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Foam-induced smoothing studied through laser-driven shock waves
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The influence of foams on the uniformity of laser energy deposition has been studied by measuring laser-
driven shock waves breakout from foam-aluminum layered targets. Well characterized laser nonuniformities
have been produced first by using phase zone plates to get a smooth beam and then by inserting different
opaque grids before the foam. Smoothing has been studied as a function of foam density and grid materials
(producing different radiative effedts

PACS numbsgps): 52.50.Jm, 52.50.Lp, 44.30v, 52.35.Tc

. INTRODUCTION =50um, illuminated by a laser beam at intensity
As is well known, the problem of uniformity of energy =5X 10*W/cn?. According to their results, a key element
deposition in direct-drive inertial confinement fusiggF) is g)ir:?ne Sgl((::icfasse?(szlgg rR)o O;hfg%;?,g?g??;ﬁ ttf)leefgrrgstﬁgce of
of the main importance in order to obtain ignition and high 9 Y ! '

in | der 1o i h iformitv of | iumi foam layer. This layer, which rapidly evaporates and burns
gain. In order 1o improve the uniformity ot 1aser | umma’.through, produces a high flux of soft x rays which generates

tion, optical smoothing techniques have been introduced iy o jiation-driven wave in the foam material thereby ioniz-

last years, which include for instance the use of randomyq it and producing the overcritical plasma which is needed
phase platefl], phase zone plat¢&], kinoform phase plates fo; thermal smoothing. The authors qualitatively explain

[3], smoothing by spectral dispersi¢d], or induced spatial  thejr results by saying that, in the case where the foam is
incoherenc¢5]. Despite the considerable success of all SUC"present, the stand off distantemust be replaced by the all
techniques, especially when used together, there still remaingickness of the foam layer, which has been transformed in
an issue of laser nonuniformity at very early times. This hasan overcritical plasma layer, so that the fackois strongly
been called “laser imprint” probleni6,7] and may have decreased.
important consequences on compression uniformity at later Even if such explanation is plausible, still many points
times (and in particular on the development of Rayleigh-need to be studied in this context, in particular the influence
Taylor instability[8]) even if optical smoothing is used. of foam parameter&ensity, thickness, efcand that of x-ray

In this context, the use of low density foams has beernradiation on the effectiveness of smoothing. Also it is very
recently proposed as a means of producing a uniform energynportant that the radiation field is able to produce the de-
deposition in direct drive ICH9]. A low density foam is  sired overcritical plasma without, at the same time, inducing
inserted between the target itséfie payload materigland  a preheating of the payload material after the foam. Indeed in
the laser, producing a long overcritical plasma where lasefCF it is fundamental to minimize the drive energy in order
nonuniformities are homogenized by thermal smoothing. Aso compress the target along a low isentrope and reach a high
is well known, thermal smoothing reduces the pressure variagain. Thus the preheating of the thermonuclear fuel must be
tions 6P, which are present at the laser deposition surfacewoided, especially in the early stages of the implosion.

(usually the critical density layer in the plasmay a factor Another point is that in Ref.12] no attempt was made to
control the laser beam nonuniformities and only the nonuni-
I'=exp(—akL), formities naturally produced by the hot spots present in the

laser beam profile and by the smoothing technique were
wherek is the wave number of the spatial perturbations ofused. This, although not necessarily too important in this
the incident laser beana; is a factor of the order of tvary-  stage of the experiments, could be indeed very interesting in
ing according to the different modef40,11]), andL is the  verifying what the scale is of the nonuniformities that are
stand-off distance, i.e., the distance between the laser depeeally smoothed with the foam technique.
sition layer and the ablation front. Perturbations with spatial ~With this aim we realized the experiment presented in this
wavelength much smaller than are therefore completely paper. Its schematic setup is shown in Fig. 1 with the follow-
removed by thermal smoothing. ing basic elements.

The “foam buffered ICF” scheme has been firstly pro- (i) The use of foams of density from 30 to 200 mgcim

posed by Dunnet al.[12] in preliminary experiments using study the smoothing effects as a function of foam density
a plastic foam with densitp=50 mg/cnt and thicknessl (instead the foam thickness was fixed ar@l0 um).
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whereD is the average shock velocityy,., andl ., are the
maximum and minimum values of the laser intensity on tar-
get, and

To the
— streak

camera, 6D =D max— Din-

We note that in our case, unlike in R¢fL4], we havel .,
=0, and therl" is simply given byéD/D.

