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Two-dimensional �2D� particle-in-cell numerical simulations of the interaction between a
high-intensity short-pulse p-polarized laser beam and an overdense plasma are presented. It is
shown that, under appropriate physical conditions, a surface plasma wave can be resonantly excited
by a short-pulse laser wave, leading to strong relativistic electron acceleration together with a
dramatic increase, up to 70%, of light absorption by the plasma. Purely 2D effects contribute to
enhancement of electron acceleration. It is also found that the angular distribution of the hot
electrons is drastically affected by the surface wave. The subsequent ion dynamics is shown to be
significantly modified by the surface plasma wave excitation. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2755969�

I. INTRODUCTION

Fast electrons generated in the interaction of intense ul-
trashort laser pulses with solid targets play an important role
for numerous applications such as the development of in-
tense sources of high-energy particles1 or photons2 and in the
fast ignitor scheme in the framework of inertial fusion.3 In
this context, particular attention has been focused on the pos-
sibility of creating, among various electron acceleration
schemes,4,5 large amplitude plasma waves in the wake of a
laser pulse.6 Recently, much attention has been raised to laser
absorption mechanisms and high-energy electron generation
involving overdense plasmas with stepwise density profiles
resulting from laser-solid interaction.7–9

Intense ultrashort �say 100 fs� laser pulses impinging
onto a solid target rapidly induce multiple ionization without
significant ablation while the hydrodynamic expansion,
which is partially reduced by the radiation pressure of the
laser, has not enough time to smooth the density gradient. An
overdense plasma can thus be created which can keep the
steep density profile of the original target. Electromagnetic
energy is then absorbed in an optical skin depth by colli-
sional processes and through collisionless mechanisms such

as sheath inverse bremsstrahlung,10 J� �B� heating,11 vacuum
heating,12 and anomalous skin-layer heating,13 while the
electron thermal energy is correlatively transported into the
dense cold plasma.

Conversion of the laser energy into electron energy usu-
ally does not exceed a few tens of percents in an overdense
plasma with step-like density profile obtained in ultrashort
high-intensity interaction regime.14 To improve absorption of

the laser energy, advantage can be taken of surface plasma
wave excitation.15–20 Under certain conditions, these waves
can be supported by an overdense plasma with a stepwise
density profile.21 Such laser-excited surface plasma waves
are localized at the plasma-vacuum interface. They are char-
acterized by a large resonant electric field mainly directed
perpendicularly to the surface of the plasma and with a small
spatial extension. This strongly inhomogeneous field can
then accelerate electrons toward the vacuum and inside the
plasma via ponderomotive acceleration more efficiently than
the laser. It is interesting to note that, in the framework of
multiphoton photoelectric emission of metals, laser excita-
tion of surface waves can considerably modify the energy of
the photoemitted electrons, leading to an increase of the laser
absorption together with a strong enhancement of the elec-
tron yield.22,23 In this context, energetic photoelectrons have
been produced with energies up to 2 keV for laser intensities
in the range 1010–1013 W/cm2.24 It has been experimentally
demonstrated that the origin of the electron energy gain is the
ponderomotive acceleration of the emitted electrons by the
field of the surface waves.

In a first exploratory study,19 we had investigated the
relativistic one-dimensional motion of test electrons in an
external electric field modelling that of a surface wave ex-
cited by ultrashort laser pulses. It was shown that quasimo-
nokinetic relativistic electron bunches with energies of sev-
eral MeV can be produced with laser intensities up to
1018 W/cm2. However, the possibility of creating a surface
plasma wave by the ultrashort high-intensity laser pulses
could not be investigated. Also, the effect of the space charge
field which grows with the interaction duration could not be
taken into account while it is expected to play an important
part in the interaction. Actually, the space charge field recoils
back the electron bunches in the plasma, leading to a true
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conversion process of the surface wave energy in a sort of
“enhanced vacuum heating” in the field of the surface wave.
The aim of the present paper is thus to show the possibility,
in the ultrashort laser pulse regime, of creating a self-
consistent surface plasma wave in a sharp-edged overdense
plasma in order to fully investigate the mechanism of rela-
tivistic electron acceleration by the field of the plasma wave.
The laser-plasma interaction is investigated by performing
2D particle-in-cell �PIC� numerical simulations. A compari-
son between simulations involving the excitation of a surface
plasma wave and simulations with the same physical param-
eters but without surface wave excitation has been system-
atically carried out. Our results will point out the great inter-
est of resonant surface wave excitation to dramatically
increase the light absorption by the plasma together with
strong electron acceleration. Also, purely 2D effects are
shown to contribute to a further enhancement of the maxi-
mum electron acceleration.

