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Laser-Plasma Interactions at 0.53 pm for Disk Targets of Varyirrg Z
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Disk targets of Be, CH, Ti, and Au have been irradiated with 0.53-pm laser light in
3-30-J, 600-ps pulses, at intensities from 3&&10 to -4&&10 W/om . The measured
absorptions, hard-x-ray fluxes, and sub-keV emission properties are compared with
hydrocode simulations. The results show strong collisional absorption, some Brillouin
scattering, little suprathermal electron production, and efficient conversion of absorbed
energy into sub-keV x rays, in general accord with wavelength-scaling predictions.

PACS numbers: 52.50.Jm

Many different driver- and target-design options
have been proposed for achieving inertial confine-
ment fusion. The use of submicron-wavelength
laser drivers has been predicted to offer several
advantages over longer-wavelength lasers. ' ' With
a submicron laser, energy deposition occurs in
higher-density, cooler plasma and this should
improve the laser-plasma coupling characteris-
tics. The absorption region is calculated to be
more collisional, increasing the inverse brems-
strahlung absorption and reducing many of the
deleterious effects of plasma instabilities. " In
addition, overdense plasma heating and ablation
rates should be increased, "and the sensitivity
of these rates to electron transport inhibition de-
creased. ' However, the subtlety of competing
processes makes it very important to study sub-
micron laser-plasma interactions with use of ex-
periments and hydrodynamic-code calculations to
test these predictions.

Experiments performed at Ecole Polytechnique
were the first to indicate increased absorption,
enhanced thermal heating, and reduced suprather-
mal-electron temperatures. More recently,
other laboratories have presented further evi-
dence for enhancement of laser-plasma coupling
at shorter wavelengths 'The w. ork reported here
is the first to study the interaction of submicron
laser light with high-Z targets, to measure the
efficiency of subsequent conversion into sub-keV
x rays, and to make comparisons with detailed
computer hydrodynamics calculations.

Measurements have been performed to investi-
gate absorption, hot-electron production, and
conversion of absorbed energy into sub-keV x
rays. We have irradiated 600- p m-diam by 20-
p. m-thick disk targets of Be, CH, Ti, and Au with
600-ps near-Gaussian pulses of 0.53-p m light
from the frequency-doubled Argus Nd-glass laser.

With f/2 focusing optics, intensities were varied
from 3 &&10" to -4 &&10" W/cm' by using spot di-
ameters of —50 to 450 pm, and laser energies
from 3 to 35 J.6

Throughout this work, we have used LASN~X '
one- and two-dimensional Lagrangian hydrody-
namics simulations to help in understanding the
basic interaction processes. The modeling used
here, including non-local-thermodynamic-equilib-
rium atomic physics, single-group thermal elec-
tron transport, and multigroup flux-limited dif-
fusion for the suprathermal (and all laser-heated)
electrons, is largely consistent with that used
previously. ' Inverse bremsstrahlung absorption
is calculated by using the classical absorption
opacity, though some nonlinear effects remain to
be incorporated in the model. '" Resonance ab-
sorptionii. i2 is modeled simply. by depositing a
fraction, f„of the light approaching the critical
surface into a prescribed hot-electron source.
The absorption model has been extended to calcu-
late the level of stimulated Brillouin backscatter. "
The amplitude of Brillouin ion waves is calcu-
lated from the evolving plasma profiles, and the
backscatter is then evaluated by using a model
based on theory and plasma simulations. We find
that inhibited electron transport with a flux limit'4
of f, = 0.03 yields the best overall agreement with
these 0.53-p m experiments.

Very complete laser energy distribution meas-
urements were made with use of both equivalent-
plane and chamber-transmission techniques. The
intensity in the target plane has rms fluctuations
of a factor of -3, with 5-25-p, m spatial struc-
tures. Below, we present the data in terms of
"nominal" intensities, together with intensity
"bars" which show the range of intensities con-
taining 60lo of the incident energy.

