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Effect of Crater Formation on the Absorption of Focused Laser Light
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We use a new computational model to investigate the absorption of a focused beam of circu-
larly polarized laser light, including the ponderomotive force. We find, in agreement with
recent experiments, that at high intensity large craters can form due to the variation of the
ponderomotive force across the focal region. The critical surface becomes concave and the
walls of the crater refract the incident light so that resonant absorption can be greatly en-
hanced.

Resonant absorption of laser light is thought to
be the dominant heating mechanism for plasmas
irradiated by high-power lasers. To date most
theoretical and computational studies of resonant
absorption have approximated the incident laser
beam as a plane wave."The present paper in-
dicates that if the effects of a finite focused laser
beam are taken into account, then the absorption
may be greatly increased over the plane-wave
value.

In particular, recent experiments' on the ab-
sorption of high-intensity laser light indicate
that large-scale craters may form in the under-
dense plasma. These craters are not present at
low intensities and their dimensions correspond
to the laser spot size, confirming the role of
radiation pressure in their formation. They arise
because self-steepening of the plasma density
takes place preferentially near the center of the
focal spot, indenting the critical surface where
the beam is most intense. In addition, the out-
ward flow from the ablation region is restricted
by the light pressure so that the plasma is forced
to expand around the laser beam. Large-scale
cratering arising from a finite focal spot occurs
in addition to the small-scale rippling of the crit-
ical surface due to instabilities. Such critical
surface instabilities are operative even for planar
incident light and have been reported elsewhere. '

Experiments" also indicate that some mechan-
ism is acting to smooth out the sharp angle and
polarization dependence of absorption suggested
by particle simulations which use planar light.
While many alternative explanations exist (nota-
bly megagauss d.c. magnetic fields' and ion
acoustic turbulence'") large craters seem to be
important in this regard. Associated with cra-

ters are a concave critical surface and strong
transverse density gradients in the underdense
region, which significantly refract the incoming
light. Both features increase the effective angle
of incidence of light so that resonant absorption
is enhanced. Even for apparent normal incidence
fractional absorption may be in the range of (30-
45) fp as compared with 15/& in the absence of
crater formation.

We have developed a computational model to
study craters formed by focused laser beams,
their stability, and their consequences for ab-
sorption. It includes wave-optics solutions for
arbitrarily focused light, a description for reso-
nant absorption, and an isothermal hydrodynamic
description of the plasma response to the pon-
dermotive force.

For a linearly polarized focused laser beam
the ponderomotive force in inherently three di-
mensional" as a result of polarization-dependent
(resonant) absorption. However, we find a numer-
ically tractable, self- consistent approximation
to the problem by assuming a circularly polarized
incident beam. In that case the ponderomotive
force and hence the plasma density profile are
azimuthally symmetric about the laser axis. '~

Aside from some small-scale modulations in the
azimuthal direction due to critical surface and/or
underdense plasma instabilities, the plasma den-
sity will share this symmetry. However, small
azimuthal density modulations are probably unim-
portant for the formation of focal-spot-sized
craters. We neglect them and assume a plasma
density profile which is rigorously azimuthally
symmetric.

We describe the propagation of the laser light
with the equation
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where oN„and a are positive constants. For
n «2 the fluctuating plasma density is effectively
limited to Sz/n- 1 since the damping grows ex-
tremely heavy for larger values. This is exactly
the behavior required to model cold wave break-
ing. ' We have verified numerically that the cal-
culated absorption is independent of the param-
eters ONL and e for fixed density profiles. In
practice we exploit this independence and choose
0&z and n to give self-steepened density-profile
scale lengths of (10-20)XD in agreement with par-
ticle simulations.

We solve Eq. (1) in a spherical (r, 8, y) coor-
dinate system oriented along the laser axis. For
circularly polarized light and an azimuthally sym-
metric plasma it is appropriate to remove the
azimuthal dependence of the fields as e'~. Then
Eq. (1) is effectively two dimensional and may be
differenced on an r-6I grid. The time advance-
ment is done explicitly and the fields on the vac-
uum boundary are obtained by an adaption of Lind-
man' s" scheme to spherical coordinates.

