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Particle µ± p+ e±

Mass (MeV/c2) 105.66 938.27 0.511
Mean lifetime 2.198 µs ∞ ∞

Charge e± e+ e±

Spin (h/2π) 1/2 1/2 1/2
Magnetic moment (J/T) 4.49×10-26 1.41×10-26 927.4×10-26

Gyromagnetic ratio (MHz/T) 2π×135.53 2π×42.57 2π×28024.2

So…what is muon (µ±)?
It is an unstable elementary particle obtained as a spin-
polarized secondary ion beam in accelerator facilities.

(…A materials scientist’s view) 

Dual usage of the character “µ”
Name of the elementary particle (muon)
Supplementary unit for 10-6 (a millionth)

It happens that muon (µ) lifetime is in the range of microseconds (µs)!

1. Introduction



Muon facilities around the world

BOOM (Booster Meson Facility in KEK) = the world’s first pulsed muon facility (~2006)
®J-PARC MUSE (2009~) with three orders of magnitude higher muon flux.

BOOMBOOM

J-PARC-µ

Mass production of muon



Materials and Life Science Experiment Facility

Neutron Facility
(JSNS)

Muon Facility 
(MUSE)

MUSE=“Muon Science Establishment”

← 9 beam lines will 
be available upon the 
completion.
5 is under operation.

Muon Facility @J-PARC



D-line
U-line

Slow (4 MeV) ~ 
fast (50 MeV), 
general-purpose 
beamline with 2 
exp. areas.
(2009~)

Ultra slow beam 
(0.1~ 30 keV), near-
surface, sub-micron 
scale condensed 
matter physics, 
chemistry, etc.
(2014~)

µ+
µ±

S-line
Slow beam (4 MeV),
dedicated to bulk 
µSR ultralow tem-
perature/high 
magnetic field/pulsed 
excitations.
(S1:2015~)

µ+ H-line
Slow（4 MeV）〜fast
（50 MeV）beam, for 
particle physics, 
atomic physics 
(“precision frontier”)

µ±

S1

H1

U1A
D1

D2
U1B

MUSE current status



S1 Instrument: ARTEMIS (µSR)

D1 Instrument: µSR

D2 Instrument: µ- X-ray 

D2 area is also available for 
user-made one-time setup.

U1A/B: commissioning
S2: Under construction
H1: Under construction

Instruments open to general use program



Decay-in-flight 
muon beam 
(5 ~ 50 MeV)

Protons

Surface muon beam (~4 MeV)

Carbon
target

π±®μ±+νµ (mean lifetime = 26 ns)
π± distance of flight ~ 26[ns] x 0.3[m/ns] x 0.6 ~ 4.5[m]

(Momentum~102MeV/c ~ 60% of the velocity of light)

π+’s stopped near the surface 
decay into μ+

(~ 4 MeV)

π±’s ejected 
from target

Proton
3GeV Carbon

nuclei

p
12C

p+

p-

Positive 
pion

Negative
pion

Muons are created from π mesons that are 
obtained as products of spallation reaction 
by irradiation of high energy protons on a 
nuclear target.

E = mc2

How to make muon beam?

Mass of π±~140 MeV/c2 means that initial proton energy must be 
considerably greater than 140 MeV (typically 500 MeV or higher).



Thermal muonium is emitted from 
hot tungsten surface, which is ionized 
by LASER for post-acceleration.

Protons

π+’s stopped near the 
surface decay into μ+

(~29 MeV/c
~ 4 MeV)

Generation of ultraslow muons

Hot tungsten foil
(~2000 K~0.2eV)

µ+

e-

Muonium

LASER (pulse width~ns)

H.V.
+ H.V.

