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ABSTRACT

Understanding the complex plasma dynamics in ultra-intense relativistic laser-solid interactions is of fundamental importance for appli-
cations of laser-plasma-based particle accelerators, the creation of high-energy-density matter, understanding planetary science, and
laser-driven fusion energy. However, experimental efforts in this regime have been limited by the lack of accessibility of over-critical den-
sities and the poor spatiotemporal resolution of conventional diagnostics. Over the last decade, the advent of femtosecond brilliant hard
X-ray free-electron lasers (XFELs) has opened new horizons to overcome these limitations. Here, for the first time, we present full-scale spa-
tiotemporal measurements of solid-density plasma dynamics, including preplasma generation with tens of nanometer scale length driven by
the leading edge of a relativistic laser pulse, ultrafast heating and ionization at the main pulse arrival, the laser-driven blast wave, and transient
surface return current-induced compression dynamics up to hundreds of picoseconds after interaction. These observations are enabled by
utilizing a novel combination of advanced X-ray diagnostics including small-angle X-ray scattering, resonant X-ray emission spectroscopy,
and propagation-based X-ray phase-contrast imaging simultaneously at the European XFEL-HED beamline station.
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I. INTRODUCTION

When a solid target is irradiated by an ultra-short relativistic
laser pulse with peak intensity of the order of 10* W/cm?, a copi-
ous number of electrons within a few nanometers skin depth are
promptly ionized and accelerated up to few tens of MeV kinetic
energy. The relativistic electrons then propagate ballistically into
the solid target with a large current density of the order of 10"
Al/cm?, depending on the laser absorption.' It is well known that
the laser absorption during the arrival of the relativistic laser peak
is critically determined by the surface density profile of the pre-
plasma caused by the intrinsic laser rising edge or the prepulse, a
few tens of picoseconds before the peak of the pulse is reached.”’
Although numerous studies have been conducted to measure the
absolute laser absorption efficiency and its correlation with the scal-
ing of generated hot-electron temperature,”’ it is still challenging
to directly probe the density gradient of the preplasma, owing to
its small spatial scale. The transport of hot electrons through the
solid target further triggers plasma dynamic effects such as isochoric
heating and ionization, development of kinetic instabilities, gen-
eration of extreme fields, radiation sources, and warm/hot dense
plasmas. Moreover, after the main laser pulse reaches the target
surface, hydrodynamic processes of shock generation, heat diffu-
sion, magnetic Z-pinch and thermal pressure-driven compression,
and magnetohydrodynamic instabilities occur over few-picosecond
to sub-nanosecond timescales. Toward understanding the under-
lying physics of electron transport, tremendous effort has been
dedicated over the last few decades to the examination of these
complex phenomena via a variety of diagnostics, including opti-
cal shadowgraphy,® charged particle imaging,”'’ X-ray radiogra-
phy,!! X-ray emission spectroscopy,'? and X-ray Thomson scatter-
ing (XRTS)."> However, these diagnostics are limited by inaccessi-
bility to solid density, harsh bremsstrahlung background noise, or
insufficient temporal and small spatial scales. Therefore, numerical
approaches that can be more readily interrogated and performed
at scale, such as magnetohydrodynamics (MHD) and particle-in-
cell (PIC) simulations, play a key role in acquiring a fundamen-
tal understanding of the complex plasma dynamics involved.' "
Given the need for precise manipulation and control of high-
intensity laser—solid interactions for potential applications such as
cancer therapy via compact plasma-based particle accelerators'®
and laser-driven fusion energy,'”'* it is highly desirable to develop
novel diagnostics to overcome the above-mentioned limitations, and
thus benchmark and strengthen the predictive power of numerical
simulations.

The advent of novel experimental platforms equipped with
both optical high-power lasers and ultra-short brilliant X-ray free-
electron lasers (XFELs), such as the European XFEL-HED,"” LCLS-
MEC,” and SACLA beamline,”! provides unprecedented oppor-
tunities for experimental studies of solid-density plasmas. State-
of-the-art X-ray sources with an extremely high photon num-
ber per pulse (of the order of 10'%) and ultra-short duration
(tens of femtoseconds) and wavelength (0.5 A), and exhibiting

nearly full transverse coherence, enables probing of the surface
and internal structures of such overdense plasmas via scatter-
ing, diffraction, and absorption imaging, as well as spectroscopic
methods at femtosecond and nanometer resolution simultaneously
utilizing a single shot. The recent pioneering work conducted at the
current hard XFEL facilities combining femtosecond high power
lasers using the X-ray diagnostics of small angle X-ray scattering
(SAXS),” " grazing incidence SAXS (GISAXS),”””® X-ray phase
contrast imaging (XPCI),” " absorption imaging’""* and XRTS"
clearly demonstrate the excellent capabilities.

