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Abstract

We present one-dimensional simulations performed using the multi group radiation hydro code MULTI with the goal of
analyzing the target preheating effect under conditions similar to those of recent experiments aimed at studying the
Equation of State ~EOS! of various materials. In such experiments, aluminum is often used as reference material;
therefore its behavior under strong shock compression and high-intensity laser irradiation ~1013–1014 W0cm2! should be
studied in detail. Our results reveal that at high laser irradiance, the laser energy available to induce shock pressure is
reduced due to high X-rays generation. Simultaneously X-rays preheat the bulk of the reference material causing
significant heating prior to shock propagation. Such effects induce deviations in shock propagation with respect to cold
aluminum.
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INTRODUCTION

One of the important applications of high power laser sys-
tems is the generation of high-pressure shocks for studying
the equation of state ~EOS! of matter. This study has signif-
icance in various branches of physics including condensed
matter, astrophysics, planetology, fusion plasmas, and oth-
ers. The usual method of measuring the EOS of material by
the impedance matching technique is indeed classical and
has been in vogue for almost 50 years ~Al’tshuler et al.,
1958a!. In the recent years, high-quality shocks have been
produced with laser irradiation by adopting optical smooth-
ing techniques ~Koenig et al., 1994; Batani et al., 1996,
2002!; this has also allowed the pressure ceiling of EOS
experiments to be considerably lifted, up to the 100 Mbar
range ~Batani et al., 2000!.

The target configuration involving EOS measurements
usually consists of Al base, a step of Al as the reference
material, and another step of the test material ~see Fig. 1!. Al
has been well accepted as a reference material and used
routinely to study the EOS of other materials ~Batani et al.,
2003a, 2004; Koenig et al., 1995! and the SESAME table
~Lyon & Johnson, 1992!. Here the experimentally measur-

able parameter of the shock wave is the velocity of propa-
gation ~D! of the shock front, which is determined by
measuring the shock transit time in the step. Hence, such
target configuration allows the direct measurement of the
shock velocity in the two materials on the same laser shot.
This is a direct measurement. Since the EOS of the reference
material is assumed to be known, the determination of D
allows getting all the other shock parameters. Finally, by
applying the calibrated reflection method ~impedance mis-
match technique!, the shock pressure and the fluid velocity
in the test material are then derived ~Zeldovich & Raizer,
1967!. Hence the reliability of EOS data relies on the
behavior of the reference material.

However, in principle, laser-shock EOS experiments may
be affected by target preheating due to the intense flux of
X-rays produced in the plasma-corona. X-ray absorption in
the reference and test materials leads to heating of the
material before the arrival of the shock wave. Shock wave
propagation in an X-ray preheated medium has been in
discussion for the past 10 years and the topic is becoming
more vital due to the increase in precision of EOS data
obtained with laser driven shocks. This implies that while
preheating-induced errors could often be considered negli-
gible in first measurements, which were anyway character-
ized by large error bars, they may not be negligible in future
experiments. Therefore, it becomes increasingly important
to study and characterize the effects of preheating.
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Propagation of the shock wave in an X-ray preheated
medium involves several simultaneous processes. These
include the impact of X-ray generation on shock pressure in
Al target ~which is a reference material for EOS! and changes
in shock velocity due to target rear side expansion.

In order to reduce preheating effects, usually a plastic
~CH! ablator is used on the laser-irradiated side ~Koenig
et al., 1995; Benuzzi et al., 1998; Batani et al., 2003b!. Due
to the lower atomic number of plastics components with
respect to Al, the total X-ray yield is reduced and also softer
~that is, less penetrating!X-rays are generated which cannot
preheat the material in depth. Nevertheless, the presence of
a CH layer complicates the situation by adding impedance
mismatch effects on shock ~and relaxation waves! propaga-
tion at the CH0Al interface. Therefore, we think that, before
discussing the complications of a double ~CH0Al! layer
target, it is useful to try to understand what takes place in a
simpler physical situation. Moreover, various aspects of the
physics taking place in the reference material ~Al! were
never explicitly discussed before in the literature.

