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Ultra-intense lasers that ionize atoms and accelerate electrons in solids to near the speed of light can
lead to kinetic instabilities that alter the laser absorption and subsequent electron transport, isochoric
heating, and ion acceleration. These instabilities can be difficult to characterize, but X-ray scattering at
keV photon energies allows for their visualization with femtosecond temporal resolution on the few
nanometer mesoscale. Here, we perform such experiment on laser-driven flat siliconmembranes that
shows the development of structure with a dominant scale of 60 nm in the plane of the laser axis and
laser polarization, and 95 nm in the vertical direction with a growth rate faster than 0.1 fs−1. Combining
the XFEL experiments with simulations provides a complete picture of the structural evolution of ultra-
fast laser-induced plasma density development, indicating the excitation of plasmons and a
filamentation instability. Particle-in-cell simulations confirm that these signals are due to an oblique
two-stream filamentation instability. These findings provide new insight into ultra-fast instability and
heatingprocesses in solidsunder extremeconditions at thenanometer levelwithpossible implications
for laser particle acceleration, inertial confinement fusion, and laboratory astrophysics.

Visualizing, understanding, and controlling laser absorption, isochoric
heating, particle acceleration, and other relativistic non-linear physics that
occur at the interaction of powerful lasers with solids is important for
applications ranging from next-generation laser ion accelerators (LIA) for
medical use1 to high-energy density physics including laboratory
astrophysics2 and inertial confinement fusion3,4. Only recently, (proton) fast
ignition for inertial confinement fusion has gained renewed interest as a
viable path towards commercialization of Inertial Fusion Energy5–7 after the
breakthrough fusion ignition achievements at the National Ignition Facil-
ity (NIF)8,9.

Of special relevance is the understanding and control of plasma
instabilities that can occur on largely different spatial, temporal, and plasma

density scales. For example, compression and ignition of fusion targets in
indirect-drive experiments carried out e.g. at the NIF nanosecond laser rely
on the conversion of the laser energy into a homogeneous radiation field by
laser-self-generated grating structures at the hohlraum entrance10, and
stabilizing instability growth that happens on the scale of 10s of microns
during the capsule compression11. Small fluctuations in the radiation
pressure on the pellet surface or in the particle heater pulse would otherwise
drive instabilities there, inhibiting maximum compression or heating12,13.
Here we focus on ultrafast relativistic instabilities that grow over a few or
tens of femtoseconds that are important e.g. in fusion fast ignition scenarios
(FIS)14–16 that could potentially allow for a much better efficiency. A high-
intensity short pulse laser generates a dense particle beam that heats the
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high-density core and ignites the thermonuclear reaction.On their path, the
relativistic electrons are susceptible to beam-plasma instabilities that occur
typically on scales of the skindepth, i.e. 10s of nanometers.On the path from
laser particle acceleration to application as an ignitor such instabilities are
amongst the long-standing crucial physics processes that need to be
understood in simulations or experimental test-beds17. Theories for
instabilities in relativistic high-intensity laser interactionwith solids fall into
two categories: (i) hydrodynamic instabilities growing at interfaces between
two fluid-like plasma or photon ensembles, or (ii) kinetic instabilities that
occur e.g. when one plasma streams through the other. Whether one or the
other dominates depends on the detailed laser and solid properties. For
example, in solids with a structured surface, or driven by lasers with a
shallow rising edge, laser absorption to relativistic electron currents reaches
up to nearly 100%, emphasizing the kinetic streaming instabilities at the
front surface18,19 or at the rear of the target20–22, e.g. two-stream instability
(TSI),Weibel instability (WI), or current filamentation instability (CFI).On
the other hand, strong hydrodynamic Rayleigh-Taylor-like instabilities
(RTI) following two-plasmondecay or parametric instabilities at the front of
plasmas can be dominant for materials consisting of light ions, or driven by
ultra-short high-contrast laser pulses, and can break up the laser to electron
coupling and inhibit streaming instabilities23–29.

The physics of these fast few femtosecond, few nanometer plasma
instability dynamics and merging to the micron-scale after a few picose-
conds in high-intensity laser-driven solids is one of the large unsolved issues
in high-intensity laser plasma science, but its direct observation has pre-
viously not been possible because of the small time and few nanometer
length scales involved.Microscopic interpretationswere therefore primarily
based on simulations24,26,27,30–33 and indirect measurements, e.g. via optical
microscopy34, interferometry35,36, spectroscopy37, Faraday rotation38, or
radiography20,21,39 or the impact on the divergence of the electron beam40.
Here,we demonstrate experimentally that such instabilities indeed exist also
in the hot solid density plasmas, quantify the strength, and give limits to the
growth rate.

