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The interaction of intense laser beams with plasmas created on solid targets involves a rich nonlinear
physics. Because such dense plasmas are reflective for laser light, the coupling with the incident beam
occurs within a thin layer at the interface between plasma and vacuum. One of the main paradigms used
to understand this coupling, known as the Brunel mechanism, is expected to be valid only for very steep
plasma surfaces. Despite innumerable studies, its validity range remains uncertain, and the physics
involved for smoother plasma-vacuum interfaces is unclear, especially for ultrahigh laser intensities. We
report the first comprehensive experimental and numerical study of the laser-plasma coupling mechanisms
as a function of the plasma interface steepness, in the relativistic interaction regime. Our results reveal a
clear transition from the temporally periodic Brunel mechanism to a chaotic dynamic associated to
stochastic heating. By revealing the key signatures of these two distinct regimes on experimental
observables, we provide an important landmark for the interpretation of future experiments.
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I. INTRODUCTION

High-density plasmas can be created by focusing intense
laser pulses on initially solid targets. The interaction of
such plasmas with laser light, investigated for several
decades, involves a rich nonlinear physics which is not
only of fundamental interest but also of high relevance for a
wide range of applications over a large interval of laser
intensities, spanning thermonuclear fusion [1], laboratory
astrophysics [2], or laser-driven particle acceleration [3,4].
For most, if not all, applications, depositing laser energy
into the plasma is essential. Because of their high density,
largely in excess of the so-called critical density where the
local electron plasma frequency equals the laser frequency,
these plasmas, however, tend to reflect a large fraction of
the laser light. The actual coupling with the incident light
field can only occur either in the undercritical part of the
density gradient at the plasma-vacuum interface, where
the laser wave propagates, or within the skin depth of the
overcritical plasma, where the laser wave is evanescent.
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At such plasma densities, physicists initially anticipated
the main mechanism of energy deposition to be collisional
absorption [5]: electron-ion collisions disrupt the regular
quivering motion of the plasma electrons in the light field,
statistically leading to a net kinetic energy gain from the
laser field. Soon after the invention of lasers, experimental
studies on the feasibility of laser-driven thermonuclear
fusion, however, revealed the importance of noncollisional
light absorption mechanisms, coming into play for mod-
erate laser intensities (/4> > 10> W um?/cm?) [6]. For
interactions at the surface of dense plasmas, these processes
are expected to be most relevant when the laser beam
impinges the target at oblique incidence (angle of incidence
0; #0) and in p polarization, such that an electric field
component efficiently drives electron motion along the
normal to the target surface. Among these so-called
“anomalous absorption” mechanisms, the resonant excita-
tion and subsequent damping of collective electronic
plasma waves at the critical plasma density has been the
first key process to be identified both theoretically and
experimentally, and is commonly known as resonant
absorption [7-10].

Since the coupling with laser light occurs at the interface
of the plasma with vacuum, the characteristic spatial length
L of the plasma density gradient across this interface is a
crucial parameter. This density gradient is generally not
steplike, due to the unavoidable expansion of the plasma
into vacuum, either during the main laser pulse driving the
interaction or even before this pulse when laser prepulses
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are present (either accidentally or voluntarily introduced).
In an influential Letter from 1987, Brunel predicted a
transition from resonant absorption to a new coupling
mechanism, which he ironically called “not-so-resonant,
resonant absorption” [11], depending on the value of L. He
anticipated this mechanism to come into play when the
laser intensity becomes so strong that the quivering
amplitude of the plasma electrons in the field along the
target normal gets larger than L, such that the plasma-
vacuum interface can be modeled as steplike.

This simple and intuitive mechanism, now known as
Brunel absorption or vacuum heating, is qualitatively analo-
gous to the intensively studied three-step model of atomic
and molecular strong-field physics, where an intense laser
field (14> > 10" W ym?/cm?) drives the recollision of
ionized electrons with their parent ions [12]. Here, in each
optical laser cycle, electrons at the target surface are dragged
out of the plasma into vacuum when the laser FE-field
component normal to the target is directed towards the
plasma (see simulation results in Fig. 1). Later in the cycle,
when this driving field changes sign, some of these expelled
electrons are pushed back toward the “parent plasma”: as
they penetrate into this dense plasma, they escape the
influence of the laser field due to plasma screening and
propagate ballistically into the target (red trajectory in Fig. 1).
The initial model by Brunel for a steplike surface of a
perfectly conducting plasma focused on this returning
electron population. However, numerical simulations show
that for smoother interfaces and/or higher laser intensities,
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FIG. 1. Temporal dynamics of a dense plasma exposed to an
ultraintense laser field in the Brunel regime. This graph displays
results from a particle-in-cell simulation performed for a, =2
(I =8.5x10" W/cm?, 2 =800 nm), §; = 55°, and a density
gradient scale length L = 1/10 (with A the laser wavelength). The
gray scale color map shows the temporal evolution, during three
laser optical periods, of the plasma electron density around the
target surface, while the purple color scale shows the attosecond
light pulses emitted by this plasma (harmonics 8-15). Two
representative trajectories for the particles forming the expelled
electron beam (blue) and the “recolliding” electron flux (red) are
also displayed. The right-hand panel shows a typical distribution
of electrons in the x — p, phase space (x spatial coordinate along
the target normal) at time 7/7 = 12.7.

another fraction of the electrons escapes into vacuum (blue
trajectory in Fig. 1), typically in the form of periodic
attosecond bunches. In both cases, the fast electrons resulting
from this sub-optical-cycle dynamics carry away energy
acquired from the laser: for convenience, the terms “Brunel
electrons” or “Brunel absorption” used in this paper will
encompass these two populations.

A few years later, with the development of high-power
femtosecond lasers, the Brunel mechanism appeared as an
ideal toy model to understand the interaction of dense
plasmas with these ultrashort pulses. First, their ultrahigh
intensities result in large electron quivering amplitudes.
Second, these pulses are so short that plasma expansion
during the interaction is very limited, potentially leading to
sharp density gradients at the plasma surface, i.e., small
values of L. However, from an experimental point of view,
reaching this regime turned out to be much more chal-
lenging than expected. The key difficulty arose from the
unavoidable light pedestal ahead of ultrashort laser pulses
[13]: this pedestal, if too intense, leads to the premature
creation and expansion of the plasma, and thus to long
and largely uncontrolled density gradients at the plasma-
vacuum interface when the main laser pulse hits the target,
making the Brunel regime inaccessible. More generally,
this major issue has considerably complicated the inter-
pretation of most early experiments on the interaction of
intense ultrashort lasers with dense plasmas.

It took more than an additional decade to find methods
to efficiently reduce the light pedestal accompanying
ultrashort laser pulses [14—17], and thus obtain temporal
contrasts that at last made extremely sharp plasma surfaces
accessible and compatible with ultrahigh laser intensities
[18,19]. Nowadays, the Brunel mechanism is most likely
at play in experiments performed on solid targets with
ultraintense laser pulses of suitably high contrast. Yet,
direct experimental evidence is still elusive, and its range
of validity is not precisely known so far. Furthermore,
following the historical development of this topic, the
“common wisdom” tends to be that when L is increased,
a transition from Brunel to resonant absorption should at
some point occur [20-22], but no clear experimental
evidence of this transition has been reported yet.

