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We numerically show that laser-wakefield accelerated electron beams obtained using a PetaWatt-scale laser system can produce high-flux sources of relativistic muons that are suitable for radiographic applications. Scalings of muon energy and flux with the properties of the wakefield electron beams are presented. Applying these results to the expected performance of the 10-PW class laser at the Extreme Light Infrastructure Nuclear Physics (ELI-NP) demonstrates that ultra-high power laser facilities currently in the commissioning phase can generate ultra-relativistic muon beams with more than 104 muons per shot reaching the detector plane. Simple magnetic beamlines are shown to be effective in separating the muons from noise, allowing for their detection using, for example, silicon-based detectors. It is shown that a laser facility like the one at ELI-NP can produce high-fidelity and spatially resolved muon radiographs of enclosed strategically sensitive materials in a matter of minutes.
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1 INTRODUCTION
Laser-wakefield acceleration (LWFA) is receiving significant attention from the research community, due to its appealing capability of sustaining ultra-high accelerating fields, typically in the range of a few up to tens of GV/m [1]. Numerical and experimental work has already established that electron beams with unique characteristics can be achieved; these include femtosecond-scale duration [2], sub-mrad divergence [3], micron-scale source size [4], and GeV-scale energies from cm-scale acceleration lengths (with the current record above 8 GeV [5]).
LWFA has already been applied to the generation and application of secondary sources such as betatron radiation [6], positron beams [7,8], bremsstrahlung radiation [9], inverse-Compton scattered gamma-ray radiation [10]; [11], THz radiation [12], and neutron sources [13]. The high energy and brightness of these beams poses the natural question as to whether they would be suitable to also drive a muon source of interest for practical applications. Previous numerical studies reported in the literature have shown that this is possible in principle [14], but several issues must still be resolved before laser-driven muon beams can be effectively measured in the laboratory, and used for radiographic and imaging applications.
The possibility of generating muons using high-power lasers is of great interest for the research community, since this could provide a relatively compact and inexpensive source of muons with appealing characteristics not only for radiography, but also for a wide range of fundamental physics applications, such as muon-catalyzed fusion [15] and precision muon physics [16]. Traditionally, muon beams are obtained either from radio-frequency accelerators [17] or naturally, from cosmic rays [18]. While existing muon sources have already been used to produce astonishing results—one of the most widely known of which is arguably the detection of a hidden chamber in the pyramid of Giza [19]—widespread and systematic use of these sources is still hampered by either the large size and cost of proton-driven muon beamlines or by the low flux of cosmic ray sources. For example, natural muon sources can only provide approximately 1 muon/cm2/minute at sea level [18], resulting in typical acquisition times for a meaningful radiography of days, if not weeks. This renders high turn around applications in national security and industry unviable; for instance, the US Domestic Nuclear Detection Office (DNDO) suggests that scanners should be able to detect the equivalent of a few kg of uranium in 1–2 min.
In a nutshell, muon pairs can also be generated from the electromagnetic cascade initiated by an electron beam as it propagates through a high-Z solid target [20] [21]. For sufficiently thick targets [22], the simplest channel of the cascade starts with a relativistic electron generating a high-energy photon via bremsstrahlung, which can then produce a leptonic pair in the presence of the nuclear field. However, the higher muon mass implies that muon generation is significantly less likely than the generation of electron-positron pairs. One would then expect an overwhelming level of noise arising from electron-positron pairs and bremsstrahlung photons, which can easily prevent detectors from providing a clear muon signal. To date, this is arguably one of the main reasons why laser-driven muon generation has only been studied numerically, without an experimental observation.