After describing the numerical model and setup in the
first section of the paper, we shall describe the conditions for
optimum surface plasma wave excitation. Next, we shall
present the structure of the resonant field of the surface wave
as obtained from the simulations. Electron acceleration and
enhanced absorption of the laser energy in the plasma will
then be discussed. We shall begin the study by focusing on
short time scales comparable to the laser pulse duration. We
shall then examine the subsequent evolution of the plasma
over longer time scales in order to explore the novel question
of ion acceleration through laser excitation of surface plasma
waves.

II. DESCRIPTION OF THE PHYSICAL SYSTEM

In order to study the dynamics of the surface plasma
wave excitation by a short laser pulse, we have performed
numerical PIC simulations by means of the relativistic 2D
PIC code EMI2D.25 An overdense plasma is considered with
a steep density gradient directed along the x-direction of the
�x ,y� simulation plane such that ne /nc=25, where ne and nc

denote, respectively, the electron density and plasma critical
density. The plasma is initially in thermal equilibrium with a
Maxwellian distribution. The electron temperature is Te

=1 keV with Te /Ti=10, where Ti denotes the ion tempera-
ture �here mi /me=1836, where me and mi are the electron
and ion mass�. The incoming laser beam is linearly
p-polarized so that the laser electric field is in the �x ,y�
simulation plane. This polarization is the only one possible
for surface plasma wave excitation. The laser �of angular
frequency �0 and wavelength �0� is launched from the left
boundary with a peak intensity of I0�0

2=1018 W �m2/cm2

and is characterized by a temporal Gaussian shape and a
pulse duration of 60 fs �full width at half maximum�. During
the laser propagation in the vacuum, the ions are kept immo-
bile. They are allowed to move as soon as the laser wave is
impinging �with an angle �� onto the plasma surface.

The energy and momentum conservation equations in
the “photon-plasmon �plasma wave�” scattering can be writ-
ten as �sw=�0 and ksw,y =k0y, where �sw and ksw,y, respec-
tively, denote the frequency and wave vector of the surface

plasma wave directed along the y-direction of the plasma-
vacuum interface and k0y denote the y-component of the
wave vector. As the phase velocity of a surface plasma wave
is lower than the light velocity, an additional constraint is
required by momentum conservation for resonant excitation
of such a wave.26 Thus, to satisfy the conditions for excita-
tion of the surface plasma wave, we have considered the
plasma surface to have a periodic shape along the y-direction
keeping the density jump sharp across the surface. This pe-
riodic structure provides the increment to the light wave mo-
mentum to reach the momentum value of the surface wave,
as a consequence of Bloch’s theorem.26 The component k0y�
of the photon wave vector directed along the direction of the
periodic plasma surface expresses k0y� = ��0 /c� �sin �
+�0 /a�, where a denotes the surface density period. It is
instructive to mention that if we consider the dispersion re-
lation of the surface plasma waves,15 the resonance condi-
tions ��sw=�0 and ksw,y =k0y� � take the simple following
form:

ksw,y = k0
��1 − ne/nc�/�2 − ne/nc� , �1�

where to a first approximation, the plasma is described as an
electron fluid neutralized by an uniform ion background and
we assume that the thermal corrections are negligible in this
range of temperatures.15 As ne /nc=25, we have ksw,y

= �24/23�1/2k0 and �sw,y ��0.
We choose the surface plasma modulation of sinusoidal

shape with a periodicity parameter a determined by the reso-
nance conditions. For the given value of ne /nc and for an
angle of incidence of �30°, a is of the order of �0. Various
depths of the surface density modulation, from �0 /2 to
3�0 /2, have been tested. In this range of values, this param-
eter does not significantly affect the coupling with the laser
nor the amplitude of the surface plasma wave. Further in-
crease of the depth of the modulation induces shadows which
disturb the surface plasma wave excitation. As a conse-
quence, beyond a maximum depth of about 2�0, lower field
enhancement and lesser light absorption are observed with
respect to the value given hereafter.

