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Indirect and direct laser driven shock waves and applications to copper
equation of state measurements in the 2040 Mbar pressure range
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High quality shock waves with direct- and indirect-laser drive were generated. We used the phase zone plate
smoothing technique in the case of direct drive and thermal x rays from laser heated cavities in the case of
indirect drive. The possibility of producing homogeneous, steady shock waves without significant preheating
effects with both methods has been proved. By using such shocks, copper equation of state measurements have
been performed up to 40 Mbar, which was previously obtained only with nuclear explosions.
[S1063-651%96)03508-9

PACS numbep): 52.35.Tc, 62.50tp, 52.50.Jm, 44.48.a

I. INTRODUCTION Only if high-quality shocks are obtained is it possible to
precisely measure shock parameters. In order to perform
The study of equations of sta(EOS of matter in high- EOS measurements, we adopted the impedance-matching
pressure conditiongabove 10 Mbaris a subject of great techniqud 6] which consists in measuring the shock velocity
interest for several fields of modern physics. In particular, itin two different materials simultaneously. This technique
is important in the context of astrophysics and inertial con-makes it possible to achieve a relative determination of one
finement fusion research. Some EOS ddthexist for this EOS point of one material by taking the EOS of the other
pressure range but for a restricted number of materialsone as a reference. The reliability of this method, used in the
moreover, they mainly come from calculations and theoretipast in nuclear experiments, has been recently proved in laser
cal models, with only a few experimental data available todriven shock experimentf7] allowing, in addition, high
validate them. Therefore, the behavior of many materials opressure10-50 Mbay to be reached with lasers of rela-
interest under high pressure is still unknown. In the pasttively small size &100 J.
EOS measurements in the tens of Mbar domain could be In this paper, we first present a comparison of high-
performed only by nuclear explosions. Nowadays, it is pospressure shocks generated either by indirect-laser drive or by
sible to reach very high pressures in the laboratory by usingirect-laser irradiation with the phase zone plateZP
powerful pulsed laser-generated shock waves in solid matesmoothing technique. Such a comparison has been under-
rial. Earlier experiments have shown the possibility of pro-taken, in particular, by looking at the time history of the
ducing shock waves with pressures up to 100 MP2t  target rear side emissivity, which provides information about
However, in these experiments the poor quality of shockshe occurrence of x-ray preheating of the tarddts]. Then,
prevents them from being used as a quantitative tool in higlive used these techniques to perform relative copper EOS
pressure physics. measurements in the 10—-40 Mbar pressure range. For pres-
Flatness of the shock fronts and low preheating in thesures below a few Mbar the copper EOS is well defined by
material ahead of the shock waves are essential to obtaimeans of experimental data achieved using gas §@her
accurate measurements of EOS. Recent experini@¥$ chemical explosive§10]. Our maximum pressure range has
have proved the possibility of creating spatially, very uni-been reached only in nuclear te$is]. Up to now, all the
form shocks in solids by using two different methods. Theexperimental points obtained with laser-generated shock
first one consists in producing shock waves by direct-lasewaves were those by Rothmanal.[12] using only indirect-
drive with optically smoothed laser beams; the second ontaser drive. In our case, the high efficiency of direct-laser
uses thermal x rays from laser heated cavities to generatfrive allowed us to reach much higher pressures. The experi-
shocks(indirect-laser drive However, these two methods do ment was performed at the Max-Planck-Instittit fQuan-
not ensure a complete absence of preheating of the cold m&noptik(MPQ) in Garching, where the high laser energy per
terial. In the case of the direct drive, it has been pointed oupulse allowed experiments to be performed with both meth-
[5] that the intensity modulations in the focal spot of aods.
smoothed laser beafthe so-called specklgsould produce
hard enough X rays to penetrate the material ahead of the || eypERIMENTAL TECHNIQUE AND SETUP
shock and preheat it. On the other hand, in the indirect-drive
method, the experiments by wer et al. [4] have clearly The experiment was performed using the ASTERIX io-
shown that the preheating is very sensitive to the geometrdine laser of the MPQ, which delivers a single beam, of
of the cavity. diameter 27 cm, with an energy of 250 J per pulse at a

1063-651X/96/5¢2)/21624)/$10.00 54 2162 © 1996 The American Physical Society



54 BRIEF REPORTS 2163

@

PZP 1.2
To the streak ﬂ —_— 1

<«

Intenéity
I (arb.units)

0.8} ]
0.61 @ ]
Double step Focal 041 ]
target lens )
(b) Cavity 0.2 3

&
To the streak i 0 time (ps)
camera 200 400 600 800 1000 1200

FIG. 2. Flashes, time resolved by a visible streak camera, due to

FIG. 1. Schematic arrangements of the two experimental setupdN€ luminosity of the shock-heated aluminium target. The intensities
Double-step targets were used to measure the shock velddities have been normalizeda) Signal obtained with direct drivéartifi-
andD, shot by shot with a visible streak camefa). Direct-drive  Cially shifted on the drawing Shock pressurel0 Mbar, target
configuration. The laser beam, smoothed with a PZP, was focuseffickness=13.5 um. (b) Signal obtained with indirect drive. Shock
onto the target(b) Indirect-drive configuration. The laser beam was Pressure-10 Mbar, target thicknessl4.8 um.

