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Ionization and temperature measurements in warm dense copper
using x-ray absorption spectroscopy
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We detail experimental results inferring ionization and temperature for warm dense copper plasmas at several
times solid density (15–25 g/cm3) and temperatures of 10–21 eV. Experiments performed at the OMEGA Laser
Facility generate uniform warm dense matter conditions via symmetric shock compression of a buried copper
layer. The plasma is probed with a laser-generated x-ray source to collect the K-shell x-ray absorption spectrum.
Fitting bound-bound absorption contributions from constituent charge states of copper provides an estimated Z
of approximately 4–7 for these warm dense copper plasmas. We find that these partially ionized plasmas have
K-edge shifts of 12–30 eV and bound-bound resonance 1s → 3p absorption shifts of 4–26 eV with respect to
the cold K edge. This study provides necessary experimental data to improve ionization and opacity models in
the warm dense matter regime.
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I. INTRODUCTION

Warm dense matter (WDM) is a challenging and com-
plex regime that exists between that of ideal plasmas and
condensed matter, where thermal, Coulomb, and Fermi en-
ergies are all of comparable magnitudes. Thus, the typical
approaches to model and measure properties in the limiting
regimes of ideal plasmas and condensed matter cannot be
extended to WDM. A more complete understanding of WDM
is important because of its central role in the dynamics of
many high-energy-density systems such as inertial confine-
ment fusion [1,2] and in the interiors of astrophysical bodies
[3–5]. In such systems, a hot central core exists at extreme
densities and temperatures, surrounded by a cooler dense shell
of WDM. The equation of state (EOS) and opacity of the
WDM region can impact the hydrodynamics and energy trans-
port through the system [6]. In the WDM regime, ionization
plays a critical role in determining the EOS, as the ionization
state strongly affects the internal energy of the system. Due
to the complex nature of models in this regime, collecting
high-quality experimental data is essential for improving the
predictive capabilities of current models.

Accurate measurements of WDM are difficult due to sev-
eral experimental challenges. First, generating WDM in the
laboratory often includes significant temporal and spatial
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gradients that complicate analysis of the experimental observ-
ables. Incorporating gradients in the analysis of experimental
data, while possible, increases the uncertainties in the inferred
plasma conditions [7,8]; thus, a design limiting gradients is
key for high-quality measurements in this regime. Further,
the high densities of WDM generally require x-rays to spec-
troscopically probe the plasma; these plasmas are also not
hot enough to produce appreciable self-emission for x-ray
diagnostic purposes. These challenges require diagnostics that
use an external x-ray source such as x-ray radiography, x-
ray Thomson scattering, and x-ray absorption spectroscopy
(XAS), which have been employed in experiments to measure
WDM properties [9–12]. In the case of these experimental
methods, a large uniform volume is desirable for high-quality
measurements, and in the case of x-ray radiography and x-
ray Thomson scattering, a fit with a full physics model is
required to infer plasma properties from the measured signals.
A uniform WDM volume measured with XAS can provide
a robust means to infer important properties of the plasma,
such as temperature and ionization, without reliance on a
full physics model to forward fit to the spectrum. Here, we
present experimental results at the OMEGA Laser Facility
[13] where a uniform warm dense Cu plasma was generated
and measured using XAS at WDM conditions.

Our experiments use direct laser ablation to launch two
counterpropagating shocks that heat and compress a buried
layer of Cu to WDM conditions. The counterpropagat-
ing shocks generate a uniform volume of WDM for a
short time after they have propagated completely through
the buried layer and rebounded. Similar counterpropagat-
ing shock techniques have been demonstrated on other
experimental platforms, although under different conditions
and scientific objectives [14–16]. An x-ray backlighter is
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timed to probe the sample during this uniform phase, enabling
x-ray absorption spectroscopy measurements of the WDM
layer.

At these high-density conditions, existing atomic and
plasma models have difficulty reproducing the observed ab-
sorption spectra, motivating the development of an approach
to infer temperature and ionization by characterizing spectral
features near the K edge. Additionally, the presence of bound-
bound 1s → 3p resonance absorption is used to infer the
charge-state distribution (CSD) of Cu. From simulation and
spectral diagnostics, we infer that the buried Cu foils reache
several times solid density (15–25 g/cm3) and temperatures
ranging from 10 to 21 eV, and we find an average ionization of
4–7 across the achieved conditions. This study provides nec-
essary experimental data to improve the predictive capabilities
of models in the WDM regime.

