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Use of low-density foams as pressure amplifiers in equation-of-state
experiments with laser-driven shock waves

Dimitri Batani.! Antonio Balduccit Wigen Nazarow, Thorsten Lover? Tom Hall? Michel Koenig® Bernard Faraf,
Alessandra BenuzZiand Mauro Temporal
IDipartimento di Fisica “G. Occhialini,” Universitadi Milano—Bicocca and INFM, Via Emanueli, 15, 20126 Milano, Italy
Department of Chemistry, University of Dundee, Dundee DD1 4HN, United Kingdom
3Max Plank Institut fu Quantenoptik, D-85740 Garching, Germany
4University of Essex, Colchester, CO4 3SQ, United Kingdom
SLaboratoire pour I'Utilisation des Lasers Intenses, Unitéxte CNRSCEA-Ecole PolytechniqueUniversitePierre et Marie Curie,
Ecole Polytechnique, 91128 Palaiseau, France
(Received 14 June 2000; published 29 March 2001

The applicability of foams to equation of state experiments with laser-produced shocks has been studied.
The pressure increase due to impedance mismatch at the payload-foam interface was measured experimentally
using sub-ns laser pulses smoothed with phase zone plates. Foams of density in the range 5—9bandg/cm
of thicknesses of 50—15@m were used. A model has been developed to study pressure amplification and the
conditions under which the shock is stationary. Two-step two-material targets, allowing simultaneous mea-
surements of the shock velocities in the two materials, were then used to obtain relative equation of state data.
Pressures higher than 100 Mbar were achieved in gold.
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[. INTRODUCTION the shocked material, related to the Hugoniot-Rankine rela-
tions [9], are measured simultaneously. In a recent experi-
The study of the equations of statEOS of matter in  ment performed by Collinst al.[10], the simultaneous mea-
high-pressure conditionéabove 10 Mbar is a subject of ~surement of two parametetthe shock velocityD and the
great interest for several fields of modern physics. In particufluid velocity u) was applied to the measurement of the EOS
lar, it is important in the context of astrophysics and inertialof deuterium. The main problem connected with this method
confinement fusion research. Some EOS's already exist fdp that it is necessary to use high-energy laser pulses with the
this pressure rangé], but they mainly result from calcula- &M Of maintaining a constant ablation pressure for a few
tions and theoretical models, with only a few experimenta’@n0seconds, and of irradiating large target areas. Another
data available to validate them; furthermore they exist for e{“ethOd for the determination of EOS points is based on the

restricted number of materials. Therefore, the behavior o?peﬂanﬁe\/'r?ati‘;h'nﬁ]ntelfm”'qug E‘r:g ConnS1IStIS Ofr mhe%surlng
many materials under high pressure is still unknown. In the[ € shock velocily simuftaneousiyn the same faser sna

ast. EOS measurements in the tens of Mbar domain could'° different materials. This makes it possible to achieve a
past, . .~ relative determination of one EOS point of one material by
be only performed by nuclear explosions. Nowadays it i

. . . S‘taking the EOS of another material as a reference. The reli-
possible to reach very high pressures in the laboratory b bility of this method, used in the past in nuclear experi-

using powerful pulsed-laser-generated shock waves in soli ents, was recently proven in laser-driven shock experi-

material. Earlier experiments showed the possibility of Pro-ments[8,11], and applied to EOS measurements for[C2l,
ducing shock waves with pressures up to 100 Mbar in ggped plastic§13], low-density foamg14], and gold[15].
laser-irradiated soli¢i2,3], and in a target foil impacted by a sych a method has the advantage that high preséLGes0
laser-accelerated fdi#]. Pressures as high as 750 Mbar wereppar) can be reached with lasers of relatively small size
achieved by using laser pulses of 25 (ki a wavelength\ (=100 J.
=0.53um) and a foil impact techniqugs]. However, in However, the finite energy of the laser, combined with the
many of these experiments the bad quality of shocks prerequest of having almost-one-dimensional shdekal hence
vented them from being used as a quantitative tool in highrelatively large focal spojsfixes an upper limit to the pres-
pressure physics. sure which can be obtained in the material. On the other
The planarity and stationarity of the shock fronts, as wellhand, even if a very large system is available, the laser in-
as the low preheating of the material ahead of the shockensity on target cannot be increased indefinitely. Indeed,
waves, are essential to obtain accurate measurements of thggher intensities mean a higher plasma temperature, and
EOS. Recent experimen{$—8| proved the possibility of hence a larger x-ray generation in the corona. Also, above a
creating spatially very uniform shocks in solids either bycertain intensity threshold, laser instabilities like stimulated
using a direct-laser drive with optically smoothed laserraman scattering and two-plasmon def&§] can take place
beams or x-ray thermal radiatigmdirect laser drive in the plasma corona, bringing about an important production
Once high quality shocks are obtained, it is possible toof hot electrons. Such nonlinear physical phenomena take
perform precise measurements of the shock parameters. place at laser intensities of the order of*¥@2Ww/cn?,
particular, EOS points can be obtained if two quantities ofwhere\ in um is the laser wavelength. Since hard x rays and
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Metal Foam from the coherent nature of the laser light, and to produce a
flat-top intensity distribution in the focal spot. The design of
PZP this plate had Fresnel lenses of 2.5-cm diameter, which im-
 —— plies that 144 Fresnel lenses are covered by the laser beam.
Laser The characteristics of our optical systéRZP plus focusing
camera. [ <:| lens were such that we produced a total focal spot of
T 400-um FWHM, with a 250um-wide flat region in the cen-
A Focal ter corresponding to a laser intensilt_y~2><1014W/cmz.
Such large focal spots were needed in order to reduce two-
dimensional effects, because the total thickness of the target
could even be of the order of 17am.
FIG. 1. Scheme of the experimental setup and target. The diagnostic used to detect the shock emergence from
the target rear face consisted of & 100 mm objective im-

