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ABSTRACT

Using the SG-III prototype laser at China Academy of Engineering Physics, Mianyang, we irradiated polystyrene (CH) samples with a thermal
radiation drive, reaching conditions on the principal Hugoniot up to P ≈ 1 TPa (10 Mbar), and away from the Hugoniot up to P ≈ 300 GPa
(3Mbar). The response of each sample wasmeasured with a velocity interferometry diagnostic to determine thematerial and shock velocity, and
hence the conditions reached, and the reflectivity of the sample, from which changes in the conductivity can be inferred. By applying the self-
impedance mismatch technique with the measured velocities, the pressure and density of thermodynamic points away from the principal
Hugoniot were determined. Our results show an unexpectedly large reflectivity at the highest shock pressures, while the off-Hugoniot points
agree with previous work suggesting that shock-compressed CH conductivity is primarily temperature-dependent.

©2020Author(s). All article content, exceptwhere otherwisenoted, is licensedunder aCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5130726

I. INTRODUCTION

The behavior of hydrocarbons under extreme conditions is of great
interest across the field of high-energy-density science. Consisting of two
of the most common elements within giant planets, they serve as an
excellent example for study of the behavior of planetary interiors.1,2 In
addition, they are used as pushers for shock compression experiments on
other materials3 and to contain deuterium–tritium mixtures in inertial
confinement fusion experiments.4 Although in many of these cases, the
material is driven by a single shock, and so the state reached can be
describedby theRankine–Hugoniot relations, the conditions in so-called
off-Hugoniot states—reachedby either rampcompressionor subsequent
shocks—are also important, but are significantly harder to determine.

In an experiment, off-Hugoniot states will tend to have a lower
temperature than if the same pressure were reached with single shock.
This is easily shown for a polytropic gas, where the entropy increases
as a function of the pressure ratio P1/P0 across the shock such that
multiple weaker compressions give a smaller rise in entropy,5,6 and

this becomes an increasingly good approximation for shock-
compressed material with increasing pressure. When considering
compression by multiple shocks, the limiting case is ramp com-
pression, which is ideally isentropic.7,8 In the case of low-impedance
materials such as plastic, however, the requirements on the shape of
the driving pulse are very strict to avoid unintentionally driving
shocks into the sample.9 Consequently, multiple subsequent shocks
offer a more forgiving way to reach lower-temperature conditions,
with more room for variation in the driving pulse shape.

The principal difficulty in studying off-Hugoniot states exper-
imentally is the lack of previous experimental data. While there exists
(e.g., in the case of plastics) a large body of work from single-shock
compressed samples,10–12 the lack of benchmarking data away from
the Hugoniot means that simulations of these states, which are
commonly used to estimate the conditions, will necessarily have a
significantly larger uncertainty. Impedance mismatch is a technique
commonly used to determine the thermodynamic state of a material
undergoing a single shock, by comparing it with the response of a
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material with a well-known shock Hugoniot.5 Recent work by
Guarguaglini et al.13 described the application of a similar technique
to determine the behavior of a water sample undergoing multiple
compressions, which we apply here to polystyrene samples.

This paper presents measured results for the pressure, density,
and reflectivity of polystyrene (C8H8)n, referred to here as CH. The
samples were compressed by single and double shocks, and the results
are compared with data previously taken at the OMEGA laser fa-
cility.11 At pressures reached by a single shock, we observe higher than
expected reflectivity; under double-shocked conditions, the reflec-
tivity is lower thanwould be expected for the same pressure in a single
shock, but shows a similar relationship as a function of simulated
temperature. This may indicate that the metallization of CH at the
shock front is primarily temperature-dependent.

