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ABSTRACT

We present a proof-of-principle study demonstrating x-ray Raman Spectroscopy (XRS) from carbon samples at ambient conditions in con-
junction with other common diagnostics to study warm dense matter, performed at the high energy density scientific instrument of the
European x-ray Free Electron Laser (European XFEL). We obtain sufficient spectral resolution to identify the local structure and chemical
bonding of diamond and graphite samples, using highly annealed pyrolytic graphite spectrometers. Due to the high crystal reflectivity and
XFEL brightness, we obtain signal strengths that will enable accurate XRS measurements in upcoming pump–probe experiments with a high
repetition-rate, where the samples will be pumped with high-power lasers. Molecular dynamics simulations based on density functional the-
ory together with XRS simulations demonstrate the potential of this technique and show predictions for high-energy-density conditions. Our
setup allows simultaneous implementation of several different diagnostic methods to reduce ambiguities in the analysis of the experimental
results, which, for warm dense matter, often relies on simplifying model assumptions. The promising capabilities demonstrated here provide
unprecedented insights into chemical and structural dynamics in warm dense matter states of light elements, including conditions similar to
the interiors of planets, low-mass stars, and other celestial bodies.
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I. MOTIVATION

Warm dense matter (WDM), an extremematerial state with tem-
peratures on the order of several thousand to several million kelvin
and solid densities, poses severe challenges for its characterization.1

Reliable experiments in the laboratory are technologically demanding,
since WDM can only be investigated as a highly transient and optically
opaque state in a small sample volume.2 Providing a precise theoretical
description of WDM is extremely challenging due to the complex
interplay of many effects, which act on similar energy scale, including
partial ionization, strong ion–ion coupling, and electron degeneracy.3

The development of new models is required, as it is not feasible to
apply well-established concepts from condensed matter or plasma
physics theory. The investigation of light elements like carbon and
carbon-containing materials in their WDM conditions is, among
others, highly relevant to planetary and stellar physics.4–6 Warm dense
carbon is expected to play a prominent role inside icy giant planets
contributing to the planets’ energy balance via diamond precipitation
and to their peculiar magnetic field structure via liquid metallic car-
bon.7 Aside from that, carbon is a very practical material for WDM
research, as a low-Z material having a computationally tractable elec-
tron number. It is also convenient to handle in the laboratory, as a
non-hazardous solid sample material, that is available in various struc-
tures and densities.

Experimentally, one method to generate WDM employs laser-
driven shock compression, where a high-energy high-intensity laser
with nanosecond pulse duration is focused onto a bulk sample to drive
a shock wave which compresses the material. For a few nanoseconds,
high-pressure states up to the order of 100GPa with temperatures on
the order of 1 eV can be generated with this technique.8–12 WDM
states have also been accessed with isochoric heating schemes using
high-intensity fs-lasers, FEL pulses, and highly energetic particle
beams.13–19 Probing these dense and transient states requires a
volume-penetrating and ultra-short pulsed backlighter with high bril-
liance and pulse lengths shorter than a nanosecond. For that reason,
modern x-ray sources like synchrotrons and x-ray free electron lasers
(XFELs) in combination with high-energy and high-intensity lasers
have become important facilities for conducting WDM experiments.
Furthermore, various x-ray diagnostics have been developed as power-
ful tools for the characterization of WDM states in the laboratory.
Experimental techniques including x-ray diffraction (XRD),5,20 x-ray
absorption spectroscopy (XAS),8–10,15 small angle x-ray scattering
(SAXS),14,21 and spectrally resolved collective (forward) and non-
collective (backward) x-ray Thomson scattering (XRTS)18,22–27 have
been applied to gain insight into plasma conditions and dynamics.
While diffraction methods are able to give insight into the global ionic
structure, information about the local structure, electronic structure,
and chemical bonding can be obtained with x-ray absorption near-
edge structure (XANES) and extended x-ray absorption fine structure
(EXAFS) spectroscopy. Spectrally resolved XRTS techniques can probe
important properties like the electron temperature and density and the
ionization state as well as plasmon features. SAXS provides the oppor-
tunity to observe plasma dynamics at nm length scales. The data anal-
ysis of all the aforementioned diagnostics requires theoretical input.
Therefore, a combination of multiple complementary diagnostics is
desirable to reduce the uncertainties introduced by the approximate
theoretical models and experimental errors.21,28,29

Due to its importance and practicality, carbon and carbon con-
taining samples are popular materials to study in WDM experi-
ments.5,28,30,31 While the combination of XRTS, SAXS, and XRD
measurements in shock compression experiments has resulted in out-
standing findings in recent years,21,27 it is challenging to adapt experi-
mental setups to include XAS for low-Z materials, which have K-edge
energies in the soft x-ray regime.32 X-rays with energies below 1 keV
typically penetrate only surface layers or very thin samples with sub-
micrometer thicknesses. In experiments using dynamic shock com-
pression techniques with a high-energy laser and nanosecond pulse
length, thicker bulk samples (10–100lm) are required to reach the rel-
evant pressure conditions as well as to match the shock transition
times inside the sample with the pulse length of the laser. A promising
alternative, which overcomes the difficulties in XAS transmission mea-
surements on low-Z materials, is x-ray Raman scattering, which can
provide similar information.