E = 0.2 eV ~ 30 keV

Ionization

Re-acceleration

How to make muon beam?

to sample



4 MeV

0.2 mm

Ultraslow μ+ Surface μ+

E 0-30 keV

0.5nm-200 nm 0.02-1.8 cm

１ nm

µ+

Decay-in-flight μ+/μ-

< 1 mm

µ+

1-1.5cm Cu

µ-

Sub surface, 
Thin films

Bulk µ+SR μ±SR under high 
pressure, etc

Spin-polarized µ＋

Transmission
Imaging, etc

µ-

µ+

in copper
[m]

10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100R

5-50 MeV （100 MeV-２ GeV）

µ+

Muon kinetic energy (E) vs stopping range (R)
Origin of µSR



a) Muon Implantation --mesons are mass-produced by
irradiating a high-energy proton beam on a solid target,
which then decay into muons. They are collected by a beam
channel and transported to a specimen. The muon spin
(magnetic moment) is perfectly aligned to the direction of
transport.

b) Precession of Muon Spin Those muons implanted
into the specimen (typically a few mm in depth) stop
at the interstitial sites of the atomic lattice,
immediately starting to rotate the spin around the
local magnetic field exerted from nearby atoms (in
addition to an external field), where the frequency of
rotation is proportional to the local field.

c) Muon Decay/Detection of Positron
A muon decays into an energetic positron and two neutrinos with a
natural lifetime of 2.2 μs. The decay process has a very useful character in
which the positron is preferentially emitted to the direction of the muon
spin, making it possible to identify the spin direction at the time when
muon decays. Because the decay timing varies among many muons, we
can reconstruct the time evolution of the muon spin as an ensemble.

Muon Spin Rotation, Relaxation Resonance...=µSR



π+：Spinless particle (S=0)
νµ (neutrino) is nearly massless, and helicity = -1 is a near-eigenstate.
® Conservation of spin forces μ+ to take helicity = -1, 
namely,  
μ+ is ~100% spin-polarized along the direction of motion.

= -1

€ 

p ⋅ S
| p || S |

What is “parity violation” in weak interaction?

π+→μ++νµ
Spin®

Weak decay of pion:

(E~ 4 MeV)

cosq = 100% violation, i.e., neutrino (antineutrino) is 
left (right)-handed.

Origin of µSR



A muon decays into a positron
(electron) and two neutrinos with a
mean lifetime of 2.198 micro
second (µs):

μ±®e±+νe+νµ
The parity violation (i.e., 100%
right/left-handedness of neutrino)
leads to spatially asymmetric
emission of positron (electron)
along muon spin polarization.

Parity violation also at work in µ-e decay:

muon spin

...Muons tell you which direction their spin was pointing 
upon their decay by emitting energetic positrons (electrons) 
preferentially to the spin direction.

[Because the muon decay is a three-body process, the asymmetry is not 
100% but a finite value (1/3 when integrated over the e± energy).]

Origin of µSR



(Classical Picture)A magnetic moment with spin angular momentum undergoes 
precession motion in a magnetic field, where the frequency of 
precession is proportional to the magnitude of field.

€ 

dM
dt

= γµ[M ×H]
...Bloch equation

(gµ=135.53 MHz/T: gyromagnetic ratio)

Magnetic Field

Torque

Mag. Moment & Spin
Precession

Gravity

“Top (Gyro)”
Precession

Torque

M

H

Motion of magnetic moment under a magnetic field



tt=0

FB stop

Time gate

stop

histogram
F(t),B(t)

Fclock

t
e+ F(t)

B(t)

€ 

A(t) =
F(t) −αB(t)
F(t) +αB(t)

...Muon is not identified.

startbeam trigger
...

...

...

...

B-clock

[ISIS-RAL(UK), J-PARC(Japan)]

e+

μ+

µSR experiment using pulsed muon beam

Principle of µSR

Bex



Principle of µSR



Principle of µSR



Principle of µSR



新分光器の問題と対策（遮熱板配置）：ドリフト改善
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D1 Spectrometer@J-PARC MUSE

試料

Muons

Backward 
counters

Kalliope module
(16 detectors/unit 
x 24 = 384 detectros)

(Since 2014~)

...One must collect many positron events at every muon pulse (~102~3 e+s/pulse), 
requiring many detectors./The initial timing (t=0) is determined by accelerator. 