Recent advances in the time-resolved diffraction, based on ultra-fast
X-ray pulses from X-ray free-electron lasers (XFELs), now enable us to
investigate laser-produced plasmas with nanometer spatial and femtose-
cond temporal resolution41–46. The novelty of the present work is not the
technique (which is indeed very similar to the setup used in refs. 43,46) nor
the specific physical scenario probed with the technique. In fact, since the
scenario is of high relevance for FIS or LIA, there exists an exhaustive
theoreticalwork (e.g. refs. 18,47–53). Thenovelty of thework is rather that it
is a direct observation of laser-induced instabilities in ultra-intense laser-
solid interaction with few tens of nanometer and femtosecond spatial and
temporal resolution. Most of the previous studies using XFELs to reveal the
structure in ultra-high intensity (UHI) laser-solid interaction focused on the
irradiation and ablation of gratings or other pre-structured targets. Other
studies that investigated current and two-stream instabilitieswere limited to
the regime of lower plasma densities and/or sub-relativistic laser intensities,
and did not provide the temporal and spatial resolution required for high
plasma density20,21,38,54–56. Here, we open a new window for observations of
structural dynamics induced by the laser interaction with solids, not relying
on prefabricated structures anymore, which allows for benchmarking of the
laser absorption, laser generated electron currents, as well as thermalization,
and diffusion processes. Specifically, by variation of the laser and target
parameters one can map out the instability spectrum of the fastest growing
mode, i.e. the growth rate as a function of the instabilitywave vector, and get
access to the dielectric tensor. This, in turn, is determined by the particle
momentum distribution function, which, together with its temporal evo-
lution, could thus bemeasured in pump-probe Small-angle X-ray scattering
(SAXS) experiments.

Here, we demonstrate the feasibility of this approach by showing the
experimental realization of probing the predicted nanoscopic instability
growth over few femtoseconds. This proved difficult in the past, as the
world’s most powerful optical drive lasers need to be combined with the
most advanced X-ray sources, and experiments faced fundamental

challenges such as the parasitic bremsstrahlung generation and self emission
of the warm or hot dense plasma that can outshine the signal.

A tightly connected phenomenon that occurs when laser-accelerated
electron beams propagate through dense plasmas is the generation of bulk
plasmons (BP). For example, BPs in solids can anomalously heat the bulk57

or decay into surface plasmons26 that due to their unique properties are a
building block with several applications58, e.g. accelerating electrons and
ions59, generating XUV radiation, and isocorically heating the surface.

With the recent completion60 and commissioning of the Helmholtz
International Beamline for Extreme Fields (HIBEF61) at the European
XFEL62,63, the quest for visualising few-femtosecond, few-nanometer scale
non-linear plasma dynamics in ultra-short pulse UHI laser interaction with
solids has begun. One primary goal of HIBEF, as well as this work, is to
provide experimental benchmarks for high energy density science, includ-
ing themeasurement and characterization of kinetic instabilities in order to
validate codes and theoretical models, and to optimize laser absorption and
successive processes for above-mentioned applications. HIBEF combines a
short-pulse Titanium:Sapphire UHI laser (ReLaX60) with the European
XFEL beam. The ReLaX laser reaches its highest intensity of 5 ⋅ 1020Wcm−2

when it is focused down to a 4.7 μm full width at half maximum (FWHM)
focal spot and compressed to τL = 30 fs pulse duration, exceeding the laser
intensity at other XFELs by approx. an order of magnitude60. One enabling
technology that was developed by our group for HIBEF is a SAXS detection
system designed primarily to suppress radiation background. Parasitic
radiation is not only suppressed by carefully designed lead shielding inside
the chamber, at the chamber exit window, and around the X-ray camera.
Crucially, we developed apassive radiation background suppression system,
i.e. a set of HAPG (Highly Annealed Pyrolitic Graphite) X-ray crystals64

between the solid target and the SAXS detector. They act as a chromatic
X-ray mirror that separates the signal 8 keV X-ray energy from the back-
ground. We thereby effectively suppressed almost any X-ray background
and plasma self-emission, which at ultra-relativistic laser intensities above
1020Wcm−2 would otherwise outshine the signal. Additionally, it is quite
likely that in earlier studies employing sub-relativistic laser intensity the
structure development was not sufficiently strong to be detected.

