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ABSTRACT

Ultra-short high-power lasers can deliver extreme light intensities (�1020 W/cm2 and �30 fs) and drive large amplitude Surface Plasma
Wave (SPW) at over-dense plasma surface. The resulting current of energetic electron has great interest for applications, potentially scaling
with the laser amplitude, provided that the laser–plasma transfer to the accelerated particles mediated by SPW is still efficient at ultra-high
intensity. By means of particle-in-cell simulations, we identify the best condition for SPW excitation and show a strong correlation between
the optimum surface plasma wave excitation angle and the laser’s angle of incidence that optimize the electron acceleration along the plasma
surface. We also discuss how plasma density and plasma surface shape can be adjusted in order to push to higher laser intensity the limit of
surface plasma wave excitation. Our results open the way to new experiments on forthcoming multi-petawatt laser systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052599

I. INTRODUCTION

The interaction of an intense laser pulse with an over-dense
plasma, possessing a sharp density gradient, can result in accelerate
charged particles with relativistic velocities.1–8 The irradiation of struc-
tured targets,9,10 such as periodic grooves (gratings) on a metal surface,
by ultra-short laser pulses, is of particular interest for generating
intense Surface Plasma Waves (SPWs), which can store the laser
energy and efficiently accelerate electrons.

In this scenario, high energy transfer from the laser to the plasma
is achieved when the frequency and wavelength of the interacting laser
pulse match those given by the SPW’s dispersion relation.12–14 The
high intensity and ultra-short laser–plasma interaction regime
(�1019 W/cm2 and �100 fs) showed that a significant percentage of
electrons trapped in the SPW can be accelerated along the surface in
the range of �10 MeV.15–20 High charge electron bunches (up to
�650 pC) were also observed20–24 with applications, including the
generation of bright sources of ultra-short pulsed x-rays, ultra-fast
electron diffraction, tabletop electron accelerators, and ultra-fast elec-
tron spectroscopy.25–28 Recently, a scheme exploiting to date laser
techniques was proposed for controlling the duration and amplitude
of SPWs by which a laser with an intensity of a few 1019 W/cm2 and a
pulse duration of a few tens of fs should be able to accelerate electrons
up to �70 MeV.21 Surprisingly, in these experiments and simulations,

the non-relativistic cold dispersion relation successfully defined the
conditions of the SPW excitation with laser beam intensity up to
�1019 W/cm2.

Extending the regime of ultra-high laser intensity interaction
beyond 1021 W/cm2 can result in surface waves with extremely large
amplitudes at the over-dense plasma surface, potentially allowing one
to obtain unprecedentedly high currents of energetic electrons as well
as emitting radiation with interesting characteristics. However, the
excitation and survival of these SPWs in the ultra-high laser intensity
regime remain an open question, as in this limit the plasma grating
can evolve on relatively short time scales, and nonlinear effects can
affect the dispersion relation in the relativistic regime.

In this paper, we determine the conditions for improving laser–
plasma energy transfer as well as accelerating charged particles by the
SPW excitation mechanism in an over-dense plasma with a grating, in
the ultra-high laser intensity regime of interaction. We employed 2D
Particle-In-Cell (PIC) simulations for laser intensities ranging from
1016 to 1022 W/cm2, for various angles of incidence. The influence of
both the plasma density and the grating depth of the modulated
plasma surface was investigated since previous studies identified them
as important parameters in SPW excitation.20–24

The paper is organized as follows: Sec. II describes the PIC simu-
lation setup with parameters closely corresponding to recent
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experiments.20,22 Section III analyses SPW excitation as a function of
laser incidence and intensity. The results are then compared to analyti-
cal values obtained by the dispersion relation for cold SPWs and a
heuristic relativistic correction. The importance of considering high
density plasma to maintain SPW excitation in the ultra-relativistic
regime is shown. Section IV studies the behavior of accelerated elec-
trons along the plasma surface. A strong correlation is demonstrated
between the angle of SPW excitation and the laser’s angle of incidence
that optimizes electron acceleration along the plasma surface. Sec. V
investigates the influence of the grating depth at higher laser intensi-
ties. Then, in Sec. VI, our conclusions are presented.

