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Abstract

Shock pressure generated in aluminum targets due to the interaction @fid.@lw of iodine lasey laser radiation has

been studied. The laser intensity profile was smoothed using phase zone plates. Aluminum step targets were irradiated
at an intensityf ~ 10 W/cm?. Shock velocity in the aluminum target was estimated by detecting the shock luminosity
from the target rear using a streak camerato 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.

Keywords: Rear target luminosity; Shock pressure; Short laser wavelength interaction; Streak images

1. INTRODUCTION plasmaDecosteet al, 1979; Gruret al, 1981), the ablation
thickness using time resolved X-ray spectrosc¢@pld-

The topic of high pressure generation induced by intenssacket al,, 1982, the recoil momentum measureméftad

laser radiation has been a subject of interest for more than @t al, 1979, layered target burn through measurements

decades due to its potential applications in high pressuréNishimuraet al,, 1981, time resolved X-ray radiography

physics, laboratory astrophysical plasmas, equation of statéey et al., 1983, ballistic penduld Meyer & Thiell, 1984,

(EOS of materials, and so forth. This subject has been welkhock velocity measurementd/eeser & Solem, 1978;

studied theoretically and experimentdlkidder, 1974; Ripin ~ Trainer et al, 1979, Faraday cupg$Pelah, 1976; Gupta

et al, 1980; Maxet al,, 1982; Gruret al,, 1981; Nishimura et al, 1987, the target terminal velocity using a rear side

et al, 1981; Panet al, 1984; Shirsaet al, 1989; Lindl,  cone calorimetefEidmannetal., 1984; Godwakt al., 1989,

1995. Scaling of ablation parametetbke ablation pres- a time-resolved streak record of visible emission from the

sure, mass ablation rate, and plasma velgdiyvarious rear surface of the impact fqiDbenschairt al., 1981 and

laser intensities using radiation at different wavelengths likeso forth.

1.06 wm or its harmonics up to the 4th ordéXishimura Various theoretical models have been discussed to esti-

et al, 1981; Keyet al, 1983; Meyer & Theill, 1984; Pant mate the shock pressure and some of them are mentioned

et al,, 1984 have been reported. In the past, several experbelow.

imental techniques have been used to measure the massAccording to a recent reviewLindl, 1995, shock pres-

ablation rate and the pressure. These include the measurgdre can be estimated when laser radiation deposits its en-

ment of ablation parameters like the mass ablation rate, thergy at the critical densitin. ~ n.) as

plasma expansion velocity, the momentum of the ablating

P (Mbar) = 40 (1/A)?3,  where lis in the units of 16° W/cm?
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whereA is in microns. The model reported by Fabl§Fab-  optical smoothing technique, RPP was introduced in the
broet al,, 1985 calculates the pressure for the laser absorp1980s(Katoet al., 1984). The use of PZP also allowed us to

tion at the critical densityn, ~ n;) as get a flat-top intensity profiles directly comparable with
one-dimensionallD) models. In this context, recently in-
P (Mbar) = 12 (1/10'%)%2\~2/3(A/2Z)Y3, (2) teresting results have also been obtained with the partial

coherent light technique, PCL, adopted at Institute of Laser
When the laser absorption is delocaliZed< n.), pressure  Engineering(ILE) (Sakaiyaet al., 2002. First results on
can be evaluated by the equation given by Mdi@82 and  pressure generation at 0.5 using PZP were obtained by
Fabbro(1982: Koenig et al. (1994. In the present work, we report the
pressure scaling at= 10 W/cm? induced in an aluminum
P (Mbar) = 11.6(1/10*)¥*A"¥*(A/22)"*%(Z*1/3.57"% (3)  target using 0.44sm radiation. We have adopted a large

h is the time i q dis the ionizati spot to irradiate the target in combination with PZP. This
wheret s the time in nanoseconds add is the ionization configuration minimizes the nonuniformity in the irradia-

degree of the material. The dependence ontimeisduetot fn area and the large laser spote400.m overcomes the
fact that when laser radiation is absorbed below the critica ffects of lateral energy transport.

