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Muon anomalous magnet ic  moment  “g-2”

B-fieldMuon beam Measure spin precession and 
magnetic field

Experiment (BNL/FNAL)

𝜇⃗ = 𝑔!
𝑞
2𝑚

𝑠

Standard Model (2020)

𝒂𝝁𝐭𝐡 = 𝒂𝝁 𝐐𝐄𝐃 + 𝒂𝝁(𝐄𝐖)+ 𝒂𝝁(𝐐𝐂𝐃)
µ µ

�

<latexit sha1_base64="iWPwgetexMj3A8Ut3UJtDzYL2Lg="></latexit>

𝑔2 = 2(1 + 𝒂𝝁)

magnetic dipole

4.2σ discrepancy.
B.Abi etal., Phy. Rev. Lett., vol. 126, no. 14, p. 141801 (2021)
T.Aoyama etal, Physics Reports, vol. 887, pp. 1–166 (2020) 

New physics beyond the Standard Model
is expected.
On the other hand, 
another method of verification is needed. 
→ J-PARC method

Utilizes same equipment as BNL

𝝎𝒂 = −𝒂𝝁
𝒒𝑩
𝒎 ( certain conditions)
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Exper imenta l  method

Precise measurement of 𝝎𝒂 and 𝑩 is critical. 

B◉

µ+
e+

1 + 𝛼 cos 𝜃

𝜃

３:
Positron tend to be emitted for 
a muon spin direction

𝜔# = −𝑎!
𝑞𝐵
𝑚

(under specified conditions)

The measurement of 𝜔* and 𝐵 determines 𝑎+

1:
Spin polarized beam

π+νµ
Decay

Spin

µ+

momentum (c)

Spin (s)

𝜔 # = −
𝑞
𝑚

𝑎 $ 𝐵 − 𝑎 $ −
1

𝛾 % − 1
𝛽 × 𝐸
𝑐

spin cyclotron anomalous 
precession 
frequency

𝜔$ − 𝜔% = 𝜔#

2 : 
Spin rotates 

in a magnetic field

Measure 
decay 
positron
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How to el iminate the extra term in 𝝎𝒂?

BNL/FNAL : storage magnet J-PARC : storage magnet

𝝎 𝒂 = −
𝒒
𝒎

𝒂 𝝁𝑩 − 𝒂 𝝁 −
𝟏

𝜸 𝟐 − 𝟏
𝜷×𝑬
𝒄

Use a beam of a specific energy (𝜸)  “magic momentum”

𝒂𝝁 − 𝟏
𝜸𝟐:𝟏 = 𝟎

No electric field

𝑬 = 𝟎

10 m 1 m
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storage region (14 m) 

B =1.45 T

BNL/FNAL J-PARC

Reduction of beam-derived systematic error (𝝎𝒂) 
and high-precision magnetic field

Utilize muon beam decayed at a specific γ

π

3 GeV

π

Strongly 
Focusing 
E -Field

Storage region (0.66 m)

B = 3 T No E-field
(weak magnetic focus)

New method
3D spiral injection

212 MeV

→ Large emittance 

→ Strong focusing by E-field is essential 

Large magnetic field region is needed. 

→ Requires a low emittance beam of 1/1000 of conventional. 

No E field focus + Compact magnetic field region

New method !
Beam control by 
“cooling” and 
“acceleration”
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A non-zero muon EDM, the spin precession is 

EDM (E lect r ic  d ipole  moment )

𝜔 = −
𝑞
𝑚

𝑎$𝐵 +
𝜂
2

𝛽×𝐵 .

• There is no contribution from 𝐸 term. 
• aµ and EDM can be measured simultaneously. 

𝜔 = −
𝑞
𝑚 𝑎$𝐵 +

𝜂
2 𝛽×𝐵 +

𝐸
𝑐 .

Time-reversal violation observation 
if we can see EDM ≠ 0.

BNL/FNAL 𝒂𝝁 − 𝟏
𝜸𝟐$𝟏

= 𝟎 J-PARC 𝑬 = 𝟎 at any γ

𝑑 = 𝜂
𝑞
2𝑚𝑐

𝑠

g-2 precession EDM precession

𝜔 = 𝜔%+ 𝜔 &'( = −
𝑞
𝑚

𝑎$𝐵 − 𝑎$ −
1

𝛾 ) − 1
𝛽×𝐸
𝑐

+
𝜂
2

𝛽×𝐵 +
𝐸
𝑐

.

Orthogonal

B

β

s⃗

ωa

ω!"#

ω
δ

dµ ~ 10-21 e･cm : 
ωEDM/ωa ~ 10-5
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J-PARC  - Japan Proton Accelerator Research Complex

p

Materials and Life Science 
Experimental Facility (MLF)

@JAPAN, Ibaraki, Tokai-mura

Neutrino beam to Kamioka

Hadron Experimental Hall

The beamline for g - 2/EDM experiment 
will be constructed at the J - PARC MLF H - line.

