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Abstract

The impedance mismatch technique was used for shock pressure amplification in two layered planar foil targets.
Numerical simulation results using one-dimensional ~1D! radiation hydrocode MULTI in two layer target consisting
of polyethylene ~CH2!n-aluminium ~Al! and polyethylene ~CH2!n-gold ~Au!, show a pressure enhancement of 12 and
18 Mbar, respectively ~or a pressure jump of 1.64 and 2.54, respectively!, from initial pressure of 7 Mbar in the reference
material ~polyethylene! using laser intensity of 5 � 1013 Watts0cm2 at 1.064 mm. The simulation data was also
corroborated by experiments in our laboratory. Results of laser driven shock wave experiments for pressure enhance-
ment studies in CH2-Al and CH2-Au targets are also presented. A Nd:YAG laser chain ~2 J, 1.064mm wavelength, 200 ps
pulse duration FWHM! is used for generating shocks in the planar CH2 foils of thickness varying from 4 to10 mm, and
in two layered CH2-Al ~or CH2-Au! targets with 8 mm CH2 and 1.5 mm Al or Au .
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1. INTRODUCTION

Intense laser and ion beam induced shocks have found use in
the field of high pressure and high energy density physics
studies viz. equation of state ~EOS! measurements, phase
transformations, laboratory simulation of high energy den-
sity astrophysical phenomenon, inertial confinement fusion
etc. ~Lindl, 1995; Celliers et al., 2000; Remington et al.,
2000; Temporal et al., 2005; Trusso et al., 2005; Hoffmann
et al., 2005; Phillippe et al., 2004!. Laser driven shock wave
experiments conducted using direct0indirect laser irradia-
tion of solid matter have proven that laser driven shocks are
most viable tool for generating shock wave pressure as large
as 750 Mbar ~Cauble et al., 1993!. To achieve higher shock
pressures, one must use high laser intensities ~.1014 Watts0
cm2!. However, at higher laser intensities, collective laser
absorption processes dominate generating hot electrons and
hard X-rays, leading to preheat of the target under investi-
gation. This causes difficulty in creating high target com-
pression. To mitigate these effects, the absorbed laser intensity,
I ~in Watts0cm2! and the wavelength, l ~in mm! product

~Il2! is desired to be � 1014, where the laser plasma inter-
action remains in the collisional absorption regime. At the
same time, it is desirable to achieve shock pressures of tens
of Mbar for various applications. Therefore, it is really
interesting to fully exploit the technique of laser driven
shock wave generation, which can be easily performed in a
laboratory, with the help of pulsed moderate intensity ~,1014

Watts0cm2! laser systems, and a high speed streak camera.
Of course, one has to take due precautions in such experi-
ments, to check and keep the X-ray preheating at a bare
minimum, and also ensure planar and spatially uniform
shocks in the material under test, so that the quantitative
EOS related measurements are made with much better accu-
racy. With the advent of laser beam profile smoothing tech-
niques, direct drive method can now be used to study solid
matter at extreme pressure ~10 to100 Mbar! with relatively
better accuracy of shock wave velocity ~1 to 2%!, and
pressure ~3 to 4%! of importance to several astrophysical
phenomena and also for inertial fusion energy research
~Rothman et al., 2002!.

Impedance mismatch techniques in the past were used to
measure the EOS of various solid materials ~Batani et al.,
1996, 2002a, 2002b; Benuzzi et al., 1996; Hall et al., 2002;
Koenig et al., 1995; Pant et al., 2002; Shukla et al., 2003!.
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This technique consists of measuring the shock velocity
simultaneously in two different materials. This makes pos-
sible to achieve a relative determination of one EOS point of
one material ~material under test! by taking the EOS of
another material as a reference. An interesting point worth
noting is that apart from providing an easy means of mea-
suring EOS of a test material, impedance mismatch method
also provides a very simple means to enhance the shock
pressure at the interface of the two materials with negligible
pre-heat ~since the laser intensity can be kept well below
thresholds of the collective processes to achieve high com-
pression!, provided that the shock impedance of the test
material is higher than that of the reference material. We
propose use of multilayered targets ~two or more layers! for
high pressure generation up to 30 Mbar using this technique.
From laser irradiation side, the shock impedance of the
layers is kept in ascending order. The impedance mismatch
at the interface of the layers causes pressure jump, when a
shock launched from the low impedance layer reaches the
interface. The pressure increase depends on the shock imped-
ance mismatch of the layers.

In this paper, we present simulation and experimental
studies of pressure enhancement in two layered targets,
irradiated by a pulsed Nd:Glass ~l � 1.064 mm! laser of
intensity ~;5 � 1013 Watts0cm2!. The targets used for the
study were ~CH2!n-Al and ~CH2!n-Au planar foils. In the
first part of the paper, we will describe the numerical simu-
lations to estimate the shock pressure enhancement at the
interface of the ~CH2!n-Al and ~CH2!n-Au layers when the
laser induced ablative shock is launched from the ~CH2!n
side. Our 1D radiation hydrocode MULTI simulations shows
that using a low density plastic ~CH2!n layer on Al or Au
substrate, produce a shock pressure enhancement of ;1.64
and ;2.54, respectively, at the interface ~Ramis et al.,
1988!. The second part of the paper describes the experi-
mental details of the pressure enhancement studies per-
formed using ~CH2!n-Al and ~CH2!n-Au two layered targets
consisting of 8 mm of CH2 and 1.5 mm Al or Au. The
experimental data obtained shows a close agreement with
the simulation results.