hot electrons are the principal causes of preheating of thading the rear face onto the slit of a streak camera, working
material ahead of the shock wave, it is clear that intensitied the visible region. The temporal resolution was better than
on target above this limit must be avoided in EOS experi-8 ps, and the imaging system magnification was- 10, al-
ments where target preheating is an unwanted and dangerol@ving a spatial resolution better than Lfn. For what con-
effect. cerns the streak camera sweep speed, we considered an error

A practical way of reducing x-ray emission is the use of aof 1%, as suggested by the constructor. A protection system
low-Z ablator(e.g., plastit before the target material. Luck- [19] was used for the diagnostics light path, to shield the
ily enough, this also proves to be a way to increase shocktreak camera from scattered laser light.
pressure due to the well-known impedance mismatch effect The second part of the experiment was realised at LULI.
at the ablator-target interfad®]. (In passing, we note that Three of the six beams of the LULI las@ronverted into its
the impedance-matching technique was used largely in théecond harmonich =0.53um), with a total laser energy
past to intensify laser-driven shock waJéds7].) E,,~100J, were focused on the same focal spot. The tem-

In this paper, we study the possibility of maximizing suchporal behavior of the laser pulse was Gaussian, with a
an effect by using low-density foams before the laser targeffWHM of 600 ps. A fourth beam, also converted @, 2vas
First we study the hydrodynamics of a layered foam-solidused as a temporal fiducial. Each beam had a 90-mm diam-
targets by analyzing the shock breakthrough from layere@ter and was focused on target with fan500 mm lens. The
targets made of a foam layer on the laser side, and a steppééRgnostic system employed an objecti@ympus 50 mm,
aluminum layer on the rear side. A streak camera is used t&/1.2 used to image the target rear side onto the streak cam-
detect shock breakthrough at the base and at the step of tig&a slit. Also, an active x-ray pinhole camera looking at the
aluminum target, allowing the shock velocity to be deter-target on the laser side, at 22.5° with respect to the laser-
mined. Since the EOS of aluminum is well known, we canbeam plane, was used to check the plasma formation and to
thus determine the shock pressure. image the focal spot in the x-ray domain.

We developed a simple analytical model to predict the Phase zone plates were used too to produce a focal
shock pressure increment as a function of foam density angpot of 400um FWHM, with a ~200-.um-wide flat region
thickness. Such a model also addresses the question of shoék the center, corresponding to a laser intensity<6
stationarity, which is also essential to the use of laser-driven< 10W/cn?. The shock emergence was also inferred by
shocks for EOS measurements. Finally, we show the tentdhe emissivity of the target rear face, which was imaged by a
tive application of the method to the measurement of ondhotographic objective onto the slit of a visible streak cam-
EOS point for gold. era with a 5-ps time resolution. We performed the calibration
of the streak sweep speeds with an etalon made up with a
series of short laser pulséhe FWHM is 100 ps The rela-
tive error in the speed used for our experiments was lower

The experiment was performed using two different lasethan 1%[20]. The system magnification wag = 22, allow-
facilities (at MPQ and LUL) which could give different la- ing a 5um spatial resolution, which was checked by imag-
ser energies, and hence allowed different focal spots antlg a suitable grid.
laser intensities to be tested. First, we used the ASTERIX
iodine laser at the MPQ, which delivers a single beam, of
diameter 30 cm, with an energy of 250 J per pulse at a
wavelength of 0.44um. The temporal behavior of the laser  In order to reduce one of the possible source of experi-
pulse is Gaussian, with a full width at half maximum mental errors, one needs high-quality, well-characterized tar-
(FWHM) of 450 ps. Figure 1 shows the schematic experi-gets with the structure presented in Fig. 1. In addition to an
mental setup. The laser beam was focused directly onto thaccurate knowledge of the step thicknesses, sharp step edges
target with af =564 mm lens. The primary condition of pro- are required. Also, the spacing between the steps must be
ducing flat shock fronts imposed the use of the phase zonemall compared to the flat portion of the focal spot, so that
plate (PZP [7,18] optical smoothing technique, in order to there is always at least one step in the spot re¢isnshown
eliminate the large-scale spatial intensity modulations arisingn Fig. 1), so to make the alignment easier.

