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10. 

g-2/EDM MRI
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1998-2002 LHD , CHS

2002-2017 MRI ( )
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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

1.5 2.0m

50cm 10ppm

2.0m(NU1 )

20cm-30cm 0.2ppm

z
66.6cmū

3.0cm -10cm 0.2ppm

MRI MuSEUM g-2/EDM



4/100

B= AI I = A-1B
(B A I )

A A-1

A* I

AtP= AtA I A* = At(AtA)-1  

: 

(Tihonov

(TSVD)

TSVD

Singular Value Decomposition (SVD)

TSVD=Truncated SVD
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The solution that we want

Reasonable solution,

is possible to manufacture

with reasonable accuracy

with reasonable currents.

I = A-1 BTG = (AtA)-1At BTG

Simple LSM

LSM: Least Square method

LSM with regularization
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1

2
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, ñAPrincipal Axis Transformation for Non-

Hermitian Matricesò,Bull. Amer, Math. Soc. 45, pp.118-121, 1939.
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2.

bTG(X,Y)

bTG(X,Y,Z) f{ i (X,Y,Z)}

i (X,Y,Z)

I={ I1, I2, --- I j, ---IN}
BTG={ὄ , ὄ ,-----,ὄ ,-----,ὄ }

I1 I2

I j

IN

MFEP Magnetic Field Evaluation Points)

B= AI

I = A-1B

(M
F

E
P

s
)

ὄ

ὄ

ὄ

ὄ

Aij j

i
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Er=||(BTG-AI)||2 = (BTG-AI)t(BTG-AI) Ÿ (2-2)

I
╘

=0

(AtA)I=AtBTG, (2-3)

I= (AtA)-1AtBTG (2-4)

A (AtA)

I

2. 2
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2. 3

2

1

2 Tihonov

(TSVD)

Singular Value Decomposition

TSVD: Truncated SVD

(1) SVD

(2)

(3) SVD

(4)
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2.1.

A SVD

A=ǲuklkvk
t, (2-5)

uk vk lk

- (T/A)
k

SVD
A* = (AtA)-1At = В ○◊Ⱦ‗, (2-6) 

I = В uk
tBTG)vk/lk (2-7)

Tihonov
(AtA +e2L tL )I = AtBTG (2-8) Ÿ I = (AtA +e2L tL )-1 AtBTG (2-9)

I =В ͺ ◊║ vk (2-10)
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2.2. TSVD

I= В uBTG)v l (2-7) =В ὲ
Ⱦ
vkP

TG
k/lk, (2-11)

PTGk k

PTGk= uk
tBTG/np

1/2 (2-12)

BREC=В ὲ
Ⱦ
PTGkuk (2-13)

BTG BREC BRE

BRE(MT)= B
TG-BREC=BTG╖Ɇnp

1/2PTGkuk (2-14)

k MT
MT

BREPP(MT) = BREMAX(MT) -B
RE
MIN(MT) <er (2-15)

I

MT
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2.2. TSVD (2)

:B

A

A = Ɇviui
t/li

Pk= uk
tB/np

1/2

-1.0

0.5

0.05

0.001

B

-1.0/l 1

0.5/l 5

0.05/l 20

0.001/l 1000

vi ui(T/A)

l1

l3

l2

lN

= 2

A

vi ui
t li i

Ik= np
1/2 Pk /lk
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2.3.

BTG BX, BY, BZ

(MRI, g-2/EDM MuSEUM )

Z

BTG =(ὄ ȟὄ ȟ---------, ὄ ȟ---------ὄ )

(Muon)

ὄ ὄ ḗὄ ρ πȢυ ,  (4-19)

2 ὄ 100ppm 5E- 9

B** ( MS( ), TG( ), REC
,RE ) i ὄᶻz

SVD web
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3 TSVD

( )
( )

3.1 
(

3.2 
3.3 
3.4 Maxwell
3.5 3
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3.1 

j=1

j=NF

j=3

j=2j=NF/2

j=1+NF/2 i=1
i=M

i=1+M/2
i=2

Aij

R

Z

I
I

I = I1, I2, ----------------, Ὅ

B

B ** =sin(q)BR + cos(q)BZ

B** = (B1
** , B2

** , --------, ὄᶻz )

q

** TG REC, 

RE AV, 0,----
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j=1

j=NF

j=3

j=2j=NF/2

j=1+NF/2 i=1
i=M

i=1+M/2
i=2

Aij

R

Z
BTG AI

I

I = В uk
tBTG)vk/lk

A (SVD)

