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The complex physics of the interaction between short-pulse ultrahigh-intensity lasers and solids is so far
difficult to access experimentally, and the development of compact laser-based next-generation secondary
radiation sources, e.g., for tumor therapy, laboratory astrophysics, and fusion, is hindered by the lack of
diagnostic capabilities to probe the complex electron dynamics and competing instabilities. At present, the
fundamental plasma dynamics that occur at the nanometer and femtosecond scales during the laser-solid
interaction can only be elucidated by simulations. Here we show experimentally that small-angle x-ray
scattering of femtosecond x-ray free-electron laser pulses facilitates new capabilities for direct in situ
characterization of intense short-pulse laser-plasma interactions at solid density that allows simultaneous
nanometer spatial and femtosecond temporal resolution, directly verifying numerical simulations of the
electron density dynamics during the short-pulse high-intensity laser irradiation of a solid density target. For
laser-driven grating targets, we measure the solid density plasma expansion and observe the generation of a
transient grating structure in front of the preinscribed grating, due to plasma expansion. The density maxima
are interleaved, forming a double frequency grating in x-ray free-electron laser projection for a short time,
which is a hitherto unknown effect. We expect that our results will pave the way for novel time-resolved
studies, guiding the development of future laser-driven particle and photon sources from solid targets.

DOI: 10.1103/PhysRevX.8.031068 Subject Areas: Plasma Physics

I. INTRODUCTION

The solid-density plasmas created in the interaction of an
ultrashort, ultrahigh-intensity (UHI) laser pulse with a solid
target are a source of femtosecond, high-charge electron [6]
and ion bunches [7–10], extreme ultraviolet (XUV) radi-
ation [11–13], and neutrons [14], making them promising
candidates for future particle accelerators or radiation

sources, e.g., for tumor therapy [1,2], laboratory-astrophys-
ics [3,4], and fusion [5]. The fundamental property of such
ultraintense lasers is the acceleration of plasma electrons to
relativistic energies within a single laser period, i.e., less
than a few femtoseconds in the case of optical or near-
infrared UHI lasers. Until now a fundamental impediment
of the ongoing research of UHI laser-solid interactions has
been the limited experimental capability of diagnosing the
arising basic processes during the laser interaction on the
relevant scales that range from subfemtosecond to hundreds
of femtoseconds and from few nanometers to few hundred
nanometers. Some of the most important physical processes
are, for example, the generation of plasma oscillations [15]
and plasma waves [16], transport of relativistic electrons
and plasma heating [17,18], instability development
[16,19–24], and the generation of strong magnetic fields
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due to the strong currents generated by the laser pressure [17].
A fundamental process is the expansion of the irradiated
plasma into vacuum [25–27] during the laser interaction,
governing the surface dynamics and laser absorption both
prior to and during the laser main pulse.
For each of the aforementioned applications a correspond-

ingly tailored surface structure can enhance laser absorption
and interaction, electron acceleration, and hence all sub-
sequent processes. In fact, it has been shown that a
preplasma density gradient, e.g., generated by laser intensity
prior to the main pulse, strongly affects absorption [28] and
the generation of secondary radiation such as proton accel-
eration [29] and XUV radiation [30]. Grating targets have
even shown nearly complete absorption [31], resulting in
enhanced ion acceleration [32] and XUV generation [33].
Measuring, controlling, and eventually optimizing col-

lective particle motion excited by, and interleaved with, the
intense laser light is the key to pushing the development
of laser-based radiation sources further. Conventionally,
these dynamic effects can only be accessed by numerical
simulations, indirect experimental methods (e.g., particle or
radiation emission from the bulk), or optical methods
[34,35], which are, however, all limited in either spatial
or temporal resolution or to the optically transparent low-
density regions.
The present work aims at making the few femtosecond,

few nanometer regime directly accessible at solid density
and relativistically intense laser irradiation by employing
small-angle x-ray scattering (SAXS) using x-ray free-
electron laser (XFEL) pulses [36]. With the advent of
XFELs there have been many approaches to use them as
a probe for UHI laser-driven solid-density plasmas. X-ray
beams can penetrate solid-density plasmas and hence can
resolve the dynamics at high densities throughout the whole
target. Taking advantage of the unique properties of XFEL
pulses, e.g., their short duration, high number of photons per
bunch, high transverse coherence, monochromaticity, and
polarization, the XFEL can widely expand the capabilities of
established diagnostic tools. While x-ray diffraction of hard
XFEL beams [37,38] typically provides a resolution on the
order of angstroms, direct imaging methods using parallel
beams are limited mainly by the detector resolution, which
typically is on the order of microns [39], whereas for the
method of magnified x-ray phase contrast imaging, using a
strongly focused beam, the resolution is limited by the x-ray
spot size, which is constrained by the SASE bandwidth to at
least a few hundred nanometers [40–42]. For seeded XFEL
beams the focus could be much smaller, but the imaging
quality is eventually limited by the flux due to the small
elastic cross section.
SAXS can bridge the gap with a resolution between the

