
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6703  | https://doi.org/10.1038/s41598-022-10160-9

www.nature.com/scientificreports

High‑charge electron beams 
from a laser‑wakefield accelerator 
driven by a CO2 laser
Enrico Brunetti1*, R. Neil Campbell2, Jack Lovell2 & Dino A. Jaroszynski1*

Laser-wakefield accelerators (LWFAs) driven by widely available 100s TW-class near-infrared 
laser systems have been shown to produce GeV-level electron beams with 10s–100s pC charge in 
centimetre-scale plasma. As the strength of the ponderomotive force is proportional to the square of 
the laser wavelength, more efficient LWFAs could be realised using longer wavelength lasers. Here 
we present a numerical study showing that 10.6µm , sub-picosecond CO2 lasers with peak powers of 
100–800 TW can produce high-charge electron beams, exceeding that possible from LWFAs driven 
by femtosecond near-infrared lasers by up to three orders of magnitude. Depending on the laser 
and plasma parameters, electron beams with 10s MeV to GeV energy and 1–100 nC charge can be 
generated in 10–200 mm long plasma or gas media without requiring external guiding. The laser-
to-electron energy conversion efficiency can be up to 70% and currents of 100s kA are achievable. 
A CO2 laser driven LWFA could be useful for applications requiring compact and industrially robust 
accelerators and radiations sources.

Laser-wakefield accelerators (LWFAs) rely on the strong electrostatic fields created by an intense laser pulse 
propagating in underdense plasma to generate high-energy electron beams in millimetre-scale distances1–7. 
Research in this field is mostly carried out using Ti:sapphire lasers with a typical wavelength of 0.8µm , energy 
of 1–50 J and duration of 10–100 fs, and operate at a repetition rate close to 1 Hz. After interaction with a mil-
limetre to centimetre scale plasma with densities in the range 1017–1019 cm−3 , electron beams can be generated 
with typical energies of 10–1000 MeV, divergence of 1–5 mrad, bunch charge of 1–100 pC, normalised emittance 
of 1 π mm mrad and femtosecond bunch duration8–10. The highest electron beam energy reported to date is 
7.8 GeV, with charge of 5 pC, obtained using a 20 cm long plasma with density of 2× 1017 cm−3 and an 850 TW 
laser system11.

The response of plasma to an intense laser pulse is a result of the ponderomotive force12, which has a strength 
proportional to the square of the laser wavelength. It has been suggested13 that more efficient LWFAs capable of 
producing electron beams with higher charge and narrower energy spread could be realised using mid-infrared 
lasers, but research in this area is scarce. Early experiments on plasma beat-wave acceleration used CO2 lasers14,15, 
and theoretical16–18 and experimental19 studies have been performed on a self-modulated LWFA driven by the 
CO2 laser system under development at the Brookhaven Accelerator Test Facility20, which delivers 4 J, 2 ps pulses 
and is expected to be upgraded to 100 fs duration and 10 J energy. Two-dimensional simulations of a LWFA 
driven by a few-cycle laser pulse with wavelength up to 10µm have also been reported21. However, no systematic 
study has been carried out so far to evaluate the performance of an accelerator driven by a CO2 laser. Here we 
present results of particle-in-cell (PIC) simulations obtained using the code FBPIC22 to model the interaction of 
an intense sub-picosecond laser pulse with wavelength �0 = 10.6µm and pre-ionised uniform plasma of varying 
length. We explore a wide range of laser pulse durations, waist sizes and energies for selected plasma densities 
with the aim of determining the highest electron beam energy and charge achievable using CO2 lasers that could 
become available in the near future23. Most results presented here assume no external guiding, but comparisons 
are made with simulations that model a LWFA in a plasma waveguide.

Laser‑wakefield acceleration at CO2 laser wavelengths
The operating parameters of a LWFA driven by a CO2 laser are different from those currently used for near-
infrared lasers. At the wavelength �0 = 10.6µm , the critical plasma density is 9.9× 1018 cm−3 , in con-
trast with 1.7× 1021 cm−3 at �0 = 0.8µm , which sets an upper limit to the plasma density ne and thus the 
accelerating gradient, because plasma can only produce an electric field with an amplitude up to about24 
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Emax[V/m] ≈ 96
√

ne[cm−3] . The laser characteristics are also different. At the wavelength �0 = 10.6µm , a 
single cycle is about 35 fs long, therefore the attainable pulse durations are longer than routinely delivered by 
Ti:sapphire lasers. A LWFA operating in the strongly non-linear regime requires a normalised vector potential 
a0 > 1 , where a0 ≈ 8.5× 10−10

�0[µm]
√

I0[W/cm2] , with I0 the laser intensity. As the wavelength increases, 
lower intensities are required to achieve the same a0 value, e.g. a0 for 10.6µm will be 13.25 times larger than 
at 0.8µm for the same intensity. Simulations presented here use plasma densities between 1× 1016 cm−3 and 
2× 1017 cm−3 , laser waist sizes between 25µm and 300µm , pulse durations between 125 fs and 1 ps (full-width-
at-half-maximum (FWHM) of the intensity), and laser energies between 0.4 J and 550 J, corresponding to a0 
values between 1 and 80, which is much larger than possible with a 0.8µm PW laser.

The performance of a LWFA depends on the distance over which the laser intensity remains high. In vac-
uum, this is given by the Rayleigh (diffraction) length zR = πw2

0/�0 , with w0 the beam waist at the focus. For 
�0 = 10.6µm , zR = 0.2mm when w0 = 25µm and zR = 26.7mm when w0 = 300µm . In a plasma, an intense 
laser pulse can remain focused over several Rayleigh lengths when its power P exceeds the threshold for rela-
tivistic self-focusing25, which is indicated by the critical power Pc[GW] = 17.4ω2

0/ω
2
p , where ω0 is the laser 

angular frequency and ωp is the plasma frequency. When P ≈ Pc , plasma electrons exhibit a relativistic quiver 
motion that modifies the refracting index, resulting in a radial profile analogous to a focusing lens. When P > Pc , 
electrons are also expelled from the axis, forming a channel that can guide the laser. These changes in refractive 
index occur on the plasma frequency time-scale, therefore self-guiding is expected to be more effective when 
cTFWHM ≈ �p , with TFWHM the laser pulse duration and �p the plasma wavelength26. For shorter pulse durations, 
guiding may not occur or may only affect the back of the pulse. For longer durations, instabilities such as self-
modulation can develop. The threshold for relativistic self-focusing can be reached for a similar laser power at 
near and mid-infrared wavelengths, since the change in laser frequency is compensated by the different operating 
plasma density. However, the Rayleigh length is one order of magnitude shorter for a CO2 laser, suggesting that 
diffraction may be harder to balance for lower laser energies and small waist sizes.