X-ray Raman spectroscopy (XRS) studies the non-resonant
inelastic x-ray scattering from the core electrons while transferring
parts of the incident x-ray energy and exciting the electrons to higher
level unoccupied states.33,34 The cross section for scattering from the
ground state jii with the energy Ei to the final state jf i with the energy
Ef is proportional to the dynamic structure factor given by

Sðq;xÞ ¼
X

f

jhije�iq�r jf ij2dð�hxþ Ei � Ef Þ;

with q being the momentum transfer, �hx the transferred energy, and r
the radius of the core orbital.35 Investigating the spectrum of the
energy loss of the x-ray photons and not the absorption of the incident
x-ray energy allows the use of hard x-rays, which can penetrate and
probe the bulk of the sample material. XRS measurements have been
performed for decades at various beamlines of several synchrotron
sources on samples at ambient conditions but also with compressed
material in diamond anvil cell experiments.33,34,36–41 However, a
typical synchrotron setup, e.g., using high-resolution diced analyzer
crystals and scanning the photon energy, is not practical for most
WDM experiments where additional diagnostics usually require the
photon energy to remain constant.

In this work, we show that comparable measurements can be
obtained at x-ray free electron laser sources in experimental setups
including additional drive options to study WDM under high-
temperature high-pressure environments. The combination of XRS
with other already existing spectrally resolved x-ray scattering techni-
ques is relatively straightforward. Since the non-collective x-ray scat-
tering spectrum shows the superposition of the different contribution
from elastic and inelastic scattering at the free, valence, and core elec-
trons, it is possible to extract spectra for studying the bound-free tran-
sitions from core electrons with a few adjustments to the usual
experimental procedure.18 The main challenges are the extremely low
cross section of the hard x-ray scattering from core electrons and the
energy resolution required to resolve structures in the XRS spec-
trum.33,34 This can be overcome by data accumulation of multiple
shots in high-repetition rate experiments at XFELs using bright, low
bandwidth x-ray pulses together with high-resolution and highly
reflective spectrometers in carefully designed experimental setups. To
keep the background from the scattering from valence electrons as low
as possible, the position of the maximum of the Compton peak can be
varied by the choice of the investigated momentum transfer by
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adjusting either the incident x-ray energy or the scattering angle.33,34

At low q, when q � r � 1, mainly dipole transitions are investigated;
here, the dynamical structure factor can be expressed as

Sðq;xÞdipole ¼
X

f

q2jhijrjf ij2dð�hxþ Ei � Ef Þ;

and the XRS spectrum becomes equivalent to the x-ray absorption
spectrum.35,36 At higher momentum transfer, also non-dipole transi-
tions can be probed.34,42,43 In addition, the XRS intensity can also be
optimized to a certain extent by the choice of q, due to its quadratic
dependence on the momentum transfer.42 A first attempt of studying
the carbon K-edge in non-collective scattering spectra of isochorically
heated carbon (pyrolytic graphite) was performed in 2014 at the Linac
Coherent Light Source (LCLS).18 While edge-shifts due to ionization
potential depression in dense matter could be observed in this experi-
ment, the energy resolution of 20 eV, resulting from the spectrometer
resolution and the XFEL bandwidth, did not allow the investigation of
the substructures in the XRS signal. Here, we present a proof-of-prin-
ciple experiment, where carbon samples were probed at ambient con-
ditions, achieving energy resolutions of �1 eV while taking advantage
of the high brightness of the European XFEL. Additionally, we show
theoretical predictions using density functional theory molecular
dynamics (DFT-MD) and XRS simulations demonstrating the poten-
tial for experiments using rep-rated drive systems.

II. EXPERIMENT

The experiment was performed at the High-Energy-Density
(HED) scientific instrument of the European x-ray free electron
laser.44 An x-ray only setup was used to demonstrate the capability for
XRS measurements at HED, to be extended in conjunction with
planned future laser drivers once they come online.45 The experimen-
tal setup is presented in Fig. 1.

We investigated polycrystalline carbon foils in the form of dia-
mond and graphite (flexible, rigid, and pyrolytic) with thicknesses
ranging from 10 to 125lm and densities ranging from 0.9 to
3.51 g cm�3. X-ray pulses with a photon energy of 6 keV were focused
by compound refractive Be lenses to spot sizes<20lm onto the

carbon samples. The energy bandwidth of the x-ray beam was reduced
from the full self-amplified spontaneous emission (SASE) spectrum
to<1 eV using a four-bounce Si-111 monochromator46 to ensure the
required high spectral resolution of the measurements. The transmis-
sion of the monochromator was �1% in this experiment, resulting in
x-ray pulse energies of �20 lJ. The “1/e” absorption depth in carbon
at 6 keV is �420lm, and therefore, most of the pulse energy is trans-
mitted through the sample up to a maximum absorption of �20% for
125lm thick graphite. The average absorbed energy per electron was
calculated to be on the order of 1meV for all sample types, which indi-
cates that heating effects by the x-rays are negligible for the resulting
XRS spectrum.

