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

In the late 1960s Luis Alvarez1 proposed using high energy muons to image through dense objects. Since muons 
have approximately 200 times the mass of electron and both particles primarily lose energy via bremsstrahlung, 
for the same initial energy it takes a longer distance for muons to be stopped in a material. As a practical example 
of this, muons have been used to scan the great pyramid of Giza revealing a previously unknown interior 
chamber2. This application relied on cosmic ray generated muons to detect a void within 100 m of limestone. 
Cosmic ray muons have also been used to examine the interior of the Fukushima Daiichi nuclear reactor3 and for 
cargo container inspection4. However, the low flux of cosmic ray muons of about 1/cm2/min at sea level and their 
inherent vertical directionality have limited their use in many practical applications. Conventional GeV-TeV 
particle accelerators are good sources of artificial muons5 but their kilometer-scale size limits application utility.

Laser wakefield acceleration (LWFA) is a specific type of laser-based plasma accelerator (LPA) first proposed 
in 19796. LWFA can achieve acceleration gradients up to 100 GeV/m, which is 1000 times greater than typical RF 
accelerators. Recent experiments have demonstrated electron energies of 5–10 GeV7–9. While the idea for using 
LWFA to generate a muon source has previously been proposed10–12, that work considered electron energies 
only up to 10 GeV and did not contain modeling of the LWFA. Modeling of LWFA electron acceleration up to 
40 GeV has previously been published13; however their simulations did not include electron self-injection. In 
this article, we present results of the first detailed physics-based simulations and modeling of an all optical LPA 
that reaches 100 GeV. Coupled with new laser architectures under development14 that are efficient, high average 
power, and relatively compact, this muon source has the potential to be transportable, thus opening up a wide 
range of applications. Key elements of the source that make this possible are an optical waveguide9,15–19 for 
the driver laser pulse, ionization injection to load the wake, and including a ramp20,21 in the plasma density to 
combat dephasing of the electrons in the accelerating wake.

The basis for a LWFA is that a short laser pulse is injected into a low density plasma. The ponderomotive 
force of the pulse expels electrons from the optical axis, driving a wave (wake) in the plasma as electrons oscillate 
about the optical axis after transmission of the pulse. The alternating regions of positive and negative charge 
density produce strong electric fields (wakefields) with components directed longitudinally along the optical 
axis (accelerating/decelerating fields) and transversely (focusing fields)”. For the most part, prior research22–24 
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into this class of accelerator has focused on creating electron beams suitable for high energy physics applications 
where great effort has gone into attempting to create beams where all electrons are high energy (>>1 GeV), 
mono-energetic (< 1%∆E/E relative energy spread), very low emittance (<10 um-mrad), and moderate charge 
( pC). Applications of LWFA for X-ray light sources have slightly relaxed constraints but a low beam emittance 
is still preferred25.

By contrast, muon generation requires only high energy electrons (> 1 GeV) and as high beam charge as 
possible. Since muon generation is not concerned with a low emittance, or mono-energetic beam, the possibility 
of moving to the highly nonlinear “bubble” regime26,27 as shown in Fig. 1 is desirable. In the nonlinear bubble 
regime, it is common to get a broad energy spectrum of electrons, depending on the method that the electrons 
are loaded into the wave. The nonlinear acceleration inside of waveguides is a unique and relatively understudied 
regime that offers distinct advantages over the linear regime. For example, an advantage of working in the 
bubble regime, as opposed to the linear regime, is that the accelerating fields are typically much larger. This 
translates to shorter accelerator lengths to achieve a given peak energy, which is ideal for reducing the footprint 
and thus increasing the mobility of the accelerator. The predictive scaling laws given in Lu et al.26,27 are useful 
guides to determine accelerator output values as a function of given laser parameters with the assumption of a 
uniform plasma density along the accelerating length and minimal drive laser dispersion. However, once these 
assumptions are no longer valid (nonlinear evolution of the laser pulse, red shifting of the laser pulse, nonlinear 
evolution of the density profile, and non-optimal beam diameters) it is important to perform detailed modeling, 
as the dynamics of the injection and subsequent electron motion are highly nonlinear.

