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The robust diagnosis of conditions generated in warm dense matter experiments remains a persistent
challenge. Here, we describe the measurement of shock-compressed aluminium at 50 GPa with angle-
resolved femtosecond x-ray Thomson scattering (XRTS) over a wide range of scattering wave vectors at the
European X-Ray Free-Electron Laser. The measured plasmon dispersion and line shape show that the de
facto standard approach for analyzing XRTS spectra, using uniform-electron-gas models, systematically
overestimates the resonance energy by up to 8 eV. We present an approach using ab initio methods that
agrees within the experimental uncertainty and demonstrates how accounting for shock-induced disorder in
shock-compressed systems is critical for their understanding, providing evidence that ab initio treatments
are required for reliable XRTS inference in warm dense aluminium.
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Warm dense matter (WDM) bridges the regime between
condensed matter and plasma, in which Coulomb coupling,
partial ionization, quantum degeneracy, and structural
disorder coexist [1–5]. These conditions are prevalent
in giant planet interiors, brown dwarfs, and inertial-
confinement-fusion targets on the path to ignition [6–14].
In WDM, equations of state, opacities, and transport
properties are governed by the dynamic structure factor
Sðk;ωÞ, which is often extracted from x-ray Thomson
scattering (XRTS). For the present purpose, Sðk;ωÞ is the
spectrum of electron density fluctuations resolved in
momentum and energy and therefore the quantity directly
probed by the x-ray scattering signal. In practice, simu-
lations and analyses of XRTS almost always rely on the
Chihara-type decomposition of the dynamic structure factor
into bound and free electron contributions [15,16]. The free
electron contributions are typically computed using the
uniform-electron-gas (UEG) model. State-of-the-art ab initio
density-functional theory (DFT) simulations [3] do not rely
on this assumption; instead, their accuracy is determined by
the choice of the electronic exchange–correlation (XC)
functional and, in the case of time-dependent DFT
(TDDFT) [17], by the dynamic XC kernel or potential,
which must be approximated in practice [17,18].
These models are routinely used to infer density and

temperature from XRTS spectra in laboratory WDM
experiments, yet they have rarely been corroborated
by momentum-resolved density-response measurements
under independently diagnosed thermodynamic conditions
[19,20]. Establishing such a controlled, momentum-
resolved, high-quality benchmark for standard WDM
models has therefore remained an open challenge.
Aluminium is a well-established benchmark material for

testing these correlation models. At ambient conditions, its
inelastic x-ray scattering and electron energy-loss spectra
reveal clear deficiencies of the UEG model for the plasmon
dispersion and spectral weight [21–26]. Its simple valence
structure and well-characterized equilibrium properties
allow discrepancies between experiment and theory to be
traced to specific many-body approximations rather than to
chemical complexity or phase uncertainty. For example,
studies on this material have clearly demonstrated the
importance of nonlinear Landau damping and deviations
from simple Drude behavior in the WDM regime [27,28].
However, earlier XRTS measurements of x-ray-heated [29]
and shock-compressed aluminium [30] were limited by
restricted angular coverage, insufficient shot statistics, and
substantial state uncertainties, preventing decisive discrimi-
nation between competing correlation models in the WDM
regime. Consequently, even for aluminium—a material
well suited for model validation—UEG-based models
and finite-temperature TDDFT approaches, despite their
widespread use, have not yet been tested against momen-
tum-resolved experiments under independently diagnosed
conditions, i.e., without fitting WDM parameters in the

XRTS calculations to achieve agreement with the exper-
imental data.
In this Letter, we address deficiencies in widely used