Double step lens
target

II. EXPERIMENTAL TECHNIQUE AND SETUP

Ill. TARGETS
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. ——— ) was an ORIEL Q 60000 lamp, equipped with a 100-W mer-
T PLACED INGAVITY cury lamp and a quartz fiber optic.
oL PHOTOINTIATED Targets were comprised of 50-, 100-, and }&@-brass
BY UV LIGHT - rings, closed at one end with three different types of films:
WASHER e SonTIoN (a) simple foil targets(gold or aluminum, or (b) foils with
. grid. These targets were filled with 5—200-mgfcfoams
e — S ceD A soLveny filled to the edge. . _ _
TO PRECIPITATE GEL The targets were placed on a microscopic stage, and filled
DRIED INTO WET FOAM with a solution of monomer in Brij 30® using a syringe
CPD equipped with a microneedléypically a 10—20um tip

size). The targets were then illuminated with the UV light to

polymerize the monomer in the Brij 30® solution. The solu-
FINISHED TARGET tion gelled in a few seconds. These targets containing the gel
were precipitated in a nonsolvent such as methanol. Once the
precipitation of the gel was completed, they were dried with
a critical point drying apparatudolaron 3100 see Fig. 2.
Critical point drying is essential for thie situ polymeriza-

FIG. 2. Foam production.

Our targets were developed in collaboration with the

“Laboratoire des cibles” of the Center d’Etudes de Limeil- . . :
> : tion technique. Any other drying method will damage the
Valenton[21]. The fabrication of the target, with an electron structure of the foam. Figure 3 shows electron microscope

gun deposition technique, is made of three stages: first, th o o . )
base material is deposited; a mask is then applied to this baﬁgages of foam with different densities, showing a homoge

in order to deposit the steps. Then a the foam layer is create ’eous structure in all cases.
as explained in Sec. IV. For the Al/Au targets presented in
the Sec. Il, a second mask is applied, which is mechanically
and optically guided, to ensure that the steps do not overlap Two streak camera images obtained at LULI are pre-
and that their separation is limited to no more than/60.  sented in Fig. 4. They show a shock breakout from targets
The second step is then depositéefore the foam layer is ith and without a foam layer. In both cases it is possible to
created. The overall quality of the targets was checked bysee a time fiducial on the top right of the image, obtained by
electron microscopy. . _ sending a portion of the laser beam onto the streak camera
The aluminum base thickness was in the range of 10-18jit with an optical fiber. In the left image of Fig.(@, a
wm, and the step in the range 44n. The Au step thick-  stepped aluminum target without foam was used; while in
ness was 2—am. The step heights were determined with anthe right image of Fig. é), a foam layer was present on the
absolute error equal to 0.Qam. This ensured a relative error |aser side. All the other conditions, including the laser-pulse
of about 1% for the aluminum step, and about 2% for theenergy €,,~32J), were the same.
gold step. Such pictures show a delayed shock breakthrough, i.e., a
longer time between the maximum of the laser pylsea-

IV. FOAM PRODUCTION sured through the time fiducjaind shock arrival when the
foam is present. This corresponds to the time needed for the
shock to travel through the thick foam. The pictures also
show that the shock velocity inside the aluminum target, and
hence the pressure generated in aluminum, incre@bkes

V. EXPERIMENTAL RESULTS

These targets were filled with the situ polymerization
techniques developed at Dundee univerg2g|, summarized
in Fig. 2. In this technique the targets are filled with a mono-

mer _solgtion FO”‘ai”‘F‘g a pho.toin.itiator, and_ thgn IOOIymer'values of pressure have been deduced from shock velocity by
isedin situ using UV light. Thein situ polymerization tech- using thesEsAME tables[1])

nique produces foams in thg required p_osition in the target Such effects have been found to be a function of the foam
W'thOUt t'he need for machining or handling, thergby reduc; ensity and thickness, as shown in the experimental results
ing the risk of damage to the foam. Foams densities fro_m f Figs. 5(LULI) and 6(MPQ). While at LULI all targets
mg/cr_r? (or lowen), to 900 mg/cr can be produced by this had a 50um-thick foam layer and only density was changed,
techn!qug, de_pendmg on t_he geometry of the target. The P%oth parameters were varied during the MPQ experiment.
lymerization is a free rac_ilcal process, an_d produces.foam§he points corresponding tp=1 are those obtained with
that are homogeneous'wnh “”'fo”.“ submicron Pore SIZEs. stepped targets without foam. The pressure generated in this
The monomer used in the experiments described here WaSst case(on average~18 Mbar at MPQ and~8 Mbar at
TMPTA_(tnmethonI propane triacrylaje the solution for LULI due to the reduced laser intensitgorresponds ap-
polymerization was Brij® 30[polyoxyethylene lauryl(4) proximately to what can be obtained from scaling 1d23]
ethel, and the initiator was benzoin methyl ether. All of for our laser and target parameters:
these chemicals were supplied by Aldrich Chemical Com- '
pany. Brij® 30 was chosen as a solvent for polymerization to P~8.6(1 /10" 23\ ~23(Al2Z)*3, )
eliminate evaporation during the polymerization step. The
small size of the targets makes the surface-to-volume rati@he points forp= 1100 mg/cm correspond to targets which
large, and therefore evaporation of the liquid in the targethave a layer of polymer at normal density. Here the plastic
becomes significant. The UV lamp used for polymerizationthickness is 15um indeed the use of a 60m layer in this
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FIG. 3. Foams at different densitie&) 50-mg/cni foam; (b) 100-mg/cni foam; (c) 200-mg/cni foam; (d) 400-mg/cni foam; and(e)
600-mg/cni foam.

