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Abstract: The physical properties of basic minerals such as magnesium silicates, oxides, and silica at
extreme conditions, up to 1000 s of GPa, are crucial to understand the behaviors of magma oceans
and melting in Super-Earths discovered to data. Their sound velocity at the conditions relevant
to the Super-Earth’s mantle is a key parameter for melting process in determining the physical
and chemical evolution of planetary interiors. In this article, we used laser indirectly driven shock
compression for quartz to document the sound velocity of quartz at pressures of 270 GPa to 870 GPa
during lateral unloadings in a high-power laser facility in China. These measurements demonstrate
and improve the technique proposed by Li et al. [PRL 120, 215703 (2018)] to determine the sound
velocity. The results compare favorably to the SESAME EoS table and previous data. The Grüneisen
parameter at extreme conditions was also calculated from sound velocity data. The data presented
in our experiment also provide new information on sound velocity to support the dissociation and
metallization for liquid quartz at extreme conditions.

Keywords: laser shock compression; sound velocity; high-pressure; quartz; Grüneisen parameter;
super-earth

1. Introduction

Thousands of exoplanets such as CoRoT or Kepler outside our Solar system were dis-
covered, raising fundamental questions about unique planetary formation mechanism [1–3]
and their corresponding interior structures and dynamics [4]. Among these numerous
planets, a significant proportion are to a large degree made of silica and silicate, although
not all are entirely rocky [5–7]. Among these constituents, silica (SiO2) play an important
role in stable magma oceans, which are relevant to dynamo and magnetic field generation
and heat transfer as well as the habitability for exoplanets [8,9]. Characterizing the equation
of state (EoS), phase diagram, metallization, and dissociation process of silica at extreme
conditions in exoplanets is of evident important for understanding the properties of magma
oceans [10] and melting in Super-Earth interior [11].

The high-pressure behavior of silica was the subject of extensive experimental studies [12–16].
A number of stable crystalline structure and metastable forms of SiO2 were observed exper-
imentally or predicted theoretically [17,18], but pressure is limited in most studies to below
200 GPa [19,20]. The properties of silica in Super-Earth interiors are still poorly constrained
regarding the extreme conditions in pressure and temperature.

Laboratory laser driven shock loading presents a unique capability to yield TPa
pressure-temperature states comparable to planetary interior [1,21]. As an impedance-
matching standard material, the principle Hugoniot [22–25] and release isentrope [26,27]
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of α−quartz were studied extensively in the fluid region. Shock-induced vaporization of
quartz occurs at much lower pressures than previous estimates because of the entropy
on the Hugoniot [28]. Melting temperatures up to 8300 K above 500 GPa for fused silica,
α-quartz and stishovite were reported in laser-driven shock experiments [29]. For further
increases in pressure along the Hugoniot, silica transitions form a bonded molecular
liquid to a dissociated atomic fluid provided by specific heat cv information [24], and
the evolution of the electronic structure [30]. The metallization and dissociation in silica
influence strongly the equation of state and evolution of the associated transport properties.

Sound velocity describes the off-Hugoniot properties of a material and offers con-
straints on presence of chemical bonds based on a thermodynamically consistent analysis.
The experimental determination of the speed of sound behind a shock front is of great
interest for studying phase transition and geophysical problems [31–34]. The Grüneisen
coefficient could be also determined by the sound velocity along a known Hugoniot curve.
The study of sound velocity for silica in high pressure by dynamic shock experiments could
provide further information on dissociation and metallization and increase our confidence
for our theoretical models for Super-Earth interior condition.

In this article, we present high-pressure sound velocity and Grüneisen coefficient
by laser shock compression experiment for α-quartz. These experiments revisited and
provided absolute measurement of sound velocity in α−quartz from 200 to 900 GPa by
improving the previous technique proposed by Li et al. [35]. The experimental results are
compared to SESAME EoS table, in which there are various theoretical and experimental
results by different platforms for various silica polymorphs.

2. Methods
2.1. Sound Velocity Method by Edge Rarefaction

Methods for measuring the speed of sound behind a shock front were developed by
Al’tshuler et al. [36,37]. Method of lateral unloading is one of them, in which disturbances
from the unloading overtake the shock front and weaken the shock. The front velocity in
the weakened outer section of the front surface decreases and the shock velocity image on
the streak curves, while the central part not yet disturbed remains planar. The trace of the
bent location provides the speed of sound and the shock velocity as a function of transit
time. The sound velocity cs can be obtained by

cs = us × (tan2 α + (
us − up

us
)2)1/2, (1)

where us is shock velocity and α is unloading angle between the shock direction and the
tangent of bending trance. up is the particle velocity behind shock. But the location where
shock front bends and sound velocity is difficult to determine by experiments.