Here, combining the cutting-edge diagnostics of SAXS, XPCI,
and resonant X-ray emission spectroscopy (RXES), for the first time
we are able to probe the complex dynamics of electron transport
in relativistic laser—solid interactions in a multiscale spatiotemporal
regime ranging from a few nanometers up to micrometers and a few
tens of femtoseconds to hundreds of picoseconds. A pump-probe
experiment was performed at the European XFEL-HED station,
using the ReLaX high-intensity laser, with peak intensity up to
5 x 10* W/cm?, irradiating 10-25 ym diameter Cu and other wires
probed by a femtosecond brilliant hard XFEL. While SAXS profiles
are correlated with the nanometer pre-plasma scale length generated
by a ~100 ps laser prepulse (Fig. 1), XPCI has been shown to be sensi-
tive to density gradients from the sub-micrometer scale, enabling it
to probe hydrodynamic evolution and instabilities, thermal expan-
sion, and shock compression on the tens of picoseconds to sub-
nanosecond timescale, thereby being able to reconstruct laser-driven
blast waves and surface return current-induced dynamics.*’

In conjunction, time-resolved resonant X-ray emission spec-
troscopy (RXES) was used to probe the plasma heating and ioniza-
tion during the main pulse interaction. Fluorescence X-ray emission
spectroscopy (XES) has frequently been used to infer plasma con-
ditions from the intensity and ratio of characteristic X-ray lines,™
but, owing to the femtosecond timescale evolution of dense plas-
mas driven by ultra-intense lasers, spectroscopic data are usually
time-integrated, with X-ray streak cameras limited to ~1 ps temporal
resolution.” XFELs provide unprecedented temporal resolution to
probe laser-produced transient extreme states, limited by the XFEL
pulse duration and the timing stability (femtoseconds to a few tens
of femtoseconds).'””° By tuning the XFEL to be resonant with the
K-L transition of nitrogen-like Cu®** ions, pumped by the opti-
cal laser, the experimentally observed enhancement in XFEL beam
attenuation and resonant X-ray emission provides a direct indica-
tion of the population of the selected ionization state. This reveals
the underlying heating, ionization, and recombination dynamics,
serving as a valuable benchmark for validating collisional and ion-
ization models in solid-density plasmas.'****" An amalgam of these
diagnostics—SAXS, XPCI, and RXES—is shown for the case of a Cu
wire to enable simultaneous characterization of multiscale physics
and electron transport through solid-density laser plasmas, as well
as providing an important benchmark of the quality of the data that
can be generated at modern X-ray light sources.
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FIG. 1. Schematic of multiscale spatiotemporal plasma processes induced by electron transport in solid-density plasmas irradiated by ultra-short relativistic laser pulses,
along with the corresponding X-ray diagnostics used in the pump—probe experiment. The black curve shows the realistic temporal profile of the ReLaX laser pulse ranging

from —100 to 100 ps. lllustrations of preplasma formation, electron filamentation, blast wave, and compression, as predicted by our previous simulations,'*'° are also
shown.
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FIG. 2. Schematic of experimental setup. Both the optical relativistic ReLaX laser and the XFEL irradiate a Cu wire of 10 um diameter at normal incidence, polarized in the
horizontal direction. The ReLaX and X-ray beams intersect at an angle of 45°. The SAXS patterns and emission spectroscopy are recorded by the Jungfrau X-ray detectors.
Two HAPG chromatic mirrors with a small gap are used to reflect the SAXS signal, allowing propagation of the primary XFEL beam to an Andor Zyla CMOS camera via a
7.5x objective for simultaneous XPCl imaging. The X-ray propagation distances from the sample to the SAXS and XPCI detectors are 1.31 and 6.31 m, respectively. The
entire setup except for the SAXS Jungfrau detector and the last 50 cm before the Zyla detector is placed in vacuum conditions to minimize air scattering. The SAXS/RXES
and XPCl data presented in this study correspond to the small FoV and large FoV on the wires of ~10 and ~30 um respectively, which is achieved by switching two sets of
compound refractive lens (CRL) configurations as described in the text.
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Il. EXPERIMENTAL SETUP

The pump-probe experiment was performed at the HED end-
station at the European XFEL, with the ultra-intense optical laser
facility ReLaX, a 3 J, 30 fs, 10 Hz Ti:sapphire-based system,” being
used to create solid-density plasmas. A schematic illustration of
the experimental setup is shown in Fig. 2. The ReLaX laser was
focused to a full width at half maximum (FWHM) spot size of
~4 ym measured by the In Line Microscope (ILM) diagnostics with
20x microscope objective, resulting in a peak intensity up to 5 x 102
W/cm? irradiating 10 um Cu wires at normal incidence. The tem-
poral contrast of pulse intensity shown in Fig. | was measured by
the offline diagnostics package consisting of single-shot temporal
pulse diagnostics, a scanning third-order intensity autocorrelator,
and a spatial phase sensor in combination with a full-beam adap-
tive deformable mirror.”® Note that the peak intensity has been
obtained under the assumption that ReLaX has Gaussian profiles in
both space and time. However, the actual laser focus deviates from
a perfect Gaussian, with a significant amount of energy distributed
outside the central region. A statistical analysis shows mean FWHM
focal sizes of 3.9 ym (horizontal) and 3.6 ym (vertical) in the cen-
ter, with relative standard deviations of 12% and 11%, respectively.
The fraction of energy contained within the main focus is 0.44, with
a relative standard deviation of 9%. Fluctuations in laser energy and
pulse duration are very low and thus negligible compared with other
sources. Combining all of these factors yields a relative intensity
fluctuation of less than 25%.

