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A high-repetition-rate pulsed muon source operating at approximately 50 kHz holds the potential to
improve the sensitivity of various particle physics and materials science experiments involving muons. In this
article, we propose utilizing the high-repetition-rate pulsed electron beam at the SHINE facility to generate a
surface muon beam. Our simulation studies indicate that an 8 GeV, 100 pC charge pulsed electron beam
impinging on a copper target can produce up to 2 x 10° muons per pulse. Beamline optimization results
demonstrate that approximately 60 surface muons per electron bunch can be efficiently transported to the end
of the beamline. This translates to a surface muon rate of 3 x 10° p* /s when the pulsed electron beam is
operated at 50 kHz, which is comparable to existing muon facilities. This high-repetition-rate pulsed muon
beam, with its ideal time structure, represents a unique and pioneering effort once constructed. It serves as a
model for building cost-effective muon sources at existing electron machines with GeV electron energies. In
addition to the typical challenges encountered in conventional muon beamlines, such as the installation and
construction of the target station and beamline, the removal of substantial quantities of positrons is also a

major challenge. A potential solution to this issue is also discussed.

DOI: 10.1103/t2d3-xqnp

I. INTRODUCTION

Muons play a pivotal role in various scientific domains,
including particle physics, nuclear physics, and condensed
matter physics [1,2], due to their unique properties and
interactions. The increasing importance and demand for
muons in these fields have led to a growing emphasis on
their production and application. Today, muons can be
generated in large quantities by bombarding target materi-
als with intense proton beams from advanced accelerator
facilities. This process primarily involves the production of
pions through strong nuclear interactions, which then decay
into muons.

Of particular interest are “surface muons,” which origi-
nate from pions decaying at rest near the target surface.
These muons exhibit nearly 100% polarization due to the
parity-violating weak decay of pions, and their momentum
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remains almost monochromatic at approximately
29.8 MeV/c. These distinctive properties make surface
muons highly valuable for a wide range of experimental
studies. Current state-of-the-art muon facilities, such as
PSI [3], RCNP [4], and J-PARC [5], deliver usable surface
muon beams with intensities ranging from 107 to 103 p* /s
to the experimental area of muon spin rotation (uSR)
experiments.

However, the repetition rates of muon beams currently
available at these facilities are nonideal and essentially
limited to two modes: pulsed mode (25-50 Hz, e.g.,
J-PARC) and continuous mode (e.g., PSI). Considering
that a typical muon experiment lasts for about ten muon
lifetimes, current operation modes are not ideal for those
muon experiments [6—8]. For example, the duty cycle is
low in the pulsed mode, and the continuous mode is
disadvantageous in terms of statistics. The typical time
structure of currently available muon beams is shown in
Fig. 1. Many authors have mentioned that the most suitable
muon source for experiments—such as SR [6], muon
electric dipole moment [7], muonium to antimuonium
conversion [8], muon lifetime [9], and muon spin force
[10]—operates in a pulsed mode with a repetition rate of
several tens of kHz, as shown in Fig. 1(c).

Published by the American Physical Society
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FIG. 1.

Typical time structure of muon sources. (a) J-PARC RCS, 25 Hz pulsed beam: all protons/muons in one bunch (~40 ms

period). (b) PSI Ring Cyclotron, 50 MHz continuous beam: muons arrive randomly (time structure smeared out by pion lifetime of
~26 ns). (c) High-repetition-rate pulsed beam: 10—40 ps spacing (25-100 kHz), representing an ideal pulsed muon source with high

repetition rate. Adapted from [6].

To meet this demand, improvements to the time structure
in muon production using existing proton beams are being
considered. There are several plans to generate proton beams
with a time structure suitable for muon sources with ideal
repetition rates. For instance, the development of a non-
scaling fixed-field alternating gradient proton accelerator
operating at frequencies of a few kHz has been proposed
[11,12]; in the high-energy beam transport of a spallation
neutron source (SNS) accelerator, proton pulses with a
repetition rate of 50 kHz have been successfully extracted
based on laser neutralization of a 1 GeV hydrogen ion (H™)
beam [13]; the proton beam for the Mu2e experiment at
Fermilab has a proton bunch repetition rate of 0.59 MHz,
which is achieved by resonant slow extraction of the proton
bunches from the delivery ring [ 14]. However, these attempts
have not yet been realized or are not versatile enough.

