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Shock reverberation compression experiments on dense gaseous deuterium-helium mixtures are carried
out to provide thermodynamic parameters relevant to the conditions in planetary interiors. The multishock
pressures are determined up to 120 GPa and reshock temperatures to 7400 K. Furthermore, the unique
compression path from shock-adiabatic to quasi-isentropic compressions enables a direct estimation of the
high-pressure sound velocities in the unexplored range of 50-120 GPa. The equation of state and sound
velocity provide particular dual perspectives to validate the theoretical models. Our experimental data are
found to agree with several equation of state models widely used in astrophysics within the probed pressure
range. The current data improve the experimental constraints on sound velocities in the Jovian insulating-

to-metallic transition layer.
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The study of gas giant planets such as Jupiter and Saturn
in our Solar System is an essential topic in astrophysics.
Hydrogen and helium are the major constituents of these
planets. Accurate knowledge of key thermodynamic prop-
erties of hydrogen, helium, and their mixtures at extremely
high pressures and temperatures, such as their equations of
state (EOSs) and the velocities of sound in these media, is
crucial for the understanding of gas giants [1-6]. Enormous
efforts have been made toward building the EOSs of H,-He
mixtures for astrophysical applications. So far, widely used
models include the semianalytical model by Saumon,
Chabrier, and van Horn (SCVH) [7], the ab initio EOS
of Militzer and Hubbard [8], and the global multiphase
EOS of the Rostock group (REOS.3) [9]. Recently, a new
EOS was proposed by Chabrier, Mazevet, and Soubiran
(CMS) [10] in which entropy was calculated over a wide
density-temperature domain. Miguel et al. [11] and Debras
et al. [12] explored the internal structure of Jupiter using
these EOSs and found that significant differences existed
between them and the derived interior models of
Jupiter, showing that there is a strong need to constrain
the H,-He EOS at the extreme pressures relevant to planetary
interiors.

Shock compression experiments are paramount in
providing accurate experimental constraints to verify and
validate these theoretical models. Various experimental
loading techniques, including a two-stage light-gas gun
[13-17], convergent explosives [18-21], a magnetically
launched flyer [22-24], and laser-driven shocks [25-31],
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have been directed toward helium, hydrogen, and deu-
terium, and the EOSs have been determined up to TPa
pressures. Nevertheless, these experiments have mainly
focused on pure hydrogen, deuterium, and helium, which is
very far from being enough to constrain the properties of
their mixtures because of the complicated interactions
between their components [32,33]. Li et al. [34,35] and
Gu et al. [36] performed shock experiments on H,-He and
D,-He mixtures to validate the EOS models widely used in
astrophysics, but these experimental EOS data are limited
to pressures below 60 GPa. Besides, the measurement of
the sound velocities in hydrogen (deuterium), helium, and
their mixtures at elevated pressure-temperature conditions
that are capable of providing significant information about
phase transitions and direct constraints on the seismic
structure of giant planets [37], is more complicated and
challenging. Until now, very few experimental measure-
ments of the sound velocities in pure hydrogen, helium, and
deuterium have been made [37-41], and none have been
obtained for their mixtures. Overall, the shock compression
experiments that have been conducted on H,-He or D,-He
mixtures are severely insufficient, and the available data
were obtained far below the pressures and temperatures that
exist in the interiors of the majority of gas giants. For this
Letter, we designed and performed shock-reverberation
compression experiments on dense D,-He mixtures. A
simultaneous measurement of the EOS and sound velocity
was achieved for pressures exceeding 100 GPa. These EOS
and sound velocity data provide important benchmarks
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for the current popular theoretical models and would be
beneficial to understanding the material properties relevant
to planetary interiors.

Reverberating shock experiments were performed using
a two-stage light-gas gun. The D,-He gases with mole
ratios of 1:1 and 3:1 are precompressed up to 40 MPa and
sealed in a sandwich-structured target assembly. Strong
planar shock waves are generated through the impact of a
high-velocity tantalum (Ta) flyer into the baseplate of the
target. The shock wave transmits into the D,-He sample
across the baseplate and then reverberates repeatedly
between the baseplate and the window due to these
materials having higher shock impedances than the
D,-He sample. The light radiance emitted from the multi-
shocked sample is delivered to two sets of multichannel
optical pyrometers (MCOP) [42]. Two sets of velocity
interferometry devices (Doppler pin system, DPS) [43] are
employed to monitor the velocity profiles of the baseplate-
sample and sample-window interfaces, respectively. More
details of the experimental design and diagnostic tech-
niques [44] are described in the Supplemental Material
(SM) [45].

