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Effect of induced spatial incoherence on flow induced laser beam
deflection: Analytic theory
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Analytic results are presented for the laser beam deflection rate in the case of spatial and temporal
smoothing by induced spatial incoherence~ISI!. It is shown that for flow perpendicular to the beam
propagation direction with Mach number M, temporal smoothing decreases the beam deflection rate
for M.1, but may increase it forM,1 and weak acoustic wave damping. ©1997 American
Institute of Physics.@S1070-664X~97!01712-6#
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The ability to accurately control the pointing of hig
power laser beams is critical to achieving spherically sy
metric implosions of capsules in inertial confinement fusio
Indirect drive hohlraums typically have cylindrical symmet
and, owing to the large number of laser beams that will
employed at the National Ignition Facility~NIF!,1 the laser
irradiance, nearly will as well. Nearly spherical, indirect,
lumination of the capsule may be achieved by precisely a
ing the laser beams into rings whose position along the h
raum axis is chosen to zero out low order azimut
asymmetry, while high order asymmetries are highly atte
ated by a sufficiently large hohlraum-to-capsule aspect ra
To engineer this precision aiming, laser beam trajecto
through the hohlraum plasma must be accurately predic
At present, the main design tool, LASNEX,2 only allows for
the classical effect of refraction by macroscopic plasma d
sity non-uniformity, while experimental observation3–7 of
nonclassical beam deflection has been attributed to the
linear combined effect of flow transverse to the las
beam8–11 and microscopic density fluctuations induced
laser speckles or ‘‘hot spots.’’ Some previous theoreti
work8,10 of beam deflection mainly presented numerical
sults of models which also incorporated self-focusing, wh
the relative simplicity of a model which takes the laser
tensity pattern to be time independent and identical to
produced by random phase plate~RPP! optics12 in a quies-
cent plasma has allowed us to obtain9 detailed analytic pre-
dictions of the beam deflection rate. In relatively weak
gimes of laser intensity, such that most hot spots13 are below
the power threshold for explosive self focusing,14 such a
model is plausible, as well as in stronger intensity regim
where self-focusing is suppressed by strongly supers
flow.8,15 In such regimes beam deflection may yet be sign
cant, since it has no intensity threshold. The validity of o
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model, which ignores self focusing, may be extended by
plying temporal smoothing sufficient to suppress hot s
self-focusing, while keeping the average laser intensity sm
enough to remain below the linear, collective filamentati
threshold.16 In this paper, an analytic theory of beam defle
tion by flow is presented for the case of a laser beam wh
is spatially smoothed by a RPP and temporally smoothed
induced spatial incoherence~ISI!.17

The standard model of temporal beam smoothing by
is to assign statistically independent, random, time vary
phases to each Fourier mode of the laser light.17 The electric
field at the focal plane (z50) may therefore be modeled a

E5 x̂E0R@e~x,t !exp~ iv0t !#, ~1!

where

e~x,t !5 (
uku,km

exp@ i $k–x1f~k,t !%#. ~2!

Here k5(kx ,ky), x5(x,y), and, km5k0 /(2F)5p/(Fl),
wherek052p/l, F is the optic ‘‘F ’’ number, l andv0 are
the wavelength and angular frequency of the laser. The ph
lag introduced by each echelon element,f(k,t), is an inde-
pendent random variable with an auto-correlation time of
order of 1/Dn, whereDn is the frequency bandwidth. Th
amplitudeE0 varies slowly inx and defines the diffraction
limited intensity profile of a single RPP element.

The beam deflection rate can be related to the s
correlation of the ponderomotive potentialU(x,t)
}ue(x,t)u2 at two space time points, C(R,t)
5^U(x,t)U(y,t8)&/^U2(x,t)&, where R5x2y, t5ut2t8u
418989/3/$10.00 © 1997 American Institute of Physics
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and^ & denotes ensemble average. For the laser light mo
~1!, we have, whenN@1 (N is the total number of beamlet
into which the beam is split!

C~R,t!5 1
2 @11 f ~t!C0~R!#, ~3!

where

C0~R!5
4

R2km
2

J1
2~Rkm! ~4!

@J1(x) is the Bessel function of order unity#, and

f ~t!5u^exp@ i $f~k,t !2f~k,t8!%#&u2. ~5!

The functionf (t) is non-negative, it has a width of the ord
of 1/Dn, and f (0)51. The precise form off (t) will depend
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elon the details of the method of creating the bandwidth, b
for the purpose of analytical work we will assume a simp
form

f ~t!5
T2

T21t2
, ~6!

whereT;1/Dn.
The density response of the plasma due to an app

ponderomotive potentialU(x,t) may be written in the linear-
ized approximation8 as

dn̂5n0G~k,v!Û~k,v!, ~7!

where n0 is the equilibrium density, the ‘‘hat’’ denote
Fourier-transform with respect tox, y and t, and,
G~k,v!5
2Z/mics

2

$12@~v/csk! 2M ~kx /k!#222ig0@~v/csk! 2M ~kx /k!#%
. ~8!
the
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In ~8!, M is the Mach number of the incident flow,cs is the
ion-acoustic sound speed,mi is the ion mass,Z is the charge
state andg0 is the nondimensional Landau damping coe
cient. The rate of beam deflection may be written8 as

da

dz
52

1

2nc

*dxU]xn

*dxU
~9!

wherenc is the critical plasma density. For beam diame
large compared to the intensity fluctuation correlation leng
the numerator and denominator of~9! may be replaced by
the corresponding ensemble averages to obtain

da

dz
52

n0

nc
^U&E dk dv ikxG~k,v!Ĉ~k,v!, ~10!

where the Green function is given by~8! and we have used
the relation^U2&52^U&2. It may be shown from~10!, that
in the limit of infinitely large correlation times, the bea
deflection reduces to the corresponding expression~Eq.
~145! of Ref. 9! for RPP optics while for infinitely shor
correlation times the deflection vanishes. In the limit wh
g0!1, the v-integration can be performed using the we
known relation

E
2`

1` f ~x!

x7 i e
;
e→0

PE
2`

1` f ~x!

x
dx6 ip f ~0!.

