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Parylene and tungsten-glass disks have been irradiated with a 1.06-pm laser at fluxes
of 10"-10'5W/cm'. Analysis of the experimental results indicates that the laser-plasma
interaction was characterized by critical surface steepening, rippling and/or filamenta-
tion, polarization-dependent scattering, and efficient generation of superthermal elec-
trons. These effects were significantly stronger in the tungsten-glass experiments.

Extensive experimental studies' of the interac-
tion of laser radiation with low Z ((3.5) targets,
covering a wide range of intensities (I, ) 10"W/
cm') and wavelengths ((10.6 pm), indicate that
ihe interaction process is generally strongly in-
fluenced by collective plasma processes. This
Letter presents the results of 1.06-pm laser-ir-
radiation experiments' with the Cyclops laser'
in which Z was varied significantly by using disk
targets of Parylene (C,H, ) and W glass (0. V5

W,O, 0. 25 P,O,). Deta. iled measurements of the
scattered laser light and x-ray and charged-par-
ticle emission characteristics show strong evi-
dence that the interaction process was dominated
by critical surface steepening, rippling and/or
filamentation, polarization-dependent scattering,
and efficient generation of superthermal elec-
trons. Furthermore, the strongest noncollision-
al behavior occurred in the high-Z W-glass ir-
radiations. Analysis suggests that the observed
behavior of the two target types can be unified by
the parameter g = V, /Vr, the ratio of the elec-
tron oscillatory and thermal velocities.

The planar (650-950 ILm diam&&V ILm thick) disks
were located - 10' pm inside the focal waist in the
near field of an f/2. 5 a,spheric lens. The flux
level (10's-10"W/cm') was varied by changing
the laser pulse length (150-400 ps) and energy
(5—V5 J). Target damage due to amplified spon-
taneous emission and prepulses was found to be
unimportant. An extensive array of diagnostics"
observed laser and plasma behavior during each
experiment. The time-integrated laser energy
distribution in the target plane was measured dur-
ing each experiment with an equivalent-lens-mul-
tiple-image camera system. The focused laser
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FIG. 1. Fractional laser-light absorption measure-
ments: photodiodes (PDS) and "box" calorimeter (BC).
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beam, 250-300 pm FWHM (full width at half-max-
imum) in diameter, exhibited a ring structure,
rising (50-100)% above the central minimum.
Small-scale fluctuations, 30-40 p, m in diameter
and (30-50Po in relative I» were superimposed
on these gross features.

Figure 1 shows the measured absorption g, vs
I&. Both target types absorbed comparable frac-
tions. For the - 200-ps experiments, g, for %
glass (Parylene) varied from 3@o ( 30Po) at 5
&& 10"W/cm to ™36Fo ( 25%%uo) at 5 && 10'4 W/cm'.
The discrepancy between the photodiode and box
calorimeter measurements shouM be taken as in-
dicative of the accuracy of the energy balance
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FIG. 2. (a) Laser energy scattered per unit solid
angle into p tI

and perpendicular to p~ the incident laser
light polarization plane as a function of the scattering
angle for solid line, W glass (5.7 x 10' W/cm~, 181
ps, 27% absorption) and dashed line, Parylene (5.3
x 10' W/cm', 195 ps, 23% absorption). (b) Fraction
of the incident laser energy scattered azimuthally non-
uniformly.

measurements, although the box calorimeter is
expected to be more accurate since it subtended
0. 92(4m) sr around the target. The laser-light
absorption fraction was also inferred by using
several ion calorimeters surrounding the target.
These calorimeters measured the emitted x-ray
radiation and asymptotic convective energy of the
plasma. They gave results that agreed, to with-
in experimental uncertainties, with the optical en-
ergy balance measurements. For instance, in a
specific W-glass irradiation experiment, at 5. 7

&& 10'~ W/cm', 28%%uo absorption was inferred by the
ion/x-ray calorimetry and 27%%uo by photodiode
measurements. On a comparable experiment,
at 5. 5 &10'4 W/cm', 34%%uo absorption was meas-
ured by the box calorimeter. The x-ray and ion-
ic contributions to the calorimetry data were de-
convolved with the aid of ion angular distributions
deduced from Faraday detector data and x-ray
angular distributions measured with pinhole cam-
eras and x-ray microscopes. The x-ray emis-
sion at energies «100 eV was much larger for W
glass than for Parylene; at 10'~ W/cm' it was
0. 5e, for W glass and (0. 01-0.1)&, for Parylene.

