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Experimental Transport Studies in Laser-Produced Plasmas at 1.06 and 0.53 pm
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Laser-irradiated thin-foil experiments at &.o6 and o.53 pm show that heat penetration
in the target is greater at shorter wavelengths as a consequence of larger ablation rate.
Comparison of experimental and numerical results indicates that comparable flux inhi-
bition occurs at both wavelengths.

The study of energy transport in laser-irradi-
ated target experiments has recently received
much attention in theoretical as well as experi-
mental work. ' ' The nature and the efficiency of
the mechanisms contributing to energy transport
are of fundamental importance in the characteri-
zation of a laser which will be an efficient driver
in.laser-driven, inertially confined fusion. In
most of the experiments dealing with low-Z tar-
gets in the absorption region, the energy trans-
port is mainly due to electrons having a thermal
and a suprathermal distribution. The suprather-
mal electrons are known to give rise to a volume
energy deposition in the target. The result is the
explosive pusher mode in compression experi-
ments. The thermal distribution is most impor-
tant for the ablation mode. This paper deals with
the study of heat conduction in thin-foil experi-
ments as a function of the thermal-electron dis-
tribution and of laser wavelength. However, some
aspects of the suprathermal-electron conduction
have also been studied.

We used a glass-neodynium laser rod from
Quantel, operating in the short-pulse mode at 10-
J output energy in a 100-ps full width at half max-
imum pulse. The output can be frequency doubled
with a potassium dihydrogen phosphate crystal.
The energy is then 5 J in a pulse of approximate-
ly 80-ps duration. The laser beam is focused on-
to the target by a 180-mm-focal-length lens and
the effective aperture of the focused beam is f/
2.5.

The maximal light intensity on the target is
2.10"W/cm' for the fundamental laser wave-
length and 10"W/cm' at 0.53-tL m wavelength.
The focal-spot diameter has been determined, by
light transmission through pinholes, as 50 pm at
half laser energy. Photographs of the second-
harmonic emission and x-ray pinhole photographs
of the plasma have not shown the presence of hot
spots during the interaction. The irradiated tar-
gets are thin polystyrene films, with thicknesses
ranging from 30 nm to a few microns. For con-
venient ion time-of-flight measurements along

the direction perpendicular to the target, the an-
gle of incidence was chosen to be 25'; P polariza-
tion was used.

The object of the measurements is to deter-
mine the foil thickness at which significant chang-
es occur in transmission, reQection, x-ray emis-
sion, and ion time of Qight, both in front of and
behind the foil. These different foil thicknesses
are then correlated with burnthrough depths (d)
for heat penetration in the solid during the laser
pulse. It is interesting to note that, although the
diagnostics are different, the various burnthrough
depths (d) have very comparable values. More-
over, these experimental measurements have
been in all cases compared to numerical simula-
tions by a one-dimensional (1D) Lagrangian hy-
drodynamic code. Before discussing the results,
we discuss the methods for the determination of
d.

The optical energy balance was obtained by mon-
itoring with joulemeters the specularly reflected,
backreQected, and transmitted laser light as a
function of foil thickness. The transmitted laser
light was collected by a f/1 lens whose aperture
was larger than the focusing lens. In Fig. 1(a) we
present typical results obtained at 1.06 pm for a
laser intensity of 10'~ W/cms. Curve 1 gives the
variation of reQected light, and curve 2 the trans-
mitted light. From curve. 2, the burnthrough
depth d~ is determined by taking the foil thickness
for which the asymptotes to the ends of curve 1
intersect. The thickness dr at 1(8 transmission
was defined from the transmission curve. In fact,
these determinations are not direct measurements
of burnthrough but are affected by some plasma
expansion before the foil becomes subcritical.
Comparison with numerical simulations is neces-
sary for a precise interpretation of the data. Fig-
ure 1(b) gives a comparison of foil transmission
for the experiment at 1.06 pm and a laser inten-
sity of 2&& 10' W/cm' and at 0.53 pm for an inten-
sity of 10"W/cm'. The figure demonstrates the
larger heat penetration at 0.53 pm.