Here we numerically show that high-flux populations of muons can be generated using state-of-the-art high-power laser facilities and, crucially, that these muons can be effectively discerned from noise using a simple proof-of-principle beamline. As an example, we show here how to apply these results to the 10 PW laser at the Extreme Light Infrastructure Nuclear Pillar (ELI-NP), which has already demonstrated laser peak powers at the 10 PW level [23]. Particle-In-Cell [24] [25] [26] simulations show that a laser of this kind can generate broadband multi-GeV electron beams with an integrated charge of the order of a few nC. FLUKA simulations [27] [28] of the interaction of these electron beams with high-Z solid targets show a relatively high number of relativistic muon pairs, which are seen to be effectively separated from noise using a simple magnetic beamline. Flair [29] is used in combination to tracking diagrams to provide a visual reference of these interactions. These simulations indicate that muons emerging from this setup can be effectively measured above noise and have meaningful radiographic capability, with an example shown of clear detection of uranium enclosed in lead containers obtainable in a matter of minutes.
The paper is organised as follows: Section 2 provides a parametric characterisation of the muon properties as a function of the electron beam parameters and thickness of the converter foil, in order to isolate the ideal configuration that maximises muon flux. Section 3 then shows a proof-of-principle design for a beamline suitable to separate positive muons from noise. Section 4 then details how these muons can be detected, while Section 5 shows how muon beams exiting the experimental setup can be used for radiographic applications. Section 6 then shows how these results can be applied to a laser facility such as the one at ELI-NP. Finally, concluding remarks are given in Section 7.
2 MUON PROPERTIES AS A FUNCTION OF ELECTRON BEAM AND TARGET PARAMETERS
To identify a thickness of the converter target that provides suitable characteristics of the muon beam as a function of electron beam parameters, initial simulations were carried out using the Monte-Carlo scattering code FLUKA, version 4.2.1 with PRECISIOn settings and the PHOTONUC card enabled for muon pair production. To reduce the simulation run-time, an artificial energy threshold of 10 MeV for the transport of electrons, positrons, and photons within the converter target was introduced using the EMFCUT card. All simulations reported in this section assumed a pencil-like monoenergetic electron beam with 109 primaries and recorded the spectrum, total yield, and emission angle of the muons escaping the rear surface of the converter (assumed to be lead hereafter). While a higher number of primaries would result in a better statistical representation of the phenomena studied here, we note that this number of primaries is sufficient to support the conclusions of this article and is representative of typical electron beam charges obtainable in a laser-wakefield accelerator. Further increasing the number of primaries would result in simulations that would be too intensive from a computational point of view, without adding significant qualitative insight. In this section, when presenting data as muon yield or total muon count, we are referring to both negative and positive muons. Figure 1 shows the energy-integrated muon yield as a function of the thickness of the converter target for an electron energy of 2 (frame a.) and 5 (frame b.) GeV. Within the statistical uncertainties associated with the low probability of muon production, both cases show that the muon yield generally increases as a function of target thickness up to approximately 2 cm; beyond that, the muon yield is seen to depend more weakly on the target thickness. Based on these initial simulations, we will assume a 2 cm lead converter target hereafter, since a thicker target could in principle generate a marginally higher number of muons, but at the cost of an increased divergence. For an electron energy of 2 GeV (7 ± 1) × 10–8 muons per electron are obtained, with this number increasing to (1.85 ± 0.10) × 10–6 muons per electron for a 5 GeV electron beam. As an example, assuming a realistic total charge in the electron beam of 1 nC, this translates to a total of 400 ± 60 muons for a 2 GeV electron beam and (1.16 ± 0.06) × 104 muons for a 5 GeV electron beam.
[image: Figure 1]FIGURE 1 | Energy-integrated number of muons (negative and positive) per primary electron as a function of converter thickness for (A) a 2GeV and (B) a 5GeV electron beam.
As expected, the number of produced muons is directly proportional to the number of primary electrons. However, the number of muons is observed to scale quadratically with the energy of the primary electron beam, as shown in Figure 2. This can be qualitatively explained by considering that muon production is a two-step process, mediated by the intermediate generation of a high-energy photon. For future laser-driven muon sources, this demonstrates already the importance of giving priority to maximising electron beam energy rather than overall charge in the electron beam.
