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Generation of quasi-monochromatic beams of accelerated electrons
during interaction of weak-contrast intense femtosecond laser

radiation with a metal-foil edge

Yu.A. Malkov, A.N. Stepanov, D.A. Yashunin, L.P. Pugachev,

P.R. Levashov, N.E. Andreev, A.A. Andreev

Abstract. The formation of monoenergetic beams of accelerated
electrons by focusing femtosecond laser radiation with an intensity
of 2 x 10'7 W em~2 onto an edge of aluminium foil has been experi-
mentally demonstrated. The electrons had energy distributions
peaking in the range from 0.2 to 0.8 MeV and an energy spread less
than 20 %. The acceleration mechanism related to the generation of
a plasma wave as a result of self-modulation instability of the laser
pulse in the subcritical plasma formed the prepulse of the laser sys-
tem (arriving 10 ns before the main pulse) is considered. One-
dimensional PIC simulation of the interaction between the laser
radiation and plasma with a concentration of 5 x 10'° cm= showed
that effective excitation of a plasma wave, as well as the trapping
and acceleration of the electron beam with an energy on the order
of 1 MeV, may occur in the presence of inhomogeneities in the den-
sity at the plasma boundary and in the temporal shape of the beam.

Keywords: femtosecond laser radiation, acceleration of electrons,
self-modulation instability, plasma wave.

1. Introduction

Acceleration of particles upon excitation of plasma waves by
high-intensity subpicosecond laser radiation [1, 2] is a promis-
ing field of research in high-energy physics. The immense
accelerating fields, exceeding those yielded by standard high-
frequency accelerators by several orders of magnitude, make
it possible to design compact charged-particle accelerators for
different applications in fundamental science, medicine, and
diagnostics of extreme states of matter.

One of the key problems in laser-plasma acceleration is the
trapping of electrons by an accelerating plasma wave. Recently
the so-called bubble electron acceleration in a plasma wave has
been actively investigated. In this regime a highly nonlinear
plasma wave can trap electrons from the cold background
plasma [3]. The self-trapping conditions in this regime were
thoroughly investigated in [4, 5]. Many different schemes of
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electron injection into the accelerating wake wave were pro-
posed: use of a pair of counterpropagating beams [6]; sharp
laser beam focusing [7]; laser pulse chirping [8]; use of a mixture
of gases, one of which has a high ionisation threshold [9—-11];
application of a strong external magnetic field [12]; and forma-
tion of various transverse inhomogeneities [13].

At the same time, the studies on acceleration of electrons
in a more stable, weakly linear plasma wave are under way.
Under these conditions, in contrast to the bubble regime, the
electron trapping energy thresholds are much higher due to
the low plasma-wave amplitude; thus, the problem of electron
injection into the plasma wave is especially urgent. In fact, it
has not been solved to date. Although the excitation of weakly
linear plasma waves at long paths, which are necessary to
accelerate particles to several hundreds of MeV, was demon-
strated in [14, 15], there are only few results on synchronous
(with the laser pulse) electron injection into the wave.

In some studies there were attempts to inject electrons
using an external high-frequency accelerator. However, this
scheme proved to be low-efficient because of the difficulties
with synchronising the electron beam and laser pulse and the
relatively long path of the accelerator electron beam.
Currently, an injector based on an RF accelerator, the pho-
tocathode of which receives a femtosecond pulse exactly syn-
chronised with the strong pulse exciting a plasma wave [16], is
being actively developed; however, practical results have not
been published yet.

An alternative way to form a synchronised electron source
is to focus high-intensity radiation on a solid. To apply an
electron source as an injector to the accelerating wake wave,
one must know such characteristics as the degree of collima-
tion and energy homogeneity of the electron beam. Emission
of electron beams in the specular direction at focusing laser
radiation on the solid target surface at a certain angle was
observed in [17-20]. In some experiments the energy spec-
trum of the electrons emitted from the plasma at a large angle
of incidence of laser beam on the solid target surface con-
tained quasi-monoenergetic bunches of accelerated electrons
[21, 22]. It was shown that a critically important factor in this
case is the existence of pre-plasma, which is induced by the
relatively low contrast of laser pulse.

