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Muon science and its multidisciplinary applications
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Muons were discovered by C.D. Anderson in 1936

Carl David Anderson

(1905-991)
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Spectrum of muons as a function of the
muon momentum.

©® 1 muon (cm2 minute™)

® On average about 600 of them
cross a human body every minute

Range of cosmic muons

® a few kilometers (mountain)

® more than ten kilometers (atmosphere

ISIS Neutron and Muon source

Decay at rest
H;surface muon)
Decay in flight
(decay muon)
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Accelerator muon sources

Facility  Type of beamline Momentum
MeVe )
TRIUMF  Surface 29510%
Decay 40-120
Psi Low-energy muons 045-25
Surface b3
Decay 60-125
1S1S Surface »
Decay 15-120
FPARC L gy n T
development) as system is under
development
Surface 0
Decay 5-120
MuSIC Surface 8
Decay 28-80

Accelerator muon sources

P. Selection

P Analyzer

TF Decay Section

Proton beams{

Rangs far)
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Adrian D. Hillier, et al., Muon spin spectroscopy, NATURE REVIEWS, 2,4(2022)
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Muon production [ cu  Cosmic muons @}

The acronym “uSR” was coined in 1974 in the uSR Newsletter: ‘ I 1
— 107

HSR stands for Muon Spin Relaxation, Rotation, Resonance, Jonisation of atoms and P, ] Decay beam @ ]
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muon

Muonium(1960)

Positronium(1951)
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Local magnetic field at the p* site

Bioc = Bext + Bdip + Brermi
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s-orbitals have non-zero
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MSR: A quantum magnetism probe

T T T T T T T

Neutron scattering S “
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Fluctuation rate, s

®Unique & wide time scale (complementary to NMR/neutron scattering)
OVery weak effects (small moment magnetism ~ 1073 py/Atom)
®Random & inhomogeneous magnetism (e.g. spin glasses)
®Short range order (where neutron scattering is not sensitive)

®Full polarization in zero field (independent of temperature, unique
measurements without disturbance of the system)

®Single particle detection (with extremely high sensitivity)
®No restrictions (in choice of materials to be studied)
OA local probe (no need to search reciprocal space)

Superconductor

USR: A quantum magnetism probe

N, !
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Charge transport lonic conductor

Polaron motion
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Web of Science, “muon” Science with uSR 4=

nature

® Mielke, C,et al., Time-reversal symmetry-breaking charge order in a
kagome superconductor, Nature 602(2022)7896

i

13,140
64,384 Instruments Instrumentation
Physics

6,343

Engineering

® Al Ma'Mari,et al., Beating the Stoner criterion using molecular interfaces,
Nature 524,(2015)7563

12,109
Chemistry ® Pratt, FL,et al; Magnetic and non-magnetic phases of a quantum spin
liquid, Nature 471,(2011)7340

25,6814 ® Bramwell, ST, et al; Measurement of the charge and current of magnetic
. monopoles in spin ice, Nature 461,(2009)7266

Astronomy Astrophysics 10,214
BEEEUCECoRY :/,IBfG — @ Li, Y.et al; Unusual magnetic order in the pseudogap region of the
SIEHSE SEEHES superconductor HgBa,CuO,,;, Nature 455, (2008)7211

©® G.M. Luke et al., Time reversal symmetry-breaking superconductivity in
Sr,RuQ,, Nature 394 (1998) 558.

