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The relativistic self-trapping of a laser pulse is an efficient mechanism for the acceleration of electrons, which
allows one to achieve an extreme charge of a high-energy particle beam and the corresponding conversion
coefficient of laser energy. It has been shown that the compression of the femtosecond laser pulse in this
regime using the innovative compression after compressor approach (CafCA) [E.A. Khazanov,
S.Yu. Mironov, and G. Mourou, Phys. Usp. 62, 1096 (2019)] to extremely short durations keeping the energy
of the laser beam significantly increases the efficiency of particle acceleration. This effect has been illustrated
on the example of the Multitera laser facility for the project implemented at the Russian National Center for

Physics and Mathematics.
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1. INTRODUCTION

The laser wakefield acceleration in the classical
regime of the excitation of a plasma wave [2] or in the
so-called bubble regime [3] was the main mechanism
of the laser acceleration of electrons for a long time. It
allowed one to obtain particle beams with the highest
energy and a monochromatic spectrum, which was at
the focus of interest [4—6]. At the same time, lower
energies of accelerated electrons are sufficient for a
number of important problems, but they require much
higher total charges of particles that cannot be reached
in the wakefield acceleration, which typically provides
multipicocoulomb charges [2, 3]. In this case, on the
one hand, a laser pulse should stably propagate inside
a target to a distance of many Rayleigh lengths, effi-
ciently transferring its energy to accelerated particles
and, on the other hand, this target should be dense
enough to ensure a much higher total charge of the
accelerated electron beam. Both conditions are
ensured in the case of the propagation of a relativisti-
cally intense laser pulse in the relativistic self-trapping
(RST) regime in a plasma with the density up to sev-
eral tens of percent of the critical density. This regime
was identified in [7—10] for ultrarelativistic intense
laser pulses with sub-PW and PW powers; in this case,
accelerated multi-MeV electron beams had a nano-
coulomb charge. However, lasers with such a power do
not provide a high pulse repetition rate and a high sta-
bility, which are required for most of the applications.
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For this reason, it is necessary to understand the pos-
sibility of implementing the laser acceleration of elec-
trons in the RST regime with much more available
femtosecond laser facilities with a much lower power.
This problem is solved in this work.

The three-dimensional particle-in-cell simulation
[7, 8] shows the possibility of propagation of a relativ-
istically intense laser pulse in a homogeneous plasma
with a near-critical density with the formation of a
laser—plasma soliton, which is a cavity that is free of
electrons, filled with laser light, and moves at a veloc-
ity close to the speed of light (“laser bullet,” see [11]).
The laser bullet stably passes a distance much larger
than the Rayleigh length until the loss-induced com-
plete depletion of the laser pulse. Diffraction diver-
gence in this RST regime is balanced by the relativistic
nonlinearity of the medium caused by the relativistic
increase in the mass of electrons and their cavitation,
which leads to the self-consistently establishment of a
certain transverse radius of the plasma cavity hardly
changes during the entire time of pulse propagation
until its depletion. Since this propagation regime is in
essence similar to the self-trapping revealed almost 60
years ago for weak stationary laser beams, which are
describe by the nonlinear Schrodinger equation with
cubic nonlinearity [12—14], it was called the relativis-
tic self-trapping regime [7]. The stationary regime for
the laser pulse propagating in the relativistic plasma
similar to that found in [12—14] was revealed in [15,
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16] by numerically solving the nonlinear Schrodinger
equation.

Work [17] supplemented studies [7, 8] with an
important case of the RST regime, where the edge at
the input of the laser pulse is not sharp but has the
form of pre-plasma (density ramp). This situation is
experimentally typical, and the possibility of imple-
menting this laser propagation regime in a plasma with
an inhomogeneous density profile was proven in [17].
It was shown that the RST regime at the appropriate
choice of the position of the focus of the laser pulse
with respect to the density profile and the size of the
focal spot is as efficient as that in the homogeneous
target. This important conclusion allows one to use
the homogeneous plasma model in all studies of the
considered regime, which is implied below, but refin-
ing details can be obtained following [17].

Multi-terawatt laser pulses considered in this work
have durations of several tens of femtosecond and can
even have a relativistic intensity of interest for RST.
However, their power can be additionally increased by
the nonlinear decrease in the pulse duration, e.g.,
using the compression after compressor approach
(CafCA) [1, 18, 19]). This approach was based both on
the self-modulation of the phase at the propagation of
a high-power laser pulse through thin (~1 mm) dielec-
tric plates and on the subsequent correction of the
phase of the spectrum due to the reflection of radia-
tion from the surface of chirping mirrors with an
anomalous dispersion of group velocities. The self-
modulation of the phase broadens the spectrum, and
the phase correction ensures the reduction of the
duration to a value to the Fourier limit of the pulse
with a broadened spectrum. The CafCA allows one to
strongly compress the laser pulse and to increase its
power without significant changes in the architecture
and cost of the laser system. The recent experimental
approbation of the CafCA [20—25] has demonstrated
the possibility of its efficient application not only in
new but also in existing laser systems.

