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A statistical model for forward stimulated-Brillouin scattering is developed for a spatially incoherent,
monochromatic, laser beam propagating in a plasma. The threshold above which the laser beam spatial
incoherence cannot prevent the coherent growth of forward stimulated-Brillouin scattering is computed. It

is found to be well below the threshold for self-focusing. Three-dimensional simulations confirm its

existence and reveal the onset of beam spray above it. From these results, we propose a new figure of merit
for the control of propagation through a plasma of a spatially incoherent laser beam.
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Controlling the propagation of randomized laser beams
through large scale plasmas is crucial for inertial confine-
ment fusion (ICF) [1]. The coupling of the high intensity
laser wave to ion and electron plasma waves can lead to
laser light backscattering, spreading, or bending [2]. To
avoid such deleterious effects and to improve the laser
illumination uniformity, laser beam smoothing techniques
have been designed [3]. The resulting laser intensity in the
focal volume consists of many randomly distributed in
time and/or in space spikes, the so-called speckles.
Statistical properties of such smoothed laser beams are
known in vacuum [4] but can be strongly modified by the
interaction with the plasma. This phenomenon, referred to
as plasma induced smoothing, arises from the laser light
forward scattering on plasma density perturbations in-
duced by the laser beam [5-7]. Several processes have
been investigated to determine the origin of plasma in-
duced smoothing, namely, self-focusing (SF), filament in-
stability (FI), forward stimulated-Brillouin scattering
(FSBS), and multiple scattering.

The relative importance of each of these processes de-
pends on the average power carried in a speckle, (P),
compared to the critical power for SF [2]: P, =
(87/k3)cT,n%/ng, where kg = 2m/A, is the laser wave
number, c is the light velocity, n. is the critical density
beyond which the plasma is opaque to the laser, and ny and
T, are the electron density and temperature, respectively. A
beam with (P) = P, is unstable with regard to SF and FI
and it undergoes a strong spraying [5,6]. In this Letter, we
restrict ourselves to the regime (P) < P,.

At lower intensities, plasma induced smoothing is due to
FSBS [7]. FSBS is well described in the case of a coherent
pump wave [8]. The case of a temporally incoherent pump
wave has been investigated in Ref. [9] in the limit of a very
short coherence time. It was shown that, while SF is
prevented by the pump incoherence, FSBS can be the
dominant instability. In Ref. [6], the case of a spatially
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incoherent, monochromatic, laser beam has been investi-
gated. It was found that the spatial growth rate of the light
scattered out of the incident beam aperture is strongly
reduced compared to the coherent case. In this Letter, we
show that this result is incorrect: laser beam spatial
smoothing does not necessarily prevent strong FSBS and
the associated beam spray.

We consider FSBS driven by a monochromatic, spatially
incoherent, pump wave. This parametric instability is due
to the resonant coupling of the large amplitude laser pump
a'P) with the given frequency w”) = w, to an ion acoustic
wave (IAW) aW) with a low frequency w™W) <« w, and
an electromagnetic wave a'® scattered in the near forward
direction at the frequency 0 = w, — w4W),

We describe the electromagnetic wave propagation in
the underdense plasma within the paraxial approximation
after a Fourier transform on the two-dimensional plane
transverse to the beam mean propagation direction z.
This approach is valid for low density plasmas ny < n,.,
assuming small pump angular aperture 6, < 1 and scat-
tering angles 6, = |k|/ky << 1, where k is the wave-
vector component in the transverse plane. We restrict our-
selves to the linear phase of instability when the pump

wave undergoes only diffraction: (cd, + iQi(p ))aiip ) =0,
where Qg(” ) = 2k2/ 2w. The scattered wave equation,

(ca, + iﬂff))aff) =9, [dkpaf(’;)agfyk)*, €]

accounts for both diffraction Q) = ¢?k?/2w, and cou-
pling to the IAW of amplitude a"W) that propagates with
the ion acoustic velocity ¢, << ¢ in the transverse plane
[10]. Neglecting the longitudinal dependence of a(AW)
compared to its transverse one, the excitation of this
wave by the ponderomotive force is described by a time-
enveloped wave equation:
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(a[ + ViAW + IQEAW))QEAW) = 'yo j.dk a:(p)ais)*_k, (2)
where QEAW) = MW — ¢ k| < 0™V is the fre-

quency detuning and v,y < @AW is the IAW damping

rate. Amplitudes a\”*"*V) are dimensionless and the FSBS

coupling constant is defined as y3 = ™Y w(n/n,) X
(I)/(8cn,T,), where {I) is the incident laser average inten-
sity. Equations (1) and (2) have the standard form of
coupled mode equations for parametric instabilities
[2,11], where the convolution on wave vectors Kk , accounts
for the pump spatial incoherence.