A broad range of topical experiments are now being
performed worldwide on the interaction of ultraintense
laser pulses (14> > 10'® W ym?/cm?) with dense plasmas,
driven by applications such as laser-driven ion [3,4,23,24]
and electron acceleration [25-32], or the generation of
intense harmonics and/or attosecond light pulses [22,33].
Clearly identifying the laser-plasma coupling mechanisms
at play in this interaction regime, and determining the range
of physical parameters where they are relevant, is essential
for the proper understanding of such experiments. This is
what we achieve in this article, by focusing ultraintense
femtosecond laser pulses on a dense plasma with a sharp,
controlled and measured density gradient scale length L,
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which we systematically vary from L < Ato L ~ A (with 4
the laser wavelength). We show how performing and
correlating measurements of the high-order harmonics and
relativistic electrons emerging from the target provide clear
signatures of these couplings mechanisms, and relate these
observations to the underlying physics through an advanced
analysis of 2D and 3D particle-in-cell (PIC) simulations,
solving the coupled Vlasov-Maxwell equation system.

This comprehensive study shows that the Brunel mecha-
nism is indeed the relevant physical process for sharp
enough plasma-vacuum interfaces. As expected, a transi-
tion occurs to a different mechanism when the density
gradient scale length L is increased. Measurements of this
transition as a function of the laser incidence angle provide
confirmation of Brunel’s transition criteria based on the
comparison of the electron quivering amplitude with the
typical spatial extent of the interface. However, we estab-
lish that in the regime of ultrahigh laser intensities
considered here, resonant absorption plays no significant
role in the regime of large L (L = 1). The coupling is rather
dominated by another kinetic mechanism, so far known as
stochastic heating, in which collective plasma effects play
little role: as suggested theoretically in Refs. [34,35],
electrons in the underdense part of the density gradient
gain energy in the interference pattern resulting from the
superposition of the incident laser field with the field
reflected by the overdense part of the plasma. It has been
established theoretically that at the laser intensities con-
sidered here, electron dynamics in such an interference
pattern is not integrable, gets chaotic and can lead to high
energy transfer from the laser wave to the electron
population [36].

In this paper, the amplitude of the incident laser field,
which determines the intensity on target, is characterized
by the dimensionless potential vector at the peak of the
pulse, ay=eEy/mcw = Alum|(I[W/cm?]/1.37 x 10'8)1/2,
with ¢ the speed of light, e the elementary charge, m the
electron mass, @ the laser frequency, and E(, the amplitude of
the laser electric field. All experiments and simulations
presented here have been performed with a, > 1, which
corresponds to the interaction regime where relativistic
effects play an important role on electron motion. We define
n. as the critical plasma density associated to the laser
angular frequency w (n, = meyw?/e* = 1.74 x 10*! cm™3
for 4 = 800 nm laser light). In the following, the incidence
angle of the laser beam on target is defined with respect to the
target normal, and is expressed in degrees. In contrast,
the angular directions of photon and particle emissions from
the target are defined with respect to the specular direction,
and is expressed in milliradians (mrad) owing to their much
smaller values.

II. DESCRIPTION OF THE EXPERIMENT

A sketch of the experiment is presented in the upper part
of Fig. 2. A high-power femtosecond laser beam is focused

on an optically polished silica target, which it fully ionizes
on a thin surface layer [22], thus producing a dense plasma
(maximum plasma density ny ~ 6 x 10%* cm™3, i.e., 400n,
for 800 nm light).

We use the UHI100 laser at CEA Saclay, a commercial
system delivering 20-25 fs pulses with a peak power of
100 TW. After correction of its wave front by an adaptive
optical system, the beam is focused by an off-axis parabolic
mirror with an aperture of f/6, leading to a focal spot of
5 pm diameter (FWHM in intensity) and to an estimated
peak intensity of 2 x 10" W/cm? (a, ~ 3.5) on target. By
default, the laser beam is p polarized on target, but the
polarization can be switched to s by inserting a thin zero-
order mica half-wave plate in the beam.

The first key aspect of the experiment is that it was
carried out with a high degree of control and an accurate
knowledge of the plasma density gradient scale length L at
the target surface, which is a prerequisite for the study of
the laser-plasma coupling mechanisms. This implies the
use of laser pulses of very high temporal contrast, so that
premature creation of the plasma on target is avoided: this
is achieved thanks to a double plasma mirror system
placed before the main experimental chamber [18], which
increases the contrast by about 4 decades, thus reaching
>10"3 for time delays 2100 ps before the main pulse. This
ultrahigh temporal contrast is of paramount importance for
all experiments presented here. Starting from the very steep
density gradient allowed by this ultrahigh temporal contrast,
L is then varied in a controlled way, thanks to the introduction
of a “weak” prepulse (fluence ~1 kJ/cm?) at an adjustable
delay 7z before the main pulse (0 < 7 < 15 ps), produced
from an edge of the main beam using the optical layout
described in Ref. [37]. This prepulse is strong enough to
ionize the target and initiate plasma expansion, at a typical
velocity in the 40-60 nm/ps range. For all experimental
conditions considered herein, and in particular for all
incidence angles, we systematically measured L(7) using
the recently introduced technique of spatial domain inter-
ferometry (SDI) [38]; see Supplemental Material [39].

The second key aspect of the experiment is the combi-
nation of diagnostics that were implemented to study the
interaction. We concentrated on two types of observables:
the relativistic electron beam emitted by the target towards
vacuum and the beam of high-order harmonics generated
around the specular reflection direction.

Two diagnostics were used for the electron beam. First, a
LANEX screen, placed behind a 13-ym-thick aluminum
foil (to eliminate laser light and its harmonics) and a 2-mm-
thick glass plate (to filter out low-energy electrons), and the
fluorescence of which was imaged on a CCD camera,
provided the spatial profile of the emission of electrons
with energies higher than 1 MeV, at a distance of ~10 cm
from the target [left-hand images in Figs. 2(b) and 2(c)].
Second, we designed a new type of magnetic spectrometer
for relativistic electrons (see Supplemental Material [39]),
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FIG. 2. Principle of the experiment and main experimental findings. (a) Sketch of the experiment. The target is impinged by a
controlled prepulse, followed by the main pulse after an adjustable delay z. Two of the main diagnostics are displayed: the LANEX
screen for the measurement of the spatial profile of the high-energy electron beam and the angularly resolved XUV spectrometer,
equiped with a micro channel plate (MCP) detector. These two diagnostics can be used either separately or simultaneously when small
holes are made in the electron detection assembly, as shown in the figure. They can also be replaced by an angularly resolved electron
spectrometer. The main experimental findings for a p polarized laser field are summarized in (b) and (c): left-hand images, angular
emission pattern of relativistic electrons; bottom right-hand images, angularly resolved energy spectrum of electrons in the incidence
plane (¢, = 0); top right-hand images, angularly resolved harmonic spectrum. In panel (b), the experimental parameters are §; = 55°,
ap = 3.5, T =1 ps, leading to a gradient scale length L = 1/15. In panel (c), the experimental parameters are the same, except for
7 = 10 ps, leading to a gradient scale length L = 1/1.5. These illustrate the major changes occurring on these three observables as the
density gradient scale length is increased from L <« 1 to L ~ 4, which constitute signatures of the different underlying laser-plasma
coupling mechanisms. In panels (b) and (c), the circular dashed lines correspond to the angular extent of the reflected laser beam.

which provided, for every laser shot, the angularly resolved
kinetic energy spectrum of electrons, in the incidence plane
(i.e., for 6, = 0). This (6., E) distribution, with 6, the angle
in the plane of incidence and E the electron kinetic energy,
was measured with a very large angular acceptance of
AO, = 500 mrad around the specular reflection direction
(0, = 0) [bottom right-hand images in Figs. 2(b) and 2(c)].

