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BE&RLEH

=S DA
) Current
Physics
Material
Current
Chemistry
Coil —> magneticfield
Health

Increase | or turns == F ><<BJR

NMR 930 MHz 21.9 T @NIMS

Field concentration(f 3R D& H)

Disadvantages —*‘
. \
1. Large magnet size —

— = #RLX
2. Mechanical stability = ="
E—

3. High cooling cost

4. Energy consumption

BIZEM O REGIEEFR A

a> Ty

1) BEEOESLBEEMELY XD RE
2) BRELENDTIHESRL Y X

3) MgBBfZEH ALY X

4) GdBCOBIZERAR LY X

5) NEUARIS R AERE

6) xLw
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EERLEH

Compact high field magnet Conventional 10T
(MBS IR R EEE) superconducting magnet

superconducting magnet + magnetic lens Nb;Sn coil

Goal: concentrated field >10 T (background field =6 T) NbTi coils

. Hiz%
WELVX

NbTi coils
(background field)

Power

Advantages:

1.Compact, inexpensive 2.Easy fabrication

3.Non-source, energy saving ~ 4.High field gradient

a> Ty

D HEEOERLEEERALY X0 RE
2) ERELENDTIRERL Y X

3) MgB,BIRBSL Y X

(4) GdBCOB{EEMSRLY X

5) NEITRRUB R AT

6) xLw
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Superconductivity(B{5E&)
H.K. Onnes
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103
Power Cable
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What is Magnetic Lens(B&5&R L > X)
A field concentrator using the diamagnetism of Slit: to suppress the shielding current.
superconductor and hollow conical shape.

Top view

Principle: change the distribution of flux density. circumference current slit

Magnetic Lens

Concentration ratio (r.,,)=
/By, Cross-sectional view

Beonter (the maximum field)
Hall sensor
" 'I h ! I | | (!
i '.l’.- |
| .«1' ‘

Diamagnetism of superconductor

c

BEEME O REGE T

T>T, f \
H<Hg, Hy<H<H, H>H,,

~

M

~

Magnet field Superconductor Screening current

Candidate Materials (1548 #4 )
Magnet-grade SC: NbTi, Nb,Sn, MgB,, Bi2212, Bi2223, and REBCO

Specification of NbTi sheets (Nippon Steel Co.)

) R e
Shestt

Thickness 1mm
Copper ratio 1.36
NbTi 30
Layer No. Nb 60
Cu 31
2 MgB, Bulk
Advantages:

Easy to produce a large-scale, high-density bulks  —
Cheap raw materials (Mg and B)
Operations without Liquid He (>4.2 K)

Mg-Reactive Liquid Infiltration (Mg-RLI)
EDISON Spa. Italy




Candidate Materials (1%%# 4 %)
3 Large grain (RE)BCO bulk (Nd, Sm, Gd, Y)

Top seeded melt growth processing

(b) (TSMG)

Q

Single domain

High upper critical field and current density

(1) Levitation: (2) Current-carrying: (3)Bulk magnet:
bearings or flywheels current lead or current limiter Superconducting permanent magnet

Ga1Z3+ 03w
2 B

10T ‘ i

OPREA-3D (TOSCA): 4 =1x10100 i 7 [
Perfect diamagnetism model o 2 M :
i R
N (@)
R T
o1 IR Lol b = ’
7 st ] = L E
é E e
' () o | * il (@
! I‘IHI |Il:|m} i it = " i ‘"I[!: ‘l‘mmlw : -
ID (mm) i _ OH (mm) _ IH (mm) ID2(mm)

Final dimension: ID2=50, 0D=58, OH=60, IH=10 mm 109

Temperature (K}

154 FCirg, =276
GdBCO Lens o1 5
= M5
. . =, center
) ) T D
GdBCO single domain o™i, 2., L
- - - L Y [reroeeey Airasaaaiaianani
4 - i 123 B
R |
Vo s
16.8) =) 1
g o S woowse mm 2%S Choi 2009
— 3 time [sec)
nsulation”” | High field: 1213 T(B,,)
Hall sensor 38 T anacasacs; 10
(Beenter) FCir,,=1.35
2 EE
6 E
- center  plified fichi| 60
4 g smplifiead it :ﬁ:m:mm
o~ S o= 0
= H
=2 !
=% n
1]
0 s00 1000 1500 2000 ~ene o0 £00 ¥S00 W00 #700 $HD0 GG 7 A
Time (s) T. Kiyoshi 2009 Elapsed time (sey 5. Choi 2012
Low field: 02 T(By,) Very high field: 2428 T(8,,)
avroy

1) BEEOESLBEEHMALY AORE
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NbTiERL >V X Experiment setup (EER¥EE)

Geometric effect on magnetic lens Type A Type B

7 Hall sensor g Hall serser

E M chirnber : Vacuuin charnber
Temperature sensor i Tempernture sensor i

g Magnet
Hall sensar

Cu halder Lens.

