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Hugoniot Data for Helium in the Ionization Regime
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Hugoniot data were obtained for fluid He in the 100 GPa pressure range by shock compression of
samples statically precompressed in diamond-anvil cells. The initial (precompressed) He density (p;) for
each experiment was tuned to a value between py; < p; < 3.3p¢r, where p(; is the zero-pressure density
of the cryogenic liquid (py; = 0.123 g/cm?). The maximum observed shock-compression ratios range
from p/p; = 6 for p;, = py, to p/p, = 4 for p; = 3py; (i.e., p/por = 12). Data show an increase in
compressibility at the onset of ionization, similar to theoretical predictions.
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The properties of dense He at thermodynamic conditions
between those of condensed matter and high-temperature
plasmas are theoretically challenging and critical to
understanding the evolution and internal structure of
Jupiter, Saturn, and extrasolar giant planets [1-6]. To
date, the only He equation of state (EOS) data in this
regime are the Hugoniot data of Nellis et al. [7]. Those
experiments used cryogenic techniques to achieve initial
densities in the liquid state of p,; = 0.123 g/cc, and
they reached final state pressures of 16 GPa and 56 GPa
with single and double shocks, respectively [7]. The EOS
currently used by the astrophysical community from
Saumon et al. (SCVH), which is a free energy based
“chemical’” model, has been calibrated to these few data
[8]. The SCVH, path-integral Monte Carlo (PIMC) [2]
calculations and activity expansion (ACTEX) calculations
of the He Hugoniot all predict an increase in compressi-
bility at the onset of ionization. For an initial density of
p1 = por, PIMC calculations predict a maximum single-
shock  compression 7™ = (p/p;)™* = 5.3 near
360 GPa, whereas the SCVH and ACTEX predict n™** ~
6 at 300 GPa and 100 GPa, respectively. Thus, Hugoniot
data in the 100 GPa range should provide an important
test for theoretical descriptions of partially ionized dense
fluid He.

Presented here are the first Hugoniot data for He exceed-
ing 100 GPa. Shock data were obtained at several different
initial He densities, ranging from the cryogenic liquid
por. = 0.123 g/cm? to 3.3p(., by combining laser-shock
and static-compression techniques [9]. This combination is
analogous to multiple-shock compression, allowing signif-
icantly higher densities to be achieved because shock-
induced heating is reduced. Quartz was used as a reference
material allowing shock velocities to be determined just
before and just after the shock crosses the quartz-He inter-
face. This significantly reduced the measurement uncer-
tainty as compared to previous studies [9,10].

0031-9007/08/100(12)/124503(4)

124503-1

PACS numbers: 51.30.+i, 52.25.Kn, 62.50.—p, 64.30.—t

Experiments were conducted on the Omega laser facil-
ity, with drive energies up to 3 kJ and a pulse length of 1 ns
[11]. Phase plates in each beam produced a flattop-
intensity profile of 650 or 800 wm diameter for generation
of planar shocks. A sketch of the precompressed laser-
shock targets is shown in Fig. 1(a), together with the
orientation of the VISAR (velocity interferometer system
for any reflector) diagnostic which measured shock or
interface velocities [12]. The drive side of the thin (100
to 250 pum thick) diamond was typically coated with an
x-ray preheat shield (2 um Au) and a plastic ablator. On
the sample chamber side, the thin diamond was flash
coated with 1000 angstroms of Al, and a quartz plate and
a small ruby ball were placed on it. The sapphire anvil and
quartz plate have antireflection coatings so that the VISAR
does not detect spurious reflections from the stationary
interfaces during the experiment. The target was loaded
with He in a high-pressure vessel [13].

Determining shock velocities in the quartz standard
(U,9) and in He (U,H) as well as the initial pressure-
density-internal energy conditions in the precompressed
sample, Py, p;, and E; are essential to determining the
P, p, and E of the shock-compressed state through the
Rankine-Hugoniot equations. P; was measured using
the ruby-fluorescence method [14], taking into account
the temperature shift of the frequency to achieve an abso-
lute precision of *0.025 GPa. The precompressed values
of p; and E; were then derived from an accurate EOS for
fluid He [13]. He samples were precompressed to pressures
ranging from 0.11 GPa (p, = 0.122 g/cm?) to 1.25 GPa
(p; = 0.429 g/cm?). The preshot thicknesses of He and
quartz were accurately determined by interferometry and
the known refractive indexes of He [15] and quartz [16,17].
The thickness of the quartz plate and He were about 25 um
and 100 wm, respectively.

