VOLUME 75, NUMBER 6

PHYSICAL REVIEW LETTERS

7 AUGUST 1995

Influence of Spatial and Temporal Laser Beam Smoothing on Stimulated Brillouin Scattering in
Filamentary Laser Light
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Three-dimensional simulations are presented which calculate the time-dependent, self-consistent
evolution of filamentation and stimulated Brillouin backscatter (SBBS) in nonuniform laser beams with
intense hot spots. The simulations show significant reflectivity (>1%) for modest average-intensity gain
exponents (5—10). Many hot spots cooperate to produce a total SBBS amplification that increases with
the plasma length as well as hot-spot length. Temporal beam smoothing with bandwidth comparable to
the SBBS growth rate substantially reduces the nonuniform-laser-beam reflectivity.

PACS numbers: 52.35.Nx, 52.40.Db, 52.40.Nk

A number of experiments [1] have shown that the
stimulated Brillouin backscattering (SBBS) reflectivity
is sensitive to the laser beam “smoothness” as well as
the parameters that directly influence the growth rate
and gain exponent, such as the spatially averaged laser
intensity /o, electron temperature 7.o, electron density
M0, 10N temperature, charge state Z, and atomic number
A. Near the focus of a typical high-power laser beam,
the intensity is very nonuniform and is characterized by
speckles, diffraction limited hot spots [2] of typical width
€. = fAp and length €, = 8 f2Ag. Here f is the f
number and A is the laser wavelength. In this Letter, we
show that the SBBS is amplified by the combined effects
of many hot spots and that temporal beam smoothing can
reduce the reflectivity nearly to uniform laser beam levels.

Since, without temporal smoothing, the spatial location
of the speckles is constant, SBBS and other parametric
instabilities grow preferentially in these long, narrow re-
gions (see Fig. 1). For this reason, stimulated Brillouin
scattering (SBS) is more strongly peaked in the backscat-
tered direction than the uniform-intensity spatial or tempo-
ral growth rate can account for. One might also argue the
SBBS and filamentation interaction lengths will be lim-
ited to the speckle length, since the transverse locations
of the speckles are uncorrelated over distances of this or-
der. We found this to describe filamentation correctly [3];
however, SBS is not so localized because the backscattered
light is preferentially amplified if the phases of the different
Fourier modes match their hot spots to those of the inci-
dent light, i.e., phase conjugation develops [4]. Temporal
beam smoothing has the effect of changing the hot-spot
locations on the laser bandwidth time scale because the
relative phases between the “beamlets” from each phase
plate element are changing. Thus one expects that tem-
poral smoothing will weaken SBBS, since the acoustic
waves, responsible for scattering and refracting the laser
light, must be regenerated at a new location with a differ-
ent phase relation to the incident and scattered light. This
expectation is borne out by our simulations.

In addition, the speckles can create density troughs
via the ponderomotive force (or pressure gradients from
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nonuniform heating) that refract and intensify the laser
light; in short, filamentation may occur and compete
with or enhance SBS. When the SBBS is produced by
the cooperative effect of many speckles, filamentation
could reduce phase conjugation and perhaps SBBS. In
the results presented here, SBBS, because of its faster
temporal and spatial growth rates, has the effect of
limiting filamentation.

Previously, the interaction of SBS and filamentation has
been considered for the case of a single spot [5-7]. The
results of Refs. [5] and [6] rely on strong damping of the
acoustic wave. In the initial growth phase of a convective
instability, the validity of strong damping requires the
damping rate be greater than the growth rate, i.e., v, > vyo.
The growth rate,
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is larger than the damping rate in many cases of particu-
lar interest, for example, carbon-hydrogen plasmas [8]
where v, /w, ~ 0.1. Here, w, is the acoustic frequency,
v is the jitter velocity of an electron in the laser electric

FIG. 1. Plots of surfaces of laser intensity / = 4.5/, near the
focus of an f/4 lens for L, = L, = 80A¢ and L. = 515A,.
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field, v, is the electron thermal velocity, w,, is the
electron plasma frequency, and wy is the laser frequency.
Single-species plasmas have even smaller damping rates
when ZT,./T; > 2. The approach of Amin et al. [7],
who numerically solved in 2D the light-wave equation
coupled to a linearized ion-acoustic-wave equation, was
not so restricted, but their approach is unsuitable for
problems with a large number of hot spots with time-
varying intensities because resolving the laser wavelength
is incompatible with large systems. Our approach to the
problem of scattering in long, narrow hot spots is to
separate the acoustic wave response into short wavelength
modes responsible for SBBS and into longer wavelength
ones responsible for filamentation. By including a large
number of hot spots in the transverse and axial directions,
we can address the importance of cooperative scattering
from many hot spots which the single spot simulations do
not address. Most importantly, we can treat the effect
of beam smoothing on SBBS, which was the primary
motivation for this work.