In the following, we have taken the depth of the surface
modulation equal to �0 /2, which allows avoiding shadow
problems at the chosen angle of incidence of the laser wave.
The box size along the y-direction is equal to 6�0 for �
�30°. Thus, when the resonance conditions are satisfied, we
should have six wavelengths of the surface plasma wave
along the y-direction. Comparisons between the case where a
surface plasma wave is excited �resonant case� versus that
without any surface plasma wave excitation �nonresonant
case� will be done hereafter by simply taking a flat surface.
However, test simulations performed with a modulated but
nonresonant surface �to wit, incident angle of the laser beam
not matching the above resonance conditions� have shown
that additional electron heating and laser absorption can be
ruled out, in the range of laser intensity and in the time scale
regime considered here, as due to a purely geometrical ef-
fect. The vacuum length in front of the plasma in the
x-direction is taken as 40�0 in order to allow spatial expan-
sion of the particles and to minimize edge effects on the fast
produced electrons. The initial spatial extent of the plasma is
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7�0 in that direction. Larger plasma sizes, up to 20�0, have
also been tested but the results did not change significantly.
The particle boundary conditions are periodic in the
y-direction and the fast electrons reaching the right box side
are cooled in a buffer. As the skin depth is here equal to
c /�pe��0 /30, we used a grid size of k0�x=0.05�4�d and
k0�y=0.036�3�d with 5900�1020 grid cells in order to
have a correct spatial resolution of a few Debye lengths
��d=vthe /�pe��0 /500�. 100 particles by cell �total number
of particles: 6�108� were considered and the time step was
taken as �0�t=0.035.

III. SURFACE PLASMA WAVE EXCITATION

The physical parameters chosen in our simulations are
such that the resonant surface wave at the frequency �sw

=�0=�pe /5 is in a regime far from the electrostatic limit
defined by �sw��pe /�2. In this situation, the surface wave
localized at the plasma-vacuum interface at xk0=240, propa-
gates along this surface with a phase velocity �sw /ksw,y

�0.98c. It deserves to be noticed that relativistic corrections
to the momentum of an electron in a relativistic wave will
lead to modifications of the dispersion relation �1� �Refs. 18
and 27� together with the resonance conditions for excitation
of the surface plasma wave. As a consequence, relativistic
detuning will occur, which can induce a saturation of the
field amplitude. This detuning has been previously estimated
to be less than 10%.19

As previously mentioned, surface plasma waves are
characterized by a large resonant electric field localized at
the plasma-vacuum interface, mainly directed perpendicu-
larly to the surface of the plasma and with a small spatial
extension. In order to evaluate the amplitude of the field
components, we assumed that the surface plasma wave fields

are of the form Ey�x�ei��swt−ksw,yy�, with Ey�x�= Ēy�0�
� ���−x�exp�x /LE�+��x�exp�−x /LEpl��. Here, ��x� denotes
the Heaviside step function, x=0 corresponds to the position

of the plasma-vacuum interface, and LE and LEpl are the eva-
nescence lengths of the surface wave in vacuum and inside
the plasma, respectively, given by LE=1/�ky

2−�sw
2 /c2 and

LEpl=LE / ��pe
2 /�sw

2 −1� with LEpl�LE.15 In the limit ne /nc

	1, the field amplitude on the vacuum side is such that Ēx

���pe /�sw�Ēy 	 Ēy and is the main component of the reso-
nant electric field.

The amplitude of the total electric field obtained in our
PIC simulations includes both the amplitudes of the incident
�0.5�EL at this angle of incidence� and reflected laser fields.
When the resonance condition of the surface plasma wave is
not satisfied �in the case of a flat surface or when the laser
angle of incidence is not 30° so that the resonant conditions
of excitation of the surface plasma waves are not fulfilled�
the absorption is weak �see below� and the field feature is the
sum of the incident and reflected laser fields. In Fig. 1
�right�, the electric field amplitude along the x-direction �for
I0�0

