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Laser Beam Deflection Induced by Transverse Plasma Flow
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(Received 2 January 1996)

Recent experiments in gas-filled hohlraums suggest that laser beams refract more tha
culated by the hydrocodeLASNEX. Three-dimensional simulations show that filamentation
forward Brillouin scattering in flowing plasma causes a deflection in the inferred direction of
appropriate magnitude. Simulations also show that temporal beam smoothing can suppre
effect. [S0031-9007(96)00887-3]

PACS numbers: 52.40.Nk, 52.35.Nx, 52.65.Kj
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Recent experiments [1,2] conducted at Lawrence Liv
more National Laboratory (LLNL) using the Nova las
show anomalous deflections of the laser beam in
plasma. In gas-filled hohlraum experiments [1] the la
spot on the hohlraum wall is100 150 mm closer to the
laser entrance hole (LEH) than in empty hohlraum exp
ments. This corresponds to a beam deflection of rou
6± if the deflection occurs near the LEH. In a series
exploding foil experiments [2], intensity dependent defl
tion of a transmitted probe beam is observed.

LASNEX simulations [1,3], which accurately mod
empty hohlraum experiments, do not show beam de
tion in gas-filled hohlraums. Neither whole beam refr
tion nor differential laser absorption (since the laser ma
an angle of 50± with the hohlraum axis, the path length
the innermost portion of the laser beam is longer than
of the outermost portion) accounts for the experime
results. We show that, in the hohlraum plasma, effe
of flow transverse to the laser propagation direction
filamentation and forward Brillouin scatter (FBS) can a
count for this anomalous deflection.

Solution of the steady state filamentation dispersion
lation shows that filaments grow in a direction tilted dow
stream to the initial beam direction [4]. This mechani
was recently proposed [5] as a cause of beam deflectio
the aforementioned hohlraum experiments.

In this Letter we examine several related mechani
for laser beam deflection. In the presence of a transv
plasma flow, ponderomotively (or thermally) created d
sity depressions formdownstreamfrom the laser beam’
high intensity regions. Light refracted into the lower
density is thus deflected in the direction of the flow. W
use the numerical modelF3D [6] to quantify these mecha
nisms. To illustrate the physics, a highly simplified, stea
state model is used,µ
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Equation (1a) describes the light wave amplitudec

(vector potential scaled to its mean value) in the para
approximation, scattered by the fractional density per
bations,dn. Equation (1b) gives the steady state dens
response to the ponderomotive force. In these equat
the light is propagating in theez direction and the den
sity fluctuations propagate only in the transverse direct
Here,k0 is the vacuum wave number,n0 is the unperturbed
plasma density,vpe is the electron plasma frequency, a
c is the speed of light. Also,M ; uyCs is the Mach
number of the flow,u, in the x direction, with Cs the
sound speed,k the spatial damping rate of ion acou
tic waves,y0 the quiver velocity of an electron in th
mean light wave field, andye the electron thermal ve
locity. The density response as calculated byF3D [6] in
steady state, when thermal effects are neglected, is
given by Eq. (1b). In highly collisional plasmas therm
effects supplement the ponderomotive potential, ther
increasing filamentation, and might be expected to si
larly increase deflection.

Equations of motions for the beam centroid and wi
can be derived by taking intensity-weighted mome
of Eq. (1a). Definingkx'l ;

R
cpx'c d2x', kk'l ;

2i
R

cp='c d2x', etc., we obtain
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Equation (2b) is analogous to Eq. (11) of Ref. [7]. Simi
equations have also been derived in Refs. [8] and [9].

In Eq. (2a), the transverse density gradient refracts
light toward regions of lower electron density. In Eq. (2
the beam width is determined by the competition betw
diffraction [first term on right-hand side (RHS) of (2b
and self-focusing [second term on RHS of (2b)].
© 1996 The American Physical Society
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When the Fourier transform of (1b) is substituted in
(2a),
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where we have defined the wave amplitude damping de
mentk ; kyk'. (Settingk ­ const approximately rep
resents Landau damping.) They component of the above
equation yieldsk≠2yy≠z2l ­ 0, as the integrand is an od
function of ky. In the absence of flow, then, the beam
not deflected.