FIG. 1. Scheme of the experimental setup at LULI.
Il. EXPERIMENTAL SETUP

(i) The use of well-known nonuniformities which have ~ The experiment was performed using three beams of the
been produced first by using phase zone plates to producel@boratoire pour I'Utilisation des Lasers IntengeSILI) Nd
smooth and flat beam profil2], and then by inserting laser(converted ah=0.53um, with a total maximum en-
opaque grid€9 um thick) before the foam. In this first ex- ©€r9YE2,~100J. The pulse was Gaussian in time with a full

periment only grids with a 6@m spacing have been used. Width half maximum(FWHM) of 600 ps. All beams had a
(i) The use of grids of different materials in order to 90 mm diameter and were focused withf & 500 mm lens

change the radiation emissigooncerning both the intensity onto the same focal spot. We used phase zone p(RE8

and the spectral distribution of x raysThen in our experi- in order to eliminate large scale spatial intensity modulations

ment the grid had the double goal of producing the Iaserand produce a flat-top intensity proffl2]. Since the smooth-

. - . : ing effect introduced by the foam varies with its density, the
npnynlforrr_]|t|es which we wish to Smo_o.th away and the "4 yse of PZPs was necessary in our experiment in order to get
diation which should c.reate the overcrltlca_ll plasma. . the same irradiation conditions for any foam density. Our

The use of 9um thick steps was required to avoid the o nica| systems (PZPfocusing lens) produced a focal spot
complete ablation of the grid material during the laser pulseys 400 um FWHM, with an ~200 xm wide flat region in
in order to maintain the nonuniformity of irradiation during e center, corresponding to a laser intensite3—
all the interaction. On the other hand this implies a regime ingx 10'3\W/cnm? Such large focal spots were needed to re-
which smoothing due to radiation-driven ionization of the 4,ce two-dimensional2D) effects because the total thick-
foam, refraction effects on laser beams in the nonuniformhess of the target was of the order of 6.
plasma corona, nonlinear interactions of shocks, and nonlin- e target was made with an Al lay€ét3.2 um thick)
ear effects in x-ray illumination from the grid sides, all play gyer which a foam layer was realized with a technique de-
a role. We think, however, that the interpretation of the eX-veloped at Dundee Universityl7]. The monomer used in
perimental data presented in Sec. Ill mainly relies ongyr experiments was TMPTAtrimethylol propane triacry-
smoothing, due to the different time scales implied in thelate, GiHo0g). Foams of thickness 54 to ém and densi-
different phenomena, as will be shown in Sec. IVA. ties from 30 to 200 mg/ciwere produced, all correspond-
In the experiment a streak camera was used as diagnosii¢q to overcritical plasmas in case of full ionization. Finally,
to detect the shock breakout from the layered targets made gfi4s with spacing 3gm and step 3Qum were usedexcept
foam on the laser side and an aluminum layer on the rear si(%,r the plastic grids which had, respectively, 27.5 and 32.5
(Fig. 1). Although aluminum is not a material used in ICF um). Their thickness was &m and they were realized in

foam-buffered targets, it allows us to simulate the realisticyitferent materials, i.e., gold, copper, and plagtids last to
situation of shock transmission from the low density foam topoquce a small x-ray flux and low radiative effects in the

a denser payload material. The great advantage of aluminugg gy,

is ttat Itts e?ugtioln 0‘; stat€0S its Wel"_ k”%W”E?’]v which t Notice that the grid transparency4st so that the average
makes it a typical reference material in shock experiments. . L B N 3

Such an experimental scheme allows smoothing effects tlé;\ser Intensity i = (Iﬂaxﬂmi”)/z_ | maf 22 107 W/ent.
be measured as already shown by Kado and Taft&ain The average value df will ther_1 correspond to an average
an experiment on thermal smoothing without foams. Indeed"€SSure~4 Mbar corresponding to what can be obtained
if there were a perfect smoothing of laser nonuniformities,fom scaling laws[15] for our laser and target parameters:
then a flat shock breakout would be detected on the target
rear side. On the contrary, if the smoothing is not perfect, an
early shock breakout must be detected where the shock is
stronger and a delayed shock breakout in correspondence W}h
the other points. In the case of Régfl4], the smoothing
effect was related to the experimentally measured difference . EXPERIMENTAL RESULTS
in shock velocity. More precisely the smoothing factors
calculated using the dependerie: 1?2 andP~D? (accord-
ing to Refs.[15] and[16]), as

P~8.6(1/10"%23\ ~23(Al2Z2)13,

ereP is in Mbar, \ in um, andl in W/cn?.