II. MODELING IONIZATION OF WARM DENSE COPPER

Ionization is a fundamental process in any plasma sys-
tem and is especially important to understand in the WDM
regime because the dense plasma environment modifies the
embedded atoms’ bound states and consequently the ioniza-
tion balance. Generally, the dense plasma lowers the effective
ionization potential of the ions, due to increased screening
from the surrounding high electron densities and lowering of
the continuum due to close neighboring ions. This can impact
the EOS through changes in ionization, and consequently
other state variables such as temperature and pressure. Ioniza-
tion also impacts the opacity, as the ionization states present in
the plasma will have different absorption cross sections with
bound-bound and bound-free absorption at characteristic en-
ergies, affecting radiation transport through the system. An
accurate model of the EOS and opacity in this regime requires
a detailed knowledge of the ionization processes as a function
of density, pressure, and temperature. EOS and opacity cal-
culations depend on the atomic model used to account for the
dense plasma environment. These models in the WDM regime
cannot include all the relevant atomic states and truncations
are made to make the calculations tractable. Experimental
data is necessary to test the models and assumptions used in
creating an EOS or opacity table in WDM. X-ray absorption
spectra measured in these experiments exhibit strong K-shell
absorption features that encode key information about the
constituent ions in the plasma as well as the effects of the
high densities on the resulting spectra. These results can be
compared against model approaches that estimate the den-
sity effects in the plasma and to test different theoretical
approaches.

For a solid density sample at zero temperature, the ab-
sorption around the K edge depends on the relevant charge
state’s 1s binding energy, the chemical potential (sensitive to
the electron degeneracy), and the ionization potential depres-
sion of the system. As the system is heated, excited states
will open channels for bound-bound resonance absorption,
notably the 1s → 3p transitions at several eV temperatures
and 1s →2p transitions at >100 eV temperatures for Cu. At
warm temperatures (1–100 eV), the plasma’s charge-state dis-
tribution is narrow, and each constituent ion will, when probed
with external x-rays, contribute to the K edge or resonance

absorption at an identifiable energy. Increases in density can
lead to additional ionization, and the ionization-dependent
1s binding energy will further shift the absorption features.
Additionally, broadening effects of the observed absorption
and emission lines from the surrounding plasma will affect
on the inferred width of each contribution to the charge-state
distribution and thus should be included, but this will not
affect our ability to infer the average ionization Z .

Calculating the 1s →np transition energies typically be-
gins with an isolated atom model, and the code used for this
analysis was flexible atomic code (FAC) [17], and a density-
dependent model is added on top to account for the plasma
environment. Simple models of the density-dependent plasma
polarization shift (PPS) [18] predict that at electron densities
of ne ≈ to 2 × 1024 cm−3, the 1s → 3p lines shift by a few
to 10 eV, and 1s →2p will shift a few eV. With consideration
of these shifts, we make a direct inference of the constituent
CSD of the Cu plasma.

Comparing experimental data with different models re-
quires well-constrained plasma conditions in phase space,
including temperature, density, and the CSD, to accurately
capture density-dependent effects in WDM. Measuring the K
edge with XAS can offer a powerful and robust means to infer
temperature conditions within a WDM plasma independent
of the material choice. The absorption spectrum at the K
edge is strongly characterized by the photoelectric coupling
of a 1s electron to a vacant near or in the continuum. The
photoabsorption cross section can be written as

σ (hν) = ahν‖〈ψ1s|‖R‖|ψ f 〉‖2[1 − f (E )], (1)

where R is the electric dipole moment operator acting on
the initial 1s state, 〈ψ1s|, and selecting a p state among the
final states, |ψ f 〉. Under degenerate conditions, Fermi-Dirac
statistics govern the degenerate electron population, and the
probability of a vacancy in the continuum near the K edge,
[1 − f (E )], will be the dominant contributor to the energy
profile of the K edge. Here, f (E ) is the electron occupancy,
which follows a Fermi-Dirac distribution:

f (E ) =
[

1 + exp

[
E − μ(T, ε f )

kBT

]]−1

, (2)

where E is the energy, μ is the chemical potential, T is the tem-
perature, and kB is the Boltzmann constant. The Fermi energy
is εF = h̄/2me[3π2ne]2/3, where ne is the electron density and
me is electron mass.

Inference of temperature from the edge requires the mate-
rial to be sufficiently degenerate, such that the Fermi energy
exceeds the electron temperature. Under this condition, the
temperature can be directly read independently of the energy
position of the edge. Potential contributions to the K-edge
shape from the initial state are insignificant, as 〈ψ1s| is largely
unaffected in this WDM regime. Meanwhile, the final state
|ψ f 〉 implicitly contains a dependence on the electronic den-
sity of states (DOS). Here, the DOS is calculated from the
square modulus of the final state integrated over space. So
long as the profile of the DOS remains slowly varying over
the K-edge region, the inference of temperature at the slope is
reliable. Previous work by Dorchies et al. [19] has explored
the sensitivity of the K edge to the temperature of Al and
has shown that for T > εF /4 other effects such as a varying
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FIG. 1. Comparison of this experiment’s capabilities to some
previous experiments that focus on measuring ionization and density
effects in WDM. The experimental configuration in this study is
capable of achieving ρ ≈ 10–30 g/cm3 at T≈ 10–30 eV for Cu.

DOS or thermal broadening will affect the K-edge shape and
the reliability for direct temperature readings. The K edge
will progressively underreport the temperature, signifying our
inference as a lower bound of temperatures in conditions
closer where kBT and εF are of a comparable value. A further
effect that could be expected due to the density of states is the
presence of other absorption features, 1s →3d , though we can
expect these nondipole transitions to be far less probable than
the 1s →np transitions.