2. NUMERICAL SIMULATION

In laser induced shock experiments aimed at measurement
of EOS, the shock pressure ~Mbar! generated due to laser
ablation can be obtained from the scaling law as ~Lindl,
1995!

P � 12.3~IL 01014 !203 l�203~A02Z!103, ~1!

where IL is the laser intensity ~Watts0cm2!, l is the laser
wavelength, A and Z are the atomic mass and atomic num-
ber, respectively, of the target material. It is essential to
ensure that the planar shock wave front propagate in a
steady state condition through the reference and the test
material. This requires a proper choice of the target thick-

ness. In case of very thin targets, the shock breakout occurs
much earlier in the laser pulse peak time, leading to an
unsteady shock front ~still in acceleration phase!. On the
other hand, rarefaction wave from the laser irradiation side
can interact in case the target is too thick. Thus, for a steady
state shock front propagation, the target should justify the
condition ~Gu et al., 1996!

d � 2ust, ~2!

where d is the target thickness, us are the shock velocity and
t are the laser pulse duration ~FWHM!. Further, the laser
focal spot diameter should be larger than the target thickness
in order to avoid two-dimensional ~2D! effects and thus to
ensure a planar shock front ~Trainor et al., 1979!.

A proper radiation hydrodynamic simulation serves as an
important tool in predicting proper target thickness that will
ensure a steady state shock wave propagation condition. In
our case, multilayered targets were studied in detail using
1D radiation hydrocode MULTI. This code uses multi group
method of radiation transport coupled with Lagrangian hydro-
dynamics based on a fully implicit numerical scheme. Mate-
rial properties like EOS, Planck and Rosseland opacities are
used in a tabular form and are generated externally.

The simulations performed initially for a single layer
of ~CH2!n target ~954 mg0cc! for absorbed laser irradiation
of 5 � 1013 Watts0cm2 ~l � 1.064 mm, pulse duration
~FWHM!� 500 ps! with sine2 pulse shape, suggested that
the ~CH2!n thickness must be thicker than 18mm in order for
the shock front reaching the target rear surface in a station-
ary condition. This also agrees well with the criteria that the
target thickness should be less than 2ust. Simulations also
indicate that the shock front reaches a steady state in a time
equal to the laser pulse rise time. In our case, this is 500 ps.
The shock velocity deduced from the pressure profiles in
plastic is found to be 3.5 �106 cm0s and gives a maximum
thickness of 34 mm for steady shock propagation. This
velocity is in close agreement with the LASL data ~Marsh,
1980!. The final pressure in ~CH2!n is observed to be ;7
Mbar. Simulations were also performed for two layer
~CH2!n-Al and ~CH2!n-Au targets. These targets were cho-
sen to provide a large density mismatch at the ~CH2!n-Al ~or
Au! interface and inhibit generation of significant X-rays
using low Z ablator. Figure 1 and Figure 2 show simulated
time and space resolved shock pressure profiles in two layer
~CH2!n-Al and ~CH2!n-Au targets with the laser incident
from ~CH2!n surface. The thickness of ~CH2!n, Al and Au is
taken to be ;22 mm, 7 mm, and 5 mm, respectively. A
pressure multiplication of; 1.64 is observed in ~CH2!n-Al
target as compared to ;2.54 in ~CH2!n-Au target. This
matches well with the ideal gas formula viz.

P2 0P1 � 4r2 0@~r2 !
102 � ~r1!

102 # 2 ~3!

here, P1 and P2 are the pressures in the first and the second
material of density r1 and r2, respectively. The final pres-
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sure in two layer ~CH2!n-Al and ~CH2!n-Au targets is observed
to be ;12 Mbar and ;18 Mbar, respectively, for an initial
pressure of ;7 Mbar in ~CH2!n.

3. EXPERIMENTAL STUDIES

Experiments to observe pressure enhancement were con-
ducted using a 2 J0200ps ~FWHM!, Nd:Glass laser ~l �
1.064 mm! ~Pant et al., 2002; Shukla et al., 2003!. The
absorbed laser intensity was varied from 3 � 1013 Watts0
cm2 to 5 �1013 Watts0cm2. Eq. ~2! suggests the use of total
target thickness of;12 mm for steady state shock propaga-
tion for laser pulse duration of 200 ps. Simulation results
also predict a mm minimum target thickness of ;3 mm for
any significant increase in rear side temperature ~observed
rear side temperature 0.1 eV! due to X-ray preheat. Thus, the

target thickness of ~CH2!n was chosen to be 8 mm. This
target was primarily coated with a 100 A thick layer of Al on
both the sides to avoid any possible interference of the front
plasma luminosity with shock luminosity at the target rear
surface. Similarly, layered targets consisting of ;8 mm
~CH2!n and ;1.5 mm Al ~or Au! were used to observe
pressure enhancement using impedance mismatch technique.