density layer, the separation between absorption region Besides the above mentioned issues another important
n.) and ablation surfacé, = ng, solid density increases, factor is the following:

resulting in the decrease of ablation efficiency. Such a de-

_crea_se_in time of_ ablation_pressure, even for a constant Iaser3_ There is still some incertitude concerning the scaling
irradiation, was first described py Caruso and Gra(i#68 of ablation processes versus laser intensity at short
and later by Mord1982. The difference between delocal- laser wavelengths. For instance, measurements at
ized absorption models and localizéat critical density 0.351 um performed by Keyet al. (,1983) did show
models has been already discussed by Meyer and Theill a scaling~1°3 very different from what was pre-

(1984)i' | t ablati h b derived dicted by various theoretical modejssually ~| 7).
Scaling laws of ablation parameters have been derive Indeed such experimental results were affected by

based on the laser absorption region either at the critical 2D and drilling effects, which could burn through

density layer(n, ~ nc) or below(_ne< nc_). However, in the thicker foil in the ablated plasm@.eboet al,, 1999.
present case we restrict our discussion to the shock pres-
sures only.

. To our knowledge, data for short wavelength44 um)
Although the above equations were well accepted, tWQser apiation on aluminum targets in the rang&16 104

importantissues which had drawn the attention of the earlie(,v/cmz have not been reported. This is important because
researchers include the following: shorter laser wavelength¢hird and fourth harmonics of
1 Th fh hich ai . Nd, as well as other wavelengths produced by gas lasers
' f c p.resen.ceg. Qéspots,\{vh!c r?lvfes rllse to noNUNipve the advantage of giving a higher ablation rate and
orm intensity distribution within the focal spot area. ressure, and are thereby envisaged as future drivers for the

2. In many cases, laser intensity was increased by d nertial confinement fusion direct drive experimé¢kbenig
creasing the laser focal spot. Such small spots wer tal, 1992: Lindl, 1995

sensitive to edge effects associated with energy flow o otore e believe, despite all the extensive work re-

through the focal spot periphery. This gave rise to aported so far, there are still some good reasons to study the
We.II—.known phenomenon of lateral energy tranSportprocess of laser ablation at short wavelengths in combina-
(Ripin et al, 1980. tion with optical smoothing techniques.

Even when large enough focal spots were used, the laser Our present experiment aimed to address to the issues
intensity profile was not optically smoothed. described in items 1-3 and was performed at the Prague
Therefore, a careful study raises an ambiguity in the qualAsterix Laser(PALS) laboratory using laser irradiation at

ity and magnitude of the shock pressures reported earlierin = 0.44 um. The high laser energy per shaip to a

the literature. However, the progress in laser technology anthaximum of 400 J allowed us to obtain laser intensities
in laser smoothing techniques has allowed the realization oéxceeding 2x 10** W/cm? using relatively large focal
much cleaner experiments in recent times. The measurespots (diameter 400um) and avoiding 2D effects. Our
ablation rate was therefore dominated by the “drilling ef-results show a scaling of ablation pressure versus laser
fect” connected to such hot spots, that is, again by twointensity that is quite close to the theoretical prediction
dimensional (2D) effects connected to the short-scale and gives some evidence for the mechanism of delocalized
inhomogeneities. laser absorption.

