
M I P 2 0 2 4  w o r k s h o p @ P e k i n g  U n i v e r s i t y

Yusuke Takeuchi, Fangchao Liu, 
Jiangtao Wang, Jun Kai Ng, Kim Siang Khaw

20 April 2024

This project is supported by the Shanghai
Pilot Program for Basic Research (基础研究特区计划)

Muon source project at SHINE



Muon as a powerful probe
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Particle & Nuclear Physics Condensed matter physics

μSRFNAL g − 2

More and more applications

MIXE

taken from ”Introduction to Muon Spin Spectroscopy”

PhysRevLett.131.161802



Conventional muon production
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Proton-Driven Muon Source

protons

π+

π+

μ+

μ+

target

pp collision

Requires a high-intensity proton accelerator
⇨ limited facilities available

Two types of muon sources depend on p-accelerator
• Continuous (DC) muon sources
• Pulsed muon sources

Planned
• CSNS (China)
• HIAF/CiADS (China)
• RAON (Korea)
• SNS (USA)

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

Previous talks



Continuous (DC) muon source
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A large number of bunches can be accelerated simultaneously (continuous beam)

Injection

Extraction

590 MeV Ring Cyclotron @ PSI

• Muon event rate: To avoid pile-up events, limited ~ 20 M events/h with 10 μs time window
• Time resolution: Limited only by detector and electronics ~ 60 ps
• Beam size: Can be reduced to a few mm2

• Muon counter required to measure arrival time
• Less muon (positron) at a once
 ⇨Only a few positron detector needed

Proton beam

Typical characteristics taken from “Introduction to Muon Spin Spectroscopy”

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



Pulsed muon sources
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Only one (two) bunches can be accelerated at the same time (pulsed beam)

Proton bunch

3 GeV Rapid-cycling Synchrotron @ J-PARC

• Muon event rate: Limited by detector granularity ~ 150 M events/h 
• Time resolution: Limited only by muon pulse width ~ 40 ns
• Beam size: Basically a few cm2

Typical characteristics taken from “Introduction to Muon Spin Spectroscopy”

• Can be synchronized with accelerator
 ⇨ No muon counter required 
• Long interval helps us to reduce background
• Large number of muons (positron) at a once
 ⇨ Large number of positron detector needed

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



An ideal muon source?
6

μSR 𝜏! ~ 2.2 μs à typical measurement duration :
10 μs ~ 20 μs (~ 5 to 10 muon lifetimes)

• Higher duty cycle can compensate relatively low muon number in bunch
 ⇨Less muon per bunch, less pileup (~ 103 µ+/bunch)
• Sufficiently long time interval to reduce background

Pulsed muon source with higher repetition rate is considered to be optimal



Towards an ideal muon source
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Not versatile enough

High-repetition-rate source
(~ 50-100 kHz,
~ 103 muons/pulse)

Some attempts with proton machines

Pulsed
sources

Continuous
sources

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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300 MeV, 10 μA electron microtron
→ 8 × 103 μ+/s

Relatively low energy CW e- beam

Potential driver for ideal muon sources?

High energy CW e- beam

11  GeV, 50 μA CEBAF@JLAB
→ ~ 108 μ+/s



Electron beam at SHINE

• Located in Zhangjiang, Shanghai
• To be commissioned in 2025
• 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 TDLI

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

Shanghai Synchrotron Radiation Facility (SSRF)

1285 m

Shaft: vertical hole to access the tunnels



Potential locations
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Shaft #3 is also available
• There is no undulator line at the moment 

• Not in the plan, will take 5-10 years

Shaft #2 is a good location for a muon beamline
• Sufficient space

• Existing beamlines, cost savings possible

Shaft #2 (Beam Switchyard)

Available area
12 m

30 m

12 m

14 m

8 m
17 m

The largest place in Shaft #2 is the best candidate

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



Simulation Tools

Design studies are conducted using multiple simulation 
packages to verify results against each other
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musrSim (Geant4-based): Used for pion/muon yield estimation

FLUKA: Used for pion/muon yield estimation (cross-check)

g4beamline (Geant4-based): particle distribution and transport calculation

Target study

Transport beamline design

Geant4 results sometimes have large discrepancies compared 
to the experiment (from a PSI paper)

Cross-check

Cross-check



Target studies so far
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• Simulation setup: 8 GeV, 100 pC, tungsten (W) target

• Photo-nuclear process: Low energy, high yield, large emittance

• 𝛾 → 𝜇!𝜇" process: High energy, lower yield, low emittance

• Presented at IPAC’23

12

𝛾 → 𝜇!𝜇" process
~6.9×10# muons/bunch

Photo-nuclear process
~1.4×10$ muons/bunch

Target shape similar to beam dump

Using musrSim based on Geant4

“A Pulsed Muon Source Based on 
A High-Repetition-Rate Electron Accelerator”

