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The world’s first muon linac
towards the muon g-2/EDM experiment at J-PARC
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Dipole Moments

𝐻 = −  𝜇 ∙ 𝐵 −  𝑑 ∙ 𝐸

 𝜇 = 𝑔( 𝑞
2𝑚

) 𝑠  𝑑 = η( 𝑞
2𝑚𝑐

) 𝑠Magnetic Electric

𝑔 = 2(1 + 𝑎)

μ 

𝐵, 𝐸

 𝑠

• Contains plenty of physics 
including beyond SM 

• T violated and highly 
suppressed in SM 
(d ~ 10-38 e・cm)

• Current direct limit is 
<1.9×10-19 e・cm

Beyond SM can be surveyed via dipole moments.

QED tree level

SM, and 
beyond
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Measurement and SM Prediction

Needs more precise meas. for g-2 and search for EDM  < 10-19

Muon g-2, SM prediction and measurement contour at d & g-2

+++= …

QED EW Hadronic lbl

Nucl. Phys. B613, 366 (2001)D. Nomura, tau2012
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general form of spin precession vector:

Measurement Method

BNL & FNAL J-PARC (new method)

Magic 
momentum 

(p=3.1GeV/c)

• In uniform magnetic field, muon spin 
rotes ahead of momentum due to g-2≠0

– And spin direction is reconstructed 
by decay-e

𝐸=0
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B. L.  Roberts,  Fermilab , 3 September 2008 - p. 5/68

Inflector

Kicker 

Modules
Storage

ring

Central  orbit

Injection orbit

Pions


π

p=3.1GeV/c

Experimental Technique

B


• Muon polarization

• Muon storage ring

• injection & kicking

• focus with  Electric Quadrupoles

• 24 electron calorimeters
R=711.2cm

d=9cm

(1.45T)

Electric Quadrupoles

xc ≈ 77 mm

b ≈ 10 mrad

B·dl ≈ 0.1 Tm

xc

R

R b

Target

narrow bunch of 

protons

Slide by Lee Roberts

BNL & FNAL

5/48



Uncertainties

Error ppb

Gain changes 120

Pileup 80

Lost muons 90

CBO 70

E and pitch 50

B field 170

Large 
emittance 

beam

Strong 
E focus

Less 
εinjection

Magic p

Large 
storage

Low emittance muon beam offers better precision 

Cited from Fermilab-FN-0992-E
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Experiment @ J-PARC (E34)
• Measurement of  g-2 and EDM with low emittance muon beam

Conventional μ beam 
(large emittance)

3GeV proton beam

storage ring

detector

Goal 

• 0.1ppm for Δ(g-2)

• 10-21e・cm < EDM 

Cooling & Acceleration
→Low emittance muon beam 

w/o E focusing at storage
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Bird’s eye photo in Feb. 2008
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MLF building 

3 GeV proton beam
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Low Emittance Muon Beam

1S

2P 355nm

Muonium

e-μ+

122 nm 
(Lyman α)

[PTEP 2014, 091C01]

NIMB266 (2008) 335
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Summary of Introduction
• The world’s first muon linac cast light on beyond SM via 

precise measurement of g-2/EDM
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Summary of Introduction
• The muon linac will promote other science fields.  

Ultra slow muon 
microscope

DOI 10.1007/s10751-012-0759-4

Mobile TeV muon 
source for muon 

tomography

Proc. Of New Initiative on 
Lepton Flavor Violation and 
Neutrino Oscillation  (2002)

ν factory
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Thomas P. Wangler, “RF Linear Accelerators”, WILEY-VCH
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Velocity Evolution
• Muon LINAC is first case in the world → need design 

• Velocity is a guide for the design (b/c cell length = βλ or βλ/2)

• Employ a hybrid design between proton’s and electron’s. 
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Configuration

mS RFQ IH-
DTL

0.34MeV
b=0.08

4.5MeV
b=0.3

43MeV
b=0.7

DAW
212MeV
b=0.94

16m3.2m 15m1.4m

5keV
b =0.01

35m

324 MHz 1296 MHz

DLS

m linac

• Similar configuration to J-PARC except 
– Disk Loaded Structure (travelling-wave) ⇔ SCL