The XFEL beam generated by the principle of self-amplified
spontaneous emission (SASE) with an energy of ~1.5 mJ, an FWHM
pulse duration of ~25 fs, and a photon energy centered at 8.2 keV
with a FWHM bandwidth of ~20 eV, was used to probe the solid-
density plasmas, aided by a combination of multiple X-ray diag-
nostics, including both imaging and spectroscopy, such as SAXS,
RXES, and XPCI, simultaneously. The online calibrated High Res-
olution Hard X-ray Single-Shot (HIREX) spectrometer installed in
the photon tunnel of the SASE2 undulator beamline was used to
monitor the SASE spectrum,” ensuring the central X-ray photon
energy remained fixed at 8.2 keV during the entire beamtime. The
photon energy was cross-checked by the elastic X-ray scattering sig-
nal on Cu samples measured by a von Hamos X-ray spectrometer
inside the interaction chamber.”” The X-ray pulse energy was mea-
sured via an X-ray gas monitor (XGM) located in the photon tunnel
and an intensity and position monitor (IPM) installed at the HED
instrument.”” Energy calibration of the IPM was performed during
the preparation for the hot shots each beamtime shift.

Two sets of X-ray compound refractive lens (CRL) configura-
tions were used to achieve the small and large fields of view (FoV)
on the sample that are preferred for the SAXS/RXES and XPCI diag-
nostics, respectively. In the case of small FoV, arms 3, 6, and 10 of
CRL3 (located in the HED optics hutch at ~962 m from the source'”)
were set to obtain a FWHM spot size of ~10 ym on the sample. In the
case of a large FoV, arms 4 and 6 of CRL3 were used to achieve an
FWHM spot size of ~30 ym on the sample. The XFEL focal spot size
was characterized by edge scans of test samples via X-ray transmis-
sion imaging, using a GAGG scintillator-based detector (Optique
Peter) coupled to an Andor Zyla CMOS camera equipped with a
7.5x objective lens, positioned 6.31 m downstream from the target
chamber center. Two highly annealed pyrolytic graphite (HAPG)

RESEARCH ARTICLE pubs.aip.org/aip/mre

mirrors located symmetrically below and above the propagation
path of the XFEL beam were used to reflect the SAXS signal to the
Jungfrau X-ray detector.”’ Simultaneously, the XFEL beam passing
through the gap between the HAPG mirrors was recorded by an
Optique Peter instrument for XPCI imaging.*

The timing and synchronization between the optical and X-ray
lasers was measured by an HED optical en-coding spatial photon
arrival monitor (PAM).** The timing window measurable by the
PAM was within 200 fs, giving the upper limit of the uncertainty
of XFEL probe time delay relative to the ReLaX laser presented in
this work.

I1l. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we present the details of each plasma diagnos-
tic in turn: nanometer scale-sensitive SAXS, charge state-sensitive
RXES, and sub-micrometer scale-sensitive XPCI to fully investigate
the integrated spatiotemporal dynamics of solid-density plasmas
driven by the ultra-intense ReLaX laser pulse. These diagnostics
probe a range of spatiotemporal scales, including the preplasma gen-
eration with tens of nanometer-scale length driven by the leading
edge of the ReLaX laser pulse, ultra-fast heating and ionization at the
main pulse arrival, direct laser-driven blast wave, and the cylindrical
pinch dynamics driven by the thermal ablative shock induced by the
transient surface return current, up to hundreds of picoseconds after
interaction.

A. SAXS measurements of preplasma expansion

Small-angle X-ray scattering arises from coherent superposi-
tion of elastic X-ray scattering in a given direction—usually consid-
ered as <1°. This direction is determined by the momentum transfer
G=k—-k', where kand k' are the incoming and scattering wave vec-
tors, respectively. The SAXS intensity I(g) is proportional to the
spatial Fourier transform of the electron density #. projected in the
X-ray beam direction assuming homogeneous irradiation, as derived
in previous theoretical work:**"’

1(q) = Io| FT {nc}|*, (1)

where I is a constant factor depending on the initial incident X-ray
fluence and the solid angle of the SAXS detector. Here, we assume
that the projected density #, is the convolution of the form, struc-
ture, and expansion terms that represent the averaged geometrical
shape, individual electron-electron correlations, and sharpness of
the wire edge, respectively, and so Eq. (1) can be rewritten as