On the other hand, muon sources utilizing electron beams
have recently emerged as a promising alternative to tradi-
tional proton-driven sources. Nagamine notably proposed
the use of electron microtrons for a compact uSR beamline
[15]. Recent advancements have established high-repetition-
rate (kHz to MHz) electron beams generated by linear
accelerators. When combined with a muon production target,
these electron beams can create muon sources with an
optimal time structure.

Unlike proton beam-driven sources, electron beam-driven
schemes produce muons as tertiary beams through photo-
nuclear processes. In this method, Bremsstrahlung generates
real photons, which subsequently induce photoexcitation of
nuclei, leading to pion production and subsequently decay
muons. Additionally, muons can be produced via the Bethe—
Heitler pair production process, although this method has a
lower production cross section. Despite this, the Bethe—
Heitler process yields higher-energy muons with better
directionality, as it bypasses pion production and decay stages.

This concept is particularly attractive because it does not
require a dedicated facility and can be implemented at any
facility that produces electron beams for various research
applications. It is especially compatible with synchrotron
radiation and x-ray free electron laser (XFEL) facilities,
where GeV electron beams are typically dumped, thus
offering a sustainable and innovative approach to muon
production.

Furthermore, recent advances in laser wakefield accel-
eration technology have reduced the size of electron
accelerators from kilometers to meters, further driving
research into compact muon source concepts. The antici-
pated availability of high-repetition-rate femtosecond
multi-PW lasers has fueled this research momentum.
However, most studies utilizing laser technology [16-21]
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FIG. 2. Conceptual schematic of the SHINE muon source project. A large number of 8§ GeV electron beam bunches fed from the
superconducting accelerator at repetition rates up to 1 MHz are distributed by a fast kicker in the beam switch yard to two FEL beamlines
and several beam dumps. The beam aimed at the FEL-II beamline first irradiates the muon production target, which is a combination of
target and dump, to produce muons. The target can be retracted from the beam axis when not in use, so it does not interfere with

FEL-II operation.

have focused on generating high-energy muons through the
pair production process rather than low-energy muons for
uSR applications.

In this article, we explore the use of high-repetition-rate
electron beams from the “Shanghai High repetition rate
XFEL and Extreme light facility” (SHINE) [22] as a driver
for muon sources. This cutting-edge facility, currently
under construction in Zhangjiang, Shanghai, will feature
a continuous wave (cw) superconducting electron linac
capable of delivering an 8-GeV bunched electron beam
with a bunch charge of 100 pC and a repetition rate of up to
1 MHz, resulting in an average current of 100 pA. The
beamline will include three undulator lines capable of
generating hard x-rays up to 25 keV, and a fast kicker
system will distribute electron bunches, supplied at up to
1 MHz, to the respective beamlines and beam dumps. More
information about the current layout can be found at [23].

The interaction between the electron beam and either the
beam dump or a prebeam dump thin target holds the
potential for producing muons and other secondary par-
ticles [24]. Figure 2 illustrates the configuration of the
electron beamline at the SHINE facility and provides a
conceptual diagram of the muon source using this beam.

This paper outlines the concept of a high-repetition-rate
muon source and a transport beamline for the muon beam,
utilizing the high-repetition electron beam from the SHINE
facility. Additionally, we discuss the expected surface
muon beam intensity and its potential applications.

II. MUON PRODUCTION TARGET

A. Material selection

For the production target material, we compared graph-
ite, which is widely used in proton-driven muon sources,
with copper and tungsten, as suggested in previous studies,
to evaluate their effectiveness in muon production using
an electron beam. We also included other common target
materials such as aluminum, titanium, iron, and molybde-
num to cover representative materials from low-Z,
medium-Z, and high-Z regions. Bremsstrahlung and pair

production induce electromagnetic showers, which signifi-
cantly influence muon production by the electron beam.
Therefore, understanding the properties of these showers is
critical. The characteristics of electromagnetic showers in
different target materials, based on SHINE’s design param-
eters (8 GeV, 100 pA), are summarized in Table I. We
evaluated seven representative materials based on key
properties: the depth of the shower maximum (X,,,,), the
heat load (dE/dz) at this depth, and typical thermal
conductivity (k).