In thex direction, for subsonic flow (M , 1), only the
even portion of the integrand survives and the deflect
can be seen to be an increasing function ofM, and to
be proportional to the damping decrement. The deflec
(i.e., ≠2kxly≠z2) is greatest for two-dimensional (2D) pe
turbations withky ­ 0, where the denominator is smalles

In a non-steady-state model, there would have been
additional transient density response over a character
time scalet ­ ays1 2 MdCs, wherea is the beam width,
even whenk ­ 0. This is most significant asM ! 1,
when the ion acoustic damping is weak.

With supersonic transverse flow (M . 1), the inte-
grand in (3) has a resonant contribution whereky ­
kx

p
M2 2 1. This is the matching condition for FBS

where differentk components of the beam are coupled
ion acoustic waves Doppler shifted to zero frequency.
2D, the resonance occurs only atM ­ 1.

Substitution of the Fourier transform ofdn as deter-
mined from (1b) into the second term on the RHS of (2
shows that the self-focusing of the beam is proportio
to ≠kx hkxk2

'yfk2
xs1 2 M2d 1 k2

ygj. This expression is al-
ways positive definite forM , 1, and increases the sel
focusing in the flow direction over that experienced by t
beam in the nonflow direction.

We have examined the density response of a transver
flowing plasma to a legislated Gaussian laser wave am
tude c ­ expf2sx2 1 y2dy2s2g. We compare the lin-
earized response obtained analytically from Eq. (1b) (w
time dependence retained, but with zero damping) [
to the nonlinear response computed numerically using
Eulerian, 3D hydrodynamics codeNH3 [11], in which the
plasma is treated as a single, nondissipative, noncond
ing fluid. For example, whenM ­ 1.2, a ponderomotive
potential which drives a maximum linearized density
sponse ofdn , 25% has a corresponding nonlinear r
sponse approximately20% smaller. However, there is
only a 2.5% difference betweenk='dnlinl andk='dnnll,
i.e., in the centroid deflection as governed by (2a). Si
such large density perturbations are reached only in v
localized regions of plasma, we do not anticipate that
results presented here would be modified by the inclus
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of nonlinearity. For more strongly driven systems, we
pect that nonlinear effects are no longer negligible [12

Motivated by the above considerations, we perform
a series of 2D and 3DF3D [6] simulations. The plasma
parameters chosen are characteristic ofLASNEX simula-
tions [1,3] of gas-filled hohlraums near the sonic point
the transverse flow, where the plasma electron densi
n ­ 0.1nc, with nc the critical density, and the electro
temperature isTe ­ 3 keV. We initially model a single
hot spot of the Nova beam (a hot spot is a portion of
beam that is more intense; this region of higher inten
is caused by constructive interference between cohe
pieces of the beam). In these 2D simulations the in
dent laser amplitude is Gaussian with peak intensityI and
beam width variances2 ­ a2, corresponding to an inpu
wave fieldcsx, z ­ 0d ­ exps2x2y2a2d.

Simulations in 2D with a constant transverse flo
and zero damping decrement (but with time dep
dence retained) were performed where the laser inten
and system length vary. The amount of beam defl
tion increases approximately linearly with laser inte
sity (for 1 3 1015 # I # 6 3 1015 Wycm2) and system
length (for 0 # L # 1000l0). By varying the width of
the Gaussian beam (2l0 # a # 100l0) we found that
maximum filamentation amplification and beam deflect
occurs for a ø 10l0, corresponding to the peak line
gain rate (without flow) [kfil ­ 0.125sy0yyed2nync for
a21 ­ 0.5k0sy0yyed snyncd1y2].