2=1018 W �m2/cm2 and a pulse duration of 60 fs at the
time when the maximum of the laser pulse is impinging onto
the plasma surface located at xk0=240� is shown in the case
of a laser incidence of 30°. If we compute the maximum
amplitude of the electric field Ex along the x-direction as
shown in Fig. 2 �right�, we find Ex�0.5 at xk0=240 and, at
xk0=200 �vacuum side�, Ex�0.7 which is about twice
EL sin�30° �, that is, the sum of the incident and reflected
laser fields. In the case where the resonance conditions are
fulfilled, an equivalent plot is shown on Fig. 1 �left�. As
expected, we observe in this case a rather small field reflec-
tion together with an enhancement of the field amplitude at
the vacuum-plasma interface at xk0=240. This field structure
shows, at the vacuum-plasma interface, six periods along the
y-direction, that is, twice as that of the laser field as is can be
seen on the left-hand side of the simulation box. Moreover,
this structure of the field located at the plasma-vacuum inter-
face oscillates in time with a period of 2
. This shows that a
surface plasma wave oscillating at a frequency �0 that satis-

FIG. 1. �Color� Electric field amplitude along the x-direction for I0�0
2=1018 W �m2/cm2, pulse duration 60 fs, and laser incidence angle of �30° at the time

when the maximum of the laser pulse is impinging onto the plasma surface located at xk0=240, t=438�0
−1. Left: case of a modulated plasma surface �resonant

case�. Right: case of a flat plasma surface �nonresonant case�.
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fies the surface plasma wave dispersion relation has been
excited here. If we consider the maximum amplitude of the
electric field Ex along the x-direction as shown in Fig. 2
�left�, we find Ex�0.9 at xk0=240 and, at xk0=200, Ex

�0.4 which gives an enhancement of the field amplitude
onto the plasma surface located at xk0=240 by a factor �
=Ex /EL of about 2. This enhancement become larger at a
later time, as the laser field amplitude diminishes while the
surface plasma wave amplitude stays at roughly the same
value until the main of the laser pulse at time t�560�0

−1 has
reached the plasma surface, after which it gradually damps.
The maximum value reached is ��4.

Actually, the relatively low value of the instantaneous
amplification factor � obtained here for the surface plasma
wave results from a saturation effect of the field amplitude
due to the very efficient particle heating mechanism �as it
will be seen below�, which corresponds to a strong damping
of the surface plasma wave. Inspection of the density profile
and comparison with motionless ion simulations in the same
conditions indicate that, in the time scale considered here, a
possible saturation mechanism for the surface plasma wave
through any modification of the density profile due to the
hydrodynamic expansion of the plasma toward the vacuum
can be ruled out. In the same way, relativistic detuning, as
mentioned above, cannot explain such a low amplification
factor.18,19,27 In fact, we can infer that the wave damping is
mainly due to the strong acceleration of the electrons in the
field of the surface plasma wave. This statement can be veri-
fied by calculating the total energy acquired by those elec-
trons that have left the surface inside and outside the plasma
at maximum amplitude of the laser pulse that occurs at time
t=438�0

−1. The average kinetic energy per particle is ap-
proximately given by �E��0.01mec

2. Thus, the total kinetic
energy is ETot��E�neSLpl, where S is the transverse size of
the system, given by the size of the focal laser spot, and
where we can take Lpl�6�0 in order to take into account the

fact that we have excluded the particles at the surface. Now,
if we compare this quantity with the surface wave energy
approximately given by �Esw

2 /4
�SLE, considering the value
of Esw at the maximum of the pulse, we find that the average
total electron kinetic energy is just of the same order as the
energy of the surface plasma wave field, which corresponds
to a very strong damping rate comparable to that resulting
from the laser pulse envelope.

IV. ELECTRON ACCELERATION BY SURFACE
PLASMA WAVES

As previously inferred,19 the existence of a strong inho-
mogeneous high-frequency electric field at the vacuum-
plasma interface should strongly affect the electron behavior
near the plasma surface. To single out the role of the surface
plasma wave, we first compare the electron kinetic energy
distribution function in the presence or in the absence of
surface plasma wave, as plotted in Fig. 3. The distribution
function is averaged over the whole space, which includes
those electrons that have been accelerated outside and inside
the plasma. The part played by the resonantly excited surface
plasma wave is clearly visible as the maximum energy ac-
quired by the electrons at the peak of the laser pulse is three
times larger than in the case where the surface plasma wave
is not excited. Furthermore, it can be seen that a much larger
number of electrons are accelerated to high energies. The
surface wave acts as a resonator, highly increasing the effi-
ciency of the electron acceleration mechanism, with most of
the laser energy being stored by the surface wave which then
dissipates into the plasma. Thus, electrons are more effi-
ciently accelerated in the presence of a surface plasma wave
excitation and a much larger percentage of the laser energy is
absorbed by the plasma. This fact is clearly evidenced by
considering the laser absorption over the whole simulation
time; in the presence of the surface plasma wave, we find an