The x-ray matter interaction is dominated by photoionization for
the conditions present in this experiment, while the relative cross sec-
tion for x-ray scattering is on the order of 1%. An angular dependent
measurement further reduces the detected signal, but a careful choice
of the detection angle also lowers the influence of the elastic scattering
to the spectrum by avoiding Bragg reflections. The inelastic scattering
spectrum is dominated by Compton scattered photons on the valence
electrons in the L-shell of the carbon atoms, and only a few photons
per pulse contribute to the x-ray Raman signal. Data were collected
using a highly annealed pyrolytic graphite (HAPG) crystal spectrome-
ter47 in a von H�amos geometry coupled to a JUNGFRAU 2D pixel
detector48 to collect x-ray scattering spectra in backward direction at
155�. The cylindrically curved mosaic crystal (40lm thickness, 80mm
radius of curvature) results in an efficient photon detection from
divergent sources, enabling single photon detection at a spectral reso-
lution of 2.7 eV at 6 keV. The scattering angle of 155�, corresponding
to a momentum transfer of 5.94 Å�1, has been carefully chosen to
avoid overlapping of the Compton peak maximum with the region of
the binding energy of the core electrons, while ensuring a good signal-
to-noise ratio for the XRS signal.33,34 Taking advantage of the excep-
tional high brightness of the XFEL beam and averaging over thousands
of shots while using a repetition rate of the XFEL of 10Hz, it was pos-
sible to record x-ray Raman spectra of different carbon samples,
despite the extremely small cross section of the inelastic x-ray Raman
scattering process.

FIG. 1. Schematic illustration of the experimental setup: carbon containing samples are irradiated by monochromatic x-rays of 6 keV, a curved mosaic HAPG spectrometer in
von-Hamos geometry is set up in backward direction at 155� as the main diagnostic presented in this article. Additional diagnostics are setup in the downstream direction
together with the source monitor measuring the spectrum of the transmitted x-rays.
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A similar setup like for the backward scattering measurements
has been installed in the forward direction at an angle of 18�. A thicker
HAPG crystal (100lm) provides higher signal but lower energy reso-
lution collected on an ePix100 detector.49 The transmitted x-rays were
investigated using a bent Si-111 crystal spectrometer and an Andor
Zyla 5.5 sCMOS detector50 downstream of the interaction to measure
the source spectrum. An in situ angular resolving XRD measurement
was collected on an ePix100 detector49 to obtain structural informa-
tion from the sample.

All diagnostics with the exception of the downstream source
monitor were contained within the vacuum chamber. Example detec-
tor images are shown in Fig. 1. All diagnostics were capable of running
simultaneously, providing extensive on-shot characterization of the
samples. The primary focus of this work is the analysis of the back-
ward scattering spectrometer and discussion of the future possibilities
to utilize XRS for WDM research.

III. RESULTS

Figure 2 shows a backward x-ray scattering spectrum recorded
from a diamond sample (10lm thickness) at ambient conditions with
and without using an inserted four-bounce Si-111 monochromator in
the x-ray beamline. The energy calibration was carried out using the
Ka and Kb x-ray emission lines from chromium samples. The pre-
sented spectra are normalized to the Compton peak maximum to
account for shot-to-shot variations in x-ray flux, sample thicknesses,
and materials. To reduce the detector noise, all pixels whose values
were below a threshold corresponding to the single-photon event were
discarded, before averaging over the whole data set. Due to the low
transmission of the monochromator and therefore the low x-ray flux,
�18 000 shots were accumulated for the scattering spectrum, com-
pared to the average of �90 shots for obtaining a representative spec-
trum without monochromating the x-rays. In both cases, the carbon
K-edge resulting from scattering from core electrons is clearly visible
as a peak in the spectrum at �5715 eV. The downshift of �285 eV
from the elastic peak (corresponding to the 1 s binding energy) places
the carbon K-edge at the low energy tail of the inelastic Compton scat-
tering feature. Reducing the x-ray energy bandwidth further improves

the data quality, enhancing the visibility of the L-edge features at
�6 eV below the elastic peak and substructures at the K-edge, which
can be used for an x-ray Raman spectroscopy investigation.