Assuming stable guiding, the energy gain in a LWFA is limited by the pump depletion length27 or the dephas-
ing length28. Pump depletion occurs when most of the laser energy has been transferred to the plasma and the 
laser pulse diffracts, preventing further acceleration. Dephasing occurs when electrons reach the centre of the 
accelerating cavity, where the fields reverse and start decelerating them. The laser pulse and accelerating cavity 
travel at a speed close to the laser group velocity in a plasma vg = c

√

1− ω2
p/ω

2
0  . For �0 = 10.6µm and plasma 

densities of 1016–1017 cm−3, vg is between 0.995c and 0.9995c, which corresponds approximately to the speed of 
5–15 MeV electrons. Electrons at the back of the cavity with a velocity ve > vg can be self-injected into the cavity, 
where they experience the accelerating fields, and accelerate to 100s MeV energy. Depending on the plasma 
density they can outrun the laser pulse in relatively short distances, which effectively defines the maximum useful 
length of a LWFA.

Simulation results
Particle-in-cell (PIC) simulations have been performed using the quasi-3D code FBPIC22 to model a linearly 
polarised laser beam with wavelength �0 = 10.6µm interacting with pre-ionised plasma of varying length. 
The laser pulse has a cos2 temporal shape and is focused at the plasma entrance to a beam waist w0 , with 
transverse Gaussian profile. Most results presented here use longitudinally and transversally uniform plasma, 
but propagation in a plasma with a radial parabolic profile has also been studied, which models a preformed 
plasma waveguide29. When modelling systems that do not strongly deviate from cylindrical symmetry, quasi-3D 
simulations closely reproduce full 3D PIC simulations, correctly capturing the physics governing laser-plasma 
interaction, such as relativistic self-focusing, while requiring less computing resources. This enabled us to explore 
a wide range of parameters. FBPIC also has the advantage of accurately modelling dispersion, avoiding artefacts 
such as incorrect dephasing length and numerical Cherenkov radiation, which can cause unphysical emittance 
growth22. On the other hand, quasi-3D codes cannot model asymmetric laser beams, in addition to plasma and 
electron beam features that strongly deviate from cylindrical symmetry. Further details on the simulation setup 
are provided in Methods.

Figure 1 shows the accelerating structure after 14 mm, created behind a 500 fs duration (FWHM) laser pulse 
with normalised vector potential a0 = 5 for various beam waists. The laser pulse propagates in a pre-ionised 
uniform plasma with density of 5× 1016 cm−3 . The ponderomotive force of the laser pulse pushes electrons 
away from the regions of high intensity, which produces a cavity (“bubble” or “blowout”) filled with relatively 
immobile ions and surrounded by a “sheath” of electrons. Background plasma electrons that are trapped inside 
the bubble are accelerated to relativistic energies by the strong electrostatic fields arising from charge separation. 
The bubble shape and size depends on the plasma density, on the laser power and on the strength of the fields 
of the electrons trapped inside (beam loading). These parameters usually vary during propagation, which leads 
to bubble evolution, as will be discussed below. This can influence the injection rate and change the accelerating 
gradient. The combined effects produce trains of bunches or single bunches with a complex energy spectrum and 
usually significant sub-structure. Depending on the laser and plasma parameters, electrons injected late can form 
low-energy peaks or tails, or can be accelerated to high energies and account for most of the charge. Electrons 
injected early can form a low-charge high-energy wing, or can be decelerated back to low energies. Electrons 
can also be trapped inside cavities created further behind the laser pulse, but these are not considered here.

The accelerator performance depends on the laser wavelength as illustrated in Fig. 2, which shows the mean 
energy and charge of electron beams produced by a laser pulse with a wavelength �0 between 0.8µm and 10.6µm , 
duration TFWHM = 250 fs , waist size w0 = 50µm and a0 = 5 , which corresponds to an energy of about 550 J 
(2 PW) at 0.8µm and 3.2 J (12 TW) at 10.6µm . The plasma has a uniform profile with density of 1× 1017 cm−3 . 
For �0 = 0.8µm , the electron beam energy is about 3.6 GeV with 25% r.m.s. energy spread and a charge of 
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1.8 nC, after 200 mm propagation, which is slightly before dephasing. The laser-to-electron energy conversion 
efficiency is 1.2%. The normalised emittance is about 15π mmmrad , the r.m.s. divergence 1 mrad and the r.m.s. 
bunch length 6µm . Electrons are injected into the bubble after about 10 mm and the corresponding acceleration 
gradient is about 20 GeV/m. When �0 is increased for fixed a0 , the laser energy decreases, resulting in a lower 
electron beam energy. The charge is also expected to decrease with laser energy, but this effect is counteracted 
by the stronger plasma response at longer wavelengths, resulting in a charge of about 12 nC for �0 � 6µm . The 
bunch length also increases, whereas the transverse beam size remains close to 5µm . For �0 = 10.6µm , the 
electron beam mean energy is 100 MeV with 21% r.m.s. energy spread and a charge of 12 nC after 9 mm propa-
gation. The laser energy to beam energy conversion efficiency is 40%, the normalised emittance 20π mmmrad , 
the r.m.s. divergence 20 mrad and the r.m.s. bunch length 50µm . Injection into the bubble occurs after about 
6 mm and the corresponding acceleration gradient is about 30 GeV/m. If the laser energy is kept constant at 