In particular, X ., plays a key role in determining the
pion production and stopping distributions. As shown in
Fig. 3, the peak of the pion stopping distribution occurs
upstream of the calculated shower maximum X, likely
because, as the electromagnetic shower develops, the
average secondary-particle energy drops below the thresh-
old required for A-resonance excitation, which mainly
contributes to pion production. Consequently, medium-Z
materials (e.g., Fe, Cu) exhibit optimal characteristics, as
they efficiently stop pions within the target and maximize
the number of pions coming to rest near the surface
(z = 2.5), which is crucial for surface muon production,
as illustrated in Fig. 4. For each dataset, simulations were

TABLE 1. Electromagnetic shower characteristics for 8 GeV,
100 pA beam, and material properties. For heat loads, those at
50 kHz operation are also shown.

C
Materials (Graphite) Al Ti Fe Cu Mo W
Z 6 13 22 26 29 42 74
A 12 27 48 56 64 96 184
p [g/cm’] 1.82  2.70 4.54 7.87 8.94 10.22 19.25
Xmax [mm] 958 425 191 96.6 80.5 57.1 22.4
dE/dz [kW/cm]  4.84 11.6 27.3 534 654 719 265
(1 MHz)
dE/dz [kW/cm] 0.24  0.58 1.37 2.67 3.27 3.60 13.3
(50 kHz)

kK [Wm™ K] 119 237 21.9 80.4 401 138 173
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FIG. 3. Pion stopping distribution along the beam direction and

calculated shower maximum X,,, (dashed lines) for different
materials. Data are binned in 4 mm intervals and smoothed.

1
1400 - ! — C — Cu
i — A —— Mo
< 1200 - ; — T —w
c £ :
5 Q i
o
o E i
[eN({)] ]
0 c |
co
=7}
54
O(U
e

Distance from the surface [mm]

FIG. 4. Pion stopping distribution transverse to the beam for
different materials, with the beam position (dashed line) at
2.5 mm from the target surface. Data are binned in 0.4 mm
intervals and smoothed.

carried out in G4Beamline [25] (physics model QGSP-
BERT), irradiating the target with 10 million 8 GeV
electrons. The simulation configuration is the same as
in Fig. 5.

Due to its energy absorption characteristics, low-Z
materials necessitate an extended length for complete
electromagnetic shower development. This increased target
dimension is suboptimal for surface muon production, as
the initial beam size correlates directly with target dimen-
sions. While high-Z materials enable electromagnetic
shower development over shorter distances, they present
significant thermal management challenges due to concen-
trated heat loads in targets. Medium-Z materials emerge as
the optimal balance, facilitating electromagnetic shower

Capture Solenoid
X=-45mm

Xx=0mm, z=35mm

Virtual : - |
Detector | 1
1
\ ! \ , / /‘ Surface y*
8GeVe- '
z=0mm
—_ -
(0,0)
Cu Target
Height =100 mm
200 mm
FIG. 5. Schematic view of the target at SHINE surface muon

source. In our setup, the 8 GeV electron beams impinging on the
thick copper target along the positive direction of the x axis, and a
virtual detector is placed to monitor muon beam information at
the positive half of the z axis, 35 mm from the electron beam. The
centroid of the muon beam falls on the central axis of the
solenoid.

development over moderate lengths while generating rea-
sonably lower heat load. Furthermore, copper’s superior
thermal conductivity characteristics make it particularly
suitable for managing the thermal stress induced by high-
repetition, high-energy electron beams. The material’s
well-established manufacturing processes and cost-
effectiveness, combined with these favorable physical
properties, position copper as the prime candidate for
high-repetition muon production targets, despite certain
remaining technical challenges.

Based on these considerations, we will proceed with
copper as the target material for further studies.

B. Target geometry

The thin slab targets used at PSI [26] and in the CSNS
target design studies [27] are considered standard for
proton-based muon sources. These facilities must maintain
a material budget in the proton beam and scale the target
length accordingly due to downstream spallation neutron
sources. Occasionally, targets need to be tilted slightly
(approximately 5°) to increase the target size while main-
taining the interaction length. Thin targets pose challenges
in heat management, sometimes necessitating rotating
targets, which can introduce additional mechanical issues.

In contrast, our muon source utilizes an electron beam
that is dumped directly, eliminating the need for a thin
target to maintain the material budget. To ensure radiation
safety beyond the tunnel’s limited shielding thickness, it is
essential to provide comprehensive local shielding around
the high-power target. This configuration allows the use of
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a box-shaped thick target and a beam dump without
significant disadvantages, facilitating cooling by increasing
the target’s heat capacity.

