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Evidence of Resonant Surface-Wave Excitation in the Relativistic Regime through Measurements
of Proton Acceleration from Grating Targets
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The interaction of laser pulses with thin grating targets, having a periodic groove at the irradiated
surface, is experimentally investigated. Ultrahigh contrast (~ 10'%) pulses allow us to demonstrate an
enhanced laser-target coupling for the first time in the relativistic regime of ultrahigh intensity
>10' W/cm?. A maximum increase by a factor of 2.5 of the cutoff energy of protons produced by
target normal sheath acceleration is observed with respect to plane targets, around the incidence angle
expected for the resonant excitation of surface waves. A significant enhancement is also observed for

small angles of incidence, out of resonance.
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An efficient coupling between high-intensity laser
pulses and solid targets with sharp density profiles is the
key to several applications, such as ion acceleration via the
target normal sheath acceleration (TNSA) mechanism [1],
production of coherent and incoherent x-rays [2], isochoric
heating and creation of warm dense matter [3], and studies
of electron transport [4]. The laser-plasma interaction at
the target surface is strongly sensitive to both the longitu-
dinal profile and transverse modulations of the density on
the scale of the laser wavelength (or even a smaller scale).
Femtosecond laser pulses may be short enough that the
surface structuring is preserved during the interaction and
not washed away by hydrodynamical expansion, allowing
a more efficient coupling and enhancing particle and ra-
diation emission [5]. In particular, targets with a periodic
surface modulation (gratings) allow the resonant coupling
of the laser pulse with surface waves (SWs) [6] as it is
widely used in plasmonics applications at low laser inten-
sity [7]. So far, however, most of the studies on structured
targets and on SW-induced absorption [8] have been
limited to intensities / < 10'® W/cm? because of the
effect of ““prepulses,” typical of chirped pulse amplifica-
tion laser systems, which lead to early plasma formation
and destruction of surface structures before the main pulse.
Techniques such as the plasma mirror [9] to achieve
ultrahigh pulse-to-prepulse contrast ratios now offer the

0031-9007/13/111(18)/185001(5)

185001-1

PACS numbers: 52.38.—r, 41.75.Jv, 52.27.Ny

opportunity to extend such studies at very high intensity.
Recently, the effects of a periodic grating structure on high
harmonic generation have been experimentally demon-
strated at 7 > 10 W/cm? [10].

There is no detailed nonlinear theory of SWs in the
regime where relativistic effects may become dominant.
However, SW coupling at high intensity has been observed
in particle-in-cell (PIC) simulations of laser interaction
with a grating target (designed for resonant SW excitation
according to linear, nonrelativistic theory), which showed a
strong enhancement of both absorption and energetic
electron production [11-13] and, in turn, higher energies
for the protons accelerated by TNSA. Thus, besides the
interest of using grating targets for more efficient TNSA,
the latter also provides a diagnostic for the study of
SW-enhanced absorption.

This Letter reports on an experimental study of ultra-
short laser interaction with grating targets in conditions of
relativistically strong intensity (>10'" W/cm?) and very
high contrast (~10'2). The coupling enhancement was
detected through simultaneous single-shot measurements
of TNSA proton emission and of target laser pulse reflec-
tion, as a function of the incidence angle and for different
laser polarization and target thickness. The data show a
peak of proton cutoff energies and a drop in the target
reflectivity for P-polarized pulses when the incidence
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angle is close to the resonant value for SW excitation. A
significant enhancement of proton energy with respect to
flat targets is also observed for small incidence angles, far
from resonance. The analysis is supported by two-
dimensional (2D) PIC simulations.

