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10.
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1977

1977-2002
HT-1, HT-2 TRIAM-1M(
1983-1984 Doublet-III
199 JT-60 ITER-EDA
1998-2002 LHD , CHS
2002-2017 MRI ()
MRI
J-PARC RCS

(Wiggler@ )

2009 9

2017 Y
2017 2019
2019
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J-PARC
g-2/EDM
MuSEUM (MuSEUM: Muonium Spectroscopy Experiment Using Microwave)
0.1ppm( 0.2ppm)
MRI(Magnetic Resonance Imaging)
10ppm(50cmDSV) 3ppm(40cmDSV) 2

Innovation

2.0m(NU1 )

MuSEUM g-2/EDM
20cm-30cm 0.2ppm 3.0cm -10cm 0.2ppm
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B=Al (=@ | = A'lB

(B A |
A Al
A’ I
AP= AMA | A = AYAIA)L
(Tihonov
= (TSVD)
TSVD

Singular Value Decomposition (SVD)
TSVD=Truncated SVD
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The solution that we want

Reasonable solution, A
IS possible to manufacture 1; . /'.
with reasonable accuracy °« ® o —

T

with reasonable currents.
| = A1BTG = (AtA)'lAt BTG

Simple LSM
LSM: Least Square method
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3 TSVD
4 MRI

5 g-2/EDM

[19]
1939 [27]
[19] 1

[19]

Vol.21, No.8, 57 8 (1982).
[27] C. Eckart and G. Young, fi APrincipal Axis Transformation for Non-
Hermitian Ma t r i Bulk Anter, Math. Soc. 45, pp.118-121, 1939.
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2.
bTG(X,Y)
bTS(X,Y,3 f{i (X,Y,2}
1 (X,Y,9
I={14, 1y, === 1, -1y} BTC={8 ,8 -8 -6 }
A | £o

| | o s5
' (o -
E— —
] B= Al .o\

MFEP Magnetic Field Evaluation Points)
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Er=||BT¢-Al)|R = (BTC-AN{BTC-Al) ¥ (2-2)
| _I=:O
(A'A)I=ABTE, (2-3)
= (AtA)LAIBTC (2-4)

A (A'A)
|



9/100

1
2 Tihonov

(1)

(2)
(3) SVD

(4)

(TSVD)

Singular Value Decomposition

TSVD: Truncated SVD

SVD
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2.1.

A SVD
A=Da,/ v}, (2-5)
U, Vi
- (T/A)
K
SVD
A" =(A'A)1A'=B o ¢ T_, (2-6)
=B uBT®)v,//, (2-7)
Tihonov

(A'A + @LI1L)l = AIBTG (2-8) ¥ | = (AtA + @&L'L)1 ABTG

B i

(2-9)
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TSVD

=B uB™9v / (27) =B &7 v PG/,
PTG Kk
PTG =u /BT qnpllz

BREC= B ¢ 7 PTGy,

BTG BREC BRE
BREM;) BT@BREC=BTG 4 Y2PT Gu,
K
M+

BRS M) BEF A x(Mq) - BRE, (M) <g

(211

(2-1 2

(2-1 B
(2-1 #

(2-1 %
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0.05// 2|0

0.001// 10

TSVD

lI'i P.= uktB/nlol’2

Ol

/7 @ 0.5
——— ., |
@ . @ 0.001
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2.3.
BTG B, B,, B,
(MRI, g-2/EDM MuSEUM )
V4
BT6=(6 hd R-------- , 60 R------ 6 )
(Muon)
J6 6 és p m( ), (4-19)
2 0 100ppm
B ( MS( ), TG( ), REC
RE ) i 6

5E-9
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3 TSVD

3.1

3.2

3.3

3.4 Maxwell
3.5 3
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3.1

=sin(q)Bg + coqg)B,
— (Bl**, BZ**, ________ ’ O )
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3.1
BTG Al |
| f
=B utBT®)v,//, |
A (SVD)
A :
” Vv o~ S/ :
6 —F—|—5—0o@ o0 s
. V- o~ | PSR Ty
0 V. [( 9 v Q] | c,u«e“‘ca
o | (@
o9  Vp @ QEa— :
0(Q ,v_\/: )
0 —— (k=0 1.0) 5, \/—E[(p Jo(g 017

0 'Q O(Q 1 2
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i ’ﬁﬁ$ﬁ;‘%§éﬁ
O (0 O 1 he Q0 Z=d@
o~ w3 T Z=Zy Ry
o(Q pdr 0w Q& | TR Qe i
Q p8t Q |
C,d,a,b,
N=4 2.0E-8 N=10 1E-12
MRI N=4 .

WOHB 2d Wd /2Rex 4/ KSoeaKSJ | LILINRZEA YL ( campat, val. ANppiileshle, sy () S G S
[34] XueweiPing , LLi, XinghuiYin , Xin WangQingboli, andMeiyanwWdzs ¢! 5A&aOdzaairzy 2y 9FFAOASYd
al Ay SGAO Cfdze 5SyaArde 2F [/ ANDdz NI/ 2AfaéxX L9999 W2dzep320192F ac
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3.1.1 (2)

z9®. Mmh>5 RC6.p2 0. 8nl
, Z20=.n0, ROm =205., 0 0. 33

1.0E-06

1.0E-08

1.0E-10

1.0E-12

R,=0.333m, R.=0.81m, Z.=0.15m
— 1.0E-14 | | |

1.E+00 1.E+02 1.E+04 1.E+06 1E+08 9-3:1-3(a)

Fi8.-3 b)
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3.2.

