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Fig. 1.1 Technologies and applications of cryogenics.
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Sample Magnetic Field B

=

(a)

Magnetic Field B

Sample ———

(b)
Fig. 1.2 Schematic diagram of (a) rotatable and (b) vector
superconducting magnet systems. The former can change the magnetic
field direction by rotating the whole system, and the latter can generate

the rotatable magnetic field by biaxial split coils in the system.
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Fig. 1.3 Schematic diagram of the liquid helium recondensing system
for MEG.
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Transition temperature of superconducting materials at 0.1

Table. 2.1
MPa 13-16)

Large category Small category Fomula T. [K]
Al 1.19

In 3.41

Sn 3.72

Element Hg-a 4.15

Superconductive A" 5.3
metals Pb 7.18

Nb 9.2

Alloy Nb-Ti 9.9

Nb3Sn 18

Compound
MgB:» 39
Bi2Sr2CaCuz0s
90
Bi-2212
Bi-based )
Cuprate B12S1r2Ca2Cu3010 110
superconductors Bi-2223
Rare earth-based YBa,Cus07 93 15)
Hg-based HgBa,CazCu30x 133.5 16
Iron-based
- SmFeAS (Ol-xe) 55
superconductor

10




Table. 2.2

Application example using cuprate superconductor

Configuration of
cuprate

superconductor

Applications

Bulk material

*Magnetic separation =Drug delivery system

*Flywheel *Mixer *Power Lead

Wire

*Coil NMR *MRI

*Superconducting Magnetic Energy Storage System
(SMES)

*Superconducting Magnetic Levitation Railway

*Superconducting Power Transmission

*Motor Power Lead

=etc.

X Applications to many kinds of superconducting

magnet system have been studied.

Thin film

-SQUID

-Josephson computer =Fault current limiter

*Filter *Wire
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BB AEBIIEERAMED O | EREN LIZmHE ~OBURE
EOWE LA, £, BEYEHOESEMNZOQLELE, £, A

S AVIFHMEAEL D2 0p BT 2R MITAHTH - 2,
FT AREOHAE LT, M BEIUTOXTEZ OGNS,

A (T,
c=7 fTb kdT (2-1)

ZIZT, O FBRE D A3 WEAE, LITR S, TR ANEE ., Ty
FREARE RO k XV ERTH D, £, EHBEME OBRE
f& 5716 % Table. 2.3 2R 7, £ LT, WESRMF L L T=EIREZ 300 K,
EE > — v K (W 1st A7 — Vi fE) 2 80K, Bi-2223 =24 v (%
B 2nd A 7 — VElfE) 2 20K & LTz,
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Table. 2.3  Value of integral of thermal conduction'®)

f“deT [W/m]

T [K] Electrolytic Copper SUS GFRP
20 14000 16.3 1.44
60 58700 198 6.51
80 70700 349 9.95
300 162000 3060 103.1

W — NV F~ORBAURE Qo X @ > — vV REXFT 20 A—
FXA 7 4 R(Qes1) & Bi-2223 a4 VA KT DH FHIPR— kX147
4 RKQes) M DN EFHY AR — F XA T 4 K(Qesa)P B & 705, £ LT, Bi-
2223 2 A L ~DRBARE Qo 1F, Bi-2223 a A V& KT DH TR

- ]\ /\O/l' 74 2|§(ch3)

LﬁB*fﬁf— k INA T4 K (Qess) XY YBC N b

%%mﬁi@ﬁﬁé& (2-1)& & O Table. 2.3 Z W CTH H Lf:%ﬂfz:%air
% fi % Table. 2.4 |27,

\\\\\\\\

A SIN
AL

B, WA a i EE I 7
ZOfEIX A Vb B E
ELTHEMRAL,

2%, YBCO /)b 7 i
77 K—4.2 K [l T fE
&V a— VB OMEN EE L
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Table. 2.4

Calculated heat conduction of Instruments in the Bi-2223

magnet system

Length Length
Specifications between between Calculated
Material of 300 and 80 and Number heat conduction
cross section 80 K 20 K Q
[mm] [mm]
Support for
Pipe (300-80 K)
radiation GFRP 70 4
d) 32-28 chl 10 W
shield
(300-80 K)
Bottom
Plpe QCSZ 4.0 W
support for GFRP 87 73 4
® 49-35 (80-20 K)
Bi-2223 coil
chS 0.43 W
(300-80 K)
Top support
Plpe ch4 2.6 W
for Bi-2223 GFRP 78 57 4
¢ 40-30 (80-20 K)
coil
chS 0.33 W
YBCO
(80-20 K)
YBCO Bulk Bulk
Plate Qcy 0.16 W
Current Conductor 80 2
8 X 24 (Value shown
Lead and
in Catalog)
GFRP

RED ., BEH— IV R60 K)~DEREFHEE O & Bi-2223 =2 A /L
QOK)~NDEREFHRME Qu T TN ENLU TFTO®EY & 7o iz,

ch = chl + ch2 + ch4 =1.0+40+2.6=76W

Q2= 0cs3 T QOcss T Qe =043 +0.33 +0.16 =0.92 W
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WIZHEERADHE ZIT o lz, BEHAIZUTOXNTEHEZOLND,
Q. =cSo(Th—T5) (2-2)

2T, O IFERHEE WK E, S EIZAEHHE., o TRAT T 7
Yo IRV AR TV ER AR B K TN Tao (KR A 52 24 IR RS
THDH BERFF A EHETOSRMEL RBEICERN S —L K% 80
K. Bi-2223 =2 A /L% 20 K & L T, 4 > — /L FIiX 30 J8 o Wr 245
MTELDNLTWD E Lz, Wy — v FOTEZER 650 mm, & I
560 mm O M fE & Lz, £72., Bi-2223 224 L O N2 E £ 220 mm D
WY — VRS T EFRET DL L L L, Bi-2223 a A VO ~FiEiE,
AEHNE 230 mm, /A 350 mm K OEE 350 mm THDH, I DK
RER-D)XELY EH Y — L R ~OHENBAGHEE 04 & Bi-2223 =21
IS DEER G EE O 1T L T B Lo,

O =74W

02 =0.06 W
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TLHLEWY) —FORENVLELRD, KETIL, VAWM R/NERD
BILY — FORBEXHFITHOWVWTHE D, Fig. 22 Il EDBADOLD
By nmENGAEOEFEBRY — Rt Z2 xR+, P o=
FUTo®EY Th o,
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To3 0 e i ) 36 B [K]
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Fig. 2.2 Optimized design of a power lead in the case that the lead does

not have any external heat exchange.
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R Y
x=L O W T=Tp3

qin~ QOut&@ qﬂiU\T@K’C’%‘ii%ﬂéo

Gout = —k ((cil_i) — (2-3)

ERHRREBETORRKROEMRNITILUL T TEZON D,
Qin T 95 = Qout (2-4)
FoT, 23)REQHXLEVUTFTOMY & 745,

ke (50), + () ax =k (D).,

2
() e~ () (2r) a2 = 0 (2-5)

(Y
(Y
A

df(x)
farax — fx = dx Ax

DT, QB3HXIWFTLLTomY b,

e () 2+ (55) d = 0
gz () + (55) =0
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T(x) =-— ( i{gz)x +Ax+B (2-6)
A L BIXEHK

