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Electron acceleration in intense laser —solid interactions

at parallel incidence

X.F. Shen, A.M. Pukhov, S.E. Perevalov, A.A. Soloviev

Abstract. Using multidimensional particle-in-cell simulations,
we show that an electron beam with a huge space charge can be
accelerated to high energies by irradiating the edge of a solid
density target with an intense femtosecond laser pulse at paral-
lel incidence. The process of energy gain of each electron is
divided into two parts: the transverse laser field and the longi-
tudinal field of the excited surface plasma wave (SPW). It is
shown that the longitudinal field of the SPW dominates the
acceleration of the major part of electrons. This process leads
to generation of a highly collimated electron beam with a huge
space charge.

Keywords: laser-plasma interactions, electron acceleration, ultra-
relativistic processes, particle-in-cell simulations.

1. Introduction

One of the most promising applications of intense laser-
plasma interaction is the generation of high-energy elec-
tron beams. Since 1979, various acceleration mechanisms
have been proposed and demonstrated that work at dif-
ferent laser and plasma parameters [1 —6]. Recently, the
interaction of laser radiation with structural targets has
been intensively studied, including hollow tubes, arrays
of nano- and microwires, slabs and other similar configu-
rations [7—17]. In these regimes, the laser energy is cou-
pled into transverse magnetic modes {we call it surface
plasma wave (SPW) [18] hereinafter}. The laser pulse is
actually incident parallel to the lateral surfaces of the tar-
get, different from the normal or oblique incidence used
in typical laser planar target interactions [19-21]. At par-
allel incidence a significant amount of electrons can be
peeled off from the skin-layer of the target and acceler-
ated along the lateral surface to high energies (we refer to
this regime as the laser peeler regime). Two groups of
electrons are distinguished. One is mainly accelerated by
the laser transverse field, similar to the mechanism dis-
cussed in Ref. [22]. The other is dominated by the longitu-
dinal field of the SPW [7, 8, 15, 16].
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In the present paper, we explore the electron acceleration
in the interaction of intense femtosecond laser pulses with
solid targets (n, > 10> cm™3) at parallel incidence regime (laser
peeler), where preplasmas covering the target around are con-
sidered. We find that the SPW-driven acceleration (SPWA) is
the dominant acceleration mechanism and the maximum
energy gain from the SPWA is about three times higher than
that from the transverse acceleration. The accelerated elec-
tron beam is highly collimated with a space charge up to tens
of nanocoulombs.

2. Simulation setup

The two-dimensional (2D) particle-in-cell (PIC) simulations
are conducted with the EPOCH code [23] and the VLPL
(Virtual Laser Plasma Lab) code [24]. A y-polarised laser
pulse with an intensity of I, = 2.16 X 102 W cm~? and a wave-
length of A = 800 nm is focused on the front edge of a tape
target. The laser field amplitude corresponds to a normalised
vector potential aqg = E,/Eq = 10, where E|, is the amplitude
of the laser electric field; Ey = mcwyle; w, is the laser fre-
quency; and m and e are the electron mass and charge, respec-
tively. The laser beam has a temporal cosine profile with a
FWHM duration T, = 11 fs. A transverse plane wave is used
to clearly show the electron dynamics. The main target has a
uniform solid density n, = 200n,, (about 3.5X 10> cm).
Here n., = mcwg/(4ne2) is the critical density of electrons. The
transverse thickness is 1.24 and the longitudinal length is 804.
Preplasmas cover the tape target around. In front of the edge,
a linear density ramp with a scale length of 54 is simulated,
while in the lateral surfaces, the scale length is 0.54.

The simulation box is 124 X 404 sampled by 2400 x 4000
cells, respectively, in the x X y directions. Each cell contains
100 macroparticles. A moving window is used to save com-
putational resources. In the transverse direction, periodic
boundary conditions are used for fields and open conditions
are used for particles. In the EPOCH code, the algorithm pro-
posed by Pukhov is used to minimise the numerical disper-
sion [24].

3. Simulation results and discussion

Figure 1 illustrates the formation process of an electron nano-
bunch. At the beginning (1 = 3.57), electrons are pushed for-
ward by the laser ponderomotive force, forming a high den-
sity electron sheet in front of the edge that can excite a strong
SPW (Figs la and le). Here ¢ = 0 corresponds to the time
when the laser pulse enters the simulation box. For a linearly
polarised laser pulse, the ponderomotive force oscillates at
twice the laser frequency. When it changes the sign, part of
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electrons are pulled backward, while they are also accelerated
upward by the laser electric field £, (Figs 1g and h). Due to
the transverse ponderomotive force, these electrons are com-
pressed to a higher density, forming a dense electron nano-
bunch (Figs 1d and i). Subsequently, this nanobunch is accel-
erated forward by both the longitudinal field of the SPW and
the laser transverse field (Figs le and j). This process looks
like the nanobunch is ‘peeled’ off from the target surface by
the laser pulse and it repeats every half a laser cycle, forming
a series of electron nanobunches that are periodically distrib-
uted and separated by one laser wavelength on each side of
the target (see Fig. 2c).

