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Abstract
Muons produced by a short pulse laser can serve as a new type of muon source having potential advantages of high
intensity, small source emittance, short pulse duration and low cost. To validate it in experiments, a suitable muon
diagnostics system is needed since high muon flux generated by a short pulse laser shot is always accompanied by high
radiation background, which is quite different from cases in general muon researches. A detection system is proposed
to distinguish muon signals from radiation background by measuring the muon lifetime. It is based on the scintillator
detector with water and lead shields, in which water is used to adjust energies of muons stopped in the scintillator
and lead to against radiation background. A Geant4 simulation on the performance of the detection system shows that
efficiency up to 52% could be arrived for low-energy muons around 200 MeV and this efficiency decreases to 14%
for high-energy muons above 1000 MeV. The simulation also shows that the muon lifetime can be derived properly by
measuring attenuation of the scintilla light of electrons from muon decays inside the scintillator detector.
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1. Introduction

A muon[1, 2] is one of the elementary particles in fundamen-
tal physics which belongs to the second generation of lep-
tons. It has a spin of 1/2 and a mass of 105.7 MeV/c2 inter-
mediate between the proton and the electron. Since the dis-
covery in the cosmic rays research in 1936, muon was a pop-
ular research object in particle physics and applied physics.
Due to its larger mass compared to that of electron, a muon
does not produce significant synchrotron radiation, conse-
quently negligible bremsstrahlung which is at an advantage
of muon collider and related neutrino physics[3, 4]. Polarized
muon source can also be applied as a suitable probe in
many disciplines such as material science, biomedical, su-
perconductor physics and so on[5]. Benefitting from its high
penetrability, a muon can go through more than hundreds
of g/cm2 which is much longer than X-ray radiography[6].
Therefore, muon radiography can be applied on imaging of
dense object such as nuclear materials[7–9].

In general, the muon is produced as a secondary cosmic
ray from the π and K meson decays by the interactions of the
primary cosmic ray protons with nuclei (N, O atoms) in the
air[2]. The intensity of cosmic muon flux is 1 cm−2

·min−1

with a mean energy at 4 GeV. Hence, cosmic ray muon
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source has low intensity, high energy, and a very long
stopping range. Muons can also be produced by accelerators
through the decay of mesons which are produced in nuclear
interaction between accelerated protons and nuclear targets.
The accelerator muon source has high intensity and a con-
trollable stopping range for the energy covering from eV to
hundreds of MeV. However, high budget makes it impossible
to be applied commonly in laboratories except finite facilities
in the world[10–13].

Another possible source of a muon with both signs is the
Bethe–Heitler lepton pair production process[1, 14–16]

γ + A→ A′ + µ+µ−, (1)

in high-energy photon interactions with high Z materials.
Although the muon pair production in this process is sup-
pressed relative to the electron–positron pair production
by a factor of (me/mµ)

2
≈ 10−4, a muon source can

still be realized this way[17, 18]. In fact, along with the
development of petawatt laser in the last decade, electrons
have been produced and accelerated to several GeV which
have exceeded the threshold of muon generation by the laser
wakefield acceleration method[19–22]. The typical electron
flux is at the magnitude of tens of pC corresponding to∼108

electrons in a bunch, and would produce 1× 102 muon pairs
with pair energy centered around 1 GeV as expected by Titov
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in Ref. [23]. An even higher production of 106 dimuons
was also promising based on a 100 J petawatt laser facility.
This type of muon source would have the advantage of
high intensity, small source emittance, short pulse duration
and low cost. It can be used in fundamental problems of
elementary physics such as neutrino physics, lepton physics
and can also be used in muon spin relaxation (µSR), muon
radiography and so on.

To validate the dimuon production by a short pulse laser, a
suitable muon diagnostics is needed. Although there were
lots of muon detectors since its discovery[24–27], such as
Cerenkov Detector, Drift Chamber, Time Projection Cham-
ber, Multiwire Proportional Chamber, Resistive Plate Cham-
ber and so on, all of the detectors are designed for a single
muon event, not suitable for high-intensity measurement.
Besides, these kinds of detectors generally need a complex
magnet system, gas system and electronics readout system,
and are thus very expensive. On the other hand, since
laser muons were mainly generated by the high-energy
photons from bremsstrahlung radiation of laser wakefield
accelerated electrons, a strong radiation background was
generated simultaneously such as photons, electrons, protons
and secondary neutrons which would highly saturate the
detectors. How to distinguish the muon signal from the
strong radiation background is a key question in the laser-
based muon source.

Our idea is to diagnose the muon lifetime to distinguish
the muon signal. The produced muons could be slowed
down to stop inside the detector. Then generally after an
average lifetime 2.2 µs it would decay into an electron and
two neutrinos (υe and υµ) for lepton conservation. The
neutrinos escape from the detector easily, but the electron
has an energy varying from 0 to 51 MeV which supply a
measurable signal in the detector. The detected time of the
electron could be used to estimate the lifetime of muons. In
general, the scintillator is a good choice to detect and absorb
muons since the muon lifetime 2.2 µs is much longer than
the typical attenuation time of scintillator. There were lots of
cosmic ray experiments in which scintillator detectors were
used to determine muon lifetime[1, 28]. Nevertheless, in those
experiments, muons were detected event by event, which
were quite different from the case here, where millions of
muons are generated simultaneously in one laser shot among
a strong radiation background.

