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We demonstrate near-100% light absorption and increased x-ray emission from dense plasmas created
on solid surfaces with a periodic sub-A structure. The efficacy of the structure-induced surface plasmon
resonance, responsible for enhanced absorption, is directly tested at the highest intensities to date (3 X

10" W cm™2) via systematic, correlated measurements of absorption and x-ray emission. An analytical
grating model as well as 2D particle-in-cell simulations conclusively explain our observations. Our study
offers a definite, quantitative way forward for optimizing and understanding the absorption process.
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The interaction of intense, ultrashort laser pulses with
optically flat solid surfaces results in hot solid density
plasmas which, on the one hand, display exotic physics
[1] and, on the other, offer fascinating applications in laser
fusion [2], novel x-ray sources, particle acceleration, and
medical therapies [1,3]. The crucial aspect that facilitates
all of these is the generation and transport of fast electrons.
It is well known that fast electrons arise out of high
intensity laser absorption in collisionless plasmas. There
has been a tremendous effort to enhance hot electron
generation via improved laser coupling to the plasma.
Attempts to create preplasma for further excitation by
intense laser pulses have been successful [4], but major
improvements have resulted from “structuring” the target
surface with nanoparticles [5], nanowires [6], and other
such deposits [7-9]. Ideally, such modulations are best
studied when they are ‘“‘controllable,” viz., periodic struc-
tures. Some early work with grating targets has shown
attractive enhancement of hot electron generation which
has been qualitatively attributed to the surface plasmons
excited in such structures [7,8,10]. However, there has
been no clear, quantitative link established among en-
hanced absorption, surface plasmon resonance, and in-
creased hot electron generation—more importantly, under
actual conditions relevant for solid density hot plasma
generation.

In this Letter, we demonstrate near-100% absorption of
intense, femtosecond laser pulses by sub-A grating targets
at intensities relevant to both scientific and technological
perspectives. We present a complete, systematic, and cor-
related study of controlled enhancement of absorption and
hot electron generation on grating surfaces. Specifically,
we establish the role of surface plasmons at the highest
intensity levels ever (3 X 10" Wcm™2) in surface struc-
tures under well-defined experimental conditions. We
present these results against the backdrop of polished
gold surfaces. We then adopt two ways to explain the
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results: (1) an analytical model based on the formalism
of Chandezon et al. [11], with appropriate numerics, and
(2) 2D particle-in-cell (PIC) simulations that for the first
time use a modulated plasma front. This is the first time
that data under high intensity conditions have been mod-
eled both analytically and with PIC simulations. We obtain
clear agreement with both, thus benchmarking the theory
with experiment.

In our experiments a Ti:sapphire chirped pulse amplified
laser (55 fs, 800 nm, 10 Hz) is focused to 60 pwm (peak
intensity 4 X 10> W cm™2) with an /20 lens on targets in
a vacuum chamber (1077 torr). The beam is focused
loosely so as to have a well-defined angle of incidence
by minimizing beam divergence. The target is constantly
translated in the focal plane to expose a fresh surface to
each laser pulse. The nanosecond prepulse level is 5 X
1079 and does not cause any significant preplasma at the
highest intensity. Basic characterization experiments use a
continuous wave laser and an unamplified nanojoule, 55 fs
mode-locked pulse train (74 MHz) from the same laser
system. Reflected laser pulses are collected using cali-
brated photodetectors. Hard x-ray bremsstrahlung (25—
250 keV) under high intensity laser irradiation is measured
using Nal(T1) scintillating detectors. We used two types of
targets—i(a) triangular blazed gratings with Au coating on
a glass substrate (Jobin Yvon) and (b) polished (1/10) Au
coated glass targets. The thickness of the gold layer in both
cases is many times the optical skin depth, 8, ~ ¢/ =
0.022 pm in our case, so that the glass background does
not have any significant role to play. The grating wave
vector is aligned in the plane of incidence (Fig. 1, inset).

