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Generation of a double shock driven by laser
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The feasibility and reliability of a multiple laser shock generation to study the equation of state surface off
the principal Hugoniot curve and to approach an isentropic compression has been demonstrated. The technique
is based on the use of a double laser pulse. A strong shock was generated in iron targets precompressed by a
first weak shock. The effect of precompression was studied. The experiment was performed at the Laboratoire
pour I'Utilisation des Lasers Intenses laboratory.
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The equation of stattEOS of highly compressed matter In the case of laser driven experiments, several methods
is of fundamental interest to several branches of physicdiave been envisaged to get off-Hugoniot-curve states.
including astrophysics, geophysics, and inertial confinement

fusion (ICF). So far, only high power lasers have been ca-.. : .
pable of driving multimegabar shockip to hundreds of (i.e., a material that at room temperature and at atmospheric

Mbar) and reproducing in the laboratory the same physicapressure is characterizgd by a lower density than the standard
conditions as those existing at the interiors of planets. Durin%n@' In this way, “exotic” states of matter can be reached,

@ ! : . quite far from the states on the standard Hugoniot curve,
fgggfith%eciz(ieitﬁgf S}? Sdsilggiyé)rf %rgi?ggtmgri\@rgnrgggs?#; IItycharac?erized _by higher temperatures at densities lower than
them to perform accurate EOS measuremght$] has been the sogd denrf"?{%i?' hock int target with an optical
demonstrated. However, such experiments only allowed dat\ia\‘/irgd)wy r??he ? rg %S \c/)\fh n t(t?\ a r?gs . a tr?p iﬁ? -
along the principal Hugoniot curve to be obtained. Although ow-on the rear side. en the shock crosses the nte

measuring laser Hugoniot states has been a very significamce' a shock is transmitted to the optical window and a
advance, it is quite restrictive since data over a broader rer_arefactlon isentropic wave is reflected into the target. If the

gion are needed to give a complete description of material@Ptical window remains transparent under compression, it is
EOS, including their phase transitions. In particular it wouldPoSSIPIe to measure the optical properties and the velocity of
be véry interesting to reach unknown regions of the EO he material and/or window interface and therefore to study

: . ; e unloading isentro .
surface such as the melting regions at high pressures or 8 (© By gegerating gﬂgock into a precompressed target.
study EOS al(_)ng the planetary isentropes. For _example, thI%deed the target can be compressed isothermally by a static
knowletjge O.f ron Ph.a$e changeftit-1 Mbar has [mportant method (e.g., a diamond anvil cellbefore a laser-driven
implications in describing the Earth’s cofé]. For instance, il

. . . ! shock is launched. By varying the initial density of the
the inner core boundaryCB) is determined by the fuslon sample through the precompression, it is possible to obtain
temperature of iron at pressure of a few Mbar and, until now

the ICB temperature has always been obtained by eXtrapoElltﬂ:ii_ata off the principal Hugoniot curve, accessing conditions

(a) By generating a shock into a porous matefi2—14

tions from the fusion temperature measured on the Hugoni nreachable by either static or single shock compression.
P g hat is, precompression allows an investigation of the

curve. This would make it possible to estimate the amount o .
heat stored in the core WEiCh is fundamental for the model—p ressure-volume-temperature space between the isentrope

ing of the convection process in the mantle. Several theoref”—lnd Hugoniot curveL17].

ical and numerical models as well as static diamond anvil In this paper, we present the feasibility of a fourth method
and shock experimen{8—11] have contributed to the map- that is based on a multiple shock technique. Here, the pre-
ping of the iron phase diagram. However, a coherence of theompression is achieved not by using static compression
results has not been reached yet and the bulk properties afeans but by generating a first weak shock into the target. In
iron at such extreme conditions remain uncertain. this way, we get a much stronger precompression and heating
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VISAR#1 | Streak FIG. 2. Representation on the,U) plane of the double shock
method.P; and P, are the first and second shock pressure, respec-

tively, andV; andV, are the free surface velocities experimentally
determined with the VISAR interferometers.

