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Equation-of-state measurements for polystyrene at multi-TPa pressures
in laser direct-drive experiments
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Equation-of-state �EOS� measurements for polystyrene in TPa �10 Mbar� pressure regions are
presented. Polystyrene Hugoniot data were obtained up to 2.7 TPa using impedance matching
techniques with laser direct drive at the GEKKO/HIPER laser facility �N. Miyanaga et al., in
Proceedings of the 18th International Conference on Fusion Energy �IAEA, Sorrento, Italy, 2001�,
IAEA-CN-77� The results were compared with theoretical models and previous experimental data
and found to be in good agreement with the previous data obtained by different drive and diagnostic
techniques. © 2005 American Institute of Physics. �DOI: 10.1063/1.2149310�
Equation-of-state �EOS� measurements of matter at con-
ditions of extremely high pressure and temperature are of
great interest in several fields of modern physics.1–3 In iner-
tial fusion energy �IFE� research, for example, the compres-
sion process depends critically on EOS of the fuel capsule
materials.3,4 In order to accurately predict and analyze the
experimental results by numerical simulations, reliable EOS
information is required. Hydrocarbon polymers �plastics�
play important roles as the shell materials of the fuel capsule,
because plastics meet the immediate requirements for the
pellet shell: low density, smooth outer and inner surfaces,
sphericity, and concentricity. Therefore, polystyrene �PS� has
been used extensively in the basic experiments.

A planar single shock wave drives a sample material to a
point on the principal Hugoniot curve of the material in EOS
phase space from an initial state. In EOS experiments, two
independent variables for the sample are simultaneously
measured under the shock condition, which appear in the
Rankine–Hugoniot conservation relations

P − P0 = �0Usup, �1�

�/�0 = Us/�Us − up�, �2�

and
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E − E0 =
1

2
�P + P0��1/�0 − 1/�� , �3�

where P, �, E, Us, and up are pressure, density, internal en-
ergy behind shock front, shock velocity, and particle velocity,
respectively. The zero subscripts denote the initial material
condition ahead of the shock front.5

High-power lasers have extended the capability of EOS
studies, providing TPa �10 Mbar� pressures,6–8,10,11,13 even
for low-Z materials such as plastics9,12 for which only theo-
retical model and calculation had been available. Cauble
et al. independently measured three Hugoniot variables �Us,
up, and � /�0� of polystyrene up to 4 TPa using laser indirect-
drive and x-ray radiography diagnostic techniques.9

In this paper, laser direct-drive EOS experiments for
polystyrene based on the most standard experimental tech-
nique, the impedance matching method �IMM�, are de-
scribed. Polystyrene Hugoniot data obtained by an experi-
mental scheme completely different from the indirect-drive
method are presented. The results are compared with theo-
retical models and the previous data.

A series of experiments was conducted on the HIPER
�High Intensity Plasma Experimental Research� laser
facility,14 which is an irradiation system of the GEKKO XII
�GXII�: Nd glass laser system at the Institute of Laser Engi-
neering �ILE�, Osaka University.15 The HIPER provides one-
dimensional compression by smoothed laser beams with
short wavelength and high intensity. In the system, 12 beams
of the GXII are bundled in an F /3 cone angle. Nine of the 12

beams were used in this experiment. The wavelength is
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351 nm �3��, which is the third harmonics of a 1053 nm ���
fundamental. Temporal behavior of the laser pulse was ap-
proximately a square shape in time with a full width at half
maximum �FWHM� of 2.5 ns and a rise and fall time of
100 ps. The focal-spot diameter was typically 600 �m. In
the beams, smoothing by the spectral dispersion �SSD�
technique16 is applied, and also Kinoform phase plates
�KPPs� �Ref. 17� are installed to obtain a uniform irradiation
pattern. The planarity of the driven shock wave was better
than ±0.7% at the central region of over 200 �m diameter.
This value corresponds to a shock arrival time difference of
±8 ps at the rear surface of the planar target. The temporal
steadiness of the shock was verified using wedged targets,
typically estimated as ±1.3% steady for �2 ns.13 The spatial
and temporal uniformities were sufficient for our EOS mea-
surements.

