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Abstract

High intensity laser interaction with a plasma exhibits a rich variety of strongly nonlinear plasma phenomena.
In an underdense plasma, stimulated Raman scattering (SRS} and stimulated Brillouin scattering {SBS)
are two laser parametric instabilities of a greatest relevance. We show examples of isolated nonlinear SRS
and SBS and discuss some of the experimental SRS anomalies that largely depart from the standard thecry.
As an example of a complex nterplay between nonlinear SRS and SBS we show results of their anti-
correlated behavior. Based on a concept of self-organization we put forward a simple model of SRS capable
of reproducing basic experimentally observed anomalous features. Finally, we close with an example of
fascinating new physics observed in SRS induced by an ultra-short pulse relativistic-intensity laser.
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1 Introduction

Laser plasma interactions are a useful model for ex-
ploring strongly nonlinear plasma phenomena. In
particular, high intensity laser coupling with a hot
plasma exhibits various nonlinear plasma processes
including laser parametric instabilities. In laser
driven inertial confinement fusion (ICF) research,
great concern 1s related to nonlinear laser paramet-
ric instabilities operating in an underdense plasma;
such as, stimulated Brillouin scattermng {SBS) and
stimulated Raman scattering (SRS) 1, 2]. Stimu-
lated scattering of laser light apart from an undesir-
able energy loss frequently produces hot electrons
that can pre-heat the ICF target. It is a purpose of
this lecture to review some of complex and highly
nonlinear laser plasma phenomena related to scat-
tering of laser light in a plasma. It is this physical
situation where observed anomalous features point
out to an inadequacy of standard linear alike theo-

ries [1, 2, 3L

Firstly, we shall focus on examples of isolated
nonlinear SB5 and SKS plasma processes. Fur-
ther, we point out that certain experimentally ob-
served anomalies could possibly result from a com-
plex interplay of two and more coexisting nonlinear
plasma 1nstabilities. In particular, we discuss the
question of self-consistency in plasma modeling and
coexistence and interplay between nonlinear stim-
ulated Briliouin and Raman scattering. The term
Complexity in a more rigorous sense denotes evo-
lution of highly nonlinear far from equilibrium sys-
tems exhibiting instabilities, structural ifurcation
and self-orgamzation to complex ordered states [4].
Following the concept of self-organization, we put
forward a simple self-consistent model of stimu-
lated Raman scattering, capable of producing ba-
sic anomalous features similar to those observed in
high intensity laser plasma experiments [3, 6].



2 Stimulated Raman and
Stimulated Brillouin
Scattering

Parametric instabilities are of a great concern in
the high-intensity laser-plasma interaction experi-
ments (I > 10" W/cm?) since they can produce
reflection and scattering of incoming laser light and
generate hot electrons [1, 2].

Laser driven parametric instabilities were first
considered for gases. However, it appears that the
self-consistent electric fields created by charged par-
ticles in a plasma lead to more complex behavior
than in gases and solids. More precisely, para-
metric instabilities are due to laser light wave cou-
pling with normal modes of the mediumn. The nor-
mal modes in a plasma are either low frequency
electrostatic waves, the ion sound waves, or high
frequency electrostatic waves, the electron plasma
{Langmuir) waves. A parametric coupling between
three or more waves can occur when momentum
and energy matching conditions are satisfied (vide
infra}.

Further, we concentrate on stimulated Brillouin
scattering instability and stimulated Raman insta-
bility because these are the two most important
instabilities in the underdense- coronal plasma and
of basic relevance to the coupling of laser energy
to a target. SBS is the parametric decay of the
incoming laser light into another laser light wave
and an ion sound wave. This process can occur at
any plasma density below critical density {the den-
sity where the laser frequency equals local electron
plasma frequency) and is weakly semsitive to the
density non-uniformity. SRS, on the other hand,
is the decay of the incoming laser light into second
light wave and a Langmuir (electron plasma) wave.
It takes place below the quarter of the critical den-
sity, first as an absolute instability while at lower
densities SRS turns into a convective instability.
Below critical density several other parametric in-
stabilities can also exist, such as, e.g., Langmuir de-
cay instability, two-plasmon decay instability and
filamentation instability (see Fig. 1}. Each insta-
bility is imited by the dispersion relation and the
frequency and wavenumber matching conditions.
Initially, most of the theory has been addressing
the linear behavior of laser parametric instabili-
ties. Typically, instability threshold and exponen-
tial growth rate in weak and strong coupling limits
were analytically calculated for various parametric
processes [1, 2]. However, it appeared that in most
experiments, these instabilities are almost always
In a nonlinear state [7]. Moreover, it often happens
that laser parametric instabilities saturate through

strongly nonlinear regimmes that correspond to large
amplitude waves leading to plasma heating through
wavebreaking and electron trapping [2].

