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Studies on Advanced Superconductors for Fusion Device
Part 2

- Metallic Superconductors other than Nb3Sn -

Abstract

A comprehensive report on the present status of the development of Nb3Sn
superconductors was published as the NIFS-MEMO-20 in March, 1996 ( Part 1
of this report series ). The second report of this study covers various progress so
far achieved in the research and development on advanced metallic
superconductors other than Nb3Sn.

Among different A15 crystal-type compounds, Nb3Al has been fabricated into
cables with large current-carrying capacity for fusion device referring its smaller
sensitivity to mechanical strain than Nb3Sn. Other high-field AIlS5
superconductors, e. g. V3Ga, Nb3Ge and Nb3(Al,Ge), have been also fabricated
through different novel processes as promising alternatives to Nb3Sn conductors.
Meanwhile, B1 crystal-type NbN and C15 crystal-type V2(Hf,Zr) high-field
superconductors are characterized by their excellent tolerance to mechanical
strain and neutron irradiation. Cheverel-type PbMogSg compound has gained
much interests due to its extremely high upper critical field. _

In addition, this report includes the recent progress in ultra-fine filamentary NbTi
wires for AC use, and that in NbTi/Cu magnetic shields necessary in the
application of high magnetic field. The data on the decay of radioactivity in a
variety of metals relating to fusion superconducting magnet are also attached as
appendices. We hope that this report might contribute substantially as a useful
reference for the planning of fusion apparatus of next generation as well as that of
other future superconducting devices.
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B1 type compound, C15 type compound, Cheverel type compound,
new AC wire, magnetic shield, radioactivity
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Fig.2.1-1 Nb-Al binary phase diagram.
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Fig.2.1-2 J.-B curves of NbjAl conduclors.
(A) direct diffusion processed long wire.
(B) quench-and-annealed Laboratory scale wire.
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Fig.2.2-1 Owverall J; vs B for poWder metallurgy processed Nb-Al using the fine powder Nb-8wi%Al

wires with nominal areal reduction of R=3.4X 107 and heat treatment of followings:

(1} 1.5 min at 1100°C followed by 750C for 4 days, (2) 5 min at }000°C followed by 750C
for 4 days, (3) 40 min at 900C followed by 750°C for 3 days, (4) 800°C for 8 h. The dashed
curve is for the best earlier Nb-Al wire, with larger powders and R=8X 104,
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Fig2.2-2 Typical J vs B curves for Nb3(Al.Ge) tapes fabricated from mixture of Nby( Al Ge) powder
and Nb powder. The index numbers show the nominal atomic ratio of Nb/(Al+Ge).
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Fig.2.2-3 Vickers hardness vs reduction ratio curves for pure Nb,
pure Al, Al-3, -5, -7, and -10at%Mg alloys.

Fig.2.2-4 Scanning electron micrographs of transverse cross-section for unreacted 1.8 million-core
Nb/Al-Tat% Mg composite wire with 0.7 mm diameter.
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Fig2.2-5 Diagram of continuously ohmic-heating/rapid-quenching system.
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Fig.2.2-6 Typical ] vs B curves for Nb-tube processed multifilamentary Nb3Al wires (stacked twice)
continuously ohmic-heated, continuously rapid-quenched, and then annealed.
Data of Nb-tube processed multifilamentary NbyAl wires obtained by conventional heat
treatments are also shown in this figure,
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Fig.2.2-7 Fabrication process of fine-multilayer Nb ; Alsuperconductor
by the clad-chip extrusion method shown schematically
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Fig.2.3-2 J.-H curves for Nb-Al-(Ge) alloy tapes obtained by liquid quenching and subsequent annealings.
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The sample was annealed at 850°C for 1 hr after quenching from melting state.
Fine Al15 phase was obtained by the annealing of quenched bcc phase.
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Fig.2.3-6 Cross sectional view of Nb-Al composite tape after electron beam irradiation
at a power level to retain the fiber structure.
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Fig.2.3-8 Typical Jo-H curves for electron beam irradiated Nb-Al and Nb-Al-Ge composite tapes.
Data of composites obtained by conventional heat treatment (7) are also shown.
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Fig.2.3-9 NbjAl coil fabricated by applying rapid quenching after ohmic-heating,

Table 2.3-1 Parameters of the Nb3Al coil fabricated by applying rapid quenching after ‘ohmic-heating.

Bore 20 om
Quter diameter 45.6 nm
Height 50 no
Number of turns 1331
Length of wire 137 m
Inductance 0.022H
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Fig.2.3-10 Performance test of the NbsAl coil at 2.0K.
I -B curve of the wire (50 cm length) is alse shown in the figure,
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Fig.2-4-1 Fabrication process of Nb3Al Jelly-roll method.



FAREND B & TAIY — P FARRE S DO TiRE R (P —O— ) Lo, WAL
A FEHIAT Bo TOHECU/NO/ABREME L, LT AV b EL, OE Ly FucfliL .
HEPTHETE-LEICIOHCYY , YLy MBI RE, SO Ly b 281 L, s
MEFTHZLEDEEME L, VAR P, BBMIARL, 24 VAERSAZ, M
BT, 707 XENDSn TR T WA P BLE 12T h R, A ARTE TN by A 171 B S Bt
i) COLIIKTREE. (1) ZE b, (2) . Leflbdofts . (3) EREMLE
&y RN G KFERND AR OB & U TR 24T 5.

24.2 BIEE&E
(1) PRARaE

Fig. 2-4-2i7 ] RELNbs AUB{LEE#A 0 B A 0 B0 (J O D BERAK T %51 (6)s J i, 800X 10kE
D 1 BAMLE T I T E R(International Thermonuclear Experimental Reactor ) O TF(Toroidal Field) 7
VHIB R IR EN TV HT00A/Mm2(12T, 4.2) % 4 2 B800A/Mm2 5 S M TWwE, 3
72y 1050 X 1 SrORIFINBIL IO . 750°C X S0MGMD 2 BEBMB AN 52 212k H . 10204/
mm? (12T.4.2K) #EEO R, & DR E Trivl, A S ATV D, Kamer 70y F iz & bk
LB WANHERBE, WHAAATIZH L, BEE224TTH Do Byl 1. AR AMLE L 45
BO0T 51050 T~ L o/aZ &2 & 1. No-ALRIRBRI) 25 PE NS L3510, Al 5HD
HUB A AL RRALE IS E T W b B X b, L L, 2 BYBulB o 1 B o i AL BN
BIRSRAAMLEID 7200, VT 2 b - 72 F - 94 ¥ FHNS X BN B 2D T 4 L ~DFES
KEEohasbDEEZLNA,

10000
— A 1 min. at 1050° C followed
= O 5 by 50 hours at 750°C.
L
< a
< 2e
= goe
2 o .
S 100 feccccccmaaaaan. (1, SO
z o
S B10hours ®
3 at 800 °C
B 10 prereecemmeaaas -
5 '
o]
‘I 1 1 1 i t 5

g8 10 12 14 16 18 20 22
External Field, B ({T)

Fig.2.4-2 ], at 4.2K against the magnetic field.



Nb;AlO&4 MBS L LT, Gk, ARESABIZLY, GRAEHO BT HS
RTWAEHN, BEROKE L BETI A VEERT 2541, AATERIEMOCuD@EA1083T
UF TREBICRBEHN TS 2 BNMOARBEGILETHD, Fig24-313, 1 TERONKALA
v — b} a4 M@HAKERS W 8H TS b, Table2 4 HICHHOHTEN T, MBI L R
T, BREDO.SImm ¢ THME, 4000mAH 5 TV 5(9). BMBLEHA, RO TER
SR ERAVT, ROEEE, FHE. BREY — L OIAOER LN L ERO00)E R,
KB T A NS LTINS O NBEME LT, 750C X0BM 0% TRME £ 17 - 74
F. 1430, g VIemDE R TE00A/mm2(12T42K) PR L LTV b,

Table 2.4-1 The parameters of a prototype Nbj Al
strand for ITER-TF coil.

