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Basic properties

In 1936, Nobel Prize laureate C.D.
Anderson discovered the first muon!

—~ 5
“

Muon track

Fundamental particle, m, < m, <m,

Unstable, average lifetime ~ 2.2 us

, Spin V2, point-like, 100% polarized, a quantum
magnetism probe

(+1 opposite charge W)




Particle-Nucleus collision COSIHIC'T & Muons
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Accelerator muon facilities

Facility Status Location Beam mode Target mode Apblication
TRIUMF Canada CW POT MeVs FP, AS
FermilLab 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 UsS CW EOT GeVs FP
SHINE Consideration China Pulsed (50 kHz) EOT MeVs — GeVs FP, AS
CiADS China cwW POT MeVs FP, AS
HIAF China Pulsed (3 Hz) POT GeVs FP, AS

CW: Continuous Wave, FP: Fundamental physics, AS: Applied Sciences




Muon projects in €hina

H Indico links
v CSNS-MELODY

v HIAF
v CADS
v SHINE

* Details in Chen Wu/Liangwen

Chen/Hanjie Cai/lun Kai Ng’s talks

-



https://indico.ihep.ac.cn/event/24263/
https://indico.ihep.ac.cn/event/24263/
https://indico.ihep.ac.cn/event/24263/
https://indico.ihep.ac.cn/event/24263/
https://indico.impcas.ac.cn/event/175
https://indico.impcas.ac.cn/event/175
https://indico.impcas.ac.cn/event/184/overview
https://indico.impcas.ac.cn/event/184/overview
https://indico-tdli.sjtu.edu.cn/event/4498/
https://indico-tdli.sjtu.edu.cn/event/4498/

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

Muography Cosmic messenger

Carbon or

Beryllium

Muon collhider

rement

USSR MIXE

“** Applications not limited to this list!


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

(X
&y

do D

Sample

ds, (t
gt“( ) - VuSu(t)XBloc(t)

Electronic clock

A
|
|

Positron
detector

H
Spin-polarized
muon beam
et Muon
\ detector
S, ﬁ :

ut-et +v, +,

Asymmetlry
(positron detection)
S

feiviv) T I | I
Raw tim/e spectrum
—_ -t/T
| N=Nge [1+AP(t)]+B]

1000

Counts per nsec

0.2

T T T T
|

Asymmetry

|
o b o o
N L O

0 2 & 6 8 1C
Time (us)

Np(t) — Np(t)
Ng(t) + Np(t)
W = yuBloc

= AP(b)

Static/dynamical effect
Magnetic fluctuation
SC / magnetic phase
Magnetic volume

Charge diffusion
Radicals
10



Advantages

Neutron scattering [
Mossbauer [

D NMR
I ac susceptibility
" Remanence
|

] ] ] ] ] ]
10° 10? 104 10° 102 10" 10"
Fluctuation rate, s

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

oVery weak effects (small moment magnetism ~ 10 yp/Atom)

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

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

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



Applications

@ Passive probe @ Active probe

(heavy lenton) (light proton)
Superconductor Magnetism Semiconductor Ionic conductor

Movement of electrons and holes

i 015 o 8
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Nat. Rev. Meth. Prime. : Muon Spin Spectroscopy Courtesy Dr. Adrian Hiller @ ISIS Muons



https://www.nature.com/articles/s43586-022-00094-x

Sctatistcics of Chinese users

~ 345 papers > 30 affiliations

L I i A ® Percentage >1% ,
_ | 4
40 é’?a 3 @‘@
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20
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1990 1995 2000 2005 2010 2015 2020 2025
Publication year

Web of Science analysis (muon spin spectroscopy / muon spin relaxation / muon spin rotation ) 2026/4

LE]


https://webofscience.clarivate.cn/wos/woscc/summary/6b2439d9-76b7-407f-b09d-d2b09f6a5a64-ff85396c/relevance/1

€hinese highlights in various fielc

Dr. Guogiang Zhao (¥ [E5E) @ KITS IEEEET

» Spin-charge interplay in the diluted magnetic semiconductor Na(Zn, Mn)Sb studied by multiprobe
measurements and simulations, Physical Review B 112, 075104 (2025)

» Diluted magnetic semiconductors

Prof. Lei Shu(2%) @ FDUNEIErems

> Evidence of Spin Density Waves in LasNi,O,.s, Physical Review Letters 132, 256503 (2024) E e