The lifetime measurement would give an explicit evidence
for muon production by a short pulse laser. Furthermore,
because muons decay later than the laser ‘shot time’ by
hundreds of ns, the radiation background would attenuate
dramatically. To stop muons of different energy in the
scintillator, water with different radiation lengths could be
employed.

In this paper, we show results of the Geant4 simulation
of muon diagnostics process described above. In Section 2,
the Geant4 simulation setup of the detection system was de-
scribed. In Section 3, the dependence of detection efficiency

Figure 1. The schematic of dimuon production and diagnostics. Muons
were produced through Bethe–Heitler pair production process by photons
generated from bremsstrahlung of laser wakefield accelerated electrons in
high Z material (muon target). The produced muons flied along the direction
of electron beam into the water to loss energy and stop in the scintillator
detector. Lead was used to reduce the radiation background.

on muon energy was derived. In Section 4, the muon lifetime
measurements with different yields were discussed. After
that the paper ends with a short discussion and a summary.

2. Simulation setup of the diagnostic system

The dimuons can be produced by a short pulse laser as
shown in Figure 1. As discussed in the Introduction, the
‘detection system’ consists of three parts: water, lead and
the scintillator. Here scintillator is used to catch muons. To
stop muons in the detector efficiently, a massive scintillator
is needed.

After that an electron with energy range of 0–51 MeV
is produced which have a maximum stopping range around
20 g/cm2. The volume of the scintillator is chosen to be
30 cm×30 cm×30 cm. A bigger scintillator would catch the
muons more efficiently; however, the collection of scintilla
light would be harder.

A layer of 5 cm lead is introduced to shield the radiation
background in the experiment. Since the detection time
is later than the laser shot time by several hundreds of
ns, only very few secondary particles such as high-energy
photons and neutrons have effects on muon detection. It is
located behind the water and close to the scintillator. Muon
scattering with the lead shield would enlarge the emittance of
muon source resulting in lowering the detection efficiency.

Considering the finite volume of the scintillator, only
muons with proper energy (less than 100 MeV) would
stop inside the detector and decay consequently. In the
case of higher-energy muons, water is employed to de-
celerate the muons by the minimum ionization process
[2 MeV · (g · cm−2)−1 in water] while keeping the beam
emittance. Water also serves as the radiation shield among
the short pulse laser shots. Other materials such as plastic
or concrete can also be used here; however, considering
the convenience and cost, water is the best choice in our
experiment.

https://doi.org/10.1017/hpl.2017.15 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2017.15


A new method on diagnostics of muons produced by a short pulse laser 3

The detection system was simulated by using the Monte
Carlo code Geant4. Geant4 is a toolkit for the simulation
of the passage of particles through matter[29, 30]. Its areas
of application include high energy, nuclear and accelerator
physics. In this paper, the most important thing is to simulate
the ‘successful catch’ of a muon in the detection system. A
‘successful catch’ means that, after transport through water
and lead shields, a muon stops inside the scintillator and
decay consequently. After a mean lifetime of 2.2 µs, the
muon decays and an electron is produced, which deposits
energy inside the scintillator. The discussion on detection
efficiency and muon lifetime measurement given below are
all based on the ‘successful catch’ muon event definition.

3. Detection efficiency

To simulate ‘successful catch’ muon events by Geant4, a
muon source is placed on the axis of the detection system
with a flat energy distribution from 200 to 1000 MeV. The
laser wakefield accelerated electron beam typically has a
radius with 100 µm, and therefore could be considered as
a point source. Muons produced, hence, have a spatial
distribution less than several mm after penetrating the muon
target with cm thickness. Since this is much smaller than the
size of the detection system, the muon source is taken as a
point source without spatial distribution for convenience.

The physical processes of muons including decay, nu-
clear reaction, multi-scattering, ionization, bremsstrahlung
radiation and electron pair production are considered in the
simulation. Information of electrons decayed from muons
inside the scintillator is recorded to get a ‘successful catch’
event.

To ‘successfully catch’ muons of different energy, the
water length is changed from 60 to 380 cm with a 40 cm
step. The cross-section of water in the simulation is 50 cm×
50 cm.

Totally 5 × 104 muons were injected into the detection
system. For definite water length of the detection system
setting, only a part of muons with suitable energy can be
stopped inside the scintillator and decayed correspondingly.
Muons with higher or lower energy would depart from the
detection system or stop inside the water, which makes it
unable to give a measurable scintilla signal. Therefore, every
peak of the black line shown in Figure 2(a) denotes the
‘successful catch’ muons in one water length setting. We do
the simulations 9 times for water length settings from 0.6 to
3.8 m; thus, nine peaks appear in the black line in Figure 2(a).
Summing over the nine peaks gives the red line.

