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Experimentally accessible schemes of laser muon (u¥) 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 accelerators® enabled by Chirped-Pulse Amplified (CPA)
lasers? are now capable of producing several GeV?® 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 ™! and acceleration of
a few percent energy spread e~ beams in centimeter-scale gas plasmas.

Apart from this, a two-stage laser e~ accelerator? and a laser positron (e')
accelerator® are also under active investigation®. These advances in acceleration
techniques coupled with the rapid ongoing development of CPA lasers open up
the possibility of an affordable high-energy physics (HEP) et-e~ collider” 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 medical®, light-source and
imaging technologies®.

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 plasmas®. There have been recent efforts towards experimental
prototyping of laser positron acceleratorf.

In this work we introduce mechanisms of laser acceleration of muon (u
exotic fundamental particle which as a second generation lepton. The mechanism
introduced here follows the same methodology as the laser positron accelerator® 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.

i)lo’ an

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 efficiency 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

=13 or sub-

attosecond x-ray pulse or submicron charged particle beam driven
micron particle beam driven solid-state tube accelerators '*!®. 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 o< (m./ mu)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 o« (m./ mﬂ)Q.
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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 linacs 6.

2. Significance and Applications of Muons (u¥)

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 (y) or protons (p, p), have not only been key to enable a wide
range of technologies'” 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, m, ~ 207m, provides precision of

18 Moreover being heavier than
4 :t)

collision point energy over p-p or p-p collisions

e*, muons have lower synchrotron radiation (o< m;;

TR
(x m;z, over e*) even at higher energies (E,,) \A;hiCh enables deeper penetration
depth in materials and greater stability of high E,, storage-rings. The weak force
mediated p* decay (7, ~ 2.2us E,/m,)' has permitted neutrino flavor oscilla-
tion studies (/) through high-intensity (N, oc E;?) v-production®.
sources however currently demand many tens of meters of proton accelerators?!
under 100MVm~! gradient limit 2.

Due to lack of affordable technologies for controlled muon sources available thus
far, raw cosmic p* flux from extensive air showers (lem™2min~! > 1GeV with
cos? fall-off from vertical) has been used in an expanding range of applications
of muography'” in nuclear threat detection??, archaeology??, geosciences?® that
require long stopping range (E, 2 1GeV). Slow u® with short stopping range,
from lab-based sources are also widely used in material 26, molecular?” and medical

over e*) and radiative losses

Muon

sciences?® etc. through p* spin relaxation (uSR) spectroscopy?’. Muons are also
attractive for research in areas like true-muonium?° (u*-p~) atomic physics and
" -catalyzed fusion?®! etc.

Development of compact and tunable muon sources with controllable E,, 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-

L 11-15

tions which additionally demand high average flux and ultra-low emittance.

3. Conventional u* Sources:
Hadronic shower and Direct production

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

Hadronic showers 32, produced through proton-nucleon reactions when hundreds
of MeV proton beams?33:3 +
and fractionally other mesons), with large energy and angular spread, that undergo

spin-polarized decay to pu® 32.

strike targets, predominantly contain 7=-mesons (pions
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Hadronic 7#-pu* showers also produced through photo-meson reaction®” have

been modeled using 2 140MeV electron beam undergoing bremsstrahlung in a tar-
get to produce MeV-scale 7# that decay to pu*. At electron beam energies near
7+ mass, photo-pion production process dominates whereas contributions of other
simultaneous processes towards m*-meson production such as Bethe-Heitler (BH)
p*t pair production mediated by a nuclei and 7% electro-production (trident-like)
process mediated by virtual photons during inelastic scattering of electrons off of a
nuclei, is relatively small.

Efficient p* production from hadronic showers demands methods for confine-
ment of the divergent 7&-p* flux3>3%. A high proton to u* yield requires meth-
0ds?135 to capture and rapidly accelerate u* from hadronic showers to many times
the rest-mass energy of muons over < c7, 18 as well as to simultaneously cool the p*
phase-space obtained from the divergent 7+-pu® flux. Moreover, n*-decay lifetime
demands many meters long confinement channel (c7, ~ 8E, /m, m)35.

Direct p% production processes have also been studied. BH muon pair produc-
tion using an electron beam of much higher-energy than 7%-u% rest mass undergoing
bremsstrahlung is well established®’. Direct u* production using e~ -photon scat-
tering?? requires head-on collision between GeV-scale e~ beam and tens of MeV

41 But, scaling up the yield and energy spectrum of MeV-scale photon

photons
itself relies on a high-degree of precision to make possible Compton scattering inter-
action. Breit-Wheeler (BW)*2 pF pair production (time-reversal symmetry of u*
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 x* production from photons interacting with a relativis-
tic nuclei*® 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 suffers from ultra-low
yield. Direct pu* production using e™ and e~ annihilation in a stationary target*®
which requires > 43GeV et beam and Relativistic heavy ion collisions“% both de-
pend on kilometer-scale machines. Resonant annihilation during ring stored e*
and e~ beams to directly produce pu* pairs also requires hundreds of meters of rf
accelerators 7.