Z LT, BidoEREHE LY Q-6)XITLLTo@my &b,

10 = - (22) 2+ (2 ) 7y o

2T, QiFTFToXNTEHEXBN D,
Q, = —kS (dx) (2-8)

LXoT, 2-7)A K TP2-8): LY Q. IFLLTDEY &5,

=)+ O Tk®) o

Q-NAOLELE 1 HITY 22—V RBEAEZRLTEBY ., 2 HITARE
ZFRLTWDH I ERgnsd, £ LT, Q% S/IL OB TH Y |
dQu/d(S/IL)=0 & LT QaWix/b s S/IL 28 & HE I3, BVED K/
R DLEWMY —FOTEEZRET LI ENH KRS, Lo T, (2-9)X
£

do pI? (S\ 2
= —7(z) + (Taz = Tpz)k = 0
(Z)
LS pI?
T L N 2(Taz-Tha)k (2-10)

o XZHO T @WHEmRY — FOREKFEZITR - 72,
RKEBOHBERY — FEFHEFIUTO LB Th 5,
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ME . 4

1 : 180 A

Ta3 : 300 K

T's3 : 80K

k : 400 W/mK

0 : 1.3X10°% Q/m

BB ER L ERRNITIEEKGFOMHEMEZED ., HEO@HEL O =
Wiz, FRIEETOMMEMEAEEHR L 7=,
ERHOERY — FEMELEQ-10)N NS RE/NE LD S/IL I

= =49x1075 [m]

Elrole, TORRERNL, HBERY — FOWmEME S % 19.4 mm?,

FEEL%Z400mm & L7z, LT, I80A EERICHIBER Y — NIZ

FAETLEEIT. 2-9)A, SRER Y — FEMEL O S/L O FFHE# R D2
%87W&ﬁokytm AT HHBERY — NIX2ARKTHDY |

MAFDOY — RNIZCHEHBINDSO T HEERY — FOREE(Qect Q)

17.4W & 72 %,

LEXD, 80 K OFESH v —/V ROBREBAMFEM On & 20 K @
Bi-2223 2 A VO REAME BME Qu il To@my Lol

On=0c1+ 0t (QeetQj) =76 +74+174=324W
On=0:2+02+0»=092+0.06+0;,=098+ Q0 W

CORERID BEREIELLTCIst AT =V ~DREAARE 42.1
W, 2nd AT — YV ~DRBAREZ(1.27 + 0p)*1.3 W L L7, Zh &
DN — IV F~OAMIT, BEEDHEED 1st A7 — Y O Hm AR

NEHENTH D Z E2ER LT,
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— 5., Bk L7z X 91T, Bi-2223 2 A4 VEHKDORE Q) 230 5 7
VIR TH o728, ZOHEINC 1373 W OREHA2E D Y THZ &N
ka7, mANNT+HAETHL ETFHELE,, Mmé LT, Fiil
HHEECOLBREAFO 2BEXBHEELEX S Z &N 0057, Fig. 2.3
VA OFE/FER., B ARKE RNMHEEO W IGE ) Z5# L7
AEEBOBEAKZRT, FEAMIT.HHAAT -V 2o THEHEED
FEAT =TI S D,

Vacuum Vessel

2O | L,  Radiation Shicld
—— 4 | =0
033w |
0.6 W ]
20 Kl 0.98+ Q W
AW e 15 W@20K
@ 7 S0Hz
[ 7
Z ni g : ‘
0.43 W | 7 |
—— . 50 W@8S0 K
T 1 | 5012
Iw (W 174w
300 K

]

Cryocooler

Fig. 2.3 Calculated heat loads through the rotary Bi-2223 magnet

cryocooling system.
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AR~ 7 % > MEE OB X % Fig. 2.4, Bl X X % Fig. 2.5,
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mm & L7z, RIS L L FHHBEET, BELDLKFE~ KENDL
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TEXMEMZM L THmEA SN D, FFIC IR (FH > — v R X
BINHEIZ LD EA TR T 5729 :\ﬁMiﬁﬁﬁ%ﬁbf%%y
— LV RICEESIN D, mam3:4w@\ﬁﬁ@ﬁmi6WE\%m
MEBENL O, 24V ETICERIT BN GFRP ®/ZFH AR —F (T
ART D) Lo THEZERIZ lﬁéﬂéﬁ\ﬁé@tﬁﬁCmP@%
SRV 7 HEBMTRIT T, Z2NICE>TH Bi-2223 a4 V2@ ET
HE oLz, LT, Fig. 2.8 1Z/ " L=k 91T, Bi-2223 =24 D
AU EEERICRE)NIC L > THIL LRV E ST GFRP i T i 4
L CRMBICEEERZRBE L, ZOMMEEFTORINHEICL D ERIT
N LA E YBCO Nv 7 BHEFSRERY — MUIRMmOMICHRE L 72
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A schematic cross section of (a) vertical and (b) horizontal

Fig. 2.4

position of the rotary Bi-2223 magnet cryocooling system. The Bi-2223

25

coil is installed in the system.



z-axis of Bi-2223 Coil
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Fig. 2.5 An illustration of rotary simulation of the system. Each

situation at an angle of 0° , 45" | 90" is exhibited.
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Fig. 2.6 Photographs of (a) vertical and (b) horizontal position of the
rotary Bi-2223 magnet cryocooling system. The Bi-2223 coil is installed

in the system.
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i Radiation
Shield

P e a —

Fig. 2.7 A Photograph of the Bi-2223 coil installed in the system.

| 3 T —

Fig. 2.8 A Photograph of the reinforced terminal of Bi-2223 coil.
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2.6 EIEHAR

ARIETIE, Bi-2223 a4 Vv 2 #H L - RKEEIZOWT, BEND + 54
IZTEDLN, DO VWIETERFEEORAEAL LT 72 F% @W%%
R EBENPATRE TN 2R T 2720I1C, EEREE & KPR E
WH - BERRZIT R o0, 72, KFEWRAE kﬁﬁﬁ%T@@an3
IANVOFREBELE L T, HERIZ X > T Bi-2223 = 4 V2341 L
TWaWnnrbEHR L,

2.6.1 ERETOSIMHA R KR U R R B

Fig. 2.9 12, AEEZREREBICL CHAZIT R TR EZ =T,
MiZ/r Lok oic, mAMBKH 50 R ZICEHFN > — /v R & YBCO

300 —Bi1-2223 Coil Flange
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20 40 60 80 100
Time [hours]

Fig. 2.9 Cooling test results of the developed system with the Bi-2223

coil. The system is set vertically.
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aANBLREELMOT, T LT, WEIBMHK 90 FE[H £ (2 Bi-2223 =
AV 9.2 K, Bi-2223 aA D7 5 PN 18.8 K, @~ — /L IR
5&1K&iﬁYBcoﬁﬁﬁ%ifﬁm)»—Fmﬁ““ﬂ515Kéw@oﬁw B
fFREEOMARER X 56 FFIfE C, a4 VOB EREIX 13 K Th o
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MITELS o, BZBREIXZTE - TEY wHBRIEIM ELEE
%2%&6

