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Reflection from an Unstable, Obliquely Irradiated Laser Plasma
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An inhomogeneous plasma layer is unstable under intense laser irradiation as applied
in laser fusion experiments. Experimental observations support the results of recent
two-dimensional computer simulations.

The propagation of an electromagnetic wave in
an inhomogeneous, plane plasma layer is well
known within the approximation of linear optics.
Solutions of the linear wave equation predict, for
the general case of oblique incidence, specular
reflection of the incident radiation with enhanced
absorption for a p-polarized wave. ' For intense
light waves as applied in laser fusion experiments
it is generally believed that the plasma layer be-
comes unstable under the action of the electro-
magnetic field structure. Though considerable
experimental and theoretical effort has been de-
voted to the problem of wave propagation in an
unstable plasma layer, no consistent picture has
yet been arrived at.

Recently it became possible to simulate oblique
incidence of a p-polarized light wave on an ln-
homogeneous plasma by two-dimensional particle-
in-cell computer simulations. " The simulations
suggest that instability of the plasma layer should
result in strongly peaked scattering near the
backscatter angle. Experiments tend to show cor-
responding behavior, ' although widely differing
experimental conditions and lack of reproducibil-
ity and completeness of data have resulted in a
patchwork of observations which makes it diffi-
cult to isolate any common features. It therefore
seems appropriate to report here experiments
where the angular distribution of specular reflec-
tion, collimated backscatter, and second-har-
monic (SH) generation, together with their time
evolutions, are simultaneously recorded in sin-
gle-shot experiments approaching the plane ge-
ometry of computer simulations. It then becomes
obvious that the angular distribution seen in sim-
ulations indeed has its counterpart in real experi-
ments. Imbedded in a set of data taken under
identical conditions " and with the background of
observations reported from other laboratories' '
the results seem to confirm a basic pattern of
behavior with parallels between experiment and
simulation which should help to unravel the ex-
perimental situation and narrow the range of rel-

evant interaction mechanisms in laser -produced
plasmas.

The experiments were performed on the Gar-
ching Nd laser facility (h. =1.06 pm) with 5-nsec
laser pulses of energy 0.1-20 J per pulse focused
by a f=95-mm aspherical lens (diam 75 mm).
Plane targets of solid deuterium, plexiglass,
carbon, copper, and tungsten oriented normally
to the laser axis were used, the intensity on the
surface being varied in the range 10" 4 4
&10'4 W cm '. To simulate oblique incidence of
p-polarized radiation on the target, the laser
beam, being linearly polarized with horizontal
E vector, was shifted horizontally to a position
between the center and the left edge of the focus-
ing lens. In addition, the right half of the lens
was shielded from incident laser radiation by a
sheet of cardboard with a straight vertical edge.
Thus, it is essentially p-polarized light rays that
impinge on the target with angles ranging from
0' (center of lens) to 25' (edge of lens). The an-
gular distribution of backscattered radiation was
studied by taking photographs of the full diameter
of the focusing lens in the light of backscattered
radiation. "

We discuss here two photographs obtained in a
single laser shot onto a plane solid deuterium tar-
get [Figs. 1(a) and 1(b)]. In this case the target
was in a defocused position with the focal spot
about 200 pm in front of the target, resulting in
an irradiated area of -150 p.m diameter at an in-
tensity of Bpproximately 10 W cm

Under such conditions a pattern of reflected
radiation is observed near the right edge of the
lens, which is interpreted as specular Fresnel
reflection from the plasma layer formed on the
target surface. Obviously, the plasma layer re-
mains plane and oriented normally to the optical
axis during the laser pulse to such an extent that
on a time-integrating photographic plate the re-
flected radiation appears about symmetric to the
optical axis and well separated from the irradi-
ated area in the left part of the lens. We note
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FIG. 1. Photographs of the focusing lens in the light
of backscattered radiation. (a), (b) Time-integrated
photographs at frequencies 21. and z, respectively.
(c) Streak photograph with streak slit horizontal through
the center of the lens. Channels three and five monitor
collimated backscatter from two hot spots as seen in(b).

that formation of an approximately plane plasma
layer is consistent with the large focal spot area
forming the basis of Figs. 1(a) and 1(b).

It is apparent from Fig. 1(b) that the specular
pattern is rather diffuse. In general, with vary-
ing target material, focus position, and intensity,
the specular patterns were always diffuse, usu-
ally with an even broader angular range than in
Fig. 1(b), and with local intensity variations of
the incident beam being lost upon reflection.
With some reservation this may be attributed to
the inherent directional sensitivity of specular
reflection to the shape of the plasma layer; x-ray
pinhole photography and high-speed photography
show that, in general, the target surface may
already be considerably deformed during the la-
ser pulse by crater formation. ' Whether there
is a deeper cause of blurring of specular reflec-
tion, namely reflection from a plasma layer
which becomes rough during the interaction, will
be the subject of a separate investigation.

