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Influence of a random phase plate on the growth of the backward stimulated Brillouin scatter
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We derive the analytical dispersion relation of a high-energy laser beam’s backward stimulated Brillouin
scattering (BSBS) in a hot plasma, that accounts both for the random phase plate (RPP) induced spatial shaping
and its associated phase randomness. Indeed, phase plates are mandatory in large laser facilities where a
precise control of the focal spot size is required. While the focal spot size is well controlled, such techniques
produce small scale intensity variations that can trigger laser-plasma instabilities such as BSBS. Quantitying the
resulting instability variability is shown to be crucial for understanding accurately the backscattering temporal
and spatial growth as well as the asymptotic reflectivity. Our model, validated by means of a large number of
three-dimensional paraxial simulations and experimental data, offers three quantitative predictions. The first one
addresses the temporal exponential growth of the reflectivity by deriving and solving the BSBS RPP dispersion
relation. A large statistical variability of the temporal growth rate is shown to be directly related to the phase
plate randomness. Then, we predict the portion of the beam’s section that is absolutely unstable, thus helping
to precisely assess the validity of the vastly used convective analysis. Finally, a simple analytical correction to
the plane wave spatial gain is extracted from our theory giving a practical and effective asymptotic reflectivity
prediction that includes the impact of phase plates smoothing techniques. Hence, our study sheds light on the
long-time studied BSBS, deleterious to many high-energy experimental studies related to the physics of inertial

confinement fusion.
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I. INTRODUCTION

Advances in laser science offer opportunities for creating
unprecedented energy density levels, via high-energy experi-
ments on laser facilities such as the Laser Mégajoule (LMJ)
[1,2], the National Ignition Facility (NIF) [3,4], and the SG-
III [5,6], allowing to bring matter under extreme conditions,
in particular relevant for laboratory astrophysics [7], high-
energy density physics [8], or ignition purpose. The strong
interplay between the laser electromagnetic pulse and the
collective dynamics of the particles and fields of the plasma
triggers a number of wave particle and wave mixing pro-
cesses, which can give rise to new physical effects such as
anomalous plasma heating [9], fast particle generation [10],
significant backscattering [11-13], beam pointing direction
deviation [14,15], and subsequent energy deposition [16,17].
Unfortunately, these processes are not independent from each
other and can occur concurrently and lead to nonlinear ef-
fects, adding to the complexity of physics of laser created
plasmas.

In order to improve the control on the pulse propaga-
tion, most high-energy laser facilities use so-called smoothing
techniques such as random phase plates (RPP), spectral dis-
persion (SSD), or polarization smoothing (PS) which result
in degrading the spatial, temporal, or polarization laser co-
herence, respectively [18,19]. The produced intensity profile
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is composed of microns-scale fluctuations resulting from the
spatial multimode pattern interferences, the so-called speckles
(or hot spots) which vanish and change position periodically
if SSD is used [20-22]. Many experimental and theoreti-
cal studies demonstrate that degrading the laser coherence
indeed improves the laser propagation [23-26], albeit with-
out completely stabilizing most wave mixing processes as
notably cross beam energy transfer [27-30] or stimulated Ra-
man backscattering [31-33], which have been characterized
in these conditions. Hence, the groundwork and predictions
associated with these experiments are further complicated due
to the entanglement between the laser plasma instabilities and
the pump wave controlled incoherence.

In this context, it is convenient to use a linear convec-
tive gain analysis [34] using plasma conditions given by a
radiative-hydrodynamic code. This approach is based on a
crude plane wave convective gain which can be embedded in
the ray tracing scheme [35,36] used for modeling the laser
propagation, giving a first estimate of the deleterious laser-
plasma effects. However, these tools still fail to predict a
stimulated Brillouin scattering (BSBS) reflectivity because of
their inherent simplifying assumptions. The bypass of this dif-
ficulty motivated nonpredictive analysis, such as the feeding
of measured experimental reflectivity levels for correcting the
laser pulse used in post-shot simulations, thus modifying the
convective gain analysis [35], but helping to interpret exper-
iments. An improvement of the laser propagation modeling
is to use, in addition to radiative-hydrodynamics numeri-
cal results, large scale paraxial simulations [37] which take
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naturally into account the laser incoherence and particularly
the phase plate induced speckles.

Pinpointing the speckles contribution to the whole beam
backscattering level has essentially been done through the use
of their known intensity distribution. In this case, speckles are
randomly distributed over the focal volume, with an intensity
reaching up to 10 times the mean laser intensity with known
correlation lengths and intensity probability distribution in
vacuum. This intensity distribution may be used to calculate
averaged quantities in the limit where each speckle is spatially
independent of the other and has led to numerous interesting
BSBS models [38—40]. However, this either locates the acous-
tic fluctuations to the speckle vicinity [41-43] or oppositely
assumes that their propagation spans many hot spots [44],
therefore putting a strong constraint on the acoustic damping
rate. Indeed, dealing directly with the phase randomness con-
stitutes a major difficulty, that has been either neglected [45]
or averaged out [46,47].

In this article, we stand out from such assumptions and
propose a formalism, based on accurate analytical modeling,
which accounts for the influence of the randomness of the
phase plate on the spatial and temporal BSBS growth rate.
In doing so, we can quantitatively predict the reflectivity of
a realistic laser beam. A comparison with a large number of
three-dimensional (3D) hydrodynamic paraxial Hera [48,49]
simulations validates our predictions and demonstrates that
accounting for the phase plate randomness is crucial for un-
derstanding the impact of the phase plates on the temporal
and convective BSBS amplification [50].

The layout of the paper is organized as follows: We first
derive the BSBS RPP dispersion relation in Sec. II and extract
a solution which is relevant to the reflectivity temporal growth,
as addressed in Sec. III. The absolute stability condition is
also derived and discussed in light of a comparison with
an independent-speckle model. We then address the BSBS
asymptotic regime described in Sec. IV by a convective am-
plification and apply our analytical model to predict the RPP
spatial BSBS gain. In Sec. V, we derive a correcting multi-
plying factor to the convective plane wave gain which allows
to evaluate the RPP beam asymptotic reflectivity. We finally
confront our model to ICF-relevant backscattering measure-
ments. Note that throughout this paper, the SI unit system will
be used while dropping the Boltzmann constant and noting the
vectors in bold symbols.

II. GENERAL RPP BSBS DISPERSION RELATION

A. Derivation of the dispersion relation

The linearized density fluctuations én./n, may be related
to the perturbed scattered amplitude §E in the Fourier space
(ws, K;) and the pump field E,. We now introduce €, n,, ¢y,
vy = |Ks|VCy, Nejis Zejis Teyis Meyi, the permittivity of vacuum,
the laser critical density, the sound speed, the Landau acoustic
damping rate, the electron/ion density, charge number, tem-
perature, and mass, respectively. The usual procedure derived
in an infinite and homogeneous plasma at rest is followed [51],
perturbing the electron density and the velocity, n = n, + dn,
and v, = 0 + dv,, respectively. We neglect the electron inertia
and assume the electron pressure evolution to be isothermal.