2m

g

o

S
|

e

Axial positionZ (0.1m)

(2D ) 2.00 -
: 2.0m, 0.4m
( ) ( -4.00 -
80
I = |11 |21 _____ IJ! ___________ y O .00 | | | I
(MFEPS) 20m’ 1.40 1.60 1.80 2.00 2.20 2.40 2.60
0.25m ( ) 100 Major radius positiorR (m)
B :(B]_1 821 ----- B|1 ----------- ’ "O ) A
MFEP (Br, B,) B=Al {AF7 cdpds ¢ ion¥

- ] i MFEP
B, = cos(g)Br+ sin(g)B, Ayl J

MFEPs: magnetic Field Evaluation Points
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3.2. (2)

A vy |y Y & .
B"=Al {A;=cosf)0 +sind) 0 } CSYYOY Y ) o
A | MFEP oo [v v a
Y JYYOleYy oY) 6

6.00

3.00

=}
=}

-3.00

&
8

©
=}
=]

Axial positionZ (0.1m)

o
S

-3.00 E4 77

ol
o

140 ) . . . : : . 2.8( : 2.00 2.30 2.8(

Major radius positiorR (m)
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(3)

e oo o
A i j MFEP Q ; (k=0 1.0)

8.00—~—

3.00F

@
=
=3

00 &

w
o
=]

-3.00

600 ——

-3.00

L&
f=J
—_-0

(=]
o
EEL

Axial positionZ (0.1m)

o
i)

"'(a@@l‘u

-3.00 K

A“‘

2.6( 1.70 2.00 260 1.70 2.00

Maj or radR@uUm) positi on

2.30
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Ei gen modM; Numb
Truncation Eigen mode Numbt;

BTG —_
BZ=1 oT 'I:'_Y 1.0E+00
. o -
0 OEL0O % 1.0E-01
BTG ={-mmm-- ,OE+06 -----mm- } gﬁ 1.0E-02
O =
| =D, u,'BTS//, v 1.0E-03
, S-g 1O0E-04
— ‘ TG
=B ¢ " v, P'C I/, gg 1 0E-05
7))

PTS, = u,'BTC/n V2 S 90 1.0E-06

S 10E-07
I - .OE-
BREC = B ¢ * PTSu, <3
= & 1.0E-08
RE = RTG_ RREC _I_z L]
B==B"-B » § LOE-09
— -]

BREPP_ BREMAX - BREI\/IIN < 1.0E-10 ' ' X
% 0 5 10 15 20
=
(@))
=
0p]
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3.3. (2)
k=1~M; | "
| =Dw,u,'BTC//, BREX 6 0 X

=B ¢ " v, S, //,,

6.00 — —
(. aM=4 (b) M
~ \ ha©
S 400~ et SN :
— e i B
o ¢ &
< 200F OO r gé)@
N a) @
c 23 141E+04 l%é.zzﬁ
o oo % S
= ® ®
= 9 o
0 @ @
O20- 9 L9
Q Y %
T s
"5 400 - / ° L/
< / !/
’ /
i
6.00
140 160 180 200 220 240  2.60

1.60 1.80 2.00 2.20 240 2.60 1.60 1.80

Major radius positiork (m)

A )

2.00 2.20 2.40 2.60

T M
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Axial positionZ (0.1m)

pT YO

Yry Y

6.00

BT )

1.60

1.80

2.00

2.20

w0 ||[=354.7 |
LY A

o
2.00+

@) A 0057167,

1.60

1.80 2.00 2.20 2.40

2.60

|

\
Yo

© A 0=072167,

360k,

1.60

1.80 2.00 2.20 240 260

Major radius positiorr (m)
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[T]

Singular valuée | [T/A], Eigenmode strengti# ¢, [T],
Peakto-peak residuad

3.4

Maxwell

5
5

1.0E+01

Maxwell

= 1.0 [T]

= RR.0,

1.0E+00 F
1.0E-01 |
1.0E-02 |
1.0E-03 |
1.0E-04 |
1.0E-05 |
1.0E-06 |
1.0E-07 |
1.0E-08 |
1.0E-09 -

1.0E-10

5

10

15

Maxwell

10
Eigen mode Numbeévl, Truncation Eigen mode Numbist,

20 O 5

Maxwell

20
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3.4

k=1~M,
| =De, u,'BT¢//

=B ¢ " v, S, //,,

6.00

Maxwell

iy
o
=}

g
o
=)

.00

Axial positionZ (0.1m)

(i
\

2 Fesaag
A

2Y/S

- *‘" = o
0 143 Jﬁm 1.1250E400  ®
)

2.00

2.20

2.40

T

2.60

M+

1.60 1.80 2.00 2.20 2.40

2.60

Major radius positionr (m)

A

)
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3.4 Maxwell (3)

e
(@))
C
()]
— Un RZ2.0 (3-21)
7p]
b
o
6.00
@Ts 1.0E+01
'c 5 1.0E+00 per3Es0s
° 2 1.0E-01 +00r ]
_ % 1.0E-02 = S D
W.8 1.0E-03 g 20Rr_ 7 AT Ao
® T 1.0E-04 N ®
o - e 00 = . Jog -':'ooo +00—-4 1.1 00 .
= 1.0E-05 S 00| RN e
© o

% & LOE-06 2 z
= & 1.0E-07 | _g 2.00 F i
<™ 10E-08 <
_ Dq_) 1.0E-09 X X -4.00 - A
> 1.0E-10 o
= 0 5 10 15 20 .00

. 1.40 1.60 1.80 2.00 2.20 2.40 2.60
0 Eigen mode Numbev, Maj or radR@um) posi ti

Truncation Eigen mode Numbst;
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3.4 Maxwell (4 )

B,(R) = 1.0 +Cons{R1T 2.0) [T]

5 ¢ o
B - 6 1.+40—(R2.)0——

(c) Residuals at R=2.0 m
0.35

S
= 0.15
N
c
IS 0.05
=
%) -0.05
8
— -0.15
8
<
<

7 \ -0.25
-0.35 ¥ " MFE

-1.0E-05 0.0E+0dP 1.0E-05
Residual (T)

-6.00 L I
1.40 1.60 1.80 2.00 2.20 240 260 1.60 1.80 2.00 2.20 240 2.60

Major radius positiorr (m)

Maxwell Maxwell
(Z ) (R=2.0m)
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3.5 3

1.
(MFEPS) MFEPSs
2
3 (2)
4 R
Maxwell
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4. MRI

(TSVD ) MRI

MRI

0.2 1.2T)

(>1.5T) NbTi
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b

D DS DH
O O~ W

4. MRI

. IMR |
.2 ( St-Bp
(CB )
(St-ap
(St-3p
MR I
. MR |
Re f9.1(

(2)

4 . 14 . 4
Table 41 MRI
[10], Table 1 )
Parameter Value
Number of MGCBs () 6 (5t07)
Magnetic field at center (B 3.00 T
Inner radius of coil blocks 0.500 m
Electrical length of MC _jL 1.520 m
Homogeneity in 40 cm DSV| < 1.00 ppm
Volume of interest  (VOI) | 0.40 m DSV
Radius of shield coil OR| 0.945m
Current density, edMCGCBs | 150 A/mn?
other CBs| 180 A/mn?