The harmonic beam was characterized using an angu-
larly resolved extreme ultraviolet (XUV) spectrometer [37],
with an angular acceptance of 200 mrad around the
specular direction [top right-hand images in Figs. 2(b)
and 2(c)]. The harmonic spectrum and the electron beam
spatial profile were initially measured on the same laser
shots, thanks to small holes in the aluminum foil,
glass plate, and LANEX screen that let the harmonic
beam go through (Fig. 2). However, we observed an
excellent shot-to-shot reproducibility of the experimental
results, so that these multiple diagnostics were finally

implemented on different laser shots performed under
identical interaction conditions.

A simple additional diagnostic, implemented on separate
laser shots, consisted of measuring the spatial profile of
the laser beam reflected by the target, by inserting a frosted
glass plate in this beam 20-30 cm after the target, and
measuring the image of the laser light scattered by this
plate on a camera placed behind a bandpass filter centered
on the fundamental laser frequency. This can be exploited
to determine the plasma reflectivity for the incident laser
beam.

III. EXPERIMENTAL RESULTS

The lower part of Fig. 2 summarizes the main findings of
the experiment for a p polarization of the incident laser, by
presenting the electron beam angular profiles and (6,, E)
distributions, as well as the angularly resolved harmonic
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Evolution of the experimental observables with the density gradient scale length. The angular profile of the relativistic electron

beam in the incidence plane (a) and the emitted harmonic spectrum (b) are plotted as a function of L, for a p-polarized laser field. The
experimental parameters are the same as in Fig. 2. The insets show how these quantities are related to the images of Fig. 2 (note that these
insets do not hide any relevant signal). Panel (c) shows different curves derived from these datasets: the harmonic signal integrated from
the 20th to the 25th order (signal Sgowm), and the electron signals on the right-hand (50 < 6, < 150 mrad, signal S,;) and left-hand sides

(—250 < 6, < —150 mrad, signal S,,) of the specular direction, are plotted as a function of L. These curves show the transition between
the two regimes highlighted in Fig. 2, and reveal the quantitative correlation between the harmonic and relativistic electron signals for

short-gradient scale lengths.

spectra, measured for two different density gradient scale
lengths L, L; < Aand L, = A: as L is increased from L to
L,, the measured signals for all these observables radically
change. Three main differences are observed: (i) when
L < A, the electron emission is predominantly peaked at
0, ~ 100 mrad, i.e., close to the direction of laser specular
reflection (@, = 0 mrad), with a slight shift towards the
target normal. As L 1is increased, it then switches to
0, ~ —200 mrad, a direction between specular direction
and the tangent to the target surface (¢, = —600 mrad), and
simultaneously slightly broadens angularly. (ii) Electrons
reach energies about 2 times higher for large L (spectral
peak around 10 MeV), with a (6, E) distribution that
significantly changes. In the short-gradient regime, a clear
correlation is observed between emission angle 6, and
electron energy E, especially in the most intense part of
the distribution (0 < 8, < 200 mrad): the electron energy
increases as one gets closer to the specular direction. In
contrast, in the long-gradient regime, the electron spectrum
hardly varies angularly; i.e., no significant correlation is
observed on this (6, E) distribution. (iii) Harmonic emis-
sion is clearly observed for small L, but it drops below the
experimental detection threshold for large L.

The details of the transition between these two regimes
are presented in Fig. 3, which displays the evolution with L
of the electron beam angular profile in the incidence plane,
and of the harmonic spectrum. The most important point is
the quantitative correlation, observed at short gradients,

between the emission of relativistic electrons and the
harmonic signal [see curves in Fig. 3(c)]. As L is gradually
increased, the electron signal around 8, = 100 mrad and
the harmonic signal reach a common optimum around L =
4/15, and then both quickly decrease. The electron signal on
the other side of the specular direction then grows, but is not
associated with any harmonic signal. The transition between
these two regimes occurs around L ~ /5.

Another important difference between these two inter-
action regimes is the dependence of the observables on
laser polarization direction, illustrated in Fig. 4. In the
short-gradient regime, the electron signal is totally sup-
pressed when the polarization is switched from p to s, as
is also the case for the harmonic signal (not shown). By
contrast, for longer gradients, the electron signal is still
observed for s polarization, although it gets about 5 times
weaker.

These observations on the electron and harmonic beams
clearly point to a complete change in the coupling mecha-
nism between the laser field and the plasma, which we
analyze in the rest of this article. In the following, we refer
to these two interaction regimes as the short-gradient and
long-gradient regimes for convenience.

This transition also has consequences on even simpler
observables: Fig. 5 (left-hand panels) displays the spatial
intensity profiles of the reflected laser beam, measured on
a scattering screen in these two distinct coupling regimes.
In the short-gradient regime, Fig. 5(a), a smooth beam
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FIG. 4. Effect of the laser polarization direction on relativistic
electron emission. Panels (a) and (b) show the angular profiles of
the relativistic electron emission for a gradient scale length
L, = 1/15, respectively for p and s polarizations of the incident
laser. In both cases, the laser incidence angle is 6; = 55°. Panels
(¢c) and (d) show these electron angular distributions, now
measured for a longer gradient L, = 1/1.5, i.e.,, beyond the
transition observed in Fig. 3. Note the different color scales used
in (a) and (c) versus (b) and (d).

is observed, which is almost unaltered compared to the
incident laser beam: this is the so-called plasma mirror
regime [19], where the plasma acts as a usual high-quality
mirror, specularly reflecting the fundamental frequency,
despite the ultrahigh intensity on target. By contrast, in the
long-gradient regime Fig. 5(b), the beam profile is strongly
perturbed and starts exhibiting spatial structures that were
not present on the incident beam. The term plasma mirror is
thus no longer appropriate to this regime, although the laser
field still interacts with a dense—and hence reflective—
plasma. Experimentally, the spatial profile of the reflected
laser beam might thus also be used as an alternative and
very simple signature of the transition in the laser-plasma
interaction. By spatially integrating these images, the
variation of the plasma reflectivity at the fundamental laser
frequency as a function of L can be determined, and is
displayed in the right-hand panel of Fig. 5, for both p and s
polarizations of the incident laser field.

All these measurements have been repeated over four
different experimental campaigns on the UHI100 exper-
imental facility over the past four years, and all effects
described above have been observed to be very reproduc-
ible and robust.

