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Abstract

of muon cooling and acceleration technologies.
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Muons, which were discovered in the 1930s and first generated using an accelerator half a century after their
discovery, are now widely used in several scientific fields such as particle physics and material science. Recent
advancements in cooling techniques have reduced the phase-space volume of muon beams and driven the effort to
realize muon acceleration, which has now been demonstrated for the first time. This paper reviews the current state

1 Introduction

A muon is an elementary particle similar to an electron,
with an electric charge of —e and a spin of % ; however,
the former has a mass 200 times heavier. Muons were
discovered during the study of cosmic rays in the first
half of the 20th century [1]. After the successful genera-
tion of muons using a particle accelerator half a century
after their discovery [2], they have become widely used in
various scientific fields.

Because muons have a heavier mass than electrons, they
can easily couple with unknown particles through quan-
tum effects. Elementary particle experiments such as the
search for muon-to-electron conversion [3, 4] and pre-
cise measurement of the anomalous magnetic moment
[5, 6] are currently in progress. Furthermore, muonium
atoms (Mu: u+e™-bound state), because of their unique-
ness as a pure leptonic system, can be one of the best
probes for testing the precise bound-state QED and fun-
damental constants, for example, muon mass, muon mag-
netic moment, and fine structure constant [7-9]. Muon
spin rotation/relaxation/resonance (1 SR) is a collection of
methods that use the muon’s spin to examine structural
and dynamical processes in bulk materials at the atomic
scale. The spin motion of the muon inside the material
provides information on its local environment in a simi-
lar way to other magnetic resonance techniques such as
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nuclear magnetic resonance. In contrast to other meth-
ods, the signal of SR can be easily detected even in
polycrystalline samples; therefore, it is used to study the
magnetism of high-temperature superconductors. Char-
acteristic X-rays from the muonic atom (an atom wherein
a negatively charged muon is captured by a nucleus) offer
a unique method for non-destructive elemental analysis.
This is because muonic X-rays possess very high energy;
thus, elemental analysis deep inside of a bulk material is
possible. Thanks to a strong penetrating power of muons,
cosmic-ray muons have been widely used for transmis-
sion imaging of large to medium scale structures such as
pyramids [10], nuclear reactors [11], and containers.

All these applications could benefit from better qual-
ity muon beam. Because a muon beam is generated as
a tertiary beam and initially has a large phase-space vol-
ume, cooling techniques have been developed to reduce
the phase space volume, thus increasing the quality of the
muon beam. These recent advancements have also pro-
vided a means to achieve muon acceleration with uses
across numerous scientific applications.

Particle physicists are planning the construction of a
muon collider, where muons are accelerated to a high
energy before collision [12, 13]. Another promising appli-
cation of muon acceleration is the construction of a
transmission muon microscope (https://slowmuon.kek.
jp/index_e.html) for material and life sciences applica-
tions. If muons can be cooled to thermal temperature and
subsequently re-accelerated, transmission muon micro-
scopes can be realized. In addition, muon acceleration can
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be used in imaging. Although imaging with cosmic-ray
muons is a unique way to see through large or shielded
structures, the resolution and required time for imaging
with muons are inadequate because of the muon flux and
energy spread. Scattering tomography [14], which mea-
sures the muon scattering angle, depends not only on the
amount of material but also on the muon energy. Accel-
erated muon beams are monochromatic and high-energy,
enabling higher resolution imaging in less time.

Section 3 provides a detailed review of muon cooling
techniques and Section 4 examines muon acceleration.

2 Muon generation

The muon is produced by decay of charged pions gener-
ated by the nuclear interaction in the production target
with a proton beam. Recent remarkable progress on the
accelerator technologies enable several MW proton beam
for the usage of the muon production. Among several
schemes or choices for the accelerators [15], the Japan
Proton Accelerator Research Complex (J-PARC) and the
Material and Lift Science Facility (MLF) in J-PARC is
introduced because the J-PARC MLEF is a lead facility on
muon research.

The J-PARC accelerator is comprised of the 400-MeV
H~ linear accelerator (linac), 3-GeV rapid-cycling syn-
chrotron (RCS), and 30-GeV main ring. The J-PARC linac
provides beams with a design peak current of 50 mA with
a macropulse duration of 500 us. The radio-frequency
deflector combined with the scraper system is installed
after the 3-MeV radio-frequency quadrupole linac (RFQ),
in order to produce a so-called intermediate pulse config-
uration for the RCS. The H™ beam is injected to the RCS
via a charge-exchange injection through a thin carbon foil.
After multuturn injection and acceleration in the RCS,
most of the beam pulses are delivered to the MLF. The
RCS has successfully demonstrated 1-MW beam opera-
tion for 36 h in summer 2020. The beam power at MLF is
scheduled to be gradually increased to the primary goal of
1 MW for use by experiments.

