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Experimentally accessible schemes of laser muon (µ±) acceleration are introduced and
modeled using a novel technique of controlled laser-driven post-processing of cascade
showers (or pair plasmas). The proposed schemes use propagating structures in plasma,
driven as wakefields of femtosecond-scale high-intensity laser, to capture particles of di-
vergent cascade shower of: (a) hadronic type from proton-nucleon or photo-production
reactions or, (b) electromagnetic type. Apart from the direct trapping and acceleration
of particles of a raw shower in laser-driven plasma, a conditioning stage is proposed to
selectively focus only one of the charge states. Not only is the high gradient that is sus-
tained by laser-driven plasma structures well suited for rapid acceleration to extend the
lifetime of short-lived muons but their inherent spatiotemporal scales also make possible
production of unprecedented ultrashort, micron-scale muon beams. Compact laser muon
acceleration schemes hold the promise to open up new avenues for applications.
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1. Laser Wakefield Particle Acceleration in Gaseous Plasmas

Laser-plasma electron accelerators1 enabled by Chirped-Pulse Amplified (CPA)
lasers2 are now capable of producing several GeV3 electron (e�) beams in
centimeter-scale gas plasmas. These widely prototyped accelerators have demon-
strated propagating acceleration structures, driven as wakefields of a CPA laser
pulse, that sustain average gradients of several tens of GVm�1 and acceleration of
a few percent energy spread e� beams in centimeter-scale gas plasmas.

Apart from this, a two-stage laser e� accelerator4 and a laser positron (e+)
accelerator5 are also under active investigation6. These advances in acceleration
techniques coupled with the rapid ongoing development of CPA lasers open up
the possibility of an a↵ordable high-energy physics (HEP) e+-e� collider7 at the
energy-frontier. Orders of magnitude increase in acceleration gradients is expected
to enable significant reduction in the size and cost of accelerator machines that
underlie a collider. Apart from high-energy physics, these compact accelerators are
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also expected to have a wide variety of applications in medical8, light-source and
imaging technologies9.

However, laser acceleration of exotic particles remains largely unexplored. Laser
acceleration of positrons in gaseous plasmas has been introduced using an innovative
model of controlled interaction of positron-electron pair plasmas or particle showers
with laser driven plasmas5. There have been recent e↵orts towards experimental
prototyping of laser positron accelerator6.

In this work we introduce mechanisms of laser acceleration of muon (µ±)10, an
exotic fundamental particle which as a second generation lepton. The mechanism
introduced here follows the same methodology as the laser positron accelerator5 and
is well within the reach of the experimental capabilities of existing laser-plasma and
RF acceleration test facilities. We propose and analyze the short-term experimental
viability of various muon production schemes and demonstrate the processing and
acceleration of the generated muons using laser-driven plasmas.

In section 2, scientific and technological applications of muons are reviewed and
the potential of a compact muon source towards novel applications is discussed. Ex-
isting and well-studied techniques of muon production using conventional methods
such as beams from traditional RF accelerators as well as techniques that utilize
novel physics of uncommon interaction processes are reviewed in section 3. The pa-
rameter regime for laser muon acceleration in gaseous plasmas is explored in section
4 and the muon-antimuon source parameters desired for matching to laser-driven
plasma acceleration structures are identified.

An evaluation of three distinct mechanisms for micron-scale muon and antimuon
production, whose source properties are matched to the laser acceleration parame-
ters as discussed section 4 and that are suitable for feeding a laser muon accelerator,
are presented in sections 5. The experimental viability of these schemes of muon
production for conversion e�ciency and matching to a laser-driven post-processing
stage is also analyzed. Preliminary Particle-In-Cell simulations are presented in
section 6, to demonstrate the trapping and acceleration of muons produced as part
of cascade showers using photo-production method. In section 7, a mechanism for
segregation of oppositely charged species of muons by selective focusing is proposed
and examined using a plasma lens.

The paper concludes by summarizing various sections and a plan for future
work. An important part of the future work and application of ultrashort, micron-
scale muon beam is for their injection into crystal wakefield accelerators such as
attosecond x-ray pulse or submicron charged particle beam driven11–13 or sub-
micron particle beam driven solid-state tube accelerators14,15. The main advantage
of using muons in solid-state particle accelerators is that being second generation
leptons with mass around 200 times that of first generation leptons, electrons and
positrons, their synchrotron radiation losses that are / (me/mµ)4 in high focusing
fields of a plasma wave are vastly reduced. Moreover, the radiative losses (including
bremsstrahlung and pair production) of muons also favorably scale as / (me/mµ)2.
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Also, muons can possibly be accelerated to very high energies in a single stage
continuous focusing system of crystal or CNT-based linacs16.

2. Significance and Applications of Muons (µ±)

A compact muon source is attractive due to the distinct properties that are inher-
ently embodied in muons. These unique properties of muons in comparison with
particles that have been conventionally accessible for various applications like elec-
trons (e±), photons (g) or protons (p, p̄), have not only been key to enable a wide
range of technologies17 but have also played a pivotal role in exploration of an
alternative energy-frontier collider design. Being a heavier lepton, the point-like
characteristic of muon despite its higher mass, mµ ' 207me provides precision of
collision point energy over p-p or p-p̄ collisions18. Moreover being heavier than
e±, muons have lower synchrotron radiation (/ m�4

µ , over e±) and radiative losses
(/ m�2

µ , over e±) even at higher energies (Eµ) which enables deeper penetration
depth in materials and greater stability of high Eµ storage-rings. The weak force
mediated µ± decay (⌧µ ' 2.2µs Eµ/mµ)19 has permitted neutrino flavor oscilla-
tion studies (⌫/⌫̄e,µ) through high-intensity (N⌫ / E>2