With the advent of advanced acceleration methods® 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 modeled *8. Compact
and tunable ;% sources and corresponding laser muon acceleration schemes however
still remain vastly unstudied and thus yet unrealized.
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4. Laser Muon (u*) 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 plasmas:

Eplasma = n0(10200m73) Tmel (1)

where ng is the plasma electron density, are especially well suited for trapping
and acceleration of short lifetime (7, 7,) particles. Trapping short lifetime heavier
particles (ﬁi,,ui) 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 (ﬁé.aser) and thus of the co-propagating
acceleration structure in the plasma (Bgcc) is:

1 1
6éaser ~ /Bacc ~ \/1 — m nO(IOQOCm*?’) A%(um) Te(fm) (2)

where, A\g is the laser wavelength and r, 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 efficacy of unstable particles for applications.

While the high focussing fields are quite effective for initial trapping, muons
being a heavier lepton undergo smaller transverse oscillations driven radiation losses
under off-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 (Aplasma),

3.3
A lasma == m = Lbeama Tbeam 3
P n0(1020cm=3) : ®)

which makes possible for the spot-size of the accelerated particle beams (Tpeam) to
be micron scale in plasma. Similarly, the bunch-lengths (Lpeam) when using laser
accelerators is also of the order of the plasma wavelength which has a range of a



September 16, 2019 12:17 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in
Laser'Muon’Acc’Schemes'VS'edits'Sep'19 page 6

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 sufficient
number of exotic particles are effectively produced and trapped.

For a Ti:Sapphire CPA laser with characteristic center wavelength, A\g = 0.8um,
laser group velocity (5?5“, eq.2) and plasma wavelength (Aplasma, €9.3) with plasma
density is shown in Fig.1.

laser group velocity, (8,) (left) & plasma wavelength, A, (right) vs. plasma density, ng
1

09+

0.8+

0.7

Ape (um)

laser group velocity, (53,)

0.5+

0.4 L I 1 =
1 x 10% 3 x 10" 1 x 10% 3 x 10% 1 x 102
plasma density, ng (cm™)

Fig. 1. Laser group velocity (B_}f‘ser, eq.2) and plasma wavelength (Aplasmas €9.3) with plasma
density for a Ti:Sapphire (active medium) CPA laser with central wavelength, Ag = 0.8um.

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
efficiency 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 efficiency 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 lens®? 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 (u*) 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/Xq, where, E is the nominal energy
of an arbitrary particle undergoing bremsstrahlung radiation, x is the coordinate
along penetration in the material and X is the radiation length of the material.
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From its definition, X 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, doy/dey = § 5= F(ey, En) ey !, where F(ey) ~ 1 — 1% +3 (%)2.
It is to be noted that as in the discussion in Tsai (1974)3°, BH formalism does not
include several effects 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 (F.+ > 140MeV) trigger
photo-production reactions in the presence of the nuclei in materials:

(R.1) photo-meson reaction:
Y+p—=7T+n
Y+n—>7m" +p
Y+ Zy — 77 4+ Z5, and

(R.2) Bethe-Heitler muon pair-production reaction:
Y+Z s ptu +2Z

These reactions result in the production of u*(-7%) 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 7% flux through
bremsstrahlung photon interaction with the nuclei has a differential 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 7+ flux
component gets suppressed and de-collimated due to absorption and scattering off
of the nuclei after pions are produced. On the contrary, thinner targets while in-
creasing the 7% flux result in the suppression of the p* flux.

These photo-production reactions, (R.1) and (R.2), dominate the production of
hadronic u* showers. The inelastic electron scattering reaction, e+ 2 — €/ 4+ Z +75
has a differential 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 differential cross-section for the inelastic
scattering process in the eZ process is due to the extra electromagnetic vertex
associated with a virtual photon, do.z o< a*Z? as compared to doyz o a®Z2.

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 (y.+ > 1) such that the typical bremsstrahlung photon energy, ey
is much higher than muon pair rest-mass 2 muCQ, then the integrated cross-section
of the photo-production reaction, Y+ Z — pu*u~ + Z can be simplified *®.
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9
Ey > Qm#c2
ey~ E.x 2 3 GeV (for validity of below BH cross-section)
28 _, 2 2ey 109 (4)
Oyzi st 2 = g Z°arl (hlm#cQ Ty

1073m ™2 = 0.5 milli-barn (gy ~ 200MeV, Z ~ 79)

OYZyv—ptp=Zs =
where,

rf the classical muon radius (rf = 1.36 x 1071"m), v’ = r§ x m./m,, where r§ =
ro = e?m_te72(in cgs) is the classical electron radius (r§ = 2.82 x 107 15m)

Z is the atomic number of the material nuclei

a is the fine structure constant = wp/c = e2h7let = /A, =
e?(mec?) "L (hm e 1) (cgs), where vp is the velocity of the first orbit of
a Bohr atom, A, is the reduced Compton wavelength

gy is energy of bremsstrahlung photon

The inefficiency 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 known*® and is due to the smaller cross-section of the
muon pair-production process by a factor of (me/mu)2 ~1/(207)2.