For adiabatic ions of index y; = 3, the conservation of density
and momentum verifies (to leading order in én, and év,)

0,6n,
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The combination of these equations leads to
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Performing a Fourier transform, defined as f =

f fe_ik.r+iwtdr dt, we obtain [52]
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while vy = /||, kK = Z:T,/mic?, g =~1+Kk?A3,, with
Ap.esi the electron/ion Debye length and u* the complex
conjugate of u. We have also introduced the convolution
product in the Fourier space ®. Note that along Eq. (5),
cs = «/(ZT, + 3T;)/m; corresponds to the low wave vector
limit of the acoustic phase speed. The factor g in Eq. (5) does
not directly derive from the above fluid formalism but from a
Taylor development of the kinetic equations [Eqgs. (6) and (7)].
As our predictions will be confronted with a hydrodynamic
code, the fluid plasma response will be considered except
in Sec. VC where a multi-ion species plasma requires the
use of a kinetic formalism. Reference [53] presents a plasma
density response to the beating of a pump and a scattered
electromagnetic wave that derives from the linearization of
the Vlasov equation. A formula similar to Eq. (4) is obtained
while replacing a s by oy, i.e.,

— K232 Xe(l + Z,‘ Xi)
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Xe/ stz)%,e/i (vgr/Mesi/2Te)i) @)

while Z’ is the first order derivative of the plasma disper-
sion function [54]. In the kinetic formalism, the sound speed
will be related to the phase speed value that maximizes the
imaginary part of Eq. (6), vy™* = ¢ = ¢,/g. For alinear polar-
ization, the associated scalar electric field has been modeled,
in a three-dimensional (3D) system in Refs. [55-57], and is
valid only at the focal plane. We will instead use the fields as
introduced in Ref. [58] [Eq. (46)] which are valid slightly off
focus such that

Eo ; ; ; _'ﬁ(x_xv)
E (x, 1, 1) = —¢koxioot N 7 10 p=hogg 7). 8
o ) N Ek (8)

O =k, (n)- r+ ¢, )
k = k,§ + k.2 = n2k,, /N, (10)
n=ng +n.2 (11)
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where n,,. are unsigned integer and N = Zk(n) HI[K2 —
k(n)?] is the number of phase plate elements. H (x) designates
the Heaviside function. The dependence on n of k will be
dropped for simplicity. The unity vectors in the directions x,
v, and z are noted X, ¥, and Z, respectively. Hence, the sum
in Eq. (8) runs over k, and k;, i.e., in a realistic geometry
k| = (kyz, + kzz)l/2 < ky, where k,, = ko/2f; with kg = 2 /&g
the main laser wave vector and f; the optic f number. The last
exponential of Eq. (8) accounts for diffraction to second order
in |k|/ky and includes xy, the x position of the focal plane.
Without this term, the speckles are infinite in the x direction,
otherwise, they have the expected length of ~m fﬁz)»o. The
phases ¢ are independent random variables taking the values
0 or 7w with equal probability. Under these conditions, and for
(w) being the statistical average of the random variable w, we
note that [59]

(P 7e) = 8 k- (12)

Here 8y, x, designates the Kronecker symbol. It is extremely
tempting to simplify the wave mixing equations by using for-
mula (12) which has led to interesting results [45,46]. Instead,
we will carefully carry the calculations while keeping the
phase plate randomness. This is indeed of crucial importance
to quantitatively understand the BSBS of a smoothed beam,
as shown subsequently.

As shown in Refs. [21,59], the pump field above consis-
tently captures the expected speckle properties such as their
intensity distribution or coherence length.

We now introduce

ko1 = (ko — Ki/2ko)& + ki, (13)
ko2 = (ko — K3/2ko)% + ko, (14)
D_(ko,1) = (w; — @)’ — @y, — (ks — ko1 )’c®,  (15)

where w,, is the electron plasma frequency, w; is the fre-
quency of the acoustic wave. Note that Egs. (13) and (14)
verify |k;| = |ky| = ko to second order in |k, |/kq and |Kk;|/ko.
The derivation of the RPP dispersion relation detailed in
Appendix A remains similar to Ref. [47] with the addition of
a diffraction term and starts with the fields of Eq. (8), written
in the Fourier space (w,, k,) and enveloped in space and time
around (wy, koX). When seeking for the backscattering growth
in the vicinity of the focal spot, we shall apply x; =0 in
the rest of the paper. We may also search for monochromatic
growth of the acoustic fluctuations due to the linear approxi-
mation, so that

10 (0, K) o 8(w — w3)8(k — ky), (16)

where §(x) is the Dirac function. Such an approximation
might seem too restrictive to treat the scattered growth driven
by a nonhomogeneous pump wave. However, the direct
relationship between the resulting growth rate probability dis-
tribution and spatial distribution, as done in Sec. II B, will
justify the formalism used here. Hence, combining Eqgs. (16)
with (A5) and after integration over frequency and wave vec-
tors, we obtain

- _E<&)2&322M
ne \ Vihe /) 4N o D_(ko )
X Qi/f @ , (17)
ks + ko1 — ko2l

where (Vos/Vie)* = €0Eg/n.T,N. Note that Eq. (16a) of
Ref. [53] is recovered for N = 1. For a particular RPP (i.e., a
given set of @), the paraxial and experimental BSBS growth
is expected to be strongly nonhomogeneous due to the pres-
ence of the speckles. Hence, because of the monochromatic
assumption made earlier, the physical relevance of Eq. (17)
regarding a particular RPP is questionable, so that we cannot
claim to predict the BSBS associated with a distinct RPP.
However, as shown subsequently, the resolution of Eq. (17)
for all possible RPP, i.e., for all possible spatial speckle con-
figurations, gives access to the spatial information required to
quantitatively understand the spatial distribution of the RPP
BSBS growth. The proper mathematical demonstration of that
ansatz is beyond the scope of this study. However, it will
enable to understand the temporal and spatial dynamics of the
BSBS of RPP beam obtained in our simulations (Secs. III and
IV) and an experiment (Sec. V C).