The experiment was performed at the Saclay Laser
Interaction Center facility, using the UHI100 laser deliver-
ing 80 TW ultrashort pulses (25 fs) at a central wavelength
of 790 nm. The contrast of the beam was raised to about
10'? (high contrast, HC) thanks to a double plasma mirror
[14,15] whereas the focal spot was optimized through the
correction of the laser pulse wave front using a deformable
mirror. The beam was focused using an off-axis f =
300 mm parabola, with 40% of total laser energy enclosed
on a spot size of 10 wm (diameter at 1/e?), corresponding
to an intensity of about 2.5 X 10" Wcm ™2,

Grating targets (GTs) were produced by heat embossing
into mylar foils. Three different values of the foil thickness
(23,40, and 0.9 pm) and two values of the peak-to-valley
depth (0.5 and 0.3 um) were tested. The grating period
was d = 2\ corresponding to a resonant angle of incidence
Qs = 30° according to the relation sina, + A/d =
Ja —n,/n.)/2 —n,/n.) valid for a cold plasma and
assuming n, > n, with n, = 1.1 X 10*! ecm™3(A/um) 2
the cutoff density. The angle of incidence a was changed
by pivoting the target holder around its vertical axis.

Proton spectra were recorded with a Thomson parabola
instrument inside the vacuum chamber, equipped with a
100 pm diameter entrance pinhole at a distance of 150 mm
from the target chamber center (TCC). Detection was
provided by a microchannel plate plus a phosphor screen
imaged onto a 12 bit charged coupled device camera. For
each value of a the Thomson parabola was moved around
the TCC and realigned with the normal to the rear surface
of the target. (see Fig. 1). The reflected laser light was
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FIG. 1 (color online). Schematic top view of the experimental
setup. The Thomson parabola and the frosted glass screen were
located along the target normal direction and the laser specular
directions, respectively.

imaged on a frosted glass placed about 200 mm from TCC
and recorded by a 12 bit coupled device camera, in order to
estimate variations in the target reflectivity. An optical fiber
spectrometer was used to simultaneously record second
harmonic (2w) and three-halves harmonic (3w /2) signals.
Finally, a radiochromic film (RCF) stack was arranged in
order to form a 50 mm diameter retractable ring around the
target (Fig. 1) and collect the particle and radiation emis-
sion over an angle of almost 27 radians (a 30° window was
left open for laser entrance). The stack was composed by
three HD-810 Gafcromic film layers, screened from visible
and low-energy x-ray emission by a 2 um aluminized
Mpylar film, and mostly sensitive to protons with energies
of 2.5, 3.75, and 5 MeV, respectively.

A confirmation that the grating pattern is preserved until
the interaction was provided by the RCF stack. Figures 2(a)
and 2(b) show the first two layers of the RCF stack after a
shot on a GT with HC pulses at 30° incidence angle that
corresponds to 0° on the axis in the figure. Besides the
expected proton spots in the forward (30°) and backward
(—150°) target normal directions (which is a typical
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FIG. 2 (color online). Frames (a) and (b): first two layers of the
exposed RCF at high laser contrast conditions, showing the
typical proton forward (30°) and backward (—150°) proton
spots as well as two smaller spots (=~ —125° and =~ —155°)
attributed to laser reflection at 0 and +1 grating diffraction
orders. The position 0° corresponds to the incident laser axis.
The parabolic ““shadows” are due to the boundary of the target
holder, which screens diffuse radiation (such as electrons and
hard x-rays) from the plasma. Frame (c): same as (a), but for an
angle of incidence different by 15°, leading to a shift of the
diffraction spots. Frame (d): first RCF layer in low laser contrast
conditions, for which both the backward proton and the diffrac-
tion spots disappear. All sets of RCFs have been exposed to three
laser shots.
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feature of HC conditions [16]) on the first stack film, two
burn spots were obtained on the Al cover foil, correspond-
ing to the two small structures at = —125° and =~ —155° in
Figs. 2(a) and 2(b). According to their angular positions
and because of the reflected laser intensity on the RCF
(~10' W /cm?), the spots can be attributed to reflection at
the 0 and +1 grating diffraction orders. The spots are still
present (with the expected angular shift) at an incidence
angle to 45° [Fig. 2(c)] but disappear under low contrast
(10%) conditions [Fig. 2(d)]. The presence of an underdense
preplasma was also ruled out by the absence of optical
emission at the 3w/2 frequency since the latter is tightly
correlated to the plasma scale length at the n, = n./4
layer, where the underlying process of two-plasmon decay
occurs [17].