LASNEX simulations [1,3] of gas-filled hohlraums ind
cate that the plasma flow transverse to the laser bea
sheared, i.e.,u ø u0s1 1 zyLyde', with Ly , 500 mm,
and that the transverse flow profile has a sonic point o
long shelf of plasma with densityn ­ 0.1nc. The laser
propagation was simulated in the vicinity of the tran
verse sonic point; i.e.,M decreased linearly from a valu
of 1.1 at z ­ 0 to a value of0.5 at z ­ 1000l0, where
l0 ­ 0.351 mm. Figure 1 is a surface plot of the laser i
tensity withI ­ 6 3 1015 Wycm2 anda ­ 10l0 at time
t ­ 90 ps. These values of peak intensity and beam w
mimic the peak intensity and transverse size of laser
spots 1 mm beyond best focus for an unsmoothed N
beam [13], i.e., near the LEH. The entrance plane (z ­ 0)
is at the top of the figure. In this plane, the beam is c
tered in the middle of the box. Atz ­ 1000l0, the beam
is no longer centered. Approximately70% of the beam en-
ergy is deflected in the direction of the flow in the vicini
of the transverse sonic point, atz ­ 150l0, and the re-
mainder of the beam is undeflected and is also defocu
by diffraction.

This 2D simulation illustrates the deflection of one h
spot. Near the focal plane, the beam consists of m
spots of varying power and size. To more accurat
model the laser beam, we performed simulations in
with a model of the laser beam at best focus when rand
phase plates (RPP) are used [14]. The RPP techn
produces a large number of beamlets in the laser beam
1299



VOLUME 77, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 12 AUGUST 1996

ian

re

ie
on
.e.

ea

e

o
en
s
n-
om
-
th

i
ur
be

e
at
ar
he

e

ed
um

am

ies
e

ts

m)

tion

ng
ch
isap-
SD
ns-
e is
pli-
y a

tion

of

n,
n
i.e.,
ap-
h
y to
ave
is

sible

7].
eam

is
on.
of
FIG. 1. A surface plot of the laser intensity of a 2D Gauss
beam at timet ­ 90 ps for I ­ 6 3 1015 Wycm2, n ­ 0.1nc,
Te ­ 3 keV, n ­ 0.0, and transverse flow scale lengthL ­
500 mm. The initial beam width isa ­ 10l0, where l0 ­
0.351 mm. Approximately70% of the beam deflects 9±, and
self-focuses as well. The remainder of the beam not captu
in the filament travels undeflected through the system.

random phases. The superposition of these beamlets y
spikes (from constructive interference) and depressi
(from destructive interference) in the intensity pattern, i
speckles. A speckle length is typicallyLs ; 8f2l0, where
f is thef number of the lens.

We simulate a piece of the RPP Nova beam near p
intensity, whereI0 ­ 3 3 1015 Wycm2 in fy4 focusing
geometry. All other plasma parameters are unchang
except the damping decrement,k ; nykCs ­ 0.1. Fig-
ure 2 depicts the effect of transverse flow on the hot sp
of the laser beam. Plotted are contours of laser int
sity greater than or equal to5I0. The laser beam enter
from the left side of the simulation box, where the dow
wardly directed transverse flow decreases linearly fr
M ­ 1.15 to M ­ 0.85 on the right side of the simula
tion box, with the transverse sonic point located at
center. In contrast to 2D simulations, where deflection
localized at the sonic point, in 3D, beam deflection occ
throughout the supersonic region, where internal FBS
tween differentk components of the beam takes place.

In the subsonic region, the hot spots become wid
indicating that the area of the beam at intensities gre
than or equal to5I0 has increased. The beam hot spots
undergoing self-focusing in addition to deflection. T
calculated centroid of the laser beam has deflected by 6± at
the exit plane, roughly1y3 of the deflection of the intens
parts of the beam (ø18±) shown in Fig. 2.

