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Abstract

We report on experimental evidence of the generation of directional muons from a laser-wakefield
accelerator driven by a PW-class laser. The muons were generated following the interaction of

a GeV-scale high-charge electron beam with a 2 cm-thick Pb target and were detected using a
Timepix3 detector placed behind a suitable shielding configuration. Data analysis indicates a
(99:1  0:5)% confidence of muon detection over noise, in excellent agreement with numerical
modelling. Extrapolation of the experimental setup to higher electron energies and charges sug-
gests the potential to guide and separate from noise approximately 10* muonss ! onto cm?-scale
areas for applications using a 10 Hz PW laser. These results demonstrate the possibility of generat-
ing and transporting directional muon beams using high-power lasers and establish a foundation
for the systematic application of laser-driven high-energy muon beams.

1. Introduction

Muon beams are attracting considerable attention from the research community thanks to their unique
properties, which make them ideal candidates for disruptive applications across a wide range of sci-
entific and industrial areas. These include radiography of thick and dense objects [1], muon-catalyzed
fusion [2], and precision muon physics [3]. Traditionally, muon beams are either produced using radio-
frequency accelerators [4, 5] or naturally sourced from cosmic rays [6]. Despite some remarkable proof-
of-principle applications (see, e.g. [7, 8]), a systematic and widespread exploitation of muon sources is
still limited either by the large size and cost of proton-driven muon sources or by the low flux of natur-
ally occurring muons from cosmic rays (typically of the order of 1 c¢m %min ! [6]).

High-power lasers have been recently proposed as a viable alternative to produce sizeable muon
fluxes in a relatively compact setup (see, e.g. [9, 10]), with numerical work showing the possibility of
achieving high-energy populations of muons with an average flux sufficient for practical applications
with a turnaround as short as a few seconds to minutes [10]. Proof-of-principle experimental evidence
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of muon generation driven by PW-scale lasers has been independently reported [11, 12], where muon
signal was identified by their signature decay time.

Muons can be generated during the interaction of GeV-scale laser-wakefield accelerated electron
beams with thick high-Z converters through several channels: Bethe—Heitler pair production [13], tri-
dent processes [14], pion decay [15], and kaon decay [16]. At GeV energies, the high mass of kaons
makes its production comparatively unlikely. While pion-mediated muon production has the highest
cross-section [17], the wide-angle emission of charged pions, combined with the large cross sections of
pion scattering and absorption in heavy nuclei, results in generally not collimated muon fluxes [15]. For
sufficiently thick targets, Bethe—Heitler pair production dominates over direct electroproduction (trident)
processes [14, 15], making it the preferable mechanism for generating sizeable, directional muon fluxes
from a laser-wakefield accelerator [10, 11, 15]. Bethe—Heitler pair production has been used to generate
laser-driven ultra-relativistic positron beams (see, e.g. [18-22]). However, the much higher rest mass of
muons results in significantly lower yields compared to electron—positron pairs (N =N, / (m.=m )* *
2:3 10 ). This results in a high degree of complexity in muon detection, due to the co-presence of
a high level of noise arising from electron—positron pairs and bremsstrahlung photons. Several schemes
have been numerically proposed to physically separate laser-driven muon beams from other secondary
particles (see, e.g. [10]).

Here, we report on experimental evidence of the production of high-energy and directional muons.
For the first time, the experimental setup allows selecting high-energy muons and provides a pathway
for the separation of muons from leptonic and photon noise, validating a novel detection mechanism
and recent numerical modelling. The detected muons are generated by the Bethe—Heitler process in a
converter material irradiated by laser-wakefield accelerated GeV-scale electron beams. These muons exit
the converter in a directional manner, with a divergence of the order of a 100 mrad. Statistical analysis
of the experimental data indicates detection of muon signal with a (99:1 0:5)% confidence over noise,
in close agreement with numerical simulations. Numerical extrapolation of these results to a PW-scale
10 Hz laser system such as EPAC in the UK [23] indicates that up to 10* muonss ! can be isolated and
guided onto cm?-scale areas. This configuration will allow, for instance, for the high resolution detection
of strategically sensitive materials in high-Z thick containers within minutes [10].

