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The interaction of a femtosecond relativistic intensity laser pulse with a grating of subwavelength periodicity
was simulated numerically. Strong coherent emission at the wavelength of the grating period and its harmonics
was seen, nearly parallel to the target surface, due to relativistic electron bunches emanating from each
protuberance. Normal and oblique incidence �30°� gave rise to trains of attosecond pulses and an efficiency
greater than 10−4 was obtained for the 24th harmonic ���16.7 nm�. Similarity theory gives optimum condi-
tions for harmonic emission.
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Laser technology now makes it possible to generate ex-
tremely short �12 fs� and intense ��1022 W /cm2� pulses
�1,2�. The relativistic interaction of such pulses with matter
introduces new phenomena such as hole boring, relativistic
particle acceleration �1�, and the creation of highly energetic
electron bunches �3�. It is also a source of ultrashort x-ray
emission, by line radiation �4�, as well as high-order harmon-
ics generation due to the electrons’ highly nonlinear motion,
which was studied experimentally, numerically, and analyti-
cally �1,5–9�. Short duration x-ray and extreme ultraviolet
�XUV� sources have many applications in probing fast pro-
cesses in matter �1�.

When an intense femtosecond pulse is focused on a target,
matter is ionized and heated almost immediately before the
plasma can expand. Therefore, the interaction is with a solid
density plasma and reflection is almost total due to the high
plasma conductivity. Nanostructuring the target surface has
been shown to considerably enhance absorption at moderate
intensity, making the plasma hotter and hence a stronger
emitter of x-ray radiation �4,10�. When resonant excitation of
surface plasmons occurs, the absorption is almost complete
�11�, further enhancing the x-ray yield. When the laser inten-
sity exceeds 1016 W /cm2, charge separation needs to be
taken into account, and it causes strong transverse and lon-
gitudinal electrostatic fields on the surface of a grating target
which efficiently heat electrons �12�. At higher intensity, en-
ergetic electron bunches are formed due to acceleration by
surface plasmon fields �13� when a sinusoidal surface plasma
modulation of near wavelength periodicity is introduced, and
relativistic effects can induce a saturation of these fields’
amplitude, altering the plasmon resonance �14�.

Here, we present the first study of harmonic emission due
to the interaction of a relativistic intensity �IL�1020

W /cm2� and ultrashort ��L�10 fs� laser pulse with a grating
surface having a periodicity a considerably less than the laser
wavelength �L �a /�L=1 /4�. This precludes resonant surface
plasmon excitation which require a near wavelength period-
icity 2 /3�a /�L�1 �11,13�.

We show that, at each grating protuberance, relativistic
electron bunches are generated, which lead not only to high
laser energy absorption, but also to the emission of intense
and coherent harmonics of the grating periodicity along the
grating surface, i.e., at a grazing angle. The emitted fields
come out as attosecond pulse trains which may have appli-
cations in studying the electron dynamics of matter �1�. We

also show that the similarity parameter defined by Gordienko
et al. for smooth targets �15,16�, S=Ne / �a0Nc���Ne�L / IL

1/2�,
is also relevant for corrugated ones: the conversion efficiency
is fairly constant if S is held fixed. Here a0= Posc / �mec�
=eEL / �me�Lc� is the normalized quiver momentum of an
electron in the laser field EL, Ne is the electron density, Nc
=me�0�L

2 /e2 is the critical density, and �L=2�c /�L.
The study was carried out with the 2 1

2 dimensional
�x ,y , Px , Py , Pz� relativistic and electromagnetic particle in
cell �PIC� code XOOPIC �17�. The incident laser wavelength
�L=400 nm is the second harmonic of the Ti:sapphire laser,
but the results can be easily rescaled for other laser wave-
lengths. The plasma was 8�L wide and �L thick. The simu-
lation box was 15�L wide and 10�L long and the cell size
was �L /160. The grating periodicity was set to a=�L /4, the
height of the protuberances to h=�L /8 and their width to e
=�L /16. The plasma density was initially Ne=20Nc=1.4
	1023 cm−3. The laser pulse was Gaussian in time �10 fs�
and across the 3 
m spot size. The laser intensity was IL
= Istd=2	1020 W /cm2 �S�4�. The electrons were repre-
sented by 20	106 superparticles. The ions were assumed
immobile: comparating mobile and immobile ions runs with
a longer pulse ��L=20 fs instead of 10 fs� with a realistic
mass ratio �1836� showed little difference.

The geometry of the laser-plasma interaction is illustrated
on Fig. 1. The laser was p polarized and incident at an angle
�i. The spectra and the angular distributions of the harmonics
were obtained by recording, at each time step, the magnetic
field component Bz along a circle centered at the plasma

FIG. 1. �Color online� Interaction geometry. The laser beam is
incident at an angle �i from the normal of the plasma surface and �
is the direction of observation. 
1 ,
2 ,a ,h ,e are the phase differ-
ences between the incident rays and reflected rays, the grating pe-
riodicity, the height and width of the protuberances, respectively.
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surface and passing �L /8 from the edges of the simulation
box.