nanometer and few micron scale. It is an established x-ray
scattering technique [43] which employs the fact that for
small scattering angles the relative path differences of
photons scattered at neighboring electrons (separated

by r) can be linearized to Δφ ¼ −r · q, and, hence, the
resulting scattering pattern summing up all scattered
photons ∝ jR neðrÞe−rqdrj2 is given simply by the absolute
square of the Fourier transform (FT) of the electron density
distribution. On XFELs, it has been developed in recent
years starting with a demonstration of the principle that
with an ultrashort x -ray pulse a scattering pattern can be
recorded before destruction [44], followed by the first
XFEL pump, XFEL probe scattering experiments demon-
strating both femtosecond and nanometer resolution [45].
It took almost another 10 years to perform the first
optical pump, XFEL probe study with similar resolutions,
with an optical pump laser intensity on the order of
1015 W=cm2 [46].
On the path towards ultraintense, ultrarelativistic laser-

solid interactions that will be possible at European XFEL
and SACLA in the near future [47], here we report on a
scattering experiment with the currently most intense optical
pump laser available at an XFEL, the short-pulse high-
intensity (HI) laser at the Matter in Extreme Conditions
(MEC) end station of LCLS at SLAC [48,49]. We present
the first measurement of the spatial density distribution of
a high-intensity (near-relativistic) short-pulse laser-driven
solid-density plasma to the nanometer level, with femto-
second resolution. SAXS, using XFEL pulses, allows for a
single-shot direct electron density measurement to study
in situ the plasma expansion and nonlinear dynamics before,
during, and directly after the laser irradiation. Employing the
pump-probe technique, we can follow the expansion of the
plasma at solid density in real time and compare it directly to
simulations.

II. EXPERIMENTAL SETUP

The experiments were performed at the MEC end station
at LCLS with the Ti:sapphire near-infrared HI short-pulse
laser. The pulse duration was 83 fs and the spot size was
16 μm× 30 μm, both at FWHM. We performed shots at
two laser pulse energies, 1 J corresponding to 5 ×
1017 W=cm2 for most of the shots (all of the systematic
pump-probe results shown below in Figs. 2 and 3), and
approximately 400 mJ for a few single shots (including the
one shown in Fig. 4). The XFEL beam had a diameter of
5–10 μm and pulse duration of 40 fs, both at FWHM. The
photon energy was 8 keV, with approximately N0 ¼ 1011

photons per pulse (the exact number varies from shot to
shot due to different absorbers). Synchronization with the
HI short-pulse laser and LCLS XFEL beam was achieved
to an accuracy of 120 fs, measured by a spatially encoding
autocorrelator [50,51] (for more details about the optical
setup, see Fig. 1 and Sec. V). Our samples were 2-μm-thick
silicon membranes with an inscribed surface grating.
Additionally to being a fundamentally interesting target
for optimizing the laser-solid interaction applications, the
advantage of using tailored grating surface membranes is
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the large increase in scattering signal compared to a flat
surface. We can now follow small variations in the
scattering signal to detect few nanometer structural
changes, induced by the laser irradiation, with a high
spatial resolution reaching down to a nanometer and below.
In the following, we present a series of shots on surface

gratings with periods g ranging from 150 to 500 nm
where the ridge widths b were approximately half of the
grating period and the depth 100 nm. The rectangular
ridges and the membrane itself were flat to the level of
σ0 ¼ ð5.4� 0.7Þ nm, which was measured for each target
by two consecutive XFEL-only SAXS measurements at
reduced intensity that did not damage the target (“pre-
shots”) [52] (see Sec. V). Those grating dimensions,
besides being in the relevant range for absorption-
enhancing surface structures, are also in the range of the
spatial dimensions of instabilities in relativistically driven
plasmas and are therefore also interesting on a technical
level for future applications of SAXS. For example, among
others, Rayleigh-Taylor-like instabilities leading to a sur-
face rippling at relativistic intensities [16,23], two-stream
instabilities in the target [22] or at the target rear surface
[24], and Weibel-like instabilities occurring during the
plasma propagation in vacuum after laser acceleration
[53] lead to a complex interplay that could be studied
by the SAXS method [36,54]. For example, in the case of
the Rayleigh-Taylor instability, the laser light pressure
pushes against the reflective solid-density plasma front,
leading to a growth of initially small density fluctuations to
form ripples even on an initially flat target surface and
eventually to characteristic fingerlike plasma modulations.
While the optical laser intensity used in the present

experiment is not quite sufficient to drive those instabilities,
based on the current understanding the spatial extent of
those modulations is expected to be on the order of a few
tens of nanometers or more, which is comparable to the
dimensions of our front side grating structure.
In the regime relevant for this work, the dominant source

of small-angle x-ray scattering is coherent elastic Thomson
scattering from electrons. In the SAXS geometry, the
scattering pattern is obtained in kinetic and Born approx-
imations by the absolute square of the exit wave FT [43].
With an appropriate model for the density in real space, the
gradient of the expanded plasma and other spatial features
can be characterized by fitting the respective correlation
function to the scattering pattern in reciprocal space [54].

