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A general approach for optically controlled spatial structuring of overdense plasmas generated at the
surface of initially plain solid targets is presented. We demonstrate it experimentally by creating sinusoidal
plasma gratings of adjustable spatial periodicity and depth, and study the interaction of these transient
structures with an ultraintense laser pulse to establish their usability at relativistically high intensities. We
then show how these gratings can be used as a “spatial ruler” to determine the source size of the high-order
harmonic beams produced at the surface of an overdense plasma. These results open new directions both
for the metrology of laser-plasma interactions and the emerging field of ultrahigh intensity plasmonics.
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The study of high-intensity laser-matter interactions
using high-power femtosecond lasers is driven by two
main motivations. One is understanding the fundamental
physics behind these highly nonlinear interactions, and
the other exploring their potential applications, as in laser-
driven particle acceleration [1] and high order harmonic
generation [2]. Most of these experiments require reaching
the highest possible effective laser field amplitude on target
and/or optimizing the coupling with the resulting plasma.

One way to achieve this is by utilizing spatial modu-
lations at the surface of a solid target. Periodic structures
can couple the laser field efficiently with collective exci-
tation modes, called plasmons, potentially resulting in high
light absorption [3,4]. Sharp spatial features can also lead to
large local field enhancements, which can enhance hard-
x-ray emission [3,5]. Both can favor acceleration of the
plasma particles to high energies [6-8].

This new direction of research has so far been based on
fairly complex target engineering, which does not allow
structure control during the experiment. This also excludes
materials or systems that cannot be shaped on the required
scale before laser irradiation, such as the nanometric foils
typically used for laser ion acceleration. In this context, the
ability to generate in situ tunable plasma structures from
initially plain solid targets made of any material would be a
major step forward. This would extend the domain of
plasmonics to high field science [9] and open new
possibilities for experimental investigations on fast electron
transport [10,11].

In this Letter, we present and demonstrate experimen-
tally a new, simple, and flexible scheme to produce
optically controllable structured plasmas from plain solid
targets, for high-field physics experiments. As a first
implementation of this scheme, we create transient sinus-
oidal “plasma gratings” from flat silica targets, which we
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probe by measuring the diffraction pattern of the high-order
harmonic beam produced at their surface by an ultraintense
laser pulse. Conversely, we show that this scheme provides
a straightforward experimental means of retrieving the size
of the harmonic source in the target plane—a quantity that
is very challenging to measure by conventional optical
methods.

All experiments described in this Letter have been
performed on UHI100, the 800 nm, 25 fs-100 TW, high
temporal contrast (> 10'> using double plasma mirrors
[12]) laser of CEA-IRAMIS. When a small part of this
beam of adequate intensity (hereafter called a prepulse) is
used to irradiate the surface of a solid target, it ionizes this
target and initiates a plasma expansion. This leads to an
exponential density profile [13], n « exp ( — z/L(7)) at the
plasma-vacuum interface at a delay 7 after the prepulse. The
velocity C; = dL/dz, of this expansion is expected to
depend on the fluence F of the prepulse, and this depend-
ence constitutes the starting point of our scheme. We
measure this dependence for a polished silica target
exposed to a single 25 fs laser pulse, by probing the
subsequent plasma expansion through the phase shift it
induces on a weak probe pulse, measured with time-
resolved Fourier-domain interferometry [14] using the
scheme described in Ref. [15].

Figure 1(a) shows the spatial profile of this phase shift
across the prepulse focal spot, at four different delays 7 after
the prepulse. Plasma expansion velocity C, at a given
prepulse fluence F is obtained from the temporal evolution
of this phase shift. Figure 1(b) depicts the measured
variation of C, with F. Beyond a threshold required to
turn the target into a plasma, C; shows a quasilinear
dependence on the prepulse fluence [Fig. 1(b)].
Hydrodynamic simulations with the 1D code ESTHER
[16], in conditions comparable to those of this experiment,
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FIG. 1 (color online). (a) Temporal evolution of the spatially
resolved phase shift induced on the Fourier-domain interferom-
etry probe pulse by the plasma expansion triggered by a prepulse.
(b) Fluence dependence of plasma expansion velocity C; at the
center of the prepulse beam, as deduced from the measured phase
shifts. The inset plots T, (at the critical plasma density 7n,) as a
function of prepulse fluence obtained from ESTHER simulations
for a fused silica target under typical experimental conditions.

show that this variation can be predominantly attributed to
an increase of the electron temperature 7', with the prepulse
fluence [inset in Fig. 1(b)], due to the increase in absorbed
laser energy.