The plasma dynamics are followed by solving
the isothermal fluid equations:

where n, is the background plasma density, v is
the collisional damping rate, y is the ratio of
specific heats, v~, '=4sne'/m, v, is the electron
thermal velocity, v, ' = T, /rn, and 0' is a phenom-
enological "diffusion coefficient" for charge den-
sity. When U = 0, Eq. (1) is the familiar linear-
ized electric-field wave equation. At low inten-
sities it predicts resonant absorption field in-
tensities and absorption coefficients in good agree-
ment with particle simulations. ' At higher in-
tensities direct heating of electrons results in a
large nonlinear dissipation not included in this
linear equation. As a result, the longitudinal
fields are overestimated. Because these fields
often dominate the ponderomotive force and hence
the plasma hydrodynamic response, it is impor-
tant to improve this description. This is done

by giving a nonlinear dependence on the electric
field strength:
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where m, n, and v are the ion mass, plasma
density, and plasma velocity, respectively, and
T is the thermal electron temperature. The as-
sumption that the thermal electrons are isotherm-
al is consistent with particle simulations. The
artificial viscosity tensor p, is the standard Yon
Neumann formulation to which we have added a
second contribution which is a constant in space,
and which is used to simulate Landau damping of
ion waves. The angular brackets, (), in the
ponderomotive force driving term denote a time
average over the laser period 2m/cu, . The fluid
equations are advanced once per laser cycle by
the conservative Lax-%endroff algorithm. Be-
cause our equations are solved on the coo time
scale, we use an artificial electron-ion mass
ratio, typically, 0.01.

In the following example calculation we model
the conditions of the high-intensity, short-pulse-
length disk experiments' referred to above. We
consider the situation where a crater has been
formed during the early part of the laser pulse,
and begin our calculation at peak power to ob-
serve the short-term stability of the crater and
its effect on absorption. The postulated initial
density profile is shown in Fig. 1. In this figure
the laser is. incident from the right. The hori-
zontal axis r is the laser axis (an axis of rota-
tional symmetry). The vertical axis is the polar
angle 8 measured in radians. A super-Gaussian
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FIG. 1. Contour plot of the initial plasma density.
Also shown are numerical solutions for trajectories of
three typical rays, rays a —c. The steepened plasma
density scale length on the laser axis {9=0) is &DL =1
while far off axis |,'8=0.1) the unsteepened scale length
is koL =24. Approximately 90% of the incident power
is inside ray c.
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tion: uniform subsonic flow.
The requirement of a finite viscosity in the

fluid equations introduces some uncertainty into
our calculations since it affects the amplitude and
wavelength of critical surface ripp1es and the
level of stimulated scattering. The general char-
acteristics of the calculations, however, are
fairly constant for reasonable values of the vis-
cosity. Finally, our model neglects dc magnetic
fields which may increase, or in some cases,
diminish absorption. '

In conclusion, we find using a wave-optics-
hydrodynamics model that the effects of a finite
focal-spot size can significantly increase the ab-
sorption of Laser light by a plasma. In particular
a large crater may form, producing a convex
critical surface, refraction of the incident light,
and therefore enhanced resonant absorption.
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Texture Transformation and Anisotropic Heat Flow in 3He-A

the presence of helical textures in 3He-
of anisotropy in the heat flow is also

Observations are presented that are consistent with
A close to the transition temperature. The discovery
reported.

I have made measurements which may support
the existence of helical textures in 'He-A. very
near to the transition temperature. While the
existence of this texture has recently been the
subject of intense theoretical investigation, "the
present work provides the first experimental in-
formation. Moreover I have discovered anisotropy
in the heat transport, which may shed light on the
Quid mechanics of 'He-A in thermal counterQow.

The apparatus, described in detail elsewhere, '
consisted of two 5-MHz fundamental X-cut quartz
sound transducers separated by quartz bars. The
resulting Qow channel was 0.1 cmx1.0 cmx1.3
cm long. A magnetic field perpendicular to the
direction of sound propagation could be applied.
Above the transducers a short length of resistive
wire served as a heater to drive a counterflow4
along the field axis; some heat also egtered the

helium laterally from the sound transducers. A
cerium-magnesium-nitrate-based thermometer,
calibrated on the line of superfluid-to-normal
transitions, ' was used to measure the temperature
above the Qow channel. A second cerium-mag-
nesium-nitrate-based thermometer monitored
the temperature of the main cooling salt, located
below the channel. The pressure was 24.3 bars.

The measurement procedure consisted of dissi-
pating a constant power in the heater and increas-
ing or decreasing the magnetic field while observ-
ing the attenuation of 15-MHz sound. Ramping
rates were 0.1 6/s or less. Sample experimental
data are displayed in Fig. 1. The solid curve
was traced out on an X-Y recorder as the mag-
netic field increased with time; 1-T/T, =0.0239.
The characteristic magnetic field is H, =[Xo/—
Q„-ys)]"'=20 G; y, and y„are the magnetic sus-
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