Figure 1.   Electron density distribution created in a plasma with density of 5× 1016 cm−3 by a laser pulse with 
a wavelength of 10.6µm , normalised vector potential a0 = 5 , pulse duration of 500 fs (FWHM) and initial waist 
size of (a) 100µm (b) 200µm and (c) 300µm.
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about 550 J ( a0 = 66 ), a CO2 laser produces an electron beam with mean energy of 750 MeV, 65% r.m.s. energy 
spread and 530 nC charge in a 15 mm long plasma, corresponding to an efficiency of 70%. The normalised 
emittance is about 750π mmmrad , the r.m.s. divergence 75 mrad and the r.m.s. bunch length 170µm . If only 
the high-energy peak is selected ( 1.25GeV < E < 1.45GeV ), the mean energy is 1.3 GeV with 3% r.m.s. energy 
spread, 130 nC charge and 10 mrad r.m.s. divergence.

These results suggest that a LWFA driven by a 10.6µm laser can produce electron beams with significantly 
higher charge than currently possible using near-infrared lasers of the same power, although the electron energy 
is somewhat lower and the divergence, bunch length and emittance are larger. Near-infrared lasers have the 
advantage of supporting higher plasma densities, which can help reduce the gap in charge. For example, a 0.8µm , 
2 PW laser delivering pulses with 35 fs duration and 75 J energy into a plasma with a density of 1.5× 1019 cm−3 
produces an electron beam with 860 MeV energy, 69% r.m.s. energy spread and 45 nC charge with an efficiency 
of 50%. For a high-energy selection ( 1GeV < E < 1.85GeV ), the mean energy is 1.4 GeV with 17% r.m.s. energy 
spread and 22 nC charge. Nevertheless, this is still 5 times lower than the charge predicted for a CO2 laser with 
the same power.

In the following sections, the performance of a LWFA accelerator operating at a wavelength of 10.6µm is 
investigated by varying the laser energy, waist size and pulse duration for selected plasma densities. Scaling laws 
based on the simulation results are also provided.

Dependence on laser energy.  Here we present results of PIC simulations of a LWFA driven by a CO2 
laser with a fixed pulse duration and varying energy, for selected waist sizes. The phase-space distribution of 
electrons accelerated inside the first bubble to an energy E > 30MeV has been extracted when the mean energy 
is maximum, and properties such as the beam size, charge and energy spread have been calculated. These values 
describe the entire bunch, which can have a complex energy spectrum that is characterised by multiple peaks 
and long wings, but properties of selected quasi-monoenergetic peaks are also provided in the text.

Figure 3 shows the mean energy (a, c, e) and charge (b, d, f) of electron beams generated in a pre-ionised 
plasma with density between 1× 1016 cm−3 and 1× 1017 cm−3 by a laser pulse with 500 fs duration, energy 
between 2 J and 440 J (4–850 TW), and beam waist of 100µm (a, b), 200µm (b, c) and 300µm (d, e). As the 
laser energy increases, electron beams with energy up to about 1.5 GeV and charge up to about 350 nC are 
obtained, observing similar trends for most plasma densities and laser waist sizes considered. The energy con-
version efficiency is typically 10–70%, also increasing with laser energy. Typically, the bunch length increases 
from about 10µm to 150µm , the divergence from 10 mrad to 50 mrad and the normalised emittance from 
10π mmmrad to 1000π mmmrad . The acceleration length varies from about 10–20 mm for ne = 1× 1017 cm−3 
to 100–200 mm for ne = 1× 1016 cm−3 . In some cases, increasing the laser energy can result in late injection 
of a second bunch, which causes the mean electron energy to decrease. This is particularly evident for a plasma 
density of 1× 1016 cm−3 . A more detailed discussion of the scaling laws is provided in the next section.

For a beam waist of 100µm , the best operating plasma densities are 5× 1016 cm−3 and higher. For plasma 
densities lower than 2.5× 1016 cm−3 and low laser energies, self-focusing cannot balance diffraction and accel-
eration stops after relatively short distances. Background plasma electrons are also not fully evacuated from the 
accelerating structure, causing the injected bunch to drive an additional blowout, which degrades the beam qual-
ity. The resulting electron beam has a relative low energy and charge. For example, a laser pulse with an energy of 
50 J ( a0 = 7 ) produces a 280 MeV electron beam with 3 nC charge in a plasma with a density of 1× 1016 cm−3 
and length of 47 mm. On the other hand, a laser pulse with the same parameters propagating in a plasma with 
parabolic radial profile produces an electron beam with an energy of 900 MeV and a charge of 25 nC in a length 
of 150 mm. However, for higher laser energies and larger waist sizes, electron beams with mean energy up to 

a b

Figure 2.   (a) Mean energy and (b) charge of electron beams produced by a laser pulse with duration of 250 fs 
(FWHM), waist size of 50µm , normalised vector potential a0 = 5 and varying wavelength after interaction with 
a pre-ionised plasma with density of 1× 1017 cm−3 . The error bars represent the r.m.s. energy spread.
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1.5 GeV and 150 nC charge are obtained in a uniform plasma for this density and no significant differences are 
observed when using external guiding.

Electron energy spectra for selected laser and plasma parameters are presented in Fig. 4. For a plasma 
density of 1× 1017 cm−3 , a laser pulse with a waist size of 100µm and energy of 100 J ( a0 = 10 ) produces a 
210 MeV electron beam with 41% r.m.s. energy spread, 23 nC charge and 60µm bunch length after 16 mm 
propagation (Fig. 4a). If only the high-energy peak is selected ( 240MeV < E < 340MeV ), the mean energy is 