The main specific feature of this study is that laser radia-
tion was focused on the edge of an aluminium foil perpen-
dicular to its plane, so as to ensure free bypass of the foil for
some part of laser radiation. We revealed generation of highly
collimated electron beams, propagating in the same direction
as the laser pulse and characterised by a narrow energy distri-
bution peaking in the range of 0.2—0.8 MeV. The electron-
beam charge ranges from 1 to 10 pC.
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2. Experimental technique

The experiment was performed using a Ti:sapphire laser, gen-
erating 60-fs pulses with a maximum energy up to 100 mJ and
a centre wavelength of 800 nm. The laser beam was focused
(using a spherical mirror with a focal length F = 50 cm) on the
edge of an aluminium 200-um-thick foil perpendicular to its
surface in a vacuum camera (Fig. 1). The maximum intensity in
the focus (at a beam radius o= 25 um at a level of 1/e> and a
pulse energy of 100 mJ) was 7= 2 x 10'7 W cm2. Nonidealities
of the polarisation elements of the laser system led to the pres-
ence of a prepulse, arriving before the main pulse by 12 ns; it
had energy of 10 of the main pulse energy and was approxi-
mately of the same duration. As a result, when focused on the
target, the laser intensity in the prepulse exceeded the ionisa-
tion threshold for the target material, and the main laser pulse
interacted with not only the metal but also with the plasma
formed by the prepulse (Fig. 1, inset).

Diagnostics of electrons was performed by recording the
luminescence of a Lanex Medium scintillation screen
(Kodak) using a Hamamatsu C8484-05G digital camera,
equipped with a 25 mm F/1.4 objective; the camera was
mounted at a distance of 22 cm from the screen. The scintil-
lation screen was isolated from optical radiation using a
10-um-thick aluminium foil, pressed closely to the screen
surface. The data of [23] were used to calculate the sensitiv-
ity of the diagnostics for electrons with different energies.
The minimum measured electron energy (energy cutoff),
with the scintillation-screen sensitivity and the transmit-
tance of the aluminium foil taken into account, was
about 140 keV.

A helium—neon laser was used to align the intense laser
beam with the target. The laser beam transmitted through the
target after the interaction was monitored by recording an
enlarged beam image with another CCD camera. The elec-
tron energy was measured using a magnetic spectrometer
based on a pair of NdFeB magnets, positioned in a magnetic
circuit 5 cm in diameter; the uniform magnetic field in the gap
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Figure 1. Schematic of the experimental setup. The inset shows the ge-
ometry of interaction of the laser pulse and foil.

was 0.2 kG. Using the luminescence data from the screen,
with allowance for its sensitivity in the presence of a foil in
front of it, we calculated the electron trajectory and recon-
structed the energy spectrum of electrons. A metal slit was
placed at the spectrograph input to collimate the electron
beam.

A laser pulse was focused by a spherical mirror on the alu-
minium foil edge so that approximately a half of laser beam
fell on the foil and the other half passed by. The foil plane was
oriented perpendicular to the laser beam direction. The foil
was displaced in two coordinates using a pair of motorised
translators.

3. Experimental results

The spatial distribution of accelerated electrons was studied
without a magnetic spectrometer. The foil (retained immo-
bile) was successively irradiated with several laser pulses.

We observed luminescence on the scintillation screen; its
spatial distribution was controlled for each laser pulse. After
the irradiation of a given point on the foil surface by four or
five laser pulses the screen luminescence disappeared. A visual
analysis showed formation of a through hole about 100 pm in
diameter at the interaction point, as a result of which the laser
beam passed without distortions through the foil. Then the
sample was shifted, and the procedure was repeated on a new
portion of the foil edge.

The spatial distribution of the scintillation screen lumines-
cence for most of laser pulses was found to correspond to
single highly collimated electron beams with an angular diver-
gence of about 0.5 —1°, directed close to the laser beam prop-
agation direction (Fig. 2). The beams were surrounded by
weak uniform luminescence.
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Figure 2. Angular distribution of the electron beam formed by focusing
laser radiation onto the foil edge.

The energy spectrum of spatially collimated beams was
measured on a magnetic spectrograph with an input slit
located before the scintillation screen. The beam spectrum
was found to have a nonmonotonic energy distribution with
one or several peaks. A single energy peak with an FWHM
less than 20 % of the maximum energy was observed for some
laser pulses. The luminescence patterns on the screen for two
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such laser pulses (A and B) are shown in Fig. 3, with indica-
tion of the electron energy values corresponding to the devia-
tion of electrons and the boundaries of the projection of the
spectrograph input slit on the screen. The normalised energy
spectra of electrons, found from the spatial distribution of the
screen luminescence, are shown in Fig. 4 (curves A and B). An
energy spectrum of electrons with several peaks was observed
for some laser pulses (Fig. 4, curve C). The spectra presented
correspond to laser pulse energies in the range of 60—80 mJ.
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Figure 3. Distribution scintillation screen luminescence on the CCD
camera for two laser pulses (A, B).
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Figure 4. Experimental electron energy spectra (beams A, B, and C) for
three different laser pulses.