case would have implied the shock pressure is not maineamera sweep speed. The cleanness of the sigeealFig. 4
tained, our laser pulse duration being too slisee Sec. Vil enabled us to obtain a precision af4 psec in the shock
Figures 7 and 8 show instead the delay of the shock arbreakthrough time. As stated in previous sections, the step
rival as a function of foam density. All of Figs. 5-8 also heights of the targets have been measured with an absolute
show the prediction obtained with the analytical model de-error of 0.03um and the streak camera sweep errors were
veloped in Sec. VI. <1%. With all the above errors taken into account, the shock
The error bars of our points have been determined convelocities were determined with a maximum errord5% in
sidering all the sources of errors in the measuremerid.of aluminum. In deducing the error in the shock pressure, we
The causes of possible errors are the uncertainties about th@ok into account the relative error in the shock velocity,
step thicknesses, the shock breakthrough time, and the stredktermined for each single shot. It is possible to show ex-
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FIG. 4. Image of shock breakout obtained at LULI with a streak
camera, withoufleft) and with (right) the foam layer. On the left
we can observe a shot on a stepped aluminum tét@etm, step 5
um). On the right we see the same target with a foam layer (
=50 mg/cni) on the laser side. The shock velocities were 18 km/s
for a stepped aluminum target and 31 km/s for a target with a foa
layer. The flat shock region 200 um large. The time delagt is
410 ps. The energy of the laserlg~32 J.

FIG. 6. Experimental result®/P* vs the foam thickness,
interpolated by Eqgs(9) and (14). Solid curve representBqq/P*
=[1+(P/P*)?]*2, with the ablation pressur@* =18 Mbar. Points
are obtained in the MPQ experiment: full circles: foam lagden-
sity 20 mg/cni) plus Au layer(6.9 um); empty circles: foam layer
rTZdensity 50 mg/cr) plus Au layer(6.9 um); empty triangles: foam

layer (density 50 mg/crd) plus Al layer (24.4 um); full triangles:
foam layer(density 100 mg/crd) plus Al layer(24.4 um); squares:
points obtained in a metal layer without foam. The interpolations
plicitly that the relative error in the shock pressure is ap-shown(obtained using* =900 ps=2t, ) refer to points obtained in
proximately double that of the shock velocity, in aCCOI’danCQargets composed of a foam layelensity 20 mg/crf) and Au layer
with the quadratic dependen¢8] between the two quanti- (6.9 um) (dashed curveand points obtained in targets composed of
ties. a foam layer(density 50 mg/cr¥) and an Au layel6.9 pm) (solid
curve. In this case we also show, for comparison, the curve ob-
tained using* =450 ps=t,_, which provides a worse fit to the ex-
VI. MODEL perimental data.

The scope of this section is to develop a simple model to )
describe the behavior of the shock pressure in the foam arfiScussed later, shock velocity may be related to the shock
in the metal vs time and check the stationarity of the shock irPressure by
the foam and in the metal as a function of foam thickness
and density. We recall that, within some assumptions to be

max—

+1) P* 1/2
(y+1) ) @

T o 0
2 p
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P/P*
N
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[ X )

Shock breakout delay (ps)
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Foam density (g/cm’)
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FIG. 5. Experimental result8/P* vs the foam density, inter- Foam density (g/cm’)

polated by Eqs(9) and (14). Points obtained in the LULI experi-

ment. The solid curve represents the pressig/P*=[1 FIG. 7. Shock breakthrough delay vs foam density. Experimen-
+(P/P*)?1*2, whereP is obtained from Eq(9) when p<pc, or tal data are obtained from the LULI experiment, and are compared
from Eq.(14) whenp>p.. P* is the ablation pressuf@ Mbar in  to quadratigsolid lineg and quartiddashed lines, Eq13)] scaling

