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Heating and ionization are among the most fundamental processes in relati-
vistic laser-solid interactions; however, their spatiotemporal evolution
remains challenging to capture experimentally. Here we present detailed

diagnosis of high-intensity laser interactions with wire targets, leveraging the
extreme spectral brightness of an X-ray free-electron laser in sub-picosecond
time-resolved resonant X-ray emission spectroscopy and absorption imaging.

Experimental results are compared with comprehensive simulations using
atomic collisional-radiative models, particle-in-cell, and magnetohy-
drodynamics codes to elucidate the underlying physics. These multi-scale
simulations reveal extreme sensitivity of basic plasma parameters with widely
used models, such as temperature and ionization depth, which are able to be
constrained by incorporating a detailed accounting of laser spatial profiles,
pre-plasma conditions, and collisional processes. These results provide new
insights into heating and ionization dynamics in the high-energy-density
regime relevant to inertial fusion energy research, both as an experimental
platform for accessing theoretically challenging conditions and as a bench-
mark for improving models of high-power laser-plasma interactions.

Upon irradiation of a solid target by an ultra-short relativistic laser
pulse, electrons within the interaction region are promptly ionized
and accelerated to kinetic energies of up to several tens of MeV. The
non-thermal energetic electrons then transport into the bulk of the
target, initiating abundant subsequent phenomena, including the
generation of resistive return currents and extreme electromagnetic
fields, the growth of plasma instabilities, Bremsstrahlung and line
radiation emission, as well as ion acceleration. Ultrafast heating and
ionization are among the most fundamental processes, determining
the key plasma parameters such as current density, temperature,
opacity and resistivity that in turn govern the electron transport
dynamics’. Understanding the complex dynamics is crucial for
advancing the applications of laser plasma-based accelerators?,
creation of high-energy-density matter’ and laser-driven fusion

energy*’. To date, predictive insights into the heating and ionization
physics of solid-density plasmas primarily rely on large-scale
numerical plasma simulations®”, as experimental efforts remain a
major challenge due to the limited accessibility of over-critical den-
sity and the inadequate spatiotemporal resolution of conventional
diagnostics. X-ray emission spectroscopy (XES) serves as a powerful
diagnostic to probe the plasma temperature and density, typically
through analysis of the intensity and ratios of characteristic X-ray
lines at specific transition energies, such as K, Kz and He,
emissions'’ ™, Integrating an X-ray streak camera with XES enables
time-resolved spectroscopy. However, its temporal resolution is
currently limited to -1 ps", which is insufficient to resolve the ultra-
fast dynamics occurring during the intra-laser-matter interaction
phase. Monochromatic Bragg crystal imaging has also been
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developed to provide spatially resolved ionization maps. Yet, its
spatial resolution is typically limited to scales larger than ~10 pm*',

Over the last decade, the advent of ultra-short, high-brilliance X-
ray free electron lasers (XFELs) with an extremely high photon number
per pulse (in the order of 10'), ultra-short duration (tens of fs) and
narrow spectral bandwidth (-20eV in self-amplified spontaneous
emission mode or ~1eV in seeding mode) exhibiting nearly full trans-
verse coherence, provides unprecedented opportunities to probe the
transient, non-thermal, solid-density plasmas under extreme condi-
tions driven by high-intensity optical lasers. XFELs enable visualization
of plasma dynamics with temporal resolution on the order of tens of fs
and spatial resolution ranging from a few nm to sub-pm scales simul-
taneously. Recent pioneering work at the existing large-scale facilities
equipped with both optical high-power laser and XFEL has demon-
strated the exceptional capability to observe, in detail, phenomena
such as solid-density plasma expansion'®", kinetic instabilities?*?', and
cylindrical compression’®”’., Experimental measurements of plasma
opacity and ionization have also been proposed and carried out using
resonant small-angle X-ray scattering**. Most recently, the novel
experimental pump-probe platforms have been employed to investi-
gate the heating and ionization dynamics of high intensity laser irra-
diated Cu foils, via X-ray transmission imaging near the Cu K-edge®.
However, due to the stochastic nature of the XFEL beam—particularly
its spatial and temporal jitter—the resulting transmission imaging
maps may suffer from significant uncertainties. In this work, we
explore the heating and ionization dynamics in high-power laser-dri-
ven Cu wires using time-resolved resonant X-ray emission spectro-
scopy, combined with simultaneous X-ray absorption imaging.
Compared with the Cu foils used in the previous experiments®, the
cylindrical target geometry eases the alignment and overlap of the
optical laser and XFEL on the target, as well as significantly localizing
heating effects of electron collisions with reduced target dimensions.
Furthermore, the initial uncertainties in laser-target coupling caused
by beam jitter can be quantified through measurements of the
K-satellite and He, emission yields, and the transmitted X-ray imaging
profiles. These diagnostic advantages make the wire target particularly
well-suited for maximizing the capabilities of high-energy-density
(HED) facilities.

In this experiment, the XFEL photon energy was tuned to 8.2 keV
to be resonant with an electron transition between two bound states of
highly charged nitrogen-like Cu*" ions generated by the high-power
optical laser. When the specific charged state is populated, the XFEL
photons resonantly excite a K-shell bound electron to a higher L-shell
state with a corresponding increase in plasma opacity, resulting in
enhanced resonant emission through de-excitation. By varying the
time delay between the XFEL and optical laser driver, we observed a
clear rise in the resonant X-ray emission yield—proportional to the
Cu** ion population—that peaks at ~2.5ps after the laser pulse max-
imum and decays over a timescale of up to 10 ps. Furthermore, a
distinct correlation between resonant emission and attenuation of
X-ray beam is observed, inferring the consistent underlying heating,
ionization and recombination dynamics. Such simultaneous mea-
surements isolate the contribution from a single charge state with sub-
picosecond time resolution, enabling quantitative tracking of both the
evolution of a specific ionic population and the resonant opacity at
solid density. This observed correlation implies that the resonant
features are confined to a small spatial scale length near the front
surface, on the order of pm. To our best knowledge, no previous
diagnostic has provided time-resolved access to both charge-state-
selective resonant absorption and emission in a highly transient, solid-
density plasma. In addition, neighboring satellite emissions in the
vicinity of resonant XFEL photon energy are clearly detected. These
features reflect complex atomic processes in which, besides the
dominant on-resonance radiative decay, Auger decay and collisional
relaxation of excited ions can also contribute to the de-excitation