Science with puSR FR{RTFE RS R A A R s R #R T B R

Mielke, C,et al., Nature 602(2022)7896
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M. Amores, et al., i, sLa, sMOg (M = W®*, Te®*) as a new series of lithium-rich double
perovskites for all-solid-state lithium-ion batteries”, Nat. Comm. 11, 6392 (2020)

L. Clark, et al., T dii ional spin liquid behaviour in the tri I;
honeycomb antiferromagnet TbInO,” Nature Physics, 15, 262 (2019)
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Muon beam development Muon cooling methods < 1keV range

Frictional cooling in gasses

Surface muon
(Conventional slow muon)

Relatively efficient , problems with

100mm FY2013 . 1 keV _ muonium formation, loss LE muons
i = _ in extraction from gas cell
bl Y Miers muon beam
10mm- Wy L, by reacceleration muon microscope:
\ up'to MeV 30 pSR mapping
o N | ‘with ~10um in -
& 1lmm Cold moderator method .
z - | 7 Soatalrssolution ) Uses layer of solid rare gas as a
H TR moderator for controlled slowing
o 100pm taace A | Bulk W™ 10eV e down emission process. Successfully
g | Sy I operating at PSI for 6 years .
10pm B 00 depth \@ by R Efficiency up to 4x10-5
e SE =
2014 s T
1pm N [l Laser ionization of muonium Only pulsed operation < 30 Hz rep
reacceleration e

& complex laser required
o T T0am T 100 T qyn T 100 T 100w 1mm oeptn © <leV = = £ & currently low efﬁ_Ciel?C)’QO's)«
50eV)  (lkeV)  (20keV) (50keV) (250keV) (1MeV) (Energy) — l.ﬂ ® Smaller energy distribution
" ® Smaller spot size
® Timing capability

FY2015

5

Mugnium target (W Tungsten )
Muonium (0.2eV) e - e
Utra-Slow muon ——- (.,M.v,: e PSI e X

Ulira slow muon ( eV~ - some parts LN, cosied I

oty P : =
@slow down ey Low-energy p e = ™ [
Rare-gas gas film ‘ Germ
® a s-Ne moderator Eneray 0,5-30 eV

= Muon beam with extreme small transverse dispersion AE. At 00eV, Sns

| ® 4500/s Depth: -2-300nm

‘ Polarization: ~ 100 %

Target Muonium lonization lasers | Muonium is a bound state Beam Spot: = 12 mm (PWHM)

of muon and electron

Sample envirorment

B.*0-03T,80-000T
(12 sample watace)

TE25-I0K

y
/ = =
Ultra slow muon nitial accel. LINAC
(0.2 eV) (5.6 keV) (320 MeV)
®

.
Surface muon
(4 MeV)

= High iseha!jzgmg

Utra-Slow muon@Laser resonant ionization ISIS RIKEN-RAL

LE-p* —
4 MeV muons 7. 0.2 eV thermal Mu 0.2eVpt B &W%‘?Tmo‘ﬂ nPr: fovel

— Cryostat
- ® LE-p*/s with 50% —F
spin polarization

Y — Ultra Cold
—l€ . e .__- Muon Beam ® Efficiency: 3x10 -5
(10%/5)

|
|
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Proton beam  Surface muon Muon linac(300MeV/c) |+ Magnetometers. , | " Vacuym level
(30MeVic, 10°s) L sample ":I [ 3:10* hPa (typ.)
. - Solenoid magnet  —| [*
® Tonization energy of muonium is 13.6eV ® Use two-photon resonant ionization with 8, T~ sitron counters ! |
(corresponding wavelength is 90nm), 122nm and 355nm photons. Since the 1S-2P Fy f%o‘elmopewlrs] & I G
—Single photon ionization is difficult. transition s a strongly allowed transition, g +—! Lead shiekding -~ ) | (@
. high efficiency is expected. ’ . I ]
15-2P e P _ 4p35p(112]0 -I' .
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J-PARC
Ultra-slow muon

Laser
122nm, 366nm

changed by J-PARC (IMW)
x100) New 00)
more than 105 /s slow muons expected
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Soft x-ray core-level Spectroscopy