II. PARAMETER OF THE SIMULATIONS

2D3V PIC simulations have been performed with the open-
source code SMILEI.29 The geometry is depicted in Fig. 1 where the
plasma lies in the (x, y) plane for x � 0, its surface being along the y
direction.

The driven laser is a P�polarized Gaussian pulse with a waist
equal to 5k0 (¼4lm) and a pulse duration equal to sL ¼ 10k0=c
(’27 fs) full width at half maximum (FHWM), where c is the speed of
light in vacuum and k0 ¼ 0:8lm is the chosen laser wavelength. The
laser pulse impinges the plasma interface through an angle hinc in rela-
tion to the normal surface along the x�direction. The plasma grating
has constant electron density n0 with a sinusoidal-modulated vac-
uum–plasma interface located at xgðyÞ ¼ ðh=2Þ sin ð2py=dÞ where h
is the grating depth and d is the period. In all cases studied, we consid-
ered d ¼ 2k0 (¼1:6 lm) and we used h ¼ 0:1k0 (¼0:08lm) or 0:4k0
(¼0:32 lm) for the grating depth. The plasma consists of electrons
with a small initial temperature of Te ¼ 50 eV as well as a neutralizing
background of ions free to move in the space with initial temperature
Ti=ðZTeÞ ¼ 0:1, where Z¼ 1 is the atomic number.

In the systematic study, we have performed, we selected two
values for the plasma density: n0 ¼ 100nc and n0 ¼ 200nc where

nc ¼ �0mex2
0=e

2 (x0 is the laser frequency, and �0 is the vacuum per-
mittivity). These values are chosen in order to study the theoretical
dependence on the plasma density and are compatible with the plasma
density obtained in experiments by ionizing solid gratings.15,20,22,24

Additionally, we varied the laser field strength [normalized vector
potential a0 � eE0=ðmecx0Þ] from a0 ¼ 0:1 (�� 1016 W/cm2) to
a0 ¼ 50 (�4� 1021 W/cm2) as may be reached on forthcoming
multi-petawatt laser systems, see, e.g., Refs. 30 and 31. For any given
(n0, a0), we have performed a parametric scan varying the incidence
angle of the laser from typically hinc ¼ 28� to hinc ¼ 50� in order to
extract the optimal condition for SPW excitation.

In these simulations, the box extends over 20k0 (¼16 lm) in the
x-direction [roughly 16k0 (¼ 12:8lm) of vacuum and 4k0 (¼3:2 lm)
of plasma], and 64k0 (¼ 51:2lm) in the y-direction. The spatial reso-
lution was set to Dx ¼ Dy ¼ k0=128 (¼0:006 25lm). The simulation
time step is chosen to be Dt ¼ 0:95Dx=

ffiffiffi
2
p

that corresponds to 95%
of the Courant–Friedrich–Lewy (CFL) condition for the standard
finite-difference time-domain (FDTD) solver.32 Every cells contain ini-
tially 16 randomly distributed particles of each species (electrons and
ions). Electromagnetic field boundary conditions are injecting/absorb-
ing in x and periodic in y. Particle boundary conditions in x are reflect-
ing (left) or thermalizing (right) and periodic in y. The simulations
were run over until particles or radiation gets the position y ¼ 60k0
(¼48lm), which determines the final simulation time t¼ tf. Notice
that tf varies according to the laser incidence angle and it gets larger as
hinc increases.

III. RESONANCE CONDITION FOR SPW EXCITATION AT
HIGH INTENSITY

In order to evidence the condition for SPW excitation as a func-
tion of the laser intensity, we perform a set of simulations with inten-
sity corresponding to a0 varying from a0 ¼ 0:1 to a0 ¼ 50 and
incident angle ranging from hinc ¼ 28� to 50�. The plasma grating
period and depth are kept constant. Initially, the depth is chosen as
h ¼ 0:1k0, so that corrections to the dispersion relation due to finite
depth are negligible. The SPW dispersion relation in the cold plasma
nonrelativistic limit is13

c2k2

x2
¼

x2
p=x

2 � 1

x2
p=x

2 � 2
; (1)

k and x are the SPW wavelength and the frequency and xp is the
plasma frequency. In the presence of high-intensity lasers plasma
interaction, and in particular, when the laser electric field E0 becomes
of the order of mecx0=e [i.e., for a normalized vector potential
a0 � eE0=ðmecx0Þ� 1], it has been proposed33–37 to correct the
response of the electrons by considering an effective electron mass
me ! c0 me, with c0 ’