In the left part of the lens collimated backseat-
ter is observed in the form of four bright spots.
Their spatial distribution is impressed by the
"hot spots" which are present in the incident
beam, and is, in contrast to specular reflection,
not sensitive to the particular conditions of a la-
ser shot. The high degree of accuracy with which
the incident light rays are retraced has been
demonstrated explicitly in Ref. 4.

For completeness and to demonstrate the con-

nection with a previous investigation of SH pro-
duction, Fig. 1(a) shows the distribution of SH

radiation obtained in the same laser shot. As
discussed in Ref. 5, SH radiation should accom-
pany specular reflection of p-polarized radiation.

The temporal evolution of the time-integrated
patterns of Figs. 1(a) and 1(b) was followed by
imaging the focusing lens on the slit plane of an
ultrafast Electro-Photonics streak camera, with
the streak slit extending horizontally through the
center of the lens image as shown in Figs. 1(a)
and 1(b). A special filter was constructed from
2-mm-wide strips of Schott RG 1000 and BG 18
filter glass. Glued together to form a plate with
alternating strips, this filter was placed in the
slit plane, thus dividing the field of view into
thirteen channels alternately transmitting scat-
tered radiation with frequenceis +L and 2&i. A
typical streak photograph is shown in Fig. 1(c).
For technical simplicity it was taken with a plane
copper target under conditions (focused for max-
imum reflection through the lens with an intensity
of 4 =10'4 W cm 2 on the target surface) where
previous checks had shown that essentially the
same patterns as shown in Figs. 1(a) and 1(b) are
produced.

Inspection of Fig. 1(c) shows that SH radiation
is preferentially emitted in the specular direction
in agreement with the time-integrated Fig. 1(a).
Maximum emission of SH radiation and specularly
reflected laser radiation also occurs simultane-
ously as expected (actually during the first 1—2

nsec of the pulse). Channels three and five mon-
itor collimated backscatter from the spots located
in the left part of the lens [compare Fig. 1(b)].
In the following we ignore the slow, i.e. nano-
second, variation of the observed intensities,
which is most probably connected with the time
variation of the gasdynamic parameters of the
plasma layer. Instead we concentrate on the
high-frequency modulation seen in Fig. 1(c). It
is observed that the scattered radiation fluctuates
in time with single spikes being resolved down to
a duration of 67 ~30 psec, the time resolution of
the camera in the present mode of operation.
These fluctuations are basically due to fluctua-
tions already present in the incident beam.

The important point is that individual spikes
produce both modes of scattering, specular and
collimated. Such a fast transition ((30 psec) ex-
cludes macroscopic deformation of the plane,
specularly reflecting plasma layer as the cause
for collimated backscatter. This is because gen-
eration of the pronounced spots of collimated
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backscatter requires a coherent source with a
minimum diameter which can be estimated by a
simple diffraction argument as d R Xf/A. For a
typical hot-spot radius R=3 mm in the plane of
the lens [Fig. 1(b), left partj one finds da 3 x10 '
cm. On the other hand, within the shot duration
AT of a single spike displacement of material is
only possible over a distance of the order 5=c,AT.
From electron temperature measurements the
sound velocity c, is typically c, = 10' cm sec ';
hence with AT&30 psec one obtains 5&3x10 4

cm and 5«d. Whereas local modulation of the
plasma layer due to backscatter instabilities may
thus well occur, macroscopic deformation of the
plasma layer with classical mirror formation "
has to be ruled out.

Thus, as regards the angular distribution of
scattered radiation, experiment and simulations
agree in that (i) part of the radiation is reflected
specularly and is accompanied by specular SH
emission, and that (ii) as a result of instability,
radiation is scattered in the backward direction.
Though not actually resolved, typical growth
rates of the relevant instabilities of the order of
10" sec ' are consistent with the measurements.
As in the simulations, the scattered radiation
peaks distinctly in the backward direction; thus,
the highly ordered state of the perturbed plasma
layer aS seen in simulations and sketched in Fig.
2 should be relevant to reality. Without affecting
this conclusion it should be mentioned that spec-
ularly reflected radiation could still be produced
in the experiment after the onset of instability as
zero-order scattering from the modulated plasma
layer. Problems of this type could only be stud-
ied with equipment of considerably improved