Consideration of how the dense plasma environment
lowers an ion’s effective ionization potential, resulting in
so-called ionization potential depression (IPD), is required
to infer ionization information from the K edge. The IPD,
electron degeneracy, and ionization all cause changes to the
observed energy and profile of the K edge. Two of the most
commonly used IPD models are the Stewart-Pyatt (SP) model
[20] and the Ecker-Kroll (EK) model [21]. The SP model
interpolates from the Debye-Hückel model in the low-density
limit to the ion-sphere model in the high-density limit. The EK
model is derived from microfield potential contributions near
the ion and Coulombic interaction in the far field. The notable
distinction lies in incorporating the total particle density, ni

+ ne, in the EK model leading to typically stronger IPD than
the SP model. These ad hoc modifications have been shown
to describe plasmas in specific regimes, but there have been
varying results favoring each IPD model, or entirely different
approaches (i.e., density-functional theory models), in differ-
ent regimes as described below.

There have been efforts in recent decades to experimentally
measure and characterize warm dense metals. Figure 1 shows
some key experiments in this regime of WDM that investi-
gate dense plasma effects. The previous experiments can be
categorized based on their experimental method: x-ray free
electron laser (XFEL) experiments shown in Fig. 1 from Ciri-
costa et al. [22,23] isochorically heat targets to 100–200 eV
at solid densities. Short pulse laser systems are also able to
achieve extreme temperatures (≈500 eV) at solid density, as
demonstrated by Hoarty et al. [24]. Pulsed power experiments
by Gomez and Hansen et al. [10] measured Fe in MagLIF

liners [25] at Z Machine, achieving 15 g/cm3 and 10 eV. Long
pulse laser systems can shock heat targets; experiments by
Benuzzi-Mounaix et al. [26] show capabilities of 3× solid
density and 8 eV temperatures. Conversely, ramp compression
has been employed by Jiang et al. to compress Co to 1.5–2.1×
solid density at lower temperatures <1 eV. Finally, experi-
ments by Döpper et al. [27] measured ionization of Be at
extreme conditions (ρ ≈ 7–55 g/cm3, T ≈ 110–160 eV) with
capsule implosions on the National Ignition Facility (NIF)
[28]. Importantly, among these experiments shown, no agree-
ment exists on the IPD model that best describes the ionization
in this regime of warm dense plasmas. The experiments pre-
sented in this study span an area of the phase space denser
than shown with XFEL or short pulse laser experiments, and
moderate temperatures that have little experimental data with
a mid-Z metal. Our results provide additional data points that
are, importantly, designed to be uniform plasmas and yield
a valuable constraint to any model describing ionization in
warm dense plasmas.

III. TARGET DESIGN AND EXPERIMENTAL
CONFIGURATION

Experiments were conducted at the OMEGA Laser Facil-
ity, which is a 60 beam laser able to focus up to 30 kJ of
351 nm light over 1–3 ns on target. The experimental config-
uration consists of a planar target and a separate backlighter
positioned 3 mm away. At the center of the planar buried layer
target is a 10 μm thick Cu disk (8.96 g/cm3 solid density)
with a 500μm diameter. This is surrounded by an Au washer
cut to match the Cu and acts as an x-ray block for the x-ray
diagnostics. The Cu and Au lie between two symmetric plastic
(CH) ablators, each with a thickness of 125μm. A diagram
of the target package is shown in Fig. 2(a). The backlighter
is a 6μm thick Ge, coated onto a 100μm graphite foil. Ad-
ditionally, the backlighter has shielding to prevent emission
from the expanding laser plume from being in the line of sight
of any diagnostic. The laser drive uses 14 beams on each
side of the primary target, producing 3.4–5.4 kJ total laser
energy on target per side, configured with a standard square
pulse of either 1, 2, or 3 ns duration to achieve a variation
of shock strengths that compress and heat the Cu sample.
The achieved laser intensity is 161–770 TW/cm2 over the
three pulse length configurations. The laser spot is smoothed
with distributed phase plates for each beam and smoothing
by spectral dispersion to reduce hot spots in the drive and
improve uniformity. The laser spot is chosen to overfill the
target such that the buried layer sees a planar shock across its
entire diameter, beginning from a uniform beam of 880μm
diameter shown in Fig. 2(b). The Ge backlighter is separately
timed and irradiated with six additional beams, which deposit
approximately 1.2 kJ total laser energy in a 500 ps square
pulse at a spot diameter of 140μm.