We measured the total energy resolution by elastic scattering
from a metallic glass sample (mixture of Co/Si/B/Fe/Ni, 18lm thick
foil). The higher atomic number results in an enhanced intensity of
elastic scattering, which allows for a decoupled analysis of the elastic
scattering signal and neglecting the inelastic spectral features. The elas-
tic scattering of hard x-rays can be estimated with a delta function in
this work, since x-ray scattering from phonons is on the order of
100meV.51 Therefore, the peak shape at 6 keV of the elastic scattering
signal, presented in Fig. 3 (left), can serve as a good approximation of
the instrument function, which describes the broadening of the signal
due to beamline and spectrometer contributions. The broadening due
to beamline components is dominated by the x-ray bandwidth and
can be estimated by measuring the source spectrum from transmitted
photons (shown in Fig. 3, middle). A deconvolution of the source
spectrum from the elastic scattering signal of the metallic glass allows
determination of the transfer function between the two spectrometers
(presented in Fig. 3, right), which represents—to a good approxima-
tion—the broadening of the elastic scattering due to spectrometer
characteristics. The resolution of a HAPG crystal spectrometer is
affected by the penetration of the x-rays into the depth of the crystal.
This effect, so-called depth broadening, is energy dependent and
causes the asymmetric peak shape.52 The transfer function is therefore
modeled by a Gaussian function convolved with an exponential decay
to obtain an estimate of the energy resolution of the HAPG spectrom-
eter of 2.7 eV. This is in agreement with the recently published charac-
terization of the HAPG von H�amos spectrometer at the HED
instrument of the European XFEL.47 Overall, the total energy resolu-
tion of the experiment is 3.3 eV accounting for both broadening due to
the spectrometer and the bandwidth of the monochromated XFEL
(compared with 20.5 eV in the SASE configuration).

With a precise determination of the transfer function, it is possi-
ble to extract the instrument function for all investigated samples in
SASE mode and monochromated SASE mode by a convolution of the
transfer function with the simultaneously measured source spectra.
This allows for the deconvolution of the instrument function from the
experimental scattering spectra to obtain the inelastic signal without
instrumental broadening effects. However, a careful interpretation of
the obtained results is necessary due to high frequency noise that is
introduced by the deconvolution process.

Figure 4 shows the obtained x-ray Raman scattering spectrum as
a function of the photon energy loss for a diamond sample after the
deconvolution of the instrument function from the scattering spec-
trum. A linear function which represents the Compton background is
subtracted in the region around the carbon K-edge. The obtained spec-
trum shows a good agreement with theoretical predictions calculated
for ambient diamond using the FDMNES code53,54 (described in detail
below in Sec. IV). Both experimental and calculated spectra reflect the
main features arising from the electronic band structure: a lower set of
conduction bands and a set of higher energy excited states separated
by a dip around an energy transfer of 300 eV, which is associated with
the second bandgap of diamond.42,55

The achieved energy resolution allows the investigation of sub-
structures in the x-ray Raman spectra, and in turn access to informa-
tion about the chemical bonding of the investigated material. The

FIG. 2. Backward x-ray scattering spectrum from diamond normalized to the inelas-
tic signal maximum. Gray: SASE mode (average x-ray pulse energy of 1650 lJ).
Blue: monochromatic x-rays (average x-ray pulse energy of 17 lJ). Dashed lines
indicate the carbon K-edge at �285 eV and L-edge energies at �6 eV below the
elastic scattering peak.
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carbon atoms in a diamond crystal form four equal r-bonds due to
sp3-hybridization, which results in the tetrahedral structure of the
crystal. In graphite, the sp2-hybridization creates two-dimensional
layers of r-bonded hexagonal arranged carbon atoms, while the
remaining electrons form weaker p-bonds connecting the planes. This
difference in the chemical bond structure can be observed in the
experimental x-ray Raman scattering spectra for different graphite
samples and diamond presented in Fig. 5. Transitions of core electrons
into the related unoccupied antibonding r�- and p�-bands can be
observed at energy transfers of 292 and 285 eV, respectively. While
the spectrum of the diamond sample only shows r-bonding, in all of
the graphite spectra a clear peak associated with the p�-band appears.
Varying intensities of that peak can arise from different orientations of
the graphite layers with respect to the polarization of the incoming
x-ray beam.36,56 Due to a smaller accumulation of data shots in these

measurements, a Gaussian filter with r ¼ 1:5 was applied, which
revealed the characteristic features of the XRS spectra. However, the
data quality can be easily improved by collecting a larger number of
data shots, as demonstrated with the spectrum from diamond samples.
Nevertheless, the present state already allows the investigation of phase
transitions and changes in the bond structure in carbon containing
samples. Samples heated or compressed to WDM conditions will be
possible in future experiments.

IV. SIMULATIONS

The XRS simulations for ambient conditions, that are presented
in Fig. 4 for q¼ 5.94 Å�1, have been performed using the Finite
Difference Method Near Edge Structure (FDMNES) code53,54 for an
ideal diamond lattice in a unit cell consisting of eight carbon atoms.
The Schr€odinger equation is solved self-consistently using a finite dif-
ference method for the electronic structure, evaluating the dipole
matrix for a momentum transfer of j~qj ¼ 5.94 Å�1 up to the quantum
number l¼ 2. Calculated XRS spectra for lower momentum transfers
in a range of 1.0–4.0 Å�1 show a nearly identical shape compared to
the spectrum of q¼ 5.94 Å�1. This indicates that also at a moderate q
of 5.94 Å�1 dipole allowed transitions are dominating the spectrum,
and it demonstrates the feasibility of XRS as an alternative to soft XAS
measurements in the chosen q regime.

