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Iterative Pulsed—Field Magnetizing for HTS Bulk Magnet with Inversely—Applied Magnetic Fields
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Fig.2 Temperatures at various positions after various

inversely—applied fields
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RS m ETA88E L TVA[1], £77, Bean BT /LICL
UL, 77 UL OSERRES 3 L7 DFRITRAEL TN
BEEN TS, AAFFETIE, @30, 43, 65 mm GdBaCuO /3L
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REFEL T, #2250 GdBaCuO /L7 (930 mmX 14
mm; Univ. of Cambridge, ®43 mm X 18 mm, ®65 mm X 20
mm; Nippon Steel & Sumitomo Metal) %AV =, BHRUZITA
TVyhaf kORI I ARaAVE RV, A7)y haA gz
ANERI RGNS — 7 &R AN LT, FRRE I SV Rt 0T
GG AL V7 RS 3mm BBV TR —L
VY —HEETAHIEICIoTHIELE, IBE EHIT
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— 7o R CTH ST, ATV haA B W TUIARYE —7
SRR LT, 2B, 2NLIND LSRR —ThiIlE
IRTHFERTHY, ATV haAf )L TOEBIZBW T LY
NOIRENRE—ThHDHEEZZHIND, AT Vv haA VTN
A— 5N T DERKIBEIGIL L /AR A M )
kL., 2.3 TREZRLE,
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ATV NOIREE B DBERO#EKRIZEWE L 72728
THHEBZOLND, Eio, FRNTFERLOAT Y haA v icks
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Fig. 1 Experimental results of the trapped field, Br, as a
function of the applied, B., and trapped field properties
using split coil with yoke in various bulk sizes.
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Fig.2 (a) Experimental and (b) simulation results of the
trapped field, Br, as a function of the applied field, B,
using split coil in various bulk sizes.
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Superconducting properties of Gd123 melt-solidified bulks
synthesized from various cation compositions.
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REBa,Cu;0, (RE123)I& LR/ L7 1 LR IR ZE IR 77 K
B DEVEEREE T 281, M FICBWThEny J,
FEMEA R TN DI TBIRER A L L COIS A HIFRS L C
VN5, RE123 YARIEERE /L2 Tt RE 28 Ba? A b B4y i 4
9% RE/Ba FENELRLTL, FEVEEOLGEILCIIBI RS
EEPERAE BT 5, RE/Ba [BE¥EOHIETEEL T, Hl
EEEIRTOD BaO, NN, & LR IHE T TO LT H R - RANT
=—n 23 RE RAWARE MBI TN, BIEIETICH 4 1%
Gd123: Gd211 = 7: 3 OHEAAAKIZI VT Ba EOZEA(LD
Gd/Ba [EEE &R/ NV O RTE 2 DB OV Tl
LC&ET -, ABFFETIE, Gd123 & Gd211 DALIAKARREZE % &5
(2 Ba OHSAMEB I 72 L 72 ERIL, 7L &R0 4
BRSSO R E T R RIS T,

2. EBAE

B R E22D G123 & G211 IHKIREFE SOG I L0 [ R
BTz, FUEREY K DAL AR B # ) 7 RS BV BT
Gd123:Gd211 = 6.5:3.5 — 8: 2 L7 BIHFHIE LIz, SHI27.5:2.5
DOFEHIXIL Ba i, Ba KB LA2DAIBRAM AR EER LI,
BoNT-ZNENOHERIZ Ag,0 10 wt%, Pt 0.1 wt%Z ¥R
L. IBALHRE—HI7 1 2(100 MPa)iZkb 20 mmg x 8
mm’ DXLy MR L7, Nd123 kR E S EL T
v h® EEi P E S EE MBS RO ESFE VT, %
L TIREEEE 24TV, SV T VR AL D G123 VAR
PNV E R, B 7o SV 2B BORIZEID L, 350°C T
Fes 7 =— V& +3ATo7-#%. 1.5 mm x 1.5 mm x 1 mm”
O/NRERBHZEID L, AR T BT I L0 MO Rk
BIE L, SQUID B Et, VSM & H W oAbl E K =8
HPEA B oR XRD /37— OFNT ZORF E R Al L 7=,

