
Hugoniot data of plastic foams obtained from laser-driven shocks

R. Dezulian, F. Canova, S. Barbanotti, F. Orsenigo, R. Redaelli, T. Vinci, G. Lucchini, and D. Batani
Dipartimento di Fisica “G. Occhialini,” Università degli Studi di Milano Bicocca, Piazza della Scienza 3, 20126 Milano, Italy

B. Rus, J. Polan, M. Kozlová, M. Stupka, A. R. Praeg, P. Homer, T. Havlicek, M. Soukup, E. Krousky, J. Skala,
R. Dudzak, and M. Pfeifer

PALS Research Centre, Za Slovankou 3, 18221 Prague 8, Czech Republic

H. Nishimura, K. Nagai, F. Ito, and T. Norimatsu
ILE, Osaka University, 2-6 Yamadaoka, Suita City, Osaka 565-0871, Japan

A. Kilpio, E. Shashkov, I. Stuchebrukhov, V. Vovchenko, V. Chernomyrdin, and I. Krasuyk
General Physics Institute, Russian Academy of Sciences, Moscow, Russia

�Received 16 August 2005; revised manuscript received 22 November 2005; published 10 April 2006�

In this paper we present Hugoniot data for plastic foams obtained with laser-driven shocks. Relative
equation-of-state data for foams were obtained using Al as a reference material. The diagnostics consisted in
the detection of shock breakout from double layer Al/foam targets. The foams �poly�4-methyl-1-pentene� with
density 130���60 mg/cm3� were produced at the Institute of Laser Engineering of Osaka University. The
experiment was performed using the Prague PALS iodine laser working at 0.44 �m wavelength and irradiances
up to a few 1014 W/cm2. Pressures as high as 3.6 Mbar �previously unreached for such low-density materials�
where generated in the foams. Samples with four different values of initial density were used, in order to
explore a wider region of the phase diagram. Shock acceleration when the shock crosses the Al/foam interface
was also measured.
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INTRODUCTION

Low-density foam layers have the potential of allowing
the improvement of target design in ICF �1�. This is the main
motivation explaining the recent large interest in laser-
plasma experiments using foam targets. Indeed, laser imprint
may be strongly reduced by thermal smoothing in a rela-
tively thick, hot, low-density �but overcritical� outer foam
layer of ICF targets �2�. Alternatively, very-low-density �un-
dercritical, thin and transparent� foams may reduce the im-
print problem by acting as dynamic phase plates �3�. More-
over, density tailoring of complex targets including a foam
layer may help to suppress the growth of Rayleigh-Taylor
instability �4�. Apart from direct use in ICF targets, foams
have been used in EOS experiments to increase pressure due
to impedance mismatch on foam-solid interface �5�, and fi-
nally they are important in astrophysics-dedicated experi-
ments �6�.

Due to such large interest, there is a need for a precise
characterization of foam materials under the action of intense
laser light, which implies the generation of strong pressures
�in the Megabar range� and, in particular, there is need for
getting equation-of-state �EOS� data for foams along the
Hugoniot, i.e., under the action of an intense shock. In this
context, a few experiments have been performed either by
using conventional shocks �7�, or laser-generated shocks �8�.
However there is certainly the need for more data �due to the
variety of foam materials, as well as the large pressure range
of interest�, and for improving the experimental methods for
EOS determination along the Hugoniot, which are the two
goals of the present report. Apart from a few technical de-
tails, which will be discussed in the following, our method is

based on the impedance mismatch technique, already dis-
cussed in details in Ref. �9� and the use of an Al target as a
reference material: the determination of the shock velocity in
Al allows to get the shock pressure via the EOS model �here
we used the well-known Sesame tables �10��.

EXPERIMENTAL SETUP

The experiment was performed with the iodine laser of
PALS �11�, which delivers a single beam, 29 cm in diameter,
with energies up to 250 J per pulse at 0.44 �m. The laser
pulse is Gaussian in time with a full width at half-maximum
�FWHM� of 350 ps. The schematic experimental setup is
similar to the one used in Ref. �12� and shown in Fig. 1. The
focusing lens had a focal length f =600 mm �f /2 aperture�. A
blue filter before the entrance window did cut � and 2�

FIG. 1. Experimental setup at PALS.

PHYSICAL REVIEW E 73, 047401 �2006�

1539-3755/2006/73�4�/047401�4�/$23.00 ©2006 The American Physical Society047401-1

http://dx.doi.org/10.1103/PhysRevE.73.047401


light. The diagnostics used to detect the shock breakout from
the target rear face consisted in a pair of lenses imaging the
rear face onto the slit of a streak camera �Hamamatsu C7700
with S-1 photocathode�. The first one was a complex f /2
objective, with f =100 mm, producing a parallel beam be-
tween the two lenses. A red filter RG60 before the streak
camera cut out any 3� light. The second lens had f =98 cm,
giving a total optical magnification M =9.8. The CCD had
512�512 pixel and 16 bits dynamic range. The spatial reso-
lution was measured to be 2.6 �m/pixel, and the temporal
resolution 3.12 ps/pixel �choosing a 1600 ps time window�.

