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Improvement of Beam Nonuniformity Smoothing Due to X Radiation
in Laser-Driven Layered Targets
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The effect of laser-beam spatial modulations on plane targets is analyzed as a function of
modulation scale length and target material by means of x-ray shadowgraphy. At short laser
wavelength it is shown that lateral energy smoothing is clearly improved because of the
strong x-ray emission from the irradiated high-Z side of layered targets. The results, inter-
preted in terms of radiation-driven thermal transport, are in agreement with numerical simu-
lations.

PACS numbers: 52.50,Jm, 44.40.+a, 52.25.Fi, 52.55.Mg

Laser-plasma interaction with short laser wave-
length offers advantages such as better energy
deposition, increased x-ray self-emission, and re-
duced plasma instabilities. Nevertheless, a major
question in laser fusion is the symmetry of spherical
target implosions which has to be better than a few
percent in order to achieve the high required densi-
ties. ' If hydrodynamic instabilities do not arise,
pressure asymmetries at the ablation surface are
due to a nonuniform laser energy deposition. Lat-
eral diffusion is classically known to reduce the
nonuniformities by exp( —2n D/I), where D is the
distance between deposition region and ablation
surface and I the nonuniformity scale length.
Analytical models predict that D scales as A.

" where
X is the laser wavelength and n =2.6 or 4.6 in

spherical or plane geometry, respectively. There-
fore short laser wavelengths, although attractive for
hydrodynamic efficiency, would not favor implo-
sion symmetry. Alternative ways have been pro-
posed to improve the situation for directly driven
implosion: gradual shift to shorter wavelength dur-
ing implosion, 5 increase of laser intensity on small
targets with constant IA. 2, 6 use of low-density
foams, ' or improvement of laser uniformity by in-

duced spatial incoherence. Nonuniformity
smoothing has been experimentally studied versus
irradiance for 1.06- and 0.53-p, m laser wave-
lengths. ' In this paper, we present an experimen-
tal study of nonuniformity smoothing for 0.35 p, m

as a function of irradiance modulation scale length
and target material. First evidence is given of an
improved smoothing due to x-radiation transport in
high-Z —low-Z layered targets.

The Nd laser we use delivers 60 J in 1-nsec,
1.06-p, m pulses. After frequency tripling through
two potassium dihydrogen phosphate crystals, the
0.35-p, m energy is typically 20 J." The beam is
focused onto disk targets with a f/6. 7, 600-mm-

focal-length lens. The absorption rate in the range
of irradiance 10' -2x10'~ W cm is close to 95'/o.

Irradiance modulations are induced by inserting dif-

ferent sets of opaque horizontal strips in the in-

cident beam. From microdensitograms of focal-
spot images in vacuum we deduce that the spatial
wavelength I is 30 to 100 p, m and the modulation
rate

equals 0.7+0.1 A 20-J, 1.06-p, m laser beam is
focused on a copper target providing us with an x-
ray backlighting source of 0.9 nsec full width at half
maximum in duration. Spatially resolved x-ray sha-
dowgrams are recorded with an 18-p,m pinhole
camera through a 9-p, m-thick aluminum filter. The
recorded spectral range is 1.2-1.56 keV. The prob-
ing axis is parallel to the target surface along the
direction of the strips. Deduced from x-ray absorp-
tion data, the density corresponding to the shadow
limit for targets accelerated over a 200-p, m diameter
is close to 0.15 g cm . " Two broadband K-edge
x-ray spectrometers, equipped with vacuum diodes
and p-i-n diodes, give the front spectral emission
from the plasma in the range 0.1-30 keV. ' The
disk targets, 500 p, m in diameter, are made either
of aluminum (25 p, m thick), or gold (0.5—4 p, m
thick), or aluminum (7 p, m) coated with a gold
layer (0-8500 A). For the thickest targets, the
probing delay time is 4 nsec after the maximum of
the laser pulse. For the thinnest targets the fast
decompression requires a delay time of 2.5 nsec.
Because of the x-ray pulse duration the shadow
smearing is important, but microdensitograms along
the laser axis show that the uncertainty on target lo-
cation is not greater than 25'/0.

