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A muon beamline 
will be built here



• Overview of Muon Physics
• Condensed matter physics, particle physics, tomography, etc

• Overview of Muon Facilities
• In operations, under constructions/study

• Muon Source Drivers
• Proton, electron, positron, laser, and gamma

• The SHINE Muon Source
• Expected performance, potential locations and physics program

• Future Plan
• Test beams at SXFEL, low-energy surface muons, high-energy surface muons

Outline
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• Condensed Matter Physics & Chemistry
• Using muon as a sensitive magnetic probe

• 𝜇SR technique developed for studying magnetism and superconductivity
• Muon mass in between electron and proton ~ an isotope of e or p

• Can study mobility of e or p in material
• X-ray emitted in the process of forming muonic atoms

• Can be used to characterize material: elemental analysis in archeology
• Tomography (Large object imaging)
• Muons produced from cosmic ray bombarding earth atmosphere are highly penetrating

• Imaging of pyramids, volcanos, Xi’an City Wall, Qin emperor’s tomb 
• Particle Physics
• High-precision test of the Standard Model prediction

• Anomalous magnetic moment, weak interaction V-A structure, etc
• Using muon as a probe to search for new physics beyond SM

• Electric dipole moment, lepton number violation, new muonphilic scalar/vector particles, etc

Overview of muon physics
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• Muon is a second generation 
charged lepton in the SM

• Charge +-, spin ½, mμ ~ 206 me, 
mμ ~ 1/9 mp

• Discovered in 1936, 
“Who ordered that?!” 
by Isidor Rabi.

Muon can exist in various forms

negative muon positive muon muonium muonic atom dimuonium
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Overview of Muon Facilities
ISIS

muSR, elemental 
analysis

RCNP
muSR, elemental 

analysis

in operation
(for users)

SHINE
muSR, EDM, 

tomography, etc
ORNL
muSR

RAON
muSR



• Example: J-PARC in Japan
• Pulse frequency: 25 Hz (double bunch)
• Experiments: 𝜇SR, Muon g-2/EDM, etc

Pulsed muon source
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Courtesy Kanda and Shimomura, JoP: Conference Series 2462 (2023) 012033



• Example: PSI in Switzerland
• Cyclotron frequency: 50 MHz
• Experiments: 𝜇SR, MEG, Mu3e, etc

Continuous (DC) muon source
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Courtesy Prokscha and Kanda

LEM@PSI
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Muon density vs pulse rate
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Muon physics program vs beam type
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Limitation of current muon sources
𝜇SR

Typical measurement period:
a few muon lifetimes ~ 10-20 µs

• Pulsed muon source
• Detector dead time limitation
• Low duty cycle

• DC muon source
• Allows 1 muon every 10-20 µs
• Most of the muons are kicked away

10-40 µs

Time

𝑓 ↑

𝐼 ↓

An ideal muon source

• Less muon per bunch, 
less pileup (~10"

µ#/pulse)
• Higher pulse frequency:

Higher duty cycle

Duty cycle
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Calls for high rep-rate muon sources

Muon EDM

MuMuBar

muSR

Muon 
Lifetime
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Muon density vs pulse rate
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Muon Density vs Pulse Rate

Pulsed
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Ideal muon source
(~ 50-100 kHz, 

~103 muons/pulse)
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Towards high-repetition-rate driver
Proton

Fixed Field Alternating Gradient 
@ J-PARC

Resonant extraction 
Mu2e@FNAL

Effectively achieve 0.59 MHz!
(same idea for COMET@J-PARC)

Successfully demonstrated 30 
ns/50 kHz proton pulses in 2019

Laser neutralization @ 
ORNL

NIM A 962 (2020) 163706
Research in progress
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Alternative drivers: Electron
Electron

300 MeV and 10 μA electron microtron
à 8 x 103 μ+/s

100 pC, 10 GeV electron
à 8 x 103 μ±/s
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Alternative drivers: Positron/Gamma

Positron Gamma

45 GeV, 5 x 1011 e+ on Be
à 6.5 x 105 μ+/s 1 MW Gamma beam (20 MHz!)

à ~1013 μ+/s

Partially stripped ion beams (PSI)

LEMMA: arXiV:1905.05747

PRAB 26, 083401 (2023)



Proton-on-target vs electron/gamma-on-target
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Proton on target Electron on target

𝑒! + 𝑍" → 𝑍" + 𝛾
𝛾 + 𝑍# → 𝜋± + 𝑍%

𝑒! + 𝑍" → 𝑍" + 𝛾
𝛾 + 𝑍# → 𝜇& + 𝜇! + 𝑍#

𝑒! + 𝑍" →
𝑒! ' + 𝑍" + 𝜋± + 𝑍#

Photo-nuclear process

Electro-nuclear process

Bethe-Heitler process
(Dimuon production)

pp Collision

𝑝 + 𝑝 → 𝑝 + 𝑛 + 𝜋&
𝑝 + 𝑝 → 𝑝 + 𝑝 + 𝜋& + 𝜋!