Cu holder

2nd-stage of GM eryveoaler

Type B i
#1725 min
Height  Inner diameter Outer diameter (mm) Speci fications
(mm) (mm)
1 27.7 22-72 94 Slits aligned: no insulation between rings
A 2 28.5 22-72 94 Slits aligned; insulation between rings
3 28.4 22-72 94 Each slit rotated by 90° ; insulation between rings
- 1 76 222 172.5 Three cones stacked < =
2 71 222 172.5 One NbTi cone sandwiched between two copper cones Lens holder Installed lens

Results (RERFER) MgB, R L > X

Type A Type B Starting material effect on magnetic lens Numerical calculation
18 1.0 A B - Steady-state Analysis
B . ‘ <! i ility: -100
sk centelf\\ louiench ask B Top view relative permeability: 1x10
o6l i [ ™
~ A~ i QD
b w4 | = OPERA-3D bl
uench ~ 1 .
& 0} /0 & "2 [ e Bon R (Vector Fields)
00 2
o0 el - ;
a2k cnch .
54 4.2K 0.2 42K  Guen Side view Uniform By, of 1T ro
. . . . L . . . 3 D
(1] 3000 GO 9000 120 ES000 _Mu MY 3000 G004 sonn —
Time (s . = A B =] 25T
© LEt Cy d:”"olldder 246T 233T 2_C_43T
N . . . oncentrated field at . . . .
First Quench field A B, : 0639 T First Quench field AB,,,,,: 0.654 T the center : 2T
15T
$center . . . . Name oD H D H, Remarks
——— Concentration ratio: 1.8 Concentration ratio: 2.4 T
ABbg A 290 570 7.0 149 Beryst <100 pm
113 B 202 501 7.0 153 Best<38 pm+ Cuck 4% wt. 05T 44
Quench: an abnormal termination of superconductivity c 292 550 7.0 151 Beryst< 38 ym
0T




Experiment apparatus (EERIZEE)

- MCryocooler-cooled-

Measurement system

FRP cryostat

| /
Cryocdoler-cooled
cryostat” -

Lens holder

T.(K) Manuf. cost Field range@4.2K
NbTi 9.2 low Quenched below 1T
MgB, 39 very low <5T
GdBCO ~90 high

NbTi has stable performance and potential for large-scale application.

However, it only can be used at 4 K and is easy to quench.

Bulk MgB, which shows better mechanical properties, has potential for

magnetic lensif J_is improved in the future.

Bulk GBCO

17

Results (EERFER)

by
17K
30 32 34 36 iR 40 10 1.2 1.4 16 1.5 an
5,.M , B, (T
Bbg: 3—4 (FC) ~~ _ - ,, Bbg: 1—2 (FC)
J, (A/mm?) ¥~
v - 7
(10K, 0T) Q0K 0T) s (10K¥2T) /(42K NMT)
A 1720 1150 ,' 350 ) ,’ 220 )
B 1830 925 I 500 |I 1400 :
© 2870 1980 ‘\ 500 7 ‘\ 230  /
116

N 7 N 7
Concentration performance is affected by the Starting maferial.

GdBCOMEER L > X

Goal: required large inner-diameter for the compact magnet

iz

B

fens § fem 2,3

L.ens 4 (Kiyoshi 2009)
{three sections) {twe soectiony) (twe sections)
;'1"_1_2""22 _____ 390 ol o 1 2'se No impregnation
:_2_ B2 475N 40BN CHEES S6EEN OISH J 2.62 Epoxy resin Impregnation
3 20 58 60 10 50 1.6 2.3 Epoxy resin Impregnation Final lens

4 6.8 29 60 0.5 3138] Epoxy resin Impregnation




GdBCOMER L > R4HHA . T

Copper tube

=+ Copper supporter

~— Insulation

| Middie plane of SC magnet

T GFRP plate

Lens 1 Lens 2 Lens 3
Noimpregnation Epoxy resinimpregnation

GdBCO lens Installing Finished

Reproducibility(FB 3R )

1o | —First excita}iar_l 1 g---4.2%
---- Repeat excitation
Degradation after flux jump
i -8
Lens 3 1
Q 6 Epoxy resin — 6
g impregnation
4+ Bhg 14
S 0,246 T/min 12
et 0K
I L L L L L L

oL 0
0 200 400 600 80D 1000 1200 1400 1600
Time (s)

GdBCO lens has stable reproducibility after impregnation.