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a20=2

p
the Lorentz factor of an electron

in a plane wave with normalized vector potential a0. In the case of
SPW excitation by the laser, we, thus, consider a heuristic correction
to the dispersion relation by replacing x2

p=x
2 � x2

p=x
2
0 by

x2
p=ðc0 x2

0Þ. As a consequence, correcting the phase-matching condi-
tion leads a a0-dependent optimal angle of incidence for the surface
plasma wave excitation:

hoptða0Þ ¼ arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0=ðc0ncÞ � 1
n0=ðc0ncÞ � 2

s
� k0

d

0
@

1
A: (2)

FIG. 1. Simulation setup: the laser beam is focused thought an angle hinc over the
interface of the plasma target with constant electron density n0, grating depth h and
period d. Here, the red–blue scale represents the magnetic field amplitude of the
laser pulse impinging over the target.
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This results in an optimal angle, hopt, that increases with the
amplitude of the SPW field. For a0 	 1, it depends on the parameter
n0=ðc0ncÞ �

ffiffiffi
2
p

n0=ða0ncÞ. In order to verify the validity of this scal-
ing, we considered two electron densities, n0 ¼ 100nc and 200nc.

As detailed in the following, we find in simulations that at high
intensity the resonance is quite broad. Although for values of
n0=ða0ncÞ� 10, the correction to the dispersion relation can improve
the coupling of the laser with plasma. We notice no further improve-
ment for higher value of a0, and the resonance angle becomes roughly
independent of a0. We can then conclude that Eq. (2) does not hold at
ultra-high intensity.

To show this let us recall that SPW is TM-modes, so their signa-
ture can be sought by inspecting the Fourier transform of the Bz com-
ponent of the magnetic field. Taking into account that the SPW and
incident/reflected laser waves have different dispersion relations, filter-
ing in (kx, ky) Fourier space allows one to extract the component asso-
ciated with the SPW. Then, an inverse Fourier transform is done to
obtain the Bz component of the SPW magnetic field in the recon-
structed real space domain.

The time evolution of the maximum amplitude of the SPW Bz
field normalized to a0 for a typical case (a0 ¼ 20; n0 ¼ 200nc; h
¼ 0:1k0 and different values of the laser incidence angle between 30�

and 45�) is reproduced in Fig. 2. The field component reaches a maxi-
mum around t ¼ 12k0=c for an incidence angle of 33�, named hereaf-
ter hopt with t¼ 0 corresponding to the time when the laser pulse
reaches the plasma surface. We notice that the SPW field amplitude
does not become larger than the laser field a0, as opposed to what has
been found for longer pulses and lower intensities.14 In this short pulse
regime (’27 fs), the SPW excitation does not have time to reach the
stationary regime. From the figure, we can also see that the resonance
condition is not sharp. A laser incident at angles close to the optimal
values excites a field with very similar behavior to the optimal one.
This is also due, as discussed in Ref. 23, to the fact that the width of
the incident laser transverse profile induces a spectral mode distribu-
tion of the SPW, which induces an angular width for the hopt equals
here to�4�.

In Fig. 3, we report the optimum laser incidence hopt (red dots
and error bar) as a function of a0 for the two plasma densities

considered. The hopt is obtained by considering for each a0 angle that
corresponds to the peak value of SPW Bz in time (following the same
procedure that is illustrated in Fig. 2). In the panels, the error bars
measure the uncertain measuring the peak value of SPW Bz, while the
gray shadow identifies the region where maxjBSP

z j� 0:85maxjBSP
z j. As

a0 increases, and in particular, for a0 � n0=ð10ncÞ, the incertitude in
determining the optimum angle of the SPW Bz becomes large since
many angles correspond more or less to the same maximum value of
the field. Moreover, when increasing a0, the normalized amplitude
of the field BSP

z =a0 decreases. We notice that going from a0 � 1 to
a0 � n0=ð10ncÞ results in a reduction of the field amplitude of 
45%.
Further increasing a0 and taking a0 � n0=ð4ncÞ result in a field ampli-
tude reduction of 
60% in relation to the field observed when a0 ¼ 1
(not shown here).