Figure 2 shows different streak camera images obtained
with foams of density 30, 100, and 200 mgftemd copper
grids. We can see a time fiducial on the top left of each
image. Instead Fig. 3 shows three results obtainedpfor
5D 123 4128 =50 mg/cni and different grid materials. Such images, and
_ max ~ " min the others obtained in the experiment, show how the smooth-

D IR ing effect is affected both by the grid material and the foam
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FIG. 2. Streak camera images obtained with gpfidam+Al
targets(grid spacing=60 wm, foam thickness60 um, Al base
13.2 um) in the case of a Cu grid and foams of denggy 30, (b) FIG. 3. Streak camera images obtained with gifidam+Al
100, and(c) 200 mg/ci. The laser energy was, respectively, 92, base targets(grid spacing=60 um, foam thickness60 um,
83, and 94 J. A time fiducial can be seen on the top left of eactbase 13.2um) in the case of =50 mg/cni foam and grids of
image. Time flows up to down and the dimensions of the figure aralifferent materials: (a) Cu, (b) Au, and(c) CH. The laser energy
1.8 ns and 80Qum (in this and in all following streak camera was, respectively, 94, 90, and 79 J. A time fiducial can be seen on
pictures. the top left of each image.
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density. Also, the results in Figs. 2 and 3 clearly show that in
some cases, the presence of the foam layer allows a smooth-
ing of laser-imprints nonuniformities of the order of 100%,
i.e., the shock breakout signal appears to be practically flat.
This is true even with the very large scale nonuniformities
used in our experiment~=60 um from peak to pegkand

will be obviously easier in the case of smaller nonuniformi-
ties, which are more easily smoothed by thermal transport.

However, at the same time two features seem surprising:
first the smoothing effect seems better in copper as compared
to gold, while gold is known to have a higher laser-to-x-rays
conversion efficiency; and second, a foam density of 30-50
mg/cn? seems to produce a better smoothing than a 100—200
mg/cnt foam, although a denser plasma will be certainly
formed in this last case.

We can also see from Fig. 3 that a bigger preheating is
present in the case of a copper grid, and that this preheating
is more important at low foam density, as can be seen by
comparing Figs. @) and 3a).

Before explaining our results, we want to point out that
the interpretation of such images is not obvious due to the
absence of a “blank” reference. Indeed, even if small, radia-
tion effects cannot be completely excluded in the case of
plastic grids. Moreover, in our scheme thermal smoothing is
not only active in the foam itself but also in the payload
material (we will see how this has a strong influence on
experimental resulisFinally, the smoothing effect, which is
evident in the images in Figs. 2 and 3, is not only due to
thermal smoothing since a geometrical effect is also present,
which tends to smooth the shape of the shock wave as it
propagates through the material. This purely 2D geometrical
effect tends to produce a flat shock front due to the superim-
position of secondary shock waves, in analogy with what
happens with light waves according to the Huygens prin-
ciple.

In order to test the importance of such effects we realized
the shots shown in Figs.(& to 4(c). The first two pictures
show streak camera shock breakout images obtained with
targets without foam, in which the grid was directly glued on
the Al layer. This eliminates both the thermal smoothing and
the geometrical smoothing effect in the foalout not, of
course, smoothing in Al We see in all cases the laser im-
printing on the cold target, irrespective of the grid material.
We also note, as in the case of targets with foam, the bigger
preheating in the case of copper grid. The third ¢R&.

4(c)] shows instead a shock breakout obtained with a target
without foam in which the grid was kept at a distance of 50
um from the Al layer. In this way thermal smoothing in the
foam is avoided while 2D smoothing effects still play a role
(anyway 2D geometrical smoothing now acts on the laser
illumination itself through vacuum and not on shock waves
through the foam

Even if the shots shown in Fig. 4 do not constitute a blank
case for the images of Figs. 2 and 3, they give at least a sort
of qualitative evidence that smoothing effects are stronger
when the foam is present. Also, the dependence on foam G 4. Streak camera images obtained with aluminum targets
density and material in Figs. 2 and 3 shows that suchtnickness 13.2.m) without foam in which a Cu grida) and an Au
smoothing effects are not only due to geometrical effects. grid (b) was directly glued on the Al layer. The third image