following X-ray resonant pumping, thereby altering the electronic
configuration and emitted spectrum. Such off-resonance emission has
also been reported in previous XFEL-only studies®; however, it is now
observed in a laser-generated hot dense plasma, where non-thermal
electron populations with MeV energies can significantly modify col-
lisional rates. Here, the off-resonance emission line intensities on both
sides of the XFEL photon energy are similar, suggesting that the col-
lisional ionization and recombination rates are comparable and within
an order of magnitude of the radiative K-L transition rate. To unveil the
complex dynamics, comprehensive simulations using atomic colli-
sional-radiative, particle-in-cell (PIC) and magneto-hydrodynamics
(MHD) codes were performed, incorporating both local thermo-
dynamic equilibrium (LTE) and non-LTE (NLTE) ionization models.
Comparison with experimental data highlights the sensitivity of the
predictive capability of the simulation framework to the initial laser-
target interaction parameters and modeling choices. Specifically, a
realistic peak laser intensity, based on measured laser spatial profiles,
together with appropriate preplasma conditions, is found to be
essential for state-of-the-art simulations incorporating non-
equilibrium collisional processes to reproduce the experimentally
observed plasma heating and ionization dynamics.

Results and discussion

Experimental overview

The pump-probe experiment was performed at the HED-HiBEF
instrument located at the European XFEL using the ultra-intense
optical laser ReLaX to create the solid-density plasmas. ReLaX is a
Ti:sapphire-based facility delivering 3], 30 fs pulses at a 10 Hz repeti-
tion rate””. Based on the measured laser intensity profile, the actual
focus deviates from a perfect Gaussian, with only 44% of the energy in
the central focus (9% relative standard deviation) and FWHM sizes of
39um x 3.6 um (12% and 11% relative standard deviations) in the
horizontal and vertical directions. Fluctuations in laser energy and
pulse duration are negligible. Combining all of these factors yields a
peak intensity of 2.5 x 10 W/cm?, with a relative standard fluctuation
below 25%, upon normal-incidence irradiation of 10 pm-diameter Cu
wires. The XFEL beam generated by the principle of self-amplified
spontaneous emission (SASE) with the energy of -1.5 mJ, FWHM pulse
duration of -25fs, FWHM spot size of ~10 um and photon energy
centered at 8.2keV with a FWHM bandwidth of ~18 eV was used to
probe the solid-density plasmas. The heating and ionization dynamics
were investigated primarily through time-resolved resonant X-ray
emission spectroscopy (RXES) in backward direction, complemented
by simultaneous X-ray absorption imaging acquired via a scintillator
screen coupled to an Andor Zyla CMOS camera. Spectra were recorded
using a von Hamos spectrometer equipped with a highly annealed
pyrolytic graphite crystal’®. A schematic illustration of the experi-
mental setup, along with detailed experimental conditions, is descri-
bed in the Methods section and our previous publication®.

Atomic simulation

In order to understand the mechanism of atomic processes in resonant
X-ray emission, we first conducted simulations with the widely used
atomic collisional-radiative code SCFLY, which solves the rate equa-
tions governing ionization balance by accounting for various pro-
cesses such as collisional ionization, radiative and three-body
recombination, excitation, de-excitation, Auger ionization, and die-
lectronic recombination”. Figure 1a shows the calculated opacity
spectra of solid-density Cu plasmas with a thickness of 10 um, over a
temperature range from 150eV to 1keV. A distribution of multiple
satellite lines with slightly overlapping peaks can be observed. Each
peak corresponds to a bound-bound transition, with its transition
energy depending on the number of other electrons in L-shell and thus
Cu charge state. In the case of plasma temperature at 150 eV, only
doublet peaks of K,; and K, of Cu at 8.047 keV, 8.027 keV are clearly
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Fig. 1| Atomic simulation of plasma opacity and X-ray emission spectra.

a Optical depth of a solid Cu plasma with 10 um thickness at different temperatures
calculated by the atomic code SCFLY over a broad photon energy range covering
bound-bound and bound-free transitions for the hot dense plasma. Each peak
corresponds to a specific K-L bound-bound transition of the Cu ions.
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b Temperature dependence of Cu’s optical depth at the resonant photon energy of
Ephoton = 8.2 keV, along with its corresponding averaged charge state. c Comparison
of simulated X-ray emission spectra with and without XFEL irradiation at a plasma
temperature of 400 eV. The light blue shaded region denotes the full spectral
bandwidth of the XFEL beam centered at 8.2 keV.