A series of 3D RPP simulations were also perform
at the above parameters to determine the Mach n
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FIG. 2. A plot of the hot spots of a 3D, RPP laser be
at time t ­ 90 ps for I0 ­ 3 3 1015 Wycm2, nync ­ 0.1,
Te ­ 3 keV, n ­ 0.1, and transverse flow scale lengthLy ­
500 mm. The speckle length isLs ­ 128l0, where l0 ­
0.351 mm. Those portions of the laser beam at intensit
greater than or equal to5I0 are shown. The hot spots of th
laser beam undergo deflection of (18±); the calculated centroid
of the beam deflects 6±. In the subsonic region, the hot spo
also show evidence of self-focusing.

ber scaling. The constant (over the simulation syste
transverse flow was increased fromM ­ 0 to M ­ 1 in
successive simulations, and we found that the deflec
approximately scales asMys2 2 M2d2. This is in agree-
ment with Eq. (3), where, for a circular beam (kx , ky),
the calculated deflection is proportional toMys2 2 M2d2.

We also performed 3D simulations incorporati
smoothing by spectral dispersion (SSD) [15], whi
causes the speckles to move around and appear or d
pear as a function of time. (At any given instant, an S
beam has a sinusoidal variation in frequency with tra
verse wave number.) SSD is most effective when ther
at least one complete color cycle of the sinusoid. Ap
cation of 3 Å of bandwidth to a laser beam dispersed b
grating which provides 1.2 color cycles reduces deflec
of the previously described RPP beam from 6± to roughly
2±. Figure 3 is a plot of the hot spots of the laser beam
Fig. 2 when SSD with 3 Å of bandwidth applied.

However, with sufficient bandwidth and dispersio
SSD caninduceoscillatory (in time) beam deflection, eve
in the absence of flow. (In a time-averaged sense,
when averaged over many SSD cycles, this deflection
proaches zero.) Thosek components of the beam whic
instantaneously have higher frequencies transfer energ
others at lower frequencies when the frequency and w
vector matching conditions for FBS are satisfied. This
the same physical mechanism believed to be respon
for the energy transfer betweenseparatebeams of differ-
ent frequency, observed in experiments at LLNL [16,1

Figure 3 depicts the laser beam when the downstr
edge of the beam is red, i.e., at the time when SSD
adding its maximum contribution to the beam deflecti
Comparing Fig. 3 to 2, it is clear that the amount
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FIG. 3. A plot of the hot spots of a 3D, RPP laser beam w
SSD and 3 Å of bandwidth at timet ­ 90 ps for I0 ­ 3 3
1015 Wycm2, nync ­ 0.1, Te ­ 3 keV, n ­ 0.1, and trans-
verse flow scale lengthLy ­ 500 mm. The speckle length i
Ls ­ 128l0, where l0 ­ 0.351 mm. Those portions of th
laser beam at intensities greater than or equal to5I0 are shown
The centroid of the laser beam is deflected by 2± at the exit
plane, and the hot spots are deflected about 5±. There is less
deflection and self-focusing than in Fig. 2.

energy greater than or equal to5I0 is reduced for the SSD
beam (i.e., self-focusing is reduced), and that the am
of deflection of the hot spots is greatly reduced as w
(ø18± in Fig. 2 vsø5± in Fig. 3). In simulations withou
flow, but with 3 Å of bandwidth applied to an SSD bea
the beam centroid deflection (which is caused by the S
itself) is roughly 2± at the time when the downstream ed
of the beam is red (time of maximum deflection). Th
in Fig. 3, the deflection is primarily caused by the S
itself, and not by the flow.

In a 2D, steady state model the linearized den
response diverges asM ! 1. This divergence is miti
gated by inclusion of 3D effects and/or ion wave dam
ing whenka . 1 2 M, wherea is the beam width. In
the absence of these effects, fluid nonlinearity limits
resonance wheny0yye . 1 2 M [18]. Nonlinear hydro-
dynamic effects become more significant at higher inte
ties than considered here, e.g., whendn ! 1. In the very
near future this problem will be examined at higher int
h
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sity, where the nonlinear aspects of this problem are imp
tant, via the incorporation of the nonlinear hydrodynam
packageNH3 into F3D.
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