Representative experimental records for MCOP-II and
DPS-II are shown in the upper and lower panels of Fig. 1,
respectively. Both exhibit distinct step-rise signals, which
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FIG. 1. Upper panel: time-resolved self-emission of the
shocked sample recorded by MCOP-II at wavelengths of
600.5, 702.0, and 800.5 nm. Lower panel: velocity histories of
sample-window interface recorded by DPS-II (the purple and
orange solid step-rise signals), together with the position-time
diagram from 1D hydrodynamic simulations. The 1D simulations
indicate a clearly physical picture for the shock-wave reverber-
ations and positions of interfaces. U, ;(i = 1,2, 3, ...) represent
the slope of the trajectory of the shock wave, namely the
shock velocity of the ith shock. The color contour represents
shock pressures. The experimental measurements provide
the shock timing (7o, 7,3, s, ...) and the actual particle veloc-
ities of the even-numbered shocked sample (U, », U, 4. U . -..)
with the LiF refractive index correction [46].

provides a clear picture of the shock reverberations. A one-
dimensional (1D) fluid dynamics simulation was per-
formed to help in analyzing the experimental signals and
the shock-reverberation processes. When the shock wave
breaks out into the sample from the baseplate (f;), the
D,-He sample will be driven to a state on its principal
Hugoniot, and this will be accompanied by an abrupt
increase in emission intensity, as indicated by the MCOP-II
signal. When the first shock arrives at the sample-window
interface (), a reflected shock wave U, is generated, and
this propagates back into the sample. At the same time, a
transmitted shock wave enters the window. The sample is
reshocked to a state with a higher pressure and temperature,
which thereby causes a further rise in the MCOP-II signal.
Meanwhile, the sample-window interface is accelerated up
to a steady speed, resulting in the first step rise of the DPS-
II signal. Based on the continuity condition at the inter-
faces, this speed is equal to the particle velocity of the
second shocked sample U, ,. The second shock wave is
reflected back when it arrives at the baseplate-sample
interface (t,), which compresses the sample for a third
time (the third shock Ug;). The above reverberation
processes of the shock wave moving between the base-
plate-sample and sample-window interfaces repeat until the
sample reaches the peak or final state (U, ;). The good
agreement between the MCOP and DPS signals for the
shock reflection timings ensures the accuracy of the
experimental measurements. The multishock states, includ-
ing shock velocities, pressures, and densities, can be
directly deduced using the impedance-matching method.
The details of the inferences of the multishock states, along
with an uncertainty analysis [47,48], are presented in the
Part 5 in the SM [45].

The obtained multishock EOS for three shot experiments
are given in Table S1 of the SM [45], covering a pressure
and temperature range of 2—-120 GPa and 3400-7400 K.
Thus, the present work significantly expands the scope of
the experimental data and improves the experimental
constraints on the H,-He EOS at extreme conditions.
First, the present experimental results allow a direct
comparison of the compressibilities 7 = p/p, of D,-He
mixtures with different helium concentrations, as shown in
Fig. S9. The multishock compressibility of the D,-He
mixture with a 50% helium concentration is smaller than
that for a 25% helium concentration. Figure 2 and Fig. S7
show a comparison of the experimental P—p data with the
theoretical multishock curves calculated by various EOS
models, including the SCVH [7] and SESAME [49]
chemical models and the REOS.3 [9] and CMS [10]
multiphase EOSs. These models show small differences
at low densities of p < 0.2 g/cm?® compared to the experi-
mental data. This is also supported by the independent
experimental temperature measurements, as shown in
Fig. S11 (the deduction of shock temperatures from
MCOP signals can be found in the SM [45]). Note that
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FIG. 2. The experimental multishock EOSs of the D,-He
mixture (D,:He = 1:1) for shots DHel15923 and DHel5627
are compared to theoretical multishock curves and theoretical
isentropes (the insets). The numbers in circles indicate the ith
shock state. The theoretical isentropes of shots DHel5923
and DHel5627 start from the third and fourth shock states,
respectively.

the EOS data from REOS.3 and CMS in this domain are
mainly generated by chemical models. Thus, the chemical
models can be used as useful alternatives for generating the
EOS at low densities (specifically, below 0.1 g/cm?),
within which the computing resources for ab initio sim-
ulations increase dramatically.