3. HBRLER

Gd123: Gd211 =6.5: 3.5 - 8: 2 DFFATI LI IVEAL D
Gd123 VEREERE NV BB, Fig. 1 IR R 7 2
mm (L. = 2 mm) OBFFHHEINH LI/ R 3B ORI E
MO U RE =0 7 VB (F,) ORI E L
Teo PEMHER L THD 7: 3 OFEHILE A~ Gd123 2L
7.5: 2.5, Gd123 ZHLT= 6.5: 3.5 DAL EL BN E L =
TRHER R LTz, ZRHOREND T, 1% 94 K BT, F, DK
EEREG M~ TR TNDIENBTIN A — =R — 7k
HEIZ72 o TWVD LD RIEIND, Gd123 FHDE 7 b, fl
HMRRBIERICED G211 ORIEE, IRFEY 272 & OREliZE L
T 7: 3 DAAME T H LI R EZ T~ T D,

EHIT Gd123:Gd211=7.5:2.5 DFREHIX L Ba KB

L7#BtoD 15 T £TO J, OGS Fig. 2 127”7, Ba
RIBFARIC L7282 kD Gd/Ba EIEAEITL J, -H kN
FACLT=23, FfE S SEEN - AL B DI B U3k T
J DI TRDOTNTHY | ALEITIEKOTE—7 J FeEE AT
L NVIHERLNZIIE N L THHZ LD RSN,
HERTCIE, Gd123 25 L7 6.5:3.5 OFEHIAIL Ba B%
25 2 TR OB R M IC O W TH IR L, RS I E
AN T2 SV 7 AR O 4 JB R R O Bl LIS DWW Tl .

SEXH
[1]1A. Hu et al., Supercond. Sci. Technol. 17 (2004) 545 - 548.
[2] S.I. Yoo et al., Jpn. J. Appl. Phys. 33 (1994) L1000 - L1003.
[3] T. Akasaka et al., IEEE Trans. Appl. Supercond. 21 (2011)
2706-2709.
[4] Y. Setoyama et al., Supercond. Sci. Technol. 28 (2015)
015014.
1.5

Gd123: Gd211 Ag 9.3 wt%

Pt 0.1wt%

Fo/GN m=

2 3
HHIT
Fig. 1 Magnetic field dependence of F, at 77 K of Gd123

melt-solidified bulks starting from various molar ratio of
Gd123 and Gd211.
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Fig. 2 Magnetic field dependence of J, at 40 K, 60 K of

Gd123 melt-solidified bulks with Ba-deficient and

conventional Ba compositions.
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5% CHERBIRBEIE (L) MR, S Z 6 A OBIT R
BURA 90%LL L& FEH IR LI NI/ D, T2 CES
TNREREIRBE B I AEE LD NEATHD, ZDH6i2 %
BILE T P CRiEREO/ SV MERFHET, 15.9 K 128
WT LY R DIERRGE S 2.4 TIEE S FRERICE>T
VERIS Tz L7 LRI OIS 2635, LinL, K&
72 B BAZRIL TR 4312 Mg DMEBE RIS D B 23587
L. BRERELTSELLV LR 2], Liz2i-> T,
FURHBY R B By KA FWAZ LT, Rt oA VAR
FHERIKFIC, MgBy RO LIZ L ARG HE LV 1k S
IR TED, RBFFE TR — LI Lo THM S
72 B By RE W TRIEEITED MgB, Z/ERIL . MgB, DK
LREHRE Y (D TR B B A R,

2. EBRAE

JEP A I TRE S B MR (IEE 99%, KifE 45 umLLF) |
Mg B3R (BEE 99.5%, Kk 180 umbAF) Z MV, B KD
A=/ 400 rpm F721% 600 rpm T 1 hfrboi=, H 1l
ZPACTZ SUS & (4ME 10 mm, TR 8 mm) (T B ByR%& FiH
Lizth, €D EIZ Mg MyREFIL 7 LT FEK THERAL
7o VLT 700 - 900°CT 1 - 24 h{To7=, EfIES -3t
BHE X BREIPFIEIZ L VFEE E . SEM (scanning electron
microscope)® EDX (energy dispersive X-ray spectroscopy) (Z
FOBGIAAARBLZEAMT DT, /1 SQUID (superconducting
quantum interference device) WEHRFHCHIE L= LEATY
ARSI e — BT VA TR L,