II. EXPERIMENT

The experiment was carried out using the Shenguang-III proto-
type laser, located at the Research Center of Laser Fusion (LFRC) at the
China Academy of Engineering Physics (CAEP) in Mianyang,
China.14,15 It is a frequency-tripled (wavelength λ � 355 nm) laser
facility consisting of eight beams, eachwith amaximumoutput of 800 J,
and a maximum instantaneous power (for shaped pulses) of 1 TW; the
pulse shapes here used up to 800 J in 2 ns for the square pulse, and 225 J
total in 4 ns for the step pulse. They are focused to a spot of diameter
500 μm and smoothed with continuous phase plates. The pulses can be
shaped arbitrarily within a window of 10 ns. As illustrated in Fig. 1, the
lasers deliver the energy ontoa goldhohlraum, generating ahigh-energy
thermal X-ray spectrum, which deposits energy into the target package.
The target in this experiment consisted of an aluminum ablator layer to
absorb the energy and drive the shock, a gold layer to reduce radiation

preheating, and a further aluminum layer to minimize impedance
mismatch with the plastic sample itself. This Al–Au–Al package was
glued onto the plastic sample, with pressure applied to minimize the
thickness of the glue layer. This indirect drive method should allow a
much smoother shock front than would be driven by direct irradiation
from a high-energy laser.16

The soft X-ray spectrum generated in the hohlraum was
monitored by X-ray diode (XRD) detectors; examples of the temporal
evolution of the temperature for the single- and double-shock cases
are shown in Fig. 2, with the shaded area indicating the range of
temperatures from the different cameras. The conditions reached in
the sample due to this incoming radiation can be estimated using
radiation hydrodynamics simulation. For this work, we used the
HELIOS code,17 together with SESAME equations of state (EOS)
3719, 2700, and 5792 for the aluminum, gold, and polystyrene,

FIG. 1. Cartoon of the experimental setup, showing the hohlraum and the target
package, consisting of Al–Au–Al layers attached to the CH sample. The driving
radiation temperature is monitored on the XRD cameras, and shock propagation
data are taken on the VISAR system.

FIG. 2. Examples of the measured radiation temperature incident on the ablator
surface as a function of time for the cases of a single and a double shock. The
shaded uncertainty is the variation in measured temperature between the cameras.
The lineouts correspond to the temperatures in shots 302 and 315, respectively (see
Table I in the Appendix).

FIG. 3. Plastic target density, simulated using the double-shock radiation profile in
the radiation hydrodynamics codeHELIOS, with SESAME equation of state 7592 for
polystyrene. The radiation is incident from the left-hand edge onto the ablator; the
shock passes through this and into the CH, the boundaries of which are marked by
the black lines. The coordinates are Eulerian, allowing the different shock-front
velocities to be observed.
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respectively,18 and PROPACEOS opacities;19 for the gold layer, the
opacity of copper was used, with the differences in opacity at the
relevant radiation temperatures being expected to be negligible. The
result of the simulation using the double-shock temperature profile is
shown in Fig. 3, with the two shocks entering the plastic sample at t1
and t2, merging to form a single strong shock at t3, and breaking out of
the rear surface at t4; the double-shocked off-Hugoniot regions are
therefore only present for the short time between t2 and t3.

The behavior of the sample was monitored using two velocity
interferometer system for any reflector (VISAR) arms, at a probe
wavelength of 532 nm. The velocity per fringe (VPF) parameters of
the left and right arms were 7.116 km/s and 4.981 km/s, respectively.
The time windows for the VISAR data acquisition were generally
around 10 ns (9.76 ns on the left arm and 10.27 ns on the right arm),
although some shots used a 5.45 ns time window on the right arm to
give finer time resolution.

III. ANALYSIS

A. Self-impedance mismatch technique

The self-impedance mismatch technique determines the state
of a double-shocked material from the initial and final conditions,
both of which lie on the Hugoniot, and the speed of the second shock.
A full description of the method can be found in the paper by
Guarguaglini et al.,13 a condensed version of which follows here.