a b

c d

e f

Figure 3.   (a, c, e) Mean energy and (b, d, f) charge of electron beams produced in a pre-ionised plasma of 
varying density by a laser pulse with duration of 500 fs (FWHM), wavelength of 10.6µm , while varying energy, 
and waist size of (a, b) 100µm , (c, d) 200µm and (e, f) 300µm . Error bars correspond to the r.m.s. energy 
spread.
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290 MeV, with 7% r.m.s. energy spread and 18 nC charge. If the laser energy is increased to 400 J ( a0 = 20 ), the 
high-energy peak ( 0.8GeV < E < 1.4 GeV ) has a mean energy of 1.1 GeV, with 12% r.m.s. energy spread and 
180 nC charge after 26 mm propagation (Fig. 4b). For ne = 2.5× 1016 cm−3 , w0 = 200µm and Elaser = 400 J 
( a0 = 10 ), the high-energy peak ( 1.2GeV < E < 2GeV ) has a mean energy of 1.6 GeV with 11% r.m.s. energy 
spread and 130 nC charge after 80 mm propagation (Fig. 4c). The electron beam energy can be increased fur-
ther using ne = 1× 1016 cm−3 , w0 = 300µm and Elaser = 430 J ( a0 = 7 ), which results in a high-energy peak 
( 1GeV < E < 2.5GeV ) with a mean energy of 1.7 GeV, 19% r.m.s. energy spread and 145 nC charge after 
205 mm propagation (Fig. 4d). In some cases the energy spread is narrower if acceleration is stopped before 
dephasing.

At high plasma densities, the accelerator can be operated using waist sizes smaller than 100µm , as shown in 
Fig. 5. For a beam waist of 25µm and a plasma density of 2× 1017 cm−3 , electrons are produced with energy 
up to about 260 MeV and charge up to about 330 nC in a 6–13 mm long plasma. If the beam waist is increased 
to 50µm , the maximum energy is about 650 MeV with a charge of 350 nC in a 25 mm long plasma with density 
of 1× 1017 cm−3 . At lower plasma densities, however, the accelerator performance is limited by diffraction. For 
example, for ne = 2.5× 1016 cm−3 a laser pulse with a waist size of 50µm and an energy of 12 J ( a0 = 7 ) produces 
a 170 MeV electron beam with 60% r.m.s. energy spread and 0.5 nC charge in a length of 61 mm. When using 
external guiding, the energy increases to 290 MeV with 11 nC charge in a length of 72 mm.

Scaling laws.  We have compared the results of our PIC simulations with the predictions of analytical for-
mulas based on phenomenological30 and similarity31 theories. These simplified models use laser and plasma 
parameters that aim to enhance the accelerator performance and minimise the evolution of the laser pulse and 
accelerator cavity, which is assumed to be approximately spherical. Reference30 proposes the matched condition

(1)kpR ≈ kpw0 ≈ 2
√
a0,

a b

c d

Figure 4.   Selected electron energy spectra at different stages of acceleration produced in a pre-ionised 
plasma by a laser pulse with duration of 500 fs (FWHM) and wavelength of 10.6µm . The laser waist size, 
normalised vector potential and plasma density are: (a) w0 = 100µm , a0 = 5 ( E = 25 J ), ne = 1× 1017 cm−3 ; 
(b) w0 = 100µm, a0 = 20 ( E = 400 J ), ne = 1× 1017 cm−3 ; (c) w0 = 200µm, a0 = 10 ( E = 400 J ), 
ne = 2.5× 1016 cm−3 ; (d) w0 = 300µm, a0 = 7 ( E = 430 J ), ne = 1× 1016 cm−3.
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with R the bubble radius, whereas reference31 uses

Here we perform simulations for a wide range of parameters that are not necessarily matched and find that a0 
and bubble size change significantly during propagation in the plasma. The bubble expands longitudinally, occa-
sionally more than doubling in size, whereas its transverse size grows by more than 50%. Fits of the simulation 
results indicate that the average bubble size is approximately

with R0 ≈ 17µm for the transverse bubble size and R0 ≈ 22µm for the longitudinal size. The dependence on 
w0 has been neglected because it is weak for w0 � 50µm . For low plasma densities this formula slightly over-
estimates the bubble size.

The electron beam energy is expected to scale approximately as30

where me is the electron mass, ǫav the average accelerating field and Lacc the acceleration length. Reference 30 
uses ǫav =

√
a0/2 and

which is valid when acceleration is limited by dephasing. This assumption is compatible with most of our results, 
except for simulations limited by diffraction, such as for low plasma densities and low laser energies. Equation (4) 
can be rewritten using Eq. 3 (with R0 = 19.5µm ) and Eq. 5, obtaining

which reproduces our simulation results well. The predicted energies are typically higher than the mean values 
shown in Figs. 3 and 5, but these are weighted down by the low-energy tail and do not represent the energy of 
the quasi-monoenergetic peaks. Further details on the dependence on the laser waist size and pulse duration 
are provided in the following sections.

Reference30 estimates that under matched conditions (Eq. 1) the number of accelerated electrons is

Reference31 predicts a similar scaling, but with a different proportionality factor and matched condition (Eq. 2). 
The derivation of Eq. 7 is based on the assumption that electrons absorb all the electromagnetic field energy 
contained in the accelerating cavity and an equal amount of plasma kinetic energy, which both scale as (kpR)5 . 
Such a strong dependence on R implies that small changes in bubble size produce large variations in charge. In 

(2)kpR ≈ kpw0 ≈ 1.12
√
a0.

(3)R ≈ R0

√
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√
w0[µm]

(

1018

ne[cm−3]

)5/6

,

(7)N ≈ 2.5× 109
�0[µm]
0.8

√

P[TW]
100

.

Figure 5.   (a) Mean energy and (b) charge of electron beams produced in a pre-ionised plasma of density 
1× 1017 cm−3 and 2× 1017 cm−3 by a laser pulse with duration of 500 fs (FWHM), wavelength of 10.6µm , 
varying energy, and waist size of 25µm and 50µm . Error bars correspond to the r.m.s. energy spread.
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our simulations, the bubble is often longitudinally elongated and its size and shape evolve significantly during 
propagation in the plasma. Eq. 7 underestimates the charge and does not reproduce the scaling with the laser 
and plasma parameters that have been observed. Most results presented here agree with the formula

where the parameter δ depends on the plasma density and laser waist size. Fits of the simulation results indicate 
that δ ≈ 3/4 for ne � 2.5× 1016 cm−3 and w0 � 100µm . For w0 < 100µm, δ decreases, down to about 1/2 for 
w0 = 25µm.

