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LETTER
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White dwarfs (WD) represent the final state of evolution for the
vast majority of stars 3. Certain classes of white dwarfs pulsate®>,
leading to observable brightness variations whose analysis with
theoretical stellar models uniquely probes their internal structure.
Modeling of these pulsating WD stars provides stringent tests of
white dwarf models and a detailed picture of the outcome of the
late stages of stellar evolution ®. However, these high energy den-
sity states are extremely difficult to access and diagnose in the labo-
ratory and as a result theory is largely untested at these conditions.
Here, we present equation of state (EOS) measurements of matter
at pressures ranging from 100-450 million atmospheres, where the
understanding of WD stars is sensitive to the EOS and where mod-
els show significant differences. We measure the pressure-density
relationship along the principal shock Hugoniot of hydrocarbon
to within five percent. The observed maximum compressibility is
consistent with theoretical models that include detailed electronic
structure, are used in calculations of WD stars and inertial con-
finement fusion (ICF) experiments”%, and predict an increase in
compressibility due to ionization of the inner core orbitals of car-
bon. We also find that detailed treatment of the electronic structure
and the electron degeneracy pressure are required to capture the
measured shape of the pressure-density evolution for hydrocarbon
before peak compression.

At pressures of a million to a billion times earth’s atmosphere,
(Mbar to Gbar), core electrons can affect the material compressibility
by altering both the amount of stored internal energy, and the plasma
pressure through ionization. At these pressures, the core electron exci-
tation energies and the ionization are difficult to predict °. Depending
on how these details are modeled, the equation of state along the shock
Hugoniot, e.g. pressure vs compression in this work, can vary by nearly
10%'° which is significant for white dwarf models ''. Here we test EOS
models for a hydrocarbon which is directly relevant to the modeling of
white dwarf stars of the hot DQ class that contain a degenerate car-
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Figure 1 | Experimental configuration a) Schematic of the target showing laser
beams incident on the inside of a gold hohlraum, solid spherical sample inside
the hohlraum, and the x-ray backlighting configuration. b) Diagram of the sample
configuration with layer thicknesses and level of Ge dopant on the right side in
atom % c) Laser drive (blue) and backlighter (red) power profiles vs time. The
calculated radiation temperature vs time in electron volts, T’ (eV), is also shown
(black curve). d) Streaked x-ray radiography data showing the shock front and
shock flash at the core.

bon and oxygen core surrounded by an envelope of mostly carbon >3,

Uncertainty in EOS and opacity models can affect the extent and prop-
erties of mixing within the convection zone which impacts the inferred
surface abundances and pulsation properties of pulsating WD stars with
carbon-rich envelopes 11214 (see the Methods). In addition, instabil-
ity growth in laboratory inertial confinement fusion experiments’ has
been shown to be sensitive to EOS modeling '>!® with more compress-
ible models leading to higher instability growth rates. Until now, no
laboratory measurements of the shock Hugoniot have been reported at
pressures exceeding ~60 Mbar for any material, and theoretical mod-
els in this regime have not been constrained by experimental data. A



single dataset at Gbar pressures recorded in underground nuclear ex-
plosions for Aluminum'” has uncertainty that is too large to distinguish
between theoretical models.

We present laboratory equation-of-state measurements in a regime
where none currently exist, enabling tests of theoretical models at pres-
sures exceeding 100 million atmospheres. We access the atomic pres-
sure regime >300 Mbar (see the Methods) where extreme temperatures
and densities ionize inner core electron orbitals and can change the
shape of the pressure vs density function (P — p) along the Hugoniot
states. We resolve the shape of the Hugoniot response by measuring a
continuous sequence of data points in a single shot, using a spherically
convergent geometry '*2!. The combination of small scatter and pre-
cision of the data effectively constrains EOS models. Alternate tech-
niques such as planar dynamic compression experiments®>%
stricted to pressures of < 60 Mbar and can only access one Hugoniot
point in a single shot. Accessing the shock regime in this work re-
quired increasing the laser driver energy and using multiple coalescing
shock waves to generate a single stronger shock. Operating in an in-
tense x-ray drive environment required mitigation of sources of preheat
and background from electrons and x-rays generated from the radiation
drive, as well as symmetric shock generation. To interpret the exper-
imental measurements in this high-pressure regime where the opacity
at the shock front deviates significantly from the cold opacity, we de-
veloped a simultaneous density and opacity analysis method >* (see the
Methods).