Based on this result, a spatial structure can be induced at
the surface of an initially flat solid target, prior to the arrival
of a main ultraintense pulse, through the irradiation of this
target by a spatially shaped prepulse beam [fluence
F(x) = Fyf(x)], at a variable delay 7 before the main
pulse. The dependence of C; on F then leads to the
progressive growth in time of a modulation on the surface
of the overdense plasma. A simple way of achieving very
fine spatial structures (potentially down to ~4/2, 1 being
the prepulse wavelength) with this approach, consists in
using the spatial interferences of several beams to shape the
prepulse fluence on target—a scheme then analogous to
transient grating spectroscopy [17,18].

To demonstrate this idea, we create sinusoidal transient
plasma gratings by interfering two synchronized prepulse
beams on target. Experimentally, this is easily achieved by
placing two 10 mm diameter mirrors on diametrically
opposite edges of the UHI100 laser beam [M1 and M2
in Fig. 2(a)], just in front of one of the large mirrors [MO in
Fig. 2(a)] used for the main beam. Both beams are focused
on a silica target by the same off axis parabolic mirror, and
thus, cross at an angle on this target, where they interfere,
producing a focal spot intensity pattern as shown in gray
scale in Fig. 2(b). The fringe period 4, is given by
Ay = Af/D,—with D, the distance between the prepulse
mirrors, and f the focal length of the focusing optics—and
can be varied through any of these three parameters (Here,
D, =55 mm, f =500 mm, and 4 = 0.8 ym leading to
Ay =T pm). The peak fluence of each individual prepulse
on target is high enough (~1.7 x 10?> J/cm?) to create a
dense plasma at the surface of silica.

We first carry out hydrodynamical simulations to study
the plasma structure resulting from such an intensity
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FIG. 2 (color). (a) Experimental scheme for the creation of
optically controlled plasma gratings and their irradiation by an
ultraintense pulse. (b) Resulting intensity distributions of the two
interfering prepulse beams (gray scale) when they are perfectly
synchronized (7" = 0), and of the main beam (colored scale) at
focus. Panels (c) and (d) present the reconstructed plasma grating
density calculated from ESTHER simulations at two different time
delays 7. The black lines show the isodensity contours at n = n,.

distribution. For typical lateral scales 4, in the ym range
and expansion velocities of the order of 30 nm/ps, L(z) =
Cyt <A, for delays 7 <3 ps used in the experiment,
implying that 2D hydrodynamical effects can be neglected.
Therefore to determine the time-dependent plasma electron
density map n,(x,z,7) in this regime, we performed 1D
ESTHER simulations, at different laser fluences F between
0 and F,. This provides a collection of 1D density profiles
at time 7, nlP(F,z,7), from which we deduce the 2D
structure of the modulated plasma using n,(x,z,7) =
n” (Fof (x).2.7).

The resulting density profiles n,(x, z, 7) at two different
delays are displayed in Figs. 2(c) and 2(d), while the
complete temporal evolution n,(x, z, 7) is provided in [19].
We observe that the fluence variation in the focal plane
gives rise to periodic modulations of the critical density
surface [solid black lines in Figs. 2(c) and 2(d)]. This solid
density plasma grating retains the periodicity of the driving
prepulse intensity modulation and expands in time, thus
allowing for a control of grating periodicity and depth
through the focusing configuration and delay time, respec-
tively. The maximum modulation depth that can be
achieved with these gratings is typically of the order of
Ag4» beyond which two-dimensional hydrodynamical expan-
sion effects are expected to significantly affect and smear
out the spatial structure.

We now turn to the experimental demonstration of
plasma gratings growth and control. A central portion of
the UHI100 beam of adjustable diameter D is used to
produce a main pulse that is focused on the target by the
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same optics as the prepulses and interacts with the
structured plasma they have created, thus acting as a
high-intensity probe. The delay between the main pulse
and the prepulses, 7 = (7; +7,)/2 as well as the delay
between the two prepulses, 7 = (7; — 7,) are adjustable.
The prepulses are reflected from the back face of the small
mirrors, so that the group delay accumulated in the glass
substrate makes it possible to achieve 7 = 0 [15].

Figure 2(b) shows a superposition of the focal spot of the
main pulse (color image) and of the interference pattern of
the two prepulse beams on the target surface (gray image).
The small diameter of the prepulse beams ensures that they
each produce a much larger focal spot than the main beam,
allowing it to interact with a uniform plasma grating. For
diffraction-limited focusing, the number of grating periods
N illuminated by this main pulse scales as D, /D.