IV. 3D PARTICLE-IN-CELL SIMULATIONS

To interpret these experimental observations, we will
now turn to particle-in-cell (PIC) simulations of the laser-
plasma interaction. This requires ensuring that (i) these PIC
simulations are performed in the actual physical conditions
of the experiment and (ii) they are reliable and properly
reproduce the key experimental findings. To check these
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FIG. 5. Reflected fundamental beam and evolution of the
plasma reflectivity. Using a scattering screen, the spatial intensity
profile of the laser beam reflected by the target can be measured.
The two panels (a) and (b) show typical beam profiles respec-
tively obtained in the short (upper image, L; = 1/15) and
long (lower image, L, = A/1.5) density gradient regimes, for
p polarization of the incident laser. In all cases, the laser
incidence angle is 0; = 55°. The black dashed circles indicate
the initial divergence of the top-hat laser beam, before its
interaction with the target. From the spatial integration of these
images, the reflectivity of the plasma for the fundamental laser
frequency can be determined, and is plotted in (c) as a function
of L for both s and p polarizations (squares and circles). The lines
show the corresponding results of 2D particle-in-cell simulations
(see Sec. VD).

two critical points, we first carry out full 3D simulations
of the interaction, so that we can directly confront the
numerical and experimental results—especially the full
angular pattern of the electron emission, which is accessible
only by 3D simulations.

All simulations reported herein have been performed
using the recently developed WARP+PXR code [40—44].
The specificity of this code is the use of a massively parallel
high-order spectral solver for Maxwell’s equations [45],
which greatly reduces numerical dispersion of electromag-
netic waves as well as numerical noise. This ensures
convergence of the simulations for larger spatial and
temporal mesh steps than in most other PIC codes, and
thus makes physically realistic and reliable 3D simulations
of the interaction with dense plasmas computationally
tractable [45,46]. Each 3D simulation reported here
required 6.3 x 10° computation hours on a massively
parallel machine [47,48]. More detailed information on
the numerical parameters of these simulations is provided
in the Supplemental Material [39].

We performed two 3D simulations, for the same physical
conditions as in the experiments of Figs. 2(b) and 2(c),
corresponding to fixed laser parameters but different
density gradient scale lengths, L; << 1 and L, ~ 1. From
these simulations, we extracted the exact same observables
as those measured in the experiment; the calculated angular
profiles and angle-energy distributions of the emitted
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3D PIC simulations of the laser-plasma interaction for two different density gradient scale lengths, L. The physical conditions

of these simulations are matched to the estimated experimental conditions of the shots shown in the lower part of Fig. 2: panel
(a) corresponds to a density gradient L; = /15 and panel (b) to L, = 1/1.5, while all other physical parameters remain the same. From
these simulations, we extract the same observables as those measured in the experiment: the angular profile of the high-energy electron
beam expelled in vacuum (left-hand image in each panel), the (0., E) distribution of these electrons (bottom right-hand image in each
panel), and the angularly resolved harmonic spectrum (top right-hand image in each panel). The key features are the same as those
observed on the experimental results (compare with the lower panels of Fig. 2).

electron beam, as well as the angularly resolved harmonic
spectra, are displayed in Fig. 6. Comparison with the lower
panels of Fig. 2 shows that these simulations very well
reproduce the two distinct interaction regimes observed
experimentally for all these observables.

These 3D benchmark simulations clearly demonstrate
both the reliability of the PIC simulations as well as our
excellent control of the interaction conditions in the experi-
ments, which ensures a relevant choice of the physical
parameters used in the theoretical study. In the next section,
we further exploit simulations performed with the WARP
+PXR code to get detailed insight into the physical
processes underlying these distinct interaction regimes.
To this end, we rely on more tractable 2D simulations
[49]. Detailed information on the numerical parameters of
these simulations is also provided in the Supplemental
Material [39].

V. PHYSICAL ANALYSIS AND DISCUSSION

The starting point for our analysis of the experimental
results is the joint measurement of the relativistic electron
and harmonic signals, which provides information on the
temporal structure of the electron emission by the plasma
(Sec. VA). We then discuss the spatial structure of the
observed electron beams (Sec. V B). In order to understand
the electron heating and ejection mechanism in the long-
gradient regime, we turn to a detailed analysis of PIC
simulations, presented in Sec. V C. With the physical
insight provided by this analysis, we finally discuss the
influence of the laser polarization (Fig. 4) and the evolution
with L of the plasma reflectivity at the fundamental laser
frequency (Fig. 5) in Sec. V D.

A. Temporal structure of the electron emission

The clear correlation observed between the high-energy
electron signal and the harmonic signal for short gradients
[Fig. 3(c)] suggests that in this regime, the relativistic
electrons are involved in the harmonic emission. Then, the
fact that a highly contrasted harmonic comb is produced
would be an indication that this electron emission is
periodic in time, being locked to the driving laser field.

To support this tentative interpretation, we consider the
PIC simulations of Figs. 1 and 7(b): they show that
temporal periodicity is indeed a characteristic of the
Brunel mechanism. Electron emission occurs in the form
of bunches that are initially extremely short (in the atto-
second range), emitted once every optical period. For
ap > 1, these electrons reach relativistic velocities when
they escape the plasma, and thus induce a Doppler effect on
the reflected laser field: this results in the generation of a
train of attosecond light pulses, spaced by one laser period,
which are clearly observed in Figs. 1 and 7. This well-
identified process is known as the relativistic oscillating
mirror (ROM) effect [19,50-58]. In simulations, the result-
ing periodic light emission has a spectrum consisting of a
comb of high-order harmonics of the laser frequency: this is
the origin of the harmonic signal observed in our experi-
ment. The electron-harmonic correlation observed exper-
imentally is therefore a signature of the periodicity of the
dynamics of electrons.

As described in Sec. 11, the harmonic signal is observed
to collapse for longer density gradients L. One possible
interpretation for this collapse can be that the electron
emission ceases to be periodic in time. And, indeed, PIC
simulations for longer density gradients [Fig. 7(d)] strikingly
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2D PIC simulations in the two distinct regimes of laser-plasma coupling. These data are obtained from 2D PIC simulations

with different density gradients L [4/15 for (a) and (b), and A/1.5 for (¢) and (d)], while all other physical parameters remain the same
(ag = 3.5, 6; = 55°). The two upper panels display the complete trajectories of a selected set of expelled high-energy test electrons (blue
lines), together with the y component of the magnetic field (blue to red color map) at a given time after the laser-plasma interaction. The
plasma density profile at the end of the interaction is indicated in gray in log scale. The lower panels shows the temporal evolution of
the plasma electron density (gray scale color map, in log scale), spatially resolved along the normal to the target surface, at the center
of the focal spot. The emitted attosecond pulses are overlaid to this density map in purple. They are clearly visible in (b), but are too weak

to be observed in (d).

show that, in contrast to the Brunel mechanism, electron
emission is no longer periodic in this regime. The absence
of a harmonic signal in conjunction with the relativistic
electron emission can thus be considered as a signature of the
transition to a new coupling mechanism, associated with the
very different plasma temporal dynamics observed in Fig. 7.
This mechanism is described in Sec. V C.

B. Spatial structure of the electron emission

We now discuss the spatial properties of the outgoing
electron beams, with the support of the simulation results
of Fig. 7. We show that in the short-gradient regime, this
structure is mostly determined by the interaction of
expelled electrons with the reflected laser field in vacuum
(Sec. VB 1), while in the long-gradient regime, it is rather
imposed by large quasistatic surface fields that develop in
the vicinity of the plasma surface during the interaction
(Sec. VB 2).

1. Short-gradient regime

In the case of short density gradients, the peculiar
angular structure of the electron beam has recently been
analyzed experimentally and theoretically in Ref. [32].
In this Brunel regime, electrons are expelled from the
plasma as a very laminar beam, with relativistic velocities

initially quasiparallel to the direction of specular reflection
[Fig. 7(a)]. These relativistic electrons thus copropagate
with the intense reflected laser field, with which they
interact in vacuum over a distance of the order of the
Rayleigh length. This interaction always results in the
ejection of electrons out of the laser beam, and therefore
forms a hole in the electron beam, centered on the specular
direction, as observed in our experiment.