visible. As plasma temperature increases, the average charge state of
the ions rises, as shown in Fig. 1b. This leads to a shift of the spectral
peak positions toward higher photon energies, due to reduced elec-
tron screening of the nuclear Coulomb potential. Consequently, the
transition energies increase, opening the possibility of using resonant
X-ray absorption as a diagnostic for probing atomic processes in the
plasma. In this experiment, the XFEL photon energy was tuned to
8.2keV, which is predominantly in resonance with the bound-bound
transition of the highly charged nitrogen-like Cu?** ion in plasmas with
a specific charge state. The correlation between plasma temperature,
charge state distribution, and opacity at this selected photon energy
(Ephoton = 8.2 keV) is illustrated in Fig. 1b. When the Cu®* ion population
reaches its maximum-—corresponding to a plasma temperature of
~500 eV—the plasma opacity also peaks, and the probability of XFEL
resonance absorption is at its highest. As the solid-density plasma
continues to heat beyond this point, further ionization results in
charge states exceeding Cu?". With fewer bound electrons available to
support the resonant transition, both plasma opacity and XFEL
absorption decrease. In the hot, dense plasmas driven by the optical
laser, X-ray emission from the studied transition can occur sponta-
neously. When an intense XFEL with photon energy Ephoton = 8.2 keV is
applied, the innermost K-shell electrons are resonantly excited by
X-ray photons to higher-energy L-shell states. The excited electrons
then mainly decay through radiative process, leading to enhanced
X-ray fluorescence yield at the resonant energy as shown in Fig. Ic.
Furthermore, enhanced neighboring emissions in the energy range
beyond the XFEL bandwidth (FWHM =18 eV) on either side of the
resonance are observed, suggesting that Auger decay, collisional
ionization, and recombination via dielectronic and three-body pro-
cesses also contribute to the total emission, in addition to the domi-
nant on-resonance radiative decay, as also reported in previous XFEL-
only studies®. It is important to note that the atomic simulations
performed here assume uniform plasma conditions. In contrast, the
solid-density plasma generated by a high-power laser is typically non-
equilibrium and exhibits significant temperature and density gra-
dients. As a result, the realistic X-ray emission spectrum is a composite
of contributions from regions with varying plasma conditions, as illu-
strated in Fig. 2.

Diagnosis of heating and ionization dynamics

Figure 2a shows time-resolved X-ray resonant emission spectra from
selected shots, measured at pump-probe delays from 1ps before to
10 ps after the peak laser pulse, with 0.5 ps temporal resolution. These
shots were selected based on consistently elevated He, emission yields
and similar transmitted X-ray imaging profiles, which indicate com-
parable initial laser-target coupling and XFEL probing conditions. The

justification criteria for shot selection are detailed in the Methods
section. The prominent K, doublet lines at 8.02 and 8.04 keV and He,
transitions between 8.28 and 8.42 keV are observed in all the shots.
These transitions have no interference with the XFEL probe; their X-ray
emission is time-integrated during the entire laser-solid interaction.
The similarity in both spectral shape and absolute yield of the K, and
He, emission lines further confirms consistent initial conditions across
the selected shots. The measured number of K, photons is
~(8.0 £ 1.5) x 10", corresponding to a total emitted energy of ~1.36 mJ
assuming isotropic emission, corresponding to the conversion effi-
ciency of ~4.3 x 10~ relative to the ReLaX laser energy. Prior to the peak
pulse arrival, the spectra show that the spontaneous X-ray fluores-
cence within the energy window covered by the XFEL bandwidth is
weak and insufficient to surpass the self-emission background, and
thus is buried in the continuum radiation due to the rapid heating.
After the peak intensity irradiating on the wires, a clear rise-and-fall
temporal evolution of stimulated X-ray emission yield is exhibited
within the XFEL bandwidth. Specifically, the resonant X-ray emission
yield becomes visible at ~0.5 ps, rapidly ascends to its maximum at
~2.5 ps, and then decays over a timescale of up to 10 ps till it vanishes in
the background. The distinct feature is imprinted on the population
history of the resonant bound-bound transition of the selected highly
charged Cu®" ion, and thus is directly correlated to the dynamics of
plasma heating, ionization, and recombination. According to the
SCFLY simulation shown above, the measured temporal evolution of
the resonant emission suggests that the temperature within the solid-
density plasma remains above 500 eV for up to 10 ps. It is worth noting
that the same physical principle has been successfully applied to
generate highly coherent, attosecond-duration atomic X-ray lasers,
where atoms are heated and pumped by intense XFEL pulses®®2,
Figure 2b shows the time-resolved resonant X-ray emission yield
alongside the corresponding XFEL transmission. A clear inverse cor-
relation between the two is observed, as further presented in Fig. 2c,
indicating consistent underlying processes of plasma heating, ioniza-
tion, and recombination. The observed correlation between the reso-
nant X-ray emission yield and the XFEL absorption in Fig. 2¢ indicates
the small scale length of the resonant features, as otherwise absorption
becomes saturated, while backward resonant emission yield is domi-
nated by the first absorption length thickness. In this way having both
resonant backscatter (sensitive to the x-ray absorption depth) and
transmission (bulk) are complementary diagnostics yielding additional
information from their combination. For the resonant charge state
corresponding to peak absorption at the XFEL photon energy, the
effective absorption length is on the order of one micrometer, O(um).
This implies that, for linear proportionality, the projected thickness
must be smaller than this value, indicating that the ionization is highly
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Fig. 2 | Experimental measurements of resonant X-ray emission yield and XFEL
transmission. a Experimentally measured time-resolved X-ray emission spectra
covering the pump-probe delay ranging from -1 ps to 10 ps for a few selected shots.
The light blue shaded region denotes the full spectral bandwidth of the XFEL beam
centered at 8.2 keV. b Temporal evolution of resonant X-ray emission yield in the
region of XFEL photon energy and normalized XFEL transmission. The stochastic
fluctuation in XFEL transmission is primarily caused by X-ray spatial jitter,
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particularly evident at negative delays. ¢ Correlation of the resonant X-ray emission
yield and the XFEL transmission. The error bar of the pump-probe time delays
assumes the relative timing uncertainty to be 200 fs for all the hot shots. The error
of the spectrum is multiplied with a factor of 5 to make it visible on the figure. The
background subtraction and selection of good shots are detailed in the Methods
section.