FIG. 2. �Color online� Maximum amplitude of the electric field along the x-direction for I0�0
2=1018 W �m2/cm2, laser pulse duration of 60 fs and laser

incidence angle of �30°. The arrows represent the position of the plasma surface at xk0=240. Left: case of a modulated plasma surface �resonant case�. Right:
case of a plane plasma surface �nonresonant case�. Up: results when the maximum of the laser pulse is impinging the plasma surface at t=438�0

−1. Down:
results at the same time plus 1/3 of the pulse duration at t=531�0

−1.
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absorption of 68%, a value to set against the only 18% ob-
tained in the absence of a surface wave. This dramatically
enhanced absorption obtained in the presence of a surface
plasma wave is higher than that obtained at higher laser in-
tensity and in normal incidence in the case of an induced
rippling of the plasma surface.28

It is also interesting to compare the maximum reached
electron kinetic energy EMax with the ponderomotive energy
that can be gained due to the component of the surface wave
field perpendicular to the surface �to wit, the largest compo-
nent of the surface plasma wave�. In the relativistic limit, this
energy corresponds to a maximum given by

EMax � mec
2��osc − 1� with �osc = �1 + posc

2 /me
2c2�1/2

and

posc/mec = eEsw/�mec��0 = 8.6

� 10−10��2I0�W/cm2��0
2��m2��1/2.

Hence, taking an average value for the field enhancement
factor such that �2�10 and I0�0

2=1018 W �m2/cm2, we find
that �osc=2.89 and EMax�2mec

2�1 MeV. For comparison,
simply taking �=1, one would get �osc=1.32 and E
�0.32mec

2�0.16 MeV. These values are significantly
smaller than those obtained in our simulations �see Fig. 3�
where the electrons are accelerated up to an energy value of
4.5mec

2�2.3 MeV.
Moreover, as expected from previous studies,19 pulsed

bunches of hot electrons at frequency �0 are clearly apparent
in Fig. 4 �left� along the x-direction perpendicular to the
vacuum-plasma interface inside the plasma by inspecting the
electron phase space �px /mec ,xk0� �see Ref. 29�. In the
vacuum where the packets of accelerated electrons are mixed
with those pulled back to the plasma by the space charge
field, the bunches of electrons are less visible at this moment
of time. Now, in the absence of excited surface waves, the
acceleration along the x-direction is clearly weaker and es-
sentially due to the component of the laser field perpendicu-
lar to the surface �which also contributes to laser energy
absorption through the Brunel effect� and to the ponderomo-

tive force resulting from the J� �B� term of the Lorentz force.
Hence, the electrons are less accelerated by the two oscillat-
ing forces at frequencies �0 and 2�0. As the amplitudes of
those forces are significantly smaller than that due to the
field of the surface plasma wave, the phase space is smoother
in comparison with the case where the surface plasma wave
is excited, as it is clearly exhibited in Fig. 4.

To complete the analysis, we have to take into account
the component of the field of the surface plasma wave propa-
gating along the surface which also contributes to transfer to
the electrons some momentum along the surface in the nega-
tive y-direction. This effect is clearly apparent through in-
spection of the �py /mec ,xk0� phase space shown in Fig. 5,
where one can perceive a large heating in the negative py

FIG. 3. �Color online� Decimal logarithm of the average electron energy
distribution function at t=438�0

−1 �peak time of the laser pulse�. In red:
curve corresponding to the case where the plasma surface is modulated
�resonant case�. In blue: results for the case of a flat plasma surface �non-
resonant case�.

FIG. 4. �Color� Electron phase space px /mec versus xk0 at t=438�0
−1 �peak time of the laser pulse� for the resonant �left� and nonresonant �right� cases.
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direction. In the same figure, one can also observe packets of
electrons heated symmetrically in both positive and negative
py directions. To interpret this result, one can notice that the
phase space, although more diffuse in our case, is very simi-
lar to what has been already observed30,31 at higher laser
intensities and denser plasmas due to the self-generation of
large quasistatic magnetic fields32–34 at the plasma surface. In
our case, the magnetic field component at the surface is
dominated by the resonant oscillating magnetic field of the
surface wave. However, we also observe very early �at time
t�350�0

−1� in our simulations low-frequency �quasistatic�
self-generated magnetic fields, clearly evident close to the
top of the plasma modulation. The spatial extension of the
magnetic fields is of the order of �0 /2 and their amplitude
grows in time to reach a maximum of roughly 20 MG.