Considering the example shown in Fig. 4, the single-shocked
state P1 is first measured, in this case by determining the particle
speed up,1 observed through the transparent first shock. By conser-
vation of momentum across the second shock, the state P2 reached
after the shock must lie along a Rayleigh line from these initial
conditions, described by

P(up) � P1 + ρ1(us,2 − up,1)(up − up,1), (1)

withus,2 the velocity of the second shock. The conditions after thefinal
(merged) shock, at P3, are found from the VISAR fringe shift of the
merged shock, which travels with velocity us,m, thus defining a point
on theHugoniot. This final point must also lie on the adiabatic release
path from point P2, which is approximated by themirror reflection of
the principal Hugoniot around the line up � up,m. Since the relevant
portion of this line is short, this approximation is not a significant
source of error. The pressure and material velocity of the double-
shocked state P2 are then determined from the intersection of the
Rayleigh and release lines, and the density from mass conservation:

ρ2 � ρ1
us,2 − up,1
us,2 − up,2

. (2)

B. Application and results

An example of the VISAR data is shown in Fig. 5, along with the
inferred velocities. We first consider the behavior after the initial
shock enters the sample at t1. At the pressures reached here, poly-
styrene remains transparent, and so the VISAR signal observed is
reflected from the (now moving) Al–CH interface. This interface
moveswith particle velocityup,1, behind the shock traveling at velocity
us,1. The VISAR systemmeasures an apparent velocity uapp, related to
the fringe shift F(t) by

uapp(t) � VPF 3 F(t)
� n1up,1 − (n1 − n0)us,1, (3)

with VPF the velocity-per-fringe parameter of the VISAR setup, and
n0 and n1 the indices of refraction of the sample material before and
after the shock.

FIG. 4. VISAR data, calculated velocities, and corresponding reflectivity values. Between t1 and t2, the value is equal to the apparent particle velocity uapp, while the higher velocity
from t3 to t4, seen only on one of the VISAR arms, is due to the merged shock us,m. The reflectivity values show a rise after the first shock enters the plastic, possibly due to changes
in the Al–CH interface, with the horizontal dashed line showing the theoretical Al–plastic reflectivity of 88%. The flat region of nonzero reflectivity between t2 and t3 provides the
reflectivity value for the double-shocked state. The data are from shot 315 (see Table I in the Appendix).
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In the case of polystyrene, the change in the index of refraction
after shock compression has been well studied; using the empirical
relations for n(P) from Zhang et al.12 and combining them with
known us–up relations,

10 we find that, for pressures above 20 GPa,
they are related by

uapp � (1.25 3 up,1)− 0.58, (4)

with the velocities in units of km/s. For the example presented in Fig. 4
(shot 313 in Table I in the Appendix), we find an apparent velocity
uapp � 3.13 ± 0.10 km/s for a particle velocity up,1 � 3.33 ± 0.10 km/s,
corresponding to a pressure P1 � 24.5 ± 1.5 GPa.

For the final state reached by the single merged shock, after time
t3, the VISAR laser reflects from the shock front, and so the apparent
velocity is related to the shock velocity by

uapp � n0us. (5)

We thus obtain the merged shock speed us,m from the measured
velocity. For the example, we find us,m � 18.9 ± 0.3 km/s, corre-
sponding to a pressure P3� 249± 11GPa. In the case of a single strong
shock, this is the only step: for the relevant shots, we measured shock
speeds us � 21.5 ± 0.2 km/s and us � 31.7 ± 0.5 km/s, equivalent to
pressures P � 362 ± 23 GPa and P � 963 ± 97 GPa.

The last quantity to be extracted from the VISAR data is the
speed of the second shock us,2, which is necessary to define the slope of
the Rayleigh line. Under the conditions reached in this experiment,
this shock is only very weakly reflecting, and so the velocity cannot be
calculated from fringe shifts, butmust instead be deduced from transit
time measurements and the initial shock and particle speeds. In the
case considered, wefind a transit timeΔt� t3− t2� 0.25± 0.04 ns, for a
shock velocity us,2 � 19.8+3.7−2.7 km/s.