– Shorter length

– Zero current (~104 μ+/pulse)

SCL

IS RFQ DTL SDTL

3MeV
b=0.08

50MeV
b=0.3

191MeV
b=0.6

ACS

400MeV
b=0.7

91m3.6m 109m27m

50keV
b =0.01

250m

324 MHz 972 MHz

*not yet installed

J-PARC

600MeV
b=0.8
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Radio Frequency Quadrupole (RFQ)

Schematic view

z/βγ
0 0.5

Electrode modulation for 
longitudinal field

+V0

-V0
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Simulation Results
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• Transverse (x,y) and longitudinal (Φ, E) dynamics are 
evaluated by PERMTEQM

Good transmission (95%)
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Alvarez and IH DTL

𝐸

βλ(ΔΦ=2π)

Alvarez DTL IH DTL

𝐸

βλ/2(ΔΦ=π)
beam

18/48



Longitudinal & Transverse Motion

𝐸

E Φ=0 Φ=0

Late particle

Early particle Late particle

Early particle

Φ<0
longitudinal: focus
transverse: defocus 

Φ>0
longitudinal: defocus

transverse: focus 

beam
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Alternative Phase Focusing (APF)
Cf. J-PARC LINAC SDTL

OHO 2001, Ikegami
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APF IH-DTL Design

• To solve it, procedures are divided into three steps: 

1. {Φn} optimization with the analytical calculation of the 
beam dynamics

2. IH cavity design

3. Numerical calculation of the beam dynamics

Entangled problem: 
Dynamics → {Φn} → cavity → RF field → 
Dynamics… 
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Beam Dynamics & Φn optimization

∆𝑊 = 𝑞𝑉0𝑇 cos 𝜑

∆𝛾𝛽𝑟′ = −
𝜋𝑞𝐸0𝑇𝑠𝑖𝑛𝜑𝐿

𝑚𝑐2𝛾2𝛽2λ
𝑟 × 1 +

∆𝛽

𝛽

cos(  𝜋𝑔 𝛽λ+𝜑)

2 sin  𝜋𝑔 𝛽λ sin(𝜑)

𝑐𝑓. ∆𝑊 = 𝑞𝑉0 in DC field

𝑇 ∶Transit Time Factor, represents time variation of the field. 

Optimized Φn

Φ>0 transverse focus

Φ<0 longitudinal focus
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Cavity Design
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Before/After Optimization

500 100
0

Z[m]0

0.5

1

N
o

rm
al

iz
ed

 |
E

z|

Before After
Frequency 323.1 *

Length 1.44m

Q0 1.07x104

ZTT [MW/m] 92

Power [kW] 250

Emax 1.9 Kilpatrick

Optimized well

* For room by tuners
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Tracking Result

Φ>0

Succeeded to focus transversely by APF

Φ>0
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Phase Spaces & Emittance

Emittance growth is sufficiently small

6~16%
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Accelerator for β > 0.28

U. Ratzinger, CERN Yellow Report No. 2005-003

Various Coupled Cavity Linac

Strong coupling → may reduce production cost
Experiences at INR (Russia), KSR (Kyoto) etc. 
 First time to apply β < 0.4 → need design

Our IH Our choice
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DAW 

DAW with bi-periodic L-support
Acc./coupling mode

(TM02π/TM01π) in ½ cell

Acc. Coupl.

• Requirement for the cell design

– Confluence (facc. = fcoup. )at 1.3 GHz 

– No other mode at 1.3 GHz

– Higher efficiency (ZTT) and Eav./Emax

– Design for several β

βλ/4
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Lc

Td

Tw

RwRd

G

Rn
Rb

Rc

θ

SIMPLEX

Minimization f
(fa, fc, ZTT, Emax)

SUPERFISH

Dispersion curve

SIMPLEX

Minimization f

CST MW

2D model 
(w/o support)

3D model
(w/ support)

Rt

Td, Rd, Rw, G: fitting parameters

model

Calculation example

CST MWSF

Procedures for the cell design
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Results
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Prototype
• Al cold model for the filed measurement etc is being fabricated. 