𝜋& → 𝜇& + 𝜈(

without pion production!

Is such an electron accelerator
(high-repetition-rate) available?



• Located in Zhangjiang, Shanghai
• To be commissioned in 2025
• Electron accelerator:
• 8 GeV energy
• 1 MHz bunch frequency
• 100 pC charge (6.25 x 108 electrons) per bunch

SHINE: an introduction
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Only 4 km from TDLI!
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• Simulation setup: 8 GeV, 100 pC (SHINE), 30-mm thick, 
6-mm radius, tungsten target

• 𝛾 → 𝜇&𝜇! process: High energy, low emittance, low cross-section
• Photo-nuclear process: Low energy, high emittance, high cross-

section

• Two-material target study is in progress (motivated by Nagamine’s 
proposal)

MC simulation: simple setup
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𝛾 → 𝜇#𝜇$ process
~6.9×10"

muons/bunch

Photo-nuclear process
~1.4×10%

muons/bunch
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• Surface muon: 𝜋±/𝐾± decay near target surface
• Nearly 100% polarization
• Monoenergetic:
• 4 MeV for 𝜋± decay, 140 MeV for 𝐾± decay
• Expected to reach 1.4 ×108 𝜇9/bunch (simple target)
• Good for high-pressure 𝜇SR (K-surface muon)

Surface muon production

18Parity violation weak decay
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Introductory Muon Science, Nagamine

mean arrival time of ~ 25 ns
(pion lifetime)



Muon beam from SHINE beam dump?
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x 1 MHz
repetition rate

= a lot of muons/pions!
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Potential locations for beam line

e- Beam dump X-Ray

2
1

3
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Possible schemes for muon extraction
Korean RAON

Courtesy Yu Bao

Nuclear Engineering and Technology 53 (2021) 3344-3351

We are studying various beam extraction schemes.
Once the site is selected at SHINE, a dedicated study
will be performed.

PSI HiMB

Courtesy Andreas Knecht
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Beam Test at SXFEL (2023/2024)
SXFEL

SXFEL branch beamline
(1.6 GeV, 500 pC, 10 Hz)

Beam 
dump
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Gearing up for SXFEL beam test

Plastic Scintillators for muon/electron/positron detection

LaBr3 for muonic X-ray (cheaper 
than the Ge detector)

Various calibration sources
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China’s first muSR prototype has been built in USTC
 (led by Prof. Bangjiao Ye)

Potential collaborations within China

Prof. Jian Tang (SYSU) is leading the R&D of this
experiment (MACE)

Muon Spin Spectroscopy Muonium-to-antimuonium conversion

Muon beam line technology, muon cooling, etc Muon EDM, EOT process study for DarkSHINE

CSNS and IMP (HIAF, CiADS) Team within SJTU
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Accelerator muon tomography

faster than
the cosmic
muon approach

better resolution
than the positron
approach

M. Doyama et al, Phys. Status Solidi C 6, No. 11, 2471–2475 (2009)

M. Ootani, JACoW-IPAC2021-THXC05
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• CEvNS

• Kaon Decay at Rest (KDAR)

Neutrino experiments

Courtesy: Joshua Spitz (UM) MiniBooNE
Phys. Rev. Lett. 120 (2018) 14, 141802

Independent cross-check for COHERENT

Courtesy: Chenguang Su (CSNS)

~1018 ν year/m2 at 10 m away
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• BDX-style experiment
• Similar electron beam as the CEBAF at JLab (12 GeV, 100 μA)
• Expected annual EOT ~ 1022 

• Can provide high sensitivity search for visibly decay dark photons

Dark matter experiments



Very rich physics SHINE-based program
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Acceleration
Beam Splitting
and X-ray generation

1 MHz → 25-100 kHz

surface muon

backward going muons/pions



• Current proton-driven muon sources are either low-repetition-rate pulsed
sources or DC sources, which are not optimal for many muon experiments

• An ideal high-repetition pulsed muon can be built based on pulsed electron
beam in the SHINE facility
• Bunch rate: kHz – MHz (tunable)
• ~103 muons per bunch (assuming ~10% efficiency, target to be further optimized!)
• will benefit particle physics (μ, ν, DM), condensed matter physics, tomography, etc

• The Shanghai Muon Source will (hopefully) be developed in 3 stages
• Beam test at SXFEL with the 1.6 GeV electron beam (next 1-2 years)
• Phase 1 surface muon beam line at 4 MeV (next 5 years)
• Phase 2 surface muon beam line at 140 MeV (next 10 years)

Summary
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Thank you for your attention!

New collaborators and ideas utilizing the
SHINE muon source are very welcome!

A new lab for muon beamline and detector R&D 

Would not be possible without the support/suggestions from 
Dong Wang, Jianhui Chen, Guanghong Wang, Wenzhen Xu, 

Vadim Grinenko, Hong Ding, Dao Xiang, and more …