Substituting themeasured velocities into Eqs. (1) and (2), wefind
the conditions of the double-shocked state to be P � 288± 40 GPa and
ρ � 3.9+1.9−0.9 g/cm

3, with the asymmetric error in the density being due
to the uncertainty in the second shock velocity us,2. The uncertainties
are estimated from the limits of the overlapping shaded area, with the
density extremes coming from the points closest to and furthest from
the Hugoniot line. A second shot, with a slightly lower temperature

drive, drove the sample to double-shocked conditionsP� 199± 30GPa
and ρ � 3.6+1.4−0.6 g/cm

3.
While this does demonstrate the capability of the self-impedance

mismatch technique to directly determine off-Hugoniot conditions, the
results, particularly for the density, show very large error bars. Since this
is due mainly to the uncertainty in the second shock speed us,2, future
experiments could consider approaches to determine this more pre-
cisely. While the best way to do this would be driving a shock that was
strong enough to be reflecting, so that it could bemeasured directly, the
interface with the pre-compressed material means that it would
probably need to be so strong that the benefits of the double-shock drive
would be lost, since we would be beyond conditions relevant for
planetary interiors. Instead, a thicker plastic sample, and a longer delay
between the shocks entering it, should increase the time t2− t3, such that
an uncertainty of the order of ±0.04 ns has a smaller overall effect.

Although we were not able to measure the temperatures directly in
this experiment, we have estimated them from known equation-of-state
(EOS) data, using SESAME equation of state 7592 for polystyrene. The
temperatures were estimated from themeasured (P, ρ) position, with the
uncertainty in the temperature arising solely from uncertainties in these
quantities. This is slightly less than would be expected if the temperature
were measured directly, such as by streaked optical pyrometry,11 and
reflects systematicuncertainties in temperatureEOSdata.Away fromthe
Hugoniot, the results are again more complicated, and the EOS data are
less well benchmarked. Using the (P, ρ) values measured and their
associated uncertainties results in highly unphysical values: for instance,
shot 315, presented in Fig. 5, gives T � −0.55+1.83−5.23 eV. Rather than using
these values, and to meaningfully compare our results with tabulated
EOS values, we have performed radiation hydrodynamics simulations,
tuning the input intensity to reproduce themeasured pressure and shock
transit and coalescence times. These give lower densities than our
method, although easilywithin the error bars: specifically, ρ � 3.35 g/cm3

for shot 313 at P � 288 ± 40 GPa and ρ � 3.27 g/cm3 for shot 315, with
P � 199 ± 30 GPa. Our estimates of the temperature then use these
pressures anddensities,with theuncertainty in thepressure again leading
to the uncertainty in the temperature—these uncertainties are much
larger than those at similar pressures on the Hugoniot, owing to the lack
of benchmarking. The results are shown in Fig. 6 and suggest that the
drive is capable of reaching conditions relevant to the diamond for-
mation previously observed,1 but also that the temperature estimate for
the double-shocked point at ∼300 GPa is likely incorrect, since it is
significantly above the secondary Hugoniot starting at 30 GPa.

C. Reflectivity

As well as the fringe shift, the VISAR data can be used to extract
values for the reflectivity of the sample, in both the single- and double-
shocked states. The reflectivity values are calculated by first sub-
tracting the average value at late times (t > 3.5 ns for the example in
Fig. 7), to account for background signal on the detector, which is
assumed to be constant in time. The lineout is then multiplied by the
reflectivity of Al, to give the absolute reflectivity of the shock–ambient
interface. The reflectivity of Al in contact with CH is assumed to take
the ideal Fresnel value of 88%, since we did not measure the absolute
reflectivity of each target before the shot. The quoted reflectivity
values also account for reflection from the rear CH–vacuum interface,
which is of the order of 5%; for the large reflectivity values from the

FIG. 5. Example of the self-impedance mismatch technique illustrated on the P-up
plane. The double-shocked state P2 is determined by the intersection of the
Rayleigh line from the single-shocked state P1 and the release line of the final state
P3. The uncertainty in the Rayleigh line, indicated by the shaded orange area, is due
to the uncertainty in the transit time, and hence the shock speed us,2, while the
shaded gray area is due to uncertainty in the merged shock velocity us,m, and hence
the final state. The uncertainties in pressure and density are taken from the
intersection of the shaded areas, and are particularly large for the density ρ.
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single-shock states, this is a negligible effect, but is a significant
fraction of the observed signal for the weakly reflecting cases.