Max. magnetic field conduct{ <6.20 T
Current drive mode Persistent
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4. MRI (3)

[
ﬁ

T T

Shield coil (SC)

'III'r'I RRAN| HT

1A EEAEA

=/ ==] 4u»

(f /'//.*,.

ol
\

1

Step-2 CBs (continuous currents )

AN N

]k

A\ 4 4

Step-3 CBs (integerized turns )

DSV( a ) 1ppm
(CB: Caoil Block)
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4.1. MRI
MRI
|b| bZ 1.5 2.0m

MRI g-2/EDM VOI
Volume OF Interest

b lblh b,
& Jo hébp m( ),

|b] 10ppm/40cm

, &, @
[ppm]

10ppm/40cm Ti® ( ) <1.0E-9

x10°

Iblh b,
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4.2. (Step-1)

Step-1 ( )
(a) Y A
(b) A=Fu,/ v,
(c)
Truncated SVD (SvD=Singular Value Decomposition)
I=A*BTC; A*=Rv,u, Y/, M-
SVD ( )
A
i1 (sc)y" 7, Resy Y
'A\\\’h\a%&?;; 'Magnetlcfleld \

d.52m

—+
|
—+

|

(_

DSV=Diameter Sphdrical Volume

¢ 1.04

> ——
C—

| 400mmDSV
\] th/current | | ength
/ \ / Solenoid (Fllament loop currents)
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Step-1

(I

4.2.

(
(A=Eu,/ vy )

(Step-1) (2)
)

) <1ppm (400mmDSV) <3l (BT6=3T

)

No. (T/A) (p-p T)| |No. (T/A) (p-p T)
1 6.06E-5 3.10[] 9 2.56E-9 2.07E-4 13
3 4.03E-6 0.109]111 1.93E-10 2.19E-5 (1ppm )
S 3.20E-7 0.0231] | 13 1.65E-11 2.43E-6
7 2.57E-8 2.08E-3] ]| 15 <lE-11 <1E-6
0.8 - ?&ED} z.aasjs -t E?EEEHUS 1448?6 - E?SEE_UJ umge - “@&_Uy 2‘0536 -

0.0

Radial position r(m)

JA01E0!

3.268E+406

4.300E+06

4.734E+406

6.998E+408

7.425E-06
2194809

1.869E-03 —
2.308E-02

29985400 1.084E01 —- 7.018E-04 —
iy, 3097 2.083E-03
—1 —1 —1 —1
MODE 5 MODE 9
— 13126406 — 1 1649E+06
3.198E-01 15606 2.258E-03

0.0

£.985E-05 —
2.071E-04

5.638E+06

| MODE 13
1.649E-05

 —

2BABE406 —
9.142E406

0.8

Axial position z(m)

0.0
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4.2. (Step-1) (3)
BFC &l=B u BT9v /

G

BT

Y_ M

th

S modes (upto 9

—
—

My

With Shield Caoill

Without Shield Coill

100

0
1
1

T o

(d-d wdd) AynoushowoH

0.01

1600

1400
Solenoid length (mm)

1200



(Step-1) (4)

4.2.

37/100

(My)

(St2 Bt e3p

CB

Without SC

— With SC

\

E+07

-—

(1Vv) wsund pawwns A@Injosqy

9.E+06

2.E+06

1600

1400
Solenoid length (mm)

1200

3T
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4.2.1.CB
Coll Block(CB)

Coil Block(CB)
( A/ fiim

N

8 23=184 8 24=192 CB

3T
CB 10

Magnetic Field
Evaluation Point

(MFEP)

VA

osition Z

fu—

\
\
|
ﬁs&i@ b
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4.2.1. CB

L
LN
KN
L
XNxuy
L
LN
LN
L
XXEy
LN
RRXKY

0 0 Qoo
whw

") Q 0 Q W

b,=b,(l, R, Ry, Zino)

T a b4-3e -
R,R,Z . CB c>e  (4x7) (1000X5000)
CB R, | Zme B, (T) B, (T)
R cr M) | ™ [ B B (T)
0.6944318417 | 0.69443184605
S AV o 0.333| 0.0 oo s
B (ng (p8tY  afiY o QL Qw 0. 233]0.5g|_0-30009042210 | 036609042208
233\0-9015 11040143761 | 0.11040143478
0\, . =« - v e v 0.67076751811 | 0.67076751889
(agl’ O @ (p8hY  chdlY ho  ¢od 03330101 5557731003839] 0.057431003836
0.68836391901 | 0.68836391986
0.33310.05 5757985394979 | 0.029853049402
OV who web
CBs
(64bit 16 )
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Radial position R(m)

Step-2

1.00E+05

0.6 0.3

Step-1

(real number)

0.0
Axial position Z(m)

FL

-0.3

-0.6

(

)

-0.9

rCB

A ITANANARNENN Y

T T

T A T

(CB currents are continuous)

Step-2 CB

N N
L

P

ktep-S CBs (integerized turnsy

CB(Coil Blocks)  Step-1

( ) Step-2 CBs

Step-3

ICB



41/100

4.3. (Step-2) (2)

=
N

él BTG
=l |gTe 30T - (CB )

o
©

P T T Y A O

Radial position R(m)
o o
w (@)

1kA

o
o

| 6 MC-CBs 1.56ppm
] - S Step- 1(0.96ppm)

Hidh .

e ‘““‘ e -

o
(o)

o
o

o
w

VoY T

Radial position R (m)

: é'G(i.Z!i)ppm"
-0.3 0 0.3 0.6 0.9
Axial position Z (m)
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4.3.