WIZ, MEERAET 180 A £ TORhBLRER % 17 72 o 72 W O IR £ & b
%FnglO (RS, BRI, BEFEE CTIL3A/s Th ooy, |
AR DB X A2 A W OB A8 X fEE£IC X D Bi-2223 =
ANDOHLOAREEZERL T, T2 EXTO05A/s & Lz, ¥
IR Lz & 90, BB EICEB W T Bi-2223 =24 VIERE X 18.7 K
TEHLZN, 180 A DEFIREICRD EBEN TR LED., 65 47
%ITIZ 108K & e o7c, £L T, S ¥ — /v FEO YBCO # % &
B Y — FEiEmIZ, 180 A D EFRELUBELHUERY — FDOY o

60 7 200
: \ ’
50 e 1
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240 [ | —Bi-2223 Coil =
z - | —Radiation Shield 1 100 5
g" 30 High Temperature Side of YBCO PL ] 5
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- -4 50
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10 | T T T 1_|/\§ O
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Fig. 2.10 Temperature change in operating the developed system with
the Bi-2223 coil. The system is set vertically.
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K AOr542K &7 o7c, BEFMEE TIL, 180 ABER OLENRE
BUODaA VEEN ISKERE-7-, Tl L T, ﬁﬁﬂﬁ
IANVEBENR TR TEY, XV RELZINE k@otk%z%m
A8

Fig. 2.11 }2 % Fig. 2.12 IZ bR BRIC B 5 Bi-2223 = A v & O H
LBOEBEBELEEZ T, 2B, Fig. 2.11 {213 180 A THFIREIZEB W

CTHEIEFIHZ 0~5 mV IZHE K LB A D Bi-2223 2 A VDR AEE
bRLTWD, KA LT X DIT, BB v T Bi-2223 =2 A )L
J VA LR o 38 AR B I \A%tﬁﬁ XV 079 VEO 144 mV
FTCERLE, ZO%, 180 A EFREBIZBWWTENLEN 2.7 mV &
N 0.2mVICEE LT,

LEDORER I RIEELZEEIRAEIC LZFFIZ Bi-2223 =214 v %
MOAiT%@@%T%é:kﬁA#otoit\Bmm3ﬂ4w&
CHOHLULBMBOBAEBBLICEFTITRONT, BEK-MHIAEESSHARFO
B AEIZ L - T EEZ?E TN 2R LT, £ L T.YBCO
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Fig. 2.11 Voltage across the Bi-2223 coil in operating the developed
system with the Bi-2223 coil. The system is set vertically.
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Fig. 2.12 Voltage across the Bi-2223 terminals in operating the
developed system with the Bi-2223 coil. The system is set vertically.
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HRIERY — FEEmENSLZE LIS T, £ 80 FEfH # 12 Bi-2223 = A
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L7z & 910c, BiBGBRICHE W T Bi-2223 =24 ViR E X 18.7 K £ Tk
FLTED, 180 A DEFREICARDZ LIREDN TR LBED, 65 0#&IC
X 11.0 K, 115 0% ICIX 107 K &72»7=, £ LT, WEH— VKK
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Fig. 2.13 Cooling test results of the developed system with the Bi-2223

coil. The system is set horizontally.
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% L C. Fig. 2.15 }x O" Fig. 2.16 ([Z B BRI B 5 Bi-2223 =2 A
nEODHUBROBEBEZEEZ AT, 72FB. Fig. 2.15121% 180 A & H IR
BBIZBWTEREH#HMEEZ 0~5 mV ICIEKRL7ZHE O Bi-2223 214 1O
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2.7mV AR 0.2mVIZZELT,

Table. 2.5 (2, FEERE L OKFERETOGHA - BIREBRA R O
WRZRT, IR LEZEOIZ, KEEZKPFREBICLZKS, EE
Whe & [REEIC Bi-2223 24 /L% 180 A £ CiEIR TX 5 Z & n Yy
Mmool £, MEREN LK PEREICHIE S E T RBAEAEBEICE(
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Fig. 2.14 Temperature change in operating the developed system with
the Bi-2223 coil. The system is set horizontally.
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Fig. 2.15 Voltage across the Bi-2223 coil in operating the developed
system with the Bi-2223 coil. The system is set horizontally.
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Fig. 2.16 Voltages across the Bi-2223 terminals in operating the
developed system with the Bi-2223 coil. The system is set horizontally.
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Table. 2.5 Cooling and operating test results of the developed system
Vertical Horizontal
Position Position
Cooling Time 90 hours 90 hours
Cooling Temperature of
9.2 K 9.4 K
Test Bi-2223 Coil
Results Temperature of
o ) 53.1 K 48.0 K
Radiation Shield
Ramping Rate 0.5 A/s 0.5 A/s
Maximum Temperature
18.7 K 18.7 K
of Bi-2223 Coil
11.0 K
(after 65
Temperature of 10.8 K )
minutes)
Bi-2223 Coil (after 65
) ] 10.7 K
in 180 A Steady State minutes)
(after 115
Operating minutes)
Test Maximum Voltage of
0.79 V 0.79 V
Results Bi-2223 Coil
Maximum Voltage of
) 14.4 mV 14.2 mV
Terminal
Voltage of
Bi-2223 Coil 2.7 mV 2.7 mV
in 180 A Steady State
Voltage of
Terminal 0.2 mV 0.2 mV

in 180 A Steady State
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Fig. 3.1 Schematic diagram of the XMCD measurements.
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Table. 3.1 Comparison of XMCD experimental systems

Experimental Magnetic Sample Cooling
Magnet Polarization
station field rotation rotation method
Superconducting
Switchable Cryocooler
This Study magnet Yes Yes
(AC 10 Hz) -cooled
(YBCO, 1 T)
Superconducting
Switchable Liquid helium
KEK-PF BL-16 Magnet No Yes
(AC 10 Hz) -cooled
(NbTi, 5 T)
Liquid helium
Superconducting
SPring-8 Switchable and
Magnet No No
BL23SU (JAEA) (AC 1 Hz) cryocooler
(NbTi, 10 T)
-cooled
Advanced Light
Cu magnet Switchable
Source BL4.0.2 Yes Yes Water-cooled
(0.9 T) (AC 0.25 Hz)
(USA)
NSRRC Cu magnet
No Yes Fixed Water-cooled
BL-11A (Taiwan) (1 T, Fixed)
3.2 YBCO AL DK & B U #

YBCO == A /LD

REFZERM LTV T, KRB 1T O 2 IRICH

BHEMAEX7 ML~ %y A YBCO = A VOS5 LIC
L7z, i3 2848 1X. Super Power t:% > YBCO BE{L M &EE T —
7K SCS4050AP & L7-, YBCOMMEZHR M T 2B BIX., &G T

T O BN E <,

m R (30 K)

-
—

P THES 507 PE A Bi Rk

Mtk _XT/hEanwz D Fh. RAOEBEEES™N DX 7 o1l mm T
HO . BiZHM (¢60mm) LEERXT/HNELLTEL=0, NAYLICHE
LTWhEtnwsrothhtTthsb,
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a4 =y ME, REEMPLTHRRES 1T 28438571
W, aAf vz =y NEAEBEZRMRERBV DD LS, N —F
ANHRZEBIICRKE L ST — "=k E L7 Y(Fig. 3.2 (a)),
Flh . NP —FaA/ VOoORBBHRIZTHEELT, AEUCHNE%Z 40 mm
& L7z (Fig.33), 79— _—Fhkoaf ra=y b 21 XDRF
Vy hbagnrthhoTBY, ZOATY v haAf LN EEGEEO

Vertical-axial

Horizontal-axial
Split Coil

65 mm
40 mm dia. @é’
134 mm dia.