The MLF consists of muon and spallation neutron facil-
ities, MUSE [16] and JSNS. The muon production target,
a 2-cm thick rotating graphite, installed 30 m upstream
of the neutron target. There are four muon beamlines
in MUSE. Two of the beamlines (H-line and D-line)
are extracted at the angle of 60 degrees to the proton
beamline, and the others (S-line and U-line) are at 135
degrees. The D-line [17] collects muons or pions with
three quadrupole magnets with a solid angle of 65 msr.
Decay positive and negative muons up to 120 MeV/c can
be extracted by using a superconducing solenoid mag-
net and a typical intensity is an order of 10° muons per
seconds at 60 MeV/c. The D-line has been operated for
user program from 2008. The U-line [18] uses the capture
solenoid with a large solid angle acceptance of 400 msr
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and transports muons using solenoids with two curved
sections of 45 degree each of opposite direction and a 6-m
long straight section. The U-line is was installed in 2012
and being operated to generate the ultra-slow muons with
the muonium laser ionization described in Chap. 3. The
S-line [19] collects and transports muons with quadrupole
magnets. It will eventually comprise four experimental
areas that will share the beam via electric kickers. The
H-line [20] aims to realize a high-intensity muon beam
using a large aperture capture solenoid with a solid angle
of 136 msr. The two short 1.5 m solenoid magnets with
fields that are mutually in opposite directions are adopted
for the beam transport. The expected beam intensity at
the experimental area is approximately 10% muons per sec-
onds and the beam commissioning will be conducted in
2022.

3 Muon cooling

The cooling techniques developed at particle accelera-
tors, synchrotron radiation cooling, laser cooling [21, 22],
stochastic cooling [23] and electron cooling [24] cannot
be used for muons because the required time for cool-
ing is significantly longer than the muon lifetime of 2 us.
The most practical approach for muon cooling is to pass
muons through a particular material.

Ionization cooling [25] is a method of beam cooling
wherein charged beam particles lose kinetic energy as they
pass through a certain material. Acceleration of the muons
using radio-frequency cavities after deceleration in the
material restores momentum only along the beam direc-
tion. This process is repeated several times to reduce the
transverse momentum. The emittance change during this
process can be expressed as

2
% ~ _idf n B1(13.6 [MeV/c]) )

B2E dz 22EmX
where 8, E, m are the muon velocity, energy, and mass
of muon, respectively. ¢ is the transverse emittance, 8
is the transverse beta function, and X is the radiation
length of the material. In order to reduce the heating effect
expressed in the second term, low-Z material (small Xj)
is desired as the deceleration material. The international
muon ionization cooling experiment (MICE http://mice.
iit.edu) recently confirmed the principle of this method
experimentally. In the experiment, the phase space dis-
tributions in the transverse directions before and after
both liquid hydrogen and lithium hydride absorbers are
measured using scintillating fiber layers. They success-
fully observed emittance reduction as expected [26]. This
method of cooling is generally useful for muon energies
larger than few hundred keV, where the energy loss per
unit length is given by the Bethe formula.

For particles moving more slowly than 8 = v/c ~ 0.01,
the stopping power becomes approximately proportional
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to B [27, 28]. In this energy region, the moderator and
acceleration along the muon path increase the spectral
density around a certain equilibrium energy, like the ion-
izaion cooling. The experimental proof for this frictional
cooling was found in [29]. In the experiment, muons pass
a series of stainless ring where the acceleration voltage
are applied. Some of the rings install a thin graphite foil,
through which the cooling was achieved. A total increase
of the phase-space density for muons with energies from
0.5 to 1.5 keV is observed to be a factor of 12;3. Addi-
tional methods for more efficient cooling were proposed
by combining ionization cooling with a large admittance
realized by an inverse cyclotron system [30].

For muon energies of less than a few keV, or velocities
smaller than valence electron velocities, there are drastic
differences between the behavior of negative and positive
muons. One of these differences is the Barkas correction
[31], which is necessary for describing the stopping power
for negative particles in matter. Another important differ-
ence is that a positive muon can capture an electron from a
material to form a Mu or two electrons to form a negative
muonium ion (ute~"e™, Mu™).