The effects of finite spot size and diverging
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FIG. 1. Absorption results. Horizontal bars on
data points indicate intensity range containing 60Vo of
the incident energy.

plasma flow have b,een studied in several ways.
We have ruled out large effects due to lateral con-
duction by performing nominal 3 &&10"-W/cm' ir-
radiations with both 450- and 150-pm spots, and
3 &&10"-W/cm' irradiations using both 150- and
80-pm spots. No significant dependence on spot
size was observed. Furthermore, using sub-keV
x-ray imaging, we have observed that the trans-
verse dimensions of the heated region are com-
parable to the laser spot size, ' in agreement with
two-dimensional simulations of these experiments
which show little lateral transport. We have
found good agreement between full two-dimension-
al calculations and one-dimensional spherical-
geometry calculations using a radius of curvature
equal to 1 to 2 times the laser spot size. Thus,
we have verified that lateral-conduction effects
are not large in this work and have accounted for
the effects of diverging plasma flows.

Absorptions measured for Be, CH, and Au disk
targets at normal incidence with use of an enclos-
ing scattered-light calorimeter are shown in Fig.
1. The absorption increases with decreasing in-
tensity and increasing target Z, as would be ex-
pected for inverse bremsstrahlung absorption.
The absorption was constant for target tilt angles
of up to 30 . We observe increased absorption at
0.53 pm compared with similar 1.06-pm experi-
ments. For example, gold disks irradiated at
0.53 p m, 3 &&10'~ W/cm', and 600 ps absorbed 80
+ 5%, while similar 1.06-p. m experiments using
900-ps pulses obtained 53 + 5/o. We find similar
absorption increases for lower-Z targets, as re-
ported by others. 4 '

The absorptions calculated with use of LASNEX

are plotted in Fig. 1. They generally agree well
with the data. For the low-Z plasmas at high in-

tensities, some 10/0-15/o additional absorption
(or reduced scattering) is needed to account for
the measured value. If the inverse bremsstrah-
lung absorption calculation had included nonlinear
effects, ' the calculated absorption for the gold
disk targets at 3 & 10"W/cm' would be similarly
10%-15% low. Simple estimates suggest that ion
turbulence" might play a significant role in con-
tributing additional absorption. In the LASNE& ab-
sorption modeling for these experiments, we
have been forced by the high-energy x-ray meas-
urements to reduce the amount of absorption into
hot electrons by decreasing the resonance-absorp-
tion dump fraction to f„=0.03. In early work us-
ing very short laser pulses at high intensity, "f,
=0.3 was motivated on the basis of simulations of
resonance absorption. "' In this work, as in
other recent 1.06-pm experiments at longer pulse
lengths, ' "we find that the f„=0.3 model does
not self-consistently reduce resonance absorption
to the levels indicated by the hard-x-ray flux.
Perhaps this reduction is due to longer density
scale lengths near the critical surface, '" an ef-
fect not included in the model.

Experimentally, we obtain evidence for the
presence of stimulated Brillouin scattering from
measurements of the amount and the spectrum of
the light reflected back into the f/2 focusing lens.
For Be and CH disks at 3 && 10"W/cm', we ob-
serve 15%-25/o of the incident light reflected
back into the f/2 focusing lens. As observed at
1.06 p m, ' we find striking differences between the
backscatter spectra of low- and high-Z targets.
Quantitative interpretation of these spectra is
elusive. However, incident-angle-dependent red
shifts and increasing back reflection indicate
that Brillouin scattering operates at significant
levels in the highest-intensity irradiations. Sim-

. ulations for the 3 &&10"-W/cm' beryllium case
show a total backscatter of 50%. This large re-
flectivity is obtained because the calculated scale
length of the underdense plasma is -100 laser
wavelengths. Further work is needed to decon-
volute the absorption and angular scattering pro-
cesses.