X-ray X-ray Absorption Spectroscopy(XAS)
Photoelectron X-ray Emission Spectroscopy(XES)
| Spectroscopy(XPS) Resonant Inelastic X-ray Scattering(RIXS)
| etection 1
| Augers2*%¥ Emission || Soft x-ray Fluorescence
soft-XAS, 99% XAS, XES, RIXS, <1%
Photon-In-Electron-Out || Photon-in-Photon-out

core-electrons 44
Tunable photc

I
|
‘-\: e i _.-‘.' \ Emitted electron "_uhatonﬂ
@ / ® .ﬂ . ! 2 -

N 4 NA L7

(@
®
=

./ Il B [/
2 )
| Siey e 1 o (@) H
A
| L o Excitation: 2p/r P! ® .?p“
Core-electrons> | N
Excitation: unoccupied states | | 4 ™~ o

Core-electrons Fvacvum | |L

ZFIRFXGHE

negative muon nucleus(Z)

moncste L1 SAERMEER

‘Valerjce plectrons {10 6V =]

electron

ST
T

e setion)
Voo he22u)

l: BRFEE

S=2

XGHLFNHRE FREEIISYIRTREMSMEX, 8

BAFTEBRAEN!

BEAERSME

= il

K, Xeray Emergy (kev)
g

The K, X-ray energy for various clements.

OXSILLHEEE, SR, 2keV ~ 10MeV (2 Ty AERAI2001%)

ORETRHEXHEAREEREKR, TULTERHIA

O SR Z 4 R R (R, T Bl i) 280 15)

OLEE T, T DUNER MR RERE S B RETRIDAG M)
© TG U ORI 75 7 T AL R T 5305, 51206 52 U T8 A A T LA 22K

IRERS SR

2L uES)

Healthy Bone  Osteoporatic Bone

BFIR

RfZRSHT




2022/4/24

A new X-ray fluorescence spectroscopy for extrater
restrial materials using a muon beam

Controlling muon momentum from 32.5 to 57.5 MeV/c, we successfully demonstrate
a depth-profile analysis of light elements (B, C, N, and O) from several mm-thick
layered materials and non-destructive bulk analyses of meteorites containing organic
materials. @J-PARC MUSE

2.mm 35mm 5.3mm74mm

XKa /AHLa

730 35 40 45 S50 SS§
Momentum (MeV/c)

Scientific Reports, 4, 5072(2014)
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Tnsensiny

e
Energy keV'}

FREINGASR

Sn 22.1+2.0

Pb  6.1+0.8

K. Ninomiya, et al., JPS Conf. Proc. 8, 033005 (2015)

N
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MXEA is a unique technique to detect all elements (except for H) in
materials with a non-destructive way.

SEIRRE

HUXEA spectrum
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1. Umegaki, et al., JPS Conf. Proc. 21, 011041 (2018)
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Hydrogen atom  Muon hydrogen atom
ri=0.529°A

Muonic Hydrogen and the Proton Radius Puzzle

proton charge mdiss | fm)
The proton radius measurement performed at PSI by means of the muonic hydrogen technique.

The size of the proton, Nature 466,213(2010)

Hot fusion, Coulomb repulsion Muan catalyzed fusion
t
Y G = 1
— £ —
L; L (T3 a9
—0 L— t —_—— D —
05310" em Ty 15+10" em
—
pd.t .t
Enlpe):-13.6 eV Evlpp): -2.5 ke

S MEERERIRECHE;

SHERETTE LIZERIBAHERRECHE;

SRBHREBEMF207(F, ENMAIEEEIIMHER, ES
BEHK, BERMEFRHMETHRIRE.

01947 idea of MuCF (F.C. Frank, Nature 160, 525)

01948 (A.D. Sakharov, Lebedev Rep.)

® 1956 First observation of muon
induced fusion (Alvarez in
bubble chamber)

® 1982- Observation of large dt fusion
rate Studies in Dubna, LNPI(Leningrad
Nuclear Physics Institute)y LAMPF (Los Alamos
Meson Physics Facility ), PSI, TRIUMF

©® 1986- KEK

©® 1996- RIKEN-RAL

DT u— ‘He+n+ u+17.58MeV
DDy — *He+n+ u+3.27MeV
DDy —T+ p+u+4.03MeV

TT 1 — He+2n+ u+11.30MeV

® Since that time pCF-research
has spread over the world: 35
laboratories from 15 countries
are involved in this activity now.
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Breakeven for pCF

Lawson criterion for various hot fusion devices

® The average energy cost to
produce a muon as around
5GeV.