electronic response models by measuring the plasmon
dispersion and line shape of shock-compressed aluminium.
Measurements are made at a pressure of approximately
50 GPa, corresponding to a density range from ρ ¼ 3.75 to
4.5 g cm−3 and an electron temperature of T ≈ 0.6 eV.
Angle-resolved femtosecond XRTS measurements were
performed at the European x-ray free-electron laser (XFEL)
facility over a wide range of scattering wave vectors,
k ¼ 0.99–2.57 Å−1. This range spans the collective long-
wavelength plasmon regime through to the particle-hole
continuum, where electronic XC effects become signifi-
cant. In this regime, UEG-based descriptions—bare RPA
and static local-field corrections (LFCs)—predict plasmon
peaks that are systematically overly dispersive and insuffi-
ciently damped, overshooting the measured resonance
energy EpeakðkÞ by 1–8 eV and underestimating the high-
loss spectral tail. In contrast, finite-temperature TDDFT
based on DFT-MD ionic snapshots reproduces both the
dispersion and the skewed, Landau-damped line shapes
across the full k range within experimental uncertainty
(Supplemental Material [31], Sec. S4). These measure-
ments therefore provide, to our knowledge, the first
momentum-resolved validation of finite-temperature
TDDFT against XRTS in warm dense matter under inde-
pendently diagnosed thermodynamic conditions, and they
reveal systematic UEG deficiencies precisely in the den-
sity-temperature regime where such models are most
commonly employed for XRTS inference.
Before examining the model comparison, we briefly

summarize the experimental platform at the high energy
density instrument [32] of the European XFEL sketched in
Fig. 1. A polycrystalline Al foil (∼50 μm) bonded to a
Kapton ablator (∼25 μm) by a ∼10 μm epoxy layer was
probed by narrow-band self-seeded European XFEL pulses
at EX ¼ 8307 eV and driven by a frequency-doubled
nanosecond DiPOLE laser [33,34]. Although the shocked
target evolves on hydrodynamic timescales, the 25 fs XFEL
probe is much shorter than that evolution, so each spectrum
samples an effectively frozen state that can be treated
within linear response. Collective XRTS was recorded with
a HAPG(004) von Hámos spectrometer [35] coupled to a
Jungfrau detector [36], while a second Jungfrau collected
simultaneous wide-angle XRD spectra (see Appendix A
and Supplemental Material [31], Sec. S8). Spectra were
acquired at four scattering angles corresponding to
k ¼ 0.99, 1.28, 1.57, and 2.57 Å−1, averaging ∼40 driven
shots per geometry. This combination of a femtosecond
narrow-band free-electron laser probe, a stable nanosecond
drive, and concurrent XRTS and XRD diagnostics enables
the momentum-resolved plasmon measurements and struc-
tural constraints required for a stringent benchmark of
correlation models in warm dense aluminium.
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The compressed-state window is constrained by combin-
ing HELIOS-CR [37] hydrodynamic simulations, VISAR
[38] breakout timing, and simultaneous XRD [Fig. 2(b);
Appendix A and Supplemental Material [31], Sec. S8).

Together they indicate a ∼30 μm plateau of shock-com-
pressed aluminium at density, ρ, from 3.75 to 4.5 g cm−3

and nearly uniform temperature T ≃ 0.6 eV across the
probed region. The driven SiiðkÞ extracted from XRD
agrees with DFT-MD predictions within this density
window [Fig. 2(b); Supplemental Material [31], Sec. S8],
independently supporting the inferred state. In all model
comparisons we therefore evaluate Sðk;ωÞ at several
conditions spanning the density range at T ≃ 0.6 eV and
average the resulting spectra before convolution with the
source-and-instrument function (SIF); this density averag-
ing is applied consistently to all models. Within this
framework, the role of the self-seeded XFEL coherence
is to define the measured source bandwidth and instru-
mental response entering the SIF, rather than to modify
the underlying many-body density response itself. The
experimental comparison therefore tests the calculated
Sðk;ωÞ after convolution with the measured SIF under
the independently constrained thermodynamic conditions
described above.
Representative ambient and driven spectra at the four

scattering vectors are shown in Fig. 2(a). In the unshocked
foil the inelastic response is dominated by a narrow
plasmon peak clearly separated from the elastic line by
the measured SIF, providing a check of the instrumental
resolution and absolute energy calibration. In the
shocked state the plasmon shifts to higher energy loss
and broadens systematically with increasing k, developing
a pronounced asymmetric high-loss wing as it approaches

(a) (b)