To show the advantages of using a grating, we compare,
on Figs. 2�a� and 2�c�, the emission spectra at a grazing angle
for a grating surface and in the specular direction for a
smooth surface for normal and oblique incidence, �i=0° and
30°, respectively. These angles are chosen because harmonic
emission is mostly in the specular direction for smooth tar-
gets but more at grazing angles for gratings. We can see how
the grating affects the harmonic emission: harmonics having
a wavelength �r=�L /4n when �i=0° and �r=�L /8n when
�i=30° are strongly enhanced, n being an integer. For ex-
ample, the 20th ��i=0°� and the 24th ��i=30°� harmonic
both have an intensity around 5	10−4IL. Moreover, the har-
monics are emitted nearly along the surface, in a narrow
lobe, as can be seen on Figs. 2�b� and 2�d�, suggesting that
the emission is fairly coherent. For normal incidence, we
varied the grating periodicity, making a=�L /3 and �L /8, and
the results were analogous: the harmonics of the grating pe-
riodicity were strongly amplified along the surface. These
harmonics are more than one order of magnitude above the
corresponding intensities for a smooth target up to harmonic
31 and even beyond. For example, when �i=30° and �=0°
�not shown�, we obtained normalized intensities of 2	10−4

for harmonic 31 and 2	10−5 for harmonic 40.
This harmonic emission is due to the violent electron dy-

namics at the protuberances illustrated by the zooms on the
electron density in space �x ,y� on Fig. 3�a� and in phase
space �x ,vx /c=��x� on Fig. 3�b�, where �=1 /�1−�2. We

see relativistic electron bunches coming from the protuber-
ances �every half laser cycle� and traveling mostly along the
surface. Before, at its maximum, the ponderomotive force is
strong enough to push most of the electrons of a protuber-
ance inwards, and as it weakens, the space charge expels
them outwards. Then, the laser electric field pushes them
along the surface, while the space-charge field and the pon-
deromotive force, which becomes gradually stronger, keep
them near the surface, and then push them back into the
plasma at high speed.

It should be mentioned that, at normal incidence on
smooth surfaces, the surface oscillation due to the pondero-
motive force may give rise to a two-dimensional �2D� sur-
face wave, leading to a rippling of the plasma surface �18�.
This mechanism is unlikely to happen here because the
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FIG. 2. �Color online� Spectrum at near grazing angle ��=5°� for grating surfaces and at ��a� and �c�� the specular angle ��=90 and 60°�
for smooth surfaces and ��b� and �d�� angular distribution of several harmonics for grating surfaces at ��a� and �b�� normal incidence
��i=0°� and ��c� and �d�� oblique incidence ��i=30°�.

(b)(a)

FIG. 3. �Color online� �a� Zooms on electron density and �b�
phase space �x ,��x� at 1.5 fs before the peak of the pulse. The
numbers indicate the ranges of x and y in 
m and of ��x.
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charge separation at the protuberances completely modifies
the surface dynamics.

We have developed a semianalytic model to better under-
stand the dynamics of this situation, and it allowed us to
reproduce the main features of the spectra and angular de-
pendences obtained from the full PIC simulations shown in
Figs. 2�a� and 2�b�. The laser electric field was approximated
as a stationary wave by the Fresnel formula for a step density
profile of density 4Nc �reduced from 20Nc due to relativistic
effects �14��, and the laser magnetic field was deduced from
Faraday’s law. To account for the effect of the motion of the
plasma surface driven by the ponderomotive force, we added
the analytic form of the field due to the protuberances, plus a
space-charge field, uniform in x, both oscillating at twice the
laser frequency. By numerically solving the relativistic equa-
tions of motion for 100 electrons �with appropriate initial
velocities and positions distributions� emanating from one
protuberance and following them during half a laser cycle,
we saw trajectories resembling those seen on Fig. 3. We then
computed the radiation fields �19� emanating from these
electrons, using the numerically obtained positions and mo-
menta for each time step, and found a fairly wide angular
distribution for the harmonics but with a maximum near 0°,
as this relativistic motion is mostly along the surface �con-
trary to slower ones, accelerated relativistic particles emit a
narrow cone of radiation centered on the direction of the
velocity �19��. To obtain a spectrum and an angular distribu-
tion similar to those seen on Fig. 2�a� and 2�b�, we assumed
that similar trajectories were repeated 33 times with the pro-
tuberances separated by �L /4 �to mimic our 8�L wide grat-
ing� and added the signals’ fields, taking their phases into
account, and indeed, we then saw that harmonics 4, 8, 12,…
stood out and that the angular distributions were as narrow as
those seen on Fig. 2�b� and centered at 0° �to also see the
lobe near 180°, we would have needed to also simulate an-
other laser half-cycle, with the laser field in the opposite
direction�.