» Ni-based superconductors

2024
COLLECTION

Prof. Yuanjing Cai(£7tls) @ BUCT

> Free Radical Chemistry of Phosphasilenes, Angewandte International Edition Chemie 59,
16007 (2020)

» Free radicals



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.256503
https://journals.aps.org/prb/abstract/10.1103/myxg-tt85
https://onlinelibrary.wiley.com/doi/10.1002/anie.202006289
https://onlinelibrary.wiley.com/doi/10.1002/anie.202006289
https://onlinelibrary.wiley.com/doi/10.1002/anie.202006289

Continuous VS Pulised

( Continuous \ [ Pulsed

€ One p* & one e ® One p bunch & multi e”
v High time resolution O(0.1 ns) X Low time resolution O(100 ns)
v" Sensitive to fast relaxing signals v" Sensitive to slow relaxing signals
X Coincidence background v No coincidence background
v 0 - 10 ps or shorter v (0 - 32 us or longer
e detector e’ detector
Muon
detector o
bunches
Muon % % %
o




€ Small volume, large solid angle, a few channels

@ Three types of detectors (veto, U / e counters)

@ High time resolution is required

Sample environmenty;



Spectrometcer composition

@ Large volume, limited solid angle, high granularity

@ Only e’ counters
@ High counting rate is required

Detector

Sample
environment
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11 Progress of spectrometer
developments
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Global utSR spectrometcers
_ PSI IEB um
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Global uSR spectrometers

Spectrometers in operation

m

DOLLY->VMS, GPS, GPD, HAL-9500, LEM, FLAME SiPM
TRIUMF cW Helios, DR, N:E(;;Z’_SOIEQL?EI:SE&:QMPE SFUmu, PMT 3
MuSIC CW Reused from KEK PMT 1
ISIS Pulsed MuSR->SuperMuSR, EMU, HiFi, ARGUS, CHRONUS PMT/SiPM 5
J-PARC Pulsed D1, ARTEMIS, USM, CYCLOPS SiPM 4
Iin total: 24

PMT: Photomuluplier tube
SIPM: Silicon Photomultplier

20



Detection technology developments

PM'T’s sensitive to field

st Light guide Scintillator + light guide / fiber
1steen i - Large detector size

« PMT / Counting Limited detector granularity O(100)

Limited ttime resolution O( 1ns)

scintillator

Bulk information

B S1PMs msensitive to field
. g B Scintillator with/without fiber
MdCen . g B B Compact size
o SiPM / Counting S B Large detector granularity O(1000)
Y B Better ime resolution (0.1 ns)
B Bulk information

=g @ Under development
» , IE, @ Pixelated detectors (fiber array / Silicon)
"9 Cen e AV @ Large detector granularity O(10000)
: : K ] @ Time resolution to be improved
(5 P]_X 1 T k]ng —
SN @ 1/ e tracks and decay vertices
@ 2D distribution of internal field? 21
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® Details in

g’s talk

(2015 - 2021)

Demonstrator New technology

128 channels 3024 channels LEAD

% Contributors for MELODY pSR terminal
USTC: FFX. X2, =i, FEE. £2R. A (REKREA) | E6F. [N, BRKEFSABR
CSNS: F38, i, FTER. THEZE. 5. 8BR. MRR. TKR. 3EF. A5, BEMAODYREANF

UCAS: XERE (BUEXRES D)

22



Progress in MELDOY-CESNS

% Science and ‘ MERLIN vesuvio

Technology
Facilities Council ; . 1 SXD &V @ MAPS
ECM Facility ¢ i 5
ISIS Neutron and | uon Faclity &, . ——" # i
.'I/'/ oy