(a)

Vertical-axial

Split Coil Vacuum Port 5oy oS
32.5 - —

Sample Space e B=B,+B,=1T
3 154

- X-ray

Sample
Access

Horizontal-axial
Split Coil

(b)
Fig. 3.2 Outline drawings of the YBCO coil which consists of four taper-
shaped coil units. The drawings are shown as (a) 3D diagram and (b) cross
section diagram. Horizontal- and vertical-axial split coils are located

along the y- and z-axis, respectively.
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e \\ AT~ //
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N Y VA A 1] /
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— .
&
|

. Current Lead
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49.5

Fig. 3.3 Detailed drawing of cross section of the coil unit. The coil unit

comprises seven YBCO pancake coils.
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Fig. 3.4 Calculated magnetic field distribution of the YBCO coil. The
magnetic field on the center of the sample space is 1T at an angle of (a)
90 degrees and (b) 45 degrees.
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Table 3.2 Specifications of the coil unit

Conductor

Copper Stabilizer
£ 2 Silver Overlayer
& > (RE)BCO - HTS
% S . (epitaxial)
; 2

Buffer Stack

Substrate
Thickness:

50 pm Hastelloy® C-276 [100 pm for SF12100)
Substrate Yield Strength:

1200 MPa at 77 K [650 MPa for 5F12100]
Resistivity: SoPn
125 pQ-cm - higher resistivity leads to lower eddy -v" >

<

current ac loss
Magnetic Properties:
non-magnetic, leads to lower ferromagnetic ac loss

View showing of a frame format of layers of the tapeconductor.

$¢This is abstracted from the Catalog of SuperPower Inc.

-YBCO tape conductor
-SCS4050AP; SuperPower Inc.
-Widths : 4 mm
-Total Wire Thickness : 0.1 mm
-Standard Copper Stabilizer
-Thickness : 0.04 mm
-Critical Tensile Stress : > 550 MPa
at 77K
-Critical Axial Tensile Strain : 0.45%
at 77K
-Critical Bend Diameter
in Tension : 11 mm
-Critical Bend Diameter
in Compression : 11 mm
-I; (10" V/cm criterion) : > 130 A
at 77 K, self-field

Configuration Seven taper-shaped pancake coils
Total length of YBCO tape [m] 208.9
Total number of turns 1004
Design operating temperature [K] 30
Design operating current [A] 140
Current density [A/mm?] 255.6
Inner diameter of
40

the copper casing [mm]

Impregnation

Paraftin wax impregnation

49



Table 3.3 Specifications of the seven pancake coils

Inner dia.  Outer dia. Number Length of YBCO tape

[mm] [mm] of turns [m]
1 43 60 68 11
2 45 60 60 9.9
3 45 76 124 23.6
4 45 76 124 23.6
5 45 94 196 42.8
6 45 94 196 42.8
7 45 104 236 55.2
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M ESE2 R85, L, 2OANLTEORET, IS
237 — 7RIS L CEE XD BET M E ORISR E RS
RNE TR D ENREZINT VWS T, SCS4050AP D s 35 4 & Kk 17 1%
ORI RREERH LD, BEAEEZZEL TaA Lol RE
MaRODFFHEITIBEMENT S, £ 2 T, SCS4050AP [Tk~ 72 f4 & T
Wz HML CEAlSN T AEROF T, &K/ E R 2EHAERZ
ZOWG ORI KT LOMAER (K/DEAER) LEZ L, T L
T, B D KBEBREY 3.5 T TO YBCO 22 A L DEHRE 140 A
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WmomI I+ 2Rk/DEAERMEZRT., ZOKIZIET, KLk
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Fig. 3.5 Minimum critical currents of YBCO tapes derived from
measured /. — B — 6 data (dashed curves) at 30 K. The load line of the
YBCO coil is also shown.
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Fig. 3.6 Photograph of the 1st YBCO coil unit without a copper casing.

It is taper-shaped and consists of seven single-pancake coils.
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Fig. 3.7 Minimum critical currents of YBCO tapes derived from
measured /. — B — @ data (dashed curves) at 77 K. The load line of the
YBCO coil is also shown.
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Fig. 3.8 V-I characteristics of the 1st coil unit at 77 K.
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Fig. 3.9 V-I characteristics and magnetic field of the Ist coil unit at 30
K.
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Fig. 3.10 Measuring results of long-term current test of Ist coil unit.

The current was kept at 170 A for 300 sesonds.
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Fig. 3.11 V-I characteristics of the 1st coil unit before and after paraffin

impregnation. The voltage remained largely unchanged. The noise level

was lowered.
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Fig. 3.12 V-1 characteristics of the (a) 2nd, (b) 3rd and (c) 4th coil
unit at 77 K.
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Fig. 3.13 Condition of the magnetic field generated from the YBCO coil

in the stress analysis. The coil generates 45-degree vector magnetic field
1 T.
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Fig. 3.14 Numerical analysis results of (a) von Mises stress and (b)
displacement when the YBCO coil generates 45-degree vector magnetic

field 1 T.
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(b)

Fig. 3.15 Numerical analysis results of (a) shear strain and (b) shear

stress when the YBCO coil generates 45-degree vector magnetic field 1 T.
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Fig. 3.16 Photograph of the brass support block for the YBCO coil. The

block is divided into four pieces to reduce eddy current.

Fig. 3.17 Photograph in installing the brass support block.
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Table.

vector magnet system

3.4

Calculated heat conduction of instruments in the YBCO

Length Length
Specifications between between Calculated
Material of 300 and 60 and Number heat conduction
cross section 60 K 20 K 0
[mm] [mm]
Support
for Pipe (300-60K)
GFRP 50 3
radiation ¢ 23-16 Qcse 1.2 W
shield
(300-60K)
Support
Pipe Ocs7 1.TW
for YBCO GFRP 50 106 4
¢ 23-16 (60-20 K)
coil
Ocsg 0.04 W
YBCO YBCO
Plate (60-20 K)
Current tape 200 4
OIXIZ Qcy2 043 W
Lead conductor
Reinforced Plate (60-20 K)
SUS 200 4
Plate 1X15 O 0.06 W
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Fig. 3.19 Calculated heat loads to the YBCO vector magnet system.
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Fig. 3.21 Photograph of the newly developed system. Circularly

polarized X-rays are delivered in the direction of the arrow.
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Fig. 3.22 Schematic diagram of the XMCD measurements using the
developed system. The circularly polarized X-rays are delivered along the

direction of the 0-degree magnetic field vector.
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Fig. 3.23 Cooling performance test results of the system with only

horizontal-axial split coils in applying 160 A to four power leads.
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Fig. 3.24 Cooling test results of the system.
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Fig. 3.25 Vector magnetic fields measured at the center of the sample
space. The magnetic field directions are (a) 0, (b) 45 and (c) 90 degrees,

respectively.
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Fig. 3.26 Voltages across the YBCO coil in generating the magnetic
field of 1.2 T. The magnetic field directions are (a) 0, (b) 45 and (c) 90

degrees, respectively.
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Fig. 3.27 Continuous current test results in generating the 45-degeree

magnetic field of 1.2 T.
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Fig. 3.29 Schematic diagram of the XMCD measurement of