Aij

ὄ ὉὯ ὑὯ

ὄ ὉὯ ὑὯ

ὉὯ ᷿ ρ ὯίὭὲ—Ὠ—

ὑὯ ᷿

Ὧ (k=0 1.0)

(

)

ὃɲ ρ ὑὯ ὉὯ

ὑὯ) ὉὯ 1 2

Ÿ

3.1 (2)
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RC

Rm

Z=0

Z=Zm

Z

1 2 (ὑὯ), ὉὯ)

( )

ὑὯ ὧ Ὧὲ ÌÎὯᴂ ὨὯᴂ

ὉὯ ρȢπ ὥ Ὧὲ ÌÎὯᴂ ὦὯᴂ

Ὧ ρȢπ Ὧ

Cn, dn, an, bn

N=4 2.0E-8 N=10 1E-12

MRI N=4

ώонϐ ²Φ WΦ /ƻŘȅΣ ά/ƘŜōȅǎƘŜǾ ŀǇǇǊƻȄƛƳŀǘƛƻƴǎ ŦƻǊ ǘƘŜ ŎƻƳǇƭŜǘŜ ŜƭƭƛǇǘƛŎ ƛƴǘŜƎǊŀƭǎ Y ŀƴŘ 9Σέ aŀǘƘΦ Comput., vol. 19, pp. 105ς112, 1965. ( )
[34] XueweiPing , Li Li, XinghuiYin , Xin Wang , QingboLi, and MeiyanWǳΣ ά! 5ƛǎŎǳǎǎƛƻƴ ƻƴ 9ŦŦƛŎƛŜƴǘ aŜǘƘƻŘǎ ŦƻǊ /ƻƳǇǳǘƛƴƎ
aŀƎƴŜǘƛŎ CƭǳȄ 5Ŝƴǎƛǘȅ ƻŦ /ƛǊŎǳƭŀǊ /ƻƛƭǎέΣ L999 WƻǳǊƴŀƭ ƻŦ aǳƭǘƛǎŎŀƭŜ ŀƴŘ aǳƭǘƛǇƘȅǎƛŎǎ /ƻƳǇǳǘŀǘƛƻƴŀƭ ¢ŜŎƘƴƛǉǳŜΣ ±ƻƭΦпΣ ǇǇннт-233,2019 

RC
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I

Ў■
Ў■
Ў■
Ў■
Ў■

║

►
►
Éᴂ

Fig. 3.1-3(a)

Fig. 3.1-3(b)

1.0E-14

1.0E-12

1.0E-10

1.0E-08

1.0E-06

1.0E-04

1.0E-02

1.0E+00

1.E+00 1.E+02 1.E+04 1.E+06 1.E+08

4 Rm=0.25m

4 Rm=0.00m

Rm=0.333m, RC=0.81m, ZC=0.15m

|
| 

(T
)

z=0.15m RC=0.52, 0.81 m

,Z=0.0m, Rm=0.25, 0.0, 0.333m

3.1.1 (2)
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3.2.

q

Major radius position R (m)
A

x
ia

l 
p

o
s
it
io

n
 Z

(0
.1

m
)

2
m

I

(2D )

: 2.0m, 0.4m

( ) ( )

80
I = I1, I2, -----I j, -----------, Ὅ

(MFEPs): 2.0m, 

0.25m ( ) 100

B =(B1, B2, -----Bi, -----------, Ὅ ) 

MFEP (BR, BZ)

Br = cos(q)BR+ sin(q)BZ

MFEPs: magnetic Field Evaluation Points

A

B=AI     {Aij= cos(ɗ)ὃ + sin(ɗ)ὃ}

Aiji j MFEP
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3.2. (2)

Major radius position R (m)

A
x
ia

l 
p

o
s
it
io

n
 Z

(0
.1

m
)

A

B** = AI     { Aij = cos(ɗ)ὃ + sin(ɗ)ὃ }

Aij i j MFEP

B

ὃ
‘ Ὧ

τ“ Ὑ Ὑ

Ὑ Ὑ ὤ

Ὑ Ὑ ὤ
ὉὯ ὑὯ

ὃ
‘ὤ Ὧ

τ“Ὑ Ὑ Ὑ

Ὑ Ὑ ὤ

Ὑ Ὑ ὤ
ὉὯ ὑὯ
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Major radius position R(m)

A
x
ia

l 
p

o
s
it
io

n
 Z

(0
.1

m
)

3.2. - (3)

A

B** = AI

Aij i j MFEP

Aū.