1(9) = LF(9)S(9)E(4), 2

where F(§), S(g), and E(g) are the form, structure and expansion
factors, respectively, in reciprocal or momentum space. In our SAXS
setup, the momentum transfer g ranges from 0.08 to 0.45 nm™ ',
indicating that SAXS is able to measure the scale length of the cor-
relation structure from 5 to 100 nm. In this q range of interest, the
form factor of a wire is approximately equal to F(q) ~ 1/q” accord-
ing to Porod’s law.""” For a cold wire with infinitely sharp density
gradient between the edge of the target and the surrounding vac-
uum (a Heaviside step function), the SAXS pattern exhibits a strong
streak feature parallel to the surface normal direction, with the inten-
sity proportional to the dominant form factor, I(q) o< F(q). When
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the wire is irradiated by the rising slope ranging from a few tens
of picoseconds to 1 ps before the arrival of the peak ReLaX laser
pulse, corresponding to the laser intensity rising from ~10 to
10" W/cm? as seen in Fig. 1, the scattering edge is smoothed by the
preplasma expansion without bending by the hole boring process.
Assuming the edge shape of wire radial density to be an error func-
tion erf (r/\/20) with a finite scale length of o, the expansion factor

can be derived” as E(q) = ¢4 . As the laser intensity is far below
the relativistic intensity, namely, 10" W/cm?, the bulk electron den-
sity remains nearly constant, because no energetic electrons with
relativistic kinetic energy are injected into the target to introduce any
structural changes such as plasma oscillation and instabilities, and
thus the structure factor is close to unity, S(g) ~ 1. Therefore, the
dependence of SAXS intensity caused by the preplasma expansion
can be simplified as
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Figure 3 shows the experimentally measured SAXS patterns and
lineouts normalized by the incident XFEL energy from 40 to 1.5 ps
before the arrival of the ReLaX peak laser intensity. The hot shots
shown in Figs. 3(g)-3(1) have been selected on the basis of a similarly
high He, yield, indicating similar laser absorption efficiency for each
shot due to the spatial jitter of the ReLaX laser spot, of the order of
the focal spot size. Before each hot shot pumped by the ReLaX laser,
we took an XFEL-only reference for the cold target geometry and
XFEL-target overlap, as shown in Figs. 3(a)-3(f). Cold wire scatter-
ing is seen to be consistent over the reference shots, both for the
streaks in Figs. 3(a)-3(f) and for the lineouts in Fig. 3(m) over four
orders of magnitude in signal, indicating uniform wire edge sharp-
ness. Fitting the measured SAXS profile in Fig. 3(m) with Eq. (3)
yields a scale length or roughness below 10 nm. The intensity on the
right SAXS streak is stable from shot to shot. On the left streak, the
intensity shows greater variation. This asymmetric scattering feature
is likely caused by the XFEL spatial jitter and randomly distributed
nanostructures on the wire surface. For the hot shots, the 2D streak
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FIG. 3. Time-resolved SAXS patterns and horizontal lineouts through g, = 0 averaged over ten pixels. The hot-shot SAXS patterns in (g)—(1) and the lineouts in (n) were
taken during the rising slope of the ReLaX laser from 40 to 1.5 ps before the arrival of the peak pulse intensity. The corresponding cold-shot SAXS patterns in (a)-(e) and
the lineouts in (m) were taken before each hot shot to provide an XFEL-only reference for the initial wire edge sharpness. Horizontal lineouts of the ratio of hot-shot to
cold-shot SAXS intensity are shown in (0). The colorbar denotes the scattered X-ray energy normalized to the incoming XFEL energy.
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SAXS patterns in Figs. 3(g)-3(l) and the outlines in Fig. 3(n) exhibita
clear trend of SAXS intensity decreasing with increasing time delay.
To take account of the initial density edge, Fig. 3(0) shows the ratio
of hot-shot to cold-shot SAXS intensity, which can be seen to exhibit
the same decreasing trend, except for a time delay of —1.5 ps. It is
surprising that the SAXS intensity decreases by one to two orders
of magnitude from —40 to —1.5 ps within the entire measurable
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q range. Such a dramatic reduction in SAXS intensity is not observed
in the case of sub-relativistic laser intensity.”* It reveals that a pre-
plasma is formed and expanded at least 30 ps (corresponding to an
intensity of ~5 x 10" W/cm?) before the arrival of the main pulse
with peak intensity 5 x 10° W/cm?. As well as the decrease in SAXS
intensity, we also observe that the slope of the right streak becomes
slightly steeper, which is correlated with the smoother edge caused
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FIG. 4. 2D-MHD simulation results for the spatiotemporal evolution of Cu mass density following laser irradiation of a Cu wire target for (a)-(d) a circular geometry,
corresponding to a top view of the target, and (e)—(h) a flat geometry, corresponding to a side view of the target. (i) Comparison of the central lineouts of the Cu mass density
for the top- and side-view cases at —1.5 ps. (j) Temporal evolution of the projected density along the XFEL propagation direction and (k) the corresponding synthetic SAXS

intensity.
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by the pre-expansion. However, the slope of the left streak remains
constant, which makes it unreliable to extract the scale length of the
preplasma by fitting the SAXS data with Eq. (3). It implies that the
dynamic density profile of the preplasma is complex and cannot be
described simply by an error function.