Lao.6Sr0.4aMnOs3.
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Fig. 3.30 Magnetic field angle dependence of the XMCD spectra of
Lao.6Sr0.4MnO3. The XMCD reversed at +60- to +65-degree vector

magnetic fields.
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Fig. 3.31 Schematic diagram of results obtained from the XMCD
measurement of Lag ¢Sro.4MnO3. Magetization M became normal to the X-

ray direction when 83 was +60 to +65 degree.
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Fig. 3.32 V-1 characteristics of the 3rd and coil unit at 77 K after the

system trouble.
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Fig. 3.33 Photograph of the fire damaged (a) pancake coil #7 and (b)
YBCO tape conductor and (c) copper disk in the 3rd coil unit.
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Fig. 3.34 V-1 characteristics of the repaired 3rd coil unit at 77 K. For
comparison, V-I characteristics of the 3rd coil unit before repaired is also

shown.
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D, ATE Tk, Ml EEEN, WM& Om T, IE~Y U A
ZWHEATHEIVDLARTHOL LTS VEEN-T, LOLIEFOANY
UATHROBBE LRI EFRNIIHEBTL2REEEZE XD L. F
BEEEZEATHIAANKEL Lo TWVD,

ZOUEDIZ, MEG L#EELXERM S ETCxafIP A7 1rEe LA
B RO E~Y U LAHFEMERE YR H 250, MEG & ZEEN
HfSNTWEH72D, /A XOEMNEEIND, £, 1tk HiE
MWHEE DO ) A XM GFETIE, ZOFMA AR+ Tholb EED
MEG it Il lCBE T 2B E OREMEF BEL ~O B LFH LT
o T,

2T . AR~V T LharyTFENLEoBEMRS T KoK~
U L PR R O B 2 AT 72 o 7o oy BB AS 07 U R RIE MEG &
A AP ERDEBNANSEHES A TVWDZETHY ., HIEE OB %
ERSTHZ LT, MEGUStOBB 2z aDEROEE»r b~ U L%
FEIN T 52 ENTEDEWND ZRENH D5, £ LT, BLIK PG 6E
FrHIN AR I e ) — A= —%2BELT, TR EZHVWTARERED
HEARE DR MM 21T 2 o 7o, 7ods, REEIX, MEOMENR D W E
EZONDHT ANy 7ML OFREHHA L, £7-. BEMED 2
BT 272D 2FE02EXGCGM B HELZEHTIMEL L,

WLED ) A XFMIZHONT, ERIThbhTWit ) A X AT T
L OFEAMIC I % T, Bl 2ff i ke LT, MEG 7 7 ¥ F AL D
METNOFEEMEEFEMBEHREZIRZEL, EEICZNLEITR-
7=
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4.2 BRERWBYAOIEE

KRAEBOFEM Y A 7 VR OBEAKE 702 —F ¥ — % Fig.
4.3 KN Fig. 442" 7, o, A7 VEFFICHWDL L, LTO
ATHZILND,

4.1
1, (4.1)

T, FITEEME. Q Im WO mAGE J1. H, 13X H BT O~
VoLroltbo o 20—, Hy A %Ol 2V E—TH 5, £
7. KZEHTCHWEEZ XL E— DR % Tabel. 4.1 1257,

Recondensation Rate (C
Cond 42K H
ondensor L T, H,

—— U
Cooling Power@4,2 K Cooling Power@T]

0O 0,
T, H,

Cooling Power @ TZ

O
[ I I ]
T : Temperature — —
H : Enthalpy
Cryocooler Cryocooler
for Condensing for Cooling 300K Hg
Ref, Ref, Mass Flow Rate F/

Fig. 4.3 The design of the liquid helium recondensing system with a
separating LHe supply.

103



v

II. Calculate F'from C
> v
II. Select Ref;

v

IV. Calculate /1
from F, A, and ¢

No * <
V. Select Refs

v

Cooling temperature
2nd stage of Refs
<

Ti

* Yes

VI. Calculate /- No
from F, A and @

v

VIL. Calculate &%
from F, H: and M-

v

Cooling power of
1st stage of Ref
> Qg

* Yes

Fig. 4.4 Flowchart of the design of the liquid helium recondensing

system.
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Table. 4.1 Enthalpy used in the design of the liquid helium recondensing
system with a separating LHe supply

Temperature [K] Enthalpy [kJ/kg] Pressure [MPa]
300 1574.5 0.1
100 524.8 0.1
90 472.86 0.1
80 430.5 0.1
70 378.5 0.1
60 326.5 0.1
50 274.5 0.1
40 222.5 0.1
35 196.5 0.1
30 170.5 0.1
25 144.5 0.1
20 118.5 0.1
15 92.1 0.1
10 65.5 0.1
6 43 0.1
4.2 (Gas) 30.6 0.1
4.2 (Liquid) 11.07 0.1

YA NVOFRFFIEL LT, (1) BOCKREKN2FEFRZILE
LT, "7V A7 7—FTa—T7 TOERDEZELLEFHEMS TO
HEMFR CERET D, (ICHrbERERKEFEZEHET D, (K
WA Refi ZIICRET 5, (IV)A.DHXZ H W T Z 0w O % H i
N LA F NV E—H, %R, TOEE Hi LT, ZORFOD
BEZ T &35, ZOFAEICIE, U XAV E—H, L LT42KD
WE~NY D LAD T XNV E—HL %, Q. & L TITRIEIR L 72 Ref) D
BEMMAT —VO42K TOWBARBHI 22 EnH WD, (V)T
ECHHAERGHEE Reb BH D008 5 0HIBI 725, WAL,
Refi OFBEL LT H OB/BFHEEZIT O, Ti £ THEIARE 22 0 K
Reo MAOMBDETZIOFHEEZMEVIKT, (VDReh ZEERZ. (1)
XZHWTRe2nd AT —VIHAREO T VX VY —H, ZHH L.
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CORFOREE T, LT DH, 22T, Hy % Hi &£ LT, Q% Ref,2nd
AT =YD T TOHAEEN 0T 5, (W) 4.1)x%E H T Refs st
AT =YD, TOHRAEN :ERHET S, 22 TIXHi%x 300 KD
koo NV —Hgt LT, Hx HoE 95, (M)Os & E L 7= Refs
DWHEE N 2 A —N"—FT 25 61F. WHBENDZ 2T Reh & HEE
LTHAXPOO/BEEZITY, HBEMEY A 7 VERSLIE D,
ASEIORFICEB N T, BEBRKETOREMSE 10 L/id 2 FZB 3
X, P72 A7y —Fa2a—T7ToHKS (BFETIZ2L/d) ZMEL
T, BEMEHETCOHERE CE 12L/dELTHEFEITR-TZ, 20
HEMHERCTOERERE FIX0017g/s THD, ZOHERKENS, L
RO FIRCHEEE LK G EE O RIE L1770 o 72§ £ % Table. 4.2
W23,

Table. 4.2 Calculation and cryocooler-selection results in the design of
the liquid helium recondensing system with a separating LHe supply

C 12 L/d

F 0.017 g/s

Hy 11.07 kl/kg

Hg 1574.5 kl/kg
l

Select Ref.1 — 4 K-1.5 W GM Cryocooler

O 1.4W
l

H 92.1 kl/kg

T 15K
!