The primary condition of producing high quality flat
shocks imposed the use of phase zone plates �PZP� �13�. The
PZP, half of the laser beam size, was placed at f /2
from target. The characteristics of our optical system
�PZP+focusing lens� implied a focal spot of 560 �m
FWHM, with a 400 �m flat central region, corresponding to
peak intensities up to 2.4�1014 W/cm2.

TARGET PRODUCTION

Our plastic foams were produced at the Target Material
Laboratory of ILE, Osaka University, by the aerogel method,
which allows the production of films with area of mm2 order
and density in the range from 50 to 150 mg/cm3 with
chemical composition CH2 �poly�4-methyl-1-pentene��.
Several-ten-nanometer sized crystals are aggregated, and
macroscopic-pore void size was �2 �m over an area
�1 mm2 and for density �50 mg/cm3 �14� �see Fig. 2�. The
foam film was put in contact with the aluminum foil using
the single molecule glue method �14�.

In the experiment, we used three-layer targets. The first
layer was a 4 �m plastic �CH� ablator, which was present to
reduce preheating �15�. The second was a 10 �m Al foil
followed by a foam layer of typical thickness 100–190 �m
�the foam thickness was measured on each single sample�.
Such a foam layer was finally covered on half size by a thin
�500 Å� Al deposition.

Our foams are transparent to visible light, and here we
used their transparency to detect a shock breakout from the
Al base through the foam �as previously done in Ref. �8��.

However, unlike in that experiment, we did use quite thick
foam layers �typically �100–190 �m against �20 �m�. In-
deed, provided the shock velocity is constant in the foam
�i.e., the shock is stationary�, the uncertainty in the measure-
ment of the shock velocity in the foam is inversely propor-
tional to the foam thickness. However, in this case it became
impossible to use an Al stepped target as reference �as done
in Ref. �8��. In fact, with thin steps �5–10 �m as in Ref. �8��
the time difference between breakout at base and step is not
easily detectable on the same streak image of the foam shock
breakout. On the other side, using thick steps would imply a
nonstationary shock in Al. Therefore, in our case, shock ve-
locity was determined by measuring the time difference be-
tween shock breakout on the rear side of the Al flat layer
�base�, and the arrival of the laser pulse on the target front
side.

EXPERIMENTAL RESULTS

The streak camera image in Fig. 3 shows the breakout
from a stepped Al target �base and step thickness were both
5 �m�. In this particular shot, an average shock velocity
D=29.6 �m/ns was measured, by simply dividing the step
thickness by the shock transit time in the step.

The fiducial on the upper-left part of Fig. 3, was abso-
lutely synchronized �with a fixed time difference of 29 ps� to
the arrival of the laser pulse on the front surface of the target.
Hence, as said above, the shock velocity can also be obtained
by the time difference between the fiducial and the shock
breakout on the target rear side. Of course this measurement
is not direct because, at early times, the motion of the shock
front is nonstationary going through an acceleration phase
�16�. However we verified that by using the numerical code
MULTI �17�, we could well reproduce both the experimental
shock transit time in the step �and then the shock velocity�
and the absolute time difference between fiducial and shock
breakout at the same time �the difference between experi-
mental and numerical values falling well within our experi-
mental error bars�. This comparison was important because,
in the case of multilayered targets, the shock velocity in Al

FIG. 2. Scanning electron microscope image of the foams pro-
duced at ILE and used in the experiment.

FIG. 3. �Color online� Shock breakout image from an Al stepped
target for laser energy EL=229 J �target scheme on the top�. The
dimensions of the images are 1.60 ns�1300 �m. Times flows up to
down. The time delay between base and step is �t=169 ps giving a
shock velocity D=29.6 �m/ns. The time fiducial on the up-left part
of the image is a reference for the laser pulse arrival on target front.
The early signals �the fingers in the image� correspond to breakout
from the base of the comb target.
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was indeed measured only via the indirect method �see Fig.
4�. In other words, the comparison between experimental and
numerical results provided a validation of such method.

Figure 4 shows instead a streak image from an Al/foam
target �in this case only, the target front was not covered by
the CH layer�. All other shots were realized with a 4.9 ns
window �instead of 10 ns� in order to increase the accuracy
of the measurement. The left-hand side of the target rear is
covered with a very thin Al layer. When the shock reaches
the Al rear side, its breakout produces a strong luminosity,
which is detected through the transparent foam �but it is par-
tially masked on the left by the thin Al layer�. On the con-
trary the luminosity due to the shock breakout on the foam
rear side is strongly enhanced on the left by the presence of
the Al thin layer.

