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Crossed beam energy transfer, CBET, is investigated by taking into accourt the spcckle structure of smoothed laser
beams that overlap in a plasma with an inhomogeneous flow profile. Usir.githe two-dimensional simulation code
HARMONY, it is shown how ponderomotive self-focusing of laser speckles 1. crossing beams can significantly affect
the transfer of energy from one beam to the other. The role of plasma flow ¢wspeckle self-focusing is investigated and
revisited, in particular its consequences in terms of redirection and ingireasing angular spread of the laser beams due
to beam bending and plasma-induced smoothing, respectively. At clesc-to-sonic flow the onset of self-focusing in the
beam speckle structure occurs at considerably lower beam intensities' han' expected for the case without flow. CBET and
speckle self-focusing can hence occur together when two crossed buams with equal frequency will resonantly exchange
energy via their ponderomotively driven density perturbations (As7ring with sound speed. From the simulations it is
found that consequences of ponderomotive self-focusing can, be expected above an average intensity threshold scaling
as I, ~ 2 x 10"Wem=2(A9/1um)~%(T, /keV) with impact on we spatial and temporal coherence of the transmitted
light. The density perturbations due to the ponderomotivy for¢¢ ¢r the crossing beams can locally be enhanced in self-

focusing speckles, partly leading to shock-like structurcs.

“hese structures eventually increase the effect of plasma-

induced smoothing and are at the origin of the stronge. ‘ngular spread.

I. INTRODUCTION

In the two approaches to laser-driven inertial cor“nement
fusion (ICF) experiments, namely the direct-drive”* and the
indirect-drive®®, crossed beam energy transfer (CLET) is of
prime importance since it governs the coupling »f laser en-
ergy to plasma. The two schemes of ICE/invcve multiple
laser beams crossing each other at different Zngles and di-
rections. For indirect drive, beams cross /in the low density
plasma of the laser entrance hole wh'le propagating toward
the hohlraum wall; in direct drive/uthe, cross in the coro-
nal plasma of the fuel capsule acconsiderably higher den-
sity. In both approaches and. espiciully for the direct drive
ICF, plasma flow plays an imporwat role in defining resonance
conditions and plasma respensc faring the CBET. In addition
to the context of ICF, CBE'T 1;7also the principal mechanism
for the amplification of & 'asc pulse of ps duration by a pump
laser pulse®!V and in recen.pump-probe plasma diagnostic
experimentsH' and t2=oryl4. In the laser pulse compression
and amplification/scheines, the energy transfer is devised to
occur in pre-farma Gnostly gas-jet) plasmas to obtain spatio-
temporal growth »f-the probe.

The lascnlasma configurations in ICF experiments of con-
cern for (BE X involve two laser beams with wave vectors
and frequencies (ki, ;) and (kp, @), crossing at an angle 0
and leac n4 to induced!*1> or stimulated Brillouin scattering
(SBS ) fone beam into the other!®°. The laser light beams
seatte. off the grating of ion acoustic waves (IAW) produced
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FIG. 1. Schematic sketch of the configuration of two laser beams

crossing under the angle 6 in a plasma with flow. The ‘pump’ and
the ‘probe’ laser beam ponderomotively drive periodic density per-
turbations having the wave vector ks. For two beams with the same
wave length and for plasma flow with a component v, parallel to ks,
the conditions for resonant CBET-SBS are fulfilled around the spa-
tial domain of sonic flow, i.e. |V,| 2 ¢,. A basis of coordinates 7 and
&, non-orthogonal for 6 # £90°, can be defined which is used for
the solutions derived in section[ITAl

by the ponderomotive force of the two beams. In most of
the experimental configurations, plasmas are inhomogeneous
and are flowing with a velocity ¥,. Therefore, the CBET re-
quires that the three-wave SBS resonance conditions are ful-
filled for wave vectors (momentum) and frequencies (energy):
7<'S = 751 — 752 and w; — 0 = Wy —|—7€s -V, respectively, where @
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and ks ~ 2|k; | sin(0/2) are the IAW frequency and wave num-
ber for light beams crossing at the angle 6. As the result of
CBET, the power distribution in the two beams is changed;
this can seriously affect the laser energy coupling to plasmas
in both the indirect and direct drive ICF schemes.

Our study in this article is focused on two important aspects
that prove to be important for CBET, namely
(1) the speckle (or hot spot) structure of the laser beams and
(2) the role of plasma flow.

Currently all ICF experiments are carried out with
‘smoothed’ laser beams resulting from spatial and/or spatio-
temporal smoothing techniques; in particular, in the case of
spatial smoothing only, random phase plates (RPP)?Y2L in-
duce spatial incoherence in the laser beams. On a coarse scale
smoothed beams show a smooth average intensity profile in
their cross section, while on the fine scale of the laser wave-
length () they have a speckle structure with a known sta-
tistical distribution of the speckle peak intensity Ispzo-zz. The
goal of using smoothed laser beams is to control the onset of
self-focusing in speckles, so as to restrict it to an energetically
unimportant, small percentage of intense laser speckles.

While the theory of crossed beam power transfer between
speckle beams has been developed in Refs. 23| and 24, most
of the current modelings of CBET between multiple RPF
beams in ICF experiments are described by averaging over
the realistic beam speckle structure®>2% Studies on the re®»
of speckles and their self-focusing for CBET in presanccinf
plasma flow are relatively recent #1927 In the regime of 1ad-
erate laser intensity of the crossing beams, i.e. when no
self-focusing in laser speckles arises, recent studies*=* “have
shown that the role of speckles in the energy transfar 1s merely
of statistical nature: the deviation in the energy t1 »nst2r arising
from different RPP realisations decreases witiithe number of
speckles in the crossing volume, and the exctation value of
the transfer corresponds to the value obtain_! :vhen assuming
the average intensity of each beam.

The onset of ponderomotive self focuixg (PSF) in speckles
arises if the power in a speckle, +excizds the critical power
for PSF, P.. For direct-drive, corSourations®® beams essen-
tially cross in counterpropagati, > g¢ ometry so that energy ex-
change can be computed on 4.2 basis of standard 1D models
for backward SBS??S0. PSF 1, cuch configurations appears in
the individual beams and'on ) longer time scale than CBET.

The scenario is different “or indirect drive ICF where PSF
and CBET occur on'a similar time scale. Furthermore, the
zone of sonic flowin ‘ne vicinity of which efficient CBET
takes place bewwe »n the crossing beams, is relatively large. It
is known that u.» transverse plasma flow reduces the thresh-
old for PST.in the sub-sonic regime #1733 In the vicinity of the
spatial dorhaisywhere the plasma flow is sonic, the so-called
effect of heirii-bending occurs®=35 where a beam is redi-
rected, :vto/a direction different from its incident direction.
The .otter has consequences to intense speckles in smoothed
lagcr heams: speckles located in the region of overlapping
beasns and close to the region of sonic flow will eventually
be redirected towards the direction of the other beam.

On the other hand beam bending slows down the plasma
fdow by momentum conservation and can locally lead to den-

sity profile steepening. Density and velocity perturbations in
the plasma that are enhanced by the PSE.are carried by the
plasma flow away from the localized pcaceéromotive force
of the crossing beams and can ever.wcally develop shock-
like structures characterized by steet) wave fronts 2935 These
structures will scatter electromagnew ) waves, enhance lev-
els of ion acoustic fluctuations o.<r ~ide range in the wave-
vector spectrum, and contribute . enhanced plasma-induced
smoothing of the transmiticd ligat. In the transmitted light
beams the latter leads tO U oacening in the angular aperture
and introduces (or increas =) temporal incoherence, resulting
in non-negligible te:mnoral bandwidth.

Two smoothed bean.crossing in an expanding inhomoge-
neous plasma, as (keu hed in Fig. |1| are relevant to indirect-
drive ICF experimeus, where the plasma at the laser entrance
hole is weakly irhomogeneous, both in density and flow=2"44,
Experiments studies with similar configurations have been
underta’en '°P:ntly45 40 but also at smaller angles“7 48 or
partially.at Jocger angles*”.

In thig"a; ticle we show how important becomes ponderomo-
tivesseif-tocusing (PSF) in laser speckles when plasma flow is
prasent. | For the case of two crossing RPP beams we show
.t in ihomogeneous plasmas'® speckle self-focusing and
the'deflection of speckles lead to a significant effect on the
OBET which increases with the laser beam intensity. We have
not considered spatio-temporal smoothing as ‘smoothing by
spectral disperion’ (SSD) in the current study, but we discuss
the impact of temporal incoherence on our results.