The total target thickness was chosen so as to satisfy the
steady state shock propagation condition as per Eq. ~2!.
These targets were also pre-deposited with a layer of 100 A
of Al on the front side ~laser facing! of ~CH2!n before
depositing Al or Au on the rear side in order to avoid
premature plasma formation at the ~CH2!n-Al or Au rear
side interface. Shock luminosity signal at the rear surface of
the target kept under vacuum ~10�3 torr!, was recorded with
a high speed S-20 photo cathode streak camera. The camera
had a temporal resolution of 5 ps. A time fiducial signal,
generated by converting 4% of the laser energy into green
harmonic radiation was recorded simultaneously along with
the shock luminosity signal with the help of an optical fiber.
Figure 3 shows a typical shock luminosity signal recorded
using a polyethylene target, along with the fiducial signal.
The shock transit time for a given target thickness was
determined from the peak of the laser signal. Shock velocity
in polythene ~used as a reference material! was determined
using a set of thin foils of varying thickness from 4 to12 mm
for a given laser intensity. The particle velocity and shock
pressure was calculated using Rankine-Hugoniot relations
~Zel’dovich & Raizer, 1976!:

us � a � bup ~4!

and

P � r0 us up . ~5!

Where us, up, r0, and P is the shock velocity, particle
velocity, density of the material and pressure, respectively,
and ~a, b! are the constants. The a, b, and r0 for CH2, Al and
Au are as follows:

Material a b r0

CH2 0.246 1.565 0.954
Al 0.5386 1.339 2.7
Au 0.3120 1.488 19.25

Shock pressure in polyethylene target was found to be ;5
Mbar and 7 Mbar at absorbed laser intensities of 3 � 1013

Watts0cm2 and 5 �1013 Watts0cm2, respectively, as given
in Table 1. The shock pressure at the interface ~~CH2!n-Al
and ~CH2!n-Au! was determined using impedance mis-
match technique by drawing Hugoniot and reflected Hugoniot
curves as shown in Figure 4a and Figure 4b and Figure 5a
and Figure 5b for absorbed laser intensities of 3 � 1013

Watts0cm2 and 5 �1013 Watts0cm2, respectively. The inter-
section of the reflected Hugoniot of the laser facing ~CH2!n

Fig. 1. Simulated pressure profiles in ~CH2!n-Al.

Fig. 2. Simulated pressure profiles in ~CH2!n-Au.
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~reference material! with the Hugoniot of the Al or Au
~unknown material! gives the final state and the pressure at
the interface. Final pressure in Al was observed to be 8.01
Mbar and 10.92 Mbar at absorbed laser intensities of 3 �
1013 Watts0cm2 and 5 �1013 Watts0cm2, respectively, with
a pressure amplification of ;1.58 as given in Table 1.
Similarly, the final pressure in case of Au is observed to be
13.51 Mbar and 18.73 Mbar at absorbed laser intensities of
3 � 1013 Watts0cm2 and 5 � 1013 Watts0cm2, respectively,
with a pressure amplification of ;2.7.

4. RESULTS AND DISCUSSION

The simulation results performed using radiation hydrocode
MULTI for two layered targets, show a pressure enhance-

Fig. 3. Shock Luminosity signal in 8mm ~CH2!n target.

Fig. 4. ~a! Hugoniot curves for ~CH2!n-Al target. ~b! Hugoniot curves for
~CH2!n-Al target.

Fig. 5. ~a! Hugoniot curves for ~CH2!n-Au target. ~b! Hugoniot curves for
~CH2!n-Au target.
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ment of ;1.64 and ;2.54, respectively, at the interface~s!
of ~CH2!n-Al. and ~CH2!n-Au two layered targets due to
impedance mismatch. This data is in close agreement with
the experimentally observed values of ;1.58 and ;2.7 for
~CH2!n-Al. and ~CH2!n-Au targets, respectively. The simu-
lation and the experimental results are also in close agree-
ment with the LASL data ~Marsh, 1980!. Interestingly, the
observed pressure enhancement also matches well with that
predicted by the ideal gas formula as per Eq. ~3!.

5. CONCLUSION

In conclusion, we may say that that high shock pressures in
the range of 10 to 20 Mbar can be generated in two layered
targets using very modest laser intensity, employing imped-
ance mismatch technique. Selection of target material layers
in increasing order of shock impedance and an optimized
thickness of layers target thickness for steady state shock
propagation leads to generation of high pressure. This pres-
sure enhancement can be further increased by using low
density polymer foam in place of normal polythene. Low
density polymer as an ablator and low impedance layer has
a few more advantages such as high ablation efficiency, low
X-ray yield and mitigation of spatial laser intensity effects
on the shock front profile. The initial pressure in the refer-
ence material can also be increased using laser light at 0.53
mm or lower, since in this case the absorption of laser is
dominated by collisional process and also produces initial
high ablation pressure.
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