Note that the slit of the electron spectrometer is wider
than the electron beam cross section; therefore, the energy
resolution is determined by the beam sizes, and the peaks in
the energy distribution may be narrower in reality. As follows
from these data, the electron energy peaks lie in the range
from 0.2 to 0.8 MeV.

4. Theoretical description

One of possible mechanisms of the formation of accelerated
electrons with a quasi-monochromatic spectrum is the accel-
eration in the field of the plasma wave generated in the pre-
pulse-induced dense plasma due to the self-modulation of
laser-pulse instability [24]. On the assumption that the pre-

pulse arriving approximately 10 ns before the main pulse and
having an intensity / ~ 10’3 W cm~2 ionises the target metal at
the skin depth, after which the thus formed plasma spreads
with ion sound velocity, the plasma density is in the range of
10-10% cm, and the characteristic plasma size by the time
of the main pulse arrival is ~100 um. When a laser pulse
propagates in this dense plasma, the length of the wake
plasma wave, A, = 27c/w,,, is much shorter than that of the
femtosecond pulse (L = cry), which may lead to its self-mod-
ulation and effective generation of accelerating wake field.
We should emphasise the following: the development of self-
modulation instability and generation of wake field by a rela-
tively long laser pulse (L >> A,) requires a sufficiently large
initial amplitude of the ‘seed’ plasma wave and propagation
of the laser pulse by a rather long distance [25].

To analyse the wake acceleration of electron bunches, we
performed a pilot particle-in-cell (PIC) simulation in one-
dimensionally inhomogeneous (1D3V) plasma. The simula-
tion was performed using the 1D version of the VLPL code
[26]. A laser pulse with a width 7 = 66 fs propagated along
the x axis. The pulse had a transverse linear polarisation
along the y axis. The laser pulse wavelength A = 1 um and the
dimensionless amplitude ay = eE/(m.cw) = 0.468, where e is
the elementary charge, m, is the electron mass, c is the speed
of light, and w is the laser frequency; these parameters corre-
spond to the intensity 7, = 3 x 107 W ecm™2. The size of the
simulation region is L = 160 um. At the initial instant the
laser-pulse centre is at x = 0. In the region 0 < x < 40 pm the
plasma has an inhomogeneously increasing (Gaussian or lin-
ear) density profile with a characteristic inhomogeneity size
[=15um. At 40 um < x < 160 um the plasma is homoge-
neous with a density ny = 0.045n,, = 5 x 10! cm3, where n,, =
mw?*/(4me?) (Fig. 5, dotted line). The cell size Ax = 0.01 um
and the number of particles per cell is 500. The ions were
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Figure 5. Dimensionless projections of the electric field vector at 1 =
233 fs (¢t = 70 um) for (a) Gaussian and (b) linear density profiles. The
plasma density profiles are shown by dashed curves.
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assumed to be immobile and form a neutralizing background.
At the initial instant the plasma was considered cold.

The calculations performed with a Gaussian time profile
of the laser pulse showed the following: for the plasma and
pulse parameters, when the pulse has a smooth envelope and
relatively low intensity, the ‘seed” plasma-wave amplitude is
insufficiently large to develop a self-modulation instability
and generate an accelerating wake field.

The generation of a wake wave and acceleration of elec-
trons in it occur differently in the case of sharp leading
edge of a rectangular (or hyper-Gaussian) laser pulse (Figs
5-8). Note that the pulse leading edge may be sharpened
under experimental conditions due to the ionisation non-
linearity [27]. Figures 5—8 show the calculation results for
Gaussian and linear profiles of plasma density with a char-
acteristic inhomogeneity size / = 15 um at the input of
plasma layer.
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Figure 6. Phase plane of electrons at r = 233 fs (¢t = 70 um) for (a)

Gaussian and (b) linear plasma density profiles.

As can be seen in Figs 5 and 7, while the laser pulse propa-
gates in the plasma layer, the pulse self-modulation and gen-
eration of a wake wave are independent of the plasma density
profile at the layer input. However, the phase space images
(Fig. 6) show that the dynamics of a small part of electrons in
the region of the sharp change in the spatial distribution of
the plasma density at the layer input (in the case of linear pro-
file) radically differs from the case of smooth Gaussian den-
sity profile, which passes to the homogeneous layer without
jumps in the derivative.