At this stage, obtaining a numerical solution of the above
equation might be challenging due to the discrete sums that
run over N2 elements. However, analytical progress may be
reached by simplifying the imaginary part of the plasma re-
sponse function af(vy) Whose resonance peak is centered
in vy = ¢, and of width 2v¢,. For f; 2 6.5, and for ¥ 2
5 x 1073, the argument of o, is always close enough to ¢y,
ie.,

ak/f<—w‘v ) ~ ak/f(&). (18)
ks +Ko,1 — Ko 2| K

We thus have

2.2
Ne [ Vos Wy S(ky)
1= —app(vp) = =) 2y 19
it ‘f’)nc(vme) 4N§D_(ko,l> 4
Sky) =) e, (20)

ky

The phase plate randomness has been gathered in the variable
S. Its variance verifies ((S — 1)?) = N and its mean value
satisfies (S) = 1 [using Eq. (12)]. Equations (19) and (20)
naturally include the interplay between the RPP beam and the
plasma. In particular, the possible correlation effects between
the randomly distributed hot spots and the acoustic waves are
accounted for, whether the plasma is heavily Landau damped
or not. We may now apply the central limit theorem and
approximate S to the random normal law A/ (1, N) centered
in unity and of variance N. Note that when replacing S by
a normal law, we do keep the dispersion relation variability,
unlike the direct combination of Eq. (19) with (12). The sim-
plification of D_ may now be carried using wj = w7, + kc*
with @? < k2c?. We will also restrict, unlike Sec. IV, the
following analysis to the x-axis backscattering, i.e., imposing
k; = kX and assuming that the BSBS of the RPP beam is
correctly reproduced by the on-axis response

ks
D_~D,— k—k%c2 + O(Ik*/k3),
0

Dy = —k2c* — 2(wswp — kskoc?). (21)
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‘We therefore obtain

1 n, vos>2 ) (ws)./\/'(l,N) 1
l=—-—— ) oo — .
4nc<vme Ik N ZDo—k—gk%cz

K k
(22)

The above discrete sum runs over the many phase plate
elements, and can be more easily calculated in the continu-
ous limit. Assuming a cylindrical beam, the discrete sum in
Eq. (22) may be replaced by a quadrature over |Kk;| < k,, so
that N~' Y, ~PV. fok”’ dki2mk /(rk2) (where PV desig-
nates the principal value). Provided that the real part of Dy
fulfills Re(Dy) # 0,

1 n, ( vos ? a)(z)k()
D=1+ -— N(l,N)ak/f(v¢)—

4 1. \ Vghe kok2 c?
20
§ 1n<1 _ M)
koDo
D =0, 23)

where In is the principal value of the logarithm. The above
dispersion relation accounts for the phase plate randomness
and spatial incoherence and models how the temporal growth
of the backscatter is affected.

In the plane wave limit, i.e., for infinite f;, the variance
in the dispersion relation (N o 1/ fuz) vanishes and a Taylor
development of the logarithm [or equivalently removing the
sum in Eq. (22)] leads to the well known plane wave limit
[53], from which an analytical solution exists.

As an example, the growth rate, obtained from the numer-
ical resolution of (D) = 0O [see Appendix B for the numerical
solving of Eq. (23)] is illustrated as a dotted line in Fig. 1(a)
and reaches the plane wave asymptotic limit when f; = 25.
Noticeably, it vanishes around f; >~ 9 and drops to the free
acoustic wave limit I' = —y; = —0.0148 wy, below [or ' =
—0.1w, for Fig. 1(b) when f; < 21]. Using the real scalar
random variable X = N(1, N), we may derive the threshold f
number f,, for which D(wy, k) = 0. This leads to a purely real
acoustic frequency (i.e., a vanishing growth rate). Noticing
that at resonance, o s(vy = c¢,/g) is a purely imaginary scalar,
D may be purely real only if the logarithm in Eq. (23) has a
purely imaginary value. Hence, setting the logarithm to —im,
we obtain

fo = 1/VTX (/1) (Vo5 [ Vine ) *(ic [4D), (24)

where 7 is the optical index. For X = 1 and using the pa-
rameters of Figs. 1(a) and 1(b), we obtain f, ~9 and 21,
respectively. This is in good agreement with the numerical
values (see the value of f; where the dotted line crosses I' =
0). Likewise, the differentiation of Eq. (23) around f; = f.
leads to the exact value of dI"/df; at fi = f.,

dr

Zafks 2i
— =Im| === -1, (25)
dfy | fi=t. Jeay \ 7

where o (vy) is the derivative of ay(vy) versus vy. We
propose to bridge the gap between f; = f, (where I' =
0) and f; — oo (where the plane wave value is reached,
I' =Tpw) by using a fitted hyperbolic tangent function

(a) 7 = 0.0148

— (N
(N +Var(nN?
- (D) =

10 20 30

FIG. 1. (a), (b) The color map represents the probability dis-
tribution (normalized to 1/2koc,;) of the temporal growth rate,
reconstructed with Eq. (27) and verifying fr>7u pdl’ =1. The
growth rate is given by Eq. (26). The numerical resolution of (D) = 0
from Eq. (23) and the analytical approximate of Eq. (26) are super-
imposed as dotted and dashed lines, respectively. The solid black
and solid red lines illustrate the dependence of (I') and Var(I")!/
on f; (see legend). The growth rate extracted from the exponential
growth of the reflectivity curve as predicted by three-dimensional
Hera simulations is illustrated as black circles (see text) and 1D Hera
results (f; — 0o) are shown in black triangles placed at f; = 30.
We consider a He?* 10% critical plasma with a normalized acous-
tic Landau damping rate of ¥ = 0.0148 (a) and ¥ = 0.1 (b). Use
has been made of 7, =2 keV, T; = 1 keV, Iy =2 x 10" W/cm?,
Ao =0.35 um, and N = L;}/(f;20)*, Ly = 200 um being the beam
transverse size. The plasma response is here fluid [Eq. (5)].

such that
lf fj > fm
Im(ws) =T
— f. dT 1/aqa
= pr(XI())taIlh [(M— ) i| )
Upw (Xlo) df 1 fi=f.
otherwise,

I = —bkyey = —vy, (26)

with &y = 2ko[1 — wo/(koc)(cs/c)]  and a=(1/2)+
(50/3)(v — 0.01) and where I'pw(X1Iy) is the plane wave
temporal growth rate [53] computed with a pump wave
intensity of / = XI. The particular case X = 1 of the above
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FIG. 2. (a) Sketch showing the relation between a probability distribution and a spatial distribution for a homogeneous and large
enough RPP beam. Since the RPP elements are independent from each other, the growth rate probability distribution (right) may
be sampled once over the whole beam (black box and cross) or similarly over large-enough subbeams (colored boxes and crosses).
(b), (c) Intensity in logarithm scale of the pump and scattered wave as predicted by 3D Hera simulations [simulation detail in Sec. III A
at x = 0 (the pump wave entry location)] . The plasma is composed of helium with b = 0.1, T, =2 keV, T; = 1 keV, I = 2 x 10'* W/cm?,

Ao = 0.35 um, and f; = 10.

solution 1is illustrated as a dashed line in Figs. 1(a) and
1(b) and demonstrates a good agreement with the numerical
resolution (as dotted lines). The above fits local relative error
fulfills <10% in the domain 0.01 < v < 0.1.