The 500 ps backlighter duration sets the timing window
of our time-integrated diagnostics and is timed relative to the
main laser drive to probe when the plasma achieves uniform
conditions just after the symmetric shocks propagate through
the buried sample. Figure 3(a) depicts the three pulse length
configurations used in this study. Dedicated experiments were
completed with one-sided versions of the targets with an
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FIG. 2. (a) This experimental configuration consists of the main target of CH, 125 μm, and buried Cu foil surrounded by Au washer, 10
μm thick; and a Ge backlighter. Shown are the representative drive and backlighter laser beams and the spectrometer line of sight. (b) Detailed
sizes of the target layers. The laser drive is configured with a 3–1 ns square pulse with 3400–5900 J on target per side at a spot size of 880μm.
(c) Example XAS image from experiment.

added quartz window to measure the shock breakout with
velocity interferometry of any reflector (VISAR) [29] at the
same laser intensities. Analysis of the experiments dedicated
to measuring the shock timing with VISAR is further detailed
below, in Sec. IV A. We used the multiphysics radiation-
hydrodynamics code HYDRA [30] to simulate both the one-
and two-sided experiments. We determined constant laser
power multipliers for the one-sided experiments that match
the shock timing measured with VISAR, yielding the shock

trajectories shown in Fig. 3(b). These multipliers were then
used to achieve the same laser intensities (per side) on the
two-sided hydra models to ensure proper backlighter timing
and to predict the temperatures and densities achieved in the
Cu layer. The hydra predictions for the average temperature
and density over the Cu layer are shown in Figs. 3(c) and 3(d),
respectively. The backlighter timing windows over which the
XAS measurements are made for each pulse are shown as
shaded regions in Fig. 3. An accurately timed backlighter

FIG. 3. (a) Laser intensities for each drive configuration. (b) Shock trajectories as modeled by one-dimensional (1D) HYDRA simulations
for each drive. (c) Electron temperature within the Cu layer over time and panel (d) shows mass over time for each. The shaded regions
represent the optimal backlighting time window, for each configuration, for probing a uniform warm dense volume of copper.
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FIG. 4. (a) Target schematic of experiments for measuring shock timing with the VISAR. VISAR measurements for the mid-drive (2 ns
pulse length) configuration, two VISAR legs [panels (b) and (c)] and SOP [panel (d)], measure the shock breakout of the Cu layer (upper)
ablator (lower); the breakouts are denoted by the dashed lines for the ablator (orange) and Cu (gray). (e) The shock profiles for each drive
configuration, as inferred from two-dimensional VISAR data as it enters the Cu layer, as compared to the Cu foil diameter (dashed orange). (f)
The relationship of shock timing into, and out of, the Cu layer vs the driven laser intensity, this is used to aid in timing two-sided experiments
for probing uniform conditions.

ensures a more uniform plasma for the measured XAS and for
the inference of temperature from the Cu K edge. The longer
pulse durations provide more uniformity over the timing win-
dow, whereas the high drive (1 ns pulse) is the least uniform
over the measurement duration.

Our primary diagnostic was XAS, obtained using the EFX
spectrometer [31], which measures the K-edge x-ray absorp-
tion spectrum over the backlighter timing window. The EFX
diagnostic was configured with a flat Si (111) Bragg crystal to
cover an energy range from 6.3 to 11.4 keV. The XAS signal
was recorded on image plate using a filter pack consisting
of Mn, Fe, and W, which provides fiducial K- and L-edge
features for fitting the spectral dispersion on each shot. These
filter edges are used in combination with a ray-trace model
implemented in the XICSRT code [32] to constrain the energy
dispersion relation to within ±3.5 eV.

For the backlighter source size used in these experiments
(140μm diameter), we achieve a spectral resolution of ap-
proximately 10 eV at 9 keV (E/dE = 900), with source-size
broadening providing the dominant limitation. Appendix A
details the theoretical framework used to estimate the spectral
resolution for this experimental configuration. In practice,
changes in the K-edge slope corresponding to temperature
differences greater than ∼3 eV are resolvable, and the min-
imum temperature distinguishable from the cold case is
approximately 2 eV. A representative EFX image from these
experiments is shown in Fig. 2(c).

IV. EXPERIMENTAL DATA AND ANALYSIS

A. Experimental VISAR measurements

Dedicated experiments were conducted on a one-sided ver-
sion of the buried layer targets to measure the shock break in

and out of the Cu layer using the line-imaging VISAR [33]
diagnostic to improve timing accuracy of the backlighter and
sizing of the target diameter.

Figure 4(a) shows a basic schematic of the one-sided tar-
gets and the relevant size of the laser in this configuration. The
targets are of a similar construction to the two-sided targets,
with a 125 µm thick CH ablator and 10 µm Cu foil beneath.
Some changes specific to improve the VISAR measurement
include a 3 µm thick Au foil between the ablator and Cu,
this is to prevent preheating and photoionization to ensure
the VISAR quartz window remains transparent throughout the
measurement. The Cu is also placed over only one half of the
target to get a direct measure of both the breakout times from
the ablator with Au heat shield and the Cu for each shot.