FIG. 2. Momentum-resolved XRTS and concurrent structural diagnostics in shock-compressed aluminium. (a) Representative ambient
(blue) and driven (red) spectra at four momentum transfers, normalized to the elastic line and vertically offset for clarity. The thin black
curve shows the measured SIF at k ¼ 0.99 Å−1. The driven plasmon shifts to higher energy loss and broadens with increasing k,
becoming asymmetric near k ¼ 2.57 Å−1. (b) Ionic static structure factor SiiðkÞ extracted from XRD (orange line; band, 1σ shot-to-shot
variation) compared with DFT-MD predictions at selected densities (colored lines) and the density-averaged DFT-MD curve (black
dashed) corresponding to the experimentally constrained density window. Vertical dashed lines indicate the experimental XRD k range.
The agreement constrains the density window used for theory comparisons.

FIG. 1. Experimental geometry and diagnostics. The seeded
XFEL probe (purple, EX ≃ 8.3 keV, ΔE ≈ 1 eV) is focused onto
the aluminium target by upstream Be compound refractive lenses.
The target consists of a 50 μm Al foil bonded to a 25 μm Kapton
ablator and is shock-compressed by a nanosecond DiPOLE drive
laser (green). Both beams are incident at 22.5° relative to the
target normal in the horizontal plane, with an angle of 45°
between the beams. Inelastically scattered x-rays are energy-
dispersed by a cylindrically bent HAPG(004) crystal in von
Hámos geometry and recorded on a Jungfrau detector, defining
the scattering angle Θ for XRTS in the vertical plane. A second
Jungfrau detector collects simultaneous x-ray diffraction (XRD),
while a velocity interferometer system for any reflector (VISAR,
red) provides independent shock timing and velocity diagnostics.
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the particle-hole continuum [39], signaling the gradual loss
of a long-wavelength collective mode and the growing
influence of single-particle, Landau-damped excitations.
For each scattering geometry, the SIF is determined from
dedicated measurements on cold (ambient) aluminium and
held fixed in the analysis (Appendix B and Supplemental
Material [31], Sec. S2), reflecting small geometry-
dependent variations in the spectrometer response. The
driven spectra have a sufficient signal-to-noise ratio for the
plasmon peak position and the overall evolution of the line
shape with k to be resolved. The residual fluctuations are
noticeably smaller than the inelastic signal itself and are
consistent with counting statistics superimposed on weak
continuum and residual ablator backgrounds. The impact of
the ablator is discussed in Supplemental Material [31],
Sec. S6.
To extract plasmon energies and linewidths, we fit each

ambient and driven spectrum with a minimal, physically
motivated model applied identically at all scattering
vectors. The model consists of an elastic component
fixed by the measured SIF, a Voigt-shaped plasmon
contribution, and a smooth background accounting for
residual continuum and ablator scattering (Appendix B and
Supplemental Material [31], Sec. S2, and Fig. 3). Statistical
uncertainties from photon counting are propagated through
the fit covariance, while systematic contributions from SIF
calibration, absolute energy-scale drift, and scattering-
angle uncertainty are combined in quadrature to obtain
conservative error bars on the plasmon peak position
EpeakðkÞ and width (Appendix B and Supplemental

Material [31], Sec. S5). At the largest measured momentum
transfer, k ¼ 2.57 Å−1, the inelastic feature in the scatter-
ing spectrum appears as a flat plateau, but the plasmon
feature remains nevertheless identifiable as a clear maxi-
mum in the energy-loss spectrum and therefore still
provides a robust determination of EpeakðkÞ. The resulting
uncertainties are substantially smaller than those in earlier
XRTS studies of warm dense aluminium [27,29,30] and
remain well below the several-eV separation between
UEG-based and TDDFT predictions (up to ∼8 eV at
k ¼ 2.57 Å−1), ensuring that the model differences are
cleanly resolved.
Figure 4 compiles the extracted plasmon peak energies

