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ABSTRACT
We propose a novel approach for generating a high-density, spatially periodic narrow electron beam comb (EBC) from a plasma grating
induced by the interference of two intense laser pulses in subcritical-density plasma. We employ particle-in-cell (PIC) simulations to investi-
gate the effects of cross-propagating laser pulses with specific angles overlapping in a subcritical plasma. This overlap results in the formation
of a transverse standing wave, leading to a spatially periodic high-density modulation known as a plasma grating. The electron density peak
within the grating can reach several times the background plasma density. The charge imbalance between electrons and ions in the electron
density peaks causes mutual repulsion among the electrons, resulting in Coulomb expansion and acceleration of the electrons. As a result,
some electrons expand into vacuum, forming a periodic narrow EBC with an individual beam width in the nanoscale range. To further explore
the formation of the nanoscale EBC, we conduct additional PIC simulations to study the dependence on various laser parameters. Overall,
our proposed method offers a promising and controlled approach to generate tunable narrow EBCs with high density.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0151883

I. INTRODUCTION
The interaction of multiple laser beams with plasmas has

revealed various nonlinear effects, exhibiting novel features and
finding numerous applications in different interaction configu-
rations. For instance, four-wave mixing can result in phase-
conjugating reflection,1 and the use of two laser pulses can accelerate
energetic particles.2–7 Attosecond x-ray pulses can also be gener-
ated,8 and terahertz radiation can be produced using a two-color
laser scheme.9,10 These interactions can occur when the laser beams
are either parallel or crossed at specific angles. Moreover, recent
studies have demonstrated that the intersection of two nonrelativis-
tic laser beams with a plasma can induce a stable grating-like elec-
tron density modulation called a plasma Bragg grating (PBG).11–14

This grating has diverse applications, including the manipulation of
ultrashort intense laser pulses,15–17 generation of electron bunches,18

production of high-density electrons,19 and triggering of electron
injection in the laser wakefield.20 However, when the intensity of
the pump lasers reaches relativistic levels, new nonlinear phenomena
arise during the interaction process.

FIG. 1. Schematic of the proposed scheme. Two intense laser pulses interact on a
subcritical density (n0 = 0.1nc) plasma layer at an angle θ = 10○.
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In this work, we propose a novel method for generating a
high-density narrow electron beam comb (EBC) in the presence
of a plasma grating. Our approach involves the interaction of two
cross-propagating laser pulses at specific angles with critical-density
plasmas. When these intense laser pulses intersect in the plasma,
they create an interference field in the region of overlap, leading
to the formation of an electron plasma grating. This grating intro-
duces a charge imbalance between electrons and ions, resulting in
strong mutual repulsion among the electrons. This repulsion causes
Coulomb expansion of the electrons, with some of them expand-
ing into the vacuum. Under the influence of the transverse standing
wave field, a periodic accelerated EBC is generated. Our research
demonstrates that the interference field can effectively guide and col-
limate these electron beams, allowing them to stably propagate for
tens of femtoseconds. Furthermore, the width of the individual elec-
tron beams along the y direction can be reduced to the nanoscale
range, with energy levels reaching several MeV and density levels

reaching the critical density of the initial plasma. Additionally, the
characteristics of the EBC can be tailored by adjusting the initial laser
parameters.

II. EBC GENERATION
Figure 1 illustrates the proposed EBC scheme based on a plasma

grating. The scheme is simulated using a 2D3V particle-in-cell (PIC)
method with the LAPINE code.21 The simulation involves two cir-
cularly polarized (CP) laser pulses, with the same strength parameter
aL = 2, wavelength λ = 800 nm, spot radius b = 10λ0, and pulse dura-
tion τ = 30T0, where λ0 = 1 μm is the unit of the simulation and
T0 is the laser period normalized with respect to λ0. At t = 0, the
two CP laser pulses intersect on the left side (z = 0) of the plasma
target at an angle θ = 10○. The peak intensity of the laser is 8.56
× 1018 W/cm2. The plasma target consists of a uniform subcritical

FIG. 2. (a) Snapshot of normalized laser light field aL(y, z, t) at time t = 14T0. (b)–(d) Snapshots of electron density at times t = 14T0, 18T0, and 22T0, respectively.
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density plasma layer with density n0 = 0.1nc and thickness 15λ0,
where nc = 1.1 × 1021

/λ2
0 cm−3 is the critical density. The plasma

layer is located in 8 < z/λ0 < 23. The simulation box is 40λ0 × 25λ0,
containing a 8000 × 5000 grid, with 16 ions and 16 electrons per cell.
The ion–electron mass ratio is 1836.

