Shock compression of helium to 360 GPa
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Hugoniot data are obtained for helium from 270-360 GPa, nearly doubling the pressure of previous
experimental measurements. The helium samples are first precompressed to 2.8-3.4 times ambient-
pressure cryogenic liquid density in a diamond anvil cell prior to laser-driven shock compression
at the Omega Laser Facility. These data show significant reflectivity and greater compressibility
compared to the predictions of a range of existing equations of state, which may be caused by the
onset of continuous ionization. The data serve as important benchmarks for ab initio predictions
used to model Jovian interiors and white dwarf atmospheres.

Helium is the second most abundant chemical element
in the universe, and characterizing its behavior in high-
pressure environments is essential for our understanding
of Jovian interiors and white dwarfs [1-6]. In particu-
lar, the metallization of helium and its miscibility with
hydrogen at megabar-level pressures may have dramatic
consequences on the dynamics of the convective barrier
thought to exist in the interior of Jupiter separating
helium-depleted and helium-rich layers [3, 7-10]. Com-
peting models predict considerably different band-gap
closures occurring at ~ 2gem™2 [11] and ~ 10gcm™3
[12], with the latter suggesting that only insulating he-
lium exists within Jupiter, motivating the need for addi-
tional experimental data. Moreover, understanding the
behavior of high-pressure helium is essential for model-
ing heat transfer in the helium-rich atmospheres of white
dwarfs [13], which enables constraints on models of in-
terior structure and thermal evolution that are highly
sensitive to ionization (metallization) behavior [14-17].

In addition to these physics applications, the simplicity
of helium makes it an important benchmark for ab ini-
tio simulations such as density functional theory (DFT),
molecular dynamics (MD), and path integral Monte-
Carlo (PIMC) calculations, especially at the megabar-
level pressures of the notoriously challenging warm dense
matter regime [18]. In particular, its monoatomic nature
makes helium, as opposed to hydrogen, the simplest ele-
ment for which pressure- or temperature-induced ioniza-
tion physics can be isolated from the effects of molecular
dissociation [19-29]. While past studies have shown evi-
dence for ionization, the parameter space over which he-
lium ionizes is largely unexplored experimentally [30-32].
Further obfuscating our understanding are discrepancies
in the pressure response predicted from existing models
[33-37] beyond approximately 100 GPa for shocked he-
lium initially precompressed near 1 GPa, a regime where
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data are limited to only seven past experiments [11, 38].
Even after reanalysis of these experiments with improved
quartz standard models [39], discrepancies with existing
models [33-35], including the First-Principles Equation
of State (FPEOS) [36], remain, motivating the need for
experimental data to elucidate the behavior of helium
and discriminate between existing models.

Experimental studies utilized diamond anvil cell
(DAC) devices to statically compress helium up to
58 GPa and examined the pressure dependence of the re-
fractive index and melting line [40-43], while experiments
using gas-gun facilities to dynamically compress helium
with shock waves documented the pressure-density shock
equation of state up to 56 GPa [44]. The maximum pro-
jectile velocity in such experiments [45], however, limits
the pressures that can be achieved. In addition, achiev-
able thermodynamic states are constrained to the ma-
terial shock Hugoniot, limiting the density that can be
achieved. Moreover, the final states are anchored to am-
bient conditions and therefore lack independent control
of pressure and temperature. These challenges are ame-
liorated through the combination of static and dynamic
techniques, where a DAC is used for tailored precom-
pression followed by laser-driven shock compression [46],
enabling access to conditions relevant to planetary inte-
riors and white dwarf atmospheres [11, 38, 39].