3 Anomalous Regimes of SRS

Extensive experimental studies of nonlinear stimu-
lated Raman backscattering have been followed by
analytics, fluid and particle simulations [6, 2, 1]. In
a strongly driven case, Raman instability exponen-
tiates until arrested by nonlinear and dissipative
effects. The saturation comes, basically, through
pump depletion and/or higher order nonlinearities
as well as kinetic dissipation related to electron
trapping and Langmuir wave breaking [1, 2]. While
pump depletion is readily included in fluid model-
ing, the latter effects are inherently kinetic. How-
ever, after more than two decades of intensive par-
ticle simulation studies, nonlinear Raman scatter-
ing is understood to posses relatively clear, albeit
anomalous overall features [2]. Suppression of SRS
is highly desirable In connection with a need to
reduce hot electron generation. Indeed, correla-
tion between hot electiron generation and SRS was
found in many experiments. A primary source for
hot electron generation is understood to be due
to large amplitude Langmuir waves excited in a
plasma. In Fig. 2 the fraction of the laser energy
in hot {supra-thermal) electrons was plotied versus
the measured fraction of the energy of Raman scat-
tered laser light [7]. Excellent correlation has also
been found in temporally resolved data.

As a result of electron trapping and breaking of
large Langmuir waves a hot tail-suprathermal elec-
tron population is generated. The corresponding
velocity of hot (fast) electrons roughly equals the
phase velocity of the electron plasma wave. As a
general feature, two temperature (Maxwellian-like)
electron distribution is recorded, for the thermal
{(bulk) and suprathermal (hot tail) electrons. En-
ergy exchange leads to an increase of the bulk tem-
perature at the expense of plasma wave dissipation.
However, actual details of this complex scenario
are determined by wave turbulence and the elec-
tron transport, both influenced strongly by bound-
ary and other plasma conditions. Thus, qualitative
understanding of anomalous Raman features has
enabled useful scaling relations and semi-empirical
formulae, typically extracted from the averaged (ti-
me and shot} short-run data. Generally taken, a
realistic long time saturation (e.g. >10,000 plasma
wave periods) does not appear to be assessable to
even high performance particle simulation due to
required computer time and limitations of the nu-
merical scheme involving large number of particles



[2. 8. 1t is this srtuation that has motivated us
to address a problem of anomalous Raman 1 a
long time evelution. In the last section, we study
a SRS saturation to self-organizing plasma states
using a general concept of complexity in plasmas in
a svstermn open to an environment {3]. Accordingly,
we develop a2 phenomenological hybrid kinetic-fluid
model to try to emulate basic physics of anomalous
Raman as a precursor to state-of-the-ari particle
simulation with open boundaries {9, planned for
the future.

4 Interplay between Laser
Plasma Instabilities

The interaction of laser light and different plasma
modes that takes place in the coronal plasma of-
ten do not appear in isclation, and consequently a
rich interplay between laser plasma instabilities is
observed [3]. Of particular importance is the inter-
action between two scattering mstabilities: stimu-
lated Raman and stimulated Brillouin instability
For those plasma parameters of interest to ICF, it
was found that SRS and SBS can coexist over large
underdense plasma regions, while their growth and
saturation my be affected by each other. On the
other hand, a simnultaneous presence of SRS and
S5BS suggests the possibility for various couplings
between Langmuir and ion sound waves. We dis-
cuss simple examples of direct and indirect inter-
play between SRS and SBS and consider their ef-
fect which can invalidate scaling to experiments ns-
ing linear instability growth rate .

The first experimental observation of competi-
tion between stimulated Brillouin and stimulated
Raman scattering was reported in early eighties
[10}. When the temporal evolution of SRS and
SBS light was compared, a strong correlation was
observed between saturation level of SAS, and the
level of SBS light. In a preformed plasma, driven
with 1 nsec €05 laser pulse, direct observation of
Langmuir waves associated with SES and ion waves
related to SBS was made possible. An early quench-
ing of SRS by SBS produced ion scund waves was
found (see Fig. 3). The Langmuir waves were ob-
served only during the early part of the laser pulse,
and disappeared coincidental with the onset of ion
sound wave driven by SBS [10].