To simulate the generation of the EBC, we first consider the
propagation of laser pulses through a subcritical density plasma.
Figure 2 illustrates the evolution of the EBC, showing snapshots of
the normalized laser light field aL(y, z, t) at time t = 14T0 [Fig. 2(a)]
and the electron density at different times t = 14T0, 18T0, and
22T0 [Fig. 2(b)–2(d)]. As the two laser pulses propagate forward
and intersect on the plasma target at z = 8λ0, their y components
overlap and induce an interference field. We observe that the pon-
deromotive force of the interference field starts to expel electrons
from the high-intensity regions, causing them to accumulate in
the wave nodes and form a narrow density peak with a density
several times higher than the background plasma. Subsequently, a
spatially periodic modulation in electron density, known as an elec-
tron plasma grating,11 is driven by the ponderomotive force, as
depicted in Fig. 2(b). During this period, the massive ions remain
stationary while the local non-neutrality of charge is established.
The unneutralized electrons within the narrow high-density electron
peak interact through mutual repulsion, triggering the Coulomb
expansion process and inducing their acceleration. Some electrons
move transversely and neutralize with the ions, while some move
forward, sustaining the persistent Coulomb expansion. Additionally,
a portion of backward-moving electrons overflows the target surface,
forming an EBC.

At a later time t = 18T0, under the continuous influence of
the ponderomotive force of the interference field, most electrons
between the peaks of the electron plasma grating are expelled from

the high-intensity regions, resulting in the formation of several
electron cavities, as observed in Fig. 2(c). Notably, the Coulomb
expansion process of electrons persists from the density peak. We
can observe the electron beams continuously emerging from the tar-
get surface with a speed of ∼0.6c, while the electron density ripple
structures induced by the transverse neutralization effect of elec-
trons and ions begin to manifest in the plasma layer. The single
electron beam of the EBC is compressed to an extremely narrow
width in the nanoscale range under the guidance of the standing field
in the y direction. The EBC can stably propagate longitudinally in
vacuum for tens of femtoseconds. Eventually, the mutual repulsion
among the electrons leads to dissipation of the electron bunches, as
shown in Fig. 2(d).

We now further explore the detailed process of generation
of the EBC. In Fig. 3, we observe the normalized laser light field
aL(y, z, t) and electron density along the y direction at (a) z = 9.5λ0
and (b) z = 7.74λ0 at time t = 18T0. Figure 3(a) illustrates the peri-
odic standing field and the density distribution of the electron
plasma grating. The ponderomotive force of the standing field expels
the electrons located in the wave antinodes from the high-intensity
regions. As a result, these electrons accumulate in the wave nodes,
giving rise to the formation of a plasma grating. The period of this
grating, as seen in Fig. 3(a), is ∼2.3 μm, and the density of the elec-
tron peak is several times higher than the initial plasma density.
Figure 3(b) shows the periodic standing field and density distribu-
tion of the EBC at z = 7.74λ0 in vacuum. The period of the standing
wave remains the same as in the plasma layer. Notably, the width
of an individual electron beam in the y direction is compressed to
about 52 nm (the electron beam width mentioned later refers to the
y direction). The densities of these electron beams can approach the
critical density.

FIG. 3. Normalized laser light field aL(y, z, t) (blue dotted line) and electron density (red solid line) along the y direction at (a) z = 9.5λ0 and (b) z = 7.74λ0 at time t = 18T0.
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III. DEPENDENCE OF EBC ON LASER PARAMETERS
In the analysis of EBC generation, the spatial distribution of the

EBC is intricately connected to the plasma grating, which exhibits
a periodic modulation of density along the y axis in the crossing
plane at a wavelength scale. To determine the spatial period of the
plasma grating, we consider the interaction of two laser beams cross-
ing at an angle 2θ, as shown in Fig. 1. The propagation vectors of
the two beams can be represented as k1 = ẑ k cos θ − ŷ k sin θ and
k2 = ẑ k cos θ + ŷ k sin θ, where k = ω/c is the wavenumber, ω is
the angular frequency, c is the speed of light in vacuum, and x̂, ŷ, ẑ
are unit vectors in the x, y, z directions. We assume that the two
beams are plane waves and have the same amplitude and frequency.
They irradiate the plasma at incidence angles θ and −θ with respect
to the z axis. The electric fields of the two beams can then be written
in the forms