To the best of our knowledge, this is the first study combining a UHI
laser, flat solid targets and anXFEL probe, enabling us tomeasure the signal
generated by relativistic instabilities driven by a UHI short-pulse laser. We
combine those measurements with particle-in-cell (PIC) simulations and
further numerical analysis to understand the complex plasma dynamics in
the experiment.

Results
We measured time-resolved SAXS patterns with sufficient momentum
transfer range that provides, with the current setup (Fig. 1), sensitivity for
correlation structures up to ≅100 nm. Larger correlations are not accessible
due to a gap in the HAPG mirror that lets the unscattered XFEL beam
toward a beamdump. Since the detector covers only the small angle q-range,
the signal is essentially givenby the time integrationof theFourier transform
absolute square of the time retarded electron density integrated along the
XFEL beam direction

IðqÞ /
Z
t
∣F rðEXðr; tÞ~neðr; tÞÞ∣2dt; ð1Þ

where ~neðr; tÞ ¼
R
zneðx; y; z; t0 ¼ t þ z=cÞdz is the time retarded electron

density projection and EX is the XFEL electric field amplitude.
Figure 2 shows themeasured scattering patterns as a function of probe

delay from probing flat 2 μm thin silicon (Si) membranes irradiated by the
ReLaX UHI laser at maximum intensity under 45° angle of incidence and
p-polarization. Each main shot was accompanied by a pre-shot and a post-
shot XFEL-only pulse train on the same spot (for the pre-shots the XFEL
transmission was reduced by a factor of 6 × 10−4, in order to protect the
target from X-ray damage). This enabled us to verify the cold membrane
quality, and to subtract parasitic signal in the background. The scattering
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patterns show the dominant signal around theReLaX laser peak arrival time
along the vertical direction (momentum transfer along the laser magnetic
field direction) andhorizontal direction (momentum transfer in theplaneof
the laser axis, the laser electric field vector, and the target normal).

InFig. 3,we show the integratednumberof photons recordedalong the
horizontal and vertical direction for all the 6 data shots that we took for this
study. Note that up to −1 ps no significant scattering was measurable, as
expected from a flat membrane. At t = −(31 ± 13) fs the signals are still

consistentwith zero signalwithin a 2σ confidence interval. A large scattering
signal then sharply occurs at −(21 ± 13) fs, remaining high for approxi-
mately the laser pulse duration. This is an ultra-fast temporal growth of
more than two orders of magnitude within 10–30 fs, which shows that the
measurements have indeed happened during or shortly after the UHI laser
irradiation.

These scattering signals are indicative for a growthof correlatedplasma
electron density modulations on the timescale of only a few femtoseconds.

Fig. 2 | Experimental and synthetic scattering
patterns. Panels a, b, and d show the background
subtracted (as determined by an XFEL-only pre-
shot train) and de-noised (using a neural-network
(NN) based algorithm) scattering patterns, as pho-
ton number per solid angle, recorded by the SAXS
detector for three exemplary runs (corrected for
HAPG mirror reflectivity and geometry, see meth-
ods), the respective probe time delay is indicated in
the top panels. The absolute zero delay was defined
as the mean value between the two highest signal
shots, but was not measured, the relative timing
error is below 15 fs (see “Methods” section). The
colorbar applies to all panels. The lineouts were
taken through q = 0, averaged over ±0.01 nm−1

around q = 0. A simulated scattering pattern is
shown in c) for t = 0. The orange line shows the
growth rate of the two-stream filamentation (TSF)
instability as a function of qy obtained by numeri-
cally solving the dispersion relation. The dashed
lines show the analytic theoretical expectation (for
the TSF in y-direction, and the bulk plasmons in x-
direction, Eq. (2)).