The bunch length scales as

where δz ≈ δ1/3 . The transverse beam size follows a similar scaling with energy, but it also increases with the 
waist size and plasma density. The beam performs betatron oscillations and is typically larger along the laser 
polarisation plane. Interaction with the laser can introduce additional modulations, especially for long pulse 
durations. The charge density is also difficult to estimate, due to bunch sub-structure.

In general, we found that the scaling laws presented here reproduce results obtained for densities 
ne � 2.5× 1016 cm−3 , w0 � 50µm and laser pulse durations between 250 fs and 750 fs. They are not accurate 
close to the threshold for injection, and also when self-guiding is less effective, such as for ne = 1× 1016 cm−3 
and TFWHM = 125 fs . A comprehensive study of the bunch structure, transverse beam size and emittance would 
require simulations with a larger number of azimuthal modes and higher resolution than performed here.

Dependence on laser beam waist.  Simulation results presented in the previous sections indicate that 
nC-level electron beams with energies up to 1–2 GeV can be produced for a wide range of laser waist sizes. Pre-
vious work30,31 targeting near-infrared lasers suggest that the accelerator performance is optimal when the laser 
waist and bubble size are matched (Eq 1, 2). Here we directly investigated the dependence of the electron beam 
properties on w0 for a CO2 laser pulse with fixed power.

Figure 6 shows the mean energy (a) and charge (b) of electron beams generated in a uniform plasma 
with a density between 1× 1016 cm−3 and 1× 1017 cm−3 by a laser pulse with 500 fs duration, 100 J energy 
( P = 200 TW ) as a function of beam waist size. The corresponding a0 ranges from 3.3 to 40. For all densities, 
the highest electron energy is obtained when w0 ≈ �p , which is marked by the vertical lines in the plot. For the 
chosen laser power, the average bubble size is also close to �p (Eq. 3). The charge follows a different trend, as 
shown in Fig. 6b. It drops sharply for small w0 , when the accelerator performance is limited by diffraction, and 
it decreases slowly for large w0 and ne � 2.5× 1016 cm−3 . The efficiency has a maximum of about 55% close to 
w0 = 100µm for densities down to 2.5× 1016 cm−3 , and is about 10% for 1× 1016 cm−3 and the selected w0 
range. For ne � 5× 1016 cm−3 the spot size, divergence and emittance are slightly smaller when w0 ≈ �p , but 
for lower densities the dependence on w0 is weaker and sometimes better results are obtained when w0 < �p . 
Simulations performed for higher laser energy, when the bubble size R > �p , predict that the maximum electron 
energy is still obtained when w0 ≈ �p , but the drop in charge for small beam waists is reduced.

(8)N ≈ 9× 1010
�0[µm]
10.6

Eδlaser[J]
√

ne[cm−3]
1018

,

(9)σz[µm] ≈ 33Eδzlaser[J],

a b

Figure 6.   (a) Mean energy and (b) charge of electron beams produced in a pre-ionised plasma of varying 
density by a laser pulse with duration of 500 fs (FWHM), energy of 100 J, wavelength of 10.6µm and varying 
waist size. Vertical lines mark the plasma wavelength �p . Error bars correspond to the r.m.s. energy spread.
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Dependence on laser pulse duration.  Most of the results presented so far have been obtained for a 
laser pulse duration TFWHM = 500 fs , but self-guiding in a plasma is expected to be more efficient when 
TFWHM ≈ �p/c , as discussed in the introduction. Here we study the dependence of the electron beam properties 
on the pulse duration for a fixed beam waist, adjusting the laser energy to keep the power constant.

Figure 7 shows the mean energy and charge of electron beams generated by a laser pulse with varying duration 
and a0 = 5 . In Fig. 7a and b the waist size is 100µm , which is matched to the plasma density of 1× 1017 cm−3 , as 
shown in the previous section. The corresponding laser power is 50 TW, with energy between 6 J and 24 J. The 
laser beam remains focused past the dephasing length for all pulse durations considered, resulting in approxi-
mately the same final electron energy, as shown in Fig. 7a. The mean energy is slightly higher and the energy 
spread narrower when TFWHM ≈ �p/c , which is marked by the vertical line in the plot. The charge increases with 
pulse duration, because of the higher laser energy, but slowly decreases for TFWHM > �p/c . The bunch length, 
transverse beam size, emittance and divergence also increase with pulse duration. The efficiency is peaked at 
250 fs and ranges from 35 to 50%. For long pulse durations the front of the electron bunch can interact with 
the back of the laser pulse, which causes beam degradation, but can boost the emission of betatron radiation32.

Figure 7c and d shows the mean energy and charge generated in a plasma with density of 2.5× 1016 cm−3 by 
a laser pulse with matched spot size w0 = 200µm and a0 = 5 , which corresponds to a power P = 190 TW and 
energy between 25 J and 200 J. For short pulse durations, the accelerator performance is limited by diffraction 
and the electron energy increases linearly with TFWHM , until dephasing is reached at about 500 fs. The charge 
forms a plateau at TFWHM ≈ �p/c . The efficiency is peaked at 500 fs and ranges from 44 to 54%.