FIG. 1. Experimental setup and temporal shape of the lasefiog rejated to the shockpressure, density, and internal
pulse used to produce the double shock. energy ’

(compared to the static methpd second strong shock is In the case of a double shock, we could measure two free
launched 700 ps after the first one to further compress thgurface velocity/; andV, at successive times due to the two
target. We recall here that multiple shock techniques are dgser pulses. The first low intensity pulsé6-7
interest not only for the study of EOS regions off the princi- X 10 W/cn?) generated a weak shock, which broke out
pal Hugoniot curve, but also in the context of ICF researchfirst from the rear surface. Then, as explained above, we
where they are of primary importance in achieving high gaincould measur&/; and deduce all parameters associated to the
as they make it possible to minimize the entropy increaséirst weak shock. The second high-intensity pulap to 5
(and then the temperatyrduring the compressiofi8]. In X 10*® W/cn?) generated a much stronger shock into a pre-
order to demonstrate that the method works, we comparecompressed matter. By measurivig the free surface veloc-
EOS results obtained at the same compression strength in titg associated to the second shock breakout, and by knowing
case of a single shock and in the case of a double shock. the initial conditions given by the first shock, we could ob-

The experiment was performed at the Laboratoire poutain pressure, density, and internal energy of the sample after
I'Utilisation des Lasers IntensggULI) of the Ecole Poly- the second compression.
technique, using three of the six available beams of the LULI On Fig. 2 we show all the processes on the pléRgJ).
Nd-glass lase(converted ah=0.527 um, with a maximum  Note thatP; represents the second shock transmitted into the
total energy E,~100 J focused on a same focal spot. The unloading matte¢created by the first ongsince the rarefac-
laser temporal profile was a square with a rise time of 140 psions waves are isentropic proces$&s], the curves issued
giving a full width at half maximum(FWHM) of 600 ps.  from the pointA and from the poinB coincide.

Each beam had a 90 mm diameter and was focused with a We had also a self-emission diagnostic which was based
500 mm lens. To eliminate large scale spatial modulations opn a streak camera recording the emitted visible light from
intensity and to obtain a flat intensity profile in the focal spotthe rear surface of the target.

[2], we used phase zone plat®ZP) [19]. Characteristics of ~ As a first step, we performed a series of shots with a
our optical systentlens+PZP were such that our focal spot single shock by varying the laser energy. It has been experi-
had a 500um FWHM, with a~ 250 um diameter flat region mentally proved that for iron a shock up to 2—3 Mbar can be
at the center. To generate a double shock we temporally adonsidered as a weak shock, imparting an energy to the solid
vanced one of the three laser beams, to have a first pulsghich is not sufficient to vaporize it. In this case when the
characterized by a low intensify6—7) x 10'2 W/cn?] fol-  shock breaks out the free surface is still in sajid liquid)
lowed after 700 ps by a second one more inteugeto 5  phase and then it remains a good reflector. Consequently the
X 101 W/cm?). The resulting laser pulse and the experimen-free surface velocity can be determined with a good preci-
tal set up are showed on Fig. 1. sion and for a long timéa few nanosecongi®y the VISARS.

The principal diagnostic was based on two Velocity Inter-In the case of a strong sho¢R >3 Mban), the free surface
ferometer Systems for any ReflectoVISAR) [20] which  velocity can be measured but only on a shorter time after the
allowed us to determine the rear free surface velodity shock break out. Indeed we observe the fringe displacement
Since expected velocitieé were of the order of 3-21 km/s, at the shock breakowfor ~100—200 ps typicallyand after
we chose VISARs with 3 mm and 15 mm etalons, givingthis time, the probe beam is completely absorbed by the un-
sensitivities of 16.68 and 3.39 kits fringe) respectively. loading plasma. The free surface velocities have been mea-
The targets were iron planar foils with a thickness ofyi. sured by the VISAR interferometers and have been com-

In the case of a single shock, by measuring the free supared with the one-dimensiona{lD) hydrodynamical
face velocityV, we found the fluid velocityJ by taking into  simulations. Results are presented in Fig. 3 and show a good
account that for iron in this range of pressuxés 2U. Then  agreement.
by using thesesaME tables we obtained all physical quanti- ~ On the right of Fig. 4 we show a typical VISAR image
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as function of time compared with the 1D hydrodynamical
FIG. 3. Triangles: Experimental free surface velocities obtainedsjmylation.

with a single shock as a function of the laser intensities. Circles: 1D

hydrodynamical simulations self-emission diagnostic was not sensible enough to get reli-

able information on temperature. The error bars have been

obtained with a double shoghkn the righ and with a single  evaluated by considering experimental uncertaintyVoof
shock(on the lefy; the laser intensity in the main compres- about +7%, which implies an error on pressure and tempera-
sion pulse was the same in the two cases. The front shoakre of about +15%. We can notice that at the same pressure
curvature on the double shock image is due to the focal spqi.e., at the same laser intensity2 x 103 W/cn?) in the
quality. case of a double shock, the heating of matter was consider-