The beam position and target length were optimized to
maximize the surface muon yield. Particle interactions and
transport processes in the target were simulated using
FLUKA code, version 4—4.0 [28] to estimate the yield.
The simulation assumed an 8 GeV, 100 pC/bunch electron
beam with an rms beam size of 2 mm impinged on the
target [29]. A virtual detector, measuring 100 x 100 cm,
was positioned 35 mm perpendicular to the electron beam
to record muon counts. The target configurations in the
simulation are shown in Fig. 5. The target simulations were
conducted without a capture solenoid, and the capture
solenoid’s position was later determined to align with the
beam center, as detailed in Sec. III B.

A variance reduction technique, specifically mean-free
path biasing (LAM-BIAS), was introduced into the com-
putational model to improve efficiency. An energy thresh-
old of 10 MeV was set to ignore the production and
transport of low-energy electrons, positrons, and photons,
which do not contribute to muon production, enhancing
calculation speed. For each geometry, 3.0 x 108 electrons
were simulated to balance statistical reliability with com-
putational cost, with the biasing method shortening the
photon hadronic interaction length by a factor of 0.02. The
results were then scaled to match the SHINE bunch charge
of 6.25 x 10® electrons per bunch.

The beam position was varied from 0.5 to 5.5 mm away
from the target surface in 1 mm increments. Figure 6 shows
the surface muon yield at each point normalized by the
yield at 0.5 mm. The yield increased rapidly until the beam
position reached 2.5 mm, beyond which it gradually
decreased. Further investigation of the pion stopping
distribution across the target would help explain this
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FIG. 6. Dependence of surface muon yield on electron beam
spot position. Among the muons produced by photonuclear
process detected by the virtual detector, those with a momentum
of 25 to 30 MeV/c were selected.
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FIG. 7. Beam position dependence of pion distribution in the
target. Each line corresponds to the results for beam positions of
0.5, 1.5, 2.5,3.5, and 4.5 mm. Simulation and plot settings are the
same as in Fig. 4.

relationship more clearly. As shown in Fig. 7, when the
beam position moves farther from the surface, the peak
value of the pion distribution within the target reaches its
maximum at 3.5 mm, due to the increased volume available
for shower lateral development. However, the number of
pion stops near the surface, which is crucial for surface
muon production, begins to decrease beyond 2.5 mm as the
pion distribution shifts away from the surface. The inter-
play of these two effects indicates that 2.5 mm is the
optimal position.

With the beam position fixed at 2.5 mm, the target length
along the beam direction was scanned, examining seven
points between 50 and 300 mm. As shown in Fig. 8, surface
muon yield increased up to a target length of 200 mm

before decreasing. Notably, the enhancement from
o
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FIG. 8. Dependence of surface muon yield on target length.

Among the muons produced by the photonuclear process
detected by the virtual detector, those with a momentum of 25
to 30 MeV/c were selected.
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50 to 75 mm was substantial. As shown in Table I, X, is
80.5 mm, suggesting significant benefits from increasing
the target length up to this point. As shown in Fig. 3, the
pion stopping distribution exhibits an exponential decrease
up to around 200 mm, extending the target length can
further increase yield, with a 200 mm target length set as
our baseline based on these findings.

III. SURFACE MUON BEAMLINE

To optimize the muon production target parameters, we
employed FLUKA for its high computational efficiency.
Since FLUKA is not designed for detailed particle tracking
simulation, we used G4Beamline—a code specializing in
particle transport and optics—to generate initial particle
distributions for beamline design studies. This approach
allowed us to seamlessly transition to subsequent G4Beamline
studies.

A. Surface muon yield

First, we thoroughly investigated the surface muon yield
using optimized baseline target designs with G4Beamline. The
physics model used was QGSP-BERT with a simulation
setup akin to the FLUKA setup (a virtual detector is placed
near the side of the target). The yield of positive muons
(below 300 MeV/c) from photonuclear processes was
estimated at approximately 10* per bunch. Figure 9 shows
the momentum distribution of these photonuclear-generated
muons along with other major positively charged particles.
Comparing muon yields between the G4Beamline and the
FLUKA simulations showed agreement within 2% for
momenta below 300 MeV/c and within 30% for the 25—
30 MeV/c momentum region (see details in Appendix A).
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FIG. 9. Momentum distribution of the detected secondary and
tertiary particles at the virtual detector.