To verify this scenario, we performed two-dimensional mag-
netohydrodynamic (2D-MHD) simulations of both the top view
(circular geometry) and side view (flat geometry) of a wire target
with the open-source FLASH code*® to predict preplasma forma-
tion driven by the rising slope of the ReLaX laser pulse, from —80
to —1.5 ps before the arrival of the peak pulse. This corresponds
to an increase in laser intensity from ~10" to ~10'° W/cmz, as
shown in Fig. 1. All MHD simulations used the IONMIX equation of
state (EOS) library.”” The adaptive mesh size and time step were set
to satisfy the Courant-Friedrichs-Lewy (CFL) conditions to ensure
the convergence of the simulations. Figures 4(a)-4(d) and 4(e)-4(h)
show the simulated spatiotemporal evolution of the Cu mass den-
sity for the top and side views of the wire target, respectively. It is
evident that the initial sharp-edged density profile of the Cu wire is
smoothed by the hydrodynamic expansion of the preplasma, result-
ing in different characteristic scale lengths. Up to 1.5 ps before
the arrival of the peak laser intensity, the preplasma density profile
exhibits a short scale length of ~100 nm near the initial solid target
surface, extending into a much lower-density region with a longer
scale length of ~5 ym in both cases, as shown in Fig. 4(i). Owing to
momentum conservation, a thin compression layer of ~200 nm with
a compression factor of ~1.6, driven by the prepulse, is also observed.
The complex density profile does not follow an error function, pre-
venting extraction of the preplasma scale length using Eq. (3) to fit
the SAXS data. Alternatively, based on the projected density along
the XFEL propagation direction, as shown in Fig. 4(j), forward SAXS
calculations were performed using Eq. (1) for quantitative compar-
ison with the experimental data. Figure 4(k) shows the temporal
evolution of the synthetic SAXS signal, which exhibits a generally
similar decreasing trend to the experimental measurements in Fig. 3.
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The initial SAXS intensity arising from the sharp surface nicely fol-
lows the expected wire form factor, 1/4°. As the preplasma expands,
the SAXS intensity decreases rapidly until ¢ » =30 ps, after which
it remains nearly constant, indicating that the short scale length
in the SAXS-sensitive region near solid density is preserved. At
—1.5 ps, the SAXS intensity is nearly two orders of magnitude lower
than in the cold case, in good agreement with the experimental data.

We notice that experimental shot-to-shot uncertainties such as
the fine structure of the initial target surface, XFEL jitter, laser con-
trast fluctuations, and overlapping of the ReLaX laser, XFEL, and
wire, can also influence the SAXS signal. At the arrival of the main
laser pulse with relativistic intensity, the transport of fast electrons
into the solid target can induce complex structural changes through
the processes of hole boring,”* plasma heating and ionization,”” and
oscillation and filamentation,” as inferred from our previous SAXS
experiments. In this phase, the scattering features become much
more complex, and we have to take into account the contribution
of the structure factor S(g). Additionally, the scattering intensity
further decreases to near the noise level, making it challenging to
extract reliable dynamic information. Accessing SAXS in the lower-
q region will improve the data quality, which will be the subject of
our follow-up experiments and analysis.

B. RXES measurements of heating and ionization
dynamics

During the interaction between the ultra-short laser and the
solid Cu with preformed plasma, a fraction of the electrons are
accelerated to relativistic kinetic energy and transported into the
solid, leading to subsequent ultra-fast bulk heating and collisional
and pressure ionization. The ionization then empties the outer
electron shells of the atoms, and opens the possibility of resonant
X-ray absorption in an optical laser pump-XFEL probe experiment,
namely, a transition from the K shell (n =1) to a higher L (n =2)
or M (n=3) shell, ie., the inverse processes of K, or Kp, as
shown schematically in Fig. 5(a). For a given transition, for example
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FIG. 5. (a) Schematic of electron excitation and resonant X-ray emission stimulated by an external XFEL. (b) Opacity spectra of a solid Cu plasma of 10 um thickness
at temperatures ranging from 100 to 1000 eV, calculated with the atomic code SCFLY. (c) Temperature dependence of Cu optical depth at the resonant photon energy of

Epoton = 8.2 keV.
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1s — 2p, the binding energy depends on the number of remain-
ing bound electrons. Owing to the screening effect of the nuclear
Coulomb potential, the higher-charge state requires a higher tran-
sition energy or resonant X-ray photon energy. The scenario is
clearly seen from the opacity spectra of a 10 ym solid-density Cu
plasma simulated by the atomic collisional radiative code SCFLY,
as shown in . In the calculated opacity spectrum, one sees
a distribution of several satellite, slightly overlapping, peaks. Each
peak corresponds to a bound-bound transition for a specific charge
state. It is well known that the transition energy of cold K, of Cu
is 8.0478 keV according to NIST data.”* As the plasma temperature
increases, the average charge state increases, and thus the transition
energy or the peak position of the spectrum shifts to higher pho-
ton energy. On the basis of this principle, an XFEL can be used
to resonantly pump a specific atomic transition and thus achieve
enhanced X-ray emission. This method has also been successfully
applied to generate highly coherent atomic X-ray lasers pumped by
an XFEL.