localized near the front surface, rather than producing a uniform
charge state. Furthermore, although the features are smaller than the
XFEL focal size, variations in direct beam overlap due to beam jitter
introduce only minor fluctuations in the total absorption signal. For-
ward X-ray propagation simulations show that the absorption variation
is <0.1 assuming + 5pum jitter, which is consistent with the experi-
mental data shown in Fig. 2b at negative delays. Consequently, changes
in the resonant absorption remain clearly distinguishable when the
effects of beam jitter are taken into account. Thus, while resonant
emission serves as an ionization diagnostic and is extensible to thicker
or layered targets containing a suitable resonance due to its spectral
sensitivity, the observed correlation in resonant absorption can be

used here to infer an approximate scale length even without direct
imaging. In particular, in the case of the strongest XFEL stimulation at
2.5 ps, the resonant X-ray yield reaches maxima at 2.27 x 10'° photons/
sr, which corresponds to (0.37 + 0.02) mJ over the full 4 solid angle. It
is ~(47 = 3)% of the XFEL pulse energy measured with ~0.787 mJ. For
comparison, the attenuation length of cold solid Cu at the photon
energy of 8.2keV is 22.73 pm according to the Henke Tables®. For an
XFEL beam with a ~10pum field of view centered on the 10 pm-diameter
cold Cu wire, the total XFEL absorption is calculated to be 22%. This is
equivalent to ~46% of the absorption measured in the hot dense
plasma at 2.5 ps, consistent with the increased attenuation observed in
the resonant case and the opacity predictions shown in Fig. 1, as well as
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the correlation shown in Fig. 2b. Since the radiative decay rate is
proportional to the ion number density”’, the measured resonant
emission yield directly reflects the population of the selected Cu?* ion,
and thus ionization and recombination evolution. It is worth noting
that the duration of the resonant X-ray emission lasts significantly
longer in the Cu wires than in the foil case, as observed in an ongoing
study, where the emission decays completely at -3 ps. The slower
evolution and enhanced emission observed in wires is attributed to
lower heat dissipation caused by stronger refluxing and reduced spa-
tial spreading of the surface-confined hot electrons®.

In the hot, dense plasma state created by the optical relativistic
laser pulse, the electronic configurations of Cu ions with K-shell
vacancies—pumped by resonant XFEL radiation—can become highly
complex. Each spectrum peak shown in Fig. 2a is contributed by an
average of many different configurations of Cu ions with different
statistical weights and slightly different K-L transition energies. In
particular, the resonantly excited L-shell electrons could be relaxed by
the channels of radiation decay, Auger decay or collisions. The first
case will result in the resonant emission at the same wavelength as the
incident XFEL beam, while the other two channels will re-distribute the
electronic configuration and thus will result in the K-satellite emission
of neighboring states, as discussed in Fig. 1c. To analyze these features,
the experimental spectra were fitted by a set of 14 gaussian functions,
corresponding to the distribution of each individual satellite emission
between K, and He,. The central energy of the gaussian functions,
except the resonant photon energy with XFEL, are fixed as inferred
from the SCFLY atomic simulations shown in Fig. 1a and the XFEL-only
heating experimental data in well-defined conditions®, namely,
8.027 keV, 8.047 keV, 8.055keV, 8.08 keV, 8.12 keV, 8.16 keV, ~8.2 keV,
8.255keV, 8.3keV, 8.322keV, 8335keV, 8.352keV, 8.372keV, and
8.395keV, labeled with line indices from O to 13, respectively. Each
index identifies a specific bound-bound transition associated with
emission at a characteristic energy. Figure 3a shows an example of a
fitted spectrum at 2.5 ps delay, corresponding to the peak of resonant
emission yield. To mitigate the uncertainties of initial laser-wire cou-
pling conditions, the intensity of each fitted line is furthermore nor-
malized to the mean value of the shots with negative delays, that are
analogous to the laser-only shots since the resonant channel is not
opened yet, as already seen in Fig. 2a. Figure 3b shows the normalized
line intensity of the fitted spectra at different delays. A prominent line
(line 6) at -8.2keV is clearly observed, attributed to dominant on-
resonance radiative decay. In addition, off-resonance lines on either

side—at 8.16 keV (line 5) and 8.255keV (line 7)—within an energy win-
dow of ~-100 eV, are simultaneously pumped by the XFEL field, while
the evolution of other lines is not distinct. Since the FWHM bandwidth
of XFEL beam is only ~18 eV, which is not broad enough to drive the
neighboring satellites, the off-resonance emissions are attributed to
the Auger decay, collisional ionization (increasing the charge state), as
well as recombination (decreasing the charge state) through dielec-
tronic and three-body processes, which modify the L-shell electron
occupancy between resonant excitation and subsequent emission. The
ratios of line intensities can therefore be used to measure collisional
rates (ionization and recombination) relative to the radiative rate.
Here, the off-resonance emission line intensities on both sides of the
XFEL photon energy are similar, suggesting comparable ionization and
recombination rates, though they are a few times lower than the
radiative decay rate. The observed neighboring satellite emissions near
the resonant XFEL photon energy are consistent with the SCFLY
simulation shown in Fig. 1c. A similar feature was reported in an
ultrathin warm dense plasma (-54 nm) isochorically heated by XFEL
pulses®. In this work, such on- and off-resonance features are observed
in a laser-generated hot dense plasma (-10 pm thick) exhibiting steep
temperature and density gradients, where nonthermal electron
populations with MeV energies can strongly alter collisional rates. In
conjunction with time-resolved spectroscopic measurements, X-ray
absorption imaging can be further used to probe the spatial distribu-
tion of ionization within plasmas, as recently demonstrated in short-
pulse laser-driven warm/hot dense matter experiments?.

