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We present the detection of directional muon beams produced using a PW laser facility at the Lawrence
Berkeley National Laboratory. The muon source is a multi-GeVelectron beam generated in a 30 cm laser-
plasma accelerator interacting with a high-Z converter target. The GeV photons resulting from the
interaction are converted into a high-flux, directional muon beam via pair production. By employing
scintillators to capture delayed events, we were able to identify the produced muons and characterize the
source. Using theoretical knowledge of the muon production process combined with simulations that are in
excellent agreement with the experiments, we demonstrate that laser-plasma accelerators have the
capability of generating electron beams with characteristics suitable to produce GeV-scale muons that
offer unique advantages with respect to the cosmic background. Laser-plasma-accelerator-based muon
sources can therefore enhance muon imaging applications thanks to their compactness, directionality, and
high yields, which reduce the exposure time by orders of magnitude compared to cosmic ray muons. Using
the Geant4-based simulation code we developed to gain insight into the experimental results, we can design
future experiments and applications based on LPA-generated muons.
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I. INTRODUCTION

Muon beams have attracted considerable attention in
recent years because of their unique properties and potential
applications across various fields of physics. However,
production ofmuonbeams for fundamental physics research,
for instance, a future TeV-class muon-muon collider [1] or
the muon g − 2 experiment at Fermilab [2], is challenging
and it is currently done by accelerating high-energy proton
beams in large-scale facilities, colliding them with fixed
targets and collecting the created mesons that will eventually
decay into muons [3].
Given the large size of the accelerators, proton-based

muon production is not suitable for imaging applications

because neither the source nor the typical imaging samples
can be transported. In fact, thanks to their considerable
penetration power, muons are used for nondestructive
imaging of large or concealed objects [4], which must be
performed on site. For such reason, currently the only
available source ofmuons for imaging applications is cosmic
rays, which, when interacting with the Earth’s atmosphere,
generate showers of particles, including muons, that are
accessible in any unshielded place on the planet. The
incoming muon flux on the Earth’s surface can be approxi-
mated as dN=dΩdSdt ≈ 70 cos2ðθÞ m−2 s−1 sr−1 [5], where
θ is the angle from the zenith, along which the flux is
maximum. For most of the imaging applications, such a
muon flux requires months of exposure before a statistically
significant signal is accumulated. For instance, when imag-
ing objects along the plane of Earth’s surface, the muon flux
is reduced to dN=dSdt ≪ 0.1–1 m−2 s−1 due to the limited
angular aperture of the detectors. Therefore, muography via
cosmic ray muons can generally be applied only to objects
that are immobile over long periods of time. A notable and
fascinating example of their use was the discovery of a
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hidden chamber inKhufu’s Pyramid (Great Pyramid ofGiza)
[6,7]. They also enable investigating themagmatic chambers
of active volcanoes [8], blast furnaces [9], and nuclear waste
[10–12]. These are only a few examples of the available
applications and implementations of the muography tech-
nique. For a more general review see Refs. [13,14] and
references therein.
Laser-plasma accelerators (LPAs) provide an alterna-

tive source of muon beams as a byproduct of the
collision of an LPA-generated electron beam with a
high-Z target [15], a possibility supported by some
numerical studies [16,17]. Several laboratories have
demonstrated generation of hundreds of MeV to multi-
GeV-class electron beams in targets up to tens of
centimeters using different techniques, with representative
examples in Refs. [18–26], providing enough energy for
muon generation via pair production. Pair-produced
muons are very suitable for muography as they are
characterized by high energy, of the order of the initial
electron energy, and low divergence and they are gen-
erated directly into the solid target where the interaction
is taking place. Currently-available high-power laser
systems, operating at repetition rates between 1 and
10 Hz, enable producing LPA-based directional muon
beams with yields orders of magnitude higher than
cosmic rays, thus providing substantial speedups to
applications that typically require months of exposure
times. A next generation kHz LPA [27] could further
improve this factor by 3 orders of magnitude, opening
new avenues to the use of muons in imaging large objects
in only a few minutes. A LPA-based muon source
provides the essential characteristics that are needed
for imaging applications together with the advantages
of a compact source that can be deployed on the imaging
site. Laser technologies currently in development, such as
fiber lasers or high-efficiency solid state lasers, show the
potential of realizing such a compact and deployable
laser system in the future [27].
In this paper, we present the generation and measurement

of GeV muons using the BErkeley Laboratory Laser
Accelerator (BELLA) Facility at the Lawrence Berkeley
National Laboratory. In Sec. II, we give an overview of the
relevant muon production mechanisms, highlighting the
characteristics of the generated muons. In Sec. III, we
present the setup for the electron beam generation and the
production and measurements of muons. In Sec. IV, we
analyze the results of the experiments and show howmuons
are identified. We demonstrate that the electron beams
interacting with the shielding configuration of our labo-
ratory generate muons via different mechanisms and that
we can spatially separate them into a directional and a
quasi-isotropic source. Simulations that reproduce the
experimental measurements are presented in Sec. V, where
we investigate in detail the muon production process in the
experimental cave. Section VI presents the conclusions of
our work and the next steps.

