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Shock Compression of Liquid Xenon to 130 Gpa (1.3 Mbar)
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New data are reported for liquid xenon shock compressed to a pressure of 130 GPa
(1.3 Mbar), a molar volume of 13.7 cm3/mole, and a calculated temperature of 29000 K.
The data are consistent with the theory of Ross and McMahan, which indicates that xenon
undergoes an insulator-to-metal transition at 9 cm3/mole at about 130 GPa or greater
at 0 K. The minimum molar volume achieved in these experiments corresponds to a
pressure of 60 GPa on the 0-K isotherm.

PACS numbers: 62.50.+p, 71.30.+h

Xenon is the simplest material studied to under-
stand the insulator-to-metal transition at high
pressure. This material has been compressed
statically to measure the 85-K pressure-volume
isotherm up to 11 GPa (110kbar) and 21 cm'/
mole, ' and to measure electrical conduction at
32 K which indicates an insulator-to-metal transi-
tion at about 33 GPa. ' The Hugoniot or shock-
compression curve of liquid xenon has been meas-
ured previously up to a pressure of 50 GPa and a
molar volume of 18 cm'/mole. ' Recent theoreti-
cal results are in agreement with the shock-wave
data but place the insulator-to-metal transition
at 130 GPa or greater at 0 K.&' Thus, theoreti-
cal predictions~' of the transition pressure differ
by a factor of 4 from the only reported experi-
mental observation. '

We have measured the Hugoniot of liquid xenon
to a pressure of 130 GPa and a molar volume of
13.7 cm'/mole in order to estimate the density
dependence of the narrowing of the conduction
electron energy gap. Since rare-gas solids and
fluids are extremely similar in their electronic
structure, which is dominated by tight-binding
character, these results for the fluid are expect-
ed to be representative of the solid as well. The
estimate of the energy gap follows from the ex-
cellent agreement of the data with the theory of
Ross and McMahan which takes into account the
density dependence of the electronic energy gap
in xenon. The sensitivity of the data to the ener-

gy gap arises because strongly shocked xenon is
heated to temperatures comparable to the gap en-
ergy; that is, xenon is a liquid semiconductor in
our experiments. The heating is caused by the
thermodynamically irreversible nature of the
shock-compression process. A sufficient number
of electrons are thermally excited so that the
shock pressure is reduced by up to a factor of 3
from what it would be without electronic excita-
tion. The reason is that the irreversible shock
energy can be distributed in only two ways in a
simple fluid like xenon: thermal motion and elec-
tronic excitation. If energy is absorbed internal-
ly by electronic excitation, the shock pressure
will be smaller than if no excitation occurs be-
cause less energy is available for thermal pres-
sure. Thus, the high shock temperature is a
very useful probe of the electronic structure at
high density and pressure. '

Shock waves were generated by accelerating a
planar projectile to a velocity in the range 2.6-
6.6 km/s with a two-stage light-gas gun and im-
pacting the projectile onto a target containing liq-
uid xenon. The experiment is based on the Ran-
kine-Hugoniot relations which relate measured
kinematic parameters to thermodynamic vari-
ables. Diagnostic, cryogenic, and data-reduc-
tion techniques were as described earlier, ' ' ex-
cept that a cold N, gas system was used to cool
the target assemblies and control sample temper-
ature to 0.1 K." Xenon gas was condensed until
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the sample cavity was about 80% full. Thermo-
couples in the sample cavity were then calibrat-
ed by assuming that the measured equilibrated
pressure is the saturation pressure. The sam-
ple cavity was then filled completely. The initial
sample density was obtained from the initial sat-
uration temperature" of the sample. The equa-
tions of state for the metal impactors and base
plates (sample cavity walls) and the error anal-
ysis were published earlier. '" The data are
listed in Table I.

To interpret experimental results for xenon,
Ross and McMahan used augmented-plane-wave
(APW) electron-band theory to obtain the 0-K iso-
therm and the volume dependence of the energy
gap at T = 0 between the top of the full 5p valence
band and the bottom of the empty 5d conduction
band for solid xenon in the fcc crystal structure. '
The theory shows gap closure; i.e., an insulator-
to-metal transition at a molar volume of 9-11
cm'/mole and a pressure of 130 GPa or more.
Ray et al. ' have performed three different calcu-
lations and obtain a 0-K isotherm for fcc xenon
in agreement with the results of Ross and Mc-
Mahan. Hama and Matsui" have performed APW
calculations for both fcc and bcc xenon. They
predict that at high pressure solid xenon under-
goes an fcc-to-bcc phase transition prior to the
insulator-to-metal transition and that bcc xenon
undergoes metallization at 66 GPa and 13.4 cm'/
mole at T=O K. Because of the high temperature
achieved in these experiments, our data are for
the fluid phase and no evidence for solid-solid
phase transitions at low temperatures would be
expected in these data. All these calculations
are in excellent agreement with the data of Syas-
sen and Holzapfel reduced to 0 K up to ll GPa
and show that the molar volume of 18 cm'/mole
achieved in previous shock-wave experiments
corresponds to a pressure of 20 GPa on the 0-K

