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Physical nature of muons

in 1936. Nobel Prize laureate C.D.
Anderson discovered the first muon?
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Unstable, average lifetime = 2.2 Us
Spin 1%, point-like, born polarized, quantum magnetic probe
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Large mass, energetic X-ray emission, elemental probe

Three originations: cosmic ray / accelerator / laser driven




Origin I: Cosmic-ray muons
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Origin 11: Accelerator muons (o
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Origin 1i: Accelerator muons

Facility Status

Location

AL
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Beam mode Target mode

Apbplication

TRIUMF Canada CW POT MeVs FP, AS
FermiLab Us Pulsed (12Hz) POT GeVs FP
ISIS UK Pulsed (40 Hz) POT MeVs AS
PSI Operation Switzerland CW POT MeVs FP, AS
CERN-SPS Switzerland Pulsed POT GeVs FP
J-PARC Japan Pulsed (25 Hz) POT MeVs FP, AS
RCNP Japan CW POT MeVs FP, AS
CSNS _ China Pulsed (1 Hz) POT MeVs FP, AS
RAON Construction South Korea CW POT MeVs AS
SNS us Pulsed (50 kHz) POT MeVs AS
JLab Us CW EOT GeVs FP
SHINE Consideration | China Pulsed (50 kHz) EOT MeVs - GeVs FP, AS
CiADS China CW POT MeVs FP, AS
HIAF China Pulsed (3 Hz) POT GeVs FP, AS

CW: Continuous Wave, POT: Proton on Target, EOT: Electron on Target, FP: Fundamental physics, AS: Applied Sciences
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https://www.nature.com/articles/s41567-025-02872-2
https://www.nature.com/articles/s41567-025-02908-7

Research frontiers in muon scienee

Muons: Bridging the Micro- and Macro-scopic Extremes of Universe!

— Muography Cosmic messenger

Beryllium 3 c 1 . vm
Transmission

Matenal charactenzation Precision measurement
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“** Applications not limited to this list!


https://www.nature.com/articles/s41586-024-08543-1




uSR: muon spin rotation/relaxation/resonance
R spectra Material
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Advantages

Neutron scattering [
Mossbauer [

O NMR
I ac susceptibility
I Remanence
1 ] | | | 1 1

10° 102 104 108 102 10" 107
Fluctuation rate, s’

QA local auantuum magnetic probe (no need to search reciprocal space)
eUniaue & wide time scale (complementary to NMR/neutron scattering)

eVery wealk effects (small moment magnetism ~ 1073 py/Atom)

e RLandom & inhomogeneous magnetism (c.g spin glasses, quantum spin liquid)
eShort range order (where neutron scattering is not sensitive )

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

eSingle particie detection (with extremely high sensitivity)
ONoO sample restrictions (in choice of materials to be studied)



Applications

® DPassive probe ® Actlive probe
(heavy lepton) (light proton)
Superconductor Magnetism Semiconductor  Ionic conductor

Movement of electrons and holes
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Nat. Rev. Meth. Prime. : Muon Spin Spectroscopy Courtesy Dr. Adrian Hiller @ IS1S Muons



https://www.nature.com/articles/s43586-022-00094-x#:~:text=Muon%20spin%20spectroscopy%20%E2%80%94%20commonly%20known%20as%20muon,material%20to%20study%20its%20dynamic%20and%20static%20properties.
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Web of Science analysis (muon spin spectroscopy / muon spin relaxation / muon spin rotation ) 2025/11
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https://webofscience.clarivate.cn/wos/woscc/summary/6b2439d9-76b7-407f-b09d-d2b09f6a5a64-ff85396c/relevance/1

Spectrometer composition
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MELODY muon source @ CGSNS 11

Muon station for scibEnce technol Ogy and inDustryY

Fons TEKE Y & &

- China Spallation Neutron Sourceg s,

————

CSNS II (2024 - 2029): target station, a surface muon beamline, a uSR spectrometer
10% - 107 u'/s , > 95% polarization, pulse width 130 ns .
Surface p: 28 MeV/c; Decay u: up to 100 MeV/c Dr. Yu Bao(88%8)’s talk



https://indico.triumf.ca/event/537/contributions/6732/

Instrumentation @ USTC/CESNS

o/ PAS

fi/ spectroscopy

Pre-study Prototype R&D Construction
(2007 - 2014) CLIEER L)) (2024 - 2029)