II. MECHANISMS OF MUON PRODUCTION
IN HIGH-Z MATERIALS

When a high-energy electron traveling in a solid con-
verter target is deviated by an atomic nucleus, it emits high-
energy photons, or Bremsstrahlung radiation [28]. The
energy distribution of the Bremsstrahlung photons is
characterized by an exponential-like decay, extending to
the same maximum energy as the initial electron [28–30].
The angle of emission is confined within a cone of angular
aperture ΔθB ≃ 1=γe, where γe is the Lorentz factor of the
radiating electron. Bremsstrahlung photons that interact with
the background atomic nuclei can be converted into pairs of
charged leptons (a particle and an antiparticle) via the Bethe-
Heitler process if their energy is Eγ ≥ 2mpc2, where mp is
the particle (lepton) mass, and c is the speed of light in
vacuum.The cross section for theBethe-Heitler production is
proportional to the inverse of the particle mass squared [31],
i.e., σBH ∝ 1=m2

p, and the generated particles are emitted
along the photon propagation direction, thus resulting in a
particle shower confined within an angle≲ΔθB. The energy
spectrum of the products follows the Bremsstrahlung dis-
tribution, with a maximum energy Emax ¼ Eγ − 2mpc2, due
to energy-momentum conservation.
Given that eþe− pairs, i.e., positron-electron, are the

most probable products of the Bethe-Heitler process,
Bremsstrahlung radiation induced by the propagation of
an electron beam into high-Z targets (e.g., tungsten or lead)
has been used as a source of positron beams for conven-
tional acceleration for several decades [29] and it has been
extensively investigated in experiments.
Both the Bremsstrahlung and the Bethe-Heitler emis-

sions develop over a characteristic radiation length X0. The
radiation length is defined as the length over which an
electron propagating in the material loses all but 1=e of its
initial energy, which corresponds to 7=9 of the mean free
path for Bethe-Heitler emission. The value of X0 depends
on the atomic composition of the material and on its
density. For high-Z materials, its value ranges from milli-
meters to centimeters [29].
The properties of photon decay into μþμ− pairs are

analogous to the eþe− pair creation, but the cross section is
reduced by a factor R ¼ m2

e=m2
μ ¼ 2.34 × 10−5. For this

reason, it has not been subject to the same detailed
experimental investigations and applications.
In addition to the Bethe-Heitler mechanism, the inter-

actions of electrons with targets also lead to the production
of pions (π�), which subsequently decay into muons (the
average pion lifetime is τπ� ¼ 2.6 × 10−8 s). In particular,
main sources of pions in the material are the processes
γ þ p → πþ þ n, γ þ n → π− þ p, and γ þ N → πþ þ
π− þ N, where the γ rays interacting with the background
protons (p), neutrons (n), and nucleons (N ¼ p, n) are the
ones produced via Bremsstrahlung [15]. Analogous proc-
esses apply to kaon creation, although with a lower
probability due to the higher kaon mass. Both pions and
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kaons decay into muons, therefore, we will refer to the
muon flux resulting from this mechanism as coming from a
more general meson decay. The total cross section for muon
production through meson decay in a high-Z target is
higher than the one for the Bethe-Heitler μþμ− process.
However, given the large meson rescattering and absorption
cross sections, the resulting meson flux is weaker and not
well collimated in a thick target [15]. Therefore, we expect
some contributions to the number of muons from meson
decay at large angles. Moreover, due to the relativistic
dilation of the proper time, only low-energy mesons decay
in the vicinity of the converter, resulting in a sharp cutoff of
the spectrum at high energies. It is possible to produce
high-energy muons via meson decay, but it requires ∼ km-
scale separations from the converter.
Figure 1 shows simulated energy spectra, normalized per

initial primary electron, ofmuons generated, respectively, via
pair production and meson decay from a monochromatic
10GeVelectron beampropagating in a 2.1 cm-thick tungsten
target. The simulations were performed using the Geant4

toolkit for simulation of the propagation of particles through
matter [32–34], including solely the monoenergetic electron
beam and tungsten target in the setup geometry. The solid
black line is the spectrum of muons generated via Bethe-
Heitler integrated over 4π, while the dashed black line is the
spectrum of muons selected within a 100 mrad cone, which
effectively contains all the muons produced with energies
E≳ 4 GeV. The red line is the energy spectrum of muons
generated via meson decay over the 4π angle. Muons from
meson decay with energies ≥ 1 GeV are statistically negli-
gible within 100 mrad, as shown by the dashed red line.
We show the effect of target thickness on the number of

muons produced per initial electron in Fig. 2, with results

from Geant4 simulations. The pair production only depends
on the normalized thickness, i.e., the number of radiation
lengths traversed, and does not show significant differences
between different materials. The number of pair-produced
muons is maximum between ð6–10ÞX0 for an initial
10 GeV electron beam, similarly to what is expected for
positrons [29], and slowly decreases for larger thicknesses
due to the high penetration power of muons. We point out
that the processes discussed here are single-particle inter-
actions and, therefore, the number of muons produced is
linearly proportional to the incoming electron beam charge.
In this section, we reviewed different mechanisms for

muon production, highlighting their characteristics. Pair
production yields a directional and collimated muon beam,
while meson decay generates a quasi-isotropic muon flux.
In the next sections, we will show how the interaction of an
electron beam with the shielding configuration of our
laboratory combines these processes. The electron beam
dump suppresses the meson propagation, absorbing all but
muon produced via pair production, while mesons are
generated in other high-Z elements along the beam path,
which do not possess the same filtering power, and
eventually decay into a quasi-isotropic background of
low-energy muons.

III. EXPERIMENTAL SETUP

The experiments described here were carried out in an
experimental campaign to generate and measure muons at

FIG. 1. Simulated energy spectra of muons generated via pair
production and decay from a 10 GeV electron beam propagating
in a 2.1 cm-thick tungsten target. The distributions are normal-
ized per initial primary electron. The solid black and red lines
correspond to the total yield of pair produced and decay muons,
respectively. The dashed black and red lines present the spec-
trum of pair- and decay-produced muons, respectively, within
100 mrad. Simulation results show that effectively all pair-
produced muons with E ≃ 4 GeV are confined within 100 mrad.