Kinetic and MHD simulations

To further reveal the ultrafast heating and ionization dynamics, two-
dimensional (2D) PIC and MHD simulations were performed under
realistic laser and target conditions. The PIC simulations employ both
an LTE-based pressure ionization model and an NLTE-based impact
ionization model implemented within the PICLS code®. It is noticed
that the LTE model implicitly accounts for recombination via an
empirical Thomas-Fermi equation of state (EQS) that constrains the
cell-averaged ion charge, while the NLTE model uses a probabilistic
Monte Carlo approach to compute the impact ionization rate but
neglects recombination. The treatment of the ionization models in the
code is detailed in previous theoretical work®”’. Additionally, plasma
heating is modeled using a relativistic binary collision operator® in all
the cases. The PIC simulations summarized in Fig. 4 were performed
with a lower-bound peak intensity within the standard deviation based
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Fig. 4 | Hybrid kinetic and MHD simulations of plasma heating and ionization
dynamics. Spatial distribution of electron temperature and ion charge state
obtained from 2D PIC simulations in the case of top view of a Cu wire with 10 um
thickness, using a the LTE-based Thomas-Fermi and b the NLTE-based direct impact
ionization models, both at 100 fs after peak laser intensity irradiation. Corre-
sponding 2D PIC and MHD simulations for the side view of the Cu wire using the

NLTE ionization model are shown at ¢ 100 fs and d 2.5 ps, respectively. Longitudinal
lineouts of the plasma temperature (e) and average ion charge state (f) of the
corresponding 2D simulation maps, extracted from the initial target region indi-
cated by the light green area. The light violet regions indicate the probed resonant
charge state and its corresponding evaluated plasma temperature. The parameters
of the PIC simulation are described in the Methods section.

on the measured spatial laser profiles, i.e., 1.875 x 10?° W/cm?, that
accounts for the non-negligible fraction of energy distributed outside
the central focus region. Additionally, the simulations employed a
preplasma profile predicted by MHD simulations using the FLASH
code with the IONMIX EOS library*®, which shows good agreement with
experimental measurements obtained via nanometer-sensitive small-
angle X-ray scattering diagnostics in our recent work”. Details of the
simulation setup are provided in the Methods section. Firstly, we
examine the comparison of plasma temperature and ionization for the
LTE and NLTE ionization models using a circular geometry that
represents a top-down view of a wire target at 0.1 ps shown in Fig. 4a, b.
In both cases, the front surface temperature at the interaction point is
heated up to -3 keV and experiences a rapid decline within the target.
In the bulk, although the NLTE model predicts temperatures that are a
few hundred eV higher, the resulting ionization depth for the highly
ionized resonant charge state Cu®* is much smaller—-2 pm compared
with 5 pm in the LTE model. The lower ionization is consistent with the
higher temperature observed in NLTE case, since less thermal energy is
extracted from the bulk plasma for ionization than in the LTE case.
High-intensity, ultrafast laser-generated solid-density plasmas often
deviate from LTE conditions characterized by a Maxwellian particle
energy distribution. The NLTE ionization model is more accurate in
this regime, as it accounts for arbitrary electron energy distributions,
including relativistic tails. As shown in Fig. 4f, the NLTE ionization
model provides a closer match to the experimental data, which reveals

localized surface ionization as discussed in Fig. 2. These comparisons
demonstrate the critical role of non-equilibrium collisional processes
in improving the predictive capability of the simulations. Furthermore,
we conducted additional 2D PIC simulations employing the NLTE
ionization model in a planar configuration, depicting the side view of
the wire target as plotted in Fig. 4c. It is evident that both the surface
and in-depth heating and ionization levels caused by the electron
transport are notably reduced in comparison to the previous circular
scenarios. This reduction occurs because the hot electrons spread
laterally along the planar target surface nearly at the speed of light,
being primarily constrained by the longitudinal sheath fields. In con-
trast, within the context of a mass-limited circular geometry, the hot
electrons are effectively confined or reflected by strong sheath fields
encompassing its entire surface. In this case, the ionization depth for
the resonant charge state Cu®" is further reduced to -1.5um, in
excellent agreement with the experimentally measured effective
absorption length discussed earlier. Limited by computational power,
we are only able to run the PIC simulations with realistic solid density
up to 100 fs when the laser intensity drops far below the relativistic
intensity. To extend the temporal analysis, we have run an MHD
simulation using the PIC predicted distributions of electron and ion
temperatures to model the plasma adiabatic cooling through the
hydrodynamic expansion and thermal equilibration. As shown in
Fig. 4d, 2.5 ps after the laser-solid interaction, the surface electron
temperature decreases to -1 keV, and the region corresponding to the
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resonant charge state Cu?" extends to a depth of -2.5 um. This region
remains localized near the surface and is therefore in satisfactory
agreement with the measurements, although the MHD simulations
implicitly assume equilibrium conditions. It is noted that, in order to
best reproduce the key experimentally measured parameters—such as
the heating and ionization depth—it is essential to account for the
realistic peak laser intensity based on the measured spatial laser pro-
file, as well as an appropriate preplasma profile. These are the most
critical initial conditions for the PIC simulations in constraining the
basic plasma parameters and are discussed in detail in the Methods
section “Effect of Peak Laser Intensity and Preplasma Profile”.