The line-imaging velocity interferometer system for any reflector (VISAR) measures
velocities by the phase change caused by Doppler-shifted light reflecting off a moving
surface, using a probe laser that propagates through transparent sample [38]. It is sensitive
to the shock front planarity, as it is usually used in laser dynamic shock compression
experiments [39,40]. when shock front bend angle exceeds a certain threshold, the VISAR
fringe signals are lost because probe beam can not go back into VISAR system. It is
about 2◦ − 3◦, depending on the VISAR system f value (focus distance-diameter) of
lenses. Thus, a method for detecting the speed of sound by lateral unloading wave was
proposed by Li et al. in transparent materals [35] . The temporal lateral release trace
in X-Y space and shock velocity us are measured simultaneously by VISAR. When we
assume that the threshold keeps q certain value when shock travels in time, the bend angle
tan α = X(t)/Y(t) can be obtained, where Y(t) is the shock position, and X(t) is edge
rarefaction trace point position.

The advantage for determining speed of sound using the lateral release method
is that it provides an absolute measurement for sound speed and the measurement only
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depends on shock velocity of shock front, spatial resolution of VISAR, and known Hugoniot
us − up relation.

However, it does not depend on properties from the reference material, which are
required by the method from the extension to unsteady wave correction derived by Fratan-
duono et al. [41–43].

2.2. Experimental Configuration and Targets

The laser shock experiment was carried out at the Shenguang-III prototype laser
facility (SG-IIIp), located at the Laser Fusion Research Center (CAEP) in Mianyang,
China [44,45]. As a frequency-tripled Nd: glass laser, SG-IIIp facility operates at wave
length of 351 nm, which usually has 8 beams with total 1200 J for each with 1–3 nanosecond
(ns) phase shaped pulse ability, and 9th beam as 4000 J in 5 ns with 20 ns pulse shaping.

In this experiment, the α-quartz samples were shock compressed from X-ray indirect-
drive in planar geometry. Up to 8 beams, delivering up to 800 J per beam of 351 nm UV laser
in a 1–3 ns flat-top temporally shaped pulse, were focused on the 850 µm laser entrance
hole (LEH) of a 30 µm thick, 3.6 mm length and 1.8 mm diameter gold hohlruam with
1 mm × 0.5 mm diagnostic hole attaching with the target packages, as shown in Figure 1a.
Distributed phase plates 500 µm were used in this experiment to spatially smooth the beam
profile and produce a super Gaussian intensity when projected onto the hohlruam wall.
The uniform radiation field, with intense X-ray through absorption, was created in the
gold hohlraum, which can deposit energy into target packages. The peak X-ray radiation
temperature measured is 140–162 eV in 1–2 ns, according to the maximum pressure needed
to achieve in shots. Figure1b shows the typical X-ray radiation history in the hohlraum
measured by the flat response X-ray diodes (FXRD) at 45◦ angle in our experiment [46], in
which peak temperature achieved up to 160 eV at 1 ns in Shot 341, and 145 eV at 2 ns time
in Shot 343.

Au hohlraum

4 up laser beams

X-rays

3.6 mm

1.8 mm

VISAR 

Target sample

4 down beams

(a) (b)

(c
)

VISAR 
laser

X-ray 
drive

Al ablator
15 μm

Au 4.5 μm

Al pusher 40 μm

samples

Figure 1. (a) Experimental setup of hohlraum-type with laser beams drive planar shock wave
through X-ray. Line-imaging VISAR measures shock velocity and lateral release signal from target
periphery. (b) Typical radiation profile of hohlraum temperature in shots from diagnostic device up
45◦. (c) Target configuration in experiment with Al ablator, Au shield, Al pusher, and quartz sample.
Free side in quartz sample was arranged in center of diagnostic hole, which is also perpendicular to
Al pusher plane.
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Our target packages were 1.2 mm × 1 mm flat and was consisted of a 15 µm aluminum
ablator for generating shock wave by X-ray ablation, a 4.5 µm gold layer as X-ray preheat
shield, and a further 35 µm aluminum layer pusher to minimize impedance mismatch
with sample and the α-quartz baseplates, as shown in Figure 1c. For these experiments,
1-D hydro-dynamic simulations using the hydrocode MULTI-1D program[47] guided the
peak shock pressure and temperature profile while shock propagates in target. Simulations
and previous experiments also displayed negligible preheat after Al pusher for the shots
at 180 eV radiation temperature in 1.5 ns. This confirms our sample was not preheated.
The shock planar area from Al pusher is more than 500 µm from previous experiments’
results [48–51]. Adjacent α-quartz samples were glued onto the back of Al pusher layer
using an Sn thin film as epoxy glue layers < 1 µm thick. The free side of α-quartz sample is
perpendicular to the Al pusher plane and it is also located in the middle of Al pusher to
make sure the bent shock front is only due to the edge rarefaction from free side of sample.
The α-quartz sample were >250 µm thick, with initial densities of 2.65 g/cm3 and refractive
index of 1.574 at 532 nm.