Fig. 1 | Experimental setup. The ReLaX UHI laser
(red) is focused onto the Silicon membrane target
under 45° in p-polarization, the XFEL (blue) is
probing the plasma density under target normal
direction. The Jungfrau CCD detector records the
Small-angle X-ray scattering (SAXS) image reflected
from the Highly Annealed Pyrolitic Graphite
(HAPG) chromaticmirror. The figure is not to scale.
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Simulations described in the next section (Fig. 4) confirm these findings. To
identify the dominant instability mode, we solve the dispersion relation
numerically. For our case we find the fastest growing mode is the oblique/
two-stream filamentation instability (TSFI) in the front of the foil. The
filamentation part is responsible for the signal in vertical direction, while the
horizontal signal is originating from scattering on plasmons excited by the
laser accelerated electrons traversing the bulk and being subjected to the
two-stream instability. A synthetic, forward-calculated scattering image
showing the two scattering features fromour simulations is shown inFig. 2c.

Discussion
A cross-like pattern in Fourier space corresponds to a mesh-like pattern in
real space. This means that the experimental data directly confirms without
any further assumptions that the flat membrane must have developed a

corresponding mesh-like electron density pattern in the electron density
projected along the XFEL direction according to Eq. (1) as has long been
expected from simulations52,65. Resulting in a directmeasurement of plasma
instabilities and plasmons in high-intensity laser-driven solids during or
shortly after the irradiation on a few nanometer spatial scale.

To answer the question of the origin of the scattering pattern, we turn
to possible instabilities that are known to generate a grating-like pattern.
These include, for example, RTI, WI, or CFI, but we could also consider a
combination of different waves and instabilities for the different orienta-
tions. The situation is further complicated by the high sensitivity of growth
rates e.g. to collisions51 and the momentum distribution of the beam and
bulk electrons52. In fact, since there exists noprevious directmeasurement of
the solid density plasma break up during the ultra-short laser pulse irra-
diation in literature, we have to resort to simulations of the UHI laser
interaction with the silicon membrane in order to identify and describe
quantitatively the plasma dynamics at play.

In Fig. 4, we summarize the results of our simulation, which suggests
that the scattering signal that corresponds to a mesh-like projected density
profile is, in fact, generated by two rather independent structures that each
generate a comb-like density, rotated 90° w.r.t each other.

First,wefinda rapidly growing instabilitymode in the vertical direction
(i.e. a density comb in the y-direction with horizontal lines along the x-
direction). The density modulations extend inside the target from the front
surface with a filament distance of ~63 nm (i.e. kPICy ∼ 0:1 nm�1) and are
witnessed by corresponding magnetic field filaments. The density mod-
ulation strength growswithin several femtoseconds during and shortly after
the laser irradiation (growth rate Γsimy ffi 0:1 fs�1) and is static, i.e. not
moving over time, see Fig. 4b. The lowerbound for the growth rate extracted
from the experiment, which is a convolution of the instability modulation
strength and the spatial extend of the filaments (dashed line Fig. 3, 1σ
confidence interval) is with 0.09 fs−1 in reasonable agreement with the
simulation. Also, the spatial scale corresponding to the experimentally

Fig. 4 | Simulation. a Left: Instantaneous and averaged (over a plasmawavelength of
40 nm) electron density deviation from the average target density close to t = 0. The
superposition of both creates the mesh-like pattern seen in ~ne (center). The mesh

generates a cross-like pattern in the synthetic scattering signal / Fð~neÞ (right).
b Time evolution of ~ne averaged along x (left) and y (right) show that the fila-
mentation pattern is static while the plasmon features are moving with close to

ffiffiffi
2

p
c.

Fig. 3 | Integrated background subtracted scattering signal strength as a function
of probe delay. The projected signal around the peaks was integrated over the
scattering signal above the noise level in the respective direction. The probe delaywas
extracted from the pulse arrival monitor. The vertical error bars indicate the back-
ground subtraction uncertainty andPoisson counting statistics. The horizontal error
bars show timing uncertainty. The relative timing uncertainty is below 15 fs for all
shots (absolute timing as in Fig. 2).

https://doi.org/10.1038/s42005-024-01776-6 Article

Communications Physics |           (2024) 7:296 4

www.nature.com/commsphys


observed scattering wave vector is in reasonable agreement, though some-
what larger than in the simulation.