Muons exhibit a broad energy distribution, decreasing
from low to high energy regions. Notably, the momentum
distribution shows two distinct peaks, corresponding to the
production of surface muons from the decay of pions and
kaons, with momentum peaks around 30 and 230 MeV/c,
respectively. The yield of surface muons derived from pion
decay in the 25 to 30 MeV/c range is approximately
2 x 10° muons per bunch. Operating at a frequency of
50 kHz, this translates to an intensity of 1 x 103 pu*/s.
Although the muon yield per bunch is relatively low, the
high-repetition-rate compensates for this, resulting in an
overall intensity per second comparable to existing proton
beam-driven muon sources [3-5].

Surface muons produced from kaon decays offer a
unique opportunity to investigate extremely dense materials
or materials under hydrostatic pressure due to their high
penetrating power, allowing for deeper examination of such
materials [32].

In addition to muon-related experiments, pulsed posi-
trons can be collected and transported to various dedicated
terminals for applications in positron annihilation spectros-
copy, which are associated with microstructural defects in
materials [33,34]. These terminals include positron lifetime
measurements, Doppler broadening measurements, age-
momentum correlation measurements, and angular corre-
lation measurements. The exceptionally high intensity of
the positrons can be effectively utilized to generate slow
positron beams with adjustable energy, thereby meeting the
significant demands in defect characterization within thin
films and surface material interfaces.

B. Characteristics of the initial muon beam

The characteristics of the muon beam emerging from
the target were then analyzed using the virtual detector.
Figure 10 illustrates the horizontal and vertical phase space
(x — x', y —y"), the real space (x — y) of the beam, and the
polarization dependence on momentum. From Fig. 10(d), it
is evident that the muons with the highest polarization
relative to the centerline-z axis possess the highest momen-
tum, as these high-momentum muons are predominantly
forward going and abundant.

Selected phase space parameters of the muon beam
are summarized in Table II. Given that the incident
electron beam is aligned along the x axis, the muon
beam exhibits asymmetry in the horizontal plane, with a
mean horizontal position shift of approximately
—45.2 mm from the center of the target. To maximize
acceptance, the solenoid’s cross-sectional center is
aligned with the centroid of the beam.

C. Design concept of the beamline

Beamlines are essential for collecting produced muons
and selectively transporting muons with specific energies
and properties to the experimental area, tailored for various

083401-6



SIMULATION STUDIES OF A ...

2000 700
(a)
1500 ] 500
1000+
- 500
500 -
g .- 400
1= .
x 300
200
-1000 .
-1500 100
-2000 . : ; : ;
-300 -200 -100 0 100 200 300
300 2000
2004 1750
1500
100
1250
e
E 01. 1000
N .
-1004 . 780
500
-200 . .
.o . 250
"
-300 ; ; — ;
-300 -200 -100 0 100 200 300
X [mm]
FIG. 10.

PHYS. REV. ACCEL. BEAMS 28, 083401 (2025)
2000
3500
(b)
1500
3000
1000
2500
500-
3 2000
g 07
>~ 1500
-500-
10004 1000
-1500- 500
-2000 ; ; ‘ .
-300 -200 -100 0 100 200 300
1750
1500
1250
N 1000
[¢]
o
750
500
250

10 15

20
Momentum [MeV/c]
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(x,y), and (d) momentum dependence of muon polarization, showing that high-momentum, forward-going muons exhibit maximum
polarization. The coordinate system is the left-hand system in Fig. 5.

scientific applications. While a straight, short beamline
would offer the highest transmission rate, radiation safety
concerns render such a layout impractical. Consequently,
the beamline must incorporate several bending sections to

TABLE II. Phase space characteristics of the muon beam
detected in the simulation by the virtual detector, placed centrally
35 mm at a 90° angle with respect to the electron beam.

Value
22.9 MeV/c/5.5 MeV/c

Parameters

Mean momentum P,/momentum
spread op

Horizontal position (x)/width o,

Horizontal divergence (x')/width o

Horizontal rms emittance

Vertical position (y)/width o,

Vertical divergence (y')/width o,

Vertical rms emittance

Mean polarization

—45.2 mm/73.7 mm
—14.6 mrad/696.7 mrad
3814 zcm mrad

—0.1 mm/67.5 mm
—1.2 mm/696.9 mrad
3180 mcm mrad

—0.63

eliminate direct line-of-sight from the experimental area to
the target, also helping to minimize contamination by
particles other than muons.