The cold moderator method was successfully used at the
Paul Scherrer Institute (PSI) to generate slow (1~10 eV)
ut beams [32, 33]. Because several cryocrystals have a
large energy gap (~ 10 eV for Ar and Ny, for example), the
energy loss process is terminated at that energy and the
slow ™ will be emitted from the surface of the cryocrys-
tal injection target. In this method, the produced low u*
maintains almost 100% polarization; however, the conver-
sion efficiency from the injected few MeV of u™ to slow
utis~ 1075,

At PSI, the new method based on an energy loss dur-
ing the cryogenic gas has been developed. The decelerated
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muons are transported with electric and magnetic fields
in combination with gas density gradients, and ~ 10 eV
muons are obtained. Recently, the muCool collaboration
succeeded in demonstrating transverse compression and
improving the phase-space density by a factor of 101° with
1073 efficiency [34].

The muonium laser ionization technique can generate
positive muons with thermal energy. In this method,
conventional beam muons are injected into the Mu pro-
duction target and then form thermal Mu. The paired
electron in Mu is knocked out by a laser, and a thermal
muon is generated (Fig. 1). After first observation of
the muonium in vacuum with a hot tungsten foil [35],
ionization of the muonium via the excitation of the
two-photon transition 1s—2s [36] and single photon
transition 1s— 2p [37] were achieved. In the RIKEN-RAL
muon facility located at Rutherford Appleton Laboratory,
the thermal muon intensity was achieved to be 15 u* per
second and the efficiency of the surface muon cooling to
thermal energy is order of 10~° [38]. Because the cooling
efficiency above is limited mainly by the overlap between
the muonium spread and laser region, the efficiency is
potentially possible to be the probability of the muonium
production, the order of 10! ~ 1072, Recent progress
using a silica aerogel target as the muonium production
target showed an order-of-magnitude improvement of
the muonium emission from the target with the laser
ablation technique [39, 40].

Mu~ was observed in vacuum for the first time in the
late 1980s [41-43]. In this method, the conversion effi-
ciency from pu to Mu~ with the energy smaller than
1 keV is limited to the order of 107°. It has been theo-
rized, since the first Mu™ was generated, that the conver-
sion efficiency would be enhanced with materials with a

-
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Fig. 1 Schematic of the muonium laser ionization technique. The conventional beam muons are injected into a Mu production target. Some of the
Mu will escape to vacuum with thermal energy. The laser strips the electron from Mu, and the muon with thermal energy is generated
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thermal p*
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low-work function [41, 44]. The demand for higher effi-
ciency conversion has spurred the development of a radio-
frequency linear accelerator Mu~ generation method.
Several experiments have been conducted in MLF at J-
PARC [45, 46]. In the experiments, the Mu™ generation
efficiency was measured using several targets: C12A7
electrode [47, 48], Al foil, and SUS foil. The Mu™ inten-
sity is consistent within the statistical uncertainty of ~10%
among the three targets. This systematic measurement is
essential input to understand the Mu~ production pro-
cess.

As described above, = behaves differently to u™t at
energies below a few hundred keV. Because the muonic
atom is formed and no re-emission is expected, it is dif-
ficult to produce slow u~. To overcome this difficulty,
it was proposed to utilize the muon catalyzed fusion
(wCF) process described below [49, 50]. As a first step
of uCF, p~ is injected to a deuterium-tritium (D-T)
mixture and forms either du or tu atom. The gener-
ated tu acts with deuterium atom in the molecules to
form dtpu and pu~ with energy of around 10 keV will
be released after the fusion reaction of d+t. Currently,
a proof-of-principle experiment is being planned for
J-PARC.

4 Muon acceleration

As described in Section 3, ionization cooling requires
rapid acceleration with a radio-frequency cavity, in addi-
tion to deceleration in the absorbers. In this method,
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it is necessary to accommodate the cavity in the strong
solenoid field in order to focus the muon beam with
large emittance and realize a small transverse divergence
for efficient cooling. In axial magnetic fields, electron-
loading phenomena in the acceleration cavity, such as
multipathing and electrical breakdown, are enhanced. To
mitigate these phenomena, testing on the operation of
the cavity in a high magnetic field has been conducted
at the Fermilab MuCool Test Area (MTA). Operation of
a cavity with more than 50 MV/m in a 3-T magnetic
field was achieved using Beryllium end plates that have
higher resistance to the expected electrical breakdown
[51, 52]. Another attempt using a high pressure gas-filled
radio-frequency cavity, in which the induced electrons
are terminated by the collision with gas molecules, also
succeeded in the operation with similar parameters [53].
The acceleration of muons using a radio-frequency
accelerator was demonstrated for the first time [54] in the
J-PARC MLE. In this experiment, the Mu™~ is produced by
injecting surface muons into a thin metal foil. After gener-
ation and extraction with an electro-static lens, the Mu™
is injected into an RFQ [55] and accelerated to 89 keV. The
Mu is then transported to the microchannel plate detec-
tor through the diagnostic beamline consisting of two
quadrupole magnets and a bending magnet. In addition
to the charge and momentum selection by the bending
magnet, the time-of-flight (ToF) from the Mu™ produc-
tion target to the detector is measured as an additional
figure of merit for the accelerated Mu~. Figure 2 shows
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Fig. 2 The ToF spectra of ovserbed Mu™ events with RFQ on and off. Because the Mu~ is produced by injecting s into a thin metal foil, the
number of the Mu™ events is normalized with the number of injected u T events. The clear peak of the RFQ on the spectrum at 830 ns corresponds
to the accelerated Mu™ particles. The error bars are statistical. A simulated ToF spectrum of the accelerated Mu™'s is also plotted. This figure is cited
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Fig. 3 Configuration of the muon linac. W is the kinetic energy and 8 is the ratio of the muon velocity to the speed of light. After the initial
acceleration using the Soa lens consisting of mesh and cylindrical electrodes, the muons are accelerated using four types of radio-frequency