These measured reflectivity values can be compared with
previous data from highly compressed hydrocarbon samples, taken
by Barrios et al.11 at the same probing wavelength λ � 532 nm, and
from the quantum molecular dynamics (QMD) simulations of Hu
et al.,22 using either the HSE or PBE exchange correlation func-
tional. As expected, the reflectivity increases rapidly along the
Hugoniot. At the highest pressures reached by single shocks,
however, we observe significantly higher reflectivity than the limit
seen in QMD and previous results.11,23 This is not due to an error in
the choice of interface material, as was the case in previous ex-
perimental comparisons.24,25 Figure 7 shows an example reflectivity
lineout from the shot that reached 362GPa, which appears to clearly
show a reflectivity above the expected high-pressure limit of R ∼ 0.4
in both VISAR arms. However, the reflectivities from lower-
pressure shots, such as that seen in Fig. 5, show an increase as
the first shock passes this interface. On these shots, this maximum
value is used for normalization, but for high-pressure shots, where
the shock in the plastic is reflecting, this is not possible. This does,
however, indicate a systematic uncertainty due to the normaliza-
tion, which we have not attempted to account for, and underlines
the significance of properly calibrating the targets.

While the normalization issue is less of an issue for the double-
shock shots, comparing the reflectivity results with previous work
is more challenging. Since they are not expected to be transparent,
the refractive index n2 must be replaced with its complex value
n2 � n2 + iκ. The reflectivity is therefore equal to

R � n2 + iκ− n1
n2 + iκ + n1

∣
∣
∣
∣
∣
∣
∣

∣
∣
∣
∣
∣
∣
∣

2

(6)

� 1−
4n2n1

(n2 + n1)2 + κ2
, (7)

with Eq. (7) being valid if n2, n1, and κ are all positive. The value n1 is
equal to the refractive index in the pre-compressed CH, since the
reflection is from the second shock front, and can be estimated from
the pressure-dependent refractive index n(P) of Zhang et al.12

FIG. 7. Reflectivity of shocked polystyrene as a function of (a) pressure, (b) density,
and (c) temperature, all taken with probing wavelength λ� 532 nm. The red triangles
show points on the Hugoniot, either from single shocks or from the final-state
merged shocks, while the green squares show double-shocked conditions. The
closed and open green squares show reflectivity values before and after correction,
respectively, as described in the text. The blue crosses are results from the OMEGA
facility, taken fromBarrios et al.11 The disagreement at high pressures is likely due to
a systematic offset in the initial reflectivity, as this was not measured prior to the shot.

FIG. 6. Pressure–temperature phase diagram, showing the conditions reached on
the Hugoniot (red triangles and dashed line), and with the double-shock drive (green
squares and dot-dashed line); the highest-pressure point on the Hugoniot is omitted
so that the lower-temperature results can be distinguished. Also shown are the
conditions where diamond formation from double-shocked CH was observed by
Kraus et al.1 (blue diamonds), the expected melting line of diamond from Wang
et al.20 (blue dashed line), and the hydrocarbon demixing boundary fromGao et al.21

(black dotted line).
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However, this still does not allow both components of n2 to be de-
termined from a single measurement of the reflectivity.

To compare the double-shocked states with states on the
Hugoniot, we would like to “correct” the measured reflectivity to give
the value that would be expected if it were adjacent to the uncom-
pressed, rather than pre-compressed, CH, i.e., evaluating Eq. (6) with
n0 instead of n1. We first assume that the double-shocked state can be
represented by a purely real refractive index n2,r, which can be cal-
culated from Eq. (6) with κ � 0 and the relevant n1 � n(P1). This value
n2,r is themaximum value of the real part of n2� n2 + iκ, as can be seen
from Eq. (7). For any lower value n2 < n2,r, a value of κ can be chosen
such that it matches the observed reflectivity.

The value n2,r can be used along with the ambient CH n0 to give a
“corrected” reflectivity from the double-shocked state. Alternatively, any
of the (n2,κ) pairs that reproduced theobserved reflectivity canbeused. It
is empirically seen that the maximum corrected value for the reflectivity
is that calculated with n2 � n2,r and κ � 0. Therefore, the corrected
reflectivity that can be obtained under this simplifying assumption is the
maximum possible value that the reflectivity could take, and accounting
for the extinction coefficient in the refractive index, κ, would reduce the
corrected value. These maximum corrected values are plotted in Fig. 8,
where they are already observed to be noticeably below those of the
single-shocked states, with the disparity as a function of density being
particularly large, notwithstanding the significant error bars.

