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Polarization and Angular Dependence of 1.06-pm Laser-Light Absorption by Planar Plasmas
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(Received 13 May 1977)

An enclosing "box" calorimeter has been used to measure the polarization and angular
dependence of 1.06-pm laser-light absorption under experimental conditions approximat-
ing those assumed by Estabrook, Valeo, and Kruer in their simulations; i.e., -10'~ W/cm
plane waves incident on a planar plasma. A clea~ resonance absorption'maximum was
observed for p- but not for s-polarized incident radiation as predicted.

The production of laser-heated inertially con-
fined thermonuclear plasmas involves several
stages. Foremost among these is the coupling of
laser energy into the target plasma; therefore,
the nature of this laser-light absorption process
has been the subject of much theoretical and ex-
perimental research. ' " Estabrook, Valeo, and
Kruer have carried out two-dimensional relativis-
tic simulations of plasma absorption. ' Their ca1.-
culations show a maximum absorption efficiency
of approximately 50%, generation of suprather-
mal particles, and strong steepening of the den-
sity profile in the vicinity of the critical density.
The dominant mechanism in these calculations is
resonance absorption which, in this context, re-
fers to a collisionless plasma-heating mecha-
nism arising for obhquely incident radiation. If
the radiation's electric-field vector has a compo-
nent along the density gradient direction, elec-
tron p&amma waves may be excited, leading to
plasma heating.

Recently a body of experimental evidence has
accumulated which supports the proposition that
an important process governing the absorption of
laser pulses less than -100 ps in duration with in-
tensities between -10'4 and -10"W/cm' is reso-
nance absorption. " Here we report the results
of an experimental attempt to observe the polari-

zation and angular dependence of the absorption
of 1.06-pm optical plane waves incident on flat
slabs; i.e., conditions similar to those used in
the simulations of Estabrook, Valeo, and Kruer.
Direct experimental evidence of resonance ab-
sorption has been produced using the Janus laser
facility.

The experimental design employed for these
measurements is indicated schematically in Fig.
1. The -100-GW 1.06-pn laser pulses (30+6 ps
in duration) were provided by one beam of the
Janus laser/target interaction facility. 'a The Jan-
us oscillator-amplifier laser system is routinely
capable of delivering -400 GW in two beams to
laser fusion targets; however, for this study Ja-
nus was limited to &100-GW single-beam irradia-
tions in order to avoid the complications which
nonlinear intensity-dependent phase distortions
might have introduced. " The laser pulses were
focused onto the —300-pm-diam, -20-pm-thick
parylene (C,H, ) disk targets by an aspheric f/10
lens. The input-beam profile at the f/10 lens
was approximately rectangular ("top-hat" beam);
thus the diffraction-limited focal-spot diameter
should have been -26 pm. In practice, the full
aperture of the lens was not used and astigmatism
&1 wave was observed in the beam. A typical
target and target-plane intensity distribution are
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FIG. l. Approximately 100-GW pulses from Janus were focused through a small opening in the box calorimeter
on to the rotatable targets. Scattered 1.06-pm light not accounted for by forward- and back-scatter calorimeters
was transmitted by the %6280 shield and absorbed by the BG-18 glass. The subsequent temperature rise of the BQ-
18 glass and Cu plate assembly was monitored by thermoelectric modules.
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FIG. 2. Typical target, target-plane intensity distri-
bution and temporal pulse shape. A scan through the
beam image provided the profile below, and a streak
camera located at the laser-system output measured
the temporal shape of the pulse reaching the target on
every shot.

shown in Fig. 2. This intensity distribution was
recorded on every target shot and varied slowly
due to laser disk heating and minor misalignment;
however, the focal-spot diameter at the target
was always within the range 40+17 pm. Each
target was prealigned using a microscope such
that the orientation of its normal with respect to
the target manipulator was known. After inser-
tion into the target chamber, the target was illum-
ited by diffused 1.06- pm light through the f/2
lens. The target manipulator was then rotated
through the desired angle, 0. Because the laser
spot in the target plane was observed by the same
f/2 lens, it could be located to within + 5 pm of
the center of each transparent target. The Ray-
leigh range calculated for this f/10 focusing ge-
ometry is between 200 and 500 pm, and as expect-
ed, the laser-spot area changed only slightly for
a several-hundred-micron axial translation of the
f/10 lens.