3 fERLER

Fig. 1 ([ZRMHED B ¥yZRE 400 rpm %£721F 600 rpm TH
—LULLTZ B B3RO SEM 82713, RO B HyRIZix
R THEAmORKEZD B RINFLEL T, R—LL
(& THum LA F O¥)— 72k TS CEDTEM Do T2,
Fig. 2 [CAR¥IFEEZ1T 400 rpm TR—/LIL LT B ¥R E T
WTIERIL 72508 SEM &K RO IR~y T E2RT,
SEM 110, 3B TRARO DI S e 3B AMERL T
T2 ZENG3D, Elz, 7L — ORI O U RO FIEL
TWDR, KR DILH~ Y T BIONEDX IZLDERDH)
b, 7L — OB MgB,, BUWMEIKIT MgoBos ThDIEN Sy
Motz Eo, ZNO OB ZORERIVEE B MR
DI LI E ST MgB, DHAE /Y ROBEIL TODZEITHS
N CdD, Fig. 3 ITARHAEFB LN 400 rpm £721% 600 rpm T
A=V LTz B HyRE O TERILZAEND 20 K IZHBT
5 Je DWSHEATNEE 7R T, B B iy ROR— AL T
MRy SRANBE I LT e ARBE 2381 D L8 F] B L
DTENGZIND, BRSBTS DR TFIZOWTIEIES
B THD,

LU DS R DIEEIEIC BV TEEL B BRIk T 58—
N2UTRBRE Y ROBENNZA R T ARSI RIS L &0
EEBZENy 0T, AL B A EAICISS LI
BRI LML R SR D R (b A THO MDD D,

(a) non-ball-milled

10 pm

(c) 600 rpm

Fig.1 SEM images of the (a) non—ball-milled, (b) 400 rpm
ball-milled and (c) 600 rpm ball-milled B powder.

(a) non-ball-milled (b) 400 rpm

Fig.2 SEM images of (a) non—ball-milled and (b) 400 rpm
ball-milled B used MgB, samples.

10° ‘ ‘ ‘

—&— non-ball-milled
—=—400 rpm ball-milled
——600 rpm ball-milled |

T=20K

B(T)
Fig.3 Field dependence of the critical current density of

three MgB, samples using the non—ball-milled, 400 rpm
ball-milled and 600 rpm ball-milled B powders.
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A new concept of a hybrid trapped field magnet lens (HTFML)
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1. [ZLC®IZ

REBaCuO RBEE V7 BEA L, W5 P B 5 1
(Field-Cooled Magnetization, FCM)IZ £ ¥ TRIH B> 16O %)
Rl BZHANT/ LT UG 2R L. 2016 4£I12 17.6 T
ORI SN T, — T, BEG 2 A WA ME
LM%, TR —v R # AW THEICERET 5
HEE L7 TR SZME L > X2 X0 AR Z I
WL, BHESR (HUNBG RT3 B3 ERSGO) 72
1.5~2.5 FRIE OBRkGY; & EBL3 2RI L > X OB
T TWD, BUR TSNS 8T b & T, BEE A
VYRRV ANT 124 T ORGSR NER L T A0
[1]. FMERRESE 2 B micd 5 LR L > AR IT Kb
7o, MEH oA VAN STV DIRIESS T TF
HhTH D, AR TIIEMABEE A VA & BEY
ANV TR L AOMIT, B O R 5 lEER L
7 A EFAL, [V 7 TR X D5 ORiRESR) & |
TEREEA L7 Lo R L DA R 2l AaE
i, FUNEEE X 0 K& elifz. L., FRIC A
TEX L H LVEEE AL IHA (N7 U v RRIS
N A HTFML) 28:%5 % [2],

2. BWAE
B 1 ZHEHTIC V- HTEML Of&E 2R 1, SN

100 mm @ 10 T BIE 3 A VEA & FHfe~ 7 % > MIH

W5 Z EEBEL, MEED AT —IZ GdBaCuO L > A

B & MgB, Hfdiiizt >y L TWmEAL, —fl& LT 22

RTE DD SS)DFNETIREE & MRS % HilE L T

EWT 5,

(1) GdBaCuO L > XK O MgB2 R & =i/ 5 Tu = 40 K
WCHEIT 5, ZORRETIE GdBaCuO L v X |I#EEE
KEETH B A, MgB: FfE X HBEIRETH 5.