Discussion

In this study, the ultrafast heating and ionization dynamics in a hot
dense plasma were investigated using a novel platform in which an
ultra-short, relativistic optical laser driver was combined with an XFEL
probe. It enables sub-picosecond time resolution over an array of
complementary diagnostics, including resonant emission spectro-
scopy and simultaneous X-ray absorption imaging as sensitive charge
state population diagnostics. The x-ray emission yield in the energy
window resonant with the XFEL beam at 8.2keV was observed at
~0.5 ps, rapidly peaks at ~2.5ps, and then decays gradually until dis-
appearing at ~10 ps after the laser irradiation of the Cu wires. The
distinct rise-and-fall temporal profile of the on-resonance emission
yield reflects the evolving population of highly ionized Cu®** ions,
indicating ongoing ionization and recombination processes while the
solid-density plasma temperature remains above 500 eV up to ~10 ps
after the laser target interaction. A clear linear correlation between the
yield of resonant x-ray emission and the XFEL attenuation at different
pump-probe delays was observed, consistent with atomic collisional-
radiative simulations. Furthermore, clearly resolved neighboring off-
resonance features were also observed. It suggests that, in addition to
the dominant radiative decay, the excited ions stimulated by the XFEL
can also undergo relaxation via Auger and collisional processes (ioni-
zation and recombination). Comparable off-resonance line intensities
on both sides of the XFEL photon energy suggest similar ionization and
recombination rates. The experimental results were compared with
comprehensive simulations using PIC and MHD codes to elucidate the
underlying physics. The hybrid MHD-PIC-MHD simulation framework,
which incorporates a realistic peak laser intensity based on the mea-
sured spatial laser profile together with an appropriate MHD-predicted
preplasma profile, is able to reproduce key experimentally measured
parameters, such as the heating and ionization depths when the NLTE
model is used.

These measurements enable ultrafast, time-resolved access to
transient heating, ionization, and recombination dynamics in hot
dense plasmas, overcoming the limitations of previous time-
integrated diagnostics. Although the total X-ray transmission is suc-
cessfully derived from absorption imaging, reconstructing the spa-
tial distribution of phase and attenuation maps remains challenging,
owing to the limited imaging quality in the diffractive regime of this
experiment”. With an improved setup—such as the newly commis-
sioned Talbot X-ray imaging system at the XFEL facility*”, which
incorporates an additional imaging lens and Talbot grating between
the sample and detector—it is possible to simultaneously track the
evolution of spatially resolved density and temperature at sub-
micron resolution. This capability, combined with sensitive charge-
state population diagnostics, provides a powerful tool for addressing
key challenges in inertial confinement fusion (ICF)-relevant micro-
physics, including high-resolution imaging of early hydrodynamic
instability growth*°, radiation asymmetry* and fuel mixing** of the
burning core in future ICF implosion experiments with unprece-
dented precision. Consequently, this work is of broad interest to the
high-energy-density and ICF communities, both as an experimental
platform for accessing these theoretically challenging conditions and

as a benchmark for improving models of high-power laser-plasma
interactions.

Methods

X-ray setup and parameters

The online calibrated High REsolution hard X-ray single-shot (HIREX)
spectrometer installed in the photon tunnel of the SASE2 undulator
beamline was used to monitor the SASE spectrum*’ that ensured the
central X-ray photon energy fixed at 8.2 keV during the entire beam-
time. Fitting the measured X-ray spectrum with a Gaussian function
gives the FWHM bandwidth of ~18 eV. The photon energy was cross-
checked by the elastic X-ray scattering signal on the test Cu samples
measured by the von Himos X-ray spectrometer inside the interaction
chamber®. The X-ray pulse energy was measured via an X-ray gas
monitor (XGM) located in the photon tunnel and an intensity and
position monitor (IPM) installed at the HED instrument**. The XFEL
beam was focused onto the sample to a spot size with a full width at
half maximum (FWHM) of ~10 um, using the compound refractive lens
(CRL) configuration comprising arms 3, 6, and 10 of CRL3, located in
the HED optics hutch at a distance of ~962 m from the source and ~9 m
to the target chamber center (interaction point)"”. The XFEL spot size
was characterized by the edge scan of the test samples via X-ray
transmission using Zyla detector located at 6.31 m downstream from
the target chamber center.

ReLaX optical laser setup and parameters

The ReLaX optical laser is a 3], 30 fs, 10 Hz Ti:sapphire-based system,
irradiating the Cu wires at normal incidence. The laser intensity profile
measured by a x20 APO PLAN microscope objective, showed that only
a fraction of the total energy was contained in the central focal spot,
deviating from a perfect Gaussian profile, as shown in Fig. 5. A statis-
tical analysis of 618 ReLaX pulses yielded mean FWHM focal sizes of
3.9um (horizontal) and 3.6 pum (vertical), with relative standard
deviations of 12% and 11%, respectively. The fraction of energy within
the central focus was 0.44, with a relative standard deviation of 9%.
Fluctuations in laser energy and pulse duration were negligible com-
pared to other sources. Accounting for all these factors, the peak
intensity was estimated to be 2.5 x 10%° W/cm??, with a relative standard
fluctuation below 25%, corresponding to a range of
(1.875 - 3.125) x 10%° W/cm?. The temporal contrast of pulse intensity
was measured by the offline diagnostics package consisting of single-
shot temporal pulse diagnostics (SHG cross-correlator, a WIZZLER 800
for the spectrally resolved phase and intensity), a scanning third-order
intensity autocorrelator (Sequoia HD) and a spatial phase sensor
(SID4) in combination with a full beam adaptive deformable mirror,
seen in our earlier work®. It is noted that the microscope objective was
used only to generate a magnified image of the focal spot for focus-
quality characterization during alignment. Because the objective was
positioned downstream of the target chamber center, any dispersion it
introduced would not affect the laser-matter interaction. Moreover, it
was retracted during high-energy shots to prevent damage to the
optics. Therefore, the microscope objective did not alter the laser
pulse duration or the intensity on target.

Synchronization between optical and X-ray lasers

The timing and synchronization between optical and X-ray laser were
measured by the optical encoding spatial photon arrival monitor
(PAM)*. The measurable timing window by the PAM is within 200 fs,
which gives the upper limit of the uncertainty of XFEL probe time delay
relative to the ReLaX laser presented in this work.