Constructive interference of the emitted waves is the key
to the spectra and the angular distributions. As is seen on Fig.
1, for the total optical path difference between two neighbor-
ing protuberances to be a multiple of the emitted wavelength
requires: n�r= �
1−
2�=a�sin��i�−cos����. For normal inci-
dence, ��i=0°�, and for �=0° �or 180°�, this implies �r /a
=n, hence the observation of harmonics �r=�L /4,�L /8,
�L /12, . . . �as a=�L /4�. As there is less emission at angles far
from �=0° or 180°, there is less coherent buildup. This ex-
plains the spectrum seen on Fig. 2�a�, and the relatively low
angular spread around �=0° and 180° seen on Fig. 2�b�.
When �i=30°, sin��i�=1 /2 and we see that it is then wave-
lengths �r=�L /8,�L /16,�L /24, . . . which satisfy the condi-
tion if �=0, hence the observation of these harmonics on
Fig. 2�c� and the angular dependence seen on Fig. 2�d�. The
slight discrepancies �maximum emission is at 5–10° instead
of 0°; some higher harmonics are at slightly different fre-
quencies� are due to the nonuniformity of the laser beam:
when using a laser spot size of 3 
m instead of 1 
m, these
differences are reduced and for our semianalytic calculation,
as there was no such transverse variation in the driving
fields, these discrepancies vanished. We mention also that
when the laser is incident at an angle �i=60°, for example,

the harmonic efficiency and the coherence are strongly re-
duced because sin��i� is then an irrational number.

The time dependence of the radiated fields, Bz, shows
�Fig. 4� attosecond pulse trains. For �i=0°, we see that a
single pulse has a duration �p�70 as �TL /19 �TL=�L /c�,
and the delay between pulses is �d=TL /4. For �i=30°, we
have an even shorter duration, �p�40 as �TL /33, and the
delay between pulses is �d=TL /8.

To study the effect of a higher density, we increased the
density from 20Nc to 40 and 80Nc �these densities are close
to those of fully ionized lithium, plastic, and magnesium,
respectively�, and to keep the same value of the similarity
parameter S ��4�, we multiplied the intensity �2
	1020 W /cm2� by 4 and 16, respectively. The spectra and
angular distributions �not shown� and the conversion effi-
ciencies are fairly similar to those seen on Figs. 2�a� and 2�b�
for the three cases �as we normalized to the respective inci-
dent laser intensities� because the electrons follow similar
trajectories in phase space, leading to the same shape of the
angular distribution.

We have plotted, for normal incidence, the normalized
intensity of harmonic 16 �Fig. 5� in a narrow lobe
�170–180°�, as a function of S, by varying the intensity, for
these three target densities. As many simulations were re-
quired for this, they were done with a narrower plasma and a

20.2 20.4 20.6 20.8 21 21.2 21.4

−0.4

−0.2

0

0.2

0.4

0.6

time(fs)

B
z
(t)/B

L

165 as

333 as

70 as

40 as
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smaller focal spot �4�L wide and 1 
m instead of 8�L and
3 
m�. There is a clear optimum for harmonic emission near
S=4. In the case of oblique incidence, we again obtain the
same optimum value of S.

This parameter S has a simple physical interpretation
when a0�1: as a0 is nearly equal to the relativistic mass
increase �=�1+a0

2, there is an effective decrease in the
plasma frequency �p�=�nee

2 /�me�0 and we actually have
�p���p /�a0 �14� so that S���p� /�L�2. Therefore S=4 cor-
responds to �p�=2�L, implying a resonance with the oscillat-
ing motion of the surface at twice the laser frequency due to
the ponderomotive force which oscillates between 0 and its
maximum value at twice the laser frequency �5,6�. The varia-
tion in harmonic emission with S is somewhat different for
40 and 80Nc from the 20Nc case because, in the latter case,
the condition a0�1 is not so well fulfilled, making similarity
theory somewhat less applicable.

This technique of harmonic generation works well if the
laser has a very high contrast, otherwise a preplasma is cre-
ated which changes the laser coupling with the grating. We
tried with a sin2, instead of rectangular, profile for the pro-
tuberances, having the same periodicity and grooves’ height

and the results were similar but less intense, especially the
high harmonics. This suggests that even if the grating is al-
tered, it should work for longer pulses.

In conclusion, we have studied the interaction of a rela-
tivistic intensity laser beam normally and obliquely incident
on an overdense plasma having a gratinglike surface and
shown that there is a strongly enhanced emission at harmon-
ics of the grating period, propagating along the target surface
in a narrow solid angle. The yield is particularly high if the
intensity and density are chosen to make the value of the
similarity parameter S close to 4, which is possible with
present laser technology �2�. This emission is due essentially
to the relativistic motion of electron bunches across the cor-
rugated surface.
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