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Equation of state of water in the megabar range
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Abstract

We present some preliminary results on the equation of $E&@S of water in a pressure regime of astrophysical
interest. In the experiments, structured targets made of an aluminum step followed by a water layer are irradiated by the
laser at an intensity up to#0'* W.cm™2 to generate a shock wave. Velocities are measured in the two materials using

a VISAR interferometric diagnostic for water, and a streak camera to measure target self-emission for Al. EOS points for
water are obtained with the impedance mismatch method using Al EOS as a reference. Water reflectivity was also
measured.

1. INTRODUCTION etal, 1995 and has become areliable tool for high pressure
physics(Zeldovich & Raizer, 196). The first experiments

were conducted at the Commissariat & I'Energie Atomique
in Limeil, France, and completed later on by experiments on
The mantle of Neptune and Uranus is mainly constituted bythe | UL| laser, at the Ecole Polytechnique, France. Both
“ice layers” containing water, methane, and ammonia. Th§yere funded by the European Union in the framework of the
magnetic field of both planets, as measured by the probésccess to Large Scale Facilities” program. Our goals were
Voyager 2, is larger than what was expected and asymmety optain new experimental points for the EOS of water in

range of pressure and temperature in the ice layers is 0.2 {@js range of pressures.

6 Mbar and 2000 K to 8000 K. Estimations of the minimum

conductivity capable of sustaining the magnetic field by

dynamo effect give about 20@-cm)~L. Recent calcula- 2. EXPERIMENTAL SETUP

tions predict a transition from electrolyte to metal in this The experiments are based on the impedance mismaitch
regime for water and ammon{@avazzonetal, 1999. Yet  method, where the shock velocity is simultaneously mea-
no measure has so far confirmed its existence. sured in two different materials, one of which is used as a
reference. We chose aluminum, as its EOS is well known up
to 40 Mbar(Sesamgl1992. As both experiments are very
similar, we only describe the setup for the experiment per-
We describe here the first experiments measuring the equgsrmed at LULI. The parameters for each setup are com-
tion of state(EOS of water with laser-driven shock waves pared in Table 1.

in the pressure range of 1—_10 Mbar. _This technique o_f mea- \ne used three beams of the LULI lagef. Fig. 13 in the
surement has been much improved in recent ydéognig green, optically smoothed with phase zone pl4REP),

and focused on the targgdf. Fig. 1b. A probe beam with a

_ Addresg ct_)n_’espondence _an_d _reprin_t reqygsts to: Emeric _Her_]ry, Dipaqonger duration and very little enerw few miIIijouIes
timento di Fisica “G. Occhialini,” Universita degli Studi di Milano— was reflected on the rear side of the target. The reflected

Bicocca, Via Emanueli 15, 20126 Milano, Italy. E-mail: Emeric.Henry@ i
fisica.unimi.it beam was sent to two VISARvelocity interferometer sys-
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1.1. Astrophysical context

1.2. Goals of our experiment




112
Table 1. Experimental parameters for a I
the Limeil and LULI setups ens

Limeil LULI

E. Henry et al.

High-power laser
Wavelengthh 0.532um 0.532um
Square pulse duration 4ns 600 ps
Maximum energy 2000J 100J
Optical smoothing Kinoform phase plate  Phase zone plate
Focal spot 900< 600 um? 400X 400 um?

Maximum intensity 1.4< 10" W.cm2 8x 108 W.cm2 \/”
Probe beam

Wavelengthh 1.064um 0.537um
Gaussian pulse duration 10 ns 8 ns %
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tems for any reflector; Cellierst al, 1998, velocity inter- b
ferometers which measure the velocity of the rear side of the 10[}3‘3\
target: The Doppler effect at the reflecting surface induces ¢ 20um
shift in wavelength for the probe beam, hence modifying the 2um - Sapphire
interference pattern. The sideways shift of the fringes is | window
proportional to the velocity of the reflecting surface. To TRRTRLR -

resolve the ambiguity on the initial shift of the fringes at the $585558
shock arrival(Trunin, 1994, we used two VISARs with
different sensitivities(16.7 kms™* and 3.4 kms™* per »
fringe, respectivelycoupled with streak cameras. Assum- = SPaRRee

ing that water is metallized, the probe beam crosses “cold” E’% CH ]
water and gets reflected on the shock front. Evaluating the == 4383348
Doppler effect at the interface brings about a modification 353833 Al
of the usual VISAR formulgBarker, 1972 involving the ] $338828:
refractive index of “cold” waten at the wavelength of the Nl

probe beam: Al L9

A Fig. 1. Experimental setup and water targets for the LULI experiment.
V(t) = F(t) ﬁ’ () (a) Setup: The high-power laser beam is optically smoothed by PZP and
focused on the target; a probe beam s reflected on its rear side and analyzed

. . . . by two velocity interferometer6VISAR) with different sensitivities; the
whereF(t) is the fringe shift;r the delay introduced by the  emissivity of the target is recorded by a third diagnostic Target: Alayer

interferometer, an¥(t) the velocity measured. of CH is used to minimize preheating ahead of the shock, and a thin Al foil
To image the rear side of the target, we used an imagevoids laser shine-through at early times. The Al layer includes a step of

relaying system to avoid vignettinge., a luminosity drop ~ thicknessh =5 nm.