isotherm, much smaller than the shock pressure
of 50 GPa. The shock pressure is higher because
of the calculated high temperature of 1.5 eV
achieved in the experiment. With use of a pair
potential for xenon atoms and the calculated vol-
ume dependence of the energy gap, theory4
agrees very well with the shock-compression
data up to 50 GPa. The xenon pair potential was
derived from the potential for argon by using
corresponding-states scaling and is in good
agreement with the pair potentials derived from
atomic-beam scattering experiments, and from
the xenon Hugoniot data below 25 GPa where
negligible electronic excitation is believed to take
place.

Our data are plotted in Fig. 1 as shock pres-
sure versus molar volume. Also plotted are the
data of Keeler, van Thiel, and Alder at lower
pressures. ' Agreement between the two data
sets is very good in the region of overlap. The
solid lines through our data, curves A and B,
are unpublished calculations of Ross which extend
the earlier theory to higher pressures. The new
calculations include the contribution to the ther-
mal properties from the Madelung and polariza-
tion potentials in the partially ionized dense plas-
ma. " Curve A was calculated with the same vol-
ume-dependent electron band gaps as in Ref. 4.
Curve B was calculated by approximating the ef-
fect of multiple excitation by assuming that the
partial derivative of the band gap with the num-
ber of electrons excited, (BE/8N, ), is the same
in the fluid as in the gas. The theory indicates
that about 1 electron/atom is excited at a shock
pressure of 130 GPa. The agreement of all the
shock-wave data with theory is excellent. To
illustrate the thermal effects in dense xenon, the
0-K isotherm of Ross and McMahan is also plot-
ted in Fig. 1 together with the calculated shock-
compression curve if electronic excitation is ne-

TABLE I. Hugoniot data for liquid Xe. The initial density of the Al alloy 1100 impactors was 2.714 g/cm, of
the Ta impactors 16.67 g/cm, and of the Al alloy 1100 base plates 2.739 g/cm, higher than the impactors because
of thermal contraction ui is. the impact velocity, T, is the initial temperature, po is the initial density, u, is the
shock velocity, u& is the mass velocity, P is the shock pressure, and V is the final molar volume.

Shot Impactor
Qi

(km/s)
T p

{I)
Pp

(g/cm~)
us

(km/s)
Qp

(km/s) (GI a)'
V

(cm3/mole)

Xe6
Xe3
Xe4
Xe2

Al
Al
Ta
Ta

2.614
5.583
5.368
6.596

163.1
165.1
163.8
164.0

2.972
2.955
2.965
2.964

3.506+ 0.013
5.399+ 0.037
6.905+ 0.052
7.966+ 0.048

1.659*0.011
3.298 + 0.023
4.571+0.038
5.502+ 0.047

17.28 + 0.17
52.62 + 0.65
93.57+ 1.31

129.9 +1.7

23.28 + 0.2'0

17.29+ 0.32
14.97+ 0.40
13.70 + 0.39

'1 GPa= 10 kbar.
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gun, H. R. Martinez for assistance with the elec-
tronic measurements, and J. Chmielewski for
fabricating the projectiles. We wish to thank
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of the cooling system. We wish to thank N. Brown
of Specialty Engineering Associates for provid-
ing the shock-wave detectors.
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FIG. 1. Xe Hugoniot data compared to theoretical
calculations. The 0-K isotherm, the low-pressure
Hugoniot (dashed curve}, and the high-pressure
Hugoniot calculated by neglecting electron excitation
(curve C) are after Ross aud McMahan (Ref. 4). The
two curves A. and 8 were calculated by Ross (unpub-
lished) to extend the dashed curve to higher pressures
and temperatures (100 GPa = 1 Mbar).

glected in the theory (curve C).
In conclusion our new shock-wave data, for liq-

uid xenon in the volume range 13.7-23.3 cm'/
mole are in excellent agreement with theory~ in
which the energy gap for fcc xenon decreases
from 7 to 4 eV in this volume range and goes to
zero (insulator-to-metal transition) at 9 cm'/
mole and a pressure of about 130 GPa or greater
at T =0 K. Our measurements are sensitive to

, the energy gap because the calculated tempera-
tures range between 0.6 and 2.4 eV, which are
comparable to the magnitude of the gap. Our da, —

ta indicate that the band gap has not closed at
13.7 cm'/mole, which corresponds to 60 GPa on
the 0-K isotherm, and thus our results provide
no support for the insulator-to-metal transition
to occur at 33 GPa at 32 K.'

We wish to thank M. Ross for use of his unpub-
lished calculations of the high pressure Hugoniot
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