E1(r1, t) = E0 exp[i(k1 ⋅ r1 − ωt)], (1)

E2(r2, t) = E0 exp[i(k2 ⋅ r2 − ωt)], (2)

Here E0 represents the common complex amplitude vector of
the two beams, r1 and r2 are the spatial position vectors, and ω is the
angular frequency. In the region of overlap, we have r1 = r2 = r, and
the electric field can be expressed as

E(r, t) = E1(r, t) + E2(r, t) = E0[ exp(ik1 ⋅ r − iωt)
+ exp(ik2 ⋅ r − iωt)]. (3)

The intensity related to the two overlapping waves is

I(r, t) = ∣E(r, t)∣2 = ∣E0[exp(ik1 ⋅ r − iωt) + exp(ik2 ⋅ r − iωt)]∣2

= ∣E0∣
2
[2 + exp (ik1 ⋅ r − ik2 ⋅ r) + exp (ik2 ⋅ r − ik1 ⋅ r)]. (4)

Substituting k1 and k2 into Eq. (4) gives

I(r, t) = ∣E0∣
2
[2 + exp (−2iky sin θ) + exp (2iky sin θ)]. (5)

This simplified expression describes the intensity distribution
of the standing wave field formed by the crossing propagation of
two lasers with the same frequency and amplitude. The intensity

FIG. 4. Normalized laser light field (blue dotted lines) and electron density (red solid lines) along the y axis at different positions for two different scenarios. In (a) and (b),
ultraviolet femtosecond laser light (λ = 260 nm) is used at a fixed angle of incidence of θ = 10○. (c) and (d) show the femtosecond laser light (λ = 800 nm) at time t = 15T0
when the angle of incidence is modified to θ = 20○.
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I exhibits a periodic modulation along the y axis with wave vec-
tor q = 2k sin θ = 2π/Λ. Consequently, the ponderomotive force will
induce a periodic modulation of the electron density with a spatial
period Λ = λ/(2 sin θ). It is evident that the period of the plasma
grating is determined solely by the wavelength of the laser and the
angle of incidence. Specifically, for θ = 10○ and λ = 800 nm, we can
deduce that the period of the plasma grating is ∼2.3 μm, which is
highly consistent with the simulation results obtained in Sec. II.

To demonstrate the influence of laser wavelength and incident
angle on the formation of the EBC, we conducted additional simula-
tions for comparison, as shown in Fig. 4. In Fig. 4(a), we used a laser
wavelength of λ = 260 nm while keeping the other laser and plasma
parameters the same as in the previous simulations. It is observed
that the periods of both the electron grating and the electron beams
are shorter than those in Fig. 3. The density of the individual elec-
tron beams decreases to ∼0.5nc, and their width is compressed to
about 10 nm. However, owing to the limitations of current laser
technology, it is challenging to implement this experiment.

In Fig. 4(c), we changed the angle of incidence to θ = 20○ while
keeping the other parameters constant. We observe that the periods
of both the electron grating and the electron beams are again shorter
than those in Fig. 3. This result further confirms that the laser wave-
length and angle of incidence are crucial factors that influence the
periods of the plasma grating and electron beams. From the for-
mula in Eq. (5) for the intensity of the standing wave, it is evident
that this intensity exhibits a periodic relationship with respect to the
incident angle, rather than a linear one. Consequently, the density
and width of the generated electron beams also display oscillatory
behavior with respect to the angle of incidence. For instance, when
we varied the angle of incidence from θ = 5○ to θ = 50○ while keeping
other parameters constant, the simulation results were in agreement
with the predictions from Eq. (5). Considering that the period of the
plasma grating is Λ = λ/(2 sin θ), it is evident that the angle of inci-
dence should not be too small. If the angle is approximately zero,
then the two laser beams will no longer interfere, leading to the
absence of electron beam generation.

FIG. 5. Normalized electron density along the y axis for laser strengths aL = 1
(yellow solid line), aL = 3 (red solid line), and aL = 5 (blue solid line).

