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nic ‘emission from laser-irradiated grating
. SP éxcitation drives a strong enhance-
se touthe surface tangent. The SP-driven
ated by the grating, which is beneficial

The role of relativistic surface plasmons (SPs) in high order ha
targets has been investigated by means of particle-in-cell sim
ment of the intensity of harmonics, particularly in the direction
enhancement overlaps with the angular separation of harmonics ge

for applications requiring monochromatic XUV pulses. 5
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Laser-based high-order harmonic (HH) sources hav a\%h(éi-sg rete set of angles 0,,,, depending on the period d of
lowed an unprecedented control on ultra-short electr& rating, according to the diffraction formula3?-33:
processes in atomic and molecular systems, sup rtén.g\
the development of “attoscience”!:?. Several approaches nA/md = sin(6;) + sin(0,.n) , (1)

have been studied in order to optimize HH
by atomic recollision in gas targets (see e.g.

where )\ is the laser wavelength, n is the diffraction order,
and 6, is the angle of incidence of the laser pulse (6, and

gas targets is ultimately limited by the ons i Omn are referred with respect to the normal to the tar-
tion at intensities < 101° W/ch. THis T¢ i get as indicated in Fig.1). This effect was experimentally
ulated the study of HH emission from soli observed using a laser pulse with ultra-high contrast in
irradiated at ultra-high intensit . order to prevent early prepulse-induced damage of the
In this regime the relativistic méti grating®!. The diffraction of harmonics at different an-
the fields near the target surface' gles allows to separate them from the reflected laser light

17-19 which should otherwise be filtered out, being typically

pact set-up than for ~ much more intense than the HH signal. However, the

intense HHs and a much
gaseous targets20. Morghver, askHzfrepetition rate has dispersion into several orders reduces the HH intensity,
been demonstrated usifig heving tape targets®’. In the so that an enhancement of the HH generation efficiency

generation

time domain, the rission, from solid targets has is highly desirable.
the form of a traifinof attosecond pulses?? and several Grating targets also allow the excitation of surface
strategies to isolate a single attosecond pulse have been plasmons (SPs). Experimental evidence of SP excita-

tion in the relativistic regime has been provided recently.
Irradiating gratings at the resonant condition for SP ex-
citation has been observed to both increase the cut-off
energy of the ions emitted from the target3® and to allow
for electron acceleration along the target surface in the
SP field®¢:37, Since the excitation of a SP is associated
with a strong field enhancement at the target surface,
one may expect as well a SP-enhancement of HH emis-
sion, which may overlap to the grating diffraction effects.
tems )%, To this aim, the use of grating targets has been ~ Indeed, SP-enhancement of HH generation in micro and
proposéd?83L. so that the m-th harmonic is emitted for ~ nano-structures has been previously demonstrated at low
laser intensities (see e.g. Refs. 38-43).
In this Letter, we investigate via numerical simulations
the HH emission from a grating target irradiated at the
® Electronic mail: luca.fedeli@polimi.it resonance condition for SP excitation. A strong enhance-
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of the intensity of the angularly dispersed HHs is
served near resonance. We study in detail the angu-

Publishiag:

ikgribution of HHs, in order to individuate suitable
conngurations for an XUV source.

The excitation of a SP by oblique incidence of a laser
pulse on a periodically modulated interface is a key pro-
cess in plasmonics**. In the linear regime, the matching
conditions for resonant excitation of a SP by an EM plane
wave at an interface between vacuum and a medium with
spatial period d are

27
d
where w = 2me/) is the frequency of the incident EM
wave, 0., is the resonant angle of incidence, j is an integer
number, and wsp and kgp are the frequency and wavevec-
tor of the SP. For a free electron metal described by the
cold plasma dielectric function e(w) =1 -w2/w? =1-a
and assuming a > 2, using the SP dispersion rela-

w
W = Wsp , Z sinf,., + ksp = J (2)

tion (see e.g. Ref. 44, sec.2.2 or Ref. 45, sec.68)
(kspc/wsp)? = e(wep) /(e (wsp) + 1) we obtain
iNd=(a—1)"?/(a—2)"? +5sin(0,..) .  (3)

ne is the electron density and n. = mew?/4me? = 1.
102 em ™3 /(A\[um

Notice that « can be written also as o = n./n. where
&N

D? is the cut-off (or critical) density.

sin(f...) ~ —1 + jA/d. Thus, excitation of S
grating periods d > jA/2, and does not play
HH generation from sub-wavelength gratingsgwhic
investigated in previous works®3:3446, Tp t %&S i
we assume j = 1 which corresponds t h

¢
first “band” of the SP dispersion relation% folded
in the Brillouin zone. Notice that for j > 2%he grating

period d might become larger than laser spot radius
for tight focusing, which woul ect the matching con-
At resonance, using’ Eq.( btain that the

ditions.

