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Abstract

Shock pressure generated in aluminum targets due to the interaction of 0.44mm ~3 v of iodine laser! laser radiation has
been studied. The laser intensity profile was smoothed using phase zone plates. Aluminum step targets were irradiated
at an intensityI '1014 W0cm2. Shock velocity in the aluminum target was estimated by detecting the shock luminosity
from the target rear using a streak camera to infer the shock pressure. Experimental results show a good agreement with
the theoretical model based on the delocalized laser absorption approximation. In the present report, we explicitly
discuss the importance of target thickness on the shock pressure scaling.
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1. INTRODUCTION

The topic of high pressure generation induced by intense
laser radiation has been a subject of interest for more than 2
decades due to its potential applications in high pressure
physics, laboratory astrophysical plasmas, equation of state
~EOS! of materials, and so forth. This subject has been well
studied theoretically and experimentally~Kidder, 1974; Ripin
et al., 1980; Maxet al., 1982; Grunet al., 1981; Nishimura
et al., 1981; Pantet al., 1984; Shirsatet al., 1989; Lindl,
1995!. Scaling of ablation parameters~like ablation pres-
sure, mass ablation rate, and plasma velocity! at various
laser intensities using radiation at different wavelengths like
1.06 mm or its harmonics up to the 4th order~Nishimura
et al., 1981; Keyet al., 1983; Meyer & Theill, 1984; Pant
et al., 1984! have been reported. In the past, several exper-
imental techniques have been used to measure the mass
ablation rate and the pressure. These include the measure-
ment of ablation parameters like the mass ablation rate, the
plasma expansion velocity, the momentum of the ablating

plasma~Decosteet al., 1979; Grunet al., 1981!, the ablation
thickness using time resolved X-ray spectroscopy~Gold-
sacket al., 1982!, the recoil momentum measurement~Arad
et al., 1979!, layered target burn through measurements
~Nishimuraet al., 1981!, time resolved X-ray radiography
~Keyet al., 1983!, ballistic pendula~Meyer & Thiell, 1984!,
shock velocity measurements~Veeser & Solem, 1978;
Trainer et al., 1979!, Faraday cups~Pelah, 1976; Gupta
et al., 1987!, the target terminal velocity using a rear side
cone calorimeter~Eidmannet al., 1984; Godwalet al., 1989!,
a time-resolved streak record of visible emission from the
rear surface of the impact foil~Obenschainet al., 1981! and
so forth.

Various theoretical models have been discussed to esti-
mate the shock pressure and some of them are mentioned
below.

According to a recent review~Lindl, 1995!, shock pres-
sure can be estimated when laser radiation deposits its en-
ergy at the critical density~ne ' nc! as

P ~Mbar! 5 40 ~I0l!203, where Iis in the units of 1015 W0cm2

5 8.6 ~I01014!203~l!2203, ~1!
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wherel is in microns. The model reported by Fabbro~Fab-
broet al., 1985! calculates the pressure for the laser absorp-
tion at the critical density~ne ' nc! as

P ~Mbar! 5 12 ~I01014!203l2203~A02Z!103. ~2!

When the laser absorption is delocalized~ne , nc!, pressure
can be evaluated by the equation given by Mora~1982! and
Fabbro~1982!:

P ~Mbar! 5 11.6~I01014!304l2104~A02Z!7016~Z*t03.5!2108, ~3!

wheret is the time in nanoseconds andZ* is the ionization
degree of the material. The dependence on time is due to the
fact that when laser radiation is absorbed below the critical
density layer, the separation between absorption region~ne,
nc! and ablation surface~ne 5 ns, solid density! increases,
resulting in the decrease of ablation efficiency. Such a de-
crease in time of ablation pressure, even for a constant laser
irradiation, was first described by Caruso and Gratton~1968!
and later by Mora~1982!. The difference between delocal-
ized absorption models and localized~at critical density!
models has been already discussed by Meyer and Theill
~1984!.

Scaling laws of ablation parameters have been derived
based on the laser absorption region either at the critical
density layer~ne ' nc! or below~ne, nc!. However, in the
present case we restrict our discussion to the shock pres-
sures only.

Although the above equations were well accepted, two
important issues which had drawn the attention of the earlier
researchers include the following:

1. The presence of hot spots, which gives rise to nonuni-
form intensity distribution within the focal spot area.

2. In many cases, laser intensity was increased by de-
creasing the laser focal spot. Such small spots were
sensitive to edge effects associated with energy flow
through the focal spot periphery. This gave rise to a
well-known phenomenon of lateral energy transport
~Ripin et al., 1980!.

Even when large enough focal spots were used, the laser
intensity profile was not optically smoothed.