B. Probability and temporal growth rate spatial distribution

Since X is a random variable, the dependence on X of
Eq. (26) implies that I" is also a random variable. The BSBS
temporal growth rate is therefore associated with a proba-
bility distribution that we propose now to reconstruct. As
X = N (1, N), the unstable solutions of Eq. (23) may be asso-
ciated with the probability exp[—(X — 1)?/2N]/+/27N, thus
leading to I'(X). Creating spatial growth rates bins such that
Iy = —vs + ndT (where dT is the bin step), we may sum the
probability contribution of the events I', < I'(X) < I'y4 to
reconstruct numerically the discrete probability distribution

dp e~ XD gy
r,)=—(,)= 27
P(To) = —=(T) > 27)

I <I(X)<yss v2rN dT

Although p(I") can be estimated analytically using the deriva-
tive of Eq. (26), we will settle subsequently with a numerical
estimation. The convergence of p(I',,), illustrated as a color
map in Figs. 1(a) and 1(b) and 3(a) for a He’>* 10% critical
plasma, is reached for a fine-enough discretization of the real
variable X. In the following, the interval [—3N!/2, 3N'/?]
is split in 3000 regularly spaced bins. A first peak of the
probability distribution is evidenced for I' = —v,, which cor-
responds to all the stable events as predicted by Eq. (26) [i.e.,

verifying f.(XIy) > f3]. All these stable contributions are
gathered at the same value I = —vy, leading to a Dirac-type
shape. Hence, our numerical evaluation of p leads to the black
feature (the color map is saturated there) in Figs. 1(a) and
1(b) located at ' = —v;. A second local maximum, around
I'/2kocy ~ 0.2-0.3, corresponds to the most probable strictly
positive growth rate and results from a tradeoff between the
growth rate which is an increasing function of the random
variable X and the associated probability that rapidly de-
creases.

Hence, Eqgs. (22) and (23) give access to the growth rate
probability distribution. As illustrated in Fig. 2(a), we may
associate the various possible growth rates to different RPP
realizations, thus identifying one statistical realization (black
cross) to the whole beam (black box). However, the most
interesting way to understand how the phase plate randomness
affects the backscatter growth is to split the beam spatially.
Since the phase plate elements are independent from each
other, the large enough subparts of the beam [in colored boxes
in Fig. 2(a)] correspond to independent samplings of the I"
random law (in colored crosses). Hence, the probability dis-
tribution as predicted by our dispersion relation is related to
the portion of the beam which can be described by a given
scalar growth rate. In other words, the growth rate probability
distribution may be seen as a spatial distribution. As en exam-
ple, the probability of having a strictly positive growth rate

Punstable = / Pdr (28)
r=0
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FIG. 3. (a) Growth rate normalized probability distribution, as a function of ¥ = v;/Re(wy). (b) Probability as predicted by Eqgs. (28)
(black dashed line) and (30) (black plain line). P, based on an independent speckle model [60,61] is superimposed as a black dotted line
(see text). (c) Hera spatial gain, extracted from 3D RPP (circle) and 1D (crosses) Hera simulations by averaging d, log({l;),) over the first
200 um of the simulations domain. The convective plane wave theory corresponds to the average of Eq. (38) (plain line). We consider a He?*
10% critical plasma with T, = 3 keV, T; = 1 keV, Iy = 4 x 10'* W/cm?, Ag = 0.35 um, and N = L,/(f:A) with f; = 8, L, = 400 um. The

plasma response is here fluid, Eq. (5).

corresponds to the portion of the beam which is really
unstable and is here ~50%. As expected, the scattered in-
tensity of Fig. 2(d) [at x =0, for the plasma parameters
of Fig. 1(b), simulation details in Sec. III A] presents a
significantly smaller section than the pump [in Fig. 2(c)].
Quantitatively, the section of Fig. 2(c) that is above noise level
(here ~4 x 1072 W/cmz) is indeed half the surface of the
pump beam that fulfills /, > 10'* W /cm?, as predicted by our
theory.

The statistical averaged growth rate (I') = fl‘)—vs I'pdl
[as black plain lines in Figs. 1(a) and 1(b)] is as shown
subsequently, the most relevant growth rate when compared
to numerical results. Moreover, it is located significantly be-
low the local maximum of the probability distribution due
to the fact that roughly only half the beam is really un-
stable. The plane wave case [53] corresponds to the limit
f& = oo and is reached asymptotically by the solution of
(D) = 0 (as dashed black lines) and confirmed by 1D Hera
simulations as a large triangle (placed at f; = 30). The aver-
aged RPP growth rate overcomes the plane wave limit by a
factor ~2-3. This is consistent with the averaged speckle in-
tenSity (I)speck]e = ffspeckle (DI dl ~ 31y, where <U>speck1e =
f Jopeckie U dI and fypecite i the speckle normalized distri-
bution [60]. Additionally, the plain red lines illustrates (I") +
Var(I')!/? [where Var(I") = Jrsoy (T = (T'Y)?P(T)dT is the
variance of I'] and shows that Var(I") ~ 1.2(I"), consistently
with [(12>speckle - <1>§peckle]l/2 = 12IO

For a fixed f number of f; = 8 relevant for the NIF or the
LMJ facilities, we explore the dependence of our predictions
on the normalized Landau damping rate v and show that our
model differs significantly from the usual plane wave predic-
tions [see dashed dark line of Fig. 3(a)]. The averaged growth
rate peaks around v >~ 0.06 while the plane wave growth rate
is a constantly decreasing function. Additionally, the standard
deviation remains of the order of the average growth rate most
of the time, except in the high damping regime v 2> 0.08,
where (I") vanishes and becomes negative.

III. TEMPORAL BSBS GROWTH
A. Comparison with paraxial hydrodynamical simulations

In order to confirm our predictions, we performed 3D Hera
[48,49] simulations of a RPP beam propagating through a ho-
mogeneous He?" plasma in the positive x direction with Ao =
0.35 um, I =2 x 104 W/crnz, and a hyper-Gaussian trans-
verse profile 1(y, z) o exp[—(y* + z2)*/?/2u’] at best focus
with ¥ = 120 wm and resulting in a focal spot with a flat av-
eraged intensity within a circle of diameter L, >~ 200 um. The
electron and ion temperatures are 7, = 2 keV and 7; = 1 keV,
respectively, with n, = 0.1 n.. The simulation domain is Ax x
Ay x Az =1 x 0.4> mm?3, with a mesh size of dx = 1 um
and dy = dz = 0.3906 um and laser best focus localized at
the center of the box, at x = x; = 500 um. The reflectivity,
R, will be subsequently defined as the pump-to-backscattered
instantaneous power ratio calculated at the laser injection po-
sition. Figure 4(a) shows the reflectivity exponential growth
as predicted by Hera during which the value of Im(w) can be
extracted [see the temporal derivative, Fig. 4(b)]; the obtained
values are reported in Figs. 1(a) and 1(b) and 3(a) as black
circles. Consistently with Ref. [50], significant fluctuations of
the reflectivity growth are evidenced during the exponential
growth of one simulation [see the red plain line in Fig. 4(b)]
or when using two different RPP realizations [i.e., for two
different sets of ¢k, Eq. (8), as plain and dashed lines in
Fig. 4(b)]. We therefore reported, for each simulations, the
averaged, minimum, and maximum values of d;, log(R) [where
d; f designates the temporal derivative of f(¢)] during the ex-
ponential growth as a circle, top and bottom of the error bars,
respectively. Hence, the simulation points in Figs. 1(a) and
1(b) and 3(a) lie as expected around the maximum of the prob-
ability distribution (see the color map). More precisely, they
lie between (I') (as a black plain line) and (I") + Var(I")!/? (as
a plain red line). Our numerical results thus confirm the large
variability (I') ~ Var(I')!/? of the BSBS growth for a low
Landau damping rate [0 = 0.0148, Fig. 1(a)]. The increase
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FIG. 4. (a), (b) Reflectivity and its normalized derivative ex-
tracted from 3D Hera simulations for the plasma parameters of
Fig. 1(a) with f; = 7 (black lines) and f; = 12 (red lines). The plain
and dashed lines correspond to two different RPP realizations, i.e., to
different sets of RPP variables [¢, Egs. (8) and (9)].

