HiGH-ENERGY-DENSITY PHYSICS

Equation of State of CO, Shock Compressed to 1 TPa
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At terapascal pressures (10M atm), forces on atoms and molecules are comparable to their intrinsic quantum forces. Carbon
dioxide is a simple molecular species with strong and stable chemical bonds at ambient conditions that exhibits complex phase
transition behavior under increasing pressure and temperature. The physical, chemical, and thermodynamic behaviors of simple
molecules comprising H, C, O, and N at hundreds of GPa and thousands of kelvin are vital to unraveling the dynamo, convec-
tive flow, and evolution of giant planets.!—3 Additionally, CO, is an important by-product of reacted chemical explosives, and its
polarity, conductivity, and diffusivity at high pressure dictate the reactive dynamics of these explosives.*> The phase diagram of
solid carbon dioxide has been extensively studied with heated diamond-anvil cells (DAC’s) to 120 GPa (Refs. 6—11). This work
demonstrates that the warm-dense-fluid regime of CO, is equally complex up to TPa pressures.

This work uses precompression and laser-driven shocks to explore the CO, equation of state (EOS) over a wide range of pres-
sures and temperatures, extending to 1 TPa (10 Mbar) and 93,000 K (8 eV). CO, was precompressed to pressures up to 1.16 GPa in
DACs, attaining both liquid and solid initial states, and was then shock compressed. The temperature—pressure—density internal
energy (7, P, p, E) EOS and optical reflectance (R) at 532 nm for these shocks were obtained with a velocity interferometer and
an optical pyrometer. These data map a broad range of states from which thermodynamic derivatives were inferred, including
the specific heat and the Griineisen coefficient.
Combining these new data with previous results!2~10 and theoretical calculations!’ reveals a rich and complex phase diagram
for CO,. The shocked fluid exhibits at least three linear slopes in the shock velocity versus particle velocity plane; this may indicate
three distinct phases or two phases with a transition region. Optical reflectivity measurements reveal an insulator-to-conductor
transition between 100 and 200 GPa with a carrier density of roughly 0.3 electrons/atom. The observed trend in specific heat
suggests a complex bonded fluid with increasing molecular degrees of freedom up to 1 TPa as opposed to an atomic fluid. We
find that state-of-the-art modeling needs refinement to match the observed reflectivity and compressibility behavior of CO,. High-
pressure chemistry was once believed to be rather simple; this work reveals multiform behavior that is potentially quite general,
as most of the known matter of the universe exists at high energy density (P > 100 GPa).

These shocked CO, experiments were performed at the Omega Laser Facility.!® CO, samples were precompressed to various

initial pressures!? using DAC’s20-2! to explore a family of Hugoniots. The velocity of the reflecting shock wave was measured
throughout the shock transit of the entire experiment with a dual-channel velocity interferometer system for any reflector (VISAR).22
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A quartz or fused-silica pusher was used as a reference?3~28 for impedance matching?? at the pusher/CO, interface to determine
the pressure and particle velocity of shocked CO,. Density and internal energy were then determined from the Rankine—Hugoniot
conservation relations. Compressibility data is plotted in Fig. 1(b). As initial density increases, the CO, Hugoniot becomes stiffer.
Density-functional-theory (DFT) calculations?? agree well with the initially 1.17-g/cm? data [Fig. 1(b), blue circles, squares, and
diamonds] (Refs. 12, 13, and 16), but the higher initial density CO, data [Fig. 1(b), green pentagons and triangles]'# exhibit less
compressibility than that model predicts between 50 and 500 GPa. More-recent LEOS (Livermore equation of state) fits [dashed
lines in Fig. 1(b)]*! match the OMEGA initial 1.4-g/cm3 and 1.7-g/cm? data (green and red triangles), but they do not predict the
increase in compressibility seen by Nellis ez al. (blue squares)!? above 30 GPa.
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Figure 1

(a) Temperature versus pressure for shocked CO,. Color of all data refers to initial density as given by the color bar. Inset: Reflectivity versus pressure. Saturated
reflectivity implies a constant carrier density above 200 GPa. (b) Pressure versus compression, representing disagreement between the compression data and
state-of-the-art models. (c) Specific heat versus pressure. The increasing trend implies increasing degrees of freedom with increasing pressure and temperature.
Together, reflectivity and specific heat trends imply a moderately ionized and complex bonded state at extreme pressure.

The self-emission (590 to 850 nm) from the shock was measured using streaked optical pyrometry (SOP).32 The higher initial
density Hugoniot is cooler than the lower initial density Hugoniot, and theoretical models3" are consistent with our observed tem-
peratures. The shock reflectivity at 532 nm [inset in Fig. 1(a)] is deduced from the VISAR amplitude and intensity as referenced
to the known reflectivity of the quartz standard.2>-33 The reflectivity rises steeply from a few percent at 100 GPa to saturation at
32% above 200 GPa, lower than the theory-predicted saturation of 40%. The steep rise is a result of the insulator-to-conductor
transition driven by increasing pressure and temperature. Previous theoretical work predicted the onset of metallization to occur
as low as 20 GPa (Ref. 34). We propose that metallization begins in Fluid-III, above 100 GPa on the Hugoniot. A multiphase
fluid regime is constructed in Fig. 1(a) based on trends in the shock velocity of CO, in conjunction with theoretical calculations!”
that predict a four-fluid system. The predicted boundaries of these fluids were adjusted to be consistent with the observed data.
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Simultaneous temperature measurements allow one to calculate the isochoric specific heat [Fig. 1(c)]. The slope method33
allows one to calculate the specific heat along the Hugoniot of initially liquid (1.4-g/cm?) and initially solid (1.7-g/cm?) CO,. The
specific heat steadily increases from 200 GPa to 1 TPa for both initially liquid and solid CO,. The difference method, independent
from the slope method, corroborates the trend of increasing specific heat. Increasing specific heat indicates increasing degrees
of freedom (DOF’s) in the fluid; because reflectivity is constant above 200 GPa, the increase in DOF’s is not due to a rising car-
rier density. We conclude that the electrically conducting Fluid-III phase consists of a moderately ionized and bonded species of
increasing chemical complexity, rather than a simple atomic fluid undergoing increasing ionization.

In summary, this work extends pressure and density measurements of the initially liquid and initially solid CO, Hugoniot to
1 TPa and provides the first temperature measurements of shocked CO, to 93,000 K. We propose a fluid phase diagram compris-
ing at least three regimes to describe all existing shocked CO, data. Reflectivity and specific heat trends indicate that at pressures
reaching 1 TPa, CO, is not likely a simple atomic fluid but instead a complex bonded and partially ionized species. Current models
do not predict the observed compressibility and metallization behavior of high-pressure CO,. This work demonstrates the rich
behavior of nominally simple materials at high energy density and invites further inquiry into the chemistry of warm dense matter.

This material is based upon work supported by the Department of Energy National Nuclear Security Administration under Award
Number DE-NA0003856, the University of Rochester, and the New York State Energy Research and Development Authority. A
portion of this work was conducted at Lawrence Livermore National Laboratory under Contract Number DE-AC52-07NA27344.
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