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We have experimentally investigated the compressibility of liquid argon in a cylindrical copper 
casing at pressures up to 600 kbar. The amount of compression of the casing was measured by the 
gamma-graphic method; the pressure was determined from gas-dynamic calculations. We 
demonstrate good agreement between our experimental results and calculations. Our 
investigation of compressed argon revealed no anomalies connected with a transition to the 
metallic state up to densities of 4.2 gm/cm3. Comparison with shock adiabatics demonstrates that 
the compression process under study was satisfactorily isentropic. 

Solid argon, which has a close-packed crystal structure, 
is of great interest in connection with investigations of phase 
transitions accompanied by metallization. Recently, a large 
amount of material has been accumulating on the behavior 
of condensed argonI4 under compression. In Ref. 4, the 
compressibility and temperature behind a shock wave in liq- 
uid argon were measured for pressures up to 700 kbar, and 
equations of state were derived for the solid and liquid 
phases. A detailed analysis of the experimental and theoreti- 
cal data was carried out in the course of these investigations, 
in which the argon was made to condense under both static 
and dynamic conditions. An explanation was given for why 
the measured brightness temperature of argon lags behind 
the temperature calculated from an equation of state, using a 
theory which takes into account the kinetic processes which 
establish thermal equilibrium between electrons and the lat- 
tice. In Ref. 5, the electronic conductivity of Ar behind a 
shock front under pressures up to 640 kbar was measured up 
to 104(R - m) - '. None of these studies of liquid argon, in- 
cluding the electronic conductivity measurements, show any 
clear anomalies under compression. However, a softening of 
the shock adiabatic is observed in the region of pressures 
above 300 kbar, which is related to the thermal excitation of 
electrons from valence to conduction band. It is possible to 
observe this same thermal electronic excitation effect, both 
experimentally and theoretically, in the results of Ref. 6 on 
the compression of ionic crystals, and also in those of Refs. 3, 
4,7 on shock compression of argon and xenon. 

As was shown in Ref. 8, the conversion of a dielectric to 
a metal is a first-order phase transition terminating on a 
critical point only at low temperatures; at higher tempera- 
tures a continuous transition occurs. This latter situation is 
typical for compression of materials under shock loading: as 
the density and temperature increase, electrons from the va- 
lence band are excited into the conduction band, leading to 
an increase in the electrical conductivity of the material. The 
relaxation time of the phase transition can be longer than the 
traversal time of the shock wave through the material under 
study; as a result, a new phase may not be established under 
shock compression. 

In comparison with shock loading, quasi-isentropic 
loading is a smoother and slower process. Therefore, its use 
leads to higher compressions and longer times over which 
the high pressure is applied, which relaxes the conditions for 
observing a phase transition. By using this method, the auth- 

ors of Ref. 9 observed an anomaly in hydrogen which was 
interpreted as a phase transition to the metallic state in the 
pressure region - 3 Mbar. 

In this article we measure the density of liquid argon 
compressed within a cylindrical shell via the gamma-graphic 
method in the pressure range 100 to 600 kbar. These investi- 
gations showed good isentropic compression, and up to 600 
kbar no anomalies appeared which could be associated with 
a phase transition to the metallic state. The equation of state 
derived in Ref. 4 gives a good description of our experimen- 
tal data. We confirm the conclusion arrived at in Ref. 4 that 
argon does not become metallic up to a density of 4 gm/cm3. 
After we carried out these measurements, a paper written by 
American investigatorsI0 appeared on the isothermal com- 
pression of argon at T = 298 K up to a pressure of 800 kbar; 
their experimental data is in excellent agreement with the 
isotherms calculated using the solid-phase equation of state 
from Ref. 4. 

EXPERIMENTAL RESULTS 

The experiment reported here is analogous to the one 
described in Ref. 9. Under the action of the detonation prod- 
ucts produced by exploring a cylindrical charge of explosive 
material, a copper shell with liquid argon in its interior cav- 
ity is accelerated radially inward. The motion of the shell 
was recorded with the help of a transmission gamma-gra- 
phic setup with small exposure time. An x-ray photograph 
illustrating the boundaries of the copper shell was processed 
using an IFO-45 1 microdensitometer. The photometry was 
carried out over 10 cross-sections of the central portion of 
the image. The final results of the measurement were ob- 
tained by averaging the values of the cavity radius over all 
photometric cross-sections of the x-ray photograph. 