[tern Parameter
Diameter 0.81 mm
Number of filaments 66
Cu/Non-Cu ratio 1.75
Filament diameter 358« m
Twist pitch 30 mm
Cr Platng thickness 2 xm

Fig.2.4-3 Cross-sectional view of Nb3Al/Cu
multifilamentary strand by Jelly-Roll.

T/, HBRSHEEHEEH I BV TEEHm Lo 2, RIEHEOE WLELCUIC L D gk S
WARBEEHEFYLEE SRTwA, [ TERIEKBWT, 0T, BHRBMETHE LB BV THIEE
B0 I HAEIZ1 55X 1010 QmEAT CH B 2 EARDO LN TV AT —F . WM ERE I 3R
ORSHEYBRET A0, CrAy 3 PFHIATEY, ZoCriI700CUEOBABIZ LD T
Yoy AL, EHG A WIS A2 LB SR TWA(I).  Fig2-430#M3, #
BHRBICE L NDBREMCuERETAIEICL VCrOHMIC L 2 WO AHIL .
I T ERDEEEZD WEKFEOHE HET 51.5X100am G LR TV 5(12), JHITL
D, It A . BHIERMOLECuEA T 2 ERD | RENGAIBRESMFHLR TV S,

(2) Bga-T. I.-T - Btk

N ABBIEH T A MO ODEET— 5 L LT, Bea-T. k- T - BRHORESTHORT
WA REHI T TE RHAELF LCulkls | ##1F08mm ¢ @ ] RENDAB{AELRH TB00X 10



W H DO BT % 17> T Do Fig2-4-4iZBg, - THM AR, TORERTOT, 154K, OKIZ BT 5
Bepld22.4TTdH O . B THITILS M RHI IV & -Ub LA NDAL S L 27 SN B )OI < B
LMY, Jorda b DT, & HUKDIRRHUC X B L. OB DA I1SHIDAIHLK L2176 22a% & 12 1 .
ALBRIERO0C TR S B PO MK E - B ¥ 5o HHUZ. HEREE Boo(OKDBL) &
ToOTOTHZHRBEL T (1) RiHTidd/2b DT, etz - HLTna,

Bc2(T) = Beop(l - (Tnco)z) (1

Fig.2-4-5(28,10,12TiC BT B I DMIEHE 2739, 12TA2KICBIT AU, 700A/mm2TH B, T,
£ O AT E B TR, TR U TG TH B4, Tl { THRI OB MM 5 ¢
%o TV %, Hammpshire® i, Ta%k #MI L 7-Nby Sofihf O -T-BEFE % s L. I, % U & RER o
ML QDR T L TWBUS5),

JcBT)=CBOS(1-22b05(1-B)2 ()
t=T/Te b=B/BT) C=HHK

NbABSTRERIZ 2V T b, Fig. 24-50 8l AR 2 H v, (2) 0B TIEHHRADL LTV
bo BB, NosAUELEH OB DBAMKAYIZ oW T3, Fig24-4 OB, - THMES (1) 1ok
TEHDLARPMO LR TV, FOHBEFig24-SOERTHL TV A, % 277 /=44
THIEME %D Ry AR LTw B,

35
- 3C0
30 F "~«_ bulk sample(14) 700
25 800 |
E 20 {é‘ 300
34 = 400
@ 15 <
= 300
10
200
5 100 }
0 0 l
0 2 4 6 8 1012 14 16 18 20
T (K) T (K)
Fig.2.4-4  By-T characterristics of Nb3 Al Fig.2.4-5 J.-T-B characteristics

(O; Nb3Al wire prepared by Jerry-Roll method
with heat treatment of 800°C and 10 hours.
- - -; Bulk sample (14).



243 R

LLLD ] RENbAFBILEH O] ALl ERIZHAHEG oW & & b RRBHOHREITTD
. NBAIF— 7 - 4 ¥ - 3 ¥ Py MMES L U N ARIGE D 4 VORRELR &, KEWNDAL
BZESH O 2 HR L ABRSBA 2 bh Tnd, LTFRW 29O 5T,

(1) 13724 VRE

Fig.2-4-642 J RIELNb;ABHZEARIC & B/0 T 4 A O4HE & Table 2-4- 20 NIHBH B L I 4 VD
HIEENT () IMMFEDAF ¥ LAKE Y IZH 7 AR L R, 2XFHIFEFRL.
AF VL ABTHSZAEZIATWAS, TANMRIITON Yy 2759 FERAMICBSWTHRY OR
FRHMSOAE T/ vy F L LTHME LTV 5,

Table 2.4-2 Parameters of the coil,

Strand
Wire diameter
Number of filament
Filament diameter
Cu/Non-Cu ratio
Twist pitch
length

Coil
Inner diameter
QOuter diameter
Height
Tums
Layers

1.09 mm
91
65 m
2.6
50 mm
110 m

36 mm
59 mm
111 mm
633
8
5.65 mH

Self inductance

Fig.2.4-6 13T NbjAl coil.
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Fig.2.4-7 Cross section of the 10 kA class Nb3 Al conductor.

Table 2.4-3 Specifications of the conductor.

Conductor
Conductor type Cable in conduit forced flow type
Outer diameter 23.0 mm
Conduit CuNi(1.2t) seamless pipe
Yoid ratio 38%
Cable
Nominal current 10 kA (12T ,4.2K)
Critical current > 20 kA (12T ,4.2K)
Number of strands 324 (3x3x3x12)
Strand
Cnitical current density > 300 A/mm2 (12T ,4.2K)
diameter 0.88 mm
Number of filament 360
Cu/Non-Cu ratio 2.1
Twist pitch ' . 20 mm
Filament diameter 28 um
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Table 2.4-4 Major parameters of multifilamentary Nb3 Al strand and 40 kA cable-in conduit conductor.

Outer diameter 1.02mm

Copper/non-copper ratio 2

Number of filaments 588

QOuter diameter of filament 24 pm

Twist pitch of filament 20mm

Quter diameter 29mm

Conduit material Cu-Ni

Thickness of conduit 1.7mm

Void fracton 35%

Number of strand 405(3x3x3x3x5)

Twist pitch _ 100/160/200/300/400mm
80 T T 1 T ]

(kA)
S

40

Critical Current

92 3 14
Magnetic Field (T)

Fig.2.4-8 Measured critical current of the 40 kA Nb3Al cable-in-conduit conductor.



(4) 10kA - 100miifk
] RiEND; ATB(EEER & NI 1 2T 3 A L 2 4 5 720, 100mBDTIT Y Py M
LBTr—FN A - 3Ty PERFRBEERTVA18), COEKEZHV a4 LD HEE
Fig2-4-9, SHIC#% Table2-4-512, MEEEBREI L Fig. 24-10125F . I A Vid. A TARRAY OO
ZMF T CS.SkAMTEIC L D4 STORMRA:, £/, 7.5TD/54 7 AR TS5 5kAMBE L . 4TORK
HFERA U THPOEAI0TORNY 2 R LTy b, RBEEOHK NG, 7.5TD /N, 7 ARPT
10kAE TOBEFER TV LV, RTROBEATEOWHEEIDRE ATV A,

Table 2.4-5 Major parameter of the NbsAl coil.

Coil
QOuter diameter 408 mm
Inner diameter 124 mm
Height 254 mm
Winding :
Outer diameter 372 mm
Inner diameter 154 mm
Height ' 220 mm
Conductor length 100 m
Number of turns 112 turns
Self inductance 3 mH
Insulation materiai Alumina oxide cloth
and the epoxy resin
Coolant Supercritical helium
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Fig.2.4-9 The 10 kA NbjAl coil. MAGNETIC FLUX DEMSITY {T)
Fig.2.4-10 Load line of the NbjAl coil.
The maximum magnetic flux density was
achieved 10 T at 5.5 kA of the current in the series
charge operation. And the maximum magnetic flux
density was achieved 4.5 T at 10 kA of the current
in the single charge operation.
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Table 2.4-6 Major parameter of the conductor.

