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Current Status of'the
SHINE Muon Source

Yusuke Takeuchi (TDLI/SJTU)
MIP2025 workshop | Hunan Univ.
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Current Muon Sources

Proton-Driven Muon Source

isi ISIS
pp collision .
PER DS S Tt T o

p+p-op+p+rut+m”

~ In Operation * Planned

~ + TRIUMF

CSNS (China)
o+ PSI HIAF/CiADS (China)
« RCNP e RAON (Korea)

- ISIS Previous « SNS (USA)

target * J-PARC “™ talks

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




Two Types of Muon Sources

DC muon source

PSI Ring Cyclotron, 50 MHz continuous beam: muons arrive randomly
(time structure smeared out by pion life time of 26 ns ~ order of rep-rate)

20 ns 20 ns 20 ns

protons muon

time

« Muon counter required to measure arrival time
« Muon event rate is limited to avoid pile-up
« Less muon (positron) at a once

=>0nly a few positron detector needed

Pulsed muon source
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Japan Proton Accelerator Research Complex

J-PARC RCS, 25 Hz pulsed beam: all protons/muons in one bunch
_l ~40 ms (25 Hz)

protons

muons

time

« 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



Certain type of experiment (e.g. USR) T, ~ 2.2 us > typical measurement duration :
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S 10 s ~ 20 s (~ 5 to 10 muon lifetimes)

High-repetition-rate pulsed beam
10 ~ 40 us (25 ~ 100 kHz)

electrons

1:— -

misieorbasadvdinonu iy muons

Sk R | time

s s vsesvesss s | <« Higherduty cycle can compensate relatively low muon number in bunch
L =Less muon per bunch, less pileup (~ 103 u*/bunch)

0 2 4 6 8 1c < Sufficiently long time interval to reduce background

Time (us)

Pulsed muon source with higher repetition rate is considered to be optimal
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An 0(10-100) kHz pulsed muon beam is highly desired!

Physica B 404 (2009) 1024-1027

Contents lists available at ScienceDirect

Physica B

journal homepage: www.elsevier.com/locate/physb

Towards a dedicated high-intensity muon facility

R. Cywinski**, A.E. Bungau?, M.W. Poole®, S. Smith®, P. Dalmas de Reotier ¢, R. Barlow ¢,
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M u = M u Ba r SciPost Phys. Proc. 5, 009 (2021)

Muonium-antimuonium conversion
Lorenz Willmann* and Klaus Jungmann
Van Swinderen Institute, University of Groningen, 9747 AA, Groningen, The Netherlands

* L.Willmann@rug.nl
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Review of Particle Physics at PSI
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Muon EDM

Compact storage ring to search for the muon electric
dipole moment

A Adelmannl. K Kirchl‘z, CJG Onderwater” and T SchietingerI

! Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
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that the threshold for double pion production is ~600 MeV, the
second alternative affords higher muon production rates and,
therefore, represents the preferred choice.

Proton driver frequency: The 50 Hz pulsed operation of ISIS is
sub-optimal for pSR studies. Typically, time resolved spectra are
collected over no more than 32ps (i.e. ~15 muon lifetimes),
giving an effective duty cycle of only 0.16%. While advantageous
for some types of experiments (e.g. those involving pulsed sample
environments), the 50 Hz operation is generally inefficient: ideally
a muon-source proton driver should operate at ~25kHz.

It is important to note that operation at this frequency, with an
associated gain in intensity of 100 over ISIS (see above), would
actually alleviate detector dead time problems by a factor
of 5 with respect to those presently encountered at ISIS.
This is illustrated in Fig. 1, where it can be seen that the available
muons will be distributed over 500 (i.e. 25kHz/50Hz) as many

T
M grows in time to a maximum at 27, (see Figure 9.5). Thus the ratio of M to M decays
grows with t2. In case of a multiple coincidence, as in MACS, this implies that the potential
M signal/background increased. Therefore a new experiment should be considered, e.g., in
connection with the muon source of a muon collider, provided high muon beam quality, i.e. a
narrow 't momentum band at subsurface u™ momentum. We note that for such an improved
experiment beam repetition rates of up to several 10 kHz with u* bunches of up to ~ us length
would be ideal.