2. Experimental setup

The experiment was carried out at the Extreme Light Infrastructure—Nuclear Physics facility [24]
(figure 1(a). The laser delivered 20] on target with 28 fs duration and was focussed, using an /26 oft-
axis parabola, to a peak intensity of (6:0 1:2) 10! Wcm 2 at the edge of a 20 mm supersonic gas
jet filled with a helium gas doped with 2% nitrogen. A replenishable 125 m-thick Kapton film was
inserted after the jet to remove any residual laser light. A 45 wedged lead converter was inserted after
the Kapton film; by translating the wedge transversely to the laser axis, the converter thickness could be
seamlessly varied between 0.5 and 3 cm. Simulations indicate that the Kapton film only marginally affects
the spectral and spatial properties of the electron beam [25], and this is fully accounted for in the mod-
elling of the experiment.

A 10 cm-thick lead wall with a 3:5 3:5cm? aperture on-axis was used to minimise off-axis noise
arising from the electron beam interaction with the converter. Two dipole magnets (Dipole 1 with a 1 T
field over 30 cm and Dipole 2 with a 1T field over 80 cm, see figure 1(a) were used to direct the muons
onto the detection region, which was set up outside of the vacuum chamber. The muons exited the
vacuum chamber through a 2 mm-thick aluminium window. A Timepix3 [26, 27] detector was placed
behind an L-shaped lead shielding configuration, consisting of a 15 cm-thick vertical Pb wall and an
horizontal 20 cm-thick Pb slab (figure 1(a)). The Timepix3 detector used in the experiment consisted of
a pixelated 1 mm-thick silicon sensor which is flip chip bump-bonded to the application-specific integ-
rated circuit (ASIC). The sensor and ASIC are divided into a matrix of 256 256 pixels of 55 55 m?,
each of them measuring simultaneously the energy deposition and time of arrival. Katherine readout
[28] and TrackLab [29, 30] were used for detector readout, data acquisition and processing.

The electron beams accelerated in the plasma were first characterised using a LANEX scintillator
screen placed after the first dipole magnet, without the converter. The electron beams exhibited a max-
imum energy exceeding 1 GeV, a divergence of the order of 1 mrad, and an overall charge above 200 MeV
(lower limit of the magnetic spectrometer) of (560 180) pC (see figures 1(b) and (c)).



10P Publishing Plasma Phys. Control. Fusion 68 (2026) 035015 L Calvin et al

Lanex |

Electrons
Dipole 1
Lead converter

Tape drive l

Gamma radiation Shielding

Gas jet (& LWFA) 0.3m Positrons and

muons

f/26 drive laser Collimator ;
Vacuum window

a) ~2.5m

|

Dipole 2 Timepix3

0 0.4 0.8 1.2 1.6 2 2.4

220 260 340 500 1 0002 000 Electron energy (GeV)

b) Electron Energy (MeV) C)

Figure 1. (a) Sketch of the experimental setup. (b) Examples of angularly resolved electron spectra measured before the insertion
of the converter target. Colourbar is in arbitrary units. (c) Angularly integrated spectrum averaged over 10 consecutive shots
without converter. The solid blue line indicates the average and the grey shading the standard deviation.

3. Numerical modelling

The average electron beam charge, spectrum (blue line in figure 1(c)), and divergence were used as input
for Monte-Carlo simulations using the code FLUKA [31, 32]. Five independent sets of simulations were
performed, with 100 runs with 10'° primaries each to numerically extract the expected muon char-
acteristics at source and at the detector plane, along with the spatial and spectral distribution of the
noise expected at the detector plane. Extensive numerical modelling of muon production in a similar
experimental configuration [10] indicates that the yield of high-energy directional muons increases lin-
early with target thickness up to approximately 2 cm. For thicker targets, the muon yield only margin-
ally increases with the additional drawback of an enlarged divergence and, thus, decrease in flux. While
optimum thickness will ultimately depend on the specific electron beam parameters and the muon
population of interest, this thickness is optimum for this experimental configuration and is thus used
hereafter.