Therefore, a careful study raises an ambiguity in the qual-
ity and magnitude of the shock pressures reported earlier in
the literature. However, the progress in laser technology and
in laser smoothing techniques has allowed the realization of
much cleaner experiments in recent times. The measured
ablation rate was therefore dominated by the “drilling ef-
fect” connected to such hot spots, that is, again by two-
dimensional ~2D! effects connected to the short-scale
inhomogeneities.

With the development of techniques like random phase
plates~RPP! and phase zone plates~PZP! to attain laser
uniformity on the target surface, to a great extent, the hot
spots were eliminated, although not completely. The first

optical smoothing technique, RPP was introduced in the
1980s~Katoet al., 1984!. The use of PZP also allowed us to
get a flat-top intensity profiles directly comparable with
one-dimensional~1D! models. In this context, recently in-
teresting results have also been obtained with the partial
coherent light technique, PCL, adopted at Institute of Laser
Engineering~ILE ! ~Sakaiyaet al., 2002!. First results on
pressure generation at 0.53mm using PZP were obtained by
Koenig et al. ~1994!. In the present work, we report the
pressure scaling atI '1014 W0cm2 induced in an aluminum
target using 0.44-mm radiation. We have adopted a large
spot to irradiate the target in combination with PZP. This
configuration minimizes the nonuniformity in the irradia-
tion area and the large laser spot of'400mm overcomes the
effects of lateral energy transport.

Besides the above mentioned issues another important
factor is the following:

3. There is still some incertitude concerning the scaling
of ablation processes versus laser intensity at short
laser wavelengths. For instance, measurements at
0.351mm performed by Keyet al. ~1983! did show
a scaling'I 0.3, very different from what was pre-
dicted by various theoretical models~usually'I 0.7!.
Indeed such experimental results were affected by
2D and drilling effects, which could burn through
thicker foil in the ablated plasma~Leboet al., 1999!.

To our knowledge, data for short wavelength~0.44mm!
laser ablation on aluminum targets in the range 1013 to 1014

W0cm2 have not been reported. This is important because
shorter laser wavelengths~third and fourth harmonics of
Nd, as well as other wavelengths produced by gas lasers!
have the advantage of giving a higher ablation rate and
pressure, and are thereby envisaged as future drivers for the
inertial confinement fusion direct drive experiment~Koenig
et al., 1992; Lindl, 1995!.

Therefore, we believe, despite all the extensive work re-
ported so far, there are still some good reasons to study the
process of laser ablation at short wavelengths in combina-
tion with optical smoothing techniques.

Our present experiment aimed to address to the issues
described in items 1–3 and was performed at the Prague
Asterix Laser~PALS! laboratory using laser irradiation at
l 5 0.44 mm. The high laser energy per shot~up to a
maximum of 400 J! allowed us to obtain laser intensities
exceeding 23 1014 W0cm2 using relatively large focal
spots ~diameter 400mm! and avoiding 2D effects. Our
results show a scaling of ablation pressure versus laser
intensity that is quite close to the theoretical prediction
and gives some evidence for the mechanism of delocalized
laser absorption.

In the present experiment, we detect the shock luminosity
from the target rear using a streak camera, taking advantage
of the recent advancement in the generation of high quality
shocks~Batani et al., 2003! and in the measurements of
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shock velocities using stepped targets~Koeniget al., 1995!.
The ablation pressure is therefore estimated by measuring
the shock velocity. As compared to other methods, this is a
quite direct measurement of ablation pressure. Also it is less
prone to 2D effects because we measure the shock velocity
in the central region of the focal spot where shock dynamics
is practically 1D, thanks to the use of PZPs.

2. EXPERIMENT

Schematics of the experimental setup are shown in Figure 1
and experiments were performed using the PALS. Details of
the system are described by Jungwirthet al. ~2001!. In the
present experiment, the laser chain was operated to deliver
;120 J energy in 450 ps~FWHM! at 0.44mm wavelength.
Laser radiation was focused using an f02 lens of focal length
f560 cm that was placed behind the entrance window of the
interaction chamber~of 1 m diameter!. A blue filter in front
of the entrance window was used to cut any residualv and
2v light. The diagnostics used to detect the shock breakout
from the target rear face consisted of a pair of lenses imag-
ing the rear face onto the slit of a streak camera~Hamamatsu
C7700 with S-1 photocathode!. The first one was a complex
f02 objective, with a focal lengthf 5 100 mm, producing a
parallel beam between the two lenses. A protection tube was
used to shield the diagnostic light path from scattered laser
light. A red filter RG60 was used before the streak camera to

cut out any 3v light. The second lens hadf 5 98 cm, giving
a total optical magnificationM 59.8. The spatial resolution,
measured on the CCD placed after the streak camera by
imaging a suitable grid~90 mm pitch!, was 2.6mm0pixel.
The CCD had a 5123 512 pixel and 16 bits dynamic range.
The obtained temporal resolution was 3.22 ps0pixel.