For SBBS driven by a uniform laser beam in a uniform
plasma, the steady-state reflectivity is expected to be a
function of the SBBS intensity gain exponent,

1 vg ne w, wolL

G = — 208 %a
8 vZn, v, c

_ 12( Iy )(3 keV)( Ne >
2 X 1015 W/cm?2 T, 1 X 102! cm™3

x (Va()/-i)a)<0.35)¥)ym)3<l rﬁlm) @

(appropriate for n./n, < 1 and T; <K ZT,), provided the
threshold for absolute instability is not exceeded. Note
that the same value of G is obtained with different
combinations of 7y, v,, and L. Recent work [6]
has suggested that the gain exponent per speckle Gpot
[set L = 7.2 2%\ in Eq. (2)] is an important parameter
in determining the reflectivity. The onset of strong
reflectivity in this theory occurs for Gy = 1 and should
not depend on the plasma length or the plasma damping
if Gpo is constant. In our simulations we also observe
an f-number dependent onset of strong reflectivity (see
Fig. 2) but find that it cannot be characterized by the
single parameter Gpoc as we will discuss shortly.

The incident light wave is assumed to obey a modified
paraxial equation for the electric field amplitude, Ej, of
the form [9]
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where v, = c?ko/wy is the light wave group velocity
in the z direction, v is the collisional absorption rate,

and kg = /1 — ng/n. wgy/c is the local wave number.

As usual, e, m,, ¢, and n,. are the electron charge, the
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FIG. 2. Time-averaged SBS reflectivity vs G [Eq. (2)] for a
uniform laser beam, a one-color f/4 beam, and a one-color
f/8 beam.

electron mass, the speed of light, and the critical density,
respectively. The reflected light wave obeys an equation
like Eq. (2) with v, —» —v,,Ey — E;, and 6n;, — ény.
The backscattered light wave is treated with a boundary
condition such that the flux incident on the boundary at
z = L is equal to the blackbody flux at the background
electron temperature 7p,. We estimate that this flux over
a spectral width of 200 nm into the solid angle of an f/4
lens is ~107!3 of an incident laser flux of ~10'> W/cm?.

The low frequency acoustic wave perturbations have
been decomposed into modes, 6ny, whose main variation
is perpendicular to the laser propagation direction as
appropriate for filamentation and SBBS modes. The SBS
acoustic wave satisfies the equation

T V2apal, (4)
8m,~
where the ion acoustic sound speed C, =
[((ZT. + y:iT))/mi]"?, i is % or 3 as appropriate,
m; is the ion mass, and ag; = (eEp1/m.wo) exp(*ikoz).
The equations are solved with a grid coarser than a
light wavelength along the z direction, because the fast
phase variation at 2k, on the right hand side of Eq. (4)
is eliminated by expanding the density perturbation n,
as n, = Onyexp(ikgz) + c.c., which introduces terms
proportional to 2koC,(z) and smaller terms proportional
to its derivatives. Because no approximation is made to
the frequency dependence of n,, strongly coupled SBBS
is correctly computed. The SBBS-driven acoustic wave
amplitude 6n, is maintained with a source such that, in
the limit that the laser field is zero, the fluctuations are at
the thermal equilibrium level. The equations describing
the low frequency response of the plasma to filamentation
have been described elsewhere [3,10]. It is worth noting
that SBBS (because it grows faster than filamentation),
beam smoothing, or both obviated any need to artificially
limit the density perturbation dny in these simulations.
No nonlinear limits were imposed on the SBS acous-
tic wave amplitude, which approached the wave-breaking
limit and trapping amplitude in some small regions
of plasma for the highest gain exponents. Simulations
where we kept |6n,/n| = 0.1, to model a trapping or
wave-breaking limit, did not produce much reduction in
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reflectivity. That is, the laser depleted spatially over a
longer distance but the overall reflectivity stayed nearly
constant for large systems. However, our purpose here
is not to compute the experimentally observed reflectivi-
ties but to illustrate the influence of beam smoothing on
SBBS. Limits on the magnitude of én; do allow filamen-
tation to compete with SBBS, since the spatial growth
rates may then become comparable. These subjects will
be explored in more detail in a subsequent publication.