Density functional molecular dynamics (DFT-MD) simulations
were carried out in combination with XRS simulations to provide a
reference for the expected changes in the XRS signal of heated and
compressed samples. To perform DFT-MD simulations, we used the
Vienna ab initio simulation package (VASP)57–60 together with a
Nos�e–Hoover thermostat61,62 and a Perdew–Burke–Ernzerhof (PBE)
functional63 to calculate equilibrated ionic configurations. The simula-
tions were run with a 0.2 fs time step up to a total time of at least 2 ps
until thermal equilibration is achieved. The system consists of eight
atoms sampled using a 2� 2� 2 Monkhorst-Pack mesh64 with a
hard carbon projector augmented wave (PAW) pseudopotential. The

FIG. 3. Determination of the transfer function between the backward spectrometer and the source monitor by deconvolution of the source spectrum from the elastic scattering
signal from a metallic glass sample. Left: elastic scattering signal in SASE mode (dashed gray) and with monochromatic x-rays (blue). Middle: source spectra in SASE mode
(dashed gray) and with monochromatic x-rays (black). Right: transfer function (dashed orange, shifted by þ10 eV relative to the elastic scattering peak) obtained by deconvolv-
ing the source spectrum (black) from the backward scattering spectrum (blue) both in the SASE mode with the monochromator.

FIG. 4. Measured x-ray Raman spectrum pre- (dotted blue) and post- (continuous
blue) deconvolution procedure compared with the calculated x-ray Raman spectrum
(dashed orange) of a diamond sample.
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energy cutoff was set to 900 eV. We consistently increased the number
of bands at higher temperatures to achieve convergence. The equili-
brated snapshots obtained by DFT-MD simulations are used to per-
form the XRS calculations via FDMNES. Eight random ionic
configurations are chosen, with which the XRS spectra for high tem-
peratures were subsequently computed. The simulations for com-
pressed conditions are performed based on the lattice parameters
obtained using the Vinet equation of state for diamond at ambient
temperature.65,66

Figure 6 shows the obtained theoretical predictions for isochori-
cally heated diamond samples for a range of temperatures from 0.5 to
7.5 eV as well as calculations for different pressure conditions from
150 to 437GPa corresponding to densities of 4.4 to 5.5 g cm�3. The
pressure increase results in a reduction of the peak intensities and
shifts the spectral features toward higher energies. This is expected due
to the increase in the direct and indirect bandgap of diamond with
pressure.67,68 On the other hand, isochoric heating of diamond causes
a gradual closure of the bandgap and the smoothing of the spectral fea-
tures, due to an increasing disorder of the crystal’s structure.
Temperatures above �0.5 eV result in the transition to the liquid
state,69 while the presented curves at a temperature of 0.5 eV represent
the onset of the WDM regime. The combined simulation result, at
0.5 eV and 150GPa, shows the competing effects of the bandgap open-
ing at high pressures and their closure at high temperatures. This is
clearly observable in comparison with the curve for the same tempera-
ture at ambient pressure.

The possibility of investigating phase transitions, as well as pres-
sure and temperature effects on the electronic bonding structure, is
corroborated by the theoretical predictions that clearly show the great
potential of observing and analyzing XRS spectra of isochorically
heated or compressed diamond samples in the WDM regime. In typi-
cal experimental setups at XFEL facilities, as presented here, we can
now achieve sufficient energy resolution and data quality to be able to
distinguish individual theoretical models by comparison with the
experimental data. In particular, the simultaneous operation of addi-
tional methods like XRTS, XRD, and SAXS is promising.

V. SUMMARY

We have presented x-ray Raman scattering spectra of ambient
diamond and graphite recorded at the HED instrument of the

European XFEL in an experimental setup well suited for future WDM
experiments. The setup allows for a straightforward combination with
multiple additional diagnostics, such as XRD, XRTS, and SAXS, that
have been routinely fielded for WDM experiments, and can be
adapted to perform experiments with different low-Z material
samples besides carbon. The exceptionally high brightness of the

FIG. 5. Measured x-ray Raman spectra for different sample materials (smoothed data). The black dashed lines indicate the antibonding r�- and p�-bands. Left: comparison of
different graphite samples. Right: comparison between diamond and (rigid) graphite.