These experiments were performed at the National Ignition Facil-
ity (NIF) % where 1 MJ of 351 nanometer laser light was delivered
to the inside of a gold cylinder (hohlraum) creating an x-ray radiation
bath with a maximum radiation temperature (77.) of 294 eV (nearly 3.5
million degrees), see Figure 1. The x-ray drive is absorbed by a spher-
ical sample mounted in the center of the hohlraum, in an outer region
called the ablator. The ablator heats and expands, which launches in-
wardly converging shock waves via the rocket effect towards the center
of the solid sphere. The shocks coalesce into a single stronger shock
reaching near Gbar pressures at radii of ~100pum. We measure the
Hugoniot at the shock front as it travels inward, where the shock front
pressure continuously increases due to convergence. The shock travels
inward faster than the converging material behind it, enabling continu-
ous tracking.

The density and pressure at the shock front are determined using
temporally and spatially resolved streaked x-ray radiography measure-
ments. The shock front speed is determined from the radiograph by
tracking the shock front radial position as a function of time *°. The
radial density profile was extracted from the transmission of a 9 keV
x-ray source (back-lighter) and analyzed via profile matching '°. At
these pressures, the opacity decreases from the cold opacity value due
to carbon K-shell ionization. The opacity is simultaneously unfolded
from the measured back-lighter transmission®*. The mass density is
further constrained by conserving the total mass contained within a
higher opacity fiducial layer which is visible in the radiograph (radio-
graphic Ge marker layer, see Fig.1b) and by matching the density pro-
file to the known density of the un-shocked material ahead of the shock.
Using Hugoniot jump relations we calculate the pressure, P, from the

measured shock front speed, D, and the mass density, p*>2*,

P=rP+ DR~ -
po P

where po is the initial mass density and Py is the initial pressure of

the un-shocked material, see the Methods.
The experimental data is shown in Fig. 1d) where the shock front
is labeled on the image. The shock travels at speeds of up to 150 — 220
km/s, traversing the 1lmm sample in ~9 nanoseconds. We verify that
the shock converges spherically by measuring the shock front symme-

1

>

4 c
S 9
Qo ©
o) &
b o} Ll
e c
S S
S~

= ®
> Q
(8] >
g 0.4 — Experimental Data: This work 0.4 8
O — DCA Cngo o
= *DCA c9H10 (+1at%F)
0.2 ® Carbon K-Shell occupation fraction
100 200 300 400 500

Pressure (Mbar)

Figure 2 | Opacity of shock compressed CoH1( at 9 keV Measured opacity
at the shock front as a function of pressure along the shock Hugoniot (red curve
and shaded region). Also plotted are theoretical curves of the normalized opac-
ity vs pressure with and without lat% F (black curves) along with the fraction of
C K-shell occupation (blue circles) calculated using Detailed Configuration Ac-
counting (DCA)27.

try to be within the radiographic resolution of 25,m at a shock radius
of 200 pm through tracking of the radial density profiles on both sides
of the sample in the equatorial plane. We also determine the symme-
try through imaging of x-ray self emission at ~9 nanoseconds when the
shock wave collapses at the center of the sample (shock flash). Symme-
try of the shock flash was measured to be within 0.5£0.3m at a shock
radius of 12 yum in the equatorial direction via penumbral imaging?®.