The article is organized as follows: the model used for de-
scribing CBET for beams with speckle structure in a plasma,
with the details concerning the fundamental equations used
in our modelling with the code HARMONY is presented in
section [[} Particular attention is given to the ponderomotive
coupling in section We also recall the essential theory
for beam-to-beam CBET in In we will develop a
model to explain ponderomotively induced density perturba-
tions that are seen in speckle beams. The simulation results
for several laser plasma parameters as obtained from the code
HARMONY are presented in section[[V] In this section we also
discuss the role played by laser speckle structure, pondero-
motive self-focusing, and density shock structure on CBET.
Conclusions are presented in section [V}

Il. MODELING CBET BETWEEN TWO BEAMS IN A
FLOWING PLASMA

We will describe in the following the interaction between
two laser beams crossing at the angle 0 in an inhomogeneous
plasma. Figure [I] shows the particular configuration that cor-
responds to two ‘s’-polarized beams crossing at a relatively
small angle 6, and having their common wave vector com-
ponent along the positive x direction, while the ponderomo-
tively generated ion acoustic waves (IAWs) propagate along
the y direction. Such a configuration of crossing beams may
be relevant to the basic element of the geometry of many
crossing beams at laser entrance holes (‘LEH’) in the in-
direct drive ICF experiments. We have also chosen an in-
homogeneous plasma flow profile, v, ,(y)éy, with the dom-



inating direction of flow direction along the y-axis. This is
one of several possible situations that may be encountered
in LEHs flow profiles”?, and it is the one with the strongest
possible exchange between beams that cross at a small an-
gle. For two ‘s’-polarized beams, with wave vectors and
frequencies (K1, ;) and (K, ®;), the SBS matching condi-
tions are satisfied when v, ,(y)/c; = (01 — w2 — 0 w;) / (csks),
where o is the sign of @ —w, — (751 7752) -V, and where
cs = [(,/(1 +K2A3,) 4+ 3v?]'/? is the TAW velocity, with
cse = (2T,/ mi)l/ 2, where T, is the electron temperature, Ap,
the Debye length, v; the ion thermal velocity, m; and Z are the
ion mass and charge number, respectively.

A. Model equations

In the following we express the complex electric field en-
velope as the superposition of two beams incident at the an-
gles +£6/2 to the x-axis, where sz and %j,y are the paral-
lel and transverse components of the wave vectors, respec-
tively, with [k;|| = [k;|cos(68/2), [K;y| = [K;|sin(6/2) and
|7<’,| = (a)]z—wg)l/z/c (5=1,2). The electric field can then be
written as

A

E(f’t)zzelk”‘-x a01eilwlIﬂkl‘»‘")7—|—a0267m}2t+lk2'y'y} +CC, (1)

where agi, and ag, are the electric field amplitudes of both
beams normalized to the field strength £. For not too large:in-
gles 0 between the two beams, the paraxial approximatigi.cay
be used, and for |@; — @;| =0 and %27), = 77517}, the propaga-
tion of the incoming beams can be described by parai.i',equa-
tions for a(X,1) = ag exp{iki - ¥} + aoaexp{—iki }45}, or,
alternatively, individually for ag;, agz, coupled (o ti e plasma
density perturbations>!

where vy = v,c08(0/2), ®, = (11367,/5(,,,13)1/2 is the electron
plasma frequency; n. = &m, 5 /¢ denotes the critical den-
sity, m, and e being the plasiaa/cicstion mass and charge re-
spectively, 8n = (n—n,) is the ansity perturbation about the
equilibrium density n,. Note. tuxt Eq. (Z) describes the evo-
lution of the electromagns®'s wave amplitudes in the paraxial
approximation on the sc.'e ¢f hydrodynamical evolution and
long wavelength IAW.respor. ¢ of dn/n,. The high-frequency
response for IAWs /(e to backscattered SBS is treated in
HARMONY via adiaimonic decomposition®, that one has to
consider for larze angles 6 ~180°. In HARMONY we solve
Eq. () by impcying a boundary condition for the entering
laser light ¢5.x =0 for a(x = 0,y,1).

The pla. ma dynamics is described by the standard hydro-
dynamic'quations in the isothermal approximation,

on+V - (nv) =0, (3a)
,VU

seT? (3b)
e

IR v .
[0+ 0V B + 42V, B = —c
n

where U stands for the ponderomotive potential and v; for the
ton acoustic damping. In our simulations we assume for Vg

a linear wave-number dependence, and nv U is computed in
Fourier space with vg(ky) = V @s(k;), accaunting for Landau
damping>1>Z,

For the electric field resulting fren tue superposition of
two beams of equal frequency, alx; s\ = agp exp{i7c'1,y Y+
am exp{—i%lﬂy -y}, the ponderom =iy force VU o V|a(¥,1)[?
can be subdivided into two sép.:ate contributions, provided
that the central wave vecw.co.vponent in y for each beam,
|%17),| and |%2)| exceeds /ne vave number spread Ak related to
the angular aperture of eac’, RPP beam; the latter is a function
of the focusing f-number, namely?! Ak = |k;|/[1+4f21/2 ~

k11/(2f)-

Keeping in minc *:e condition, that for two separate fields
the wave number separation needs to be greater than the angu-
lar aperture af ne fields, 76'2,y 77517),| > Ak, the ponderomotive
force imthe rio'it-hand side of the equation of motion can be
expressed w.two distinct terms namely VU = T,T'V|a(%,1)|* =
VU, ros" Useyr, given by

VU oss/T. =TV <a01a(*)2€2i|7{" lysin(6/2) —l—cc.) , (4a)
VUi /T, =T V(|aoi|* +|aoa|*), (4b)

where I' = (vA) /va = v /(2v3) is the coupling coefficient
which involves the thermal velocity vy, = (7, / me)l/ 2 and the
electron quiver velocity vose = eE /(m.®) of the field E to
which ag; and ag, are normalized. In practical units the coeffi-
cient is given by I =0.09/)A3 (10'Wum?/cm?)/T,(keV) with
Iy standing for the beam average intensity.

The ponderomotive force contribution VU, acts essen-
tially on the plasma fluid due to the beating between the two
waves ag; and agp, in SBS. This term alone cannot account
for self-interaction occurring in an individual beam. The
ponderomotive force contribution denoted by VUj,y is there-
fore the one accounting for ponderomotive self-interaction in
the paraxial approximation for each individual beam. This
self-interaction can be associated with self-focusing and with
forward-SBS inside each beam. Note, that in contrast to the
case of large angles, both contributions to the ponderomotive
force have major components along the y-direction, i.e. across
the main common propagation axis x.

In most of the studies on crossed-beam coupling, only
the VU,yss term was considered in the description of CBET.
This term is responsible for the coupling between the aver-
age beams, which we will denote as ‘beam-to-beam CBET’
later on in section[[IT A] The term VUj,r was mostly neglected
in the context of CBET because self-focusing effects are ex-
pected to occur for laser intensities that are above those con-
sidered in laser fusion configurations. This argument has to be
revisited in plasmas with the transversal flow, as it is done fur-
ther on in Section We will draw attention to important
work that has been done in the past by considering plasmas
with flow even in the presence of a single laser beam #1733



¥ Ay )

0 1000 2000 3000 4000

¥ (hgp )

Y

panels (a)-(c) are sho

¥ Ay )

L=

=l

=0

000

x (Mg )

the simulations showing the superposition of intensities of the two crossed laser beams in space. In the left
the results from two RPP beams, at the time instants (a) t = 0, (b)-(c) t =200 (2klcs)*1 (corresponding to ~ 11ps

for Ag =0.35um and.7, -“3keV); in (b) both crossed-beam coupling and beam self-interaction (’self’) are taken into account, in (c) only
crossed-beam cup @ he corresponding right panels (d)-(f) show two crossed regular beams (i.e. without speckle stucture) under the same

B. TI@ulation configuration in HARMONY

e two dimensional (2D) simulations with our code
oNYS52 we have chosen a crossing angle of 6 =20°.
plasma flow profile follows a linear ramp in y-direction,
defined by v, (v)/cs= (y—Ly/2+L,) /L, with L, (=200A9

n the simulations) as the gradient lengtlm, so that, assuming

equal frequencies for both beams, ®w; = @, = @y, SBS match-
ing occurs at y = L, /2 in the center. We have performed sim-
ulations for the case when both entering beams have the same
average intensity, Ipy = Iy;. For this case, Iy /Ip = Iy /1o = 1,
the reference intensity, Iy, corresponds for A9 =0.35um light
to an average laser intensity of Iy = I, ~0.9x10"°W/cm? at
T, =3keV.
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FIG. 3. Power transfer ratio for beam 2, as a function of its input

flux Iy, after exchange with laser beam 1 due to CBET. Four cases are
shown, (a) RPP-smoothed beams (solid lines) and (b) regular beams
(dashed) with and without accounting for self-focusing (blue and red
color, respectively). Both beams have initially the same flux, I =
Io1. The green curve corresponds to results from Ref. |19/and follows
the theory>? exposed in section

