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Muon Source



Muon and its applications
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Cosmic-ray muon at sea level:
1 muon per square centimeter per minute

Particle & Nuclear Physics
FNAL g − 2 etc.

MIXE
Material science

μSR

taken from ”Introduction to Muon Spin Spectroscopy”

Afternoon 
sessions

Muon intensity in nature is limited

https://cms.cern/content/muon-tomography



Muon production
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Proton-Driven Muon Source
pp collision

protons

π+

π±

μ±

μ+

target

π±

Surface μ+

 - pion decay at rest

Cloud (Decay) μ±

 - pion decay in flight

Phys. Rev. Accel. Beams 19, 024701

Surface muons

Cloud (Decay) muons

π+

Single pion production > 280 MeV,  Multiple pion production > 600 MeV

Momentum: 
Surface muons ⇨ monoenergetic (~29.8 MeV/c)
Cloud muons ⇨ broad spectrum

Polarization (spin): 
Surface muons ⇨ highly polarized
Cloud muons ⇨ low/random polarization

Charge (+/-): 
Surface muons ⇨ primarily μ⁺
Cloud muons ⇨ both charges

Surface muons have preferred features for μSR, etc.



Low-energy muon facilities
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Construction/Planned
• CSNS (China)
• HIAF*/CiADS (China)
• RAON (Korea)
• SNS (USA)

In Operation
• TRIUMF
• PSI
• RCNP
• ISIS
• J-PARC Morning 

Session II

Requires a high-intensity proton accelerator
⇨ limited facilities available

Two types of muon sources depending on the proton accelerator
• Continuous (DC) muon sources
• Pulsed muon sources

* GeV-energy



Continuous (DC) muon sources
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• Arrival timings are random
 ⇨ Muon counter is required to tag each event
 ⇨ Muon event rate is limited to avoid pile-up  
• Few muons (decay positrons) arrive at a time 
 ⇨ Only a few positron detectors are needed 

PSI Ring Cyclotron (Proton)

https://doi.org/10.1016/j.nima.2016.05.026



Pulsed muon sources
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• Arrival timings are synchronized with the accelerator 
 ⇨ No muon counter required to tag events 
• Long intervals between pulses help reduce background
• Many muons (decay positrons) arrive at a time 
 ⇨ A large number of positron detectors are needed

J-PARC RCS (Proton)

Quantum Beam Sci. 2017, 1(1), 11



High-repetition pulsed beam
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Typical measurement duration : 10 μs ~ 20 μs 
(~ 5 to 10 muon lifetimes, 𝜏! ~ 2.2 μs )

• Higher duty cycle with relatively low muon count per bunch
 ⇨ Fewer muons per bunch (∼10³ µ⁺/bunch) reduces pile-up
 ⇨ Higher average rate is maintained by more frequent bunches
• Sufficient interval between bunches
 ⇨ Background can decay between pulses.

Pulsed muon source with higher repetition rate is perfect match to muon lifetime
⇨ ideal for μSR-type experiments

Certain type of experiment (e.g. μSR)



Calls for high-rep. pulsed beams
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Muon EDM

Mu-MuBar

μSR

Muon 
Lifetime

An O(10-100) kHz pulsed muon beam is highly desired!



Towards a high-rep. pulsed source
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High-repetition-rate source
(~ 50-100 kHz,
~ 103 muons/pulse)

Pulsed
sources

Continuous
sources

Need some dedicated techniques

Some attempts with proton machines

Effectively achieve 0.59 MHz
Same idea for COMET @J-PARC

Successfully demonstrated 
30 ns/50 KHz proton pulses

NIM A 962 (2020) 163706



Alternative drivers: electron
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Potential driver for muon sources?

More and more...