of ¥ to 0.1, keeping the other plasma parameters unchanged
[Fig. 1(b)], also confirms our predictions. In both Figs. 1(a)
and 1(b), roughly 50% of the beam is described by a stable
growth rate of I' >~ —vy, hence, the resulting standard devia-
tion is somewhat larger when v;/w; = 0.1 [Fig. 1(b)] than for
vs/wg = 0.0148 [Fig. 1(a)]. Likewise, the circles in Fig. 3(a)
are consistent with our predictions and evidence a relatively
weak dependence of the temporal RPP growth rate on the
acoustic Landau damping rate.

B. Validity of the convective BSBS model

The gain analysis, critical in ICF experiments design and
interpretation [3,34,35,62], is based on the convective spatial
growth rate derived in the plane wave limit. This regime
is reached asymptotically at ¢+ = 25 ps [see Fig. 4(a)], sup-
posedly faster than the hydrodynamics timescale, after the
BSBS has grown temporally. We now assess the impact of
the speckle pattern on the spatial growth. The validity of
the spatial growth equations [63] is based upon the abso-

lute stability of the system. Such a condition may remain
blurry in a realistic situation where the laser is composed
of numerous hot spots associated with a broad intensity
distribution.

According to Ref. [64], we may estimate the frame velocity
in which the instability grows preferentially through

V >~ -0, D/0yD, (29)

where D is given by Eq. (23). In the plane wave limit, this
velocity is maximized around V >~ —0.5 ¢ below the absolute
instability threshold and shows that acoustic wave packets
preferentially grow upstream of the pump wave (against the
laser injection boundary in a finite domain). When applied
to our RPP dispersion relation, this velocity is completely
deterministic and can be easily estimated. Hence, the use of
Eq. (29) allows us to derive an objective criterion on the
absolute stability of a given plasma, based on the fact that,
when this velocity is vanishing, the acoustic fluctuations are
amplified temporally and locally, the system is thus absolutely
unstable which inherently leads to a violent nonlinear satura-
tion. We may define the probability of absolute instability P,
which can be seen as the portion of the beam that is above
absolute threshold, as the probability of having V below tens
of its plane wave value,

Py = / pdl. (30)
[V]<c/20

For both Figs. 1(a) and 1(b), V ~ —c/2 which implies P =
0, thus confirming the absolute stability of these systems. For
a fixed f number of f; = 8, Fig. 3(b) suggests that when the
plasma is weakly Landau damped (vs/ws < 0.025) and the
laser “intense enough,” a portion of the laser (here between
0.1% and 6%) is absolutely unstable. These predictions are
compared with an independent speckle model, as inspired
by Refs. [60,61], which estimates Py ~~ f,_ 1, Jopeckie (DAl
(where L is the absolutely unstable threshold and fipeckie the
normalized speckle distribution). Illustrated as a black dotted
line in Fig. 3(b), the independent-speckle model reproduces
correctly the threshold ¥ ~ 0.02 below which P,,s > 0. How-
ever, the portion of the beam as predicted by the dotted line
rapidly reaches the absurd value of 100% because fipeckie 1S
known to be ill defined in the low intensity part of the RPP
beam, for I < 2Iy. Hence, Eq. (30) can enable to pinpoint the
limit of the convective gain models and therefore the validity
of the formalism of Refs. [35,36,63] more accurately than
the existing independent-speckle estimates. We stress that
the interplay between the convective and absolutely unstable
speckles on the BSBS growth is out of the scope of this study.

IV. CONVECTIVE SPATIAL RPP BSBS AMPLIFICATION

The transport equation of the backscattered wave intensity
I, has been obtained in the plane wave limit in Refs. [36,63].
A similar equation is obtained for nonmonochromatic pump
and scattered waves by performing a Fourier transform trans-
versely to the main laser x direction and giving

— 00y — vgdely = J, 31)
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where v, = c4/1 — n./n. is the group velocity and the source
term J reads as, with our notations,
on,
- ) (32)

ne
J

[OFLN) .
J = —Tlm<Ep RE®

ne EQE(%

The evaluation of the source term involves the use of Egs. (A1)
and (A3), written without the x-Fourier transform. We may
first write

én, i i w — o
—(E* e ——c_270 x| etV Ya §E(w, k — Kk k | —
(s05)., = 22 [e e (="~}
’ 1 2

|k + ko il

+e MtV SE (w,, k + ko g — ko’z)ak/f(ﬂﬂ, (33)

where we have dropped the terms depending on 2w & @ and have used ko1 = koX + ki, Ko » = koX + k», and Wy, = ¢, +
k}(x — x7)/2ko. Keeping the Stokes component only (i.e., the first term in the square brackets) leads to

on, 11, [ vos 2 e w — o
(E* e 2= == — T =V §E (w0, k — ko1 + k — ). 34
< 5 ® o )w!k ZnL.( ) N Zze TR SE (w0 01+ 0,2)Olk/f(|k ko] (34)

v
the Kk

Proof can be made that for most high-energy laser facilities
(f: ~ 6-10) and provided that v > 1073, the width ve, of
the plasma resonance function Im[oy,/r(vg)] is always larger
than the variations (w — wp)/|k —Ko,1| due to k;. Hence,
we may neglect the dependence on k; of ay in the above
equation. In addition, we will approximate Im[oy,r(vg)] as
in Eq. (18). The scattered wave intensity in the Fourier space
I;(K) = €0dE(K) ® SE(Kk)*/2 comes out of the combination
of Egs. (32) and (34), so that

Ne [ Vos de
J=—< )Tlm[af(cs)]

Ne \ Uthe

1 . .
N ; ;em[kl “Pely(ke =Ko 1 +Koa).  (35)
1 2

Assuming that the scattered wave has the same f-cone angle
as the pump wave I; o< H(2k,, — |k |) yields

