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Abstract. High precision polystyrene equation of state data were measured using laser-driven shock waves
with pressures from 180 GPa to 700 GPa. α quartz was used as standard material, the shock wave trajectory
in quartz and polystyrene was measured using the Velocity Interferometer for Any Reflector (VISAR). In-
stantaneous shock velocity in quartz and polystyrene was obtained when the shock wave pass the interface.
This provided ∼1% precision in shock velocity measurements.

1 Introduction

Equation of state (EOS) data of matter in high pressure
regime is a subject of interest for many fields of mod-
ern physics [1–3], including astrophysics, geophysics. In
particular, in the inertial confinement fusion (ICF) [4–6]
researches, compression efficiency and shock structure in
fusion capsules critically depend on the EOS. In the past,
TPa pressures can be achieved by strong shock waves
driven with high-energy pulse powers such as nuclear ex-
plosions [7–9]. Recently, laser-driven shock waves provided
equation of state (EOS) data for a variety of materi-
als used in high-energy-density physics experiments at
pressures above 1 Mbar. Polystyrene (CH) is suggested
as ablators for inertial confiment fusion (ICF) capsules.
Understanding how Polystyrene and plastic foams abla-
tors [10–14] respond to several Mbar shock waves is criti-
cal to optimizing ICF target performance.

In this paper, laser-driven shock waves were used
to produce high-precision impedance-matching measure-
ments using quartz as a reference material. This provided
∼1% precision in shock velocity measurements. High pre-
cision polystyrene equation of state data were obtained us-
ing laser-driven shock waves with pressures from 180 GPa
to 700 Gpa.

2 Experiment setup

The experiment was performed using the “SG-II”
Nd: Glass laser (converted at λ = 0.527 μm) of
the National Laboratory on High Power Laser and
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Physics. The “Shenguang-II” Laser facility provides one-
dimensional compression by smoothed laser beams with
short wavelength and high intensity. The temporal profile
of the laser is nearly square with a rise and fall time of
∼300 ps and a full width at half maximum (FWHM) of
∼3 ns. Lens-array (LA) [15,16] was used to eliminate the
large scale spatial modulation and to obtain a flat-topped
profile in the focal plane. Characteristics of the optical sys-
tem (Lens + LA) were such that the focal spot had a flat
region of either ∼1 mm or ∼0.4 mm. The average laser in-
tensity in the focal spot was between 0.5−2×1014 W/cm2.

The targets consisted of 50 μm α-quartz pushers
with the samples mounted on the rear side. The sam-
ple were 47-μm-thick CH foils. Impedance measurements
were performed at the interface between the quartz and
the sample.

All targets had a 30 μm aluminum ablator (on the laser
side) to absorb the incident laser and avoid shinethrough
laser. To form a good initial interference and balance the
probe laser intensity before and after shot (the reflection
index of Cr is ∼30%, which is close to the reflection in-
dex of the shock front in quartz and CH.), the front side
of quartz had a Cr reflective coating (200 nm thick). To
minimize ghost reflections, the quartz and the sample had
antireflection coatings. Material densities were 2.65 g/cm3

for quartz, 1.05 g/cm3 for CH. The indices of refraction
for these materials at 660 nm probe laser wavelength were
1.54 and 1.59 for quartz and CH, respectively.

The principal diagnostic was a two-channel line-
imaging velocity interferometer system for any reflector
(VISAR) [17–19]. The shock velocities in the samples were
measured using the VISAR. The laser drive strengths were
strong enough to produce optically reflective shock fronts
in both the quartz and polystyrene samples. This resulted
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Fig. 1. Experimental setup in the SG-II laser facility.

in direct, time-resolved measurement of the shock speed in
both the quartz and the CH samples. Two VISARs with
different velocity sensitivities were used to discern the 2π
phase-shift ambiguity that occurs when the shock speed
instantaneously jumps at material interfaces. Etalons with
10 mm and 30 mm thicknesses were used to produce uncor-
rected velocity sensitivities of 5.63 and 1.88 km/s fringe,
respectively. The indices of refraction determined the
VISAR sensitivity in each material. The VISAR data were
analyzed with a fast Fourier transform (FFT) method that
establishs fringe position to ∼5% of a finge. Since the
shock velocities used in these experiments usually lead to
approximately five fringe shifts, velocities are measured
to ∼1% precision. The probe laser for VISAR was a Q-
switched laser operating at 660 nm with a pulse length of
60 ns at full width at half maximum (FWHM). The re-
flected probe signal was recorded by a visible streak cam-
era. The temporal windows for each VISAR is either 20 or
10 ns. The response time of the diagnostic was controled
by the delay time related to the etalons ∼170 ps or 60 ps.