The simulation suggests that the vertical instability is due to the
inhomogeneous current distribution, since it is spatially aligned along the
laser-generated electron current. To identify the exact instability mode one
has to compute the dielectric tensor and find the solution to the dispersion
relation that maximizes the imaginary part of the wave frequency. Because
analytic theories rely on specific idealized electrondistribution functions,we
cannot directly use them here. For example, it is not obvious how to define
the fast forward and the fast and bulk return currents, as they continuously
merge into another66. Rather, we extract the full electron distribution
function from the simulation and solve both the integrals in the dielectric
tensor and the dispersion relation numerically (i.e. Eq. 6, and Eqs. 16 and 17
in ref. 18 for the Weibel and two-stream filamentation (TSF) branch of the
dispersion relation, respectively), assuming the ions are at rest and
neglectingmagnetic fields. As onemight expect from the analytic treatment
in the idealized two-stream case, the pure filamentation and Weibel-like
modes on the TSF-branch are lost due to the effects of transverse beam and
plasma temperature (or more generally: broad energy distribution),
respectively. Instable areas are recovered both on theWeibel branch as well
as oblique modes on the TSF branch. Yet, in our case the growth rates
observed in the latter largely dominate over the former, so that the system is
dominated by the oblique modes, also called electromagnetic beam-plasma
instability67 or two-streamfilamentation instability18.While for the cold case
the maximum growth rate of the TSFI is found at kmax ¼ 1, temperature
effects stabilize small wavelengths by preventing pinching to small radii68.
Numerically solving the dispersion relation we find the growth rate is
maximized at kmax

y ¼ 0:12 nm�1 with Γmax ¼ 12 fs�1 (orange line in
Fig. 3).While this value of kmax

y is close to kPICy in the simulation, the growth
rate is much larger than Γsimy . This would mean that the instability is in
continuous saturation and in the simulation we rather measure the growth
of the saturation limit.

In the horizontal direction (in the laser polarization plane) we do not
observe unstable modes due to the stabilizing effect of a larger electron
momentum spread, i.e. effective temperature. This is due to the action of the
laser electric field, which accelerates each of the 2ω electron bunches, gen-
erated by the v × B force, in alternately slightly different directions.

Instead, the integrateddensity ~ne from the simulation shows adynamic
electron plasma wave structure moving with superluminal phase velocity
vp;x ¼ c= sinΘ transverse to the XFEL, whereΘ = π/4 is the laser incidence
angle w.r.t. the target normal. Along the laser direction electrons are
accelerated to close the speed of light, which excite bulk plasma oscillations
as they propagate through the plasma (i.e. the two-stream instability part of
the TSFI) with a phase velocity also close to the speed of light. The XFEL
phase fronts cut through this plasmon structure under the angle Θ; the
superluminosity of the apparent phase velocity vp,x is, therefore, merely a
geometric effect in the projection on the XFEL probe plane. The plasma
oscillations appear as a traveling periodic wave-like density comb with
vertical lines in the density projection along the XFEL direction with the
projected wave vector

kp;x ¼
ωpe

vp;x
≈ 0:11 nm�1 ð2Þ

corresponding to λp,x = 56 nm (ωpe ≅ 47 fs−1 is the plasma frequency), see
right panel in Fig. 4b.

It is important to point out that this dynamic feature can only be
measured by means of scattering, since in shadowgraphic probing the
projection of the time-integrated density is measured, which would almost
completely smear out for the traveling plasmons and probes longer than the
plasmon period.

After the laser pulsemaximumon target, thehorizontal plasmon signal
vanishes almost immediately, i.e., at 100 fs, it drops to the noise level. This is
intuitively clear since it is bound to the plasma oscillations excited in the
wake of the laser accelerated electron beam. In the vertical direction the

filamentation signal also decreases but stays above the noise level
throughout the observation time window of 1 ps. This could be due to the
expectedmerging of the filaments and hence a shift of the signal towards a q
value below our detection threshold, as also observed in the simulation
(Supplementary Figs. 5 and 6).

A synthetic scattering pattern computed from the simulation over two
laser periods around the peak intensity arrival on target is shown in Fig. 2
and allows a direct comparison with the experiment. The general structures
are in good agreement with the experiment, both quantitatively and qua-
litatively. In the horizontal direction, the scattering peaks are nearly at the
same position in simulation and experiment, while there is a slight mis-
match in the vertical direction. Indirect measurements always had the
problem that such small deviations could in principle be attributed to the
complex processes involved in themeasurement, in contrast here we have a
clear indication for a different TSFI wavelength measured than observed in
the simulationwhich is indicative for differences in the electronmomentum
distribution, i.e. the laser generated electron current and return current (e.g.
beam energy, temperature, density).