This paper complements previous works on the subject
~Honrubia et al., 1998, 1999!, which addressed the preheat-
ing problem in simple planar targets. They showed that
target expansion on rear side always resulted in a delayed
shock breakout. In laser-shock EOS experiments, the key
parameter to be measured is the shock velocity, which is
measured through the shock transit time in a stepped target,
that is, as the difference of shock breakout times at the rear
side of the base of the target and at the rear side of the step.
Therefore, there is a delicate balance of various factors
~which we’ll describe in this paper! which introduced new
interesting features with respect to the case of simple planar
targets, and which were not discussed in previous works.
Moreover, as already said, we explicitly discuss the reduc-
tion in shock pressure as a consequence of X-ray generation,
which was not discussed in previous works.

Indeed, although the X-ray flux is generally lower in the
steps as compared to the base ~the base effectively acts as an
absorber for the incident X-ray radiation!, the steps usually
allow a longer time for interaction. Hence, depending on the
detailed target design ~materials and thickness!, the devel-
opments of preheat effects in the step ~as well as in the base!,

and their impact on the shock propagation may be very
important. Of course, as we already said, this is not really
the situation met in real experiments. For instance, experi-
mentalists do take care of not using too-high laser irradi-
ance, and0or of adding a plastic layer ~ablator! before the Al
base on the laser irradiation side. Thus, very low preheat
temperatures can be generated in Al, which are expected to
produce only small effects. However, since one of the main
goals of present-day laser-driven EOS experiments is the
reduction of error bars ~improvement of the reliability and
accuracy of obtained data!, even low-preheating level may
have some effects. We recall that a very low preheating
temperature of 0.1 eV is comparable or higher than the
melting temperature of most solid materials. In any case, the
work presented here deals with Al only. Results of the
present work will be an important input to the future work
where one can explicitly consider the effect of introducing a
low-Z ablator layer, and the effects of preheating on the
reference, and the test material simultaneously.

EXPERIMENTAL SET-UP

The typical scheme of present-day laser-driven EOS exper-
iment is shown in Figure 1, and it is based on the generation
of high quality shocks by using optical smoothing tech-
niques like phase zone plates ~Koenig et al., 1994; Batani
et al., 1996, 2002!, and on the use of two steps � two
materials targets.

For instance, we consider as a reference, a recent experi-
ment for the determination of carbon EOS points performed
using the Prague asterix laser system ~PALS! of wavelength
l � 0.44 mm and pulse duration t � 0.45 ns ~FWHM!
focused on target at an intensity , 1.5 � 1014 W0cm2

~Batani et al., 2004!. Here the thickness of the base Al and
step targets were 8 mm and 8.5 mm, respectively. Let’s
notice that at higher laser irradiance, the shock wave becomes
non-stationary in the 8.5 mm Al layer used as step ~Batani
et al., 2000!.

EXPERIMENTAL METHOD FOR
EOS DETERMINATION:

When high-intensity laser radiation is focused on the front
surface of the Al target base, an intense shock is generated
and propagates inward. In the experiments, the appearance
of the shock luminosity is the signature of the shock arrival
at the rear surface of the target. The optical signals of the
shock arrival on the rear surface of the base and the steps of
the target are recorded using a streak camera. The interval
between the shock breakout signal at the base ~tb! and at the
step ~ts! provides the shock transit time in the step Dt � ~ts �
tb!. The experimental value of the shock velocity D is
calculated as D � d0Dt, where d is the step target thickness.
The shock fluid velocity U in Al is then determined using an
EOS model, for instance, the well-known SESAME tables
~Lyon & Johnson, 1992! or the MPQeos model ~More et al.,

Fig. 1. Sketch of the configuration of a two-step target for EOS measure-
ments. Base and reference steps are made of aluminum.
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1988; Kemp & Meyer-ter-Vehn, 1998!. Usually these corre-
spond to a linear relationship between D and U. For instance,
in the few megabar pressure range, such a relation is D �
6.08 �1.21 U from the SESAME tables, where D and U are
in units of km0s, while it is D � 5.76 � 1.23 U from
MPQeos. The first constant corresponds to the sound veloc-
ity in the material.