In addition to the LWFA blowout regime being the ideal method of electron acceleration for a compact muon 
source due to the shorter acceleration distances, it is also beneficial in that there is the possibility of much higher 
amount of charge per bunch when the constraint of requiring a monoenergetic beam is removed. In the blowout 
regime there are several methods of injecting electrons into the accelerating wave where they are sourced directly 
from the background plasma. Two common methods of electron injection are “down-ramp injection”28,29 and 
“ionization injection”30,31, we will focus on the latter. In particular, we will show that with global, or continuous 
ionsization injection (where the dopant gas is present throughout the entire length of the plasma), a significant 
amount of charge can be accelerated between a few MeV and up to some peak energy in the several to 100 GeV 
range. When directed into a high Z converter target, these electrons produce an intense shower of gammas 
with similar energies that then produce pions32,33. The main mechanism of muon generation is via the decay of 
these photoproduced pions. Another mechanism for muon creation is Bethe–Heitler muon pair production34. 
The resulting muons have a large Lorentz boost in the incident electron direction and this results in a relatively 
narrow beam divergence. Therefore, LWFA in the blowout regime with global electron injection is an ideal 
method to produce a strong muon source.

While the blowout regime is attractive for muon generation, it has been found that working in the transition 
region (where a0 ∼ 1 − 3) between the highly nonlinear and linear regime has some distinct advantages such 
as more efficient use of the laser energy35,36. Recent experiments in this intermediate regime by the University 
of Maryland (UMD) and Colorado State University (CSU) using the ALEPH laser37 have been successful 
in achieving multi-GeV electron beams in a short distance using ionization injection and a modest laser 
energy9,18,38,39. In these experiments the acceleration length is increased by using an optically formed plasma 
waveguide. This waveguide, which requires a second low power laser pulse (1-2 Joules in 100-200 fs) focused by 
a diffractive axicon lens to create a Bessel beam, was crucial in obtaining up to 5-7 GeV electron beams over a 
distance of just 20 cm using a ∼15 J laser.

The efficiency of muon conversion is ∼ 10−6 − 10−4 for 1–100 GeV electron beams in cm-thick high Z 
converter targets40. In order to generate sufficient muon flux for applications therefore requires a high flux of 
high energy electrons. Current multi-GeV LWFA experiments have produced 100 pC to nC of total charge. As 

Fig. 1.  Cross-section of a 3D simulation showing the plasma charge density ρ in units of electron charge per 
cubic centimeter at time = 667 ps into the simulation. The accelerated electron bunch resulting from localized 
injection is viable in the back of the first bubble. The laser (not shown) travels from left to right and is primarily 
contained within the right half of the right-most bubble. This figure is an illustration of a 3D Cartesian 
simulation of Run 1 in Table 1. The simulation domain was 256 µm times 256 µm x 4096 µm.
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discussed below, increasing the bunch charge per shot combined with high repetition rate laser drivers currently 
under development14 will allow the production of high energy muons at a flux many orders of magnitude above 
the natural cosmic ray-generated muon flux.

Results and discussion
Approach for obtaining 100 GeV electrons
As described above, the natural starting point is to work close to the nonlinear blowout regime. While this 
does indeed predict a more efficient way to achieve an increase in the maximum electron energy obtainable 
over what is expected for the linear regime (for a given laser energy) there is an additional gain to be realized 
by longitudinally ramping the density41,42 of the plasma waveguide43. By ramping up the plasma density in the 
direction of laser propagation, the size of the accelerating “bucket” shrinks thereby allowing it to keep up with 
the accelerating electron bunch as it moves into the higher density. This allows the acceleration length to exceed 
its dephasing limit. The increased plasma density also results in a stronger electric field and so results in higher 
final electron energies for a given length of plasma.

The energy gain for the blowout regime can be expressed as26,27

	 ∆E = (ncr/ne)2/3(P/m2
ec5/e2)1/3mec2� (1)

where ∆E is the electron energy gain, ncr  is the critical electron density, ne is the plasma electron density, P 
is the laser power, me is the electron mass, e is the fundamental charge, and c is the speed of light in a vacuum. 
It is valid for both self-guided44 laser pulses and those in waveguides, the maximum length will be determined 
by either dephasing or pump depletion. From this equation it is clear that there are two ways to increase the 
maximum energy. Either increase the laser power or decrease the plasma density. If we assume that for a given 
set of laser and plasma parameters for a particular facility the laser power is already nearly optimized we can 
start our scaling study by decreasing the plasma density which is a simple route to higher energy electrons. For 
example, consider decreasing the density by a factor of 2. This means that in order to scale from the original 
parameters, we increase the spot size of the laser pulse w0 to keep it matched to a fraction of the plasma 
wavelength given by

	 kpw0 ≤ 2
√

a0.� (2)

where kp = 2πc/ωpe is the plasma wave-number, and a0 = eE/mecω0 is the normalized laser field amplitude. 
In order to match the laser length to the new (longer) plasma wavelength, the pulse length must also be increased 
by the square root of 2. These 2 factors result in an increase of laser energy.