µ ) ⌫-production20. Muon
sources however currently demand many tens of meters of proton accelerators21

under 100MVm�1 gradient limit22.
Due to lack of a↵ordable technologies for controlled muon sources available thus

far, raw cosmic µ± flux from extensive air showers (1cm�2min�1 & 1GeV with
cos2✓ fall-o↵ from vertical) has been used in an expanding range of applications
of muography17 in nuclear threat detection23, archaeology24, geosciences25 that
require long stopping range (Eµ & 1GeV). Slow µ± with short stopping range,
from lab-based sources are also widely used in material26, molecular27 and medical
sciences28 etc. through µ± spin relaxation (µSR) spectroscopy29. Muons are also
attractive for research in areas like true-muonium30 (µ+-µ�) atomic physics and
µ�-catalyzed fusion31 etc.

Development of compact and tunable muon sources with controllable Eµ spec-
trum, ultra-short bunch lengths and micron-scale transverse properties, as studied
here, is therefore attractive not only for technological but also for HEP applica-
tions11–15 which additionally demand high average flux and ultra-low emittance.

3. Conventional µ± Sources:
Hadronic shower and Direct production

Conventionally, production of muons in a laboratory environment has been realized
using several distinct processes.

Hadronic showers32, produced through proton-nucleon reactions when hundreds
of MeV proton beams33,34 strike targets, predominantly contain ⇡±-mesons (pions
and fractionally other mesons), with large energy and angular spread, that undergo
spin-polarized decay to µ± 32.
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Hadronic ⇡±-µ± showers also produced through photo-meson reaction37 have
been modeled using & 140MeV electron beam undergoing bremsstrahlung in a tar-
get to produce MeV-scale ⇡± that decay to µ±. At electron beam energies near
⇡± mass, photo-pion production process dominates whereas contributions of other
simultaneous processes towards ⇡±-meson production such as Bethe-Heitler (BH)
µ± pair production mediated by a nuclei and ⇡± electro-production (trident-like)
process mediated by virtual photons during inelastic scattering of electrons o↵ of a
nuclei, is relatively small.

E�cient µ± production from hadronic showers demands methods for confine-
ment of the divergent ⇡±-µ± flux35,36. A high proton to µ± yield requires meth-
ods21,35 to capture and rapidly accelerate µ± from hadronic showers to many times
the rest-mass energy of muons over . c⌧µ 18 as well as to simultaneously cool the µ±

phase-space obtained from the divergent ⇡±-µ± flux. Moreover, ⇡±-decay lifetime
demands many meters long confinement channel (c⌧⇡ ⇡ 8E⇡/m⇡ m)38.

Direct µ± production processes have also been studied. BH muon pair produc-
tion using an electron beam of much higher-energy than ⇡±-µ± rest mass undergoing
bremsstrahlung is well established39. Direct µ± production using e�-photon scat-
tering40 requires head-on collision between GeV-scale e� beam and tens of MeV
photons41. But, scaling up the yield and energy spectrum of MeV-scale photon
itself relies on a high-degree of precision to make possible Compton scattering inter-
action. Breit-Wheeler (BW)42 µ± pair production (time-reversal symmetry of µ±

annihilation), as opposed to BH pair production, requires & 212MeV center-of-mass
photon-photon collision which significantly increases the complexity of simultane-
ous control over two hundreds of MeV photon sources (in contrast with BH process
which requires one photon and a heavy nuclei).

Beam mediated direct µ± production from photons interacting with a relativis-
tic nuclei43 not only requires hundred MeV-scale photons possibly being obtained
using bremsstrahlung but also a highly relativistic ion beam. Nonlinear BW pro-
cess (multi-photon) is more accessible using CPA lasers but su↵ers from ultra-low
yield. Direct µ± production using e+ and e� annihilation in a stationary target45

which requires & 43GeV e+ beam and Relativistic heavy ion collisions46 both de-
pend on kilometer-scale machines. Resonant annihilation during ring stored e+

and e� beams to directly produce µ± pairs also requires hundreds of meters of rf
accelerators47.

With the advent of advanced acceleration methods1 laser-driven electron accel-
erators have been proposed for hadronic shower production using laser-plasma accel-
erated (LPA) multi-GeV e� interacting with a target has been modeled48. Compact
and tunable µ± sources and corresponding laser muon acceleration schemes however
still remain vastly unstudied and thus yet unrealized.
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4. Laser Muon (µ±) Acceleration:
Rapid Acceleration, Ultrashort Bunches & Micron Spot-size

In this paper, compact and tunable schemes of laser muon acceleration are proposed
and studied. These schemes of laser muon acceleration are based upon the interac-
tion of controlled laser-driven plasma sustaining traveling plasma density structures
with matched laser produced cascade showers which when under external confine-
ment are also labelled as pair or exotic matter plasmas. The process of matching
of cascade shower characteristics such as its energy spectra and transverse phase
parameters is explored here.

4.1. Properties of laser wakefield acceleration structures in
plasmas

The acceleration and focusing gradients (Eplasma) inherently sustained in laser-
driven plasmas1:

Eplasma '
p

n0(1020cm�3) TV m�1 (1)

where n0 is the plasma electron density, are especially well suited for trapping
and acceleration of short lifetime (⌧⇡, ⌧µ) particles. Trapping short lifetime heavier
particles (⇡±,µ±) that are predominantly produced from the source at a small
fraction of the speed of light required that the velocity of the laser-driven structures
is small enough to allow significant interaction time. The plasma density also plays
a critical role as the group velocity of a laser (�laser

g ) and thus of the co-propagating
acceleration structure in the plasma (�acc) is:

�laser
g ' �acc '

r
1� 1

10⇡
n0(1020cm�3) �2

0(µm) re(fm) (2)

where, �0 is the laser wavelength and re is the classical electron radius, 2.818 fm.
Rapid acceleration within the lifetime of unstable particles to many times their

rest-mass energy, using high-gradient laser-driven acceleration structures, extends
their lifetime proportional to the Lorentz factor acquired through acceleration. This
rapid extension of lifetime enabled by high-gradient laser acceleration thus increases
the e�cacy of unstable particles for applications.