For finite scintillator volume, the individual peak in Fig-
ure 2(a) followed a Gaussian distribution. The ±3σ region
was taken as the energy range at a definite water length.
The detection efficiency of the diagnostics was defined as
the ratio of the ‘successful catch’ muon event number to the
total number of muons corresponding to the energy range

Figure 2. (a) The ‘successful catch’ muon events as a function of the
primary muon energy at different water lengths and (b) detection efficiencies
obtained by simulation.

at a definite water length. It is shown in Figure 2 that the
detection system can cover an energy range around 120 to
180 MeV (±3σ region) under different water length settings
from 0.6 to 3.8 m according to the primary energies of muons
from 200 to 1000 MeV. It is not very surprising as muons
with lower energy accept fewer scattering from shorter water
length of the detection system. Thereby high detection
efficiency up to 52% could be achieved at a lower primary
muon energy while the efficiency decreases to 14% at a
higher primary muon energy. The reason is the longer water
length needed to decelerate muons also scatters the muons
and therefore decreases the number of muons entering the
scintillator.

4. The muon lifetime diagnostics

The muon lifetime could be derived by measuring the scin-
tilla light produced by the electrons decayed from muons
stopped inside the scintillator detector. When abundant
muons are stopped inside the detector, electrons are gener-
ated accordingly and deposited rapidly. Thus, in the large
sample limit the attenuation of the scintilla light followed an
exponential distribution with an average time of the muon
lifetime.
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Figure 3. The deposited energy of electrons decayed from ‘successful
catch’ muons as a function of time. The linear background shows radiation
contamination from 50,000 photons entering the detection system with a flat
energy distribution from 200 to 1000 MeV.

In general, the scintilla light yield is proportional to the
deposited energy of the electrons but with a coefficient
depending on the parameter of definite scintillator. For
generalization, only the deposited energy of electrons was
considered in this paper.

In the simulation discussed in Section 2, the deposited
energy of electrons from the ‘successful catch’ muons as a
function of the time was shown in Figure 3. It is approx-
imately an exponentially decaying distribution presented.
The linear background is due to a sample of 50,000 photons
that enter the detection system with a flat energy distribution
from 200 to 1000 MeV. Almost all radiation background
of photons were generated within hundreds of nanoseconds
which is much shorter than the muon lifetime; therefore
could be neglected in the measurement.

It is worth mentioning that the discussion above was
obtained in a large sample limit assumption. For a small
quantity of muons, since the electrons had an energy range
from 0 to 51 MeV, the fluctuation in the tail of the dis-
tribution would be enhanced. Furthermore, in cases when
only a few muons generated, the detection system can be
run at muon counting mode, in which muon events could
be identified as isolated peaks in the equipment, such as an
oscillograph. The lifetime of muons can still be derived with
the maximum likelihood fit on those isolated peaks.

5. Summary

Muons produced by short pulse lasers can serve as a new
type of muon source that have potential advantages of high
intensity, small source emittance, short pulse duration and
low cost. The first step before we can apply it to fundamental
problems of elementary physics such as neutrino physics,
lepton physics or be used in µSR, muon radiography, is to

validate the production in experiment. Here we proposed a
new detection system to discriminate high flux muon signal
from strong radiation background among the short pulse
laser shot by measuring the muon lifetime.

The detection system consisted of three parts: water, lead
and scintillator. The scintillator detector is used to stop
muons and catch the electrons from muon decays. Water and
lead are used to decelerate the muons by ionization processes
so that the muons would finally stop inside the scintillator.
In addition, they also serve as the shielding against strong
radiation background.

A Geant4 simulation of the whole detection system
was performed. The ‘successful catch’ muon events were
recorded to determine the detection efficiency of the system.
It was shown that an efficiency up to 52% could be achieved
for low-energy muons around 200 MeV but it decreases to
14% for high-energy muons up to 1000 MeV. The reason is
that for high-energy muons, a longer water tank is needed to
stop it which also increases the emittance of muon beams.
By recording the deposited energy inside the scintillator
detector, the muon lifetime could be derived from attenuation
of the scintilla light of electrons from muon decays. It is
also shown that the detection system can distinguish the
muon signal from a strong radiation background such as
high-energy photons. The detection system can be easily
calibrated by the cosmic ray muons. After that the yield and
energy spectrum of muons generated by a short pulse laser
would be obtained straightforwardly in experiment.

The detection system can also be run at a counting mode in
case of low muon flux. Considering the cross-section of the
scintillator is 30 cm× 30 cm and the detection time interval
(≈30 µs), the cosmic ray muon background is less than 4.5×
10−4 in one shot by accident. Thus, once a muon signal is
observed, it can be identified as a muon produced by a short
pulse laser.

The detection system can be taken as a basic method
to measure muons produced in laser experiments. For
example, with the development of ion acceleration by a
short pulse laser, muons generated by proton beams with
energy exceeding muon generation threshold seem to be
quite possible in the near future.
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