III. RESULTS

Typical scattering patterns are shown on the right-hand
side of Fig. 1 for three different HI-laser delay times, with
their profiles along the horizontal direction analyzed in
Fig. 2. The scattering signal covers the whole field of view
of the detector, with decreasing intensity at larger scattering
vector values q≡ ð2π=λXÞ2 sinðΘ=2Þ (λX is the XFEL
wavelength and Θ is the scattering angle). With increasing
delay time we observe a decrease of the scattering signal at
large q values. We interpret this as an exponential roll-off
due to the expansion of the plasma bulk, in analogy to the
Debye-Waller factor.
We model the plasma line density along the grating

direction as the convolution of a grating delta comb, a single
slit (ridge), and the ridge edge shape described by aGaussian,
ðNb=bÞ expð−x2=2σ2Þ. Thedensity along a ridge edge is then

FIG. 1. Schematic of the SAXS experimental setup. Left: The HI laser pulse is focused on a silicon grating target under 45° parallel to
the grating ridges and leading to a high-intensity laser-plasma interaction. The XFEL pulses probe the laser-plasma dynamics under 90°.
The inset shows an electron scanning microscopy image of a representative target sample with grating period 500 nm (targets were
covered with Cu only for imaging). Right: Examples of scattering patterns of a grating with period g ≅ 300 nm and ridge width
b ≅ 150 nm for different XFEL delays (rotated by 90°, normalized to the respective intensity in the second scattering peak—the first one
was sometimes oversaturated).
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given by an error function, ñe ≡ ðNb=2bÞ½erfðx=
ffiffiffi
2

p
σÞ þ 1�,

where Nb is the total number of electrons in a ridge in the
illuminated area. The expansion parameter σ defines the
smoothness of the grating ridge and is therefore a measure of
the plasma expansion scale length.
The scattered intensity in the distance of a unit length is

derived from the product of the respective squares of the
normalized FT of the grating GðqÞ, single slit SðqÞ [55],
and error function EðqÞ [56],

IðqÞ ¼ I0
q2

· GðqÞ · SðqÞ · EðqÞ; ð1Þ

with

I0 ¼ IXr2e

�
2N

Nb

b

�
2

; ð2Þ

GðqÞ ¼
�
sin ðNqg=2Þ
N sin ðqg=2Þ

�
2

; ð3Þ

SðqÞ ¼ sin2
�
qb
2

�
; ð4Þ

EðqÞ ¼ e−q
2σ2 ð5Þ

(IX is XFEL intensity, re is classical electron radius, and N
is the number of ridges in the illuminated area).

In Fig. 2, we illustrate the quantitative determination of
the time-dependent plasma expansion by describing the
data using Eq. (1) as an estimator. The single slit scattering
envelope SðqÞ from Eq. (4) causes some peaks described by
the grating spatial frequency harmonics in GðqÞ to be
suppressed due to the phase matching of SðqÞ and GðqÞ
related to the b=g ratio; i.e., slight geometric variances
between targets (and between the XFEL-only preshot and
the HI laser-driven shot) lead to more or less extinguished
even peaks. Finally, the edge shape envelope EðqÞ from
Eq. (5) yields the expansion parameter σ describing the
bulk expansion.
We performed a multiparameter fit including all varia-

bles to infer σ from the best fit. The full fitting procedure is
described in Sec. V. The fitting results for all of our full-
intensity laser shots are summarized in Fig. 3, together with
particle-in-cell simulation results (orange line; see Sec. V).
When the laser pulse hits the target, a fast expansion of
the grating ridges is observed; i.e., the value of σ − σ0
increases. The agreement between the measurement and the
simulation is excellent: both the fast expansion during the
femtosecond optical laser pulse irradiation and the stagna-
tion thereafter are well reproduced. We note that despite the
laser contrast showing significant prepulses approximately
50–40 ps prior to the main pulse (see Sec. V for details on
the temporal contrast), an expansion of the target bulk prior
to the optical laser main pulse was not observed, on the