Laser pulse duration was determined on every
target shot by an optical streak camera located
at the laser output. A typical temporal pulse
shape is displayed in Fig. 2. Because the plasma
expansion velocity has been measured to be (3 + 1)
x10' cm/sec, the plasma front moves only 12 pm
during the laser pulse. In summary, the target
was presented with an almost planar wave front
and the pulse duration was short enough to pre-
serve the angle between the laser beam and the
target normal to reasonable accuracy. The inten-
sity range realized in this experiment, 10"to
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FIG. B. The measured absorption of p-polarized light
is plotted vs the angle 0 between the target normal and '

the incident-beam A vector. The shaded. region indi-
cates the extremes of the data and the error bars indi-
cate relative errors; however, the calorimeters weie
absolutely calibrated to -+ 5/p, Dots and circles indi. —

cate intensity range: ~, (5.6+ 0.4) x 10"W/cm; 0, (2.5
+0.9)x10~5 W/cm .

10"W/cm', was chosen to be within the range of
Estabrook, Valeo, and Kruer's simulations, rele-
vant to spherical-target work and high enough to
minimize classical collisional (inverse brems-
strahlung) absorption.

After striking the target, the scattered laser
light was collected by an enclosing box calorime-
ter indicated in Fig. 1."'~ The 1.06-pm radia-
tion was transmitted by the WG280 glass shield
and absorbed by the 80-18 glass. Since ions,
electrons, and all but the most energetic x rays
(~15 keV) were stopped by the shield, this calori-
meter provided an accurate measure of scattered
light. Light reflected back into the focusing-lens
cone was measured by a backscatter calorimeter
and, similarly, forward-scattered radiation was
directed into another calorimeter. Each of these
calorimeters was calibrated in sItu and corrected
for extraneous effects such as stray flashlamp
light since the experiment required better than
1% accuracy from each detector. Recalibrations
of the laser calorimeters were performed after
each configuration change; i.e., prior to p-polari-
zation shots, upon changing to s polarization, and
when a return to p polarization was made to check
several points at the end of the experiment. In
addition, the transmissions and reflections of all
optical elements were measured in place for each
polarization. Finally, the polarization of the inci-
dent laser light was measured by polarimetry of
the pulsed beam and was adjusted to within one
degree of the desired state.

Figures 3 and 4 show the measured absorptions
for p- and s -polarized light, respectively. The
absorption measured at normal incidence should
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be the same for both polarizations, and indeed it
is the same, within measurement accuracy. For
s-polarized radiation, the absorption decreases
monotonically with angle of incidence. For p-po-
larized light, a maximum occurs between 8 = 20
and 25'. The data points fell into two target-sur-
face-intensity groups as indicated in Figs. 3 and
4. The shaded regions indicate the approximate
extremes of our measurement, and the higher
values of absorption at each angular setting cor-
respond to higher intensity at the target surface.
This intensity effect is particularly evident in the
s -polarized-light absorption measurements and
probably accounts for the elevated p-polarized-
light absorptions observed at 20 and 50 . Even
with the range of intensities and absorptions en-
countered on different trails, the resonance for
p-polarized light is clearly evident while no simi-
lar maximum was observed in the s-polarized-
light measurements.