While the high focussing fields are quite e↵ective for initial trapping, muons
being a heavier lepton undergo smaller transverse oscillations driven radiation losses
under o↵-axis displacement relative to electrons interacting with equivalent fields.

Moreover, the natural dimension of laser acceleration structures in plasma is of
the order of plasma wavelength (�plasma),

�plasma ' 3.3p
n0(1020cm�3)

µm ' Lbeam, rbeam (3)

which makes possible for the spot-size of the accelerated particle beams (rbeam) to
be micron scale in plasma. Similarly, the bunch-lengths (Lbeam) when using laser
accelerators is also of the order of the plasma wavelength which has a range of a
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few to tens of microns. Thus, the muon beam when accelerated within a plasma
acceleration structure is not only micron-scale transversely but also has an ultra-
short bunch-length. This inherently micron-scale dimensionality of the acceleration
structures makes possible unprecedented energy density of exotic particle beams
when accelerated using laser accelerator schemes, as proposed here, if a su�cient
number of exotic particles are e↵ectively produced and trapped.

For a Ti:Sapphire CPA laser with characteristic center wavelength, �0 = 0.8µm,
laser group velocity (�laser

g , eq.2) and plasma wavelength (�plasma, eq.3) with plasma
density is shown in Fig.1.

Fig. 1. Laser group velocity (�laser
g , eq.2) and plasma wavelength (�plasma, eq.3) with plasma

density for a Ti:Sapphire (active medium) CPA laser with central wavelength, �0 = 0.8µm.

4.2. Matching of cascade showers with laser-driven plasmas

As evident from the micron-scale sizes of acceleration structure in laser-driven
plasma it is however important that the exotic particle source that couples the
particles into the acceleration structure is precisely controllable. The source should
have the ability to constrain the produced exotic particles within a small transverse
spot-size in addition to producing an energy spectrum which optimizes the capture
e�ciency through longitudinal interaction dynamics.

Therefore, it is quite critical to understand various limits under which mecha-
nisms that produce cascade shower can deliver a micron-scale spot-size to match
with the transverse size of the laser acceleration structures or at least be of the
same order of size. For further enhancement of the e�ciency of capture from these
exotic particle sources it is essential to understand and control its energy spectra
and transverse phase-space properties by varying the beam and target properties.
Through detailed characterization of shower properties over the drive beam and
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target property parameter-space the laser post-processing stage can be optimized
to match with the characteristics of the shower.

The exotic particles produced from a controlled source are post-processed using
a laser-driven plasma acceleration structure. The laser-driven plasma acceleration
structure may be a plasma wave or a slowly propagating charge separation structure.
By varying the laser-plasma properties of the post-processing stage the proposed
schemes seek to enable a match with the pair plasma properties.

In this paper, schemes of laser muon acceleration are proposed, as listed below,
and examined:

(1) Laser-driven post-processing of electron and/or positron beam driven
hadronic shower to trap and accelerate muon as well as pion pairs.

(2) Laser-driven post-processing of proton beam driven hadronic showers to
trap and accelerate muon as well as pion pairs.

(3) Laser-driven positron-electron storage ring for tunable muon pair produc-
tion through positron-electron annihilation.

Apart from the direct interaction between cascade showers and laser-driven
plasma wave, it is also possible to segregate a species of one charge state before
the interactions. To enable this indirect interaction with a conditioned cascade
shower, a plasma lens52 is proposed to be inserted between the production and
post-processing stage. In the conditioning state, the discharge current direction
(sign of the external voltage) decides the sign of the particle species that will get
focused by the plasma lens.

5. Matched Muon (µ±) Production for Laser-Plasma Muon
Acceleration

In this section, we present the underlying mechanisms and corresponding analytical
evaluation of muon-antimuon production schemes that produce muon phase-space
that are likely to be matched with the laser muon accelerator properties outlined
in section 4.

5.1. Scheme I:
Laser-driven plasma based post-processing of photo-produced
hadronic shower (e±-beam driven)

Electron and positron beams undergo bremsstrahlung radiation loss when propa-
gating in materials as they experience change in velocity due to the electromag-
netic force of the material nuclei in their propagation path. The energy of the
radiation emitted depends inversely on square of the particle mass undergoing
bremsstrahlung. The rate of energy loss of the particle is known to be directly pro-
portional to the particle energy (dE/dx = E/X0, where, E is the nominal energy
of an arbitrary particle undergoing bremsstrahlung radiation, x is the coordinate
along penetration in the material and X0 is the radiation length of the material.
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From its definition, X0 is the penetration depth at which the particle energy reduces
to 1/e of its initial value). The photon energy spectrum follows the Bethe-Heitler

(BH) function, d�g/d"g = 4
3

1
X0

F ("g , E⇤) "�1
g , where F ("g) ' 1 � "g

E⇤
+ 3

4

⇣
"g
E⇤

⌘2
.

It is to be noted that as in the discussion in Tsai (1974)39, BH formalism does not
include several e↵ects attributed to the nuclei in the material such as screening of
nuclear field by atomic electrons and the shape of the nuclei etc.