Furthermore, the large heating in the negative
y-direction could be understood as due to wavebreaking of
the surface plasma wave. Although generally smaller than
the Ex component, the Ey component of the surface plasma
wave is to be accounted for as, in the present case, its am-
plitude is approximately half of the laser field amplitude. To
perceive more explicitly the part played in our simulations
by the wave breaking process, let us first consider the hy-
pothesis of a cold plasma. In this case, the wave breaking
condition is given by vy vph, where vph=�sw /ksw,y �c and
vy =�2e� /me, with Ey =−���ksw,y�. This condition can be
rewritten in the form, �2eEy� / �c�swme�1. As for the above-
considered laser incidence angle Ey �0.5EL, we obtain
�2eEy� / �c�swme��0.85, so that the wave breaking condition
is not satisfied in the cold plasma hypothesis. However, when
the peak of the laser pulse has reached the plasma surface,
the initially cold plasma has already been substantially
heated, up to relativistic velocities. Thus, we are actually
dealing with electron populations in the plasma that are char-
acterized by strongly different temperatures. Indeed, this
heating effect can lead to breaking of surface plasma wave.
For a hot plasma, the wave breaking condition35 is then
�2eEy� / �c�swme� ��4/27��mec

2 /Te��1/4. This last term be-
comes equal to 0.52 for an electron temperature correspond-

ing to Te=2mec
2, as shown in Fig. 3, so that the wave break-

ing condition is fulfilled. Wave breaking can thus explain the
large particle acceleration in the negative y-direction at this
moment of time. Therefore, two-dimensional effects together
with the contribution of the self-generated low-frequency
magnetic fields act favorably on the system by increasing the
average particle heating. It is worth noting that when the
surface plasma wave does not exist, opposite results are
found for particle heating through the Brunel mechanism12

where two-dimensional effects tend to decrease its efficiency
and to saturate the absorption at a lower level.

Lately, much attention has been given to the angular dis-
tribution of hot electrons as it is relevant for the potential
applications of electron and proton acceleration.37–40 It is
thus of interest, for comparison with experimental results, to
calculate the electron energy distribution function for differ-
ent angles with respect to the vacuum-plasma interface. In
Fig. 6, we have reported the logarithm of the electron distri-
bution function as a function of angle and energy in the case
of a flat plasma surface. The fastest electrons are mainly
emitted at −20° inside the plasma and at −160° in the
vacuum �the angle �=0° corresponding to particles propa-

FIG. 5. �Color� same as in Fig. 4 but for py /mec.

FIG. 6. �Color online� Nonresonant case: Electron distribution function at
t=531�0

−1 �peak time +1/3 of the laser pulse duration� as a function of
electron energy and direction of propagation. �=0 corresponds to electrons
that are moving perpendicularly to the plasma vacuum interface inside the
plasma, as represented on the right-hand side.
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gating inside the plasma along the normal to the surface�.
Those values, close to the specular direction of the laser, are
in agreement with previous theoretical and numerical predic-
tions for electron acceleration by laser in weakly overdense
flat plasmas.37 In addition, it is to be noticed that, due to the
high value of ne /nc, the electron surface current is clearly
apparent as another peak of emission at �=−90°. By con-
trast, in the presence of the excited surface plasma wave, it
can be seen in Fig. 7 that the main directions of electron
emission are modified: the electrons with the largest energy
are emitted at −50° inside the plasma. Many fast electrons
are also emitted at +30° inside the plasma, and at −125° in
the vacuum. This behavior is related to the existence of the
self-generated magnetic fields which transfer momentum to
the electrons near the surface.

In both cases, more electrons are accelerated inside the
plasma than outside, an effect that is greatly enhanced in the
presence of the surface plasma wave. This result can be in-
terpreted as due to the strong surface charge field created by
the electrons leaving the plasma toward the vacuum. This
space charge field thus leads to a sort of “enhanced vacuum
heating” in the presence of the surface plasma wave. Note
that in these figures, the quiver motion of the particles close
to the surface in the laser field and in the surface wave field
is included but represents a negligible contribution to the
distribution function at this moment of time.