Another important aspect is the intensity ratio between the vertical and
horizontal signals.While thefilaments exist over the full laserpulse duration
and beyond while merging relatively slowly, due to the comparatively slow
magnetic diffusion time scales, the plasmonic signal essentially stops when
the laser pulse is over.Hence, at later timeswe expect the vertical signal to be
much larger than the horizontal one (within the laser polarization plane), by
up to two orders of magnitude at 30 fs after the laser peak based on our
simulation. The fact that we experimentally observe this strong difference
between the vertical andhorizontal signal strengths indeed only at the larger
delays t ≥ 100 fs is therefore an additional indication for having probed the
plasma around the laser peak.

Of course, other instabilities can in principle not be ruled out as a
source for the experimentally observed correlations, since the simulations
and model are subject to simplifications. For example, in our simulations a
Rayleigh-Taylor-like instability develops at the front surface, which we rule
out as the source of themeasured signal due to itsmuch smallerwave-vector
than detectable with the current setup, and its much smaller predicted
scattering signal than that of the filaments.

Conclusions
Combining the experiments, simulations and analytic estimates, we can
draw a complete picture of the most likely plasma dynamics in the current
experiment: As the relativistic laser accelerated forward electron current
streams through the bulk return current transverse filaments are growing
rapidly during the laser irradiation, and at the same time longitudinal
plasmons are driven. Both filaments and plasmons add up to generate a
mesh-like electron density pattern that is responsible for the measured
cross-like scattering pattern. This is the first ultra-fast dynamic signal
visualized from UHI laser-driven solids on the few nanometer scale, high-
lighting the great potential of SAXS for studying the early time of UHI-solid
interaction dynamics.Wemeasured the spatial electrondensity correlations
to few-nanometer, few-femtosecond precision, which is in reasonable
qualitative agreement with our simulations that favor the TSFI. More
comprehensive measurements of the growth rates and spatial scales will
allow to refine and benchmark our simulations and overall knowledge of
important key topics in relativistic plasma physics, including laser absorp-
tion, return current generation, instability growth and thermal stabilization,
via the dispersion relation. For example, the growth rate dependency on the
electron beam Lorentz factor γ is distinctly different between WI (∝ γ−1),
CFI (∝ γ−1/2), and TSFI (∝ γ−1/3), and the instability spectrum in k-space
depends on the electron momentum distribution via the dielectric tensor.

Methods
Experimental procedure
ReLaX and XFEL properties. The Titanium:Sapphire high-intensity
short-pulse laser ReLaX has a wavelength of λL = 0.8 μm. The measured
focus size of the ReLaX laser was approx. wL = 4.7 μm FWHM. The laser
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pulse energy, duration and calculated intensity wereWL≈ 2.8 J, τL = 30 fs,
and 5 × 1020 W cm−2 (a0 = 15), respectively.

The XFEL beam was used in the self-amplified spontaneous emission
(SASE) configurationwithawavelengthofλX=0.15 nm(=8 keV). The focal
spot was wX ≈ 20 μm FWHM, the XFEL energy, duration, and calculated
number of photons were WX ≈ 1.5mJ, τX ≈ 30 fs, and NX ≈ 1.2 × 1012

photons per bunch. The XFEL fundamental was dumped on an X-ray
detector 4m downstream of the target.

Synchronization. The XFEL probe time delay given in the figures is the
relative timing measured with the HED (High Energy Density Science)
optical encoding pulse arrival monitor (PAM) to a precision of 12.9 fs
w.r.t. the nominal zero delay set for all runs60. The nominal zero delay was
not calibrated for the shots in this work, so that this is largely unknown
due to drift and the jitter.We therefore give all times relative to the central
time between the two highest yield shots.

SAXS signal processing. THE SAXS signal is reflected by the HAPG
mirror to the Jungfrau detector. The reflectivity of the mirror is approx.
0.2. As the reflectivity of the mirror is varying over its surface, it has to be
corrected by a flat-field inferred from the scattering on a known sub-
stance, we employed SiO2 nanospheres target with particle diameter 20
nm, as described in ref. 64. The geometrical distortion of the signal was
also corrected by a scheme described there, see Fig. 5. Then, the data was
de-noised (cp. Fig. 6) using a custom-made neural network trained on the
experimental background added to synthetic data69. On this corrected
data, the signal from XFEL-only pre-shot (Fig. 7) was subtracted (nor-
malized to the main shot by gas detector measurements for the XFEL
intensity), as this resembles the parasitical scattering not originating in
the target.

