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Shock Compression of Liquid Helium to 56 Gpa (560 kbar)
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The first shock-compression experiments on liquid helium are reported. With a two-stage
light-gas gun, liquid He at 4.3 K and 1 atm was shocked to 16 GPa and 12000 K and double
shocked to 56 GPa and 21000 K. Liquid perturbation theory has been used to determine an
effective interatomic potential from which the equation of state of He can be obtained over a
wide range of densities and temperatures.

PACS numbers: 64.30.+t, 34.20.Kn

In this Letter we present shock-wave data for
liquid He that has been compressed to densities up
to five times greater than the normal liquid and
heated to temperatures up to 21000 K. The max-
imum pressure attained is 56 GPa (560 kbar).
These are the first shock data ever reported for
liquid He and the conditions attained are more ex-
treme than any achieved in other experiments. The
highest static pressure so far attained in He is 16
GPa on the melting curve. '

The equation of state and intermolecular poten-
tial for dense He and H2 have been widely studied
because they are the simplest and most abundant of
the elements. Their properties are important for
modeling the giant planets where they are the major
constituents and are subjected to pressures up to 4.5
TPa (45 Mbar) and temperatures up to 20000 K in

Jupiter and about 1 TPa and 14000 K in Saturn. 2

Saturn is of particular interest because studies have
suggested that it has an internal energy source that
is associated with unmixing and gravitational
separation of the hydrogen-helium fluid at pres-
sures below 1 TPa. The existence of this phase
transition depends very sensitively on the hydrogen
and helium equations of state.

In a series of recent papers we have reported
shock-wave data and theoretical calculations" for
liquid D2 shock compressed to 76 GPa and 7000 K.
An important result was the determination of an ef-
fective intermolecular potential from which a com-
plete equation of state can be obtained. This paper
reports the results of a similar study for He.

Because of the simplicity of the He atom the in-
teraction between pairs of atoms has been inten-
sively studied. Most of the ab initio theoretical
work has been concerned with determining the po-

0
tential at separations less than 2.0 A. Here the in-
teraction is strongly repulsive and may be tested by
high-energy molecular-beam experiments. 5 Infor-
mation about the two-body potential at larger

separations near the potential minimum has been
obtained largely from gas-phase experimental data
on virial coefficients, thermal conductivity, and
viscosity. However, at the extreme conditions ex-
isting in shock experiments and in the giant planets,
the pressures are determined mainly by the short-
range interaction which, because of many-body ef-
fects, differs substantially from that of the purely
two-body interaction. This has been shown to be
the case for dense H2. " Static measurements on the
solid and fluid are at present unable to test this re-
gime.

In our experiments, strong shock waves were
generated by the impact of planar projectiles into
cryogenic specimen holders. Projectiles were ac-
celerated to velocities of 3—7 km/s by means of a
two-stage light-gas gun. Thermodynamic vari-
ables of shock pressure, density, and specific inter-
nal energy were derived from the measured impac-
tor velocity, shock velocity, and initial liquid densi-

ty by means of the Rankine-Hugoniot equations
and the shock-impedance-matching method. The
He specimens were initially in the liquid state at 4.3
K and slightly above atmospheric pressure.

The specimen holders ' and coolant fill system
were similar to that used for liquid H2. Several re-
finements were necessary in the cryogenic design
because the heat of vaporization per unit volume is
an order of magnitude smaller for He than for H2.
The specimen holder was made from pure Al for
improved thermal coupling between the liquid He
coolant and the specimen cavity. The sample cavity
was filled by condensing He gas to liquid by flowing
the gas through a heat-exchange coil located in the
coolant chamber. More than 100 layers of alumin-
ized Mylar" were wrapped on the complete assem-
bly for thermal radiation shielding. The impact sur-
face or base plate, which could not be covered, was
an infrared mirror, diamond turned for smoothness
and Au plated for high reflectivity. A liquid-N2-
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TABLE 1. Hugoniot data for liquid He. The initial density of the Al (alloy 1100) impactors was 2.715 g/cm'. The ini-
tial density of the Ta impactor was 16.66 g/cm . The initial density of the pure Al base plates was 2.733 g/cm3, corrected
for thermal contraction from room temperature. The initial helium molar volume was 32.4 cm /mol. ul is the impactor
velocity, Tp is the initial temperature, and pp is the initial density.

Shot Impactor
Ql

(km/s)
Tp

(K)
Pp

(g/cm') (km/s)
&s

(km/s)
P

(GPa) ' V

(cm'/mol)

LHe4
LHe5
LHe2

Al
Al
Ta

2.539
6.243
6.658

4.31
4.31
4.30

0.1233
0.1233
0.1235

2.47 + 0.02
5.97 + 0.03
9.39 + 0.05

4.05 + 0.06
8.82 + 0.06
13.5 + 0.1

1.23 + 0.02
6.50 + 0.07
15.6 + 0.2

12.7 + 0.4
10.5 + 0.2
9.78 + 0.30

'1 GPa=10 kbar.

cooled radiation shield was positioned in front of
the impact surface to shield thermal radiation from
all directoins except the axis of the launch tube of
the gun. Aluminum foil was contoured to the sur-
rounding black inner wall of the gun target
chamber. The specimen temperature was measured
by a calibrated Ge resistance thermometer. The ini-
tial specimen density was liquid saturation density'
at the measured temperature.