CB position (R, 2)

} Rot \\ lgo1<0 |50
F/ A 3
gt Ry Zp 5 1,7, <0

Coil block displacement

Radial position R (m)

(Step-2) (3)

CB displacement

Additional currents due to

- -

N
Vv 1 A 23 $
N GO —<—>—-—-<—->-—3-—<—->—-<—->:'-{<—->-<—->-\—/<—>—-<—->-—>-(-—-<—
x VAN 7% VAN
MC31 MC21 MC31 MC30 MC20

refers to
lp>0

Electrical length

VOI

Axial position Z (m)
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4.3. (Step- 2)

Step-2 SVD

(4)

T T T T T T T T T T
100 =3 MODE 1 — | - MODE 5 —1 | MODE 9 — | MODE 13 —1
9.999E-01 9.997E-01 9.983E-01 9.983E-01
0.75 | 1T 4
£ 0.50 !
N
o | 3.050E-05 5.934E-05 1.27T1E-07 JA3BE-07T || ” 2.218E-09 | | 2.652E-12 1.622E-11 |
c 025 2.998E+00 7.875E-03 B A 6.994E-05 8.203E-07
o 3.104E-01 2.313E-02 5 " 2.095E-04 2 467E-06
:g L4 | L4 b | | |
) 1.00 T3 | WODE 3 I — =3 | MODE7 | I — % | MODE11 | N " MODE HIGH
o 9.996E-01 9.996E-01 9.970E-01
= 075 1t .
©
]
€ 0.50 ffl l@w
O 25 | 1.708E-06 3.948E-06 | 2616E-08 || 4.722‘; 1.894E-10 | | 2.223E-13 %, # 1.056E-12
. 1.095E-01 7.025E-04 7.436E-06
3.099E-01 2.094E-03 2.232E-05
OO 1 | P 1 1 1
-08 -04 0.0 0.4 0.8 -04 0.0 04 0.8 -04 0.0 0.4 0.8 -04 0.0 0.4 0.8

Axial position Z (m)

Fig. Step-2
Step-1

Step-2 CB
SvD :

SVD
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4.3. (Step-2) (5)

1.E+04

1.E+02

Step-2

o (PPM)

—_

E+00

6 MC-CBS

MC (%)

1

1.00E-01

(Muc+tMsd/  Homogeneity

M

1.00E-03

1.00E-05

0.3 e——

Radial position R (m)

iﬁ\I'i
k

i

1.00E-07

W
Ux

1.00E-09

l
“. :‘:==== ' 5’. 0.0 5 ppvﬁ B
’\/\\&% 09 06 -03 00 03 06 09
1.00E-11 Y —— Y a. Axial position Z (m
T T Postion (m

TO0E-18 I _,_MODE5 —& MODEI3 .
~#- MODE?

Residual Eigenmode
strengthP' (T)

1.00E-15
0 5 10 15 20 25 30 35 40 45 50

Iterative calculation step

Step-2 SVvD Step-1 ( )
CBs
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4.3 (Step-2) (6)

& 100

=

o

=
12 =
e
o
c 0.9 %
-; I __________________________________________________________
@ VA 0.1
8_ 0.6 e 6.8
8 ;=g7=r-u.ﬁ='a=af} SE 6 (0) Vol
= e S X /./
T 0.3 3 m 64 ~BS
o _ _ _ g o \\h //.//:/.(

i ST 6 e
0 O_ .53 ppm A 1L.21 ppm % ‘; N el b i
09 06 03 00 03 06 09 £ ./'/'//./("5“\"
Axial position Z (m) § SR
E 5 ' ' '
-0.6 -04 -0.2 0 02 04 06

High ordered eigenmode strength (F,, F,9 (T)

MC CB



46/100

4.4, (Step-3)

Step-2 Step-2

\ /
B e
: % 3—%
o —HEe
S
D ESE
o : -
o~ : 1 Sy é::
_C_E ':::.:::::A—,{._y;,,?_._ é}j’ e s -:':.-:;
§ O3 :
o | |

‘ 35 5

0.0

09 -06 03 00 03 06 09
Axial position Z (m)

Step-2 A Step-2 CBs
rCBs. (CB currents are continuous)

¥ ' |

Step-3 ~ v
ICBs Step-3 CBs (integerized turns
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4.4. (Step-3) (2)

Table (rCBY iCB)

Models rCB placementsH;;=-0.13) | Conductor sizes ICB (Ip5=1000.5 A)

rCB Sizes (mm)Amp-turns |Radial Axial Wwinding turns  iCB sizes (mm) CB-Total Amp-turns
CBs\_ Radial Axial  (KAT) [(mm) (mm) |-t Avial Lack Radial Axial ~ tunrs (KAT)

MC10 64.2 220.0 2117.9| 2.05 3.25 32 66 -2 65.6 214.5 2110 2111.1
MC20 29.5 1543 820.3| 1.85  3.00 16 52 -2 29.6 156 830 830.4
MC30 22.1 150.0 594.6/ 1.85  3.00 12 50 -2 22.2 156 598 598.3
SC10 42.0 144.8 -1094.8| 1.85  3.00 22 50 -2 40.7 150 1098 -1098.6

- UOOOOO0OO00000000O0O0O000)

Step-2 L O00OOOO0O0000O0000000O000
- === ) 0000) OOO00O00
L ===t ) [ )OO0000000000000

< = 2

L 4
UJ
O
UJ
OJ
UJ
OJ

U
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4.4. (Step-3) (2)