ὃ ρ ὑὯ ὉὯ

Ὧ (k=0 1.0)
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3.3. 

I =ǲvkuk
tBTG/lk

=В ὲ
Ⱦ

vk PTG
k /lk,

PTG
k = uk

tBTG/np
1/2

BREC = В ὲ
Ⱦ

PTG
kuk

BRE = BTG- BREC

BRE
PP= BRE

MAX - BRE
MIN 1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

0 5 10 15 20

Eigen mode Number MD
Truncation Eigen mode Number MT
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thP
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G
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],
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e
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e
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id

u
a

l ὄ
[T

] 

BTG

BZ=1.0T 

ὄ ÓÉÎ—ὄ
BTG ={-------, ÓÉÎ—ὄ --------}

MT=8

MT=4

MT=12
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Major radius position R (m)

A
x
ia

l 
p

o
s
it
io

n
 Z

(0
.1

m
)

MT=4 MT=8 MT=12

(a)MT=4 (b) MT=8 (c) MT=12

k=1~MT I ʺ

I =ǲvkuk
tBTG/lk

=В ὲ
Ⱦ

vk PTG
k /lk,

ὄ (X)

3.3. (2)

BREX ὄ ὄ X

ὄ =
ʻ

Aū( )
T MT
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Major radius position R (m)

A
x
ia

l 
p

o
s
it
io

n
 Z

(0
.1

m
) (b) Aū (0)=0.42167 (c) Aū (0)=0.72167(a) Aū(0)=0.57167

|I|=360.4 kA|I|=360.4 kA|I|=354.7 kA

3.3. (3)

MT=8

(b)MT=8

ὄ
ρ

Ὑ

‬Ὑὃ

‬Ὑ
ρȢπὝ

ὃɲ ὙȾςȢπ ὅέὲίὸȾὙ

(MT =9)

B(1T )
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3.4 Maxwell (BR )
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] 

Maxwell Maxwell

Maxwell

ὄ = 1.0 [T]

ὄ = R/2.0, ὄ = ὤ[T]

divB=0 ( π

MT=8

MT=4

MT=12
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3.4 Maxwell (BR 2)

A
x
ia

l 
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o
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io

n
 Z

(0
.1

m
)

Major radius position R (m)

(a) MT=4 (a) MT=12(b)MT=8

k=1~MT I ʺ

I =ǲvkuk
tBTG/lk

=В ὲ
Ⱦ

vk PTG
k /lk,

ὄ (X)

BRE(X)=ὄ ὄ (X)

ὄ = R/2.0, ὄ = ὤ[T]

ʻ

Aū( )
T MT
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Eigen mode Number MD

Truncation Eigen mode Number MT

3.4 Maxwell (3) 

A
x
ia

l 
p

o
s
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io

n
 Z

(m
)

Major radius position R(m)

MT=9

ὃɲ RZ/2.0 (3-21)



28/100

3.4 Maxwell (4 ) 
A

x
ia

l 
p

o
s
it
io

n
 Z

(m
)

Major radius position R (m)

-0.35

-0.25

-0.15

-0.05

0.05

0.15

0.25

0.35

-1.0E-05 0.0E+00 1.0E-05

Residual (T)

(a) Correct target B (b) Wrong target B 
(c) Residuals at R=2.0 m

ὄ
{

(3
-2

8
)} MFEP

MFE

P

BZ(R) = 1.0 + Const(Rï2.0)  [T]

ὄ ὧέὲίὸὤ

π

⁸:π

Ўὄ = 

ὄ 1.0 + (R-2.0)

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

( )

1. 
(MFEPs) MFEPs

2

3 (Z)

4 R

Maxwell

5
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4. MRI

(TSVD ) MRI

MRI (
2

(0.2 1.2T)
(>1.5T) NbTi

Fig. MRI 
( [29], 12 )
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4.14.4

4.1.MRI

4.2. (Step-1)

(CB )

4.3. (Step-2) 

4.4. (Step-3)

4.5. MRI

4.6.