This work presents data from four experiments at the
Omega Laser Facility compressing helium in a DAC from
initial static pressures of 0.76-1.20 GPa (~ 3 times its
cryogenic liquid density at ambient pressures) to 270-
360 GPa, thereby extending the range of experimen-
tal data to a novel regime where predictions from ex-
isting equation of state (EOS) models diverge [33-37].
The record pressures were achieved by designing the
DAC such that the desired precompressed state could
be reached with the thinnest front diamond window pos-
sible (200 pm), efficiently coupling the pressure from the
1 ns-optimized laser drive to the sample [47]. The data
show increases in reflectivity consistent with continuous



ionization, which is also reflected in the increased com-
pression. The pressure and temperature response is rea-
sonably captured by FPEOS, resolving past discrepancies
[11, 38, 39] and enabling critical insight for the behavior
of warm dense helium in Jovian interiors and white dwarf
atmospheres.

In each experiment, supercritical fluid helium is com-
pressed in a DAC with a back sapphire window at room
temperature using a gas loading system and a ruby for
pressure characterization [39, 46, 48]. In order of in-
creasing precompression, the experiments are referred
to as S74727, S70906, S74722, and S72497 throughout
this work with initial densities py = 0.351, 0.385, 0.390,
and 0.422 gcm ™3, respectively. The DAC setup is simi-
lar to those employed by Refs. [10, 46, 49] and is shown
schematically in Fig. 1(a). A quartz impedance standard
[50, 51] sits at the base of the diamond, and a thin layer
of gold shields the DAC from radiation from the laser-
driven side of the target, preventing preheat and pho-
toionization. Additional details about target preparation
and the characterization of the initial state are provided
in the supplemental material [52]. Ten or twelve lasers
are used to generate a 1ns square pulse delivering be-
tween 3.9 and 5.5 kJ of ultraviolet radiation at 351 nm to
the plastic ablator, driving a shock wave into the DAC
which subsequently passes through the quartz standard
and into the helium sample, as shown schematically in
Fig. 1(b).

The reflective, self-emitting shock front is tracked using
the line-imaging velocity interferometer for any reflector
(VISAR) system at the Omega Laser Facility [53, 54],
generating the raw data shown in Fig. 1(c). Shifts in the
VISAR fringes are proportional to changes in the appar-
ent shock velocity, U,y,, which is related to the actual
shock velocity, Us = Ugp/n, where n is the material in-
dex of refraction. The effect of precompression on the
indices of refraction of quartz [55] and helium [56] is con-
sidered for an accurate velocity measurement. Despite
the use of anti-reflective coatings, the VISAR signal is
influenced by reflections from stationary interfaces, the
treatment of which is detailed in the supplemental ma-
terial [52]. As the shock wave passes from the quartz
to the helium, it sets the interface into motion at ve-
locity U, and the difference in shock impedance causes
the transmitted shock wave to have a different velocity,
resulting in a discontinuous shift in the VISAR fringes.
The ambiguity in determining the absolute fringe shift
is resolved through the use of two VISAR channels with
different fringe sensitivities controlled by different etalon
thicknesses (16.0829kms~! per fringe for the 3.096 mm
etalon and 6.9065kms™! per fringe for the 7.2095 mm
etalon). Any remaining ambiguity is resolved by match-
ing the time-integrated shock velocity through the quartz
layer to its known thickness.

Because the particle velocity and pressure on either
side of the shocked interface between the quartz and he-
lium are equal, the known response of the quartz stan-
dard to the high-pressure loading can be used to de-
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FIG. 1. (a) A schematic showing the geometry of the diamond
anvil cell (DAC) used in the present work, including a micro-
graph (right) of the pressure chamber showing the quartz ref-
erence plate and the projection of the VISAR streak camera
entrance slit onto the target (white-dashed lines) for S74722.
(b) A close-up of the schematic in (a) detailing the sample
geometry, precompression, and shock transit. (¢) The veloc-
ity interferometer for any reflector (VISAR) data vs. time
with overlaid shock velocity (yellow line) from S74722. The
transition of the shock between materials is clearly seen as a
discontinuous jump in the shock velocity. (d) The streaked
optical pyrometry (SOP) data vs. time with overlaid temper-
ature (yellow line) from S74722. In (c,d), the shaded yellow
region indicates measurement error (see supplemental mate-
rial [52]).