The laser wave amplitude, a(¥,¢) in Eq., at the laser e2
trance boundary is generated via a Fourier series for two sup-
arate wave-fields for ag; and ag. In Fourier space, each 0.:he
wave-field colltribution_g is centered arognd the ‘waye vector
components |k | = —|k;|sin(6/2) and |ky | = |ky/singd/2),
respectively. For a RPP with i = 1... Ngrpp elementsin each

component j = 1,2, with random phases, ¢; . this reads

ag;(y) = €Y ):kﬁii_mc |a; ;| Fi%i wherasthey=th element

has the wave number k; and amplitude d,: wih the spacing
between them, k; ] —k;=2 Ak/Ngrpp. Thevviath in ky, is given
by2l Ak = |k |/[1+472]"/2 ~ ki /2f.(Thetotal field with the
ap1 and agy components has zera elcments in the Fourier se-
ries for [ky| < [k;,| — 2k, which cGsresponds to the angular
interval around 6 = 0°. For 4. angilar separation of ag; and
agy the condition Ak < [k; ;| as (b be fulfilled.

Note that we also have pcifermed simulations in which a
single field array was usea 'n stead of separating the fields
into two arrays. In this conZ“uration the ponderomotive force
is given simply by YU = T.['V|a(%,t)|>. We have verified
that the simulations. o1 oth types of configurations show the
same results vhen both terms VU5 and VUgeyr and taken
into account ini he configuration with two field arrays.

Ill. LASER PLASMA COUPLING IN THE PRESENCE OF
FLOW A.:D OF TWO CROSSING LASER BEAMS.

TLostandard criterion for the ponderomotive self-focusing
of fa_hr speckles in RPP beams, derived in previous work (see
e. guhef. [54]) reads

. IpAG
P=P/P.=0.04n =20 22, )
e

C

with I being the peak intensity of a laser speckle given in the
units of 10'*W/cm?, Ay in um, T, in keV, and #as the speckle
f-number; 7 is a numerical factor of the ‘0rder of unity, being
n = 1.23 in 2D geometry>*.

However, it is important to note that . s criterion cannot be
applied to flowing plasmas, when/CBL T between laser beams
of equal frequency occurs at closc-ro sonic flow.

We will continue to use P in'the wéxt to indicate beam power
in a speckle, even if the panciyromotive self-focusing instabil-
ity may occur with flow/alr ady for values P <1.

For crossing beams with - geckle structure, like RPP beams,
the consequences ¢ /the onset of PSF in presence of flow
are manyfold: spec'sles iocated in the vicinity of sonic flow
will self-focus an'', grow in amplitude at an angle different
from their incidence angle>, a phenomenon denoted as beam
bending 2332 The latter may eventually lead to the devia-
tion of the Speckie into the direction of the other beam, thus
corresponding’to beam bending CBET; also, the density per-
turbaticiis ponderomotively induced in the plasma by the nu-
meroits spzckles, may develop shock-like structures charac-
terilad by steep wave fronts in presence of flow, as shown
l#eson

These effects become more and more pronounced with in-
creasing laser intensity. At beam intensities slightly above the

noderate intensity values considered in our previous work in
Ref 1228 the difference in the description of CBET with and
without speckle structure becomes already striking.

To illustrate this we have carried out simulations with
two types of beams, namely optically smoothed beams with
speckle structure, and beams with a flat profile without speck-
les; both types of beams having the same average intensity.
For the current study we use RPP beams as prototype for
speckle beams.

We have not considered beams with temporal incoherence.
They usually are specific to the laser facility and in most cases
introduce temporal variations that, as we will demonstrate be-
low, involve longer time scales than plasma induced correla-
tions times of crossing RPP beams. Here, we concentrate on
the essential effects of PSF in speckles on CBET. The beams
without speckle structure we call ‘regular beams’. The prop-
erties of such ‘regular’ beams are reminiscent of plane waves,
i.e. with constant, steady wave fronts, with a unique phase
constant, and without any randomness. Such regular laser
beams are used in most of the theoretical models describing
CBET on large scale laser facilities®>>, We use those beams
for the comparison with RPP beam, in order to illustrate ef-
fects with and without speckle structure.

Figure [2] illustrates the difference between the two types
of beams for crossing beams of equal intensities. Shown are
snapshots of intensity profiles in x and y in the interaction re-
gion, for the case of RPP smoothed beams (with speckles, left
column, (a)-(c)) and "regular" beams without speckle struc-
ture (right column (d)-(f), see for more details in the section
on simulation results).

In the following three subsections we discuss the basic pro-
cesses that come into play and that are seen in our simulations
for the case of single speckle dynamics and for SBS model-
ing. We describe in[[IT'A] the spatio-temporal evolution of the



forward SBS responsible for CBET, in[[IT B|the modifications
of the filamentation threshold due to transverse plasma flow,
and in the linear plasma response to the ponderomotive
force of PSF in the flowing plasmas leading to beam bending
and steepening of the density perturbations. Although most of
these results have been discussed separately before, we found
this summary useful as it will inform our interpretation of the
RPP crossed-beam coupling and energy transfer in large scale
HARMONY simulations.

A. Beam-to-beam CBET

We will recall here results of CBET theory describing two
crossing structure-less beams and refer to Refl19| or earlier
work™? for the details of the derivations. The equations de-
scribing the evolution of the laser field amplitudes ag; and ag,
and propagating by the angle 6/2 with respect to their com-
mon axis x, take the following form:

2
o Y 1
<a+WHWﬂwmm%:H‘“ﬁsﬁaﬁ%ﬂmm%

(O]}

2
Q) 1
= 2 2 2 2
(at +2v, +vg2.V)|a02| —_r-r (D‘S (@s> |a01\ |a02| ,
(6)

Vi stand for collisional damping (they can be neglected
for the ICF plasma conditions), 3(1/%;) denotes the imaga-
inary part of the resonance denominator 1/%; where %, .=
(@')? 4 2iwlv, — ©F with ©! = @) — @ — k;.¥, describésias-
onant coupling between the crossing laser waves and the ion
acoustic wave, w? = k>c2, and vy is the acoustic dazapig.

After a transient period of non-stationary enersy. €, change
between the beams, Eqs. @ can be reduced t¢ .a s:t of sta-
tionary equations for the beam intensities |4o3%. and |agy|?.
An efficient way of expressing this coupl.iiz is realized by
introducing oblique, non-orthogonal coOriinates 17 and &,
x = Né ey +Eér.éz and y = né,.é, Anliyé: with é,.¢, =
—sin(¢ — 6/2) and é,.¢¢ = —sin( +2/7). Choosing ¢ =0
as the angle between V), and 7<’S Nk -752 leads to é;.¢; =
sin(0/2) and &,.€: = —sin(Q/2)%n e two-dimensional ge-
ometry (see Fig. [I) of HARMCaY simulations (cf. Fig. [2).
For arbitrary ratios between jaysl* and |agy|?, for which one
cannot neglect depletion of e1.w'r beam 1 or 2, the set of equa-
tions to solve reads,

a173-5|0‘01|2 =—20, (‘B(E.n) |ao1|* laoa|* )
0z Onlao2 s 20 ( B(E,m) laot[* |aoz]* ), 7

that simplifies: o first-order differential equations when the
depletionpof one’of the beams can be neglected, as for
lao1 | /|agi=9>1 (or, < 1). The function B(&,n) accounts
for the geciastry of the rhombus-like shape of the crossing
zone,

'V(%/(stgl)
22 :
1455 00— 0

B(&,n) = ®)

It depends on the spatial growth rate ¥3/(vscs) for SBS
(Vg2 = ¢g) where ¥ is the temporal growth rate, }/g =

6

(ne/ne)(@1/ @5)kicsvas/(v) = (ne/nedien /wg)kicT/2
with the coupling coefficient I' from Eqs., #2]fb) involving
the quiver velocity vys. corresponding to'the .aser pump field
to which ag; and ag; are normalized. 7. auxiliary functions,

Q=272 )
kSCS
0(E.1) = va;y/Z_nism[q);rl 7,J2—£jsm[¢+6/2] ’cosq) ’

(10)
result, with v, ,(y) /er=(y—Ly/2+L,)/L,, in

iwvwm+2@—@mnmwﬂw_
Cs L,

o(&.n) =

The integrafiown over the domain of interest, namely the beam
width R, s¢=/and Fig. [1| yields a spatial amplification de-
scribed by “he gain G coefficient given by

2% min{D/(2sin0),Linn }
VsCs 7

G=

(11

wiie Liny = (L, Vs/ @) /| cos ¢ sin[¢p — 6/2]| denotes the in-
homogeneity length, being Liyn, = 7(L,Vs/®;)/sin(6/2) in
our case. For the case D/(2sin8) > Lipy, the resulting gain
is equivalent to the ‘Rosenbluth’ gain coefficient>®.