The Hugoniot or single-shock equation-of-state
data are listed in Table I. The shock velocity
(u, )-mass velocity (u~) relation is very accurately
linear, u, = C+Su~, where a least-squares fit gives
C =0.712 km/s and S =1.36. This fit was used to
obtain by shock impedance matching the first-shock
state in the double-shock experiment. Table II lists
the equation-of-state data for the double-shock ex-
periment.

A theoretical analysis should combine a sta-
tistical-mechanical theory of liquids with an effec-
tive pair potential to yield accurate predictions of
the experimental data. The liquid theory used here
is a modified hard-sphere variational perturbation
theory. ' It has been thoroughly tested against
Monte Carlo simulations for a variety of classical
fluids, and good agreement is obtained at tempera-
tures high compared to the depth of the attractive
well.

We have used the experimental data to test the
adequacy of various potentials and finally to con-
struct one which fits the data optimally. Because
He, unlike H2, has no internal degrees of freedom,
we expect that this procedure will yield very accu-
rate results. At T = 21000 K, the thermal energy is
an order of magnitude smaller than the energy of
the first excited state. Three useful potentials for
comparison with data are (1) molecular beam, s (2)
Aziz et al. , and (3) linear muffin-tin orbitals
(LMTO) .' The molecular-beam potential is
derived from the scattering of high-energy He
beams. The potential of Aziz et al. is semiempiri-
cal, derived from experimental gas data and
theoretical Hartree-Fock calculations. The LMTO
potential was derived from a pair-potential fit to
LMTO band-structure calculations on solid He up
to 25 TPa. The first two potentials are strictly two-

body, but the third, having been obtained from
solid-state theory, is an effective potential which in-

corporates many-body effects.
These potentials are compared in Fig. 1. The

LMTO and beam potentials are purely repulsive ex-
ponential functions and are therefore unrealistic in
the region where the true potential has an attractive
well. However, because of the very high tempera-
tures along the Hugoniot, short-range repulsive
contributions dominate the thermodynamic proper-

TABLE II. First-shock and second-shock states for double-shock experiment, LHe7. The first-shock state was ob-
tained by shock impedance matching. The initial He density and molar volume were 0.1245 g/cm' and 32.1 cm'/mol,
respectively, at 4.25 K. The initial density of the Ta impactor was 16.68 g/cm and the impactor velocity was 6.203
km/s. The initial density of the pure Al base plate and anvil was 2.733 g/cm . The Ta impactor was 1.5 mm thick, the
Al base plate was 2.0 mm thick, the liquid He was 2.5 mm thick, and the Al anvil was 0.911 mm thick. The measured
shock velocity in the anvil is u, A„.

Qp)

(km/s)
Pi

(GPa)
Vi

(cm'/mol)
Ei-Ep

(kJ/mol)
&sAn

(km/s) (km/s)
P2

(GPa)
V2

(cm'/mol)
E2- Ep

(kJ/mol)

8.79 + 0.06 13.8 + 0.2 9.79 + 0.06 155 + 2 8.59 + 0.17 2.38 + 0.15 55.8 + 4.7 5.87 + 0.71 291 + 17
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FIG. 1. Pair potentials for helium.

ties, and the error due to omitting the attractive po-
tential is negligible except at the lowest-pressure
experimental point.

We calculate the theoretical Hugoniot by satis-
fying the condition E —Eo = —,

' (P + Po) ( Vo —V),
where V, P, and E are the volume, pressure, and

energy, respectively, and the subscript refers to the
initial state. We use the values ED=100 J/mol,
Po= 0.1 Mpa, and we use the measured value of Vo

for each of the potentials examined. Since the
Hugoniot condition relates the initial and final
states only; the intermediate range of states for
which the attractive part of the interatomic potential
may be important does not enter into the calcula-
tion. The resulting pressure-volume curve is the
theoretical principal Hugoniot for the specified po-
tential and initial state. For the double-shock
curve, the calculation is repeated with an initial
state now on the theoretical principal Hugoniot.
The theoretical curves are compared with experi-
ment in Fig. 2.

It is clear from Fig. 2 that the beam and Aziz po-
tentials are too stiff, while the LMTO potential is
somewhat too soft. These tendencies are strongly
amplified in the calculation of the double-shock
curves. This shows that many-body contributions
to the effective potential have the effect of soften-
ing the two-body repulsion, and are very important
in dense He. Because the LMTO and beam poten-
tials are nearly parallel in Fig. 1, we have chosen an
optimum potential which is parallel to the LMTO,
but which has a larger preexponential coefficient.
We find this potential to be @(r) = 1.1 & 105~
x exp( —11r/r ), where e/k = 10.8 K and r
= 2.9673 A. For the highest experimental point on
the principal Hugoniot, the liquid model predicts a
temperature of approximately 12 000 K, and for the
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double-shock point, the prediction is approximately
21000 K.

In conclusion, the high densities and tempera-
tures reached in the shock-wave experiments have
determined the effective He pair potential in a pre-
viously unexplored region and confirm the impor-
tance of many-body effects. This potential can now
be used to generate a He equation of state for the
study of planetary interiors.
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