Figure 1 shows typical shadowgrams of accelerat-
ed targets. Microdensitograms of the superimposed
x-ray self-emission from the irradiated side [Fig.
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FIG. 1. Typical x-ray shadowgrams.

1(b)] reproduced the irradiance modulations. Z
and Z,„arethe distances traveled by the rear por-
tions of the target corresponding to I;„andI,„,
respectively. The modulation rate of the rear side
velocity is

yv yx (Zmax Zmin)/(Zmax + Zmin)

First, we assume that the rear velocity modulations
are equal to the ablation-pressure modulations.
Then, deduced from the ablation-pressure scaling'
P,~I .

, the pressure modulation rate without
smoothing is y = 0.6 + 0.1 for yi = 0.7 + 0.1. Fi-
nally, the smoothing factor is written as 1 = y, /y,
and can be directly compared to theoretical evalua-
tions.

Variations of I as a function of the wave number
k =2m/l are plotted in Fig. 2 for Al and Au thick
targets. Comparison is done with the smoothing
factor derived from an analytical treatment of a
transverse perturbation propagating between critical
and ablation surfaces. 3 The application has to be
cautiously considered since the model is steady
state, the energy is assumed to be deposited at the
critical density, and the x radiation is not taken into
account. Nevertheless, a slightly more pronounced
smoothing is observed in Al targets. In spite of a
markedly larger x-ray conversion rate in gold (40'/o

as against 5/o in aluminum; Fig. 3), the radiative

FIG. 2. Smoothing factor I as a function of the modu-
lation wave number k for thick targets. The laser irradi-
ance l~« is 5 x 10' W cm

transfer is not the prevailing process of energy
smoothing for thick targets. A strong self-
absorption in gold limits the inward propagation of
the leading radiative component of the thermal
front. ' ' We tried to improve the radiative
transfer by associating a thin gold ablative layer,
providing a large inward radiative heating, and a
low-Z substrate, allowing a farther x-ray penetra-
tion.

Figure 4, curve a presents experimental varia-
tions of I" for gold-coated aluminum disks, 7 p, m
thick, versus the thickness of the gold layer h and
for I =50 p, m. An optimum in smoothing is clearly
evident for h —0.5 p, m. Obviously, a gold thick-
ness greater than a few times the ablated layer
(2200+ 200 A) prevents the x-ray emission from
reaching the Al target. The rc;suits obtained for
bare gold targets (Fig. 4, curve b) show that there is
no significant smoothing for targets thicker than 1.5
p, m. Conversely, for h & 0.75 p, m, the target ex-
plodes and the observed smoothing is carried out
with densities close to 0.15 g cm . On the other
hand, comparing the motion of targets of the same
areal density (for example 10-pm Al and 0.5-pm
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FIG. 3. X-ray energy distributions for thick targets.
The laser irradiance is 10' W cm
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FIG. 4. Smoothing factor I for (a) gold-coated alumi-
num targets vs the thickness of the gold layer; (b) bare
gold targets vs the target thickness.
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FIG. 5. Numerical density and temperature profiles
along the laser axis. The inward radiative energy flux
equals the electron energy flux for z =0. The density
step in curve 4 corresponds to the Al-Au interface.

Au on 7-p, m Al), we checked that the hydrodynam-
ic efficiency is not altered in layered targets and
rises up to 20%.