focused in the cavity.
with the thermal radiation, so that, recording the temporal

wavelength of 0.44um. The temporal behavior of the laser evolution of the rear face emissivity, it was possible to mea-
pulse is gaussian with a full width at half maximum sure the shock emergence time from the base and from the
(FWHM) of 450 ps. In order to generate the shock wave intosteps. Therefore, this target geometry allows the shock ve-
the target, we used direct- and indirect-laser drive. Figure locitiesD, andDc, to be experimentally determined in the
shows the two different schematic experimental setups. Aitwo materials on the same laser shot. By knowing the alu-
important aspect of the experiment was also the ease ahinium EOS and using the impedance-matching conditions
switching between direct- and indirect-drive configurations,[6], we could then find the copper EOS points.
achieved thanks to the particular cavity design and to the The diagnostic technique used to detect the shock emer-
arrangement of experimental diagnostics. gence from the target rear face was the same in the two
In the direct-laser drive configuratigfig. 1(a)], the laser configurations. It consisted of an optical system imaging the
beam was focused directly onto the target withi;g=564  rear face onto the slit of a streak camera, operating in the
mm lens. The primary condition of producing high-quality visible region. The temporal resolution was 8 ps and the
flat shock fronts imposed the use of the PR optical imaging system magnification waé= 10, allowing a spatial
smoothing beam technique in order to eliminate the largeesolution of 10um. A protection systerfd] was also used
scale spatial intensity modulations arising from the coherenfior the diagnostics light path, to shield the streak camera
nature of the laser light and to produce a flat-top intensityfrom scattered laser light.
distribution in the focal spot. The characteristics of our opti- The accurate target fabrication techniqligl allowed
cal system(PZP+focusing lengwere such that we produced sharp step edges to be obtained and allowed a precise deter-
a total focal spot of 40Qum FWHM, with a 250um-wide  mination of step heights. The Al base thicknesses were in the
flat region in the center, corresponding to a laser intensityange of 10-12um, while the Al and Cu step thicknesses

I <2 10" W/cm?. were, respectively, 4—6 and 3-6m.
In the indirect-laser drive configuratiofFig. 1(b)], we
focused the laser beam into a 1-mme-size gold cavity through Il RESULT ANALYSIS

a small entrance hole. An isotropic radiation is then created
[14] whose temperature depends upon the cavity size and the Once we checked the spatial flatness of shock waves in
laser power. It can be determined by observing the velocityhe direct- and indirect-drive schemes, we focused our atten-
of a shock wave generated when radiation is absorbed ition on time history of the target rear side emissivity in the
low-Z material[15]. In our experiment it has been measuredtwo configurations. This point is important since it gives in-
to be in the range of 100-150 eV. Our caify6] has been formation about the preheating effects that must be mini-
designed not only to reach such high temperatures, but alsnized in order to perform EOS measurements. Indeed, these
to optimize the irradiation uniformity when only one laser effects have been pointed out either in dirgg} or indirect
beam is used, and to minimize the preheating of the targef4] drive. In order to compare the emissivity in the two cases,
produced by direct primary x rays. Here, a shield with awe considered shocks in aluminium with the same pressure
conical shape has been constructed so that the laser irradiatedd targets approximately of the same thickness. We ob-
area and the shocked material were not in direct view of eackerve, as shown in Fig. 2, that the emissivity is similar in the
other, as shown in Fig.(). two cases. First, as mentioned in detail in previous papers
In our experiment the impedance-matching technique i$4,17], we note that the shapes of the two signals are typical
applied to two-step, two-material targets. The target is madef negligible preheating effects. The rapid emissivity decay
of a base of aluminunichosen as reference mateyjalhich  proves, in fact, that the peak corresponds, indeed, to the
supports two steps, one of aluminium and the other one o$hock breakthrough at an unperturbed step density gradient
the material to be investigatddoppej. The target side cor- of solid matter and that the plasma cools in the void without
responding to the base was irradiated directly by the laser dveing heated by x rays. In order to confirm this, we per-
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FIG. 4. Copper shock pressuke vs fluid velocity U. Experi-
mental data are compared with the SESAME talleantinuous

Fi K d of visible ligh . h line). & : our points obtained with direct drivdll: our points ob-
G. 3. Streak camera record of visible light emitted by the rear oy it indirect drive;d: Trunin et al. [11] points obtained

,Sid? of an A!'C,” double-step target. Shock has been generated l'\’/Vith underground nuclear explosions§): Rothmanet al. [12]
indirect irradiation. points obtained with indirect laser drive.

formed some tests on gold targets with indirect drive. Golgenergy of=30 J. If we consider our experimental results and
cannot be significantly preheated by our cavity blackbodythose of Ref[12] we find two important differences.

