® @ @ e o———© . o———©
Uy= 0 u, 1 u, u [ 7 u_, n-1 y=1

Fig. F.1.1 Finite element.
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Fig. F.1.2 Flow diagram for FEM calculation of temperature distribution.
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Table F.2.1 List of coppers.

Material
Oxygen-free copper (C1020)
Tough-pitch copper (C1100)
Phosphorous-deoxidized copper (C1220)

Residual Resistivity Ratio (RRR)
50 ~ 300
10 ~ 100
3 ~5

1077

—_
<
o0

—_
<
O

Resistivity (Qm)

—_
<

p—
S
T

—_—
S
W

—_—
<

Thermal conductivity (W/(mK))
>

—_—
(e
[

[E—

<
—_
(=}

- RRR=3

RRR=10

RRR=30

RRR=100

RRR=300

—_—

10! 10°
Temperature (K)

[S—
S
=]

Fig. F.2.1 Resistivity of coppers.
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Fig. F.2.2 Thermal conductivity of coppers.
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Fig. F.2.4 Thermal conductivity.
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Fig. F.2.5 Specific heat.
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Table F.3.1 Emissivity

293K — 78K 18K — 4.2K
Al 0.01 ~ 0.06 0.027
Al (oxidized) 0. 31
Stainless steel 0.048 ~ 0.13 0.055 ~ 0.06
Stainless steel (oxidized) 0.2
GFRP 0.64 ~ 0.68 0.52

Table F. 3.2 Heat leak of LTS pulse coil by radiation

300K — 65K 65K — 4K

Surface Area (high temperature) 6.3 m? 4.4 m?
Emissivity (high temperature) 0.1 0.1

Surface Area (high temperature) 4.4 m 1.8 m?
Emissivity (high temperature) 0.1 0.7
Number of super-insulations 30 5
Safety factor 2.0 2.0

Heat leak 8w 0.15 W
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