In this work, taking into account the possibility of
compression of a laser pulse keeping its energy [26], we
aim at showing that the efficiency of the laser acceler-
ation of electrons can be strongly increased using
extremely short multiterawatt laser pulses, which is not
obvious a priori. This is proven by the three-dimen-
sional PIC simulation of the electron acceleration in
the RST regime and opens the important practical
possibility of significantly increasing the conversion
coefficient to high-energy electrons without an
increase in the energy of the laser facility. Below, we
give the corresponding illustration on an example of
the Multitera laser facility (National Center for Phys-
ics and Mathematics).
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2. SIMULATION OF THE INTERACTION
OF A MULTITERAWATT LASER PULSE
WITH A PLASMA TARGET

To analyze the acceleration of electrons in the
regime of relativistic self-trapping of a multiterawatt
laser pulse, we performed series of three-dimensional
PIC simulations of the interaction of the laser beam
with plasma targets with various densities using the
VSim code (VORPAL, [27]) based on solving the sys-
tem of Vlasov—Maxwell equations. In these simula-
tions, the laser pulse with a wavelength of 0.8 um lin-
early polarized along the z axis propagated along the
x axis. The simulations were carried out by the moving
window method so that the target where the laser pulse
propagates is completely within the computational
region. The energy of the laser pulse was 0.85 J, and its
duration and the radius of the focal spot were varied
(see Table 1). The laser pulse was focused on the
boundary of the plasma target, which consists of the
fully ionized helium plasma. The assumption of full
ionization is justified because the full ionization of the
gas in the computational region requires an energy of
no more than 10~* of the total energy of the laser pulse.
The electron density #, was chosen such that the focal
spot radius of the laser pulse R and the characteristic
dimensionless field amplitude a, = ekE;/(m,m.c)
(where e is the elementary charge, E; is the character-
istic amplitude of the electric field of the laser beam,
m, is the mass of the electron, m, is the frequency of
laser radiation, and c is the speed of light in vacuum)
approximately satisfy the relativistic self-trapping
condition

n
R~ < [a,—, (1)
0)]_ ne

where n., = 1.74 x 10?! cm™3 is the critical density. In
the case of relativistically intense laser pulses; i.c.,

when g, > 1, this condition ensures the stable propa-
gation of a laser—plasma soliton in the target at

Table 1. Total charge Q.,, total energy W-,,, and average

energy €,,, of accelerated electrons with energies above
20 MeV and the cutoff energy €,,,, of the electron spectra
obtained for various laser—plasma parameters

T 40 fs 40 fs 10 fs
Ry 4 um 2 um 2 um
a 3.57 7.14 14.3
ny/Ng; 0.006 0.033 0.067
0-0 0.01 nC 2.0nC 3.1nC
Waro I mJ 100 mJ 200 mJ
S 130 MeV 55 MeV 70 MeV
>20
€ 160 MeV 90 MeV 120 MeV
max
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Fig. 1. (Color online) Dynamics of the laser—plasma
structure at the propagation of the laser pulse with the
duration T =40 fs in the low-density plasma target with the
electron density n, = 0.006n, at the times (left panel) 600

and (right panel) 1500 fs, the electron density distribution
in the considered plane is shown in blue—gray, and the E,
component of the laser pulse is given in red—blue. The
position of the left edge of the target is x = 50 um.

distances much larger than several Rayleigh lengths
[9, 10].

The typical durations of laser pulses generated by
multiterawatt laser facilities are several tens of femto-
second. For this reason, in the first series of calcula-
tions, we considered the interaction of 20-TW 40-fs
laser pulses (expected, e.g., from the Multitera laser
facility) with targets of various densities. As known,
the propagation of a laser pulse through a sufficiently
dense plasma, where the plasma wavelength is less
than the length of the pulse, ¢t > A, can be accompa-
nied by the formation of various laser—plasma insta-
bilities such as the filamentation and self-modulation
of the laser pulse [28]. To avoid the development of
such instabilities, calculations were first performed for
a low-density plasma.