In Fig. 3, we also plot in black the expected value obtained using
Eq. (2). As anticipated, while at first the values obtained in the simula-
tions fit the equation, for larger values of a0 the resonance angle
becomes roughly independent of a0. The threshold, noted a0;T in the
following, is about a0;T ¼ 10 in the case when n0 ¼ 100nc and
increases up to 20 when n0 ¼ 200nc [or, equivalently,
n0=ða0;TncÞ � 10]. As we can see, even if Eq. (2) does not hold, the
parameter n0=ða0ncÞ is a relevant quantity to describe the laser–
plasma coupling and the SPW excitation. More importantly, this
parameter shows the importance of considering higher density plasma
to maintain SPW excitation in the ultra-relativistic regime.

In Eq. (2), the heuristic correction to the dispersion relation is
obtained using the laser parameter a0. In the present simulations, the
SPW maximum field amplitude is always smaller than a0, and typi-
cally, as shown in Fig. 2, of the order of a0=5. Therefore, for reference,
we also report in dashed black line in Fig. 3 the result from Eq. (2)
considering a0=5 instead of a0 in the c0 function.

Increasing a0 increases the laser pressure, which may alter the
grating and suppress the SPW excitation. To check the importance of
this effect and to verify if the relativistic correction of the dispersion
relation [Eq. (2)] is recovered, we also performed a set of simulations
with immobile ions (represented by blue squares in Fig. 3 and a blue
dashed line in Fig. 4). As we can see, the optimal angle is barely

FIG. 2. SPW Bz field amplitude evolution for a0 ¼ 20; n0 ¼ 200nc, and
h ¼ 0:1k0, and laser incidence angle in between 30� and 45�, t¼ 0 corresponds
to the instant of time when the laser pulse reaches the plasma.

FIG. 3. In red (rounds) laser angles of incidence that optimizes the SPW Bz field
amplitude as a function of the laser strength parameter a0 for (a) n0 ¼ 100nc and
(b) n0 ¼ 200nc . The gray region represents the laser angles of incidence where
maxjBSPz j� 0:85maxjBSPz j. In blue (squares), we report the results from simula-
tions assuming immobile ions. In both cases, h ¼ 0:1k0. The solid (dashed) black
line represents the expected value obtained using the dispersion relation for the
cold SPW limit with the heuristic relativistic correction as a function of a0 (a0=5)
(see the discussion in the text).
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modified when the ions are immobile. However, as shown in Fig. 4
where we plot the SPW field amplitude evolution with time for two
densities and a0 > a0;T , in the case of immobile ions the SPW field
survives a longer time and peaks to higher values. This means that the
grating deformation affects the SPW field on time scales larger than
few laser periods (�12k0=c here).

Above a0;T the damping of the SPW by the electrons is large,
resulting in strong electron acceleration along the surface trapped in
the SPW.16,20,23 In Sec. IV of this paper, we consider the SPW evolu-
tion as related to the electron dynamics along the grating.

IV. ELECTRON ACCELERATION ALONG
THE PLASMA SURFACE

As mentioned in the introduction, SPW excitation resulting from
high intensity ultra-short laser–plasma interaction (� 1019 W/cm2

and � 100 f s) has been shown to be an efficient way to increase the
acceleration of high charge electron bunches along the plasma surface
up to �10 MeV and �650 pC.16–24 Using the same laser intensities
and plasma densities as in Sec. III, we will first analyze the maximum
energy of the electrons that propagate along the plasma surface as a
function of the laser angle of incidence. The results are summarized in
Fig. 5 where we report the optimal laser’s angle of incidence, heopt
(which optimizes the formation of high energetic electron bunches
propagating along the plasma surface) as a function of the laser
strength parameter a0 for (a) n0 ¼ 100nc, and (b) n0 ¼ 200nc (case
h ¼ 0:1k0). To identify the electrons that propagate along the surface,
we have defined the emission angle /e ¼ tan�1ðpy=pxÞ and selected
electrons with /e ¼ 90�6 3�. The bars indicate the range of angles of
the laser incidence giving the highest electron energy. This was deter-
mined by analyzing for each angle the energy spectrum of the elec-
trons propagating along the plasma surface (/e ¼ 90�6 3�). Notice
that for the angles considered in the error bar the electron peak energy
is about the same within a percentage of up to 10%.