a b

c d

Figure 7.   (a,c) Mean energy and (b,d) charge of electron beams produced in a pre-ionised plasma by a laser 
pulse with wavelength of 10.6µm , a0 = 5 and varying duration. The plasma density and laser waist size are: 
(a,b) 1× 1017 cm−3 and 100µm ; (c,d) 2.5× 1016 cm−3 and 200µm . Vertical lines mark the plasma wavelength 
�p . Error bars correspond to the r.m.s. energy spread.
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Discussion
We have performed PIC simulations of a LWFA driven by a 10.6µm laser emitting sub-picosecond pulses with 
powers of 10s–100s TW. Results indicate that electron beams with 100s MeV to GeV energy and 1–100s nC 
charge can be produced in a pre-ionised uniform plasma with density of 1016–1017 cm−3 , using no external guid-
ing, with a laser to electron beam efficiency that can exceed 50%. For example, a 20 TW CO2 laser emitting pulses 
with 500 fs duration and 10 J energy focused to a waist size of 50µm into a plasma with density of 1× 1017 cm−3 
and length of 16 mm produces an electron beam with mean energy of 230 MeV with 4% r.m.s. energy spread, 
4 nC charge and 14 mrad r.m.s. divergence, selecting only the high-energy peak. If the laser energy is increased 
to 100 J ( P = 200 TW ), the spot size to w0 = 100µm , and the plasma length is set to 20 mm, the mean energy 
of the selection is 560 MeV with 7% r.m.s. energy spread, 50 nC charge and 15 mrad r.m.s. divergence. If the 
laser energy is further increased to 400 J ( P = 800 TW ), with w0 = 200µm , ne = 2.5× 1016 cm−3 and a plasma 
length of 86 mm, the mean energy of the selection is 1.6 GeV with 12% r.m.s. energy spread, 140 nC charge and 
6 mrad r.m.s. divergence. Such charge levels are significantly higher than what is expected from near-infrared 
lasers of similar power, although the bunch length and emittance can be larger. Nevertheless, currents of 100s kA 
are achievable.

We have shown that a wide range of laser waist sizes and pulse durations can be employed, but the electron 
beam energy is maximised when w0 ≈ �p and TFWHM ≈ �p/c . The charge, on the other hand, is typically max-
imised for slightly smaller waist sizes and longer pulse durations. However, self-guiding is often less effective for 
waist sizes smaller than 50µm and pulse durations shorter than 250 fs, resulting in lower electron beam ener-
gies and charges, especially for low plasma densities and low laser energies. Under these conditions, external 
guiding can significantly enhance the electron beam energy. On the other hand, pulse durations approaching 
1 ps can degrade the electron beam quality due to interaction with the laser field, but could potentially boost 
the emission of betatron radiation.

Results presented so far have been obtained for a pre-ionised plasma, but simulations performed using neutral 
gas indicate that a CO2 laser can fully ionise the atoms. For example, Fig. 8 shows electron spectra generated by 
a 500 fs laser pulse with a waist size of 100µm and energy of 100 J ( a0 = 10 ) in a uniform pre-ionised plasma 
and neutral gas (helium and nitrogen). Assuming full ionisation of the atoms, the resulting plasma density is 
1× 1017 cm−3 in all cases. An electron beam is produced with mean energy of 390 MeV in pre-ionised plasma, 
345 MeV in helium and 330 MeV in nitrogen. The r.m.s. energy spread is between 40 and 50% and the charge 
about 150 nC in all cases. The acceleration length is similar in helium and in pre-ionised plasma, but about 5 mm 
longer in nitrogen. As an alternative to neutral gas targets, plasma discharge waveguides29 or heater pulses33 can 
also be considered, especially for low laser powers.

Here, no attempts have been made to optimise parameters such as emittance, energy spread and bunch dura-
tion, but techniques such as down-ramp injection34 and density modulation35 could be used to control injection 
and the properties of the beam. Moreover, techniques based on ionisation injection36 could further boost the 
beam charge and efficiency. As an example, Fig. 9 shows the energy spectra generated by a 500 fs pulse with a 
waist size of 100µm and energy of 100 J ( a0 = 10 ) in a pre-ionised plasma for three different profiles (Fig 9a). 
For a uniform distribution, the dephasing length is about 20 mm, resulting in the production of an electron 
beam with mean energy of 390 MeV with 40% r.m.s. energy spread. The second profile considered is Gaussian, 
with centre at z = 10mm and σz = 6mm . The acceleration length is shorter and the mean energy is 190 MeV 
with 50% r.m.s. energy spread. Adding a Gaussian bump centred at z = 17mm , however, enables to increase the 
mean energy and reduce the chirp37, leading to the formation of a peak at 430 MeV with r.m.s. energy spread of 

Figure 8.   Energy spectra of an electron beam produced by a laser pulse with wavelength of 10.6µm , duration 
of 500 fs (FWHM), a0 = 10 and w0 = 100µm in a pre-ionised plasma of density 1× 1017 cm−3 , neutral helium 
and nitrogen. The gas density is chosen to produce a plasma with density of 1× 1017 cm−3 , assuming full 
ionisation.
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9% and charge of 55 nC in the energy selection 350MeV < E < 550MeV . Profiles of this type can be realised 
experimentally placing obstacles to partly obstruct the flow of a gas jet or using multiple stage gas cells.

With advances in CO2 laser technology, such as the development of compact and efficient optical pumped 
lasers23, LWFAs driven by CO2 lasers could be ideal for applications that require high-charge electron beams, 
such as industrial imaging, activation analysis, radioisotope production and radiotherapy. A bright tunable X-ray 
source could also be realised using Compton back-scattering38. An optically pumped CO2 laser driven LWFA 
would be efficient, compact, robust and could be made mobile. It would be complementary to widely used LWFAs 
driven by near-infrared Ti:sapphire lasers, which can produce beam with higher energy, lower emittance and 
energy spread, but also lower charge. An example of an application of a high-charge LWFA driven by CO2 lasers 
is as an accelerator for cancer treatment using FLASH radiotherapy39, which relies on irradiating tumours with 
doses higher than 10 Gy and exposure times of milliseconds or shorter. So far, most studies in this field have 
been conducted using electron beams with energy close to 10 MeV from clinical accelerators, which are only 
suitable for the treatment of superficial tumours. A LWFA driven by a 20 TW CO2 laser could generated 200 MeV 
electron beams with a charge of 20 nC and sub-picosecond bunch duration. Such a highly-penetrating beam 
would deposit a dose of 25 Gy in water, enabling the treatment of deep-seated tumours in the FLASH regime.