Quantitative analysis of scattering signal. In Fig. 3 the vertical/hor-
izontal signals were projected along the perpendicular direction over a
band 25 px wide around the peaks. Along the vertical/horizontal
direction the signal was then integrated around peaks in the region
where this projected signal was 2σ above the background. The error bars
in the figure indicate the background subtraction uncertainty and
Poisson counting statistics. The uncertainty due to theXFEL spatial jitter
is not included.

Simulations and modeling
Simulation setup. 3D Simulations were performed using
PIConGPU70,71 with spatial resolution Δx ¼ Δy ¼ Δz ≈ 2πcω�1

pe =17,
where ωpe = 20ωL, and 8 macro ions per cell. The silicon foil was
preionized to the +3 state with one macro electron per macro ion
(These electrons have an initial temperature Te = 0.1 keV). Ionization
was included via barrier suppression, Ammosov-Delone-Krainov
(ADK) and a modified Thomas-Fermi models to correct for low tem-
peratures, low densities as described in the PIConGPU documentation.
A 50 nm exponential preplasma was added to the front target surface to
account for amplified spontaneous emission (ASE) and the laser ped-
estal finite contrast. Additionally, we performed a set of 2D simulations
that confirmed that the qualitative results do not sensitively depend on
the preplasma in the few 10s of nm scale range. We observed filament
formation in all simulations with the dominant spatial frequency
always between 50 and 90 nm, see the 2D Simulations: preplasma scale
length scan section of the SupplementaryMethods, and Supplementary
Figs. 2,3,4. The same is true for hole boring by the spatial intensity
profile of theUHI laser: Previous simulations have shownno qualitative
change of the dynamics in the small volume around the laser axis
between simulations with and without taking into account the pulse

Fig. 5 | Flatfield. Small-angle X-ray scattering
(SAXS) signal from SiO2 nanospheres (20 nm dia-
meter before a) and after correction (b) as described
in ref. 64.

Fig. 6 |Denoising. Example for denoising of the data, exemplified on the data shown
in Fig. 2 (21 fs delay). a: no denoising applied, only flat-fielding correction was used.
b de-noising by the Neural Network (NN) was applied. c, d: Same as left, but log-
smoothed (i.e. the log of the data was smoothed) with a gaussian filter of width

0.002 nm−1 (i.e. 1 px) and 0.004 nm−1 (i.e. 2 px). The colorbar in d applies to all
panels. Note how the fine structure is preserved for de-noising using the NN com-
pared to smoothing.
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shape65. The simulated laser is a 30 fs Gaussian p-polarized plane wave
with a0 = 15 peak normalized amplitude propagating at a 45° to the
target normal and is initialized 2.5 ⋅ FWHM before and after the max
intensity. The transversal box size Lsim;x ¼ Lsim;y ¼

ffiffiffiffiffiffi
ð2Þ

p
λL was chosen

to match the laser phase at the periodic boundaries (in the transversal
direction), Lsim;z ¼ 5:08 λL.With Lsim;x=ð

ffiffiffi
2

p
cÞ beingmuch smaller than

the timescale at which the laser envelope changes, we can approximate
the laser amplitude to be the same on both sides of the transversal
boundary in x. Satisfying those two conditions allows us to combine the
45° laser incidence with the transversal periodic boundaries. The 2 μm
thick (excluding preplasma) planar target was placed (its front surface)
at z = 1 μm. The field propagation is done with the standard Yee field
solver and the absorption at the boundaries in the longitudinal direc-
tion is realized with a perfectly matched layer (PML). For particles, we
use a 4th order shape together with the Higuera-Cary pusher.

To prove that the simplifying assumptions of the limited size 3D
simulations are indeed not causing problems such as Moire interference
of filaments induced by the periodic boundaries, or discrepancies in the
dynamics caused by the transversely plane laser ignoring the finite spot
size, we show in the Supplementary Methods section IA (2D Simula-
tions: preplasma scale length scan) and in the Supplementary Fig. 1 a 2D
simulation with similar numerical parameters as the 3D simulation in
the main text.