The BH muon pair-production event rate Ryz, utu-z, = dN#idt_l can be
dN, +
u

estimated using Ryz, sptp-2, = —— = L X Oyz, St -2,
Ny
L= O’Z,b:::;/c Ntarget Ttarget
1InC )
Ryzysut+u-z, (in 50fs) = — 5.9 x 10*®*m ™ 1em 0.5 milli-barn (5)
e

Ryzy—ptp- 2z, (in 50fs) ~ 10° pairs (1nC, 50fs, o, ~ 20um)
where,

Npeam; Tz—beam are the number of particles and the bunch length of the beam,
respectively
Ntarget, Ltarget are the number density and the thickness of the target

The estimated number of muon pairs per 10GeV electron is thus between 1074 —
1075 /e. For nominal FACET-II parameters®® it is estimated that 10° pairs can be
produced when electron beam with Nyeam = % ~ 6.24 x 10? in 50fs bunch length
is incident on Gold target (Au) with number density niarget = 5.9 X 1028m =3 and
target thickness, Tiarget = 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 2m,,c?. This implies that a large number of muons have
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Muons (antimuon) in Hadronic shower - velocity (left) & lifetime (right)
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Fig. 2. Photo-produced Hadronic shower with an exponential velocity distribution has the shown
muon velocity (8,,) and corresponding lifetime (v, 7,) 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 102%c¢m 3.

laser 1 multi-GeV laser 2
e beam Muon

target
=4\

A\

Fig. 3. Schematic of laser-plasma post-processing of photo-produced (photo-meson and BH muon
pair-production) aE-uE Hadronic shower driven by et beam in a target.

plasma 2
pF flux (+ rc¥)

plasma 1
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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 =7t +p+p
(R.4) neutrons, p+n —7n~ +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:

th
EP

2
1
= l (2 + mﬁ) — 2] myc® =~ 0.31 myc? ~ 290 MeV (6)
nt 2 mp

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

opp(Ep) =40 x 10727 em™2 = 40 mb, (1barn = 10~ ?*em™?)

0.7 (7)
opz(Z,A) > op, x A [opz(A > 100) ~ 1 barn]

The event-rate of pion production is calculated for a hypothetical ultra-short
(< 1 ps) 500MeV proton bunch with 1nC charge (Npeam = 6.24 x 10° protons)
incident on a lem thick Tungsten (Aw(Z = 74) ~ 184) target of number density

Ntarget = 6.3 X 10%2cm ™3 using below,

Ny,
*C O'z—b::::/ ntarget Ttarget
dN,,+
RpZ—)ﬂ'ipZ = d'? =Lx OpzZ (8)
InC 28, —3 8 _+
= —6.3x10"°m 2 1lem 1.54 barn =6.1 x 10° 7w
e
laser 1 100s of MeV laser 2
proton bunch ;
Ld \
plasma 1 muon plasma 2
target -t flux

Fig. 4. Schematic of laser-plasma post-processing of proton-neutron reaction based w¥-p*
hadronic shower driven by proton beam in a target.
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This pion production process is thus quite efficient 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
driven hadronic shower are coupled into a slowly propagating acceleration structure
in the plasma. This slowly propagating laser-driven plasma acceleration structure
traps the charged pions (thus, does not trap n°) and accelerates them to high
energies. Relativistic pions decay in a small forward angle and thus acceleration of
pions is essential to increase the capture efficiency of muons produced from pion
decay. However, the meters long pion confinement channel needed after the laser
acceleration stage does not allow for a compact design.

5.3. Scheme III:
Laser-plasma positron electron maini-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-
erator has been demonstrated® and is currently under active investigation®.

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
muon pairs then have an initial kinetic energy and can thus be injected into a
subsequent acceleration stage.

electron-positron annihilation source

Interaction
Point

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 affordable. 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 differential cross-section of muon pair production (which exhibits the typical
QED 1/s dependence of the cross-section) is,

—Am2 2 2 2

dUeiaui ~ et he? W 1 +4M + 11— % 1— 4m” cos?6
dQ 6472 s /s —4m? s § §

does 2+ et h2c?
dQ) 64n?

(14 cos®0) (under, /s > m, >m.)