Obviously, numerical simulations describing the
evolution of the rear-side modulations should be
done with a two-dimensional (2D) code. Neverthe-
less, a 1D hydrodynamic Lagrangian code' allows
us to approach the parameters controlling the ener-

gy smoothing during the time of the energy deposi-
tion. The 2D aspect is taken into account by intro-
duction of the distance D in the expression
I =exp( —kD) derived from the simple model of
lateral energy diffusion. The treatment of the x-ray
emission uses a multigroup method. In accordance
with the measured x-ray spectrum, the suprather-
mal electron preheat is assumed to be negligible.
The thermal flux limiter, f, equals 0.04. Five signi-
ficant density and temperature profiles are present-
ed in Fig. 5 at 300 psec after the laser peak. The
distance D cannot be simply described as the dis-
tance between critical and ablation surfaces. Espe-
cially for short laser wavelengths and high-Z ma-
terials, energy deposition does not occur at critical
(n„circles in Fig. 5). As an example, we reported
the point where 90% of the incident energy has
been absorbed (triangles in Fig. 5). Furthermore,

0.0 0.5 1 2.5)) 4
h (pm)

FIG. 6. Numerical smoothing factor I vs gold thick-
ness.

1.5

D overlaps two regions with different transport
mechanisms: First, energy propagation towards
higher-density matter is dominated by electron con-
duction over a distance D, ; then, beyond critical,
radiative transport prevails and the radiation ther-
mal front drives the shock wave' ' over a distance
D„.This region is responsible for the emission of
the low-energy component of the x-ray spectrum
(Fig. 3). For more convenient comparison, each
profile in Fig. 5 has been plotted in such a way that
the origin on the laser axis is the point where the
inward radiative energy flux equals the electron en-
ergy flux. This method emphasizes that the density
and temperature profiles in the electronic region
only depend on the irradiated material. Because of
the strong x-ray conversion in gold, the tempera-
ture in the radiative region is higher than in alumi-
num (curves 3 and 2, respectively), but the tem-
perature gradient is very much steeper and the dis-
tance moved by the shock wave is only about 1 p, m
greater. So a more pronounced smoothing in 25-
p, m-thick Al targets (Fig. 2) is mainly attributed to
the difference on the energy deposition locations.
Furthermore, it is clearly shown that for a coated
target (0.2-p, m Au on 7-p, m Al, curve 4), the gold
layer appears as a radiative energy reservoir (it is
still acting after the end of the laser pulse). The
penetration of the thermal front in aluminum is
deeper than in the thick gold target and about twice
as deep as in a 7-p, m-thick, bare aluminum target
(curve l). Besides, from simple expressions of
mean free paths, it can be seen that the transverse
smoothing in the radiative region will be more effi-
cient than in the electron region. Finally, a thin
gold target (0.2 p, m, curve 5) behaves as an explod-
ing pusher: The density at the end of the laser
pulse is too low to achieve high fuel compressions.
The smoothing factor of the "cloudy day" model,
exp( —kD), is plotted in Fig. 6. Here, D has been
chosen as the total distance between energy deposi-
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tion and thermal front. A qualitative accordance
with the experimental behavior is observed: The
difference is ascribed to the 1D description.

To summarize, the pressure uniformity required
in the context of laser fusion seems difficult to
achieve at A. =0.35 p, m. Increasing the laser inten-
sity to recover the smoothing obtained at
A. = 1.06 lu, m 'o would lead to a reappearance of the
plasma instabilities. However, we have shown that
the smoothing could be improved because of the ef-
fect of radiative heating on hydrodynamics provided
that we use high-Z-low-Z layered targets. We evi-
denced an improvement by a factor 4 or 5 without
noticeable reduction of the hydrodynamic efficien-
cy. Layered shells with such a structure can be con-
sidered in the scheme of spherical implosions of
large-diatneter pellets (1 mm) driven with high-
energy multibeam lasers (a few times 10 kJ). A
more suitable numerical treatment obviously re-
quires 2D simulations, possibly taking account of
self-focusing and hydrodynamic instabilities, and
may need to clearly dissociate the respective
smoothing efficiency of electron and radiative
transfer.
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