Quantum Electronics 47 (3) 194—198 (2017)

©2017 Kvantovaya Elektronika and Turpion Ltd

https://doi.org/10.1070/QEL16301

Generation of attosecond electron packets in the interaction
of ultraintense Laguerre— Gaussian laser beams

with plasma

C. Baumann, A.M. Pukhov

Abstract. The interaction of a thin plasma foil with two counter-
propagating circularly polarised Laguerre—Gaussian laser beams
of ultra-high intensity is studied using pwarticle-in-cell simulations
in a fully three-dimensional geometry. It is found that within the
course of the interaction, bunched electron packets are generated
from the plasma target. Each packet has a duration of about 830
attoseconds, and adjacent bunches are spatially separated by one
laser wavelength. The emitted electron packets move at ultrarela-
tivistic velocities along the axis of laser propagation.
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1. Introduction

Since the development of the fundamental concept of lasers
and their first realisation, the continuous progress in laser
technology has improved the understanding of many physical
systems and has opened the possibility of studying new phys-
ics. State-of-the-art lasers are already able to achieve peak
intensities of the order of ~10?> W cm™ [1], and current proj-
ects [2,3] aim at reaching at least intensities of 10> W cm™2.
Thus, it will be possible to investigate the behaviour of matter
in ultraintense fields. In this intensity regime, there are several
processes which may influence the laser—plasma interaction
like, for instance, radiation damping due to nonlinear Comp-
ton scattering and electron—positron production [4].
Radiation damping influences especially the electron dynam-
ics. Instead of being directly expelled by the ponderomotive
force, electrons can stay in ultraintense electromagnetic fields
for a time that is significantly longer than in the case if one
ignores radiation damping [5—8]. In most previous works, sim-
ple Gaussian laser modes have been typically used to study the
laser—plasma interaction in ultraintense fields. Even if other
laser modes such as Laguerre—Gaussian beams are intensively
considered (see [9] and references therein), these modes are
used rather rarely in the quantum-dominated regime [10].
This paper presents studies on the interaction of a thin plasma
foil with two counterpropagating circularly polarised
Laguerre—Gaussian laser pulses, thereby generating a train
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of ultrashort electron packets. The generation of such elec-
tron bunches is being intensively studied (see for instance
[11,12]), since it allows for new insights in physical processes
that takes place on ultrashort timescales.

The paper is organised as follows. In section II, the reader
can find a short description of the simulation setup, especially
the used plasma and laser parameters are introduced. In the
following section, the results of the particle-in-cell simula-
tions are shown and the observed generation of ultrashort
electron packets is discussed. Finally, section IV concludes
the main aspects of this work.

2. Simulation setup

The particle-in-cell (PIC) simulations are performed in a
three-dimensional (3D) geometry using the Virtual Laser
Plasma Lab (VLPL) code [13]. The simulation box has an
extension of 204, 254, and 254 in x, y and z directions (1( =
1 um is the laser wavelength), with a spatial grid step of
0.054g X 0.0754y x 0.075A,, respectively. The time step has
been chosen such that the Courant condition is satisfied. The
plasma target is a one micron thick foil with an ion mass-to-
charge ratio of two times that of protons. The plasma is rep-
resented by ten macroparticles per species and cell.

Initially the foil is located in the centre of the simulation
box. The initial electron density is 507, where n,, ~ 1.12 X
102! cm™3 is the critical density for the considered wavelength.
In transverse direction, periodic boundary conditions are
used for each particle species. This is different to the longitu-
dinal direction where absorbing boundary conditions have
been established.

There are two laser beams that counterpropagate along
the x axis and that impinge at normal incidence on the target.
These laser pulses were modelled as circularly polarised (CP)
Laguerre—Gaussian modes. Both carrier waves have opposite
helicities and a zero phase difference between the y-component
of their electric fields". According to [14], the electric field
profile of a Laguerre—Gaussian mode can be expressed as

E;:’(r,so,x)=CL"i'A(x)(w(x) B b

B inr?

Aog(x)

“In particular, the right-moving laser beam has right-handed polarisa-
tion, whereas the left-moving laser beam has left-landed polarisation.
The polarisation state is defined from the point of view of the corre-
sponding radiation source. The carrier wave of the E, component is
given by E, = —sin[27(¢ £ x)], where the upper (lower) sign corresponds
to the left- (right-) moving pulse.