FIG. 2. Lineouts and fitting. Cuts through the horizontal direction through the scattering peaks of the SAXS pattern for the four shots
shown in the right-hand side of Fig. 1 (black lines) and fitting results. From the full fits (dashed orange lines) the individual contributing
terms of Eq. (1) are shown: 1=q2 corresponds to scattering from a perfectly sharp step (blue long dashed lines); EðqÞ=q2 from a smooth
edge with expansion parameter σ (blue solid lines); and SðqÞEðqÞ=q2 from a single slit with smooth edges (blue dotted lines). Orange
area marks the region with oversaturated pixels and was not used for fitting.
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scale of the nanometer to tens of nanometers sensitivity of
our setup—proving ultrashort XFEL scattering before
destruction.
We can extract the expansion velocity by linear inter-

polation during the expansion phase around t ¼ 0. With the
timing accuracy limited by the XFEL delay jitter, we can
estimate only a lower limit for the expansion velocity of
approx. 0.04 nm=fs, which compares to 0.19 nm=fs esti-
mated in the simulation. From the simulation we find that
after approximately 100 fs the expansion has progressed so
far that the rising and falling edges of the ridges intersect
and penetrate each other. We infer from the simulation that
the laser pushes the target surface—and even more the
ridges—forward into the bulk, so that the ridges eventually
even disappear after approximately 200 fs and only remain
as density modulations in the compressed density layer
(e.g., see the video in Supplemental Material [57] or Fig. 4,
top). Their edge shape quickly stagnates at an error function
width of approximately 25 nm as the driving charge
separation neutralizes after the optical laser pulse has
passed; σ then remains almost constant over the remaining
1.5 ps of the simulation, and likely it does also beyond. This
observation is in agreement with the experiment, confirm-
ing that the compressed front surface layer indeed remains
intact over the time course of a few picoseconds.
We observe an interesting effect in the simulations of the

expanding plasma grating that has not been described so
far. While two neighboring grating ridges expand and form

plasma jets, they intersect so that an additional plasma
grating is generated at the intermediate position; see Fig. 4
and the movie in Supplemental Material [57]. In the
simulation this happens for the first time around 270 fs
after the main pulse, and repeats periodically after approx-
imately a picosecond. When the jets cross each other, the
density modulation can get larger than that of the expand-
ing ridge remainders, then dominating the measurements of
the expansion parameter. This leads to the oscillating
structure in the expansion parameter extracted from the
simulation (Fig. 3, solid orange line). For a short time of a
few tens of femtoseconds the density of the transient
grating can match the preinscribed grating. In the projec-
tion integrated along the XFEL, both together then form a
modulation of twice the initial grating frequency (see
Fig. 4, top).
Since the SAXS signal is sensitive to the spatial

frequencies, we can study this novel effect by analyzing
the heights and extinction of the individual peaks in the

FIG. 3. Surface expansion into vacuum. Expansion parameter
σ − σ0 as a function of XFEL delay extracted from the scattering
patterns of all our shots with HI laser energy of 1 J (blue circles).
Orange solid (gray dashed) line shows σ extracted from the
simulation by fitting a grating with error-function-shaped edges
to the density integrated through the target, including (excluding)
the plasma jets emitted between the grating ridges. The dotted
line is the extrapolation of the dashed line beyond the simulated
delay time of 2 ps. Excluding the jets, σ resembles the expansion
of the ridges, while including them σ corresponds to the shape of
the plasma jets when their density dominates over that of the
remaining preinscribed ridges at delays larger than ≈270 fs (see
main text for details). The insets show the plasma density from
simulation (color scale same as in Fig. 4).

FIG. 4. Transient plasma grating. Top: Particle-in-cell simulated
electron densities (in units of nc ¼ 1.7 × 1021 cm−3) suggest the
emission of plasma jets (white arrows) from the sharp edges at the
surface. Integrating along the vertical direction (top panel), we find
the grating frequency doubled. Bottom: Cuts through the exper-
imental scattering pattern for an XFEL-only preshot (a) and main
shot with HI laser energy 400 mJ and delay 6 ps (b). In the main
shot we observe the intensity of the second peak being larger than
that of the first peak, being forbidden for a single grating with
grating vector q0. See Supplemental Material for details [57].
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scattering patterns. For the ideal grating, with b=g ≈ 1=2,
SðqÞminimizes near the position of the even harmonics of the
grating spatial frequency q0 (compare dashed line in Fig. 2).
The fabricated gratings slightly deviate from the ideal b=g
ratio, so that the exact peak heights vary between individual
samples and also even harmonicsmay appear; forb=g > 1=2,
the first minimum of SðqÞ shifts to larger q and vice versa.
This means that upon optical laser irradiation, when the
grating ridge expands, the second harmonic peak at q ¼ 2q0
can increase or decrease relative to the first peak, depending
on the initial position of the single slit minimum. The
maximum height of the second peak is, however, limited to
the height of the envelope (see Supplemental Material [57]).
However, in one shot we observe a peculiar excess