We can forget about the limit of muon
incoming rate for dc beam experiment. 

Forward counters

µSR experiment using pulsed muon beam

µSR Spectrometer



d = 0

μ+×

Magnetic field distribution around muon site

Simulation
144.0 [mT]
Experiment
173.2(3) [mT]

La

O

As

Fe magnetic 
moment 
m ~ 0.63μΒ

Muon 
site is 
near As

Example: Iron-based superconductor showing magnetic order 
LaFeAsO1-dF(H)d

Muon probes local 
magnetic field in 
atomic scale.

d

Bdip
~ -m/r3

m

×μ+

Muons in matter – where is muon site?

As3+ + Mu ® (AsMu)2+ + delocalized e-



Atom Muonium Hydrogen
Reduced mass (me) 0.995187 0.999456

Bohr radius (nm) 0.0531736 0.0529465
Rydberg energy (eV) -13.5403 -13.5984

Positive muon (µ+) : a light radioisotope of proton
[mass=mp/9, charge=e+, spin=1/2]

Electronic properties

µ+ p+

Difference in electronic 
structure ~ 0.4%

[NB: …not necessarily true for dynamical properties.] 

Mu ≒ H
e- e-

m 'e =
mpme

mp +me

m 'e =
mµme

mµ +me

Muons in matter – how muon behaves?



Positive Muon (µ+) : a light radioisotope of proton
[mass=mp/9, charge=e+, spin=1/2]

Local electromagnetic property

µ+ µ+

e-Aµ Muon spin is glued to electron spin 
via hyperfine interaction:
Aµ/gµ = 0.1585 T 

B

Gyromagnetic ratio of Mu (spin-triplet state: gMu=14079.87 
MHz/T at low field) is 103 times greater than that of µ+ 

(gµ=135.53 MHz/T).
® Charge state is readily discerned by response to magnetic 
field.

gMu=103gµ

gµ

Muonium



Hydrogen (H) is the key player in semiconductors...their electrical activity is 
strongly altered by H.¬It is difficult to obtain information on isolated hydrogen
(at the dilute limit).

Recent example: Muonium (Mu0) states in GaN

Shimomura, Kadono et al. PRL 92 (2004) 135505

Small activation energy Ea = shallow 
doner state®GaN may exhibit n-
type conductivity by H doping 

Muonium simulates the state of isolated H in matter!

conduction band

valence band

Band
gap

Ea Mu0

Mu0®µ++e-
Mu0

Mu±

Typical example 1: Muonium in Semiconductors

Hydrogen in matter
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fine parameter of shallow muonium state, such as in ZnO [5] and rutile TiO2 [6], an automated sample
rotating rod, with the rotation axis parallel to the beam axis is prepared (Fig.4b); with the µTC and
vertical helium flow cryostat, the angle dependence measurement of the hyperfine coupling param-
eter of the shallow muonium state is now fully automated. An example of a Fast Fourier Transform
spectrum of the shallow muonium state in ZnO is shown in Fig.4c.

(a) (b) H//0001=25 mT 
T=2.5 K

(c) ZnO 

Fig. 4. (a) Micro transverse-field coil (µTC) together with vertical helium flow cryostat installed in
ARTEMIS. (b) Rotating sample rods: the rod with the smaller sample disk is automated by a stepping motor
and is computer controlled. (c) Fast Fourier Transform spectrum of ZnO shallow muonium state as measured
at ARTEMIS.