(9)
and the integrated cross-section of electron-positron annihilation during collision to
muon-antimuon pair is,

does_,+ a5 h?c? 87 nbarns
= — Q=— = 10
Tetpt / ( dS) ) d 3 @ s s (in GeV?) (10)

where,
Oetu+ is the cross-section of the reaction electron-positron collision to muon-

antimuon pair production

Q is the solid angle in the real space

me, m,, are electron and muon mass respectively

s is the norm of the summed momentum four-vectors of electron (p) and positron
(p) beam at the point of collision (||p + p||?),
it is also the norm of the summed muon (k) and anti-muon (k) momentum
four-vectors at the point of collision (||k + k||2)

6 is the angle between p and k

« is the fine structure constant

The event rate (Rt ,+ = dN,xdt™!) muon-antimuon pair-production in
positron-electron beam (assumed to have a Gaussian spatio-temporal profile) colli-
sion which depends on the luminosity (£, cm~2s~!) parameter is therefore, and the
integrated cross-section of electron-positron annihilation during collision to muon-
antimuon pair is,

N¢ N¢
L= 7 .=
4w o¢" ot

AN+

S frep (equal bunchlengths,a:+a§7)

Rex = (per collision) = Fl = S (11)
op Oy

1 a2 N"Ne™ .
=L X0yt =~
S

3 7 NN
s (in GeV2) o¢oe

where,
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et
r o

o
<
bunches of spatio-temporal Gaussian profile, respectively.

N €+, N¢ is the number of particles in Gaussian positron and electron bunches,

o ot is the radial waist-size of radially symmetric positron and electron

respectively.

S is the Luminosity reduction factor due to several practical considerations such
as crossing angles, Non-Gaussian profiles, Hourglass effect due to tight fo-
cussing, collision offsets 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+ ~ N¢ =~ 1.25 x 10° 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 a§+ ~ 0¢ =~ 107 = 0.1 nm (difficult, if not
impossible). Assuming that the electron beam energy is E,- = 150MeV and that
of the positron beam is E.+ = 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 ineffective at scaling the number
of muons at each collision event.

6. Particle In Cell Simulation of Scheme 1:
Controlled interaction of pu-pu~ 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 code®!. In this section,
2%D 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 Ao = 0.8um 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 200MeV 8.
In the simulation results presented in this section, the hadronic shower (made only
of u~ particles) is initialized with transverse size of o, = 20um 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 wy = Sum at the plasma and propagates in 50um of free-space
before it impinges on a fixed-ion plasma.

The preliminary Z%D 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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on-axis lineout @ t = 2050 femto-secs

transverse field
electron density / long field
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muon number (arb. units)
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Longitudinal dimension (pm)
Fig. 6. On-axis lineout of laser-plasma interaction parameters (in a) and muon (1~ ) 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 wg = 5um interacting with a laser-ionized ng = 2 x 10%cm™3 plasma.

2%D PIC simulation snapshots (Fig.6 to 10) to establish the viability of laser muon
acceleration for a pre-ionized ng = 2 x 10%cm~3 plasma.

The 2%D 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 m.cwoe ™!, longitudinal plasma field is nor-
malized to mecwpee !, plasma electron density, ng(initial), plasma potential
is normalized to m.c?e™!). 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 ¢) 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.



September 16, 2019 12:17
Laser'Muon'Acc’Schemes'VS'edits'Sep'19  page 16

16

Tran dim [pm)]

30
470 480

490

ws-procs961x669

t = 2050 fs @ wp/wye = 9 e density

500

510

520

Long dim [pm)]

530

WSPC Proceedings - 9.61in x 6.69in

540 550 560

-30

-20

-10

0

10

20

30
470 480

O N Ll

490

Longitudinal Electric field

500

e
510
Long dim [pm)]

A

520

Transverse Electric field

10

Tran dim [pm)]

20

'

&

30
470 480

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 np = 2 x 10°cm™3 plasma: (a)
plasma electron density of the acceleration structure, (b) longitudinal electric field associated with
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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 < 10um.

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 (1~ ) 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 ng = 2 x 10%cm~3 plasma.
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Fig. 9. Muon (¢~ ) 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 (¢~ ) 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
(u*r) 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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Fig. 11. Schematic of the conditioning stage where a discharge plasma lens®? 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 1965°2 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 = By) is excited due to the plasma
current (Jplasma = Jo) which is driven by externally injected current, Iy, 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 affordable laser muon sources have been
introduced in consideration of the numerous possibilities offered 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 efficiency, 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 offer 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 effort.

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 effort 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 driven 13
14,15

or sub-micron particle beam driven solid-state tube

in order to minimize the synchrotron radiation losses (o m;4) as

well as the radiative losses (o m;z) in comparison with electrons and positrons.

The significance of a compact tunable high-energy muon source also importantly

accelerators

lies in its multitude of technological, security and medical applications.
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