The shock pressure is then found by using one of the
Hugoniot–Rankine relations, that is, P � Po �ro DU, where
Po and ro are, respectively, the standard pressure and normal
density of the un-shocked material.

The EOS point for the test material is finally found by
using the experimental value of the shock velocity measured
in the step of the test material, and by applying the imped-
ance mismatch technique, as described in Zeldovich and
Raizer ~1967! and Batani et al. ~2000!.

SIMULATION MODEL:

In order to investigate the effect of X-ray radiation on the
shock propagation, a relative study in comparison with an
ideal cold medium is necessary. Therefore, simulations were
performed: ~1! in a realistic case, where the Al target gen-
erates and subsequently absorbs X-rays ~Radiative case!
and ~2! by artificially suppressing X-ray emission and prop-
agation ~Non radiative case!.

Simulations have been carried out with the one-dimensional
~1D! radiation-hydrodynamic code MULTI ~Ramis et al.,
1988!. This code uses the SESAME equation of state and the
SNOP opacities ~Eidmann, 1994!. The particularity of this
code, which makes it useful for performing this kind of
study, is the possibility to switch the radiation transport off
and then perform purely hydrodynamical simulations.

It is known ~Honrubia et al., 1998, 1999! that, in our
experimental conditions, preheating is mainly due to the
photons generated in the corona with energies close to the Al
K-edge ~hn ;1.5 keV!. At those energies, opacities are low
and photons can propagate inward and preheat the base,
reference and test materials steps.

It must also be noticed that, when we refer to experimen-
tal results, the laser intensity is known only to some degrees
of approximation. Indeed, even if laser energy and laser
pulse duration are measured shot by shot, the real laser
intensity on target may differ from the value inferred by the
measurements of the pulse energy and the pulse duration,
due to the experimental uncertainties and the fluctuations
related to these two quantities, to fluctuations in the focal
spot and to the laser-plasma interaction processes ~refrac-
tion in the plasma corona, non-linear parametric instabili-
ties, etc.!. For this reason, in comparing 1D simulations to
the experimental results, one generally adjusts the laser
intensities in the simulations in such a way to obtain shock
transit times that match the experimental values. Of course,
one expects the two intensity values ~measured and simu-
lated! to be roughly the same; if this is not the case, then the

particular experimental shot should be questioned and care-
fully checked

RESULTS AND DISCUSSION

We have performed simulations between 2 �1013 and 1.5 �
1014 W0cm2 ~in a few cases, we started the simulations at a
lower minimum intensity value, that is, 0.5 � 1013 W0cm2,
in order to better understand the behavior of the involved
quantities, Figs. 4, 6, and 7!. The regime below our lower
limit is not of great interest for very-high-pressure EOS
experiments; on the other side, for I . 1.5 � 1014 W0cm2,
the shock wave becomes non-stationary in the step ~Batani
et al., 2003a! and severe preheating effects cannot be avoided
due to the larger X-ray yield but also to the generation of hot
electrons.

First, we study by simulation the development of preheat-
ing temperature of the rear surfaces of the Al base and step
of the target as a function of time and laser intensity.
Figure 2 shows the evolution of preheats at different times at
1014 and 1.35 � 1014 W0cm2. Each curve stops just before
the shock breakout at the ~corresponding! rear surface. After
this, temperature rises sharply due to shock break out.

Figure 3 shows instead the behavior of the “maximum”
preheating temperature ~that is, the temperature just before
shock breakout! at the base and at the step, as a function of
laser intensity. Interpolation curves are drawn by taking into
account that the preheating temperature must reduce to the
standard room temperature ~0.025 eV! as laser intensity
goes to zero. We see that preheat on both surfaces increases
with increasing intensity. Figs. 2 and 3 clearly show that the
shock wave propagates in a preheated medium.