/

1 generation 2™ generation

Beamiine desisn PMT-based detectors SiPbM-based detectors
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Instrumentation @ USTC/CSNS
T ‘ Beam tests
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1s¢-Gen PMT based spectrometer
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FEE: Front-End Electronics, LED: Leading-edge discrimination



1s¢-Gen PMT based spectrome
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https://ieeexplore.ieee.org/document/9494415/

2nd.Gen SiPM based spectrometer

Outer

Middle

SR,
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Scintillators

QL, ZWP, et al, uSR2020 proceeding (20253) pEannt g | . i IR
QL, ZWP, et al, uSR2025 proceeding (accepted) SiPM-FEE, 29



https://iopscience.iop.org/article/10.1088/1742-6596/2462/1/012022

2nd.Gen SiPM based spectrometer
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The first version has been successfully demonstrated using

ISIS muons

QL*, ZWP*, et al., NIMA 1082 (2026) 170918 The updated version 1s ready for muon beam test %



https://www.sciencedirect.com/science/article/pii/S016890022500720X?via%3Dihub




Physical processes

Muon Induced X-ray Emlsslon (MIXIE)

Muon capture

iseilital

Cascade de-excitation
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Advantages
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e High energy. high penectrating capability ( 200 times of electrons, induced X-rays with an
energy In 10s keV - 10MeV)

eInergy dependency on atomic number (multiple atoms/elements distinguishable at one time)

e Bettler sensitivity 1o low-Z materials (high X-ray energy that can be responded by detectors)

e Adiustable muon beam Momentum (depth analysis of elemental distributions)
oeNoOn-destructive measurement (no radiation risk to materials) 2



Mult¢i-field applications

Meteorite Cultural heritage Li-ion bhattery

Discharge 7

Biomaterials isotope analysis

00 906
1807 16

Adnian Hillier, et al., Handbook of Cultural Heritage Analysis, Chapter 3

Healthy Bone Osteoporotic Bone



https://link.springer.com/referenceworkentry/10.1007/978-3-030-60016-7_3

Scacus: eilemental concentr:

Non-destructive Elemental Analysis of Asteroid *‘Ryugu® Sample
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https://www.science.org/doi/10.1126/science.abn8671
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H 1 atest progress in China
USTCi&FX/ECUTHEM coded mask imaging
CSNS: B iifs/B8 pixelated CZT MIXE spectrometer
USC: BEHF/ EBE% novel time-stamp imaging method
SZTU: ZEJFF spherical encoding-based ICF target

element 1imaging

29


https://indico.ihep.ac.cn/event/20601/contributions/143921/
https://indico.ihep.ac.cn/event/24109/contributions/189054/
https://indico.ihep.ac.cn/event/24109/contributions/189073/
https://indico.ihep.ac.cn/event/24109/contributions/189065/

Coded mask imaging @ USTEC /| ECUT

® Muons: 32.9 MeV/c @ 32x32 mm?
® Sample: 31x31x2 mm?
® Mask: MURA array 61x61 pixels

® Detector: CdTe detector
32x32 mm?with 128 pixels

cell size in 0.25%0.25 mm?

Reconstructed image 1.06% 1n energy resolution

I =0 TTN 0 Im e 0 2COV(0,0) 255
=0 * € qu . &= N =5 | A
Fe- {1,, hole . _ { 1, hole d Efficency S —
0, wall =1, wall [ Figure of merit: FoM =Q/|n(e)

0=I86=0+N&G~0 Z. Lin, 7. Pan” et al. NIMA 1034 (2092) 166783 20



https://www.sciencedirect.com/science/article/pii/S016890022200290X?via%3Dihub

Al0.5 mm

€oded mask imaging @ USTE /| ECVU
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20D coded mask imaging simulation

Single pinhole

Coded aperture

84

21 84

Y (Pixel)
2 P

[a)
iy

0.75-mm pinhole &

1.5-mm pinhole

40 51 62 73 84
X (Pixel)

62 73

X (Pixel)