— Conduclur Ti conductor S8 cunducior
cunduil material Tianium stainless steal
wuter dlameter of conduit 41.0mm 41.0mm
Innner dlameter of conduit 3.9mm 38.6mm
vuid fractlon 37% 1B%
ouler dlameler of Inner tube 13mm 13mm
innner dlameicr of Inner wbe Himm limm
Cable s0 FRP cover
13t stage(pitch,number) 15mm, x3 d0mm, x3
Ind 60mm, x4 100mm, x4 Canductor (T1)
3rd 120mm, x4 N0mm, x4
dth 205mm, x4 40Qmm, 23 T
Sth 600mm, x6 800mm, x8 R
Sirand u
diameter of strand 0.812mm 0.329mm
Cu: non-Cu 1.5 15$ Conductor (SS)
average Je 600A/mm2 600A/mm2
twist pitch 20mm dlmm Gilass-fiber tapes ERP cover

Cross-sectional view of the sampie
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Fig 2.4-11 Over-view and cross-sectional view of the sample.
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Fig.2.4-12 Summary of all lc results of Ti conduit conductor.
The denoted number correspondes to the measurement number.
1=1035T,2=1032T,3=1030T,4=10.18 T, 5= 1120 T,
6=1133T,7=1135T,8=11.28T7,9=1039T,10=11.89 T,
1N=1182T,12=1224Tand 13 =1237T.
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Fig.2.5.1. Effect of uniaxial strain on the upper critical field B.;* of practical A15 superconductors ;
B..* has been normalized by it's maximum (nearly strain-free) value B.:x*.
Binary Nb;Sn is represented by the same curve as for Nb;Sn(Ti, Hf, Ga) (2).

BEOBERINT A—F— T.. By, J. CBRFOLXI T, BREAR EEBTHIENTE, 42K
The OBEHEMIE QDA TELEND,

€ r.= € d)(l._-Bc 2*/Bc2m*)0'6 (2-5-1)



CZT, By, 13 LIBEAA B, OWAMGEAE OO TH D, ¢ . Table2.5.1 2
RLIZE S &, WHILHATOMTH D, D e, DBEFANEVIE, 2OWHOEHRTE R e . O,
BHALS Iz B, MM T BHAMHIAE NI L% 0, NB Al S o T CREMEZRLTY
Ho HEMITIE, ¢, BITHAELZEHRT, ¢ <ec, DERAICORAETHEIED, SR~
Ty FPOFRCBCTE, =72y POBRWETICHTLEI 0L 2 EADEOHIT. 5
HH OFRMIE T OB OB EE LD B LI DIE LS, L Lads, ilE o
FIEE DB S b Nb,ALEA 3 NooSn S iC E<THRI L & B,

Table 2.5.1 Valuesof ¢ .o fruse in Eq (2.5.1) to determine the 4.2 K
field dependence of the critical strain parameter ¢ . (2).

Compression (%) Tension (%)
Nb,Al —3.9 35
VGa ~2.6 21
Nb,Ge —2.3 ———
Nb.Sn ~1.8 1.5
v,si 0.8 S

Table 2.5.2 Parameters for Nb;Al and Nb;Sn wires
fabricated through Jelly-Roll process (3).

Superconductor Nb,Al Nb,Sn
Wire size (um) 1.21X1.88 | 1.35X%1.95
Number of filaments 264 180
Cu/non Cu ratio 2. 48 1.63
Filament diameter (um) 62 90
350
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Fig. 2.5.2 Characteristics of tensile stress vs. strain at 4.2 K

for the NbsAl and Nb;Sn wires of Table 2.5.2 (3).
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Fig. 2.5.3 Cross-section of original Nb;Al wire
before rectangular shape of Table 2.5.2 (3).
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Fig. 2.5.4  Uniaxial strain dependence of critical current density for multifilamentary wires 2).

(a) Nb;Sn, (b) NbsAl

Table 2.5.3.  Specifications for a Bronze-processed (Nb,Ti);Sn wire
and a composite-processed Nbs Al wire (4).

(a) (Nb,Ti)sSn wire (b) Nb; Al wire
Composition Nb/Cu-7.5at%Sn—0. 4at%Ti | |Core composition Al-Sat%Mg
Diameter. ¢ 1.0 Diameter ¢ 1.0 mn
Core ¢ 5mXx721X7 Core ¢ 0.0731mX 151 X 151 X 151
Bz/Core 2.5 Nb/Core volume ratio
Barrier Nb for Nb,Al area 3/1
Cu/non Cu 1. 68 (Extra Nb)/ Nb,Al
Twist pitch 10 mm volume ratio 0.8
HT. 650°C X 200hr Twist none
HT. 930C X60min—700°C X 72hr
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Fig. 2.5.5 Uniaxial strain dependence of I's at 14 T, 4.2 K, for a Bronze-processed (Nb,Ti};Sn
wire and a composite processed ultrafine filament Nb;Al wire of Table 2.5.3 (4).
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Fig. 2.5.6 Magnetic field dependence of L.'s Fig. 2.5.7 Uniaxial strain dependence of normalized

for a Jelly- Roll processed NbiAl
strand and their CIC conductors,
and for a Bronze-processed Nb;Sn
strand and their CIC conductors (5).

Ic's fora Jelly-Roll processed Nby Al strand
and their CIC conductors, and fora

Bronze-processed NbySn strand and
their CIC conductors (5).
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Fig. 2.5.8 13, Table 254 (CHBRERL 7Y ) — - O—VENDAIBHO 12 T, 4.2 Kizhi}
% L OHITEAMETFEE 70 0 ZHND, TS O ZTNERBLTRULELDTH S (), LA
5% BTFFSMTEASE. (NbT),Sn#M T 05% THEDIIH L. NbAIBHOBE. ¢ 70
pm 74TALNTE 08%. ¢37um 74TAY NTCE 1% £FCATB, Fig. 259 .
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EARMERERTIE, 12T LLEOBREAY S 3y FAELTY Nb,AUBRHO B AEHIZ L 5
LD B P 2umT A TAL MEET Y 2 U— - O~ VEE R Nb,AL S C b EEE
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Table 2.5.4.  Specifications for Jelly-Roll processed NbsAl wires (6).

Item Specifi cations
Wire diameter {(mm) 0.8 0.8
Cu/non Cu ratio .44 1 2.1
Number of filaments 222 48
Filament diameter (um) 37 70
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Fig. 2.5.8 Bending strain dependence of Fig. 2.5.9 Magnetic ficld dependence of 1.'s
normalized L's at 12T, 42 K, for the wires of Table 2.5.4 (6).

for Jelly-Roll processed Nb,Al
wires and a Bronze-processed
{Nb,Ti);Sn wire of Table 2.5.4 (6).
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Table 2.5.5.  Specifications for the Nb;Al and Nb;Sn wires (9).

Wire

Nb.Al

Nb,Sn

Fabrication process

Jellv-roll process

Bronze—process

Wire diameter

0.8 mm

1.0 mm

Filament diameter 33 m 3.5 pm
Cu/non Cu ratio 3.0 1. 86
Heat treatment 10 hr @ 800°C 120 hr @ 630°C

Non—Cu critical
current density (J.)

820 A/md* @ 8 T
230 A/mr @ 12T

905 A/oor @ 8 T
406 A/mn’ @ 12 T

121
A S
o Background field, B=12T
- ¢ 0 0OD
) 1 ceay ° o 0 NbyAl
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Fig. 2.5.10. Transverse comprcésivc stress dependence of
normalized I's at 12 T, 4.2 K, for a Jelly-Roll
processed NbiAl wire and a Bronze-processed NbiSn
wire of Table 2.5.5 (9).
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Fig. 2.5.11 Effects of transverse compressive stress on
normalized I.'s at 12 T, 4.2 K, for the rectangular
shaped NbiAl and NbiSn wires of Table 2.5.2 (3).
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Fig.3.1-5 Pinning force density F, vs reduced magnetic field h=H/H,; for Nb;Ge tapes prepared at
deposition temperatures Ts in the ranges of 752-913C and at 3.6 of the Nb/Ge ratio
in gas phase. H | ,or H.. means that magnetic field is applied parallel, or paerpendicular