The incident laser field at z = 0 is specified as the sum
over an array of beamlets that represent the contribution
from a given portion of the lens over which the phase
is constant in space, e.g., for a given RPP element. In
Fig. 1, we show a plot of surfaces within which the laser
intensity exceeds 4.5/p for a numerically generated laser
beam in the focal plane of a f/4 lens. In the direction
of propagation, z axis, the speckles are 32 (8f) times
longer than they are wide, which would be apparent if
the scales for the x-y and z axes were the same. The
isolation and the size variation of the very intense spots
are apparent. The bandwidth Aw is added to the model by
making the overall phase ¢ (¢) a random function of time.
If the bandwidth is combined with a dispersive element,
SSD is obtained [11], and the hot spots dance around on
the coherence time scale. A time-varying speckle pattern
is also produced if laser beams, whose frequencies w;
differ slightly, intersect at different angles. An example
is the four-color scheme implemented on Nova [12], in
which each quadrant of the focusing lens had a different
frequency ;. Bandwidth can be added to each frequency
and SSD added to each quadrant. Four colors alone
does not smooth as effectively as SSD on the long
time scale, because the speckle pattern repeats [13] after
a time 27 /Aw., where Aw, = Minlw; — wj/|. With
solid-state laser systems, the laser bandwidth needed for
temporal smoothing is limited to <0.1% if the frequency
is to be doubled and <0.03% if the frequency is to be
tripled with good efficiency.

We compare the effectiveness of the different temporal
schemes in reducing SBBS. The temporal smoothing
effects on filamentation will be discussed in a separate
publication. We concentrate on simulations in uni-
form, low-Z plasmas with ng, = 0.1n., To. = 3 keV,
Ao = 0.351 um, Iy ~ (0.5-4) X 10%, f ~ 4-8,
Aw, = (4-8) X 1074, Aw = (2.5-15) X 1074, and
v,/w, = 0.05-0.2. These parameters are representative
of recent laser plasma experimental parameters [14—16]
and are expected to remain of interest for ignition scale
plasmas [17]. In Fig. 2, the SBS reflectivity as a function
of G [Eq. (2)] is displayed for f/4 and f/8 without any
temporal smoothing for v,/w, = 0.1 and a fixed length
along the propogation direction of 5151p. Note that the
onset of strong reflectivity is a function of f number
but not the f2 scaling one expects for a gain exponent
that depends on the speckle length. The onset starts
at a gain exponent of 8 for f/4 (Ghox = 2) and 6 for
f/8 (Ghot = 6). The f/8 reflectivity is systematically
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larger for the same plasma conditions and laser inten-
sity. Because filamentation did not play a role for f/4,
whereas, above 10" W/cm?, it does for f/8, some of the
differences between f/4 and f/8 simulations may be the
result of some filamentation in the f/8 simulations. f/8
simulations in which the light refraction was neglected
(but the hot spots remained) showed about a factor of 2
decrease in reflectivity at gain exponents of 12. This does
not account for the entire difference between f/4 and
f/8, so the higher gain per speckle for f/8 than f/4 is
probably also playing a role. Although the reflectivity as
a function of gain exponent is similar for other damping
rates, its value is systematically larger for smaller damp-
ing rates. Rather than pursuing this subject further, we
concentrate on the effects of temporal beam smoothing.
The laser bandwidth available at 0.35 wm on Nova is
too small to directly reduce the amplification or growth
rate. However, in multidimensional, many-speckle sim-
ulations, temporal smoothing has the important effect of
changing the characteristic gain that SBS experiences
since, on the time scale it takes a scattered light wave to
grow to saturation, the acoustic wave responsible for scat-
tering the laser light must grow in a new location. Acous-
tic waves are highly localized because, undriven, they
spatially damp over a few light wavelengths. In Fig. 3,
the reflectivity is displayed as a function of gain exponent
for f/4 illumination with and without beam smoothing.
The results for one color, four color, SSD with bandwidth
Aw/wy =4 X 107* and 1.5 X 1073, and a combination
of four color and SSD with Aw/wg = 2.5 X 107* are
shown. The color separation was chosen as appropri-
ate for Nova experiments, namely, Aw./wo = 4 X 1074,
All the reflectivities shown in Fig. 3 are far in excess
of levels produced by bremsstrahlung emission or the
Thomson scattering from thermal ion acoustic fluctua-
tions. The Thomson scattering reflectivity in these simu-
lations is 2 X 107°. Below gain exponents of 10, the
effect of beam smoothing is quite dramatic; the reflectiv-
ities drop below 107¢ for gain exponents G = 10. The
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FIG. 3. Time-averaged f/4 SBS reflectivity vs 1D convective