With a new experiment, from the viewpoint of signal to background ratio, an improved value
for Gy by at least 2 orders of magnitude should be possible, i.e., 4 orders of magnitude in
the conversion probability. At such sensitivity there would be strong constraints for the devel-
opment of models beyond standard theory [5-8].

J. Phys. G: Nucl. Part. Phys. 37 (2010) 085001 A Adelmann et al

of the difference between the measured anomalous magnetic moment and its SM prediction.
It would furthermore test various SM extensions, in particular those that do not respect lepton
universality.

In view of the possible advent of new, more powerful pulsed muon sources, the same
experimental scheme can be realized but with considerably more muons per bunch being
injected into the ring. It appears realistic to expect accelerators with on the order of 100 kHz
repetition rates and more than 10* muons stored per bunch. The statistical sensitivity of the
described approach would then reach down to a few times 10725 ¢ cm. Although systematic
issues at this level of precision have been discussed in some detail in [19], more detailed
studies would be needed.

Toward a high-precision measurement of the muon
lifetime with an intense pulsed muon beam at J-PARC

Sohtaro Kanda

Institute of Materials Structure Science, KEK
1-1 Oho, Tsukuba, Ibaraki, 305-0801, Japan

Muon
Lifetime
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In the MuLan experiment, a continuous muon beam was pulsed with an electrostatic kicker
to achieve high statistical precision. In general, an experiment using a pulsed beam is statistically
efficient because no trigger pileup occurs. On the other hand, the higher the beam intensity, the
higher the requirement on the high-rate tolerance of the detector. The MuLan’s positron detector
covered 70% of 4 steradians with 170 segments. The contribution of the statistical uncertainty to
the precision of 1.0 ppm was 0.95 ppm, and the main systematics was 0.2 ppm each for muon spin
rotation (uSR) and detector’s gain variations.

E-mail: kanda@post.kek. jp
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Muon Density vs Pulse Rate

T L s B L B R R =TT

(~ 50-100 kHz,
~ 103 muons/pulse)

\’Qp&(‘ High-repetition-rate source

o \’09”* Continuous
206 NG sources
7 5
07”,‘
d0s
Y
Pulsed - 3
sources Q
N\"
S
wl | ol T | oyl ooyl
N\3
102 10° 10y & 10°

Pulse rate [pulse/s]

“ommee/ TSUNG-DAO LEE INSTITUTE

Some attempts with proton machines

Resonant extraction
Mu2e @FNAL

RFKO
System
=

Yt
4 M3 — protons from RR
v, §

Effectively achieve 0.59 MHz

Same idea for COMET @J-PARC

Laser neutralization @

ORNL
- N4
hv \%\
-,
1GeVH Magnetic field I/
Stripping foil Muon target
NIM A 962 (2020) 163706
\Jﬂ»ﬁ*““m‘mA
H-beam from Linac
_L-l_ﬂi‘r-_ ‘—-‘.___-‘-lh_ L3
/ | ‘\ Wire

Laser beam FC Ho PMT

scanner

Successfully demonstrated
30 ns/50 KHz proton pulses

Need some dedicated techniques

\p.



Alternative drivers: Electron

Potential driver for muon sources?

target

“+

electrons

“+
Photo-nuclear process
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Secondary Beams at High-Intensity Electron
Accelerator Facilities

High energy CW e-beam

Marco Battaglieri ', Andrea Bianconi >, Mariangela Bondi ¢, Raffaella De Vita !, Antonino Fulci 5+, Giulia Gosta %,
Stefano Grazzi %, Hyon-Suk Jo ¢, Changhui Lee ®, Giuseppe Mandaglio %, Valerio Mascagna 22, Tetiana Nagorna !,
Alessandro Pilloni **, Marco Spreafico 7, Luca J. Tagliapietra %, Luca Venturelli >*© and Tommaso Vittorini 17

11 GeV, 50 uA CEBAF@JLAB 3
> ~ 105 ¥/s | _—

(Dimuon production) Based on LWFA

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 12, 111301 (2009)

Dimuon production by laser-wakefield accelerated electrons

e~ +Z,-oZ;1+y

A.L Titov,"** B. Kiimpfer,' and H. Takabe®

Gas cell OR Target
i 100 pC
o
= G Muon 10 GeV electron
e-beam pairs.