FIG. 2. Simulated yields of pair-produced muons within
100 mrad along the primary 10 GeV electron beam axis for
different materials and their thicknesses expressed in radiation
lengths X0. Normalization to a single primary electron is applied.
The plot shows a saturation of the yield at ∼6X0 and independ-
ence of the target material. Beyond 10X0, muon production is
substantially suppressed, and ionization energy losses prevent
low-energy muons from escaping the target. This leads to a
reduction in the observed yield, reflecting the decreasing con-
tribution of low-energy muons to the total yield.
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the BELLA center between December 2023 and January
2024. The laser-plasma accelerator was driven using
the BELLA PW laser [35]. A detailed description of the
accelerator can be found in [25] and a schematic of
the experiment can be found in Fig. 3. The drive laser
duration was ∼40 fs and was focused to a spot size
of w0 ¼ ð53� 1Þ μm, at the entrance of a 30-cm-long
hydrogen gas jet [25,36]. The measured laser energy was
E ≃ 21 J. Before the arrival of the LPA drive laser, an
auxiliary pulse focused by an axicon lens was used
to ionize and form a plasma channel by hydrodynamic
expansion [37] of an optical field-ionized plasma [38–40].
The measured axial density was n0 ≈ 1 × 1017 cm−3.
Ionization injection was triggered by a 1% nitrogen dopant
extending over a region of the channel of length Ldop. For
Ldop ≈ 12 cm, it was possible to achieve single, quasimo-
noenergetic electron bunches with peak energy up to
9.2 GeV and charge extending beyond 10 GeV [25].
For this experiment, Ldop ≈ 30 cm, and the accelerator

was run in a stable condition with electron beam spectra
shown in Fig. 4. The measured charge was in the range
Q ≃ 45–250 pC, with an average Q ≃ 80 pC, integrated
over energies above 2 GeV, and exponential-like energy
spectra with tails extending to ∼8 GeV were observed.
These high-energy electrons are passed through a 1.08 T

momentum analyzing dipole magnet (which deflects the
electron beam downward toward the floor). We specifically
refer to the 4 GeVelectron trajectory axis through and past
the magnet as the “deflected reference axis.” The deflected
electrons are then stopped in a dedicated electron beam
dump composed of 40.5 cm of lead, 1 m of steel, and a
final 1.80 m block of concrete. After the electron beam
dump, a 90 cm concrete wall separates the experimental
cave from the measurement room. The measurement room,
located directly behind the wall in the beam direction

propagation, iswhere the detectorswere placed.The lengthL
of the electron beam dump, expressed in units of radiation
lengths, is L ≃ 142, calculated using X0;Pb ¼ 0.56 cm,
X0;Steel ¼ 1.76 cm, and X0;Concrete ¼ 11.6 cm. The large
thickness suppresses the propagation of secondary particles,
such as photons, pions, kaons, electrons, and positrons.
Muons only lose energy via ionization with a rate per unit
density of about 2 MeVcm2=g [41]. Energy losses via
Bremsstrahlung are negligible and are only relevant for
muons with energies E≳ 1 TeV. This allows high-energy
muons to propagate through the beam dump and escape from
its rear, pass through the wall, and finally reach the
measurement room, where they can be detected. From our

FIG. 3. Schematic top view of the experimental setup (not to scale). The laser drive and channel-forming beams, on the left, are
coupled into a 30 cm gas jet, generating the electron beam. After a ∼10 m drift, the electron beam reaches the magnetic spectrometer
and is then unloaded on the electron beam dump, where it produces the muons. The scintillators are placed in the measurement room,
behind the concrete wall, in two possible configurations. Each configuration includes a pair of scintillators close to each other (spaced a
few cm), which were placed either along the beam axis, i.e., “on-axis” configuration, or ≃1 m to the side of the beam axis, “off-axis”
configuration. The scintillators are ≃10 cm away behind the concrete wall.

FIG. 4. Solid black line is the electron energy spectrum
(averaged over 42 shots) used for muon generation experiments
in December 2023. The beam is characterized by continuous,
exponential-like spectrum with a tail extending to ∼8 GeV. Its
integrated charge for energies E ≥ 2 GeV isQ ≃ 80 pC. The blue
and red dotted lines are two samples of single-shot electron
spectra of the generated beams. The dip around 1.9 GeV is due to
a physical gap in the magnetic spectrometer screens.
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simulations and from analytical estimates using the stopping
power provided in Ref. [41], and considering the full beam
dump and the wall, we obtain that a muon loses about EL ≲
4 GeV via ionization when reaching themeasurement room.
Ionization losses act as a filter for the low-energy muons, as
muons generated with energies E < EL are absorbed during
their propagation. Energy losses via ionization are energy
independent in the energy range of interest for our experi-
ment, so the estimate holds for all the muons produced in the
interaction. These losses must be taken into account when
designing a muon source as they typically define the muon
penetration range into the imaged sample. Muons propagat-
ing in the material are subject to scattering, which increases
the final muon beam divergence. An estimate of the final
angle accumulated by a muon of momentum p, that is with
normalized velocity β ¼ v=c ¼ p=ðmμcγÞ, via multiple
scattering after propagating a distance d in a material with
radiation length X0 can be obtained using the approximate
formula [42]

σ2θ ¼
�
13.6 MeV

pβ

�
2 d
X0

�
1þ 0.038 log

�
d

β2X0

��
2

; (1)

derived from Moliere’s scattering theory [43]. Equation (1)
neglects energy losses during the propagation, but we can
apply it using the average energy of a muon to roughly
estimate the final angular aperture of the beam. For instance,
for muons with an initial energy E0 ¼ 4 GeV the final rms
divergence is on the order of σθ ≃ 100 mrad. Given a total
propagation length from the creation point to the measure-
ment room, i.e., the beam dump and the wall, of about
L ≃ 4 m, the expected beam rms size behind the wall
is σr ≃ 50 cm.