this casg and the critical density ipc~ 100 mg/cm. laws.
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1000 ‘ ] foam density. At the same time a shock with equal pressure
1 will be reflected in the foanfthe foam metal interface being
a0 - ‘ e | in dynamical equilibrium, i.e., the pressure on the two sides
B PRI f ] being the same The reflected shock will travel back in the
B O e foam until it reaches the critical surface. Here the laser can
ﬁ;’ oo o 4_____: only sustain a pressure equal to the ablation presdtoe
£ e T - ] (1)]. The difference between these two pressures will gener-
E a0 ot e DT 1 ate an unloading wave that runs rapidly in the foam and in
g /,/" * ] the metal and may eventually reach the shock transmitted in
2 ;]/ , . ] the metal before it emerges from target rear side. This can
" reduce the shock pressure in the target, so that the shock will
K ] no longer be stationary.
0 : : Hence the shock may be nonstationary in the metal, either
0 10 20 30 40 50 60 because the foam is too thin or tenugasd the shock ar-
Foam density (g/cm’) rives at the interface while it is still in the acceleration phase

r because it is too thick or densand the unloading wave
s the time to reach the shock before its breakout from the
target rear side We will now discuss separately all these

FIG. 8. Shock breakthrough delay vs foam density. Experimen-O
tal data are obtained from the MPQ experiment, and are compar
to quartic[Eqg. (13)] scaling laws. Squares refer to targets with a
50-um foam layer(interpolated by the solid curyefull circles to ~ 'SSUES.
those with a 10Qzm foam layer(interpolated by the dashed cujye
and empty circles to those with a 130n foam layer(interpolated A. Nonstationarity at early times
by the dotted curve Let us discuss the first problem. The laser strikes the
whereP* is the pressure generated by the laser in the foan2@M. and generates a shock wave with pressire that
and given by Eq(1). propagates in the foam with spqu. When it arrives at the

We observe thaP* depends only very weakly on the foam-metal interface, a shock will be transmitted, and an-

target material but strongly on the laser parameters. Since tHgner one will be reflected in the foam: both will have the
laser intensity changes with time, we can assume that the2Me Pressure; (P;>P,), but the shock velocities will be
shock speed and the shock pressure undergo a first phasediiferent (0> and D3, respectively. We now consider the
which they increaséacceleration phase<t*), remain con- following simplifying assumptions.
stant in a second phageorresponding to the maximum of (1) We use the equation of state of perfect gas both for the
the laser pulse and decrease in a third phase, due to bidi-©0@m and the metal, that is,
mensional effects in shock propagation and the damping of 1
the laser pulse. E=——PV,

In the acceleration phase of the shockt*, we can sim- -1

ply assume a linear increase of the shock speed, and write )
whereE represents the energy per mass unit.

(2) The reflected shock is represented, in theP) plane,

D =Dmags - (3 by the curve symmetrical to the foam shock polar crossing
the point (;,P4) (see Fig. 9[9].
Therefore the shock acceleration is The first hypothesis, combined with the Hugoniot-
Rankine relations, allows one to obtain
dD D
:HE tx (4) v+1 )
P="5—pot’, (5
Since the shock speed and the shock pressure achieve a con-
stant value after a phase of acceleration, the shock can reach 2
an interface between the foam and the mégald or alumi- p= poD2. (6)
num, in our experimenidefore it has reached its maximum y+1

value. In this case, the shock pressure will continue to in-

crease in the metal and hence stationarity will not beThe factory for a monatomic perfect gas is 5/3. Here, in

achieved in the all metal thickness. order to obtain a more realistic description of the compressed
On the other side, at late times, the shock may be nonstaretal, we have used a value pfvhich is obtained by fitting

tionary due to the relaxation in the material. This may beEg. (5) to the shock polar given by treesamEtables for Al

originated at the end of the laser pulse, but it may take placand to that given in Ref.24] for Au (indeed measurements

before due to the following mechanism. When the shockeported in Ref{15] suggested tha#tESAMEIs not correct for

reaches the foam-metal interface, the pressure of the trangoeld at high pressur@sHence we obtainy, =1.64 and

mitted shock increases due to the impedance mismatch effegi,,=2.25, and in the followingy,am= vy Will be different

[9] since the metal mass density is much bigger than thérom that of the metaly,,.
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reflected shock The characteristics of the laser pulse and the foguick-

ness and densitydetermine the timd, employed by the
shock to go through the foam. t{<t*, then the thickness
of the foam and, are related through the relation

Pressurey shock polar

'of metal

1 .42
shock polar dfoam 2 ata'
of foam

Recalling Egs(3) and (4), we obtain the value oD,
D1= ( 2dfoamD max) 12

t*

M1 Fluid velocity which, combined with Eqs2) and (6), yields

P P
A
BF-- 0 112
I—_> 2p,P*
! Reflected shock P,= deoam P1 (10)
Bf- ==+~ E—;_——'— 1 t* y+1
Shock
<+ Shock
front
P front [ . L .
‘ I ke i We note that in the limiting cagg=t*, we of course obtain
— D;=DaandP;=P*.
Metal  Foam Metal Foam ! max !