EpeakðkÞ and compares them with three classes of models,
each evaluated over the density window constrained by
HELIOS-CR and XRD and convolved with the measured SIF
(Appendixes A and B; full spectra and model curves are
shown in Supplemental Material [31], Sec. S4). UEG-RPA
and its quantum-Monte-Carlo-based static local-field cor-
rections systematically overestimate the plasmon energy
and underpredict the high-loss spectral weight across the
full momentum range, remaining overly dispersive and
insufficiently damped even as the mode approaches the
particle-hole continuum at large k [40–42]. A weak con-
tribution from the Kapton ablator affects only the far high-
loss wing; ambient ablator-only measurements and spec-
trometer ray-tracing bound its impact and show that it does
not shift the extracted plasmon peak positions or widths
(Supplemental Material [31], Sec. S6). In contrast, TDDFT
based on finite-temperature DFT-MD ionic snapshots

FIG. 3. Low-kXRTS spectra and model comparison. (a) k ¼ 0.99 Å−1; (b) k ¼ 1.28 Å−1. Inelastic x-ray scattering spectra from laser-
compressed aluminium at two representative momentum transfers, normalized to the elastic peak. Experimental data [red lines (shaded
band), 1σ uncertainty] are compared with theoretical predictions from TDDFT (blue), RPA (orange), and static LFCs (light blue). A
Voigt-profile plasmon (black dashed) is shown for reference and is used to extract the experimental plasmon peaks. All theoretical
spectra and the Voigt model are convolved with the experimentally determined SIF, modeled as the sum of two Voigt profiles (seed spike
plus weak pedestal; see Appendix B and Supplemental Material [31], Sec. S2). Only two k values are shown here for clarity; spectra for
all four measured k are provided in Supplemental Fig. S3 [31].
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reproduces both the dispersion and the asymmetric, broad-
ened line shapes within the experimental error bars.
Quantitatively, UEG-based models overshoot EpeakðkÞ
by up to ΔE ≃ 8 eV at k ¼ 2.57 Å−1, whereas TDDFT
remains consistent with the data at all k within the
combined experimental and state-averaging uncertainties.
The combination of high signal-to-noise spectra and error
bars that are small compared with the 1–8 eV separation
between UEG and TDDFT predictions makes this discrep-
ancy a robust, model-discriminating test of electronic
correlation treatments in warm dense aluminium.
This systematic breakdown of UEG-based approaches

reflects the underlying real-space structure of the com-
pressed liquid. Finite-temperature DFT-MD (Supplemental
Material [31], Sec. S3) shows that driving aluminium into
the experimentally constrained density window at an
electron temperature of T ≈ 0.6 eV erases long-range
crystalline order and localizes valence electrons into dis-
torted coordination shells around the ions. The resulting
liquid exhibits strong ion-electron correlations and pro-
nounced short-range structure in SiiðkÞ and gðrÞ that persist
despite electronic degeneracy [5,43]. UEG models, even
when supplemented by static LFCs, approximate this
environment by a homogeneous electron liquid with
averaged short-range corrections and cannot capture the
k-dependent scattering phase shifts, collision-induced

broadening, and coupling to the ionic structure that shape
the measured response. TDDFT, by sampling the linear
response on top of realistic ionic configurations and
employing an effective dynamic exchange-correlation ker-
nel, automatically incorporates these inhomogeneities and
multiple-scattering pathways [17,18]. The close agreement
between TDDFT and experiment therefore indicates that
the plasmon dispersion and damping in warm dense
aluminium are governed by this disordered, strongly
correlated local environment rather than by small pertur-
bations of a uniform-electron-gas state.
Our measurements provide clear experimental evidence

that UEG-based Chihara-type models [15,16] break down
even for aluminium, long regarded as a prototypical nearly
free-electron metal, when driven into the warm dense
regime under independently diagnosed conditions.
Because such models are widely used to infer density
and temperature from XRTS spectra in high-energy-density
experiments [1,2,44], our results demonstrate that their
application to warm dense aluminium at the probed
densities and temperatures leads to a systematic, model-
dependent bias in the inferred thermodynamic conditions and
derived transport properties. Ab initio approaches, such as
finite-temperature time-dependent density-functional theory
(TDDFT), should therefore be preferred wherever computa-
tionally feasible for quantitative XRTS interpretation under
comparable warm dense matter conditions [10–12].
Together with the independently constrained thermody-