> 8 x 103 p*/s

+
\ PW Laser

~

nature physics Based on LWFA

Proof-of-principle demonstration of
muon productionwithanultrashort
high-intensity laser

Article
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Based on LWFA

Measurement of directional muon beams generated at the Berkeley Lab Laser
Accelerator

Davide Terzani,[] Stanimir Kisyov,! Stephen Greenberg,"? Luc Le Pottier," Maria Mironova,! Alex
Picksley,! Joshua Stackhouse,!:? Hai-En Tsai,! Raymond Li,? Ela Rockafellow,* Timon Heim,! Maurice
Garcia-Sciveres,! Carlo Benedetti,! John Valentine,! Howard Milchberg,* Kei Nakamura,! Anthony J.
Gonsalves,! Jeroen van Tilborg,! Carl B. Schroeder,!:? Eric Esarey,! and Cameron G. R. Geddes!

* Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
2 Department of Physics, University of California, Berkeley, CA 94720, USA
3 Department of Nuclear Engineering, University of California, Berkeley, CA 94720, USA
4 University of Maryland, College Park, MD 20742, USA
(Dated: November 5, 2024)

More and more... /

Relatively low energy CW e-beam

Wedge
Election Acccletatar x/u Production Target Screw Siit “’s:"”' i, Jckac
Mey, 10 ph Photon Production Target | Superconducting o

Coils

Physica B 404 (2009) 1020-1023

Contents lists available at ScienceDirect

Physica B

journal homepage: www.elsevier.com/locate/physb

Compact muon source with electron accelerator for a mobile pSR facility

K. Nagamine **<*, H. Miyadera, A. Jason¢, R. Seki®

> 8 x 103 u*/s

SweepMagnet
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Electron Beam at SHINE
) e N
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: > Shanghal Synchrotron Radiation Facility (SSRF) \\“\\
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400 m X 3 Ilnes 300 m X 3 Ilhes | 785 m X 3 Ilnes

1400 m 1900n& 2300 m
« 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 x 108 electrons) per bunch

Only 4 km from TDLI



Planned

Shaft #1
VHF

| ocations
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e-gun

8.0 GeV _Shaft #2 Shaft #3 __ Shaft #4,5 _
Superconducting linac 1S S = 1
) ( ) . ! -l % XFEL
- ’fiq Jl — _D\\?\DJ—M——- M EXpeAtimentaI
~ ~ FEL | 3-15 keV rea
BC1 BC2 BREAK N _
FEL 111 10-25 keV
Undulators
Shaft #2 -
o Magnets
. mm Beam dumps Shaft #2:
Available area Cu target a good location for a muon source
MUONS - Sufficient space
e reLi

T &

| FEL g

« Planned beamlines, cost efficient




Installation 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.

Start with 3.6 GeV
7.2-8.0 GeV in future

#2 Shaft

Available area

Muonsrm_I
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mm Beam dumps

Magnets

= Cu target
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Target Design Concept ® teigzs
Conventional Proton-Based Sources (e.g. PSI) Evaluation Criteria (SHINE: 8 GeV, 100 pA)

- Thin slab targets are standard » Shower maximum depth (Xpay)

 Limited by downstream neutron source « Heat load at maximum depth (dE/dz)

requirements ¢ 99% beam energy absorption depth (Lgo)

« Challenges:

- Need for target tilting (~5°) Current Design: Copper
« Complex heat management * Moderate shower development length

« Mechanical issues with rotating targets * Lower heat load compared to W
« Superior thermal conductivity

« Established manufacturing processes
« Cost-effective solution

Our Electron-Based Approach
« Direct beam dump allows thick target design
« Box-shaped target with improved cooling