As before, we have considered both mobile and immobile
ions with the same color code as in Fig. 3 (red—mobile, blue—
immobile). Comparing Figs. 3 and 5, we find at low laser intensity a
strong correlation between the optimum angle of SPW excitation
and the laser angle of incidence that optimize the electron accelera-
tion along the plasma surface. The optimum angle giving the high-
est energy of the electron bunch propagating along the surface is

�31� for a0 � 1 and increases slightly up to �33� with a0 until it
reaches a0;T . It confirms the robustness of the SPW excitation in
this range of intensity.

Above a0;T , we observe for the realistic simulations (mobile ions)
that the laser incidence angle that optimize the electron bunch propa-
gating along the surface is no longer the same one that optimize the
SPW field. The transition occurs for a0 around 20 if the plasma density
is n0 ¼ 100nc, and around 30 if n0 ¼ 200nc. However, when consider-
ing simulations with immobile ions (blue bars) we recover the result of
the previous Fig. 3: the optimal angle for electron acceleration coin-
cides with the optimal angle for SPW excitation. This shows that the
electrons dynamic is sensitive to the grating deformation. Other accel-
eration mechanisms along and across the surface have been suggested
associated with the laser absorption:39 indeed, we find that above a0;T
acceleration by SPW is not the main mechanism of electron accelera-
tion, and the fast electron’s angular distribution is much wider. This
will be discussed in more detail in Sec. V, but we can anticipate that
the analysis of the electron phase space confirms this hypothesis, since
above a0;T the electron velocity distribution does not show the charac-
teristic behavior of the acceleration by SPW, namely, bunches with
periodicity equal to the SPW wavelength, and directed along the sur-
face.40 Finally, we checked the effect of the laser on the plasma surface
examining the spatial ion density distribution in two different time
scales. Both an increase in plasma density due to the radiation pressure
and an expansion of the plasma are observed (not reported here). In
the short time interval (comparable to the laser pulse duration), the
diffraction grating is distorted and the plasma is pushed, which results
in a large increase in the local plasma density. In the second and long
scale that happens few cycles after the laser–plasma interaction, the
plasma expansion creates an under-dense region in front of the target
that also might have a major effect on the laser absorption mechanism
and to define the optimal angle to the electron acceleration. The effect
of under-dense sheet in front of the plasma surface has been investi-
gated in Ref. 24.

To overcome the possible limitation of SPW–laser coupling at
high laser intensity, we now consider the influence of the target grating
depth that, when chosen appropriately, can significantly improve the
acceleration by SPW.

FIG. 4. SPW Bz field amplitude evolution at hinc ¼ 33� with time for (a) n ¼ 100nc;
a0 ¼ 27 and (b) n ¼ 200nc; a0 ¼ 50. t¼ 0 corresponds to the instant of time
when the laser pulse reaches the plasma.

FIG. 5. In red (bars), angle of incidence of the laser that optimizes electron
bunches energy propagating along the plasma surface (heopt ) as a function of the
laser strength parameter a0 for (a) n0 ¼ 100nc and (b) n0 ¼ 200nc . Blue (bars)
shows the results from simulations assuming immobile ions. In both cases,
h ¼ 0:1k0. The solid black line reports the optimal angle of SPW excitation
obtained using the dispersion relation for cold SPW with the heuristic relativistic cor-
rection (see the discussion in the text).
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V. RECOVERY OF SPW ACCELERATION BY ADAPTING
THE GRATING DEPTH

In the laser–solid interaction and also at high laser intensity
where plasma is created, it is well known that the ratio between the tar-
get grating depth and the grating periodicity plays a major role in the
SPW excitation.36,38 Thus, here, in order to find the optimum grating
parameters for SPW excitation in the ultra-high laser intensity regime
(a0 � 25), we have redone the PIC simulations increasing the grating
depth of the plasma to h ¼ 0:4k0.