2.3 IROHA2 Auto-run system and experiment monitoring system
Auto-run sequence system to run a series of measurements, together with a remote monitoring

system of the running measurement is the key environment for the experimentalist not being a slave of
the spectrometer. MLF has its own auto-run system called IROHA2 [7], and our µSR data acquisition
(DAQ) system and sample environment (SE) apparatus is designed to incorporate with the IROHA2
sequence. IROHA2 sequence server is a web-based python script environment (Fig.5a). By drag &
dropping the “façade” (a series of script to perform a single task, such as set the SE parameter or
start/stop the DAQ), the experimentalist can prepare, save and run a desired measurement sequence.
Although the IROHA2 system is still under development and there are features which are not friendly
to the users, µSR measurements by IROHA2 can control the measurements for a few days without
having a problem. The control of the sequence, SE parameters and DAQ is currently limited to the
J-PARC local area network (JLAN) for safety. Monitoring of the SE parameters and DAQ status is
open to the internet by a server on the KEK network. The histogram data of the µSR measurement
are also available on a KEK server with a password protected for each experimental numbers [8]. The
histogram data files may be downloaded upon request from the histogram data viewer in the format
of MUD, PSI-BIN and RIKEN-RAL so that the data is readable with major analysis programs, such
as musrfit, msrfit and WiMDA.

3. Conclusions and current status

At S1 experimental area, we developed and installed a general purpose µSR spectrometer ARTEMIS.
The detector and data acquisition system are completed and ready for the future 1 MW operation
of MLF. Although there are rooms for improvements, auto-run and experimental monitor is imple-
mented, so that remote monitoring of auto-run measurement has becomes available. Sample Envi-
ronment is being extended; currently, usual measurement at 2.5 K to 300 K, with transverse field of
maximum 25 mT (50 mT for 3.5 K and higher), longitudinal field of maximum 0.4 Tesla has become
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Sample environments for angle-resolved µSR (2017~) 
Vector magnet modes
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Auto-sample-rotating holder

S-line: S1 Instrument=μSR spectrometer ARTEMIS

…controlled on data acquisition system via IROHA2

…combined use of LF and 
TF magnets

ZnO

Electric structure of Muonium in oxide

2021/4/30 Lecture on Kyusu Univ. 2020



µ+ in NaAlH4 demonstrated the formation of a dialanate
complex [AlH4

--µ+-AlH4
-] by hydrogen bonding.

Behavior of µ+ in 
NaAlH4 changes 
drastically by Ti
doping.®the same 
must be true for H. 

 

Ti-doping

Kadono, Shimomura et al. PRL 100 (2008) 026401

Typical example 2:
µ+ in H-storage materials, NaAlH4

Hydrogen in matter



e.g. µ- in S i r= e0 h2

p m2 Z (n=1)

28Si14

µ-

e- rµ=1.8́ 10-4 Å
re=3.78́ 10-2 Å

cf. nuclear radius of Si  = 4́ 10-5 Å

・µ-SR with negative muons

Lifetime µ Z-4：due to µ- nuclear capture
e.g.  ≈0.77µs in Si  [cf. µ+:  2.19709(5) µs]

Spin polarization: Pµ<16 % [cf. µ+: Pµ≈100 %]
®small decay asymmetry A0 < 5%

…an on-site spin probe with a 
reduced atomic number (Z-1).

One may need 102〜103

times more intense µ- beam.

C

Si

Trans. Metals

The probability for µ to decay into electron is sharply reduced with 
increasing Z, making it very unfeasible for dc beam (i.e., too many 
“incident µ” events that are not associated with decay electrons®...it 
may become feasible only with pulsed intense beam of J-PARC!

Appendix: Negative muon (µ-) as a probe of matter

Ü



Bronze coins, bells

Rusted / modified surface has different composition from the inside.
Surface analysis methods, e.g. PIXE, XPS, EPMA are not suitable.
Non destructive element analysis methods inside  
is not established.