Figure 5 summarizes the results of Figs. 2—4. Here thghows a shock breakout obtained with a target without foam in
maximum differenceét in shock arrival along the shock which the grid was kept at a distance-ef50 um from the Al layer.
front is shown for the different cases. Such temporal differ-The laser energy was, respectively, 55, 54, and 52 J.
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FIG. 5. Differencesst in shock arrival time across the central
region of the shock front for different cases{1) no foam, Cu grid;
(2) no foam, Au grid;(3) 50 mg/cn? foam, CH grid;(4) 50 mg/cni
foam, Au grid;(5) 200 mg/cni foam, Cu grid;(6) 50 mg/cn? foam,
Cu grid; (7) 100 mg/cni foam, Cu grid;(8) 30 mg/cnt foam, Cu
grid.

encedt is connected to the difference in shock velociy

and hence to the smoothing paramdteiThe cases of Figs.
2(a), 2(b), and 3a) correspond taSt<10 ps, i.e., no differ-
ence in shock arrival time is detected within the temporal
resolution of the recording apparatid® ps as determined by
streak camera sweep speed and slit)si@a the contrary, in
the case of Figs. (@) and 4b) no homogenization of shock
breakout was evidenced, i.e., no breakout signal was de-
tected in the position corresponding to the grid steps and
hencest=1 ns(as connected to the temporal window in the
recorded streak camera imagétermediate differencest
correspond to Figs.(2), 3(b), and 3c).

Finally Figs. 6 and 7 show the influence of laser intensity,
respectively, in the case of targets with a gold grid directly
placed on the Al layer and in the case of plastic grid—50
mg/cnt foam targets. In both cases a better smoothing is
observed for higher intensity.

FIG. 6. Streak camera images obtained with aluminum targets
IV. DISCUSSION (thickness 13.2um) without foam, in which a Au grid was di-
rectly glued on the Al layer. The laser energy w@s 54 J (
In order to explain our experimental data, we tried to=4.2x10"®Wj/cn?) and (b) 85 J (6.5<10Wi/cn¥). A better
develop a simple analytical model. As seen in Sec. |, themoothing is observed for higher intensity.
actual experimental situation is quite complicated. We are
interested in the radiation-driven smoothing of the nonunitarget. We also used the computer codé Ti (multigroup
formities created with the grid, but at the same time otheradiation transport in multilayer foils [18] to run
phenomena play a role, such as refraction effects on lasdrydrodynamic-radiative simulations which have been com-
beams and nonlinear interaction of shocks. The complete nypared to the results of the semianalytical model. Although
merical simulation of all these phenomena is beyond théoth MULTI and the model assume local thermodynamical
scope of the present paper. Moreover, it is very difficult toequilibrium (LTE) conditions, in reality much of the plasma
imagine how these phenomena can bring some uniformizawill be far from LTE (as shown for instance in R4fL9]). In
tion to the shock breakout. On the contrary, they would verythis respect both our semianalytical model ang 11 simu-
likely produce stronger nonuniformity. For instance in thelations represent a much simplified description of the physi-
case of refraction, the nonuniform plasma density will prob-cal reality and are simply used on a heuristic basis.
ably constitute the seed for beam filamentation which will  The results obtained with the two models agree quite well
produce a laser illumination which is even less uniform tharwith each other, which gives a good reason to trust our in-
the initial one. This suggests that the physical interpretationerpretation. We think in particular that the use M@LTI
of our experimental data is probably based on a somewhatlone would be questionable due to the very low precision
“simpler” physical mechanism. with which opacities are known. This uncertainty plays a
Therefore in order to study the problem, we firstly devel-double role since first the emission from the grid material
oped a simple semianalytical “heuristic” model to estimatemust be estimated and then its absorption in the foam. In
x-ray emission from the grid, x-ray absorption in foam andorder to overcome such uncertainties we used published data
Al layers, and the density and temperature profiles in thg¢20-2§ for the emission spectra of C, Cu, and Au and the
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FIG. 8. Convolution of the experimental emission spe(imam
Ref.[21]) with the foam absorption for a layer of §om and 100
mg/cn®, (a) Cu grid; (b) Au grid.