Statistical properties of the spatially incoherent, mono-
chromatic, pump can be specified. For most of standard
spatial smoothing techniques, they follow a Gaussian sta-
tistics with a zero mean value [4]:

(a{f?) — <a(p) (p)> — <a(p) (p)*> - ng{;;)g(kp _ k;,),

(

where n,” ) is the pump spatial spectrum normalized to one:

[ dk pn{fj ) = 1. It does not depend on the longitudinal

coordinate z as long as the propagation distance is shorter
than the beam Rayleigh length (typically a few mm under
ICF conditions). For applications, we consider a Gaussian

spectrum: n(”) (p§/27) exp(—pgk?/2), where py is the

speckle transverse width.

Because of the pump incoherence, the scattered and
acoustic fields are stochastic and their statistical proprieties
must be addressed. This is achieved by using the standard
statistical method developed in the context of wave propa-
gation in random media [12], which allows one to compute
the successive momenta of agf 1AW An application of this
method to laser-plasma interaction can be found in
Ref. [13]. In this Letter, we restrict ourselves to the study
of the average fields (aS’IAW)) and take, as a criterion for
instability, the condition that at least one of the average
fields, (aff} or (agAW)>, grows with time and/or in space.
Average intensities <|a§f’IAW)|2) are not computed. They

can only evolve faster than max{l(af))lz, I(aEAW)>|2}, and
our approach provides a sufficient condition for instability.

The method of construction of equations for average
quantities consists in averaging Eqs. (1) and (2) and ex-
panding the higher order moments as a series in powers of

*y(z). The closed set of equations for <a§f'IAW)>

is obtained
after Laplace transforms in z and 7, <a{f’IAW)> = (2m) 2 X
fdqdy(&ff’IAw)>e(‘?‘i”LY)/C)Z+(7—iQEAW))’ and neglecting

higher order terms ~7g:

2
Yo @, 3)

NG
cqlayy =
a(@) Y+ viaw T Awpaw

@™ @

=2/m0,/8;

(')’ + viaw){a (IAW)> m

Here, the spectral widths Awqay/w™W

and Aw,/wy = /2/70,0, account for the effect of the
pump incoherence on the wave coupling, 6, = (ko po) !
the half-aperture angle of the pump wave, and 0, = |k|/ ko
is the scattering angle. In what follows, we consider the
case 0, = 6, and we assume the ordering riw <K
Awppw K Aws. The validity of Eqgs. (3) and (4) requires
the series on 70 to converge. This is true when Kz < 1,
where Kp = y3/[(y + Awpaw)(cqg + Aw,)] is the so-
called Kubo number. This condition is verified below.
Equation (3) describes the evolution of the scattered
electromagnetic wave average amplitude. Performing the

inverse Laplace transformation, one finds that for 7>

%) = (yo/Awiaw)?z/c, the wave experiences a spatial

amplification,  {(a\")) o exp(qi(fliohz), with qfflloh =
¥3/(cAwpay). Similarly to Ref. [6], this spatial growth

rate is reduced by the pump incoherence. For shorter times

< 122 the scattered wave is in a transient regime of mixed
growth in ¢ and z, (a?) o« exp(2ygyiz/c — Awpwit). In
both cases the temporal and spatial growth rates are small
compared to the pump spectral widths Awyaw and Awy,
and the validity condition of Eq. (3) can be written as Kz =
Y3/ (AwpawAw,) = (P)/P, < 1, so that Eq. (3) is valid in
both limits. These behaviors, where the growth of (a?) is
strongly reduced by the pump incoherence, are referred to
as incoherent FSBS amplification.

A similar analysis of Eq. (4) provides the evolution of
the IAW average amplitude. For times ¢ > tg/?W) =
(v3/viaw)?z/c, the IAW exhibits a spatial amplification,
<agAW)> o exp((qgﬁw) — Aw,/c)z), where qgo'}‘;w) =
¥3/(cviaw) is the spatial growth rate of FSBS driven by
a coherent pump. In this limit, Kz = vjaw/Awiaw, and
the validity condition of Eq. (4) is fulfilled. For shorter

times ¢t < tﬁg‘f‘w), the IAW is in a transient regime, (aEAW)> o

expyoviz/c — Aw,z —
only for sufficiently long times, > t(vlﬁw) =
(y2/Awiaw)z/c. The time /Y <« 154W) does not ex-
ceed a few picoseconds for a millimetric plasma so that
Eq. (4) is quickly valid.