The second diagnostic was provided by the
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Fyo. 1. (a) Re@ection coefficient (curve 1) and transmission coefficient (curve 2) variation vs foil thickness. (b)
Transmission-coefficient variation with foil thickness at roc and 2(uo. (c) Front and rear ion-velocity spectra shown

for two symmetric charge collectors (A.U. : arbitrary units). (d) Front and rear ion times of flight t, and t1 vs foil
1.06 @m, I = 2x 10&4 ~/cm, and distance to target 45 cm. (e) X-ray spectra at 1.06 pm (1 ~ 2x 10

W/cm1) and at 0.53 pm (I = 10" W/cm ). (f) @elative intensity of x rays of 1-2-keV energy vs foil thickness for
both wavelengths

charge-collector analysis of the thermal ion time
of flight in the front (t&) and at the reat (t„) of the
foils (See Ref. 3). The ion collector signals were
recorded on fast oscilloscopes, or digitized with
Computer-Aided Measurement and Control units
and processed with a Nova computer. The usual
fast ions and thermal ions were observed. From
the fast-ion signal we have deduced the isother-
mal expansion velocity ~0 and the temperature T~
by the analysis of the velocity distribution dV/dv
which showed an exponential behavior dV/dv- exp(-v/vc) with vs= (ZkT„/M)"' (see Campbell
et al. '). Figure l(c) gives a typical example for
a thin foil showing an identical isothermal expan-
sion velocity at the front and to the rear of the
foil. This result does not mean that the fraction
of energy in fast electrons is important but only
that the mean free path of these electrons is long-
er than the thickness of the foil.

From thermal ion emission the criterion for
burnthrough depth (d;) was made as follows: d;
is the foil thickness for which the time of flight
of ions emitted in the rear side of the foil begins
to be larger than the time of flight of the corre-

sponding ions emitted in the front side. This de-
termination was made for two kinds of character-
istic ions: The fastest thermal ions (d;,) and the
peak of the ion signal (d;,)~ Figure 1(d) shows an
example of this determination. We observe ex-
perimentally that d;,&d~» this result is also ob-
tained in the simulations when the heat Qux is
limited but not in the case of a nonlimited heat
flux (see Table I).

The third diagnostic concerns x-ray emission
from the plasma. X rays were detected by a nine-
channel x-ray analyzer in the energy range be-
tween 1 and 30 keV. Figure 1(e) gives an example
of the spectrum obtained for experiments at 1.06
and 0.53 pm, and laser intensities of 2 &10"
and 10"W/cm~, respectively. A very interesting
result is the much lower hot-electron tempera-
ture which occurs for the short-wavelength case.
Figure 1(f) gives a plot of the x-ray intensity
emission as a function of foil thickness for the
1-2-keV channel. After an increase in the x-ray
emission, the saturation of the signal means that
no more material is heated during the pulse. We
define d„as the thickness at which the asymptotic
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TABLE 1. Experimental values of characteristic foil
thicknesses dg, d;), d;2, and d (in mierons). The
values in parentheses represent the corresponding re-
sults obtained in simulations without fast electrons.

Laser
intensity (pm) d f (I™)dg2(j™) d„(.pm)

(2-4) x $0& W/em 0.11
(0.22)'
(o.32)'

0.12 0.20
(O.22) ' (O.22) '
(o.67)" (o.43)'

0.,13.

2x j.c W/cm 0.22 0.17 0.32
(0.44) ' (0.46) ' (0.60)
(0.70) (2.0) (1.5)

iO" W/cm' 0.43
(o.9)'
(1.4)'

0.30 0.50
(O.75) ' (1.5) '
(2.2)' (2.O)'

'With flux limit number f~ 0.&5.

With Qux 1imit number f = 1.0.

slopes of the curve intersect.
Experimental determination of the burnthrough

depths by the different diagnostics and the corre-
sponding results of numerical simulations are
given in Table I. These simulations were per-
formed with a 1D Lagrangian code derived from
SU&KH. '0 which uses one-velocity, two-tempera-
ture formulation with a Qux-limited plasma con-
ductivity; suprathermal electrons are described
by a multigroup model. " %e can see that there
is a systematic discrepancy between the magni-
tude of the experimental and the simulation val-
ues, even with a flux limit factor of 0.05. We do
not think that it would be meaningful to increase
the Qux limit in order to obtain better agreement
between the experimental and simulation values,
because other effects such as two-dimensional
behavior exist and are not included in the code.
However, there is a good qualitative agreement
on the scaling laws between experiment and simu-
lation for parameter variation such as laser in-
tensity cp and laser wavelength X. The scaling
law follows approximately in both cases: d

@1/3y -4/3
0

The main results of our experiments are the
following:

(i) The heat front penetrates deeper in the solid
for the shorter wavelength: Ablation rate is larg-
er in 0.53-p,m experiments.