Each experiment has two VISAR channels with different
sensitivities; one leg was set with 33.66 μm/ns per fringe, and
the second with 13.538 μm/ns per fringe, to resolve fringe
jump ambiguities to determine the shock velocity time history
as a function of position across the target measured within
the quartz window. Additionally, a streaked optical pyrometer
(SOP) is employed on the same line of sight, which gives
another indication of shock breakout in the quartz. Figure 4(b)
shows an example dataset from the 2 ns pulse configuration.
The shock breakout into the quartz window for both ablator
with Au heat shield only and with Cu can be seen at 2.15
and 2.40 ns, respectively, by the shift in the fringes in Figs.
4(b) and 4(c). The line-imaging capability of the VISAR at
OMEGA also allows for a determination of the shock pla-
narity across the buried layer target. The inferred transverse
shock profile for all three pulse configurations is shown in
Fig. 4(c); this is extracted from the discontinuity of the fringes
transverse to the shock direction. This gives a quantitative
estimate of how large the planar region of the shock is for
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FIG. 5. XAS data collected at the OMEGA laser facility. Experi-
ments varied laser drive intensity to heat and compress the Cu buried
layers. In black is the ambient case and low (blue), mid (orange), and
high (red) drives are of increasing intensities.

the laser configuration. The Cu layer is then chosen to be
well within this planar area to best maintain uniformity for the
XAS measurements. Figure 4(e) shows that for these VISAR
experiments that a target diameter of 350 µm or less will see
little variation in the planarity of the shock. The two-sided
experimental iterations used an increased spot size to allow for
a 500 μm diameter foil while maintaining the same planarity
of the propagating shock and the Cu region.

The relationship between the laser intensity and the mea-
sured shock breakout is shown in Fig. 4(f). The timing
information is then used to fit the 1D hydra simulations with
the scalar multiplier to the intensity. We found each drive
configuration required its own multiplier to fit the VISAR
timing, and these multipliers were used to predict the tim-
ing window for the two-sided symmetric drive experiments
detailed in this study. The multipliers needed to scale hydra
to match the measured shock timing were 0.75, 0.56, and 0.41
for the low-, mid-, and high-drive configurations, respectively,
and these calibrated simulations directly informed the timing
of the backlighter in the primary XAS experiments.

B. Extracting inferred temperature and ionization
from the Cu K edge

The measured Cu XAS from these four experimental con-
figurations is shown in Fig. 5, denoted throughout as undriven,
low-drive, mid-drive, and high-drive configurations corre-
sponding to no laser drive, 3 ns drive, 2 ns drive, and 1 ns
drive, respectively. These spectra qualitatively illustrate how
the plasma conditions change, and therefore the K edge, with
drive intensity. Sensitivity to temperature in the K edge and
ionization in the resonance absorption show changes in the
Cu plasma conditions as the drive is changed. We also note
the presence of Kβ fluorescence pumped by the laser-driven
plasma, most notably in the high-drive case. Because the
source (the ablation plasma) pumps the fluorescence from a
different location and early in time, it is not expected to sig-
nificantly affect the XAS measurement, but it can contribute
to the K-edge region shape, and that must be considered in the
analysis.

FIG. 6. (a) Experimental spectra of cold Cu compared to tab-
ulated cold transmission data. (b) Mid-drive experimental spectra
overlaid with respective fits for the K edge, bound-bound resonance
absorption, and Kβ emission. Contributions from each individual
fitted charge state are shown in grayscale and the combined in blue.
Together, this fit method extracts an inferred temperature and charge-
state distribution of the warm dense Cu. Factors that can affect the
K-edge position are the 1s binding energy (	E1s), the chemical
potential (	μ), and IPD (	EIPD), the direction at these conditions,
they can shift the edge are denoted by the arrows (not to scale).

Accurate analysis of the K-edge slope and broadening of
the 1s–3p absorption features requires an accurate instrument
response function (IRF) to account for the spectral resolu-
tion of the measurement. The IRF was determined from the
undriven configuration that measured the cold Cu K edge.
The total instrument response here includes the inherent in-
strument resolution as well as source broadening from the
backlighter size, in the case of absorption, and from the Cu
target size, in the case of Kα and Kβ emission. The back-
lighter source function can also be determined from these
measured data, since the cold Cu density and thickness are
known, which are important for characterizing and analyzing
the driven shots. Figure 6(a) shows the undriven measurement
compared to a tabulated cold edge [34].

Before the temperature and ionization can be inferred
from the K-edge region, the signal contributions from the
background laser drive and backlighter are removed. The
wide energy range of EFX allows for the measured signal
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away from spectral features to be used to fit a combined
background and source function consistent with our undriven
measurements. The measured absorption around the K edge
is modeled by fitting to two major components: a Fermi-Dirac
distribution that can capture the temperature sensitivity at the
K edge, and a set of 1s → 3p absorption lines from each
contributing charge state to capture the absorption feature
below the K-edge energy. Our fitting model utilizes a Markov
chain Monte Carlo (MCMC) [35] sampler to determine the
value of the free parameters of interest to infer temperature
and ionization, along with statistical uncertainties and corre-
lations.

Inferring the temperature from the Fermi-Dirac component
requires four total parameters, three to position it at the K edge
(an amplitude A1, a centering value μ1, and a y offset y1) and
finally, a temperature kBT to fit the K-edge slope. The absolute
position of the K edge requires knowledge of each of the 1s
binding energy and the density of states for each ion along
with the chemical potential of the system, and the IPD, and
therefore requires a full physics model. However, because of
the edge’s dependence on the density of states in addition to
the vacancies given by the Fermi-Dirac distribution, at higher
temperatures this simple method obtains a lower limit on the
temperature, which we report here. In contrast, the hydra sim-
ulations tend to estimate much higher achieved temperatures,
which could be a result of several mechanisms, including the
specific ionization model in the code.