The angle corresponding to the absorption max-
imum for p polarization coupled with Ginzburg's
resonance absorption function" implies a scale
length ofI, = 1—2 pQl)

in agreement with previous results obtain by po-
larimetry. '

A seven-channel x-ray spectrometer was used
to measure the continuum thermal x-ray "temper-
ature" on several shots. " Typical temperatures
obtained were of the order of 600 eV. By assum-
ing a linear ramp electron-density profile with a
scale height of 1 to 2 pm, an estimate for the
classical collisional absorption may be made:

A —= 1 —exp j,'~ (vL/c)cos'8] ~0.08,

where v is the electron-ion collision frequency.
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FIG. 4. The absorption of s-polarized light declines
monotonicly with increasing 0. The shaded region indi-
cates the extremes of the data and dots and circles indi-
cate intensity range: ~, (8.5+4.0}x10 W/cm; 0, (2.6
+ 0,4) x 10 ~ W/cm .

Hence at 8 =0' a substantial (&20fg) absorption
due to anomalous or nonlinear effects was ob-
served, which is more than that predicted by the
simulations in Ref. 1.

Quantitative differences between the calculated
and measured p -polarized-light absorption may
be due partly to the departure of the experiment
from the ideal-illumination configuration assumed
in the calculations. Indeed, the incident radia-
tion was not perfectly collimated and the targets
were not identical or perfectly flat. Electron-
density-profile rippling or cavity formation may
account for some of the discrepancies. " Other
mechanisms which might modify the absorption
and smooth its angle and polarization dependence
include short wavelength ion turbulence, "reso-
nance absorption due to self-generated magnetic
fields, '9 and the 2&~, instability. '

The fraction of the incident energy backscat-
tered into the f/10 focusing lens reached a maxi-
mum of 2/c for 8 = 0', but for all other angles in-
vestigated was 1% or less. This small percent-
age of directly backscattered radiation suggests
a diffuse scattering surface and may present indi-
rect experimental evidence of cratering, ' how-
ever, the initial roughness of the target face
could have the same effect. In any case, this low
backscatter suggests that stimulated back-reflec-
tion was not significant in this measurement.

In summary, a clear maximum in the P-polar-
ized-laser-light absorption by parylene targets
has been observed at angles of incidence between
20' and 25 in qualitative agreement with theory. '
The s-polairzed-light measurements exhibit a
monotonic decrease of the absorption with the an-
gle of incidence. This clear signature of the res-
onance absorption phenomenon observed at inten-
sities and pulse durations typical of exploding-
pusher laser fusion studies, identifies resonance
absorption as a significant absorption mechanism
for this class of experiments.
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Theory of Hot-Electron Spectra at High Laser Intensity
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A simple model involving resonant absorption in a self-consistent sharp density gradi-
ent is found to be in quantitative agreement with the suprathermal-electron spectrum
from recent laser-plasma-interaction experiments and to explain qualitatively the scal-
ing of that suprathermal-electron spectrum with laser power and wavelength,

There has been considerable controversy in re-
cent years on the source of the hot or suprather-
mal electrons and high-energy x rays observed
in high-powered-laser -target experiments. '~

We propose in this Letter a simple model which
quantitatively agrees with experimental data from
a variety of laboratories. In particular, we pre-
sent an explanation as to why the hot-electron
temperature in &~~er-produced plasmas at high
incident laser intensity scales weakly with both
laser wavelength and laser intensity. We find
that at high 4,~er power the self-consistent steep-
ening of the plasma density profile in which the
laser penetrates to densities greatly exceeding
the critical density results in resonant absorp-
tion being the dominant absorption mechanism.
At the same time the electron-heating mechanism
of resonant absorption allows the steepened pro-

file to persist. In this quasiequilibrium state this
model predicts that the characteristic hot-elec-
tron energy, Ts, is given approximately (in keV)
by

z' -14(tx')"*-z' "'
where I is the Laser intensity in units of 10"W/
cm', X is the laser wavelength in micrometers,
and T, is the background electron temperature
in keg at the critical density.

At one point hot-electron temperatures were
thought to scale as IX' on the basis of infinite-
homogeneous -plasma simulations or heat-capaci-
ty arguments. ' Flux-limit arguments in which
the bulk of the electrons are stochastically heated
in a region around the critical density predict'
that the electron temperature scales as (IX )' '.
In addition, the argument that the energy is car-