periment, Au emission is centered around 0.7 keV while Cu
is characterized by strong emission between 1 and 1.5 keV.
The conditions under which these experimental spectra
have been obtained are not far from those of our experiment.
FIG. 7. Streak camera images obtained with gpfidam+Al Moreover, t.he.y refer .to e.mISS'On on the laser side, which is
base targetigrid spacing-60 zm, foam thickness60 um, base reglly what is mtergstmg in our case. Indegd due to the large
13.2 um) in the case of a CH grid and 50 mg/cc foam layer. Thethlckness of the grid, no x rays will be emitted on the back
laser energy wasa) 79 J (=6.1x 10" Wicn?) and (b) 98 J ¢ Side of the grid steps.
—=7.5x 10 Wicr?). A better smoothing is observed for higher  In order to discuss the relevance of this simplified model
intensity. of x-ray emission for the interpretation of our results, one
should consider that while the fine details of x-ray emission
laser to x-rays conversion efficiency. Then, neglecting fordepend on the irradiation and geometrical parameters in a
the moment foam hydrodynamics, we propagated the X-rayomplicated way, the gross features are not so sensible, in
flux through the foam. The assumption of neglecting hydro-particular(for laser intensities not too far from those used in
motions is justified as long as the phenomena induced by gur experiment they mainly depend on the irradiated mate-
rays absorption take place over a much shorter time scale, réal. We refer to the presence of characteristicL, M, -
condition which we will verify in the next section and which peaks in x-ray emission which is what is really important for

is anyway the idea at the basis of foam-buffered ICF. efficiently coupling the x-ray radiation to the foam and Al
layers. Within these limitayuLTI simulations also reproduce
. . the main features of the experimental spectra found in the
A. Semianalytical model

literature.

Experimental data on Cu and Au conversion efficiemcy Figure 8 shows the convolution of the experimental emis-
reported in literatur¢20—26G show that Au conversion effi- sion spectrd22] with the foam absorption for a layer of 60
ciency is bigger than Cua higher x-ray flux is produced um and 100 mg/crh[(a) copper grid;(b) gold grid]. The
7~50% in the case of gold against 30% for copper. How-analysis of such graphs for different foam densities, and the
ever, when x-ray spectra are analyzed, the spectrum of cogomparison with the emission spectfalso shown in the
per extends to higher energies, having non-negligible emissame figurg shows that x rays can be approximately divided
sion up to~4.5 keV as compared t&3 keV for gold. Also, in two groups: low-energy x rayshy<1 keV) which are
in an intensity range comparable to the one used in our excompletely absorbed in the foam contributing to its ioniza-
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tion and heating, and higher-energy x raysve 1 keV) 130 ‘ ' !

which do not contribute much to these phenomena being lesis —— 50 mglem®
attenuated, but may be transmitted to the payload materia2 100 —— 100 mgiem® }...
after the foam. Integrating the graphs in Fig. 8 over photong

energies it is possible to calculate tr@81% and~48% of 2

the laser energy is absorbed in the&®—100 mg/cr foam 2 0 y
layer in the case of Cu and Au, respectivétiiese figures 'g

change to~28 and 45% in the case of 50 mg/toam). = 20 T

Such energy, if uniformly distributed over the whole foam & T
thickness, would be sufficient to produce an overcritical N
plasma due to heating and ionization of the foam. However, 100 0 2‘0 P 0 Au P %0

this is not what happens in reality since x rays are producec
over a certain duration and, above all, because most of ab-
sorbed x rays are really absorbed in the very first foam layers FIG. 9. Temperature profiles in the case of Cu and Au grids and
due to their very low penetration. foams of initial density 50 and 100 mg/ém

More precisely, assuming a temporally flat x-ray pulse of
duration equal to the laser pulse, we find that the energy
deposited in a foam layer betwerandx+dx in the timedt
due to the photons of enerdw, is given by

pm

Some very interesting conclusions can be drawn from the
analysis of such figures. First the temperatures reached in the
foam layer are bigger in the 30—50 mg/toase than in the
100-200 mg/crhcase. Indeed the x-ray energy absorbed in

2
dE(x,t,hv)=gm(E /1)) j dd(cosd)“sind the 30—-50 mg/crhcase is slightly less but it is shared be-
0 tween a smaller number of particles. On the other side the
X1(hv)wpe **dt d(hv)dx plasma is well overcritical in both casés our experiment

ne~4x10?*cm 3). We think that the better smoothing ef-
whereg is a factor that takes into account the geometry offect observed in the 30-50 mg/2rsase is related to the
the target(a grid in our casg E, is the laser energgwhich ~ bigger temperature which causes a drastic increase in the
must be divided by 2 to take into account the grid transparelectron mean free path and related quantities such as ther-
ency), the factor (cos)* describes the angular distribution Mal conductivity. This is true for both Cu and Au grids.