There are two typical scenarios for this ejection, depend-
ing on the exact initial conditions with which electrons are
expelled from the plasma into vacuum. Some electrons
explore multiple optical cycles of the laser field, and thus
oscillate in the field and get expelled from the laser focal
volume by the so-called ponderomotive effect, isotropically
and with a limited energy gain [59,60]. They form the ring-
shaped halo observed on the electron beam. But a large
fraction of electrons actually remain around a given phase
of the reflected field and rather “surf” a single wave front
of the reflected field, thus escaping the laser beam laterally
along the laser polarization direction, and forming the
bright peak observed next to the specular direction. The
side on which this peak forms is determined by the laser
phase at which electrons are expelled from the plasma into
vacuum: the observation of a peak on one side only of the
“ponderomotive hole” (between the specular direction and
the target normal) is a clear indication that electrons are
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ejected periodically once every laser period, when the laser
field drags them out of the plasma, in the form of suboptical
cycle bunches.

This second set of electrons experiences a quasiconstant
E field from the laser in vacuum until they escape the focal
volume, leading to a greater energy gain than in ponder-
omotive scattering: this “vacuum laser acceleration” (VLA)
process accounts for the observed asymmetry of the (6., E)
distribution [see Fig. 2(b)], where higher energies are
observed on one side of the hole (mostly VLA electrons)
than on the other (ponderomotive electrons), as well as for
the angle-energy correlations on this distribution [61]. An
important consequence is that the Doppler up-shift factor
induced by outgoing electrons on the reflected field, which
leads to the generation of high-order harmonic (ROM
mechanism), cannot be directly deduced from the electron
spectra measured experimentally, since electrons keep
gaining energy after they escaped the target and emitted
high-order harmonics, and before being detected. For
instance, simulations show that in the present experiment,
the electron Lorentz factor typically varies from y ~ 2-3 as
they are ejected from the plasma and emit harmonics, to
y 2 15 after their interaction with the reflected laser field
[32], when they are detected.

2. Long-gradient regime

The spatial properties of the electron beam observed in
the long-gradient regime described here have not been
explained in detail yet, to the best of our knowledge. The
electron trajectories displayed in Fig. 7 show that the
conditions of electron ejection from the plasma are already
very different in the short- and long-gradient regimes. In the
second case, the expelled electron beam is no longer
laminar, and rather has a complex velocity distribution.
As we show in the next section, this feature can be
attributed to the chaotic character of the electron heating
mechanism leading to ejection from the plasma.

Furthermore, these 2D PIC simulations show that a
quasistatic magnetic field develops at the plasma surface
[see the map of the magnetic field in Fig. 7(c), where a red
area indicating a high magnetic field is present close to the
plasma surface]. This field grows during the laser-plasma
interaction, reaches an amplitude typically of the same
order of magnitude as the laser magnetic field, and then
persists even after the laser pulse has been reflected by the
plasma. A detailed analysis of electron trajectories in these
simulations shows that this surface field, which is much
larger than the one occurring in the short-gradient regime
[compare maps of the magnetic field in Figs. 7(a) and 7(c)],
deflects the escaping electrons toward the target surface.
This deflection accounts for the fact that the electron
angular distributions observed in this regime are essentially
centered between the specular direction and target surface.
Test simulations have been performed to check that the
reflected laser field plays no role in the deflection of

electrons after their ejection from the plasma, in strong
contrast to what is observed in the Brunel regime.

Such surface quasistatic fields have already been
reported in multiple studies of the interaction of intense
lasers with dense plasmas (see, e.g., Refs. [62—66]), and can
be induced by a variety of physical processes (see, e.g.,
Refs. [67-70]). In the present case, our simulations indicate
that their development can be attributed to the “fountain
effect” described in Ref. [70], where they originate from the
plasma cold return current that compensates for the lateral
charge ejection from the laser focal volume. This is
supported by the fact that these fields are not observed
at all in plane wave simulations, where the plasma surface
is homogeneously illuminated by the laser field.

In contrast to the short-gradient regime, here the spatial
properties of the electron beam do not provide much insight
into the involved electron heating mechanism. To identify
this mechanism, we now turn to a more detailed numerical
investigation.

C. Electron heating mechanism
in the long-gradient regime

1. Importance of the reflected laser field

Our analysis of the electron heating mechanism in the
long-gradient regime is based on a set of 2D plane wave
PIC simulations [49] for three different physical configu-
rations. Their key results are summarized in Fig. 8, and
shed light on the underlying physical mechanism. The
upper panels (case A) correspond to the interaction of an
ultraintense laser pulse with a dense plasma in the long-
gradient regime, i.e., the same physical configuration as in
Figs. 7(c)-7(d) and as in our experiment: they display the
temporal evolution of the plasma electron density [Fig. 8(a)]
and the x— p, phase-space distribution of electrons
[Fig. 8(d)] at the time when electron ejection from the
plasma is observed to start [blue dashed line in Fig. 8(a)].

The middle panels of Fig. 8 (case B) display the same
quantities, but now in a situation where the plasma profile
has been truncated for densities n > 0.4n,cos’@, i.e.,
keeping only the underdense part of the plasma, such that
there is hardly any reflection of the incident laser by the
plasma. This underdense plasma layer, surrounded by
vacuum on both sides, is irradiated by the same laser
beam as before, but also by a second beam of slightly lower
intensity (80%), symmetrically arriving from the other side
of the plasma. The role of this second laser is to emulate the
beam reflected by the dense part of the plasma in case A.
The key point here is that both the temporal dynamics of the
plasma density profile and the electron phase-space dis-
tributions look very similar for cases A and B.

By contrast, if the truncated plasma layer is irradiated by
one laser beam only (case C, lower panels of Fig. 8), the
plasma dynamics becomes totally different. More specifi-
cally, while similar upward electron ejections are observed
in cases A (corresponding to the electron signal observed
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FIG. 8. Set of 2D plane wave PIC simulations carried out to

reveal the role of the laser field reflected by the plasma. Each line
corresponds to a different physical case [see insets in (a)—(c)].
Case A (upper line) corresponds to an overdense plasma with a
density gradient of scale length L = 4, irradiated by a single laser
beam with an incidence angle 8; = 55° and a, = 2.5. In case B,
this plasma has been truncated for n > 0.4n, cos? 0, keeping only
the underdense part of the plasma, which is now irradiated by two
almost identical laser beams (same parameters as in case A)
arriving symmetrically from both sides of the plasma layer. In
case C, this same plasma layer is irradiated only by the upper
laser beam. In these three cases, plots of the temporal evolution of
the plasma electron density [(a)—(c)] and snapshots of the x — p,
phase space distribution of electrons [(d)—(f), taken at the time
indicated by the blue line in (a)-(c)] are displayed. The
multilayered phase space distributions of (d) and (e) strongly
contrast with the smooth regular distribution of (f), and are typical
of chaotic dynamics resulting from a repetitive stretching and
folding effect in phase space.

in our experiment) and B, this electron emission is strongly
reduced in case C: fewer electrons are emitted, and they
have much weaker velocities.