X exp(imp)exp ; (1
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where p, m are integers representing the mode; C‘,,’”‘ is a nor-
malisation constant; L'} are the generalised Laguerre polyno-
mials; and A4(x), g(x) and w(x) are characteristic functions
that are defined in [14]. In the present work, p =0 and m = 1
have been chosen. This mode is also referred to as doughnut
mode. Each of the laser pulses has a peak intensity of 6.86 X
10 W cm™. This intensity corresponds to a dimensionless
field amplitude of ay = 500. The pulse duration is chosen to be
roughly 20 fs at full width at half maximum (FWHM) and the
transverse spread is equal to approximately 4 um (FWHM).
Absorbing conditions have been used for the electromagnetic
field to suppress nonphysical reflections at the boundaries.

The PIC code VLPL has a special module, which can
describe quantum electrodynamical (QED) events which
become relevant in ultraintense fields. The dominant pro-
cesses are hard photon emission by nonlinear Compton scat-
tering and electron—positron generation by the multiphoton
Breit—-Wheeler process. However, note that the pair produc-
tion is not considered in the present work, since simulations
with Gaussian pulses in a 2D geometry indicate that pairs do
not change the laser—plasma interaction significantly at the
intensity of interest [8]. Further information about the imple-
mentation of QED events in PIC codes and especially in
VLPL can be found in [15—17] and [8], respectively.

Throughout the paper, time is measured with respect to
the point at which the peak value of each pulse reaches the
centre of the simulation box.

3. Results

Both laser beams are impinging at normal incidence onto the
plasma target. At the beginning, one can observe a symmetri-
cal compression of the plasma target in the high-intensity

region of the Laguerre—Gaussian pulses (see Fig. 1a). This
can be attributed to the ponderomotive force which acceler-
ates electrons in the direction of motion of the pushing laser.
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Figure 1. Cross section in the xy plane with z = 04, of (a) the electron
density and (b) of the z-component of the magnetic field at a time mo-
ment ¢ ~ =57 (T} is the period of the laser field).
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Figure 2. Cross sections of the electron density in (a) the xz plane with y = 04, and in (b) the xy plane with z = 04, as well as cross sections of the
y-component of the electric field in (c) the xz and (d) xy plane, respectively. All snapshots are taken at an interaction time of ¢ ~ 07,
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Since the target itself is over-dense, the incoming radiation
cannot penetrate the plasma and gets reflected at the targets’
surface (see Fig. 1b). However, with increasing interaction
time electrons are accelerated to large Lorentz factors (y ~ ag)
which leads to an effective reduction of the plasma frequency,
a)fff ~ W,/ ay. As a result, the plasma becomes transparent
for the incident laser light. It develops an electromagnetic
field structure that can trap electrons in nodes of the electric
field due to the increasing influence of nonlinear Compton
scattering on the laser—plasma interaction (see [8]). This can
be seen for instance in Figs 2a and 2c¢, where cross sections of
the electron density and of the electric y-component are
shown in the xz plane. Here, electrons are mainly focused to
the electrical node positions at x =9.751; and 10.254,. On the
other hand, Figs 2b and 2d visualise the same cross sections
in the xy plane. One can see that electrons are only focused at
x = 104, such that the electronic structure is not rotationally
symmetric with respect to the axis of laser propagation. This
is caused by the Laguerre—Gaussian modes which have,
according to Eqn (1), an explicit dependence on the azimuthal
angle for the nonvanishing parameter m. It follows that the
full 3D trapping geometry is more complex than one would
expect for simple Gaussian pulses. Apart from that, Fig. 2
also displays that the trapping structure is not continuous
in the y and z directions and that electrons are also present in
the complete zero-intensity region of the Laguerre—Gaussian
mode.

Figure 3 shows cross sections of the electron density when
the intensity maximum of the laser beams hits the target after
roughly four laser periods. Figure 3a also demonstrates the cross
section of the electron density in the xz plane. One can see that
radiation damping starts to get less powerful to maintain radia-
tive trapping in the electrical nodes at x = 9.754, and 10.254,,
leading to a decrease in the density of trapped electrons.

There is another important aspect that needs to be
addressed. The snapshot in Fig. 3a clearly indicates that elec-
tron bunches have been generated during the interaction.
These packets now move in positive as well as in negative x
directions. However, their particular properties depend on
whether these packets move from left to right or vice versa.
The reason for this is connected to the exp(inp) term in Eqn
(1) and will be shortly outlined at the end of this section.
Considering again electrons in Fig. 3a that move towards the
right boundary of the simulation box, one can identify one
bunched beam that consists of five electron packets. These
different electron packets are here separated by one laser
wavelength in the x direction (see also Fig. 3c). In contrast,
the second beam splits up in two ‘jets’ which move parallel to
the negative x axis at a lateral distance of approximately
2.5 um. The simulation data further suggest that these jets are
moving on two helical trajectories around the x axis.

