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Detailed measurements of the electron densities, temperatures, and ionization states of compressed CH
shells approaching pressures of 50 Mbar are achieved with spectrally resolved x-ray scattering. Laser-
produced 9 keV x-rays probe the plasma during the transient state of three-shock coalescence. High signal-
to-noise x-ray scattering spectra show direct evidence of continuum depression in highly degenerate warm
dense matter states with electron densities 7, > 10** cm™3. The measured densities and temperatures agree
well with radiation-hydrodynamic modeling when accounting for continuum lowering in calculations that

employ detailed configuration accounting.
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Accurate knowledge of the ionization balance, the
thermodynamic properties, and the equation of state of
dense plasmas is of fundamental importance towards
precisely modeling warm dense matter and materials in
the high-energy density (HED) physics regime. Such
information is relevant for understanding matter at Mbar
pressures and temperatures beyond 1 eV that are predicted
to exist in many astrophysical environments, interiors of
giant planets [1-5], and occur during the thermonuclear
fuel assembly phase of inertial confinement fusion implo-
sions [6,7]. As experiments are currently taking place at the
National Ignition Facility that achieve laser-driven com-
pressed matter densities of up to 1000 gcm™ [8-10],
accurate plasma models are needed as an integral part of
the experimental design [11,12] of ignition conditions.
Thus, it is important to experimentally characterize highly
compressed states of matter in order to determine the
physical properties and to evaluate current state-of-the-art
radiation-hydrodynamic modeling.

HED conditions are produced via the interaction of high-
power lasers with solid density targets [13]. Modern laser
pulse shaping techniques drive multiple, precisely time-
delayed shock waves. These separate shocks, controlled
by the laser intensity and pulse duration, coalesce inside
the solid and compress the material to high electron densities,
n, > 10%* cm™3, achieving high pressures that approach P =
50 Mbuar, at fairly low electron temperatures, thus resulting in
nearly degenerate, strongly coupled plasmas characterized by
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T, < Tp and T';; > 1. Here, T = (h*/2m,)(37%n,)* is
the Fermi energy and I';; is defined as the ratio of the
Coulomb energy and the thermal energy. A detailed theo-
retical description of matter under such conditions is chal-
lenging as standard approaches used in solid-state and ideal
plasma theories do not apply. In addition, the experimental
investigation of these states is equally challenging because
these plasmas are not self emitting and require active probing
by high-power penetrating x-rays or particle beams.

X-ray Thomson scattering has proven to be an accurate
method to measure the electron density and temperature of
highly compressed dense plasmas [13-31]. This technique
probes the bulk properties of matter deep inside dense
plasmas and is not limited by refraction and reflection at the
surface boundary. In the noncollective scattering regime,
the width of the inelastic Compton scattering feature is a
sensitive function of the momentum distribution of free or
weakly bound electrons.

When the ionization state is known, the Compton
scattering width has been applied to infer the electron
density while the spectral shape is sensitive to the electron
temperature [31-33]. The relative strength of the elastic
scattering, in contrast, is sensitive to the ion temperature
and is weakly correlated with the electron density.
Consequently, high signal-to-noise measurements of both
the elastic and inelastic scattered signals simultaneously
provide the temperature and the electron density from a
single scattering spectrum.
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In this Letter, we present the first measurements of
continuum depression [34-37] in well-characterized com-
pressed matter from spectrally resolved x-ray Thomson
scattering (XRTS). The spectrum indicates the absence of
valence carbon L-shell electrons that are highly localized in
momentum space and provide a narrow spectral band
signature. These findings were enabled by applying the
full multi-ion species form factor in random phase approxi-
mation to determine the elastic scattering feature and the
temperature. Thus, different from previous studies in CH
[31,33], both the elastic and inelastic XRTS features have
been described for the first time, providing the ionization
state with high accuracy.

Our results demonstrate high values of the carbon
ionization state Z. after shock coalescence that are in
agreement with the hydrodynamic models that use detailed
configuration accounting (DCA), the Livermore equation
of state (LEOS), and incorporate the Stewart-Pyatt (SP)
model [38] to calculate continuum depression. As a direct
result, the calculated electron density is significantly larger
than that obtained with more widely used radiation-hydro-
dynamic orbital-free simulations that can employ selective
equation of state tables and an ion-sphere model [39].