namic state and full momentum coverage, the present data
set—including tabulated peak positions and complete
spectral comparisons provided in Supplemental Material
[31] (Sec. S4)—constitutes, to our knowledge, the first
momentum-resolved benchmark for testing and developing
dynamic exchange-correlation kernels and data-driven
functionals in warm dense matter [19,41]. The European
XFEL platform demonstrated here can now be extended to
other elements, higher temperatures, and time-resolved
shock sequences, enabling systematic precision validation
of state-of-the-art many-body theories under extreme
conditions.
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Appendix A: Experimental state determination—The
thermodynamic state of the shocked aluminium was
constrained using VISAR breakout timing together with
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Target compression was modeled with the 1D
Lagrangian radiation-hydrodynamics code HELIOS-CR

using the full Kapton-epoxy-Al target stack and the
experimental laser parameters. The incident drive was
represented as an 8 ns flattop pulse at 515 nm with a
nominal energy of ∼26 J. The absorbed drive energy was
calibrated by matching the simulated breakout time to the
optical breakout measured by VISAR, yielding an effective
absorbed energy of ∼19 J.

Across the shot set the breakout time remained stable at
tb ¼ 6.5� 0.1 ns, while the XFEL probe occurred at
tpp ¼ 6.3 ns, strictly before breakout. Profiles extracted
at the probe time predict a ∼30 μm plateau of compressed
aluminium with density ρ ¼ 3.75–4.5 g cm−3 and an
approximately uniform temperature T ≈ 0.6 eV.
Independent analysis of the driven XRD signal yields an
ionic structure factor consistent with DFT-MD predic-
tions in the same density window, supporting the state

FIG. 5. Representative VISAR shot used for timing calibration. Single-shot VISAR images from run 737 recorded on the two
KEPLER channels. The vertical magenta line marks the XFEL probe time tpp ¼ 6.3 ns. The breakout time remains stable across the shot
set at tb ¼ 6.5� 0.1 ns, providing the timing constraint used to calibrate the HELIOS-CR simulations.

FIG. 6. Hydrodynamic profiles at the XFEL probe time.
Density (solid blue, left axis) and temperature (dashed red, right
axis) from HELIOS-CR at tpp ¼ 6.3 ns. The simulation predicts a
∼30 μm-wide plateau of compressed aluminium with density
3.75–4.5 g cm−3 and nearly constant T ≈ 0.6 eV. This density
window is used for the density-averaged theory comparison in the
Letter.

FIG. 7. Representative source-and-instrument function for low-
est k value. Two-Voigt decomposition of the elastic scattering
signal measured from cold aluminium. The narrow component
represents the seeded XFEL spike while the broader pedestal
corresponds to the residual self-amplified spontaneous emission
background. All theoretical spectra are convolved with the
measured SIF before comparison to experiment.
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assignment used in the theory comparisons. A representa-
tive VISAR shot used for the timing calibration is shown in
Fig. 5, and the hydrodynamic profiles at the XFEL probe
time are shown in Fig. 6.

Appendix B: Instrumental response and spectral
analysis—All experiment-theory comparisons use a
measured source-and-instrument function (SIF)
determined independently for each scattering geometry
from cold aluminium targets acquired under identical
spectrometer settings.
For each momentum transfer the quasielastic line was

fitted with a two-Voigt model consisting of a narrow seeded
component (FWHM ≈ 3.3 eV) and a weak pedestal
(FWHM ≈ 22.7 eV), the latter fitted on the energy gain
side where there is no inelastic scattering. The resulting
effective spectral resolution is approximately 3.5 eV

(FWHM). A representative two-Voigt decomposition of
the measured source-and-instrument function is shown in
Fig. 7. These geometry-specific SIFs are then held fixed in
all driven-shot fits and in all convolutions of the theoretical
spectra.

During the experiment no measurable drift of the
incident x-ray energy was observed on the scale relevant
for the reported plasmon positions. The SIF fits were
constrained such that the elastic peak remained centered
at zero energy transfer, ensuring a stable absolute energy
reference throughout the dataset.

For quantitative analysis the elastic contribution is fixed
by the measured SIF while the inelastic plasmon feature is
fitted with a Voigt profile. All theoretical spectra are
convolved with the same geometry-specific SIF prior to
comparison with the experimental data.
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