Positive and negative muons present a similar spectrum (figure 2(a) extending approximately up to
1.25GeV and an energy-dependent divergence of the order of a hundred mrad (consistently with simu-
lation results reported in [10]). Given the nature of the muon generation process, the muons exiting the
converter target are expected to present a broadband, bremsstrahlung-like, spectrum virtually irrespective
of the spectrum of the primary electron beam.

Simulations indicate a total of (0:79  0:02) 10 7 and (1:49 0:04) 10 7 ™ per primary
electron. For an initial electron beam charge of 560 180 pC, this translates into 280 90 and
520 160 ™ escaping the converter target per shot.

A major obstacle in the detection of muons is the high-flux of scattered secondary particles exiting
the converter. Numerical simulations indicate the generation of a total of (5 3) 10® scattered elec-
trons, bremsstrahlung photons, and generated positrons, with spectra extending up to the maximum
energy of the primary electron beam (see also [19, 20]) and > 10° charged pions with a broad angu-
lar distribution. In order to minimise the signal induced by these secondary particles in the detector, a
specific shielding configuration has been designed and implemented in the experiment (figure 1(a)). In
this configuration, it is preferable to measure the positive muons, where the noise is lower. Monte-Carlo
FLUKA simulations of the entire experimental configuration have been carried out to extract the number
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Figure 2. (a) Simulated spectrum of ~ (orange) and * (blue) generated during the interaction of an electron beam as depic-
ted in figure 1 with a 2 cm-thick lead converter. (b) Distribution of parent particles for (blue) and * (orange) reaching
the detector. Trid. indicates direct electroproduction (trident), while BH denotes Bethe—Heitler pair production initiated by a
bremsstrahlung photon in the converter.

and spectral properties of muons and noise particles reaching the detector plane (1.4 1.4 cm?, as dic-
tated by the size of the Timepix3 detector). The simulation results (see figure 3) indicate approximately
(2:8 0:3) 10 ' muons, (8:0 0:4) 10 ' electrons, (3:0 0:1) 10 ? positrons, (2:0 0:1) 10 7
gammas, and (2:0 0:4) 10 !' pions per primary electron reaching the detector per shot. The muons
generated via pion decay represent a negligible fraction of the muons reaching the detector ( 2%, see
figures 2(b) and 3(b)). Due to the magnetic transport line, the muons reaching the detector plane have
an energy of (300 50) MeV; the other noise particles reaching the detector (i.e. electrons, positrons, and
gammas) have instead a broad energy spectrum up to approximately 10 MeV (figure 4).

The muon signal can be statistically distinguished from other particles by the characteristics of
energy deposition in the detector, a standard technique in particle physics experiments (see, e.g. [33]).
Although methods based on measuring muon lifetime are also possible [11, 12], the high electromag-
netic noise generated in the chamber by the high-power laser in this experiment prevented a clear sig-
nal identification using this technique. High-energy muons produce distinctive track shapes and energy
deposition patterns on the detector, distinguishing them from MeV-scale leptonic noise (electrons here-
after for definitiveness), ions, and neutrons. While pions could also in principle contribute to the signal
[34], the simulation results discussed above indicate that only 0.07 0.02 pions reach the detector per
shot. This low likelihood arises from their wide-angle emission combined with the magnetic transport
line and the lead shielding in front of the detector (see figure 3(f)). Our simulations also confirmed that
Timepix3 based on thin silicon detectors are also inefficient in detecting MeV-scale photons, with negli-
gible energy deposition (see also [35]).