The shock pressure at the interface, therefore, depends on
FIG. 9. Representation of the impedance mismatch principlethe foam thickness and on the foam dendity different
On the bottom, we show shock fronts in the metal and in the foanway9. Fixing the foam thickness, and substituting in E).
before and after the shock reaches the interface. the value obtained foP, using Eq.(10), we obtain

The second hypothesis allows one to define the material D._ 2(y+ )Yyt 1)12
velocity u, behind reflected and transmitted shocks: observ- 2 (Yt DYDY+ (y+ 1) Y3 p9) Y2
ing that the vertex of the reflected polar lies in the point
(2u4,Py), and referring to Fig. 9, we can write (dfoam

t*

1/2 1/4

2pIpP*
y+1

U2=2ul_U3. (7)
In a similar way, we can obtain an explicit expression for the
Using these relations, and following the approach used ighock pressure in the metal:
Refs.[25], [26], we arrive to the following equations f@,
andP,: 8o2(y+ 1)M™(2p3P*)™  dioam

P:
“ DYDY (v + 1)V p) 7 1

This equation describes the shock pressure in the metal layer
when the shock arrives at the interface before it has reached
The symbolsp? and p$ indicate the unperturbed foam and its maximum. We see that, in this ca®, increases with the
metal density, respectively. foam densityp{ approximately as{)*"

If the shock reaches the interface when it is already sta- We can express this condition as a function of the foam
tionary thenP,=P*, as given by Eq(1), and then we ob- density. From Eq(10) we can observe tha®,=P* for a
tain an expression for the scaling of shock pressure in thearticular density value, which we will call the critical den-

(12)
@P)M Ay + )Myt 1)V
= Oyt DYDY (v + 1) YA p) M

®)

metal vs foam density: sity pc. This density value is then given by
. 4p%P* (y+1) o oe _p. _ [ 2am| (203P" | 2

- . - l_ * 1

2 [yt DY)+ (v + 1) (p3) P2 t r+l
Within our simplifying assumptions, this is the analytical and, therefore,
expression of the impedance mismatch principle. Decreasing (y+1)(t*)2
the foam density the mismatch between the two materials pe=—=37 —— P*. (12
increases, while the ablation press&® is independent on 2°dioam

density. Hence higher and higher pressures are reached in t
metal.

Our experimental data clearly show that such a trend i
reversed below a certain foam dendity a given thicknegs

Pr?conclusion, in this section, we have obtained the following
elations between the shock pressure in the metal layer and
he density: Ifp<pc (or t;<t*),

This is explained by the fact that in this case the shock 0 102/4 0;;o%\1/2

. , +
reaches the foam-metal interface befote i.e., before the P_f: 8 ifzy 011)/2 (2pa/P 1/)2 S df‘fm;
pressure has reached its maximum vahfe P*  [(ymt DY (pD) Y2+ (y+ DM(px) "% t
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and, if p>pc (or t;>t*), where N, is the Avogadro number. This fixes a limit at
~12mgcm ® (for A=0.53 um). A partial ionization is not

P, 4p2(y+ 1) likely, considering the high temperatures reached in the foam
P* [(ymt 1)1/2(p2)1/2+(7+ 1)1/2(pg)1/2]2- (as shown in numerical simulationsut this would mean

that an even higher foam density is required to reach the
critical density.
B. Shock transit time Also, at the lowest densities, it is not possible to avoid a
Let us now discuss the relation between the time emgjirect interaction of the laser beam with the metal target

ployed by the shock to go through the foam and the foanp(_ahind the fo_am due to thg fast ablatipn rate of the foam.
density: in Figs. 7 and 8 we show the experimental data>/MPle analytical laws predict the ablation r4g] to be
compared with the theoretical curvéis the density range . _
p<pc). Times here are the delays measured when foam is m(kg/ent ) =4.5x 10”1 (Wiem?) ]

present on the targéthat is to say that=0 corresponds to XN (em)] Y t(ng)] Y4

the shock arrival time in a target without foantf we con-

sider the shock velocity constant while the shock goesdence the ablation ratéand the shock pressuyrés inde-
through the foam, the timg, employed by the shock to go pendent of the foam density, and the ablation velocity is

through the foam should be written as inversely proportional to it, giving, in the case of laser pa-
rameters used at LULI, a limit of aboyt~15mgcm 3.
:dfoam Foams with lower density are completely ablated during the
a D’ pulse.

These two effects contribute to gradually lowering the
whereds,am is the foam thickness aridl the shock velocity in - shock pressure to the value measured in simple metal targets,
the foam. Using Eq(2), we obtain thatt, scales ap/?. hence producing the expected continuity of physical results.
However, our experimental points to the density intewal The residual measured pressure increment for such low den-
<pc, and the shock velocity is not constant in the foamsities is probably due to the partial confinement of the ex-

undergoing an acceleration phase. We can therefore writganding aluminum plasma by the foam, as observed in