We get, after some simplification,

da

dz
52

Zp^U&
4mics

n0

nc
E

0

`

dk k3Ĉ0~k!E
0

2p

du@ f̂ #6 cosu,

~11!

where @ f̂ #6[ f̂ @csk(M cosu11)#2 f̂@csk(M cosu21)#. For
the model ~6! we have f̂ (v)5(T/2)exp(2uvuT). We now
write 2k2Ĉ0(k) as a Fourier-inverse of¹2C0 and express
r
,

n

the angular integrals in the Fourier-inverse in terms of
zero-order Bessel function. The integral overk is then per-
formed using well-known properties of Bessel functions
that ~11! reduces, after a fair amount of algebra, to

Fl

p

da

dz
52

3

4

n0

nc
Sg2E

0

`

dr r 2C08~r !

3E
0

p u12M cosuucosu du

@r 21g2~12M cosu!2#5/2
, ~12!

where we have introduced the dimensionless parame
g5pcsT/(Fl) and S5Z^U&/mics

25 1/4 (v0 /ve)
2, where

v0 is the electron quiver velocity based on the average la
intensity andve is the electron thermal speed, and, the
mensionless variabler 5Rkm5pR/Fl. Physically,g is the

FIG. 1. Normalized~see the text! beam deflection rate as a function of Mac
number for several fixed values ofg together with the corresponding resu
for an RPP with no temporal smoothing.
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ratio, of the distance traversed by the ion-acoustic so
wave in a correlation time, to the hot-spot diameter. F
parameters typical of ISI,g is of order unity. The paramete
S is a measure of the mean laser intensity. The present
earized theory requires9 S!1. For NIF parameters,S;0.01,
therefore, the present linearized theory is justified when s
focusing is weak.

In the limit of large correlation times (g→`), it may be
shown, that the right hand side of~12! ;1/g3 if M,1, and,
;KS/MAM221 if M.1. The latter result is also true ifg
is held fixed, but AM221@1/g. Here K5(n0 /nc)
3(Fl/pl ) is a dimensionless parameter, and,l '0.70Fl
is a correlation length defined by 1/l 52*0

`$C08(R)/2R%dR.
This is identical to known results9 for the beam deflection
rate due to an RPP in the absence of Landau dampin
temporal smoothing. In the limit of small correlation time
(g→0), it follows from ~12!, that, the beam deflection rat
vanishes as;g2 ~the double integral in~12! can be shown to
be finite asg→0). These scalings are expected to hold if~6!
is replaced by anyf (t) with the same long and short tim
behavior which control the small and largeg limits, respec-
tively.

Figure 1 shows the normalized beam deflection ra
(Fl/p)(da/dz) in units of S(n0 /nc), obtained by numeri-
cally integrating~12!, for several values ofg. Two qualita-
tive features should be noted. First, the beam deflection
for M.1 is reduced by temporal smoothing. This was to
expected since temporal smoothing causes a partial dec
lation between the ponderomotive force and the density
sponse. The second, and perhaps an unanticipated featu
for M,1, temporal smoothing results in an increased defl
tion rate. The reason for this is, with a finiteg, a sound wave
may be resonantly driven~so that the denominator in th
Green function~8! vanishes!, even if M,1. In the absence
of temporal smoothing, a resonant denominator was poss
only for M.1. The integrated deflection can therefore
either increased or decreased by temporal smoothing dep
ing on the details of the plasma flow in the hohlraum. The
features are more clearly seen in Fig. 2 which shows
variation of the beam deflection rate withg for two fixed
values of the Mach numberM50.5 andM51.5. If a typical

FIG. 2. Normalized beam deflection rate as a function ofg for fixed Mach
numbersM50.5 and 1.5.
Phys. Plasmas, Vol. 4, No. 12, December 1997
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hot-spots power exceeds the threshold for self-focussing
the increased deflection due to the resonant denominator
be more than compensated by the reduction due to supp
sion of self-focussing. Our conclusion that temporal smoo
ing actually increases the deflection-rate forM,1 may not
be true under those circumstances. This conclusion may
be false in the presence of Landau damping, which may
the dominant effect ifg is large andM,1. We may get an
estimate for the upper bound ofg by observing that the sub
sonic deflection;1/g3 when g is large (g050) while the
corresponding deflection due to Landau damping alone;g0

(g5`) provided9 12M@Ag0. For M.1 the deflection is
dominated by the ‘‘wave-drag’’ effect9 and a small Landau
damping is not significant. Thus Landau damping may
neglected wheng!g0

21/3. NearM51, nonlinear effects~ne-
glected here!, finite g effects and Landau damping all com
pete to regularize the singularity in the beam deflection ra
However, since this singularity is integrable, the behav
very close toM51 has only a small effect9 on the physically
relevant integrated deflection.

The above analysis was presented for the ISI method
temporal smoothing. However, similar results appear to h
for the random phase modulation18 variant of ‘‘Smoothing
by Spectral Dispersion’’~SSD!, in the limit of a large num-
ber of color cycles.
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