A. Detectors

A scintillator-based radiation detector is employed for
beam pulse monitoring and muon identification behind the
beam dump along the aforementioned deflected reference
axis. The setup consists of two panels of scintillating plastic
(1 cm thick polystyrene, total area of 500 cm2=panel) each
optically coupled to a photomultiplier tube (PMT). Each
PMT signal is fed into a shaping amplifier and, along with a
logic trigger indicating the laser pulse timing, read out by a
50 MHz analog-to-digital converter (ADC). A nuclear
instrumentation module logic unit giving the “AND” of
both channel discriminators initiates a 50 μs readout
window of the ADC, which is saved for offline analysis.
The readout is activated when both scintillators detect a
signal at approximately the same time, for instance, when
they are crossed by the initial burst of particles generated in
the electron beam interaction with the shielding, which
defines the t ¼ 0 time. The trigger timestamp was sub-
sequently verified during the postprocessing analysis,
matching it with the recorded timestamp of each LPA
shot. The time resolution of particle interaction in the

scintillator is limited by the period between samples of the
ADC, which is 20 ns.
Figure 3 shows the experimental apparatus behind the

beam dump. The scintillator pair is arranged in two
different orientations used to monitor the muon production
at different angles from the beam direction. In particular,
we identify an “on-axis” configuration, in which the pair is
along the deflected reference axis with the two scintillators
separated along this axis by just a few cm, and an “off-axis”
configuration in which the pair of detectors is moved about
1 m horizontally (sideways). Note that at the scintillator
location, the “nondeflected reference axis” for the particles
(in absence of a downward deflecting magnetic field)
would be approximately 1 m higher, but this scenario
was not experimentally studied in this campaign.
Muons in the 1–10 GeV energy range are minimum

ionizing particles, however, below this range, their energy
loss per unit distance rises sharply [41]. Muons (antimuons)
of sufficiently low energy, on the order of 20 MeV, can be
stopped by the layers of plastic scintillator, and their decay
to an electron (positron) and two neutrinos within the
plastic can subsequently be observed with an average
lifetime τμ ¼ 2.2 μs. Stopped muon decays are identified
in the experimental apparatus via the ionization from the
daughter electron, which manifests as a second light pulse
following the initial trigger. By studying the decay time
distribution, a positive muon identification can be made by
checking consistency with the muon lifetime.

IV. EXPERIMENTAL RESULTS

During the experiment, we operated the laser at a
frequency of 0.1 Hz. The radiation generated by the
accelerated electron beam unloaded on the electron beam
dump served as a trigger to activate the scintillators. Of the
muons produced in the interaction, some reach the detec-
tors with an energy range 0 ≤ E≲ 20 MeV. These muons
stop in the polystyrene until they decay, generating a
delayed signal. We assigned the time t ¼ 0 to each trigger
and collected the subsequent signals into the histogram
shown in Fig. 5. The dataset refers to a roughly 2 h period,
i.e., 760 shots, in which we measured electron beams with
the average spectrum shown in Fig. 4, i.e., withQ ¼ 80 pC
for E > 2 GeV. By fitting the histogram with the expo-
nential function fðtÞ ¼ A exp ð−t=τÞ þ C, we obtain the
lifetime τ ¼ 2.24� 0.50 μs and a constant background
C ¼ 3.21� 0.97. The measurement of the decay time is
compatible with the decay of stopped muons, i.e.,
τμ ¼ 2.2 μs. Given that the total number of muon candi-
dates recorded is Ntot ¼ 165, and that we used 12 bins for
the histogram, the number of detected muons is
Nμ ¼ 126� 12, while the number of background events
is Nb ¼ 39� 12. Recorded muon candidates have been
verified by matching the incoming electron beam time-
stamp with the detection timestamp, previously synchron-
ized. We deem the contribution of cosmic muons negligible
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because the average flux of muons from cosmic rays from
all angles at sea level is about F ≃ 147 m−2 s−1 [5], uniform
in time, i.e., the expected number of muons hitting the
scintillator surface Σ ≃ 0.05 m2 within a Δt ¼ 35 μs inter-
val after a laser shot is ≃3 × 10−4. Measurements per-
formed without operating the LPA, i.e., triggered by cosmic
ray arrival, confirmed the expected value of flux of cosmic
muons reported in [5]. Using simulations, we identified the
cause of the background as being generated by the photons
emitted in the neutron capturing in the shielding. After the
initial burst of radiation generated by the incoming electron
beam, characterized by a Bremsstrahlung spectrum very
localized in time, i.e., Δt≲ 1 ns, slower particles, such as
neutrons, travel through the experimental cave and reach
the concrete wall, behind the beam dump, on the μs to ms
timescales. When neutrons are stopped in the concrete wall,
they generate photons with energies related to characteristic
levels of atomic excitation [44] of silicon and oxygen, for
instance, the elements that account for the highest fraction
of the concrete mass. The produced MeV photons hit the
scintillators, scattering on its electrons and generating a
signal in the PMTs. The presence of such neutrons is
confirmed by the neutron monitors inside and outside the
experimental cave.
In Fig. 6, we separate the same muon counting data-

set already presented in Fig. 5 in on-axis and off-axis
measurements. These correspond to muon decay times
measured with the scintillators placed on the beam axis
(“on-axis” configuration) and ≃1 m to its side (“off-axis”
configuration), respectively, both 1 m below the beam
height. The top and bottom panels show the muon counting
registered from an off-axis and on-axis scintillator, respec-
tively. Each of the two measurements was performed in a
1-h time interval, and the off-axis configuration mea-
sures more muons than the on-axis one. In particular, by

repeating the analysis on the off-axis and on-axis counting
histograms, we obtain τ ¼ 2.39� 0.54 μs and C ¼ 2.70�
0.89, and τ ¼ 1.74� 0.66 μs and C ¼ 0.58� 0.32, res-
pectively, from which we estimate the number of stopped
muons as Noff

μ ¼ 114� 11 and Non
μ ¼ 14� 3. We obtain

the off-axis and on-axis probabilities of a muon detection
per shot per scintillator as Poff ¼ ð14.4� 1.4Þ% and
Pon ¼ ð1.9� 0.5Þ%, respectively, where we used the
number of shots Noff

shots ¼ 386 and Non
shots ¼ 374. We sum-

marize in Table I the parameters obtained from the
histogram fits. As we will see in the next section, such a
large muon count away from the beam reference axis can be
explained by taking into account the contribution of muons
generated in the decay of mesons.
We have shown in this section that the analysis of the

scintillator signals revealed unambiguous detection of
muons generated by the electron beams. In the next section,
we will show that computational modeling of the experi-
ment reproduces the measurements and identifies the
source the muon count far from the beam’s reference axis.