1090 ® The average energy produced

per DT fusion is 17.6 MeV .

® Each muon must catalyze at least
1980's 5000/17.6 = 284 fusion reactions

® The 35% probability of
reactivation and 1.5% sticking
fraction of fusions per muon has
been estimated to be between 150
10 100 and 200 fusions per muon.

Fusion product, nT.. Tj (105 m™2 s kev)

Breakeven appears to be
impossible without either
reducing the energy cost
of the muon or solving the
It:emrel lon temperature T (ke'V) StiCking prOblem'

1870's

HCFHBIR | SCIG AR
dtun ™7 dt

fepk R¥E
® Dubna: W Z]depIEHRE AT R AT
\
By

KUCF in laboratories

©® LAMPF: 23L& % T 120/ uCF cycle
® PSI: AR A FHMEE B dtIE S T EInCF cycle, a-pERil

® TRIUMF: tnJE FH
o GBE—IRREEBM, IHERE

SEIRE F— KBS i ® KEK: ifffta sticking x-rayB it 2, pi%# 3 Heild 72
A= b (o 3 3
_ R L RS ® RIKEN-RAL: T 5t sticking x-rayB Rt R, FRIEAWT
) ” ® 300 )R 1& ¥ & LA X % scientific
TGS break-even , 1000 iR {8 7 A B HIRCF cycle

a Sticking

economic break-even, BEI&HIF
BFRA1500% (LAMPF, Dubna)

Cycle time:2x10°8 sec.
Muon lifetime:2.2x10° sec.

= >
kiR TR
Ishida@ RIKEN-RAL

Xeray

Kino Yasushi @ Tohoku University MuSUN Collaboration@PSl

dd p formation

. Ortho- and para-D, in uC|

® 19937 i[5 FFIANCFERIL TS ® 2008 FIRdUR FHS

® R\ AKX R T non-adiabatic | | o gigy i@t SRR
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: method” S eI NN
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soomex soogmpon e flight uCF (IFUCF)SX3%, F) AMach el
~ - . . . N 2 BF b o =5 55 - R
e ek Experimental configuration at RIKEN-RAL MRS dUE R ESBERS KBTI T1.48x108s1)
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The International Society for pSR Spectroscopy (ISMS)

§u‘\cﬂ for

International pSR Conferences

*The 15 uSR 2020 (Parma) postponed to 2022.
*The 14t uSR 2017 (Sapporo)

*The 13t pSR 2014 (Grindelwald)

*The 12t uSR 2011 (Cancun)

@ ISIS Muon Training
School (every two
years, experiments)

@ ISIS Muon
Advanced School
(theory, applications)

The Young Scientist Award
® PSI Summer School E (Since 2017)
on Condensed

Matter Research

2022/4/24

FH &2 F % (cosmic-ray muon
imaging, muography)

FHRBTHREN. FBERIE, R
RAMIEBSI G “8REE” , WA
A emB B E KA F REMERE

2 F R iE 5 Bk 1% (muon beam
transmission imaging)

ZFRRBER. SHETH, BIWE
e gy LY NG b= a3
34T 2DERIDIE A RAZ o

2 F |7 F X5 & Bt (& (muonic X-ray
imaging)

R F AR IR 5 B R ER I R BURFIEX S
2, FIASERRUEBTUNERNITT
KB AT R & .

1. FEHES TR
ARSI AR — ?CT =G — 2 FEBiniR

—r

ﬁul.nln[m:
® Multiple Coulomb Scattering ©® Energy deposition of charged particles
® Charged particles crossing material dE Z1 KB ST
are deflected '&mpZ/T 1"1 I3 HEIE

® The deviation angle (projected on a
plane)has a Gaussian distribution

o(6)=2OMEV. X[ 03gin X
T pep Xu X,

® Mass attenuation length following Beer-
Lambert law

_ —ux
=1,

RRRE

Muon tomography (ZFCT)
Muon radiography (2 F&54)
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Search for Hidden Chambers

1970: L.W. Alvarez (1968 Nobel Prize)

"Search for hidden chambers in the pyramids

using cosmic rays".
Science 167: 832

20174, HAENEEGHE, AFHEST
BHRBEIT S, BE T ARETIENT
E—ANZRRBEAMNKARERES .