of emitted x raygnotice thata priori & may be different for We also see that in the case of 100-200 mgd/cat a
different photon energig¢sandu andp are, respectively, the certain distance, the density and temperature of the foam
foam absorption coefficient and density. plasma become bigger with Cu than with Au. This effect is

Here the transparency of the foam iS Ca|cu|ated by usin?iue to the fact that most .SOft.X rayS are absorbed before th|S
the absorption coefficients for cold foam, reported in the layer and after it the contribution from harder x rays becomes
official web site of the Center for X-Ray Opti€sttp://www- dominant(of course it is not observed ir_l the 30—50 mgicm
cxro.Ibl.gov) of the Lawrence Berkeley National Laboratory ¢ase due to the lower overall absorpfioAfter the foam,
(LBNL) and obtained using Henke’s mod@l7]. Again, this ~ Such x rays are likely to be transmitted to Al and cause a
assumption is justified only as long as a fast x-ray-inducedPreheating of this layer. In order to verify this hypothesis we
ionization is observed. applied the model to Al obtaining the results shown, in the
Assuming for sake of simplicityr=1 for all photon en- ~ case of a 100 mg/chdensity foam in Fig. 11. We see that
ergies andy= 1/2, we finally get a formula which allows us indeed there is a _non-negllg|ble preheatm_g o_f Al in the case
to calculate energy deposition as a function of time, spacevhere a Cu grid is used. The discontinuity in plasma tem-
and frequency. From the energfE(x) deposited in a foam _perature at th_e foam-A_I _mterface is due to the d|s.cont|nU|ty
layer of thicknessdx, we can then calculate the ionization In the absorption coefficient: the harder x rays, which propa-
degreez* (i.e., the electron density,) and the plasma tem- gate almost freely in the foam, are abruptly stopped in Al. In
peratureT consistently by using More’s formu(&8] for Z*
(which is derived from the Thomas-Fermi modehd equi- T < r
partion of energy to calculat€ sharing the energy between
all the particles. We neglect the energy spent in ionization
and get

Au 100 mg/cm®
dE(X)=2(1+Z*)n,T dV.

Cu 100 mg/cm®
Heren;=n./Z* is the ion density which, due to the approxi- Y S T —
mation of neglecting hydromation, is only related to the ini-
tial foam density. The calculations are reiterated until con-
sistent values oZ* and T are found. This calculation has
been used to obtain the results in Figs. 9 and 10 which show Cu 50 mgiem®
respectively, the temperature and density profiles for Cu anc ! ‘ ’ ‘
Au grids and foams of different initial densitjor the sake
of brevity we only report the cases of 50 and 100 mg/cm  FIG. 10. Density profiles in the case of Cu and Au grids and
foams. foams of initial density 50 and 100 mg/ém

50 mg/em®

Density profile (cm™ X 10%)

0 10 20 30 40 50 pm
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60 I [ I B. MuLTI simulations
50 b é‘: i Simulations were performed with the one-dimensional hy-
\ drocodemuLT! [18] which takes radiation transfer into ac-

count by using a multigroup radiative diffusion model. We

40 ’ : '
\ _ have used the SNOP opacity tableteady-state non-LTE

- opacitie$ [31] for Cu and Au, and the Los Alamos opacity

Temperature profile (eV)

% data bas€TOPS opacity tableg32]) for TMPTA. Also, for
20 - TMPTA, we have used the SESAME EOS tabld§] for
plastic where the initial density has been set to the experi-
10 f mentally measured foam density. An additional difficulty is
: that using a monodimensionélD) code is not possible to
0 i ‘ —_ simulate the real situation in which a grid is put before the
20 30 40 50 60 pm 70 foam layer. Then, to simulate our situation in which the tar-

get is subject at the same time to laser ancdiation, we
calculated separatelplways withmuLTI) the emission spec-
Ytrum of a Cu or Au target and then we included the calcu-
lated X radiation in the simulation, contemporary to laser
radiation. Neglecting 2D aspects of the problem, we only
wanted to analyze the effect of the radiation flux on the foam
€afd the formation of an overcritical plasma characterized by
some density and temperature scale lengths.
We underline again that emission spectra calculated with