Bremsstrahlung and self-emission background subtraction of
RXES data

The approach of removing the Bremsstrahlung background subtrac-
tion of RXES data has three steps. First, we fit the off-axis background

Nature Communications | (2026)17:3219


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-71429-5

(a) Atypical ReLaX profile (b)

>
wn
L

ReLaX FWHM size [um]
>
o
L

w
wn

—— Horizontal, Mean 3.9 pm, std 0.5 pm
Vertical, Mean 3.6 um, std 0.4 ym

|- \
| l‘l “| | w L | ‘,

(© BB Mean 0.44, std 0.04

Counts

|
|

3.0
0 500 1000 1500

RelLaX Intensity [a.u.]

2000 0 100 200 300
RelLaX pulse #

0
0.30

400 500 600 0.35 0.40 0.45 0.50

Energy fraction in central focus

Fig. 5 | Experimental measurements of ReLaX laser spatial profile. a A typical example of the spatial intensity profile of ReLaX laser beam. b, ¢ show the shot-to-shot
statistical fluctuations of the FWHM size and the energy fraction within the central focus, respectively. The standard deviation is denoted by “std".

for each pixel coordinate along the dispersive direction. Then we use
the fit and construct an on-axis background, including error. At last,
the background is subtracted under the condition that the result is
strictly non-negative (marginalizing over the error). The error on the
spectrum is a combination of Poisson observation error, dark image
root-mean-square (including multiple gain stages) and background
correction error. Finally, to obtain the net resonant X-ray yield, the self-
emission at -8.2keV is subtracted by fitting the Bremsstrahlung-
subtracted emission yield to the He, yield from shots with negative
delays, which are analogous to the laser-only shots.

Justification criteria of of high-quality shots

To minimize the initial uncertainties in the coupling conditions among
the optical laser, XFEL beam, and wire target, we analyzed the statis-
tical distributions of K, and He, emission yields, the XFEL transmission
spatial profiles, and the total transmitted intensity for justification of
high-quality ("good”) shots. It is noted that here the He, is defined as
the 2p > 1s transitions in Cu®** and Cu?" ranging from 8.28 to 8.42 keV.
The K, emission yield is found to be saturated, being limited by laser
absorption and the resulting hot electron population as seen in Fig. 6.
In contrast, the He, yield serves as a more reliable indicator of plasma
heating. Based on these statistics, high-quality ReLaX shots were
selected by applying a threshold: He, emission yields greater than
0.7 x 10'° photons per steradian. These selected good shots were
further filtered by requiring a total XFEL transmission below 0.9,
suggesting good spatial overlap between the XFEL and the target. This
overlap is also confirmed by examining the corresponding XFEL spatial
profiles as seen in Fig. 7. The streaks observed in the good shots result
from X-ray scattering at the edges of the wires. In contrast, when the
XFEL transmission exceeds 0.9, the edge-scattering streaks are no
longer apparent, indicating that the XFEL beam likely only partially hit
the wires.

PIC simulations

In this work, all the 2D3V PIC simulations are performed with PICLS
code’®, employing the realistic laser and target parameters as used in
the RelLaX laser pump-XFEL probe experiment. To quantify the
impact of the laser parameters on the PIC simulations, the
p-polarized laser pulse with the laser wavelength 1o = 0.8 um and
peak intensities ranging from 1.875 x 10?° W/cm? to 5 x 10%° W/cm?, is
modeled using Gaussian profiles in both space and time with full
width at half maximum (FWHM) spot size wrwuwm = 4 pim and duration
Trwhm = 30 fs respectively. The laser irradiates the solid copper (Cu)
wire target of 10 pm diameter at normal incidence. In order to take
account the effect of leading edge of ReLaX laser pulse, the density
profile of preplasma predicted by the MHD simulations is added to

the front surface of the Cu target. The mass density of Cu target is
8.96 g/cm?, corresponding to the number density of Cu ions being
48.27 n., where n.=1.74 x 10* cm™ is the plasma critical density. The
cell size Ax=A4y= 5.3 nm and time step At = 0.0178 fs are set to resolve
the plasma wavelength (21.4 nm) and frequency (0.071 fs) in fully
ionized case that the free electron density reaches 1400 n.. The
simulation box consists of Ny x N, = 7500 x 5000, corresponding to
the real space size 40 pm x 27 um. The axes x and y represent the
directions of laser propagation and polarization respectively. The
initial charge state of Cu ions is 1+ and the computational Cu' ion
number per cell is 5, corresponding to 145 electrons per cell for fully
ionized case. The choice of fine cell size, time step and particle
numbers ensures the elimination of numerical heating in our simu-
lations. All the PIC simulations use the absorbing boundary and start
with an initially cold neutral plasma. The collision ionization is trea-
ted either by the LTE based Thomas-Fermi pressure ionization model
or NLTE based direct impact ionization model®. The field ionization
and plasma heating is treated by the Landau-Lifshitz field ionization
and the relativistic binary collisional operator respectively**. The
large scale simulations using the realistic plasma density including
both ionization and collision processes require huge computational
resource to illuminate the numerical heating. Due to limited com-
putational resources, the PIC simulations were performed up to 100
fs after the peak laser intensity reached the front surface of the
target.