We fit the charge-state distribution using four free param-
eters by assuming a mean ionization Z from which a super
Gaussian can approximate the weighted contributions from
the charge states surrounding Z . The MCMC model can then
adjust all 30 charge-state weights by adjusting the Gaussian
variables (amplitude A2, variance σ 2

2 , centering or Z , and
the Gaussian exponent P). To model the 1s → 3p absorption
feature, we used Voigt profiles for each charge state, weighted
by the relative population of each state as determined by
the Gaussian weights. The Voigt width is calculated with
both Stark and natural broadening, which will depend on the
density and Z , denoted as 	br below. The Stark broadening
contribution is calculated using a model derived from Griem
[36] and natural widths have been estimated from Cretin [37]
calculations but were found to be negligible in comparison to
the IRF and Stark broadening of the absorption feature; the
combined effects resulted in the fitted shape seen in Fig. 6.

Fitting the Voigt functions to the measured signal requires
a calculated spectral energy where each will contribute to
the total absorption, for this we use fac. Next, the choice of
imposing a plasma polarization shift on the charge states is
required, and for this, there are two options explored in this
study. The first is a widely used ad hoc model formulated by
Nguyen et al. [18], from which PPS can be calculated at a
density and temperature for the 1s → 3p transition. This is
denoted by 	PPS above and is used to shift the isolated atom
transition energies. We compare this to a more fundamental
approach that adds plasma screening directly in the fac tran-
sition calculations, removing the need for an additional PPS
modifier.

To calculate terms in the model such as the PPS or broad-
ening that required an electron density, we used the density
in combination with the found Z and this is varied within the

model as a fitted solution of Z is converged to. There is no
direct measure of density for this experimental data; however,
our HYDRA simulations estimate the achieved densities of each
drive, albeit with large uncertainties. The laser energy varia-
tion between our VISAR experiments to the four presented
here (low-high drives and undriven) was also used to estimate
the change in the simulated density values found with HYDRA.
The simulations used for estimating the two-sided experi-
ments utilize the found scalings from the VISAR but with the
appropriate layers and the symmetric boundary for the coun-
terpropagating shock configuration. For these experiments,
the laser varied <10% from the expected intensities and this
variation in combination with potential timing uncertainty
in the backlighter, ±20 ps, is used to quantify the expected
uncertainty in the simulated densities. HYDRA’S underlying
EOS tables were investigated, and we found that utilizing ei-
ther the Livermore equation-of-state (LEOS) or Sesame EOS
tables [38] does not incur a notable difference in the final
densities found. To assess model sensitivity, we varied ad-
ditional multiplicative parameters in hydra, including inverse
bremsstrahlung (laser absorption), electron conductivity, the
electron flux limiter, electron-ion coupling, radiative opacity,
and artificial viscosity. Even for large deviations from nominal
values (0.5–2× nominal), the resulting densities changed by
less than 1% for some parameters and by no more than ±8%
for the most sensitive (inverse bremsstrahlung and electron
conductivity), this has been included in the uncertainty of
the densities. The densities found via HYDRA simulations are
24 ± 3, 24 ± 3, and 18 ± 4 g/cm3 for the low, mid, and high
drives, respectively. Finally, there is a contribution from Kβ

fluorescence emission, which also depends on the charge-
state distribution; this can include emission pumped by the
laser-driven plasma, as observed most clearly in the high-drive
experiment. The Kβ emission amplitude is scaled from mea-
surements from the Kα emission on EFX using α/β ratios
previously verified experimentally [39]. The full fitting model
then takes the form

Ftot = A1

[
1 + exp

[
E − μ1

kBT

]]−1

+ y1

+
29∑

z=0

A2 exp

⎡
⎣−

(
z − Z

σ2

)P
⎤
⎦FVoigt(E , z,	br,	PPS)

+ FKβ (E , Z ). (3)

Additionally, the curves are convolved with the IRF when
fitting the experimental data. The total fitted model contains
the sum of contributions from each charge state and tem-
perature influence on the K edge through the Fermi-Dirac
distribution component. Figure 6(b) shows the final resulting
fit split into its functional components for the mid drive, the
inferred temperature is ≈16 eV, and a mean charge of ≈6–7,
dependent on the model choice in calculating the 1s → 3p
transitions.

Together, we have a means to infer the temperature and
ionization of the buried Cu plasma without the need for a for-
ward fitting physics model. Application of this fitting method
yields inferred temperatures for the low, mid, and high drives
of 10.6 ± 0.4, 15.7 ± 0.6, and 20.8 ± 0.7 eV, respectively.
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FIG. 7. (a) Inferred charge-state distribution with three models, each prescribes a different level of PPS in the warm dense Cu, leading
to differing ionization in this mid-drive case. (b) Comparison of the K-edge shift from cold for each drive configurations at the inferred Z
(Nguyen). See Table I for detailed values.