In the target with the electron density 0.0015#,,, the
wakefield formation [2] of a three-dimensional plasma
wave occurred and the laser pulse was completely
inside the first plasma cavity. At such a low electron
density, the laser power was only slightly above the
critical value for self-focusing and was below the
threshold density of the self-injection of electrons,
when the acceleration of a noticeable number of parti-
cles would require an additional source of electrons
[29]. Furthermore, the self-consistent radius of the
laser pulse specified by Eq. (1) in such a low-density
plasma is large enough (about 6 um, which corre-
sponds to the half of the length of the laser pulse) and
the amplitude a, is small, about 1, which is insufficient
to reach the RST regime. Some depletion of a low sub-
critical laser power at a distance of about the Rayleigh
length led to the diffraction divergence of laser light at
this distance and the laser—plasma structure ceases to
exist.

At a higher electron density of 0.006#, in the
plasma, the main fraction of the pulse energy was also
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Fig. 2. (Color online) (Left panel) Log—lin and (right
panel) lin—lin plots of spectra of electrons accelerated in
plasma targets with the electron densities n, = (red lines)

0.006n,,, (green lines) 0.033n.., and (blue lines) 0.067n,
at the propagation of laser pulses with the durations T =
(red and green lines) 40 and (blue lines) 10 fs.

concentrated in the first plasma cavity, but a small
fraction was located in the second plasma cavity (see
Fig. 1). In this case, only an insignificant excess of the
pulse length over the plasma wavelength did not result
in the development of laser—plasma instabilities. The
formed laser—plasma structure in the form of a plasma
wave with a laser driver changes its form but propa-
gated at distances significantly larger than the
Rayleigh length, demonstrating a regime close to the
self-trapping of the laser pulse. Moreover, since the
considered plasma density was above the electron self-
injection threshold, the propagation of the laser pulse
inside the target was accompanied by the self-injection
of a particle beam with a total charge of 10 pC into the
region of the accelerating field of the plasma cavity.
Such an electron beam is seen on the right in Fig. 1
inside the first plasma cavity. As a result, the accelera-
tion of particles led to the formation of a quasimon-
oenergetic spectrum with a maximum at =145 MeV
(see Fig. 2), and the conversion of the energy of the
laser pulse to the energy of accelerated particles was
~0.1%.

The conversion of the energy of the laser pulse to
the energy of accelerated electrons, as well as their
total charge, can be increased by a further increase in
the plasma density. Correspondingly, we simulated the
propagation of the laser pulse in the plasma with a
density of 0.033n,, with the corresponding decrease in
the diameter of the focal spot (see Table 1). In this
case, the length of the laser pulse significantly
exceeded the plasma wavelength, and the initially
formed structure in the form of the plasma channel
collapsed behind the laser pulse was separated in the
process of propagation in the target in plasma cavities
filled with the laser pulse (see Fig. 3). Trailing plasma
cavities at the observed self-modulation of the laser
pulse were unstable. After the propagation of the laser
pulse at a distance of =250 um, which resulted in its
significant depletion, the laser—plasma structure was
degenerate to a single plasma cavity with remaining
laser light in its head part, so-called bubble [3]. In
addition, a fraction of the energy of the laser pulse
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Fig. 3. (Color online) Dynamics of the laser—plasma 20 30 40 50 70 80 90 100
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structure at the propagation of the laser pulse with the
duration Tt = 40 fs in the plasma target with the electron
density n, = 0.033n,, at the times (left panel) 350, (middle
panel) 600, and (right panel) 1000 fs. The position of the
left edge of the target is x = 30 um.

from trailing cavities was scattered to this time in the
transverse direction.

In the last case, the total charge of accelerated elec-
trons with energies above 20 MeV reached a suffi-
ciently high value of =2 nC. The spectrum of electrons
in a logarithmic scale took a plateau shape and is
shown in Fig. 2. Similar plateau spectra were observed
for higher-power laser pulses when studying RST in
the plasma with a near-critical density in the case of its
optimization in the charge of high-energy particles
[30]. Furthermore, a similar transition from the mon-
oenergetic spectrum to the plateau shape with increas-
ing plasma density was also discussed in experimental
work [31] devoted to laser pulses with energies and
durations close to those considered in this work.
According to Fig. 2, the cutoff energy of the spectrum

€...¢ determined at a level of 0.1 of the maximum was
about 90 MeV, whereas the average energy of particles
with energies above 20 MeV was 55 MeV. Thus, the
energies of particles were higher in the less dense
plasma, but the conversion coefficient of the laser
energy in the denser plasma increased to 12% due to an
increase in the total charge by two orders of mag-

nitude.

Although the conversion coefficient to high-energy
particles increased with the plasma density, instabili-
ties appearing in the process of propagation of a long
laser pulse (ct > A,) in the plasma resulted in addi-
tional losses of its energy. The use of shorter laser
pulses, which can be obtained from femtosecond laser
facilities applying the CafCA almost without the loss
of the laser energy, makes it possible to avoid the
development of such instabilities [1]. The authors of
[24] have recently shown that this approach allows one
to reach durations down to 10 fs, which underlies the
below analysis.