4.7.MRI

Ref. [910]

4. MRI (2)

Table 4-1 MRI
[10], Table 1 )

Parameter Value
Number of MC-CBs    (NMC) 6 (5 to 7)
Magnetic field at center   (B0) 3.00  T
Inner radius of coil blocks 0.500 m
Electrical length of MC    (Le) 1.520 m
Homogeneity in 40 cm DSV < 1.00 ppm
Volume of interest      (VOI) 0.40 m DSV
Radius of shield coil         (RSC) 0.945 m
Current density, end-MC-CBs   

other CBs     
150 A/mm2

180 A/mm2

Max. magnetic field conductor <6.20 T
Current drive mode Persistent
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Shield coil (SC)

Main coil (MC)

Step-1 FL (Filament Loop) current

Step-2 CBs (continuous currents )

Step-3 CBs (integerized turns )

DSV

DSV( ű ) 1ppm

(CB: Coil Block)

4. MRI (3)
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4.1. MRI

1.5 2.0m

50cm 10ppm

MRI

[ppm] 

x106

MRI

|b| bZ

MRI g-2/EDM VOI

Volume OF Interest

b |b|ḥbZ

ὦ ὦ ὦ ḗὦ ρ πȢυ ,

|b| 10ppm/40cm

, ,

, &, ὦ

10ppm/40cm πȢυ <1.0E-9

|b|ḥbZ
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4.2. (Step- 1)

Step-1 ( )
(a) Ÿ A
(b) A=Ɇuklkvk

(c) 
Truncated SVD (SVD=Singular Value Decomposition)

I=A*BTG; A*=Ɇvkuk
t/lk MT

SVD ( )

Filament loop currents

Shield coil (SC)

DSV

Solenoid (Filament loop currents)

j-th current

Magnetic field 
Bz at i-th 
position

Z

Length

DSV DSV=Diameter Spherical Volume

400mmDSV

( =
0
.5

2
m

)

Y

1
.0

4
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4.2. (Step- 1) (2)

Step-1 ( ) A

(A=Ɇuklkvk )

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

3 4.03E-6 0.109 11 1.93E-10 2.19E-5

5 3.20E-7 0.0231 13 1.65E-11 2.43E-6

7 2.57E-8 2.08E-3 15 <1E-11 <1E-6

(| |)     <1ppm (400mmDSV) <3mT (BTG=3T )

13

(1ppm )

0.8 0.0 0.8 0.0 0.8 0.0 0.8 0.0 0.8
0.0

0.8

0.4

0.0

0.8

0.4

R
a

d
ia

l 
p
o
s
it
io

n
r(

m
)

Axial position z(m)
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4.2. (Step- 1) (3)

Solenoid length (mm)

H
o
m

o
g
e
n
e
it
y
 (

p
p
m

P
-P

)

With Shield Coil

Without Shield Coil

1m

1
0
0
k
A

BTG ╖╖BSCå I= В uBTG)v l

I (40cm-DSS) Ÿ MT=6

Le=1.55m
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With SC

Without SC

Solenoid length (mm)

A
b
s
o
lu

te
ly

 s
u
m

m
e
d
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u
rr

e
n
t 
(A

T
)

(MT)

(

CB (Step-2 Step-3)

3T

1
0
0
k
A

2
0
0k
A

1
0
0
k
A

1m

4.2. (Step- 1) (4)
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4.2.1.CB

Coil Block(CB)

(A/mm2)

8 23=184 8 24=192

3T

CB 10

CB

Magnetic Field 

Evaluation Point 

(MFEP)

RC

A
x
ia

l 
p

o
s
it
io

n
 Z

z

r

a

b

Coil Block(CB)
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4.2.1. CB

ὪὼȟώὨὼὨώ ύύὪὼȟώ

ὼȟώ

bz = bz(I, Rc, Rm, Zmc)

Rc, Rm, Zmc CB

CB
CB CB

Ⱦ

Ⱦ

Ⱦ

Ⱦ Ὅ

ὥὦ
ὦ ρȢπȟὙ ὼȟὙ ȟὤ ώὨὼὨώ

Ὅ

ὥὦ
ύύὦ ρȢπȟὙ ςὥὼȟὙ ȟὤ ςὦώ

ύȟύ ὼȟώ web

(64bit 16 )

Table 4-3 ─

●►☻ (4x7) (1000x5000)

Rm

(m)
Zmc

(m)

BZ (T) BZ (T)

BR (T) BR (T)

0.333 0.0
0.694431840217 0.694431840305

0.0 0.0

0.333 0.50
0.366090422210 0.366090422208
0.110401434761 0.110401434778

0.333 0.10
0.670767518211 0.670767518289
0.0574310032839 0.0574310033036

0.333 0.05
0.688363919301 0.688363919386
0.0298539491299 0.0298539491404

CBs
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4.3. (Step- 2)

R
a
d
ia

l 
p
o
s
it
io

n
 R

(m
)

0.3

0.6

0.9

1.2

0.0

Solenoid 7.01MAT

1
0

0
k
A

Axial position Z(m)

0.0

0.