FIG. 6. Calculated XRS spectra for compressed and heated diamond for a momen-
tum transfer of q¼ 5.94 Å�1. For comparison, the spectrum for ambient conditions
is shown in black. Top: different pressure conditions ranging from 150 to 437 GPa
corresponding to densities of 4.4 to 5.5 g cm�3. Bottom: various temperature condi-
tions ranging from 0.5 to 7.5 eV.
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European XFEL together with the high-resolution HAPG spectrome-
ter made it possible to record full-range spectra within one x-ray pulse
that is essential when investigating transient warm dense material
states. However, an accumulation of multiple spectra is necessary to
study substructures in the XRS signal due to the exceedingly small
cross section of the x-ray Raman scattering process. We have pre-
sented, additionally, DFT-MD calculations in combination with XRS
simulations that corroborate the great potential of the demonstrated
setup observing samples at pressure and temperature conditions in the
WDM regime.

Samples, that are pumped to WDM conditions, will be irrevers-
ibly damaged in each shot. Thus, very often single-shot measurements
are required, which can be provided at HED in the shot-on-demand
mode using a pulse picker. Alternatively, depending on the degree of
damage, rapid raster scans are a great option to accumulate a large
number of data shots, e.g., at x-ray heating experiments.70 Moreover,
high-repetition rate sample designs71 will be beneficial to manage the
preparation of the required high amount of samples.

The accumulation of �10000 shots per XRS spectrum in the
experiment presented here was required due to the limited x-ray flux
after insertion of the monochromator and is not foreseen to be a barrier
to future experiments with a drive laser. An extensive alignment proce-
dure of the monochromator could improve the flux by a factor of 2.5.
However, being able to use the seeded x-ray beam72,73 in upcoming
experiments will reduce the necessity to monochromate the x-ray beam,
since the self-seeding process will itself reduce the bandwidth of the
x-ray pulses without significantly decreasing the fluence. This will give
approximately 50 times more x-ray photons hitting the sample, assum-
ing pulse energies of�1 mJ for the seeded x-ray pulse. This assumption
is based on the best performance, at present, of the two-chicane seeding
design of the European XFEL at a repetition rate of 10Hz at 7.5 keV. In
this configuration, a FWHM of 1.2(3) eV and pulse energies between
0.5 and 1.5 mJ, while obtaining a SASE background of �140 lJ, have
been achieved.74 The scattering intensity can be further enhanced
by increasing the thickness of the investigated samples. This will be
naturally the case for samples used in a laser shock compression
experiment, where sample thicknesses on the order of 100 lm are
often necessary. In total, this results in a reduction of the minimum
number of accumulated shots per spectrum by an estimated factor
of 500, so that averaging over tens of shots will be sufficient to reach
similar data quality as in the spectra presented here. In a WDM
experiment, a series of 10 to 20 spectra are usually recorded to cover
various high-pressure and high-temperature conditions of the
investigated sample material or to image the dynamics during the
WDM creation process. Thus, a complete measurement will require
on the order of a few thousand shots in total, which would be well
within reach by using the high repetition rates of the European
XFEL and the planned high-energy optical drive laser currently
under construction at HED (DiPOLE-100X laser system75).
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Konôpkov�a, D. Kraus, H.-P. Liermann, M. Nakatsutsumi, A. Pelka, G. Priebe,
R. Redmer, A. Schropp, R. Smith, P. Sperling, I. Thorpe, and S. Toleikis,
“Conceptual design report: Dynamic laser compression experiments at the
HED instrument of European XFEL,” Technical Report No. XFEL.EU TR-
2017-001 (European X-Ray Free-Electron Laser Facility GmbH, 2017).

46J. H. Beaumont and M. Hart, J. Phys. E 7, 823 (1974).
47T. R. Preston, S. G€ode, J.-P. Schwinkendorf, K. Appel, E. Brambrink, V.
Cerantola, H. H€oppner, M. Makita, A. Pelka, C. Prescher, K. Sukharnikov, A.
Schmidt, I. Thorpe, T. Toncian, A. Amouretti, D. Chekrygina, R. W. Falcone,
K. Falk, L. B. Fletcher, E. Galtier, M. Harmand, N. J. Hartley, S. P. Hau-Riege,
P. Heimann, L. G. Huang, O. S. Humphries, O. Karnbach, D. Kraus, H. J. Lee,

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 28, 082701 (2021); doi: 10.1063/5.0048150 28, 082701-8