The condition for spatial growth of the averaged AW

amplitude, cqgj‘?lw) > Aw;,, defines a threshold for the av-

erage speckle power: (P)/P.>\2/m(viaw/0™W) X
(65/6,). Above this threshold, a coherent spatial amplifi-

cation (a:(IAW)> o exp(qgﬁw)z) occurs, which is not reduced
by the pump incoherence. So far, this result applies only to
the asymptotic limit 7 > tgﬁw). However, defining the ef-
fective spatial growth rate in the transient regime as
qgf/?w) = (y3ct/z)"/* — Aw,, one obtains that the pump
incoherence does not affect the spatial amplification of
<a=(IAW)> for t > (Aw,/7v,)*z/c. For a millimetric plasma,
this time ranges from a few tens to a few hundred pico-
seconds. Thus, the instability develops on times shorter
than characteristic durations of ICF laser pulses.

viaw?). Here, Eq. (4) is valid
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Beam spray can be expected if waves scattered outside
the beam aperture angle are strongly (coherently) ampli-
fied. Thus, by taking 6, = 6, in the previous threshold,
one defines the figure of merit (FOM) for beam spray:

_ |7 (P)/P.
C= E'}/TW~ &)

Here, the factor y; accounts for thermally enhanced exci-
tation of IAW. In conditions relevant for ICF, it depends on
the ion charge Z and electron-ion mean-free path A,;: yr =
1+ 1.7625/7(py/ A,;)*" [14]. The FOM (5) has a straight-
forward physical meaning: it defines the critical angle C6,
below which amplification proceeds in the coherent re-
gime. Enhanced FSBS within this aperture provides
plasma induced smoothing and in turn inhibits the develop-
ment of backward scattering instabilities. Coherent excita-
tion of FSBS occurs outside the incident cone if C > 1 and
beam spray can then be expected. Because of the small
IAW damping rate, vjaw/w™Y) < 1, beam spray may
occur well below the SF threshold. Our theory thus pro-
vides an explanation for the plasma induced incoherence
observed in Ref. [7] below the SF threshold. This induced
smoothing is optimal for C ~ 1, i.e., when FSBS induces
temporal incoherence without enhancing the spatial aper-
ture of transmitted light.

The effect of FSBS on beam spray has been confirmed in
3D simulations performed with the paraxial interaction
code PARAX [15]. The plasma response is described by a
linear IAW equation driven by the ponderomotive force.
We consider a helium plasma with electron density 0.03n,.,
and electron temperature 500 eV. The IAW velocity is ¢, =
0.17 wm/ps and the critical power for SF is P, =
640 MW. The IAW damping rate, wjaw/0™WY =
2.75%, 5.5%, or 8.25%, is chosen independently. A
Gaussian laser beam with Ay = 1.053 um is focused
through a random phase plate providing a speckle pattern
with the coherence width py = 4.3 um. The corresponding
Rayleigh length of the speckle is Ly = kop3 =~ 110 wm. In
order to avoid SF and FI, the average intensity is varied in
the range (1.1-16) X 103 W/cm?, corresponding to varia-
tion of the average power in a speckle (P) = mp3(I) from
1% to 14% of P,.. As a result, there is no speckle in the
focal spot carrying a power above P.. Multiple scattering
on density perturbations driven by the randomized beam,
which is a nonstimulated process, is kept to a rather low
level by introducing a linear ramp time ¢, =~ 130 ps >
po/c, in the laser intensity profile, then decreasing the
initial density perturbations [7].

The laser angular aperture, defined as 6(z) =
ko 'L [ dkk?ny/ [ dkny]'/?, where ny is the laser spatial
spectrum, has been calculated along the whole propagation
through the plasma. It increases with both ¢ and z. It is
shown in Fig. 1(a) at t = 2 ns and z = 1.2 mm as a func-
tion of (P)/P.. Each curve corresponds to a given IAW
damping and consists of two parts. At low (P)/P.., no beam
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FIG. 1 (color online). (a) Aperture angle of the transmitted
laser beam versus the normalized average power (P)/P, at t =
2 ns and z = 1.2 mm. (b) Propagation distance over which the
aperture angle remains below 1.26(0). Arrows show the theoreti-
cal threshold (5). Ion acoustic damping rates are vjyy/w™W) =
2.75% (blue A), 5.5% (green O), and 8.25% (red V).

spray is observed: 6(z) = 6(0) ~ 6,. When (P)/P, in-
creases, transition to beam spray is observed, well below
the SF threshold. The threshold power increases with
viaw/@™W)_ For the highest values of the IAW damping
rate, it is in very good agreement with the theoretical
predictions (5) [vertical arrows in Fig. 1(a)]. For
viaw/ @Y = 2.75%, however, beam spray occurs at a
power larger than predicted by criterion (5) because the
instability has not yet reached its convective regime.