(A)pe= (d(

b &pe= 4)L

FIG. 2. Schematic representation of light ray propa-
gation in (a) a smooth inhomogeneous plasma layer
(specular reflections) and {b) a perturbed plasma layer
(collimated backscatter). Curved solid lines in (b) are
crests of ion sound waves; the dashed light ray in the
specular direction represents zero-order scattering
from an imperfectly "blazed" structure.

tame resolution.
Backscatter from the perturbed plasma layer

may be considered under two aspects, namely
volume scattering by the underdense plasma and
surfacelike scattering, similar to that from a
blazed metal grating, by the modulated critical-
density layer [see Fig. 2(b)]. These two aspects
may be connected with stimulated Brillouin scat-
tering (SBS)' and the radiative decay instability
(RDI), ' respectively. Although the mutual rela-
tion between these instabilities is not yet clear,
some features of the experiment are more readily
interpreted in terms of the latter instability. The
RDI instability can occur in a modified, steplike
density profile which may be generated in the vi-
cinity of the critical layer by light pressure' and
can account for the red shift of backscattered ra-
diation' even with supersonic streaming on the
low density side of the step. Furthermore, the
RDI threshold condition Vo/V, & 5(k I )' 'AD/I- taken
together with the experimentally observed inten-
sity dependence of the electron temperature, T,
= To(C/C'0) ' where TO=400 eV at 4, =10'4 W cm 2,

suggests threshold intensities even below the
threshold intensity for plasma production (10'-
10"W cm '). This is consistent with the fact
that no indications of a threshold for collimated
backscatter have ever been observed in our ex-
periment down to the lowest applied intensities of
=10'2 W cm 2. A certain discrepancy with the
threshold intensity of =10"W cm ' estimated at
NRL'0 remains unexplained. Probably it is not
due to the presence of spikes in the beam since a
recent investigation using the same laser system
has shown a very pronounced threshold behavior
for &+~ emission at a time-averaged intensity
which is in good agreement with the theoretical
threshold for the 2&&, instability. "

Finally, the exemplary rather than singular
character of the examples presented here should
be emphasized. Differences in the relative inten-
sity of collimated and specular backscatter4 now

appear as consequences of widely differing plas-
ma parameters and shape on irradiation of vari-
ous targets with varying intensity and focusing
conditions. Furthermore, there are an increas-
ing number of experiments with Nd, ' CO„'and
ruby' lasers where the observations seem to in-
dicate that similar phenomena are encountered.
Thus, laser light propagation in an unstable plas-
ma layer may proceed qualitatively as described
here for broad ranges of intensity and wavelength.

The authors are indebted to D. Biskamp, D. W.
Forslund, and P. Mulser for discussions. This
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Dynamics of Entropy Fluctuations in a Critical Binary Mixture
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Using a very sophisticated light-beating spectrometer and a new correlation technique,
we have measured the relaxation time of entropy fluctuations in a critical binary mixture
in the reduced temperature range of 4X10 ~t ~10 . In the hydrodynamic regime this
relaxation time, which is proportional to the specific heat at constant pressure and criti-
cal concentration, is found to behave as t (1+Bt+")with a critical exponent n =0.059
+ 0.003 and x = 1.05+ 0.15.

Light-beating spectroscopy has provided nu-
merous important results regarding the dynam-
ics of concentration fluctuations in liquid mix-
tures especially near the critical point. As a re-
sult of both the strong divergence of the intensity
of the light scattered from these fluctuations and

their critical slowing down, large signal-to-noise
ratios can be achieved which allow a precise de-
termination of the decay rate of concentration
fluctuations I',.

In critical binary mixtures the dynamics of en-
tropy fluctuations is basically as important as
the dynamics of concentration fluctuations. In
the hydrodynamic regime, the decay rate of en-
tropy fluctuations is I =D, 'q' where q is the
wave number of fluctuations and D, ' is a diffusion
coefficient given by the ratio of A', a noncritical
kinetic coefficient, to C~, the specific heat per
unit volume, at constant pressure and critical

concentration.
Because of the coupling between entropy and

concentration fluctuations, A' is slightly larger
than the thermal conductivity A, except at the
critical point where A =A'. ' As the temperature
T approaches T„Cp,is theoretically expected
to follow the temperature dependence

Cp, At ")I+Bt"J+——C,

where t = A T/T„=(T —T,)/T, . At "describes the
asymptotic behavior of the specific heat and BI,"
is the first nonanalytic correction term predicted
by renormalization-group theory. ' The coeffi-
cients A, B and the regular part C of C~ „may be
weakly temperature dependent (analytic functions
of t). The critical exponent n and the subcritical
one x are expected to be about 0.125 and 0.640,'
respectively, for the three-dimensional Ising
model.