Imaging techniaue Distance[Sample.Det] Aperturesize Thickness
Coded aperture 80 mm 0.75 mm 1.0 mm 0.670  1.95x1073 0.100
) ) 80 mm 0.75 mm 20.0 mm 0.649  9.06x107° 0.060
Single pinhole -
80 mm 1.50 mm 20.0 mm 0.381 9.67x10 0.036

Z. Lin, Z. Pan” et al., NIMA 1034 (2022) 106783



https://www.sciencedirect.com/science/article/pii/S016890022200290X?via%3Dihub

Coded mask imaging @ USTEC /| ECUT

3D cmed mask imaging simulation

(a) Source Mod 1 l (b)ReCOD.Strucuon
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T | g 1
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Source space Gamma-ray Mask ~ Pattern of mask Detector 2 —— Be | ——— .
N 5 _& - & 20 ———
Developed a 3D MLEM 1imaging method o - o ) il )
Validated the feasibility of this imaging method for complex source o b
distribution through simulation o =l | Tl e
10 20 30"”4-0" ) T4.0V—ﬂ3 }\2(()\\“\:)0 o 13 ( 11121(1)1 ) 30’7"4-0_7 vz(;‘“':;o \2(()\“‘“1;) .

Proposed a criterion to determine whether the count rate and number "

of 1terations meet the optimization requirements for imaging quality
Z.Lin*, 7. Pan* et al, NET 58 (2026) 104012 27



https://www.sciencedirect.com/science/article/pii/S1738573325005807?via%3Dihub

C€oded mask imaging @ USTE / ECU
SIPM detector deil

| 22 0.511 MeV
22Na :Ma (2.603 year) e\

Electron captu re___..-""'
(9.7%) e + + e~ 2)/

0.511 MeV

1.275 MeV

LYSO:
Cerium-doped
Lutetium
Yttrium
Orthosilicate

Sensl SiPMs§
-8%x8 pixels




Coded mask imaging @ USTEC /| ECUT

SIiDM detector demonstration experiment

Source y Detector

1 source 2 sources 3 sources 4 sources
T T T T T T T T T T T T 40 T T T 40 T T T
12 E 12 § - (a) Three source (b) Four source
10 |- 1 10r 1 30F 4 30p n
8 F = 8 F l I T Ei '
i 20 - 1 20t 'i
6 1 6f -
4r d 4 1 10 {1 10t
2 ( 7 25 i ‘
| | | 1 1 | 1 1 1 1 _— _— 0 | | | 0 ! ! i
2 4 6 g 10 12 2 4 6 8 10 12 0 10 20 30 40 0 10 20 30

40
Z. Lin*, Z. Pan” et al., Radiation Measurements (Under review) 34
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H Muon sources

» Cosmic-ray muon: accessible to any beings

» Accelerator muons:

. In operation: TRIUMF, PSI, MuSIC-RCNP, ISIS, J-PARC (mainly for applied sciences)
. Fermil.ab, CERN (only for particle physics)

. Under construction: MELODY-CSNS, RAON

. In plans: SHINE, CIADS/HIAF@IMP, SEEMS@SNS, JLab

» Laser driven muons (Feng Zhang et al, Nature Physics 2025)

B uSkh spectrometer develonment
» MELODY is under construction in CSNS II (2024 - 2029)
» USTC group developed two generations of uSR spectrometers collaborated with CSNS group
» The SiIPM spectrometer 1s about to be constructed

B MIXE elemental imaging

» Four groups in China are working on methodology and instrument developments

» USTC/ECUT group proposed 21D/3D coded aperture muonic x-ray imaging methods, and
demonstrated the 2D method n simulations and experiments

36



Prospects for

igh granularity v Digitization v In-situ
'/ e tracking v Better resolution v Multi-samples

Higher samplerate Lower samplerate

+ 13 peaks

Amplitude (V)

e .“"\.-‘- j "..‘“ j u '\\ :' “l"“,.‘j" .
045 Tin:':°(us) x . MUItIpIe Sample.%




Prospects for

oDetector
v CdZnTe: 16%16 cells
v 7 1 mm?2

*Algorithm

v* Cross-Correl
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Thanks for your attention!
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