X-ray photographs of the shell cavity in its original 
state and at the instant of compression are shown in Fig. 1 for 
S =p/1.77- 1.5 ( p is the density ofargon). The error in the 
values of the compressed-argon density measured in these 
experiments is determined largely by errors in the measured 
sizes of the compressed cavity, and in less than 6%. From the 
figure, a high degree of uniformity is apparent in the motion 
of the shell, with a clear absence of radial inhomogeneity in 
the density of the compressed argon. Gas-dynamic calcula- 
tions show that at the moment of compression, i.e., at 
S = 2.35, the radial inhomogeneity of the argon is less than 
7%, and was even smaller at lower compressions. From 
these calculations it follows that the length of time during 
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FIG. 1. X-ray photographs: a-in the original state; b--at the instant of 
compression. 

which the argon is in its compressed state is several times 
longer than the time under shock compression. 

In Fig. 2 we compare experimental and theoretical tra- 
jectories of the internal boundary of the shell. As a measure 
of error, we show the root mean square deviation of the aver- 
age measured radius with a confidence level of 0.9. The good 
agreement between the calculated and experimental curves 
attests to the correctness of our calculation for the pressure 
within the compressed argon. 

COMPARISON OF CALCULATED AND EXPERIMENTAL DATA 

The values of the argon pressure and density in the cav- 
ity and the trajectories for motion of the internal boundary 
of the shell were determined from gas-dynamic calculations, 

using the BAL program12 which employs equations of state 
for materials encountered in structures, and the equation of 
state of argon used in Ref. 4. It is clear from Fig. 2, that the 
calculated trajectory is in good agreement with experiment. 

The calculated segments of the isentropes and the val- 
ues of pressure and density at the argon-shell boundary are 
compared with experimental data in Fig. 3. In this figure we 
present data on the compression of argon by one and two 
shock waves, and the T = 298 K isotherm from Ref. 10. 
Good agreement is apparent between the isotherm calculat- 
ed using the equation of state from Ref. 4 and the experimen- 
tal isotherm in the range up to 800 kbar. In addition, this 
analysis shows good agreement between the isotherms cal- 
culated from the Ref. 4 equation of state and those from Ref. 
10 up to 7 Mbar. 

For isentropic compression (see Fig. 3 ) ,  the calculated 
and experimental results agree very well with each other, 
and for the same pressure they lie in a region of densities 
significantly larger than those densities attainable by double 
shocks, let alone single shocks; the experimental points all lie 
near the "cold" curve P, . 

Let us estimate the entropy which corresponds to the 
conditions of our experiment; we will show how isentropic 
the experiment is, and also compare the temperatures corre- 
sponding to single-shock, double-shock and isentropic com- 
pression. 

p, kbar 
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Y r 

iQ( 

I 
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FIG. 2. R-t diagrams of the motion of the shell boundary: 1-the internal 
boundary; points are experiment, the continuous curve is theoretical; 2- 
external boundary (calculated). 

FIG. 3. Compression of liquid argon. Experiment: single-shock compres- 
sionisO(Ref. 1);0(Ref.3);A(Ref.4);double-shockis~ (Ref.2); A 
(Ref. 4);  isothermal compression is x (Ref. 10); isentropic compression 
is 0 (Ref. 10). Calculations: curves 1, 2 and P, are from Ref. 4; 3 is an 
isotherm for T = 298 K; 4 is an isentrope from this paper. is from a gas- 
dynamics calculation at the shell-argon boundary. 
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TABLE I. 

