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High energy muons, due to their unique ability to penetrate deeply into matter, can enable radiography of structures
that cannot be probed by other forms of radiation. Current terrestrial sources of muons require conventional GeV-
TeV particle accelerators which are hundreds to thousands of meters in size. Laser wakefield acceleration (LWFA)
can achieve acceleration gradients of two-to-three orders of magnitude greater than conventional accelerators, thus
shrinking the accelerator to a number of meters. We propose a concept for a compact muon source based on the first
self-consistent PIC simulations of an all optical LWFA that uses a guiding channel to achieve electron energies of 100
GeV in a distance of 6 meters with a driving laser energy of 300 J in a single stage. From the resulting electron energy
spectrum we estimate muon production for this source. We show that this accelerator, coupled with high average power
laser driver technology, provides the basis for a high energy and high flux muon source.



Muons were discovered in CR by by C. D. Anderson and S. Neddermeyer (1936)

Muon - Heavy Electron
m, =105.66 MeV/c’
m, ~ 206.768 m,

Muon decays as
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Muon creation

Pair creation via Bethe-Heitler process
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FIG. 1. Diagrammatic representation of dimuon production
processes in electromagnetic interactions. (a) Bethe-Heitler pro-
cess y+A— A+ u"u". (b) Electron induced reaction e +
A—e+A+uu.
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Fig. 3. An incident photon energy dependence of the total cross section for the muon
pair production on a copper target.



High energy muon beam generation (ICMuS2 project)

DARPA’s Muons for Science & Security program aims to create a compact source of deeply penetrating subatomic particles known as muons to enable a variety
of scientific, commercial, and defense applications — from medical diagnostics, to scans of cargo containers for dangerous materials. MuS2 project aims to
employ laser plasma acceleration to develop scalable and practical processes to produce conditions that can create muons exceeding 100 GeV. This unique
muon source will also be available for multidisciplinary experiments including the astrobiology.
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High Peak Power Laser

L4-Aton laser at ELI-Beamlines has optimized parameters for LWFA: 1.5 kJ, 150 fs, 100s shots/day.
10 PW electron acceleration set-up being designed to enable experiments in the near future

MUON TOMOOGRAPHY: 10 PW electron acceleration as a driver for muon production

Discovery of a hidden chamber in the Great Pyramid of Giza
using Cosmic-ray Muons
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Laser Wake Field Acceleration

I.
a) Wake field generated by short laser pulse
b) Relativistic Langmuir wave

c) Optimal length of the driver pulse

d) The LWFA energy scaling

e) Relativistic self-focusing

f) Basic mechanisms of the electron injection

I1.

a) High-energy muon beam production
e) Maedical applications

f) Compact XFEL



Relativistically strong laser pulse interaction with underdense plasma
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Wakefield Generated by Short Laser Pulse (Tajima&Dawson 1979)
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Limit 8 — 1; Optimal Length of the Driver Pulse

Electrostatic potential obeys
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On the LWFA energy scaling

Scaling of LWFA accelerated electrons & = m,c’y” a”,

eEO

m,w,c

W n 1/2
where fyph:—‘):[ ] and a =

W, n

3

Energy scaling & = 2m,c’y’,a’;the accelerationlength [, = \a*+’,

1/3

. . P
with the laser amplitude a = [: Yo

P
Electron energy depends on the laser power P and

P
P

2/3
onthe plasmadensity via v as &, = 2m,c’

As aresult of the laser pulse self - focusing at the threshold we have
P =Py’ with the laser power P and P = 2m}c’ /¢ = 1TGW

For the e.m. field inside the s.f. channel of radius r, = ca'* /w ,

1/3
these yield for the laser amplitude « = %wpf]

What is the focal length? lf ~ mTw w, /A~ 60m
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On the LWFA energy scaling: at the self-focusing threshold

At the self - focusing threshold we have a, ~ 1

It gives the accelerated electron energy

for P = 10PW electron energyis100 GeV
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Experimental results :

LWFA electron energy vs laser power

SVB et al., J. Plasma Phys. 82, 905820308 (2016)