MULTI agree quite well with the experimental spectra, the
‘code reproducing the main features of emission such as char-

tance equal te~50 pm in 50 pS from W_h'Ch we geta veloc_- acteristic peaks and conversion efficiency. The fine details of
ity >1 um/ps. Such velocity is much bigger than the velocity o ission are not reconstructed by the multigroup average-

of any hydrodynamic wave. For instance, the shock wavey,m annroach used LT, but this is not really important

velocity in the foam, in our conditions, is at most of the Ordersince the interaction does not seem to depend on such fine
of ~100 um/ns(as can be extrapolated from REZ9]). Also details

it is m_uch bigger_than the ablatio_n velocity, i.e., the velocity Figure 13 shows the time behavior of target rear side
at which matter is transformed into a hot plasma by Iaseremissivity calculated witmuLTI and compared with the ex-

heating. At early times this must be calculated using the,qimantally observed results, i.e., with the time behavior of

r_nodel for absorption at the critical surfa¢&S]; at later . emissivity recorded with the streak camé&aavertical cut of
times, when a long plasma corona has developed, absorptl'cme streak camera images in one fixed posjtidoth the

becomes nonlocalized and the ablation rate of the foam igjn, jations and the experimental results show an increase in

given by[30] emissivity before shock breakout; in both cases this emission
is visible =1 ns before shock breakout and is a clear signa-

FIG. 11. Temperature profiles in the foam layep (
=100 mg/cni) and in the aluminum base in the case of Cu and A
grids. The foam-Al interface is at 6@m.

the case of a 50 mg/chioam, the model does not show such
discontinuity, but higher temperatures are reached becaus
larger x-ray flux is reaching the Al layer.

Finally Fig. 12 shows the time evolution of the electron
density profile. The velocity of this “ionization wave” can
be estimated by noting that the critical point moves a dis

M=4.5x10 O3\ "1~ 14 ture of target preheating as shown in various recent works
[33,34.
where nowt is in ns andm is in gcm ?s L. In both cases we Even if simulations neglect the 2D aspects, nevertheless

get an ablation velocity ,(t) =m/p of the order of 4Qum/ns  they give us important information, such as the temperature
for a 50 mg/cm density. These two observations seem toprofile in the plasma and the hydrodynamic time scales.
justify a posteriorithe assumption of neglecting the hydro- From Fig. 13 we can see that time scales reproduced by
motion of the foam. simulations do not agree with the observed time scales, even
if the qualitative behavior of the signal is quite similar to
experimental data. The code gives a shock breakout at 400 ps
after laser peak, while experimental data indicate a bigger
delay, of about 1 ns. This is due to the fact that the code does
not take lateral energy transport into account and that the
presence of a grid in the real case gives, as previously seen,
an average laser intensity of about 20'* W/cn?, while in
these 1D simulations a laser intensitx 50> W/cn? was
used.

Anyway MULTI simulations confirms quite well the results
obtained with the semianalytical model: no formation of a
radiative wave was evidenced in the simulations, but plasma

temperature was characterized by a semiexponential profile.
0 10 20 30 40 50 pm i i
Also, plasma temperature decreases with the distance and

FIG. 12. Time evolution of the electron density profile in the abruptly increases at the foam-Al interface. This seems to
case of a 50 mg/cffoam-Cu grid target. The “ionization wave” Support our interpretation of the role played by radiation and
has a velocity of about Zm/ps. foams in the smoothing of laser energy deposition.

Density profile (cm™® X 10%?)

0 ; |
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8 Indeed, it is true that target preheating must be avoided in
(arb.units) a) 7\ ICF since it will move the target material off the isentrope
/ \ with a significant loss of compression efficiency. The effec-
6 / tive thermal smoothing in the foam layer alone is probably
about the same with Cu and Au since in both cases plasmas
4 / of similar density and temperature are produdedth a
/ slight preference towards the use of)Au
/ (iiil) How not only the foam density plays a role in the
o / smoothing effect, i.e., the fact that the plasma formed is over
/ critical. Also its temperature is very critical. A higher tem-
~ perature will increase the electron mean free path and lateral
0 _../ energy transport, thereby contributing to a more effective
0 500 1000 1500  pS thermal smoothing. This can easily be seen by looking at the
formula for thermal conduction
250 !
i 5/2
b) VLI
200 M Z* InA
(where InA is the Coulomb logarithmnand justifies the fact
150 that smoothing is more effective at 30—50 mgicthan at
100—200 mg/crh In this last case indeed the temperatures
reached in the plasma are a factor of 2—4 lower than with
100 30-50 mg/cm
This conclusion is in agreement with those of R&7],
) which show how smoothing derives principally from the
50 high thermal conductivity of the heated foam. However, a