scattering intensity in the second peak; i.e., Ið2q0Þ is more
than twice larger than Iðq0Þ (see Fig. 4, bottom). The most
likely explanation for the second peak being larger than
the first one is the existence of a structure of twice the
preinscribed grating frequency in the target density projected
along the XFEL direction—lending evidence that the SAXS
method is sensitive also to such detailed dynamics and could
be used to optimize the generation of transient nanograting
structures (see Supplemental Material for details [57]).
Especially in the context of other mechanisms employing
or leading to transient gratings this may become relevant,
considering, e.g., four-wave mixing in transient gratings
[58], the power distribution in holraums [59], or harmonic
generation [13] where SAXS could be used for sub-laser-
cycle diagnostics of the laser-plasma interaction [54].
In the present case the double grating exists only for a few

tens of femtoseconds, acting as a fast switch for the x-ray
beam in the direction of the second maximum. This explains
why we observe excess intensity only in one shot: The
timing of the XFEL probe arrival must match the formation
of the transient grating quite accurately, so in the majority of
shots we would likely miss it. The statistics of this study was
mainly limited by the time needed to position the target in
the interaction point. The hard limitation would be set by the
repetition rate of the optical pump laser, which is typically
on the order of 10 Hz, which would allow a much more
detailed study if the target delivery and alignment procedures
could be automated [60].

IV. DISCUSSION AND OUTLOOK

In summary, we present the first quantitative measure-
ment of plasma expansion into vacuum [25] at solid density
with nanometer, few-femtosecond resolution, driven by a
near-relativistic high-intensity laser. It is well known that
the critical density surface is expanded by a significant
fraction of the laser wavelength, but how much the solid-
density surface expands was not well known before this
study. We have experimentally verified that the surface
expands but, besides this, stays intact during the interaction
and a few picoseconds beyond (for the intensity and pulse
duration regime we examined). While information of the

critical density surface is important for laser absorption,
information of the solid-density dynamics is crucial for
understanding complex processes, e.g., laser-generated
particle transport, bulk heating, and instability develop-
ment, as well as production of static electric and magnetic
fields that are generated strongly at the steep density jump
(resistivity jump).
The concept of preinscribed gratings serving as a

reference and providing a strong signal at large q from a
well-defined spatial region was the key for the high spatial
sensitivity. Placing the gratings at the rear surface would
immediately allow us to characterize the TNSA process
[61,62], where it would enable the measurement of the
solid-density plasma expansion on the relevant scales of
few nanometers and femtoseconds. The grating method
could further be extended, for example, to buried gratings
for studying isochoric or buried layer heating [63,64],
gratings of a specific material with bound-bound resonan-
ces at the XFEL energy for resonant scattering [65], or
more complex 2D structures—e.g., to encode spatial
markers into the q space. For example, a thin layer of a
high-density material within a low-density material could
serve as a spatial limiter for density-dependent features
such as plasma oscillations, and could help mitigate the
problem of plasma motion blur or other volume effects.
Likewise, it might be interesting for future applications

such as femtosecond x-ray manipulation or switching to vary
the detailed grating geometry (e.g., chirped gratings, inclined
gratings) in order to tailor the characteristics of the transient
gratings.

It is important to point out that in the present SAXS
geometry we measure the integrated density through the
target along the XFEL beam direction, i.e., including both
effects on the surface and in the bulk Si substrate, which on
the picosecond timescale might undergo some compression
or structural changes from the laser. Introducing volumet-
rically structured multicomponent targets could also help to
separate surface and bulk effects.
At higher laser intensities that will become available soon

at European XFEL, SACLA, and possibly MEC, where,
for example, relativistic instabilities are expected to lead to
spatial modulations of tens of nanometer to microns scale
within a few femtoseconds, SAXSmeasurements might help
to optimize future laser-based particle and radiation sources
and therefore will pave the way for novel applications.

