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Muon Facility MUSE @ MLF
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Muon Precision Measurementin J-PARC MLF
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Citationhistoryof BNL &FNAL papers

Othermediaarticlesin
Asahi shinbun, Yomiuri shinbunn,

Nikkei shinnbun, Tokyo-Chunichi shinbunn, 
Jijitushin,Nikkei Science,Newton

Featuresof the J-PARCexperiment
Å Lowemittancebeam(1/1,000)

Å Improvements
Å Highinjection efficiency( x10)
Å Compactstoragering(1/20)

Betterfield uniformity ( x10)
Å High granularitytrackingdetector( x10)

Å Simultaneousmeasurementof EDM(x70better)

Muon g-2/EDMexperiment

https://physicsworld.com/a/physics-world-announces-its-finalists-for-the-
2021-breakthrough-of-the-year/
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Muonium
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ÅMuonium Hyperfine Structure 

(MuHFS:ɝ’)

Muonium 

’ ρȢωπφGHz

‘Ἥ
’ ςȢυυφGHz

Zero field

High field(1.7T)

‘Ἥ pἭ
Hydrogen-like atoms

ÅThe bound state of ‘ and Ὡ
ÅNo internal structure

ÅRelatively long lifetime (2.2 ɛs)

ÅTwo independent methods for the 

MuHFS measurement

4.463 GHz



Not included QED weak hadronic correction

Fine Structure 
explained by Dirac

Classical Lamb Shift 
QED

Tomonaga, Shwinger,
Feynman 

Mu Energy Diagram 

2022/8/19 Lecture on U,of Tokyo2021



Precise measurement of Mu HFS

ωThe most rigorous validation of 
the bound-state QED

nHFS(exp)    4463.302 765(53) MHz (12 ppb) LAMPF1999

nHFS(theory) 4463.302 891 (514) MHz (121 ppb) D. Nomura (2013)
nHFS(QED)   4463.302 720 (512) (98) (3)MHz(mm/me) (QED) (a)

nHFS(weak)           -65 Hz
nHFS(had v.p)       232(1) Hz
nHFS(had. h.o)         5 Hz

QED calculation ҦEffort for 10 Hzis in progress by Eides et al.
Phys. Rev. A 86, 024501 (2012), PRL.. 112, 173004 (2014), 

Phys. Rev. D 89, 014034 (2014)

mm/mp =3.18334524(37) (120ppb)

mm/me=206.768277(24) (120ppb)



Precise measurement of Mu HFS

ωStrong relationship with muon gҍн

ωпΦнˋ ŘŜǾƛŀǘƛƻƴ ōǘǿΦ ǘƘŜƻǊȅ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘ

ω!ƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅ ƻŦ ǎǇƛƴ ǇǊŜŎŜǎǎƛƻƴ ˖ 

ωIt is important to measure precise muon massindependently

mm/mp accuracy from direct measurement 120ppb
W. Liuet al. Phys. Rev. Lett. 82 711 (1999

From gī2 storage ringFrom muonium HFS
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Experimental Procedure
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Microwave
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Downstream
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Kr gas
Upstream

detector

Muonium

Magnetic shield(ZF) / 
Superconducting Magnet (HF)

Muon captures electron from Kr to form muonium

Muon spin flips when  the microwaves frequency is on-resonance

The muons likely emit positrons in the spin direction

MuHFS is determined from the relationship between microwave frequency and 
asymmetry of the counts in the downstream/upstream detectors.



Muon captures electron from Kr to form muonium

Muon spin flips when  the microwaves frequency is on resonance

The muons likely emit positrons in the spin direction

MuHFS is determined from the relationship between microwave frequency and 
asymmetry of the counts in the downstream/upstream detectors.
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Experimental Procedure
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Muon captures electron from Kr to form muonium

Muon spin flips when  the microwaves frequency is on resonance

The muons likely emit positrons in the spin direction

MuHFS is determined from the relationship between microwave frequency and 
asymmetry of the counts in the downstream/upstream detectors.

Polarized

Muon beam
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Experimental Procedure
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Beam Line J-PARC MLF MUSE

D2

ÅCompleted (ZF)

ÅBeam intensity 6×106ɛ+/s (0.6 MW)

H1

ÅIn preparation (HF)

ÅBeam intensity108ɛ+/s

3 GeV proton

25 Hz pulsed 

W. Higemoto, Quantum Beam Sci. 1 (2017) 11. 

N. Kawamura et al., PTEP 2018 (2018).

doi:10.1093/ptep/pty116, 113G01.
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Status of MuSEUM(2014 - 22)

Experimental setup
resonance result(in 2016)

20132011 2015 2017 2019 2021

ZF

HF

R&D

R&D

New Beamline Construction

Proposal

Submitted
1st

1st 2nd 3rd 4th 5th

ÅUntil the construction of the HF beamline, ZF experiments were conducted at the existing 

beamline to verify the principle.