Discovery of a big void in Khufu’s Pyramid by observation
of cosmic-ray muons Nature 552, 2017

2022/4/24

19555;, . X%‘J!ZE. P.George 2019FEREWI/RBAEHAE  19954F KKK, Nagamine I FH
FRIBAT RRARIM Guthega- FUIERB BN Alfretondt PRI HRBFHFB LT T R,
Munyangbi¥ P #8454 . THEWR .,

RIFAII: 3th [R5k M MIFREs

Using Muography to'Pi@#lict Volcanic Eruptions

FIABE BRI Kk 1L

FHEZTEHRBEA RS IR S
TR SR AR B 2 S 15 8 B I TE R T
B, NCOMREFILMRE T 2
MR ER: AAEANTFH*, BETH
FIBRARBHERL (4110005K) , BWE
ZHCOHFFRAN N .

—

m@?”%ﬁ%ﬁ%@_ :
WA REERH AR

S e—————
2003EXELANL ARIRE EEDSCAF, FRUTE

THHMHTHR EE—-EFH  TERRRBROBEIRN
LB THHBENEER. R4

TRURHE ARSI B

20174 B RFIINFNE S T EEEE
HHEZFREIBRNTEE.
OURBHNES], £45rF10mrad)

201247, FEMIE/KBK LTI AT

DU i SR BT B BB A 217

B ZSAABETIE, HTF2014EEKE i

Boulby M7 T ERIUHERAN. - I;
i

A 0.4% change in the mean reservoir
4 z D 44

density (~7% of pore volume) could be
detected at about 1 km depth in 1 year.

———
T,
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2. BFRIEGIRIR

Beam collimator

Positive Simple
muons P Detector 2D image
array

o NIRRESFHABTCIRL, HAZTFRFLIY
B 58 R A9 T X R AT AL AR

OEES, THREMSK

O ZHETTE, TINNARRERRITHE

Optical imaging of muons @J-PARC

Scientific Reports, 10, 20790(2020)

Casled CCD samars

A cooled charge-coupled device (CCD) camera (BITRAN, BU-56DUYV, Japan) to
image the Cherenkov-light of the positrons produced by the decay of muons
73.9-MeV/e 74.5-MeV/e

A8 B 5

3. BFIRFXGILRIE

neam N’ ISIS Muons e o J-PARC
(54
A - ..
Ernsiicioal e @ RBRESSPECTHLL, LR
N e RRER AR ET R T XA R
® BT AAFR, EIREA S EEI
BB BAML NI ;
ol ®

characteristic
muonic X-rays

. ® EER, TR
/ - © AR, AT

muon images using imaging plates
@J-PARC

Sem

Sem

M. Doyama, et al., NIM A 600, 60 (2009)  resolution of 50 pm

Non-destructive 3D imaging method using muonic X-rays

H A& K BR K 22255 78 & 7 Fl muonic X-rays(J-PARC)F
double-sided strip detectorfill 2%t Bt FI3DBRAR »

polypropylene (PP) balls

Small-1

109 mm

Scientific Reports, 12, 5261(2022)

SLISHEE @ISIS Muons
LAeE EEmIE

Al (66 keV)

]
Boam Collimasor R0,

o
Al
1

C (75 keV)

Sample face on

HEXITEC CTe within the
Dietecior detector housieg

Fe,0; (131 keV)

A. Hillier, et al., JPS Conf. Proc., 011042 (2018)
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SLISHE@ISIS Muons
TIEE