[image: Figure 2]FIGURE 2 | Simulated muon yield (black dots) as a function of the energy of the primary electron beam incident on a 2 cm lead target, fitted with a quadratic function (red line). Both positive and negative muons are considered.
Muon energy spectra for 2GeV, 5GeV and 10GeV primary electron beams at the exit of a 2 cm lead target are shown in Figure 3. In all cases, the muon spectrum is well fitted by a relativistic maxwellian distribution peaking at an energy that is approximately between 1/4 and 1/5 of the energy of the primary electron beam. The peak energy of the muon distributions can again be qualitatively explained by considering the two-step nature of the muon generation process within the converter.
[image: Figure 3]FIGURE 3 | Muon energy spectra for (A) 2GeV (B) 5GeV (C) 10GeV primary electron energies incident on 2 cm of lead. All simulated data are well fitted by a relativistic Maxwellian distribution (dashed blue lines). Both positive and negative muons are considered.
Another important aspect for the capture and use of these muon beams is their emission cone angle from the solid target. This is shown in Figure 4 for three different energies of the primary electron beam. As expected, lower energy muons tend to be emitted within a larger cone angle. The divergence of the muon is linked to the ratio of the muon’s energy to the primary electron beam energy, as already observed for electron-positron pair production in similar conditions [8].
[image: Figure 4]FIGURE 4 | Correlation between the energy of the emitted muons (negative muons in blue and positive muons in red) and their angle of emission with respect to the target normal for different energies of the primary electron beam: (A) 2GeV (B) 5GeV and (C) 10GeV and for a 2 cm lead converter.
As mentioned previously, the main obstacle in muon detection in a laser-driven setup is the noise generated at the converter target, mainly comprising of electrons, positrons, and gamma rays. As an example, the energy distributions of scattered electrons and generated positrons and gamma-rays for a 2GeV primary electron beam interacting with a 2 cm lead target is shown in Figure 5. Assuming a 1 nC primary electron beam, Figure 5 shows that the total amount of secondary electrons, positrons and gamma rays is of the order of 109 which is several orders of magnitude higher than the number of muons. As theoretically expected and numerically observed in similar conditions (see, e.g., [30, 31])), the particle spectra are well approximated by a relativistic Maxwellian distribution. To account for this source of noise, a first proof-of-principle beamline designed to separate this noise from the muon signal is provided in the next section.
[image: Figure 5]FIGURE 5 | Spectrum of electrons (blue), positrons (red) and gamma-rays (green) at the rear surface of a 2 cm lead target irradiated with a 2 GeV electron beam. Statistical error of the data is smaller than the marker size in this figure.
3 PROOF-OF-PRINCIPLE SETUP FOR MUON CAPTURE
In order to effectively separate the laser-driven muons from noise, a first proof-of-principle beamline has been designed, which comprises two quadrupole magnets and a chicane magnetic dipole arrangement to divert the muon beam around a large attenuating block made of high Z material. The magnetic components are chosen to mainly capture the peak of the muon spectrum and must therefore be adapted to the energy of the primary electron beam. As an example of the feasibility of such a configuration, we show in this section FLUKA simulations of the setup assuming a 2 GeV primary electron beam. Given the symmetry in the muon− and muon+ populations, we will focus here on detecting the muon +, since these will co-travel with positrons generated at the converter target, which are always lower in number compared to the scattered electrons. For a 2 GeV primary electron beam, a series of preliminary simulations indicate that the best configuration in terms of maximising muon signal over background at the detector plane is obtained for two quadrupoles both with strength B/ℓ = 1.4 T/cm and 10 cm in length, four dipole magnets each with a strength of Bℓ = 0.4 Tm and two lead blocks, one placed in between the chicane to attenuate the on-axis gamma-ray beam from bremsstrahlung (75 cm thickness), and one at the end of the chicane (30 cm thickness), to block any residual noise arriving onto the detector plane. A small magnetic dipole (strength Bℓ = 0.1 Tm) is also placed in between the final lead block and the detector plane to deflect away any low-energy electron or positron still emerging from the final lead block.