Plated statue

Necessity of  non-destructive, 
depth-selective, multi-elemental analysis

2021/4/30 Lecture on Kyusu Univ. 2020

Non-destructive elemental analysis by negative muon 



1. Energetic muon slows down and 
stops in material

2. Muonic atom formation
Muon capture in atomic 
muonic orbital

3. Muon cascading process
Characteristic muonic 
X-ray emission

4. Muon in muonic 1s state
Spends several lifetimes 
(50-2000 ns)

5. Natural decay or muon capture 
in the nucleus
Gamma-ray emission

Muonic atom formation and following processes
nucleus(Z)

electron

negative muon

Characteristic 
muonic X-ray

nucleus (Z-1) Gamma-ray

2021/4/30 Lecture on Kyusu Univ. 2020

Negative muon and muonic atom



Characteristic X-ray emitted during de-excitation 
process of muonic atom

Bohr model2021/4/30 Lecture on Kyusu Univ. 2020

What is muonic X-ray ? 



Element Ka Kb La Lb
C 76 89 14 19
O 134 158 25 34
Al 347 422 66 89
Fe 1256 1704 264 357
Cu 1513 2126 307 444
Pb 5966 8466 938 1372

~200 times larger than the corresponding electronic X-ray

2021/4/30 Lecture on Kyusu Univ. 2020

Muonic X-ray Energy (keV) 



J-PARC muon facility
J-PARC/MUSE is world’s intense muon beam source
5-120 MeV/c (0.1-60 MeV) muon beam is available
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2021/4/30 Lecture on Kyusu Univ. 2020



l Muonic X-ray non-destructive element analysis
100-channel Ge detector under 
Bunri-Yugo program

Test experiment for Hayabusa-II 
returned sample analysis

Muonic X-ray Measurement System @D2 



bottled Kampo (herbal) medicines used in the Edo period 
K. Takahashi, K. Takaura, K. Ninomiya, A. Sato (Osaka University), N. Ueda (Gangoji institute for 
research of cultural property), I. Umegaki (Toyota Central R&D Laboratories, Inc.)
M. Tampo, S. Takeshita, Y. Miyake (High Energy Accelerator Research Organization)

• OGATA Koan (1810-63): A physician found Tekijuku, one of the origin of Osaka University. We applied 
the sealed medicine bottle contained in his medicine box, one of  the treasures of Osaka University.

• The peaks of O, Si, Cl, Hg, Pb were detected at 55 MeV/c incident muon momentum condition.
Ø Hg and Cl were assigned as the main components of the content of the bottle: consistent with the 

previous speculation which the character “⽢” written on the lid means Hg2Cl2.
Ø O, Si, and Pb seemed to originate from the bottle: correspond with the results of XRF.

We succeeded to analyze the medicine sealed in the glass bottle by muonic X-ray.
Shimada-Takaura K et al, Journal of Natural Medicines (2021) Accepted

OGATA Koan’s medicine chest Measured bottle Energy spectrum of muonic X-ray analysis

Muonic X-ray Measurement @D2 



Nondestructive detection of Li deposition by muonic X-rays 
I. Umegaki et al., Anal. Chem. (2020) 92,12,8194-8200. 

Distribution of muons with different 
momentum in a laminated graphite anode.

The relationship between the intensity of muonic Li X-rays and charge 
capacity, which corresponds to amount of Li, in the Li intercalation 
and the deposition regions. 

We succeeded to detect nondestructively Li metal deposition on the 
graphite anode by measuring muonic X-rays through a laminated 
package. We also demonstrated that, taking advantage of depth 
resolution of muons, a location of the deposition can be detected.

Pictures of (up) Li metal deposition on the 
graphite, and (down) sample in a 
measurement chamber.

Muonic X-ray Measurement @D2 



Summary

・High muon flux + Pulsed time structure are advantageous for
... slow dynamics studies (10-4~10-6 s)
... experiments under pulsed excitations (light, rf, field, …)

and/or transient phenomena
... µSR using negative muons (µ-) : NMR with Z-1 nuclei

・More beamlines/users
...open worldwide®variety of user levels

・Closer contact with neutrons
...neutron facility is on the same floor of MLF :

complementary use of muons and neutrons

・The intense negative muon beams at at J-PARC
have enabled wide range of compositional analysis study.

New researchers are welcome! Come to J-PARC MUSE!