B. The role of plasma flow and of speckles for CBET

For the case of non-flowing plasmas laser speck-
les are expected to self-focus with speckle power fol-
lowing the criterion Eq. (). In terms of the
speckle peak intensity, I,, it reads in practical units
(Isp/1o) ~3.1(n:/10n,)(f/8) T.(keV). It yields that speck-
les self-focus when I, > (f/8)72 9x10°W/em? at
Ao =0.351um for n, /n. =0.1, T, =3keV, and Iy =10 W/cm?.
For typical ICF conditions only very few speckles would
hence undergo PSF.

As already mentioned, this criterion cannot be applied in
presence of plasma flow. The criterion for the onset of the fil-
amentation instability has to be derived from the set of Egs.
().(@a), (3b), and Eq. (@b), taking into account the advective
terms v, - V¥ and V(nv},) due to transverse plasma flow v,. As-
suming for unstable modes the dependence o< exp(gx + ikyy)
with respect to the x and y axis, and with flow along the y di-
rection, one obtains a criterion for the filamentation instability
in terms of the spatial growth rate g.

The resulting relation reads>! (for |¢|> < k(2))

2 2
6]2 = ]iy <<V<2)sc> Te 1 ky) , (12)

4\ V2 en. 1-M2+i9M i

where M = v, /c, is the Mach number of the transversal flow,
the damping coefficient V = v, (k) /,(k), and € = 1 —n,/n. is
the dielectric constant in the plasma. Note that when consider-
ing Gaussian beams or RPP speckles, &, should be larger than
the minimum ky, yyin = Ak ~ ko /2 f related to their focal width.
The resulting threshold for the instability, Rg > 0 depends on



transverse flow via a resonance denominator, in contrast to the
standard criterion without flow, i.e. M =v,, /cs =0. For small
damping, MV < |1 —M?|, Eq. predicts growth of the fila-
mentation instability at wave vectors, ky, and (v2.) satisfying
threshold condition, ((v3..)/vi,) (ne/€nc)(kG/ky) =1 —M? for
subsonic flow, M2 < 1. This clearly indicates that the onset
of PSF is altered with flow. For the particular case without
flow, M =0, this criterion is equivalent to the onset of PSF,
Eq. , for speckles, by associating P, ~ vtzhnc /n with the
critical power and Py, ~ v (k3/ kf) with the speckle power,
assuming ko /ky = ko/Ak ~ 2 f. There is, however, no instabil-
ity for supersonic flow M| = |v,/cs| > 1. In detail this has
been worked out in Ref. [32/for the case of RPP smoothed laser
beam. This work clearly shows via numerical simulations that
PSF growth is enhanced for subsonic flow with respect to the
case without flow v, , =0.

We have solved Eq. as a function of k, for dif-
ferent values of the Mach number M for subsonic flow,
and for two cases with intensities . A; =10"W/em? pm?
and 2.5x10'*W/cm? pm?, respectively (and for n,/n. =0.1,
T, =3keV, and V =0.05). The unstable solutions found are
shown in Figs. E} For the case without flow, M =0, one ob-
serves a clear cutoff keyofr in ky above which, ky, > keyiofr N0
unstable solutions exist. For the two cases shown, this cutoff
corresponds to the threshold criteria for speckles with I, = I,
and Py, /P. =0.2 and 0.5, respectively, for f =8. In contrag‘ to
this, one cannot observe a cutoff for the subsonic flow ¢ases,
0< |M| <1. Tt is furthermore evident from the spatial growth
values ¢(ky) obtained, that for subsonic flow the po/iiaromo-
tive modifications expected from PSF are strongerhan for
ky < keutott in the case without flow. The linear gi»wth rate
of the filamentation instability Eq. (I2)) has/heci"discussed
in Ref. |33/ where it is shown that the enh¢ ‘cea density per-
turbations due to the instability contributeyto we laser beam
deflection. Such a beam bending has becn observed in simu-
lation results*#3% and can contribute t¢ CB=T.

Beam bending enhanced by ti2 PuTof a single Gaussian
beam is illustrated in Figure 5] In w2 case shown the beam
is originally focussed at x =1v'0A;. The plasma flow trans-
verse to the propagation diret:ion of the entering beam is at
M =0.96. For the beam intern. ity chosen, the criterion accord-
ing to Eq. yields Py ro1=0.5, it is thus below the onset
value for PSF. What can vaseen shows, however, a clear on-
set of PSF and bean! bending: the beam is deflected into a
direction oblique witli»zspect to its incidence, and the beam
stays trapped i i's ov'n plasma density channel for distances
considerably I\ 2ger than the Rayleigh length. We have fur-
thermore sxamined cases with still higher intensity values of
single beanismot shown), for which strong non-stationary be-
havior can arpear together with flow, driving density chan-
nels in (be plasma that eventually propagate freely, leading to
shoc-like stuctures in the plasma density.

co. crossing beams, it follows that the processes of beam
heniliag and speckle self-focusing leads to an effective energy
trarsfer into the other beam. For the described scenario of
transfer between speckles and the other beam at close-to-sonic
fow, one again has to consider the basic theory for CBET, as

I, A2=10"*(W/cm?)um? , n/n,=0.1, T=3keV, M=0, 0:¢, 0.92, 0.96
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FIG. 4. Spatial growth rate Rq evaluated from Eq. for the
cases with intensities ILA(% =104W/cm? ,um2 (upper plot) and
2.5%10"4W/cm? ,um2 (lower) (and for n./n. =0.1, T, =3keV, and
¥ =0.05), as a function of the transverse wave number k, /ky and for
different plasma (transverse) flow Mach numbers, M = v, /cs =0,
0.8, 0.92, and 0.96. The dotted curves indicate the optimum growth
rate as a function of k.

outlined before in Eqs.(7)-(I1). Two differences essentially
emerge as compared to ’beam-to-beam’ CBET, namely:
(1) the speckle width, fAy ~ D, is most likely smaller than the
inhomogeneity length, yielding fAp/2sin 6 < Ly, and
(i1) the local intensity inside a speckle can be several times
(say, up to 6-9 times) higher than the average beam intensity.
One can approximate |ag; |*|ag2|* in Egs. (7) by (I)Is,/(I)>.
Consequently, the approximation for the gain describing
the transfer between speckles and the other beam results in
G~ fAgsin Gygysp /(Vscs) in which 7y p is the SBS growth rate
evaluated for the speckle intensity I;,. Compared to the gain
values expected for ’beam-to-beam’ CBET this gain value is
by the factor fAg/ min{D/(2sin0), Liny } different. The width
of a single speckle, fAy is generally much smaller than the
width of a RPP laser beam or the width of the interaction re-
gion in an inhomogeneous profile, whereas the factor Yg,sp can

assume values up to 6-9 times higher than yg for the average
laser beam.

Amplification of individual speckles by crossing overall
beams has also been seen in experiments®. However, this
transfer process into intense speckles remains transient as has
been demonstrated in the experiments Ref. 45| involving rel-
atively short laser pulses, of 2-4 ps duration. For longer laser
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FIG. 5. Intensity contour map of an initially Gaussian beam, illus-
trating the deflection and the trapping of the beam in space x and y,
taken at an asymptotic stage, for the case of a plasma with transverse
flow at M =0.96. The beam was initially focussed at x =10002y. Fol-
lowing the standard criterion of PSF for this case, the rbeam power
to critical power ratio P/P, =0.5 according to the criterion Eq.
without flow.

pulse durations the transfer from one to the other beam affects
the whole beam. Transfer from speckles to the crossing over-
all beam is, on the other hand, very likely to happen, and is
also seen in our simulations. The consequences of the latter
process, as will be discussed and illustrated later on in section
lead mostly to enhancement in the angular spread of the
beam receiving energy from speckles.