Methods
FBPIC simulations (�

0
= 10.6µm).  Particle-in-cell simulations have been performed using the quasi-

3D code FBPIC22 to model a LWFA driven by a 10.6µm laser. The laser beam is linearly polarised and has a tem-
poral cos2 shape with duration between 125 fs and 1 ps (FWHM of the intensity). The transverse profile is Gauss-
ian, focused to a waist size w0 between 25µm and 300µm (in vacuum) at the entrance of a pre-ionised uniform 
plasma preceded by a 60µm long up-ramp. Simulations have also been performed using a plasma with radial 
density profile nr = ne + a r2 , where a has been varied between 8× 1028 m−5 and 1.5× 1029 m−5 . The number 
of azimuthal ( θ ) modes is 2 and the number of macro-particles per cell in longitudinal, radial and azimuthal 
direction is nz = 2 , nr = 2 and nθ = 8 , with cubic particle shape. The box size has been changed depending on 
the laser and plasma parameters. Typically, the length in the longitudinal direction z is 1–1.5 mm and the radius 
is 0.6–1 mm. The resolution is about 0.4–0.6µm in the longitudinal direction and 0.6–1µm in the radial direc-
tion. A few simulations have also been performed using a higher longitudinal resolution of 0.1µm , observing 
no significant differences in the average values reported here. A few simulations performed using 3 azimuthal 
modes also produced similar results, except for small differences in the bunch structure. Most simulations use a 
radial boundary with perfectly-matched-layers and 256–512 damping cells.

FBPIC simulations (�
0
= 0.8µm).  Particle-in-cell simulations have been performed using the code 

FBPIC to model a LWFA driven by a 0.8µm laser. The set-up is similar to the previous section, but the number 
of macro-particles per cell is nz = 2 , nr = 2 and nθ = 4 . A simulation has been performed for a laser waist size 
of 50µm and a pulse duration of 250 fs using a box size of 400µm in the longitudinal direction and 300µm in 
the radial direction, with a resolution of 0.04µm and 1µm , respectively. Simulations have also been performed 
for smaller waist sizes and shorter pulse durations, using a typical box size of 180µm× 160µm and resolution 
of 0.036µm× 0.3µm . Simulations performed for wavelengths between 0.8µm and 10.6µm use a box size and 
number of macro-particles that has been gradually increased, until reaching the configuration described in the 
previous section.

a b

Figure 9.   (a) Plasma density distribution and (b) energy spectra of electron beams produced in a pre-ionised 
plasma with peak density of 1× 1017 cm−3 by a laser pulse with wavelength of 10.6µm , duration of 500 fs 
(FWHM), energy of 100 J ( a0 = 10 ) and w0 = 100µm.
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Data availability
Data associated with research published in this paper is available at https://​doi.​org/​10.​15129/​6bb91​792-​4de1-​
405f-​9cee-​57228​fc497​13.

Received: 11 January 2022; Accepted: 4 April 2022

References
	 1.	 Tajima, T. & Dawson, J. M. Laser electron accelerator. Phys. Rev. Lett. 43, 267 (1979).
	 2.	 Mangles, S. P. D. et al. Monoenergetic beams of relativistic electrons from intense laser–plasma interactions. Nature 431, 535 

(2004).
	 3.	 Geddes, C. G. R. et al. High-quality electron beams from a laser wakefield accelerator using plasma-channel guiding. Nature 431, 

538 (2004).
	 4.	 Faure, J. et al. A laser–plasma accelerator producing monoenergetic electron beams. Nature 431, 541 (2004).
	 5.	 Leemans, W. P. et al. GeV electron beams from a centimetre-scale accelerator. Nat. Phys. 2, 696 (2006).
	 6.	 Esarey, E., Schroeder, C. B. & Leemans, W. P. Physics of laser-driven plasma-based electron accelerators. Rev. Mod. Phys. 81, 1229 

(2009).
	 7.	 Joshi, C., Corde, S. & Mori, W. B. Perspectives on the generation of electron beams from plasma-based accelerators and their near 

and long term applications. Phys. Plasmas 27, 070602 (2020).
	 8.	 Downer, M. C., Zgadzaj, R., Debus, A., Schramm, U. & Kaluza, M. C. Diagnostics for plasma-based electron accelerators. Rev. 

Mod. Phys. 90, 035002 (2018).
	 9.	 Islam, M. R. et al. Near-threshold electron injection in the laser-plasma wakefield accelerator leading to femtosecond bunches. 

New J. Phys. 17, 093033 (2015).
	10.	 Brunetti, E. et al. Low emittance, high brilliance relativistic electron beams from a laser-plasma accelerator. Phys. Rev. Lett. 105, 

215007 (2010).
	11.	 Gonsalves, A. J. et al. Petawatt laser guiding and electron beam acceleration to 8 GeV in a laser-heated capillary discharge wave-

guide. Phys. Rev. Lett. 122, 084801 (2019).
	12.	 Bauer, D., Mulser, P. & Steeb, W. H. Relativistic ponderomotive force, uphill acceleration, and transition to chaos. Phys. Rev. Lett. 

75, 4622 (1995).
	13.	 Pogorelsky, I. Prospects for laser wakefield accelerators and colliders using CO2 laser drivers. Nucl. Instrum. Methods Phys. Res. 

Sect. A 410, 524 (1998).
	14.	 Clayton, C. E., Joshi, C., Darrow, C. & Umstadter, D. Relativistic plasma-wave excitation by collinear optical mixing. Phys. Rev. 

Lett. 54, 2343 (1985).
	15.	 Tochitsky, S. Y. et al. Experiments on laser driven beatwave acceleration in a ponderomotively formed plasma channel. Phys. 

Plasmas 11, 2875 (2004).
	16.	 Kumar, P. et al. Evolution of the self-injection process in long wavelength infrared laser driven LWFA. Phys. Plasmas 28, 013102 

(2021).
	17.	 Kumar, P. et al. Simulation study of CO2 laser-plasma interactions and self-modulated wakefield acceleration. Phys. Plasmas 26, 

083106 (2019).
	18.	 Andreev, N. E., Kuznetsov, S. V., Pogosova, A. A., Steinhauer, L. C. & Kimura, W. D. Modeling of laser wakefield acceleration at 

CO2 laser wavelengths. Phys. Rev. ST Accel. Beams 6, 041301 (2003).
	19.	 Welch, J. R., Zgadzaj, R., Polyanskiy, M., Zhang, C., Pogorelsky, I. & Downer, M. C. Mid-IR, CO2-Laser driven, Self-Modulated 

Wakes. In Conference on Lasers and Electro-Optics (OSA, San Jose, California, 2017) p. FM2D.6
	20.	 Pogorelsky, I. V., Polyanskiy, M. N. & Kimura, W. D. Mid-infrared lasers for energy frontier plasma accelerators. Phys. Rev. Accel. 