angles at which the m-th
by

/ 4
_ wsgN(l +sin(6...), (4

ehng the target as a cold plasma
ial because free electrons are
ienization and the oscillation en-
thermal energy. In such regime
he rating requires a laser pulse with
few tens of fs) and very high pulse-
730 to prevent the grating from be-

eory of relativistic SPs is still lackmg, in the
istic regime one may expect the SP dispersion re-
1d, consequently, the resonance condition to be
by nonlinear effects. However, experiments at
relativistic laser intensities?®36 have provided evidence
of SP excitation at angles close to the value predicted by
Eq.(3) for a > 1.
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FIG. 1. TheB. eld.@mponent for a grating target (d = 2\)
irradiagédeat 30 incidence, at times ¢ = 07 and ¢t = 357

lar reflection at 30° ( 6; = 0,., = —30°),
n of the laser pulse at the n =1, —1, —2 orders (cor-
o ahgles 90°, 0° and —30°, respectively) and lo-

reSpendin
lized ﬁ%ls along the target surface are observed.
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FIG. 2. a) Peak values of the electric (E) and magnetic (B)
fields (normalized to the laser field initial amplitude) for flat
(F) and grating (G30) targets as a function of the angle of in-
cidence; a field enhancement peaking at ~ 35° is observed for
the grating. b) Two-dimensional Fourier transform B. (k. k)
for 35° incidence angle on a grating target. The vertical direc-
tion is along the target surface. Red spots show the location
of the harmonic wavevectors according to Eq.(1).

The simulations were performed with the open source
particle-in-cell (PIC) code PICCANTE®!"%2. The elec-
tron density was n. = 128n., which is representative of
highly ionized solid targets (notice that the results do not
depend either on the target density, as far as n. > n.,
or on the target material; in a real experiment, however,
a transparent material with high damage threshold to
laser prepulses would be preferred). The target thick-
ness was kept to 1\ for computational feasibility; how-
ever, larger values do not affect the results significantly,
as expected since the fields are evanescent into the tar-
get. The grating period was d = 2\, corresponding to
a resonance angle 6,., = 30° according to Eq.(3). The
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to-valley depth of the grooves was 0.25A. All the
ulations were two-dimensional and the numerical box

PUb“5 IR& 80\ x 80, wide enough for the boundaries not

to attect the results The number of particles per cell
was 144 for each species. For most of the simulations the
spatial resolution was A/154 in each direction, in order
to well resolve harmonic orders up to m ~ 15 with =~ 10
points per wavelength. Few selected cases were simulated
also with increased resolution in order to resolve higher
order harmonics. The laser pulse had a Gaussian trans-
verse profile with a waist of 5\, a cos? temporal profile
(for the EM field) with 12\/c duration (FWHM), and
P-polarization. The angle of incidence of the pulse was
varied in the 5° — 45° range. The peak amplitude of the

F @45° G30 @15°

convenient choice to represe
the EM fields. The sngﬁhots own at the initial
la

time t = 07, when th - pulsethas not reached the
target yet and ¢ = here'. = A\/c) when the inter-
action with the targeg is gver. The leftmost border of the
target is at x =40. » = —1 and n = —2 diffraction

0, close to the expected value
t of the local field intensity with
t targ}ts is observed. Fig.2 shows that for

idence ~ 35° the maximum field is up to
laser field, i.e. a factor 2.5 higher than
. The degree of field enhancement which
0 at angles quite different from 6,.,, i.e.
far from the expected resonance, may be ascribed to the
tion of the field produced by reflection from a si-
nusoidal grating,.

The angular spectrum of the emitted HHs was an-
alyzed as follows. A 2D spatial Fourier transform of
B.(x < 0,y,t = 35T), i.e. of the B, field in the vac-

G30 @30°

laser field in normalized units was ag = 15 (where ag =
0.85(1[10"8W /em®]) /2, [um]) which, for A = 0.8 um,
corresponds to a peak intensity ~ 4.9 x 1020 W c¢m ™2 at
the focus, presently accessible in several laser facilities®
Additional simulations (not shown in the paper) were
performed for different amplitudes in the ag = 5 — 100
range (I = 5.4 x 10" — 2.2 x 10?2 W cm™?) and for two
different values of the grating periodicity, i.e. d = 1.52\
and 3.41) (corresponding to a resonance angle 6,., = 20°
and 45°, respectlvely the results were similar to those

obtained for ag = = 2)\ so that we will re-
atte ase in the following. The

strict ourselves t
grating target an th at target will be referred to as,

respectively,
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ection direction. For G30 higher-order harmonics are emitted when
ission is particularly strong close to the target tangent for 6; = 35°.