This toy model study leads to two important conclusions:
(i) the comparison of cases A and B indicates that in the
long-gradient regime, the coupling mechanism leading to
electron ejection mostly occurs in the underdense part of

the density gradient, (ii) the comparison of cases B and C
indicates that the overdense part of the plasma nonetheless
plays a key role, by producing a reflected beam that, when
crossing and interfering with the incident beam, strongly
modifies the dynamics of electrons in the underdense
plasma layer. As we explain in the next section, the electron
heating mechanism coming into play in such a physical
situation has already been well identified in the existing
literature.

2. Introduction to stochastic heating

Let us start by considering a free electron (i.e., without
any collective plasma effects involved) exposed to two
noncollinear ultraintense laser beams. Using a quantum
description of the field as an ensemble of photons provides
a simple way to understand that this electron can gain more
energy than when exposed to a single laser beam. When a
single laser beam (assumed to be a plane wave) is present,
it is well known that photon absorption processes are
hindered as they do not conserve both energy and momen-
tum of the total system. By contrast, when two noncollinear
beams are present, the combined absorption of multiple
photons simultaneously from both beams is allowed,
because the availability of photons with different k vectors
makes it possible to conserve both energy and momentum
of the total system. In other words, the presence of a second
beam allows for energy absorption by the electron from
the laser field, through a process that can be defined as
stimulated multiphoton Compton scattering [71].

For large field amplitudes, the laser field can be treated
classically, and many previous studies in the literature have
shown that electron dynamics in these combined noncol-
linear fields is not integrable and gets chaotic for high
enough laser amplitudes (typically aq = 0.15 for at least
one of the two beams). This results in large energy gains,
and this efficient regime of energy absorption by electrons
is known as stochastic heating [34,36,72—78]—although
the name chaotic heating would probably be more appro-
priate here, since the system is perfectly deterministic and
involves no stochastic process.

This effect is obviously not restricted to isolated free
electrons: it can equally occur for electrons in an under-
dense plasma, leading to an energy absorption process
where neither collisions nor collective plasma effects play
any major role. Such a coupling of the plasma with multiple
laser beams has been studied experimentally in Ref. [79] by
exposing an underdense plasma to two laser beams (like in
case B of Fig. 8). It is also known to play a role in electron
injection in laser-driven plasma wakefield accelerators by
the colliding pulse scheme [80,81].

To the best of our knowledge, Ref. [35] was the first to
point out that this mechanism should also come into play
when a small underdense plasma layer is present at the
surface of a dense plasma exposed to a single laser beam.
In this case, the required second noncollinear laser beam
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results from the reflection of the single input beam by the
dense plasma. Electrons in the underdense plasma are then
exposed to the standing wave formed in front of the dense
plasma by the superposition of the incident and reflected
beams, and can gain energy by stochastic heating: this is
precisely how we interpret our present experimental results
in the long-gradient regime.

3. Numerical evidence for stochastic heating
in the long-gradient regime

With the help of simulations, we now support this
interpretation by providing evidence that stochastic heating
indeed occurs in the long-gradient regime. To this end,
we analyze the electron phase-space distributions in cases
A—C [Figs. 8(d)-8(f)] and their temporal evolution during
the laser-plasma interaction (see Movie M1 in
Supplemental Material [39]). When a single laser beam
is present (case C), electrons are observed to simply
oscillate nonlinearly in the laser field, leading to a smooth
and regular phase space distribution [Fig. 8(f) and Movie
M1 [39]). In striking contrast, in cases A and B, electron
dynamics in the standing wave resulting from the super-
position of two noncollinear laser beams is complex: the
key point is that we observe a very strong local “stretching
and folding” effect on the phase-space distribution, around
each node of the standing wave (see movie M1 [39]).

Such a stretching and folding effect results in very
different trajectories for particles that are initially very
close in phase space: this is known to be one of the most
typical routes to chaotic dynamic [82], exemplified in the
well-known horseshoe map models. This repetitive stretch-
ing and folding eventually results in a highly structured,
multilayered phase-space distribution [Figs. 8(d) and 8(e)],
where electrons at a given spatial position have a complex
momentum distribution, typical of chaotic dynamics. The
striking contrast between these highly structured phase-
space distributions and the smooth distribution observed
in case C [Fig. 8(f)] again demonstrates the impact of
stochastic heating on electron dynamics in the underdense
part of the plasma. Furthermore, the comparison of these
phase-space distributions with the type of distribution
observed for the Brunel mechanism (Fig. 1) is illustrative
of the major difference in the dynamics of the system
between the short- and long-gradient regimes.

The chaotic character of the electron dynamics can
be further supported by the calculation of the Lyapunov
exponents of plasma electrons (see Supplemental Material
[39]), which should be positive in the case of chaotic
dynamics. The Lyapunov exponent ¢, for the p, variable,
obtained from 2D plane wave PIC simulations of case A
of Fig. 8, are displayed in Fig. 9, as a function of the
incident laser amplitude. This exponent is negative at low
intensity, and gets positive when a, 2 0.15, thus pointing
to chaotic dynamics. This threshold in laser intensity is
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FIG. 9. Lyapunov exponent for the p, variable in the long-
gradient regime, as a function of ;. Simulations have been
performed in the physical configuration of case A of Fig. 8. The
onset of stochastic heating in the standing wave formed in the
underdense part of the plasma by the incident and reflected laser
fields is indicated by the fact that the Lyapunov exponent
becomes positive. The calculation procedure used to deduce this
exponent from the results of 2D plane wave PIC simulations is
explained in the Supplemental Material [39].

consistent with early theoretical investigations of stochastic
heating [36,72].

4. Absorption mechanism at lower laser intensities

Figure 9 shows that for lower laser amplitudes ay < 1,
the Lyapunov exponent ¢ becomes negative, suggesting
that stochastic heating vanishes. In this case, when aug-
menting L, we instead observe in simulations a transition
from a Brunel-dominated regime to a regime where the
well-known resonant absorption mechanism becomes dom-
inant. This is supported by Fig. 10, showing results from
2D plane wave PIC simulations in the long-gradient regime
L = 1/1.5 for two different laser amplitudes a, = 0.1 and
ag = 3.5. At a lower laser amplitude, ay, = 0.1, one can
clearly observe in Fig. 10(a) a resonant excitation of plasma
waves around the critical density n = n.. The resonant
growth of these plasma waves eventually leads to wave
breaking and subsequent ejection of hot electrons after the
interaction. The underdense part of the plasma gradient
(n < n.) is only very weakly perturbed in this case.

However, for larger laser amplitudes a, = 3.5 (as in our
experiments), Fig. 10(b) shows that the resonant growth
of plasma waves at n = n, vanishes. As opposed to the
“classical” case (ay < 1) where all resonant absorption
models assume an initially unperturbed plasma density
profile, the electron density profile in the relativistic case is
highly perturbed and the laser reflects on a sharp electron
profile of density n > n.. This prevents the growth of
any resonant waves near the critical density. Instead, and as

011050-11



L. CHOPINEAU et al.

PHYS. REV. X 9, 011050 (2019)

3

Pras
e

e
]

(uyu)6oy

-2.5

t/T

FIG. 10. 2D PIC simulations in the long-gradient regime for
two different laser amplitudes. In both cases, the gradient scale
length is L = A/1.5 (long-gradient regime) and 0; = 55°. The
gray scale represents the temporal evolution n,(x,7) of the
plasma electron density profile along the direction x normal to
the plasma surface for (a) @y = 0.1 and (b) ag = 3.5. The insets
represent enlargements centered around the critical electron
density of the initial plasma profile n,(x,t = 0) = n. (shown
by the orange dashed line).

previously described, the interference pattern produced
by the incident and reflected fields within the underdense
part of the density gradient is responsible for stochastic
heating of electrons, and results in a highly perturbed
density profile.