ÅDeveloped Rabi-oscillation spectroscopy, reaching an accuracy of 160 ppb (a world record 

for the zero field experiment).

ÅWe are preparing for the first HF experiment.

2023

Rabi-oscillation spectroscopy
S. Kanda et al.,Phys.Lett. B 815 (2021) 136154. S. Nishimura et al., Phys. Rev. A 104 (2021) 020801



Comparison of conventional and Rabi-oscillation 
spectroscopy 
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Rabi-oscillation spectroscopy

ωThe detuning frequency is directly obtained 

from the Rabi oscillation 

ωNo need to sweep microwave  frequency

Simulation

Standard

ωDrawing the resonance curve with microwave frequency sweep

ωAsymmetry in the microwave power across a resonance line would 

lead to difficulties in extracting the line center



Rabi-oscillation spectroscopy analysis

ωEstimation of the singalof Rabi-oscillation by the 

simulation

Fit estimated signal to the obtained data
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Muon stopping
distribution

Microwave power
distribution

Rabi-oscillation signal
from all muonium

Time
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Data

We can obtain the detuning 

frequency from the single

microwave frequency data
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Results of 
Rabi-oscillation spectroscopy

17

Microwave frequency

Detuning frequency



Results of Rabi-oscillation method (multiple 
microwave frequency)
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Result 4,463,301.61 ± 0.71 kHz (160 ppb)
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New Muon Beamline

ÅA high-intensity beamline is under 

construction that can provides beams 

of ρ ρπ‘ȾÓor more.

ÅFirst beam was provided from 

2022.Jan. !

LAMPF : ς ρπ‘ȾÓ

υ ρπ‘ȾÓJ-PARC D Line : 
(MuSEUM ZF)

ÅIn high field experiments, the statistical 

accuracy reaches 5 Hz (1.2 ppb) after 40 

days of the measurement.



New muon H-line starts operation!

First beam on Jan. 15th, 2022!

20

H1 area

Beam commissioning is on-going

with many members and groups
KEK, SOKENDAI, Osaka city university, Osaka university,

Nagoya University, Niigata university, Ibaraki university,

and Kyushu university

Muon beam profile

x̀=44mm, ỳ=24mm
Time spectrum of

muon decays

Muon intensity is roughly consistent with 
our expectation (>108 /s with1MW).
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Magnet & Passive Shimming

M. Abe, magn. reson. med. sci., vol. 16, no.4, Oct. Pp. 284-296,2017.

K. Sasaki, et al., IEEE Trans. Appl. Supercond.,10.1109/TASC.2022.3190803 (2022).  

Superconducting Magnetic field : 1.7T

Requirements for the field are

Å0.2 ppm (peak-to-peak) uniformity in a 

spheroidal volume with z=30 cm, r=10 

cm.

Å±0.1 ppm stability during measurement.

Magnetic putty.

0.17 ppm (p-p)

Nickel films

0.28 ppm (p-p)

Iron shim plates

341 ppm (p-p)

Microwave

cavity

Polarized

muon beam

Kr gas

Gas

Chamber

Magnet (HF)

The accuracy of the magnetic field is an 

important point for high field experiments.

Shimming process by passive shimming 

method (1.2 T)
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NMR Probes(by Tada et al.)

200mm

Three types of probes

A) Standard probe (Almost prepared)

B) Field camera (in progress)

+˃

Magnet
Fixed probe

30 cm
50 cm

20 cm

C) Fixed probe (in progress)

ÅA high-precision NMR probe to calibrate others.

ÅAn accuracy of 15 ppb has been achieved.

ÅCross-calibration is underway in a joint research project 

between Japan and the US.

ÅA 24-channels rotating NMR probe that maps 

magnetic fields.

ÅDeveloped two types : large and small

ÅUsed for shimming

ÅDeveloped 10-channels prototype

ÅA compact probe to 

monitor magnetic field 

stability during experiment.

H. Yamaguchi, IEEE Trans. Appl. Supercond. Vol. 29, no. 5, Aug. 2019, Art. no. 9000904

H. Tada et al., IEEE Trans. Appl. Supercond.,10.1109/TASC.2022.3190264 (2022).  

Ch1

Ch6Ch5
Ch4

Ch3

Ch2

Ch10

Ch9

Ch8
Ch7
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Expected Precision

HFS uncertainty for high field experiments

We are aiming for a precision of 5 Hz, a ten-fold improvement from the 53 Hz 

of the previous experiment.