Materials Graphite Cu A\
Z 6 29 74
Materials Evaluated 4 2o I8
. . cm?3 1.82 894 19.25
« Graphite (common for proton-drivers) ¢ e
Xmmax [mm] 839 73.9  20.7
» Copper (Cu), Tungsten (W) JEjd: kWW/em] 024 836 132

Lgg [mm] 3090 281  79.8
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Target Optimization

FLUKA simulation
Optimization Studies

t Target Length »  FLUKA code v4-4.0
« 8 GeV, 100 pC/bunch electron beam

e 2 mm RMS beam size
* Virtual detector: 100 cm x 100 cm at 35 mm

Scan with FLUKA for target dimension optimization
1.5
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Relative Surface u™* Yield
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Relative Surface u* Yield

o

1
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Beam Position [mm]

5

50

100

150

200

250

Target Length [mm]

300

Results
« Optimal beam position: 2.5 mm from target surface

8 GeV e~ beam (100 pC) - Optimal target length: 200 mm



Stopped Pion Density

t Target Length

P
Beam Position

8 GeV e~ beam (100 pC)

— 0.5mm

1.5 mm
— 2.5 mm
— 3.5mm

2 4 6 8
Distance from the surface [mm]

10

— 0.5mm

1.5 mm
— 2.5mm
— 3.5mm
4.5 mm

T T T
0 50 100 150

Distance along the beam [mm)]

200

Tl .
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<2.5mm:
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)

Peak about 50 mm from the
irradiated surface of the beam
— Center the capture solenoid
should be here
No significant gain is expected in
length over 200 mm.

These studies will be also
done on other materials



Particle Yields from Cu Target

700 2000

(b) 3500

Full simulation with gdbeamline for beamline design

« Total muon yield: ~10% per bunch (below 300 MeV/c)
« Surface muon yield: 2x102 per bunch (25-30 MeV/c range)
« Expected intensity: 1x108 u*/s at 50 kHz operation

1500
600

1000
500

500
400

X' [mrad]
y' [mrad]

300
-500

2 .
0 10004 "t aal

100 —~1500

« Momentum distribution g4beamline o
characteristics: 10°%- | e ”
 Two distinct .| S -
peaks were i "l -
observed: Ll - .

- Pion decay: IS S S B

~30 MeV/c
« Kaon decay:

Parameters Value

Mean Momentum Py / Momentum Spread op 22.9 MeV/c / 5.5 MeV/c

Particles/Bunch/[MeV/c]

Horizontal Position < z >/ Width o, -45.2 mm / 73.7 mm
~ 2 3 O M eV/C 2 Horizontal Divergence < 2’ >/ Width o/ -14.6 mrad / 696.7 mrad
° B d 1 O 7] Horizontal RMS Emittance 3814 7 cm mrad
ro a e n e rg y Vertical Position <y >/ Width oy, -0.1 mm / 67.5 mm
d iSt ri b utio n , 2 5 _ 3 O M V Vertfcal Divergenzfe <y >/ Width oy -1.2 mm / 696.9 mrad
e C Vertical RMS Emittance 3180 m cm mrad
d e C re a S I n g at 1 O 0 T Mean Polarization -0.63

. . 0 50 100 150 200 250 300 o L
higher energies Momentum [MeV/c] Similar to those of existing facilities.
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Experimental

Wien Filter

300 1000 1000
[ ¢=30mm 100 x Mean: 6.40 mm 60 y Mean: -2.68 mm

200- ©=100 mm x RMS: 25.62 mm y RMS: 26.03 mm 50

80 500 50 500
100- 40

— 40 —

E‘ 0 o0 g 0 g 0 30

. =5 E — E 4

Solenoid6 = 0 % 30 =

=100 20 20

. 5001 ~5001
SolenoidS -200. 20 0 0

_300 T T T _1000 T T T _1000 T T T
-200 0 200 -200 0 200 -200 0 200
X [mm] X [mm] y [mm]
Dipole3 Solenoid4
Parameters Value
Solenoid3 Solenoid2 x/x’ (RMS)  25.6mm / 221 mrad
: Dipole1 " (T
Dipole2 pole y/y’ (RMS)  26.0mm / 246 mrad
Solenoid1 Ap/p 3.69%
Capture Polarization 85%

solenoid

Electron beam

8 GeV, 100 pC (6.25%108 /bunch)

pt rate (All)

pt rate (¢30 mm)