Muon Source S Extracted Proton Beam i, VUSR5 @ -
! -;;-h-ﬂ-“ 0 if

*

* R
RIKEN Muo;rlfacilit;.vésgo o

‘QQQCH RON US’. ‘Om
. . ARGUS

— -

70 MaV 1 nac

1-Gen detector 1-Gen detector 1-Gen detector
2018/03/14 2018/09/25 2019/11/13




Progress in MELDOY-CESNS

1 st Gen Spectrometer ® Lead by Prof. JingYu Tang and

Prof. Bangjiao Ye

Communication with TDC module

FPGA

12-bit DAC

Connector

p PMT1
e puIT2
' PMT3
1 “bit DAC
»;i' | Light guide | PMT4 CFD4 [N
PMT5 CFD5
—_— 1 pMT6 [T T 8 analog
Scintillator switches
T 3 I PMT7 | CFD7
5 J/ I PMT8 CFD8 Power
i R o
Communication with TD b B Do stast 1y
I S [etverk sdspter “Realter FCZe GBE Family Comroller’ on Tomal bort =] TOC Boardl |10c Boardz| 10C Board3] 10C Bordd]
2
15} Tize Interval MChal M Ca2 [ Cand [ Chnd
PMT I 5 FPGA T eman _u Fom Cow Com Com
c Fon9 Qa0 Fcwll oz
S -
O A ¢ ramis Come
I 8 M Canl9 [ Cm20
2 [ Can23 [ Chn24
I PMT1pH o2t [ clmze
o e [
PMT2}
3 PMT3H
Light y
. PMT4H
guide i s
I PMT6
PMT7 D] Steps
I
I PMT8 LED] POWER Tine Linie:0- [ o
e — At
. . ‘ \
Scintillator i i
e e, =

FEE: Front-End Electronics, LED: Leading-edge discrimination, PZC: Pole-Zero Cancellation Z. Pan, et. al., IEEE TNS 2021



https://ieeexplore.ieee.org/document/9494415/
https://ieeexplore.ieee.org/document/9494415/

Progress in MELDOY-CESNS

2"d Gen detector prototypin

@ Details in Qiang Li’s talk

— SiPM board

<
.

Detector array

WSR2020 proceeding (2025)
USR2025 proceeding (In production)
NIMA 1082 (2026) 170918



https://iopscience.iop.org/article/10.1088/1742-6596/2462/1/012022
https://iopscience.iop.org/article/10.1088/1742-6596/2462/1/012022
https://www.sciencedirect.com/science/article/pii/S016890022500720X?via%3Dihub

Progress in MuST-CiADS

® The spectrometer 1s under design! Simulation model (refer to GPS@PSI)
® Details will be given i Dr. Rong Wang’s talk.

v" Overall performance: a general-purpose uSR with DR sample
environment, high transverse field (~0.4) and high time resolution of
detector (~ 300 ps)

v Muon beam: physics design just started, aims at small beam spot (<10
mm) and large angle spin rotation

v" Detector design: some very preliminary results not finalized

v Magnetic field: a conceptual design almost done (0.55 T with high
power supply)

v Sample environment: CCR (2K-300K) + He-4 flow (2K-300K) + DR
(20mK-40K)

v Mechanic design: a preliminary design, a lot of refinements need to
be done







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)
. Fermilab, CERN (only for particle physics)

. Under construction: MELODY-CSNS, RAON

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

B uSk detector technology
15t Gen 9nd (Gen 3 Gen

PMT / Counting S1PM / Counting Pixel / Imaging

B Developments in China

e A pulsed uSR spectrometer 1s under construction at MELODY-CSNS
* A CW uSR spectrometer 1s under design at MuST-CiADS 0



ﬂl \\ Electron beam Lead//ustration from T. Prokschz?’,_ Nat. Phys—21-1032-1033 (2 0N2e 5u)mno
: nuclei
Laser “\ Gas jet ; Electron {ﬁ.’%géﬁ /
S << s l""@\/ ‘0“ Pion
Laser Wakefield i i /
Acceleration (LWFA) 0 @ Muon

electron generation

0
0

Wakefield g

up to 100 GV/mY

‘bubble’
Laser

CeV e beams generated in cm

caala?

J

e +Z->Z+y->nt-put

sput +u

. Zhang et al., Nat. Phys. 21, 1050-1006 (2025)



https://www.nature.com/articles/s41567-025-02872-2
https://www.nature.com/articles/s41567-025-02872-2
https://www.nature.com/articles/s41567-025-02872-2
https://www.nature.com/articles/s41567-025-02908-7
https://www.nature.com/articles/s41567-025-02908-7
https://www.nature.com/articles/s41567-025-02908-7
https://www.nature.com/articles/s41567-025-02908-7
https://www.nature.com/articles/s41567-025-02908-7

Prospects: spectrometcer

l —

B
High granularity Digitization

v '/ e’ tracking Waveform fitting

Higher sample rate Lower sample rate

Multiple sample5==




Thanks for your attention!
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