A sub-A (A/d < 1) grating permits only two diffraction
orders, i.e., the specularly reflected one m = 0 and the
m = —1th order [12]. Low intensity p-polarized light
shows a sharp dip in specular reflectivity (Fig. 1) with
the minimum at an angle 6, = 23°. At this angle, most
of the light (~84%) that is incident is completely absorbed.
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FIG. 1 (color). Sub-A grating diffraction; 6; incident angle.
Inset: Atomic force microscope (AFM) image of the grating
(period, d = 555 nm; groove depth, h = 158 nm; blaze angle,
w = 17.45°).

For p polarization, 6, is the angle at which the phase-
matching condition is satisfied and the surface plasmon
resonance (SPR) is activated. Please note the angular
sharpness of the resonance for the low intensity femto-
second laser pulse, in spite of its large bandwidth (50 nm).
We made a comparative study of the reflectivity of p- and
s-polarized light from gratings (Fig. 3) and optically flat
Au surfaces (Fig. 2) at 6; = 6, = 23°, while varying the
intensity of incident light over 3 orders of magnitude. This
measurement is important to see the onset of plasma for-
mation in both cases and to study the excitation of surface
plasmons at high intensities, an aspect not addressed until
now. We see that the flat Au target displays metallic
reflectivity until /7, ~ 4.5 X 10'> W cm ™2, the plasma for-
mation threshold (PFT) for the material. Beyond this value,
plasma is formed at the leading edge of the laser pulse, and
the rest of the light is reflected from the gold plasma which
reflects less than the gold metal. One may note that there is
not much difference between the p and s polarizations.
With the grating target, the reflectivity (note that there is
only one diffraction order for 6; = 6,,) for s polarization
shows exactly the same behavior as optically flat Au with
the same PFT. The reflectivity of p-polarized light from the
grating target, on the other hand, shows interesting differ-
ences. At low intensity, it starts from the value 0.33, which,
as expected, matches the reflectivity of ultrashort pulse
with SPR (Fig. 1). The PFT is also dramatically reduced
by a factor of 3 to a value Iy, ~ 1.5 X 10" Wem™2.
Further, the absorption of p-polarized light increases
with increasing intensity and at about 2 X 10> Wcm™2
reflectivity drops by 4.7 times its low intensity value and
almost 93% of the incident light is absorbed. The drop in
the PFT intensity for the p-polarized case can be explained
by assuming that the amount of energy absorbed at the
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FIG. 2 (color). Gold reflectivity vs light intensity for s and p
polarizations, §; = 23°. The knees here and in Fig. 3 correspond
to plasma formation thresholds I7y,.

threshold point is the same for both the grating target (G)
and the plain mirror target (M), i.e., f.Irnc = fu-Irnms
where f is the fractional absorption and /7, is the threshold
intensity. Taking the measured values f; = 0.67, f), =
0.17, and Ipy,p =~ 4.5 X 108 Wem™2, we get Iy, =
1.14 X 10" W cm ™2, which matches closely with the ob-
served PFT intensity for the grating target.

The reflectivity of s- and p-polarized light at the fixed
angle of incidence (6; ~ 23°) as a function of laser inten-
sity for a plane Au target (Fig. 2) can be understood by
studying the propagation of a plane electromagnetic wave
through an inhomogeneous, short scale length (L/A < 1)
plasma, whose permittivity is chosen to be that of a Drude
metal, i.e., € = | — @3/w(w + iv) [13,14]. Here the col-
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FIG. 3 (color). Grating reflectivity vs light intensity for s and p
polarizations, 6; = 23°.
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lision frequency v depends on laser intensity / through
electron density and temperature (n, and 7,) or through
some polarization-independent nonlinear processes [15].