Beam Collimator

-
Sample from al
HEXITEC CTe within the
Dietecior detector housieg

A. Hillier, et al., JPS Conf. Proc., 011042 (2018)

SIS HE@J-PARC

HEETRR@2018

b SAMPLEA

M. Katsuragawa, et al., NIM A 912, 140 (2018)

M. ERiHRSRE

O CSNS | ESRISENE M FiR

o 2FEFE (N RE

> PE EREPTHIBATE R T R BT T %

> HRERHIBERE 1B N E GuSRIES, JHEH T
— ARSI T %

® FRSHIRIAR

O SR 7 22 1) [l B DU K 27 Y R A

O [& Py —MF T4 — 4 B HR I 220002 A 3L

Ok, BH. EX, @k PRbR, BRI,
B i 46 22 5% BT L2 A P u SRR AE A B -

o ZFREMNAMRNERNTER

MuSR design @ USTC

Updating muSR prototype to Baby-muSR spectrometer

128-channel
Two rings
Radius: 150 mm

128-channel
Four rings
Radius: 90 mm

256-channel
Eight rings
Radius: 90 mm

128-channel

Radius: 95 mm (inner), 90 mm (outer)
Length: 40 mm (inner) 100 mm (outer)

> When the degrader thickness is over -m

7 mm, the asymmetry reaches the Allrings  0.0263 9.86
highest by ~ 0.44 (ZF). Innerring | 0.0150 1125
> The asymmetry of all rings is ~ 0.41.

Outer ring 0.010 8.25

128-channel EMUS

14
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256-channel

Radius: 105 100 95 90 mm
Length: 25 40 70 100 mm

» When the degrader thickness is over
7 mm, the asymmetry reaches the
highest by ~ 0.44 (ZF).

> The third ring and fourth ting can be o
grouped fogether. Thirdring  0.0106 621

» The asymmetry of all rings is ~ 0.38. Fourthring  0.0045 e

Super-muSR spectrometer@USTC

Scintillator size: 10x10x18 mm

Arrangement: 32 / ring, 40 ring / bank

Cryogenics: CCR Scintillator + SiPM
Sample supporter: fly-past

Degrader: Brass

> When the number of detector rings is over 10, the asymmetry becomes larger
than 0.4.

» We can group No. 10 - 40 together to get high asymmetry.

» For the 80% polarization, we still have 0.44x0.8=0.35 asymmetry

Muonic X-raysBIZFLRHRRIEIR 5 iZ@USTC

S

W
A

Reconstruction

SERNEFHES FRGNABELTELMER

020217 BHERAZHERENSF (1) FEEH
ASHAHYS
JuBE. EYIET. ETREBE. JbR. =K. &K, #dbET.
BHERFENHERRE0EXZRF RIS

o FHEIEEFRIFITINHARHRE

1. MRPCEES, HUH RS

b K: RPCREF, BUH A

FEFFR: Micromegas Y8 R[S, #UG AL ST %
2R BIRFES, B R

b TEWE TR AT BINEES, 5 R

[m]
a
a
[m]
[m]
O J5FREREbulk micromegasFE51], U %

BERREFRIBARFEE@USTC

Platform for p Scattering tomography & Transmission imaging faCility

(uSTC)

/gc i — NI R T RAR
BB R XS RFFLTE .

REBFEHHPRBTRER
LEAR, BB ETERR
BEEWRFE, HERK
REMBRERETFERSE
(M E A HEE<3mm)
BEREENREHEF
CT (hrE5#<150pm) T
FEREMLABF R

" ==
-\
i
L

S5EAMMEES.
BRAEE. BRZERAR, &
ER2EEVREAE,
TR ZEI B, R
S5EARXEL. R
WE., HRENASHAXE

W A ETF R TR

Micromegas¥R il 2% _— ~

o fIE /L ~150 um
o BENHF. XS
® REMIF. TRBLES

Vg on

3
%
C
T

”

R +SiPM

® IEHNP: ~3mm
® SiPM: B, IR EHN
o MiEME. FESIREIE
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