The impedance matching method, which is the most
conventional technique to determine Hugoniot, makes it pos-
sible to obtain an EOS point by only measuring two shock
velocities in two materials: an EOS standard and an un-
known sample. This method yields an EOS point of the
sample material based on the EOS standard reference.5 In
our IMM experiments, aluminum �Al� was used as EOS
standard. We used two types of target bases differentiated by
the material that is hit by the laser. The first is a plain Al base
target for low laser intensity. The second is a two-layered
base target with a CH �polystyrene� ablator to suppress ther-
mal radiation preheating in high-intensity irradiation. The
CH is overcoated with a thin Al layer of 1000 thickness on
the laser side to prevent direct laser shine-through. Using a
numerical code MY1DL based on a one-dimensional hydrody-
namic Lagrangian scheme,18 we optimized the target thick-
nesses to maintain steady shock pressures under our laser
conditions. The Al base thickness was typically between 40
and 70 �m. The Al step height was almost 20 �m, and the
PS step ranged between 19 and 25 �m. The gap between
both the steps was adjusted to be 50–100 �m. To fabricate
step targets, an adhesion technique was used with a single
molecular membrane coating.19 All targets were character-
ized by a confocal laser 2D scanning microscope with a
minimum scale value in height of 10 nm.

Self-emission from the target rear surface was measured
with two visible streak camera systems coupled with a
charge-coupled-device �CCD� camera. Another streak cam-
era recorded reflection of a probe laser from the target. An
injection-seeded Q-switched yttrium-aluminum-garnet
�YAG� laser was used as the probe light. The maximum en-
ergy was 0.7 J at a wavelength of 532 nm. These diagnostic
systems were described in detail in Refs. 20 and 13.

Figure 1 shows a schematic diagram of the experimental
setup and a typical streaked image obtained by the self-
emission measurement. Time proceeds from the top to the
bottom. The Al and PS step are on the left- and right-hand
side, respectively. The time intervals, �tAl and �tPS, corre-
spond to the transit time of the shock wave propagating
through each step, where superscripts denote the material.
Since the step heights were known, the shock velocities

could be calculated. For example, in the shot 25368 the
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shock velocity of Al, Us
Al, was 26.24±0.514 km/s and that of

PS, Us
PS, was 32.66±0.645 km/s.

The Al Hugoniot has been investigated over a wide
range of pressures. Here, we used the SESAME model �table
#3717� �Ref. 21� of Al to determine polystyrene Hugoniot
points. The up

Al and PAl corresponding to the shock velocity
described above were determined as 16.62 km/s and
1.182 TPa, respectively. When the shock wave propagates
through the interface between Al and PS, an unloading wave
travels in the primary shocked Al. The unloaded Al condition
is given by the intersection of the unloading isentrope of Al
and the Rayleigh line of PS; P=�0

PSUs
PSup in the P-up plane.

The isentrope was also obtained from the SESAME table. Con-
sequently, in shot 25368, the particle velocity, pressure, and
density in PS were 20.70±0.63 km/s, 703±30 GPa, and
2.841±0.13 g/cm3, respectively. The determination manner
of these errors is described in the Appendix of Ref. 13. All
obtained Hugoniot data are summarized in Table I.

The experimental data are plotted in Fig. 2. Open
squares indicate present works. Gray circles are the results
measured by Cauble et al. in indirect laser-driven
experiment.9 Solid, dashed, and dot-dashed curves show the
SESAME,21 QEOS,22 and Ree’s theoretical model,23 respec-
tively. Present results by the standard experimental technique
are in full agreement with the previous work that used a
completely different scheme,9 thus confirming the lower
compressibility of polystyrene in this high-pressure region.
In this experiment, preheating temperatures in Al and PS
were lower than a detection limit ��0.9 eV� of the self-
emission diagnostic. Moreover, from the results of reflectiv-
ity measurement, the temperature level was estimated as
lower than 0.09 eV25. This level of preheating cannot explain
the lower compressibility of polystyrene in this pressure re-
gion. Indeed, even if we give an initial temperature of 1 eV,
as preheating, to the PS SESAME model, the model does not
match the data very well.