Bremsstrahlung radiation from an electron or positron beam with energies much
higher than the rest-mass energy of muons and pions (Ee± � 140MeV) trigger
photo-production reactions in the presence of the nuclei in materials:

(R.1) photo-meson reaction:
g + p ! ⇡+ + n
g + n ! ⇡� + p
g + Z1 ! ⇡⇤ + Z2, and

(R.2) Bethe-Heitler muon pair-production reaction:
g + Z ! µ+µ� + Z

These reactions result in the production of µ±(-⇡±) flux in addition to the e± elec-
tromagnetic shower (primarily through the BH positron-electron pair-production
process). The photo-meson reaction in (R.1), that produces ⇡± flux through
bremsstrahlung photon interaction with the nuclei has a di↵erential cross section
which is at least one order of magnitude higher than that of the BH muon pair-
production. But, for centimeter-scale thick targets it is expected that the ⇡± flux
component gets suppressed and de-collimated due to absorption and scattering o↵
of the nuclei after pions are produced. On the contrary, thinner targets while in-
creasing the ⇡± flux result in the suppression of the µ± flux.

These photo-production reactions, (R.1) and (R.2), dominate the production of
hadronic µ± showers. The inelastic electron scattering reaction, e+Z ! e0+Z+⇡⇤

has a di↵erential cross-section which is less than about 1% of the cross section of
above reactions when the electron energy is much higher than the threshold energy
of ⇠ 140 MeV. This considerably smaller di↵erential cross-section for the inelastic
scattering process in the eZ process is due to the extra electromagnetic vertex
associated with a virtual photon, d�eZ / ↵4Z2 as compared to d�gZ / ↵3Z2.

The cross-section of BH muon pair-production has been estimated over a wide
range of parameters. In the case where the electron or positron beam that is used is
ultra-relativistic (�e± � 1) such that the typical bremsstrahlung photon energy, "g
is much higher than muon pair rest-mass 2 mµc2, then the integrated cross-section
of the photo-production reaction, g + Z ! µ+µ� + Z can be simplified48.
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"g � 2mµc
2

"g ⇠ Ee± & 3 GeV (for validity of below BH cross-section)

�gZ1!µ+µ�Z2
' 28

9
Z2 ↵ rµ 2

0

✓
ln

2"g

mµc2
� 109

42

◆

�gZ1!µ+µ�Z2
' 10�31m�2 = 0.5 milli-barn ("g ⇠ 200MeV, Z ⇠ 79)

(4)

where,

rµ0 the classical muon radius (rµ0 = 1.36⇥ 10�17m), rµ0 = re0 ⇥me/mµ where re0 =
r0 = e2m�1

e c�2(in cgs) is the classical electron radius (re0 = 2.82⇥10�15m)
Z is the atomic number of the material nuclei
↵ is the fine structure constant = vB/c = e2~�1c�1 = r0/�̄c =

e2(mec2)�1(~m�1
e c�1)(cgs), where vB is the velocity of the first orbit of

a Bohr atom, �̄c is the reduced Compton wavelength
"g is energy of bremsstrahlung photon

The ine�ciency of the muon pair BH photo-production process using an electron
beam from a conventional rf accelerator relative to the positron-electron BH pair
production process is well known49 and is due to the smaller cross-section of the
muon pair-production process by a factor of (me/mµ)

2 ⇠ 1/(207)2.
The BH muon pair-production event rate RgZ1!µ+µ�Z2

⌘ dNµ±dt�1 can be

estimated using RgZ1!µ+µ�Z2
⌘ dNµ±

dt = L⇥ �gZ1!µ+µ�Z2
.

L =
Nbeam

�z�beam/c
ntarget Ttarget

RgZ1!µ+µ�Z2
(in 50fs) =

1nC

e
5.9⇥ 1028m�3 1cm 0.5 milli-barn

RgZ1!µ+µ�Z2
(in 50fs) ' 105 pairs (1nC, 50fs, �r ⇠ 20µm)

(5)

where,

Nbeam, �z�beam are the number of particles and the bunch length of the beam,
respectively

ntarget, Ttarget are the number density and the thickness of the target

The estimated number of muon pairs per 10GeV electron is thus between 10�4�
10�5/e. For nominal FACET-II parameters50 it is estimated that 105 pairs can be
produced when electron beam with Nbeam = 1nC

e ' 6.24⇥ 109 in 50fs bunch length
is incident on Gold target (Au) with number density ntarget = 5.9 ⇥ 1028m�3 and
target thickness, Ttarget = 10�2m. The cross-section of BH muon pair production
is 0.5 milli-barn as estimated in eq.4.

The energy spectrum of the muon pairs photo-produced by (R.2) is exponential
and it peaks slightly above 2mµc2. This implies that a large number of muons have
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Fig. 2. Photo-produced Hadronic shower with an exponential velocity distribution has the shown
muon velocity (�µ) and corresponding lifetime (�µ⌧µ) over a range of muon kinetic energy.

a low velocity. The angle of propagation of the muons is directly proportional to
their relativistic momentum or the Lorentz factor.

In Fig.2, the properties of muons and antimuons contained a photo-produced
hadronic shower are captured. The left-hand axis shows the muon (and antimuon)
velocity while the right-hand axis their corresponding lifetime.

The energy spectrum and transverse phase-space of the particles in a hadronic
shower are therefore unconstrained. In the laser muon acceleration scheme intro-
duced here, the photo-produced hadronic shower which primarily comprises of muon
pairs is coupled into a laser-driven slowly propagating acceleration structure in the
plasma. This slowly propagating laser acceleration structure traps the charged par-
ticles and accelerates them.