Select Ref.2 — 20 K-8 W GM Cryocooler

O 23W
!

H 222.5 kl/kg

b 40 K
l

O3 23.5W
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O11F. BE2LKA2EFEL T, Ref1 2nd AT —V D 42K IZBIT 5 HH
ALY 01 WARWEE LT,

KICARLE L9, Refi 121X 2 EEX 4 K-1.5 W GM % i % . Ref>
WZIE 2B 200 K-8 WGM i #E#E L7z, £L T, 300 KD~
7 AT AL, Ref 12X 5T 300 K—40 K— 15K DJEICHE & 4T,
Refi2nd A7 — Y T 42K IZWAEN, BEEMABSIZE AN THEMR I N
Haxdh & Lo,

4.3 B XXMBHEHRE

mIL S~V v A H AL, Fig.43 2 nx L=k oic, P HAGBHE
H Ref, @ Ist A7 — ¥ 2nd AT — ¥ K ONHEE M A % B Refi @ 2nd
AT —=VIERT N 3 EOMLHE TRENICHEIND, WK
BOBHBENEDERLSFALTENRETRITZDIC, +H7REAK
BEEEE2 AT OIBARBBENLELRD, T T, FALHREBONE
BB BEONAELIT o, UTFICHEFIREFEEREZ RT,

Fig 4512 R L7 —FFnmik (~UVva) T, b5 —FHHhE
E—TE O/ (MHA AT — ) Th D — )5\ i B i35 O B a5
ROIFILUTFToXNTEHEZLND 0,

Cooling Stage of
Cryocooler
T
A
f f f f f f O.d.-d()
S B 7,
ﬁ {\ h :\ l,‘
T T et id - d
Ti
L \
TO
Fig. 4.5 View showing a frame format a heat exchanger with

unidirectional flow.
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@ _ Ti-Ty

= 4.2
T, (4.2)

® =1-—exp(— Ntu) (4.3)

ZIZT. RO ANOIRE ., T, XMool E., T idm AR
ETHDH, L T, NtulX number of unit & FEiZN 5 & T, U TFTDORX
THEzbhb,

Ntu = E (4.4)

cm

T, KFBEmR, 4 3AZBEEE (ZZ2CEIHERNER) . ¢
T, m ITEERBE CH D, T b O & MW7 —J5 Wil B A #i
s D GEFFIEIE, U To®wm) TH 5,

(1) HFRELZHRET D,

(2) W2)NEV, LEROEKRD D,
(3) 43X LV, XIS T D Neuwz KD 5%,
(4) ZFOBARER hEZRD D,

(56) KEXR®D D,

(6) UHX LV A%xKRDD,

FIE (4) O h RO DO HERNXIT — 7 ) it B 235 D i
EAMERNZRHICHRST 256, BT THEALL D,

Re= pyd; (4.5)
u
_ HSp
Pr= — (4.6)
_ hd;
u= e (4.7)
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2T RelT b A NVAE, p ZWMEEE., vIZWHAEOWE, di1TH
BEONER, p ZMAEOEBHERE., Prid” 7 v PVE, o IZWRAE
DFEEHE k ZWMAEOEZER Ny (IXENLV M TH D, Re T,
EHEDEMENOTER SN OIREEZ RS T 5 8K oK
Thy BiRIPOEHK~ODEBZ RTHELLTHVYWLON D, —EY
IZ Re>2000~3000 THELIE & 72 5D, Afm TiX. B2 b it ~EE T
% Re % 2000 & L7, £ LT, NulZiinutoREIZIE L T, L FoX
Thzbhd,

Nu - (4.8)

= 0.023Re®®Pr" (FL )

ELEE T D Nu % F 9 X iX. Dittus-Boelter DX XN S, ZOXTO Prd
R n 1%, FARZMBAT 251201304 L0, WEITZE81203 &5, K
HCOBAHEHE, MAEAIZFHEIC LI DRD T, n=03 & L7z,
@5 ~U )X LT HWT, BVnEZzR h 2RO D FIE (4) OFFEMIZ
LLTFTomy &5,
1) dizRET D,
i) dibmdiV, vERD D,
i) (4.5 XV, ReZ kDD,
iv) RKD/ZRe LV, J@iid LIATEREZRET D,
v) NuzXRod5, (BWERLA, W PreRk5b,)
vi) XXV hERD D,

FIE (5) © K ZRDDHEDICHELRAAL, — J7 101 O B #1585
THMEOMKEIPIHEDOLA, UToXTHEZLND,
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1 1 1 d
=—+—In(= (4.9)
d;K dih  2kp d;

I T d THEOHERE, L IFHEORLBERTH DL, HUH 1A
FHENOBGE, AUFE2HEIMNERTAMOBEELZRL TWVWD,
dy ®iEL T, ZNEFIE (4) TRDODZ W DPHAIHYRX LV K &K
Wb, T LT, kKo KE GHXEY 4Z2RDD, 2B, c T
W—EEE L TEELBE A WS,

U EDRGFIEEZHAWT, KRIEEBOBMZHMEB ORI 21T R o2, K
HEICH DLW IT., 300K—40K A% 1 BAxL#HE, 40K—15K
M 2B, 1SKo4 2K HE 3G O —HBETH L, K
ZRHIRIT, ERIC RENTENZEBRER 70 vy (HEEZIZ
M) ICHEMBEHEOREREAMNE 25> CLHERT OMH
wE L, BBgEEMA 7oy 7 0BREZBHEEORAT — Y LFH CIRE
Lz,

R EFICB T 2R EM AL WM % Table. 4.3 27”7, 72
B.EWHEZ.HFEO@MELLO-ZOIC, PRIEEOWMEEZ A vz,
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Table. 4.3

heat exchangers

Designed values and material properties used in design of

Ist Heat Exchanger | 2nd Heat Exchanger | 3rd Heat Exchanger
300 K-40 K 40 K-15 K 15 K-4.2 K
Helium gas Helium gas Helium gas
T; 300 K 40.001 K 15.1 K
T, 40.001 K 15.1 K 431K
Ty 40 K 15 K 4.2 K
@ 99.9995% 99.62% 98.98%
Pressure 0.1 MPa
di 6 mm 3 mm 3 mm
do 8 mm 4 mm 4 mm
m 0.017 g/s
p 0.28 kg/m? 1.75 kg/m? 5.16 kg/m?
2.2 m/s 1.4 m/s 0.48 m/s
u 13.9 uPa * s 4.4 uPa - s 2.2 uPa - s
Cp 5.2 J/gK 5.2 J/gK 5.4 J/gK
k 0.11 W/mK 0.032 W/mK 0.016 W/mK
kp 400 W/mK 60 W/mK 20 W/mK
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% L C. Table.4.3 TR L 7ZfH D R 7= BUAS Ha 25 3% 51 0 3 B 45 R
%Z Table. 4.4 127”7, ZF THOLNE LEARALSHERmBEL O . AR
BHAMHEOREISZREL CHEALHMOBIELIT R o -,