Figure 7(a) also shows the variation in the inferred charge-
state distribution by model for the mid drive. From the
resonance absorption component, we find an average ioniza-
tion Z of 4.2 ± 0.8, 5.9 ± 0.8, and 6.9 ± 0.8 with ad hoc PPS
for the low, mid, and high drives, respectively. In comparison,
fac, with an applied Stewart-Pyatt potential as the plasma
screening model, yields similar results shown in Fig. 7(a),
which is compared with the fac isolated atom calculation in
black. fac with the Stewart-Pyatt potential model estimates the
strongest IPD effect on the resultant CSD for the mid and high
drives and slightly weaker shifts in the low drive. The found Z
for this PPS model is 4.0 ± 0.8, 6.9 ± 0.8, and 8.6 ± 0.8 for
the low, mid, and high drives, respectively. Together with our
density estimate, we have an inferred set of ρ, T, and Z for
the XAS measurements and provide important constraints in
phase space for modeling these plasmas.

Importantly, with this modeling approach we can estimate
the plasma conditions, subject to model-dependent uncer-
tainties, and thereby place meaningful constraints on the
treatment of density-dependent effects and outer-shell ioniza-
tion in warm dense copper. In this regime, where the thermal,
Coulomb, and Fermi energies are of comparable magnitude, a
self-consistent description of bound states and the continuum
remains a significant challenge for current warm dense matter
models.

TABLE I. Summarized inferred conditions from the three drive
configurations in this study. Density is inferred from experimentally
verified simulations; temperature and ion charge are experimentally
inferred; K-edge and Kβ shifts are reported in reference to the cold
ambient Cu K edge.

Exp. Inferred values High drive Mid drive Low drive

T (eV) 20.8 ± 0.7 15.7 ± 0.6 10.6 ± 0.4
Z (Nguyen) 6.9 ± 0.8 5.9 ± 0.8 4.0 ± 0.8
K-edge shift (eV) 29.4 ± 4.3 17.8 ± 4.4 6.7 ± 3.5
1s → 3p shift (eV) 25.7 ± 4.4 12.6 ± 4.4 3.9 ± 3.5
From HYDRA High drive Mid drive Low drive
ρ (g/cm3) 18 ± 4 24 ± 3 24 ± 3

In the measured spectra, we observe systematic blue shifts
of the K edge by 7–30 eV (from low to high drive) and shifts of
4–26 eV in the bound 1s → 3p resonance relative to the cold
edge. Figure 7(b) shows the three experimental K-edge shifts
as a function of their inferred Z (Nguyen). Taken together,
these measured shifts, combined with the inferred tempera-
ture, density, and CSD, provide a compact and experimentally
anchored data set for direct comparison with ionization and
opacity models, and for benchmarking future theoretical and
experimental studies in this regime. Table I summarizes the
inferred plasma conditions for the three drive configurations.

From the measured XAS data, we identify the plasma
conditions that best represent the experiment while explic-
itly accounting for the influence of model-dependent effects
on the inferred parameters. Although both fac screening
approaches predict similar CSDs within experimental uncer-
tainties, neither reproduces the measured edge energy, Eedge =
E1s + μ(ne, T ). This discrepancy, while not unexpected, high-
lights specific limitations in current treatments of continuum
lowering and electronic structure at these densities and tem-
peratures. With additional experimental constraints, it may be
possible to decompose the K edge into distinct contributions
from bound-state energies, the chemical potential, and IPD.
Achieving this would require validated calculations of the
binding energies with fac, together with an independent and
accurate determination of the electron density, which remains
an experimental challenge for this platform and for WDM
research more broadly.

V. CONCLUSIONS

We have presented experimental results inferring ioniza-
tion and temperature from high-quality XAS measurements
of uniform warm dense copper plasmas with minimal spatial
and temporal gradients. By varying the laser drive intensity,
we observe clear sensitivity of the K-edge region to changes
in temperature and ionization. Across three different drive
conditions, we infer temperatures of 10.6 ± 0.4 eV, 15.7 ±
0.6 eV, 20.8±0.7 eV and average ionization Z of 4.0 ± 0.8,
5.9 ± 0.8, and 6.9 ± 0.8, respectively, using the Nguyen PPS
for the low-, mid-, and high-drive configurations.
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The temperature and ionization of the plasma are inferred
using a functional fit to the K-edge and the bound-bound
resonance absorption feature. Under these degenerate condi-
tions, the K-edge is assumed to be primarily shaped by the
Fermi-Dirac distribution of the electron population, allowing
the temperature to be inferred directly from the edge slope.
This temperature inference provides a critical constraint for
studies of ionization in this regime. We further demonstrate
that fitting individual charge-state contributions to the bound-
bound resonance absorption feature enables inference of the
plasma charge-state distribution. While the choice of atomic
model leads to variations in the inferred values, these dif-
ferences provide a useful bound for comparison with more
sophisticated models that currently struggle to reproduce the
measured spectra. Experimental data in this WDM regime
are therefore essential for improving the understanding of
density-dependent effects on the atomic structure of embed-
ded ions and for constraining future modeling efforts.