accelerators

the ToF spectrum with and without RFQ operation after
the signal pulse-height cut is applied [56]. The hatched
histogram shown in Fig. 2 represents the simulated ToF
spectrum of the accelerated Mu~ which is consistent with
the measured ToF values. It can be concluded from these
results that the observed peak is due to the acceleration of
Mu~ by the REQ to 89 keV.

A linac, based on the radio-frequency acceleration tech-
nology described above, is being developed at J-PARC to
accelerate muons to nearly the speed of light in order
to the measure the muon anomalous magnetic moment
and electric dipole moment [6]. Figure 3 shows schematic
of the muon linac. An RFQ bunches and accelerates the
muons to 0.3 MeV [57] after the initial acceleration using
an electrostatic lens called a Soa lens [58]. After the
RFQ, an interdigital H-mode drift tube linac (IH-DTL) is
employed while the particle velocity 8 = 0.08 to 0.28
(4 MeV) [59]. The IH-DTL was first proposed in Japan in
1949 [60]. Compared to the conventional Arvaretz DTL,
a higher acceleration efficiency is achieved, particularly
within the range of 8 = 0.1-0.2 [61]. After the muon is
accelerated to 8 = 0.28, a disk-and-washer (DAW)-type
coupled cavity linac (CCL) with an operational frequency
of 1296 MHz [62] is employed. A DAW-CCL was first
proposed in the early 1970s [63, 64], and full scale cavity
was demonstrated in late 1970s [65]; the first DAW-CCL
was operated using protons and H™ linac at the Moscow
meson factory [66]. DAW-CCLs have advantages over
other CCLs, such as a higher shunt impedance and higher
coupling between the accelerating and coupling cells. A
disk-loaded structure (DLS) traveling-wave linac is used
when B is greater than 0.7 (42 MeV) [67]. DLS is clas-
sified as a traveling wave accelerator for electrons. The
acceleration of electrons using a traveling wave acceler-
ator was first demonstrated in the late 1940s [68], and
recent electron accelerators using room-temperature cav-
ities have been based on the results of the Mark III linac
[69] and SLAC. Unlike linear accelerators for electrons,

which quickly reach the speed of light, muon linacs slowly
approach the speed of light and require a gradual change
in the length of the cell. Prototypes of the IH-DTL and
DAW-CCL were fabricated to confirm the design and
evaluate the performance [70]. The actual IH-DTL and
first module of the DAW-CCL are currently being fabri-
cated.

To realize a mobile muon accelerator to inspect infras-
tructure such as roads, the accelerator requires compact-
ness. One of the barriers to building such a device is the
low velocity section of the muon accelerator; it requires
approximately 10 m to accelerate muons to a few tens
of MeV in the design described above. The automatic
cyclotron resonance acceleration, which was utilized in
electron acceleration [71, 72], has been discussed for pro-
ton acceleration [73] and muons. Because the muon mass
is approximately one tenth that of the proton, the appli-
cation of this acceleration scheme to muons decreases the
strength of the required magnetic field. Figure 4 shows
the simulation result for muon acceleration with the auto-
matic cyclotron resonance scheme. A uniform magnetic
field of 6.7 T is applied to the resonant cavity operat-
ing in the TE;;; mode with a frequency of 850 MHz.
This magnetic field can accelerate muons from 10 keV
to 20 MeV with a length of 29 cm, which is much
shorter than the current designs. To achieve greater accel-
eration, more studies are needed, such as operating a
high-power radio-frequency cavity in an axial magnetic
field.

5 Summary

A wide variety of scientific fields have been explored using
muon beams since their discovery. Recent progress in
the cooling techniques of muon beams has driven the
advancement of muon acceleration and led to the first suc-
cessful demonstration of muon acceleration. Accelerated
muon beams, utilizing advanced cooling techniques, have
begun a new era of accelerator science.
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