A side view of the muon trajectories through such a setup is shown in Figure 6A. In this simulation, we assume a 2 GeV electron beam impinging onto a 2 cm target placed at (0,0) in the simulation box. The muon+ particles are effectively guided through the chicane and suffer negligible scattering through the final lead block. A symmetric chicane can in principle be placed on the other side to capture also the negative muons. The spectrum of the positive muons crossing the detector plane is shown in Figure 6B. For a 2 GeV electron beam, up to 100 muons per nC of primary electron beam reach the detector plane, with a kinetic energy of 100–400 MeV, implying a collection efficiency of the beamline of the order of 25%. The efficiency could be readily doubled by mirroring the chicane configuration around the main beam axis, in order to capture the negative muons as well.
[image: Figure 6]FIGURE 6 | Side view of muon trajectories (A) and muon spectrum per primary electron (B) at the detector plane for a 2GeV primary electron beam incident on 2 cm lead target. The parameters of the beamline are given in the main text.
For direct comparison, the spatial distribution of positrons, electrons, and photons throughout the same setup is shown in Figure 7. The maps show photons with an energy larger than 100 eV and electrons and positrons with an energy larger than 1 keV. A preliminary set of simulations indicated that 75 cm of lead are sufficient to completely stop the bremsstrahlung radiation generated at the converter. Therefore, in order to reduce the—otherwise excessive—computational cost of these simulations, here the bremsstrahlung photon beam has been artificially stopped at the entrance of the lead block in the middle of the chicane. Nonetheless, approximately 5,000 photons per nC still reach the detector plane. These photons are generated via secondary processes during the interaction of scattered electrons and positrons with the rest of the setup, mainly with the final lead block in front of the detector plane (see Figure 6A, for the position of each element in the setup). The electrons are mainly deflected away by the first dipole magnet, and only electrons arising from the interaction of positrons with the final lead block might reach the detector plane. The maps shown in Figure 6; Figure 7 show side-view particle distributions integrated along the transverse axis over 2 cm, which is assumed to be the typical size of the detector (see next section). When looking at the number of electrons and positrons reaching a detector area of 10 × 2 cm, no positrons are recorded and only a few isolated electrons reach the detector plane (see Figure 7). Since the simulation used 109 primaries, this implies that the number of electrons reaching the detector is thus of the order of 10–9 per primary electron (e.g., of the order of 10 electrons per 1 nC of primary electron beam). Some photons do reach the detector though. The simulations indicate approximately 5,000 photons with an energy per photon of the order of 1–3 MeV, to be compared with approximately 100 muons with an energy of 100–400 MeV (Figure 6B). The spectrum and transverse spatial distribution of the photons at the detector plane are shown in Figure 8, indicating a rather uniform background of photons with MeV-scale energy. As shown in the following, the high-energy muons can be discerned from the low energy photons with a silicon-based detector.
[image: Figure 7]FIGURE 7 | Side-view of the spatial distribution of (A) positrons (B) electrons and (C) gamma-rays throughout the same experimental setup shown in Figure 6A.
[image: Figure 8]FIGURE 8 | (A) 2D distribution of photons at the detector plane at the end of the chicane beamline using a 2GeV 100pC primary electron beam. (B) Corresponding energy distribution of the gamma-rays reaching the detector.