The simulation results at ¢t = 167 are shown in Fig. 2,
which illustrates the distributions of the laser electric field £,
the longitudinal electric field E, of the SPW and the electron
density 7. Note that the field £, near the thin film is the ‘pure’
SPW field, because the longitudinal field of the symmetric
laser pulse is here equal to zero. One can clearly see that the
SPW travels forward with the laser pulse with velocity close
to the light speed. Meanwhile, the electron nanobunches are
trapped inside the potential well of the SPW, which means
they will gain energies directly from the longitudinal field of
the SPW. To make this more clear, we present the energy-gain
plane (W,, W,) of each electron at the moment of time ¢ =
80T (see Fig. 3), where W, and W, are defined as

W, =~ ev,E,dr,

W, = —fevyEydt.

y

The purple dashed line means that W, + W, = 0 and there-
fore all electrons are located in the upper right half-plane. The
red dashed lines enclose areas preferably by the longitudinal
and transverse acceleration, respectively. One can clearly see
that most electrons gain more energy from the longitudinal
field, that is, via the SPWA. For the most energetic electrons,
the transverse field £, even decelerates them (W), < 0). The
maximum value of W, reaches about ~450m.c?, which is
about three times larger than that of ). This indicates that
the SPW dominates the electron acceleration process in our
regime.

In the following, we divide the electrons into two groups
to facilitate our comparison and show their differences.
Group A represents those electrons that gained more energy
from the longitudinal component of the electric field, that is,
W, > W,. Group B represents those electrons that gained more
energy from the transverse component, that is, W, < W,

The trajectories of representative electrons from groups A
and B are shown in Figs 4a and 4b, respectively, where the
trajectories are colour coded with respect to the relativistic
electron energy y. In Fig. 4a, electrons are selected from those
satisfying the conditions W, > W, and W\ >0.95W, . att =
807y, since we are mainly interested in high energy electrons
(here W, nax 1S the maximum value of W, at the considered
moment of time). One can clearly see that these electrons are
mainly accelerated forward close to the target surface, while
the transverse displacements are very small. This is quite dif-
ferent from the electrons from group B. As shown in Fig. 4b,
they have much larger transverse displacements while moving
forward, since they are predominantly accelerated by the field
E,, and then turn forward by the v X B force. Meanwhile,
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Periodic formation of an electron nanobunch

Figure 1. (Colour online) (a—e) Temporal evolutions of the normalised laser transverse electric field E,/E; and (f-j) electron density distributions
nelng att = (a, f) 3.57,, (b, g) 3.67, (c, h) 3.857, (d, 1) 4.07), and (e, j) 4.57,, which illustrate the formation process of a dense electron nano-

bunch.
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considering there are much fewer high energy electrons in this
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I The angular distributions of the two groups are presented
in Fig. 5. For group A, the angular spread of electrons is
extremely small; the divergence angle of the high-energy elec-
15 -3 trons (> 100 MeV) is only about 1° (Fig. 5a). Compared to
X/ this, the angular spread of electrons from group B is moder-
Vi In(ng/ne) ately larger, where the divergence angle is about 5° for those
with energies larger than 50 MeV (Fig. 5b).
Figure 6a shows the temporal evolutions of the maximum
electron energy Eyx, Wymax and W), .. One can see that at
Sk 3 the beginning these values increase faster and then approach
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Figure 2. (Colour online) (a) Distributions of the normalised laser Vi y
transverse electric field E,/E, (b) the longitudinal component of the b 80
electric field E/E, and (c) the logarithmic colour scale of the electron —1 ’:“\\
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mined by their relative longitudinal positions with respect to
the laser phase, similar to the acceleration process of a single
electron in vacuum. However, due to the longitudinal compo-
nent of the fields, they may achieve higher energies than the
“free electron’ limit energy of m,c?al/2 ~ 26 MeV [22]. Note
that the representative electrons of group B are selected from
those satisfying the conditions W, < W, and W, >0.85W,
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Figure 4. (Colour online) Trajectories of ten representative electrons
from (a) group A and (b) group B, which are colour coded with respect
to the relativistic electron energy y.




836 X.F. Shen, A.M. Pukhov, S.E. Perevalov, A.A. Soloviev
250 100 250 100
> a Z b
S =
= <
~ W
© 200 80 200 80
150 60 150 60
100 40 100} . 40
50 20 20
0 0 0
—40 -20 0 20 40

0/deg

Figure 5. (Colour online) Angular distributions of electrons from (a) group A and (b) group B at ¢ = 807}, (the colour scale represents the relative

number of electrons).

220 MeV, which is much higher than the ‘free electron’ limit
of 26 MeV. Note that here the the value of W, .. is always
slightly larger than that of E ., which means that the trans-
verse field even decelerates these electrons. The correspond-
ing energy spectra are shown in Fig. 6b. One can see that most
of high energy electrons are mainly accelerated by the longitu-
dinal field, while only a small fraction predominantly comes
from the transverse acceleration. The maximum electron
energy in group B is about 90 MeV, much smaller than that in
group A.

The total number of electrons with y > 10 reaches about
7.5% 10'°, while the number from groups A and B is about
5.4x 100 and 2.1 x 10'°, respectively. Here we take the length
of the third dimension as 104.

4. Conclusions

Thus, using 2D PIC simulations, we investigated the electron
acceleration in the solid peeler regime with preplasmas taken

into account. It is shown that the acceleration mainly comes
from the longitudinal direction, that is, via the SPWA, lead-
ing to a highly collimated electron beam. The maximum elec-
tron energy reaches about 220 MeV that is much higher than
the ‘free electron’ limit, and the space charge of high energy
electrons can reach tens of nC, which is very important for
relevant applications [10, 12, 16, 17, 25].
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Figure 6. Colour online) (a) Temporal evolutions of the maximum electron energy E .. (black pluses), W, na. (red asterisks) and W), max (blue
crosses), as well as (b) energy spectra of all the electrons (black solid), electrons from group A (red dashed) and group B (blue dashed) at ¢ = 807,
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