Step-3 SVD Step-1 ( )
Step-1

1.00 " MODE 1 | [— C=71 ' MODES5 | [— " MODE 9 [—
9.901E-01 9.897E-01 9.992F-01
0.75 - 4r i 4 .
—~~ I
- 050 [ =g . TZ s
Y
| 4 565E-06 5934E-05 | | 1.354E-07 3.135E-07 || 34383E-10 2.218E-09 |
c 0.25 2.998E+00 7.875E-03 6.994E-05
O 3.104E-01 2.313E-02 2.095E-04
:-E | | | | |
8 1.00 " MODE 3 N — - i — !
o 9.844E-01 9.948E-01
— 0.75F 1r T Ir
@
@) oy
b = 10 i - [
@ 0.50 7 I
D: r i
i 3.948E-06 | | 3514E-09 2616E-08 | 1.894E-10 |
0.25 1.095E-01 ! 7.025E-04 7 436E-06
3.099E-01 2.094E-03 2.232E-05
O O = £ | | 4 1 s | <5 o, |
-0.8 -0.4 0.0 04 0.8 -04 0.0 0.4 0.8 -0.4 0.0 0.4 0.8

Axial position Z (m)

Fig. Step-3 Step-3 CB SVD
Step-1 SVD
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4.4, (Step-3) (3)
Step-3 Step-2 CB
Step-2 CBs
1.2 | | T .
Before iCB p able Step3  ICB rCB
s uning-SG11///7~— —ning. .\, St CB names & rCB iCB iCB
x 09 5 oA 2 20MAT- Parameters (F.,=-0.14)1000.0A 1000.5A
S MC10 R. (m) 05321 0.5325 0.5328
= 708N VAT MC11 Z. (m) 0.6610 0.6623 0.6625
0 == UM S eman C
3 0.6 k\@@ ....... — & @n) MC20 R.(m) 05248 0.5266 0.5268
I . MC31— MC2MC3MC30MC20-2 MC10 MC21 Z.(m) 0.3062 0.3078 0.3079
Qo= : A7 e MC30 R. (m) 05210 0.5228 0.5231
o o o N MC31 Z. (m) 0.0942  0.0946 0.0946
09.4ppm | 4L-0.91pp SC10 R. (m) 0.9450 0.9460 0.9465
0. 909 4ppmifliid 4 g SC11 Z. (m) 0.6000 0.6000 0.6000
-0.9 -06 -0.3 0.0 0.3 0.6 0.9
Axial position Z (m) E.LengthL, m 1.5420 1.5390 1.5396
Homog.h,, ppm 0.94 0.91 0.91
Fig. Step-3 CBs B, T 6.10 6.17 6.17
Step-3 Step-2 E, MJ  12.21 12.27  12.29
CB Step-3 CBs
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4.5. MRI

£ > FOv -
mm
? [mm]
750 |
Cylinder
e ave ...................
X Coil
T(A): 375 Calculatlon plane
( ) ; 500
v : -
Y ( ) b, FOV Yo
€ 7 S (U380 mm) >R[mm]
DUCAS: M. ABE, T. NAKAYAMA, S. OKAMURA'& . MATSUOKA , 5§ n >
technique to optimize coil winding path for the arbltrarlly distributed magnetic fleld‘and li K 2%60 “3000
application to a helical confinement “sy.ssttemd, Phys. Pl asmas. Vol . 10
(2003)1022.( ) :
N Y. Murata, M. Abe, R. Ando, T. Nakayan@®, Novel Design Method of I

Shapes of Ferromagnetic Materials for the Superconducting MRl M@JE&E, Trans.,
Applied Superconductlwty, vol. 19, Issue 3,2009, pp.22236

DUCAS : QQI-GFH!QEIQH |a
M. Abe, R. Ando, T. Nakayama, nMagnetl H :%69 adj ust ment :

magnetic distribution errors by obtaining current potential dlstrlbutlon of MRI apparatus,,

United States Patent, US 8,947,089 B2, 3 Feb. 2015, PCT No. PCT/JP2009/058713 fil dCOﬂVGXOCOﬂC
May 8, 2009, PCT Pub. No. WO2009/136643, Foreign Application Priority Data, May 9,

2008 (JP) 2008.22843.

I
M. Abe, OMRI Magnet Shimming by Calculations of |Iron Piece Pl acemen

Truncated Singular Value Decomposition Regularizationo, will be sub
JSMRM( ), Accepted for publication (2016/10/28), in press and

Advance Publication] Released: March 02, 2017, mp.-00U® .
Fig. Y cross-sectional drawing of test model Including symmetric axis
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250

4.5. MRI

Highly homogeneous field and a feasible iron shape were obtained!

30 — —

25
20
15

=
o
o
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5
0

Homogeneity [ppm]

50

25 30 35 40 45 %O 55

/

0.7002

0.7001

0.7

0.6999

0.6998

0.6997

10

20 30 40 / 50 60
lteration step

R[mm]

100 200 300 400

(2)

1.E-03

1.E-04

1.E-05

1.E-06

1E-07 *

1.E-08 L J

L 3

1.E-09

0 50 100 150 200 250

Mode number

Eigen distribution strength
*

Fig. Eigen distribution strength (u./DB)
with 7 merged cylinders.

Fig. Transition of homogeneity in explicit method process, and final shapes and B,
field distribution after 50 iterations with 7 merged cylinders.
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4.6.

( )

J-PARC MuSEUM

MuSEUM 20cm
30cm 0.2ppm
( )
NU1 MuSEUM

MuSEUM Muonium Spectroscopy Experiment Using Microwave

90
= 45
3]
©
2
©
-
~0
>|_—45
P
-90
0 90 180 270 360
(Azimuthal angle) )
Fig. 4-19 NU1 reuse MRI
MRI
( ) 40cm
(1.20T)
40cm-DSS: 693ppm,
20-30cm 341ppm
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S
Q
@)
MuSEUM magnet Field camera
Magnet. Reuse MRI magnet, B<2.9 T.