4 MUON DETECTION METHODS
While the beamline has been designed to attenuate most noise particles, the problem of muon detection above noise still remains, with the largest contribution to noise coming from photon signal. Scintillator screens or image plates would produce similar signal for an incident high-energy photon or relativistic muon, making it hard to distinguish muon signal from the photon background. Alternatively, a common muon detection technique is based on using nuclear track detectors such as CR-39 [32] which are insesitive to photons. For example, they have been recently used for muon detection at the ISIS facility at the Rutherford Appleton Laboratory [33]. However, the muons created in our beamline are not expected to deposit enough energy in the CR-39 to break molecular bonds and create tracks for detection. It has been shown that to create tracks in CR-39 a particle must have a linear energy transfer of at least 15 KeV/μm [34]. Muons deposit this much energy per μm only if they have MeV-scale kinetic energy; relativistic muons have a much lower linear energy transfer, effectively ruling out CR39 detectors for the kind of experiments modelled here.
A detector that shows promise for muon detection is the timepix single particle detector [35]. These detectors consist of a silicon chip containing 256 × 256 55 micron pixels. This allows for the measurement of energy deposited on each pixel and the energy spatial distribution to be detected across the chip. FLUKA simulations have been used to investigate the energy deposited by muons, electrons and gamma rays on these detectors. Figure 9 shows the energy deposited for each of these particles plotted against the particle’s kinetic energy. The energy range for these simulations has been chosen according to the expected energies of each particle reaching the detector plane from the simulations in the previous section (e.g., in the region of 1–3 MeV for the photons and in the region of 100–400 MeV for the muons). The simulations recorded the energy deposited by 1 particle incident on a silicon material with bins in a 256 × 256 pixel arrangement across the material’s surface. The particle incident on the chip will deposit energy over multiple pixels and the pixel with the peak energy detected is stored and averaged over 104 simulations to provide an accurate particle energy deposition value. Simulations indicate that a relativistic muon would deposit approximately three times the energy deposited by a 1–5 MeV photon. This, combined with the low photon density (which effectively rules out the possibility of two photons arriving onto the same pixel) and uniform spatial distribution at the detector plane, allows for the muon signal to be separated from noise.
[image: Figure 9]FIGURE 9 | FLUKA simulation results showing energy deposited by a single particle on a timepix detector plotted against the particles’ kinetic energy for (A) muon+ (B) electrons and (C) gamma-ray particles. Each data point is a result of an average over 104 simulated events, with the standard deviation reported as a vertical error bar.
5 RADIOGRAPHIC CAPABILITIES
To illustrate the feasibility of using this beamline for radiographic applications, further FLUKA simulations were performed using as an input the numerical results for the muon population obtained at the end of the chicane in Section 3 (Figure 6). As a proof-of-principle example, this muon beam was simulated to irradiate 2 Uranium blocks contained within a lead cube 8 cm in length with 2 cm thick walls (see Figures 10A,B).
[image: Figure 10]FIGURE 10 | FLUKA simulated muon radiography of two uranium blocks concealed within a lead box of 2 cm wall thickness. (A) and (B) in-scale top view and front view of the box (grey) and uranium (purple) inside. (C) Face-on muon distribution at the detector plane after the lead container. Darker regions represent lower muon signal, in linear scale. (D) Lineout of the muon distribution along the z-axis, clearly showing the lead box walls and the position of the uranium blocks. From this simulation, the spatial resolution of the radiography is of the order of 6 mm.
The detector plane was placed after the lead cube and numerous simulations were performed to determine the number of muons required to obtain a clearly resolved image of the uranium blocks.
Figure 10C presents the image obtained using 105 muons. Figure 10D shows a lineout of the muon spatial distribution along the z axis. The lead walls and the regions where the uranium blocks are located are clearly visible with a spatial resolution of the order of 6 mm, even though with a certain level of fluctuation due to the relatively low statistics associated with the low muon yield. Assuming a 1 nC, 2 GeV primary electron beam, this image can thus be obtained by accumulating approximately 1,000 shots. For example, using a 1Hz laser system, this would translate to an acquisition time of approximately 16 min. As shown in the previous section, the strong dependence of muon yield on the energy of the primary electron beam implies that using a higher energy electron beam will result in a much shorter acquisition time, as shown in more detail in Section 6.