With the increase of density, obvious differences among
these models appear. The SESAME model shows a stiffer
behavior (lower compressibility) among these models.
The SCVH model is softer than the SESAME model.
The difference between these two chemical models may
arise from the differences in the potentials used or the
construction of the free-energy functions. The CMS model
is softer compared to the REOS.3 model. Both EOSs are
based on the combination of first-principles molecular
dynamics (FPMD) calculations and the semianalytical
EOS models. Nevertheless, there exists a large gap between
FPMD and chemical-model data in CMS (0.05-0.3 g/cm®
for H and 0.1-1.0 g/cm?® for He), meaning that the
interpolated connection between them may induce the
deviations from REOS.3. Present experiments provide an

important dataset for evaluating these models. It is found
that these EOS models and the experimental results show
reasonable agreement within the errors, implying that the
models follow the right trend in this regime.

The quasi-isentropic EOS data is another important
experimental constraint, and this has direct astrophysical
applications because the interiors of giant planets are
entirely convective, and their internal temperatures there-
fore follow an isentrope. The multiple reverberation
compression provides a unique compression path from
shock-adiabatic to quasi-isentropic compressions. To illus-
trate more directly, we calculate the changes in entropy
during multiple reverberation compressions with the aid of
the CMS model (Fig. S12 of the SM [45]). The entropy
increases obviously during the first and second compres-
sions, whereas the entropy hardly changes after the third or
fourth compressions.

The insets of Fig. 2 show a comparison between our
experimental data and the theoretical isentropes in the
range of 50-120 GPa. The isentropes are calculated
according to the first-order differential equation [63]

(&) 52 g

The initial temperature and density of the isentropes start
from the third or fourth compression state. It is evident that
the experimental data are in fairly good agreement with the
theoretical isentropes, demonstrating once again the quasi-
isentropic nature of the multiple reverberation compres-
sions. Note that the CMS and REOS.3 calculations also
show excellent agreement. The reason for this is that the
EOS data from CMS and REOS.3 in this region are entirely
generated by FPMD simulations with the same Perdew-
Burke-Ernzerhof (PBE) functional [50]. Moreover, the
present FPMD calculations [51-53,59-61] with PBE and
van der Waals (vdW-DF1) [62] functionals for a real D,-He
mixture (computational details can be found in the
SM [45]) basically coincide with the REOS.3 results, so
the nonlinear mixing effect and vdW interactions may not
play dominant roles within this regime.

The quasi-isentropic nature of multiple reverberation
compressions offers an opportunity to obtain the sound
velocity. According to the definition of the sound velocity,

Co= |-v2 (g_§> 2)

where the subscript S represents entropy, it is closely
related to the isentropic EOS. Because of the limited
number of experimental EOS data points, we adopt a
fitting procedure to deal with the partial derivative.
Therefore, we need first to construct an analytical isen-
tropic equation that can reproduce the experimental data
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well. In the following, we will demonstrate a power-form
isentropic equation,

P = A", 3)

where A is a constant and k is the isentropic exponent.
Generally, the isentropic exponent is defined as

k= (0InP/Jnp)s. (4)

If k is constant, the system is described by the isentropic
equation [Eq. (3)]. To verify this, we calculate k along the
theoretical isentropes in Fig. 2 by using Eq. (4), as shown in
Fig. S13. Obviously, the value of k is almost constant,
especially for REOS.3 and vdW-DF1 (varying by less than
3%). Through a nonlinear least-squares fitting to the quasi-
isentropic data with Eq. (3), the parameters A and k are
determined. Fig. S14 shows that the power-form isentropic
equation can reproduce the experimental data well, which
further proves the rationality of treating k as a constant.
Within the quasi-isentropic regime, D, has almost fully
dissociated as illustrated by the pair-correlation functions
from FPMD (Fig. S15), while the ionization of helium can
be neglected [54] and the ionization of deuterium is
noticeable based on the average atom model [55] and
FPMD calculations [56-58] (see section 13 of the
SM [45]). As shown in Fig. S18, the variation of disso-
ciation and ionization in this regime is weak and may be
responsible for the small change of k. Note that Eq. (3) is
formally identical to the isentropic equation of an ideal gas.
However, the dense D,-He mixture is definitely nonideal,
and the resulting value of k (around 2.26) is larger than the
ideal-gas isentropic exponent k = C,/C, (5/3 for the
monoatomic system).