The scattered laser energy distributions in and
perpendicular to the incident-laser -light polariza-
tion plane exhibited several characteristics indic-
ative of collective processes. These distribu-
tions, Fig. 2(a), for both target types were simi-
lar and strongly peaked in the backscatter direc-
tion. For ~ - 135'-150 strong azimuthal non-
uniformities were observed, i. e. , P~/p~~ 3-4.
A substantial fraction of the scattered laser light
appeared in the plane perpendicular to the plane
of polarization of the incident laser light. In Fig.

2(b) the fraction of the incident la.ser energy scat-
tered azimuthally nonuniformly q~ = f (P ~ -P~~)cA/
&, is plotted as a function of I,. This quantity in-
creases with I, as p, is decreasing, is relatively
insensitive to target composition, and is greater
for the long-pulse-length experiments.

Simple theoretical estimates and LASNEx'~~
simulations without ponderomotive force show
that at 10"W/cm the W-glass target plasmas
wouM be stripped to a Z of 13-15 and absorb

7(Po of the incident laser energy by inverse
bremsstrahlung (IB), about twice the&, for Pary-
lene targets. The data show a much lower g, for
the high-Z targets and little distinction in scatter-
ing characteristics between the Parylene and W-
glass disks. Since most of the IB occurs quite
close to critical density v„it is strongly re-
duced by density profile steepening due to ponder-
motive forces at n, and competition with Brillouin
scattering. The azimuthally nonuniform scatter-
ing could result from resonant absorption on a
steepened, rippled, critical surface or Brillouin
sidescatter. The estimated threshold for side-
scatter in these experiments is 10'~ W/cm'. For
a steepened density profile, Brillouin sidescatter
occurs most strongly at (0. 5-0.7)n, . As ob-
served, the azimuthally scattered light then re-
fracts out of the plasma at 0 - 135'-150'. Side-
scatter is expected to be more important in these
experiments than previous ones' due to the larger
focal spots and longer pulse lengths. Further-
more, at these intensities, induced scatter does
not readily self-limit by modification of the plas-
ma density.

Local steepening of the density profile near n,
is consistent with polarimetry measurements. '
In these experiments the average degree of linear
polarization, p, of the scattered laser light at
F9=164', y=45 was measured to be 0. 92 rela-
tive to the direction of polarization expected if
the plasma reflected laser light as a perfectly
conducting plane. According to detailed calcula-
tions, ' this value of P corresponds to a, scale
length of -4 pm for a plane wave incidence angle
of 8'. The depolarization contributions due to the
finite angular extent of the beam, plasma turbu-
lence, critical surface steepening or breakup,
and Faraday rotation were estimated' using a
reference polarimeter in the plane of polariza-
tion, @=0', of the incident laser beam.

Figure 3 shows evidence of filamentation initi-
ated by a nonuniform laser beam. Similar, but
less pronounced, behavior was also observed for
Parylene. The position of x-ray hot spots cor-
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FIG. 3. X-ray micrograph, p = 2.5 keV, taken at a
45' angle from the front surface of a W-glass target at
5.7 x 10'4 W/cm'. The bar denotes 100 pm.
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relates with hot spots on the incident beam. How-

ever, the appearance of the x-ray hot spots only
at ~ 10'» W/cm' does not correlate with the ob-
servation that the laser beam profile contained
similar hot spots at all I& examined. In the fig-
ure each nonuniformity (hot spot) is surrounded
by a less intense ring. The outer dimension of
each ring or halo compares closely to the initial
FWHM of the corresponding hot spot on the laser
beam. The estimated filamentation e -folding
length for the conditions of Fig. 3 is 12 pm for a
20 pm diam inhomogeneity at 0. 5e,. Thus the
halo is possibly a consequence of filamentation
collapse and conduction inhibition by self-gener-
ated magnetic fields. For example, a thermo-
electrically generated solenoidal field J3 wz8, /
I-„I-&- 0. 8 MG about each hot spot when 7~ - 200
ps, I-„-20 pm, andI- -40 pm constrains the
electron diffusion time across it to 220 ps.