Figure 2 shows the measured opacity at the shock front normal-
ized to the cold material opacity (red curve) as a function of shock
front pressure. Here, the red shaded region corresponds to uncertainty
contours of £1c0 in the measurement. Also shown are calculations
of the normalized opacity with and without trace amounts of fluorine
present in the samples, see the Methods, using Detailed Configuration
Accounting (DCA) 27 (black curves). Calculations of the carbon K-
shell (inner shell) occupation fraction using DCA (blue circles) show
that the calculated drop in opacity is directly correlated to the K-shell
occupation, or ionization of the carbon K-shell. The measured opacities
in these experiments are consistent with the modeling at pressures up
to ~300 Mbar and slightly higher than theory at higher pressures. The
measured drop in opacity indicates significant distortion of the carbon
inner shell with ~63% occupation at 450Mbar.

The measured sequence of data points along the shock Hugo-
niot are shown in Fig. 3 (red curve) with error bars that correspond
to uncertainty contours of 1o (red shaded region). Also shown are
previous shock Hugoniot measurements #2573 theoretical calcula-
tions using Kohn-Sham Density Functional Theory (KS-DFT)-based
molecular dynamics *! (orange curve), and models using an Average
Atom (AA) single ion-in-jellium description with the electronic struc-
ture based on Kohn-Sham Density Functional Theory (AA-DFT) 37331
(solid black curve) and from Thomas-Fermi-Dirac theory (AA-TFD)
36,1 (dot-dashed black curve), see also the Methods. These models are
commonly used to generate EOS tables for, e.g. inertial confinement
fusion experiments.

iEqual pressure and temperature additive-volume prescriptions were used to mix the C
and H contributions. For AA-TFD, both H and C were treated with Thomas-Fermi-Dirac
theory. For AA-DFT the C EOS used ref. 34 and the H EOS used ref. 35.
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Figure 3 | CoH;( shock Hugoniot measurements: Measured pressure vs mass
density (p) normalized to the initial density (p,) along the shock Hugoniot (red
curve and shaded region). Also plotted are previous experimental data and theo-
retical modeling of the Hugoniot using Thomas-Fermi-Dirac theory (black dashed
curve), average-atom Density Functional Theory (AA-DFT) (black curve), and
Kohn Sham (KS)-DFT (orange curve).
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Figure 4 | Density-temperature diagram for the evolution of a white dwarf star
with a mass of 0.6Msun composed of a carbon/oxygen core surrounded by a pure
carbon envelope. Models start from hot and young state (right) and evolve leftward
to older and colder structures, with the bold lines corresponding to hot DQ stars®
. Convective regions in the stars are shown in red. The regime probed by the
experiment is shown by the thick black line, with temperatures estimated from a
model EOS*74,

The new extreme pressure measurements of the P-p Hugoniot pre-
sented in this work, for the first time, access the Hugoniot structure
associated with the ionization of the carbon core electrons (K-shell).
The shape of the Hugoniot in the range of ~100-1000 Mbar is a result
of the ionization of the core electrons of carbon (hydrogen being fully
ionized under these conditions). First, ionization absorbs energy from
the shock and the material becomes more compressible by an amount
that depends on the interplay between the ionization energy and inter-
actions in the plasma. Then, at higher pressures the curve swings back
to lower compression due to reduced conversion of shock wave en-
ergy to internal degrees of freedom. Equations of state models that in-
clude the electronic shell structure (e.g.AA-DFT) show a sharper bend
in the Hugoniot at these pressures and higher maximum compression
than models that lack electronic shells (e.g. AA-TFD) and are in better
agreement with the measurements. Path Integral Monte Carlo calcula-
tions are in general agreement with AA-DFT for hydrocarbons '°, and
thus also accurately predict the shape of the high pressure Hugoniot
and maximum compressibility for this hydrocarbon.