2
J= E(E) ﬂIm[otf(cs)]lds,
Ne \ Uthe 4

2
ki

a1 it —idh 1 (x—xy)
S=N;k2e 1T : (36)
1 2

The random variable § may be approximated to a normal law
using the central limit theorem. Although the calculations are
feasible off focus, we set subsequently x = xy, thus restrain-
ing the following analysis to the vicinity of the pump wave
focal plane. Hence, we use S >~ N >k K, EXPidK, — idx,) s0
that Eq. (31) may be recast as

_atld — Ugaxld = Ug’CIdN(ly 2)7 (37)
2
K = E( Vos ) ﬂlm[af(cs)], (38)
ne \ Ve /40,

where K is the spatial convective growth rate which coin-
cides with the well known plane wave result and N'(1, 2) is
the random normal law centered in unity, of variance two,
and independent of time and position (¢, x) (since 9,¢x,, =

(

0xPx,,, = 0). Unlike the temporal growth (see Sec. III) where
a large variance appears in the RPP dispersion relation (=N),
the variability in the convective case is much smaller. Indeed,
when considering the spatial BSBS amplification [thus remov-
ing the temporal derivative in Eq. (31)], we assume that the
scattered wave propagation covers many speckles, thus reduc-
ing the speckle randomness of the resulting gain. However,
when increasing the number of phase plate elements, the gain
variance remains strictly positive, showing that even for very
large beams propagating in a homogeneous plasma, a finite
randomness of the spatial growth is to be expected.

We now introduce (/;),, the y-averaged (over —100 um<
y < 100 um) scattered intensity in the plane z = 0. The late
time convective growth rate has been extracted from our Hera
simulation by averaging —d, log({l;),) over the first 200 um
of the simulation domain of Fig. 3(a) and gathered in Fig. 3(c)
as circles. A good agreement is obtained above ¥ ~ 0.05
when confronted with the averaged theoretical predictions of
Eq. (38) (as a plain line) or with 1D Hera simulation re-
sults (crosses). In addition, Ref. [46] relates the BSBS spatial
growth to two contributions. The first one, named the “collec-
tive” growth, is found to be stable for our plasma and laser
parameters. The second “RPA-like” contribution yields sim-
ilar predictions than our statistically averaged spatial growth
rate, Eq. (38). We therefore confirm the weak impact of a RPP
on the averaged convective BSBS growth, at least for ICF-
like parameters (i.e., T, ~ [1-5] keV, I ~ 10'3-10'® W /cm?,
v 2 0.007).

When the acoustic wave damping rate is small, a strong
BSBS growth is obtained leading to the pump depletion and
resulting in a smaller effective spatial gain than predicted by
our linear dispersion relations. The convective gain saturation,
as extracted from our simulations, occurs in both 3D and
1D simulations at K x 1 mm =~ 20 and 30, respectively. This
is consistent with the fact that the RPP BSBS is effectively
driven locally in speckles of intensities larger than the aver-
aged beam intensity, thus suggesting that the local hot spot
spatial amplification is larger than the gain averaged over the
whole beam.
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V. PREDICTING THE REFLECTIVITY OF A RPP BEAM

A. Reflectivity in the plane wave framework

The so-called Tang model gives an implicit formula that
relates the noise level (Rp), the spatial gain (G), and the
asymptotic reflectivity level (R) [65]:

R(1 —R) =Roexp[(1 — R)G] — RoR. (39)

Although this model is based on the strong assumption that the
saturation mechanism is solely driven by the pump depletion,
it helps to estimate the expected reflectivity level. The seed
level, in all the simulations presented here, is imposed to
Lio = Roly with Ry = 1071°, Note that the seed reflectivity
used in our simulations is smaller than the one expected
physically, given by Eq. (46) subsequently. Hence, the reflec-
tivity resulting from the spatial growth rates as illustrated in
Fig. 3(b) should be trustworthy, at least in the domain where
nonlinear effects are negligible, say below R < 0.1. Indeed, a
good agreement is evidenced in Fig. 5(a) when comparing the
1D Hera asymptotic reflectivity (as red crosses) with Tang’s
model applied on the plane wave convective gain (see the a
plain red line). Unfortunately, a mismatch of more than an
order of magnitude is obtained when comparing these the-
oretical predictions with the RPP numerical result [see red
circles in Fig. 5(a)]. Similar discrepancies with experimental
measurements have been characterized and ascribed to the hot
spot dynamics lacking from the plane wave theory [see, for
example, Fig. 7 of Ref. [63] and Ref. [66]]. Reference [38]
presents an interesting theory [see red dotted line in Fig. 5(a)],
based on the independent-speckle assumption, which also
largely disagrees with the RPP Hera reflectivity.

B. Reflectivity of a RPP beam and paraxial fluid simulations

In order to understand the discrepancies between the plane
wave predictions [65] and the reflectivity as given by our
paraxial simulations, we address the impact of the normal
random law in Eq. (37) (that results from the random speckle
distribution) onto the backscattering level. Note that the ran-
dom factor N'(1,2) implies that (R) o< exp({G)) no longer
holds, even without any nonlinear effects. Applying the same
procedure as Eq. (27), we may reconstruct the reflectivity
probability distribution by binning the reflectivity such that
R, = Ry + ndR < 1, where n is a positive integer and dR the
bin width. Solving Tang’s implicit equation with the seed Ry Iy,
the pump initial intensity Iy and the effective gain G = KL, X
where X is a real associated with the Gaussian probability
[NV(1, 2)], we obtain the reflectivity R(X ) from which derives
the reflectivity probability distribution [similarly to Eq. (27)]

dp e X4 gx
PR)=—R)= Y = ———.
dR Ro<RO <Ry VAT dR

The resulting probability distribution is well converged by
discretizing the interval X € [—3 x 2172 3 % 21721 in 6000
regularly spaced elements. Illustrated as a color map in
Fig. 5(a), p exhibits a local maximum which is in excellent
agreement with the simulation results. As for the growth rate
probability distribution, the probability absolute maximum
lies around R = Ry = 107! (not shown) and corresponds to
all the values of the random variable X too weak to explain the

(40)

(a)

e Hera
Tang

100 --- Tang, £ X {X)r>Rpypn 3
...... Rose
\. (]
\\\’\* ’ 2
x 10714 B
\\\\ + 1
- N s |
10—2 10_1
Vs/ws
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8_
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X 4]
2_
102 107!
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FIG. 5. (a) Asymptotic reflectivity as predicted by 1D (crosses)
and 3D RPP (circle) Hera simulations. The error bars correspond to
the standard deviation measured over 50 ps. The model of Ref. [65]
[Eq. (39)] with a plane wave gain, Eq. (44), corresponds to the plain
line. The thick dashed line is obtained by using the RPP gain given by
Eq. (45), G = Ggpp = (X)rsr,;,, K x 1 mm with Ry, = 1072. The
reflectivity, as predicted by Eq. (9) of Ref. [38], is superimposed
as a dotted line. The color map is the probability distribution of
the asymptotic reflectivity, as predicted by Eq. (40) which is, by
construction, normalized to unity, i.e., fol pdR = 1. (b) Value of
(X)rx)>Ryy, as predicted by Egs. (42) and (43). The plasma and laser
parameters are identical to Fig. 3. The plasma response is here fluid
[see Eq. (5)].