C. Density perturbation and beam bending

Although the steepening of the ion acousti¢ vaves is a
nonlinear process, the linear approximation‘of ti.»plasma re-
sponse in presence of background flow alrg2dy c'early points
to the shock formation, which is well repradusid in our sim-
ulations. It is helpful to recall a model of ik'e plasma response
to the stationary ponderomotive poter'tial in the presence of
transverse flow. The linear respons= o. the plasma density
is described by the wave equationnbteined from linearizing

Eqs.(3a)-(Bb) ,

(8t2+2vsz9, —cf A5 on/n, = ciﬁfU, (13)
where dn/n, is the density pérturbation, v the IAW damping;
U denotes in this sec.ion the normalized ponderomotive po-
tential, U = Ugeyr /T.. sconvenient way to introduce a trans-
verse flow inte Eq. {I3) is to consider a moving beam in a
stationary plas ha~"that is equivalent to the flowing plasma
in y-direction ana'a stationary laser beam, or crossed beams
giving rise.weithe ponderomotive potential. In this new frame
of referency, ' = User (v + vpy0t) describes the ponderomo-
tive pofential moving to the left with a uniform plasma flow
veloy'ty vyo. The analytical solution to Eq. @) can be ob-
tairnd using the procedure of Ref. |57, where we introduced
thioyLiplace transform of 8n/n, and of U, {SN,U}(y,s) =
1y dt & {8n/n,, U (y,s); SN satisfies the wave equation,

(97— B*) 8N = —92U (y,s), (14)

for ¢y ~ cye with B2 = (s> 4 2vys)/c2, having the solution

eiﬁy y
28 ).

After integration by parts and calcuicting the inverse Laplace
transform, N (t) = 1/(2mi) [“75 175G € 8N (s), we obtain the
following time dependent soliuins for the density perturba-
tion in the frame of the moing »lasma and for the stationary
ponderomotive potential. .or plasma flow different from the

speed of sound, i.e. for /= vyo /cs # 1, one obtains

ﬁ}' Y N
SN (y,s)= déeﬁéagﬁ—;—fl e PERRD. (15)

U)o | I 1O
NO ) = =731 5 [I—M 1+M (16)
+l cvy [UG+ (0 =M)egt) Uy —(1+M)cst)
PN 1—-M 1+M :

with 1600 1" dEe Y8 /aU (y £ € — ME) and with the ap-
proxinfatian 8 = (s+ V;)/cs. For sonic plasma flow, M = 1,
the density response from Eq. yields the expression,

N (Y1) = 1—e " U (y) _ U(y) + U(y—ZCst)e,vst+ VSI<7).
2 V/cs 2 4 4y

a7
1n Figures we show the density perturbation response to
the ponderomotive force for the case of a speckle in the y-
direction transverse to the laser propagation, close to focus,
taken at late times vyt >1. Figure @ illustrates, for differ-
ent Mach numbers, M =0.9, 1, and 1.1, the linear response
computed from the model Eq. to a Gaussian-shaped
speckle, U (y) = Upexp{—y*/(fA)"}, namely (n—no) /Uy =
ON(y,t)/Uy, where ng corresponds to the equilibrium density
and Uj to the peak value of the ponderomotive force in the
center of a laser speckle. The solid and dashed curves corre-
spond to the damping rates v; with (v,/cs)(fAp) =0.15 and
0.05, respectively. For the lower damping rate the asymmetry
predicted from Eq. is more pronounced. Note that for
the sonic case M =1, for which the 2nd term ~d,U (y) in Eq.
dominates (because of (cs/Vs)fAg >1), the density per-
turbations reach the highest amplitudes and display the steep-
est gradients. The asymmetry between maximum and mini-
mum of density response contributes to the beam bending?%>
and modifies CBET in our simulations.

Figure[7]shows the response obtained from simulations, for
M =0.9, 1, and 1.1, accounting also for non-linearity in Eqgs.
(3a)-(Bb). The gray curve shows the case when the speckle
power is well below PSF critical power (according to Eq. (5)),
P/P. =0.05 for M =1, the other curves show the case with
P/P. =1, where a departure from the linear response becomes
visible mostly in the loss of symmetry between n(y) — ng >0
and the density depression n(y) — no <0 which is deeper but
also more localized. The corresponding spectra of n —ng as
a function of k, are shown in Fig. the Gaussian-shaped
form as a function of ky is preserved only in the linear regime,
with a peak around k, ~ ko/f. For the non linear case, here
with P/P. =1, the peak in the spectrum is found at lower k,
values, almost k, >~ ko/(2f) with a linear (Lorentzian-type)
exponential decrease. We shall see later that these spectra help
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FIG. 6. Density perturbation response as a function of y ac-
cording to Eq. (16) to a Gaussian-shaped laser speckle U(y) =
Upexp{—y*/(fA9)?} for 3 different low Mach numbers, M =0.9
(blue curves), 1 (black), and 1.1 (red), and for 2 different damping
rates, (Vs/cs)(f2Ao) =0.15 (solid lines) and 0.05 (dashed lines).
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FIG. 7. Density perturbation response @s a . *nction of y from simula-
tions of a laser speckle at focus, hay'ng'a Gaussian shape as bound-
ary condition at x = 0, same parametc.y2s in Fig. [f] taken at fo-
cus (in x). The gray curve shov'y# 10 :-intensity case, P/P. =0.05
for M =1. The other cases, for,P/: /=1, show non linear respnse
with self-focusing, for 3 different 1:.0:v Mach numbers, M =0.9 (blue
curves), 1 (black), and 1.1 (x=d,."In all cases the damping rate is

(vs/cs)(fAo) =0.15.

to partially interprCiithe ion density perturbations in a multi-
speckle envircnm nt of crossed beams.

IV. ANALCYSIS OF THE SIMULATION RESULTS

In thesntcient study, for all simulations in Figs.
we havi/ickosen a domain of 45004 in length and 23004,
in wilthsie. along the x and the y axes, respectively; the
bean..) have a common wave vector component along x and
onpusite wave vector components along y. In this chosen ge-
4mitry, the gradients of the plasma profiles in density and ve-
locity point predominantly along the y-direction. The den-
sity profile is parabolic around the center, y = L,/2, given

0.5

0.2

01k ‘ ‘ Ko lko
0.0 0.2 0.4 06 08

FIG. 8. Fourier spictru n of the density perturbation response as
a function of ky, from simulations with a Gaussian laser speckle at
focus, correspeiiding to Fig. [7] namely for a low-intensity case
(P/P. =0.05..21ay curve) with M =1, and for P/P. =1, correspond-
ing to the no > lindar cases at 3 different flow Mach numbers, M =0.9
(blue curvn), 1 (black), and 1.1 (red).
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FIG. 9. Density imprint of two crossing RPP beams as a function of y
taken at x /A9 =1500 in the front part of the rhombus-shaped crossing
zone. Subplots (a) shows the density perturbation when both crossed-
beam coupling (’cross’) via VU,,ss and beam self-interaction via the
VUjer term (self’) are taken into account in HARMONY simulations,
the other subplots show the case when only the VU, term (b) or
only the VU term (c), respectively, are taken into account. The
shown results correspond to the same parameters as in the cases of
RPP in Fig. [2| The red line shows the flow profile v, ,(y)/cs with a
sonic point at y ~ 11004,.

by n.(y) =0.1n. exp—[(y — L,/2)/16152]*>. We apply a
linear density ramp starting at x =0 over 5004y along x in
order to avoid boundary effects at the laser entry. As al-
ready mentioned earlier in section [[l we apply a linear flow
ramp with sonic flow in the center of the crossing beams,
ie. vpy(y=Ly/2) = +cy, and a flow gradient L, =2004.
We have focused our study on the case when both beams
have equal intensity Io; =Ip, at the entrance x = 0, and both
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FIG. 10. The subplots (a) and (b) respectively show, as a.un.son of
time, the angular spectrum of the transmitted light, compu. < on the
basis of a single RPP realization. The values are takeh frc n fields at
the rear of the simulation box for RPP beams in rfin. [_}"in presence
(a) and in absence (b) of the VUy,r term in Eq. . 1 ie upper part,
for angles >0, corresponds to beam 2, the lower pa.*'to beam 1.

beams have the same focusing f—puniccr, namely f =6 for
RPP beams. Here the coefficiem ™ taxes the value v =0.1,
except in the study examining/sonsiavity of CBET on the
ion acoustic wave damping, soy, section [VB] In plasmas
with inhomogeneous flow, Cb.T occurs when the effective
beam width, Lyeam =D/ (25100 is larger than the interaction
length Lip, = m[v(ks)/ @i L, sin(0/2)], where D is the beam
diameter!®. This is equivalensto D/L, > 47 (v/ay)sin(68/2),
in practical units D /. ~.2(6/20°)(v /0.1 @) for small 6.