To visualize the existence of such a grating and to
confirm that the structure survives when exposed to high
intensities, we study high order harmonic generation
(HHG) occurring when the p-polarized main pulse interacts
with this grating at oblique incidence (55°). HHG can occur
through two now well-identified mechanisms, coherent
wake emission (CWE) [20] and the relativistic oscillating
mirror (ROM) [21] process, the relative weight of which
depends on the interaction conditions [15,22]. Intuitively,
one expects that HHG occurring on a plasma grating would
result in a diffraction pattern on the harmonic beam in far
field, which, due to the short wavelengths of these
harmonics, constitutes a very sensitive probe of this grating.
We measure this diffraction pattern for each individual
harmonic using a flat field XUV grating spectrometer
described in [15], the slit of which is oriented in the plane
of the two interfering prepulse beams.

We perform the first set of experiments on CWE
harmonics, which are typically generated at moderate
intensities (~10'® W cm™) and for sharp plasmas
[2,15], allowing us to test the grating under these con-
ditions. In Fig. 3(a), we present the angularly resolved
harmonic spectrum after diffraction from such a plasma
grating with a main pulse intensity, / = 2 x 10'® W/cm?, a
prepulse delay of 7 = 0.35 ps and 7 = 0 [as in Fig. 2(c)].
Experimentally, this is achieved by using a rather small
diaphragm (D = 2 cm) to produce the main pulse, leading
to a N = 5 grating periods within its focal spot.

As the delay 7/ between the two prepulses increases, the
diffraction pattern progressively vanishes and is no longer
observed when it exceeds the pulse coherence time z,
[Fig. 3(b)], i.e., when the two prepulses no longer interfere.
The complete evolution as a function of 7’ is shown in [19].
This demonstrates that the observed diffraction pattern
indeed results from the modulated plasma expansion
triggered by the spatially interfering prepulse beams.

We now expose the grating to more drastic conditions by
looking at ROM harmonics, which are generated at
relativistic intensities and for longer density gradients L,
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FIG. 3 (color). Panels (a) and (b) present experimental CWE
angularly resolved harmonic spectra, respectively, at 7 =0
(maximum fringe contrast) and 7’ > 7, (no grating) for short
gradient (z = 0.35 ps) and I, = 2 x 10'® W/cm?. Panels (c)
and (d) present similar measurement for ROM harmonics, now
for long gradient (z = 1.18 ps) and I, = 1 x 10'® W/cm?. The
blue lines in (i)—(iv), respectively, correspond to lineouts of the
12th harmonic in (a)- (d). The red dashed lines in (i) and (iii)
present the best fits obtained from our model, and in (ii) and (iv),
the Gaussian beams calculated in the far field in the absence of
plasma grating, using the values of the parameters w, and a,
deduced from these fits in (i) and (iii). The insets show the spatial
pattern of the prepulses measured at focus (gray scale) super-
imposed with the focal spot of the main pulse (colored scale).

corresponding to larger delays 7. Compared to the previous
results, this higher intensity is obtained by using a larger
diaphragm for the main pulse, which also results in a
smaller number of grating periods within its focal spot
(N = 2). Figure 3(c) shows the frequency-resolved diffrac-
tion pattern of ROM harmonics at I = 1 x 10'® W/cm?,
from the plasma grating obtained with 7 = 1.18 ps and
7/ = 0. The small number of illuminated fringes is respon-
sible for the asymmetry in this diffraction pattern. As
shown in Fig. 3(d), where 7’ > 7., the effect of the
prepulses relative delay is the same as for the CWE case,
confirming the origin of this diffraction pattern. This
demonstrates clearly that the plasma gratings survive
during the interaction with the main pulse, despite its
ultrahigh intensity. This makes them very suitable for
diverse high field applications, such as the coupling of
ultraintense laser fields with surface plasmons [4] or, as we
now show, the implementation of original measurement
schemes of laser-plasma interactions.

We have so far used the harmonics beam as a probe of
the plasma gratings. Conversely, these gratings can act as a
probe of the harmonic source, to determine its spatial
properties in the target plane,which are relevant both for
development of new light sources and understanding the
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underlying physics [23-25]. For harmonic orders n > 1,
this field 4,(x) is not readily accessible in usual experi-
ments, due to the difficulty of making adequate optics for
this spectral range. What can easily be measured is
typically |H,(k)|?, with H,(k) = FT(h,(x)). the harmonic
field after propagation up to a detector (far field).
Determining 4, (x) from this measurement is then essen-
tially a phase-retrieval problem, as it requires the knowl-
edge of the phase of H,(k), to perform an inverse Fourier
transform.

Diffracting this source on a grating of suitable perio-
dicity provides a simple solution to this standard problem:
by inducing a modulation of known periodicity on the
harmonic source, the grating can be used as a “spatial ruler”
and release the indeterminacy associated with intensity
measurements in the far field. We assume that the grating
acts as a small perturbation on the HHG process: then, the
nth harmonic field in the target plane in the presence of the
grating, hj(x), can be expressed as hj(x) = h,(x)g(x),
where the function g(x) describes the periodic amplitude
and phase modulation induced by the grating. The dif-
fraction pattern of the harmonic beam in the far field is then
givenby S, (k) = [FT(hj(x))|> = |H, (k) * G(k)|?, i.e., itis
the convolution of the unperturbed harmonic beam in the
far field, H,(k), and of the Fourier transform G(k) of g(x),
which essentially consist of a few Bragg peaks spaced by
21/ A, (Fig. 4).