From a comparison of Fig.2 on hadronic shower muon properties and Fig.1 on
laser group velocity it is apparent that to trap muons with greater than 10MeV
kinetic energy and velocities around 0.5c, it is necessary to use plasma densities as
high 1020cm�3.

muon
target

plasma 2

laser 2

plasma 1

laser 1 multi-GeV
e- beam

μ∓ flux (+ π∓)
Z

Fig. 3. Schematic of laser-plasma post-processing of photo-produced (photo-meson and BH muon
pair-production) ⇡±-µ± Hadronic shower driven by e± beam in a target.
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5.2. Scheme II:
Laser-driven plasma based post-processing of proton beam
driven hadronic shower

When proton beam is shot onto a target, direct interaction of protons with atomic
nuclei dominates the interaction. The resulting proton-nucleon reaction result in the
production of pions mediated by the strong force. These reactions occur between
the high-energy protons in the beam and the nucleons that constitute the atomic
nuclei:

(R.3) protons, p+ p ! ⇡+ + p+ p

(R.4) neutrons, p+ n ! ⇡� + p+ p

Thus, the hadronic shower produced is primarily a pion shower. The threshold
proton beam energy required can be estimated from momentum four-vector of the
interaction:

Eth
p

����
⇡±

=

"
1

2

✓
2 +

m⇡±

mp

◆2

� 2

#
mpc

2 ' 0.31 mpc
2 ⇠ 290 MeV (6)

The cross-section of proton-nucleon reactions which is dictated by strong inter-
actions is,

�pp(Ep) ' 40⇥ 10�27 cm�2 = 40 mb, (1barn = 10�24cm�2)

�pZ(Z,A) ' �pp ⇥A0.7 [�pZ(A > 100) ' 1 barn]
(7)

The event-rate of pion production is calculated for a hypothetical ultra-short
(< 1 ps) 500MeV proton bunch with 1nC charge (Nbeam = 6.24 ⇥ 109 protons)
incident on a 1cm thick Tungsten (AW(Z = 74) ' 184) target of number density
ntarget = 6.3⇥ 1022cm�3 using below,

L =
Nbeam

�z�beam/c
ntarget Ttarget

RpZ!⇡±pZ =
dNµ±

dt
= L⇥ �pZ

=
1nC

e
6.3⇥ 1028m�3 1cm 1.54 barn = 6.1⇥ 108 ⇡±

(8)

100s of MeV
proton bunch

plasma 1 muon
target

plasma 2
π∓-μ∓ flux

laser 2laser 1

Fig. 4. Schematic of laser-plasma post-processing of proton-neutron reaction based ⇡±-µ±

hadronic shower driven by proton beam in a target.
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This pion production process is thus quite e�cient relative to the photo-
production process as it produces 0.1 pion per proton. It is also however well
known that 0.5GeV proton beams that can be focussed down to micron-scale spot-
size are not available in ultra-short pico-second scale bunches with 1nC scale charge.
Therefore, this scheme relies on a possible yet currently non-existent proton beam.

The energy spectrum and transverse phase-space of the shower pions is not
usable in any real applications. This demands capture and storage of pions in a
ring before they predominantly decay to muons.

In this laser muon acceleration scheme, the charged pions in the proton beam
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5.3. Scheme III:
Laser-plasma positron electron mini-collider storage ring

Standalone laser-plasma electron accelerators have been shown to produce multi-
GeV beams which undergo bremsstrahlung in a metal target which results in BH
pair production of positrons and electrons. The resulting particle shower is post-
processed using a laser-driven plasma stage to trap and accelerate a positron and
electron dual bunch beam. The proof-of-principle of a positron laser-plasma accel-
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These beams are stored in a mini-Collider ring where at the interaction or colli-
sion point muon pairs are produced close to their resonance from electron positron
annihilation mediated by a virtual photon of the collision point energy. Energy
asymmetry between the positron and electron beams is preferable as the produced
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e+-LPA e- e+
FD

FD

Interaction 
Point

electron-positron annihilation source

FD

Fig. 5. Schematic of a muon source using mini Collider based upon laser-plasma positron electron
storage ring .
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Positron-electron annihilation allows access to the frontiers of center-of-mass
energy and have thus been tools for discovering new physics. Advances in accelerator
physics strive to make these tools compact and a↵ordable. However, in this scheme
a mini-Collider with a tunable energy symmetry between the colliding electron and
positron beam energy enables the production of tunable energy muon beams.

During the collision of unpolarized spin electron and positron beams, the annihi-
lation di↵erential cross-section of muon pair production (which exhibits the typical
QED 1/s dependence of the cross-section) is,
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and the integrated cross-section of electron-positron annihilation during collision to
muon-antimuon pair is,
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where,
�e±!µ± is the cross-section of the reaction electron-positron collision to muon-

antimuon pair production
⌦ is the solid angle in the real space
me, mµ are electron and muon mass respectively
s is the norm of the summed momentum four-vectors of electron (p) and positron

(p̃) beam at the point of collision (kp+ p̃k2),
it is also the norm of the summed muon (k) and anti-muon (k̃) momentum
four-vectors at the point of collision (kk+ k̃k2)

✓ is the angle between p and k
↵ is the fine structure constant

The event rate (Re±!µ± ⌘ dNµ±dt�1) muon-antimuon pair-production in
positron-electron beam (assumed to have a Gaussian spatio-temporal profile) colli-
sion which depends on the luminosity (L, cm�2s�1) parameter is therefore, and the
integrated cross-section of electron-positron annihilation during collision to muon-
antimuon pair is,
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Ŝ

(11)

where,
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�e+
r , �e�

r is the radial waist-size of radially symmetric positron and electron
bunches of spatio-temporal Gaussian profile, respectively.