For the other noise particles, a series of simulations were performed using the Monte-Carlo code
FLUKA of the response expected on the detector for 300 50 MeV muons, MeV-scale electrons, neut-
rons, and protons. In this set of simulations, a 1 mm-thick Si slab with 256 256 pixels with a size of
55 m 55 m was irradiated 10° different times with each particle, with electrons and positrons (gen-
erally referred as electrons hereafter) having an energy randomly sampled from a uniform distribution
from zero to 10 MeV. Ions and neutrons are expected to arrive at the detector plane significantly after
the temporal gating applied to the detector (discussed below) and can thus be easily discarded by time-
filtering the signal. For muons and electrons, the distributions of the mean and standard deviation of the
energy deposited per track and the length of the tracks are shown in figure 5. In all cases, Kolmogorov—
Smirnov tests of the distributions indicated a p-value < 0.001 confirming that the distributions are stat-
istically different. Muon tracks are generally shorter, with a higher mean and standard deviation of the
energy deposited. This is accompanied by a different shape of the tracks; muon tracks have negligible
curvature and are never observed to be more than 1 pixel wide. These numerical results are consistent
with the significance difference in energy deposition characteristics between high-energy muons and low
energy electrons or positrons, with the latter experiencing larger scattering angles and a more continuous
energy transfer throughout the material.
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Figure 3. Side-view of the simulated distribution through the experimental setup of all muons (a), muons generated by pion
decay (b), positrons (c), photons (d), electrons (e), and all pions (f) through the experimental setup. The position of the detector
is highlighted in frame (a) and all colourbars are in units of particle per primary electron per cm?.

4. Experimental results and analysis

The raw data recorded by the Timepix3 detector for a series of 10 consecutive shots with a 2.cm con-
verter target is shown in figure 6(a).

The raw data were filtered first by only selecting tracks that arrived at the detector within 8 2ns
after the laser arrival time on the gas-jet, as this is the expected temporal window of arrival of the
muons at the detector plane. Ion and neutron signal is already effectively removed by this filter, as these
particles reach the detector plane at least 11 ns after the interaction (figure 6(b)). The raw data is then
further filtered by selecting only tracks that do not present a significant curvature (figure 6(c)) and that
are only 1 pixel wide (figure 6(d)).

The filtered data still show approximately 30 tracks, which could in principle be produced by either a
muon or an electron. In order to further distinguish between electron and muon signal, likelihood ratios
(LRs) for the length of the tracks and the mean and standard deviation of the energy deposited are
shown in figure 7, with brown dots representing each track in figure 6(d). The LR that a track has prop-
erty Q; (for example, length) given that it is of particle type p is defined as LR[Q;jp]  P[Qijp]=P[Qij - p],
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Figure 5. Simulated distribution of track length (a), mean energy deposited (b), and standard deviation within the track (c)
from FLUKA simulations for 300 50 MeV muons (blue) and electrons with a flat energy distribution extending up to 10 MeV

(green) interacting with the TimePix3 detector (simulation details in the article). The simulated data points have been fitted with
a rational function of the form: y(x) = (p1x + p2)=(* + q1x + q).

where the probabilities are extracted from the distributions shown in figure 5. A track can be paramet-
rised by its length, I, the mean energy deposited along it, , and the standard deviation in this energy,
. The full or combined likelihood for a given track is then the product LR[T;jp] = LR[L;jp] LR[ ;jp]
LR[ ijp].
The corresponding histogram of the combined LR for each track in figure 6(d) is shown in orange
in figure 8. An LR above 3 (below 0.3) is considered substantial evidence of muon (electron) behaviour,

6
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Figure 6. (a) TimePix3 raw data accumulated over 10 consecutive shots with a 2 cm Pb converter. (b) TimePix3 data from (a)
filtered with a 2ns temporal window around the expected muon arrival time (details in the article). (c) TimePix3 data from (b)
with the additional filter of track straightness. (d) TimePix3 data from (c) with only 1 pixel-wide tracks.
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Figure 7. Likelihood ratios (blue solid lines) and associated uncertainty (blue shaded regions) for track length (a), mean energy
deposited (b), and standard deviation of energy deposited per pixel across the track (c). Brown squares and yellow dots indic-
ate the length, mean energy, and standard deviation for every track for the converter thicknesses used in this study (2 cm for the
brown squares and 1 and 1.5 cm for the yellow dots). The labelled large circles highlight the three tracks with the highest com-
bined likelihood ratio (4.4 for track A, 3.0 for track B, and 3.0 for track (C).

while an LR above 10 (below 0.1) is considered strong evidence [36]. The histogram is well approxim-
ated by a two-Gaussian distribution with means at 0:06 0:01 and 0:18 0:02, providing strong prelim-
inary indication that most tracks are produced by electrons. Notably, three tracks (labelled A,B, and C
in figures 7 and 8) have combined LRs above 3 (4.4 0.2 and 3:0 0:1), first preliminary indication of
being produced by a muon.