The effect of the grating is, thus, to generate spatially
shifted replicas of H,(k) on the detector (Fig. 4). Two
distinct regimes can then be identified, depending whether
the spacing between these replicas is larger [Figs. 4(a) and 4
(b)] or smaller than the width of the unperturbed harmonic
beam H, (k) [Figs. 4(c)-4(d) and 4(e)-4(f)]. In the first,
most common case, these replicas are well separated, and
no additional information on H, (k) is obtained from the
diffraction pattern. In the second case, in contrast, the
spatially sheared replicas of H,(k) overlap and interfere,
and the resulting interference pattern is determined by the
phase of H,(k). In this regime, a measurement of this
diffraction pattern thus provides information on the spatial
phase of H,(k), that is otherwise missing to determine
h,(x). This is the basic idea that led to the invention of
the well-known technique of ptychography [26]. Plasma
gratings are ideal to implement this method, since they can
be tuned in both periodicity and depth to fulfill the
conditions on which it relies.

The experimental data of Fig. 3 are precisely taken in this
regime of overlapping replicas: in the case of CWE, this is
due to the large divergence of the unperturbed harmonic
beam resulting from the strong intensity dependence of the
harmonic phase [as in Fig. 4(c)] [23], while in the case of
ROM, this is because of the low number of fringes N = 2
contained in the main focal spot [as in Fig. 4(e)]. To extract
the information from these measurements, we calculate the
diffraction pattern of the harmonic beam by using the
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FIG. 4 (color online). Different regimes of diffraction from a
grating. Panels (a)-(c)—(e) show different unperturbed source
[h,(x)] amplitude (shaded red) and phase (blue) profiles, all
modulated by the same sinusoidal grating (shaded gray). Panels
(b)— (d)— (f) show the multiple replicas of the unperturbed beam
|H,(k)|* induced by the grating (dashed red) in the far field,
which combination produce the total diffraction pattern (blue). In
(a)—(b), the spacing between these replicas is larger than the
divergence of the unperturbed beam, so that they do not overlap.
In contrast, in (c)—(d) and (e)—(f), the replicas overlap and
interfere, producing a pattern that depends on the spatial phase
of H,(k).

previous formulas, assuming for /,,(x) a Gaussian amplitude
profile, with a source size w,,, and a parabolic phase profile
®,(x) = a,x>. We then use least square fitting method
between this calculated pattern and the experimental data to
determine the actual values of w, and «,,.

The results of this fitting procedure in the CWE and
ROM regimes are displayed in Figs. 3(i) and 3(ii), showing
aremarkable agreement. Defining wy, as the size of the focal
spot of the main laser pulse, this leads to a source size of
wi, = (1 £0.15)w; for the 12th CWE harmonic, consis-
tent with the low nonlinearity of CWE [2], and w, =
(0.5 £ 0.07)w, for the 12th ROM harmonic, in excellent
agreement with the predictions of particle-in-cell simula-
tions [24,25]. The retrieved values of w, and a,, are fully
consistent with the divergences of the harmonic beams that
we measure in the absence of plasma grating, as demon-
strated by the plots in Figs. 3(ii) and 3(iv).

In conclusion, we have introduced a new scheme to
generate and control modulated structures at the surface of
solid density plasmas, demonstrated experimentally the
generation of transient plasma gratings using this scheme,
and shown that these structures survive relativistic
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intensities. Diffraction patterns on harmonics produced
from modulated plasma surfaces have been observed for
the first time and exploited to perform the first determi-
nation of the harmonic source size in the target plane. In the
future, more advanced measurement schemes can be
implemented with plasma gratings, that would allow
complete spatial characterisation of harmonic wave fields
as well as their coherence properties, exploiting the latest
developments in ptychographic algorithms [27].

More degrees of freedom can be easily introduced in this
scheme, at the cost of only moderate additional complexity.
The prepulse beam can, for instance, be frequency up-
converted or focused with a shorter focal length optics, to
achieve surface modulations with smaller spatial periods,
potentially down to less than 1 ym. More complex surface
plasma structures (e.g., nonsinusoidal or two-dimensional)
can be induced by using more than two interfering beamlets.
This scheme thus offers a great flexibility in terms of plasma
structuring, opening numerous new possibilities in ultrahigh
intensity plasmonics.
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