Synthetic SAXS pattern. The synthetic SAXS pattern Isynth was com-
puted by first computing ~ne

72, and taking its Fourier transform absolute
square. The resulting signal was averaged over a time of 3 fs. Note that
the real XFEL pulse duration was longer, the time here was reduced due
to large storage requirement of the 3D data set. To get a quantitative
estimate of the expected photons on the detector, Isynth, the simulated
X-ray signal was then scaled to the experimental intensity assuming
scattering only within the ReLaX focus (FWHM) with the time average
of the simulated intensity. That means, Isynth was normalized such that
IsynthðQ ¼ 0Þ ¼ r2eNXðwL=wXÞ2=w2

L � N2
eΔΩ (see Eq. (6) in ref. 43),

whereNe ¼ 410 � ncw2
L � 2 μm is the estimate number of electrons within

the ReLaX focus where nc ¼ 2πmeλLε0= ce2
� �

is the critical density (with
me, e the electron mass and charge, and ε0 the vacuum permeability), w2

L
the probed area, ΔΩ is the solid angle corresponding to (Δq)2 = nm−2,
and re is the classical electron radius. Note: The similarity of the pro-
jected plasma wavelength, λPICx ffi 2πc=ðωpe sinðπ=4ÞÞ ¼ 60 nm, with
the vertical filamentation wavelength λPICy ¼ 70 nm most likely is
coincidence, as we repeated the simulation with a more shallow laser
incidence angle of 22.5°. There, λx is reduced as expected, while λy
remains constant.

Growth rate and filamentation wave vector. The instability spectrum
of the fastest mode plotted in Fig. 2 (orange dashed line) was obtained

from the PIC simulation at t = 0. We first binned the electron momenta
from the region with visible filaments 1.3 μm > z < 2.0 μm, see Supple-
mentary Fig. 5, into bins of size Δ(γβ) = 0.05. We then checked for roots
of the dispersion relation Eq. (15) in ref. 18, with x into laser direction
and z into the filamentation direction. Eq. (6) in that paper was solved
numerically using the Landau contour: First, we rotated the coordinate
system such that the root lies along a coordinate axis eα. Then, for each pα
we computed and summed up the residue and integral along pβ, with
symmetric bins around the root of the denominator of the second
integral, again with a resolution of Δ(γβ) = 0.05, and with the derivation
of f(p) at p0 taken symmetric around p0.

This approach assumes a homogeneous plasma, which we ensure
imposes periodic boundary conditions and a transversely plane laser.
This is justified in the laser focus, where the laser intensity changes only
slowly over the micron scale and which is large compared to the fila-
mentation scale of tens of nanometers. However, as boundary effects are
neglected, the model does not account for the change in density at the
target front and back surfaces; hence, surface instabilities such as, e.g.,
the RTI, are not included. Also, the theory is only applicable in the linear
phase of instability growth.

Why do the plasmons not smear out the signal in SAXS? While in
shadowgraphic methods, the XFEL-propagation at a large angle w.r.t.
orientation of the plasmon propagation leads to their contrast almost
vanishing for probes longer than the projected plasmon period due to
smearing out the density contrast, for X-ray scattering the signal of a
pattern ~nðrÞ moving with velocity vp,x in x-direction is approximately
given by the integral over the XFEL irradiated area and XFEL pulse
duration

IðqÞ /
Z
t

Z
w
~nðrÞeiðqxvpÞte�iqrdr

����
����
2

dt / ∣FT ~nðrÞð Þ∣2;

i.e. simply the usual Fourier transform absolute square of the static density
pattern.

Data availability
Data recorded for the experiment at the European XFEL are available at
XFEL73. Theprocesseddata and simulationdata, aswell as the scripts used to
generate Figs. 2–4 are available at Rodare data repository74.

Code availability
The custom code used for the numerical solving of the dispersion relation is
available from the authors upon reasonable request. The code used to
generate synthetic scatteringpatterns fromsimulationoutputwaspublished
on Zenodo72. The denoising code69 is currently under embargo and will be

Fig. 7 | Pre-shot andPost-shot.XFEL-only pre-shot
(a) and post-shot (b) show exemplarily for the shot
of delay −20 fs the parasitic signal that was sub-
tracted from the main-shots in Fig. 2. The colorbar
in b applies to both panels.
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published in a separate paper, the authors are available to collaborate upon
reasonable request.
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