The experimental sound velocity can be directly deter-
mined through the experimentally constrained isentropic
equation. In Fig. 3 and Fig. S8, we compare the present
sound velocities to the theoretical calculations (the com-
putational details for the sound velocity are provided in the
SM [45]). The insets show the comparisons in the C; — p
space. The differences in sound velocities between the
various models in the range of 50-120 GPa are more
obvious than those of the isentropes shown in Fig. 2, as the
sound velocity is the derivation of the EOS. This makes the
sound velocity more important for validating theoretical
models. The comparison results show that the theoretical
calculations are within the experimental errors in the
probed pressure range. Moreover, the sound velocities at
high pressures up to 1 TPa are calculated by theoretical
models. The differences between the models gradually
enlarge when approaching TPa pressures. Future experi-
ments to measure the sound velocities in the TPa pressure
range are highly desirable for further discriminating the
EOS models.
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FIG. 3. The experimental sound velocities versus pressure and

density (the insets) of D,-He mixture (D,:He = 1:1) for shots
DHel15923 and DHel5627 are compared to the theoretical
calculations. The theoretical sound velocities are calculated along
the isentropes in Fig. 2. The shaded area represents a lo
confidence interval.

The high-pressure sound velocities of hydrogen and
helium are of significance for understanding the seismic
structure of giant planets. The currently available sound
velocity data for H,, D,, and He are summarized in Fig. 4,
together with the present D,-He mixture results. The
previous data from Brillouin scattering measurements in
diamond anvil cell (DAC) experiments [38,39] and the
shock-overtake technique in gas-gun experiments [41] are
within 30 GPa and 5.5 kK, which is mainly relevant to the
molecular-atomic envelope (region I) of the interior of
Jupiter. The present experiments extensively expand the
ranges of sound velocities up to 120 GPa and beyond
10 kK, reaching a transition zone (region II) that encom-
passes the pressure ionization of hydrogen. These data are
comparable to the recent experimental data obtained based
on the unsteady-wave technique using a high-power laser
[40]. Nevertheless, the sound velocities obtained using
laser-driven shocks are along the principal Hugoniot states
of liquid deuterium and are accompanied by rapid temper-
ature rises, as explicitly indicated by the right panel of
Fig. 4. Consequently, the experimental conditions of laser
shock are far away from the Jupiter adiabat. Conversely,
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FIG. 4. Left panel: present sound velocities of the D,-He mixture are compared to the available experimental data of pure H,, D,, and
He; the symbol color indicates the temperatures calculated by REOS.3. The Jupiter adiabat calculated by French ef al. [64] and the
D,-He mixture isentrope by REOS.3 calculations are also shown. Regions I, IL, III, and IV correspond to the molecular-atomic envelope,
the transition zone encompassing the pressure ionization of hydrogen, the metallic hydrogen envelope, and the diluted Z-rich core in the
interior of Jupiter, based on the four-layer Jupiter interior model of Debras et al. [12]; Right panel: phase diagram for hydrogen and
hydrogen-helium mixtures, together with the liquid-liquid transition (LLT) [65] and H-He demixing [66] boundaries. Also shown are the
experimental EOS of D,-He mixtures (the temperatures beyond the second shock were estimated from REOS.3) and liquid D,,
theoretical Hugoniots of liquid D,, liquid He, and D,-He mixture calculated by REOS.3, and the Jupiter and Saturn adiabats [67,68].

our study demonstrates the ability to obtain isentropic
sound velocities, and the phase diagram illustrates the
experimental conditions are more relevant to giant planets
interiors. Additionally, the shock temperatures of the D,-He
mixture with a 75% deuterium concentration are smaller
than those for a 50% deuterium concentration, thus much
closer to Jupiter’s and Saturn’s interior conditions. Such
information will provide a firmer basis for establishing the
structure and dynamic properties of gas giant planets and
their evolution.

In summary, we carried out multiple reverberation
compression experiments on dense gaseous D,-He mix-
tures, expanding the experimental multishock pressures up
to 120 GPa and reshock temperatures to 7400 K, which is
directly relevant to planetary interiors. The multiple rever-
beration compression produces a unique compression path
from shock adiabatic to quasi-isentropic compressions,
which enables the measurements of the sound velocities
from 50 to 120 GPa. The experimental dataset demon-
strates the rationality of the primary models for astrophys-
ics in the probed pressure regime. Furthermore, the
predictions from different models vary dramatically when
approaching TPa pressures, which calls for future experi-
ments to expand the EOS and sound velocities to TPa
pressures and thus provide more stringent constraints for
the theoretical models of the Jovian metallic hydrogen
envelope.
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