To streamline the optimization process, the beam
optics design employs only solenoids and bending
magnets, inspired by the beamline designs from PSI
[35] and CSNS [27]. Despite the use of multiple bending
magnets, contamination by positively charged particles
with the same momentum as surface muons remains a
possibility. This issue can be effectively mitigated with a
Wien filter.

Based on the current layout design of the SHINE facility,
the available space for the beamline and experimental
area is situated in the north-central region of Shaft 2.
The dimensions of this space are 30 x 12 m, which must
be considered in the design. Given these constraints, the
beamline optics should be optimized to maximize the
intensity of surface muons transported to the experimental
area, ensuring both safety and efficiency.
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D. Beamline optics

Based on these design concepts, a 13.6-m beamline, as
shown in Fig. 11, was constructed in the simulation to
transmit surface muons from the target to the final
experimental area. This beamline includes seven large-
aperture solenoids (one capture solenoid and six focusing
solenoids) and three dipole magnets with a 40° bending
angle. Each solenoid is 373 mm long with a 500 mm
aperture to ensure high acceptance.

To simplify the design, three 640-mm rectangular
bending dipoles of identical geometry were used for
momentum selection and the elimination of negatively
charged and neutral particles, instead of sector dipoles.
This approach allows for adjustments to the bending angle
by simply changing the magnetic field inside the dipole,
without the need for redesign. A Wien filter is placed
between the last two solenoids to filter out positrons further.

The optics parameters applied in the transport beamline
to optimize the transmission of the surface muon beam are
summarized in Table III.

E. Optimization of the beamline optics

To optimize the beamline optics, an algorithm integrat-
ing the pattern search method with the coordinate descent
method was employed. The coordinate descent method
optimizes a multivariate objective function by solving a
series of univariate optimization problems sequentially.
To facilitate the implementation, a cyclic approach was
adopted, where each univariate problem is solved in turn,

Surface muon beamline layout.

and once a complete cycle over all variables is completed,
the process restarts with the first variable. Each univariate
problem refines the solution estimate by optimizing
selected variables while holding the others constant.

A pattern search method was chosen for solving
the univariate optimization problems. This method relies
solely on function evaluations and does not require the
gradient of the function, making it particularly suitable
for functions with hard-to-compute or unknown deriva-
tives. Additionally, it is straightforward to implement.
However, it is prone to converging to local maxima, and

TABLE III.  Optics parameters applied in the extraction beam-
line to transport surface muon beam.

Position  Length Aperture  Field
Components (m) (mm) (mm) (T)
Capture solenoid 0.47 373 500 0.432
Dipolel 1.93 640 400 —0.100
Solenoidl 3.17 373 500 0.241
Solenoid2 4.40 373 500 0.173
Dipole2 6.05 640 400 0.100
Solenoid3 7.17 373 500 0.136
Solenoid4 8.00 373 500 0.199
Dipole3 9.45 640 400 —0.104
Solenoid5 10.82 373 500 0.226
Wien filter 11.75 1500 300
Solenoid6 13.18 373 500 0.440
Exit 13.58
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FIG. 12. (a) Transport efficiency along the surface muon

beamline from the target to the experimental area and (b) beam
envelopes (2 x rms) along the surface muon beamline from the
target to the experimental area in G4Beamline simulation with
optimized optics. The optics and their apertures are depicted.
Green represents the solenoid magnets, gray indicates the
bending magnets, and blue shows the Wien filter.

its effectiveness depends heavily on the initial value
settings. Details of the implementation can be found
in Appendix B.

F. Expected surface muon beam properties

Figure 12 illustrates typical simulated results for the
beam envelope and transport efficiency of surface muons
along the beamline. The transport efficiency for surface
muons from the target to the experimental area, with
standard beam optics tuning, is 3.1% £0.03%. This effi-
ciency includes a capture efficiency of approximately
21.2% =+ 0.1% for surface muons in the capture solenoid
and a transmission efficiency of about 14.8% 4 0.03%
along the transport beamline. The anticipated surface
muon intensity at the final focus is 60 p*/bunch or
3.1 x 10% p* /s (for a repetition rate of 50 kHz), with an
rms beam size of 25.6 mm (horizontal) x 26.0 mm
(vertical), a mean momentum of 27.6 MeV/c with a
momentum bite (A p/p) of 3.69% and a polarization
of 88%. The spin is rotated due to the Wien filter, and
the 88% is relative to the beamline axis; this could be
further improved with more detailed studies on the Wien
filter. The beam distribution and phase space at this beam
location are illustrated in Fig. 13. Given that the sample
size in a typical uSR experiment is around 30 mm in
diameter [36,37], the distribution of surface muons within
this range is particularly important. The muon intensity in
this region is 4.7 x 10° p*/s.