Waveguides are employed to mitigate pulse diffraction and enable acceleration up to the dephasing length 
which is given by

	
Ldp ≈ 4/3 ω2

0

ω2
pe

√
a0k−1

p � (3)

where Ldp is the maximum length of plasma over which acceleration can occur. It is found that when the Lu 
scaling is done for a constant density plasma, the distance required to achieve 100 GeV is 18 m, a length too long 
to be compatible with a transportable source (for reference a semi-truck trailer is 16 m). One solution to this 
problem is to ramp the plasma density up in the direction of laser pulse propagation as discussed above. To start, 
we consider a linear density ramp of

	 ne(z) = n0(1 + C0z/Lz)� (4)

where C0 = 2 and Lz  is the length of the plasma along the laser propagation direction. This density ramp 
allows for a given electron energy gain to take place in a shorter length. In effect, the increasing density results 
in an increasing accelerating gradient and therefore the total energy gain can be obtained in a shorter distance, 
in addition to allowing more of the electron bunch to stay in phase with the accelerating portion of the wake.

As scaling towards 100 GeV electron energies continues, it is found that the use of preformed channels 
significantly lowers the required laser power. This lower energy requirement results from being able to operate 
at a lower a0 for a given set of plasma conditions. Physically, this lower power requirement (for a fixed plasma 
density, which is equivalent to a fixed pulse length when one considers the optimal pulse length) arises because 
for a pre-formed channel, the driving laser pulse expends less energy to expel electrons from the bubble region, 
as the central channel region contains less plasma. A preformed channel also helps to inhibit the beam from 
breaking into filaments by lowering the energy requirement, since the operating a0 for a given set of plasma 
condition can be lowered. In this manuscript we present results that take advantage of a preformed channel due 
the benefits described above. It is also theoretically possible to self guide a laser, however, in our initial simulations 
of self guided pulses we observed catastrophic laser filamentation far before the required acceleration distance.

The choice of ionization injection30 as the mechanism to load the accelerating wave up with electrons allows 
the use of a single laser for both injection and acceleration. This method was successfully demonstrated in recent 
experiments16 and related simulations43 and we adopt this as the starting point for this study. We report on 
cases where the dopant gas is present throughout the length of the plasma, and a case with a localized injection 
technique where the dopant gas is localized to a thin layer of nitrogen doped gas which is present near the 
beginning of the accelerator30, which results in a quasi-monoenergetic electron beam.

Scientific Reports |        2025 15:25902 3| https://doi.org/10.1038/s41598-025-95440-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Simulation results
The starting point of our Particle-In-Cell (PIC) simulations is the experiment on the ALEPH laser described 
in Miao et al.9 with the main difference being the inclusion of a linear density up-ramp along the plasma 
waveguide to reduce the effects of dephasing. Figure 2 shows an overview of the plasma density profiles used in 
the simulations and a summary of the results demonstrating scaling to 100 GeV is shown in Table 1. In all the 
simulations we present the laser pulse evolution is similar, initially mode beating39 in the channel occurs and 
the peak electric field increases as the pulse steepens. The laser pulse looses energy and undergoes red-shifting 
as it propagates45. Due to our use of a density up-ramp, the limiting factor in our simulations is pump depletion 
where the laser has catastrophic energy loss and red-shifting46 around the distance Lp as given in Table 1.

We previously discussed how the scaling down of the density allows for increased electron acceleration. We 
have preformed this scaling 3 times for a total of 4 runs at successively lower densities. We continue decreasing 
the density from the original run by a factor of 2 until the desired peak electron energy as predicted in Eq. (1) of 
100 GeV is reached. In this way a scaling of the energy gain, total charge in bunch, and length of plasma required 
to achieve this energy can be generated.