With the development of techniques like random phase Inthe present experiment, we detect the shock luminosity
plates(RPP and phase zone plat¢®ZP) to attain laser from the target rear using a streak camera, taking advantage
uniformity on the target surface, to a great extent, the hobf the recent advancement in the generation of high quality
spots were eliminated, although not completely. The firstshocks(Batani et al, 2003 and in the measurements of
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shock velocities using stepped targe€®eniget al., 1995. cut out any 3w light. The second lens hdd= 98 cm, giving

The ablation pressure is therefore estimated by measuringtotal optical magnificatioM = 9.8. The spatial resolution,
the shock velocity. As compared to other methods, this is aneasured on the CCD placed after the streak camera by
quite direct measurement of ablation pressure. Also it is lesenaging a suitable grid90 um pitch), was 2.6um/pixel.
prone to 2D effects because we measure the shock velocifjhe CCD had a 51X 512 pixel and 16 bits dynamic range.

in the central region of the focal spot where shock dynamicd he obtained temporal resolution was 3.22pzel.

is practically 1D, thanks to the use of PZPs. Stepped targets were fabricated by General Atomics, USA,
by structuring the required dimensions from the bulk alumi-
num. The Al base was-8 um, and the step thickness was
~8.5 um. Al was chosen as its behavior at high pressure is
Schematics of the experimental setup are shown in Figure tather well known, making it a typical reference material for
and experiments were performed using the PALS. Details ofaser-driven shock wave experiments.

the system are described by Jungwietral. (2001). In the The laser intensity on target is obtained by measuring
present experiment, the laser chain was operated to delivehot by shot the laser ener@iirough a calibrated reflection
~120 J energy in 450 pF&WHM) at 0.44um wavelength.  from the entrance window of the interaction chambzerd
Laser radiation was focused using @@ fens of focal length  includes the typical losse@bout 20% due to the use of
f=60 cm that was placed behind the entrance window of théZPs. Also it is calculated taking into account the flat-top
interaction chambe(of 1 m diameter. A blue filter in front  intensity profile, that is, it corresponds to the effective in-
of the entrance window was used to cut any residuahd  tensity in the central region of the focal spot. As for the time
2w light. The diagnostics used to detect the shock breakoudependence, theaxis in Figure 4 reports the time-averaged
from the target rear face consisted of a pair of lenses imagntensity over the laser pul$&WHM) duration.

ing the rear face onto the slit of a streak can{étamamatsu
C7700 with S-1 photocathoglélhe first one was a complex
f/2 objective, with a focal length= 100 mm, producing a
parallel beam between the two lenses. A protection tube waBZP is an optical smoothing techniqU®tevensoret al,
used to shield the diagnostic light path from scattered laset984; Bataniet al, 2002 that allows a flat-top intensity
light. Ared filter RG60 was used before the streak camera talistribution to be produced. Phased zone plates are a bi-

2. EXPERIMENT

3. PZP AND FLAT SHOCK GENERATION

CCD

RED FILTER.
98 em

INTERACTION CHAMBER

TARGET BLUE FILTER

Li=60 em

Fig. 1. Experimental setup in PALS.
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dimensional array of Fresnel lenses etched on a glass slah
These are disposed so as to randomly introduce phase dif
ferences of 0 ofr on the wave front of the laser. This breaks
the spatial coherence of the laser beam and produces a smoot
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 placedzfrbm

the target. The design of this plate had Fresnellenses of 1 cir
diameter, which implies that 225 Fresnel lenses are coverec
by the laser beam. The characteristics of our optical system
(PZP+ focusing lens was such that we could produce a
total focal spot of 40Q«m FWHM with a ~200-um-wide

flat region at the center, corresponding to a laser intensity up
to 2 X 10" W/cm?

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

D. Batani et al.
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Fig. 3. Shock breakout image obtained from a stepped aluminum target
for laser energyg, = 108 J. The dimensions of the images are 1.6Xns
1300 um. Time is along the vertical axis. The time between the shock

luminosity from rear of base and step A2 = 267 ps, giving a shock
velocity D = 31.84um/ns.

luminosity from the rear of the base and the step corre-
sponds to the shock transit tinfat) in the step thickness.
Thus the shock velocitl was calculated ad/At 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 tablé34 Group, 1988 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 Eq&) and (3) for localized and
delocalized absorption, respectively. It is clearly seen that
the experimental results are closer to E3).described for
delocalized absorption. The typical errors were calculated
by taking into account the error on the target thickn@ss
cluding surface roughnesshe streak camera resolution, as
determined by the streak temporal windome used 1.69 ns
and the slit sizg115 um), and the typical errors made in
reading experimental data. The error on shock velobity
was then propagated to calculate the erroPokive finally
observe that errors are typicalty20 % on shock pressure.