A. The role xfssp.-kles and ponderomotive self-focusing on
CBET in RPP ai.'! regular beams

In order to ['ustrate the role of laser speckles and of pon-
deromotive IClf-focusing on CBET in presence of a flow,
we con rar. simulation results between the cases of (i) two
crosse RPP beams and of (ii) two ‘regular’ beams. The reg-
ulZr c2ams have the same average intensities and envelope
shapes as the RPP beams.

Ta tne following we illustrate our results in two sub-
sections: in the first one we show results of interacting laser
oeams based on a single realization of a RPP, in the second
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subsection, section and the Figs. 3lana[LT] we show re-
sults based on the ensemble average over sight.iealizations of

RPP. No ensemble averaging is necessary for regular’ beams.

1. Results from a single realizatior. ~f .PP beams

All snapshots shown in Figs. [Ifs)/¢) are based on a single
RPP realization for each beamyt. v illustrate the local dynam-
ics arising due to the speckins of ks realization. Figs. 2(d)-(f)
are based on regular beain. 17gures [2(a) and 2(d) show the
initial (t = 0) beam geon.atcy before interaction, for the cases
of two crossed RPPand of 1wo ‘regular’ beams, respectively.
One may again consu.Fig. [T] for the general geometry of the
simulations. We disp.y the particular case where the average
beam intensities a. g = lpp =6Ip. The interaction region
of the two beams for both cases forms a rhombus-like shape
in the center.c. the simulation box. In our configuration, the
plasma flov. prcfile is chosen in a way that sonic flow appears
along the “rator diagonal of the thombus, which is parallel to
the lor'o**wdinal direction x. CBET is hence excited around
y = Ly/2%ith a plasma flow gradient o< 1/L, along the y-axis.

Ciossing speckle beams: PSF and flow

Figure [2(b) shows that in the presence of self-interaction,
the two crossed RPP beams undergo significant deflections
with respect to the initial beam directions (see Fig.[2(a)); also
the angular aperture of each beam is broader than initially,
while without the VU, force, see Fig.c), the beams trans-
fer energy without significant deflection or broadening. Fig-
ure b) exhibits also features of plasma induced smoothing>*
and moving filaments°¥ at the rear of the simulation box. The
two terms VUr and VU, in Eq. are responsible for
this additional spatial and temporal incoherence in the trans-
mitted light. In Fig. b), an enhanced transfer of energy
from beam 1 to 2 (as will be shown later) and a strong angular
spread in presence of self-interaction are observed. These pro-
cesses are due to the fact that for Iy; = Iy, =61, a significant
population of speckles has sufficiently high power to be unsta-
ble with respect to PSF. As elaborated in section [[IT B] due to
flow, PSF in speckles occurs already at intensities lower than
indicated by the standard expression Eq. for Py /P

Our simulation results demonstrate the importance of the
plasma flow. For an inhomogeneous flow profile, as in our
simulations, resonant coupling between the crossing beams
takes place around the region where the plasma velocity is
close to the sound velocity, v, ~ c¢;. This is where one can
see in Fig. [2e) that beam bending arises so that some speck-
les are redirected towards the other beam and effectively con-
tribute to CBET.

Crossing regular beams: PSF and flow

Regular beams, because of the flat, almost plane wave-type
wave fronts can be unstable to PSF and to the filamentation
instability for the intensity range considered, so that any per-
turbation in the beam structure or in the plasma density will
trigger the onset of filamentation instability. Such initial per-
turbations in regular beams are produced by the ponderomo-
tive force of crossing beams. They can further develop and



lead to filamentation in the simulations when the VU term
is taken into account. The interaction of two crossed regu-
lar beams illustrated in Fig. e) (with both the VU and
the VU,,,ss terms taken into account) results in the transfer of
energy into a beam that propagates along a common axis. Fil-
amentary structure develops in the overlapping regular beams
where they interact with the density modulations due to the
ponderomotive forces induced by the crossing beams. The
regular beam filaments also undergo beam bending as seen
in Fig.e) at near to sonic flow, v, = ics,34‘59. This con-
tributes to the beam component propagating along x-axis, and
partially to angular broadening of the transmitted light. We
have also carried out a simulation without applying the VUgr
term, see Figf). For this case, perturbations in both beams
arise inside the (rhombus-shaped) resonant zone for CBET,
and — in contrast to the case with self-interaction — no fur-
ther filamentation develops in the small beamlets. Note that
the structures of regular beams induced by CBET and by fila-
mentation point mostly along the common axis between both
beams, a feature that is clearly not observed in the RPP beams
with speckle structure.

Induced density perturbations

For the case of crossing RPP beams, significantly different
density perturbations are excited in the plasma when taking
into account both the effects of ponderomotive self-interaction
and crossed-beam coupling together (’self + cross’ in F.g!
[Oa) ), or only a single one of these effects, i.e. only cfosscd
beam coupling (’cross only’ in Fig. [9(b) ) or only beam s¢'i-
interaction (’self only’), respectively. The latter is i'ustrated
via a the density perturbations defined as on = n(f\wv,1, — n,
with n, = n(x,y,t = 0), taken at x ~ 15004 in it front part
of the rhombus, and shown in the three subplcis.of Fig. [0
also indicating the flow profile v, ,(y)/c,, with sonic flow at
v/ Ao =1100.

Angular broadening of the beams

In addition, and in order to illustraicwine effect of deflec-
tion and angular broadening obsei:2d 11 crossed RPP beams
in Figs. [2[b) (in presence of.bewm scif-interaction) and [2[c)
(in absence of beam self-interaticn), we plot the temporal
evolution of the angular specirum, of the transmitted light (de-
tected at the rear of the simulvidon box) in Figs. [I0[a) and
[I0(b), respectively. The:ligt: signals appearing in the upper
right corner of the simulatic > box between time 2kjcgt =150
and 200 in Fig[TOf(a)s show that in presence of self-interaction,
beam 2 — initially,ym0p..gating at an angle of 10°+3.5° — has
components Ud fclarce angles of ~ 25°, with a central direc-
tion at~11° (wilth 47°), while in absence of the VU, term,
Fig. [I0(t), beam 2 does not undergo strong deflection: it is
simply ch&racirrized by an asymmetric angular spread around
~11.5°(<4577=4°), at r =200. Similarly, beam 1 is character-
ized by 7n £nhanced angular broadening around -10° (£5.5°)
in thcicase with beam self-interaction (Fig. @ka) ) by con-
trast vith the case without beam self-interaction (Fig. [I0(b)
)_siawing an asymmetry around -12°(-5°/+4°); the latter is
“nterpreted as due to pump depletion.

To summarize these results, as seen in Figs. [Z] and [El, one
can characterize the role of speckle structure for CBET as fol-
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lows: (i) the importance of speckle structiire for CBET in-
creases with beam intensity due to the increasing number of
speckles undergoing PSF; (ii) the onset’¢f +'SF in subsonic
flow regions occurs in speckles with/puak intensities lower
than predicted by the standard criterion Eq. @), which even-
tually increases considerably the muniozr of speckles affected
by PSF; (iii) at sonic flow, speciie beams are deviated by
beam bending which can lead'to > net transfer into the other
beam. (iv) Particularly strin'ng .5 the onset of temporal inco-
herence of the beams fo th : case with self-interaction around
+10°, resulting in fluctuaw. ns with relatively short correlation
times of 2kjcgteorr 729 (feorr ~ ps in real units), that can be
associated to the effect »f plasma-induced smoothing.

2. Ensemble aver. g over multiple RPP realizations

In the folloviy we will revisit the previous results and ana-
lyze them fiii cher'by both varying the beam intensity as well as
by exatnuiningne angular aperture of the transmitted beams.
To do so, w < have averaged results of simulations over dif-
ferent 1<r’k realizations. In Figure [3] we have summarized our
resy't< from a series of simulations with RPP beams; we have
ar'isagea over eight realizations. Shown is the energy transfer
ama tunction Iy /Iy, which clearly shows that the role of RPP
speckles in CBET can no longer be disregarded above the ref-

‘tence intensity, IhA3=10"*W/cm?um? at 3 keV. To illustrate
this we plot the transfer from beam 1 (downwards propagat-
ing) to beam 2 by increasing the incoming intensity values of
both Io; and Iy,, while keeping their ratio Io; /Ioo = 1 constant.
We compare the power gained by beam 2 for the RPP (sub-
plot (a), solid curves) and regular (subplot(b), dashed curves)
beam cases in presence (blue curves) and absence (red curves)
of the VU terms. To do so in the simulations with HAR-
MONY, we switched on and off this term on the r.A.s. of Eq.
[3b] The power transfer ratio is defined as

Pour _ Jiy>0l€ (ko x=Ly)[Pdk .
Pn fky>0|£’(k,x:0)\2dk ’

where & (k) is the 1D Fourier transform of a(x,y,t) in y.