to the tape plane.
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Fig.3.2-1 Non-Cu J versus magnetic field curves of different superconductors
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Fig. 3.2-3 Continuous Ga diffusion apparatus used for producing V3Ga tapes.
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Fig 3.2-4  (a) 17.5 T superconducting mdgnet lifted up from the Dewar.
(b} Refrigeration system connected to the 17.5 T superconducting magnet.
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Fig.3.2-5 Cross-section of the multifilamentary V3Ga wire
initially produced in Japan.
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Fig.3.2-6 Thickness of V3(Ga versus reaction time at 700°C for V/Cu-Ga composite tapes
with quoted Cu-Ga alloy composition.
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Fig.3.2-7 (a) Cu-35a1.%V alloy ingot prepared by Ar-arc melting,
(b) SEM structure of V dendrites in the Cu-35at.%V ingot.
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Fig.3.2-8 Overall J, versus magnetic field curves of insitu-processed V3Ga wires prepared
from Cu-V alloy with different V concentration.
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Fig.3.3-1 Thickness of VsSi3 and V;3Si layers as a function of heating time, for [Cu-24at%Si]-coated V-1ape

samples reacted at (1)950C and (2)800°C, and for (3)bronze processed V/Cu-9.5at%Si samples
reacted at 950C(5).
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Fig.3.3-2 V-Cu-Si ternary phase diagram at 800°C (7).
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Fig.3.3-3 Critical current densities of ECN processsed V3Si multifilamentary wires{10).
For comparison, the data of the bronze processed V1Si wire(9) and tape(4)
are given in the figure.
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Fig.3.3-4 Residual Si concentration in the bronze, and layer thickness of V4Si and V5Sis
compounds normalized by V core radius as a function of heat treatment time at 850°C
for the modified bronze-processed V3Si multifilamentary wires with various V core
sizes and overall V/Si ratios(11).
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Fig.3.3-5 Overall J¢ vs. B curves for the modified bronze-processed V3Si muttifilamentary wires
with various V core sizes(12).
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Fig.3.3-6 Tolerance to uniaxial tensile strain for a series of A15 type compounds(135).
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Table 3.4-1 Atomic radius (A ) of some of the constituent elements in A15
intermetallic compound,A3B.

A atom | V :1.31,Nb:1.51
Si:1. 33, Ge:1. 36
B atom Ga:1. 38, A1:1. 39
Sn:1. 45,
d
50 PbMOﬁSg
Nbs(A(JD,Ge),
= 0 NpGe
L Nb;Ga
,‘-‘\ ’
2 30 P
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Fig.3.4-1 B.2(4.2 K) versus T of different metallic superconductors



Fig.3.4-2 A3;B A15 crystal structure, Open circle: A atom, Ciosed circle: B atom,
Bar: Chain of A atoms.
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Fig.3.4-3 T, versus lattice parameter of Nb3Ge
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Fig.3.4-4 (a) Degradation in T, of A15 compounds by neutron irradiation.
(b) Recovery in T, of Nb3Sn by the annealing at 750°C after the neutron irradiation.
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Fig.3.4-6 Temperature dependence of internal friction in (Nb, Ti}2Sn at low temperatures.

Solid line is calculated values.



COEBEBREMET 5 &, —MICTE LR T 5o Fig3.4-76213, B4 D NoSnihE D e
BEELTDOMERY R L5 ZEEEAME T T2 REVWT A EAT 2@0sd 0. b LIET0l
G AVLH RIREDSEIRE THRFIED L, Nb3SadTUI19.0K & 2 5, S0 L A LR HERE
ET. DRI, T - _RABBEEESHCOVTLHE SR TV B6),

T l T T
— IJngn
;ﬁ 60 — -
~ TeMin=17 8 K, (tetra.)
S
&~
qj\ — —
3
tﬁ Te™*==18.5 K (tetra.)
S
8. 40+ ‘Uf -
5 \
D \
&~ \
= \
_% \ ]
3 \
o \
\
§ ' \
&53 20r - \ 7
s
S N ¢
&&.‘ Tm = T Te ™*== 18K (cubic)
0L l I [ [
17.5 18.0 18.5 18.0

Te (XK)

Fig.3.4-7 Relation between martensitic transformation temperature and T, in Nb3Sn.



343 A15EMLEh LBERERBL,
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y o TKEBTHLD, GEENEICLD p WS EHE B MGHLNE, JIT,
y T WBOBIEFEE. o o BT W EOIEFHINEO R TH 5, Table 34-2(24, 70 ¥ XH:
Nb3Snll B ST X SNb;Snh DTint EFHEDIYE LR L 72N o o PMINT 5 EBL A5G
HRBH, THAST ETTAME T 5 EBOMMEHZ 0D,

Table 3.4-2 Ti concentration in Nb3Sn,T¢, p .Bc 2 (4.2K),and (dB. 2 [dT) T =T ¢
for bronze-processed Nb3Sn composites reacted at 750°C for 100h.

Supecimen Ti. in NbaSa Te O n Bez (4. 2K) | (dBez/dT) v=1c
(at%) (K} | («Q-m) {1
Nb/Cu-TSn 0 1.2 0.08 19. 5 2.0
Nb/Cu-7S0-0. 211 L 05 1.1] o2t 2. 1 2. 45
Nb/Cu-781-0.35Ti | 1. 60 1.5 0.33 2. 4 2. 65
Nb/Cu-7$n-0.5i |  2.71 6.2 | o0.41 2. | 265
Nb/Cu-78n-1.0Ti | 3.6 15.6 | 0.55 24 8 2.7
Nb/Cu-TS2-1.5Ti |  3.92 15.2| 0.58 24, 7 2.8

. V3GaNby AR TIZ /3 VR ARD 7 DIIBo A A S i, T E2ED RV EBAHII
L%&vy, £ Ty V3GaNb3ALNDyGeTid, Fig. 341258 H» 5 X5, TOLA VB A
BAEIIEINT 5, LA L., ViSiNbSnTHET 58O TLBoEdT 0 1044, Table34-2 12351
72ED I p nOWKPHDTH L, T72, NbzALRF TR, 3.4. 2 TONXLEHIRS, O DEGHEDE
BT 52 BBMLBITL D, Fig3a8 0 I, ~BRHRICALNRD LI, TeD&E 5T Byb s
HIAEB) ViGab Nbs AT E Tid R WAL, 2 BEMBOGRAH L (20D LHEG) « —F. &
D& % 2 BBMIUL, V3SiNb SnDT R By P YT I3 EA v,
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Fig.3.4-8 J.-B curves of electron beam irradiated Nb-Al and Nb-Al Ge tapes.
Solid symbols are J. values after the annealing at 700°C for 100h.
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Fig.3.4-9 Transmission electron micrograph of V3Ga grains heat treated at 700°C for 48h.
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Fig.3.4-10 ], measured at 4.2 K and 6.5 T versus reciprocal of V4Ga grain size(g).
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Fig.4.1-1 Unit cell of the cubic B1 structure.

mET EHHbT,

Table 4.1-1  Transition temperatures, upper critical fields, lattice parameters, and valence
electrons per atom in B1 compounds.

Compound (’Ilz,) BCZ%ZK) a (nm) Z (vai)e;c:t ;lﬁ;:trons
TiC 3.4 - 0.433 4
ZrC - - 0.469 4
HfC - - 0.463 -4
VC - - 0.416 4.5
NbC 11.5 0.8-4.0 0.447 4.5
TaC 10.3 0.14-0.46 0.445 4.5
MoC 14.3 4.7-9.8 0.428 5
WC - - 0.427 5
TiN 5.5 - 0.424 4.5
ZIN 10.7 0.3 0.457 4.5
HfN 8.8 - 0.451 4.5
VN 8.5 - 0.413 5
NbN 17.3 15-29 0.438 5
TaN 6.5 - 0.436 5
MoN 12.5 - - 5.5
WN - - -~ 5.5

NbCo.3No.7 17.8 6.7-12.5 - 4.85

(NbTi)N 18 13.5-20.0 - —~
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HER B ETAIABIZIAD, 72/ YREEHMT 5, T2, BRI 2R 2 WZCRHIC
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Fig.4.1-2 Values of the atiractive phonon interaction as a function of the normalized density of states.
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BIEINONRAY B 327 A B & HHEEREE % Tabled.1-2 127§, NONASIRLYHEICH B 718,
RO G PR R & DR SNz, NOPNbDKELD OBk % FEMEIE L 72 b O 2Nb
DORGR & FREGH DR RGP THRAR L, SLE 2 HH(4)(5) ThH B, TNLHOHER
L, TAISKEBZ 5 HEAMERIN B4, 308 SHBEB . PEE fsi) 38 ¢ | sk
LB EDTB=13T, J=107~108A/m2TH 5, DEREEE, MOBIMESHILS WO &
I E N5, RALY DM TREBERMEOMIC 7 — K VB RSCCH SO MEM B L LT
bhi,

Table 4.1-2  Superconducting properties of NbN-based and Mo-based B1 compounds prepared

by different techniques.