In our experiment, we tune the photon energy of XFEL at
8.2 keV, which is mostly in resonance with the bound-bound tran-
sition energy of the selected specific charge state of Cu ions, namely,
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Cu”**. When the Cu is ionized to the particular charge state driven
by the main laser pulse, the inner K-shell electrons will be resonantly
excited by the XFEL photon to the higher L-shell electrons. These
electrons then decay through a recombination process and re-emit
photons at the same energy as the incident X rays, exciting them in a
very short time and leading to an enhanced X-ray emission yield at
the resonant energy. In the case that the solid-density plasma expe-
riences continued heating, resulting in a higher ionization degree
than the selected charge state, the plasma’s opacity diminishes owing
to the inability of bound electrons to establish a resonant transition
channel. A reduction in opacity also occurs when the plasma under-
goes a cooling process, as shown by the temperature-dependent
opacity of the solid-density Cu plasma at the specific photon energy
Ephoton = 8.2 keV in

shows the measured X-ray emission spectra for two
cases: one with no resonant yield at ~0 ps and the other with a
strong resonant yield at ~2.5 ps. Prominent peaks corresponding
to the cold K, transitions (8.02-8.04 keV) and the 2p — 1s transi-
tions in Cu®®* and Cu?’* (8.28-8.42 keV) are observed in both cases,
indicating comparable initial interaction conditions. As these tran-
sitions do not interfere with the XFEL probe, their X-ray emission is

2p > 1s transitions
in Cu26+ and Cu?7+

10°

108

X-ray emission yield [y /sr/eV ]
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~—
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FIG. 6. Experimentally measured time-resolved X-ray emission spectra in (a) the case of no resonant yield at ~0 ps and (b) the case of strong resonant yield at ~2.5 ps.
The gray shaded region indicates the photon energy range of the SASE XFEL beam, centered at 8.2 keV with a narrow bandwidth of ~40 eV, which is in resonance with
the bound-bound transition of interest, 1s22s?2p® — 1s'2s%2p*. The white vertical lines represent the gap between two adjacent chips of the Jungfrau detector.
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time-integrated over the entire duration of the laser-solid inter-
action. Here, the number of measured K, photons is ~(8.5+ 0.7)
x 10", which gives a total energy of ~1.36 mJ, assuming isotropic Ky
emission. This yields a conversion efficiency of ~4.2 x 107 relative
to the ReLaX laser energy. At ~0 ps when the Cu is not yet highly ion-
ized, the spectrum shows that the spontaneous X-ray fluorescence
within the energy window covered by the XFEL bandwidth is weak
because of the rapid heating. Its intensity is insufficient to surpass the
harsh bremsstrahlung environment background and thus is buried
in the continuum radiation. In the case stimulated by the intense
XFEL at 2.5 ps, the population of the specific transition state is sig-
nificantly enhanced owing to the resonant absorption, leading to a
distinct resonant peak well above the bremsstrahlung background,
as shown in Fig. 6(b). The net yield of resonant X-ray emission is
calculated to be (1.5 +0.5) x 10" photons/sr, which corresponds
to (0.428 + 0.08) m]J over the full solid angle. Given that the XFEL
energy is measured to be ~0.787 mJ, the absorption efficiency in the
strongly resonant case is approximately (54% + 10%). By contrast,
according to the Henke Tables,”” the XFEL absorption in a cold Cu
wire of 10 ym diameter is 22%. This finding is consistent with the
results of the atomic simulation presented in Fig. 4(c), which show
that the plasma opacity peaks at ~500 eV, leading to the strongest
resonant X-ray emission and consequently the highest population of
Cu?** ions. Thus, measuring the temporal evolution of the resonant
emission yield provides information on the temperature-dependent
plasma opacity, or equivalently the XFEL attenuation. Following this
principle, fitting the time-resolved emission spectra measured by
RXES with simulated spectra allows extraction of the temperature,
ionization, and recombination dynamics.

In conjunction with time-resolved spectroscopic measure-
ments, resonant X-ray absorption imaging can be employed to
further probe the spatial distribution of ionization within plas-
mas, as recently demonstrated in short-pulse laser-driven warm and
hot dense matter experiments.’”>*° Such experiments significantly
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advance our understanding of electron transport in solid-density
plasmas and hold substantial potential for improving the collisional
and ionization models implemented in state-of-the-art PIC and
MHD codes.”

C. XPCI measurements of shock-driven compression
and expansion

Finally, we present the diagnostic results of Fresnel
propagation-based X-ray phase-contrast imaging, which is
sensitive to the density gradient at sub-micrometer scales, aiming
to explore laser-driven blast waves in the interaction region and
surface return current-driven cylindrical compression off the
interaction point on timescales ranging from tens to hundreds of
picoseconds. In contrast to the previous discussed diagnostics of
SAXS and RXES with a ~10 ym XFEL field of view (FoV) on the
10 ym Cu wire, we switched the X-ray focusing scheme to have
a ~30 ym FoV illuminating the target to record the interference
between scattered and unscattered X rays. The X-ray focal point
was calculated to be ~0.76 m in front of the sample with FWHM
focal size ~1.7 ym. The X-ray imaging detector was positioned
downstream at a distance L = 6.31 m from the sample plane. This
led to an overall magnification M = (6.31 m + 0.76 m)/0.76 m = 9.3.
The effective Fresnel number with respect to one pixel was then
calculated as*