Figure 4 shows instead the rear side expansion from the
Al base and step as a function of laser intensity. This is the

Fig. 2. Preheating temperature development with time at the rear surface
of the 8 mm base ~B1, B2! and 8.5 mm ~S1,S2! for a laser intensity '1014

W0cm2 and '1.35 � 1014 W0cm2, respectively.
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integrated expansion from time zero up to shock breakout.
Notice the fact that the step expansion is larger than that of
the base. Indeed, in spite of a lower X-ray flux due to
absorption in the step, the step rear side has more time
available for expansion before the shock breakout.

The variations of the shock transit time in the step ~the
quantity that is measured in the experiments!, between a
purely hydrodynamical case and a radiative case, depend on
a delicate balance of various factors.

Figure 5 shows the shock pressure as a function of laser
intensity in the radiative and non-radiative cases. Here, for
each laser intensity, we have drawn the maximum ~in space

and time! shock pressure in the step; however, since the
shock wave is stationary in the step thickness, that is, its
velocity is constant and so its pressure ~apart from small
fluctuations and reading errors! the choice is not critical.

The plot shows also the curve obtained with Lindl’s
~1995! scaling law, according to which P � 8.6 ~I0l!203

~A02Z!103, where I is in units of 1014 W0cm2 and l inmm, to
be compared with the non-radiative curve provided by the
code. The pressure in the radiative case is decreased because
a part of the laser beam energy is lost in the process of X-ray
generation.The scaling for non-radiative and radiative medium
are 4.73 � 10�10 I 0.75 and 4.27 � 10�10 I 0.75, respectively.
These values have been obtained for 0.44 mm laser wave-
length in the simulations. The obtained scaling is in agree-
ment with what reported in ~Batani et al., 2003c! and
obtained using the same laser system.

Figure 6 shows the shock transit time in the step as a
function of laser intensity for the radiative ~R! and non-
radiative ~NR! cases. The shock transit time is always
longer in the radiative case ~in our range of experimental
parameters of laser intensity and target thicknesses!. Sev-
eral causes contribute to such effect. First of all, as seen in
Figure 5, the shock pressure is smaller in the radiative case
implying a smaller shock velocity and a longer transit time.

Second, the expansion causes a variation of the apparent
step thickness, as well as a variation of shock velocity in the
reduced-density medium. To check the relative importance
of such effects, we have drawn the curves C and D in
Figure 6. Curve C gives the results of non-radiative simula-
tions using for a given laser intensity the reduced pressures
corresponding to the radiative case ~that is, the pressure
obtained from curve R in Figure 5!. If the increase in time
was due to a reduction of pressure only, curve C should
practically coincide with curve R ~radiative results!.

Fig. 3. The maximum value of the preheating temperature at the rear
surfaces of base and step, 8 and 8.5mm, as a function of laser intensity. The
values are taken just before the respective shock breakouts.

Fig. 4. Maximum preheating expansion of the rear surfaces of Al base and
step as a function of laser intensity. Expansion is measured just before the
respective shock breakouts. Interpolation curves are just visual guides for
the eye.

Fig. 5. Shock pressure in Al step target for radiative and non-radiative
medium, using the code MULTI. Also shown the comparison with Lind’s
analytical formula.
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Similarly, curve D is obtained by considering the reduced
pressures corresponding to the radiative case; however instead
of running a new simulation, we have simply assumed a
square root dependence of D vs. P. Such dependence is exact
for a perfect gas but, in our pressure range, also describes
the behavior of Al quite well ~see Figure 9a!. In this case the
shock transit time can then be obtained asDtD�DtNR{~PNonRad0
PRad!

102, where D and NR refers to the two curves in Fig-
ure 6, and PNonRad and PRad are taken from Figure 5. As
expected, curves D and C are very close to each other. Both
curves represent the effect of pressure reduction only.