π decay

K decay

https://accelconf.web.cern.ch/ipac2023/pdf/TUPA087.pdf
https://accelconf.web.cern.ch/ipac2023/pdf/TUPA087.pdf


Recent updates for target studies
13

Side view

Det1 @ 90°
35 mm from target center (100cm * 100 cm)

Target(Cu, 0.5cm * 10 cm * 10 cm)8 GeV electron beam
σ = 2 mm Gaussian

Det2 @ forward direction
5 m from target center (100cm * 100 cm)

Not to scale
Simulation setup

• Electron positron shower is maximized at ~7 cm
• Many pions and muons due to photo-nuclear process 

are observed in this region
• Muon production without pions is concentrated in the 

forward direction

Detailed studies using FLUKA simulation

Top view

Charged pion and muon fluence

Black line: target region



Particle yields from thin Cu target
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35 mm from target center @ 90° (Det1)

Surface muon ~ 2000 / bunch
25 MeV/c < momentum < 30 MeV/c

5 m forward from target (Det2) 

Sufficient yield is expected

Surface muon ~ 900 / bunch
25 MeV/c < momentum < 30 MeV/c



Surface μ beamline design
Surface muon 35 mm from target @ 90 degrees

1650 surface μ+/bunch

μ+

Cu
Target

Electron beam
8 GeV, 100 pC (6.25×108 /bunch) 

Dipole1 Dipole2

Dipole3

Capture 
solenoid

Solenoid1

Solenoid2 Solenoid3

Solenoid4

Solenoid5

Wien Filter

Solenoid6 Experimental 

Area

Estimated using g4beamline
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FLUKA simulation
~ 2000 surface μ+/bunch

Need to validate the simulation
• Simple configuration using only solenoids
• Background removal using Wien filter

• Use bending magnets to 
prevent direct radiation 
to the experimental area

Concepts

25-30 MeV/c



Surface μ beamline design
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Source 8.24×107/s (assuming 8 GeV, 100 pC, 50 kHz)
~ 1650 surface μ+/bunch

Captured 2.49×107/s
~ 500 surface μ+/bunch
~ 30 % efficiency

Transported 1.16×107/s
~ 230 surface μ+/bunch
~ 14 % efficiency (within φ100 mm)

Poster presentation by F. Liu 
“Research on Optimization Simulation of High Rep-Rate Pulsed Electron-Driven Muon Beamline”

Solenoid aperture 500 mm



Future plans

• Target study
• Try another geometry; slanted target, thick block shape
• Try different beam energy
• Thermo-mechanical calculation

• Beamline design 
• More realistic simulation; magnet design, collimator, etc.
• Study background elimination using Wien filter
• Optics for transporting other particle (π, surface μ from K)

• Beam test
• Will enable us to estimate accurate muon production rate 
• Shown in next few slides

17



Test beam at Shanghai soft XFEL 
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Beam 
dump

1.2 m

1.0
 m Poster presentation by J. Wang

“Muon yield estimation for the Beam 
Test at the SXFEL beam dump”

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

e-
dump

μ±
Intensity?

Simulation studies and detector 
preparations are ongoing

Another beam line is currently 
available for test beam

Muon intensity can be measured



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

BC1 beam dump
• 0.5 GeV
• 100 pC
•  1 kHz

Potential beam test
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Feasibility studies can be performed with actual beam in the next few years

BC2 beam dump
• 3.2 GeV
• 100 pC
• 1 kHz

BREAK beam dump
• 7.7 GeV
• 100 pC
• 1 kHz

2024/December 2025 2025

8.0 GeV



Discussion at SHINE facility

• Located in Zhangjiang, Shanghai
• To be commissioned in 2025
• 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 TDLI

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

Shanghai Synchrotron Radiation Facility (SSRF)

1285 m

Shaft: vertical hole to access the tunnels

Kim Siang (PI)

We had a discussion about utilizing SHINE facility ~ 2 weeks ago 

Construction is steadily ongoing

TDLI muon source group members

Postdoc Students



Summary
• Current proton-driven muon sources are either low-repetition-rate 

pulsed sources or DC sources, which are not optimal for typical muon 
experiments

• A high-repetition pulsed muon source can be built based on pulsed 
electron beam in the SHINE facility
• Rep-rate: kHz – MHz (tunable)
•  ~2×103 muons per bunch,  ~14% efficiency expected, target to be further optimized
• will benefit particle and nuclear physics, condensed matter physics, tomography, etc

• Muon source project at SHINE is steadily developing
• Design studies are currently on-going!
• Beam test at 1.6 GeV and intermediate energy electron beam dump (in 1-2 years)
• Phase 1 surface muon beam line at 4 MeV (next 5 years, hopefully)
• Phase 2 surface muon beam line at 140 MeV (next 10 years, hopefully)
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