Using T, ~ 100 eV at I ~ 10" W/cm? and vy, = % X

VZT,/m; [13,16], we estimate the electron temperature at
all intensities (1,55 % n,T,Veyp), Which in turn gives an
estimate of density scale length L =~ av.,7 (a ~0.5
[13]) at different laser intensities. Choosing an exponential
density profile with density scale length (L/A) and taking
v/w « n, (following Ref. [13]), we calculate the effective
collision frequency (v/w ). at the solid surface by match-
ing the calculated reflectivity and the measured reflectivity
for s-polarized light. We further use this effective collision
frequency and the independently evaluated L/A to calcu-
late the reflectivity of p-polarized light as a function of
laser intensity [13]. The solid line in Fig. 2 shows the
calculated reflectivity of p-polarized light from the plane
Au target beyond I7;, (~4.5 X 10'3 W/cm?); it matches
closely with the measured data. We further note that our
results are independent of the chosen density profile [16].

We now use the information obtained above [depen-
dence of (v/w)es on the laser intensity /] to explain the
grating results. For our laser parameters (I ~ 10'> W /cm?
and Ty ~ 55 f8), L/A ~ 1073 at the highest intensity,
implying that the short scale length plasma formed at the
grating surface retains the imprint of the grating structure
during the entire interaction time. This allows us to use the
formalism suggested by Chandezon et al. [11,17] to ex-
plain the reflectivity of both s- and p-polarized light as a
function of laser intensity for the grating target (Fig. 3). It
uses a generalized coordinate system which maps the
structured grating surfaces to planar surfaces. In the for-
malism (a) it makes the matching of boundary conditions
easy and (b) it also allows transformation of Maxwell’s
equations in Fourier space into a matrix eigenvalue prob-
lem making the numerical solution of the grating problem
straightforward. The inputs needed for this calculation are
the grating parameters, which are known, and the dielectric
constant as a function of laser intensity. Assuming Drude
permittivity as before, and the above calculated values of
(v/ ). at the solid surface as a function of laser intensity,
we calculate the dielectric constants at different intensities.
We note here that, for the same p-polarized input laser
intensity, the actual electric field seen by the grating target
is enhanced in SPR. This effect is incorporated by selecting
(v/ w).g corresponding to enhanced intensities after taking
an appropriate average enhancement factor. These are then
used to calculate the grating reflectivity at different inten-
sities. The solid lines in Fig. 3 show the results of our
calculation. The close match with experiments is a clear
vindication of the Chandezon formalism. Thus we see that,
with only one experimental input, i.e., s reflectivity as a
function of intensity, all of the other results are derivable
from analytical or numerical calculations.

The absorbed light generates hot electrons in the plasma
which give rise to hard x-ray bremsstrahlung. The x-ray

spectrum from high intensity laser-produced plasma on a
flat gold-coated glass target shows hot electrons of only
one temperature, though p polarization (7, = 15 =*
0.7 keV) produces hotter electrons than s polarization
(T, = 11.8 = 0.4 keV). Figure 4(a) shows hard x-ray
spectrum from the grating plasma at [ =3.8X
10'> Wem™2 when the laser is incident at 6, = 6,,. s
polarization gives rise to a Maxwellian spectrum with
T, = 16 £ 1 keV, while for p polarization the spectrum
shows a non-Maxwellian distribution with two tempera-
tures: T, = 14 £ 3 keV and T), =67 £ 11 keV. The
higher component constituting 14% of the total counts is
due to collisionless damping of surface plasmons. The hard
x-ray yield for p-polarized light is 4.8 times that of the
s-polarized case. The crucial role of SP coupling in the
enhanced generation of hotter electrons from the grating
plasma is verified by looking at the hard x-ray spectrum at
a non-SPR (6,, # 6; = 45°) angle of incidence [Fig. 4
(b)]. Here, s polarization produces one temperature elec-
tron distribution at 7, = 8.7 = 0.2 keV. p polarization
gives rise to mainly (99% weightage) one hot electron
temperature at 7, =9 £ 1 keV and a very feeble high
temperature component around 26 £ 11 keV.