The electron beam has a short pulse length of approx-
imately 40 fs [38]. The muon arrival time distribution
shows a Gaussian core with an exponential tail, resulting in
a 20 ns FWHM and extending beyond 200 ns, which could
affect timing resolution. Although detectors have an intrin-
sic time resolution of 100-200 ps, the beam time spread, as
shown in Fig. 14, remains the main limiting factor in pulsed
uSR. The mean parameters of the surface muon beam spot
are summarized in Table IV.

G. Positron removal schemes

In our target, approximately 1 x 10'" positrons per
bunch are generated. Some of these may contaminate the
experimental area. Since positrons serve as the signal in
1SR experiments, this presents a major background issue.

300 1000 1000
1 ¢=30mm 100 x Mean: 6.40 mm 60 ¥y Mean: —2.68 mm
2004 =100 mm X rms: 25.62 mm y rms: 26.03 mm 50
80 500 50 500 40
100 40
= =) i)
£ 60 ®© o 30
E 0 E 9 3 E 07
> 3 3
B >
-100+ 40 20 20
) -500- -500-
-200- 20 10 . 10
-300 \ \ \ -1000 \ \ -1000 \ \ \
-200 0 200 -200 200 -200 0 200
X [mm] X [mm] y [mm]
FIG. 13. Beam and phase-space distribution at the beam spot for all muons. From left to right are the x —y, x — x/, and y — y’

distributions. Color bars show the counts in the bins.
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FIG. 14. Simulated time-of-flight distribution comparing posi-
trons and muons 11 m downstream from the target. Each
histogram is normalized to its peak value. A distinct separation
of approximately 100 ns exists between the positron peak and the
leading edge of the subsequent muon distribution.

To reduce positron contamination, we implemented a
system that combines multiple bending magnets with a
Wien filter. Parameters such as voltage and plate gap were
chosen to be reasonable values with reference to the
existing facility [39], and the plate length was determined
considering the available length. The main parameters of
the Wien filter are provided in Table V.

For the positron removal study, we simulated 1 x 107
electron-on-target events. This provided sufficient

TABLE IV. Parameters of the surface muon beam spot at the
experimental area, assuming a 50 kHz operation for the pulsed
electron beam. For polarization, the value just before the Wien
filter is also noted.

Parameters Value

x/x (rms) 25.6 mm/221 mrad
y/y (rms) 26.0 mm/246 mrad
Mean momentum 27.6 MeV/c
Ap/p 3.69%
Polarization (before Wien filter) 97%
Polarization (after Wien filter) 88%

u" rate (all)
ut rate (¢p30 mm)

3.1 x10% pt/s
4.7 x 10° p*/s

TABLE V. Main parameters of the Wien filter.

Parameter Value
Electric field (E}) —2.67 MV/m
Magnetic field (B,) 0.0328 T
Length (L) 1500 mm
Plate gap (g) 300 mm

statistics since the positron yield is very high. We detected
62 positrons at the ¢30 mm beam spot following their
transport through the beamline, which has been optimized
for the surface muon. Scaling this result to SHINE’s
design electron bunch charge (6.25 x 10¥ electrons), we
projected that approximately 3880 positrons would reach
the beam spot per bunch while only around 10 muons
can be transported. This calculation assumes linear
scaling. Although this positron-to-muon ratio signifi-
cantly decreases from the initial 10° near the target, it
still presents a major challenge for uSR experiments,
which usually require positron contamination to be
below 1%.

Therefore, in addition to the Wien filter, we are exploring
an alternative approach using a fast kicker with strip lines
and a septum magnet to eliminate positrons from the
beamline. The positron background in the beamline has
the same momentum as the muon but experiences a
different time-of-flight due to its varying mass. This
difference could be utilized to remove positrons. As shown
in Fig. 14, the time-of-flight difference between positrons
and muons at 11 m from the target in this beamline is
approximately 100 ns.