The line imaging VISAR diagnostic [12] was used to
characterize the kinematic and optical parameters of
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FIG. 1. (a) Sketch of a precompressed target. (b) Example

VISAR record obtained from precompressed He (p; =
0.122 g/cc, shocked to 117 GPa). The shock front in both quartz
and in He are reflecting. Before 5.9 ns, fringes are produced by
reflection of the probe beam from the stationary Al coating
between the thin diamond and quartz plate. At ~5.9 ns, the
shock enters the quartz and the shock front in the quartz is
reflecting. At 6.9 ns, the shock front enters the He and again the
shock is so strong, He is reflecting. The shock then passes
through the He and enters the back anvil at 10.6 ns. (¢) Shock
velocity (left scale) and shock trajectory (right scale) in both the
quartz and He. The dotted lines represent the quartz and He
thicknesses (right scale) measured before the shock experiment.
The calculated thickness obtained from shock trajectory agrees
to within 2% with the quartz and He thicknesses determined
before the shot.

shock-compressed He. At the highest P studied here,
shock-compressed He transforms to an electronically con-
ductive state and the shock front reflects the 532 nm probe
laser beam of the VISAR diagnostic; UH¢ was thus mea-
sured both directly from the VISAR fringe shift, as well as
from the transit-time of the shock across the known thick-
ness of He. Shocked quartz was reflecting for all of the
experiments reported here, so again U;¢ was determined
both directly from the VISAR fringe shift and the shock-
transit time. This technique has been validated previously
on several materials including quartz [18].

Figure 1(b) shows the fringe pattern for a reflective
shock in He. The Doppler shift of the light reflected from
the shock front is manifested as a fringe shift at the image

output of the velocity interferometer. A velocity accuracy
~1% can be achieved because the fringe position is deter-
mined to ~5% of a fringe and the shock velocities mea-
sured here correspond typically to 5—7 fringes. To resolve
fringe jump ambiguities, data were collected simulta-
neously from two independent interferometers with differ-
ent sensitivities [12]. The velocity per fringe in the VISAR
measurement was corrected for the density dependent
refractive index [12,15]. In Fig. 1(b), the shock front is
observed first entering the quartz, then breaks out of the
quartz plate into precompressed He, and finally enters the
back sapphire anvil which is opaque under these shock-
loading conditions. Shock planarity was observed to ex-
tend over 400 um, and shock unsteadiness was quantified
as a 3% velocity decrease during transit across the quartz
plate and He [Fig. 1(c)].

In all cases, the transit distance in both the quartz and He
determined from the time-integrated VISAR velocity
agrees to within 2% with the thicknesses measured by
interferometry before the shock experiment [Fig. 1(c)].
This validates that the shock front in He (and quartz) is
indeed reflecting at 532 nm. In some of the experiments,
however, shock-compressed He became opaque and non-
reflecting. In those cases, U,He was determined by transit-
time measurements only, taking into account the 3% decay
in velocity. The error in the velocity measurement was then
larger and arose from the =1 wm uncertainty in the thick-
ness measurement of He and from the 50 ps uncertainty in
the breakout time at the interfaces. Some shots led to the
observation of transparent shocked He, for a particle ve-
locity in He, U, < 13 km/s, but accurate values of U, He
could no longer be obtained and the results of those experi-
ments are not presented here. Finally, a 1D hydrodynamic-
radiative simulation was performed to quantify the level of
preheat in quartz and He. For the maximum laser irradia-
tion intensity used, preheat in quartz was estimated to be
0.06 eV in the quartz and less than 0.02 eV in He. In
addition, no motion of the quartz-He interface was ob-
served before shock breakout so preheat can therefore be
neglected.

U,¢ and U, are direct experimental observables, and
U,9 versus UHe data lie along a single trend with no
obvious dependence on p; (Fig. 2, inset). U,,He is deter-
mined by impedance matching [19,20]. The resulting
U,He — U He corresponding to 11 different shots define
nearly parallel trends where the offset depends on the
precompression (Fig. 2). The error bars in U,H¢ correspond
to the VISAR fringe measurements for reflecting shocks
and to transit-time and thickness measurements when He
was opaque. The error bars in U ,,He come from the propa-
gation of the uncertainty in U2, U/, and p " in the
impedance matching construction. The systematic uncer-
tainty from using a quartz reference averages <<25% of the
random uncertainty shown in Fig. 2 [19-24].

Previous principal Hugoniot data [7] define a steeper
slope, S = AU,/AU,, at lower U; and U, than is found
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FIG. 2 (color). He shock-wave velocity U vs particle ve-
locity UpHe determined from the experimentally measured val- FIG. 3. (a) Hugoniot data for an initial density p, =

ues of U, and U2 (inset). Open and closed symbols indicate
whether the shocked state is reflecting or opaque, respectively,
with the color showing the initial density, p;, relative to the
liquid density, po,. Previous gas-gun data [7] (p; = por =
0.1233 g/cc) are plotted as triangles, and the dashed curve
shows the results of ACTEX calculations [3].

for the present measurements at higher pressure (Fig. 2). A
decrease in S has typically been observed for metals at high
shock P, where it is ascribed to electronic excitations [21].
Similarly, the difference in S for the present experiments
occurs as the shocked He transitions from transparent to
reflecting, indicating a significant increase in electron-
carrier concentration. The actual Hugoniot in Uy — U, is
expected to smoothly transition to a smaller slope similar
to the dashed line in Fig. 2 which represents the theoretical
Actex calculation [3]. At higher P than those studied here,
He will become more fully ionized, and S should increase
back to a value close to that observed at lower P. The
offsets in U;(U,,) lines are largely due to the difference in
the initial sound speed for He due to the different initial
densities.