As described above, a key advantage of operating in the bubble regime is that filling the electron bucket with 
electrons can be done with the accelerating laser, provided that a small amount (∼ 5%) of dopant gas (N2 in our 
case) is introduced into the background gas that forms the plasma. Note that because the electron injection is 
complex and involves multiple non-linear processes, simulations are required to determine the resulting electron 
beam characteristics. In the simulations listed in Table 1, we initialize the background plasma as a fully ionized 
hydrogen gas with a 5% N+5 nitrogen gas dopant throughout the plasma. The N+6 and N+7 electrons are 
liberated near the peak laser electric field and hence are more easily injected into the accelerating phase of the 

Run E (J) ne0( cm−3) r0( µm) τ0( fs) Lp( m) Q(nC) Emax(GeV)

1 13.8 8 × 1016 30 75 0.27 1.1 13

2 39.0 4 × 1016 42.4 106 0.78 2.2 26

3 110.4 2 × 1016 60 150 2.1 3.4 52

4 312.3 1 × 1016 84.9 212 6.1 4.9 104

Table 1.  Table of simulation parameters and results for use as route to scale current 5–7 GeV LWFA 
experiments on CSU to 100 GeV.

 

Fig. 2.  Overview of the plasma density profiles used in simulations. All global injection simulations 
(continuous ionization injection gas along the entire plasma length) used the same normalized profiles. (a) 
Electron density as a function of r and z. (b) Electron density profile along z at r = 0. The electron density 
increases linearly by 3x from z = 0.05Lacc to Lacc. Note Lacc = 40 cm, 1.2 m, 3.2 m, and 9 m, for runs 1–4 
respectively. The electron density starts above n0 due to the presence of a 5% nitrogen dopant throughout the 
plasma. (c) Electron density along r at z = 0. Note the shape of this profile is the same for all values of z while 
the density increases linearly along z.
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wake field. In our simulations the nitrogen dopant was critical as we saw no accelerated charge without it. This is 
because the hydrogen is easily ionized by the leading edge of the pulse, not the peak intensity, so freed electrons 
are not in the correct locations for ionization injection (something that is not true for gasses like nitrogen or 
argon). Our use of λ0 = 800 nm and a0 = 2.2 sets the laser field strength. Note that this electric field strength 
is an important factor in determining the threshold required for ionization injection using nitrogen gas. For 
example, a0 = 2.2 and λ0 = 400 nm yields no ionization injection.

We also ran simulationsf with a localized Nitrogen dopant layer that was 4 mm long, centered at z = 1 cm. 
While the localized injection method was able to achieve a higher maximum electron energy, the continuous 
injection method provided substantially more charge and the amount of charge was found to be consistent 
for both variants of simulations (quasi-3D RZ vs 3D cartesian) A comparison of the electron spectra from the 
localized injection and continuous injection methods is shown in figure 3.

In the simulations, the plasma waveguide was modeled as a parabolic guiding channel15,47 given by the 
equation ne = ne0ar2, with a = 1/(π · r4

0 · 2.81 × 10−15). As discussed above, to reduce the effects of 
electron dephasing we employed a linear plasma density ramp along the laser axis. This axial linear density 
ramp both improves the electron energies and reduces the plasma length when compared to a constant axial 
density profile. We also performed simulations with a quadratic density profile but saw negligible improvements 
compared to the linear profile.

Fig. 3.  (a) Comparison of simulations with a localized injection layer (blue) and continuous injection (red) 
for Case 1. The units of dN/dE are electrons/GeV. While the localized injection layer obtained the highest peak 
electron energy, the continuous injection method provides substantially more charge when considering total 
charge >9.9 GeV or lower energy. The localized injection method only provides 16 pC of total charge while the 
continuous injection method provides 1.1 nC of charge (above 1 GeV). Figures (b) and (c) Comparison of the 
charge density geometry of these simulations of localized injection (b) and continuous injection (c). Note that 
the continuous injection case undergoes beam loading, where the bubble structure of the wake is altered by the 
large accelerated electron charge.
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Table 1 summarizes the simulations performed to develop a scaling of laser and plasma parameters from 
10 GeV to 100 GeV. The columns are as follows: (1) The simulation run number, (2) the laser pulse energy as 
defined by E[J ] = 2.71 × 10−5 × (a0r0/λ0)2τ0[fs], (3) The on axis ionized hydrogen plasma density at the 
start of the simulation (note there was an additional 5% partially ionized nitrogen dopant), (4) the laser pulse 
spot size at best focus as defined by E ∝ e−(r/r0)2

, (5) The laser pulse duration as defined by E ∝ e−(t/τ0)2
, 

(6) the distance at which the maximum electron energy was achieved, (7) the charge of electrons with energies 
above 1 GeV at the distance quoted in column 6, and (8) the maximum electron energy at the distance quoted 
in column 6.