Method® Soutce b Shape Te  Be(4.2K) - Jo(10T) © Comments  Ref.
(Compound)  Materials (K) (1) (A/m?)

PM(NbN)  NbH,N; Bulk 15 8 — —

D(NbN) Nb wire,N2 Wire 16.7 13 107 —

SP(NDN) Nb(T),Ar-N2 ThinFilm 15-16 8-46  5x 1010 :a“p‘;z‘;‘iz;l’:i 10

SP(NDN) NW(T),Ar-N2 ThinFilm 165  —  1x10%0T) singlecrystal 9

SP(NbN) Nb(T},Ar-N2  ThinFilm 15 26 1>x10?  on hastelloy tape 21

SP(NbN)  Nb(T),Ar-N2  Fine Wire 16 30-35(e)  2x10%  oncarbonfiber 20

SP(NbN) Nb([’&g;m, ThinFilm 16 —  1x10%2IT) mNu:’tﬁZ ﬂ:"ﬁlm 12
CVD(NbN) Nb{(ls,NH3,H2 ThinFilm 15.4 — — single crystal 8

CVD(NbN) NbCis,N2, H2 Fine Wirc  17.8 12.5 2x10%(7T) oncarbonfiber 18

CVD NbCls H2,N2,

o ] 9 .
(NbCN) CHe NH3 Fine erc. 17 20-46(e) 2x10%(13T) on carbon fiber 19
D(MoN) Mowire,NH3  Wire 1295 2.5 — — 16
D(MoC) Mowire,CHs  Wire 1222 103 — - 16

3 PM, powder metallurgy; D, diffusion; SP, sputtering; CVD, chemical vapor deposition.
P NB(T), Nb target for sputter-depasition.

* Measurements of Jc were performed at 4.2K. If the magnelic {icld differs, its strength is shown. In case of
thin {ilms, the ficld direction is parallel to the film plane.

© Bc2 values were obtained by extrapolating Jc vs. B plots.
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Fig.4.1-3 Temperature dependence of upper critical magnetic fietd in NbN.
The sputtered film consists of columnar grains and voids
and its structure is shown as the CV structure.
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421 Bz C15 #{LeamoiER _

23 1 ORI EFEO V)i W OB SLEME EREMEGTH B C15s ALaW o h CRiEE %
RYYWHFRE CHLRTVEHF, JUBNICHIREV DG, #V Hea(42K) 255 Vozr R OF
VoHF 3L CISEMEG WIS SR B SO Hid Table 4.2-1 1574 X 5 1248 35085 &
Do Te R He A 13 2 OBE#TH B, 510 Zr, Nb. Ta. Xid Cr & VLHAZERIIT 3 & T,
0K REETRNET 2, CALOMIISIIEMNCERFE RV, poHo@2K)I 20T %
B2 WO TEWMIEIR L), HH NbsSn #UM D Heo(d.2K) I VT % 0 TR 20 & Btsk %
51& . Ha DBMALBIEATHA S N7z, VoHEZ) 3 TCALE I B4 288 2 010 & 2 MBI 4 Hey
RO T, L% Figd2-l IR0z, 2B, BET 5 &5 1CCI1S BUE SO b M1 g4
. BEMNERAEZZI T, 2% rHbed. 20LTOEHMRKET W,

Table 4.2-1 T and Hcy(4.2 K) values obtained for binary and ternary C15

type compounds based on V ;Hfand V,Zr,

T. Hes (4. 2K)
(K (1)
Velr 8.6 L
(V. Nb)aZr 9. 8 12. 8
(V, Tad=Zr 9.3 { 15. 1
(V. Mo)aZr 9.0 13. 0
V.HE 9.3 . 21.8
Ve (HE, Zr) 0.t 210
(V. Nb) 2 HE 0.4 | 25. 7
(V. Ta)eBE 0.0 26. |
(V. Cry. 9.9 | 23. 4
(V. Wo) 2l 9. 4 % -
(V. ¥n).Hr 9.8 -
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Fig4.2-1 T, Hea(4.2 K), normal-state resistivity p p, and lattice parameter a for psuedo-binary C15
type compound V3Hf Zr|_ as a function of mole percent V,Hf
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Fig.4.2-2 Lattice transformation temperature T, and Vickers hardness for
pseudo-binary C135 type compound V,Hf,Zr|_, as a function of mole
percent VoHf.
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Fig4.2-3 Overall J ¢ vs B curves for cold-rolled V-xat%Hf-yat%Ti-(33.3-x-y)at%Nb alloy tapes
heat treated at different conditions.
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Fig4.2-4 J. vs Hcurves for several rapidly-quenched Zr-Hf-V-Nb samples.
Heat treatment conditions are listed in parentheses.
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Fig.4.2-5 Cross section of 1425-core Va(Hf,Zr) multifilamentary wire.

Matrix; V-1at%HTf alloy, cores; Zr-4 5at%Hf alloy, outer diameter;0.5 mm,
core diameter; 10 pm.
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Fig.4.2-6 Overall J (4.2 K} vs B curves for 1425-core V,(Hf,Zr) multifilamentary wires
with Zr-Hf alloy cores of different compositions.
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heat treated at 950°C for 100 h as a parameter of magnetic field.
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T . values are measured after warming up to 300 K.
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Fig. 43-1 Core J. of various Pb(Sn)MoS; wires and overall J. of a Nb:Sn wire.
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Fig. 4.3-2 Correlation between the J.( | ¥J.(L) ratios and the absolute J. values, observed in wires
heat-treated under ambient pressure and wires HIP-treated at 1200C.
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Fig.4.3-3 High-resolution SEM
photograph showing the
microstructure of a wire
HiP-treated for 2h at 1200,
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Fig.4.3-4 Magnetization J, measured at 4.2 K
for SnMo,S¢ specimens. All samples in
this figure (T,, T, and T,)were first HIP’ ed at
800C for 8h. Then, samples T, and Ty were

heat-treated at 1000°C for 20h and 100h,
respectively. (Sample Ty wasnot heat-treated

at 1000°C) Low-field J. decreases with
increasing thermal treatment and grain size, -

oA while high-field J. remains nearly constant.
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Fig.4.3-5 Overall critical current density of a SUS-Nb sheathed Pb, ;Sny ,M0,S; wire.
The superconducting cross section represebts 20% of the total area.
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Fig.4.4-2 Dependence of T, on the ratio of Pd to Pt in Y(Pd;. Pty );B;C system.
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Table 4.4-1 T, of REPt;B;C bulk samples. (RE=rare earth metal)

REP,B,C
by JCe |Pe INd | Sui {Bu |G [T JDy [Ho [ Y Er |[Twm | Yb | Lu
pwiity(as—-melied) | w | m | m | m [ m mlmfm| m|m|a [l a
purity(anacaled} 5 5 s $ - m ml s im | s} m| on n n
1 (as-melied) W] as [5-6] us § as ns | as | as | ns ) W] as | as as
T (annealed) 67| us | 3-4| as 6-7
m 1221 with impurity s: single phase
a: mulii-phase without 122} ns: non-supcrconductivily above 2K.
10°
® Sample A: B L ¢c-axis
10° Q Sample B: B/ c-axis
‘“H
g 10t
L
<
Q
S 10?
10%
10’ -

8m

Fig.4.4-3 Critical current density J, as a function of magnetic field for YNi>B,C thin film.
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Fig.4.4-4 M-H curves at 5 and 9K of Y{Pdy 35Ptp 4)2B2C sintered bulk.