Field camera(2.2T ) ~ 0.02nT "
24nmiJ p hx24 3 =576 6 40cnZ

Ao [TWdo " b 00B)
MuSEUM

< 1.098 m >
{U Y VU | S W S W W Y W RN VO Y U N O O VY A Y VU O (N
[ S /| Y Iﬁh@w@f)ﬁf | S
(T O = (R L T
1 I E_IBI_I
— = el o i 0 gV 4
(L L AT A
I/ S ) B fuﬁp‘gm/ﬂ% 7
JN W WO W N WO S O\ W W S { WO A WO W W WO WO S | S A

/ 3c 4cm

<11mm¥uﬁ;

0.06cc(0.1AM)Y
=13.2cc(1 )

\_

Reuse-MRI
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A 4
‘‘‘‘‘‘

4-17

: —)
M. Abe et al., IEER
P . Shimming calculation TASE’\:QOI'27(2017) 4400812
\ ) (HiISHIM High accuracy SHIMming) BER 3 AM
M A
B 576x28
~—Tap-down is necessarF==h Z (SVD() ’

N N

1 Ram down'

T I8

i __Irop piece placements | 2.15T(1.711Am?/1cc), (

e L/ 0.6T)
— Bl B
(IBln By}
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4.6.3.
(LSM) BER=BO- BMS
M
Er = (BO- BMS- AM)?=(BER- AM)2 ¥ =
BMS: 576 6 -6 -—-06 )

BO: 6 -0 -0 )

A
,-\»-»-»-»-»—»-»—»—»—»-»—»—»—»-»—»—»,—»\

/
\

\
\

I

I
I
I
1

I
I
I
|
1
1

_Z |
. (o SI?OT):'
\ v
| @€ \‘Z\ ) Il
"k e e
( ) M
1cc = 1.711 Am?

LSM M
M= (A A)IA BER
(A A)1A
(TSVD)
M=B v u ltBER/
/ [T/IAM?]
, k=M-
V, U, M B k
BRE
BRE= BER| B u(u, /B2y
= BER- AM (M)
W
BO
( )
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4.6.3. 2
MuSEUM (20-30cm )
50cm ﬁ LSM . ( )
0.476 ppm 0.00482 ppm Er = (BF)2 =(B% B“F)*Y
Ma > Bf5 Mi B
(ppm) p T @/Qb' iy
BI\/IS
-»-»-»-»-»-»-»-»-»-»-»-»—»&-»L-»—» \
II \\‘ { BER: BAV_ BI\/IS
o BeR
(MFER)
Z i .
... > : : BER
:B: [ Y (MFEP) BER
(1.70T) | '. \ /

o

¥ = v @ Sl ? R X X »
/ Y, Sl
i»-»-»-»-»-»-»-»-»-»-»-ﬁ-»-»-»-»-»-v @P >
M,
)

MFS: Magnetomotive Force Surface(R" ), MFEP: Magnetic Field Evaluation Point( A 3
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4.6.3. 3 2

- (1) (50cm 576 )
50cm -DSS( \ (2) LSM
e T [ T .o | (MFS=70cm-DSS, 3602 nodes)
- 1 4N 68300716 SHAEDT = (DUCAS),
R : (MR),
E (MZ),
>C_ 2 1.0E-9T
:g A (0.001ppm)
= )
8 MZ
©
O
2

250
250 200 150 -1.00
Axial positionZ (0.1m)

Magnetic field interpolation test, using a magnetic field
of a virtually designed magnet (LSM on 50cm-DSS). DSS: Diameter Spherical Surface
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~ 1.0E-02

N’

N
~

o

1.0E-03

1.0E-04

1.0E-05

1.0E-06

1.0E-07

1.0E-08

Residual magnetic field amplitude

40cm-DSS (DSS: Diameter Spherical Surface)

4.6.3. 4
( M) M
BER :(BAV_ BCB)
(—1]:212;9010(;?)6 fleld campra, B = BER B u,(u ktBE ),
O =B AM M)
i
i o m T—
o,% _ \ (ppm) p M—
R
- I
= 0.2 ppm=0.34mT
= PA
R M, =69
0 25 50 75 1 25 150
Truncation SVD eigenmode number M
(B=B") M

T
:20-30-SPS(SPS: SPheroid Surface)
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4.6.3. 4 2.
MRI 0.06¢cc (0.103Am?) 0.02ppm
0.017Am? Ni ( ) ( )
920cc = 7.3kg |\
1.0 1.2E-03
N #e | M= 69
£ )
2 08 | T 000 000000eed 8.0E-04
— NG
>
0.6 {1 4.0E-04
0.06cm3 (0.103AmM?) J'T
g 04 | - ¥ + 0.0E+00
8, l 0.5 Gauss
o Ni0.Q36cms3 (0.017Am?, L/6) <>
& 0.2 5::f§: ::: :: , 7 { -4.0E-04
0.0 -8.0E-04
1.19950 1.19955 1.19960 1.19965 1.199/0 1.199/5 1.19980

B% (T)

B\V=1.19991006

(m°)
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4.6.4.

., 2020/07/16(Lig. He full)

I
20200716 1 20T 6.dam AR

LNy

1000

iducial

(Ppm)

50 e

Y (0.1m)

10

o0 = -"'""'ﬁ,"'lif‘i S

-50 ©

(2( 4,00 -

Ps

150 -

0 1 2 3 4 5 6 7 ol 2 e oo
200 s
200 A5 A0 -0 00 50 10 150 20

Z(0.1m)

0.1

() (X 40cm-
DSS 20-30-SPS1.2T) MuSEUM =20-30cm-SPS peak-to-peak



61/100

4.6.5.

IB| 5 Z

Bl O

A

[T Y A
| M |
el P )
~ e e e e
- R N o R R R v N R
, = —
0 =
s =
..... [
X o RN Ry T EE
~ PR N SRR
— 0 - T
£ == =
< — —
PR PR
> — -
LN, —
i i
250 o =
e e
e e
%
WMOHET
-5.00

-5.00 -2.50 00 250 5.00 250 00 250

Xm0 ") X(m)(x10 )

Fig. 424 B, , B, { (421)}
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4.7. MRI
MRI
4.1. MRI Table 41 MRI
[10], Table 1 )
4.2. (Step-1) Parameter Value
(CB ) Number of MGCBs (\b) 6 (5t07)
Magnetic field at center B 3.00 T
4.3. (Step-2) Inner radius of coil blocks 0.500 m
4.4. (Step-3) Electrical length of MC  JL 1.520 m
Homogeneity in 40 cm DSV | < 1.00 ppm
4.5. MRI Volume of interest  (VOI) | 0.40 m DSV
4.6. Radius of shield coil <R 0.945m
Current density, edMGCBs | 150 A/mn?
( other CBs| 180 A/mn?
Max. magnetic field conduct{ <6.20 T
Current drive mode Persistent