For a more quantitative analysis, the LRs have been used to extract the probability that each track
in figure 6 is produced by a muon or an electron. For this, the pre-test probability has been calcu-
lated by applying the same filters of time of arrival, straightness, and track width to the simulation
data. After this process, simulations indicate N. =25 2 electron tracks and N =9 1 muon tracks
over ten shots, yielding a pre-test probability P[ ]| =N =(N.+N ) =(26:5 3:6)%, and pre-test
odds O[ ]=P[ ]=(1 P[ ])=0:36 0:05 for a track to be a muon. The equivalent pre-test probab-
ility and odds for a track to not be a muon, i.e. is an electron, are P[= ]= P[e] = (73:5 10:1)% and
O[z ]=0le] =2:77 0:53 respectively. The post-test odds that a given track, T;, is of particle type

7
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p can thus be calculated as: O[T;jp] = LR[T;jp] Olp]. The probability that each track has been gen-
erated by a muon can thus be expressed as P[ jT;] = O[T;j 1=(1+ OI[T;j 1), with the probability of
it being generated by an electron being necessarily PlejT;] =1 P[ jT;]. Given the fact that each track
can be treated independently, the probability that at least one muon has been detected can thus be
calculated as:

v v y
P[ >1]=1  P[: jT]=1 ] IS([JTE‘Tj]]

i=1 i=

(1)

For all the tracks shown in figure 6(d), the probability of having detected at least one muon is
Pl >1]=(991 0:5)%.

To further confirm this evidence, additional shots were taken in the same conditions but with a
thinner converter target: 5 shots at 1 cm and 5 shots at 1.5 cm. Simulations with these converter thick-
nesses show no muons reaching the detector over 5 independent runs, indicating that the number of
muons per primary electron potentially reaching the detector per shot is below 10 2. For an elec-
tron beam charge of (560 180) pC, one would then expect less than 0.03 muons to reach the detector
over ten shots. Applying the same filtering and the analysis discussed above, the 1 and 1.5 cm shots res-
ult in the histograms of combined LRs shown in figure 8(single LRs for each track also overplotted in
figure 7 as yellow dots). The histograms are well approximated by Gaussian distributions with a mean of
0.070  0.005 and a standard deviation of 0.11  0.05 and 0:015 0:008 for the two target thicknesses,
strong indication that the tracks are all produced by leptonic noise, as expected. For these thinner tar-
gets, the total probability of having detected a muon is P[ > 1] < 14%.

5. Conclusions

We report on the generation of directional and high-energy muons from a laser-wakefield accelerator
driven by a PW-class laser. Data analysis indicates a (99:1 0:5)% confidence of muon detection over
noise, in excellent agreement with numerical modelling.

The results reported here can be readily scaled to laser systems of high peak power or repetition rate.
Extrapolation to a nC-scale 2 GeV electron beam, as attainable by PW-scale lasers [37], indicates that up
to 10° muons per shot can be isolated and guided by a suitable transport line [10]. A 10 Hz PW laser
such as EPAC in the UK [23] would then be able to produce and guide up to 10* muonss ! in shielded
cm?-scale areas, enabling radiography of extended high-Z objects within tens of seconds [10]. 10 PW-
scale laser facilities are also now starting to enter the international landscape [38] (see, e.g. Vulcan 2020
[39], OPAL [40], and ELI-NP [24]). Numerical simulations show that the 10 PW line at ELI-NP can
produce multi-nC electron beams with multi-GeV maximum energies [10]. The interaction of such
electron beams with a 2 cm converter is predicted to produce more than 10° muons with a broadband
energy distribution peaking at 0.7 GeV. The increase in muon yield expected with PW-class laser systems
can also be accompanied by a more complex transport line and shielding configuration as proposed and
numerically studied in [10]. Adopting an experimental configuration of that kind can thus conservatively
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direct up to 10* muons in a relatively background-free region with a 10 10 cm? area [10]. Even oper-
ating at one shot per minute, 10 PW-scale lasers would enable muon radiography of extended high-Z
materials to be carried out within a few minutes [10].
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