The x-ray emission spectra plotted in Fig. 4
show further evidence of collective laser plasma
interactions. Above 4-5 keV the typical x-ray
spectrum consisted of two parts each having a
roughly exponential behavior; a low energy (~10
keV) component due to line radiation and the tails
of photorecombination edges and a high energy
component due to bremsstrahlung from energetic,
nonthermal electrons. Figure 4 shows the I& de-
pendence of the normalized x-ray intensity at 30
keV, and the effective "temperature", ~„,of the
high-energy x rays. Both quantities increase
with I& indicating an increase in plasma coronal
temperature. Furthermore, at a given intensity
f„and&„are largest for the W-glass experi-
ments. For equal fast electron distributions 5
times as many hard x rays should be observed
for W glass as for Parylene. Instead, the hard
x-ray spectra from W-glass irradiations are 30-
40 times more intense than those from compara-
ble Parylene experiments. These results indi-
cate that at a given I& heated electron distribu-
tions were harder in the %-glass experiments.
Also, typically 4-5 times as much energy in emit-
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FIG. 4. X-ray spectral emission characteristics de-
lineated according to target and pulse length. The
t.ASNzx calculations constrained absorption to occur at
n., and heating exclusively into superthermal electrons
for W glass, cross-hatched region, and for Parylene
with (dashed line), without (solid line) the Fried-Gould
inhibition {Ref. 1) to electron conduction. 0„is com-
puted on t'he 10 to 30 keV interval.

ted fast electrons (~30 keV) was detected in W-
glass irradiations as in Parylene.

In LASNEX, laser-light absorption via collec-
tive processes produces nonthermal electrons
according to the source function ri, (v) = C,v'
&& exp(-mv'/2&0, ) where e, is the mean electron
temperature and & is a parameter. The results
of LASNEX simulations are shown in Fig. 4. In
the W-glass calculations, matching the intensity
and slope of the hard x-ray emission required,
for the measured g„that all the absorbed laser
energy go into fast electrons with &= 10-20.
For Parylene, the assumption that a major frac-
tion of &, produces hot electrons with e- 3-5
was required to reproduce the data. Thus the
calculations suggest strong collective absorption
in all cases and that relatively much hotter elec-
trons are generated in the W-glass experiments.

Simulations and theory' indicate that q is an
important parameter characterizing laser-plas-
ma interactions. As a consequence of the high
radiative efficiency of the W-glass plasmas,
their &, (300-400 eV based on comparison of low
energy x-ray spectra with LASNEX simulations )
was 2. 5 times less than corresponding Pary-
lene plasmas. Thus g was larger by a factor of
-1.5 in the %-glass experiments than in the Pary-
lene irradiations. The absorption, scattering,
and x-ray spatial emission characteristics dis-
cussed earlier are certainly consistent with this
difference. The parameter q may also be the
common denominator for the superthermal elec-
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tron heating distributions. A plot of o'0, vs g for
the set of all LASNEX simulations reproducing
the hard x-ray data is roughly a single curve.
Closer inspection of Fig. 4 reveals that the Pary-
lene curves are generated by shifting the W-glass
curves up a factor of 3-4 in laser intensity. This
shift is just that required to achieve comparable
values of g. This interpretation implies that the
hot-electron temperature increases as the back-
ground plasma temperature decreases, a behav-
ior that has not been predicted theoretically. "
However, plasma simulations' do show an in-
crease in hot-electron temperature for higher Z
materials, since heated electrons are then scat-
tered more often back into the heating region.
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naturally which is distinctly different in spirit
from the local description implied by flux limit-
ing. %e find that the energy flux into the plasma
is only a small fraction of the (half-space) free-
streaming value. It is important to understand
the complete classical description quantitatively
in order to identify accurately the nature and the
degree of significant anomaly, if any, which re-
mains to be explained.

The problem is complicated by the fact that the
plasma. parameters vary over a wide range de-
pending on position in the target and time during
the driving pulse. For that part of the electron
distribution with scattering and energy-relaxation
mean free paths, Ago and A„both small com-
pared to the background gradient scale length L,

\
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The Fokker-Planck kinetic equation for suprathermal electrons which are confined in a
spherical plasma by the sheath potential and collide with colder denser electrons and ions
is investigated. In the region where the collisional mean free path, A. , is longer than the
spatial scale length, L, the kinetic equation is reduced by averaging it along an orbit be-
tween reflections by the sheath. The electrons are seen to diffuse in impact parameter
relative to the plasma core while slowing down in velocity. The resulting heat flow scales
as (L/A. )n„hmv„h~.

A complete theory of transport processes in
inertially confined plasmas is not yet available.
This has led to the adoption of gd Aoc strong flux
limiting schemes to replicate certain observa-
tions in laser-fusion experiments. ' Several anom-
alous mechanisms have been investigated in sup-
port of this treatment, such as enhanced turbu-
lence or magnetic fields. '' In the high-intensity
regime of interest, however, collisionless ab-
sorption of incident energy results in the produc-
tion of highly energetic electrons. 4 Here we dis-
cuss a systematic treatment which considers in
detail the "neoclassical" transport problem, i.e. ,
that associated with these long-mean-free-path
electrons suffering only Coulomb collisions. A

new, non)ocal transport description emerges