Owing to its relative simplicity, this experimental plat-
form is readily adaptable to studies of other mid-Z materials
and to the inclusion of complementary diagnostics. Future
experiments could further constrain plasma conditions by in-
corporating additional spectroscopic measurements, such as
x-ray fluorescence spectroscopy, which in conjunction with
XAS can probe ionic structure through emission spectra.
In the present measurements, source-size broadening limited
the achievable spectral resolution, and improvements in this
area may yield additional insight into line-broadening mech-
anisms. Continued experimental investigations of partially
ionized metals in the warm dense regime will be essential
for addressing persistent discrepancies in models of ionization
potential depression and other dense plasma effects.
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APPENDIX A: SPECTRAL RESOLUTION OF THE EFX
SPECTROMETER

Quantifying the spectral resolution of the EFX spectrom-
eter is essential for the analysis and fitting of the copper

FIG. 8. The spectral resolution for each term along with the total
resolution in black. The largest contribution comes from the source
size, 140 µm for our experiments. Additional contributions come
from broadening due to the rocking curve, the image plate resolution,
and the x-ray penetration depth.

K-edge data. Following the model outlined by Chin et al.
[31], the total spectral resolution is decomposed into four con-
tributions: source-size broadening, the crystal rocking-curve
contribution, detector resolution, and depth broadening due to
x-ray penetration into the crystal. Each term is represented as
the FWHM of a Gaussian:

δEsrc = dE

dx

Dsrc

cos(π/2 − θB)
, (A1)

δErock = E
δrock(E )

tan(θB)
, (A2)

δEdet = dE

dx
χip, (A3)

δEdepth = dE

dx
2ldepth(E )cos(θB). (A4)

Here, dE/dx is the change in unit energy per distance
along the detector derived from the dispersion relation. Dsrc

is the backlighter source size (140 μm for these experiments),
δrock is the FWHM of the calculated rocking curve as a func-
tion of energy, χip = 25 μm is the image plate resolution,
and ldepth is the energy- and angle-dependent x-ray penetra-
tion depth in silicon calculated using National Institute of
standards and technology (NIST) data [40]. The total spectral
resolution is obtained by adding the four contributions in
quadrature:

δEtotal =
√

δE2
src + δE2

rock + E2
det + E2

depth. (A5)

The individual contributions to the spectral resolution, as
well as the total calculated resolution, are shown in Fig. 8 for
the EFX configured for the Cu XAS experiments at OMEGA.
Source-size broadening is the dominant contributor to total
resolution. In the region of interest around the Cu K edge, we
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FIG. 9. (a) Hydra simulation of density and temperature in the
buried Cu layer overlaid with backlighter probe times to measure
XAS early timing (blue), nominal timing (black), and late timing
(red). (b) The resulting experimental XAS data for the three timing
variations are compared to the undriven cold case (gray). We find
little variation in the K edge, in the early timed case, confirming the
timing and similar results in the nominal and late timed cases, con-
firming that the nominal is measuring after the shock compression
only.

find a resolution of approximately 10 eV. This is in agreement
with our findings from the undriven cold Cu K-edge measure-
ments [see Fig. 6(a)].

APPENDIX B: EXPERIMENTAL TIMING SCAN
OF CONDITIONS

Additional experiments were performed to verify the shock
timing inferred from the one-sided VISAR measurements. In
these experiments, the platform was configured in the nominal
two-sided geometry (see Fig. 2). The x-ray backlighter timing
was varied to measure XAS at three characteristic times: prior
to shock arrival at the buried copper layer, at the nominal op-
timal time shortly after complete shock propagation through
the copper, and at a delayed time relative to this optimum. This
timing scan provides an experimental validation of the hydra-
simulated timing used to design the primary experiments.

Figure 9 shows representative hydra simulations and cor-
responding XAS measurements from three shots with varied
backlighter timing for the two-sided mid-drive configuration
(2 ns laser drive). The early-time shot (blue) probes a 500 ps
window before the shocks reach the buried copper layer. The
nominal shot (black) is timed to the optimal window just after
peak compression of the buried layer, while the late-time shot
(red) is delayed by an additional 250 ps relative to the nominal
timing. Figure 9(a) compares the three backlighter timing
windows to the hydra-simulated density evolution within the
buried copper layer, and Fig. 9(b) shows the corresponding
measured XAS in the Cu K-edge region.

Based on the hydra simulations, the early-time shot is
expected to probe near-ambient copper conditions, which is
confirmed experimentally by the observed K edge being iden-
tical to that of the undriven case. For both the nominal and
late-time shots, the simulations predict probing only warm
dense copper. The close similarity of the measured XAS
spectra for these two shots indicates that the nominal tim-
ing window occurs after complete shock propagation through
the copper layer, as the presence of any unshocked material
would produce readily identifiable changes in the absorption
spectrum. In addition, the early-time shot indicates that laser-
driven preheat may produce detectable Kβ fluorescence, but
does not significantly heat the buried copper layer, as no K
edge softening associated with thermal effects is observed.

Together, these measurements demonstrate that the hydra
simulations, once adjusted to match the one-sided VISAR
data, provide sufficient accuracy for timing the x-ray back-
lighter to probe the optimal window just after full shock
traversal of the buried copper layer.
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