Electron Trapping into Wake Wave

Wake wave wavelength
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From the analysis of the Hamiltonian
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Transverse Wake Wave Breaking

trajectory of
injected electron

Swallow-tail
singularity in local
coordinates:
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BULANOV, S. V., PEGORARO, F., PUKHOV, A. M., SAKHAROV, A.,Transverse-wake wave breaking. Phys. Rev. Lett. 78, 42054208 (1997)



Down-ramp (as well as up-ramp) density injection
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FIGURE 6. Plasma inhomogeneity effects on the phase velocity of the wake wave.
(a) Electron density profile given by (3.21) with ny = 1.5, n, =1, and L =5. (b) The
trajectories of the constant phase points in the (x, ) plane. (¢) The phase dependence on
the coordinate x at t =1, for 7, = 125. (d) The wake wave phase velocity v,, versus
coordinate x at r=0, 0.125¢,,, 0.251,,, 0.5t,,, 0.75t,, t,,. Plots are drawn in arbitrary units. n,
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Cluster-plasma (nano-particle) injection
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intense, ultrashort laser pulse interaction with clusters”, Physics Letters A 363, 130 (2007).
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Optical Injection
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electron bunch

Beam Loading

Electron bunch equilibriuminside the wake wave
assuming that its transverse size is substantially
less than the longitudinal one.

Equations of motion and the Maxwell equations
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Using the Lagrange variables,
r=r,+ p(r,t)andt,
we reduce this problem to
0w+ a)bz(ro +p)=
Mgz(ro)Vbz + 2e2meN b(ro)(ro + p)z
mez7/b (rh,+ ,0)3

where )} = @, 12y°

This is similar to Kapchinskij - VIadimirskij
equations.

At the equilibrium the bunch density is (Q° = M /r?)
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This gives the overloading threshold
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For 10 PW laser we have N, ~ 7.5x10’

TZOUFRAS, M., LU, W., TSUNG, F. S., HUANG, C., MORI, W. B., KATSOULEAS, T., VIEIRA, J., FONSECA, R. A. & SILVA, L. O. 2008 Beam
loading in the nonlinear regime of plasma-based acceleration. Phys. Rev. Lett. 101, 145002.



Optimization of the LWFA Parameters for ICMuS2

= LWFA relies on efficient and continual energy transfer from driver to wakefield

= Conditions for "matched” laser and plasma parameters:

Qg = 2 (PO/Pc)l/B; Wo = Zc/wp Vao, Ly = lopt ~ Ay /2

where P. = 17.4 GW X n./n, is the critical power for relativistic self-focusing

= if Py/P. > 1 ... laser is likely to develop filamentation instability
= if [y/lope > 1 ... laser is likely to develop self-modulation instability

preferably Py/P. =1 and [/l = 1



Simulation setup: 100 J case
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Figure 1: (a) Contours in the parameter space for & = 0.1 kJ and (b) zoom to the region of interest.
Symbols S and S mark selected cases.

# & (kI) Po (PW) 71(fs) wo(um) ap  ne(cm™3)  Enax (GeV) Lo (m)

Si 0.1 0.54 175 83 2.02 3.3 x10'6 34 2.44
S5 0.1 0.54 175 74 2.26 4.6 x 10'° 29 1.54
S3 0.1 0.42 225 73 2.03 4.3 x 10'° 26 1.63
Sy 0.1 0.42 225 67 2.21 5.6 x 106 22 1.13

Table 1: Parameters of four selected cases, S1 - Sy, for & = 0.1 k.J.



Simulation setup: 500 J case
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Figure 5: (a) Contours in the parameter space for &

Symbols 57 and S mark selected cases.
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= 0.5 kJ and (b) zoom to the region of interest.

# & (kJ) Po (PW) 7o(fs) wo(um) ag ne (c-.m_e') Emax (GeV)  lgee (m)
Sq 0.5 1.57 300 139 2.06 1.2 x 1016 96 11.21
S 0.5 1.57 300 129 2.22 1.5 x 106 86 8.38
S3 0.5 1.17 400 120 2.06 1.6 x 10'® 70 7.16
Sy 0.5 1.17 400 110 2.25 2.1 x 1016 58 4.88

Table 5: Parameters of four selected cases, Sy - Sy, for & = 0.5 kJ.
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Thank you for your attention!
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