V. METHODS

A. Optical laser

The optical laser used for target excitation, i.e., plasma
generation, is the Ti:sapphire-based high-power laser sys-
tem at the MEC end station at LCLS. The laser system
provides ultrashort pulses (τ ¼ 80 fs) at a central wave-
length of 800 nm, the pulses containing an energy of 1 J
before the compressor and 460 mJ on target. The laser pulse
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was focused by an off-axis parabolic mirror, the focal spot
size (30 μm × 16 μm FWHM) was measured as the aver-
age of 26 single-shot measurements (systematic and stat-
istical error below 2%). Within the FWHM of the spot, 22%
of the laser pulse energy is contained, leading to an optical
laser intensity (average over FWHM area) of
4 × 1017 W=cm2, which for Gaussian shape corresponds
to a peak intensity 5 × 1017 W=cm2. The intensity on target
taking into account the angle of incidence of 45 deg is a
factor of

ffiffiffiffiffiffiffiffi
1=2

p
smaller. The temporal intensity contrast of

the laser pulse—i.e., the ratio of the background laser
intensity normalized to the peak intensity of the ultrashort
pulse—was characterized with a third-order cross-correla-
tor [66], with a temporal resolution of approximately
100 fs; see Fig. 5. The detection threshold lies at
≈2 × 10−9. The prepulse at −48 ps is real according to
the measurement, whereas other pulses occurring at neg-
ative delay (i.e., before the main pulse) could be artifacts
from the measurement itself. As was shown in Fig. 3, the
prpulses do not lead to a measurable expansion of the
sample. However, this does not rule out the possibility of
formation of a low-density preplasma, which, however,
would have to have either a density small enough to not be
detected or a scale length large enough that the exponential
roll-off occurs well before the first scattering order.

B. XFEL

The LCLS beam fundamental was focused with com-
pound refractive lenses into the MEC experimental area to a
spot size between 5 and 10 μm. The third harmonic was
only weakly focused and hence its intensity is greatly
reduced on target. The XFEL pulse was then attenuated by
various Si and Cu absorbers to ensure the scattering signal
was within the dynamic range of the PIXIS XF 2048B

camera. For most of the XFEL-only preshots the XFEL
transmission was ≈1% (10% Si and 13% Cu transmission),
for the main shots≈5% (50% Si and 13% Cu transmission),
i.e., 5×1010 photons/pulse. The absolute number of pho-
tons was determined for each shot by the three calibrated
MEC gas detectors. The direct XFEL beam transmitted
through the target was blocked by a beam-block wire in
front of the vacuum exit window. We recorded two XFEL-
only preshots before each optical laser shot—the first to
qualify the undriven target structure and the second to
prove that the XFEL at the selected intensity does not
damage the sample.

C. Synchronization

A crucial point of the experimental setup and preparation
is the spatial and temporal overlap of the optical and XFEL
pulse as well as the target at the interaction point. The
interaction point is fixed in space via two independent
high-resolution alignment imaging systems
(≈ 0.2 μm=pixel resolution at a field of view of 200 ×
360 μm2 and 290 × 390 μm2, respectively). For the spatial
alignment of the XFEL pulse, a target (500-μm-thick Si
wafer) is placed in the interaction plane and a burst of
XFEL pulses is used to create an ≈30 μm diameter damage
(hole) in the target, which can be imaged with the align-
ment imaging systems. This defines the interaction point in
the interaction plane. The optical pulse as well as the target
are then aligned to this interaction point using the align-
ment imaging systems. The overlap of the XFEL pulse with
the grating structure was independently confirmed in the
nondestructive preshots taken before every combined
irradiation of the target by the optical laser and XFEL.
The temporal overlap of the optical and XFEL pulse at

the interaction point is measured with a 20-μm-thick YAG
plate. The XFEL pumps the crystal in target position by
generating free carriers in the YAG and therefore changing
its refractive index. This change in refractive index can be
probed by the optical laser to determine the synchronization
point. This setup is comparable to the spatial encoding time
tool presented in Refs. [50,51]. The same principle is
applied in the time tool installed in the XFEL beam path
upstream of the interaction point in order to monitor the
shot-to-shot timing jitter between the optical and XFEL
pulse. Here, the ultrafast free-carrier generation in a Si3N4

slab is probed by a pulse split from the main optical pulse.
The time toolmeasured a timing jitter for the relative arrival
time between the optical and XFEL pulse 119 fs, which
determines the delay time error bars in Fig. 3.

D. Small-angle x-ray scattering

Depending on the x-ray photon energy and the HI laser
intensity, and therefore ionization degree and opacity
of the plasma, the scattering of keV x-ray photons is
dominated by elastic or inelastic Thomson scattering or