Figure 4a shows the time history of the electron energy spectrum for “Run 4”. Note the modulations in the 
high energy range are the result of a mode beating effect that occurs during ionization injection39. Figure 4c 
displays the accelerated electron charge for a given cutoff energy. In this case, the charge plotted is the total 
charge measured at the z-location z = Lp, when the maximum electron energy is obtained, with Lp listed 
in Table 1. It is noteworthy that the charge in the bunch for each simulation is a result of self-consistent beam 
loading.

Figure 5a displays the scaling for the peak electron energy, Fig. 5b the acceleration length, and Fig. 5c the 
total charge in the bunch as a function of laser energy that was obtained from the simulations. This slope of this 
scaling compares favorably with that given by the Lu scaling26,27 which includes the guiding channel, the main 
difference being that the scaling found in this paper is improved in all three metrics. We observe a constant 
scaling enhancement in each of these quantities, for a given laser energy we find the electron energy scaled 
by a factor of 1.42, the required length by a factor of 0.6, and the accelerated charge by a factor of 4.2, when 
compared with the Lu scaling. This is readily explained by the fact that we have included a density up-ramp 
that increases the longitudinal electric field and helps the electrons to stay in phase slightly longer than the 
distance limit imposed by dephasing. In Fig. 5c the first data point from “Run 1” was excluded from the fit. We 
consider charge greater than 1GeV to be relevant to muon production, for the runs 2,3,4 this is a small fraction 
of the peak electron energy but for “Run 1” it is not. The scaling results presented here are empirically derived 
from somewhat idealized simulations where we have modeled the gas density profile with analytic functions. In 
experiments, imperfections in the density profile would likely negatively impact acceleration due to a mismatch 
in the laser-channel size, also imperfections could allow laser light to leak out of the channel.

Conversion to muons
The method of muon generation we are proposing originates with the GeV electron beam interacting with 
a high-Z converter target that has a physical dimension along the beam axis of ≫10 radiation lengths. This 
results in the electron losing > e−10 of its original energy at these ultrarelativistic limits, and producing muons 
through Bethe–Heitler pair production or muons via pion decay. Detailed cross sections for muon generation 
as a function of incident electron energy can be found in34. Obtaining the highest possible electron energies is 
desirable as the peak muon energy is correlated to the peak electron energies and this maximum muon energy 
determines the amount of material that the muon can penetrate and therefore be useful for imaging. Similarly, 
When considering the entire spectrum of the muons generated, the flux at various energies will determine the 
strength of the muon source for the corresponding amounts of material that can be penetrated. Referring back 
to Fig. 3, a finite layer of dopant gas used as an injection layer will yield a higher energy muon and thus allow for 
imaging through more (or denser) material, whereas having gas dopant fill the entire accelerator yields higher 

Fig. 4.  (a) Electron energy spectrum vs laser propagation distance for the 104 GeV simulation “Run 4”. (b) 
Electron energy spectrum at peak energy for each simulation. The units of dN/dE are electrons/GeV. The line 
corresponding to “Run 4” is essentially a line-out of panel (a) at 6.12 m. (c) Total accelerated electron charge 
above the specified energy at peak energy for each simulation.
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flux for all energies below the peak energy, but the peak is roughly 10% lower than the finite thickness injection 
layer case.

The FLUKA Monte Carlo transport code48–50 (version 4-3.3) is used to estimate the muon source strength 
for the simulated electron spectra shown above in Fig. 4b. The electron spectra from Fig. 4b are sent into a 2 
cm thick Tungsten converter which is unoptimized and exceeds the expected ideal thickness of  2 radiation 
lengths predicted from theory51. The resulting combined muon+ and muon- particle spectra for all 4 LWFA 
simulations are shown in Fig. 6. Note that the maximum muon energy is approximately 10% lower than that of 
the corresponding electron maximum energy. From these results, we can estimate the total number of muons 
that can be generated generated for a single laser pulse. For example, using Fig. 4b to estimate the number of 
primary electrons for the 104GeV case, we find that 8.97 × 105 total muons would have been generated for 
the spectra shown in Fig. 6 corresponding to Run 4. These muons are predominantly directed in the forward 
direction.