The P, p values of shocked He are determined from
U, "¢ and UM using the Rankine-Hugoniot relations: P =
p1U,U, and p = p,U,/(U; — U,), where p, is the initial
density [25]. P versus 7 = p/p; data for samples starting
at the cryogenic-liquid density, p; = po, = 0.123 g/cc,
are shown in Fig. 3, along with the prior data [7]. Error bars
are estimated with a Monte Carlo algorithm from an as-
sumed Gaussian distribution about each observable, U ¢,
U,2, and P, (inset to Fig. 3). At low precompression, the
random uncertainty is largely determined by the uncer-
tainty in P; (%£0.025 GPa precision of the ruby scale)
and hence in p,. At higher precompression, the uncertainty
in P gives a smaller contribution to the density uncertainty
(see Fig. 4).

The new data presented here for p; = p; extend pre-
vious gas-gun data by more than 5 times in P, up to

0.123 g/cc, i.e., of cryogenic He and of He precompressed at
0.12 GPa at room temperature. The symbols are the same as in
Fig. 2. Also shown are the gas-gun data from Nellis et al. [7] with
p1 = 0.123 g/cc (A) and model calculations from SCVH [8]
(solid line), ACTEX [3] (dotted line), and DFT/PIMC [2] (short
dashed line). To compare these new data to the expected
Hugoniot without electronic excitations, the lower pressure
gas-gun data are extrapolated assuming a linear U; vs U,
(long dashed line). Inset shows the estimation of the 1-sigma
error bars from a Monte Carlo calculation for the highest
pressure datum.

120 GPa, and reveal n ~ 6 at ~100 GPa. This is in good
agreement with the two chemical models, SCVH [8] and
ACTEX [3], and it shows the ab initio calculation [2]
underestimates 7. Moreover, a Hugoniot curve extrapo-
lated from the lower-P gas-gun data assuming a linear
U, — U, relation—which would therefore represent He
with no electronic excitations—is seen in Fig. 3 to increase
smoothly to a limiting compression of 4, much stiffer than
observed here. Thus, these experiments suggest that elec-
tronic excitation (ionization) of He can cause an increase in
1 of ~50% along the principal Hugoniot.

Increasing p; enables EOS measurements at higher p
than can be achieved along the principal Hugoniot.
Importantly, these higher p actually correspond to lower
7, as shown in Fig. 4. The reason for this arises from the
fact that n = p/p, is sensitive to the relative importance
of excitations of internal degrees of freedom (which tend to
cause higher compressions) as compared to interaction
effects (which increase the pressure and thus cause lower
compressions) [2]. For the case of He, the lower tempera-
tures accompanying higher p; result in reduced thermal
ionization which, along with the increased interaction
effects at higher density, result in a lower 7. Figure 4
also shows that at a given pressure the observed change
in  with p; is larger than is predicted by the ab initio
calculations and the SCVH model. This suggests that
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FIG. 4 (color). He Hugoniots for different p, from p; = pq.
to p; = 3.3pg.. O are the present data. The full line is the
SCVH model [8] and the dashed line the ab initio calculations
[2]. The color and symbol notation for the data is the same as in
Fig. 2.

the isentropic compressibility (sound speed) for dense He
is lower (higher) than in those predictions. It is also pre-
dicted by the SCVH and the ab initio calculations that n™**
on the Hugoniot should decrease with p;. While this
expectation is consistent with these new measurements,
experiments need to be extended to higher P to fully test
this prediction.

In summary, by applying laser-driven shocks to stati-
cally compressed samples, EOS data for fluid He have
been obtained with sufficient accuracy in the 100 GPa
pressure range to test theoretical predictions. Experi-
mental data are listed in Ref. [26]. Tuning p; before shock
loading enables the measurement of a family of Hugoniots,
which can test EOS models over a broader range than the
principal Hugoniot alone, and can separate the effects of T
and p on the EOS. The SCVH model used for astrophysi-
cal applications reproduces the present data quite well,
agreeing with the observed maximum shock-compression
ratio of about sixfold (for p; = pg;). Extension of the
techniques described here to laser drivers capable of de-
positing >10 kJ onto the sample and with pulse durations
longer than 10 ns will significantly increase the accessible
P and p range with improved accuracy, to provide further
discrimination among theoretical approaches currently
being used.
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assistance. We thank M. Millerioux (CEA) for doing the
diamond coating and W. Unites (LLNL) for preparing the
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