Advanced XFEL facilities utilize fast kicker systems
to distribute high-energy electron beams across multiple
beamlines at MHz-level repetition rates. For example, at
SHINE, a lumped inductance kicker is currently being
developed utilizing a vacuum chamber equipped with a
single-turn coil [40]. This kicker is capable of operating at a
frequency of 1 MHz, possesses a magnetic pulse width of
600 ns, and achieves a full magnetic strength of 0.005 T; at
DESY’s European XFEL, 20 GeV electron beams operate
at 4.5 MHz, with excess electrons not used for lasing being
dumped by fast kickers that have maximum pulse widths
of 30 ns and rise/fall times of 15 ns [41]. By designing a
similar fast kicker system specifically for muon beamlines,
we believe the positron contamination issue can be effec-
tively resolved. This promising approach, along with
design optimization studies and comprehensive perfor-
mance analysis, should be thoroughly explored in an
upcoming publication dedicated to positron removal for
muon experiments.

IV. CONCLUSIONS

This article introduced the concept of a muon
source utilizing a high-repetition-rate electron beam
and a transport beamline design. A muon beam with a
repetition rate of approximately 50 kHz, optimal for
typical muon experiments, can be generated. Compared
to current proton-driven muon sources, the relatively
low muon production rate is compensated by the high-
repetition-rate, resulting in a muon yield comparable to
existing sources.

Using a straightforward beamline configuration consist-
ing of solenoids, bending magnets, and a Wien filter, the
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surface muon intensity delivered to the experimental area
was estimated to be approximately 4.7 x 10° pu*/s for a
beam spot ¢30 mm. The realization of this concept
requires further detailed design studies, including opti-
mization of target geometry, thermo-mechanical calcula-
tions for the target, and proof-of-principle experiments.
The removal of positrons is particularly challenging. Once
constructed, this high-repetition-rate pulsed muon beam-
line is well suited for applications in uSR spectrometer
[42], muon electric dipole moment (EDM) searches
[43,44], and muonium-to-antimuonium conversion
experiments [45-47]. Additionally, its unique timing
structure complements the Chinese Muon Facilities cur-
rently under construction at the Chinese Spallation
Neutron Source (CSNS) [48] in Dongguan, Guangdong,
China, and is being studied with the Initiative Accelerator
Driven Subcritical System (CiADS) [49] and the High-
Intensity Heavy-lon Accelerator Facility (HIAF) [50] in
Huizhou, Guangdong, China.
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APPENDIX A: MUON YIELD COMPARISON
BETWEEN G4Beamline AND FLUKA

Figure 15 shows a comparison of positive muon yield
between G4Beamline and FLUKA. No significant differences
are observed in the yield for momentum regions below
300 MeV/c, showing generally good agreement between
the two calculation codes. However, there are some
discrepancies in behavior near the two peaks. In the
momentum region of 25-30 MeV/c, the yields differ by
up to approximately 30%. The accuracy of these simulation
models needs to be quantitatively evaluated through future
experimental validation.

Events (below 300 MeV/c):| G4Beamline (QGSP-BERT)
—— FLUKA (version 4-4.0)

FLUKA: 18315.00
G4Beamline: 18571.00

uF/Bunch/[MeV/c]

0
10
0 50 100 150 200 250 300
Momentum [MeV/c]

FIG. 15. Comparison of positive muon yield between G4Beam-
line and FLUKA.

APPENDIX B: PATTERN SEARCH
ALGORITHM FOR THE BEAMLINE
OPTIMIZATION

This algorithm ensures a balanced search throughout the
variables in a multidimensional optimization problem. An
example of the procedure for the algorithm is described
below. In this example, we consider maximizing the
value of the multivariate function f(x;, x,, ..., x,), where
i=1,2,...,n, and n is the number of variables.
(1) Initialization: (i) Set the initial search points x; and
initial step sizes A;. (2) Iteration: (i) For each variable x;
and step size A;, proceed with the following steps.
(i) Evaluate the function at three points x; — 4A;, Xx;,
x; + A;. (iii) Select the point with the highest function
value and update the search point x; to this point if it is
different from the current search point. (iv) Then, adjust
the step size A;; maintain if there was an update of the
search point, halve it if not. (3) Update: (i) After
completing a cycle of searches across all variables, return
to the first variable and repeat the search process from the
updated search point x;. (4) Termination: (i) Terminate
the algorithm if the step size falls below a predefined
threshold.

Here, the objective function was the number of
surface muons transported to the experimental area,
the variables were the position and field strength of
each optics component. To avoid local maxima as much
as possible, simulations were initially performed using
several randomly generated beamline configurations,
and the configuration with the highest number of
surface muons transported was used as the initial search
point.
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