3

0.6

0.9

1.2

0.9 0.30.6 0.0 -0.3 -0.6 -0.9

MC blocks 6.96MAT
1.09ppm(P-P)

11.99MJ

Step-1 FL current

Step-2 CBs 

(CB currents are continuous)

Step-3 CBs (integerized turns )

Step-2 Step-1 FL ( ) CB(Coil Blocks) Step-1

( ) Step-2 CBs

(real number) rCB Step-3 iCB

Step-2

Step-1
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0.0
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0.30.6 0.0 -0.3 -0.6
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)

1
0

0
k
A

1
 k

A

FLs 6 MC-CBs

0.96ppm 1.56(1.25)ppm

0 0.3 0.6 0.9-0.3-0.6-0.9
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0.9

Axial position Z (m)
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n
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(m
)

0.0

1
0

0
 k

A

MC10
MC20

MC30
MC31

MC21MC11

SC10SC11

2.15MAT

7.02 MAT

2.11MAT
6.90 (CBs) MAT

4.3. (Step- 2) (2)

CBs

BTG

BTG (3.0T - (CB )

1kA

1.56ppm
Step- 1(0.96ppm)
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R
a

d
ia

l 
p
o

s
it
io

n
 R

(m
)

Axial position Z (m)

Electrical length

VOI

MC10MC20MC30MC31MC21MC31

Z

R

I1N <0

IOT>0

ITP 

>0

IBOT<0

ȹZTP> 0 
refers to
ITP >0

Coil block displacement Additional currents due to 
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RIN
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W
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4.3. (Step- 2) (3)
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Iterative calculation step
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4.3. (Step- 2) (6)
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4.4. (Step-3)

Step-1 FL current

Step-2 CBs 

(CB currents are continuous)

Step-3 CBs (integerized turns)
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Step-2
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Step-3
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Step-2Step-2



47/100

Models rCB placements (F13=-0.13) Conductor sizes iCB (IPS = 1000.5 A)

CBs  

rCB Sizes (mm)Amp-turns

(kAT)

Radial 

(mm)

Axial

(mm)

Winding turns iCB sizes (mm) CB-Total 

tunrs

Amp-turns

(kAT)Radial Axial Radial AxialRadial Axial Lack

MC10 64.2 220.0 2117.9 2.05 3.25 32 66 -2 65.6 214.5 2110 2111.1

MC20 29.5 154.3 820.3 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

Table (rCBŸiCB)

4.4. (Step-3) (2)

Z

R

2

Step-2
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4.4. (Step-3) (2)

Fig. Step-3 Step-3 CB SVD
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7.08MAT

2.20MAT

0.0
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0.3

0.6

0.9

1.2

R
a
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n
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)

909.4ppm 0.91ppm

Before iCB position 

tuning

3.0059T 3.0000T

MC10MC20MC30MC31MC21MC31

After iCB position 

tuning

Axial position Z (m)

7.08MAT

2.20MAT

SC10SC11 CB names &

Parameters 

rCB 

(F13=-0.14)

iCB

1000.0A

iCB

1000.5A

MC10

MC11

RC (m)  0.5321 0.5325 0.5328

ZC (m) 0.6610 0.6623 0.6625

MC20

MC21

RC (m) 0.5248 0.5266 0.5268

ZC (m) 0.3062 0.3078 0.3079

MC30

MC31

RC (m) 0.5210 0.5228 0.5231

ZC (m) 0.0942 0.0946 0.0946

SC10

SC11

RC (m) 0.9450 0.9460 0.9465

ZC (m) 0.6000 0.6000 0.6000

E. Length Le m 1.5420 1.5390 1.5396

Homog. h40 ppm 0.94 0.91 0.91

Bex T 6.10 6.17 6.17

EM MJ 12.21 12.27 12.29

Table Step-3 iCB rCB

4.4. (Step-3) (3)

Fig. Step-3 CBs

Step-3 Step-2

CB Step-3 CBs

Step-3 Step-2 CB

Step-2 CBs
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4.5. MRI

Fig.  ½ cross-sectional drawing of test model Including symmetric axis

Z [mm]

FOV
(ű380 mm)

Coil

Coil

750

450

30002500

500

Calculation plane

Y
o
k
e

Calculation plane

375

Convexoconcave

Convexoconcave

Cylinder

R [mm]

DUCAS: M. ABE, T. NAKAYAMA, S. OKAMURA, K. MATSUOKA , ñA new 
technique to optimize coil winding path for the arbitrarily distributed magnetic field and 
application to a helical confinement systemò, Phys. Plasmas. Vol.10, No.4, 
(2003)1022.( )

ה Y. Murata, M. Abe, R. Ando, T. Nakayama, óA Novel Design Method of 
Shapes of Ferromagnetic Materials for the Superconducting MRI Magnetsô, IEEE, Trans., 
Applied Superconductivity, vol. 19, Issue 3,2009, pp.2293-2296.