(ii) At 1.06 and at 0.53 pm, there seems to be
a Qux limitation which is comparable for both

wavelengths.
(iii) By comparison between data at &u and 2&v

it is found that the contribution of fast electrons
does not appreciably affect the results.

The first result has also been found numerical-
ly. Analysis of the code results leads to the con-
clusion that this is not a consequence of a smaller
Qux limitation at 0.53 p,m, but the effect of a
larger ablation rate at this wavelength. Indeed,
comparison of numerical results with a Qux limit
factor f of 0.2 at 1.06 pm and 0.05 at 0.53 pm
(same product fn, ) for identical absorbed laser
fluxes gives better heat penetration in the solid
for short wavelengths. Also, the first result is
not explained because the critical layer at 2'
lies deeper in the material than at co. In an ex-
periment at 1.06 pm, the amount of matter con-
tained between the layers n, (e) and n, (2+) is much
smaller than the difference in the ablated matter
in the two experiments. This leads to the con-
clusion that the better heat penetration in the sol-
id for the 0.53-LMm experiment is mainly due to a
larger ablation rate at 0.53 pm as compared to
that at 1.06 p,m.

It is interesting to note that burnthrough depths
determined by methods involving different physics
give similar values. In fact, this is characteris-
tic of strong flux limitation. Indeed, only in that
case, the thermal front to which the x-ray and
ion-time-of-Qight diagnostics are sensitive is
closely followed by the subcritical rarefaction
region to which the transmission diagnostic is
sensitive. In Table I, for the unihibited case (f
=1), the transmission determinations do not give
the correct value of burnthrough depth which is
given by the ion-time-of-Qight diagnostic.

The second conclusion is that a Qux limitation
still exists in the 2~ experiment. The qualitative
comparison between the numerical simulation
and experiments shows that we have to include in
both cases a strong Qux limit if we want to ob-
tain a reasonably good agreement between com-
puted and observed results. However, the exper-
imental uncertainties and the qualitative aspects
of the comparison do not allow us to determine if
the Qux limit is significantly different between
the 2' and the ~ experiments. More careful ex-
periments with an appropriate interaction geom-
etry, for instance, spherical, "must be under-
taken in order to reduce the two-dimensional ef-
fects in these experiments.

The third point concerns the contribution of
fast electrons to transport. In the present experi-
ment, we have observed that at 0.53 pm, the hard
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x rays were decreased by several orders of mag-
nitude and the fast-ion production was reduced,
in comparison with experiments at 1.06 pm and
comparable laser fluxes. This implies a strong
reduction of fast-electron emission. Another con-
firmation of the reduction of fast-electron pro-
duction in 2' experiments is obtained by the ob-
servation for very thin foils of larger expansion
velocity in the rear of the foil compared with the
velocity in the front. This dissymetry is a con-
sequence of a better ablation regime which re-
sults from the reduced contribution of fast-elec-
tron heating. However, the penetration depth is
still larger at 2~ with less energetic suprather-
mal electrons. This leads us to the conclusion
that in the focal-spot region the dominant contri-
bution for energy transport comes from thermal
electrons and not from suprathermal electrons.
%e have no measurement of the fraction of ener-
gy associated with fast electrons. Numerical
simulations at 1.06 p,m show that an assumption
of 2(PI& of the energy in fast electrons with T„
=10 kev, does not change significantly the pene-
tration depths and the behavior of the toil expan-
sion.

In conclusion, in laser interaction with solid
targets conducted at 1.06 and 0.53 pm, our ex-
perimental results and comparison with numer-
ical simulations show that the short wavelengths
seem more favorable for energy penetration in
the solid, mainly because of a larger ablation
rate for shorter wavelengths. Flux limitations
are observed for both wavelengths, but the hard-
x-ray emission and, consequently, the fast-elec-
tron emission are significantly decreased for the
0.53-p,m wavelength. The absorption is also in-
creased at shorter wavelengths. " However, our
results were obtained with a change in wavelength
of a factor of 2. These preliminary results seem

to be in favor of the use of short wavelengths in
laser fusion: Core preheating by fast electrons
mill be reduced and, consequently, target design
could be simplified. Therefore, for a more defin-
itive conclusion it seems necessary to await re-'

sults from experiments at shorter wavelengths
such as 0.26 pm, which we are currently under-
taking.

This work has been performed as a part of the
scientific program of the GRECO Interaction Las-
er Mature.
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