We provide data that, for the first time, accesses the conditions
deep in the convection zone of hot DQ white dwarf (WD) stars.
Figure 4 shows a sequence of interior models for the cooling of white
dwarfs with a carbon-oxygen core and pure carbon envelope. As the
star cools, its structure moves leftward in the diagram. Convectively
unstable regions (in red) are associated with the partial ionization of
carbon. The highest pressure-temperature experimental points reach
the conditions of partial ionization of the core electrons of carbon that
are similar to those at the bottom of the convection zone of hot DQ
stars. This is the region most responsible for the driving of unstable
pulsation modes”'? and where EOS models show the greatest range
of variability. By constraining EOS models in this regime, these data
can contribute to more accurate models of hot DQ stars, and a better
understanding of their interior structures, pulsation properties, spectral
evolution, and of their complex origin, thought to be from stellar
mergers or through the late helium flash of asymptotic giant branch
stars.

Methods Summary A formula for estimating the atomic pres-
sure regime, a qualitative description of the radiographic analysis
technique, reproducibility measurements, additional details on the
experimental configuration and theoretical models, and additional
details on pulsating white dwarfs are provided in the Methods.
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Figure 5 | Schematic of the radiographic analysis method: Normalized trans-
mission intensity of an x-ray radiograph vs changes in compression and opacity. A
given transmission corresponds to a range of possible compressions and opacities
(black dashed curves). Density at the shock front is further constrained through
knowledge of the initial material density ahead of the shock front and known mass
contained within a region on the radiograph corresponding to a Ge marker layer in
the sample. This further constrains the opacity and is done as the shock traverses
the sample. An example shock trajectory is denoted with a red dashed curve.

Methods

Atomic pressure regime
The atomic pressure regime is defined as the pressure required to
significantly distort core electron orbitals, F,, and can be estimated by

P. = En/r5onr = 294Mbar 2)

where E, is the hartree energy and r gonr is the Bohr radius.

Simultaneous mass density and opacity unfold method

The measured transmission radiograph of an x-ray back-lighter
source is sensitive to the mass density, or compression, and opacity
of the sample material, see Fig.5. When the opacity of a material de-
viates significantly from the known cold opacity it must be considered
to extract density information from the radiograph. Since there is no
existing experimental measurements of the opacity of any material at
the pressures in this work, we simultaneously extract the opacity from
the radiograph. Here we use radial profile matching and optimization
of the density and opacity to find best fits to the experimental data.

First, an initial guess of the density and opacity profiles are cho-
sen based on physical parameters and radial transmission profiles are
calculated. The calculated profiles are compared to the measured trans-
mission profiles and are iterated until a good match to the experimental
data is found. Uncertainty contours are determined from the quality of
the profile fits to the radiograph. Since the relation between transmis-
sion intensity, mass density, and opacity is linear, additional informa-
tion/assumptions are needed to constrain the range of profiles that pro-
vide a fit to the data. This is depicted in Figure 5, with a range of pos-
sible compressions and opacities that correspond to a given measured
intensity (black dashed curves). Additional information for constrain-
ing the compression profile includes the known initial density ahead of
the un-shocked material and known mass of the sample material inside
of a Ge radiographic marker layer physically located inside the sample.
This constraint on density provides a further constraint on the opacity.
This is done continuously as a function of time as the shock traverses
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Figure 6 | Comparison of two CoH;o shock Hugoniot measurements: Mea-
sured pressure vs mass density (p) normalized to the initial density (p,) along the
shock Hugoniot: green (data from shot N130103-009-999 fielded at 24K) and red
(from Fig. 3, shot N130701-002-999 fielded at ambient temperature). Also plot-
ted are the theoretical Hugoniots for AA-DFT and AA-TFD at 24K (p,=1.136
g/cm®), indicating that the initial density conditions are predicted to access ap-
proximately the same Hugoniot states at high pressure.

the sample. An example shock trajectory is shown in Fig.5 (red dashed
curve). We also include an additional constraint that the opacity and
density at the shock front vary smoothly in time and do not include dis-
continuous changes, see Ref. [24] for more details on the radiographic
unfold analysis method and derived uncertainties.