We carried out calculations for the 10-fs laser pulse
with the same energy as the 40-fs laser pulses consid-
ered above. This ensured the increase in the radiation
power by a factor of 4 to 80 TW and, as a result, the
doubling of the dimensionless field amplitude, which
made it possible to use a denser plasma target with an

Fig. 4. (Color online) Dynamics of the laser—plasma
structure at the propagation of the laser pulse with the
duration T = 10 fs in the plasma target with the electron
density n, = 0.067n,, at the times (left panel) 150 and (right

panel) 350 fs. The position of the left edge of the target is
x =30 pm.

electron density of 0.067#,.,, which satisfies the condi-
tionct < Xp. Figure 4 shows the dynamics of the prop-
agation of the formed laser—plasma structure in the
form of a solitary plasma cavity. Initially, it was com-
pletely filled with the laser pulse and was quasistation-
ary tuned to the self-consistent transverse size. The
self-trapping regime in the studied complex dynamic
system is manifested as an attractor corresponding to a
stable laser—plasma cavity soliton. This attractor
attracts the initial states whose parameters approxi-
mately satisfy the estimated matching condition (1),
which includes the characteristic values of the trans-
verse size of the cavity, plasma density, and laser field,
but these parameters vary during the formation of the
soliton structure. However, the soliton solution is sta-
ble and does not qualitatively change in the process of
propagation; only some quantitative changes in the
shape of the soliton, in particular, the quasistationary
transverse expansion of the cavity by a factor of about
1.5, occurs (see Fig. 4). Such an expansion was already
observed in [8, 32]. During the propagation of the
laser pulse through the target, a large charge of elec-
trons entered the cavity through its trailing edge and
was then accelerated by the transverse field of the cav-
ity. In the reported calculations, the charge of particles
accelerated to energies exceeding 20 MeV was =3 nC,
which is much higher than the value obtained for the
40-fs laser pulse. Moreover, the conversion coefficient
of the laser pulse energy to the energy of such particles
increased to =23.5%, which was accompanied by the
increase in both the average and maximum energies of
these particles (see Table 1 and Fig. 2). Since energy
losses at the conversion of the energy of the laser pulse
compressed by the CafCA are insignificant [26], the
application of this method will ensure the most effi-
cient generation of high-energy electrons according to
the results obtained in this work. Consequently, it is
reasonable to carry out the corresponding experiment.

As seen in the calculations, the stable propagation
of the laser pulse with a relativistic intensity occurs
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under the condition ¢T < 7\.p, which prevents the devel-
opment of instabilities, and when the diffraction
divergence is compensated by relativistic self-focus-
ing, i.e., under the conditions @, > 1 and (1). In this

case, T < Rand \W,*/R’ct > 1, where W,* = a]R’ct
is the normalized energy of the laser pulse. Therefore,

\ WL* / (c'l:)3 > 1;i.e., there is the maximum duration at
which the RST regime of propagation is possible for a
given energy of the laser pulse. The series of numerical
simulations showed that this duration for the 0.85-J
laser pulse is 40 fs; i.e., the RST regime of propagation
without the development of instabilities considered in
this work is impossible for longer laser pulses.

3. CONCLUSIONS

To summarize, we have studied the acceleration of
electrons accompanying the propagation of a multiter-
awatt laser pulse in the relativistic self-trapping
regime. It has been shown that the maximum duration
of a 0.85-J laser pulse that can propagate in the relativ-
istic self-trapping regime without the development of
laser—plasma instabilities is 40 fs. The propagation of
this laser pulse through a low-density target was
accompanied by the formation of a 10-pC electron
beam with the conversion coefficient of the laser
energy of 0.01%. In a much denser target, the total
charge of accelerated electrons and the conversion
coefficient increased to 2 nC and 12%, respectively,
although laser—plasma instabilities were developed.
However, the relativistic self-trapping regime in the
dense gas plasma, which is achieved by the compres-
sion of the laser pulse, demonstrates the maximum
efficiency in terms of the conversion coefficient and
the total charge of accelerated particles. For the
parameters of the Multitera laser facility, it has been
shown that the post-compression of the laser pulse
down to 10 fs can ensure the total electron charge and
the conversion coefficient of 3 nC and 23%, res-
pectively.

This study has outlined a way to create an efficient
laser accelerator of electrons at the Multitera laser
facility with the important application of the compres-
sion after compressor approach (CafCA), which
allows one to significantly extend the applied potential
of the laser system.
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