The maximum proton energy was measured for both GT
and plane targets (PTs) as a function of «. The results for
20 pm thick plane targets and 23 um thick GT are shown
in Fig. 3. Most of the data have been obtained for a grating
depth of 0.5 um, with a few points from 0.3 wm deep
GT yielding very similar energy values. The PTs show a
variation of proton energy with «, which is well fitted by a
sin®a/ cosa function. Such scaling may be simply under-
stood as due to the variation of the normal component of
the electric field E ( « sine) and of the focal spot size
(o< 1/ cosa) [16]. In contrast, for GT the proton energy
has a broad maximum (corresponding to = 2.5 times the
plane target energy for the same angle) near the resonant
angle of 30°. Figure 3 suggests that the resonant peak
overlaps to the “‘geometrical” sin’a/ cosa scaling; thus,
the energy might be increased using gratings with larger
resonant angles. The reflected light signal from the frosted
glass (also reported in Fig. 3) shows a dip around 30° for
the grating targets, which is not observed for PT and is a
signature of increased absorption.
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FIG. 3 (color online).
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Maximum proton energy (filled data

points) and reflected light signal (empty data points) as a function
of incidence angle «. Left and right frames correspond to 20 wm
thick plane targets and to 23 wum thick grating targets, respec-
tively. Filled circles and triangles correspond to 0.5 and 0.3 uwm
deep gratings, respectively. The (red) dashed line is proportional
to sin®a/ cosa. The other lines are guides for the eye.

A significant enhancement of the proton energy is also
observed for small incidence angles (down to 15°), far
from the resonant value. This effect is explained by a
mechanism similar to that observed in targets covered
with regular pattern of microspheres [18]. At a structured
surface, electrons can be dragged out in vacuum from the
tip of a modulation by the component of E parallel to the
target plane even at normal incidence and may reenter into
the plasma near the tip of a neighboring modulation there
delivering their energy, similar to the simple model of
“vacuum heating” absorption [19] that thus becomes effi-
cient also at small angles. For large angles of incidence and
P polarization, the electron motion near the laser-plasma
interface is dominated by the component of E perpendicu-
lar to the surface; thus, the structured targets behave more
similarly to the plane ones. With the use of S polarization,
for which both vacuum heating of electrons by E and SW
excitation in GT are ruled out, no protons of energy above
the detection threshold of = 400 keV were observed for
both PT and GT. This suggests that “J X B” heating
effects are negligible due to the high plasma density
despite the relativistically strong intensity.

Two simulation campaigns using different PIC codes,
EMI2D [12] and ALADYN [20], were performed to support
the interpretation of the experimental results. The EMI2D
simulations considered a 20 um thick, proton plasma slab
with density n, = 100n, = 1.56 X 10> cm™* and initial
temperatures 7, = 1 keV, T; = 0.1 keV and a laser pulse
of 30 fs duration (FWHM of Gaussian envelope), 1.6 X
10'° W /cm? peak intensity, and homogeneous in the trans-
verse direction (plane wave). The ALADYN simulations
considered a n, =120n, =1.87X 103 cm ™3, T,=T,=0,
two-species slab composed of a 0.8 wm thick Z/A = 1/2
layer, a 0.05 wm thick rear layer of protons, and a laser
pulse with 25 fs duration (FWHM of sin’ envelope), 2 X
10" W/cm? peak intensity, and a Gaussian transverse
profile with 4 um focal waist diameter. The grating peri-
odicity was 2A = 1.6 um in both cases and as in the
experiment, and different values of the peak-to-valley grat-
ing depth 6 were investigated (6 = 0.53 um for EMI2D
and 6 = 0.2-0.4 um for ALADYN, respectively).