Four Muon beam lines in MLF

π

Muon target

µ+

U-line

D-line

H-line

S-line

to Neutron target

p
https://slowmuon.kek.jp/index_e.html

400 MeV
LINAC

3 GeV 
RCS

30 GeV 
MR

@ MLF
• 3 GeV proton beam
• µ target and n target
• Beam power 1MW (First half of 2022 : 830 kW)
• Double pulses, 25 Hz 
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Positron detector

J-PARC muon g-2 /EDM exper iment  (E34)

Storage Magnet

Muon Accelerator (4-stage)IH-DTL
RFQ

DAW

DLS

slow µ+ production 
target

transport line（26 deg. bend）

Must suppress emittance growth during acceleration + transport (~40 m)

M. Abe et al., Prog. Theor. Exp. Phys., vol. 2019, no. 5, May. 2019. 

Overview talk by Ce Zhang. 
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Muon cool ing for  g -2 /EDM exper iment

Silica aerogel targe

Silica aerogel target Ionization laser

electrostatic acceleration

• Thermal muonium production and laser dissociation produce 
ultra-slow muons (USM) [PTEP 091C01 (2014), PTEP 123C01 (2020)].  

• The demonstration test of the USM generation via laser 
ionization was conducted in 2022. (talked by Ce Zhang)

USM production
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Muon acce lera t ion
Develop a new accelerator dedicated to muons using electron/proton accelerator technology. 
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µ (106MeV /c2)

e-gun

RFQ

DTL

SDTL

ACS

DLS

p (938MeV/c2)

e (0.511MeV /c2)
e.g., KEK linac

e.g., J-PARC linacve
lo

ci
ty

 β
 (=

v/
c)

RFQ
324 MHz

IH-DTL
324 MHz

324 MHz

324 MHz

DAW
1296 MHz

DLS
2592 MHz

972 MHz

2856 MHz

Need to develop a new muon linear accelerator and demonstrate acceleration. 

212 MeV
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Basic  des ign

Designed muon LINAC performance satisfies experimental requirements. 

Frequency 324MHz, 1296MHz, 2592 MHz

Intensity 1×106 /s

Rep rate 25 Hz

Pulse width 10 ns

Norm. rms emittance 1.5 π mm mrad

Momentum spread 0.1 %
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5.6 keV
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4.3 MeV 40 MeV0.34 MeV 212 MeV

… …

Slow µ

µ+

µ+

µ+ µ+

µ+

2592 MHz
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2018 2020 2022 2024 2026

History  /  schedule

RFQ

IH-DTL

DAW

DLS

World’s first Mu- acceleration
Mu- source

Profile measurement
Bunch measurement µ+ acceleration test

Prototype IH study Design µ+ acceleration test

Prototype DAW study Design

Fabrication.
IH-DTL is ready!

1st tank fabrication

Design Prototype DLS
fabrication

Fabrication

Fabrication µ+ acc. test

Beam test
Cavity development
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Muon cool ing for  acce lera t ion test

Al target

electrostatic acceleration

• Negative muonium (Mu−; μ+𝑒−𝑒−) production using   
a simple aluminum (Al) degrader was employed as    
a slow muon source. 

• The measured intensity was ~10-3 Mu-/s [PRAB.24.033403].
• The intensity was enough for the acceleration test. 

In 2016~2017, a compact muon source was developed to demonstrate muon RF acceleration quickly.

Mu- production
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μ+ (~3MeV)

5.6 keV

89 keV

Mu- production

RFQ

QM, BM

MCP

Mu- acce lera t ion wi th  RFQ
(Nov.  2017)

The world’s first 
muon RF acceleration

RF-on : event rate = 

RF-off : (no significant signal)
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[Next ]  µ+  acce lera t ion

Previous test (2017~2018) 

@ MLF [test beamline]

Cooling by Al target
• Beam ：Negative muonium (Mu-)
• Acc. energy ：89 keV
• rate(meas.) ：~10-4 Hz

µ+ acceleration test is planned in 2023.

Next test (2023)

@ MLF [test beamline]

Laser ionization cooling (1S-2S, 244nm)
• Beam ： µ+

• Acc. energy ：89 keV
• rate(sim.) ：~ 10-1 Hz  (B.G. = ~10-4 Hz)

Surface 
µ+

MLF S2 Area Soa lens

USM target

Surface 
µ+
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coupler

tuner (×6)
~ 1450 mm

Drift Tube (DT)

IH -DTL (Inter-digital H-mode Drift Tube Linac)

APF IH-DTL accelerates and focuses using only an RF electric field.