Jfoam @S shocks produced from focusing lasers on the surface of tar-
gets immersed in water or under a layer of transparent ma-
droam= 7 at®. terial [28].
In the limiting case when no foam is presemt’i(:o or
Fort,, we can use relatio(b) to obtain d=0), we must of course obtain a shock pressufé in
the metal. Hence, in order to obtain a simple analytical ex-
d _E Dﬂx 2 pression for the shock pressueg valid for all foam densi-
foam™32 “px ties p<pc, we assumed
and, therefore, PST=\/P*2+ P} (14)
,  2t*dioam for the shock pressure in the metal, whétg is given by
ta=—Fw— Eqg. (11) (see Sec. VIE for a comparison with experimental
Dmax data

Now, using relation2) for D, We obtain
D. Late times, thick foams, role of relaxation wave

(= 2t*dioam | M 14 (13) Now we will discuss the second stationarity criterion for
a y+1 m| P shock in the metal. As already observed, when the reflected
o P shock in the foam reaches the critical surface, an unloading

wave is generated. If this wave reaches the shock wave be-

Hence, in the acceleration phase, the arrival time scales Jgre_ it has re%Chﬁd tﬂe tlfrget rearsid_(l—:i,t:he S(;]OdeWi"hUOt be
pY* (see Sec. VI E for a comparison with experimental Hata statlopary, an .t € shock pressure will be reduced. This pro-
cess is shown in Fig. 10.

If the shock reaches the interface when it is already sta-
C. Very tenuous foams tionary, it will require a timet;=D,/de to arrive at the
The trend sz\’\s(pg)llz for p<pc continues down to a target rearside. Now we calculate the sum of the following
value of p? for which the plasma generated in the foam be-intervals.

comes undercritical, and hence transparent to laser light. If (1) The time tis, needed to the reflected shock to go
we assume a complete ionization of the I@welements of through the foam, considering that the foam is compressed

the foam, this happens when (and therefore its thickness is reduged
(i) The timet, ;,am Needed for the unloading wave gener-
Ne=pNaZ/A<n.=1.1X 10?Y\?, ated at the critical surface to go through the compressed

046410-8
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A ) TABLE |. Parameters calculated by applying the model de-
| urioading wave scribed in Sec. VI D to verify the shock stationarity.
unloading wave
inthe foam A| Au
Ti .- P, 55.85 Mbar 64.54 Mbar
ime & .
<:| & t; (experimental 467 ps 296 ps
= D3 foam [EQ. (15)] 192.96 km/s 207.43 km/s
hock ;h;t:(z:;aed t1foam [EQ- (16)] 130 ps 120 ps
Jenemite Cs foam LEQ- (17)] 107.87 km/s 115.96 km/s
fetdl | shookinthe foam t2 foam [EQ. (18)] 58 ps 54 ps
Csmet LEQ. (19)] 29.12 km/s 13.71 km/s
B e o e EEE—
metal foam t2 [Eq- (20)] 209 ps 126 ps
layer t1toam 12 foamT 12 397 ps 300 ps

FIG. 10. Dynamics of shock and relaxation waves in a two-layer

target. Finally, the unloading wave has to travel through the metal

layer, where the density has increased about four times and
thickness has been reduced about four times by the direct
shock(the metal behavior is less close to a perfect gas than
that of foams, so this is a worse approximajiofhe sound
velocity in the metal layer is

foam two times(first by direct shock and then by the re-
flected shock this wave propagates at the sound velocity
Cs.
(i) The timet, needed for the unloading wave to go
through the compressed metal.

If tif0am™ t2 foamt 2 IS less thant;, the unloading wave P, |2
reaches the shock wave before it has emerged from the rear- csmet=< Vmet—o) , (19
side of the target, and the shock will not be stationary. To 4p2

calculatet s, We have to determine the speed of the re- . . .
flected shock. This is possible using E), valid for a per- and the time required by the unloading wave to go through

fect gas, and assuming a dengity 4p°, because the density 1€ Metal layer compressed by shock is
of a perfect gas compressed by a very strong shock is in-

creased by a factor 4. The speed of the reflected shock is t, Fﬂ- (20)
therefore T ACsmer
y+1 P, |12 - i -
3= 540 (15 E. Comparison with experimental data
P1

In this section we will compare the experimental data

The time employed by the reflected shock to go through thé(vith the models Qeveloped in the pievious sections_. Figure 5
foam is then easily calculable, but it is important to observe>OWS the experimental data fB/P™ vs foam density ob-

that the thickness has been reduceditg, /4 because of the t@ined at LULI, and their interpolation using Eq$) and
foam compression by the direct shock. Hence (14). It is evident that in this caspc~100mg/cm. The
ablation pressur®* was about 8 Mbar at LULI and about

d 18 Mbar at MPQ, both in Al and Au targets. This was mea-
tlfoam:ﬂ"_ (16) sured using step targets without a foam layer, and resulted in
4D3 agreement with the value given by Eq. 1. Also, to draw the
interpolation we have uset* —ty,=27, where 7 is the
At the critical surface an unloading wave is generated, whiclF\wHM duration of the laser pulse. This implies* ¢ to)
travels through the target with the sound velocity in the com-=ggg ps for the MPQ experiment and 1200 ps for the LULI
pressed foam: experiment. This choice gave the best agreement between
our analytical model and the predictions of computer simu-
lations[25,26.
17) Figure 6 shows the results obtained at MPQ. Here they
have been represented as functions of the foam thickness,