5. DISCUSSION

From Figure 4, it is seen that our experimental results can

Fig. 2. Shock breakout image obtained from a flat aluminum target using~

be better explained by using E), has dependence on

a PZP recorded with the streak camera. Dimension of the image are 1.60Me (t) and assumes laser absorption at a denmgity. n.

nsx 1300um. Time is along the vertical axis. than the critical density approximation, which has depen-
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Fig. 4. Experimental result&lots with the scaling law corresponding to absorption at the critical densityZ=qontinuous ling and
to delocalized absorption, E¢B, dotted ling.

dence on timgt). For the interpolation of experimental Eg.(3), we finally get an equation that is formally indepen-
data with Mora’s law the quantity, tim&) described in  dent of time, but dependent on target thickness, that is,
the Eq.(3) needs a careful modification. Indeed, in the

case of delocalized absorption, the shock pressansl P (Mbar) = [15.46(y + 1)Y15(A/2Z)7/15(2*/3.5)2/15]
shock velocity decrease with time. Hence, weaker shocks
produced at lower laser intensities will travel more slowly X (1)¥/5)~4/15¢~2/15 ,-1/15 (6)

in the targets and will break out at later times; thereby

they will have more time to slow down. The shock veloc- o ) ) i

ity (and thereby the shock pressuie measured at shock Wherel is in the units of 16* W/cm?® andA andd are in

breakout, but the shock breakout time is different for low™MCroNs. B ,

and high laser intensity for a given target thickness. The From the general Ed6), as a specific case, we consider

shock breakout time is the tinteto be inserted in Eq3).  aluminum, which was our experimental targst= 27,
To take this effect into account, we write that Z=13=27%y=1.65and, = 2.7 g/cc and we get

dsz(t)dt, ) P (Mban = 14.071)%5A~4/25d~2/25, 7

whered is the target thicknes® is shock velocity, and wherel is in the units of 16*W/cm? A andd are in microns,

the time integral goes from 0 to the shock breakout time at"‘?d the constant has been calculatedAor 27 andZ =
the target rear. The relation between the shock veldpity 4 = 13(however, the dependence on the ionization degree

and the shock pressufeis given by Zeldovich & Raizer Z* is practically negligible¢. Here we have simplified the
(1967 as calculation by calculating the shock breakout time for an

“average” target thicknesb= (dpaset dsiep) /2. This approx-
D= [(y + 1)P/2po] Y2 (5) imation may be done because the time exponent ii&ds
very small(t~%®8), which means that the shock decreases
wherey is the adiabatic constant of the material agis the  quite slowly with time.
unperturbed target density. E¢4) and(5) allow the shock Because target thickness is an important factor in the
breakout time to be determined, and by inserting it intomeasurement of shock velocity, it is necessary to consider
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the limitation of the target thickness. The optimization of tion. These data can also be of interest for an experimental
target thickness is discussed for a trapezoidal laser pulsgatabase of ablation pressure scaling for further study on
with an approximation that temporal pulse is Gaussian irequation-of-statéEOS experiments, as laser-driven shock
nature(Bataniet al, 2003. For a steady-state shock, mini- waves have recently become a useful tool in high pressure
mum thicknessl,,;, = Dtr/2 wheretg is the rise time of the  physics and, in particular, for the realization of EOS
laser pulse. After the termination of the laser pulse, a rarexperiments.

efaction wave generates and propagates at a speed higher

than the shock wave. This eventually weakens the shock
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