gain exponent for a one-color beam, an SSD beam with
bandwidth Aw = 4 X 10 %w, a four-color beam, a four-color
beam with SSD bandwidth Aw = 2.5 X 10 *w,, and an SSD
beam with bandwidth Aw = 1.5 X 10 3 w,.
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SBBS growth rate for the simulations at G = 12.5 (com-
puted with the average intensity 7 = 2 X 10> W/cm?) is
7.5 X 10™%wg, which exceeds the small bandwidth SSD
and the line separation for four colors. Nonetheless, there
is still a reduction in reflectivity. The combination of
four colors and only 2.5 X 107 SSD brings the reflec-
tivity significantly below the four color without SSD be-
cause the hot-spot locations are no longer periodic in time.
SSD with 1.5 X 1073 bandwidth is by far the most ef-
fective in reducing the SBBS; the reflectivity drops to
a level 3 orders of magnitude below the four color with
SSD scheme. Thus a few lines with a span of frequency,
Wmax — @min, 1S NO substitute for real bandwidth with the
same frequency span. With much larger gain exponents,
G = 50 (laser intensity =4 X 10'5 W/cm?), all the re-
flectivities are greater than 20%, but that should be ex-
pected, since the reflectivity for a uniform laser beam at
this intensity and G is 35%.

A number of other f/4 simulations have been done
with different damping rates, plasma lengths, and laser
intensities. At G = 12, the small bandwidth SSD re-
flectivities for different simulations vary by 5 orders of
magnitude with the highest reflectivity of 1.8% at the
highest intensity 4 X 1015 W/em?, L = 515X, and
ve/w, = 0.2, the lowest reflectivity of 2 X 1077 at the
lowest intensity of 1 X 105 W/ecm?, L = 515Xy, and
v./w, = 0.05. Increasing the intensity by a factor of
2 and halving the length to keep G constant also results
in higher reflectivity. These results support the idea
that the smoothing must be done on the growth rate
time scale to be effective. The reflectivity increases
2 orders of magnitude from 2 X 1076 to 2 X 10™# by
increasing the damping v,/w, from 0.05 to 0.1 to 0.2
and the length from 2561 to 515A¢ to 1030Ay. These
results are displayed in Fig. 4. Both of these trends
with length and intensity make sense if the addition
of the SSD bandwidth increased the effective acoustic
wave damping to a value as large as 0.2w, so that the
gain exponent is increasing with L and/or intensity /.
This appears plausible because Awssp/wg = 4 X 1074,
whereas v,/ wo = 2(v,/wg) X 1073 = 107* at the low-
est damping rate. f/8 simulations with G = 12.5 and
L = 515, also shown in Fig. 4, display a similar trend
to the f/4 simulations but with much higher reflectivities.

Our 3D simulations have probed the influence of laser
light nonuniformity on the level of near backscattered
Brillouin light with the self-consistent evolution of fila-
mentation. The role of temporal smoothing in reducing
the level of SBS has been demonstrated theoretically for
the first time. This work provides a basis for understand-
ing when temporal smoothing will be very effective in
reducing SBBS [1] and when it will be less so [15,16].

We are indebted to S. Dixit and D. Eimerl for valuable
discussions about beam smoothing techniques and to
S.W. Haan, W.L. Kruer, J.D. Lindl, R.L. Kauffman,
J.D. Kilkenny, B.J. MacGowan, L. V. Powers, and M. D.

e e
F /8L =515 _ ===~ " "
10-25- /A—"" /,:

g
—- -

1044

| T S P

0.05 0.1 0.15 0.2
v/,

FIG. 4. The reflectivity with G = 12.5 [see Eq. (2)] and SSD
bandwidth Aw = 4 X 107*w, vs acoustic damping rate v,/ w,
for L, = 515\ and varying intensity ( f/4, X, /8, /) and an
intensity of 2 X 10" W/cm? and varying length ( f/4,O).
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