Stepped targets were fabricated by GeneralAtomics, USA,
by structuring the required dimensions from the bulk alumi-
num. The Al base was'8 mm, and the step thickness was
'8.5mm. Al was chosen as its behavior at high pressure is
rather well known, making it a typical reference material for
laser-driven shock wave experiments.

The laser intensity on target is obtained by measuring
shot by shot the laser energy~through a calibrated reflection
from the entrance window of the interaction chamber! and
includes the typical losses~about 20%! due to the use of
PZPs. Also it is calculated taking into account the flat-top
intensity profile, that is, it corresponds to the effective in-
tensity in the central region of the focal spot. As for the time
dependence, thex-axis in Figure 4 reports the time-averaged
intensity over the laser pulse~FWHM! duration.

3. PZP AND FLAT SHOCK GENERATION

PZP is an optical smoothing technique~Stevensonet al.,
1984; Bataniet al., 2002! that allows a flat-top intensity
distribution to be produced. Phased zone plates are a bi-

Fig. 1. Experimental setup in PALS.

Shock pressure induced by 0.44mm laser radiation 483



dimensional array of Fresnel lenses etched on a glass slab.
These are disposed so as to randomly introduce phase dif-
ferences of 0 orp on the wave front of the laser. This breaks
the spatial coherence of the laser beam and produces a smooth
intensity profile. Because, for technical reason, it was not
possible to produce a PZP with the full size of the laser
beam, we designed a smaller PZP to be placed at f02 from
the target. The design of this plate had Fresnel lenses of 1 cm
diameter, which implies that 225 Fresnel lenses are covered
by the laser beam. The characteristics of our optical system
~PZP1 focusing lens! was such that we could produce a
total focal spot of 400mm FWHM with a ;200-mm-wide
flat region at the center, corresponding to a laser intensity up
to 23 1014 W0cm2.

4. SHOCK PRESSURE RESULTS

Figure 2 shows the streak camera image of the shock lumi-
nosity from the rear surface of the flat aluminum target.
Shock luminosity from the rear surface of the stepped target
is shown in Figure 3. The time interval between the shock

luminosity from the rear of the base and the step corre-
sponds to the shock transit time~Dt ! in the step thickness.
Thus the shock velocityD was calculated asd0Dt whered is
the step thickness. From such a shock velocity we determine
the shock pressure using the Hugoniot data for Al obtained
from the Sesame tables~T4 Group, 1983!. Such a shock
pressure coincides with the pressure produced by the laser
beam on the irradiation side, that is, the ablation pressure.

Figure 4 represents the shock pressure versus laser inten-
sity on the target surface. We also show two theoretical
curves obtained using Eqs.~2! and ~3! for localized and
delocalized absorption, respectively. It is clearly seen that
the experimental results are closer to Eq.~3! described for
delocalized absorption. The typical errors were calculated
by taking into account the error on the target thickness~in-
cluding surface roughness!, the streak camera resolution, as
determined by the streak temporal window~we used 1.69 ns!
and the slit size~115 mm!, and the typical errors made in
reading experimental data. The error on shock velocityD
was then propagated to calculate the error onP. We finally
observe that errors are typically620 % on shock pressure.

5. DISCUSSION

From Figure 4, it is seen that our experimental results can
be better explained by using Eq.~3!, has dependence on
time ~t ! and assumes laser absorption at a densityne , nc

than the critical density approximation, which has depen-

Fig. 2. Shock breakout image obtained from a flat aluminum target using
a PZP recorded with the streak camera. Dimension of the image are 1.69
ns3 1300mm. Time is along the vertical axis.

Fig. 3. Shock breakout image obtained from a stepped aluminum target
for laser energyEL 5 108 J. The dimensions of the images are 1.69 ns3
1300 mm. Time is along the vertical axis. The time between the shock
luminosity from rear of base and step isDt 5 267 ps, giving a shock
velocity D 5 31.84mm0ns.
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dence on time~t !. For the interpolation of experimental
data with Mora’s law the quantity, time~t ! described in
the Eq. ~3! needs a careful modification. Indeed, in the
case of delocalized absorption, the shock pressure~and
shock velocity! decrease with time. Hence, weaker shocks
produced at lower laser intensities will travel more slowly
in the targets and will break out at later times; thereby
they will have more time to slow down. The shock veloc-
ity ~and thereby the shock pressure! is measured at shock
breakout, but the shock breakout time is different for low
and high laser intensity for a given target thickness. The
shock breakout time is the timet to be inserted in Eq.~3!.