VC Author(s) 2021

 25 M
arch 2024 09:14:55

https://doi.org/10.1103/PhysRevB.92.024108
https://doi.org/10.1103/PhysRevB.92.085117
https://doi.org/10.1103/PhysRevB.92.085117
https://doi.org/10.1038/srep26402
https://doi.org/10.1038/s41598-019-46561-6
https://doi.org/10.1063/1.5130726
https://doi.org/10.1038/srep18843
https://doi.org/10.1103/PhysRevX.8.031068
https://doi.org/10.1038/s41467-018-05791-4
https://doi.org/10.1038/nature10746
https://doi.org/10.1103/PhysRevLett.108.217402
https://doi.org/10.1088/1361-6587/aadd6c
https://doi.org/10.1016/j.mre.2016.01.002
https://doi.org/10.1016/j.mre.2016.01.002
https://doi.org/10.1038/s41598-019-40782-5
https://doi.org/10.1063/1.5017908
https://doi.org/10.1103/PhysRevLett.90.175002
https://doi.org/10.1103/PhysRevLett.98.065002
https://doi.org/10.1126/science.1161466
https://doi.org/10.1038/nphoton.2015.41
https://doi.org/10.1038/ncomms11189
https://doi.org/10.1038/s41467-020-16426-y
https://doi.org/10.1103/PhysRevLett.112.155003
https://doi.org/10.1063/1.3377785
https://doi.org/10.1063/1.4921407
https://doi.org/10.1038/ncomms10970
https://doi.org/10.1038/ncomms10970
https://doi.org/10.1103/PhysRevLett.125.155703
https://doi.org/10.1016/S0026-265X(02)00014-0
https://doi.org/10.1107/S1600577514027581
https://doi.org/10.1063/1.4704458
https://doi.org/10.1107/S1600577516020579
https://doi.org/10.1103/PhysRevB.62.R9223
https://doi.org/10.1126/science.1089713
https://doi.org/10.1103/PhysRevLett.123.235701
https://doi.org/10.1103/PhysRevLett.123.235701
https://doi.org/10.1039/C8JA00247A
https://doi.org/10.1103/PhysRevB.76.195112
https://doi.org/10.1103/PhysRevB.76.195112
https://doi.org/10.1107/S0909049511039422
https://doi.org/10.1088/0022-3735/7/10/014
https://scitation.org/journal/php


B. Nagler, S. Ren, A. K. Schuster, M. Smid, K. Voigt, M. Zhang, and U. Zastrau,
J. Instrum. 15, P11033 (2020).

48A. Mozzanica, A. Bergamaschi, M. Brueckner, S. Cartier, R. Dinapoli, D.
Greiffenberg, J. Jungmann-Smith, D. Maliakal, D. Mezza, M. Ramilli, C. Ruder,
L. Schaedler, B. Schmitt, X. Shi, and G. Tinti, J. Instrum. 11, C02047 (2016).

49K. Nishimura, G. Blaj, P. Caragiulo, G. Carini, A. Dragone, G. Haller, P. Hart,
J. Hasi, R. Herbst, S. Herrmann, C. Kenney, M. Kwiatkowski, B. Markovic, S.
Osier, J. Pines, B. Reese, J. Segal, A. Tomada, and M. Weaver, AIP Conf. Proc.
1741, 040047 (2016).

50See Andor, https://andor.oxinst.com/products/scmos-camera-series/zyla-5-5-
scmos for “Zyla 5.5 sCMOS” (last accessed 18 February, 2021).

51A. Descamps, B. K. Ofori-Okai, K. Appel, V. Cerantola, A. Comley, J. H.
Eggert, L. B. Fletcher, D. O. Gericke, S. G€ode, O. Humphries, O. Karnbach, A.
Lazicki, R. Loetzsch, D. McGonegle, C. A. J. Palmer, C. Plueckthun, T. R.
Preston, R. Redmer, D. G. Senesky, C. Strohm, I. Uschmann, T. G. White, L.
Wollenweber, G. Monaco, J. S. Wark, J. B. Hastings, U. Zastrau, G. Gregori, S.
H. Glenzer, and E. E. McBride, Sci. Rep. 10, 14564 (2020).

52A. Pak, G. Gregori, J. Knight, K. Campbell, D. Price, B. Hammel, O. L. Landen,
and S. H. Glenzer, Rev. Sci. Instrum. 75, 3747 (2004).

53Y. Joly, Phys. Rev. B 63, 125120 (2001).
54O. Bun�au and Y. Joly, J. Phys. 21, 345501 (2009).
55G. S. Painter, D. E. Ellis, and A. R. Lubinsky, Phys. Rev. B 4, 3610 (1971).
56W. Sch€ulke, U. Bonse, H. Nagasawa, A. Kaprolat, and A. Berthold, Phys. Rev.
B 38, 2112 (1988).

57G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
58G. Kresse and J. Furthm€uller, Phys. Rev. B 54, 11169 (1996).
59G. Kresse and J. Furthm€uller, Comput. Mater. Sci. 6, 15 (1996).
60G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
61S. Nos�e, J. Chem. Phys. 81, 511 (1984).
62W. G. Hoover, Phys. Rev. A 31, 1695 (1985).
63J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
64H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
65P. Vinet, J. R. Smith, J. Ferrante, and J. H. Rose, Phys. Rev. B 35, 1945 (1987).
66P. Vinet, J. H. Rose, J. Ferrante, and J. R. Smith, J. Phys. 1, 1941 (1989).