Note that Fig. [3(b) also displays a curve (in green color)
that corresponds to the results from Ref. [19 for the interval
0< Ipp < 0.75 Iy, for the same geometry, also obtained using
our code HARMONY. In this interval no significant differ-
ences in the transfer between the beams was seen when com-
paring regular and RPP beams, even when accounting for self-
interaction. The differences seen between the results for dif-
ferent RPP realizations are merely due to speckle statistics>S.

From our new results, differences due to PSF in speck-
les appear for Iy, = 0.75 Iy, when one enters in the regime
where ponderomotive effects as self-channeling, deflection
via beam bending in a flowing plasma, as well as plasma-
induced smoothing occur. For RPP beams all these processes
depend on the laser speckle distribution.

We should mention here that experimental studies with
crossed RPP beams!” have reported both on angular broaden-
ing and on spectral broadening in an intensity regime between
2.4 - 8x103W/cm? at g =1um, however at lower temper-
ature (0.5keV) and higher density (0.3n.) than considered in
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FIG. 11. Contour plots of angular spectra of the transmitted light. as a function of the incident intensity Iy /Iy for equal beam power at the
input, Io; =1Inp, and deduced from the fields taken at the right ed; e o1 ‘he interaction region at t =200. Panels a) and b) in the upper row show
the cases of RPP beams (average over 9 realizations), panels ¢).ana d) show regular beam cases. The left column, panels a) and c), shows the
behavior with beam self-interaction via VUself, while in the righ' column, panels b) and d), beam self-interaction is not taken into account.
Note: the color bar shows values normalized to the total peer (o< Ipy) of the corresponding beam intensity /p,. Contours are interpolated from

five distinct values at Iy /Io=0.75, 1.5, 3, 4.5, and 6.

this article, with effects of collisional absorntion sresent.

The role of self-focusing in speckles

Our simulation results summarized in r1g. [3] show as a
function the the beam intensity, wat vor" Ipp /Iy > 0.75, the
power transfer to beam 2 first incieascs for the case of RPP
beams with self-interaction (Fig#[Ffa; solid blue curve), then
reaches a maximum around /o, '=//o1 = 3ly, and eventually
decreases for still higher intencities. There is a striking dif-
ference between the cases.wiurand without the effect of self-
interaction : when negletin ; the self-interaction effects, no
significant increase in poww:transfer as a function of Iy, is
seen, and the onset 2 the decrease in the power transfer oc-
curs already for Zsm=1y; = 1.5Ip. Although the standard
threshold criterio for PSF in Eq.  (3) would indicate that
only few extreiny speckles can have P, /P. >1, it is the pres-
ence of fliow that ‘changes considerably the PSF in speckles
in the beain ¢ zrlapping region, both for sonic and subsonic
flows. Canscquently, the light is deflected towards the direc-
tion of 2az1 2, which is a net contribution to CBET for RPP
beanivins the intermediate regime 1 < Ipp /Iy < 3. Also, for
I/ 15> 0.75, comparing the blue and red curves in Fig. a),
witiyand without the self-interaction effects, respectively —
s cxpected — it can be clearly seen that the power transfer
is systematically stronger when the contribution of the self-
mteraction effects in the ponderomotive force is taken into ac-

count. The relevant regime corresponds, in practical units, and
for the plasma conditions considered here, to laser fluxes from
Iozlg >10'"“Wpum?/cm?. This means that onset of PSF effects
in speckles arises still in an intensity regime that is very rele-
vant with respect to current ICF parameters.

The power transfer between regular beams, shown in Fig.
b) for Ipy/Ip > 0.75, is also systematically lower than for
the power transfer between RPP beams. For regular beams
(dashed curves), without speckles, the self-focusing and for-
ward SBS play only a limited role, in spite of the differences
in the angular spectra observed in Fig. [TT]c) and (d) for the
cases with (c) and without (d) self-interaction effects. For high
beam intensities, Iy /Iy >2, one reaches a maximum power
transfer between the beams, beyond which the power trans-
fer decreases as a function of Ij;. This is due to the non-
linearities of the ion acoustic wave perturbations (see next
section). Nonlinear sound waves enhance forward scattering
and diffraction to a broader angular spread of the transmit-
ted beams, which yields asymptotically an effective equili-
bration between the angular spectra of both beams towards
Ji>o0la(k,x=Ly) 2dk ~ Jiy<ola(k,x=L) dk.

Angular broadening as a function of intensity

The observed broadening of the angular spectrum, as dis-
played as a function of time in Fig. [10|for the single example
of a RPP beam with Iy; = Ipp =6, is summarized as a func-
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FIG. 12. (Color online) Simulation results showing bca.» deflection and shock generation: (a)-(d) show the zoomed in regions of interaction
between the two crossed RPP beams of the sarve ir.pnsity Iy; = lgp = 61, crossing at an angle 6 = 20° and V = 10%. Subplots (a)-(d)
respectively show a snapshot of the beam intensity (2)(b) and the perturbed plasma density (c),(d) taken at r =200 (2k1cs)*1 (~ 11ps for
Ao =0.35um and T, =3keV) in presence of both ,!fvinteraction and crossed-beam coupling . In subplots (a) and (b) both processes are taken
into account, in panels (c) and (d) only crossell--»am coupling. The figures (e)-(f), are lineouts (along y and at x =10501¢; in (a)-(d) ) for the
three different cases (e) crossed-beam coup'ing wnly, (f) both self-interaction and crossed-beam coupling, and (g) self-interaction only. The
orange curve shows the density profile, blu curves and green curves show the Intensity profiles of the two RPP beams.

tion of Iy /Iy in Fig. T.= va.ues shown are taken late
in time, namely 2k;cst =200 svhe’the CBET processes have
reached a quasi-stationary "ein.e. The comparison between
the angular distribution £ the transmitted light of the two
crossed beams are shown 0! four different cases: Figs[IT|[a)
and @b) show the ¢ases of \RPP beams, in presence and in
absence of self-interattion, respectively; the Figs. [TIfc) and
[[1(d) show the aAgu ar distributions of the transmitted light
for regular beoras. “Generally, RPP beams clearly exhibit an
increasing angula, spread of transmitted light with increasing
intensity; 1. addition, this angular spread is enhanced by self-
interactior, The results for regular beams (see Figs. [IT]c)
and [TTfd/) are dominated by the strong central beam struc-
tureiosc™o 0 ~ 0. The angular width of this central beam
incraascs with Iy /1.

1 distinct beams can always be identified in the RPP
<ags?; only for the case of RPP beams with self-interaction a
weak beam arises around 6 ~ 0. The resulting angular spec-
ara for RPP and regular beams start to broaden for Iy, > Io,

shown in Figs. [TTfa) with self-interaction. The case without
self-interaction is shown in[TT|b) with less pronounced broad-
ening. Furthermore, the onset of angular spread contributes to
the increase in spatial and temporal incoherence (see also[2b)

and Fig. [I0[b)).

B. Nonlinear sound wave perturbations with self-interaction
and their role in CBET

As already mentioned, the energy transfer between the
crossing beams decreases according to Fig. [3]as a function of
the beam intensity for Iy /Iy >3. This behaviour is correlated
with both (i) the increase in the angular spread as a function
of intensity, associated with enhanced spatial and temporal
incoherence in each beam with increasing beam power, and
with (ii) the onset of non- linearities in the IAW perturbations.
Thus, it is important to analyze the role of nonlinear density
perturbations in the plasma during CBET. For this purpose, we
present in Figs.[T2}{I4]a set of simulation results for the same
laser-plasma parameters as used in Fig[2] however now with
different realizations and a smaller simulation domain (with
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FIG. 13. (Color online) (a): Lineouts of the perturbed plasma density
(along y and at x =1525¢; in Fig.a) ) for the self-interaction only
case, taken at 4 different time instants, 2kjc,t =70, 100, 130, and
150. Panel(b) shows the spatial Fourier spectra in ky/k; computed
from the lineouts shown in panel (a) at the 4 different time instants.