To take this effect into account, we write that

d 5ED~t ! dt, ~4!

whered is the target thickness,D is shock velocity, and
the time integral goes from 0 to the shock breakout time at
the target rear. The relation between the shock velocityD
and the shock pressureP is given by Zeldovich & Raizer
~1967! as

D5 @~g 1 1!P02r0#102, ~5!

whereg is the adiabatic constant of the material andr0 is the
unperturbed target density. Eqs.~4! and~5! allow the shock
breakout time to be determined, and by inserting it into

Eq. ~3!, we finally get an equation that is formally indepen-
dent of time, but dependent on target thickness, that is,

P ~Mbar! 5 @15.46~g 1 1!1015~A02Z!7015~Z*03.5!22015#

3 ~I !405l24015d22015r0
21015, ~6!

whereI is in the units of 1014 W0cm2 andl andd are in
microns.

From the general Eq.~6!, as a specific case, we consider
aluminum, which was our experimental targetA 5 27,
Z 5 135 Z*, g 5 1.65 andr0 5 2.7 g0cc and we get

P ~Mbar! 5 14.07~I !405l24015d22015, ~7!

whereI is in the units of 1014 W0cm2, l anddare in microns,
and the constant has been calculated forA 5 27 andZ 5
Z*513 ~however, the dependence on the ionization degree
Z* is practically negligible!. Here we have simplified the
calculation by calculating the shock breakout time for an
“average” target thicknessd5 ~dbase1dstep!02. This approx-
imation may be done because the time exponent in Eq.~3! is
very small~t2108!, which means that the shock decreases
quite slowly with time.

Because target thickness is an important factor in the
measurement of shock velocity, it is necessary to consider

Fig. 4. Experimental results~dots! with the scaling law corresponding to absorption at the critical density, Eq.~2, continuous line!, and
to delocalized absorption, Eq.~3, dotted line!.
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the limitation of the target thickness. The optimization of
target thickness is discussed for a trapezoidal laser pulse
with an approximation that temporal pulse is Gaussian in
nature~Bataniet al., 2003!. For a steady-state shock, mini-
mum thicknessdmin $ DtR02 wheretR is the rise time of the
laser pulse. After the termination of the laser pulse, a rar-
efaction wave generates and propagates at a speed higher
than the shock wave. This eventually weakens the shock.
Therefore the shock wave has to emerge before the rarefac-
tion wave reaches the target rear surface; otherwise the
shock wave will not be steady. Therefore, the maximum
target thickness should bedmax , 4CstL0~4Cs 2 D!, where
Cs is velocity of the unloading wave'sound speed, andtL is
the time at which intensity starts to decrease in the laser
pulse~Bataniet al., 2003!. This characterizes the required
target thickness.

For a steady-state shock, the minimum base target thick-
ness should be 5–8mm and maximum thickness~base1
step! of 16–24mm for a shock pressure applied on the target
that is in the range of 15–33 Mbars. In the present experi-
ment, the choice of the target thickness was based on the
above calculation.

To corroborate our results on the applicability of delocal-
ized laser absorption, we calculate the plasma density at the
laser absorption layer under our experimental conditions
l 5 0.44 mm, t 5 450 ps. For a short wavelength laser
radiation, density scale length~Max et al., 1982! L 5 CSt
whereCS is coronal sound speed5 @ZkT0mi #

102 and t is
pulse duration. For our situation, the estimated plasma tem-
peratureT5 900 eV,CS ;23107 cm0s, andL ; 90mm. In
the case of short wavelength lasers, absorption is predomi-
nantly by inverse bremstrahlung and it takes place atn0 5
2nc~c0ncL!102 wherenc is the collision frequency at critical
density~Mora, 1982!. In our case,n0 ; 3 3 1021 0cc. As-
suming the plasma density fall is exponential. We observe
about 50% of the laser absorption is at a distance of;40mm
from the critical density layer.

As discussed above, our experimental results are more
closely reproduced for noncritical absorption approxima-
tion. This concerns not only the absolute values of pressures
but also the trend versus laser intensity. From this point of
view, substituting the factor 12 with the factor 8.6, that is,
using Eq.~1! instead of Eq.~2!, may probably be considered
as a tentative fitting of the theoretical scaling obtained for
absorption at the critical surface with existing experimental
data.

6. CONCLUSIONS

In summary, the laser-induced shock pressures at 0.44mm
have been measured in planar aluminum targets at an ir-
radiance up to 23 1014 W0cm2. By adopting relatively
large focal spots and a smoothed laser beam, the lateral
energy transport and the “drilling effect” have been avoided.
The measured scaling shows a fair agreement with avail-
able analytical models based on delocalized laser absorp-

tion. These data can also be of interest for an experimental
database of ablation pressure scaling for further study on
equation-of-state~EOS! experiments, as laser-driven shock
waves have recently become a useful tool in high pressure
physics and, in particular, for the realization of EOS
experiments.
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