Electron beam at SHINE

• Located in Zhangjiang, Shanghai
• Commissioning is ongoing 
• Electron beam (design values):
• 8 GeV energy 
• 1 MHz repetition rate
• 100 pC charge (6.25 × 108 electrons) per bunch
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0 m 1400 m 1900 m 2300 m 3100 m

Shaft #1 Shaft #2 Shaft #3 Shaft #4 Shaft #5

Only 4 km from here

785 m × 3 lines300 m × 3 lines400 m × 3 lines

Shanghai Synchrotron Radiation Facility (SSRF)

1285 m

Shaft: vertical hole to access the tunnels

⇦ Some are dumped



Planned location
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Shaft #2:
a good location for a muon source
• Sufficient space

• Planned beamlines, cost effective

Shaft #2 
(Beam 
Switchyard)

VHF
e-gun

Shaft #1 Shaft #2 Shaft #3

FEL Ⅲ 10-25 keV

FEL Ⅱ 0.4-3 keV

FEL Ⅰ 3-15 keV

FEL Ⅳ 

Shaft #4,5

XFEL
Experimental

Area

Superconducting linac

Undulators

8.0 GeV

BC1 BC2 BREAK

Shaft #2
Jan. 2025



Material selection
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8 GeV 
e- beam 
(100 pC)

Target

Simulation Setup

z

x

E0: incident beam energy
Ec: critical energy
X0: radiation length

Along the beam (Z):
• Peak ⇨ slightly below zmax
• Depth of EM shower maximum

Pion distributions

From the surface (X):
• The number of pions near surface 

contributing to surface muon is important
• Medium-𝑍 materials (e.g., Fe, Cu) show 

highest number
• Copper is considered to be the optimal 

choice 
⇨ good thermal conductivity (∼400 W/mK)

(g4beamline)



Cu target optimization 
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8 GeV e- beam (100 pC)

Vi
rt

ua
l D

et
ec

to
r

Cu
Target

Beam Position

Target Length

μ+

μ +

μ+

Simulation Setup
z

x

Scan beam position and target length

2.5 mm • < 2.5 mm:
Insufficient development of 
electron shower (too close 
to target surface)

• > 2.5 mm:
The number of pions resulting 
in surface muons is reduced 
(too far from target surface)

200 mm

• No significant gain is expected in 
length over 200 mm.

• Consistent with the pion 
distribution

Results
• Optimal beam position: 
 2.5 mm from target surface
• Optimal target length: 200 mm



Particle yields from Cu target
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Full simulation with g4beamline for beamline design

• Total muon yield: ~10⁴ per bunch (below 300 MeV/c)
• Surface muon yield: 2×10³ per bunch (25-30 MeV/c range)
• Expected intensity: 1×10⁸ μ⁺/s at 50 kHz operation

• Momentum distribution 
characteristics: 

• Two distinct 
peaks were 
observed: 
• Pion decay: 

~30 MeV/c
• Kaon decay: 

~230 MeV/c
• Broad energy 

distribution, 
decreasing at 
higher energies

25-30 MeV/c

Similar to those of existing facilities.

g4beamline



Surface muon beamline design
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@50 kHz repetition rate
(1/20) of SHINE capability



Positron background
17

Many positrons!
⇨ Conventional way (Wien filter) may not be sufficient.

.

Dedicated fast kicker scheme could 
solve this (e.g. SHINE, Euro XFEL)

High-intensity positron beam?

ToF difference
~ 100 ns

@target
After 
3rd dipole

Afternoon 
session



Milestones and plans
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2023

2025

2026

2030s

Target simulations

Test beam at SHINE shaft #2
May- 2026 

• 2 GeV, 50 pC electron beam (10 Hz)
• Currently under preparation ⇨ see next talk by Dr. Si Chen and Jun Kai)

Nov 2026 
• Based on the results from beam test, to demonstrate feasibility of 

electron-based surface muon source (104 muons/s equivalent)

Project approval, funding, construction...

End-to-end 
simulation studies

This talk

Poster @ IPAC23

Poster @ IPAC25
PRAB paper



Summary

• A muon source with high-repetition rate (~50 kHz) could 
provide an ideal time structure for various experiments
• We have completed the baseline design studies:
• 3 × 106 (all muons) [surface μ /s]
• 5 × 105 (within φ30mm) [surface μ /s] are expected

• Initial science cases will be application-based: μSR, beam test
• Upgrades and further optimization needed for competitive 

fundamental physics
• The test beam at SHINE shaft #2 is under preparation

19

Let's discuss potential applications and opportunities for collaboration!



Backup
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Installation Plan
24

Current Plan

• Current Plan: to insert the target upstream of FEL-II 
(Priority on early realization with existing beamline)

• There is also the idea of a 
dedicated line with a kicker

• Flexible planning based on 
development and budget 
conditions.

Dedicated Station