However, several flux jumps induced the degradation. 121

Reproducibility(FB 3R M)

1oF First excitation e ——— First excitation
—— Repeat excitation s Tepeat excitation B
& Lens 2
o Lens1 2.6% [ Epoxy resin 1
b & |[Noimpregnation : ‘\ 1l impregnation
o flux jump [ ]
2 : a | B,=5T|
2 : 2 b Sl Il
T LDBT T
; 7 0061 Timin 42K [ - min 42K
0l : . ol . A :
0 2000 4000 GO0 [} 2000 A0 GO0
Time (s} Time (s)
Lens 1 degraded 8.6% at B=3TinLHe (before flux jump).
Lens 2 has stable performance after impregnation.
Epoxy resin impregnation is benefit for mechanical and thermal stability.
120
Flux jump: magnetothermal instability, partial quench
— _ Jia
Crack(V2v9712&5%1k)
Lens 1 (non-impregnated) Degradation after crack
5.2%
20 7
12 42K 42K & (Original 1%)
61 .
& (Cracked lens)
s8F 3 5k 4
T
— S 4 44
e, 3 E
o E; @ 3L T K
5 g et Bbg=3 T
0 —_ 2t 42
Lo aet 11
“o o 2000 3000 anio 0 - > : el
g} . L] 2500 5000 7500 10000 12500
Time (s) Time ()
Slit
Crack .
The cracked lens (lens 1) still could work!
Fragment 5.2% degradation at By, = 3 T due to flux

leak from the slit. 122
Crack



Limitation(ﬁl“}ﬂ) LY AR EDBREREN

Magneto-thermal instability at low temperature (4.2 K) s 55 o Backgrou nd field:0—7T
12 7 gl o | Highest concentrated
. e B K field A
E r" . Beenter " Beenter i
Al | | B a0k Tem Efficienc
i 2 e ] measure ; calculate
— 5 p- d ‘ d y
= L 3 JERREER
Tyt Flux jump | o 20K 71304} 1834  T71.1%
m§ Lens 1 . . . Lens 2 —
%5 [ 2000 3000 A0 30K 12.06 18.34 65.76%
0F 1 Time (s)
' T gl 20K 11.82 161 73.42%
S 42K 1 16F Lens 3 J~=TTs1 Lens 3
. t . - . L L 30K 11.06 16.1 68.69%
3 4 7
B, (T)
Efficiency decreased with the increase of
Flux jump field(Bgenter) Teon temperature determined by the J_behavior.
Cracked Lens 1 11.10 1.77 Flux jump was suppressed resulting from the increase
Lens 2 11.76 213 of thermal conductivity and specific heat at high
123 i 00 1000 1300 2000 temperature. 124
Strong flux jump occured when B, .., > 11T Time (s)
avTFUYy Compact high-field magnet system
NSRRI AR E
1) BEEOESLBEEHMALY XD RE NIRRT Rk +HIRLY R
N k1. Wv
2) BBLINbTIRER LY X i
e € bl ;
p _ PR N Supamt
3) MgB IR ERH ALY X ¥
[ETP—
(4) GdBCOREEMSRLY X s
5) MEBBISRERE s P
iriet
it

6) Few

NbTi coils: 7T @108 A
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FEH

To implement a compact high field magnet above 10T, superconducting magnetic
lenses, the novel device for field concentration were studied in this thesis.

The concentration field above 10 T were achieved by the improved GdBCO lens.

GdBCO lens with epoxy resin impregnation exhibited a stable performance to
against the mechanical and thermal disturbance. The magnetic properties could
satisfy the requirement of the compact magnet.

NbTi laminating lens and MgB, bulk were also tested as a candidate. We studied
the shape effect on NbTi lens and MgB, lenses with different starting materials.

Magnetic lens is anticipated to use extremely high field, neutron scattering and
pulsed field.
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