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Requirements

 Inject the beam from magnet end

 Spirally down to magnet center

 Apply vertical kick field to the beam 
around magnet center (storage region)

 Apply weak focus field to store the beam 
in to the storage region

Spiral injection scheme

❖ Storage region : 
➢ radius : 33.3±1.5 cm, height : ±5 cm
➢ Field strength : 3T
➢ Bz uniformity :  ±0.1 ppm (Azimuthal integral)

❖ Injection region :
➢ Smooth field for beam injection -> positive Br

❖ Weak focus field: 

Requirement for magnetic field
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Br = -n
B0z

R
z n: 1.0×10-4 – 2.0×10-4



Overall Design

 Cooled by liquid Helium

 Cryocoolers to recondense LHe

 Separated cold box from magnet cryostat

 Isolate vibration

  Vibration isolation/control system
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 Superconducting coils : NbTi

 Main solenoid coil

 Persistent current 
operation with PCS

 Weak focusing coil

 Power supply operation

 Shim coils

 Power supply operation

 Field tuning system using iron 
pieces 

 Iron yoke

 Adjust field shape

Vibration dumpers

Expect : <~10 ppb/hour from MRI test
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Design consideration
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✓ Point : Careful design of superconducting coil layout

 Fermi g-2 magnet

 Super ferric type

 Homogeneity mainly defined by Iron yoke shape

 J-PARC g-2/EDM magnet

 Solenoid with iron yoke

 Electro motive force：Coil 80％、Iron yoke20％

 Homogeneity : almost determined by coil layout

 Coil layout is almost impossible to change once manufactured

 Require more rigorous consideration of coil layout than in 
the case of super ferric type

✓ Optimization requires many iterations

 to minimize computation time

 truncated Singular Value Decomposition (tSVD) method

 magnetic field reconstruction method



Design method
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 Designing magnetic field

 Calculate required current distribution to 
generate target field distribution

 tSVD is applied to calculate inverse Matrix 

 MRI : Spherical Harmonics Expansion

 well-established method

 Only spherical shape region

 Target volume become larger than storage 
region

 tSVD : can be applied any shape

 J-PARC g-2/EDM : Coil size would be reduced

[B]=[A][I]

[I]=[A]-1[B]

 truncated Singular Value Decomposition Method (tSVD)

ex) orthogonal distribution 
calculated by tSVD 



Basic steps of coil layout optimization
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 filament current loops + tSVD

Coil

Inner
Diameter [Btarget]

[I]

[Btarget]=[A][I]

tSVD

[I]=[A]-1[Btarget]

a. calc. current distribution
✓ omit higher-order modes as much 

as possible to generate the target 

field using a minimum number of 
harmonics

b. arrange coil blocks that can 
simulate current distribution

c. calc. magnetic field by coil blocks 
and Bdiff

[Bdiff]=[Btarget-Bcoil]

d. calc Idiff from Bdiff by tSVD
e. modify coil layout to cancel  Idiff

tSVD

[Idiff]=[A]-1[Bdiff]

[I]

[I]

[Idiff]

repeat c, d, e
⚫ ref: IEEE Trans. Magn.  49(2013) 2873-2880



Magnetic field reconstruction
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 SC coil + Iron yoke

 Iron yoke : FEM <- Non-Linear computation

 SC coil : tSVD(Viot-Savar)  <- Linear computation

⚫ Non-Linear calc. -> Linear calc. by tSVD to reduce computation cost

✓ calc. magnetic field 
due to iron yoke by 
FEM

✓ Assume virtual 
Filament current 
Loops on iron yoke 
surface 

✓ calculate current 
distribution by tSVD

      Error  : <1e-8 T

target volume

[Btarget]

[Ivfcl]

[Btarget]=[A][Ivfcl]
[Ivfcl]=[A]-1[Btarget]



Optimization of g-2/EDM magnet configuration
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Main coil parameters
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 5 coil blocks

 SC strand

 NbTi with Cu Stabilizer 

 Cu/Sc = 4

 Cu RRR ~100

 Load line :~65%
 Expected homogeneity ±0.085 ppm

*Persistent current operationTotal weight~150 ton
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Cryogenics

 Basic concept

 LHe pool boiling

 GHe re-condensation system

 Cold box with GM cryocooler 
separated from magnet
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<- Temperature stability

<- Vibration damping

 Main coils : persistent current mode

 500 A HTS lead x 2

 Weak focus coil and shim coils

  driven by individual PS

 100 A HTS lead x 2

 10 A HT lead x 24

 Design budget of heat input

 6.0 W for LHe

 230 W for Thermal shield

 LHe : <1700L

Other conditions

✓ 2 stage 1.8 W GM cryocoolers × 5

✓ 1 stage 160 W GM cryocooler × 1
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Quench protection study ~ Main coil

 Main coil : persistent current operation -> must be self protected

 MC1L and MC1U : divide into Two

 Closed circuit -> divide three circuits

 to match inductances of each closed loop

2026/06/15
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MC1U

Circuit model



Quench protection study ~ 2D Results

 2D simulation

 Quench occurs in MC3

 Adiabatic condition

 Include AC loss effect

Peak temp. :  < 180 K

Peak volt.   :   < 1600 V

2026/06/15
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Permissible
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Magnetic field shimming
 Magnetic field shimming ー＞ Work to improve homogeneity

 Key technology to achieve high homogeneous magnetic field

 Impossible to avoid error field caused by,

 Error of coil geometry

 Objects inside the magnet; detector and so on.