MHD simulations

To assess the sensitivity of the predictive capability to the choice of
EOS library, MHD simulations using the FLASH code® with the
SESAME*¢ and IONMIX*’ EOS are performed to simulate the preplasma
formation driven by the rising slope of the ReLaX laser pulse ranging
from —-80 ps to -1 ps prior to the arrival of the peak ReLaX laser pulse,
corresponding to the laser intensity rising from ~10” W/cm? to -10" W/
cm?. Figure 8 compares the spatial density profiles of preplasmas
obtained using the SESAME and IONMIX EOS, respectively. Up to 1 ps
before the arrival of the peak laser intensity, the preplasma density
exhibits a short scale length near the initial solid target surface,
extending into a much lower-density region with a longer scale length
in both cases. While the scale lengths in the very low-density region are
comparable, the near-surface scale length is slightly larger for IONMIX
(-100 nm) than for SESAME (-60 nm). The predicted density profile is
used as the input to the kinetic PIC simulations during the main pulse
solid interactions. Then the PIC predicted spatial distribution of the
plasma electron and ion temperatures at 100 fs are coupled to the
FLASH MHD simulation to investigate the late time hydrodynamic
compression and expansion driven by the shock waves from direct
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laser ablation and transient surface return current up to 150 ps after
the laser matter interactions. The adaptive mesh size and time step are
set to satisfy the Courant-Friedrichs-Lewy (CFL) conditions to ensure
the convergence of the simulations. The combination of kinetic and
MHD simulations enables us to explore the complex dynamics of
electron transport during the entire relativistic laser solid wire
interactions.

Effect of peak laser intensity and preplasma profile

At present, predictive understanding of the complex dynamics in ultra-
short, relativistic laser-solid interactions relies primarily on PIC simu-
lations. However, for comparison with experimental data, PIC simula-
tions have typically assumed a peak laser intensity corresponding to
the full laser energy contained within an ideal Gaussian focus, together
with a preplasma described by a simple exponential density profile*.
As we discuss below, these simplified initial conditions can lead to
significant discrepancies between simulated and measured plasma
heating and ionization dynamics. Figure 9 shows how variations in the
peak laser intensity and preplasma profile strongly affect the pre-
dictive capability of the PIC simulations. In the case of an MHD-
simulated preplasma density profile with the SESAME EOS and a peak
laser intensity of 5 x 10%° W/cm?, assuming that the full ReLaX energy is
contained within ideal Gaussian profiles in both space and time, the

front surface temperature at the interaction point rises to ~12 keV and
decreases to above 1 keV near the rear surface of the target. It results in
the nearly full strip of L-shell electrons of Cu ions near the target
surface and 5~-7 um in-depth ionization for the resonant charge state.
This significantly overestimates plasma heating and ionization—most
significantly at the surface, but also at depth, compared with the
experimental observations. In contrast, using a more realistic peak
intensity in the central focus, 1.875 x 10%*° W/cm?, which corresponds to
the lower-bound peak intensity accounting for the non-negligible
fraction of energy distributed outside the central region, the surface
temperature is reduced to -5 keV and declines rapidly to ~1.5 keV within
a depth of 1.5 pm. From the measured X-ray emission spectrum, no Ly,
lines are observed, indicating that the temperature in the solid
region should remain below 1.5 keV based on SCFLY atomic simula-
tions. Therefore, even with the corrected peak intensity, the simulation
still overestimates the heating. By further adjusting the preplasma
density profile based on the MHD simulations using the IONMIX EOS,
the surface temperature is reduced to ~2.5 keV, falls to -1.5 keV within a
depth of 0.2 um, and decreases below 1keV throughout the target
bulk. Correspondingly, the predicted resonant charge-state of
interest is populated near the surface, consistent with the
resonant emission and absorption imaging of highly charged Cu ions
observed in the experiment, which reveals localized surface heating
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Fig. 8 | 2D MHD simulation results for preplasma conditions used as input for subsequent PIC simulations. Preplasma density profiles obtained using the SESAME
a and IONMIX b EOS libraries up to 1 ps before the arrival of the peak laser intensity. ¢ Comparison of longitudinal lineouts along the target center.

confined to the laser spot size. Even when the peak laser intensity is
increased to the measured upper bound of 3.125 x 10%*° W/cm? within
the standard deviation, the simulated resonant charge state remains
predominantly confined near the surface, extending only to -2 um into
the target, and still agrees with the experimentally inferred

localization. Thus, the systematic simulations and adjustments clearly
show that the realistic peak laser intensity and the preplasma density
profile constitute the most critical initial conditions for reliably pre-
dicting the plasma heating and ionization dynamics observed
experimentally.
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(a)

—— Preplasma from SESAME EOS, /peak = 5 X 10%2° W/cm?
Preplasma from SESAME EOS, /peax = 1.875 x 10%° W/cm?

B Preplasma from IONMIX EOS, Ipeak : 1.875 ~ 3.125 x 102° W/cm?

104 B Evaluated temperature for resonant charge state in LTE model

12 4

Te [keV]

(b)30

—— Preplasma from SESAME EOS, /peak = 5 X 10%° W/cm?
Preplasma from SESAME EOS, /peax = 1.875 x 10%° W/cm?

mm Preplasma from IONMIX EOS, lpeak : 1.875 ~ 3.125 x 102° W/cm?

B Resonant charge state

28

x [pm]

Fig. 9 | 2D PIC simulations of the effect of peak laser intensity and preplasma
profile on the heating and ionization dynamics. The simulations are based on a
flat geometry, corresponding to a side view of the solid Cu wire target, extracted
100 fs after the main pulse arrival. Comparisons of longitudinal lineouts of a the

x [um]

plasma temperature and b the average ion charge state along the target center for
different interaction conditions, with the initial solid target region indicated by the
light green background.

Data availability

The data recorded for the experiment at the European XFEL are
available at EuXFEL data repository, HED 3129, after the expiration of
the embargo period*® or from the corresponding author, L.H., upon
request. The simulation data used to generate Figs. 1, 4 and 8-9 are
available at the Rossendorf data repository*’.

Code availability

The MHD code FLASH 4.8 used in this work was developed in part by the
DOE NNSA- and DOE Office of Science-supported Flash Center for
Computational Science at the University of Chicago and the University
of Rochester, and it is publicly available. The PIC code PICLS and ana-
lysis scripts used in this study are available upon reasonable request.
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