6 EXPECTED MUON PARAMETERS FOR THE 10PW LINE AT ELI-NP
As an example of the applicability of these results to modern high-power laser facilities, we have investigated what muon beam parameters will be produced by the 10-PW line at the Extreme Light Infrastructure - Nuclear Physics (ELI-NP) pillar, which has recently demonstrated laser capability at this power [23]. While ELI-NP is expected to produce electron beams with an overall charge well in excess of 1 nC, we will first consider 1 nC as an example primary electron beam, due to the direct proprtionality between muon yield and electron beam charge.
The laser wakefield acceleration process generating the multi-GeV electron bunch was simulated by means of quasi-3D PIC simulations with the FB-PIC code [26]. The laser is modelled as a linearly polarised 24 fs FWHM long pulse (central wavelength λ0 = 0.815 μm) delivering 110 J of encircled energy on target from the initial beam full energy of 240 J. The laser is focused down to a waist of w0 = 50 μm resulting in a peak intensity of I = 1.1 × 1020 W/cm2. The He − N2 target gas mixture was confined in a 4 cm long gas-cell which provided a radially flat density profile within the maximum simulation radius of 4 × w0 and a 4 cm long flat longitudinal profile with up/down ramps with lengths of 1 mm. The optimal target density and composition for maximum charge and energy was found, with the aid of a preliminary set of simulations, to be of 1.1 × 1017 cm−3 for helium and 0.28 × 1017 cm−3 for nitrogen. The resulting background electron plasma density was ne = 5.0 × 1017 cm−3 right before the main pulse arrival, due to the full ionization of helium and the partial ionization up to the fifth level of nitrogen. The simulation cylinder, containing the m = 0, m = 1 and m = 2 rotational modes for the fields was 120 μm long with a radius of 200 μm, with longitudinal and radial resolution of dz = λ0/24 and dr = λ0/4, respectively. The full-3D phase-space for the particles was sampled with Nz × Nr × Nθ = 2 × 2 × 12 = 48 particles per cell. Finally, the laser pulse was injected as the propagation on focus of a supergaussian pulse in the near field with order N = 8, to better mimic the realistic radial distribution of the fluence on the focusing spherical mirror.
Figure 11 shows snapshots of the electric field and electron density after 12.8 mm of propagation through the plasma, revealing the onset of a blowout region behind the laser pulse, typical of the bubble regime [36]. Matched conditions for a stable pulse propagation over several Reyleigh lengths was found to be very close to the prescription in [37] for a bubble of radius R ≃ w0, i.e., [image: image], where kp = 2π/λp and λp is the (linear) plasma wavelength. In our case [image: image]. As it is apparent from Figure 11B, the trapped beam in the rear of the bubble slipped forward, almost reaching the dephasing position (the positive field behind the pulse in a). At the end of acceleration, a quasi monochromatic e-beam (see Figure 12A) with peak energy of 4.2GeV, FWHM energy spread of 15%, rms, divergence of 3 mrad, and with a charge exceeding 12nC is obtained.
[image: Figure 11]FIGURE 11 | Snapshot of the FB-PIC simulation after the propagation of 12.8 mm in the plasma. The laser pulse is propagating from left to right. (A) Cut of the longitudinal electric field (in V/m) on the laser polarization x − z plane. (B) Cut of the charge density (a.u.) on the x − z plane. The trapped and accelerated electron beam is visible inside the blowout structure just behind the laser.
[image: Figure 12]FIGURE 12 | (A) Electron spectrum predicted from Particle-In-Cell simulations following LWFA driven by the 10PW laser at ELI-NP. (B) Muon energy spectrum and (C) emission angle versus energy after the electron beam in frame (A) interacts with a 2 cm lead converter.
This electron beam was then directly used as an input for the Monte-Carlo simulations, where the beam interacted with a 2 cm lead target. The characteristics of the generated muons are shown in Figure 12. The muon spectrum is well fitted by a relativistic Maxwellian distribution with a peak energy of 0.7 GeV. The muon beam has an average half-cone angle divergence of 75 mrad (Figure 12C) with low energy muons being more divergent than high energy muons.