We have observed the spectrum of reflected
light near ~;„,/2 to determine a lower limit for
the levels of Raman side scatter. " The energy
observed in the wavelength band from 0.6 to 1.0
pm was -10 ' of the incident energy for the high-
est irradiation intensities employed. We esti-
mate that the Raman side scatter threshold is ex-
ceeded in this case by a factor of -3, and so these
low levels seem reasonable.
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The fluxes of 5-70-keV x rays have been meas-
ured to determine the levels of suprathermal
electrons. As shown in Fig. 2(a) for Au disks,
the high-energy x-ray fluence increases dramat-
ically with increasing irradiation intensity. The
spectra for disks of varying Z at —2 &&10" W/cm'
are shown in Fig. 2(b). From the measured spec-
tra, we infer that less than -1% of the incident
energy is converted into hot electrons for all tar-
get Z's at -2&&10"W/cm'. The corresponding
indicated "temperatures" are 9.3 ~ 1.5, 13*6,
and 19+ 7 ke V for Be, Ti, and Au disk targets,
respectively, at —2 X 10"W/cm'. These levels
and temperatures are the same (within uncertain-
ties) as observed in earlier 1.06-pm experiments"
at the same IA.'. Thus, for fixed intensity on tar-
get, the shorter-wavelength laser produces a
lower hot-electron temperature.

We have measured the characteristics of the
0.2-1.8-keV x-ray emission using three cali-
brated multichannel K- and L -edge filtered x-ray
diode systems with subnanosecond resolving time,
and a similarly filtered soft-x-ray streak camera
with 15-ps resolution. We observe smoothly
varying emission pulses with fall times slightly
greater than the laser-pulse fall time. Within the
spectral resolution (bE/E —0.1-0.4) of our de-
tectors, the time-integrated x-ray spectrum cor-
responds closely with both previous 1.06-IL(m ex-
periments' and LASNZX non- local-thermodynamic-
equilibrium simulations. Other detectors show
that only -3% of the total radiated energy lies
above 1.8 keV, and calculations imply that —90%
lies within the 0.2 to 1.8 keV region.

101 2

Using the three multiple-x-ray-diode systems
which viewed the target from different angles,
and using three angles of incidence (all less than
30'), we have measured the x-ray angular distri-
bution. The integrated yields are plotted in Fig.
3 as a function of the cosine of the angle P„be-
tween the detector and the target normal, for
gold targets at 3&10"and —4&&10"W/cm'. The
LASNEX calculations reproduce the observed
shift to a flatter angular distribution at -4&10"
W/cm'. This occurs because the 30-50-pm spot
diameter is comparable to the emission-region
thickness, giving more isotropic emission than
the oblate source region for the 3 &&10'4-W/cm',
150-p m- spot irradiations.

Finally, to obtain the x-ray conversion efficien-
cies, we integrate over solid angle and normalize
by the energy absorbed. The results, plotted in
Fig. 4 for titanium and gold disks, agree weQ
with the calculated values, except for the 3 ~10'-
W/cm' gold point, which needs further study. The
conversion efficiency generally increases with in-
creasing target Z and decreasing intensity. We
can crudely see that the x-ray conversion efficien-
cy increases as the wavelength decreases, quali-
tatively as predicted. For gold disks at 3 &10"
W/cm', we obtain 50+ 15'%%uo at 0.53 p m and 600 ps,
while at 1.06 p, m and 900 ps, 33'%%uo wa, s mea, sured. '

In summary, we find efficient absorption of
0.53-p, m laser light. We infer that less than -1%%uo

of the incident light is absorbed into suprather-
mal electrons, even for Be targets at —2 X10"
W/cm'. We have observed efficient conversion
of absorbed 0.53-p m laser light into x rays for
gold disk targets. By comparison with previous
1.06-p, m experiments, we find absorption in-
creasing, hot-electron ' temperature" decreasing,
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FIG. 2. Measured hard-x-ray spectra.
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FIG. 3. Soft-x-ray angular distributions, integrated
over time and photon frequency (0.1 to 1.8 keV).
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FIG. 4. X-ray conversion efficiencies (nv& 0.1 keV).
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