(2) SN % B 2 3 D Bapp & THIRET 5 (1~5 step), Z D
IRBETIX GdBaCuO L > XX ZFC (¥ i hmAE
) & s, MgB: FfA i3V 7 INERIC ) — 12 BB
5 Bapp DHEA L TN D,

(3) MEZ MgB2 D T (=39 K)EA T D TL=20K IZHET 5.

(4) SRS % Bapp 0> 6 B 2 IZIERE 95 (6~10 step),

(5) T DFER, FBBERES: Bapp & W K& 72 7P Be % Fifit
BFINCFEAETE HBEE NV ANEBRT 5,
DEo7m®Ar% 2 ECHELLERAAD I 2L

—a UREEHWT, LR B AT LT,

3. fRMTHER

X 3 1Z Bapp = 3 T DEFEDOHLMEY Be D AT » AT
YA RT, MgB: IR OADEAITIX, FEAIZBr=3T
PR SN 528, HTFML TIHEERGRE ClI@ s oA
Ly DL ITBE, &K 6.0 T X THINT 28, Bl
TR 2 1T UIKEATIZ Be = 4.73 T S ERBERYICHRIE &
N5, £72. L XL OHE O ) % GdBaCuO THERL L |
Bapp=10T TH & OIRFE %X 2(a) D AR D K 5 1TINLIZE
{ESH7GEIC, 1349 THRERTEXLZ R LR
Sz, BUE, LU ADIBR0Y A ARG 217> TR
D, AH%REMEREITO TETH D, HEOITIZ, 10T O
B~ %y b CTI5 T 28X DRkt vl RER R L v X%
O LSS L7 R EEOERZ BT,

SE X

[11 Z. Zhang et al., Supercond. Sci. Technol., 25, 115012
(2012).

[2] K. Takahashi et al., Supercond. Sci. Technol., 31, 044005

(2018).

GdBCO
lens

40 (mm)

Fig. 1. Numerical model and dimensions of the MgB, cylinder,
GdBaCuO magnetic lens and magnetizing solenoid coil.

T (a) GdBaCuO cylinder for “case 2”
100K f=={===== -4
\ \ - L(=92K).GdBacuo
!
T, =40K |- LY e L 1=39K): MeB
\!
T,=20K

8, 7
" PR A
y AY
7/ \
/4 AY .
time
(1) 2) 6 @ (5)

1~5step  6~10 step
Fig. 2. Time step sequence of (a) the temperature, 7 and (b) the external
field, B.x, and concentrated magnetic field, B., at the center of magnetic
lens, in which an MgB, cylinder and GdBaCuO magnetic lens are used.

10

T — S I S ———
L ------ B for only MgB2 cylinder | -
8 |- —&—B_for HTFML |

Comdna ;o
8

B_or B_(T)

Fig. 3. Concentrated magnetic field, B., at the center of the magnetic lens
as a function of the external field, B.y, for By, = 3 T. The trapped field,
Br, at the center of the MgB, cylinder for the case without the GdBaCuO
lens is also shown.
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Strain behavior of multiple stacked QMG ring in magnetization process
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1. [XC&HIC

BN REEE 3 AQMG” (S AR D 1230 121 1A
AR BT SOV 2RI LB BB AR 1T, 198841241
TR ENT-[1-4], 2Dk, # 138t F% (RE) 2B L 7-fE
it en 20 A 95 B A B RN I L0 KRB D QMG A3 i 7]
REL/R0AE %~ OIS BT 3 D BTz [5-6], /LT~ R b
SIS, 19894R ICIR RSN REBEHFRFS BT Ic L0 ek
AN LT2[7,8], BUE, FRIKIR - SRS COBRIZL
DEXT ORGP AT REL R0, K FRD LT~ 7 R N
Bl ESI TN,

UL TliE, B ENMRZEOQMGY 7% H WG 03 R
WCHERLTWA, ZROHOISAICE#EL T, ZRETEICUEA
DOAMGY U RN REL, TR BRI O O B2 8%
BLAIL, FrUWER A EZBRLC&2[9,10]

A, AME60mm, NEE35mm, 15 S20mmDGd M % 66 f&
LIz V=l b=y MZBIL, EE3EOV 7 NE
AT 40K, 60K TOEBLEIRICBITLOT AZEEZHIEL
7=DTHE TS,