~14 to 15 orders of magnitude of amplification factor required
to reach R ~ 0.01-0.1 (G = KL, X < 30), as observed in our
simulations. Due to the presence of the speckles, X may be
larger than unity which leads to a measurable reflectivity
in agreement with Hera. Introducing a minimum reflectivity
value below which the BSBS is considered negligible, Ry,
we estimate the averaged value of X over the region R > Rpin:

Xe~X-D/4gx
Iy

fR(X)>Rm;“

(X)RX)> R = (41)

fR(X)>Rm;n
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The denominator and the numerator can be directly related to
Xmin, the random variable value above which R > R;,. For
Ruin < 1072, we have, Ryin =~ Roe/*Xmn and we obtain

23_()(min_1)2/4

1+ erf(1gm) 4 22
1 + erf (IZan)

1 Rmin
lo , 43
- Toe (S @3)
where erf is the error function. Figure 5(b) illustrates as a thick
black line the dependence of (X)g(x)>r,,, on ¥ when Ry, =
10~2 and demonstrates that it ranges from ~1.9 to ~10 as D
increases from 1072 to 0.2. The plane wave reflectivity with

depletion is obtained by extracting numerically R from Tang’s
implicit equation [Eq. (39)] where

G = Gpw = KL, (44)

. (42

(XDROXO)> R =

Xmin =

is the plane wave gain of our system. For a RPP beam, we
propose to use a similar procedure with

G = Grer = (X)ret)>Rpn KL (45)

Hence, when solving Tang’s equation with the above gain,
we multiply the pump averaged intensity by (X)grx)>r,,,- The
best fit to our paraxial simulations corresponds to Ry, = 1072
and is in very good agreement with the numerical data [see
the thick dashed red line in Fig. 5(a)]. Hence, the quantity
Io{X ) r(x)>R,;, corresponds to the intensity of the speckle pop-
ulation that is the more likely to drive the reflectivity and it can
easily be estimated in any convective gain analysis. In other
words, a BSBS reflectivity of a RPP beam is estimated here
by replacing the averaged intensity Iy by Io (X )r(x)>r,,, inside
equations obtained in the plane wave limit.

However, the corresponding reflectivity is by construction
always above Ry, which means that our analytical model
is wrong as soon as it predicts R < Ry;,. This represents a
simple and efficient improvement of the plane wave predicting
capabilities that accounts for RPP and constitutes a promising
route for accurately modeling the amount of backscattering in
ICF or more generally in high-energy density experiments.

C. Comparison with experimental measurements

Brillouin backscattering measurements have been per-
formed in a fairly homogeneous plasma [68] probed and
controlled by Thomson scattering [67]. Such data have been
used to test numerical prediction capabilities [69]. Figure 6
confronts our RPP BSBS reflectivity model as a black plain
line with the experimental measurements as black squares
(RPP). According to the experiment and probably due to the
large acoustic Landau damping of the plasma, the use of
SSD does not seem to affect the measured reflectivity. How-
ever, for sake of consistency, we will ignore the RPP 4+ SSD
data subsequently. In the experiment, the cavity is filled with
30% of CH4 and 70% of C3Hg at one atmosphere and is
irradiated by heater beams, leading after 700 ps to a 1.5-mm-
long homogeneous electron density along the interaction
beam path of n, >~ 0.06n, and an electron temperature of
T, >~ 2.7 keV.

The reflectivity seed level (Ry) is related to the spontaneous
emission of the ion acoustic waves in a single speckle eg,

(a)
10" .
10~
=
102} e e FExperiment
] - - Plane wave
.; - RPP, Rmin = 1074
.'.. -_ RPP: Rmin = 1072
-3 LI . " I
W1 2 3 4 5
Iy (PW/cm?)
(b)
12 .
-_— Rmin = 1072
10 - = Rmin = 1074 -
< 8
A
=
= o)
4 L
20

FIG. 6. (a) Reflectivity as measured experimentally [67-69]. The
theoretical calculations have been performed with laser and plasma
parameters detailed in Sec. VII of Ref. [63] and a noise level given
by Eq. (46). The plane wave and RPP reflectivities in black lines
correspond to Tang’s formula (39) solved numerically for a plane
wave [Eq. (44)] and a RPP [Eq. (45)] gain, respectively. The plasma
length is L, = 1.5 mm and the seed is given by Eq. (46). The plasma
response is treated here kinetically [see Eq. (6)]. (b) Value of Eq. (41)
for Rmin = 1072 and Ry, = 1074,

through Ry = eg/Iom (firo )2. The value of €5 can be obtained
from Eq. (6) of Ref. [70], which can be estimated here using
the averaged ion charge and mass number (here, (Z) ~ 2.3,
(A) ~ 3.9) and leading to

h_ Lol 1+(2)0 1
O T U= ne/ne \ 4+ (Z)QT /T Iom (fiho)?
0= |Temi -5y (46)

Tim,

For the experimental parameters addressed here, it scales as
Ry ~ 107°. Choice has been made to set T; = 7,/2. As the
plasma is composed of carbon and hydrogen ions, the plasma
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response will be treated kinetically [Eq. (6)]. The sound speed
will be associated hereafter as the phase speed value that
maximizes Im[oy (vg)].

Hence, the reflectivity obtained by feeding the plain wave
gain K x 1.5 mm to Tang’s formula [Eq. (39), solution
illustrated as a dashed black line in Fig. 6(a)] greatly underes-
timates the experimental values by a few orders of magnitude
and for beam energies below 4 PW/cm?. When using the
gain of Eq. (45) [see Fig. 6(b)] before calculating the re-
flectivity (see the black plain line for Ry, = 1072), a much
better agreement is found. The dependence of our model on
Ruin 1s illustrated by the black dotted-dashed lines for which
Rmin = 1074, and in good agreement with the experimental
data, especially below 1.5 PW /cm?. Indeed, the dependence
of Eq. (41) on Ry, is directly related to the finite statistical
variability of R, as discussed and illustrated in Sec. VB. In
particular, the convective amplification of slightly unstable
systems (i.e., R < 0.05) relies on the hottest and rarest speck-
les [(X)r=r,;, > S for intensities <1 PW /cm?, see Fig. 6(b)].
Hence, small reflectivities are associated with a significant
statistical variability and causing significant dependence of
(X)R>Ry;, ON Riin. Above ~2.5 PW /cm?, the dependence of
our results on Ry, vanishes as (X)g.g,,, decreases to ~2. In
addition, the nonlinear effects not included in Tang’s model
should explain the saturation of the experimental reflectivity
to ~20%—-40% while our predictions continue to grow up to
~60% at 5 PW/cm?. Note that Eq. (30) predicts Py, = 0 so
that an absolute instability cannot be the main cause of the
discrepancy at large laser beam energy between the theory and
the experiment [see Fig. 6(a)].