3.1x 10°% u*/s
4.7 x 10° ut /s

@50 kHz repetition rate
(1/20) of SHINE capability




Positron Management

Lots of positrons!
= Conventional way (Wien filter) may not be sufficient.

Particles/Bunch/[MeV/c]

P R

Experimental
Area

250

100 150 200 300

Momentum [MeV/c]

o Emm o o o s o —

e e o o o

. 154.0 ns

i 38.0 ns

0.8 1

ToF difference
~ 100 ns

1
131.1ns !

o
(o2}
L

_;[_
v

Normalized Counts
o
»
1

After
3rd dipole

o
N
1

0.0

200 250 300 350

Time [ns]

High-intensity positron beam?

0 50 100 150 400

Septum magnet

Kicker magnet

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



Test Beam at SHINE Shaft #2

2025 Top view
PMT+Scintillator TO detector '
Positron from muon decay
Al target

Muon + Background

Shielding

Kapton window

N1/ H
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— 5051 Target

.5+1.7
T=2271.1%£59.8

Preliminary Simulation
v T~ 2.2US

chamber

Stepping motor

N — Ll
0 2000 4000 6000 8000 10000

Goals:
« Examine muon generation and intensity
- Validate simulation framework

2026
Solenoid
Dipole
Capture
solenoid
+
‘ o\ /H :
- Target _
Stepping motor
Goals:

 Demonstration of the Extraction
« More detailed properties
« M-vyield from muonic X-ray
« Momentum measurements
* Profile measurements
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« A muon source with high-repetition rate (~50 kHz) could provide
an ideal time structure for various experiments.

* This study focused on surface muon production with a copper
box-shaped target.

« Important insights were obtained; this will be extended and further
optimized in near future

« We have completed the baseline design studies:
« 3 x 10° (all muons) [surface [ /s]

« 5 x 10° (within ¢30mm) [surface p /s] are expected
* Need to finalize detailed design including positron removal
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Future plans

* In the next few years, beam tests at SHINE will establish the basis
for our muon source, including evaluation of muon production,
extraction, etc.

« Completion of SHINE Shaft #2 beam tests (2025-2026)
 Construction of full muon beamline at SHINE (~2030 target date)

* Initial science projects will be application-based: uSR, beam test

« Upgrades and further optimization needed for competitive
fundamental physics
 muon lifetime, muon EDM, MACE, etc
* Your new ideas are highly welcome!



21
) Fd 4 R

TSUNG-DAO LEE INSTITUTE




Components

Position (m) Length (mm) Aperture (mm) Field (T)

Capture solenoid
Dipolel
Solenoidl
Solenoid2
Dipole2
Solenoid3
Solenoid4
Dipole3
Solenoid5
Wien Filter
Solenoid6

Exit

0.47
1.93
3.17
4.40
6.05
7.17
8.00
9.45
10.82
11.75
13.18
13.58

373
640
373
373
640
373
373
640
373
1500
373

200
400
200
500
400
500
500
400
500
300
500

0.432
-0.100
0.241
0.173
0.100
0.136
0.199
-0.104
0.226

0.440

Transport Efficiency [%]

Beam Size [mm]

100

80

60

40

(a)

O Simulation

Position [m]

(b)

—— 2 x RMS Envelope: x
—— 2 x RMS Envelope: y

BITL

6 8 10 12
Position [m]
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TABLE V. Main parameters of the Wien filter

Parameter Value

Electric field (E,) -2.67MV/m
Magnetic field (B;) 0.0328 T
Length (L) 1500 mm
Plate Gap (9) 300 mm
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