 Ferromagnetic objects outside the magnet

 Two step iron piece shimming

1. Corse shimming : Iron pieces with 
ramp down/up of magnet

2. Fine shimming : Iron pieces without 
ramp down/up of magnet

⚫Utilize tSVD technique to compute
•Arrangement of iron pieces and shim coil currents 

2026/06/15
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Adopt iron piece shimming technique of MRI

Iron piece support



MuSEUM shimming summary
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 Five times shimming

Bare：295 ppmp-p

 (expected field 
  in exp. region)

After 5th shimming
  0.2 ppmp-p

 (exp. region)

Cont. line: 0.05 μT

Cont. line: 50 μT

peak-to-peak

Bare：789 ppmp-p

   50cm DSV
   (raw data)
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Source of Error Field

 Many sources to disturb magnetic field

 In order to estimate the required amount of iron pieces and to 
decide the power of shim coils, it is important to study possible 
error source and to evaluate the magnitude of error field.

 Static error source

 Size and position error of coils

 Oval deformation of coils

 Size and position error of yokes

 Magnetic Materials

 Inside the magnet

 chamber, detector, etc.

 Outside the magnet

 beam line magnet, car, etc...

 Yoke tunnel for beam pipe

 Non-uniformity of yoke permeability

 Dynamic error source 

 Thermal expansion of  iron yoke

 Mechanical vibration

 Cryocooler, Seismic vibration

 Characteristics of 

Superconductor 

 Magnetization

 Strand coupling current

 Persistent current operation

2026/06/15
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Static source of error field ~ size and position error of coils

 Large static error source

 Main coil : Five coil blocks

 Each coil might have errors

                    -> Composite error

2026/06/15
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✓ Need statistical analysis of all possible cases

 Monte-Calro simulation



Simulation results
2026/06/15
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 Size and Position error :  ±0.1mm, mrad

✓ After Shimming

Bz : ± 90 ppm

25 50 75
     (ppm) 

at worst

Bz : ± 0.09 ppm

0



Dynamic source ~ Thermal expansion of yoke

 SC coils are surrounded by iron yoke

 Yoke size is changed by temperature

-> cause magnetic field error

 Results:

 Error field of Bz due to yoke expansion : +1.2 (ppm/℃)
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 Calculate magnetic field change

 Yoke temperature : uniform

 Magnetic flux : keep constant by SC coils

 Linear expansion coeff. : 1.31e-5 /deg

 B-H : include temperature dependence

 B(T2)=0.9999019052M(T1)+μ0H

 Plan to reduce temperature change effect

✓ Temperature control in magnet room : ±0.1 ℃ (target)

✓ Thermal insulation on yoke surface

✓ Control of Bz strength by Bz type shim coil

✓ Active control of yoke temperature by heater (Optional)



Source of Error field ~ summary

Error source Rough estimation

Static Size and position error of coils

             position error of yoke

Bz : ±90 ppm

Oval deformation of coil Bz : ~±57 ppm at max.

Size error of yoke TBD. (expected : several tens ppm)

Detector (main concern optical module) 33 ppm at maximum

Beam line magnet, Car at parking lot < 2 ppm (only iron yoke)

Yoke tunnels

  (for Beam tube and Cooling pipe)
~ 1ppm 

 (with axisymmetric dummy tunnels)

Non-uniformity of yoke permeability 13 ppm /10% error in the pole tip

Dynamic Thermal expansion of iron yoke 1.2 ppm /K

Mechanical vibration Coil 0.1 ppm,;  Yoke ~1 ppm
need vibration dumping system

Magnetization of SC strand < 100 ppm (decrease with time)
could be minimize by optimized ramping pattern

Filament coupling in SC strand Expected decay τ : 10-100 ms

Persistent current operation < 0.01 ppm / h

2026/06/15
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Summary
 Magnet

 Established coil design method

 Coil design

 but being changed according to beam injection simulation

 Cryogenic system

 Made the design with demountable current leads

 Quench Protection Study

 Study of main coil : Can protect the coil. 

 Magnetic field shimming system

 Current system have enough margin to shim magnetic field 
error

 Study of error field

 Almost all items were studied

 Can handle by the current shimming system

2026/06/15
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✓ Design for procurement is almost finalized
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