Conclusions
A series of 3D PIC simulation results were presented and used to demonstrated the feasibility of scaling an 
existing experiment9 to electron energies up to 100 GeV containing greater than 1 nC of charge per bunch. For 
the case where the peak electron energy reaches 100 GeV, this would require a single laser pulse of approximately 
310 J with a spot size of 85 microns, and a plasma length of approximately 6 m. Bessel beam propagation and 
hydrocode simulations have already demonstrated the feasibility of meter-scale waveguides, where a 1J laser was 
shown to generate a 1-m plasma waveguide suitable for LWFA52,53.

Based on FLUKA simulations that used the simulated electron bunches as an input, approximately 104- 
106 muons/pulse can be generated for use in imaging. If these yields were to be generated from a laser with a 
repetition rate of 1/minute, they would match or exceed the average flux of cosmic muons (1/cm2/min). Next 
generation ultrafast laser drivers are projected to be capable of producing suitable driver pulses at tens to hundreds 
of kilowatts average power54–57. For example, the Tm:YLF-based architecture was recently demonstrated to 

Fig. 6.  Muon spectra resulting from FLUKA simulations with input electron spectra from WarpX simulations.

 

Fig. 5.  Left: Scaling of peak electron energy as a function of laser energy for LWFA in the blowout regime. 
Center: Scaling of the plasma length required as a function of laser energy. Right: Scaling of amount of charge 
in the beam for all electrons with energy over 1 GeV as a function of laser energy for LWFA in the blowout 
regime. Note for this plot the first data point from “Run 1” was excluded from the fit, see text for details. For all 
plots the black solid scaling is from Lu et al.26,27 for a0 = 1.76 in the case of a preformed channel. Scaling found 
from simulation (including a linear density up ramp) is shown in red.
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produce high energy fs-duration pulses58 and pulse energies in excess of 100 J59 in a compact, all-diode-pumped 
amplifier. This driver technology is projected to scale to 300 J at kHz repetition rates and therefore , and therefore 
a frequency-doubled implementation of this system could provide ∼ 104 times more muons per bunch than the 
cosmic ray source. For reference, the highest energy muons in the tail of the distribution, those greater than 50 
GeV as seen in Run 4, can penetrate up to 100 m of compacted soil. Assuming theses bunches are created by 
an accelerator driven by a laser with the average power projected to be achievablein the near future that fits in 
a small footprint, the entire accelerator and muon target could enable a transportable, active muon source with 
fluences significantly larger than that generated by cosmic rays.

Methods
Simulations were performed using the Particle-In-Cell (PIC) code WarpX60. In order to propagate the laser for 
several meters, the Lorentz boosted frame algorithm61 and spectral solver62,63 was required. The simulations had 
a typical resolution of 1µm in the transverse and 0.5µm in the longitudinal direction, however in the boosted 
frame the laser is stretched by a factor of γboost along its propagation direction so that its wavelength is well 
resolved with our values of γboost = 10 − 40.

We performed 3D Cartesian and quasi-3D64 (cylindrical with azimuthal mode decomposition) simulations 
which demonstrated consistent results. We typically used 4 Particles-Per-Cell (PPC) in the 3D Cartesian 
simulations and 64 PPC in the quasi-3D simulations. Our 3D Cartesian simulations (c.f. Fig. 1) were used to 
validate the quasi-3D simulations which were used for the main scaling results reported here. The quasi-3D 
simulations model the fields in RZ with the addition of 3 azimuthal modes included65. The first mode is required 
to capture the plasma waves and the second mode is required to include the laser polarization64. We find that 
additional modes better capture pulse evolution dynamics and beam instabilities which are not necessarily 
symmetric. Simulation Case 1 was run in both 3D Cartesian and quasi-3D. We found that the history of the 
accelerated electron energies, acceleration lengths, and charge in the electron bunch were nearly identical for 
the two cases.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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