FIG. 6. Count of time delay from the initial trigger, t ¼ 0,
separated for scintillators on the beam propagation axis (bottom
panel) and off-axis (top panel). The data included in this figure is
the same as the one shown in Fig. 5, but we are presenting the
muon count on- and off-axis in two separate plots to highlight
their difference. Error bars are obtained under a Poisson dis-
tribution. The exponential fits result in τ ¼ 2.39� 0.54 μs and
C ¼ 2.70� 0.89, and τ ¼ 1.74� 0.66 μs and C ¼ 0.58� 0.32
for the off-axis and on-axis cases, respectively.

TABLE I. Lifetime τ and background C resulting from
fitting the histogram of the total, off-axis, and on-axis events,
respectively.

τ ðμsÞ C

Total 2.24� 0.50 3.21� 0.97
Off axis 2.39� 0.54 2.70� 0.89
On axis 1.74� 0.66 0.58� 0.32

FIG. 5. Count of time delay from the initial trigger, t ¼ 0. Error
bars are obtained under a Poisson distribution. By fitting with the
exponential function fðtÞ ¼ A expð−t=τÞ þ C, that is assuming
signal from muon decay (black solid line) and a constant
background (blue dashed line), we obtain τ ¼ 2.24� 0.50 μs
and C ¼ 3.21� 0.97.
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V. SIMULATION RESULTS

We performed numerical simulations of the muon
production using a custom code based on the Geant4 toolkit.
Our code implements an accurate model of the beam dump
and of the wall between the beam dump and the measure-
ment room. In addition, we included two of the high-Z laser
diagnostics, a wedge and power meter, as well as the
magnetic spectrometer since they are placed along the
beam path, even though they do not interact with well-
aligned electron beams. The magnetic spectrometer is
turned on with a field 1.08 T and we verified the correct
implementation by checking the bending of some reference
trajectories. We implemented a sensitive detector, a detec-
tor in Geant4 that is a virtual screen behind the wall to record
the passage of every particle. For each particle hitting the
detector, its information, e.g., phase space, detection time,
and generating process, is saved. Moreover, we imple-
mented copies of the scintillators in order to model their
response within the same simulation framework, which is
therefore fully self-consistent. More details on the code can
be found in the Appendix. We initialized the electron beam
according to its average spectral profile, shown in Fig. 4,
limited to energies E > 2 GeV, i.e., with a total charge
Q ¼ 80 pC, and with a rms divergence 0.1 mrad. The rms
divergence was obtained by particle-in-cell (PIC) simula-
tions and further confirmed in the measurements, which
showed a divergence in the range 0.1–0.5 mrad. We point
out that the exact value does not affect the overall
description of the process, as long as it remains small,
i.e., < 1 mrad, since emission angle of secondary particles
is dominated by the electron scattering, with a typical
angle ≥100 mrad. Figure 7 shows the simulation setup,

including, from right to left, following the beam path, the
two laser diagnostics, the magnetic spectrometer, the
electron beam dump, and the large concrete wall behind
the electron beam dump. The width and height of the wall
coincide with the spatial extent of the Geant4 geometry,
therefore, it is not possible for a particle to travel around the
wall and reach the detectors, not shown in the figure,
behind the wall itself. In Fig. 7, red trajectories are the
electrons, including the primary ones coming from the
direction of the arrow, while blue trajectories represent
the positrons. The cyan and yellow trajectories are, respec-
tively, μþ and μ−, which are created in the early lead region
of the dump and propagate through it, reaching the
measurement room. For the sake of visualization, we
removed photon and neutron trajectories from the picture.
As explained in Sec. II, we expect the majority of high-
energy photons to be produced in the beam direction via
Bremsstrahlung. Neutrons are produced in the high-Z
layers of the beam dump and emitted isotropically in
space. Electrons with energies ranging from keV to
MeV are extracted via ionization by the muon passage
and, in the majority of cases, quickly reabsorbed. Electrons
extracted close to the back of the wall can have enough
energy to escape and propagate into the measurement
room. Such electrons are represented in Fig. 7 by the
red trajectories that generate from the muons ones.
We show in Fig. 8 energy spectra of muons, resulting

from Geant4 simulations, sampled at 6X0 inside the electron
beam dump, i.e., ≃5 cm inside the lead block (black line)
and on the detector in the measurement room (red line).
Muons predominantly lose energy via ionization when
propagating through dense materials. Traversing the elec-
tron beam dump and the wall results in EL ≲ 4 GeV muon
energy loss before the detection point. This can be verified

FIG. 7. Scheme of the simulation setup implemented in Geant4
to model the experiment. From right to left, the arrow shows the
beam direction. The two disks are laser diagnostics with some
high-Z layers. The black box is the magnetic spectrometer,
followed by the beam dump. On the left, the concrete wall that
separates the experimental cave from the measurement room,
where the scintillators are placed. The red lines are electron
trajectories, and the blue ones are positrons. Positive and negative
muons are represented in cyan and yellow, respectively. We
filtered neutrons and photons for the sake of visualization.