2.3. Experimental Diagnostic and Analysis

Shock velocity and lateral release in quartz were measured using a line imaging VISAR
system developed in Laser Fusion Research Center (LFRC). In this experiment, the pressure
in quartz is above 200 GPa, where quartz melts and forms a reflecting front [15]. The raw
VISAR images, as per the figure in Figure 2, were analyzed using the Fourier transform
method to determine the phase [39]. To account for 2π ambiguities in phase, two VISARs
with different velocity sensitivities were used. Their sensitivities used were 5.10 and
7.30 km/s/fringe, which correspond to velocity sensitivities of 3.24 and 4.64 km/s/fringe
in quartz. The VISAR images provide phase shifts resulting from changes in velocity that
were analyzed using the Fourier transform method [40]. Uncertainty in determining the
phase was estimated as 3% of a fringe, which resulted in <1% uncertainties due to multiple
fringe jumps [40]. The VISAR system used a frequency-doubled Nd: YAG laser operating
at 532 nm, and the two streak cameras used 20 ns sweep durations, resulting in temporal
sensitivities of 30 ps. A sample of an extracted shock velocity profile and edge rarefaction
boundary where no signal returns from the shock front is given in Figure 2.

The shock velocity us in the quartz was measured immediately after shock break
out of Al pusher. A weak smoothing splice was applied to the velocities to mitigate
the influence of random noise on the fitting routine. The first step is to select points of
edge rarefaction wave trace when it incidentally enters into the shock from the side. The
points were chosen within boundary of bending fringes with certain relatively intense
clim. The horizontal pixels difference dX and vertical time difference dt between initial
and final points in VISAR images infers the edge rarefaction wave traveling distance X
and position of the shock front Y(t), as X = M × dX and Y(t) =

∫ t0+dt
t0

us(t)dt, where t0
is the time for starting point. The parameter M is the spatial resolution factor for VISAR,
which is measured in static experiment before dynamical experiments. The spatial scaling
ML = 0.536 [µm/pixel] and MR = 0.64 [µm/pixel] with certain uncertainty respectively
for VISAR L and R legs in this experiment. The angle α can be obtained from the X(t) and
Y(t) profile as tan α = X(t)/Y(t).

In this work, the quartz Hugoniot data and the us − up relation for α-quartz is used as
us = a + bup + cu2

p + du3
p, where a = 6.278, b = 1.193, c = 2.505, d = 0.3701. The particle

velocity up is solved by measurement of shock velocity us from VISAR with uncertainty
considering covariance matrix elements for us − up relation by Knudson and Desjarlais [27].
We found that sound speed profile is highly dependent on the points from bent trace in
VISAR images and spatial resolution of VISAR system. In our improved analysis, the
average sound speed for each shot was obtained using average shock velocity between
initial and final bend points, as shock density changes a little when it decays in the indirect
drive experiments. This average speed of sound analysis method could mitigate the
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misleading information on sound speed coming from the bend trace points selecting spatial
resolution 4–5 µm and random noise in VISAR images.

Shot 346 VISAR L leg
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Figure 2. Raw VISAR data for shot 346. Line-imaging VISAR record provides 1-D spatial information
of the shock velocity as a function of time while shock propagates through quartz sample. The edge
rarefaction from free side interacts with shock wave to bend the shock wave front. The yellow line in
this figure presents the trace of edge rarefaction in sample, which could be infer sound velocity with
shock velocity measured from the moving fringes in VISAR images.

Uncertainties were calculated using the Monte Carlo method, which generates nor-
mally distributed random variables based on the mean and standard deviation of an
observed quantity. In these experiments, independent variables in the Monte Carlo simula-
tions were: the measured shock velocities in the quartz, coefficients in quartz Hugoniot
us − up relation, spatial scaling parameter M for VISAR system, spatial and temporal reso-
lution of streak cameras. The variances in the initial density of the α-quartz is assumed to be
negligible. The uncertainty in the measured velocities and coefficients in Hugoniot relation
were used to determine the corresponding uncertainty in pressure, density, and particle
velocity. The measured sound velocity was determined from the average of the Monte
Carlo calculations for each shot. The system errors such as M parameter, VISAR spatial
resolution mainly resulted in uncertainty 4–8% of sound velocities, while the random errors
was estimated to be less than 1%. This level of total uncertainty is similar to techniques
using laser unsteady wave method [42,43] and overtaking method with gas guns [32,33,52].
But this lateral release method provide an absolutely determined sound velocity and the
uncertainties from unsteady wave method may be underestimated because they do not
consider the uncertainties coming from sound velocity standard [42,43].