Due to the sharp change in the wave phase velocity [28], a
small part of electrons trapped by the wake wave at the
boundary of homogeneous plasma layer (Fig. 6b) acquire a
rather high energy as a result of acceleration in the rising (dur-
ing the development of laser pulse self-modulation) wake
wave (Fig. 8b). The corresponding electron energy spectrum
is shown in Fig. 9 on the logarithmic (to energy of ~5 MeV)
and linear (to energy of 1 MeV) scales.
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Figure 7. Dimensionless projections of the electric field vector at 1 =
433 fs (ct = 130 um) for (a) Gaussian and (b) linear density profiles.
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Figure 8. Phase plane of electrons at r = 433 s (¢t = 130 um) for (a)
Gaussian and (b) linear plasma density profiles.

Figure 9a shows the electron spectrum in the entire range
of acceleration energies (about 5 MeV; see Fig. 8b). Several
groups of accelerated electrons are observed. However, the
number of accelerated electrons with energies exceeding
0.6 MeV is much smaller than the number of electrons in the
main maximum of distribution of accelerated electrons with
energies from 0.5 to 0.6 MeV. This can clearly be seen in
Fig. 9b, which also demonstrates another pronounced peak
near ~0.3 MeV. The formation of several groups of acceler-
ated electrons is due to the trapping and acceleration of elec-
trons in different periods of the wake plasma wave (Fig. 8b).
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Figure 9. Energy spectra of electrons at ¢ = 433 fs (¢t = 130 um) on the
(a) logarithmic and (b) linear scales for a linear plasma density profile at
the input of the layer. The number of electrons per transverse (with re-
spect to the x axis) cross section with an area > = 1 um? per unit energy
(in MeV) is plotted on the vertical axes.

The simulation results (Figs. 8, 9) indicate that the wake
mechanism of acceleration and formation of directed high-
energy electron bunches can be implemented under our exper-
iment (see Fig. 4). The necessary condition is the presence of
a sharply changing profile of plasma density at the input of
the plasma layer formed by the laser prepulse or a sufficiently
sharp leading edge of the laser pulse, which may arise as a
result of ionisation nonlinearity when the main femtosecond
laser pulse propagates in the incompletely ionised plasma
formed by the prepulse. The charge of accelerated electrons in
the quasi-monoenergetic bunch with energies from 0.5 to
0.6 MeV (Fig. 9b), emitted from an area determined by the
laser beam focus spot with a radius ry ~ 25 um, is 5 pC; i.e., it
is in the range of experimentally measured values. Note that
the possibility of using one-dimensionally inhomogeneous
(along the laser beam propagation direction) model of plasma
in the pilot one-dimensional (1D3V) PIC simulation of exper-
imental results is due to the relatively large characteristic size
of transverse plasma inhomogeneity by the instant of the
main pulse arrival (~100 um) in comparison with the radius
of laser beam focus spot (which determines the characteristic
transverse size of the wake wave, which accelerates electrons).

5. Conclusions

In this paper, we report the results of experimental and theo-
retical study of a fast-electron source, which can be used for
injection in schemes of laser-plasma acceleration of electrons

in a plasma wave [14, 15]. The experiment on irradiation of an
aluminium foil edge by a focused high-intensity femtosecond
laser beam showed generation of highly collimated quasi-
monochromatic electron beams, whose direction coincided
with the laser beam propagation direction. The electron
energy in the energy distribution peak was 0.2—0.8 MeV, with
the peak width smaller than 20%; the beam divergence was
0.5-1°.

The high directionality of the electron beam and its nar-
row energy spectrum can be explained by the acceleration of
electrons in the plasma wave, which is generated as a result of
self-modulation instability of intense laser pulse in the plasma
formed by the prepulse arriving at the target about 10 ns
before the main pulse. The results of one-dimensional (1D3V)
PIC simulation of the interaction of laser radiation with dense
subcritical plasma were presented. The simulation showed
that effective excitation of a plasma wave, as well as the trap-
ping and acceleration of electron beams with energies of
about 1 MeV, may occur in the presence of inhomogeneities
at the plasma boundary and in the time envelope of the beam.
Under our experimental conditions the inhomogeneities in
the temporal structure of the beam may be caused by ionisa-
tion nonlinearity of the plasma formed by the prepulse, and
the spatial density inhomogeneities may be due to the sharp
boundaries of the foil and the complex configuration of the
plasma spread.

We plan to analyse (with the aid of completely three-
dimensional PIC simulation) the influence of plasma trans-
verse inhomogeneity on the acceleration of electron bunches.
This simulation will make it possible to perform a more
detailed comparison of the theoretical predictions with the
experimental results and optimise the generation of low-
divergent quasi-monoenergetic electron bunches, which can
be used for injection in wake-wave based laser-plasma accel-
erators.
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