Beams 19, 091001 (2016).
	21.	 Papp, D. et al. Laser wakefield acceleration with high-power, few-cycle mid-IR lasers. Nucl. Instrum. Methods Phys. Res. Sect. A 

909, 145 (2018).
	22.	 Lehe, R., Kirchen, M., Andriyash, I. A., Godfrey, B. B. & Vay, J.-L. A spectral, quasi-cylindrical and dispersion-free Particle-In-Cell 

algorithm. Comput. Phys. Commun. 203, 66 (2016).
	23.	 Campbell, R. N., Brunetti, E., Yoffe, S. R. & Jaroszynski, D. A. Optical pumped ultra-short pulse CO2 lasers as drivers of laser-

plasma accelerators and other applications. In XXII International Symposium on High Power Laser Systems and Applications (ed. 
Di Lazzaro, P.) 46 (SPIE, Frascati, 2019).

	24.	 Katsouleas, T. & Mori, W. B. Wave-breaking amplitude of relativistic oscillations in a thermal plasma. Phys. Rev. Lett. 61, 90 (1988).
	25.	 Sun, G.-Z., Ott, E., Lee, Y. C. & Guzdar, P. Self-focusing of short intense pulses in plasmas. Phys. Fluids 30, 526 (1987).
	26.	 Esarey, E., Sprangle, P., Krall, J. & Ting, A. Self-focusing and guiding of short laser pulses in ionizing gases and plasmas. IEEE J. 

Quantum Electron. 33, 1879 (1997).
	27.	 Shadwick, B. A., Schroeder, C. B. & Esarey, E. Nonlinear laser energy depletion in laser-plasma accelerators. Phys. Plasmas 16, 

056704 (2009).
	28.	 Schroeder, C. B., Benedetti, C., Esarey, E. & Leemans, W. P. Nonlinear pulse propagation and phase velocity of laser-driven plasma 

waves. Phys. Rev. Lett. 106, 135002 (2011).
	29.	 Spence, D. J. & Hooker, S. M. Investigation of a hydrogen plasma waveguide. Phys. Rev. E 63, 015401 (2000).
	30.	 Lu, W. et al. Generating multi-GeV electron bunches using single stage laser wakefield acceleration in a 3D nonlinear regime. Phys. 

Rev. Spec. Top. Accel. Beams 10, 1301. https://​doi.​org/​10.​1103/​PhysR​evSTAB.​10.​061301 (2007).
	31.	 Gordienko, S. & Pukhov, A. Scalings for ultrarelativistic laser plasmas and quasimonoenergetic electrons. Phys. Plasmas 12, 043109 

(2005).
	32.	 Cipiccia, S. et al. Gamma-rays from harmonically resonant betatron oscillations in a plasma wake. Nat. Phys. 7, 867 (2011).
	33.	 Bobrova, N. A. et al. Laser-heater assisted plasma channel formation in capillary discharge waveguides. Phys. Plasmas 20, 020703 

(2013).
	34.	 Hansson, M. et al. Down-ramp injection and independently controlled acceleration of electrons in a tailored laser wakefield 

accelerator. Phys. Rev. ST Accel. Beams 18, 0713 (2015).
	35.	 Tooley, M. P. et al. Towards attosecond high-energy electron bunches: Controlling self-injection in laser-wakefield accelerators 

through plasma-density modulation. Phys. Rev. Lett. 119, 044801 (2017).
	36.	 McGuffey, C. et al. Ionization induced trapping in a laser wakefield accelerator. Phys. Rev. Lett. 104, 5004. https://​doi.​org/​10.​1103/​

PhysR​evLett.​104.​025004 (2010).
	37.	 Döpp, A. et al. Energy-chirp compensation in a laser wakefield accelerator. Phys. Rev. Lett. 121, 074802 (2018).
	38.	 Ta Phuoc, K. et al. All-optical Compton gamma-ray source. Nat. Photon 6, 308 (2012).
	39.	 Vozenin, M.-C., Hendry, J. & Limoli, C. Biological benefits of ultra-high dose rate FLASH radiotherapy: Sleeping beauty awoken. 

Clin. Oncol. 31, 407 (2019).

https://doi.org/10.15129/6bb91792-4de1-405f-9cee-57228fc49713
https://doi.org/10.15129/6bb91792-4de1-405f-9cee-57228fc49713
https://doi.org/10.1103/PhysRevSTAB.10.061301
https://doi.org/10.1103/PhysRevLett.104.025004
https://doi.org/10.1103/PhysRevLett.104.025004


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6703  | https://doi.org/10.1038/s41598-022-10160-9

www.nature.com/scientificreports/

Acknowledgements
The authors acknowledge funding from the US AFOSR (FA9550-19-1-7046), UK EPSRC (EP/J018171/1, EP/
N028694/1), the European Union’s Horizon 2020 research and innovation programme under Grant Agreement 
No. 871124 Laserlab-Europe, EuPRAXIA (653782).

Author contributions
D.A.J. conceived the investigation; E.B. carried out the simulations and data analysis; all authors contributed to 
interpreting the results and writing the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.B. or D.A.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	High-charge electron beams from a laser-wakefield accelerator driven by a CO2 laser
	Laser-wakefield acceleration at CO2 laser wavelengths
	Simulation results
	Dependence on laser energy. 
	Scaling laws. 
	Dependence on laser beam waist. 
	Dependence on laser pulse duration. 

	Discussion
	Methods
	FBPIC simulations . 
	FBPIC simulations . 

	References
	Acknowledgements