3. Results

The speed of sound for shocked liquid quartz was measured at pressure from 270
to 900 GPa in 7 shots experiment, as listed in Table 1. The edge rarefaction wave traces
in VISAR images could generate a series of well-constrained data. The equation of state
parameters for shock compressed quartz was found by the shock velocity and Hugoniot
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relation [27]. As mentioned previously, the speed of sound was calculated using the average
velocity and the average edge rarefaction angle over the region. The uncertainty in the
measurement of the sound velocity ranges from 4% to 10%.

Table 1. Experimental results on shock velocity (us), pressure (P), density (ρ), sound velocity (CB),
and Grüneisen parameter (γ) of shocked quartz.

Shot No. us (km/s) P (GPa) ρ (g/cc) CB (km/s) γ Parameter

340 21.63 ± 0.16 742.68 ± 11.91 6.71 ± 0.16 16.69 ± 0.66 0.76 ± 0.06
341 23.18 ± 0.16 871.28 ± 18.55 6.91 ± 0.20 15.30 ± 0.97 0.87 ± 0.07
342 19.66 ± 0.23 605.36 ± 8.12 6.43 ± 0.12 13.88 ± 0.54 0.99 ± 0.05
343 16.86 ± 0.16 430.51 ± 13.94 6.05 ± 0.06 13.94 ± 0.51 0.97 ± 0.06
344 16.68 ± 0.16 412.42 ± 4.04 6.03 ± 0.06 13.06 ± 0.51 1.07 ± 0.06
345 16.33 ± 0.16 391.78 ± 3.73 5.98 ± 0.05 14.14 ± 0.90 0.94 ± 0.11
346 13.69 ± 0.16 268.36 ± 2.29 5.64 ± 0.03 12.95 ± 1.34 1.00 ± 0.20

The data for sound velocity in silica at high pressure are summarized in Figure 3. As
shown in this figure, the black squares [34] and triangles [31] represent longitudinal sound
velocity data measured for crystal quartz, respectively, along quartz shock Hugoniot and
spanning shock melting pressure around 200 GPa.
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Figure 3. Measured isentropic sound velocity (blue squares with error bars) is in good agreement
with 2 reported shots (light grey and yellow line) and DFT-MD calculations (orange line) in Ref. [35],
as well as previous data from Pavlovskii (black squares) and McQueen results (black triangles) at
pressure below 500 GPa. At higher pressure to 900 GPa, our data prefer SESAME 7385 for silica (red
line) in Ref. [42] and empirical EOS model (EM model) results for quartz (black dashed line). In
this figure, Cb means bulk sound velocity, CL means longitudinal sound velocity, and Qtz means
quartz sample.

The sound speed data from theoretical models for quartz were also plotted in Figure 3,
which were calculated for initial density of fused silica as summarized in Ref. [42]. In this
figure, theoretical model results from the analytic solutions (KD model) from the release
isentrope [27], density functional theory molecular dynamics (DFT-MD) calculations and
empirical model (EM model) from wide regime equation of state (WEOS) [35] were also
presented. Most of our measured sound velocities with errors are located in the region
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where theoretical model data results cover the whole pressure regions from 200 GPa to
1000 GPa, but slightly lower than those data from KD model, SESAME EOS table 7381 and
7386 for silica [42]. The present sound speed results could be analyzed in two parts. At
lower pressure of 200 GPa to 500 GPa, the sound velocity agrees with decay-laser shock
results and DFT-MD results in Ref. [35]. But as the pressure goes above 600 GPa, our sound
velocity data indicate a gentle increase in slope at high pressures from the whole data,
compared with the previous theoretical and experimental results.

Liquid silica at extremely high shock compression undergo a significant dissociation
transition where SiO2 dissociates atomic Si and O. The broad peak in specific heat and
us − up Hugoniot curve observed in experiments were determined for indicating short-
range structure or the energetics of bond breaking [24,27]. The bulk sound velocity behavior
in 700–900 GPa may infer this bonded to atom liquid phase transition in quartz. A smooth
increase in present sound velocity data is shown in this figure, although some are beyond
the errors, and more experimental data for shocked quartz around pressure 700–850 GPa
are still lacking, which could help to show more clear changes without being misled by the
experimental uncertainties of data.