VI. CONCLUSION

Unlike previous studies where the well known speckle
distribution in vacuum is used to extend the plane wave
calculations to a RPP beam, our derivation of the wave
mixing equations starts from the proper RPP fields. This
allows to avoid any assumption on the acoustic wave damp-
ing rate and reveal the importance of the phase plate
variability.

We have first developed a BSBS dispersion relation that
accounts for the RPP cone angle opening and random-
ness. Comparison with 3D paraxial results confirms that the
presence of the speckles significantly changes the temporal
reflectivity growth and demonstrates that modeling the phase
plate variability is critical to quantitatively understand the
temporal BSBS growth.

Notably, the absolute-instability criterion is deterministic
for a plane wave whereas it is speckle dependent for a RPP
beam. Our model also gives access to a quantitative observ-
able [Eq. (30)] that allows to estimate the portion of the beam
which is absolutely unstable. thus helping to assess the limit
of the convective gain analysis on which many BSBS studies
are based.

We have also demonstrated that, although the averaged
convective BSBS gain (of the transversely averaged beam)
remains similar for a RPP beam or a plane wave, the amount
of backscattering is affected by the use of spatial smooth-
ing. Indeed, when applying a statistical average of Eq. (37),
the covariance between the scattered intensity and the spa-

tial growth rate random variable appears in the right-hand
side and explains the difference between a RPP and a plane
wave BSBS spatial amplification. The resulting reflectivity,
modeled in this study according to Ref. [65], is significantly
increased by the use of a RPP, especially when the plane
wave analysis points to a nearly stable system. In this case,
the observed RPP Hera reflectivity corresponds very well
with the maximum of the reflectivity probability distribu-
tion obtained with an accurate modeling of the BSBS spatial
amplification of a spatially smoothed beam. We have then de-
duced a simple analytical formula which estimates the speckle
intensity that is more likely to drive a significant reflectiv-
ity. When using this prediction as a correction to the plane
wave convective gain and to the Tang’s reflectivity model, a
very good agreement with our RPP numerical reflectivity is
obtained.

Including an idealized polarization smoothing in the
present analysis could simply correspond to dividing the av-
eraged laser intensity Iy by a factor 2 and multiply the initial
seed by a factor 2. Temporal smoothing, however, is much
more challenging to include in the present model and is
known to affect the BSBS, at least in weakly Landau damped
plasmas [44]. In addition, the effect of nonhomogeneity has
been neglected and should be accounted for when address-
ing a realistic situation or gas jet experiments [70,71]. The
use of the central limit theorem (see Sec. III or in Sec. IV)
assumes a large number of phase plate elements (>30), i.e.,
a wide enough laser focal spot, which also adds a constraint
on the hydrodynamic scale length (L, ~ n,T,/|Vn.T,|). In a
nonhomogeneous plasma, the correction to the plane wave
spatial amplification [Egs. (37), (42), and (43)] remains valid
locally if at least 30 phase plate elements may be found in
a region of space where density gradients are negligible, i.e.,
if L, 2 30f:1o. Except from the depletion of the pump, the
present analysis does not include any of the nonlinear effects
[72,73] that are likely essential for accurately predicting the
high convective gain systems or when a significant part of the
beam is absolutely unstable.

Importantly, the interplay between BSBS and other laser-
plasma interaction effects such as beam bending, cross beam
energy transfer has been neglected so far. The so-called
plasma smoothing effects [74,75] are known to decrease the
effective f; value, which should alleviate sensibly the BSBS
temporal growth [see Figs. 1(a) and 1(b)]. However, the
asymptotic reflectivity of interest for ICF experiments is pref-
erentially driven by the spatial amplification which remains,
independent of f;, at least in the vicinity of the focal plane (see
Sec. IV). This seems to contrast with the results of Ref. [76]
where proof is made that plasma smoothing does reduce the
amount of BSBS. This suggests that restricting the convective
analysis in the vicinity of the focal spot [i.e., setting x = x
in Eq. (36)] might not be appropriate when addressing the in-
teraction between backward and forward stimulated Brillouin
scatter.

Finally, the analytical correction to the plane wave spatial
amplification model introduced in Sec. V paves the way for
realistic laser-plasma instability models, thus improving the
predicting capabilities of hydrodynamic codes for the design
and interpretation of ICF and high-energy density physics
experiments.

035208-11



C.RUYER et al.

PHYSICAL REVIEW E 107, 035208 (2023)

ACKNOWLEDGEMENTS

We acknowledge insightful discussions with R. Duclous
and the HERA team for the developments and maintenance of
the simulation code. This work has been done under the aus-
pices of CEA-DAM and the simulations were performed using
HPC resources at TGCC/CCRT and CEA-DAM/TERA-
1000-2.

APPENDIX A: DERIVATION OF EQ. (17)

We start with the fields of Eq. (8), written in the Fourier
space (wp, k,) and enveloped in space and time around
(wg, kpX). We then obtain

E, .
Ep(wp. k) = 7 D [e*8(, — wn. k) — ko)
k;
+e M §(w, + wo, k, + ko 1), (Al)
o+ KT (A2)
ST

Hence, injecting it into Eq. (4), and in Maxwell equations lin-
earized around the scattered field amplitude, i.e., §E (wy, Ky),
we obtain

Sn, €0k

wkv - -
o (wy, k) af/k(%)NchTe

x Z[e’mkl SE(ws — wo, Ky — Ko 1)
ki

e "MSE(w; +wo, ks + Ko 1)]l  (A3)

and
(wé — a)2 — kzcz)éE(a)d, ky)
(,()
= 0 E Z [ ks —Ko2)
. ne
+ e —(wy + wo, ky + ko,z)], (A4)
respectively.

Combining the two above equations and dropping the
terms Sn.(ws + 2wp) as wy > ws, we also retain the usual
stoke light branch only:
sn, n, €oEg wé

S k - -
n, (@5, k) = ak/f(v¢) . 2n.T, 2N?

l\llkl =iV, 5}16

) ZZ D (ko) m, K

— ko1 +Kkop).

(AS)
Seeking for monochromatic growth of the acoustic fluc-
tuations, so that én.(w, K) « §(w — wy, kK — Ky), and after
integration, we obtain Eq. (17).

APPENDIX B: EXACT NUMERICAL RESOLUTION
OF THE RPP DISPERSION RELATION

The numerical resolution of the dispersion relation,
Egs. (22) or (23), used to validate the approximation of
Eq. (26), is inspired from the graphical solver detailed in
Ref. [77]. We first evaluate Im(D), where D is given by
Eq. (23), on a carefully chosen grid lying in the [k;,, Im(wy)]
plane and setting Re(wy) = ksycs/g. The solutions of D =0
are then extracted by detecting the change of sign of Re(D)
while following the locus Im(D) = 0. The precision of this
scheme is given by the chosen grid on which D is evaluated
and can be improved by feeding the obtained solutions as a
guess of a nonlinear solver.
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