radiation, which is free of primary hard x rays. We found, (i) We reached higher pressuresp to 40 Mbaj because
again, the same emissivity shape obtained in aluminiumwe also used the direct-drive configuration, which has a
Then, analyzing in more detail the aluminium emissivity higher conversion efficiencffrom the indirect laser energy
time behavior of Fig. 2, one can notice the same growth timdo the shock energythan that of the indirect drive, since no
and a comparable relaxation. Up to now, theoretical model€nergy is lost in the intermediate step of x-ray conversion. A
for the shock emissivity have not been developed because antitative example of the difference between the two con-
the difficulties in the calculations of opacities in the visible figurations, can be seen by comparing our results with those
region, for high densities%1—4 times the solid densitand ~ ©f Ref. [7]. Here, pressures in aluminium of 10 Mbar were
low temperatures£a few e\). However, preliminary calcu- Produced with a laser energy on the target of 70 J using the
lations using a power law for Opacities have been performe@"rect-drive SCheme, while with the indirect drive, a 250-J-
[17] and suggesa~t~ %% dependence of the intensity as a laser energy was needec_i to reach the same pressure. We
function of time, which approximately corresponds to ourrecall that shock pressurés Mbar) are of the order of
experimental results in both the direct- and the indirect-drive P ~86 /10423, 23

scheme. The aluminium emissivity analysis allowed us to air~8.6(1 ) '
choose the base thicknesses so as to make radiation preheat- P~ 44(| /10110113, ~3/26

ing negligible. In this way we ensured that the aluminium ind ¢ Lo

and copper steps were not significantly prehegascne can iy girect and indirect drive, respectivelg9,14. Herel is
observ_e in Fig. 3 where a typical streak image of an Al-Cuy,o primary x-ray flux on the cavity walin W/cm?), 7, is
target is presentgdin any case, the absence of any preshocky |aser pulse duratiofin ns), \ is the laser wavelengtfin
signals means that a possible preheating should be well b%-m)_ Hence the laser pulse enerd, (in kJ) needed with

low the detection limit of 0.3 eV blackbody temperature of o ‘ingirect method in order to reach the same pressure of
our diagnostic(previously calibrated Numerical simula- direct drive. is

tions using the one-dimensionélD) hydrodynamic(with
multigroup radiation diffusioncode MuLTI [18] have con- Eing~ 0.56( Egir /N ) -8 RE/RL73) 70284,
firmed our results.

After testing the quality of the shocks produced with thewhereR¢ is the effective cavity radius ard the focal spot
two methods, we performed EOS measurements with copperadius(both in mm). With our parameters and those of Ref.
Our results are presented on th& (J) plane, as usual, when 7 (the different duration of the laser pulse has been taken into
the impedance-matching technique is used. Figure 4 showaccount, we find a ratioE;,4/Eq,~ 3.5, corresponding ap-
all the copper experimental points obtained up to now. Thesproximately to our experimental results.
points are compared with the SESAME EOS. The copper (ii) Among our copper data, those produced with the in-
EOS is well defined for pressures below 5 Mbar thanks to thelirect configuration have the same pressures as in[R2¥.
measurements by Mitchdl®] and Al'tshuler[10] performed  The relevant difference is that we had 250-J laser energy
with gas guns or chemical explosions. The interesting regionyhile their laser delivered 1 kJ. This demonstrates the very
where there are few data, as shown in Fig. 4, is beyond 1@ood optimization of the cavity developed at the MPQ in
Mbar. Our data are displayed in this region together withorder to produce high pressures.
those by Trunin11] and Rothmaret al. [12], which were The error bars of our points have been determined con-
obtained using nuclear explosions and indirect-laser drivesidering all the sources of errors in the measuremerd .of
respectively. One point at low pressure has been obtained @he causes of possible errors are the uncertainties about the
the LULI laboratory in a preliminary experiment with a laser step thicknesses, the shock breakthrough time, and the streak
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camera sweep speed. The “cleanliness” of the sigsak indirect-laser drive. In particular, in both cases the target rear
Fig. 2) enabled us to obtain a precisiono# ps in the shock side emissivity showed that there was no preheating phe-
breakthrough time. The step heights of the targets have bearomena. In the direct-drive case, a high-quality shock was
measured with an absolute error of 0,88. For what con- reached by making use of the PZP smoothing technique. In
cerns the streak camera sweep speed, we considered the etttee case of the indirect drive, it was obtained by taking ad-
of 1%, as measured by the constructor. In deducing the errarantage of the geometry of the cavity, where a shield pro-
in the copper pressure and fluid velocity, we took into ac-tected the target from a primary x-ray irradiation. We then
count the relative error i, andD,, which were deter- presented impedance-matching technique copper EOS mea-
mined for each single shot. We obtained a precision bettesurements performed with these high quality shocks. We in-
than +4%. It is possible to show explicitly that the relative vestigated a region of the copper EOS surféoeyond 10
errors in fluid velocity and shock pressure are about thévbar) which is not well known so far. The high efficiency of
same. Moreover, we found that the relative error in the copthe direct-drive method allowed us to produce pressures up
per pressure is approximately double that in the copper shodk 40 Mbar, accessible up to now only by nuclear tests.
velocity, in accordance with the quadratic dependelie

between the two quantities. Therefore, we determined copper ACKNOWLEDGMENTS
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