From these experimental data, we derived linear Us-up

approximation relations, Us=c+s ·up, based on the weighted
least-squares method. The coefficients c and s for each ex-
periment and the combined data set are listed in Table II.
Accuracy of up calculated from the “combined” relationship
is approximately 9% in 50 km/s shock velocity range and

FIG. 1. �a� Schematic diagram of experimental setup. �b� Typical streaked
image of self-emission measurement with double-step target. The time in-
terval �t corresponds to the traveling time of the shock through each step.
the 3% measurement error. In this case, the error of pressure
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should be smaller than 10%. These are not that bad despite
the large errors of the coefficients: �dc /c� and �ds /s�
�34.1% and 6.5%, respectively. Here, the up error �dup /up�
is given by

�dup

up
� =�� Us

Us − c
�2�dUs

Us
�2

+ � c

Us − c
�2�dc

c
�2

+ �ds

s
�2

.

�4�

The factor of c / �Us−c� decreases the influence of the c error.

TABLE I. Measured polystyrene Hugoniot.

Shot
No.

Shock velocity
�km/s�

Particl
�k

25 339 62.14±2.78 41.0

25 347 42.31±3.60 27.7

25 354 36.02±1.08 22.1

25 368 32.66±0.65 20.7

26 304 26.04±1.63 16.3

26 309 37.62±3.03 24.6

26 403 40.78±2.51 25.8

26 411 37.50±2.35 23.3

FIG. 2. Polystyrene Hugoniot data presented as �a� shock velocity vs par-
ticle velocity and �b� pressure vs density. The present data �open squares�
and the previous data by Cauble et al. �Ref. 9, gray solid circles� are com-
pared to the SESAME tabular EOS �Ref. 21, solid curve�; QEOS �Ref. 22,

dashed�; and Ree’s model �Ref. 23, dot-dashed�.
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For only present or Cauble coefficients, the accuracy of up is
worse than combined ��19% �. By increasing data points,
these coefficients would be more accurately defined. A reli-
able Us-up relation enables us to determine the EOS point in
the P-up plane by only measuring shock velocity for PS. In
these high-pressure regions, as shocked PS will be conduc-
tive and the shock front strongly reflects probe lights, mul-
tiple VISAR diagnostics can therefore directly and accu-
rately provide shock velocity. So, this means that unloading
isentropes of EOS standard material in TPa pressure regions
can be verified with VISARs and a double-step target con-
sisting of the standard and PS. For the same reason, accurate
Hugoniot measurements for low-density foam materials,
which are of very low shock impedance, are interesting and
valuable.24

In conclusion, we have presented EOS measurements for
polystyrene based on the most orthodox experimental tech-
nique. The Hugoniot data from 0.7 to 2.7 TPa were ob-
tained, and the accuracies of 2.0% and 4.3% were achieved
in shock velocity and pressure at their highest, respectively.
The results were in very good agreement with previously
published data obtained with completely different experi-
mental techniques, suggesting that the polystyrene Hugoniot
was stiffer than the Hugoniot predicted by a widely known
EOS model.
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city Pressure
�TPa�

Density
�g/cm3�

5 2.655±0.23 3.067±0.37

9 1.233±0.18 3.030±0.56

6 0.834±0.04 2.710±0.16

3 0.703±0.03 2.841±0.13

2 0.464±0.05 2.783±0.37

9 1.036±0.14 3.010±0.52

8 1.141±0.12 2.839±0.35

1 0.916±0.11 2.763±0.38

TABLE II. Coefficient c and s for the polystyrene Hugoniot, where Us=c
+s ·up.

Data c s

Present 2.494 1.470

Cauble et al. 2.769 1.341

Combined 6.329 1.283
e velo
m/s�

6±2.9

9±3.2

9±0.8

0±0.6

1±1.4

2±2.5

4±2.0

8±2.1
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