40cm DSV: 40cm Diameter Spherical Volume
(40cm )
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Muon
LinacY Transport lineY Injection tunnel

2
ASSMs (inner-ASSM, outer-ASSM)
Muon
Kicker .
Muon il

i
\l (

Y (=) )
UEUSEUE
/iy 777 s
SRl e
1)
= = \f V2 4
L

Beam line image at
J-PARC MLF H-Line

‘F"f[rll o
|| T
! I__

Muon Storage Magnet
(W X )
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magnetic field

Z:-0.05 mto +0.05 m

n-index of weak focus fiel

0.0 to 3.0E4

Radial magnetic field
component B,

By>-1.0E4 T

Current drive

Persistent mode

coil

5.1.
0.2ppm
(Br<0) AN \
Table 51 Muon (MSM) ﬂ 5 Solenoid
- ’ axis . beam
Parameters Values 3 Br /
Magnetic field strength 30T ceciatinge fed /" c:::'__‘
Homogeneity (B) < 0.2 ppm o on ) (G -:
Area with Homogeneous| R:0.318 mto 0.348m S
Solenoid, Poi Solenoid
coil
: Vertlcal klck
A hyaradlal
_s"pulsed fleld

Br(t)
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5.1.1. Step-1 (

2R XXX

)

(FL)
A
M | HEHEXHH X HHe XX
0-8m S » | ey
I
: e |
i Filament loop Currents)}( | Filament loop currents |
B=AIlFL i IFL}
| \
|
|

X homogeneous 3.0 T B

( 33.3CM, £

30mmx100mm)

(a) Solenoid only type filament loop
current placements

i

i

i

|

| o |FL

! yl j Solved by least square P}/ Ji

! B_I xR method using TSVD - . j R
—:— : e ———— _)( > Toobtainan = = —i———— .. I S

i

|

I

|

|

i

|

1
i
+ 33.3CM, £ i
30mmx109mm) g i
i MH)@(—XH—XH)&QMX

(b) Solenoid + iron yoke type filament
loop current placements

Fig. Computational models to discuss the concept of the g-2/EDM magnet

with filament loop (FL) currents
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5.1.1. Step-1 (2)

100 . .
& |“ Fig. 3 Solenoid
c 10 Fig. 3 Solenoid+iron yoke
S —h—A—k—k— .
2 1 Homfogeneis "\ Solenoid Fig. 3(a) ‘
_.Z\ HeHes W K r_\
TR ey D2PAM o d o e e e e e - - 000001 k- — — c
A= o
c 01 _ 001 &
o Closed Fig. 3(b) I' .“ c
2 0.01 2222222222220 0e00eyeee \ 000 E
% Minimum By l ' £
0.001 -0.01 =

I}
oMK s G
L2 1000/%

2 A00%. T 100%: e k00% o 20 74
RGBT ey % MODE , f £ “\iope """ """ MODE 11
— I 3 BTTT1ZE5 1L tmies 2 i e 07 1L Tnoeeo i B86375E-10 {1 pmen
e i d0eE0 | omeEq 2 I oommen i 3 4 GONBEM L 540504E0T j
= 1 BT | BamsED £ amwEn A4S 1E0EN ﬂ 2, 10D L, 1BATIEG
L 4L i 1L F. ) &
N 0.60 3 = =
c = L :
o =N ==
= || -
5 0.0 = .
— K 4
S -0.60 . ' bl o
< \ e 7
< ' z%ﬂst m de \5 th m ode ode" f M (11-th mode
-1.20 | | , Yeveqaansepny ‘ |

0.0 060 1.20 0.60 120 060 1.20 0.60 120 0.60 1.20 0.60 1.20
Radial position R (m)

Fig. 4 Eigenmodes used for the magnet design
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Vertical position Z (m)

5.1.1. Step-1 (3)

No current area : dB,/dR = dBg/dZ

Inside strond3, causes negativie; Radial field on the muon orbit radius:
1.20 r = p/qB
= 300MeV/gBc=1/B(R,2
90
o & 2 | | I' ‘ ‘ |
oo L | Jit il A \S‘olenmdonly( )
—~0.1" :
a0 | = Negative By
A \vd
© 0.0
00 E) -3.427E-03
— 0.2
© L
-30 - '-cau - Solenoid + iron yoke (
e
w0 | i | 0.1
-90 ilOOkA [g O.OJ\
120 |\\\\\ = : 00 02 04 06 08 10
00 30 60 .90 1.20 30 60 .90 1.20 Vertical position Z (m)
Contours Radial position R (m)
onmr, 03nmr

3.0nml, 30.0nT
Fig. Candidates for the g-2/EDM magnetic field

(Solenoid + iron-yoke type is acceptable)
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5.1.1. Step-1 (4)

Contours
omr
0.3 mr
3.0l
30.0 mr

1.20
200
é 1.00 [
£ §
N 3
g 8 00
= S
) O
o b
o [
T > _1.00 |
© -30
)
> \
-.60 -2.00
2.00
-.90
-1.20

00 30 60 90 1.20
Radial position R (m)

275 3.50 4.25 5.00

Radial position R (m)

Homogeneity 0.17 ppm (peak-to-peak)
on 30mmx100mm rectangle surface

MFES:7.0cm R-width, 25cm Z-width

MFES: Magnetic Field Evaluation Surface

Fig. 5 Target magnetic field distribution for the g-2/EDM magnet
1.0x(Eigenmodes 1 to 9) + 0.1x(11-th Eigenmodes for margin of homogeneity)
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5.1.2. Step-2 Step-3
Step-1 CBs  yoke
(SVD )
|
; 178 m
I
1.20 120 F5 vew IrQ,n yoke
=
N~
=
N
g 1 MA
N
S 3 MA
g I_MA._._ ....... _
o
I
2 -30
g
-60
0.38m
<>
~90 10KA
l um\ufw\i c
-1.20 120 L \% S a— ]:LO
00 30 60 90 120 UIC— 30 .60 90 120 |
Radial position R (m) 1. CB :125A/mm? Vo