D. Effect of the laser polarization, plasma reflectivity

With the support of the previous physical analysis, we
finally discuss the experimental observations on the influ-
ence of the laser polarization direction (Fig. 4) and the
evolution of the plasma reflectivity with L, for both s and p
polarizations (Fig. 5).

In the short-gradient regime, switching the polarization
from p to s is expected to suppress both electron emission
and harmonic generation, as observed experimentally
[Figs. 4(a) and 4(b)], because the laser E-field component
normal to the plasma surface is the main driving force of
Brunel absorption at the laser intensities considered here.
In contrast, when stochastic heating is involved, the
polarization direction of the incident laser beam is not
expected to have a strong influence, since the plasma
surface only comes into play by producing a reflected
wave: this explains why, in the long-gradient regime, the
electron signal is experimentally observed to still persist in s
polarization [Figs. 4(c) and 4(d)]. This experimental obser-
vation alone makes a strong case against an interpretation

of the long-gradient regime in terms of resonant absorption,
which should rather be very sensitive to the laser polarization.

In the long-gradient regime, a spatial degradation of the
reflected laser beam wave fronts is observed right after the
target in the simulation of Fig. 7(c), while the beam wave
front is preserved in the short-gradient regime [Fig. 7(a)].
This is qualitatively consistent with experimental observa-
tions (Fig. 5(b)), where the laser beam intensity profile far
from the target is observed to become degraded for long
gradients. The chaotic character of the electron dynamics,
identified in the previous section, affects the laser beam
propagation in the underdense plasma layer, and thus
provides a possible interpretation for this degradation of
the reflected laser wave fronts.

For short density gradients, the reflectivity is lower in
p (&50%) than in s (close to 100%) polarization, while
similar values (~70%) are observed for both polarizations
in the long-gradient regime. This is consistent with the
results of Fig. 4 on relativistic electron emission, and with
our previous interpretation of the interaction: in s polari-
zation, for short L, Brunel absorption is suppressed, while
for long L stochastic heating is still present.

PIC simulations can be exploited to get even more
insight into the redistribution of the initial laser energy
after the laser-plasma interaction. The different distribu-
tions obtained for both short- and long-gradient regimes,
and for both p and s laser polarizations, are displayed as pie
charts in Fig. 11. For short gradients and p polarization,
around 25% of the laser is converted into harmonics of
the laser frequency (mostly low orders), and about 30% is
deposited as kinetic energy of the plasma particles (includ-
ing the relativistic electrons observed in our experiment).
When the polarization is switched to s, these two con-
tributions get considerably reduced, down to around 5%
each, leading to a much higher reflectivity of the funda-
mental laser frequency. For long gradients, by contrast,
very little energy is converted into harmonics, regardless of
polarization. As already emphasized, the energy stored into
quasistatic fields around the plasma surface significantly
increases compared to the short-gradient regime. In p
polarization, the fraction of energy going into particle
kinetic energy is only slightly weaker than in the short-
gradient case, and gets reduced by about 50% in s
polarization. The reflectivity for the fundamental frequency
remains similar for both polarizations, while more energy
goes into scattered light in s polarization.

From a more quantitative point of view, 2D PIC
simulations also properly reproduce the evolution with L
of the plasma reflectivity at the fundamental laser fre-
quency, for both s and p polarizations (Fig. 5). Moreover,
this evolution is consistent with our previous interpretation.
For p polarization, starting from L ~0, this reflectivity
first decreases, as one approaches the optimum length for
the generation of harmonics and relativistic electrons
(L ~2/15, see Fig. 3), which of course both occur at
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FIG. 11. Distribution of the initial laser pulse energy after the
interaction, in different conditions. These pie charts summarize
how the laser energy is distributed after the laser-plasma inter-
action, in the short-gradient (upper line) and long-gradient (lower
line) regimes, for p (left-hand column) and s (right-hand column)
polarizations. Five categories have been numerically separated,
indicated in the legend: electromagnetic (EM) energy in the
fundamental laser frequency in the specular direction, in the
harmonics of the laser frequency in the specular direction, in
quasistatic fields (i.e., with a frequency lower than the laser
frequency), in nonstatic fields in the nonspecular direction, and
kinetic energy of plasma particles. The results are obtained from
2D PIC simulations with aq = 3, 0; = 55°, and L, = A/15 for the
short-gradient regime and L, = 1/1.5 in the long-gradient regime.

s polarization

Fundamental

the expense of laser energy (see Fig. 11). Beyond this point,
the energy converted to particle kinetic energy does not
vary much, but the one converted to harmonics progres-
sively drops to O: this explains why the reflectivity then
gradually increases beyond L ~0.14.

E. Conclusion of the physical analysis

The previous combination of multiple experimental
observables and PIC simulations has provided strong
evidence for the transition from Brunel absorption to
stochastic heating as the density gradient scale length L
is increased, while no evidence of resonance absorption has
been observed in this ultrahigh laser intensity regime.

The intuitive physical insight underlying this transition is
that the Brunel mechanism requires a sharp interface, such
that the amplitude of the quivering motion of electrons in
the laser field exceeds the length scale of this interface. On
the contrary, stochastic heating can only occur if electrons
are present within the standing wave interference pattern
formed by the incident and reflected fields: it will therefore
be favored by longer density gradients, for which this
interference zone contains a larger number of particles
provided by the underdense part of the plasma located just
in front of the laser reflection point.

It however remains difficult to predict analytically the
value L, of the density gradient scale length for which this
transition occurs. In the next section, we determine this

transition length experimentally as a function of the laser
incidence angle on target 6,—an essential physical param-
eter, since it affects the point of the density gradient where
laser reflection occurs. We also discuss the effect of this
angle on the properties of the emitted electron beams.

VI. EFFECT OF THE LASER INCIDENCE ANGLE

A. Evolution of the transition gradient scale length

We have repeated the previous measurements, carried
out for §; = 55°, for five other incidence angles 6; ranging
from 40° to 65°. For each angle, the density gradient scale
length was systematically varied by changing the prepulse
delay, and was measured using the SDI technique. The
main outcomes of this experiment are summarized in Fig. 12.
The left-hand panels show how the electron beam angular
profile in the incidence plane evolves as a function of L,
for three different incidence angles. In all cases, the same
type of transition as reported in Figs. 2 and 3 is observed,
and it occurs for shorter values of L as the incidence angle
is increased. As before, we observe that this transition is
correlated with major changes in the electron angle-energy
distribution and in the harmonic emission. The experimental
transition length L{ deduced from all these data is plotted in
Fig. 12(b) (blue dots), and clearly decreases with 6;.