Figure 1 shows a schematic of the experimental configu-
ration and the target geometry. This pump-probe experiment,
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FIG. 1 (color). Experimental setup to study spherically coa-
lescing shocks in CH capsules. (a) Schematic diagram of the
target geometry, laser beam configuration, and scattering k
vectors. (b) Photograph of CH cone-in-half-shell target. (c) Radi-
ation hydrodynamic simulation of the mass density as a function
of CH shell radius; the input laser drive power is superimposed as
a white curve. (d) Raw x-ray scattering data measured with gated
HOPG crystal spectrometer: calibration shot, measuring the Zn
He-a line at 9 keV; scattered x-ray signals for 800 and 500 ps
after the end of the laser drive show elastic and Compton
scattering features.

performed at the Laboratory for Laser Energetics Omega
Laser Facility [40], uses 70 um thick CH shells that are
shock compressed up to 8.75 g/cc using a pulse shape
composed of three steps of 1 ns, 1.5 ns, and 500 ps duration
along with precisely controlled total amplitudes of 0.67,
6.85, and 15.5 TW respectively. A total of 45 3w (351 nm)
laser beams, 13.5 kJ at 300 J/beam, are focused to 800 ym
diameter spots and distributed over 75% of the capsule
surface area excluding the scattering line-of-sight cone as
shown in Figs. 1(d) and 1(b). A total of eight laser beams
produce high-energy Zn He-a x-rays at 9 keV. The x-ray
probe is delayed by approximately 200—800 ps after the time
of full shock coalescence, probing the plasma at a scattering
angle of @ = 135° 4+ 10°.

The laser pulse intensity profile is shown in Fig. 1(d)
superimposed on a result from Helios one dimensional
radiation-hydrodynamic simulations [41] of the shell mass
density as function of time and shell radius. The simu-
lations demonstrate three-shock coalescence at the end of
the 3 ns drive and 50 ym behind the inner shell boundary
indicating peak mass density of p = 8p, at a temperature of
T, =17 eV. The scattered signals from the shock com-
pressed CH shell have been spectrally and temporally
resolved with a graphite crystal (highly oriented pyrolytic
graphite) in combination with a gated microchannel plate
detector capable of providing temporal resolution of
200 ps. Figure 1(d) shows sample x-ray scattering raw
data from this configuration.

Figure 2 shows the scattering spectra at four different
times after shock coalescence. The data are background
subtracted, and the x-ray filter and detector response has
been taken into account. The x-ray energy and scattering
angle results in noncollective scattering where the Compton
scattering spectrum from free electrons yields a Compton
shift of E. = h’k?/2m, = 245 eV.

The full spectral x-ray scattering response for a multi-
component plasma can be described by the total electron
structure factor, which allows the following decomposition
[42]

Steoet<a)) = azb vV XaXb |fa + ('Ia”fh + qb|Sah(a)> + ZS(e)e(a))
+Znga/dw’gge(a)—w’)Sg(a)’). (1)

Here, f is the ion form factor, g describes the screening
cloud, S, is the partial structure factor, and S, () is the full
dynamic response of the free electrons in the system. The
first term contains the resonant quasielastic Rayleigh scatter-
ing feature from tightly bound and screening electrons
associated to different ion species, the second term describes
Compton scattering from free electrons, and the third term
contains the bound-free scattering contribution [13,43—45].

In our conditions, we are probing the plasma in a finite-
k regime where it is important to treat the electrons with the
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FIG. 2 (color). Top spectra: x-ray Thomson scattering data and
curve fit analysis. Measured scattering spectra (black data) and
best-fit (red curves) to the elastic and inelastic x-ray scattering
from three-shocked CH capsules at t = 3.4, 3.5, 3.6, and 3.8 ns
yield n,, T,, and carbon ionization state Z-. The total best-fit
calculated x-ray scattering spectra for Z- = 4 (red curves) are
also compared to calculated spectra with Z- =2 (dark blue
curves) and individual scattering features using the impulse
approximation with the Dirac-Fock 2s wave function for the
L-shell bound-free contribution (light purple curve), the core
K-shell contribution (dark purple curve), the free-free Compton
scattering contribution (light blue curve), and the elastic x-ray
bound-bound scattering contribution (dark green curve).

full random phase approximation for arbitrary k [46]. This
procedure provides an accurate model for the elastic
Rayleigh scattering contribution in multiple ion species
[42] where the Rayleigh amplitude provides the temper-
ature of the plasma and consequently constraints the fit of
the inelastic feature [47-50].

In addition, the bound-free scattering contribution
depends on the average ionization state of the plasma
for both carbon and hydrogen. For the warm dense matter
conditions explored here, the hydrogen atoms are fully
ionized (Zy = 1), but carbon ions provide a bound-free
scattering component that yields the ionization state of the
compressed CH capsule. In this study, the atomic L-shell
contribution was calculated in the impulse approximation
(TA) [51] from the Hartree-Fock (HF) 2s wave function
[52] as shown to provide accurate results for more tightly-
bound, semi-core levels by a recent study in Ref. [53].
Here, the HF calculation provides a useful reference
standard for non-ionized, free-atom behavior.

For a carbon ionization state of Z- = 4, we obtain an
excellent fit to the inelastic Compton scattering spectrum. In
particular, the width and spectral shape of the Compton
scattering spectrum is properly described, cf. Fig. 2. On the
other hand, when assuming a carbon charge state of Z- = 2
the spectral fit calculations in the IA show significant
discrepancies to the measured inelastic scattering spectrum.
This is due to the narrow momentum distribution of L-shell
electrons; for Z- = 2, the intensity and spectral width of the
L-shell spectrum is determined by the f-sum rules and the
bound electron wave function, respectively. Consequently
varying plasma density and temperature cannot compensate
for these properties.