High efficiency and short-range acceleration are necessary 
to suppress muon decay loss during acceleration in the low-velocity region.

was adopted. 
APF: Alternating Phase focusing
For transverse focusing, 

Transverse focusing is possible only 
RF E-field by adjusting the 
synchronous phase (φs ) of each cell.

No focusing magnets→ Simplified DT
J

Transverse	:	focus
Longitudinal	:	defocus

t	=	t0	 t	=	t2	

φs >	0

φs > 0

Transverse 
Focusing

Ez

324MHz , TE111

β = 0.27

300 kW Klystron
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Emit tance  growth due  to  APF

L

ε& 0.316

ε' 0.189

Output beam design-emittance

Tolerance level Δ𝜀 < 10%

instead of the conventional method solving a periodic solu-
tion of the transfer matrix. Based on the scan results, the
transport line from the RFQ to the IH was designed using
TRACE3D [20], and the beam distributions at the RFQ exit
were then transported using PARMILA [12]. Figure 5 shows
the calculated phase-space distributions of the output beam.
The emittance growth was calculated to be 0.018⇡ (6.1%)
and 0.027⇡ mm mrad (16%) in the x- and y-directions, re-
spectively. This is consistent with the evaluations using the
wb distribution to within a few percent, and the small dis-
crepancy is due to the di�erence in the distribution shape
in the z-direction. The transmission e�ciency without any
selections in output beam was calculated to be 99.9%. The
beam transit time ttran. was 25 ns and the muon survival rate
is calculated to be exp(ttran./⌧µ�) = 98.9%, where the aver-
age Lorentz factor during acceleration is labeled �. The total
transmission is expected to be 98.7%, which is su�cient for
the J-PARC (g � 2)µ experiment.

Figure 5: Calculated phase space distributions at IH exit. (A)
the horizontal divergence angle x 0 vs x, (B) the vertical diver-
gence angle y0 vs y, (C) y vs x, and (D) �W (W�4.5 MeV)
vs ��.

In conclusion, the beam emittance will meet the require-
ment for the J-PARC g � 2/EDM experiment.

ERROR FIELD STUDY
Since beam stability relies on the RF field in the APF

method, the beam dynamics may be strongly a�ected by
an error field. In order to estimate the error field e�ect to
the emittance growth, the RF field in each gap is scaled by
a range of few percents independently and then the beam
dynamics in the scaled fields are calculated numerically.
The emittances of the output beam are calculated with 50
sets of the pseudo RF field and sum of the average shift
and rms is evaluated as the additional emittance growth �".
Figure 6 shows�" as a function of the scaled factor. Because
fluctuation of the emittance is larger in the y-direction due to
the vertical field, �"y is slightly larger than �"x . The field

error is required to be less than 2% to suppress additional
emittance growth with less than 10%.
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� � �
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S�>H
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Figure 6: Additional emittance growth as a function of the
field scale factor.

One possible cause of an error field is a fabrication error.
Because our operational frequency is slightly higher than
existing IH-DTL, the fabrication error may be significant im-
pact. In order to estimate the fabrication error e�ect, some
dimensions in the IH model in CST MW Studio are artifi-
cially changed and the axial field variations are investigated.
Figure 7 shows the field variation when one of the drift tube
outer radius is changed. The change is 2% in maximum with
general fabrication error of 100 um. Other dimensions such
as the drift tube inner radius, stem radius, and incline of
the tube and stem are also investigated. It reveals that the
field error is about 2% when the fabrication error is less than
100 um.

JDS�
� � �� ��

�(
'

�����

�����

�

����

���� ���XPRXW
'7��5

���XPRXW
'7��5

����XPRXW
'7��5

����XPRXW
'7��5

Figure 7: Variation of the axial field peak in each gap when
one of the drift tube outer radius is changed.

Since the error field due to the general fabrication error
of 100 um is expected to be comparable to the requirements
for 10% additional emittance growth, a slug tuner is studied
as the field tuner. Figure 10 shows the field variation when
the slug tuner is inserted. The error field distribution is
consistent with the mode mixing of higher mode of TE111
whose resonant frequency is higher with about 6 MHz than
operational mode of TE110. Because there is a clause at
z = 800 mm in the TE111 resonant field, it is important to
set more tuners around that position and mix higher mode
of TE112, in order to get higher tuning capability. The

Proceedings of the 13th Annual Meeting of Particle Accelerator Societ\ of Japan
August 8-10, 2016, Chiba, Japan

3A6J2016  783017

- �61 -

Random Error field [%] 

Δ𝜀𝑦 < 10%

[π mm mrad]

Since the APF method uses the RF field for beam focusing, the field error of the 
on-axis electric field significantly affects the beam dynamics. 