Table. 4.4 Calculated results of heat exchangers
st Heat Exchanger | 2nd Heat Exchanger | 3rd Heat Exchanger
300 K-40 K 40 K-15 K 15 K-4.2 K
Ntu 12.22 5.59 4.59
Re 264.3 1678.5 3347.9
Convection Laminar flow Laminar flow Turbulent flow
Pr 0.685 0.714 0.728
Nu 4 4 13.38
h 70.53 W/m?*K 42.56 W/m?*K 73.38 W/m?K
K 70.52 W/m?*K 42.55 W/m*K 73.26 W/m?K
l ! l
A 0.0156 m? 0.0118 m? 0.0059 m?
| l |
Length of 830 mm 1257 mm 628 mm
Cu pipe
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4.4 BEMRIFHE

BB CTA2K ML ETHAEAI SN~V U A H AT, 5 HE &
WIZEHEASILTHESY 7 AICHEMRI D, MEMIE D . AL
CHRBEIC, BAISNDEINY LA ZAEZLETEET L2202+ 7%
MREMEMEZATOILEND D, T 2T, FENE O L 55 HE £ o
R EZIT R, UTIHAEFIEEHESEREZ T, 2L, HEIC
BT LSENIZ, RKE (0.1 MPa) & L7,

TP, LEEMBEREME Ao 1. UTFTOXTHEZ LN S,

_ Qco
Agp = Y (4.10)

T2 T, Qeo lTHEEMEARE ., heo TEMERER, TRRETHSL, £
f:\ QcoliU—F@iﬁf‘Q‘i%ﬂfb\éo

Qo =m A (4.11)

2T, 2K U LADRFEEE (=20.4kI/kg @0.1 MPa) ToH
Lo REBIZBIT D2 m £0017g/s 72D T, 4.1D)N XD, Qe FLLTF
DHBY & D,

Q.o =0.017 x20.4 = 0.35W (4.12)

ZLTU2KMFEDSNY U AT ABEESNY T LZERET DERED heo
X, M 6S50W/mK IZebZ EnmbnCcnsd !, koT, ~U A
AN 0N KWBEA SN TEMET D ELELEA. @100 KD 4,13
LLTFTomy &5,
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= 23° = 00054 m? = 5400 m m? (4.13)

co 650%0.1

PLE XD ARIEEEOF BN 22 5 7 B2 m A % 5400 mm? T dH
DNy otn, BERER S5 E LT, HENEE O£
Z 30000 mm? LA E & L7-, Fig.4.6 [CFHEEMas DR %2 /RT, &

MEmm TN 46 mm, B S0mm OHFEIR E LT, NEIZHE 40 mm.

B30 mm, B 2 mm 7 v 8§ Ea&IT, ZOFRMBMAEIT 31029.5

mm? TH 5,

40

2nd Stage of Ref;

Fig. 4.6 View showing a frame format of the condensor.

114



4.5 EEDRE

R E TIO, BEMY A 7 VOFRE & Mmoo RE, &R

O EEMas O G EZITWV, ZRICE > CTHEMBORIELZIT -T2,
Fl AEBICLERERE LT ANV LATABERN = 7L oY
—1 R EHmBER2EEHVE AIH T~V LAY —7 X4 MEKETH
D . BREEINBICELF 2T —v—TNRHNEINLTWSL, b2 H
WTHER S E T AREEORKK % Fig. 4.7 IZR-7,

UTICHEMEY A 7 VOEMEIIRRS, MEG TEABELIZ~Y U A
AL MEG & B Afx S A7z [EN B 2 8 > T ARLEE N THz k.
BREns, BRI~V U AT AT, HHE Ref2 O 1st A7 —
Dk 2nd AT =V TEBMIZHEA SN T, WK Refl ® 2nd 27
— VIR EINTEHEMaN THEMIND, £ LT, BNk
BE~NV TAIE, TV AT 7 —F2a—TE2NLTHE~NY UL
VT FICIBREND, AEEIIHT AN J| LD TRIEASNY T A

Gas cylinder

| FLOW DIAGRAM |

GHe
Flexible
itk |—Er Compressor et
e

GHe [1Insulator et *

~1¥)m
%
= pki pky

g GHe O
T —
I Vac
U]
MSR/MEG Trmntter = ] RURR
SUPPLY =&l
LHe

Controller|| Chiller

Compressor

Fig. 4.7 Flow diagram of the developed system, which consists of a

compressor, dryer, condenser and controller.
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 MEGICBET DRICHEETLHEEANV T LATADI L KERET
HEFCTE 20 DR REAKE ST, @BESBIT. — i~V 7 AaH A
O S TCHEEITVY., b —FHide — & —TMEAL WK EE Tl
FHAR Y 7LV AN EBEEgER L TR EREL T, MRS
DHEHBZICERFVDHFEINTEIY . —FHF OEBIERNIT K DRI L
FIZHEMLTERN EALEL, b)) —F OOV EBEXD, £/, B
MM ERTICE D NERE SR TE Y . WO R R 2O i & 12 BN
BAELEBACEADNER T OT, —HY A 7 VA2 XA by FEHE
T.HNEEe— % —CHEMBENZMAL C.EENEZMEER > 7T
BRI L CHEMREZITI EWIHIEMHATH D,

4.6 BEBREEDAR

HEENZHBYVORENEZATI20E2HETDIEODIC, ETEAMN
TOHKBHEMREDZMT 52 1Lz, kO HEMRSNTZIK
KAV LET 2B LTCEoORE EF LM 2 HET
E. T 2V —~DARARLT 2 —DFBRICIDIBENELC., 25
MBI R0 5720 Th D,

FPEAMICEWVREZER T L2012, 4006 OER A % i
NEW L7/ xR ERBE L, SOICHEMELY EMICHT 5
ol MNEFBENICHEBELZE =X —0 0B Z AN L T M=
CHRBEBEENT UVAIHETEFRELZROMEMAZIES T, ABEE
TEEREDO L — X —H NSO ERICHAETELZ20D T, HEMED
EMICFHHA AR CH D, ZOFMFEEZIrY) — XA —%—FK &
M52 L2 %,

Fig. 48 [ /v ) — A= —ZHH L AFEOBEAKZ =T,
Am Y = A= —=NIZEE~Y U LZE# I iE L IRET, b
— X =X o TEEEMT 5, £ LT, WESIE AT %G L 7= fn i
TRETDHDE— X =D KM NHERkDD, TOLELTIRETIE, b
— X =R RKH N ENV T LDEEE, DEVITFHEMENANT X
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LTWd, koT,. 20— —HAKHITPoHBEMEEREZEET LS Z
EMNFAEETH D,

a ) —A = —HFXTHWMENL2HEMEC IZ.UTFTOXTE
bbb,

=% (4.14)