2
Freg = AALLM 4
with effective pixel size Ax=6.5 ym/7.5=0.867 ym and X-ray
wavelength A = 0.1512 nm, giving Freg = 1074,

Figure 7 shows the time-resolved XPCI images normalized by
a synthetic X-ray flat field (X-ray illumination intensity) from 0 to
150 ps. For each delay, the synthetic flat field is computed on the
basis of a principal component analysis (PCA) of a series of empty
XFEL pulses post shot when the target has been totally destroyed by

Via

FIG. 7. Experimentally recorded time-resolved XPCI images normalized by a synthetic X-ray flat field from 0 ps (a) to 150 ps (j). Here, by changing the X-ray focusing
scheme, the XFEL FoV has been switched from the ~10 ym used for SAXS and RXES diagnostics to ~30 pm illuminating the 10 um Cu wire, thereby allowing interference
between the scattered and freely propagated unscattered X rays. The scale bar applies to all panels.
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the ReLaX laser.”® Since the hot and post shots for each target occur
in a short time window (~2 min), it is presumed that the principal
components of the XFEL illumination field C; remain unchanged.
The PCA algorithm is then applied to solve a minimization problem.
Given a measured intensity image Y (hot shot), we calculate the
combination of weight factors w; of the PCA components C; that
minimizes |Y — 3,w;Ci|. This minimization can be approximated by
the projection of Y onto the C;, computed by a scalar product, which
yields the w;. With these steps, the synthetic flat field of each hot shot
is computed. The whole algorithmic process has been thoroughly
detailed in our previous work.”®

In Fig. 7, we can clearly see the Fresnel fringes formed by inter-
ference between scattered and freely propagated unscattered X rays.
The fringes exhibit axially asymmetric contrast on either side of the
wire, owing to the XFEL spatial jitter and nonuniform distribution.
The bright spots outside the primary beam and the twin fringes are
artifacts caused by the nonideal beam shape and normalization algo-
rithm. Nevertheless, the XPCI pattern varies significantly with the
time delay. At 0 ps, the interference fringes remain nearly straight,
indicating that there has been no significant target deformation due
to hydrodynamic expansion and compression. As the time delay
increases, the fringes progressively exhibit a greater degree of cur-
vature, indicating target deformation due to the hole-boring process
caused by the laser-driven blast wave at the interaction point. Such
a hole-boring process was also evident from the tilted SAXS signal
of the scattering surface in our previous work.”* At 150 ps, the XPCI
pattern is altered significantly, showing a nearly circular curvature
with distinct expanding features, indicating the wire target is par-
tially destroyed. Furthermore, the curved fringes observed outside
the primary beam region suggest wire surface ablation which can
cause surface compression and expansion induced by the heating of
flowing return current.””

(a)

¢lrad]

RelaX laser

Outline of initial wire profile
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To precisely retrieve the key plasma parameters such as density
and temperature, the ideal approach is to reconstruct the attenu-
ation and phase-shift maps of the XFEL beam crossing the wire
in real space that are encoded by the contrast fringes of the X-ray
imaging shown in Fig. 7. Here, phase retrieval is performed using
the efficient iterative algorithm of alternating projections,” enabling
reconstruction of the phase shift maps as shown in Fig. 8. The phase
shift is then expected to be proportional to the projected density
along the XFEL beam path.”” As we can see, the initial profile of
the 10 ym Cu wire at 0 ps is clearly outlined, and is yet to be
deformed by the intense laser pulse. At 150 ps, the laser-driven blast
wave traverses radially through the entire thin wire and breaks out
at the rear surface while continues to propagate transversely. The
average velocity of the blast wave is estimated to be faster than 67
km/s, which is in agreement with the observation of direct X-ray
imaging of a 25 ym Cu wire irradiated by the same ReLaX laser.’
On the basis of the theoretical prediction v'2™ = | /3P/pq, where
p, is the initial mass density of Cu,” the thermal pressure of the
blast wave is higher than 150 Mbar in the interaction region. Fur-
thermore, the slight expansion of the wire profile away from the
interaction point indicates plasma ablation, which could be driven
by surface return current heating. This phenomenon is associated
with cylindrical compression propagating toward the wire core, as
predicted and more clearly observed in our recent direct X-ray imag-
ing results, achieved by placing a focusing compound refractive lens
stack between the target and the detector."””” The limited visibility
of blast wave and compression features in the reconstructed phase
maps shown here is primarily due to the raw data quality, as well as
uncertainties in propagation distances and artifacts in the flat-fielded
XPCI, such as beam-clipping effects indicated by bright spots out-
side the primary beam in Fig. 7. For the other pump-probe delays,
even after considerable tuning of the reconstruction parameters, the

r 0.0

r—0.2

¢lrad]

10 ym

FIG. 8. Reconstructed phase maps from XPCI measurements at 0 ps (a) and 150 ps (b). Note that the distances from the focus to the wire and from the focus to the detector
are setat 0.1 and 5.367 m, respectively, to achieve better reconstruction quality compared with the use of the nominal propagation parameters.
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evolution of the aforementioned features does not show the expected
reliability.