Fig. ( Step-1) CBs  yoke Step-2
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Magnetic field due to Iron-yoke Magnetic field by CBs:
Nonlinear calculation with CBs Tuning of CBs placef

1.50 —

0
o

)
o

-.30

Vertical position Z (m)
8

-.60

Fig. 6

90%

2.00E+06
- &
|

45

CNTR; 1.00E-01(Wb/L) GRAD.= -1.901E-01
B_IRON (T) =4.75309706E-01 CNTR;2.00E-01(Wb/L) SR(.:ASN=

1 20 o S U P
R
g

5.1.2. Step-2 Step-3 (2)

‘ 1.50

1.20

.90

.60

+ .30
' . .00

-.30 a
_60 &(@» /
-.90 —
-1.20 AN W N
1.:1,5 1.80 150 5 a5 90 . .
Radial position R (m) Radial position R(m)
(CB) yoke yoke

CB

Summed magnetic field

M. Abe, KCoil Bdtk Desaghsawjth Gbod Homogeneity for MRl Magnets Bas
onSVDEi genmode st r e ggn,khval. 51, hoELB,P. 7002743) Gct. 2015
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5.1.2. Step-2 Step-3 (3)

Magnetic field due to Iron-yoke Magnetic field by CBsz¢- Summed magnetic field
Nonlinear calculation with CBs Tuning of CBs placefen:
1.50 —
Iron pole
S o E 100
o Step-2
S S g :
@ Q T
2 g 2 W
g S < (
et E S
S c ¥ !
T o
<=
| 0.1
-1.50 0 1 2 3 4 5 6 7
Iterative calculation (non-linear) step "
-
Fig. 6 (CB) yoke yoke
CB

M. Abe, KCoil Bdtk Desaghsawith Gbod Homogeneity for MRI Magnets Basgd
onSVDEi genmode st r eMggntd. 51, noELR, P. 7002743) Gct. 2015
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5.1.2. Step-2 Step-3 (4)
,2D
301008400 1 5le X2(top & bott(A)]rm sk A AAay e " ’
A 7 A,
3.0096E+00 - ),‘\‘\;Y‘ Q Z=0.20 | A hy
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Vertical position Z (m)

1.20

5.1.2. Step-2

W
o

Zz

AN i

o
o

I
W
o

-.60

-.90

-1.20

S

.00 .30

Fig.

.60
Radial position R (m)

.90

0.0

Radial field By (T)

Step-3 (5)

,,,,,,, R
‘

0.0 0.2 0.4 0.6 0.8 1.0
Vertical position Z (m)

2.00
—
E 100
N’
N Contours
S onmr
= 00 0.3 nT
8 3.0nT
o 30.0 mT
8]
(&)
= -1.00
o
>

-2.00 :
2.00 275 3.50 4.25 5.00

Radial position R (m)

(5CBs:M20160422)

Left is the magnetic field with iron yoke and poles. Right is the zoomed magnetic field.
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5.1.3. yoke
(1) yoke CB
(2) 3D
(3) 2D =
(4) 2D )
(5) CB BCB 2D ) <
(6) yoke  (2D)BR (5) (4) &
(7) BCB+BIR CB o
(8) CB 3D =
(9) CB Y (3)or(1) %
—
yoke
CB
X:10
5.2.4
( )

1.00 T T T T
BO: 3.00000409 y
75 L Z: 0.000E+00 "
: 5‘ :
50 b - 3
: v 0
073D Recong . B
econstructecgg .1 ppm n oS
00 ——& 2 @p et
. 0.1 ppm " @
-25 ) +
; b -4
50 % : ¥
* n
" n
75 8 % ® u
b 4 =
| | |

-1.00 '
2.80 3.00 3.20 3.40 3.60 3.80

(3D)

Reconstructed B,
(R=0.333,Z = 0.0m,B,=3.00000409T)

Radial positiorR (0.1 m)

yoke Muon
3D

2D gmr
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Muon 4
7
Coarse
4
Fine
20
He
4 7
1
yoke
( ) (385mm )
SS400 330mmh
yoke CBs

( CBs M20210727.0r.M20210604 )
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5.1.5. 2D

3_20 T T T T T
S0 200 tersbon remuts 20207127 NOW BTl e e R 4.2008-01
1.50 : ‘ : 3.00® = .
CNTR; 2. 00E-01 (Wb/L) GRAD.= -3.202E-06
1 20 i B_CEN(T)= 3.00000405E+01)_ > 80 L |
T - : 3D nonlinear cal.
— 2.60 _
90 - N
o) . Field ripple is large
2.40 - Magnetic field B, P 95
. 80 03E+06 il > 20 (R: 0.42m BO:300000404T)
é : ~ 0.107T ripple
N 30 Tsg8E+05 1 =999 10 30 50 70 20 %10
S 00 a0 il Axial position Z (m)
‘7) 250 T T T T T
(@) 11588E+05 R: 4. 200E-01
Q—BO B 2 00 - . . —
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\| e - 3D nonlinear cal.
e x | = _
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20°



77/100

MRI
Passive (Active)
(
1.711Am?/1cc)
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5.2.1.
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5.2.1.
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5.2.2.
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5.2.2. (3)
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5.2.2. (4)

Flux Contour Lines: In dotted area, flux is positive
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5.2.3.
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5.2.4.
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5.3. Muon
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5.3. Muon & (2)
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5.3.1.
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Vertical positionZ (m)

5.3.1.
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5.3.1.

Table WFFC

(3)

50

mode

5

(kA)

(kA)

1.0

1.0

0.0

0.0(0.0

3.43

3.47

1.0

1.0

0.5

0.0(0.0

8.12

8.71

1.0

1.0

1.0

0.0/0.0

15.49

17.74

1.0

1.0

1.0

0.5(0.0

42.50

36.32

1.0

1.0

1.0

0.9(0.0

-1.04 +1.16

74.96

-1.03 +1.15

62.02

1.0

1.0
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1.0(0.0

-0.856~+0.825

83.16
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68.51
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