In a complementary way, the distance over which the
laser aperture angle remains below 1.26, is shown as a
function of (P)/ P, in Fig. 1(b) at t = 2 ns. At low (P)/P,,
the laser propagates over a long distance (a few mm)
without suffering angular spreading. For higher powers,
FSBS-induced beam spray limits the propagation distance
to a few speckle Rayleigh lengths. Transition between
controlled propagation and beam spray is well below the
SF threshold and it clearly depends on the IAW damping
rate. Criterion (5) [vertical arrows in Fig. 1(b)] provides a
satisfactory estimation for this transition.

The spatial growth rate of the light scattered at the
frequency wy — 2¢,/pg has been calculated in the tempo-
ral window between 1 and 2 ns. It is plotted as a function of
(P)/ P, in Fig. 2 for three IAW damping rates. In the low
power regime, the spatial growth rate is less than 0.5 X
1072 um™!. It evolves almost linearly with (P)/P, and it
agrees rather well with our predictions in the incoherent
regime (dashed line) where the FSBS amplification is
limited by the pump incoherence. Above the threshold
power, much higher growth rates are measured. They are
in the range (0.5-2.5) X 1072 wm™!, which is consistent
with expectations for the coherent regime. Moreover, it
confirms that beam smoothing does not prevent strong
excitation of the instability above a power that is qualita-
tively in good agreement with Eq. (5). The discrepancy
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FIG. 2 (color online). Dependence of the spatial growth rate of
the scattered wave intensity between 1 and 2 ns on the normal-
ized average power (P)/P.. Same notations as in Fig. 1. The
dashed curve shows the incoherent growth rate.

between theory and numerical simulations is due to the fact

that tga?w) ranges in most of our simulations between 1 and

2 ns. Amplification thus occurs in a regime between the
transient and convective limits.

Our theory of FSBS driven by a spatially smoothed,
monochromatic, laser beam is complementary to that de-
veloped by Lushnikov and Rose [9] for a broadband pump
with a small coherence time, 7. << pg/c,. The conclusions
concerning the coherent growth of FSBS in this regime are
similar to ours, as well as the predicted threshold.
According to the present analysis, the regime referred to
as equilibrium in Ref. [9] may rather be an incoherent
regime of FSBS with a weak, albeit existing, growth. By
combining our results with those of Ref. [9], we conjecture
that these conclusions may apply also to the intermediate
regime 7. ~ po/c, of interest for ICF.

Beam spray of a temporally coherent spatially smoothed
laser beam has been reported recently in experiment [16]
and attributed to FI. For these experimental condi-
tions (ng = 0.06n., T, =3.5keV, Ay=0.351 pum,
Viaw/@™W) ~0.15, and f number f, = 6.7), the FOM
(5) predicts beam spray for average power in a speckle
(P) = 7.5% of P, where we have estimated Z = 5.3 for the
CH plasma, A,; =75 um and py = (2/7)Aofy. It is in
perfect agreement with the average power, (P) =~ 0.07P,,
at the measured intensity threshold (I) = 2 X 10" W/cm?.
It is significantly below the SF threshold, which prompts us
to suggest that the observed beam spray is a direct con-
sequence of the coherent FSBS rather than SF or FIL
Equation (5) provides a new, theoretically derived, crite-
rion for beam spray for a spatially smoothed, monochro-
matic, laser beam. In practical units it reads
3 ( fe

8

(IAW)

n
[ pum]ly; =

2
_— > 1, 6
Viaw ne Te[kev] ) ©

0. 1 Yr
where 1,5 is the laser average intensity in 103 W/cm?.
Equation (6) generalizes the FOM suggested in Ref. [16],
which is exactly recovered by taking viaw/0™W) =~ 0.15

and y7; = 1.6 corresponding to experimental conditions.
The dependence of the threshold on TAW damping rate
provides an important insight on the control of propagation
of a randomized laser beam through a plasma.

In conclusion, a statistical model for FSBS driven by a
spatially incoherent laser beam is developed. It predicts a
fast (coherent) growth of the daughter waves well below
the SF threshold. This instability is not stabilized by spatial
smoothing of the incident beam and it leads to a strong
deterioration of the beam propagation. A threshold condi-
tion is derived providing a new FOM for the control of
beam propagation through plasmas. The theoretical model
is confirmed by 3D numerical simulations and provides an
explanation for a recent experiment [16]. This transition
from incoherent to coherent growth of FSBS associated to
beam spray is of crucial importance for the design of
forthcoming ICF experiments.
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