<44 BEILH>

(1} C.Mazumdar, R. Nagarajan, C. Godart, L.C. Gupta, M. Latroche, $.K. Dhar, C. Levy-
Clement, B.D. Padalia, R.Vijayaraghavan, Solid State Commun. 87 (1993) 413.

(2) R.J. Cava, H.Takagi, B. Batlogg, H.W. Zandbergen, J.J. Krajewski, W.F. Peck.Jr.,R.B. van
Dover, R.J. Felder, T. Siegrist, K. Mizuhashi, J.O. Lee, H. Eisaki, $.A Carter and
S. Uchida, Nature 367 (1994) 146.

(3) R.J. Cava, H.Takagi, H.W. Zandbergen, 1.J. Krajewski, W.F. Peck Jr., T. Siegrist,
B. Batlogg, R.B. van Dover, R.J. Felder, K. Mizuhashi, J.O. Lee, H. Eisaki and S. Uchida,
Nature 367 (1994) 252.

(4) S. Ikeda, H. Fujii, T. Kimura, H. Kumakura, K. Kadowaki and K. Togano, Jpn. J. Appl.
Phys. 33 (1994) 3896.

(5) H. Fujii, T. Kimura, K. Hirata, T. Mochiku, H. Kumakura and K. Togano, Physica C
(1996) 143.

(6) H. Fujii, T. Kimura, K. Hirata, H. Kumakura and K. Togano, Adv. Superconductivity VI
{1996) 425.

(7) S. Arisawa, T. Hatano, ¥. Hirata, T. Mochiku, H. Kitaguchi, H. Fujii, H. Kumakura,
K. Kadowaki, K. Nakamura and K. Togano, Appl. Phys. Lett. (1994) 1299.

— 104 —



EBEE NbLT i BHMOTTIFENES

1980 A4CHIEIC5 0.6 0H 2D&FHHICH LT b AHRA T 4MEW LIz 5 h
HEBHZEND T | B QDB S A TR, SR{SERERCPREINEIENG). &
EZEBESROBEOREL 7 7 v A, HARULLZI b, BIEEEH O M0 BIEHA
WHR AN DDH B 0L BAEHMBEHN TEMOWEKBALOEED D174 5 4 > F 84
WT7I202DLAM, VAAPE Y FRImmBEICR)., £ Y 2 2R RIERO A
20Cu—NiaeHbns,

AFTEND T {88, BSECHIEN % DR L TR S W50 AISH O A5 e LRk B % 1%
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B 2 R A TR S W 2 & AT b Bo & 00 7o AHEBUZ AR OO &
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Fig.5.1-1 Cross sectional view of typical AC superconducting wire(7).
Central Cu stabilizer is devided by Cu-Ni thin layers.
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Table 5.1-1 Specifications for typical AC superconducting wires(7).

. . Diameter of
Dlaglfeter Numfber Dla?feter enamel(lied Weight
0 stran
s(tr:lanr:t)i filaments ﬁl?g’rﬁ?ts polyesterimide kg/km
type (mm)
S 0.3 920,304 136 0.349 0.59
T 0.25 587,102 136 0.297 0.41
L 0.2 377,982 136 0.244 0.26
Twisting 9% Super- Field
itch % Cu 9 Cu Ni conduc- of
mm) ting application
S 1.5 1.3 79.6 19.1 approx. 1T
T 1.25 2.3 79.1 18.6 approx. 0.5 T
L 1.0 0 81.3 18.7 self-field

(GEC Alsthom A% 7k h)

SitmmEA, TS 2AM, LIZBEHBEA

Table 5.1-1 {ZF (o <D & HZM T VAR BWTIX, ¢ ~500, 5 ~1.5, y ~04 %7
PN=2X1080 - cm, JN=I107A/ m2LRETELDTE)., S0Hz, By=15TIEBVTIL
£ <05 7%, SN B % HI v 2o BB A% X SR (T L THE ) R B IR

EAIENFRENRD,

512 TREANDT iBMICH T 5RERAE

RGEERIHI B L S AN D T i I BV TR, FL LTUFO 3 DO EWREAAN
Hb, TTELICIHELRHEHALEROMRTH S5, I BZRGL LB OLRBIP L, €A
TV AR P E 74 7 A Y FOKGHEAPOMTH Y, KXTEINBE).

P=Py+P.=(8./3 n)f AJdByu+Bufl)2/ 2 o1 [W/m3]

SCC f BB At T 5 A MR B LEERMRIE. 1, VA ANE YT o, [ HMOE
MHERE TH B, PR L ORWAIND T i B OEHAEZ FIT5 1, O4EHEL<TE, @
b TD, @p OANEERIBT Y27 ALHMHIT B, FHHTH 5. BULDKHINHM
T, d=0.1pgm, I,=1mm, p 1 =106~1070 - m& Vo EFREATND, THEY§
=SOH z. B,=05T OBEAFTPy=1~10 kW./m3, P.<Hk W,/ m3#AEH S TS 9
L SCHIT A B AN R TARENELL 22 TETWA,
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SHOBENREE 7> TW5,

52 BEHSTHEERM
521 EREVPREEITVYER

NbT i BfeEHMIIBNT, 747 AV FREPHD TV ELRT )Y ZHAMPE T LTW
o Fig5.2-13 74 AV MELERT Y L AR OMMR LR L7 BGICH B(10) T4 A
FEDOHIDEESIZE AT ) Y ARUHIIIT- A TR LTV, L LEdES 745 X2 M
AlumBFiChdeE, 2008 5H0M B2,
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Fig.5.2-1 A comparison of the ratio of measured to calculated hysteresis losses
as a function of filament diameter(10).
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1 DRI L AL AT Y Y ARULOMATH B, Fig52-1 B LEHE S 4 AMRL TR
HEFHIDBI EILE o T, 74527 MK LTV ADTHEH, o7t RIInE
T4 A PRSI K BB, COLDHT4TAY FHRES B FICEDE, W
FEREE A L TRATRIBEERRIA 74 72 MEwADL CENiEE LR L(1])
I=lgpexp (—d ./ &,)

ST Jes LB da i 747 A MR, ¢, BIEHSEPOIL -V Y RARTH S,
Thbb, d ¢ BRI o T B EN IS COBL AT 4 7 A Y M RELERIRK
Lo TREMNIZHAGL., Hzrd AOAWT 452 ¥ PO BV, EAT Y ¥ AHEKL
DOWKEGIZRI T,

—HEIZE L p  2THEDT, FEGRK< Y 2 AOLEHLMASEL L ¢ (2N EL
oT, HEHREARNTAZ ENTE DA, BHRMIVEORNC u—10wmBN i §& (p=
1.3%X107Q - m) FHVLR B, LD EEIEEMEHTLADECu—30msN i 88 (p
=355X1070 - m) ANV bbb, FAFADARICBVTE 1 =239nm. £, =145nmEFl
Wahd, HESLORBLEWFEOd AHE, SRS L 545, HEMICEC u —10wt%N |
m%ﬁ?mmqwnm‘Cu—mm%Ni?mhwwnmtahsn®6~8ﬁ®Mﬁfﬁénr
WA 13).(14)

522 By NEALBFLEFHEOBEER

HF7I VP TEHALY D 1 o0 RA M &, TGRS RB LR HBRIC BT 2
¥ AT Y Y AREFBERRBEF VI AL Y KRR T 322 L Th S, Fig.5.2-21 Jakl
BB 2R (15) BERKIEE Z i L hid, d 2R SRR RTTREAREAT R S vilsid
v AT Y AEEATA L, W I/MEETIRINT 2L s A TR, 2D L) & TFllidd>10km
R LTIRERM L (L L TwEAS, & <1pm k%53 ESRAFMTER 7Y ¥ AHKR
dEIZRP L, BAREBEF NV E AR T BT 5251 b 20 L) RBIRAA L 2N
DL 2EFFA XHRIZEBBLDBANTHH(16) BAITT7 4 7 A2 FPEAF01 x mTIHB ~0.3
TG b, FOOWHATIRICBATIE 71 72 ¥ PPl TIEEIBRPFALZVOTER
F ) 3 R L VWGBS B, & SR T LSO BRI A B (17),(18) S i
745 A Y ARG A BRHEITA 2 D . BEAURSEC & 2 5 T-IURH AR 0D S B e AT R AR A
T-OEBE /NS WEHIEHC % £, Table 5.2-14243 FIAR DOSuper-GM THEIL E A T 2 3¢ R E
M OB A7) Y AR DWERLTBLO) ThO01ymBENT 473 ¥ MEEHTHXK
PRI EERISGE LR R L. — I 005, mBD 7 4 7 A Y MEEAT DAHIR
Mt~ T, EEATOE A7) ¥ ZREA1N0~1/1000C E TRE SN TV D,
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Fig.5.2-2 Measured hysteresis losses for sub-micron filament diameters(15).
Inset is a theoretical prediction based on the Bean critical state model.