V. ION ACCELERATION

At the end of the interaction in the short pulse regime
considered here, strong electron acceleration can result in
efficient ion acceleration provided that the condition of de-
tachment of an electron bunch from the plasma is not
satisfied.36 This will occur if the number Nb of accelerated
electrons in the bunch of diameter d is too large for a given
electron energy, that is, if �b−1�Nbe2 / �mec

2d�, where ��b

−1�mec
2 is the relativistic kinetic energy of the electrons.

The bunch length is considered here much smaller than its
diameter. In the case of an highly overdense plasma, even for
relativistic values of �b�10, this condition is typically sat-
isfied except for a small population of very energetic elec-
trons that will possibly escape from the plasma. We have
seen in the preceding section that the excitation of a surface
plasma wave greatly increases the formation of relativistic
electron bunches, for a laser intensity as low as I0�0

2

=1018 W �m2/cm2. It is then of interest to look at the ion
behavior in longer time scales in the framework of short laser
pulse interaction.

In Figs. 8 and 9, we have plotted the ion phase space
px /mec versus xk0 and py /mec versus xk0 at t=897�0

−1 that
corresponds to a time when the short-pulse laser light is not
impinging any more onto the surface of the plasma while the
surface plasma wave is almost completely damped. It can
clearly be observed that the acceleration of ions toward the
vacuum is much more efficient when the surface plasma
wave is excited. Actually, this effect is a consequence of the
fact that the plasma expansion is here essentially governed
by the space charge fields, the importance of which is as
much greater as the effective temperature of the electrons
into the vacuum increases.41 Moreover, in both cases, the
simulations show compression of the plasma surface along
with ion acceleration inside the plasma �see Figs. 8 and 9�
due to the light pressure as soon as the peak of the laser pulse
has reached the plasma surface. This compression effect ap-
pears as a sharp shoulder of the ion density at the surface

FIG. 7. �Color online� Same as in Fig. 6 but in the resonant case.

FIG. 8. �Color online� Ion phase space px /mec versus xk0 at t=897�0
−1 �left� and py /mec versus xk0 �right� in the resonant case.
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with a density increment that can reach up to 50%, as ob-
served in density snapshots �not shown here�.

For longer laser pulse duration, additional interaction
processes such as resonant absorption can take place as the
density profile of the plasma strongly evolves with time.
However, up to 250 fs, our test simulations show that the
surface plasma wave together with the enhanced laser ab-
sorption and electron acceleration described here are still ob-
served. The above-mentioned additional processes that con-
tribute also to ion acceleration through generation of
suprathermal electrons could then be affected by the excita-
tion of a surface plasma wave. Thus, conversion of the sur-
face wave energy could contribute to improve the efficiency
of ion acceleration mechanisms in laser pulse regimes longer
than some tens of femtoseconds but shorter than a picosec-
ond for which the plasma surface could support instabilities
which prevent surface wave excitation. This question which
would require a more detailed analysis of the ion dynamics
over longer time scales will be the subject of further inves-
tigations.

VI. CONCLUSION

In this paper, we have presented the results of numerical
investigations by means of a 2D PIC code about resonant
excitation of surface plasma waves by ultrashort ��100 fs�
high-intensity laser pulses �I0�0

2=1018 W �m2/cm2� in over-
dense plasmas �ne /nc=25�. A remarkable result is a dramatic
increase of light absorption by the plasma from 18% to 68%.
Another significant result is the creation of a relatively large
population of highly energetic electrons �2.3 MeV�. It is
worth noting that such high electron energies cannot be ex-

plained by standard laser ponderomotive effects, nor J� �B�

mechanism, nor vacuum heating. Thus, resonant excitation
of surface plasma waves appears as a highly performing
method to reach relativistic electron energies for the above-
considered laser intensities. Detailed analysis of the particle
phase space have revealed the leading part played by the
transverse dynamics when the surface plasma wave is ex-
cited. We have also shown that the ion motion toward the
vacuum is drastically affected by the high electron heating.

Therefore, advantage could be taken of the enhanced energy
absorption through the excitation of surface plasma waves to
improve the efficiency of proton acceleration mechanisms in
the framework of short laser pulse interaction ��500 fs�.
This general picture has been confirmed by further simula-
tions at higher laser intensities �up to I0�0

2=1019

W �m2/cm2�. Hence, an even better value of the absorption
rate along with production of still higher electron bunch en-
ergies can be expected.
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