- derived from beam injection requirement

We should suppress the field error to less than ±2%.  
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~ 250

~ 1320

[mm]

Prototype Real
model 

Q0 8600 10910
RF power [kW] 65 310
Emax [MV/m] 34.7 (1.9 Ek) 35.4 (2.0 Ek)
Energy [MeV] 1.3 4.26
duty 0.1% (40µs, 25Hz) 0.1% (40µs, 25Hz)

Development  i tems

for experiment  
Field error < ± 2%

Validity of 3D FEM calculation (CST)
(RF field, heat, structure, discharge, dose ...)

Demonstration of high-power operation

~ 320

~ 250

[mm]

16 cell6 cell
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IH-DTL 
prototype

RF coupler

RF circuit
(203D→77D)

Tuner

IH -DTL prototype

IH-DTL prototype was fabricated to 
demonstrate a high-power operation. 

Successful stable 
operation with 
nominal peak power!

High-power test (2022)

cavity in

reflection

forward

(75 kW, duty 0.1%)

(Requirement)

RF signals of high-power test

center plate
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IH -DTL ( fu l l -model )

IH-DTL cavity is ready! 
→[Next]  µ+ acceleration test with RFQ and IH-DTL is planned in 2024.

Fabrication of IH-DTL was completed in Mar 2022. 

monolithic DT structure

Tuner

Field error < 2% 
(within requirement(< 2%))

On-axis field measurement

Oxygen free copper
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J

• High acceleration efficiency in middle β 
• Excellent field stability
L

• Design and analysis are complicated. 
• There are few examples of usage.

DAW CCL

16 m (14 tanks)

Stem

Disk

Washer
QM

DAW tank (11 cell)
Co-axial bridge coupler

~ 740 mm

µ+ µ+

2.5 MW L-band2.5 MW L-band2.5 MW L-band

β = 0.27 β = 0.7

Dynamics and cavity design 
were completed*.

e.g. for proton linac                                                           
[S. K. Esin et al., in Proc. LINAC88, 657-659  (1988).]

* M. Otani et al., J. Phys. Conf. Ser. 1350, 012097 (2019). 

(Disk and Washer Coupled Cavity Linac)

DAW 1st tank and bridge coupler model
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DAW (1 st tank)

Fabrication of DAW 1st tank is ongoing. 

Disk Stem (Before coating) Washer Assembly (Jul 2022)

After processing tests with the prototype, some components for the real DAW were fabricated.

Oxygen free copper
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• DLS is often used in electron 
linac (β=1). 

• However, muon velocity 
increases rapidly (β=0.7–0.94).

↓ new DLS dedicated to muons

• Disk spacing (cell length) varies 
proportionally to muon velocity.

• A quasi-constant gradient type 
with linear tapering iris apertures 
is adopted.

DLS

µ+ µ+

β = 0.7 β = 0.94

DLS1 DLS2 DLS3 DLS4

40 MW S-band 40 MW S-band 40 MW S-band 40 MW S-band

(W = 212 MeV)

The dynamics and 
cavity design of the 
2592 MHz S-band 
DLS were completed*.

(Disk Loaded Structure [Traveling wave])

* K. Sumi et al., doi:10.18429/JACoW-IPAC2022-MOPOST017

2b

2a 
(iris aperture)

D (cell length)

Disk

Coupler 
cell

Regular cell
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8 cell 

water ch.

Prototype  DLS

The prototype DLS will be fabricated in 2022-2023. 

We plan to fabricate the four components as the prototype DLS1.
• for RF performance measurement, error study …

Proto-DLS1 : 
upstream 

coupler cell

1

upstream
8 cell 

2

downstream
8 cell 

3

downstream 
coupler cell

4

Regular cell : 68

DLS1 : 
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Summary

1. Cavity development is in progress.
• 324 MHz IH-DTL : Ready

• 1296 MHz DAW CCL  : Under fabrication
• 2592 MHz DLS : Proto-DLS1 was designed

• We are currently developing the muon linac for the muon g-2/EDM experiment. 

2. Beam test is planned. 
• µ+ acceleration w/ RFQ. (2023)
• µ+ acceleration w/ RFQ-IH-DTL. (2024)

These work were supported by JSPS KAKENHI grant numbers 25800164, JP15H03666, JP16H03987, JP16J07784, JP18H03707, 18H05226 , JP20J21440, S18J22129,
19J21763, JP20H05625, JP21K18630, JP21H05088, JP22H00141; the JST FOREST Program (grant number JPMJFR212O); and the natural science grant of the Mitsubishi
Foundation. These studies were based on results obtained from a project commissioned by the New Energy and Industrial Technology Development Organization (NEDO).

µ+ acceleration test

Next step
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