We find that this result is independent of the bound-free
models used in Eq. (1), even though the FFA violates
conservation of particle number [53]; Fig. 3 compares the
results obtained in IA with those obtained in the form factor
approximation (FFA). Although applying FFA results in
some improvements on the low-energy wing of the inelastic
scattering spectrum, the FFA bound-free spectrum falls
short in providing a good description of the data in the
range 8800 eV < E < 8900 eV, i.e., between the elastic
and inelastic scattering contributions.

The Supplemental Material shows attempts to fit the
experimental data for a carbon ionization state of Z, = 2
using FFA and with a different wave function model in IA
[54]. In addition, we show a comparison with fits using
Zc = 3. These results demonstrate that good agreement
between spectral fit calculations and experimental data can
only be obtained using a carbon charge state of Z, = 4,
indicating the ionization of the carbon L-shell electrons in
compressed CH. With this result at hand, the spectral shape
of the inelastic Compton scattering spectrum further
determines the temperature of free electrons [13,32],
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FIG. 3 (color). Theoretical total inelastic bound-free x-ray
scattering spectra using the truncated IA (green, tr-IA) and the
FFA (red). Also shown are the separate contributions from K- and
L-shell electrons within each approximation. The dashed red
curve for the K-shell contribution uses the real space Green’s
function (RSGF) approach
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FIG. 4 (color). Electron density vs temperature data inferred
from spectrally resolved x-ray Thomson scattering (using bound-
free models IA (red) and FFA (purple)). Green, gray, and blue
regimes are from radiation-hydrodynamic simulations of multi-
shocked compressed CH capsules incorporating various equation
of state and continuum lowering models. Also shown is the Fermi
pressure achieved in these experiments.

providing results that match the temperature inferred from
the elastic Rayleigh scattering amplitude. Thus, we esti-
mate that the errors bars are less than 10% in the measured
electron density and 15% in temperature and 0.5 for the
ionization state Z.

Figure 4 compares the measured densities and temper-
ature data during shock coalescence with the predicted
values based on radiation-hydrodynamic simulations [56].
Four different conditions have been studied, and the scatter-
ing spectra have been analyzed using IA and FFA for the
bound-free scattering contributions. For the lowest and
highest pressure cases, we find slight differences using
FFA vs 1A due to slight differences in the calculated K-shell
bound-free spectrum as indicated in Fig. 3. However, despite
the aforementioned deficiencies of the FFA [53], for the
present study the differences are small and within the range
of error bars and indicate Fermi pressures of 50 Mbar.

The experimental data are compared to three different
radiation-hydrodynamic simulations. We obtain agreement
using the LEOS and include continuum lowering by the SP
model through DCA. This contrasts to modeling that uses
various EOS modeling but that neglects the shell structure
of the ions as demonstrated by the LEOS or the quotidian
EOS [57] calculations. These results demonstrate that
simulations that include continuum lowering models agree
with the data. In particular, the free electron density
achieved in this experiment is about a factor of 2 greater
than that predicted by orbital-free modeling.

The study of ionization balance, as a consequence
of ionization potential depression (IPD) in dense plasmas,

has gained considerable interest recently with the ability
to accurately monitor continuum edge shifts using
narrow-band hard x-ray sources [36]. Those studies have
primarily focused on continuum depression using K-o
emission spectra from x-ray heated (70 < 7, < 180 eV),
solid-density aluminum. Another recent study on hot
compressed matter [37] reported the lack of the Lyman-
p emission lines for densities greater than p > 5.5 g/cc
indicating that the SP model [38] appears to be in better
agreement than the IPD model put forth by Ecker and Kroll
[58]. In the highly compressed nearly Fermi-degenerate
warm dense matter studied here, there are no significant
differences between these two models. The present results
show an IPD effect in shock-compressed warm dense
matter and demonstrate the importance of including IPD
effects in radiation-hydrodynamic modeling.

In conclusion, high signal-to-noise measurements and
the sensitivity of the carbon L-shell bound-free scattering
spectra have accurately determined a carbon charge state of
Zc =4, at pressures of approaching 50 Mbar, resulting in
approximately 2 times higher free electron density than that
of standard radiation-hydrodynamic modeling. Such higher
than predicted ionization is consistent with the conclusions
of recent experiments performed at the Linac Coherent
Light Source [36] and, furthermore, demonstrates the utility
of material compression experiments to evaluate IPD
models. These results have important implications for
inertial confinement fusion studies where knowledge of
the electron density in shock-compressed warm dense
matter affects the calculation of hydrodynamic instabilities
in the design of capsule implosion experiments.
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