The uncertainty contours of +1c0 in the measurement shown in
Figure 3 correspond to statistical uncertainty from simultaneously fit-
ting of the parameterized opacity and density profiles to the measured
radiograph. The parametrized fits were perturbed around the best fit
and a probability distribution was constructed. This analysis includes
uncertainty due to noise in the measurement. Systematic uncertainties
from the magnification and the sweep speed of the x-ray streak camera
correspond to ~2% in compression and ~7% in pressure, and mainly
affect the location but not shape of the Hugoniot. The measurements in
Fig. 3 and the additional measurements provided in the next section are
consistent in both position and shape of the Hugoniot with AA-DFT.

Reproducibility

Figure 6 shows additional data obtained in this study in a separate
experiment on NIF (green curves and green shaded region), included
to demonstrate consistency of the analysis approach and to support
our conclusions. This experiment (shot N130103-009-999) used the
same sample material over a similar pressure range and was fielded at
cryogenic temperatures (24K), with a measured initial density of 1.136
g/cm® consistent with the fielding temperature. The uncertainty con-
tours of =10 are larger than the main experiment shown in Figs. 3 &
6 (red curves and red shaded region) mainly as a result of using fewer
laser beams to create the x-ray backlighter.

Figure 6 shows that a slightly higher density sample probes
approximately the same theoretical shock Hugoniot at cryogenic
temperatures as accessed at room temperature for both AA-DFT and
AA-TFD over our pressure range. In the pressure range of these
experiments the theoretical models deviate by roughly one percent in
compression at the low pressure range and overlay at higher pressures.



100% PAMS (0%F) \
90%PAMS+10%Solvent (0.5%F) \

1000

80%PAMS+20%Solvent (1%F) N
= )
e}
< 100
o
=
p
o 10
o /

1
25 30 35 40 45 50

Compression (p/ p,)

Figure 7 | Sensitivity of the theoretical Hugoniot to Fluorine: Calculations
show insensitivity of the theoretical Hugoniot (AA-DFT*>73%) t0 Fluorobenzene
solvent (CeHsF) for concentrations up to 20%, corresponding to 1% atomic frac-
tion of Fluorine (green curve). Concentrations of 0.5% F (red curve) and 0% F
(blue curve) are also shown, but not visibly distinguishable.
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Figure 8 | Simulations of the shock front Hugoniot: Extracted shock front com-
pressions and pressures from radiation Hydrodynamic simulations 37 of the ex-
perimental platform (red points). The theoretical shock Hugoniot 3234 input to
the simulations is also shown with 2% deviation in compression from the input
Hugoniot (black curves).
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Figure 9 | Extended CoH;( shock Hugoniot measurements: Measured pres-
sure vs mass density (p) normalized to the initial density (p,) along the shock
Hugoniot from this work (red and purple curves and shaded region), where the pur-
ple curve corresponds to the extended data set that may be impacted by radiative
shock front preheat. Also plotted are previous experimental data and theoretical
modeling of the Hugoniot, see Fig. 3.

This additional data set is consistent with the data presented in Fig.2
with a difference of in the best fit compression of <1% at 107Mbar,
~2% at 300 Mbar, and ~3% at 450 Mbar. Both data sets show
good agreement with models that include electronic structure in the
AA-DFT approach.