In Fig. 6, we compare the optimal angle of incidence of the laser
that optimize electron bunches energy propagating along the plasma
surface (bars) found in Sec. IV for h ¼ 0:1k0 (in red) with the one
found for h ¼ 0:4k0 (in green) keeping unchanged the other parame-
ters. As we can see in the case h ¼ 0:4k0, the optimum angle for parti-
cle acceleration remains between 30� and 36� and coincides with the
optimum angle for SPW excitation as presented in Fig. 3. As in Sec.
III, the best laser incidence angle to excite highly energetic electron
bunches stay roughly constant and does not scale with the laser
strength. This is illustrated as an example by the simulations at
a0 ¼ 30. In Fig. 7, we plot the maximum Bz field amplitude evolution
in time for different values of laser incidence angle and h ¼ 0:1k0 (a)
and h ¼ 0:4k0 (b). Comparing Fig. 7(a), where a0 ¼ 30 and
h ¼ 0:1k0, the time evolution of the field is quite similar to that
observed in Fig. 2 where a0 ¼ 20 and h ¼ 0:1k0. However, when we
increase the grating’s depth, the value of the field amplitude is larger
and the optimal angles (31� � 33�) coincide with the optimal angles
for electron acceleration in Fig. 6(b). As a consequence with the deeper
grating, we expect both that the electrons are mainly accelerated by the
SPW and that the maximum energy gained by the electrons is higher
than if the grating is shallow.

In Fig. 8, we show the maximum value of the gamma factor, cf
along the target’s surface, for the electrons observed at the end of sim-
ulation as a function of the laser strength parameter a0, taking
hinc ¼ heopt and the parameters used in Fig. 6. As expected we observe
that the energy transfer is better when the gratings are deeper
(h ¼ 0:4k0) than when they are shallow (h ¼ 0:1k0) in the high-
intense regime. The red dotted line is the function cf ¼ 1þ 5:1a0 that
fits the data when h ¼ 0:1k0, and the green dashed curve is the func-
tion cf ¼ 1þ 9:3a0 that fits the data when h ¼ 0:4k0.

A more detailed analysis of the electron dynamics can be inferred
from their energy distributions as a function of the propagation angle
and from their phase space (py=mec; y=k0). If h ¼ 0:4k0 and
hinc ¼ 33�, a large amount of highly energetic electrons propagates
along the surface /e ¼ 90� [Fig. 9(a)], and the phase space shows
bunches distanced by a wavelength [Fig. 9(b)], consistent with the
SPW acceleration mechanism.

FIG. 6. Optimal angle of the incidence of the laser that optimize electron bunches
energy propagating along the plasma surface (heopt ) as a function of the laser
strength parameter a0 for (a) n0 ¼ 100nc and (b) n0 ¼ 200nc (case h ¼ 0:1k0 in
red and h ¼ 0:4k0 in green). The black line reports the expected value obtained
using the dispersion relation for cold SPW with the heuristic relativistic correction
(see the discussion in the text).

FIG. 7. SPW Bz field amplitude evolution with time for a0 ¼ 30; n0 ¼ 200nc, laser
incidence angle in between 30� and 45�, and h ¼ 0:1k0 (a) and h ¼ 0:4k0 (b).
t¼ 0 corresponds to the instant of time when the laser pulse reaches the plasma.

FIG. 8. Maximum value of gamma factor, cf, along the target’s surface, observed at
the end of simulation as a function of a function of the laser strength parameter a0
for n0 ¼ 100nc and n0 ¼ 200nc (case h ¼ 0:1k0 in red and h ¼ 0:4k0 in green).
The dashed lines represents the general tendency of the results.
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This is very different from the case with h ¼ 0:1k0, and
hinc ¼ 33� reported in Figs. 9(c) and 9(d) or h ¼ 0:1k0, and hinc ¼ 45�

reported in Figs. 9(e) and 9(f). We observe for these last two parameters
sets that the faster electrons are accelerated mainly along the direction
of the incident and reflected laser beam, and fewer electrons are found
propagating along the surface at 90�. Moreover, a large amount of fast

electrons are pushed inside the plasma. It is worth to point out that
although the peak energy is reduced in this configuration, the laser–-
plasma coupling is still large so that this configuration might be a way
to enhance the target normal sheath acceleration (TNSA) at the rear of
the thin target.11 In such a limit, the SPW field when present [Figs. 9(c)
and 9(d)] is weak and the SPW wave is no longer the predominant
acceleration mechanism. This might be attributed to the grating defor-
mation due to laser pressure, which prevents the laser–SPW coupling.

