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Mechanical equation-of-state data of initially liquid and solid CO2 shock compressed to terapascal conditions are reported. Dia-
mond–sapphire anvil cells were used to vary the initial density and state of CO2 samples, which were then further compressed 
with laser-driven shock waves, resulting in a data set from which precise derivative quantities including Grüneisen parameter 
and sound speed are determined. Reshock states were measured to 800 GPa and map the same pressure–density conditions as 
the single shock using different thermodynamic paths. The compressibility data reported here do not support current density-
functional-theory (DFT) calculations but are better represented by tabular equation-of-state models.

The covalent double bonds that bind the atoms in a CO2 molecule at ambient conditions are among the strongest of chemical 
bonds, but at pressures reaching tens of GPa, the compression energy becomes comparable to this bonding energy (hundreds of 
kJ/mol) and the previously stable molecule exhibits complex chemical behavior.1,2 Laser-heated diamond-anvil cell experiments 
have characterized the solid phase diagram of CO2 up to 120 GPa, which exhibits five molecular crystalline polymorphic phases 
before transforming into both crystalline and amorphous polymeric phases.1–7

The fluid phase diagram of CO2 has been experimentally explored to 1 TPa (Refs. 8–14) and is proposed to exhibit similar 
chemical complexity to the solid phase diagram.15 When shock compressed, molecular liquid CO2 (Fluid I) is stable up to 40 GPa, 
above which it transforms into an insulating 3- and 4-coordinated polymeric fluid (Fluid II).12,15 Above 100 GPa, CO2 transitions 
into the Fluid-III phase and begins to ionize.14 The present work is a study of the Fluid-III phase of CO2. 

The pressure, density, temperature, and reflectivity of shocked CO2 have been measured to 1 TPa and 93,000 K in Ref. 14. 
Experimental evidence indicates that CO2 at the highest pressures and temperatures studied is in a complex bonded state as 
opposed to the previously predicted13 fully atomic C, O fluid. This work reports further details of the study presented in Ref. 14, 
and it additionally reports the experimentally determined Grüneisen parameter and isentropic sound speed of shocked CO2 and 
the mechanical behavior of CO2 under reshock.

The pressure and density results from these experiments are plotted in Fig. 1(a) (triangles); the present measurements support 
LEOS16 over current DFT17 calculations in the high-pressure fluid regime. Variation in initial density was leveraged to measure 
multiple Hugoniot curves, from which derivative quantities were probed using a difference method.18 The theoretical Grüneisen 
parameter is systematically higher than the experimental result, but all curves tend to the ideal gas limit of 2/3. The Eulerian 
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sound speed, plotted in Fig. 1(b), can be directly calculated from the measured Hugoniot and Grüneisen parameter.19 LEOS 2274 
(Ref. 16) shows excellent agreement with our experimental data. This is expected given the good agreement between LEOS 2274 
(Ref. 16) and our Hugoniot data. The present work measured four reshock states in CO2 and shows strong agreement with LEOS, 
as shown in Fig. 1(c). 

To summarize, this work provides additional details on recently published14 equation-of-state measurements of shock-
compressed CO2 to 1 TPa and 93,000 K from varying initial densities and presents new information on the Grüneisen parameter, 
sound speed, and reshock behavior of high-pressure shocked CO2. We find that the compressibility, Grüneisen parameter, and 
sound speed of shocked CO2 are well represented by LEOS;16 this work does not support the extreme curvature in compressibility 
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Figure 1
(a) Log pressure versus density for shocked CO2: OMEGA data (triangles), Sandia Z data13 (diamonds), and gas-gum data (pentagons),8 circles,10 and squares12). 
LEOS16 (dashed curves) and density functional theory (DFT)17 (dashed–dotted curves) are also calculated. Solid curves are fits to the OMEGA and Z data; 
dotted curves extrapolate this fit to lower pressure. The initial density of all data points and curves is given by the color bar. (b) Sound speed of shocked CO2. 
This work (solid curve) calculates the sound speed from the measured Hugoniot and Grüneisen parameter. LEOS16 (dashed curve) shows excellent agreement 
with these results, while SESAME (dotted curve) underpredicts the sound speed. (c) Shock velocity in the quartz window versus shock velocity in the CO2 
sample on either side of their respective interfaces. A reshock is launched back into the CO2 sample when the shock traverses into the higher-impedance quartz 
window. These OMEGA data are represented by triangles and the Sandia Z data by diamonds. Solid lines are LEOS curves based on the modeled reshock 
intersecting with the experimental quartz Hugoniot.20,21
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modeled by DFT.17 Notably, lower-pressure gas-gun data support DFT over LEOS. This complexity in the compressibility behavior 
of shocked CO2 warrants further study since there is currently a gap between 71 and 189 GPa where no data exist to constrain 
theory. We report four reshock states of CO2 and discuss the effect of the Grüneisen parameter on the reshock curve. This work 
provides significant new benchmarks for theoretical calculations of fluids in the warm-dense-matter regime.
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