Ne+ , Ne� is the number of particles in Gaussian positron and electron bunches,
respectively.

Ŝ is the Luminosity reduction factor due to several practical considerations such
as crossing angles, Non-Gaussian profiles, Hourglass e↵ect due to tight fo-
cussing, collision o↵sets etc.

frep is the number of collision per second

For this scheme, we assume that laser-plasma accelerator produced positron
and electron bunches of 200 pC (Ne+ ⇠ Ne� ' 1.25 ⇥ 109 particles per bunch)
each are coupled to a storage ring and are made to collide at a collision point with
tightly focused beam waist-size of �e+

r ' �e�
r ' 10�10m = 0.1 nm (di�cult, if not

impossible). Assuming that the electron beam energy is Ee� = 150MeV and that
of the positron beam is Ee+ = 100MeV then the number of muon pairs produced
is only about ' 1500 with an initial kinetic energy of few 10s of MeV.

So, while the mini collider-based scheme produces beams of small spot-size,
bunch length and transverse emittance, it is quite ine↵ective at scaling the number
of muons at each collision event.

6. Particle In Cell Simulation of Scheme 1:
Controlled interaction of µ+-µ� pair-plasma with laser-driven
plasma

Multi-dimensional PIC simulations are used to validate the laser muon acceleration
schemes outlined above, especially with relevance to the Scheme I (section 5.1). The
PIC simulation reported below use the open-source EPOCH code51. In this section,
2 1
2D simulations adjusted to match 3D simulations are presented for preliminary

evaluation of trapping and acceleration of muons. In these simulations, a 2D carte-
sian grid which resolves �0 = 0.8µm with 20 cells in the longitudinal and 15 cells in
the transverse direction tracks a linearly-polarized laser pulse at its group velocity.

The photo-produced hadronic particle shower driven by multi GeV electron
beam shows a peak in its energy spectrum around muon energy of 200MeV48.
In the simulation results presented in this section, the hadronic shower (made only
of µ� particles) is initialized with transverse size of �r = 20µm and the shower
longitudinally spans the entire simulations box. Each particle species is initialized
with 4 particles per cell. Absorbing boundary conditions are used for both fields
and particles. A 1J laser with a Gaussian envelope of 30fs pulse length is focussed
to a spot-size of w0 = 5µm at the plasma and propagates in 50µm of free-space
before it impinges on a fixed-ion plasma.

The preliminary 2 1
2D PIC simulations carried out as described above provide

good understanding of the process of trapping and acceleration of muons contained
within the hadronic shower or muon-antimuon pair-plasma. Below we present a few
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Fig. 6. On-axis lineout of laser-plasma interaction parameters (in a) and muon (µ�) momentum
phase space (in b), with muon longitudinal momentum shown along the longitudinal dimension at
around 2ps and about 0.6mm of plasma length. The initialized 200MeV muons get trapped and
accelerated in laser plasma acceleration structures driven using a 1J, 30fs laser focussed to a focal
spot-size of w0 = 5µm interacting with a laser-ionized n0 = 2⇥ 1019cm�3 plasma.

2 1
2D PIC simulation snapshots (Fig.6 to 10) to establish the viability of laser muon

acceleration for a pre-ionized n0 = 2⇥ 1019cm�3 plasma.
The 2 1

2D PIC simulation snapshots presented as evidence of laser muon accel-
eration are as follows:

(1) Fig.6(a) shows the on-axis lineout of various laser-plasma parameters (laser
transverse field is normalized to mec!0e�1, longitudinal plasma field is nor-
malized tomec!pee�1, plasma electron density, n0(initial), plasma potential
is normalized to mec2e�1). Fig.6(b) shows corresponding muon longitudi-
nal momentum phase-space with longitudinal muon momentum along the
y-axis and longitudinal dimension along the x-axis. From this phase-space,
it is clear that the muons gain around 200MeV over 0.6mm.

(2) Fig.7 shows the 2D real-space simulation snapshot of: plasma electron den-
sity of the acceleration structure (in a), plasma longitudinal field (in b) and
laser transverse field (in c) corresponding to the time snapshot in Fig.6.

(3) Fig.8 shows the 2D real-space simulation snapshot of trapped and acceler-
ated muon bunch density.
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Fig. 7. Laser-plasma interaction characteristics (normalized) of laser muon accelerator corre-
sponding to the on-axis lineout in Fig.6(a) at around 2ps in a n0 = 2 ⇥ 1019cm�3 plasma: (a)
plasma electron density of the acceleration structure, (b) longitudinal electric field associated with
the plasma acceleration structure, (c) the transverse field of the evolving laser pulse.

(4) Fig.9 shows the muon momentum phase-space of longitudinal momentum
along the y-axis against transverse real-space along the x-axis. From this
snapshot it can be inferred that muons have small amplitude transverse
oscillations as they gain energy. Additionally, the accelerated beam trans-
verse spot-size can be inferred to be < 10µm.

(5) Fig.10 shows the muon momentum phase-space of longitudinal momen-
tum along the y-axis against transverse momentum along the x-axis. This
snapshot further reinforces the transverse dynamics of muons as they gain
energy. Moreover, it shows that < 10mrad opening angles are likely from a
laser muon accelerator.
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Fig. 8. Trapped and accelerated muon (µ�) bunch in real space with micron-scale transverse
and longitudinal dimensions at around 2ps of laser-plasma interaction corresponding with the
laser muon acceleration snapshot presented in Fig. 7 in a n0 = 2⇥ 1019cm�3 plasma.