Table 5.2-1 Hysteresis losses of advanced AC superconducﬁng
wires with ultra-fine NbTi filaments(9).

* e 5 n
) , || BREAEE sy amx
F 3| HEmLtornnFT7o—F| IF @ % & | e ]
KI/m{x0.3T)
A/u2(0.5T)
CEBR T EFAHMmME - | NbTi/Cu30%Ni | 2200
ik 2 D E A /Cu (NbTi % 22 1 0.04
EEY | - UFIT o Rt IRIEE £ TR | 18700)
s | TP 77 ROBIRIIE | NbTi/Cul0%Ni | 4300
e | - BEIZEL /Cu (NBTi 72 1) 0.11
| - s o R IRGE 208 | 176000
714742 Y CuNi| NbTi/Cu3 0%
T 2 ANDENIRE| NiMa/Cul0% | 2160
WEER | b (309%) ¥ Mnifin Ni/Cu (NbTiZize ) 0.011

- PASRPRARAF & KK L

M ER & 118

ARG 2T

19600}
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5.23 #BEBELABRER

BRDEGEERSFTICERS. 1. 2TSMEALL I, BHEEVYA Ry FTHRS
M TR 220N p ) FANELTHIEFNTH D, DEHOTHLRVAAIEyFD2
AT HEDT, VA APy FEALCTHILICL BIBBRIANLELREY, TDDHBH
RBEHBMD 7472 Y POVAA Py FILFE ]l mmBEI TS NESATYS, £
B eV OBA (SIMEER) 6. WA VA4 A FE v FRBARD 4 HHFARRE ShTwn
Bo COIDIARAME Yy FEELTHINE, HELTHEEE2/LONBIRTH S,

C u—10wt%N i O WIREHIHIHEM 0@ b8 v b R 2 HREEHDHI10001TTH S, &
D72 F QWA AT WM ORI ERO TS (B AACHUITHRA
(i, B THHLAEL C A BA%, Cu—10wi%N i &0 & HIHOANE L Cu ~-30w%N i &,
B ARARINMEEO DI WO R ADHFWIHETH S,

Cu—Ni=hYs 2 bs i+ a8Micid, e A7) ¥ AR ERIGRI: oIS
MEMRIL SN B, SHEMRET BITEFig S FHIH LA &) o dbh b8 o w b % ekt
DV C u—N i THOBERCRIMET 58NS e, &9 LTEGHIK, MR iRE
b ECMERB S0ST O LI BAS WA, I ALMMTELLARANVIZETHOT &
PR TH L,

53 7 hY 7 ZADOWEE T MEE
531 Cu—Ni—Mn= kU7X RREH

< kU 2 At TOBEER T OMELE RN IR HOEREL & BRI 2 HEA S 0 (12). &
BHTIHCuIENI 2#MLAZCo—N i &% lEEEC L b, TEDR L RS ¢
BFEEN I Th D, - i, WHEHELC & 2R EEE LTE = L ) 2 ANOM D
ML ELRNT A NS B, #0720, CullBBMME LT A2 58 W TORBN T —

YhAAEVWMn g, KL OO R TEACu—NIAGGEH Iwm%EML22Cu-N1 —

n e E NN AR E R TV B(19).  Fig5.3-1 ICB# S (/88 OBl 2R
TogwﬂﬂfuMnuwmm®WAhm?h FRLBEWE, MnOBERE-—AY MZ Lo TH
(Gt — S—3F T 5720, Cu— NI @I TEEGRIEH ICBW TS 6 IR S
Bo WIZIE, Cu—10wt%BN i —0.9wi%M n TIERITESRO BRI L ZWFROd [ E#70 n m,
Cu—30wmt%N i —09w1%M n TIIFSOnme 2 AL ERTHN. 5. 2. 1 TiRLAfliLh
LIV S T b, Fig 5.3 21IE OB O A7) Y AHiSE 74 7 AV MEOEERE
A L7z0 Type-2~9THN i IE210F 722i330wt% e L. MoREX0.9~1.78wi% DFPHTEAL S
#TWVh, Type-llEM niZFEMS A TRV, Mo B HIDLAEM TIIEEG RS B EIZ 50 T
BN, f=50Hz. B,=05TOHHEA TN CLAF Y LY AHUA]1 k W,/ m3LUF & v ) isd TR
WA FE W TR TWnb,
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Fig.5.3-1 Cross section of AC superconducting wire
with Cu-Ni-Mn matrix(19).

(2)

Fig.5.3-2 Dependence of hysteresis losses at B,=0.5T

on filament diameter(19).
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Cu—Niwr)ZALfDIFHEILY27A2ELT. Cu—SifgLe< b)) s AL LEXH
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01pm¥AXDT 452 MELATT HREBHL LHEHFRAE SN TV 3, Fig5343Cu—
S i B OHBMIFIDBERTESE. BLUFig. 535 KREM ORI E/R LA, Cu—3.5wt%
SIiGROHERITRDROREALZVTFEL L LT mA R ORTEY, Cu—30wm%
NitEHHVEENUEOHRFDH B, SO L ICHBHE, LiEMkCBOTH HHaz v
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Fig.5.3-3 The EPMA composition profile of Si across the Cu-Si/Nb-Ti diffusin interface
heat treated at 700°C for 20h(20).
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Fig.5.3-4 Resistivity vs. temperature curves for Cu-Si and Cu-Ni alloys(20).
A Cu-1wi%Si, C: Cu-2.5wt%Si, [: Cu-3.5wt%Si,
@: Cu-10wt%Ni, A: Cu-30wt%Ni. ‘

Fig.5.3-5 Cross section of Cu-5i wire{21),
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Fig.5.3-6 Lead line of a 100 kV A ceil and quench current(21).
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Fig.5.4-2 Ic vs, B characteristics for AC wires with Nb antificial
pins(24). O19pins,A7pins,[137pins: AC wires with
artificial pins. 4,@: Conventional AC wires.

Fig.5.4-1 Cross section of AC wires with
Nb artificial pins embedded into
NbTi filaments(24).
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Fig.5.4-3 A photogragh of 100 kVA AC high-field superconducting magnet
using AC wires having designed Nb artificial pins(25).
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Fig.5.5-1 Cross section of AC stranded cable with a current capacity of several kilo amperes(29).
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Table 5.5-1 Specifications of typical AC stranded cables with high current capacity(29).

\ HiEA WHB
TR Cu-20wtXNi Cu-10vtXNi
NbTi/CuNi/Cu 1/7.27/0. 29 1/8. 4/0. 41
o Bie 0.203 nno 0.203 ee
i% 243/ 8 0.12 un 0.12 u«e
df @ dn ‘ 1 :0.78 - 118
Y{IME™ +f i 1.4 oo 1.4 oo
- =i (rR) 6 E(&®L)
ix PO (HIR) SUS  (#A7-4)
1.3 - ¥ - 0.6] na =@
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7 A8 (M) | SUSTAtis (FHoviEsd)
gL Rneg 2.95 no =@
T} Nt +f 40 om
10,0004
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T 2000 B 138 jcx72
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Fig.5.5-2 Comparison of critical current and quentch current at 50 Hz for AC cables(29).
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EROF]E BT (MCZ) (BB THELAREIMATE Y, FHERRENTES -
THIHES., RS, 4GRS0 RIS TROARPHA T bt rilERE, &
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B — NPT BRI EOHEO KE &, BEAY -V FOREENBHE, £0 %M
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DT EREROR LB~ ADHAETHONYURTH B, FIRHEMRIEV) —DDY AT A
KBWTH, OB 74y bORETHHGEHBROY— NV F, QARSI LRHKT D, $5
VI TRAET AR MERR S 4 X R i3 0 RS SRk T 5 IR B LIEHR O 2 —
LF, QBRI T AV AT BAB R L o T BB EITM B ARET 2O/ <
- F, OFLLTIWHOY AL FDZ—XHHY, FhE Table6.1-1 ITRT(S5)e £HER
CEREND - XOWEIRA CRE D, Y-l ML 7 AHEL 2O 6o T B,

Table 6.1-1 Comparison of three kinds of magnetic field utilized in a MRI system.