Some curvature of the shock front at the edges is evident
when it breaks out from the foam. This is due to the large
foam thickness, which begins to be no longer negligible with
respect to the focal spot size. However, the shock front in the
central part of the image appears still to be reasonably flat.
This was confirmed by performing simulations with the
codes MULTI2D �18� and DUED �19�, by which we also veri-
fied that the change in shock velocity with respect to the 1D
case is negligible in our experimental conditions. They also
allowed checking that the shock velocity is stationary in the
foam.

Figures 5 and 6 show our experimental results for four
different initial foam densities ��0 from 0.055 to
0.130 g/cm3�. They are compared to the respective shock
polars for a perfect gas, P= ��	+1� /2��0U2 �continuous
lines� �20�. All results are thermodynamically consistent, i.e.,
they are above the thermodynamical limits �dashed lines�,
where D=U �or the density � of the compressed foam goes
to 
�. Starting from the Rankine-Hugoniot relation express-
ing momentum conservation in the strong shock limit �i.e.,

P=�0UD�, this is simply given by P=�0U2. The error bars in
the figures have been calculated by propagating the errors on
target thickness and shock breakout time �±62 ps when
4.9 ns window is used�. On average these are of the order of
7% on U and 9% on P �notice that the error bars are asym-
metric with respect to the experimental point�.

From our experimental results it was also possible to de-
duce the acceleration factor �g=Ufoam/UAl� vs foam density
�see Fig. 7�. We compared our results to two different mod-
els. The first calculates the isentropic release curve, in the
perfect gas approximation, of the Al plasma in the foam �21�.
In this case the acceleration factor g must be calculated semi-
analytically, as described in Ref. �22�. The second one is a
simple model based on the fact that, in first approximation,

FIG. 4. �Color online� Shock breakout image from an Al/foam
target for laser energy EL=215 J and a foam density �0

=0.055 g/cm3 �target scheme on the top�. Image size is
10 ns�1300 �m. Time flows up to down. The time between the
fiducial maximum and the breakout on Al rear is �t=9 ps. We did
run MULTI simulations by adjusting the laser intensity so to
obtain the same fiducial-to-shock delay as in the experiment.
These showed that a stationary value of the shock velocity
�DAl=33.9 �m/ns� was reached in the last 2 �m of the Al base.
The time between shock breakouts on Al and foam is �t=3088 ps
giving Dfoam=59.9 �m/ns �foam thickness was 185 �m on this
shot�.

FIG. 5. �Color online� Our experimental results �circles� for
�0=0.069 g/cm3 �red, full� and for �0=0.130 g/cm3 �blue, empty�
compared to the respective shock polars for a perfect gas �continu-
ous lines� and the thermodynamical limits �dashed lines�.

FIG. 6. �Color online� Our experimental results �circles� for
�0=0.055 g/cm3 �red, full� and for �0=0.087 g/cm3 �blue, empty�
compared to the respective shock polars for a perfect gas �continu-
ous lines� and to the thermodynamical limits �dashed lines�. The
lower point for �0=0.055 g/cm3 corresponds to Fig. 4 and was
obtained on a longer time window and no CH coating �this shot has
larger error bars but it shows no larger deviation than the others,
probably implying little influence of preheating�.
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the release curve of Al is symmetric to the cold Hugoniot.
Thereby this model applies to the case of cold materials and
weak shocks �16,20�. In this last model, the acceleration fac-
tor is simply given by g=2�1+ ��0,foam/�0,Al�0.5�.

Our results clearly show a much better agreement with the
isentropic model. This is due to the fact that in the case of
strong shocks, the limiting velocity of expansion of the free
surface in vacuum is larger than what was found for cold
materials and weak shocks, i.e., 2UAl. Measuring shock ac-
celeration at the interface between two materials, with a de-
creasing density jump, may have some relevance for astro-
physics. Indeed in some astrophysical situations �i.e., the

motion of the shock front in the atmosphere of a supernova�
the shock is predicted to accelerate �and become hotter� as it
propagates in a decreasing density profile. The case of a
discontinuous density jump, may somewhat be considered as
the limiting case of a continuous decreasing profile, therefore
it is important to validate the physical laws for shock propa-
gation in such a simple limiting case �21�.

CONCLUSIONS

Pressure as high as 3.6 Mbar �previously unreached for
such low density materials� were generated in the foams.
Also this kind of foam, poly�4-methyl-1-pentene�, was not
used in the few previous experiments. Samples with four
different values of initial density were used, so to explore a
wider region of the phase diagram. Our results show that the
shock polar for low-density foams at high pressure is close to
that for a perfect gas with the same mass density. The shock-
induced acceleration when the shock crosses the Al/foam in-
terface was also measured vs foam density. Results are in
close agreement with the predictions from a theoretical
model, which calculates the isentropic release in the perfect
gas approximation �21,22�.
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FIG. 7. �Color online� The acceleration factor �g=Ufoam/UAl�
from our experimental results �circles� vs foam density, compared
to an “isentropic perfect gas” model �Ref. �21�, continuous line� and
to a “cold material–weak shock” model �Ref. �16�, dashed line�, in
which the release isentropic is symmetric to the cold Hugoniot.
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