A Phe

ZIZT, OniFEFEREOE —F —H ). AITEESY T LD KR
A one lTMRIE~NV D LOBETHD, Lo RNk Snwi=nY
— A =2 - X% Fig. 49 (2T, hn ) —RX—X —iﬁﬁ%
EORNIZUV ATy —Fa—7 (BIE~Y T LAHA) ITHE ST,
ANV LT AR EILHEMERE O T AEBIT A I @méhéo
) —RA—F — | TEEKAEE Lo T, EEWEHIZILE
Hr—nPFRELTshTnWd, N~V U AERIZITE —%—NRE
ST, BEE VY —FI N T v AT 7 —Fa—T7mI0bL
FIZHEREINTWD, 0 NEENEZFRT 27O OE NG HRE
SNTWD, e ) —A2A =% —FMWHOOEBR AT, ALY
TAHTAIZEIVGH - BREINDIED, BEHTE S,
FROFHMET R SRR, NEE TN 3 kPa, REN 4.2 KT
ELEROE —% —fHRKH 11X 0285 W Tholz, BEA~Y 7 AD
AW HIT 204 kl/kg, BEIE 125kg/m> R D T, (4.14)R Lk v EE

Evaporated
GHe

LHe

Condensed LHe
C | ‘ l
phe

N

Heater Q,

Fig. 4.8 View showing a frame format of the performance test using

the calorimeter.
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EKOBFEMHERERNIOGLAd THALAZ 2R L, KREBOHEMHKEOD
REHEIXI0L/d7 D TUZIERFFE Y OMENRL D Z LB oo T,

From
Pressure recondensing
sensor system
X [ GHe
I | > To
TTa .
y recondensing
system
Transfer
tube
Radiation
Vessel ey
LHe
vessel
Temperature
sensor
Heater

Fig. 4.9 View showing a frame format of the calorimeter, which consists

of a vessel, heater, temperature sensor and pressure sensor.
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4.7 BEWELKR

ARIEEZ 100L~Y U Aa 7 iC#EE LT, Afd D T FEN

R 2 ATV FRERME B EE A AT 72 o 7o, BHAE R & Fig. 4.10 [2 R T,
T FNICHEESNT 7 A0 56 L T ST B IR EE T2 17
Mol FRELT, BEMENLTILAd THLZ L AMHE L, B
KFEEMEFE 9.6 LId THho7cD T, HESN 1.7 L/Ad ThoTen, Z
NiZar 7 F~0RBFACLLIbDOEEZXOND, ZOHEKSITHO
WTIE, B EARLRnwWa Ly T FICEEST L2 L Tl ED A BE
EE XD,

5 0 1 1 | 1 1 1 1

LHe Volume in a 100L container [L]

0 10 20 30 40 50 60 70 80

Time [hours]

Fig. 4.10 Liquid helium recondensation using a 100 L LHe container.
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4.8 BWR/AXEA

BEMFEREO L ) —SOBEELMERERIT, EBEORET DL /4 AN
EORE MEGIZEBE X525 0nwWH 2L Thd, £ 2T, AR

O FFAl & U T 3 R G s R L OME K O MEG DX/ A XEHAL &
Theotz, ZhiE, ERITRhbN CEX MM FETH D, b, R
& & MEG OMRIZA 10m & Lz, FHEIE R % Fig. 4.11 (2537, Z
DD ) A XA FZ AF 160 ch @ SQUID o VDR EHTH
D, T—=XINEILTH > 7V T 5kHz T30 Tir7eo7n, nNA XA
7 4% (HPF) |2 0.1Hz C, m— /3R 7 4 )% (LPF) (¥ 1kHz &
L7z, MM L7 MEG 121, EFWICEHAER? S O 60 Hz ©
@%/4%ﬁ%$bfwéoF%kLT E iR 21X 56.44 Hz O
[RAADREAEL, MEEOIRBIC L 2B/ L, B AFEK
@LﬁiﬁMéh@@oto%of AIEE N MEG IZ 5 2 % 2813
W N Z ERN o, ZHRIETERWEERORS S NEHL TV
b0 BN, IRAMIZELDEEIZ O W TIL, FHRNCEM L 2B
V=V =20 TIREBIZKLIZ LD TH D,
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(b)
Fig. 4.11 Magnetic noise spectra in the MEG with the recondensing

system (a) off and (b) on. Noise at 60 Hz is from the power line.
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4.9 BRIESNEMEG 77U hLIZED G ETHEA

AKIEEN MEG DY AT L) A RXCHEXDLDREBEBIT/NIWNWI & %x 48
HTHl AT, EEDO MEGHMOHBE TED XS RZBNRND L%
%mfét W, Bl EEE LT, MEG 7 7 FAZHWNWT

AR R N OME IR FF O MEG FHIIC BT A EO T2 30T 5
ZElcll, EHLE MEG 77> hADOET VK NEH % Fig.
4.12 % % Fig. 413 [2/"%, Z®O MEG 7 7 >~ b A, NOMEETT
b L72b o ThH Y 50 i @ % AhE i W 1 (Equivalent Current
Dipole : ECD)Z#f> '), £72, 2077 > 23w AMTH Y . ECD
DALEIX 0 1S mm L TORENS TRIEESNTEHDOTH D,

MEG 7 7 > h &5 ® MEG ~® % & 5 H % Fig.4.14 12, MEG 7 7
N A X DR EO A % Fig. 4.15 (2/x 9, AP % 11 Hz, iR
& 20 uA O IEFLPE EJ (2 ¥ 77) % MEG 7 7 > b A D% ECD IZHIIN
L, ZNICX>TRAELEKYS %2 MEG TEHHI L T, ECD O 47 & % Hl
ELl, ZHEk, FEEDO ECD Ofri& & ik LT MEG 3H#ll O i & 7
nEXRDd-,

50 il @ ECD IZ 2 W T DN E T 4 D5l R % Fig. 4.16 & Table.
4.5 1Z2/r7, Fig. 4.16 IV E TN DOEH 54 TH Y . Table. 4.5 L F
PIE L IFERERAZTH 5,

Qﬂl

Measured
Z ECD

Fig. 4.12 View showing a frame format of the MEG phantom.
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LEEE IR K OVE Ik D E W2 K D ECD JFEAE 9 U o 2 35 il J OVAE %E {fj
ZOEF. WINLH0IlmmU FThoTz, /o, BERFEITHOWNT
X FREEZIToT2EZA, ABRKESH TEIEEIFIEOM TOAEE
MBENZ R Gholz, o T, HEEEEIZ LD MEG WAL E T
NIZED LT, MEGHIIICE X 2B LM N LR TRENTZ,

Fig. 4.13 Photograph of the MEG phantom, which has 50 equivalent

current dipoles.
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Fig. 4.14 Photograph of the MEG phantom installed in MEG.
[pT] 2

x : 50 ms/div

¥ : 500 fT/div
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Fig. 4.15 Measurement of ECD position using MEG phantom.
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Fig. 4.16
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Table. 4.5 Measuring results of the position gap using MEG phantom

Ax [mm] | Ay [mm] | Az [mm]
ON -0.2 0.3 0.1
Averaged Value
OFF -0.1 0.2 0.1
ON 0.1 0.1 0.2
Standard Error
OFF 0.1 0.1 0.2
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Fig. 4.17 AEF averaged with the acoustic stimulation trigger with the

recondensing system on and off. The number of SQUID sensors is 160.
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Izofield Contour Map

(a)

(b)

Fig. 4.18 Isofield contour maps of AEF with the recondensing system
(a) on and (b) off.
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Fig. 4.19 AEF averaged with the cryocooler sound trigger (the lower
trace), and AEF averaged with the acoustic stimulation trigger (the upper
trace). The cryocooler was in operation in both cases. The number of

SQUID sensors is 160.
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