Figure 4 shows simulation results for the maximum
energy of protons and the fractional absorption, as a func-
tion of the incidence angle. A quantitative comparison with
experimental data is not implied because of the unavoid-
able computational limitations in the PIC modeling of
TNSA and the reduction to a 2D geometry (see e.g.,
Ref. [21]). Nevertheless, the qualitative behavior observed
in the experiment is reproduced by both sets of simulations,
the maximum energy being in correspondence with the
resonant angle. The agreement is improved for the smallest
value of the grating depth (6 = 0.2 um), about half the
nominal value; in this case, the cutoff energy for GTs is
close to the plane targets value at 45°, and the enhance-
ment factor at 15° also gets closer to the experimental
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FIG. 4 (color online). 2D PIC simulation results: (a) cutoff
energy of protons; (b) fractional absorption. Empty and filled
symbols refer to PTs and GTs, respectively. Squares are data
from EMI2D (EMI) simulations with grating depth 6 = 0.53 um
for GT, and circles and triangles are data from ALADYN (ALA)
simulations for § = 0.4 and 0.2 um, respectively. The data
correspond to a time ¢ = 350 fs for EMI2D and ¢ = 200 fs for
ALADYN, respectively, relative to the time ¢ = 0 at which the
pulse peak reaches the target.

result. This observation suggests that some smoothing
of the surface modulation occurs during the interaction or
prior to it, as for instance, a residual picosecond pedestal to
the femtosecond pulse may lead to some preheating and
expansion of the target. A smaller depth of the grating
reduces the “geometrical enhancement” out of resonance
but does not prevent the latter from occurring since the
periodicity is preserved. Additional EMI2D simulations
confirmed that the energy enhancement in GT disappears
neither in the presence of a sub-A density gradient at the
front side nor for longer 60 fs pulses (which favor expan-
sion and smoothing during the interaction), allowing us to
obtain energies up to 18 MeV [22].

For both codes, additional simulations showed that the
resonance smears out by either decreasing the plasma
density or increasing the laser intensity. This observation
further supports the evidence that the interaction occurs at
solid density and that at high intensity there is a significant
SW resonance broadening due either to ‘“detuning” of the
plasma frequency, which depends on the field amplitude in
the relativistic regime, or to strong absorption. The latter is
strongly increased in grating targets simulations, although
not strictly proportional to the proton energy as shown in
Fig. 4(b).

Figure 5 (from ALADYN thin foil simulations) shows the
magnetic field component B, normal to the simulation plane
in the case of incidence 30°, for both a PT and a resonant GT.
In the latter case, the strong component localized near the
surface and propagating in the direction of incidence is a
signature of the SW excitation. The phase velocity v, and
wavelength are very close to ¢ and A, respectively, in agree-
ment with the SW dispersion relation that gives v;/c = 1 —
n./(2n,) = 0.996 for n,/n. = 120. The comparison also
shows the lower amplitude of the field reflected from the GT
as well as the reflection at several diffraction orders.
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FIG. 5 (color online). 2D PIC simulation results: snapshots at
t =75 fs of the magnetic field B, (normal to the simulation
plane) in the interaction at 30° with both plane (PT) and grating
(GT) targets of 0.8 wm thickness. The laser axis of incidence is
marked by the dashed arrows. For the GT, a wave propagating
near the target surface (on the left upper side) and reflection at
several diffraction orders are apparent, whereas the PT plot is
dominated by the specularly reflected pulse. The thick arrows
give the propagation direction of the surface (for GT) and
reflected (for PT) waves. See the text for parameters.

In conclusion, we have provided experimental evidence
of absorption enhancement that is consistent with the
resonant excitation of a surface wave in a grating target,
at laser intensities higher than 10" W cm™2. The increase
in coupling efficiency has been observed most clearly
through the measurement of maximum proton energies
emitted from the target. To further increase the proton
energy, either different values of the grating periodicity
and the target thickness may be used or the grating modu-
lation might be embedded in complex target designs (see
e.g., Ref. [23]). Our results show that the availability of
laser system with ultrahigh contrast may allow us to use
structured targets for enhanced absorption also at the high-
est intensities available today and to extend investigations
of plasmonics in the relativistic regime.
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