Alternatively, we could simulate the forward synthetic XPCI
imaging using the Fresnel diffraction integral formula®™ to best fit
the experimental measurements:

E —1 < U eikrz ’ ’
(x>)’)z)—a _OOE(X,}/,O)T; dx" dy', (5)

where r = \/(x -x)+(y-y')* + 7% iis the imaginary unit, k is
the wavenumber, and E(x’,y",0) is the electric field of the X ray
just as it exits the target plane. Such forward imaging simulations
require inputs of density, opacity, and heating depth, which are typ-
ically predicted through a combination of PIC and MHD, or hybrid
simulations, and are therefore highly model-dependent. This will be
investigated in a follow-up study, since it is beyond the scope of the
present demonstration.

Besides investigating shock and pinch physics, we also aimed
to probe density modulations arising from the seeding and growth
of kinetic and hydrodynamic instabilities using propagation-based
XPCI. However, such phenomena have not been observed here,
probably because of limitations in imaging resolution. Employing
the seeding mode of the XFEL with a narrower bandwidth and
nanofocused beam with a higher geometric magnification could
improve the imaging resolution and quality for this purpose.”” It
should also be noted that although the direct X-ray imaging setup’
provides intuitive and straightforward observations of laser-driven
blast waves and transient surface return current-induced compres-
sion, offering a clear advantage over the phase retrieval results from
XPCI in this setup, its phase reconstruction could suffer from phase
errors caused by fabrication imperfections and debris in the imaging
CRL stack placed between the sample and detector.”’ Additionally,
direct X-ray imaging is limited in its application to low-density sam-
ples, owing to constraints of absorption contrast. These limitations
could be addressed by the newly commissioned Talbot X-ray imag-
ing technique at the XFEL facility, which incorporates an additional
Talbot grating into the direct X-ray imaging setup.®!

IV. CONCLUSIONS

We have successfully demonstrated the capability of capturing
the multiscale spatiotemporal dynamics of electron transport on a
nanometer to sub-micrometer spatial scale and a sub-picosecond
to hundreds of picoseconds timescale, in a hot solid-density plasma
created by an optical relativistic 3 J/30 fs/100 TW laser. This has been
achieved using a high-brightness XFEL on the novel pump-probe
platform at the European XFEL-HED station. By simultaneously
employing multiple X-ray diagnostics of SAXS, XPCI, and RXES,
we have been able to probe the preplasma expansion driven by
the leading edge of the relativistic laser pulse, the ultra-fast heat-
ing and ionization dynamics at the arrival of the main pulse, and
the hydrodynamic evolution to 150 ps after the laser-wire interac-
tion. The decreasing trend of edge streak SAXS intensity sensitive
to structural changes on a few-nanometer scale reveals that the pre-
plasma is formed and expands at least 30 ps (corresponding to an
intensity of ~5 x 10"* W/cm?) before the arrival of the peak pulse.
A forward SAXS calculation based on the MHD-simulated pre-
plasma density profile, which exhibits a short ~100 nm scale length
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near the solid target surface, is in good agreement with the experi-
mental data. Furthermore, we have presented time-resolved RXES
measurements, achieved by resonantly XFEL pumping a specific
charge state in ReLaX laser-driven hot dense Cu plasmas. The inten-
sity of the resonant X-ray emission directly reflects the population
of the corresponding ionic charge state Cu***, thereby providing
valuable insights into the temporal evolution of heating, ioniza-
tion, and recombination dynamics. Finally, we have presented the
temporal evolution of XPCI measurements and the corresponding
phase reconstruction results, which reveal the hydrodynamic expan-
sion and compression induced by shock waves originating from
direct laser ablation and transient surface return currents sensitive to
the sub-micrometer-scale density gradients. Further improvements
to the experimental capability, such as accessing the lower SAXS
regime, implementing resonant absorption imaging, and utilizing
Talbot X-ray imaging, have also been proposed. Note that although
the experimental capabilities of the novel combination of advanced
X-ray diagnostics—including SAXS, XPCI, and RXES—have been
demonstrated on high-power laser-driven wire targets, these diag-
nostics are universal and can also be applied to other geometries to
study kinetic instabilities,”’ target expansion,”” and shock evolution.
Nevertheless, owing to the sensitivity of beam pointing caused by the
limited surface area of the wire target, the initial laser-target cou-
pling conditions—such as ReLaX and XFEL pointing and overlap
affected by natural beam jitter—can be post-analyzed using sec-
ondary emission yields and X-ray imaging.’® These advantages make
the wire target particularly well suited to maximize the capabilities of
HED facilities.

To the best of our knowledge, this work constitutes the
first comprehensive investigation of complex solid-density plasma
dynamics throughout the entire process of relativistic laser—solid
interactions in a single experiment, enabled by the unprecedented
probing capabilities of the XFEL. These findings offer a valuable
experimental benchmark for PIC and MHD simulations, which
are widely employed in the high-energy-density physics com-
munity. The results are also beneficial to advanced applications
of laser-plasma-based particle acceleration and the creation of
high-energy-density matter, and could provide useful insights for
planetary science, astrophysics, and fusion energy research.
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