Experimental configuration continued

The sample consisted of a solid sphere of Poly(Alpha Methyl-
Styrene) (PAMS, CoH1o) with trace amounts of fluorine (1at%) from
the fabrication process uniformly distributed throughout the sphere,
and a measured density of 1.085 4 0.009 g/cm? fielded at ambient
temperature. The fluorine concentration and uniformity were measured
using Energy-dispersive X-ray Spectroscopy (EDS) and is calculated to
have a negligible effect on the theoretical shock Hugoniot, see Fig.7.
The spheres were coated with a plastic ablator (Glow Discharge Poly-
mer) that included doped layers of Ge to mitigate x-ray preheat from
the Hohlraum and act as a radiographic marker for the analysis. The
laser drive was a two shock pulse shape with a total drive energy of
1.1M1J. The 9 keV, Zn He-a x-ray back-lighter was generated using up
to 16 NIF laser beams incident on a Zn foil delayed in time relative to
the drive beams, see Fig. 1 c¢). The main focus of the paper is on the
analysis of NIF shot number N130701-002-999, but uses opacity infor-
mation from NIF shot N130103-009-999 **. Radiation hydrodynamic
simulations using HYDRA ' benchmarked to shock timing data ** cal-
culate the shock coalescence of the two shocks inside the ablator to be
before the Hugoniot points are extracted. Hot electron generation from
laser-plasma interactions were inferred from measurements *° to be an
order of magnitude lower than previously observed with high pressure
gas-fill hohlraums (He density of >0.96 mg/cm®) by using a near vac-
uum hohlraum helium gas fill density of 0.03mg/cm?®. The calculated
preheat of the sample inside the probed region as a result of the hot
electrons is <leV.

The estimated bulk sample preheat from the measured hohlraum x-
ray background “’ is <1 eV inside the center of the sphere and <2.5 eV



at the outer probing radius of the sample, which does not cause the cal-
culated shock Hugoniot to deviate significantly from the un-preheated
Hugoniot »' for these shock strengths. Simulations also indicate that
radiative heating of the sample ahead of the shock from the shock itself
is not significant for pressures up to ~450 Mbar.

This can be seen in Figure 8 which includes extracted shock front
densities and pressures from radiation hydrodynamic simulations of
the experimental configuration (red points). Also plotted are curves of
the input Hugoniot to the simulations *>*° and +2% deviation from
the input Hugoniot. At lower pressures, ~100 Mbar, the extracted
Hugoniot deviates from the input Hugoniot due to bulk preheat from
the hohlraum radiation drive at the level of < 2%. Then, as the
shock front pressure increases this level of preheat becomes a smaller
perturbation on the Hugoniot and the extracted points follow the input
Hugoniot more closely. At higher pressures of >450 Mbar, radiative
preheat of material ahead of the shock front from the shock front itself
starts to play a role. At 450 Mbar this preheating causes the Hugoniot
to deviate from the input Hugoniot at the level of 2% in the direction of
lower compression. We restrict the data record in Fig. 3 to ~450 Mbar
for this reason. At 720 Mbar these calculations suggest significantly
lower compressions of 4.0 due to radiative preheat and deviation from
the input Hugoniot of >12%. However, the full data range reaching
pressures of ~720 Mbar, shown in Fig. 9 (red and purple curves and
shaded region), doesn’t show this level of reduction in compression
at high pressures which could be an indication that the modeling is
overestimating radiative shock front preheat. Here, the central curves
represent the best fit to experimental data and the shaded regions
correspond to 10 uncertainty.

Theoretical EOS models

The theoretical Hugoniot calculations for polystyrene presented
in Fig. 3 for AA-DFT and AA-TF are equivalent to widely used EOS
models for ICF experiments, see Figure 9 of Gaffney, et al (2018)°.
Here, the AA-DFT model corresponds to EOS table LEOS 5112
which is the CH version of LEOS 5400 *! (for glow discharge plastic),
widely used to model ICF ablators. The AA-TF model corresponds to
Sesame 7593, see Gaffney, et al (2018)® for a more detailed description.

Pulsating White Dwarfs

Hot DQ white dwarfs have an envelope composed of mostly carbon
mixed with a modest amount of helium '*'3. They are thought to result
either from a late helium-shell flash in the post asymptotic giant branch
evolution of stars or from stellar mergers. Most are highly magnetic
and photometric variability has been attributed to the relatively rapid
rotation of stellar spots in an out of view. However, some hot DQ stars
are likely pulsators “***. Our data will enable probing of the latter

types.
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