The free energy in the liquid phase takes the form4 

F,=E,+SRT(ln [ ( @ I T )  ( I f  z)' ! ' ]-b) +3RT,f, (1) 

from which we obtain the entropy 

SL 0 z 1 - = b+l------ 
3R T 2(1+z) 2 

I n ( 1 f  z ) ,  

where in Eqs. ( 1 ) and (2),  

and S = p/pk, wherep, is the density at P = 0 and T = 0; 

here 

The parameters in these equations have the following val- 
u~~~ 

pk = 1.77 gm/cm3, n=2, 

a,=-1057.33, a2=3467.23, a,=-3837.22, a,=1427.32 
(a,, in kbars), T,=83.8 K, e0=93.3 K, 
6,=0.8, 1=3, r = l ,  a=l.7925, 

bs0.694, C=-0.0589. 

The values of entropy corresponding to the experimen- 
tal data are shown in Table I, and the calculated isentropes 
are shown in Fig. 3. Also shown in the table are the values of 
temperature for the same density on the isentropes (T,  ) and 
on the shock adiabats for single-shock (T,) and double- 
shock ( T,) compression. As the comparison shows, the tem- 

perature on an isentrope for parameters corresponding to 
the experimental data are significantly smaller than the tem- 
peratures on the shock adiabats. Thus, e.g. at a density 
p = 3.66 gm/cm3 ( 6  = 2.07), the temperature for isentropic 
compression is five times lower than for double-shock com- 
pression, and ten times lower than for single-shock. The 
thermal components of the pressures equal 100,400 and 600 
kbars. 

Investigation of isentropic compression of liquid argon 
in the pressure region up to 600 kbar has shown no apparent 
anomalies. This confirms the conclusion arrived at in Ref. 4 
that argon does not enter the metallic state in the regions 
investigated here. 

'M. Van Thiel and B. Adler, J. Chem. Phys. 44, 1056 (1966). 
'W. Seitz and W. Wackerle, Bull. Amer. Phys. Soc. 17, 1093 (1972). 
3M. ROSS, W. Nellis, and A. Mitchell, Chem. Phys. Lett. 68,532 (1979). 
4F. V. Grigor'ev, S. B. Kormer, 0. L. Mikhailova et al., Zh. Eksp. Teor. 
Fiz. 88, 1271 (1985) [Sov. Phys. JETP 61,751 (1985)l. 

5L. A. Gatilov, V. D. Glukhodedov, and F. V. Grigor'ev, Priklad. Mat. 
Teor. Fiz. (Applied Mathematics and Theoretical Physics) Vol. 1, 99 
( 1985). 

6S. B. Kormer, M. V. Sinitsyn, A. I. Funtikov etal.,  Zh. Eksp. Teor. Fiz. 
47, 1202 (1964) [Sov. Phys. JETP 20,811 (1964)). 

'M. ROSS, Phys Rev. 171,777 (1968). 
'L. D. Landau and Ya. B. Zel'dovich, Zh. Eksp. Teor. Fiz. 14,32 ( 1944). 
9S. B. Kormer, M. V. Sinitsyn, A. I. Funtikov et al., Pis'ma Zh. Eksp. 
Teor. Fiz. 16,286 (1972) [JETP Lett. 16,201 (1972)l; Zh. Eksp. Teor. 
Fiz. 69,743 (1975) [Sov. Phys. JETP 42,378 (1975)l; Zh. Eksp. Teor. 
Fiz. 75, 1683 (1978) [Sov. Phys. JETP 48,847 ( 1978) 1. 

'OM. Ross, H. Mao, P. Bell, and 1. Xu, 3. Chem. Phys. 85, 1028 (1986). 
"A. I. Pavlovskii, G. D. Kuleshov, G. V. Sklizkov et al., Dokl. Akad. 

Nauk SSSR 160,68 (1965) [Sov. Phys. Dokl. 10,30 (1965)l. 
''P. A. Adamskaya, V. N. Gorbatenko, Z. A. Evstigneeva et al., Voprosy 

Atomnoi Nauki i Tekhniki. Ser. Metodiki i Programmy Chislennogo 
Resheniya Zadach Matematicheskoi Fiziki (Questions of Atomic 
Science and Engineering: Series on Numerical and Programming Meth- 
ods for the Solution of Problems in Mathematical Physics), Vol. 3 (5),  3 
( 1979). 

Translated by Frank J. Crowne 

368 Sov. Phys. JETP 66 (2), August 1987 Adarnskaya etal. 368 