To explain these experimental results, we have con-
ducted 2D PIC simulations on laser interaction with grat-
ing targets [18]. We have taken the laser pulse with a
duration of 20 laser cycles and normalized amplitude a, =
0.05, corresponding to a laser intensity of 3.4 X
10> W/cm?, which is close to the experimental condi-
tions. The initial density of the target plasma is 25n,.. We
take a thin target of 2 wm without preplasma. The trian-
gular grating is strictly identical in the geometric shape to
that adopted in the experiments. The p reflectivity as a
function of incident angles is shown in Fig. 5(a). It shows
that there is an absorption peak (reflection depression)
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FIG. 4 (color). Bremsstrahlung spectra for the grating plasma
at intensity /= 3.8 X 10> Wem™2 with (a) 6, = 23° and
(b) 6, = 45°. Solid curves denote least squares temperature fits.
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FIG. 5 (color). (a) Reflectivity as a function of angle of inci-
dence from PIC simulation for the grating plasma with different
groove depths i, h/2, and h/3, where h = 158 nm taken from
the experiment. Electron energy distribution at the exit of laser
pulse at (b) 8; = 23° and (c) §; = 45° for the grating (groove
depth h) plasma and for the flat gold target (d).

around 6; = 23°, which is around the same angle as ob-
served in low intensity experiments (Fig. 1). As one re-
duces to 1/2 or 1/3 of the original groove depth, the
reflection is increased and the plasmon resonance (around
23°) tends to disappear. Figures 5(b) and 5(c) plot the
electron energy distributions obtained at the time when
the incident laser just leaves the target surface. The higher
component of the hot electron temperature for p-polarized
light calculated from the electron energy distribution for
6, = 23° turns out to be ~51.9 keV, which is close to
67 = 11 keV measured in experiments. At 6; = 45°
[Fig. 5(c)], similar to experiments, a very weak higher
component of hot electron temperature ~37.5 keV is
seen. The low temperature component with p-polarized
light, in both of the above cases, as well as the hot electron
temperature produced by s-polarized light do not match the
experimental results. This can be due to the fact that the
low temperature component is mainly produced via colli-
sional mechanisms not included in the PIC simulations,
whereas the high temperature component which is pro-
duced via collisionless absorption mechanism (SPR) is
well-modeled by PIC simulation. Further, the hot electron
temperature with p-polarized light observed for the grating
target is significantly higher than that observed for the
planar target as can be seen from Fig. 5(d). Thus PIC
simulation qualitatively reproduces the experimental
observations.

Thus we see that it is possible to enhance light coupling
to near-100% levels in the high intensity regime by ex-

ploiting SPR. The very short length scale plasma retains
the imprint of grating structure in its profile during its
interaction with the incident pulse. The reflectivity curves
show that the high level of light absorption is maintained
even when we increase the light intensity over 3 orders of
magnitudes. The lowering of the threshold of plasma for-
mation in grating targets is because of the fact that rela-
tively more light is absorbed under conditions favorable to
SPR. This presents a very attractive opportunity for tuning
the absorption (by varying incident angles and/or polar-
izations) and hence controlling the flux and energies of hot
electrons and x rays from laser-produced, solid plasmas.
The intensities we have examined are easily available from
multikilohertz repetition rate, femtosecond lasers, and this
should spur a great deal of progress in designing x-ray
sources from grating targets.

In conclusion, we have studied the reflectivity of a 1D
sub-A periodic Au structure as a function of light intensity,
over 3 orders of magnitude, at an angle of incidence that
maintains SPR at low intensity. We see almost complete
absorption of light. From the bremsstrahlung at high inten-
sity, we observe that SPR is assisting the generation of
hotter electrons in larger numbers. One can tune the hot
electron temperature by switching the polarization state of
the light and choosing the angle of incidence very pre-
cisely. Our observations are completely backed by an
analytical model as well as PIC simulations. Our study
provides direct evidence that surface plasmons enable
efficient coupling of light and plasmas at intensities prev-
alent in intense laser-solid interaction studies.
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