FIG. 8. Muon energy spectra obtained via Geant4 simulations of
a perfectly aligned electron beam with energy shown in Fig. 4 and
80 pC charge. The black line is the energy spectrum sampled 6
radiation lengths into the dump. The red line is the spectrum on
the virtual screen behind the external wall. The difference
between the spectra is due to the ionization losses, which roughly
account for EL ≲ 4 GeV.
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by integrating the equation of motion of a muon moving in
a straight trajectory through the shielding configuration,
using the stopping power tabulated in Ref. [41]. In a broad
energy range 1 GeV ≤ E ≤ 10 GeV, the stopping power is
substantially energy independent, thus the calculation
applies to all the generated muons.
Figure 9 shows the expected flux of muons obtained

from an 80 pC electron beam with the initial energy
spectrum shown in Fig. 4. The beam center before the
spectrometer is in x ¼ 0; y ¼ 0, and the axis y ¼ −1.4 m
corresponds to the floor. Due to the bending of the
incoming electron beam in the magnetic field of the
spectrometer, the average vertical position of the muons
on the detector is y ¼ −0.45 m.Themuon flux at x ¼ 0; y ¼
−0.45 m is F ¼ 73.5� 9.1 m−2 shot−1. Simulations show
that the number of muons with an angle from the beam axis
θ ≤ θ0 ¼ 100 mrad impinging on a surface Σ ¼ 2 × 2 m2

placed in front of the source is NLPA
μ ≳ 20 shot−1. These

muons are, for instance, the ones of interest for muography
applications along the Earth’s surface plane. In comparison,
based on the approximated description of themuon flux from
cosmic rays, we can estimate the arrival rate of such muons
on the same surface and within the same acceptance as
NCR

μ ≃ 147 sin3ðθ0ÞΣ ≃ 0.5 s−1. AssumingLPAs generating
≳100 pC beams and operating at 1 Hz, accessible to most
currently-available high-power laser systems, laser-plasma
generated electron beams provide more than 40 times the
muons than cosmic rays along the plane of the Earth’s
surface. Development of high-repetition-rate laser drivers
canboost this factor byorders ofmagnitude. The plot shows a
negligible flux of muons outside a cone of narrow aperture
σθ ≃ 100 mrad, which agrees with the expectation of muons

generated via Bethe-Heitler. In order to explain the detection
of muons away from the beam’s reference axis, we need to
take into account the pointing fluctuations of the electron
beam, characterized during the experiment with an rms value
σθ ≃ 3 mrad. Despite this value being negligible compared
to the aperture of the photon and muon emission cone, it is
enough for the electron beam to interact with the laser
diagnostics placed before the magnetic spectrometer, which
have an angular acceptance of 1.2 mrad, and with the
magnetic spectrometer itself. Since all these elements are
made of high-Z materials, i.e., aluminum, fused silica, and
steel, a beam passing through them produces muons via
Bethe-Heitler process and mesons from photoproduction, as
illustrated in Sec. II. Mesons do not encounter the same
amount ofmaterial aswhen they are produced deep inside the
electron beam dump and therefore they are not reabsorbed,
propagating quasi-isotropically in the experimental cave.
Once these mesons decay, the low-energy muons that are
produced do not need to traverse the electron beamdump and
have enough energy to propagate through the concrete wall
and be detected by the scintillators. This is demonstrated in
Fig. 10, where we show the simulated flux of muons per
beam, assuming an initial beam deviation of 1.5 mrad from
the reference axis. The central shade in the picture resembles
the shape of the magnetic spectrometer and the beam dump,
which demonstrates that some mesons are produced and
decay into muons before the spectrometer, resulting in a
radiography of the two elements onto the virtual detector.

FIG. 9. Muon flux behind the concrete wall computed using
Geant4 for a perfectly aligned beam. The calculation assumes an
initial Q ¼ 80 pC electron beam perfectly aligned with the ideal
beam’s reference axis, i.e., it does not interact with metal parts in
the laser diagnostics and the magnetic spectrometer chassis. The
muon flux at x ¼ 0, y ¼ −0.45 m is F ¼ 73.5� 9.1 m−2 shot−1.
An inspection of the muons shows that all of them are generated
via Bethe-Heitler. The detection plane is ≃4 m downstream from
the muon source.

FIG. 10. Muon flux behind the concrete wall computed using
Geant4 for a misaligned electron beam. The calculation assumes
an initial Q ¼ 80 pC electron beam, with an initial misalignment
1.5 mrad from the beam’s reference propagation axis. The shift is
sufficient for the electron beam to interact with the metal in laser
diagnostics and the magnetic spectrometer chassis. The central
region, close to the beam’s reference axis, is mainly composed of
muons generated via Bethe-Heitler. The flux at x ¼ 0, y ¼
−0.45 m is F ¼ 24.9� 9.1 m−2 shot−1 and its characteristic
vertically oblong shape around this point resembles the well-
aligned beam case in Fig. 9. Muons generated in meson decay
contribute to a quasi-isotropic flux, visible on the detector far
from the beam’s reference axis. The detection plane is ≃4 m
downstream from the muon source.
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Inside the shaded area, around thepointx ¼ 0; y ¼ −0.45 m,
we can see the collimated contribution to the flux of the
muons generated via Bethe-Heitler, similar to the well-
aligned case shown in Fig. 9. The flux at x ¼ 0, y ¼
−0.45 m is F ¼ 24.9� 9.1 m−2 shot−1. We notice an elon-
gated region of high muon flux on the x ¼ 0 axis, for
y≳ 1 m. Simulations identify these muons as being gener-
ated via Bethe-Heitler. The interaction of the electron beam
with the high-Z elements before the magnetic spectrometer
produces positive particles, such as positrons and antimuons,
which are bent upward by the magnetic field. Due to the
geometry of our shielding, as shown in Fig. 7, these positive
particles only traverse a small fraction of the beam dump,
which results in a higher muon flux. Outside of the shaded
area,muons frommesondecay contribute to a uniform, quasi-
isotropic flux. The lack of filtering power provided by the
electron beam dump explains the higher background noise
recorded in off-axis measurements. Photons generated in the
interaction and in the neutron capturing inside the shielding
can traverse thewall away from the beam dump, scattering on
the electrons of the scintillators and triggering signal.
The scintillator models implemented in the code allow us