Fig. 9. Muon (µ�) momentum phase space, with muon longitudinal momentum along the y-axis
shown against the transverse real-space dimension along the x-axis at around 2ps and about 0.6mm
of laser propagation in plasma in correspondence with the snapshots presented in above figures.
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Fig. 10. Muon (µ�) momentum phase space, with muon longitudinal momentum along the y-axis
shown against the transverse momentum along the x-axis at around 2ps and about 0.6mm of laser
propagation in plasma in correspondence with the snapshots presented in above figures.

From analysis of the simulation snapshots it can be inferred that acceleration
of ultrashort, micron-scale muon beams is viable using laser muon accelerator even
with a few tens of TW peak power CPA laser.

7. Conditioning-Stage Using a Plasma Lens:
Charge Dependent Focusing of Oppositely Charged Particles

The proposed conditioning step involves the use of a discharge plasma lens to seg-
regate oppositely charged species of a particle-shower or an oppositely charged dual
bunch configuration by selectively focusing one charge sign of the particles.

Cascade shower (electromagnetic or hadronic) that contains both the oppositely
charged particle species such as electron-positron (e±) pair or muon-anti muon
(µ±) pair, is produced for instance using an electron and/or positron beam or a
proton beam. These beams are themselves possibly obtained using a laser-plasma
accelerator. In the plasma lens based conditioning stage, the oppositely charged
species of the cascade shower are selectively segregated due to only one of the
charge sign being focused in the device while the other is de-focused.
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Dual-bunch acceleration of oppositely charged shower species
in all-optical Particle-Shower Plasma Interactions

Aakash A. Sahai
College of Engineering and Applied Science, University of Colorado, Denver, CO�

A novel laser positron accelerator model was recently elucidated the interaction of a laser-driven
electromagnetic shower and laser-driven plasma for acceleration of a quasi-monoenergetic positron
beam. This work introduces and models the acceleration of micron-scale separated dual-bunch
structure with oppositely charge particle species.

Proof of this principle using analysis and Particle-In-Cell simulations demonstrates that, under
limits defined here, existing lasers can accelerate hundreds of MeV pC quasi-monoenergetic positron
bunches. By providing an a↵ordable alternative to kilometer-scale radio-frequency accelerators, this
compact positron accelerator opens up new avenues of research.

PACS numbers: 52.27.Ep, 52.38.Kd, 52.40.Mj, 52.65.Rr

Mono-energetic positron accelerators intrinsic to
positron-electron (e+ � e�) colliders at energy frontiers
[1, 2] have been fundamental to many important discover-
ies [3–6] that underpin the Standard Model. Apart from
high-energy physics (HEP), mono-energetic e+-beams of
mostly sub-MeV energies are also used in many areas of
material science [7, 8], medicine [9] and applied antimat-
ter physics [10]. Applications have however not had ready
access to positron accelerators and have had to rely on
alternative sources such as �+-decay [11], (p,n) reaction
[12] and pair-production [13] of MeV-scale photons from
- fission reactors [14], neutron-capture reactions [15] or
MeV-scale e�-beams impinging on a high-Z target [16].

Positron accelerators have evidently been scarce due to
complexities involved in the production and isolation of
elusive particles like positrons [2, 16] in addition to the
costs associated with the large size of radio-frequency
(RF) accelerators [17]. The size of conventional RF ac-
celerators is dictated by the distance over which charged
particles gain energy under the action of breakdown lim-
ited [18] tens of MVm�1 RF fields sustained using metal-
lic structures that reconfigure transverse electromagnetic
waves into modes with axial fields. This limit also com-
plicates e�cient positron production [2, 13], which has
required a multi-GeV e�-beam from a kilometer-scale
RF accelerator [17] to interact with a target. Further-
more, the positrons thus produced have to be captured
in a flux concentrator, turned around and transported
back [19] for re-injection into the same RF accelerator.

Advancements in RF technologies have demonstrated
100 MVm�1-scale fields [20] but explorations beyond the
Standard Model at TeV-scale e+-e� center-of-mass ener-
gies still remain unviable. Moreover, the progress of non-
HEP applications of e+-beams has been largely stagnant.
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Recent e↵orts on compact and a↵ordable positron ac-
celerator design based on advanced acceleration tech-
niques [21, 22] have unfortunately been unsatisfactory.
Production of e+ � e� showers using high-energy elec-
trons from compact laser-plasma accelerator (e�-LPA)
[21–23] has been reported [24]. However, unlike e+-
“beams”, showers su↵er from innately exponential en-
ergy spectra. Moreover, the positron number in show-
ers which peaks around a few MeV [2, 25], undergoes
orders-of-magnitude drop at higher energies. Another
work which uses sheath fields driven by kilo-Joule (kJ)
lasers in metal targets has obtained quasi-monoenergetic
10 MeV positrons [26] although with inherently high tem-
peratures. Both scaling to higher energies and cooling of
positrons using this mechanism is yet unexplored. Beam-
driven plasma acceleration of positrons [27, 28] although
compact by itself, depends on kilometer-scale GeV RF
accelerators. Additionally, obtaining an appropriately
spaced drive-witness bunch pair for beam-plasma accel-
eration methods is technologically di�cult.
In this letter, all-optical quasi-monoenergetic e+-

beam production is proposed using a centimeter-scale
positron accelerator (as shown in Fig.??). This laser-
plasma positron accelerator (e+-LPA) uses the inter-
action between laser-driven e+ � e� particle showers
[25] and laser-driven plasma waves that support 100p

n0(1018cm�3) GVm�1 fields [21, 22] (n0 is the plasma
electron density in cm�3). This letter models the trap-
ping of divergent positrons that are part of laser-driven
particle showers and their acceleration into a quasi-
monoenergetic e+-beam in a laser-driven plasma wave.
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Fig. 11. Schematic of the conditioning stage where a discharge plasma lens52 is used to segregate
species of opposite charge sign by phasing the discharge current direction (if RF voltage is applied).