The Grüneisen parameter γ, defined by γ = V( dP
dE )V , is a fundamental thermodynamic

quantity with wide applications. For liquid silica, it affects the adiabatic temperature
gradient and the amount of heat conducted along the adiabatic. It was assumed to be a
constant by different model by DFT-MD calculations [27]. γ can be determined from the
slope of Hugoniot data and the isentrope at a point in phase space, which is related as

γ =
2(V( dP

dV )H + C2
s

V )

PH + ( dP
dV )H(V0 − VH)

, (2)

where (dP/dρ)H is the slope of Hugoniot curve at volume VH and pressure P, subscript 0 in-
dicates zero-pressure conditions and Cs is the isentropic sound velocity at Hugoniot state.

In this work, γ parameter for liquid quartz at high pressure was calculated using
Equation (2) for each shot. The uncertainty in Grüneisen parameter was also calculated
using the Monte Carlo method to be 5% to 20%, which depends on the pressure. The
slope (dP/dρ)H is adopted by Rankine–Hugoniot relationship in Ref. [27]. The increasing
uncertainty in the slope of Hugoniot at high pressures also increases that in γ parameter.

Figure 4 presents our data and previous data from experimental and theoretical
models. Most of results at higher pressure fall into the region bounded byV∆P/∆E average
values (light blue line) and DFT-MD results (blue line) in Ref. [35]. The Grüneisen parameter
decreases with shock temperature and pressure over the experimental range in general
view. But they also show a slower slope comparing with that of experimental results
(0401 black line and 0402 red line) and DFT-MD calculations. They also do not favor
any SESAME table, which predicted a significantly stiffer result. For the densities above
6.0 g/cm3, experimental data approach 0.7–0.8. This is in agreement with previous results
that implied the validity of a constant γ parameter for liquid silica above high pressure
400 GPa. But this value is bigger compared with the constant (the value for the ideal
gas.) γ = 0.66 (black dashed line) in Refs. [27,42]. The data in this work also show a
slower decay in γ parameter, which is directly relevant to the sound velocity behavior
at high pressure. Although more data are still needed to make up around the regions in
future experiments, they may infer the boned-atomic dissociation phase transition in liquid
quartz, as γ parameter directly relates to the pressure and energy, which is required to
break chemical bonds for dissociation of liquid SiO2 molecule into Si and O atom.
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Figure 4. Measurements of Grüneisen parameter in quartz (blue square with error bars). Most of
present results fall into region bounded by average values (light blue line) and DFT-MD results (blue
line) in Ref. [35]. All data do not favor any SESAME table Ref. [42] and are greater than the theoretical
limit γ = 0.66. The Grüneisen parameter measured is in agreement with previous experimental data
in 0401 (black line) and 0402 (blue line), as density is below 6.2 g/cm3. The slower decay process in
the Grüneisen parameter was found with consideration of the errors as the density goes from 6.5 to
7.0 g/cm3.

4. Conclusions

The sound velocity of shocked α-quartz was measured using lateral release wave
from the periphery of the crystal in the regions of 250 to 900 GPa, where it is melted.
The improved analysis method in the present study demonstrates lateral release method
for directly measuring the sound velocity by VISAR, proposed by Li et al. [35], when
Rankine–Hugoniot relation is known. The present results are consistent with previous
experimental results and predictions by DFT-MD. The sound velocity in liquid quartz
above 600 GPa shows more gentle slope than previous experimental results and prefers
SEASAME EOS 7385 for silica [42] and the empirical model [35]. The uncertainties by
Monte Carlo calculations are similar to those of the previous results with uncertainties.
The Grüneisen parameter was also calculated from sound velocity and quartz Hugoniot
data, and the result decreases with increasing shock pressure. The results agree with the
theoretical models as a shallow slope relative to the pressure. The behavior for measured
sound velocity and γ parameter at extreme high pressures may be directly related to the
boned to atomic phase transition found in shocked liquid silica at high pressure, although
more experimental data should be provided in future experiments.

The sound speed revisited in our experiment provide further information on dissocia-
tion and metallization for liquid quartz at extreme conditions. The more gentle behavior
we observed in present experiments may give us a new vision about transport properties
of high-pressure liquid silica, although it requires further study. Our agreements with
previous results increase our confidence in our theoretical model in Super-Earth interior
conditions and help our understanding of the properties of magma oceans and melting
on exoplanets.
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