DUCAS :
M. Abe, R. Ando, T. Nakayama, ñMagnetic field shimming adjustment: Reducing 

magnetic distribution errors by obtaining current potential distribution of MRI apparatus, 
United States Patent, US 8,947,089 B2, 3 Feb. 2015, PCT No. PCT/JP2009/058713 filed 
May 8, 2009, PCT Pub. No. WO2009/136643, Foreign Application Priority Data, May 9, 
2008 (JP) 2008-122843. 

M. Abe, óMRI Magnet Shimming by Calculations of Iron Piece Placements with 
Truncated Singular Value Decomposition Regularizationô, will be submitted to 
JSMRM( ), Accepted for publication (2016/10/28), in press and 
Advance Publication] Released: March 02, 2017, mp.2016-0046 .

FOV

( )

Ÿ ( )

No. Yes

T(A):
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Highly homogeneous field and a feasible iron shape were obtained!

Fig.  Transition of homogeneity in explicit method process, and final shapes and BZ

field distribution after 50 iterations with 7 merged cylinders.
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4.5. MRI (2)
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4.6.  

( )

J- PARC MuSEUM

MuSEUM 20cm-
30cm 0.2ppm

( )

NU1 MuSEUM
Fig. 4-19 NU1 reuse MRI

MRI

( ) 40cm

(1.20T)

40cm-DSS: 693ppm,

20-30cm 341ppm
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MuSEUM Muonium Spectroscopy Experiment Using Microwave
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MuSEUM Reuse-MRI

Field camera (1.2 T )ʿ ᵔ 0.02mT ʺ
24nmrЈрЂx24ᶑ ӡ =576 Ϭ40cmẔ
πὓ ʻ( ⌠ ϢϤּס ʺḇּךΰϘβ)

MuSEUM magnet Field camera
Magnet. Reuse MRI magnet, B<2.9 T.

1
.1

7
5
 m

1.098 m

z

0
.8

 m

B

Shim-tray

MFMPs

288(576)

4cm
3cm

<11mm

,

0.06cc(0.1Am2)Ÿ

=13.2cc(1 )

4.6.1. 



54/100

Magnetic field measurement

Iron piece placements

Yes

Ramp-down is necessary ?

Ramp-up

Ramp-down

Good homogeneity h(0) ?

No

Shimming calculation 
(HiSHIM High accuracy SHIMming)

No

R
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a
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Yes

4- 17

4.6.2. 

M. Abe, et al., IEEE
TAS,vol.27(2017) 4400812

BERԇAM
M A

BZ (576x288)
(SVD)

2.15T(1.711Am2/1cc), (

0.6T)

|B| BZ

(|B|ḥBZ)}

(

----)
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4.6.3.

Mj

B
(1.0 3.0T)

( )

X

Y

Z

BM
i

1cc = 1.711 Am2

LSM M

M = (A A)-1A BER,

(A A)-1A

(TSVD)

M = В vkuk
tBERlk,

lk[T/Am2] 

, k= MT

vk uk M B k
BRE

BRE= BERïВ uk(uk
tB9w)

= BER- AM (MT )

MT

B0

( )

(LSM) BER= B0- BMS

M

Er = (B0- BMS - AM)2=(BER- AM)2Ÿ 

BMS : 576 (ὄ ---ὄ ---ὄ )

B0 : (ὄ ---ὄ ---ὄ )

A : 
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MuSEUM (20-30cm )
50cm

0.476 ppm 0.00482 ppm

(ppm) ρπ
Max(BRE) Min(BRE)

./9b

LSM ( ) 

Er = (BER)2 =(B0- BCB)2 Ÿ

Mj

(MFEP)

B
(1.70T)

( )

X

Y

Z

BMS

MFEP

BER= BAV - BMS

BER

BER

Ÿ (MFEP) BER

MFS: Magnetomotive Force Surface(Ṟꜗ ), MFEP: Magnetic Field Evaluation Point(ꜗ ᴣ ) 

