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High-quality and stable sub-relativistic electron sources are of great demand for various ap-

plications in industry and material science [1, 2]. The electron sources in such regime have been

previously produced by downscaling a laser-wakefield accelerator or using high-repetition rate

laser-plasma accelerators [3, 4, 5].

Here we describe a method based on the breaking of non-linear Langmuir waves driven by a

short intense laser pulse in the near-critical density plasmas. We observe a formation of a thin

layer of electrons that are expelled from the target at the plasma-vacuum interface. High quality

of the electron bunch is provided using a steep density profile on the target rear side and proper

parameters of the laser pulse. The electron beam has peak energy of several MeV, relatively

high electric charge, and low divergence. We demonstrate this effect numerically using 2D

large-scale particle-in-cell (PIC) simulations and provide analytical formulas that describe the

properties of the electron bunch.

The PIC simulations have been performed using massively parallel plasma simulation code

EPOCH [6]. A Gaussian linearly polarized laser pulse with the center wavelength λ = 1 µm

propagates through narrow pre-ionized hydrogen plasma slab with the initial density profile

prescribed by the following function,

ne,p (x) = n0 exp

[(
x− x0

d0

)10
]
.

The maximum density n0 = 0.05 nc (≈ 5.6 ·1019 cm−3) is defined in terms of the critical density

nc = meω2/(4πe2), where me stands for the electron mass, e is the elementary charge and

ω = 2πc/λ is the angular frequency of the laser beam. The constant c denotes the velocity of

light in vacuum. The density peak is located at x0 = 12 λ and the parameter d0 = 6 λ . The

longitudinal line-out along the y-axis of the electron density can be seen in Fig. 1.
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Figure 1: Longitudinal line-out along the y-

axis of the electron density profile

Figure 2: Electron density distribution in the

bunch

The laser parameters are chosen to be optimal

for the excitation of the large-amplitude wake field

[7]. The dimensionless amplitude of the laser beam

a0 ≈ 2.5 (I ≈ 8.7 · 1018 W · cm−2) is chosen such

that the electric field in the generated wake waves

stays below the Akhiezer-Polovin wave breaking

limit [8]

EA−P =
meωpec

e

√
2(γw−1),

where ωpe =
√

4πnee2/me is the electron plasma

frequency and γw = 1/
√

1−β 2
w is defined in terms

of βw = vph/c. The phase velocity of the wake wave

vph is equal to the group velocity of the laser beam

vg = c
√

1−ω2
pe/ω2.

The duration of the laser pulse τ ≈ 7.7 fs in

FWHM (≈ 2.3 T , where T = 2π/ω is the laser

period) is chosen such that the laser length corre-

sponds to the half of the wake wave wavelength

λw = λγwE
(
−a2

0
)
/π , where E(x) is the complete

elliptic integral of the second kind [9].

The size of the simulation domain is 60 λ in both

directions, represented by approx. 3.6 · 107 cells in

total. The simulation setup corresponds to the resolution of 100 cells per λ , 16 additional cells

are reserved for absorbing boundary conditions on each side of the simulation domain. The

cell size is therefore ∆x = ∆y ≈ 10 nm. The simulation time-step is chosen to fulfill the CFL

[10] condition ∆t = C∆x/
√

2c, where the CFL number C = 0.95, therefore ∆t ≈ 22 as. The

simulation time is chosen to 70 T , thus the whole simulation requires approximately 1.0 · 104

iterations.

The plasma is cold throughout the target, which is initially at rest and is made of electrons

and protons that are represented by weighted macro-particles. The number of particles per one

simulation cell is 16 for both, electrons and protons. The protons are set to be immobile. The

boundary conditions for particles are thermalizing. In total, the simulation domain contains

approximately 3.4 ·108 macro-particles.
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Figure 3: Energy spectra of the electron

bunch at several different time instants

Figure 4: phase space (x vs. px) of the elec-

trons located in the vicinity of the axis y = 0

Figure 5: phase space (px vs. py) of all the

electrons in the simulation domain

The laser beam excites a strongly nonlinear

Langmuir wave which propagates through plasma

with the phase velocity equal to the group veloc-

ity of the laser beam and subsequently breaks due

to the steep density drop at the rear side of the

target. The part of the electrons contained in the

plasma wave, whose kinetic energy is sufficient to

overcome the electrostatic potential generated due

to the electric charge separation, is expelled into

vacuum forming a thin layer. Later on, this layer is

transformed into the characteristic arrow-like shape

since the electrons located in the vicinity of axis

have slightly higher energy than the electrons at pe-

riphery (Fig. 2). As can be seen in the Fig. 3 the

electrons are further accelerated after they exit the

plasma due to the directed Coulomb explosion [11].

The properties of the accelerated electron bunch

were collected and analyzed 40 µm beyond the tar-

get rear side. The energy spectrum of the electrons

in the bunch is relatively broad with the peak energy

of 5 MeV (Fig. 3, Fig. 4). The number of electrons

in the bunch predicted by simulations is in the range

of 5 · 108− 1 · 109, therefore the electric charge is

100− 150 pC. The duration of the bunch is lower

than 10 fs and the divergence of the electrons varies

from 30 mrad for the most energetic electrons at the

front of the bunch to 60 mrad for the electrons in the

low-energy tail (Fig. 5).

Let us find analytically the energy spectrum of

electrons in the wake wave at the threshold of

breaking in the one-dimensional approximation.

The properties of the non-linear waves near singu-

larities have been extensively studied [12]. Assume

all functions to be dependent on the variable X = x− vpht, where x and t denote the space and
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time coordinate, respectively, and vph is the phase velocity of the wake wave. Consider the elec-

tron density in the wave to be n(X)≈ |X |−2/3 and the momentum of the electrons in the wave to

be p(X) ≈ pm−|X |2/3, where pm = p(Xm) is the momentum at the wave-breaking coordinate

Xm. The distribution function is then f (X , p) = |X |−2/3δ (p− pm + |X |2/3). Consequently, one

can easily obtain the energy spectrum of the electrons,

dN
d p

=
∫

∞

−∞

f (X , p) dX ≈ 1√
pm− p

.

In conclusion, we have studied the properties of the electron bunch generated by the breaking

wake wave at the plasma-vacuum interface of narrow underdense targets. We have analyti-

cally estimated the energy spectrum of the bunch and performed several 2D PIC simulations to

demonstrate this effect numerically. The simulations predict relatively high electric charge of

the bunch and low divergence. Such beam can be further studied as a relativistic flying mirror

[12], in terms of injection to the secondary wake field and various other applications such as

ultrafast imaging [13] or femtosecond X-ray generation [14].
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