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Estimates of Intensity, Wavelength, and Bandwidth Scaling of Brillouin Backscatter
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A simple nonlinear, one-dimensional spherical Brillouin-backscatter model adapted
from kinetic simulations and Kruer’s theory to a fluid code (LAsNEX) is described. Laser
absorption and Brillouin reflection are plotted for 0.265 pm<A;<10.6 um and 3X 1013 W/
cm?<laser intensity <3%10'® W/cm? on gold disks (pulse length=1 nsec) and the calcu-
lated absorption is compared with experiments. Kinetic simulations suggest methods of
reducing the Brillouin backscatter, such as use of a wide bandwidth and multiline laser.

PACS numbers: 52.25.Ps, 52.65.+z

Experiments!*2 have demonstrated that Bril-
louin scattering can reflect large amounts of la-
ser light. This paper describes simple numeri-
cal methods of modeling Brillouin scatter®:* and
some results of wavelength, intensity, and band-
width scaling. We fit the data from a one-dimen-
sional (1D), kinetic, relativistic, electromagnetic
simulation code, OREMP? {0 an adaptation of the
Brillouin-backsecatter scaling? which is made inde-
pendent of zoning [Eq. (1)]. The reflection coef-
ficient may be written as
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where w,/w, =(ion acoustic frequency)/(laser fre-
quency) =kcy/w,, ¢, ={(ZT, +3T;)/lm (1 +k2A2)]}272,
% (the ion acoustic wave number) =2(w,/c)(1 - n/
ne)M2, w; accounts for ion Landau damping,*:® is
the zone length, n/n, is the ratio of the electron
density to the critical density, v, [=eE(position)/
m,w,] is the electron peak oscillatory velocity in
the electric field (E) of the laser light of angular
frequency w,, A, is the laser vacuum wavelength,
I is the laser vacuum intensity in watts per
square centimeter, v,2=T,/m,, and Gy is the gra-
dient damping term® adapted from Nishikawa and
Liv’ and Rosenbluth,” which forms the dominant
damping) GV =1+ (KVn’ +KVv,)()\o/Ax)/[64(wi/wr)2
X(L=n/n)], Ky’ =(1+04/c}(An/n)/ (1 —n/n )2,
and Ko, =2(1 +v,/c5)(Av/c (1 =n/n)"?, where

v, is the drift speed. Equation (1) is fitted (with
A =0,025) to a large number of kinetic simula-
tions which studied Brillouin backscatter as a
function of the parameters between the limits 0.3
<vo/v, <2, 10<1/2y< 252, 0.05<n/n,<0.7, 1<(T,/
T3)initia1<30, and (w,/27)t <10, Even in the
short time and space scales of the kinetic simu-
lations, there are very large oscillations (at fre-
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quency ~ w,) in the Poynting vector of the reflect-~
ed and transmitted light.* At times, much more
light is reflected than is transmitted, since light
undergoes multiple reflections even in an entire-
ly underdense phase. Therefore we average over
many 27/w,. In the fluid model, inverse brems-
strahlung (IB) absorption also uses an exponential
in space and so the Brillouin scattering and IB
are numerically evaluated simultaneously in
space and time by a sum of the arguments. The
exponential model has the advantage that it is rea-
sonably independent of zoning, and is suited to
density and temperature gradients. Kruer’s
transcendental equation®? showed a region of expo-
nential increase with ¢ for low ¢ and a region of
pump-depletion limit at high ¢, and consequently
was zoning dependent if fitted to each zone. We
model small reflection by modifying A so that
total reflection from the previous time step agrees
with Kruer’s homogeneous transcendental equa-
tion® for space-integrated q. Equation (1) is rea-
sonably good only for v,/v, <1, and consequently
the code has the nonlinear statement to describe
wave saturation: R/\,<0.08(n/n)(1 -n/n,) 1<0.17
although kinetic simulations show that the satura-
tion is more gradual and more complicated than
this implies. At each time step, for each zone
from vacuum to critical, starting with the edge
that the laser first strikes, light is reflected ac-
cording to Eq. (1). The ions are then heated ac-
cording to the Manley-Rowe relations AT /At
=R (w,/wy)(I/In;) and the intensity in the next zone
away from the light is decreased by the fraction
of light reflected by the previous zone.* The ion
heating increases the ion Landau damping which
in turn can decrease the reflection on the next
time step.* Spherical expansion can cool the plas-
ma.,