In the case of the double shock the laser intensity of thexbly smaller as compared to a single shock. Hence iron is
first pulse was % 10" W/cn? and of the second one was still in its solid phase, unlike in the case of single shock
2.5X 10" W/cn?. The free surface velocity obtained by the where it is in the liquid phaséaccording to phase diagram
analysis of this image is shown on Fig. 5 and is compare&hown in Fig. 6. A clear confirmation of this is given by the
with the 1D simulation. We find a good agreement withreflectivity of the free surface. In the case of the single shock
simulations on the free surface veloci) associated with (see Fig. 4 on the leftwe observe quite a strong decreasing
the first shock. To reproduce, with simulations, the free surof the reflectivity after~300 ps from the shock breakout,
face velocityV, associated with the second shaekd also  due probably to the absorption on the unloading plasma,
the interval time betweeW; andV,) we had to adjust the whereas in the case of the double shock, the reflectivity re-

numerical intensity of the second pulse to 2.1mains high, even after the second shock breaks out. This is a
X 10" W/cn?, (i.e., we reduce the intensity by 159 his

low reduction is reasonably due to two different effects that 9000 T T T 1
simulations do not take into account. First, the second pulse T (K) i

. . . 8000 [~ -
arrives 700 ps after the first one, so it propagates through an
expanding coronal plasma. In this situation, parametric insta- 7000 | LIQUID e
bilities could play a role into the laser energy deposition.

Second, we are probably into a situation where two- 6000
dimensional (2D) hydro effects could be not completely
negligible.

Figure 6 shows our results in thie, T) plane obtained by 4000
measuring the free surface velocities and by using the
SESAME equation of state. Iron is a material that heats up
very little when compressed by a shock; consequently our 2000

5000 1~

3000 ~

1000 I |

FIG. 6. Iron phase diagram. Solid lines: phase boundaries and
melt lines from DAC experiment§3,2€]. Dashed linesab initio
calculations [9,27]. Dotted line: possibleb—e phase boundary
[28,29. The triangle data point is from Yoet al. [16]. Diamond
and hexagon data are from the sound velocity experiments by
Brown and McQueerjll] and Nguyen and Holmeg0], respec-

FIG. 4. Experimental images obtained with the VISAR. On thetively. Circle data are from the double shock technique: under com-
left: the image obtained in the case of a single shock. On the rightpression(open circleg and on an unloading wavélane circle.
the image obtained in the case of a double shock. The laser intensi§quared data are from simple shock: under compresgpen
was the same in both cases. squaregland on an unloading wav@lane squared
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clear sign that the state reached with a double shock is densemd towards isentropic compression. Actually, a quasi-
and colder than the state reached with a single shock. Bisentropic compression is the big challenge for EOS experi-
using again thesEsAME tables to calculate isentrope unload- ments to reproduce interiors of planets and more in general

ing waves and our measurements, we obtained the two pointgy |CF research. The method presented here opens interest-

at P=0 shown on Fig. 6. The choice of usisgsamEtables ing perspectives for the future.

is supported by the large number of results existing in the ~; ; -
literature[21-24. For example, our previous absolute EOS First, by using gtepped targets apd then by determmmg_
the shock velocity, it should be possible to measure the pre

measurementf24] were in good agreemergtvithin a few . .
percent in the regim®< 4 Mbar with previous experimen- compressed Hugoniot curve. Compared to static precompres-
sion (for iron, by using a digital-to-analog converter, it

tal results andsesamEtables. So we can affirm thaeEsAME
tables give reliable pressure values in this regime. On théhould be possible to have a precompression of 10 Gpa at the
contrary, temperature is more uncertain, since it is the parammos) this method allows one to investigate a much broader
eter on which the discrepancy between currently availablé&eOS region.

EOS modelg9,29 is the most important and for which there  Second, if we apply the same method to iron targets with
is a lack of reliable experimental measurements. Consea transparent window on the rear side to avoid the release
quently, we tried to deduce temperature values by using othénto the vacuumhence states witlP=0), it is possible to

theoretical model$9]. We did not find a significant differ- optically have access to the fusion at the ICB conditions.
ence in the sense that our points are always found on either

side of the fusion region. The authors would like to thank Ph. MoregquULI)
To summarize, we showed the possibility of using afor his fundamental contribution to the success of the
double shock method to get off-Hugoniot-curve states and texperiment.
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