Instead, it is clear that curves C and D are quite different
from curve R ~radiative results!. This shows that the reduc-
tion of shock pressure in the radiative case is one cause, but
not the only one, for the increase of the shock transit time in
the step. The remaining difference is due to preheating
effects in Al, i.e. to induced expansion in the material at the
rear sides of base and step. Such expansion affects the
distance to be crossed by the shock as well as the average
density of the propagation medium.

This effect was previously discussed in Honrubia et al.
~1998, 1999! for planar Al targets. It globally brings to an
increase in shock breakout times. Indeed expansion pro-
duces a reduction of average density of a layer of thickness
Dxo on the target rear side from ro to r. This in turn produces
an increase of the distance crossed by the shock of the order
of Dx �Dxo ~ro0r! and an increase in shock velocity of the
order of D � Do ~ro0r! 102. Due to quadratic dependence of
D over r the increase in lengths prevails, bringing to an
increase in breakout time.

Now for a stepped target, we recall that the transit time is
determined as Dt � ~ts � tb!. If expansion at the base and

step were equal, then such effect would disappear, bringing
to no significant variation of the measured shock transit time
~apart from the reduction of shock pressure due to X-ray
generation!. In our case instead, the expansion in the step is
in sensibly larger than in the base ~see Figure 4!, the increase
is larger for the step, bringing to longer transit times, as
shown in Figure 6.

One critical question concerns the behavior of preheating
effects at low laser intensities, as seen in Figure 6. We notice
when the laser intensity on target is decreased, we have a
strong reduction in X-ray conversion yield, bringing to a
reduction of target preheating. Simultaneously longer time
is needed by the shock to cross the target. This may result in
no visible reduction of preheating effects when laser inten-
sity is decreased.

Figure 7 shows the differences between curves R and NR
of Figure 6: the curve labeled T refers to the total normalized
change in shock transit time between the radiative and
non-radiative cases, that is, to the quantity ~tR � tNR!0tNR,
where the curve symbols R, NR, and D are the same as
defined in Figure 6. The curves P and E represents, respec-
tively, the quantities ~tR � tD!0tNR and ~tD � tNR!0tNR, that is,
they give respectively the relative weight of pressure reduc-
tion and preheating expansion. Let’s notice that since PRad

and PnonRad shows the same scaling ~;I 0.75!, and since
DtD �DtNR{~PNonRad0PRad!

102, then the relative contribution
coming from pressure reduction is constant.

In principle, we do expect that preheating effects to
vanish going to sufficiently low laser intensities. This is
indeed what happens for intensities larger than 1012 W0cm2:
we see that the shock transit time ~curve T! decreases as the
laser intensity decreases. This is the difference between the
radiative shock transit time and the non-radiative one, nor-
malized to the value of the non-radiative shock transit time.
This means that, as expected, the preheating effect reduces

Fig. 6. Shock transit time in a 8.5 mm Al step for radiative ~R! and
non-radiative ~NR! cases as a function of laser intensity. The curve C
corresponds to the shock transit time obtained in the non-radiative case
when a reduction of the pressure according to the radiative case is adopted
~see Fig. 5!. Curve D is obtained scaling the non-radiative values by the
square root of the non-radiative and radiative pressures ratio. The inset on
top-right shows the detail at high laser intensities.

Fig. 7. Total relative ~T! increase of the shock transit time vs. laser
intensity and relative contributions of pressure reduction ~P! and pre-
heating expansion ~E!.
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and gradually the radiative transit times tend to be equal to
the non-radiative one. The contribution due to expansion
gradually vanishes and we only have remaining contribu-
tion from pressure reduction.

Using the code MULTI at very low laser intensities gave
however the unexpected result shown in Figure 7. Indeed at
I � 1013 W0cm2, the situation is surprisingly reversed and
the normalized transit time increases again.