4.6.3. 2
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Magnetic field interpolation test, using a magnetic field 
of a virtually designed magnet (LSM on 50cm-DSS). 
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Axial position Z (0.1m)

-0.01

DUCAS MR 
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( )
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B
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Y

Z

(1) (50cm 576 )

(2) LSM

(MFS=70cm-DSS, 3602 nodes)

(DUCAS),

(MR),

(MZ),

(3) 

1.0E-9T

(0.001ppm)

MZ

̌ ḹǮ1.7T К ḹ
50cm - DSS( ) ḹѝ⁹ŁК ḹ

DSS: Diameter Spherical Surface

4.6.3. 3 2
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(B0=BAV) MT

40cm-DSS (DSS: Diameter Spherical Surface) :20-30-SPS(SPS: SPheroid Surface)
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4.6.3. 4
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MRI 0.06cc (0.103Am2) 0.02ppm

0.017Am2 Ni ( ) ( )
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4.6.3. 4 2.
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4.6.5.

Fig. 4- 24 BX, BY { (4- 21)} n=1, 2, 3

|B| ὄ
|B|ὄ

ὄ ὄ ḗὄ ρ πȢυ , 

|B|, ὄ ὄ ὄ
5 ὄ =1.70T ὄ 1.70 

+ 7.4E-8 T (<0.1ppm)

Z 0, 

A

A Ὑ ὅÃÏÓὲ— ὅÓÉÎὲ—ȟ

( )

n=1 n=2 n=3
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4.7. MRI

MRI

4.1. MRI

4.2. (Step-1)

(CB )

4.3. (Step-2) 

4.4. (Step-3)

4.5. MRI

4.6.

(

)

Table 4-1 MRI
[10], Table 1 )

Parameter Value
Number of MC-CBs    (NMC) 6 (5 to 7)
Magnetic field at center   (B0) 3.00  T
Inner radius of coil blocks 0.500 m
Electrical length of MC    (Le) 1.520 m
Homogeneity in 40 cm DSV < 1.00 ppm
Volume of interest      (VOI) 0.40 m DSV
Radius of shield coil         (RSC) 0.945 m
Current density, end-MC-CBs   

other CBs     
150 A/mm2

180 A/mm2

Max. magnetic field conductor <6.20 T
Current drive mode Persistent

40cm DSV: 40cm Diameter Spherical Volume
(40cm )
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Muon

LinacŸTransport lineŸInjection tunnel

2

ASSMs (inner-ASSM, outer-ASSM)

Muon

Kicker

Muon

2
.2

m

Iron yoke

Detector

Muon Storage Magnet
(ֶẆ ֫ χ ꜗ )
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Table 5-1  Muon (MSM)

Parameters Values

Magnetic field strength 3.0 T

Homogeneity (BZ) < 0.2 ppm 

Area with Homogeneous 
magnetic field

R: 0.318 m to 0.348m

Z: -0.05 m to +0.05 m

n-index of weak focus field 0.0 to 3.0E-4

Radial magnetic field 
component BR

BR > -1.0E-4 T

Current drive Persistent mode

5.1.

beam

Solenoid 
coil

Solenoid 
axis

Solenoid 
coil

B
R

RB
C

beam

F
C

Radial fringe field 
BRcompress 
spiral motion

Vertical kick 
by a radial 
pulsed field, 
Br(t)

0.2ppm

(BR<0)
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(FL)

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

with filament loop (FL) currents

(a) Solenoid only type filament loop 

current placements
(b) Solenoid + iron yoke type filament 

loop current placements
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5.1.1. Step-1 ( )
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5.1.1. Step-1 (2)
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5.1.1. Step-1 (3)

Fig. Candidates for the g-2/EDM magnetic field

(Solenoid + iron-yoke type is acceptable)
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Radial position R (m)
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on 30mmx100mm rectangle surface
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5.1.1. Step-1 (4)
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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

Fig. ( Step-1) CBs yoke Step-2
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Radial position R (m)

Magnetic field due to Iron-yoke

Nonlinear calculation with CBs 
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Radial position R (m)
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Magnetic field by CBs

Tuning of CBs placements

M. Abe, K. Shibata, ñCoil Block Designs with Good Homogeneity for MRI Magnets Based 

on SVD Eigenmode strengthò, IEEE Trans. Magn., vol. 51, no. 10, P. 7002713, Oct. 2015.