FIG. 5. Laser contrast and pulse duration. The laser contrast
base level was measured by a cross-correlator and is better than
10−8. This suppresses the laser intensity below the ionization
threshold of Si until the prepulse at −50 ps. The main laser pulse
temporal shape is shown in the inset by the autocorrelation trace.
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photoionization process [65]. Here we assume that the
XFEL photon energy is far enough from bound-bound
transition energies so that excitations and ionization of
inner electronic shells of atoms or ions by the XFEL can be
ignored. For small scattering angles the signal is then
dominated by elastic Thomson scattering.
In the SAXS geometry the scattering image is obtained

in Born approximation simply by absolute square of the
exit wave FT [43], the latter being given by the product of
the plasma electron density integrated along the x-ray
propagation direction and the Gaussian-like illumination.
The respective spatial and temporal resolution are funda-
mentally limited only by the x-ray wavelength and pulse
duration—enabling nanometer and few femtosecond reso-
lution. Of course, for a real experiment, for example, the
quality of the spatial XFEL beam profile and timing jitter
may reduce the resolution. We used a PIXIS XF 2048B
x-ray camera to record the scattering pattern. For absolute
photon numbers we calibrated it using an Am241 and an
Fe55 source. The system resolution is dictated by the PIXIS
point spread function and XFEL beam divergence, which
are both between 2 and 3 pixels on the detector.

E. Fitting procedure and nanometer resolution

Though great care was taken during the target fabrication
process to produce as sharp and regular gratings as
possible, the gratings cannot provide an exact aspect ratio
ridge width b to grating period g of exactly 1=2 due to
technological limits; see inset in Figs. 1 and 6. Therefore, it
cannot be assumed that every even peak is extinct and every
odd one is completely unaffected. Thus we cannot simply
fit the edge scattering function (FT of the error function) to
the scattering peak values. Rather, we must fit the full
grating scattering equation [Eq. (1)]. We fixed the number
of illuminated grating ridges N to the respective calculated
values in the XFEL FWHM spot—neglecting the shape of
the XFEL intensity radial profile—since it has almost no
effect on values of the fitted width σ, and the point spread
function of the detector is slightly larger than the FT of the
illumination spot. The error function model for the density
distribution was chosen based on the simulations (see
below). However, as can be shown, for many other choices
of the ridge edge shape the fit does not change significantly.
In the fitting algorithm we also take into account a finite
detector point spread function, which broadens and hence
reduces the peak signal (in Fig. 7 we scaled the envelopes
accordingly) and completely washes out the grating scat-
tering side maxima. With the present detector it would only
be possible to sample the fine side maxima of the grating
function if an almost parallel x-ray beam was used (so that
the divergence is significantly smaller than the peak
distance to resolve) and the distance between the target
and detector was increased to approximately 5 m, which is
technically not feasible due to space limitations and would
reduce the angular angle covered by the detector drastically.

Since the large scattering angles carry the information of
small spatial scales, and we are especially interested in few
nanometer expansion, we adopted the setup shown in

FIG. 6. Electron microscope images of a sample target
(g ¼ 200 nm) at three different zoom levels.
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Fig. 1. Before fitting we subtract the electronic background
(using separately recorded dark fields) and model the
remaining x-ray background (e.g., from slit scattering at
the XFEL cleaning apertures) with a power law. The
individual heights of the peaks vary according to their
phase in the single slit scattering function SðqÞ, which can
reduce the fit sensitivity for σ especially for large σ where
only a few maxima remain visible. This beat generates a
correlation between σ and b=g. It is possible to find
different combinations of σ and b=g that lead to fits
consistent with the data; this effect is included in the error
bars in Fig. 3. The accuracy in determining σ is given by the
ability to measure the exponential decrease at large q
values. Thus, we achieve the highest accuracy, below a
nanometer, for the smallest expansions at early times when
many maxima are still visible. We determine the fit error
by varying all fit parameters around the best-fit values and
require χ2 to remain within 1% of the minimum χ2min at the
best fit, which corresponds to the requirement for the
respective range of the variation of the estimator to cover
the range of the experimental data variation. The projection
of the resulting volume in parameter space onto the σ axis
gives the confidence interval for σ. This error level, as
shown in Fig. 7, is a reasonable choice to describe the range
of deviation between the data and the fit curve.
The accuracy of determining the expansion parameter σ

is demonstrated by comparison of the two XFEL-only
preshots that we recorded before each optical laser shot,
measuring the inherent smoothness due to the production

process. On average, σ0 inferred from the two preshots
varies only by 0.7 nm, which represents the total stochastic
error and hence demonstrates the accuracy of the method
within a chosen model for the plasma density profile.
For clarity, the error bars shown in Fig. 3 represent half

of the 95% interval of the delay jitter distribution in the
horizontal direction, and half of the 1% deviation interval
around χ2min in the vertical direction. For the data point
marked in Fig. 3 [50], no fit error could be determined, but
we still show the best-fit value for completeness.