a length of 35001y and 12004 along the x(longitudinal) and
y(transverse) axes respectively). Figures @a) and (b) show
the intensity profile and the IAW perturbations in the plasma,
respectively, zoomed in the regions of overlap of the two
crossed RPP beams. For the case shown both self-interaction
and crossed-beam coupling are taken into account. Figuic.
[[2[c) and (d), show the same quantities as subplots [[Z}a) a.:
(b) for the case where only crossed-beam coupling is ta.>n
into account while self-interaction is switched off. /ompar-
ing Figs. [[2[(a) and (c), we clearly see strong deflec'ion Of the
RPP beams in the presence of self-interaction piciess while
no deflections are observed in the absence ¢” seiirceraction.
Also, comparing the corresponding densitv/pe. urbations in
the Figs. [[2b) and (d), one can observe nonli.usr density per-
turbations (in terms of deep density chanr 2]s) unly for the case
in the presence of self-interaction. In oraer v demonstrate this
effect in detail, we also plot the lie,ou.70f the intensities of
the two crossed RPP beams and o the Jlasma density pertur-
bations for the three different. casis 14 the set of Figs. [12[e)-
(). These line outs are taken at 4122 1 5254 in the longitudinal
direction and along the transveize direction y from the fields
shown in Figs. [12(a) and (¢;+"In these figures of line outs
the blue and green curve’ di: tinguish the intensity profiles of
the two crossed RPP beams, hile the orange curve shows the
density profile. In Ei3s. [T2[e), we can observe the dominant
short wavelength plesmic density perturbations (orange curve),
having the weve Ingin Ache; = 27/ |k y|. The oscillations are
seen in a wid¢ hane around the resonant sonic flow region
due to the " AWSs in the pure CBET-SBS case; the blue and or-
ange curve's suhw the redistribution of energy between the two
RPP bea2s. L he low amplitude oscillations in density (orange
curve i1 Hig. [I2e)) correspond to CBET between the average
RPP'chams, similarly to what would be seen in regular beams.
WC caa also see regions with locally higher oscillations ampli-
macucorresponding to CBET where the exchange is enhanced
hetveen the average beam and intense laser speckles in the
other beam. Figure [I2[f) clearly shows the impact of PSF
process in speckles along with the short-wavelength CBET-
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SBS-driven IAWs. From the figure we see tnat redistribution
of energy between the two beams under the combined effect
of self-interaction and crossed-beam couplin: leads to signif-
icantly higher intensity peaks as compoiea to the case with
only crossed-beam coupling (Fig[T2]e);

For the case without the CBEZ=Sb.” process, as shown in
Fig. [[2g), short-wavelength conipoaents are absent and the
density perturbations are mer>ly \ae the imprint of the pon-
deromotive force from the "pecates. In the set of Figs. [12]
sonic flow, i. e. M = 1415 I))cated in the vicinity of y =6551¢
for x >600Ay, where one 2n observe a phase shift between
the induced density ‘»inimum and the intensity maxima. Out-
side the region of sonic Tow, for y <6454y and y >6654, one
can systematically ob. erve that significant intensity maxima
coincide spatially with density minima, as expected for pon-
deromotively (induced density perturbations.

The two Honderomotive force terms on the r.h.s of Eq. (3b)
can be strong enough to induce nonlinear density perturba-
tions (7> sevn in Figs. ['l;Zkb) and (f)) in plasma with steep-
ened/vave fronts, as discussed earlier in section Also,
the/'2vma has a flow which affects the evolution of the den-
sic,icharnels due to the PSF, and the AW perturbations due to
. CBET-SBS process, evolve in shock-like structures, char-
acterized here by ponderomotively driven density perturba-
ions that develop steep wave fronts when propagating in the
plasma. The time evolution of such a shock-like structures
is illustrated in Fig. [13|a). Plasma density perturbations are
recorded along the same lineout (as in Figs. @ke)-(f)) for dif-
ferent time instants and for a simulation case where only the
VU, s term was retained. Also, Fig. b) shows correspond-
ingly the Fourier transform of the plasma density perturba-
tions at the same time instants. In the lineouts as a function
of y, the plasma flow is in three different regimes along the
transverse direction: the flow is sub sonic for y <11104y, it is
sonic around (y ~1110A), and super sonic for y >11102,.

In Fig. [13(a), during the initial stage of interaction (2k; ¢ t=
70, magenta curve) we only see small density perturbations
in the three regions; however,the density perturbations in the
respective regions increase with ongoing time with the de-
velopment of a wave train close to the sonic region, along
with a steeping in the density perturbation in the sonic region.
In Fig. [I3] the observed shift in the position of the shock-
like structure around the sonic point (v, = c,, at y=111040)
with time, can be attributed to the plasma flow. The corre-
sponding Fourier analysis of the density perturbations in Fig.
[13]b) shows that as the shock structure becomes more promi-
nent with time, the spectra develop a plateau in the region
0.6 < k/k; <1, a feature characteristic of shock generation.
Also, as seen in Figs. [I2[f)[T2[g) and [[3]a), the typical size
of the non-linear structures in the density perturbation corre-
sponds to the size of laser speckles, and the perturbations are
strongest in the vicinity where the plasma flow is sonic.

In the set of Figs. [I4|we present and compare Fourier trans-
forms of the nonlinear density perturbations for the three cases
shown in Fig. [T2[e){I2g). In the same figures we also com-
pare the wave number spectra with the change in damping
coefficient ¥ (accounting for the both collisional and Landau
damping). Figure [I4[a) shows the case with crossed-beam
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FIG. 14. (Color online) Spatial Fourier spectra of pe turt:d plasma
density in the crossing regions, similar to the cases » figure 5(e)-(g)
for different values of IAW damping, namely V = 3%, 10% and 20%
in blue, orange and green color, respectively. /The presence of AW
harmonics is clearly visible in panel (a) for tie'S’5S only case. The
other spectra correspond to the cases (b) (vith,both self-interaction
and crossed-beam coupling and (c) seifintc.uction only. The value
of ki y/k; = 0.35 in the above spectra .yoresZnts the normalized cen-
tral CBET-SBS wave number.

coupling only. The spect peaks around the value expected
for CBET-SBS at ki ,/ki %z 2sin(6/2) ~0.35, followed along
k by other equally spaced praks, corresponding to the sec-
ond and third harmChics. This means that the CBET-SBS-
driven density_pertu.hacdons can evolve into non-linear wave
train structure: wi.w propagating through the plasma. These
higher harmonics'“0 the density perturbations associated with
CBET-SB. decrease as a function of the IAW damping. In the
spectrum ¢ orr¢ sponding to the case with self-interaction only,
in Fig. c ), the contribution at the CBET-SBS wave num-
ber isev_Zntly absent. More characteristic for this case is the
plateaui=tgion in k associated with the formation of isolated
skiack like structures. The wave number spectra for the case
with Coth self-interaction and crossed-beam coupling, in Fig.
[*40)), combines the features originating from both processes.
For all the three cases we observe that the magnitude of the
wave number components are reduced (note the log scale in
Figs. with the increase in the damping V.
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V. CONCLUSION

We have investigated the role of laser /Zparni'speckle struc-
ture in crossed beam energy transfer. It is » aspect of CBET
that has been considered only in recen.istudies. We have
demonstrated that the speckle stry:tuiy’plays an important
role for laser beams crossing in /'’ nlasma with a flow when
both self-focusing of intense laser sreckles and forward SBS
in RPP beams come into plty. "This can be expected for
laser fluxes above Ing ~10'4wW ,um2/cm2, i.e. for an inten-
sity regime that is relev‘at jor current ICF parameters.

For plasmas with inhomc,eneous flow, where CBET occurs
around sonic surfacc the onset of self-focusing instability in
speckles is enhanced, le.iding to a significant beam deflection
and resulting in b oacening of the angular light distribution
in the transmifted laser beams. A regime with a maximum
in the net tra®e”r rate is attained for the intensity range of
1.5< IL7L02/(1014 Wum?/cm?) <3 with an observable deflec-
tion of the aliplified beam to higher angles, and an increase
in the a2dignler width. Beam deflection and angular broadening
may Xave_ significant impact on ICF laser energy deposition.
Bred=ning of the angular distribution in both beams can be
a‘uhute] to the plasma-induced smoothing and scattering off
nua linear IAW density perturbations.

The temporal incoherence due to plasma-induced smooth-
ng observed in our simulations with RPP beams, see Fig.
[T0(a), corresponds to correlation times of the order of
2kicsteorr ~ 20 being equivalent to a short ps time scale for
Ao =0.35um, T, ~3keV, and angles 6 ~20°. While we have
not considered spatio-temporal smoothing, such as SSD, in
our study, the result indicates that the effect of SSD with
a bandwidth that is smaller than 50 GHz should be quite
marginal for the effects described in this study. Furthermore,
it is known that the available SSD bandwidth on the National
Ignition Facility has not prevented the onset of CBET. Higher
SSD bandwidth may be available e.g. on the Omega laser fa-
cility at LLE Rochester, as this may be necessary for the direct
drive ICF experiments.

Our study shows also that the presence of self-interaction
results in shock-like structures with steepened wave fronts in
the plasma density perturbation which can further lead to de-
flections of RPP beams in the inhomogeneous plasmas.
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