– Kiban(B) by Otani

Prototype is ready by Mar. and tested soon. 
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Beam dynamics design
• Dynamics is designed based on the optimized cell design 

with TRACE3D and PARMILA

– Cell design → parameters required for dynamics design 
(shunt impedance, transit time factor etc. )
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Result
• Emittance growth is evaluated along the cell  

Growth is sufficiently small (few %)
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Disk-loaded Structure
• To achieve sufficient acceleration gradient and then 

accelerate muons, the disk loaded structure is used.  

Disk loaded for e LINAC

299.6

299.8

300

300.2

300.4

300.6

300.8

-0.4 -0.2 0 0.2 0.4 0.6 0.8

p
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M
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V
/c

)

z (mm)

Good transportation in longitudinal direction
transverse dynamics is being evaluated 34/48

Transverse Phase Space 
of output beam



Summary of the LINAC design
• Almost all the components were designed.

RFQ

 IH-DTL with APF (μ dedicated       ) 

DAW (μ dedicated       , β<0.4       )

►DLS

β Trans. εx
[π mm mrad]

εy

RFQ 0.08 77% 0.297 0.168

IH 0.28 99% 0.315 0.195

DAW 0.70 95% 0.33 0.21

Disk-loaded 0.95 - - -

35/48

Sufficiently small compared to the 
requirement of <1.5 π mm mrad
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Acceleration up to IH
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Slow Muon Source w/o laser

Times 
~ 10

Thermal Mu (μ+e-) + laser dissipation (E~30 meV, ε~10-3)

Cf. for actual g-2/EDM experiment
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SOA lens and slow muon beamline
• The apparatuses came from RIKEN-RAL

2014/8-11 Transport from RIKEN-RAL to J-PARC

2014/12 Start assembling @ J-PARC MLF

2015/1-3 Interruption due to the fire accident at MLF

2015/4-5 Resume assembling and finish commissioning 

@ RIKEN-RAL, Aug. 2014

R. Kitamura

M. Otani

T. Mibe

K. Ishita
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SOA lens Electric 
deflector

Detector 
system

Assembling Alignment

Leak check Finish!!

Muon Section People

Y. Kondo
(J-PARC/JAEA)

T. Mibe
(KEK)

R. Kitamura 
(U. Tokyo)
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Slow Muon Measurement @ J-PARC

Al foil

Surface muon beam
SOA lens

Electric Qudrupoles

Electric Deflector

Detector system

collimater

μ+/Mu-

・8x104 μ+ /s@10MeV/c

41/48



Y. Kondo 
(J-PARC/JAEA)

M. Otani

M. Sakurai 
(Summer student from Univ. of 

Edinburgh )

RFQ II

MCP chamber
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Results

~6kW

43/48

20usec



Preparation for onsite commissioning 

Q-magnets

RFQ IH
Mu 
production
& initial 
accel.

Beam 
diagnostics
detectorsSolenoidBeam

Blocker

Beam
dump

Radiation
shield

Ready Ready Ready

Reay for design

M. Otani, N. Kawamura, 
and MLF Muon Section

M. Otani, N. Kawamura, 
and MLF Muon Section

Radiation shield design 
by PHITS

Beamline design by g4beamline

44/48



Summary of This Talk
• Basic designs of the world’s first moun linac were finished. 

• We are ready for muon acceleration after getting H-line. 
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E34 Collaboration

Nov. 2015,  J-PARC

Nov. 2014,  KAIST(Korea)
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For muon LINAC 
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Thank you for your attention. 
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多摩六都科学館 (2015.8) Korea (2014.11)

ビーム物理研究会(2015.11)

NuFact@Brazil (2015.8)
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