F. Numerical simulations

Particle-in-cell simulations were performed using PICLS

[67], a fully relativistic 2D code including field ionization
and direct impact ionization [68]. The target was modeled
as a planar Si foil with a 200-nm period grating of 100 nm
height, with the ridges having an error-function-shaped
density edge with σ at the experimental average value of
undriven gratings, determined by the XFEL preshots to be
5.4 nm. We set 48 ions per cell, resulting in 672 electrons
per cell at full ionization. The simulation box was set to
1λ × λ, with 256 cells=λ and 256 time steps per laser period
and periodic boundaries along the target surface. The laser
was modeled as a spatially plane wave with a 80-fs-long
Gaussian temporal profile, peak normalized field amplitude
a0 ¼ 0.38 coming in from the left. We start the simulation
150 fs prior to the arrival of the laser maximum on the target
surface and follow the plasma evolution up to 2 ps later. At
this time the plasma expansion was stagnating, the gradient

FIG. 7. Lineouts of scattered intensity normalized to the XFEL intensity (black points) taken along the q direction perpendicular to the
grating ridges, averaged over 20 pixels, the same as shown in Fig. 2. The reminiscent background was modeled by a power law (blue
line) and subtracted prior to the fit. The regions shown are a zoom into the lineout as marked in the respective insets in order to make
visible the shaded area for the relevant peaks at large q values. They represent the range of possible fits with a χ < 1.01χmin.
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staying constant within�1 nm over more than a picosecond.
The shape of the edges remains error-function-like through-
out the simulation. To extract the plasma expansion, we
ignore the electron jets at times>270 fs and only project the
density of the plasma bulk. The jets consistently occur in
the simulations for a range of larger laser intensities (we
performed additional simulations up to an order of magni-
tude higher intensity) and longer pulse durations (up factor
of 2), always leading to a density pattern a few tens of
nanometers in front of the surface following the preinscribed
grating structure, shifted transversely by g=2.

VI. DATA AVAILABILITY

The data generated and used in this work is available
under Creative Commons Attribution Share-Alike 4.0
licence on RODARE [69].

ACKNOWLEDGMENTS

Support by the Ion Beam Center, HZDR, is gratefully
acknowledged. The authors thank L. Bischoff (HZDR) for
his support in performing FIB cuts and electron microscopy
of the target samples. This work was partially supported by
DOE, Office of Science, Fusion Energy Science under FWP
100182. Use of the Linac Coherent Light Source (LCLS),
SLAC National Accelerator Laboratory, is supported by the
U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences under Contract No. DE-AC02-
76SF00515. The experiments were performed at the
Matter at Extreme Conditions (MEC) instrument of
LCLS, supported by the DOE Office of Science, Fusion
Energy Science under Contract No. SF00515. This work has
also been supported by HIBEF and partially by Horizon
2020 LASERLAB-EUROPE/ LEPP (Contract No. 654148)
and by the German Federal Ministry of Education and
Research (BMBF) under Contract No. 03Z1O511. M. G.
and M. Z. acknowledge support from the European Cluster
of Advanced Laser Light Sources (EUCALL) project which
has received funding from the European Union’s Horizon
2020 research and innovation programme under Grant
Agreement No. 654220. E. E.M. and C. R. acknowledge
support from the Volkswagen Foundation.

[1] S. V. Bulanov and V. S. Khoroshkov, Feasibility of Using
Laser Ion Accelerators in Proton Therapy, Plasma Phys.
Rep. 28, 453 (2002).

[2] K.W. D. Ledingham, W. Galster, and R. Sauerbrey, Laser-
Driven Proton Oncology—A Unique New Cancer Therapy?,
Br. J. Radiol. 80, 855 (2007).

[3] B. A. Remington, Modeling Astrophysical Phenomena in
the Laboratory with Intense Lasers, Science 284, 1488
(1999).

[4] S. V. Bulanov, T. Zh. Esirkepov, M. Kando, J. Koga, K.
Kondo, and G. Korn, On the Problems of Relativistic

Laboratory Astrophysics and Fundamental Physics with
Super Powerful Lasers, Plasma Phys. Rep. 41, 1 (2015).

[5] M. Tabak, P. A. Norreys, V. T. Tikhonchuk, and K. A.
Tanaka, Alternative Ignition Schemes in Inertial Confine-
ment Fusion, Nucl. Fusion 54, 054001 (2014).
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Vernier, F. Quéré, and J. Faure, Vacuum Laser Acceleration
of Relativistic Electrons Using Plasma Mirror Injectors,
Nat. Phys. 12, 355 (2016).

[7] S. P. Hatchett et al., Electron, Photon, and Ion Beams from
the Relativistic Interaction of Petawatt Laser Pulses with
Solid Targets, Phys. Plasmas 7, 2076 (2000).

[8] J. Fuchs, P. Antici, E. D’Humières, E. Lefebvre, M.
Borghesi, E. Brambrink, C. A. Cecchetti, M. Kaluza, V.
Malka, M. Manclossi, S. Meyroneinc, P. Mora, J. Schreiber,
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