To get some qualitative insight into this angular depend-
ance, we consider the starting point of Brunel’s model [11],
which is that the physics of the laser-plasma coupling
changes when the quivering amplitude Az, of plasma
electrons starts exceeding the typical spatial extent d of
the plasma-vacuum interface. We then define—somewhat
arbitrarily—this spatial extent as d = |z, — z.|, the distance
between the effective reflective surface of the plasma,
located at z,(6;), such that n(z,) = n.cos*0;, and the
fixed point corresponding to the location of the critical
plasma density z., such that n(z.) = n, [see sketch in
Fig. 12(b)]. d can be calculated by using the standard
assumption of an exponential density profile at the target
surface [83]: n(z) = ngexp(—z/L), with ny the maximum
plasma density in the target, reached at z = 0. This leads
to d = —2L1In(cos ;).

In the simplest possible approach, the electron quivering
amplitude can be considered to be the one of free electrons
in the laser field, which is Az, ~1a3/2x(a}+1). At
sufficiently high intensity, well into the relativistic regime
(ap>1), Az, % 1/2x is quasi-independent of the laser
field amplitude. The condition Az, = d(6;) then leads to a
simple theoretical expression for the transition gradient
scale length:

L, 1

o " 4rln(cos ;) (n)

This simple analysis indeed predicts an angular dependence
of L, on 6;: physically, this is because for a given plasma
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FIG. 12. Effect of the laser incidence angle on the laser-plasma coupling. Panel (a) shows the evolutions with L of the high-energy
electron beam angular profile in the incidence plane, measured for three different incidence angles, for a laser field amplitude ay =~ 3.5.
For each angle, L is measured experimentally using the SDI technique. The value L{ where a transition occurs is clearly observed to
decrease with 6;. The measured evolution of L§ with 0, is plotted in (b), where it is compared to the simple model described in the text.
The predictions of this model are shown for a range of laser amplitudes 2 < ay < 5, to account for the experimental uncertainty on this
amplitude. These predictions are very close to the high-amplitude limit given by Eq. (1).

density profile at the surface (i.e., a fixed L), the distance d
increases with 6;, due to the well-known angular depend-
ence of the effective critical density, n, = n.cos’6,.
Figure 12(b) displays a quantitative comparison of the
experimental values L¢ with the prediction L, of this model,
showing a good agreement. Despite its extreme simplicity,
this model can still account for the angular dependence
observed experimentally. Yet it becomes inappropriate
for small angles—a regime that could not be investigated
in our experiment for practical reasons. Indeed, as 6, — O,
n.cos>; — n., and hence, the physical distance between
these two densities tends to 0, whatever the value of the
density gradient L. Therefore, this model leads to the
physically unsatisfactory prediction that, at incidences
close to normal, the Brunel mechanism should dominate
even for very large L. This is an indication of the limitations
of this very basic model, which we only use here to
qualitatively explain the trend of the angular dependence
observed at large enough incidence angles.

B. Evolution of the electron number and energy

Several other effects are observed when the incidence
angle is changed, depending on the coupling mechanism.
This is summarized in Fig. 13, where the evolutions of the
electron signal and average energy are displayed as a
function of the gradient scale length L and incidence angle
0;, over a range that covers the short- and long-gradient
interaction regimes described before. In these plots, the

areas associated to these two regimes are separated by a
white zone, which corresponds to the transition curve
predicted by the simple model of the previous section,
and displayed in Fig. 12(b). In the following, we describe
these evolutions and suggest tentative interpretations,
which will need further investigation to be validated in
detail.

Both in the Brunel absorption and stochastic heating
regimes, the number of emitted electrons grows with 6, [see
Fig. 13(a)] in the angular range investigated here. This
might be attributed to the fact that when 6, is increased, the
target area covered by the laser focal spots increases, so that
more electrons get involved in the interaction.

As far as energy is concerned, it is hardly affected by
the gradient scale length L in each interaction regime,
while the effect of incidence angle is different for the these
two regimes. In the Brunel regime, the electron average
energy only weakly changes with incidence angle, slightly
decreasing for larger angles. Physically, in this regime,
most of the electron energy gain is due to the VLA process,
which is not expected to depend on the incidence angle
since it occurs in vacuum. Changing 6; might, however,
modify the conditions of injection of electrons in the
reflected field (e.g., their initial energy), and this might
explain the observed slight angular dependence of the
energy of VLA electrons.

By contrast, in the stochastic heating regime, the electron
spectrum clearly shifts to higher energies as 6; is increased
[see Fig. 13(b)], up to about 20 MeV. This might be due to
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Measured electron beam properties as a function of key interaction parameters. Panel (a) shows the experimental evolution of

the number of emitted high-energy electrons (E > 1 MeV) as a function of the incidence angle 6; and density gradient scale length L, for
ay = 3.5 and p polarization of the laser. The white area corresponds to the transition between the Brunel and stochastic heating coupling
regimes, identified in Fig. 12. Below this border, the displayed signal corresponds to the integration of the electron beam spatial profile
on the right of the ponderomotive hole (i.e., VLA electrons only). Above this border, it corresponds to the integration of the electron
beam spatial profile on the left of this hole only. Panel (b) shows the average electron energy [E,, = ;.3 vy EN(E)dE/ [n(E)dE] as a
function of the same physical parameters. Here again, the electron spectra used for this calculation were selected on the right of the
ponderomotive hole for short gradients, and on its left for long gradients.

the fact that, all laser parameters being kept fixed, the
“lifetime” of the interference pattern formed by the incident
and reflected fields increases with 6;. A simple analytical
calculation indeed gives the following equation for the
duration z; of this standing wave:

7; = siné; (TL + Ktaln 6,->, (2)
c

where 7; is the laser pulse duration and w the laser focal
spot size. As a result, for larger 6, the stochastic heating
process driven by the interference pattern can last longer,
leading to a larger final energy gain for electrons, which
could account for the experimental observation of Fig. 13.

VII. CONCLUSION

In conclusion, we have combined state-of-the-art experi-
ments and PIC simulations to provide the first unambigu-
ous experimental evidence of the transition from Brunel
absorption to a different laser-plasma coupling mechanism,
as the steepness of the plasma surface is varied. This
mechanism has been identified to be stochastic heating
of electrons in the underdense plasma layer at the target
surface, driven by the standing wave formed by the incident
and reflected laser waves. This work has enabled the
identification of clear signatures of these two coupling
mechanisms, carried by the relativistic electron emission
towards vacuum, the generated harmonic signal, and even

the spatial profile of the reflected laser beam. At the laser
intensities considered here, no evidence of the process
known as resonant absorption has been found.

These signatures should prove extremely useful for the
interpretation of a broad range of topical experiments
performed with high-power ultrashort lasers, related,
e.g., to ion and electron acceleration, or to the generation
of short-wavelength light and attosecond pulses. In the
latter case, ultrahigh contrast pulses are required, generally
obtained with plasma mirrors or by frequency doubling
after the final compression stage, and our results confirm
that such experiments involve the Brunel mechanism. But
in many other experiments—e.g., for ion acceleration from
dense plasmas—preserving very steep interfaces is not
strictly necessary. Such experiments are therefore often
performed without contrast improvement after temporal
compression: the laser pulses then typically have a very
high temporal contrast up to a few picoseconds before
the main pulse, but their short-time contrast is often not as
good, due, e.g., to remaining high-order terms in the pulse
spectral phase. With typical plasma expansion velocities in
the 50 nm/ps range, this picosecond pedestal will lead to
density gradient scale lengths of the order of 1 at the arrival
of the main pulse. In these conditions, stochastic heating
should be the dominant coupling mechanism, and can
now be readily identified through the multiple signatures
described in this work.
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