Figure 3b contains information about the transverse shape
of an exemplary electron packet, recorded at a longitudinal
position of x = 12.554,. One can directly notice the large elec-
tron concentration around r s 01y, where 12 = y? + z2 describes
the radial distance from the centre. The electron density is
here roughly 100 7, (see Fig. 3c). This high-density region is
surrounded by an annulus, consisting of an inner circle with
radius Ry, ~ 1.54, and an outer circle with radius R., ~ 54,
in which no electrons are present. The dimensions of the
annulus coincide with those of the trapping structure in the y
and z directions. In this way, the beam quality is significantly
enhanced. Figure 3c finally shows the electron density along
the x axis for fixed y = z = 04,. It can be used to get detailed
information about the bunch density and the bunch width in
the propagation direction. One can clearly see that the gener-
ated bunches are over-dense and that adjacent packets are
indeed separated by the wavelength. Similarly, it is found that
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Figure 3. Cross sections of the electron density in (a) the xz plane with y = 01, and in (b) the yz plane with x = 12.554,, as well as (c) electron den-
sity along the x axis for fixed y- and z-components (y = z = 04,) at the moment in time ¢ ~ 47,
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Figure 4. Energy distribution of bunch electrons at time ¢ = 47}. The
bunch contains all electrons that are in the volume x > 114, within a
radius of 0.754, around the x axis.

each individual electron packet has a width of almost 0.254,
(FWHM) in the x direction, which corresponds to a duration
of 830 as in the time domain.

Figure 4 shows the energy distribution of bunch electrons
that move in the positive x direction at an interaction time of
t = 4T,. The spectrum has a peak at about 200 MeV, corre-
sponding to a Lorentz factor of y = 400. It is in reasonable
agreement with the dimensionless field amplitude of ay = 500.
Thus, the described configuration generates a train of electron
packets with energies of the order of aj.

As a last point, let us briefly discuss the difference between
left- and right-moving electrons. It has been already men-
tioned that the asymmetry is related to the exp(imgp) factor in
Eqn (1). In the presented results, 72 = 1 has been chosen for
both laser beams. Following previous works [10, 18], each
laser photon thus carries an orbital angular momentum.
According to the convention used in this paper, an orbital
angular momentum per laser photon is assigned to the left-
moving (+#) and to the right-moving (-#) pulse. On the
other hand, the spin angular momentum is related to the com-
bination of the helicity and the propagation direction of the
laser photon. The particle has a positive helicity, if its spin
and direction of motion coincide, and a negative helicity in
the opposite case. As a consequence (see the footnote on page
194), each laser photon hence carries a spin angular momen-
tum of 7, regardless of whether the laser photon is moving
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Figure 5. Cross section of the electron density in the xy plane with a
fixed coordinate z = 04 at the interaction time ¢ ~ 27,

left or right. The sum of orbital and spin angular momenta
therefore differs for both lasers and electrons effectively inter-
act with different pulses. One can see from Fig. 3a that a total
angular momentum equal to 0% generates only one bunch,
while a total angular momentum equal to +2% leads to an
effective separation in two beams that move along helices
around the x axis. To change this disparity, m = —1 has been
used for the left-moving pulse. The results are shown in Fig. 5,
with a cross section (xz plane) of the electron density at ¢ ~
2Ty. In this setup of colliding pulses, the disparity is removed
such that one can observe only one centred beam of electron
packets on each side of the plasma target.

4. Conclusions

In this work, we have studied the interaction of a thin plasma
target with two counterpropagating circularly polarised
Laguerre—Gaussian laser pulses. In the first stage of the inter-
action, the incoming laser pulses compress the plasma target
until it becomes transparent for the laser light. After that,
plasma electrons are trapped in the nodes of the resulting elec-
tric field structure. However, some electrons are also concen-
trated in the zero-intensity region of the doughnut mode. In
the further course of the interaction, electrons are emitted in
the form of a train of electron packets. Adjacent packets are
separated by the laser wavelength and each electron packet
itself has a duration of roughly 830 as. In addition, it has been
shown that these packets move at an ultrarelativistic velocity.
The observed asymmetry between left-and right-moving elec-
trons could be attributed to the interplay between the orbital
and spin angular momentum of the circularly polarised
Laguerre—Gaussian pulses.

More studies are necessary to consider the influence of
laser parameters (e.g. pulse duration or transverse beam width)
on the transverse and longitudinal spread of emitted electron
packets, as well as on the beam quality. The configuration in
question can be potentially used for many experimental situa-
tions which require the resolution of physical processes on
very short timescales.
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