Kinetic simulations with 0.05 <#/n,<0.25 re-
veal that even underdense Raman scattering
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heats in a surprisingly vigorous fashion and thus
lowers g by increasing v, and somewhat lowers
the Raman T, by the ion fluctuations damping
the electron plasma waves.® Raman scattering
would likely reduce the Brillouin scatter for the
higher intensities of Fig. 1. The effects of a
Raman model similar to the one in Fig. 1 will be
given in a separate paper.

Brillouin scattering heats up the ions?'* on each
reflection and there can be multiple reflections.*’ 8
The model follows the light after one reflection
from Brillouin scatter or critical density, after
which the light may be absorbed, scattered again,
or escape to vacuum. Kinetic simulations show
that the ions are heated to a Maxwellian distribu-
tion of temperature =(m;/2)(w,/k)?. Most of the
heated ions are accelerated towards higher densi-
ties so that they are in position and velocity
space to do the most damping. Since the ion-ion
equilibration time is often not small, this effect
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FIG. 1. Absorption (solid lines) and Brillouin re-
flection (dashed lines) predicted by LASNEX compared
with experiments (A) with the intensity of the nearest
solid line at that wavelength. Experiment and simula-
tion were both on gold disks (Ref. 23). The spot sizes
of the high-intensity and short-wavelength experiments
were smaller than 450 pum, but, for consistency, all the
simulations had the same spot. The model reproduces
the observed increase in Brillouin reflection as the spot
size and/or the pulse length increases or the target z
decreases, since they will affect the number of Brill-
ouin wavelengths and gradients. The absorption in-
creases (Brillouin reflection decreases) (Ref. 2) for
A9p<1 pum due primarily to increased inverse brems-
strahlung and lower v,. All the simulations assumed
transport inhibition although this may not be true for
lower onz, in which case the model would predict more
absorption. The internal Brillouin backscatter is great-
er than shown since some of the scattered light was
absorbed on the way out.

is significant. The heated-ion density ni,, is
treated separately from the cold ions and self-
consistently includes production and collisional
equilibration to the cold-ion density. The total
ion Landau damping is w;/w, =(w;/ @) not(#not/B1t)
+(w;/ @,) co1d (1 co1a/ Beor)«

The model predicts absorption to better than
10% for most of a wide range of experiments
(Fig. 1). Since unique experimental determina-
tion of Brillouin scatter is difficult to determine,
the Brillouin-backscatter error bars could be
greater than 10%. Since refraction, sidescatter,
forward® scatter, Raman heating and scatter,
2w,, heating,' rigorous noise frequency match-
ing,%'7 IB reduction,’! and ion turbulence absorp-
tion'®® are not included, the experimental agree-
ment is to some extent fortuitous. However, the
scaling is interesting as a point of departure.
One interesting point is that an increase in Bril-
louin scatter of x % generally decreases the ab-
sorption by much less than x %. Since most of
the Brillouin reflection often occurs at almost
critical density, the IB and turbulence absorp-
tion are not too sensitive to Brillouin scattering,
but of course the absorption at critical density is
affected. Prepulse experiments by Amiranoff et
al.™ show that the absorption for moderate-inten-
sity pulses is not sensitive to prepulse although
Brillouin backscatter is (as our model describes).
The increased scale length from the prepulse
both absorbs more by IB (less hot electrons) and
scatters more. We used an approximation to
Langdon’s IB opacity'! and found that greatly re-
duced Brillouin scatter would be necessary to
match the experimental absorption. The evidence
points to an additional absorption or electron-
equilibration mechanism. Of course, in the 3D
experiment, thermal conduction cools the spot
(particularly the edges), which increases IB ab-
sorption. For filamentation to dominate'>!®
Brillouin backscatter and sidescatter, ZT,/T;
=<1 or the sideways gain g as determined by the
plasma or spot width must be =10,

What can be done about Brillouin scatter ?

(1) One can reduce the laser intensity.