on the borders of the imageThe two streak cameras cou-

pled with the VISAR had a spatial resolution of4n and a

temporal resolution of 10 ps. A third streak camera with ameasurement is confirmed with the VISARBig. 2b and

temporal resolution of 4 ps was used to record the targe2c). Hence, knowing the thicknes®f the stegand assum-

800 um

self-emissionVDC). ing that the shock is stationary—cf. Fig.)3dhe shock
The targets consist of an aluminum step of helgftyp-  velocity in Al can be simply calculated &%, = h/At.
ically afew microngand a cell filled with watetcf. Fig. 1b. The use of the VISARS’ diagnostics can only be done if

To minimize preheating of the target, a layer of plagfitl) ~ we know where the probe beam gets reflected. If water is not
was added on the front side; finally, a very thin Al foil was metallized, the probe beam crosses compressed, ionic water

placed to avoid laser shine-through at early times. and is reflected by the Al layer. In this case, the VISARs
measure the fluid velocity. If, on the other hand, water is
3 EXPERIMENTAL RESULTS metallized, it reflects the probe beam, and we measure the

velocity of the shock front.
The transit timeAt of the shock in the aluminum step is  For all our shots, we could say that the probe beam was
measured with the VDC: When the shock breaks through, Areflected on metallized water. Indeed, calculations by Cavaz-
begins to emit, and a visible signal is detedtEd). 29. This ~ zoni (2000 predict that the Hugoniot curve reaches the
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a

Fig. 2. Experimental images from shot #6@) Target self-emission: We measure the transit timteof the shock in the Al step.
(b,0) Images from the two VISARs and the processed images: We measure the fringe shift, get an independent measurement of the
shock transit time in the Al step, and measure the reflectivity of the target.
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Fig. 3. Measurements from shot #6@) Shock velocity profile measured with the VISARs from the images of Figure 2b. The shock
remains stationary for about 1 nd) Reflectivity of the target measured from the images of Figure 2b. Initially, the reflectivity
decreases because of a small preheating of the target. Immediately after the shock breakout, its value is about 0.45.

metallic state above approximately 1 Mbar. Moreover, the In our experiment we also measured the reflectivity of the
high reflectivity measured indicates the metallization of wa-interface between metallized and “cold” water by compar-
ter. Finally, assuming that water wast metallized leads to  ing the signal from shocked and unperturbed regions of the
EOS points very far from the Sesame taf$esamel992,  target(cf. Fig. 3b. High reflectivities of the order of 50%
or even in regions that are not physically possifsiech as  are observed.
negative density

The shock velocity in water is thus measured by the fringe
shift on the VISAR4Scf. Fig. 2b and 2t We used an image
processing code to reconstruct the interference pattern fromaple 2. Experimental results
the sometimes noisy images.

Once we have measured two parameters—the shock ve- DAI D water Pwater  Conductivitye
locity in Al and water—we can use the impedance mismatctehet#  (km-s™  (km-s™)  (Mban (@-cm™)
method: When the shock arrives at the interface between Adg 18.7 19.2 27
and water, a shock is transmitted in water and a relaxatiogo 18.15 18.5 2.4
wave propagates backwards in Al. As the EOS of Al is well61 14.4 15.3 1.4 ,
known, we can compute the parameters of the relaxatiofi> 13'2 ;8'; g'i‘ 2;183
wave in Al. Then, stating that pressure and fluid veloci.ty66 172 191 23 2 % 10°
have to be equal on each side of the interface, we obtain g 11.8 11.3 0.8 X 10
point on the EOS of water. The results for the EOS are.1 20.3 26.1 3.8 % 10°
shown in Table 2 and Fig. 4; the agreement with the Sesamle? 19.4 25.9 3.6 210°

table(Sesamgl992 is good.
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Fig. 4. Experimental points for the EOS of water and

. . -1
Fluid velocity U (km.s ) comparison with the Sesame tal&esame1992.

From the experimentally measured reflectivity, electro-4. CONCLUSIONS
magnetism allows calculating the conductivity of metal-
lized water. This conductivity is of electronic nature, as it is The results presented here are the first measurement of the
the response to an optical sigriak., of typical frequency EOS of water with laser-driven shock waves. This method
10%5 Hz). Results are shown in Figure 5a and 5b. Conduc®roved to be a reliable tool for this measurement, as new
tivities of the order of 18 Q-cm™* are observed, well in Points have been obtained in good agreement with previous
agreement with the hypothesis of water metallization. data. We found evidence of a h|gh electronic CondUCtiVity of
We also observe a decrease in conductivity as pressutgater atP = 1.4 Mbar andl = 0.9 eV, in good agreement
increases, and this can be fairly well reproduced by a semiwith calculations by Cavazzor2000 which predict the
classical formula for conductivity: transition from ionic to metallic conductor above about
1 Mbar along the Hugoniot curve.
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Fig. 5. Estimation of the conductivitya) Comparison with measurements of the conductivity along an isentfimp@omparison with
a semiclassical formula for conductivity, where ionization is computed with the Thomas—Fermi model.
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