The propagation of such a muon source through an experimental setup as the one discussed in Section 3 was then simulated using the Monte-Carlo scattering code FLUKA, using again 109 primaries with the energy spectrum shown in Figure 12A to model the primary electron beam. Given the higher muon energy, the dipole magnets had to be changed and have now a strength of Bℓ = 0.6 Tm with all the other simulation parameters kept the same. Figure 13A presents a side-view of the muon trajectories through the whole setup, similar to the ideal case for 2 GeV shown in Figure 6. The energy distribution of positive muons reaching the detector plane is shown in Figure 13B. The muon energy peaks at approximately 0.6 GeV and a total of 1.49 × 10−7 muons per primary is recorded. Assuming a 1 nC primary electron beam, this translates to approximately 900 positive muons reaching the detector plane per shot; with a laser operating at 1 Hz, a radiography with the same contrast as the one shown in Figure 10 would then be obtained within 2 min. The 10PW line at ELI-NP is designed to operate at one shot per minute; based on the PIC simulations reported here, a 12 nC electron beam will result in approximately 104 muons per shot, resulting in an acquisition time to produce a radiography similar to the one shown in Figure 10 of the order of 10 min.
[image: Figure 13]FIGURE 13 | Side view of muon trajectories (A) and muon spectrum per primary electron (B) at the detector plane for a primary electron beam as shown in Figure 12A incident on 2 cm lead target. The parameters of the beamline are given in the main text.
While the chicane beamline presented here provides results with a very good signal to noise making the detection of the muons relatively easy, it is at the same time quite expensive and requires a very large area to fit the 4 large dipoles of the chicane along with a quadrupole arrangement. In order to provide a first proof-of-principle detection of laser-driven muons, a much simpler configuration can be designed, where only one dipole magnet is used. In this simpler configuration, we can assume a 10 × 10 cm2 lead block on one side of the converter target and a Bℓ = 1.3 Tm dipole magnet. The silicon detector can then be placed behind a shielding configuration consisting of 10 cm of plastic followed by 30 cm of lead. Results from FLUKA simulations of the setup, still assuming the primary electron beam shown in Figure 12A, are shown in Figure 14. Even a simple configuration as the one assumed here allows for approximately 3 × 10−8 positive muons per primary electron impinging onto the detection area of a Timepix detector. For a 1 nC electron beam, this translates to approximately 200 muons per shot. The simulations also indicate a similar level of noise at the detector as the cases discussed above, arising from MeV-scale electrons and photons (approximately 140 electrons and 1,200 photons for a 1 nC primary electron beam), which could again in principle be discarded by looking at the different energy deposition onto a silicon-based detector (see Section 4).
[image: Figure 14]FIGURE 14 | (A) Side view of the trajectories of the muons generated after the interaction of an electron beam with a spectrum shown in Figure 12A.
7 CONCLUSION
We have presented numerical modelling of muon generation and transport following the interaction of GeV-scale laser-wakefield accelerated electron beams with cm-scale lead targets. The dependence of the muon characteristics on the electron beam and target properties have been shown, identifying 2 cm as a suitable thickness to achieve a high muon yield without an excessive increase in divergence. A proof-of-principle beamline has also been shown, able to effectively separate muon signal from background noise arising from by-products generated inside the lead target. The output muon beam from this beamline has been demonstrated to be suitable for meaningful radiographic applications. As an example of the characteristics of muon beams that can be generated at multi-PW laser facilities, we have shown the expected performance of the 10PW line at the Extreme Light Infrastructure—Nuclear Physics (ELI-NP) laser facility. Numerical modelling indicates that multi-PW laser facilities have the potential to provide radiographies of high-Z materials with relatively high spatial resolution and contrast in a matter of minutes.
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