2. EEBAHE
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Fig. 1 Strain characteristics during 6T magnetization at 4
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Evaluation of Magnetic Polishing with Superconducting Bulks by using FEM
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Fig. 2 Repulsive and attractive force of SUAM when
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Fig. 1 Schematic cross section of the cryogenic pipe.
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1. INTRODUCTION

The efficiency of a JT refrigerator at 4K is much higher than
that of a 4K GM refrigerator with helium gas being working
medium. But the JT valve block is a basic trouble for 4K JT
refrigerator. In a double JT valves refrigerator, two JT valves are
used for higher efficiency, which is very complex. If the
pressure drop of the high pressure gas flow channel of the last
stage heat exchanger in the JT refrigerator is very large, the JT
valve can be eliminated or its opening area can be largely
increased’. It is not only simple, but also reliable. The cross area
of the flow channel of the heat exchanger is much larger than
that of the JT valve, and the opening area of the JT valve is also
increased because most of the pressure drop is inside the heat
exchanger.

2. STRUCTURE

Figure 1 is a pre-cooling type high pressure drop JT
refrigerator for 4K cooling. The last stage heat exchanger has
high pressure drop within its high pressure gas flow channel, so
that JT valve can be eliminated.

A
1. Compressor
| 2. First heat exchanger
S 3. Second heat exchanger
4. Last heat exchanger
| 5. Low pressure gas flow
3
channel
6. Cold head
7. High pressure gas flow
a |l
= channel
7— ° 8. Pre-cooling refrigerator
5

Figure 1 JT refrigerator

3. THEORETICAL EFFICIENCY

Figure 2 shows theoretical efficiency versus high pressure
and pre-cooling temperature when the low pressure is 0.1MPa.
Assume that the temperature difference is zero at the hot end of
the last heat exchanger, there is no pressure drop at low pressure
flow channel. The pre-cooling refrigerator is a Carnot
refrigerator. There is optimum high pressure and optimum pre-
cooling temperature for efficiency. With the pre-cooling
temperature decreasing, the optimum high pressure is decreased.

60
50 |
40
30 |

20

Efficiency, %

0 1 2 3 4
High pressure, MPa
Figure 2 Efficiency versus high pressure and pre-cooling
temperature

— 102 —

4. PRESSURE DROP

The theoretical efficiency in figure 2 cannot be realized if the
high pressure gas pressure has no change in the last heat
exchanger because the temperature difference becomes minus
near the cold end. Figure 3 shows the temperatures of the high
pressure gas and low pressure gas, and high pressure along the
last heat exchanger when pre-cooling temperature is 10K, high
pressure is 2.0MPa, and temperature difference is 0.2K. Position
means that we monitor 7 points from the hot end to cold end of
the last heat exchanger. After the temperature is lower than 8K,
high pressure gas pressure must be decreased to let its
temperature increase higher than the low pressure gas
temperature. The reason is that the high pressure gas is in the
negative area of Joule-Thomson coefficient, so decreasing
pressure can increase temperature.

12 25

1 +
v 10 | 12 ©
N o
[}
5 °r {152
ol g
g °f . 3
E 7 |—e—TL i 2
e o6l c

TH {05
5 || —a—Pressure
4 ! 0
0 2 4 6 8
Position

Figure 3  Theoretical pressure drop

5. TEMPERATURE DIFFERENCE

Figure 4 shows the temperature difference versus pressure at
different point of the heat exchanger. At each point, there is a
wide pressure changing range to let the temperature difference
keep positive. So the pressure drop along the high pressure gas
flow channel has no need to be controlled precisely. There is a
pressure with which the temperature difference is maximum. So
pressure drop also can be used for increasing temperature
difference for smaller heat transfer area.

0.6

0.5

04

0.3
0.2
0.1

Temperature difference, K

0

0 0.5 1 15 2
Pressure, MPa
Figure 4 Temperature difference versus pressure

6. CONCLUSION

JT valve of a JT refrigerator can be eliminated or its pressure
drop can be decreased largely by high pressure drop in the high
pressure flow channel of the last heat exchanger.
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Fig.1. Photographs of two types of the compressors. The left
side shows C300G (rotary) and the right side shows

SSC3700 (scroll).
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Fig. 2. Comparison of the efficiency and mass flow rate
versus pressure ratio for two types of the compressors.
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Fig. 3. Cooling power results at 4.2 K as a function of the
first stage temperature.
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