This result very likely depends on the fact that at low laser
intensities both the process of X-ray generation ~described
in a simple multi-group approach using some opacity model!
and the response of target material to heating and shock
compression become highly questionable. For instance, the
process of shock induced melting and evaporation are not
well described by “usual” models such as the SESAME
tables, at very low shock pressures, or in other words,
extending our results to very low laser intensities ~1012

W0cm2 or below! does require the inclusion of a lot of
material and radiation physics which are really outside the
scope of the present work. Moreover it is clear that simula-
tions or experiments below 1012 W0cm2 are not of any
relevance to laser-driven shock-EOS studies. It is certainly
true that at very low laser intensities, it is expected that the
effects of preheat vanish since there is no significant gener-
ation of hard X-rays, and because heating of the target rear
side below the evaporation ~or even the melting! tempera-
ture is unable to cause any expansion of the target material
on rear side.

In order to complete the discussion, let’s look at the graph
in Figure 8. This is a schematic qualitative drawing of the
phase diagram of Al in an arbitrary-units bi-log plot. From
Al data, we know that the melting temperature is 900 K at
standard pressure, while it is 5200 K along the Hugoniot
curve of Al ~at 1.2 Mbar!. This temperature is much larger
than the boiling temperature at standard conditions ~2500 K!

We must consider that just after shock breakout, a rarefac-
tion wave is reflected back in the material, as described in
this paper, and the material on target rear side unloads
~virtually to zero pressure! lowering its temperature. Such
an unloading curve can be calculated using SESAME or
MPQeos. Now, the important point is that certainly all the
states which have a shock temperature above 5200 K, will
result in final states ~unloaded points! which are above the
liquid0gas transition, and therefore give raise to a density
gradient on target rear side. Let’s notice that in our condi-
tions, a pressure of 1.2 Mbar corresponds to a laser intensity
on target equal to about 2 �1012 W0cm2. As we said before,
this is just the sign that, around 1012 W0cm2, Hydrodynam-
ics codes need the inclusion of important details on the
atomic physics in order to give reliable results.

A final question, in order to conclude the discussion on
the effects of preheating, concerns the behavior of the shock
velocity in the bulk, where the material is not free to expand
due to the confinement by the surrounding material.

From Figure 9 we can draw several conclusions. First, the
dependence of shock velocity on temperature along iso-

choric and isothermal curves is present, but very weak
~usually preheating temperature are at most on the order of
1 eV!. This shows indeed that if we have a material which is
preheated but didn’t expand, the shock velocity is practi-
cally the same as in the cold standard material. Again, this
means that the preheating effects on shock propagation are
mainly concentrated at the target rear layer, which can
expand in vacuum reducing its density.All remaining depen-
dencies can be understood, at least qualitatively, on the basis
of the simple square root scaling D'~P0ro!

102. This strictly
holds for perfect gases, that is, in the limit of large temper-
atures and0or of large shock pressures. At very low preheat-
ing temperatures and shock pressures ~i.e. when shocks are
becoming weak and approaching a sound wave! dependen-
cies are more complicated, reflecting the complexity of
solid-state physics.

CONCLUSIONS

In this paper, we showed the results of simulations devoted
to study the behavior of Al as a reference material for laser
driven EOS experiments. X-radiation generated during the
laser interaction with the Al base material leads to the
reduction of shock pressure. This implies increase in shock
transit time in the step target. X-ray preheating leads to the
expansion of the target rear surfaces. Under typical experi-
mental conditions ~Batani et al., 2004!, this brings to an
increase of the measured shock transit time, i.e. to a decrease
of the measured shock wave velocity. The effect becomes
larger at higher laser intensities.

Fig. 8. ~Qualitative! phase space of Al showing the various transforma-
tions. Here TM ; 900 K is the melting temperature at standard pressure;
TB; 2500 K is the boiling temperature at standard pressure; TH; 5200 K
is the melting temperature along the Hugoniot curve of the material ~shock
adiabat!. Shock compression at pressure Pshock may induce direct passage to
the gas0plasma phase, or it can produce temperatures equal to or larger than
TH. In this case unloading ~relaxation! of the material to virtual zero
pressure may bring to a final state above the liquid0gas transition line,
thereby producing an appreciable expansion on rear side. Similarly pre-
heating above TB will induce change to the gas phase.
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