termine the state in the shocked helium using standard
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FIG. 2. (a) The difference between the shock and particle

velocity vs. particle velocity in helium for the present work
(closed symbols) and past work (open symbols) [11, 38, 39].
Color indicates the precompressed density. Three FPEOS
Hugoniot curves [19, 22, 36] spanning the range of ini-
tial densities in the experimental data (po = 0.296 gcm ™3,
0.362gcm ™3, and 0.429 gcm ™) are shown. (b) The shock ve-
locity vs. particle velocity. (c) Close-up view of the new data
with an expanded color scale and Hugoniot curves matching

the precompression of each corresponding experiment.

impedance matching techniques, detailed in the supple-
mental material [52]. The key measurement enabling the
state calculation is the velocity of the shock in quartz
and helium immediately before and after, respectively,
the shock breaks out into the helium. The agreement
between the two VISAR measurements before and fol-
lowing the breakout is used to determine the measure-
ment error, as described in the supplemental material
[52]. Figure 2 shows the shock velocity in helium vs.
the particle velocity for the new data and existing data
from Refs. [11, 38, 39] exploring shocked helium precom-
pressed between 0.51 and 1.25 GPa. We restrict our at-
tention to this narrow range of precompressed densities
to enable a detailed comparison between the data and
predictions from existing models. A larger data set is
provided in the supplemental material [52]. In general,
the new data show good agreement with predictions from
FPEOS, an EOS database that combines results from
PIMC and DFT-MD simulations [36].

With the calculated velocities in quartz and helium
known, the Rankine-Hugoniot relations are used to deter-
mine the pressure and density downstream of the shock
in the helium [39, 57], as shown in Fig. 3, again alongside
past data and predictions from FPEOS. The data indi-
cate pressures near and in excess of 350 GPa and again
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FIG. 3. (a) The pressure vs. density in helium for the

present work (closed symbols) and past work (open sym-
bols) [11, 38, 39]. Color indicates the precompressed density.
Three FPEOS Hugoniot curves [36] spanning the range of
initial densities in the experimental data (po = 0.296 gcm ™3,
0.362gcm ™2, and 0.429 g cm™®) are shown. (b) Close-up view
of the new data with an expanded color scale and Hugo-
niot curves matching the precompression of each correspond-
ing experiment. (c¢) S74722 with Hugoniot curves, in or-
der of increasing density, from LEOS20 (long-dashed) [33],
SESAME3764 (dash-dotted), SESAME3761 (dotted) [34],
REOS (short-dashed) [35], and FPEOS (solid) [19, 22, 36].

show good agreement with FPEOS, as seen in the upper-
right panel. The three highest-pressure experiments show
greater compression than the prediction of FPEOS, but
still fall within, or very nearly within, the experimental
error bars. Fig. 3(c) also shows the predicted Hugoniot
curves for S74722 from the tabular equation of state mod-
els LEOS20 [33], SESAME3761 [34], and SESAME3764
[58]. These models combine a variety of physical assump-
tions to define the free energy over wide ranges of density
and temperature that are adjusted to match selected ex-
perimental observations. The data are also compared to
predictions from REOS, a broad-range free-energy model
fit to DFT-MD simulations [35]. The prediction of these
EOS models for S74727, S70906, and S72497 show sim-
ilar trends. Of these models, FPEOS is the most com-
pressible and therefore results in better agreement with
the experiments. The greater compressibility may be re-
lated to an increase in the internal molecular degrees of
freedom due to the onset of ionization [19, 21, 22, 36],
which is further elucidated by reflectivity measurements
discussed next.