-400 0 400 800 1200 ps complementary explanation of our data is also possible,
based on the work by Velikovicket al. [38] (but see also
Refs.[39,40) and probably the mechanism explained in this
paper acts at the same time with the increased thermal con-
ductivity due to the higher temperature in the lower density
oam.
The authors have studied analytically and numerically the
V. CONCLUSIONS growth of mass perturbations during the shock transit time.
_ ] Their model predicts that in the presence of thermal smooth-
~In conclusion, we presented results concerning foamig the mass variatiodm saturates at a certain time, instead
induced smoothing of laser energy deposition. We can segf growing indefinitely. There thermal smoothing within the

the _following. L .. conduction zone is represented with an exponential function:
(i) How a very fast ionization of the foam material is

predicted, mainly as a consequence of the low density of
foams. This is in agreement with what is observed in Refs.
[35] and[36]. In all cases of interest the initial foam mass
density and the degree of ionization effectively reachedVheredp, is the perturbation of ablation pressueeis the
seems to be enough to quickly produce an overcriticarharacteristic dimensionless amplitude of imprint, apds
plasma. The very rapid formation of an overcritical plasma isthe “thermal smoothing time,” typically of the order of 1 ns.
essential in order to get an effective thermal smoothing!n the strong-shock limit the saturation valdens,is found
However, no real radiative wave is observed in the simulao scale as;pg”, wherepy is the initial density of the target.
tions, at all times plasma density maintaining a quasiexpod he scaling with density is of particular interest because it is
nential profile, i.e., closely following the absorption of x rays related to the opportunity of decreasing the imprint satura-
from the plasma corona. tion level.

(il) How the observed better smoothing, which is obtained Coming back to the explanation of our data, we have seen
with Cu as compared to Au is probably an indirect effect ofhow lowering the foam density implies a higher temperature
the stronger preheating induced in Al in the case of Cu a# the plasmaand a more effective thermal smoothingn
observed in the experimental results of Fig. 3. Target prethe model of Velikovictet al.[38] the influence op, on the
heating obtained with Cu produces a change in Al, therebplasma temperature is resumed in the paranigteA more
strongly increasing the thermal smoothing effectiveness ireffective thermal smoothing implies a lower value fprand
the Al heated layer. It must be recalled indeed that the thereonsequently a smalléimg,. Hence in the case of radiation-
mal smoothing effect observed at the target rear side througtiriven smoothing, the target density plays a double role in
shock wave detection does correspond to the whole foardeterminingdmg,, even if keeping a fixed value gf, and
plus Al layers. However, the situation with Cu is worse with changing the grid material possibly allows us to study the
respect to its applicability to the idea of foam-buffered ICF.two effects separately.

FIG. 13. (a) Time behavior of target rear side emissivity calcu-
lated withmuLTl for a 50 mg/cm foam-Cu grid target irradiated
with a laser intensity =5x 10" W/cn?. The laser peak is at 1200
ps. (b) Time behavior of emissivity recorded with the streak cam-
era, a vertical cut of the image in Figia. The laser peak is at 0 ps.

Opalpa=e exp(—t/ty),
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In conclusion, our results point out the importance ofnonuniformities of the order of 100%. This is true even with
carefully choosing the foam and the converter foil param-the very large scale of nonuniformities used in our experi-
eters (in particular, foam density and grid matejialOf  ment(~60 um from peak to peakand will be obviously
course, it is not immediate to extrapolate our case, in whickeasier in the case of smaller nonuniformities, which are more
the grid acts both for the introduction of nonuniformities andeasily smoothed by thermal transport.
the generation of x rays, to the case where a real converter
foil is used. All the qualitative aspects connected to the shape
of the x-ray spectrum, observed in our experiment, of course
remain valid in the other case. At the same time, our results The experiments presented here have been realized at
clearly show that thermal transport in the overcritical plasma_ULI and supported by the E.U. “Access to Large Scale
produced from a low density foam coupled to x-ray irradia-Facilities” program under Contracts No. CHRX-CT93-0377,
tion (radiation driven allows a smoothing of laser-imprints No. CHRX-CT93-0338, and No. ERB-CH-CT92-0006.
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