uum region and after the interaction, is performed. The
resulting Fourier transform B, (k,, k ) is shown in Fig.2b)
for the grating target irradiated at 350. The dark spots
on the £ = 1 ring correspond to the diffraction orders
of the laser beam. The HH wavevectors appear as dis-
crete spots on concentric rings corresponding to various
harmonic orders. Most of the wavevectors are in the di-
rections predicted by Eq.(1) (which are marked with red
points). Fig.3 shows the same kind of graph for several
simulations: G30 irradiated at 15°,30° (the expected res-
onance angle) ,35° 45° and F irradiated at 45°. For the
F targets HHs are emitted almost exclusively along the
direction of specular reflection: along such direction the
m =1 order (i.e. the reflected laser pulse) is much more
intense than the subsequent harmonic orders, which may
be a problem in order to exploit HHs for applications. In
contrast, for the G30 target the HHs are angularly dis-
persed in different directions depending on the harmonic
order. For an angle of incidence of 35° the HHs are par-
ticularly intense in a direction close to the tangent to the
surface. Such intense HH emission is well separated from
the diffracted light at the fundamental frequency. The
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FIG. 4. The total intensity I, (integrated over the emission
angle) of the harmonics of order m = 5,10, 15 as a function
of the angle of incidence for both F and G30 targets. In all
three cases I, peaks at 35° for G30, while for F I, increases
monotonically with the incidence angle.

stripe at k; = 0 which is visible in all the panels of Fig.3
can be attributed to the development of a quasi-static
magnetic field localized at the target surface®.

The angular distribution of the m-th harmonic in the
direction 6 is calculated as follows,
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FIG. 5. Harmomic spéetrum collected at 45 + 2.5° for F irra-
diated at 45° and ‘at 80 5° for G30 irradiated at 35°. The
intensity is 0ﬂ>alize with respect to that of the incoming

beam.
\

—
r is ~2%60% of that of the incoming beam), while
theun =<2 harmonic is ~ 6 times less intense. On the
%Iil;?r for G30 we observe a significant increase of the
intensity of emitted harmonics, which is particularly evi-

nt for higher orders, being =~ 2 orders of magnitude for

dl,,.(0) Fm +1/2 . ) ! m ==40.
a0 /k 12 kdk| B (kz, ky)| ' In/conclusion, the SP-driven enhancement of high har-
m monic emission from grating targets irradiated at rela-
where k, = kcos(f) and ky, = ksin(f). The total wth ““divistic intensities has been studied by numerical simu-

harmonic yield I, = I,,(6) is given by the idtegratio

of Eq.(5) over the full angle (|f| < 7/2). Fig.4%ho S

(32.5° —35° rather than 30°), in a@ ent with previous
on SP-driven
intensities3%; thus,

ativistic effects. The ovérall
st, at larger values of 6, the

comparison of I,, between F and G30 tar , for\three
different harmonic orders (m = 5,10, 15). L%Q& nt
maximum is observed for the HHs eniitted for G80 at
an angle slightly larger than the one expec or sur-
experimental and numerical
electron acceleration at very
emission shows that t ct o excitation overlaps
with the diffraction thesgrating. The value of I,
at the peak for G30Q exceeds by more than one order of
arget becomes larger than for
plained by the “shadow” effect

face plasmon resonance according to the linear theory
the discrepancy might be

the F target at the same angle

rge  angles of incidence, well out of

nhancement of HHs appears to be
with?ﬂcreasing harmonic order m. To inves-

avior further, two cases (G30 irradiated
5 F irradiated at 45°) were simulated with an
increaged resolution of A\/400 to compute HH generation
reliablysup to m ~ 40. These cases were selected because
they provide the highest harmonic yield for the two tar-
get types. Harmonic spectra collected at 45° for F and
at 80° for G30 are shown in Fig.5. As expected the spec-
trum for F is dominated by the m = 1 harmonic (whose

lations. When gratings are irradiated with an angle of
incidence close to the one expected for surface plasmon
resonance, the intensity emitted in a given harmonic or-
der increases significantly, the effect being stronger with
increasing harmonic order. In particular, a strong emis-
sion close to the target tangent is observed. This sug-
gests that in an actual experiment it should be possible
to detect more harmonic orders with the grating target
irradiated near resonance than with a flat target. Im-
plementation of the present scheme may allow the gen-
eration of intense, spatially separated high harmonics.
High repetition rate operation may be achieved by us-
ing engraved tape targets with a suitable choice of the
target material?®2!, or even developing all-optical gener-
ation of plasma gratings®®. The study also gives a further
demonstration of the exploitation of plasmonic effects in
the high field regime to manipulate laser-matter interac-
tions.
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