to directly count the muons that stop and decay into them,
reproducing the signal we obtained in the experiment. In
order to approximate the effect of the pointing fluctuations
of the electron beams, we consider the results obtained by
simulating a linear combination of well-aligned and mis-
aligned beams. Given that the angular fluctuations were
characterized during the experiment as being Gaussian with
σθ ≃ 3 mrad, the number of beams contained within
−1.2 mrad ≤ θ ≤ 1.2 mrad, that is the acceptance of the
optical elements before the dump, determining a well-
aligned beam, is ∼30%. We can see in Fig. 11 the simulated
probability of counting a muon per LPA beam in detectors
placed on the y ¼ −1 m axis, matching their placement in
the experiment, as a function of the detector horizontal
position, for a combination of 30% aligned beams and 70%
misaligned beams.
The results from the simulations agree quite well with the

experiment. We computed a probability of a muon stopping
in a scintillatorPoff ¼ ð13.6� 2.7Þ% for a scintillator placed
1 m to the side of the deflected reference axis, and Pon ¼
ð4.0� 2.4Þ% for a scintillator placed in the beam’s reference
axis. Recalling the results shown in Sec. IV, the measured
values for those probabilities are Poff ¼ ð14.4� 1.4Þ% and
Pon ¼ ð1.9� 0.5Þ%, respectively.
Scintillator-based detectors cannot measure the muon

flux directly. The majority of muons crosses them within a
short temporal window Δt≲ 1 ns following the LPA
beams, together with secondary particles. This prevents a
direct muon counting because the PMT is saturated and it is
not possible to distinguish between each different charged
particles triggering a signal. However, the agreement
between simulations and measurements on the number
of stopped muons both on- and off-axis, i.e., the low energy

fraction of the incoming ones, provides insight into the
produced flux, which simulations predict being on the order
of F ≳ 10 m−2 shot−1 for the electron beams produced in
our experimental run. We have shown that the flux is the
result of two spatially separated contributions: a central
region, around the beam axis, of directional, high-energy
muons generated via pair production, and an off-axis region
mainly composed of lower energy nondirectional muons
generated via meson decay.
The present work shows that LPAs provide unique

advantages as a source of directional muon beams. Their
ultrahigh accelerating gradients produce electron beams
within very compact, i.e., 10 s of cm scales, acceleration
lengths. These are orders of magnitude smaller compared to
the storage rings used to accelerate protons that produce
muons via the pion decay channels. Such electron beams
possess an outstanding capability of producing directional
muon beams. The performance of the LPA source can be
substantially improved by increasing the initial electron
energy due to a conjunction of multiple effects. The
properties of the Bremsstrahlung cascade are such that
the yield of particles from pair production for an optimized
target scales roughly linearly with the initial beam energy
[29], although the scaling could be either sub- or super-
linear depending on the target geometry and the exact
energy range [17]. Moreover, higher initial energies result
in a more collimated muon beam, i.e., higher flux, and a
higher maximum muon energy. We compared simulations
of the muons produced by the electron beam obtained in
our experiment to the ones produced by a higher energy

FIG. 11. Simulated percentage of LPA shots with a positive
muon count in a scintillator as a function of the horizontal
position of the scintillator. Results are obtained using a model of
the scintillator implemented in Geant4. The probabilities at x ¼ 0
and x ¼ 1 m agree well with the values measured in the experi-
ment. Scintillators are placed 1 m below the beam height.
Simulation results are obtained by (weighted) averaging of
two simulation scenarios: the case of well-aligned electron beams
(with < 1.2 mrad pointing deviation from ideal reference axis,
observed during 30% of the LPA shots) and misaligned electron
beams at > 1.2 mrad pointing (70% of the LPA shots).
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beam achievable, for instance, by staging two LPA sec-
tions. We used the PIC code INF&RNO [45,46] to obtain the
final electron beam distribution. As an example, we
considered a realistic setup based on the current 40 J
BELLA facility where each stage is powered by a 19 J
laser beam. PIC simulations produced a 18.2 GeV beam
with 26 pC of charge and small energy spread, which we
used as input in our Geant4 code to understand how the muon
production scales at higher energy. Figure 12 shows a
comparison between the simulated muon spectra, inte-
grated over the entire wall surface, resulting from the
interaction with the shielding configuration of the average
80 pC beam obtained in our experiment, labeled “experi-
ment,” and of the 26 pC monochromatic beam with E ¼
18.2 GeV produced in simulations of staging acceleration,
respectively. The plot demonstrates that by increasing the
source energy, the overall quality of the muon source
improves. Muons produced via pair production extend to
higher energies and, even accounting for the energy losses
induced by the shielding, they possess the strong penetrat-
ing power required for imaging applications.
These results motivate us to design future experiments

and applications based on E > 10 GeV electron beams.
While for the present work we relied on the electron-to-
muon conversion offered by the shielding, it is possible to
design optimized converter targets, as shown in Fig. 2,
where the muon flux can be maximized and the energy
losses minimized. The optimal energy of the electron beam
is determined by the imaging sample considered, due to the

aforementioned effect of ionization losses. We note that, in
the configuration used here, scintillators are not suitable for
imaging applications. Such applications rely on tracking
individual muon trajectories before and after the sample
and typically demand muons with energies anywhere from
∼100 MeV to beyond 1 TeV, the exact requirement being
set by the desired penetration depth. Detectors used for
tracking should therefore be capable of registering every
muon that arrives, irrespective of its energy. In our experi-
ment, however, we characterized the muon source by
counting delayed signals in the scintillator panels, a method
that selects only a small fraction of low-energy muons.
Nonetheless, the results suggest that LPAs could provide a
practical muon source for imaging applications requiring
penetration depths achievable with muons below a few tens
of GeV.
With the Geant4-based simulation tool that we developed,

we can investigate the properties of the resulting beam and
design an appropriate detection scheme to pick up signals
from the high-energy muons before and after the imaging
sample. It is also possible to equip our code with imaging
reconstruction algorithms that enable start-to-end simula-
tions, i.e., from the electron beam to the final imaging
result, which would let us tailor the design of a converter
target and the required shielding.