67K. Ramakrishna and J. Vorberger, J. Phys. 32, 095401 (2019).
68E. J. Gamboa, L. B. Fletcher, H. J. Lee, M. J. MacDonald, U. Zastrau, M.
Gauthier, D. O. Gericke, J. Vorberger, E. Granados, J. B. Hastings, and S. H.
Glenzer, “Band gap opening in strongly compressed diamond observed by x-
ray energy loss spectroscopy,” Technical Report No. SLAC-PUB-16488 (SLAC
National Accelerator Laboratory, 2016).

69L. X. Benedict, K. P. Driver, S. Hamel, B. Militzer, T. Qi, A. A. Correa, A. Saul,
and E. Schwegler, Phys. Rev. B 89, 224109 (2014).

70N. J. Hartley, J. Grenzer, L. Huang, Y. Inubushi, N. Kamimura, K. Katagiri, R.
Kodama, A. Kon, W. Lu, M. Makita, T. Matsuoka, S. Nakajima, N. Ozaki, T.
Pikuz, A. V. Rode, D. Sagae, A. K. Schuster, K. Tono, K. Voigt, J. Vorberger, T.
Yabuuchi, E. E. McBride, and D. Kraus, Phys. Rev. Lett. 126, 015703 (2021).

71I. Prencipe, J. Fuchs, S. Pascarelli, D. W. Schumacher, R. B. Stephens, N. B.
Alexander, R. Briggs, M. B€uscher, M. O. Cernaianu, A. Choukourov, M. D. Marco,
A. Erbe, J. Fassbender, G. Fiquet, P. Fitzsimmons, C. Gheorghiu, J. Hund, L. G.
Huang, M. Harmand, N. J. Hartley, A. Irman, T. Kluge, Z. Konopkova, S. Kraft, D.
Kraus, V. Leca, D. Margarone, J. Metzkes, K. Nagai, W. Nazarov, P. Lutoslawski, D.
Papp, M. Passoni, A. Pelka, J. P. Perin, J. Schulz, M. Smid, C. Spindloe, S. Steinke, R.
Torchio, C. Vass, T. Wiste, R. Zaffino, K. Zeil, T. Tschentscher, U. Schramm, and T.
E. Cowan, High Power Laser Sci. Eng. 5, e17 (2017).

72J. Amann, W. Berg, V. Blank, F.-J. Decker, Y. Ding, P. Emma, Y. Feng, J.
Frisch, D. Fritz, J. Hastings, Z. Huang, J. Krzywinski, R. Lindberg, H. Loos, A.
Lutman, H.-D. Nuhn, D. Ratner, J. Rzepiela, D. Shu, Y. Shvydko, S.
Spampinati, S. Stoupin, S. Terentyev, E. Trakhtenberg, D. Walz, J. Welch, J.
Wu, A. Zholents, and D. Zhu, Nat. Photonics 6, 693 (2012).

73G. Geloni, J. Anton, V. Blank, W. Decking, X. Dong, S. Karabekyan, S.
Kearney, V. Kocharyan, D. La Civita, S. Liu, E. Negodin, E. Saldin, L.
Samoylova, S. Serkez, R. Shayduk, D. Shu, H. Sinn, V. Sleziona, S. Terentiev,
M. Vannoni, T. Wohlenberg, and M. Yakopov, in Proceedings of the 39th Free
Electron Laser Conference FEL2019, Germany (2019).

74G. Geloni, personal communication (25 May 2021).
75S. Banerjee, K. Ertel, P. D. Mason, P. J. Phillips, M. D. Vido, J. M. Smith, T. J.
Butcher, C. Hernandez-Gomez, R. J. S. Greenhalgh, and J. L. Collier, Opt.
Express 23, 19542 (2015).

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 28, 082701 (2021); doi: 10.1063/5.0048150 28, 082701-9

VC Author(s) 2021

 25 M
arch 2024 09:14:55

https://doi.org/10.1088/1748-0221/15/11/P11033
https://doi.org/10.1088/1748-0221/11/02/C02047
https://doi.org/10.1063/1.4952919
https://andor.oxinst.com/products/scmos-camera-series/zyla-5-5-scmos
https://andor.oxinst.com/products/scmos-camera-series/zyla-5-5-scmos
https://doi.org/10.1038/s41598-020-71350-x
https://doi.org/10.1063/1.1788870
https://doi.org/10.1103/PhysRevB.63.125120
https://doi.org/10.1088/0953-8984/21/34/345501
https://doi.org/10.1103/PhysRevB.4.3610
https://doi.org/10.1103/PhysRevB.38.2112
https://doi.org/10.1103/PhysRevB.38.2112
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1063/1.447334
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.35.1945
https://doi.org/10.1088/0953-8984/1/11/002
https://doi.org/10.1088/1361-648X/ab558e
https://doi.org/10.1103/PhysRevB.89.224109
https://doi.org/10.1103/PhysRevLett.126.015703
https://doi.org/10.1017/hpl.2017.18
https://doi.org/10.1038/nphoton.2012.180
https://doi.org/10.1364/OE.23.019542
https://doi.org/10.1364/OE.23.019542
https://scitation.org/journal/php