The estimated temperatures are used for the plot in Fig. 8(c),
where we see that the reflectivities from the off-Hugoniot states are
generally consistent with the reflectivity as a function of temperature
for the on-Hugoniot states, unlike for density or pressure, although a
more direct measurement of the temperature would be useful to
confirm this relationship. Nevertheless, this is strong evidence that, as
suggested in the work of Zhang et al.,12 temperature is the primary
cause of the conductivity increase in polystyrene, as is the case in
water.26 The sharp rise and saturation in the reflectivity is charac-
teristic of an insulator–conductor transition, as is seen in, for example,
deuterium,27 diamond,28 and liquid mixtures.29 This may suggest
that, even away from the Hugoniot, CH undergoes the same met-
allization process, and that it does not appear to be influenced by the

formation of diamond that has previously been seen under similar
conditions.1 On the other hand, the measurements here are restricted
to the shock front, unlike X-ray diffraction techniques, which are able
to probe the full thickness of the target. This may indicate that the
formation of diamond from shock-compressed CH, and any possible
effects of this on the conductivity of the sample, occur over longer
time scales and so cannot be captured by an optical probing diag-
nostic. Further work would therefore be required to determine the
evolution of the conductivity after the shock transit.

IV. CONCLUSION

We have demonstrated that self-impedance mismatch has the
capability to apply the results of Hugoniot measurements on plastics
to directly determine conditions away from the principal Hugoniot.
Such conditions are important for studying the behavior of materials
under amuch wider range of conditions, with particular relevance for
planetary interiors, since single-shock compression to planetary-
relevant pressures reaches far higher temperatures than are be-
lieved to exist within such bodies. At high shock pressures, our results
seem to indicate a higher than expected reflectivity, and further work
would be required to confirm this. At conditions away from the
Hugoniot, the observed shock-front reflectivity is below that expected
for Hugoniot points at the same pressure or density, but, using
temperatures estimated from simulations, the reflectivities agree
better. Thismay indicate that themetallization behavior is the same at
both on- and off-Hugoniot states, with implications for planetary
interiors, or may not hold true as the carbon demixes and forms
diamond at later times. Future work with direct temperature mea-
surement, such as by streaked optical pyrometry, would provide
greater certainty about the EOS behavior under such double-shocked
conditions and would serve as a benchmark for simulation codes.
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APPENDIX: RESULTS TABLE

FIG. 8. Example showing reflectivity for the single-shock shot at 362 GPa (shot 302
in Table I in the Appendix), as measured on each arm of the VISAR system, and
assuming that the initial reflectivity is equal to the theoretical reflectivity of Al, equal to
88% (black dashed line). The reflectivity in the shocked region is equal to 53%± 3%,
with the uncertainty being due to the different values from each arm and to
uncertainty in the fitting to the initial Al value. The gray dotted line indicates the
maximum reflectivity expected from the QMD theoretical results.

TABLE I. Data presented in the plots in Fig. 8.

Shota P (GPa) ρ (g/cm3) Rb T (eV)c

301 963 ± 97 3.63 ± 0.04 0.58 ± 0.07 6.94 ± 0.72
302 362 ± 23 3.25 ± 0.03 0.53 ± 0.04 2.46 ± 0.28
313 249 ± 11 3.05 ± 0.02 0.26 ± 0.05 1.66 ± 0.27
315 186 ± 10 2.95 ± 0.02 0.15 ± 0.03 1.10 ± 0.21
313d 288 ± 43 3.94+1.9−0.9 0.16 ± 0.08 1.24 ± 0.50
315d 199 ± 33 3.55+1.4−0.6 0.06 ± 0.08 0.33 ± 0.40

aThe shots marked with “d” are conditions in the double-shocked region.
bReflectivity values at wavelength λ � 532 nm, with results in italics those with possible
systematic uncertainty from the normalization.
c1 eV � 11 605 K.
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