VI. CONCLUSIONS

In this paper, we presented the implementation of a high-
energy and directional muon source based on laser-plasma-
accelerated electron beams obtained using the BELLA PW
laser. The electron beams were generated via ionization
injection of an unlocalized dopant and accelerated using a
21 J laser pulse, which yielded beams with broad energy
spectra reaching up to 8 GeV, low divergence, and pointing
fluctuations of 3 mrad [25]. When such beams impinged on
the electron beam dump or grazed other high-Z elements
along their path, muons were generated via pair production
and meson decay. We identified N ¼ 126� 12 muon
detections during 2 h operation, sampled from the low
energy part of the generated beam that stopped into the
scintillators, and we characterized the resulting muon flux
via simulations and experiments, noting that the two
production mechanisms could be spatially distinguished.
Muons from pair production are characterized by a high
energy, up to the energy of the initial electrons, a low
divergence, and a strong directionality along the incoming
beam path. These characteristics make them very suitable
for imaging applications as the illumination of a target can
be optimized to maximize their flux and their tracking in
and out from the target itself. The energy and number of
pair-produced muons scale with the initial electron beam
energy and charge and can be tuned to fit the application
requirements.
Muons from decay of mesons make up the majority of

muons near the converter. They are characterized by a

FIG. 12. Spectra of muons behind the wall, obtained using
Geant4, integrated over the whole surface and differentiated by the
muon generating process. The black lines show the spectrum of
pair-produced muons, the red lines show muons generated via
meson decay. The solid lines refer to a monochromatic,
18.2 GeV, 26 pC electron beam obtained in simulations of
staging LPAs using two 19 J laser pulses, with BELLA laser
parameters. The dotted lines refer to the spectra obtained using
the experimental electron beam with spectrum as in Fig. 4.
Increasing the electron beam energy improves the source
quality by producing a higher yield of directional and high-
energy muons.
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quasi-isotropic angular distribution and by a sharp cutoff
at high energies, therefore, their contribution to the muon
flux in the forward direction is very weak. It is not
desirable to rely on them in applications that require high
fluxes at a distance and strong penetrating power. In our
experiment and simulations, we showed that muons
generated via meson decay can be detected away from
the beam path, where they are not filtered by the electron
beam dump.
LPA-accelerated electron beams are generated over

compact acceleration lengths and possess outstanding
properties to generate muon yields orders of magnitude
higher than what is naturally available with cosmic rays.
In particular, while the average number of cosmic muons
through a meter-scale imaging setup parallel to the
Earth’s surface plane with an aperture θ ¼ 100 mrad is
NCR

μ ≤ 1 s−1, LPA beams with energies and charges in
the range, respectively, E ∼ ð1–10Þ GeV and Q ∼
ð10–500Þ pC produce NLPA

μ ≳ 102 shot−1 through the
same imaging setup. Near future LPA and laser technol-
ogy developments, e.g., staged acceleration and pulse
delivery at the kHz repetition rate, can boost this property
by orders of magnitude. Using the same simulation tools
we used to understand the experimental results, we can
design future muography applications based on high-
energy electron beams and detectors suitable for muon
scattering image reconstruction.
This experiment proves the feasibility of a muon source

based on LPA-generated electron beams. It is an important
result to establish the readiness of the LPA technology for
applications and to motivate the development of high-
repetition-rate and transportable laser systems, which could
push applications like muography to unprecedented capa-
bilities, offering muon yields orders of magnitude higher
than cosmic rays.
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APPENDIX: MODELING THE EXPERIMENTS
WITH A Geant4-BASED CODE

We performed simulations of the experimental campaign
with a custom application developed using Geant4. The code
defines the geometry of the experimental chamber retaining
shapes and materials of the included elements. The imple-
mentation includes two laser diagnostics, a wedge and a
power meter, the magnetic spectrometer, the beam dump
with all its internal layers and the wall. The electron beam
can be initialized freely using macros, and its energy
spectrum, initial position and direction and its divergence
can be chosen arbitrarily. The code uses the predefined
QGSP_BERT_EMZ physics package. It includes a high
precision model for neutron propagation that we used to
understand background noise and for the electromagnetic
interaction. In order for the code to account for the muon
pair production, the process has to be manually activated
via a macro command, because it is not included in the
predefined physics list by default. The code uses biasing to
improve the statistical significance of the simulations. In
particular, we rely on the splitting of muon pairs and pion
decays to increase the number of produced muons. During
our time using and benchmarking the code, we updated
several Geant4 versions, but the results presented in this
paper are obtained with Geant4 v11.2. While the version
v11.0 returns consistent values, we noticed during our
investigation that version v11.1 does not yield the same
results for muon production. The issue was addressed in
subsequent releases (see Geant4 v11.2 Release Notes).
The code is equipped with several diagnostics, including

sensitive detectors in the dump that track the development
of the Bremsstrahlung cascade, a sensitive detector behind
the wall that captures all the particles leaving the chamber,
and a model of the scintillators. We save the phase space
and some relevant information about particles that cross
them that generate most of the plots shown in the paper.
The scintillators are constructed using the same material
and size as the real detectors and they are programmed to
return particles that stop within their boundaries, from
which we can extract the number of muons detected.
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