The experimental setup is shown in Figure 1. The
ninth beam of the “SG-II” Laser system irradiates the
aluminum on the front of the targets, driving a strong
shock that passes through the quartz and sample. The
rear side of the target was viewed by VISAR, and since
each of these layers is transparent, they measure the shock
speed inside each layer. Figure 2b shows a typical VISAR
data. The horizontal lines are the VISAR fringes, and its
vertical position is proportional to the shock speed. Be-
fore t = 1.0 ns, the finges are horizontal and constant be-
cause the shock wave has not present. At t = 3.0 ns, the
shock wave enters the quartz, where the VISAR catchs it.
The shock wave strength decays as it propagates in the
quartz. At t = 6.0 ns, the shock wave passes through the
quartz-CH boundary and enters the CH sample, where
its velocity changes. This is shown as the position of the
VISAR fringes is jumped and there intensity has an abrupt
change. The latter is caused by the difference in the re-
flectivities of the shock waves in quartz and CH.

Note in Figure 2b that there is a finite temperal witdth
of the observed quartz-CH interface; this is the VISAR
response time (given by the etalon thickness) are 60 and
170 ps. So the shock wave speed at the contact interface
can not be measured directly. In order to obtain the shock
velocity at the interface, we linearly fit the shock velocities

(a)

(b)

Fig. 2. (a) Schematic of the targets used in the experiments.
(b) VISAR streak image, showing continuous track of shock
front within standard and sample.

at least 0.3 ns before and after the interface transition
region and extrapolates to the interface.

3 Principle of impedance-matching method

Shock pressures, densities, and specific internal energies
were determined in all the experiments using the Rankine-
Hugoniot jump conditions across a thin shock front [20].
These equations relate flow velocities and thermodynamic
variables in the shocked state to those of the initial state:

P1 − P0 = ρ0USUP (1)

ρ1 (US − UP ) = ρ0US (2)

E1 − E0 =
1
2
(P1+P0)

(
1
ρ0

− 1
ρ1

)
(3)

where subscripts 0 and 1 denote initial and shock con-
ditions in terms of pressure P , density ρ, and internal
energy E. The first two equations have four unknowns
(given that the initial pressure and density are known)
and can be solved by measuring two variables. This so-
lution constitutes a kinematic EOS and is often defined
as US as a function of UP . The high-pressure shock wave
fronts are generally reflecting, and allowing one to mea-
sure the shock wave velocity using optical method, but it
is difficult to measure the particle velocity directly. The
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Fig. 3. Shock impedance match plot in P -UP space.

principle of impedance-matching is pointed out so that
the pressure and the particle velocity are conserved across
the contact interface between the standard material and
the sample. When the shock wave enters and exits the
contact interface between the materials, the particle ve-
locity can be deduced from the shock wave velocities in
the standard and sample. This is shown in Figure 3 in the
pressure-particle velocity (P -UP ) plane. By measuring the
shock wave velocity in the standard material, the initial
conditions of the shock wave before it interacts with the
sample can be determined. This state (A) is the inter-
section of the Rayleigh line (P = ρUSUP ) and the known
Hugoniot for the standard. If the impedance of the sample
is higher than that of the standard, a shock wave will be
reflected off the interface. If the impedance of the sample is
less than the standard, a rarefaction wave will reflected off
the interface. In any case, the continuity equation is satis-
fied at the interface between the standard and the sample.
This determines the shocked state of the sample (Fig. 3).
The second state in the sample is obtained by determin-
ing the first-shock states in both the standard and sample.
By measuring two shock velocities in two materials (one
in the standard and one in the sample), the particle ve-
locity in the sample can be inferred. The sample EOS is
defined by the US and UP . One must make sure that the
measured shock velocities are those just before and af-
ter the shock wave passing through the interface between
the two materials. The shock wave jump conditions are
derived from the mass and momentum the conservation.
Under any condition, they are always satisfied regardless
of shock planarity and stability. Therefore, shock steadi-
ness is not a necessary condition for IM with transparent
standards since jump conditions for a shock satisfied for
decaying (and increasing) shock waves. If the shock ve-
locity can be measured with sufficient time resolution, we
can relax the requirement for shock steadiness as long as
variation in velocity can be measured.