The plasma lens is based upon a discharge plasma where a high RF terminal
voltage is applied to sustain the discharge. By appropriately phasing the entrance
phase of the cascade shower and the RF voltage phase it is possible to choose the
charge sign to be focused.

With the choice of amplitude and polarity of the externally injected current,
discharge plasma dimensions, gas pressure and gas type it is possible to control the
acceptance and focusing properties of the cascade shower processing device.

In the 196552 BNL work on using plasma discharges as active plasma lens it
was also found that the focusing strength of an active plasma lens was directly
proportional to the radial distance from the axis (particles away from the axis
experience higher focusing force) and inversely proportional to the momentum of
the cascade shower particle (lower energy particles experience higher focusing force).

These focusing characteristics of the discharge plasma lens can be understood if
the problem is considered in a cylindrical coordinate system (r, z,�) as depicted in
Fig.11. The azimuthal field in plasma (Bplasma = B�) is excited due to the plasma
current (Jplasma = J0) which is driven by externally injected current, Iext along
the z direction. This azimuthal magnetic field due to the plasma current exerts a
force on longitudinally (along z) propagating charged particle beam. The Lorentz
force on the charged beam particle injected along z interacting with a magnetic field
oriented along is in the radial, r direction. The equation of radial motion of each
charged particle in the beam is governed by the lens equation above.

Cascade showers comprising of oppositely charged particle species generated
by the decay of high-energy gamma-ray photons in a metallic target have energy
spectra which has a concentration of particles at non-relativistic energies. However,
due to the randomized decay of high-energy gamma-rays, the divergence angle of
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the particle shower particles can be large. A plasma lens that is located right next
to a metallic converter target can also capture the divergent charged particles of
the cascade shower.

Depending upon the direction of the discharge plasma current one of the charged
particle species is focused and the other is defocused. This leads to the segregation
of the oppositely charged particle species of the cascade shower. Therefore, at the
output of the assembly of particle-shower target and plasma lens one of the charged
particle species is detectable whereas the species with the opposite sign of charge is
excessively defocussed and thus diluted.

8. Discussion and Future Work

In this paper, experimentally viable and a↵ordable laser muon sources have been
introduced in consideration of the numerous possibilities o↵ered for a wide-range
of applications. This paper proposes and estimates the experimental viability of
compact and tunable schemes of laser muon acceleration in gas plasmas using an
innovative technique of post-processing of muon-antimuon cascade hadronic showers
or pair plasmas through their controlled interaction with laser-driven plasmas.

The laser muon acceleration schemes introduced and investigated here are de-
signed in consideration of being well within the reach of experimental verification
using existing experimental facilities as reflected in the choice of experimental setup
and laser, plasma and beam parameters. Although the first-stage of the muon ac-
celeration schemes presented here rely on laser accelerated particles such as multi
GeV electrons, for proof-of-principle experiments may be based on more controlled
and reliable 10 GeV scale electron beams from rf accelerators, in the short-term.

In the short term, the scheme I (section 5.1) which uses direct photo-production
of muon pairs, although being limited in overall conversion e�ciency, is found to
be most suitable for the development of an experimental prototype of a laser muon
accelerator that produces ultrashort and micron-scale muon beam. A few facilities,
like BELLA at Berkeley and FACET-II at Stanford, that o↵er collocated CPA laser
and micron-scale e� and/or e+ beams of many 10s to 100s of pC charge at 10 GeV
scale beam energy, can be utilized for this prototyping e↵ort.

Preliminary PIC simulations presented in section 6 demonstrate the potential
to trap and accelerate muons in gas plasmas. In these simulations, we observe
several 100MeV gain in muon energy in less than a millimeter. Further modeling
using analysis, particle-tracking and particle-in-cell simulations will be carried out
to accurately estimate the properties of the accelerated muon beams within the
reach of an experimentally viable laser muon accelerator prototype. In future work,
we thus propose to extend the preliminary Particle-In-Cell based modeling of laser
muon acceleration schemes reported here along with substantially more detailed
modeling of muon photo-production using micron-scale electron or positron beams.

We will model the possibilities of tunable and spectrally controlled acceleration
of muon and antimuon beams, dual bunch muon-antimuon beams, spatio-temporally
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overlapped electron and muon bunch beams, increasing the total trapped muon
beam charge, segregation of oppositely charged muons prior to the acceleration
stage etc. Moreover, our experimental prototyping e↵ort will work hand-in-hand
with theoretical modeling to better understand the expected muon cascade shower
or pair-plasma properties and its interaction with laser-driven plasmas.

Compact and tunable production and acceleration of unprecedented ultra-short
(femtosecond to attosecond) micro-scale spot muon beams is essential for an ad-
vanced acceleration program using muons and suited for acceleration mechanisms
with inherently micron to nanometer spatial scale. Moreover ultrashort, micron-
scale muon beams can be injected into crystal wakefield accelerators such as at-
tosecond x-ray pulse driven11–13 or sub-micron particle beam driven solid-state tube
accelerators14,15 in order to minimize the synchrotron radiation losses (/ m�4

µ ) as
well as the radiative losses (/ m�2

µ ) in comparison with electrons and positrons.
The significance of a compact tunable high-energy muon source also importantly
lies in its multitude of technological, security and medical applications.
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