ÅB-Field and NMR probe accuracies will give an uncertainty of 8 ppb in the magnetic 

moment ratio ɛɛ/ɛp.

Contents Uncertainty (Hz)

B-Field and 

NMR probe
0

The NMR probe under development and passive 

shimming method

Gas 3 the new high-precision silicon gauge

Power drift Less than 1 the temperature control

Pileup 2 the segmentation and front-end electronics

Impurity Less than 1 the Q-Mass monitoring



MuHe HFS Resonance Curve

Frequency ς4465050 kHz
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Time cut: electron data from 2 µs after second µ¯ pulse !

March 11ς17, 2021 Beamtime

ω ¢ŀǊƎŜǘ bƻΦ м
ω ¢ŀǊƎŜǘ bƻΦ н
ω ¢ŀǊƎŜǘ bƻΦ о

[2020B0333]

First Resonance Observed

3 atm

4 atm

10.5 atm

[2022A0159]

[2021B01
69]

February 2022 Beamtime

May 2022 Beamtime

(on-line analysis only)



ZF

HF

Extrapolation to Zero Pressure

ZF: H. Orth et al., PRL 45 (1980) 1483
HF: C. J. Gardner et al., PRL48 (1982) 1168

Dn= 4464.95(6) MHz (Orth et al.) [13 ppm] zero field (ZF)
Dn= 4464.004(29) MHz (Gardner et al.) [6.5 ppm] high field (HF) 

Dn= 4464.997(18) MHz (MuSEUM) [4ppm] zero field

ü Probably a New World Record

Tentative Result !!
ά.ƭƛƴŘέ !ƴŀƭȅǎƛǎ

in progress

(on-line analysis only)



By spin exchange optical pumping (SEOP) with Rb vapors: 

(µςHe)+ ion will form molecular ion in few ns in high-pressure He gas (~10 atm).

(1) Polarization through dissociation of molecular ion He(µςHe)+ via:

Repolarization of Muonic He Atom

Ὑὦᴻ ὌὩ‘ὌὩ ᴼὙὦ ὌὩ ‘ὌὩ Ὡ ᴻ

Ὑὦᴻ ‘ὌὩὩ ᴽᴼ ὙὦȢ ‘ὌὩ Ὡ ᴻ

(2) After neutral muonic atom formation, further polarization via:

After short-lived collisions the polarization of the transferred eςis shared with 
ǘƘŜ άpseudo-nucleusέ όIŜҡς)+.

for µ4He: 6% ­ 44%
Improvement by a factor 7 possible !

!ŦǘŜǊ ǘƘŜ ŎƘŀǊƎŜ ŜȄŎƘŀƴƎŜΣ ǘƘŜ άpseudo-nucleusέ όIŜҡς)+ and the polarized eς

are coupled through the HFS interaction, thus polarizing the muon.

Rb (4Heɛ
ï
)

+
e
ï

eï

ɛï
eï

ɛï
eï

ɛï

Rb (4Heɛ
ï
)

+
e
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Muon Polarization in Muonic He

4He (no CH4) 3He (no CH4)

4He (with CH4) 3He (with CH4)

A. S. Barton et al., Phys. Rev. Lett. 70, 758 (1993)

ὃὸ
ὔᴻᴻ ὔᴻᴽ
ὔᴻᴻ ὔᴻᴽ

ὖ ὸ
ὃὸ

Ὢὸὥ
ὪὸΥfraction from He, ὥ: analyzing power

Glass cell target:ό¢ Ғ нлл°C)
Å Sphere: ~Ø2.5 cm x 100-µmt

Å He: 8 atm
Å Rb: 4.4 x 1014 atoms/cm3

Å N2 : 75 Torr
Å CH4 : up to 250 Torr

Rb polarization reversed every 2 min.



SEOP for µHe HFS Measurements

New MuSEUM-SEOP collaboration just started ! 

Experimental Challenges:
Å RF field inside glass cell (mesh windows, glass cell shape)

Å SEOP in high magnetic field

Å Magnetic field uniformity inside glass cell

Å Gas pressure and temperature stability

Å bŜǿ ǎȅǎǘŜƳŀǘƛŎǎ Χ

Prototype Gas Cell
Ø74 mm x 152 mm

(picture from Ino San)

Schematic layout 

KEK: T. Ino, S. Kanda, S. Nishimura K. Shimomura

Nagoya Univ.: S. Fukumura, T. Okudaira, M. Kitaguchi, H. M. Shimizu

Tohoku Univ.: M. Fujita, Y. Ikeda (glass cell)

JAEA: T. Oku



Papers on MuSEUM
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Rabi-oscillation spectroscopy

ZF and HF cavity

Time

ZF experimental apparatus & first result