P, is the pressure of the reflected shogks= 16p3 (the foam making it clear that, for very thin foams, shock stationarity

has undergone the passage of two shocks, and compres'\%%lS not been qbtained. While Fig. 6 shows a .fai'r agreement
two times of a factor # etween experimental results and model prediction for gold,

Also the foam thickness is now,,/16. Hence the situ_ation is completely different for A_I. This is due to the
relaxation wave. Indeed, let us consider the case of a
50-mg/cni foam layer and a metal layer with a thickness of
6.9 um for Au and one of 24.4um for Al.
In Table | we report all the results obtained using the

P2 1/2
Cs=|y—
s P1

dfoam

ty foamzﬁ- (18
s
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200 ym
>

/

FIG. 11. Principle of two-step—two-material targets.

model presented in Sec. VI equations used to calculate
these values are also indicated in TableThe pressuré,

of the reflected and transmitted shock is calculated using Eq.
(9), wherep{ is the foam densityp) is the metal density2.7
glen? for Al and 19.3 g/cm for Au).

We can observe that in the aluminum case the unloading
wave reaches the shock wave before it arrives at the rearside
of the target; then the shock is nonstationary in the case of
Al, which explains the behavior of Al experimental points in
Fig. 6. Finally, Figs. 7 and 8 show the experimental behavior
of the shock arrival time as a function of the foam density.
Results have been interpolated with the function

FIG. 12. Experiment on a double-step target: streak camera
1/4 record of visible light emitted by the rear side of the target. The
target consists of a base of aluminuthickness 18um) and two
steps of gold2.87 um) and aluminum(6.4 wm), respectively.

ta=ap

[see Sec. VIE and E¢13)]. In Fig. 7, we also represent the

interpolationt,=ap? which is obtained if we considé to  pressure and fluid velocity, found by impedance mismatch,

be constant. in gold are 108.1 Mbar and 19.56 km/s, in fair agreement

with the scaling given in Ref[24] (which would give P

=95.84 Mbar andu=17.34km/s whenD =28.64 km/s).

This is in fair agreement with recent data published on gold
In Sec. VI, we used foams in a preliminary experiment forshock compressiofi5].

the measurement of the EOS of gold. Such an EOS experi-

ment is based on the impedance-matching technigliap- VIIl. CONCLUSIONS

plied to a two-step, two-material target, with the structure ) ] S

sketched in Fig. 11. The target is made of a base of a mate- In this paper we have discussed the applicability of foams

rial A (reference materiglwhich supports two steps, one of @S pressure amplifiers in EOS experiments with laser-

the same materiah and the other one of a materigl (the prpduced shocks. The pressure increase due to impedance

material to be investigat¢dThe target side, corresponding mismatch at the payload-foam interface was measured ex-

to the base, was irradiated with the laser so that, recordin§€"imentally using sub-ns laser pulses smoothed with phase

the temporal evolution of the rear face emissivity, it was one plates. Foams of densitiess mg/cn? and thickness

possible to measure the shock breakout time from the bas%50 pm were used. A model has been developed to study

and from the steps. Therefore, this target geometry aIIOWgressure amplification and the conditions under which the
DA ’ : hock is stationary. Two-step, two-material targets, allowin
the shock velocitie® , andDg to be experimentally deter- y P 9 g

) X ) the simultaneous measurements of the shock velocities in the
mined in the two materials on the same laser shot. By knowg, 5 materials, were then used to obtain relative equation of

ing the EOS of materiah and using impedance-matching gate data. Pressures higher than 100 Mbar were achieved in
conditions[9], we could then find the EOS points of material ¢o|q,

B. Here the reference material was aluminum which has a |ncrements of a factoe3 in shock pressure have been
well known EOS[1] in the investigated pressure range, anddemonstrated. Due to the weak scaling of pressure vs laser
materialB was gold. intensity[see Eq(1)], this would require a facto6 incre-
Figure 12 shows a typical streak image of a two-step tarment in intensity on target for which a kJ laser would be
get obtained at MPQ. Due to the large target thickness, twonecessary. Also, this would imply the use of intensities fall-
dimensional effects are already quite appreciable, giving @ng in the nonlinear regime, where preheating can become
curved shock breakout. However the central =100 um) quite dangerous.
is still flat enough to allow the measurement and a compari- Our results may open the way to the use of foams in EOS
son of the shock velocities in the two materials. experiments such those described in R&b]. In this case
Here the experimental aluminum shock velocityDs,  the use of foams can be a relatively easy way of relaxing
~48.17um/ns, corresponding t®#®~45.29 Mbar, and the laser energy requirements. Hence foams can increase the ef-
gold shock velocity iDg~28.64um/ns. The corresponding ficiency of direct drive EOS experimentalready more effi-

VII. Application to EOS experiments
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