Magnetic field Frequency (Hz) Field strength (T) Field stability (hr™")
Static field DC 0.06 ~ 4.0 10°®
Gradient field | several 10 ~ 10 severalk | several 1004 ~ 10 severalm 10

RF field 800k ~ 170M several u~several 104 108

BT OHEAY -V FO2 - A RE(UT 04 2OE AT LBbNR S, 122
LEEOHH L H Y, BB E L7,
(1) #RE T A VT O I000Gauss~ BTORFHEA IS — )V FEFRE S A, BRG=ES
RAGE T N AFORBERBI L Y -V F Y 250, CORGRESKEOBEDE
BT, BLEgl BrEko b o e il T REPOHELEMNE R D,
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V20 & ORHEER T R L 2T 7ul% 5 WAt Cabrerad™ @ v 722w T(9). Thomasson ¥ i
BRI oW TR 235 LT 5(10) toh S IENBTiI/ND/CuE B — ALV AD A v 7B I
19 5 B A P £ C 0 B AR O AT R AT B AR & X (A B L A2,

—121 —



I 7 AU O A TR A E - L FT AL 5. T ORS I
DEI ) ARDAZ L, Y=V FPERME L DAFIC LD I ENE Vv,

- |

H
Hs .. r
| I L7 ,
| ez |
| [ [T
! o|lJc 2b
i R 3

-5
o]
)
)

— 24,
24 .,

Fig.6.1-1 Field penetration and shielding current distribution in the
wall of an infinite s.c. cylinder.
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Fig.6.2-1 Stationary s.c. shield consisting  Fig.6.2-2 Shielding property of a Nb3Sn multilayer cylinder.
of a cup-like superconductor.
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Table 6.3-1 Specifications of the muliilayer lE Cu Box

compaosile sheets.
. Cu Sheets
i

l As'semblingA by Cladding |

Total thickness{mm) 1.0 0.75 0.5

Number of NbTi layers 30 {
n . 9 6

NbTi layer thickness{um) 12 5.5 Weldine I
Cu/NbTi ratio - 1.6 ‘

Diffusion barrier material Nb Hot Rolling

NbTi composition NbD-46.5wt%Ti |

Cu 'composition Cu=99.99% Cold Rolling/Hest Treating

Conpo;aite gheets l

Deep Drawing

Cups and cylinders

Fig.6.3-1 Fabricating processes of NbTi/Nb/Cu muttilayer
composite sheet, cup and cylinder.

Cu
]
< Nb

== SNbTi

() Sheet

Cylinder

-------

Fig.6.3-2 Cross section of NbTi/Nb/Cu muliilayer composite sheet and cylinder.
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Fig.6.3-3 SEM micrograph of an interface of NbTi/Nb/Cu and a result of AES line-analysing.
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Fig.6.4-1 NbTi/Nb/Cu muliilayer composite
cylinders made by deep-drawing.

Fig.6.4-2 Shielding properties of NbTi/Nb/Cu cylinders concentrically stacked against DC magnetic field.
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Fig.6.4-3 Shielding properties of a NbTi/Nb/Cu cylinder and a Cu cylinder
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Fig.6.4-4 Shielding properties of a NbTi/Nb/Cu cylinder and a Cu cylinder
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Fig.6.5-1 Shielding properties of ten piled up NbTi/Nb/Cu discs against DC magnetic field.
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Fig.6.5-3 Shielding properties of a NbTi/Nb/Cu disc and gradients of flux over the disc.
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Fig.6.5-4 A NbTi/Nb/Cu sheet 1.3mm thick, 1.1m wide and 2.1m long.
6.6 ZEHROBRERBE

EEFH B L TMROME Y — VW FEEEWAWA ML, 6.4 1GIR LA L ) (SRS —
VFERERNS L THP, EBEOIAEMHATRD & N7z, HEFE0.75mm, ¥H0.5Smm, @ME S
SOmm O FR B & QU142 THEAMG L 7oA R 2 DUF R ¢, J k@i RIS 4 ViemE H
720 Fig.6.6-1iCtk, FOINREAANOTIRGICTFAT iR DA T, BEBENO ) HiERBLRDOATE
27 MM DOEOE R DV TIRT(25) JUCHMHIETHIL S B 0T, EHFEIIH TS I R

3 T T L] 1
{ 300
<
1200 ~—
O
1100
0
10

B (T)

Fig.6.6-1 Critical current and critical current density versus applied magnetic field.
The field is applied paraliel to the NbTi layers, and the transport current paths of the samples are
normal(— and filled symbols) or paraliel(---and open symbols) to the rolling direction of the sheet.

The conditions of the final heat treatment are as follows: (2),[,without final heat treatment;
(D), A 400°C X 120h; (c)@,0,350C X 672h.

— 130 —



Ttk h . B4t o S S ASHIE 1 3 LSEFRL) & ER (OO 2 HHIC 2 v Tl LT
Vido (ayir BRI L, (b)400°C X 120, (€)350°C X 672h D3HHD 5 &, ()P4 & FEifioWg
nebd., PO2~8TOAMEN TR E R L7 (D AEFA AT L D2 TRl e A
B TR IO RS BT O B 5 Cdo o 72 (©-(C)DJ i 1.58 X 109A/m2 (a1 4T), 0.91 X
109A/m2 (at 6T), 0.45 X 109A/m2(at 8T)Tdh > 72 F A-Fig.6.6-2 1213, FUMMTEAAINGTIRG ¢- 8 72 35
FrOL 72 RERIZ DWW TR (26) SOBTHELIMICHT 2 & 0 KSR ZH R, »
DRSIEDWET @~ (@) Thdk b % BBV E %2 27,

10 10 ; , ‘ .
10 10 ' ; -
(a) NoHT (b) 400°C, 5 days
~ 107 k%% "
™ N’-"
£
=3 108 i g 108
0 e
= 107 -L'; 107 | 4
106 | : 106 N
0 2 4 6 8 10 0 2 4 6 8 10
B (T) B (T)
10 10 RN
(C) 350°C, 28 days

109 | 1 -
o : A Hy J

%\&\B—\‘E\g 0 Hy Jy
g 108 r (9] lel J.L
~— ® i
Q
=2 107 1

Fig.6.6-2 Anisotropy in transport J. of NbTi/Nb/Cu sheet for (a)No HT, and finally heat treated
(b)at 400°C for 120h and (c)at 350°C for 672h.
Four measurement conditions are shown: J, (H_L J/HA), J{H LI LY, Jo {H/J L KO,
and J. {H//.3//}(@). '
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Table Appendix-1 Change in atomic number and mass number involved in

transmutation reaction and decay

Transmutation reaction
Reaction type Symbol | Atomic nuber AZ | Mass number AA
(n,x) NG 0 1
(n,n)" NNM 0 0
(n,p) NP -1 0
(n,d) ND -1 -1
{n,t) NT -1 2
(n,*He) NHE3 -2 -3
(n,o0) NA -2 -3
(n,2n) N2N 0 -1
(n,n’p) NNP -1 -3
(n,n’d) NND -1 -2
(n,n’t) NNT -1 -3
{(n,n’a) NNA -2 -4
(n,2p) N2P -2 -1
(n,20) N2A -4 -7
(n,3n) N3N 0 -2
(n,n’2p) NN2P -2 -2
(n,2n°ct) N2NA -2 -5
(n,n’2q) NN2A -4 -8
(n,t20) NTZ2A -5 -10
Decay mode

f+ decay B+ -1 0
- decay B- +1 0
Isometric transition | IT 0 0
Electron capture EC -1 0
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