To investigate the influence of laser intensity on the EBC, Fig. 5
compares the peak density of the electron beams for three different
laser field strengths. The results indicate that the period of the elec-
tron beams is not affected by the laser intensity. This supports the
previous finding that only the laser wavelength and incident angle
play a role in determining the period of the electron beams. It is
observed that the peak density of the electron beams increases with
increasing laser field strength, reaching 0.86nc for aL = 5 and 0.04nc
for aL = 1. This trend can be attributed to the stronger ponderomo-
tive force arising with higher-intensity lasers, which determines the
density of the electron grating. Consequently, continuous Coulomb
expansion is more likely to occur. Therefore, the generation of an
EBC requires a sufficiently intense laser to expel electrons and create
electron cavities that facilitate Coulomb expansion. The simula-
tions also reveal that higher laser intensities result in a narrower
compression of the electron beam, indicating a smaller scale in
the y direction. Additional simulations were conducted to explore
the impact of different laser durations on the generation of the EBC.
The results are similar to those shown in Fig. 3.

FIG. 6. Trajectories of electrons in the EBC for (a) circularly and (b) linearly polar-
ized laser pulses with the same laser intensity. The black dots represent the
starting points of the electron trajectories. In (c), the normalized electron density of
EBC along the y axis is presented, using the same laser and plasma parameters
as in (a) and (b).
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FIG. 7. Energy spectrum of EBC at t = 40T0.

IV. TRANSPORTATION OF EBC
To further investigate the mechanism of generation of the EBC,

we tracked the trajectories of several groups of electrons that were
induced by circularly polarized (CP) and linearly polarized (LP)
laser pulses with the same laser intensity, as shown in Fig. 6. Our
results demonstrate that both CP and LP laser pulses are capable
of generating the EBC phenomenon. As already mentioned, dur-
ing the formation of the plasma grating, the ponderomotive force
initially pushes the electrons to form high-density peaks. The local
charge non-neutrality between electrons and ions causes the elec-
trons to experience a Coulomb expansion. Subsequently, some of
the electrons expand into the vacuum region. We can observe from
the electron trajectories in Fig. 6 that during the initial stage, under
the influence of the laser polarization, the electrons move forward
in a spiral pattern for CP laser pulses and in a zigzag pattern for
LP laser pulses. Once the electrons expand into the vacuum, they
become trapped by the stationary wave that forms along the y direc-
tion when the two laser pulses intersect on the plasma target. As a
result, the EBC can be collimated and guided by the stationary wave
for tens of femtoseconds. Furthermore, we compared the peak den-
sity of the electron bunches between CP and LP lasers and obtained
similar results, as shown in Fig. 6(c). This suggests that laser polar-
ization does not significantly affect the peak density of the electron
bunches.

As already mentioned, the Coulomb expansion of the electrons
causes the acceleration process. Owing to the continuous action of
the ponderomotive force, most electrons accumulate in the electron
peaks, resulting in continuation of the acceleration process caused
by Coulomb expansion. The energy spectrum of the EBC, as shown
in Fig. 7, demonstrates that the electrons are accelerated to energies
ranging from ∼5 to 20 MeV at time t ∼ 40T0.

V. CONCLUSION
In summary, the interaction of two circularly or linearly polar-

ized laser pulses with a uniform under-critical-density plasma can
generate a standing wave, leading to the formation of a spatially peri-
odic plasma grating. This grating causes a local charge imbalance,
resulting in a significant mutual repulsion among electrons and

inducing Coulomb expansion. The guided and focused expansion
of electrons into the vacuum leads to the creation of a high-density
nanoscale narrow electron beam comb (EBC). The period of the
plasma grating and EBC depends on the laser wavelength and inci-
dent angle, while the peak density is influenced by various laser
parameters. It has been observed that the generation of high-density
EBCs requires a broad range of specific laser and plasma parameters,
suggesting the potential for stable EBC generation. Remarkably,
these EBCs can propagate stably in vacuum for several tens of fem-
toseconds. They can serve as a valuable source of high-brightness
short-pulse coherent radiation, including x-rays and gamma rays,
enabling the exploration of ultrafast processes at the molecular level.
Furthermore, the expansion process of electrons in the standing
wave can generate x-ray and terahertz radiation, and the tunable
standing wave can be used as the wiggler for a short-wavelength
free-electron laser. However, further research is needed to gain
a detailed understanding of the expansion process and higher-
dimensional effects associated with this mechanism. In conclusion,
the mechanism studied here exhibits promising potential for various
applications and warrants further investigation.
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