High precision principal Hugoniot of quartz
was measured in the high-pressure fluid regime
(200–1500 GPa) [21] using laser-driven shock waves.
The quartz EOS is expressed by piecewise linear US-UP
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Fig. 4. Principal Hugoniot data for CH in the US-Up plane.
Data for this study were taken on Polystyrene (C8H8), with
initial density ρ0 = 1.05 g/cm3, using IM with quartz standard.

relationship for the general form US = a + bUP

US = 1.87 + 1.667UP (4)

US = 4.23 + 1.276UP . (5)

This US-UP relation was used in this work. The quartz
was shock to ∼300–1200 Gpa to produce reflective shock
waves, the shock velocity was measured using VISAR,
thereby determining the initial state of the standard
for IM.

4 Shock adiabat of CH

Because the CH sample is transparent, we can provide
high-precision EOS data by measuring the intantaneous
velocities before and after the interface using the quartz
as a standard. Several other precise IM measurements us-
ing quartz as standard have been demonstrated [22]. The
continuity equations are central to the IM technique. As
the shock passes through the boundary, the material ac-
celerates, expands, and experiences shock, reshock, or re-
lease, to equilibrate and satisfy those conditions. The use
of quartz standard and VISAR with high temporal res-
olution, High-precision shock velocities were obtained by
providing “instantaneous” measurements. In this study,
shock speeds were measured up to ∼1% precision. The
shock velocities at the interface were determined by linear
fitting over ∼300 ps before and after the quartz-sample
interface and extrapolated to that interface.

Once velocities had been calculated the impedance
match analysis was done by using the quartz EOS to find
the state corresponding to the measured quartz shock ve-
locity. The locus of the isentrope release state (for a release
wave) in the pressure-particle-velocity plane originating
from the reflected principal Hugoniot.

Figure 2b is an example of typical image obtained by
the VISAR measurement. six shots were fired, and the
results (Tab. 1) also shown in Figure 4 displays a US-UP

plot that also contains previous results [23–28].
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Table 1. Polystyrene principal Hugoniot results from IM with quartz reference. Measured shock speed in the quartz and
polystyrene, USQ and USCH is given. UPCH , PCH are the resulting particle velocity and pressure of shocked polystryrene
obtained through the IM method.

No. USQ (km/s) USCH (km/s) UPCH (km/s) PCH (GPa)
1 16.70 ± 0.34 18.38 ± 0.36 12.45 ± 0.52 240.24 ± 11.26 Big LA
2 14.96 ± 0.30 16.59 ± 0.34 10.70 ± 0.5 186.43 ± 9.4 Big LA
3 17.10 ± 0.34 19.00 ± 0.38 12.82 ± 0.54 255.65 ± 11.8 Big LA
4 26.68 ± 0.50 31.17 ± 0.60 22.00 ± 0.70 720.02 ± 27.24 Small LA
5 23.40 ± 0.46 27.02 ± 0.52 18.86 ± 0.64 534.98 ± 21.22 Small LA
6 23.77 ± 0.46 27.74 ± 0.54 19.17 ± 0.66 558.30 ± 22.0 Small LA

When the polystyrene is shock compressed to a few
hundred GPa ranges, the temperature is likely to a few eV.
At this pressure and temperature ranges, the polystyrene
is likely to partially ionized, the electron distribution be-
comes partially degenerate. The polystyrene is likely to
change from insulator to semiconductor.

5 Conclusion

High precision polystyrene equation of state data were
measured using laser-driven shock waves with pressures
from 180 GPa to 700 GPa. α quartz was used as stan-
dard material, the shock wave trajectory in quartz and
polystyrene was measured using the Velocity Interferom-
eter for Any Reflector (VISAR). Instantaneous shock ve-
locity in quartz and polystyrene was obtained when the
shock wave pass the interface. This provided ∼1% preci-
sion in shock velocity measurements.
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