While the phase of the VISAR signal enables a ve-
locity measurement, the amplitude encodes information
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FIG. 4. (a) The temperature vs. pressure in helium for

the present work (closed symbols) and past work (open sym-
bols) [11, 38, 39]. Color indicates the precompressed density,
while the symbol size indicates reflectivity. Three FPEOS
Hugoniot curves [36] spanning the range of initial densities
in the experimental data (po = 0.296 g/cm?®, 0.362 g/cm?,
and 0.429 g/cm®) are shown. (b) Close-up view of the
new data with an expanded color scale and Hugoniot curves
matching the precompression of each corresponding experi-
ment. (c¢) S74722 with Hugoniot curves from LEOS20 (long-
dashed) [33], SESAME3764 (dash-dotted), SESAME3761
(dotted) [34], REOS (short-dashed) [35], and FPEOS (solid)
(19, 22, 36].

that can be used to determine the shock reflectivity in
helium at the laser wavelength of 532 nm, where the sig-
nal in quartz again acts as a measurement standard [59].
Accounting for changes in the index of refraction result-
ing from precompression [39, 60], we calculate shock front
reflectivity in helium in excess of 35% (data for each ex-
periment and a description of the error analysis is pro-
vided in the supplemental material [52]), as indicated by
the size of the data points in Fig. 4. The measured reflec-
tivity is almost twice that of past experiments [11, 38],
consistent with the enhanced compressibility observed in
Fig. 3 and the onset of ionization.

Figure 4 also shows the temperature downstream of
the shock in helium inferred from streaked optical py-
rometry (SOP) data, an example of which is shown in
Fig. 1(d), where the slight increase in the signal inten-
sity immediately following the breakout of the shock into
the helium is likely caused by space-time distortions and
nonlinearity in the diagnostic sweep rate [61, 62]. Com-
bined with the measured reflectivity, the spectral radi-
ance measured with SOP can be used to infer the shock
temperature using the grey-body radiation approxima-
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tion [61], with details provided in the supplemental ma-
terial [52]. In the present experiments, the shock speed
in quartz exceeds the range over which we have quali-
fied quartz as a temperature standard in precompressed
targets [39], reaching a higher temperature regime where
the apparent shock temperature rises linearly with in-
creasing shock speed [60, 63] instead of the power scaling
observed at shock velocities from 10kms~! to 20 kms™!
[39, 59]. Extending the precompressed reference model
to this regime is beyond the scope of the present work,
but given that the initial precompression is limited to ap-
proximately ~ 1 GPa, we use the ambient density curve
valid beyond 20kms~! and add a correction for the pre-
compression effect, detailed in the supplemental material
[52].

The agreement between the prediction of FPEOS and
the data is generally good, as seen in the upper right
panel of Fig. 4. The temperature measurement for
S74727 is found to be higher than the prediction of
FPEOS, but the grey-body temperature value may be
artificially high due to a possible overprediction of the
reflectivity from our experimental fit to the present and
preexisting data [11, 38, 39] (see supplemental material
[52]). As in Fig. 3, the lower-right panel also shows
predictions from LEOS20, SESAME3764, SESAME3761,
and REOS for S74722. The temperature measurements
further enable a prediction of conductivity according to
the Drude-like model of Ref. [12], giving 263, 93, 145,
and 126 kSm™~" for S74727, S70906, S74722, and S72497,
respectively (see supplemental material [52]), exceeding
previous measurements by up to a factor of 2 and pro-
viding further evidence of the increasing ionization in the
present pressure regime.

Four experiments achieved a novel state in warm, dense
fluid helium and show evidence of continuous ionization
[17, 21, 22, 30], with measured reflectivity in excess of
35% over pressures ranging from 270 to 360 GPa. The
increased compression likely caused by the onset of ion-
ization [19] is captured by FPEOS, affirming the ability
of first-principles techniques like PIMC and DFT-MD to
predict the EOS of warm dense helium in a regime where
ionization becomes important. Additional experiments
utilizing greater precompression are ongoing to further
document the effect of density and temperature on the
insulator-to-metal transition in warm dense fluid helium.
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