We can, thus, conclude that a deeper grating allows one to
recover the exciting of SPW in the ultra-high intensity laser regime
and acceleration along a preferential direction. This effect is evident in
Fig. 9(g) when comparing the electron’s spectra (selecting only the
ones emitted parallel to the target /e ¼ 90�6 6�) for h ¼ 0:1k0 (in
blue) and h ¼ 0:4k0 (in red), with hinc ¼ 33� in both cases. The elec-
tron energy obtained when increasing the grating depth is increased
by a factor of two for the deepest grating and the optimal angle.
Instead for h ¼ 0:1k0, the energy spectrum changes very little between
hinc ¼ 33� and 45� (in green), even if, when comparing the phase
space py=mec; y=k0 for both incident angles [Figs. 9(d) and 9(f)], we
observe a small signature of the SPW excitation (bunching of the
phase space), that is lost at 45�.

To conclude this section, we verified that for h ¼ 0:4k0, the SPW
is still excited even at significantly higher laser intensities. In Fig. 10,
the electrons emission spectrum assuming two extreme laser condi-
tions (a) a0 ¼ 100 and (b) 200 is shown. Therefore, the plasma density
is equal to n0 ¼ 200nc. From the panels, we observe a large increase in
the electron energy achieving cf =a0 � 7; 8 (cf 
 800 for a0 ¼ 100
and cf 
 1600 for a0 ¼ 200), even if for the largest laser strength
a0 ¼ 200 [Fig. 10(b)], the angular distribution of the electrons tends
to increase. Our results show that, even in the very high-intensity
regime of interaction, there is good evidence that SPW excitation and
the consequent electron acceleration still present when the diffraction
grating is correctly chosen. However, they do not account for addi-
tional processes that may set at extreme intensities, such as radiation
reaction or quantum effects (like pair creation).41 These processes are
under investigation and remain beyond the scope of this work.

VI. CONCLUSION

In this work, we consider a laser pulse impinging on an over
dense plasma, whose surface presents a periodic modulation (grating),

FIG. 9. For hinc ¼ 33�; a0 ¼ 30; n0 ¼ 200nc, and h ¼ 0:4k0: (a) electron energy
distribution at t¼ tf. The plasma surface is along 90�, the red arrow shows the
direction of the incident laser beam, and the green arrow shows the reflected one;
(b) phase space (py=mec; y=k0) of the electrons in the simulation box; the panels
(c) and (d) [(e) and (f)] represent the same as the panels (a) and (b) for h ¼ 0:1k0
and hinc ¼ 33� (hinc ¼ 45�); (g) spectrum of the electron bunches along the sur-
face for the tree parameter sets discussed.

FIG. 10. Electron energy distribution at t¼ tf, hinc ¼ 33�, and h ¼ 0:4k0: a0 ¼ 100
(a) and a0 ¼ 200 (b). The plasma surface is along 90�, the red arrow indicates the
direction of the incident laser beam, and the green arrow shows the reflected one. Note
that although the ratio c=a0 is about the same in both panels, cf is about 800 in (a) and
1600 in (b).
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in order to generate large amplitude Surface Plasma Waves (SPWs).
Key parameters were obtained for optimizing laser–plasma coupling
in the ultra-relativistic regime (�1022 W/cm2). A systematic study in
the function of the laser incidence angle and intensity, a0, employing
the SMILEI particle-in-cell simulations, showed that at ultra-high laser
intensities (a0 � 30Þ, the SPW resonance angle becomes roughly inde-
pendent of a0. A strong correlation was also observed between the
optimum SPW excitation angle and the laser’s angle of incidence that
optimizes electron acceleration along the plasma surface. The produc-
tion of high energetic electron bunches is analyzed as well as the
appropriate values of plasma density and surface shape to ensure SPW
survival at ultra-high laser intensity. Furthermore, the parameter
n0=ða0ncÞ is shown as crucial for describing laser–plasma coupling
and SPW excitation, as it highlights the importance of the prior con-
sideration of higher density plasma to maintain SPW excitation in the
ultra-relativistic regime. Finally, as high-intense lasers illuminating the
grating inevitably distorts it, increasing the grating’s depth provides a
more robust condition for SPW excitation. This may be a way to
obtain unprecedentedly high currents of energetic electrons as well as
emitting radiation with interesting characteristics, thereby paving the
way to new experiments on forthcoming multi-petawatt laser systems.
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