2 averaged

5.1.2. Step-2 Step-3 (2)
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M. Abe, K. Shibata, ñCoil Block Designs with Good Homogeneity for MRI Magnets Based 

on SVD Eigenmode strengthò, IEEE Trans. Magn., vol. 51, no. 10, P. 7002713, Oct. 2015.
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Fig. 7 ( < 1ppmPP)
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Fig. (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 (3D)
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5.1.4. Update
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5.1.5. 2D

Muon ЄЬвй˔Єдрבּ 2D™  ꜗ
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˷: 3D nonlinear cal.
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Field ripple

˶0.107T ripple

˷: 3D nonlinear cal.

︠ꜗ Ϭḯϛʺᶆ ꜗ χ Φʺ ὓχ ψʺ ЄЬвй˔рπᾁבּ ʻZ<0.95mπ
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5.2.

Passive (Active)

(

1.711Am2/1cc)

Coarse Fine BZ BR
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5.2.1.
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Fine 20

yoke Coarse Fine
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5.2.1. (2)

SVD

Pi

M Ɇ(viui
t/li)B

ER 

BRE BER + Ɇnp
1/2Piui

Pi ui BER/np
1/2

BRE.

OK?

( )M=(M1,----,Mi, -----) (i-th )
B = (B1, ---, Bj, ---)  (j-th MFEP:  Magnetic Field Evaluation Point)

Aij

Coarse
(1.50mLx1.34mū, 20(z)x20(rot.) pockets

(Er = |B0ïBMS|2) ,

Berr =(B0 - BMS ) AM  (M; 1.7Am2/cc )

ŸM=A*Berr A; , 1404x400

A* TSVD (Truncated SVD)

A=Ɇuilivi

Ÿ A+=Ɇviui
t/li 

M. Abe, et al., IEEE Trans. Appl. Supercond., 

27, Art. no. 4400812 (2017).
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5.2.2.

BR
BZ

3D Spiral injection

Arrows: Current direction Arrows: Current direction
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5.2.2. (2)
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BR Z=0

BR type

5.2.2. (3)
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5.2.2. (4)
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5.2.3.

n=1 n=2 n=3

4.6.5 Fig. 4- 24 )

BR Z=0 (Fig. 5- 14)

4.6.5 ὄ
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5.2.4.

yoke
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5.3. Muon &

ASSM: Active Shield Steering Magnet
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ASSM: Active Shield Steering Magnet

Iron yoke
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Muon ( )

( )

(i) Muon

(ii) Muon

(i) 3.0 T 0.3mT

(ii) BR>0

( , )

Coarse
10 <6000cc, 

Max.35000cc

Fine 
0.1 <100cc, Max.2000cc

( , )

BR-type: BR 1 2 7

BZ-type:BZ 1 2 3

(WFFC)( , )
(BRӒZ)

ὄ ὲ ϳὄ Ὑ ὤ

ὄ ὲ Ὑ Ὑ 0.3mT

25Hz

Outer-ASSM muon (2D) 200mmū-400mm , <10.0W, BL=4.0mTm

Inner-ASSM muon 100mmū-200mm , <1.0W,BL=1.0mTm

Kicker BR muon 1

ASSM: Active Shield Steering Magnet

Muon

Muon

WFFC: Weak Focus Field Coil

5.3. Muon & (3)
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5.3.1.

(WFFC)

WFFC: ֿפ ꜗ (Weak Focus Field) Coil

WFFC: BRӒZ
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5.3.1. (2)

1. A

BZ

2. A=Ɇuklkvk

3. A-1= Ɇvkuk
t/lk,

4. Ik = vkuk
tBTG/lk,

5.  WFFC
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Table WFFC

|

50 7

mode
ὄ

(0.1mT) (kA)

ὄ
(0.1mT) (kA)

1 3 5 7 9

1 1.0 1.0 0.0 0.0 0.0 -44.3 +57.2 3.43 -44.5 +57.5 3.47

2 1.0 1.0 0.5 0.0 0.0 -22.0 +30.2 8.12 -22.3 +30.6 8.71

3 1.0 1.0 1.0 0.0 0.0 -4.11 +3.90 15.49 -3.85 +3.66 17.74

4 1.0 1.0 1.0 0.5 0.0 -2.18 +2.38 42.50 -2.08 +2.26 36.32

5 1.0 1.0 1.0 0.9 0.0 -1.04 +1.16 74.96 -1.03 +1.15 62.02

5 1.0 1.0 1.0 1.0 0.0 -0.856~+0.825 83.16 -0.838~+0.872 68.51

7 1.0 1.0 1.0 1.0 1.0 -0.112~+0.125 699.5 No. No.

5.3.1. (3)