(2) One can increase or decrease the laser fre-
quency (Fig. 1; see also Ref. 16). The dramatic
increase in absorption for A,<1 pm is primarily
due to increased IB, which reduces Brillouin
scatter by lowering v, and by increased competi-
tion.?

(3) One can use a multiline*>!” laser. If the
difference between the frequencies is more than
the Brillouin-backscatter growth rate y, then
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the Brillouin scatter for each line is reasonably
independent of the other and one can estimate
the relative reduction in reflection by use of Eq.
(1), by analyzing each line independently. Kine-
tic simulations (OREMP ) have verified® this
method for two and seven lines. The Brillouin-
backscatter growth rate y is given by the follow-
ing two limits'®*® y/w,=(v,/c)(Zm,/m )(n/n,)
(8¢c,/c)"11V?, y <kc,; and y/w,=0.87[0.5(v,/
c)2(zZm,/m;)n/n) M3, y>kc,.

(4) One can increase the laser bandwidth (Aw),
which essentially increases the gain length. There
is experimental evidence!®''® and theory® !” that
bandwidth reduces the reflection due to Brillouin
scattering (Fig. 2). For Aw/y greater than about
10, reflection is considerably reduced. The
scaling Aw/y is simplified and Thomson!” has
a more complete theoretical description. 2D
kinetic simulations with Aw=0.1 and 0 show about
the same fraction of resonant absorption.?

(5) One can reduce Brillouin sidescatter by
about a factor of 2 (and also electron Ty,,) by
circular or cross polarization.

One can roughly estimate the Brillouin reflec-
tion for an experiment by simply assuming that
the total damping is ~0.5, and can consequently
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FIG. 2. Kinetic simulation results of reflection vs
the ratio of the bandwidth of laser light to the growth
rate of the Brillouin instability. This does not include
inverse bremsstralung absorption, which would de-
crease Brillouin reflection even more with increasing
Aw or multilines since the absorption would decrease
’Uo/vt .
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simplify Eq. (1) to the following:
R ~1-exp[-0.05(v,/v )% n/n)(1/v)A - n/n)) ",

where Raman scattering is ignored; (v,/v,)?
=[I(W/cm?)/10%][x( um)?[4/T (ke V)], and to
approximate saturation, one can say that if v,/
v,>1.2, it can be set equal to 1.2. For long
pulses, the laser-target geometry has to be taken
into account. If the geometry is Cartesian, then
the spot size determines the density scale length,
if that is smaller than ¢ ¢. In spherical geometry,
if 7 is longer than the pellet radius, spherical
effects are clearly important. Also, if the light
is obliquely incident, ! is obviously greater than
the density gradient length normal to the critical-
density surface and is the ray trace path.

In measuring Brillouin scatter, it is important
to consider?! that obliquely incident light may not
come directly back towards the lens even with p
polarization. An example from a fluid code’® with
perpendicular incidence and s polarization shows
the reflected light patterns in which about as
much light is sidescattered as backscattered and
is scattered and refracted to about a 45-deg angle
relative to the normal for v,/v,=0.5. Light side-
scattered at high density is then refracted to a
direction nearer to that of the density gradient.
For sidescattering to be effective, the spot size
must be typically >100), wide, since many growth
lengths in the sideways direction are needed
and the plasma must be uniform and collisionless
enough so that the light will not be lost by refrac-
tion to vacuum or absorption.

We suggest these reasons why laser-pellet inter-
action with 10- um light? has not shown much
Brillouin reflection: (1) v,/v, is generally great-
er than 1, and so the ion wave amplitude is satu-
rated. However, the time-averaged wave ampli-
tude 6n/n is =<0.5, since the ion waves build up
and crash. When they crash, the light transmits
in that subsection. (2) The lower shelf density
(n/n.) is not very high. (3) Since the tempera-
ture is high and the density is low, kAp can easily
be >1, increasing w;/w,. (4) Since A, is fairly
long, I/A, has not been large, but for many-nano-
second pulse lengths, 1/A, can be long enough for
large reflection.

R. Berger (KMS Fusion), C. Randall (Lawrence
Livermore Laboratory), D. Forslund (Los Alamos
Scientific Laboratory), and W. Manheimer (Naval
Research Laboratories) have recently reported
computer and analytic models for Brillouin scat-
ter.
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