An attempt was made to examine a possibility
to suppress stimulated Raman and Brillouin scat-
tering by increasing a collisionality of a plasma.
Indeed for SRS, collisional suppression has been
demonstrated, as it appears that large enongh elec-
tron-ion collision rate could strongly damp SRS

driven Langmuir wave to effectively halt the insta-
bility growth  We show the fraction of the laser
cnergy that was Raman scattered in disk exper-
iments. plotted in Fig 4 versus estimated value
of the collision frequency to the instability growth
rate [1i]. The Raman reflectivity drops strongly
around theoretically predicted value of the colhision
over growth rate close to 0.3. It also appears plau-
sible to expect regimes with suppressed stimulated
Brilloumn scattering by increasing the ion sound
damping. A direct way to enhance ion damping
is to increase Landau damping by changing plasma
composition to include protons. As expected, a re-
duction of SBS was observed in early C'O» laser ex-
periments, as well as in recent gas bag and toroidal
hohlraum targets using Nova laser [3]. However,
rather unexpectedly , novel regimes are also found
where larger 1on wave damping enhances the stim-
ulated Raman scattering [3]. It turned out, that
even if the linear growth rate of SRS is indepen-
dent of ion sound damping the saturation level of
SRS driven Langmuir wave can depend on the sec-
ondary parametric process. Namely, the so called
Langmuir decay instability which is the Langmuir
decay into another Langmuir plus ion sound wave
has a threshold proportional to both electron and
ion damping rates. For larger ion damping the
threshold is higher, leading to higher electron den-
sity fluctuation and higher reflectivity of saturated
SRS. Indeed, an increase of SRS with ion sound
damping observed in recent gas bag experirnents is
shown in Fig.h . The ion damping was varied by
changing the proton impurity fraction. A regime is
clearly seen where SRS reflectivity in creases with
damping [12]. The early time resulis correspond to
higher temperatures. Indeed, in this novel nonlin-
ear regime one finds that SRS and 5BS appear to
be anti-correlated.

Further, we stress the importance of self-consis-
tent calculations based on the correct zero-order
plasma state [3]. Recently, it was pointed out that
in laser produced plasmas, the electron velocity dis-
tribution can be rather different from Maxwellian,
even if effect of induced plasma waves is neglected.
The usual Maxwellian velocity distribution is the
special case with n = 2 power in the exponent,
while higher n’s correspond to the so-called, super
Gaussian distributions which are depleted in high
energy electrons. A number of effects can modify
the electron distribution. For example, collisional
absorption (inverse Bremsstrahlung) preferentially
heats slower, more collisional electrons. Therefore,
when the rate of electron heating is greater than the
rate at which they are equilibrated, the heated dis-
tribution function becomes super Gaussian. More



generally, nonlocal transport results in distribution
functions with n larger than 2 ;while at high inten-
sities one finds super Gaussian distributions with
n as large as 5. Modifled electron distributions
can result in many important effects, ranging from
changes in instability thresholds and growth rates
to variations in the atomic physics [3].

5 Self-organization of
Saturated SRS

A} Background

Self-organization (SQ) is a generic process which

describes a spontancous formation of an ordered

structure in a nonlinear far-from equilibrium sys-

tem. Energy pumping, nonlinear instability, en-

tropy production and expulsion are key governing

processes. An open system was found to exhibit

different features in 0, depending on whether the

energy pumping 1s instantaneous—final state of min-
imum energy, or continuous—the dynamical state

of intermittency [4, 5].

In this section, an attempt 1s made to study
kinetic self-organization through a process of stim-
ulated Raman backscattering (SRBS) in an under-
dense plasma [6]. As described, stimmulated Raman
scattering is a resonant three-wave (3WI) paramet-
ric instability which corresponds to the decay of an
incident electromagnetic pump wave into a scat-
tered wave plus an electron plasma wave (EPW).
Important effects, especially in the context of laser—
fusion [2], are input energy loss, plasma heating and
generation of suprathermal (hot) electrons. How-
ever, to account for these effects, kinetic treatment
of highly nonlinear electron interaction with EPW
is required. To emulate these effects we apply a
hybrid three—wave phenomenological kinetic model
of SRBS, recently proposed by Skori¢ et al. [13].
We focus at dissipative structures that evolve at
plasma micro- and macro-scales and attempt to re-
late entropy rate extrema to structural transitions
between different states of SO.The basic theoretical
facts about hybrid model are shown in the second
part. Characteristic numerical results in the con-
text of SO are exposed in the third and fourth part
of this section.

B} A Hybrid model

The basic equations are coupled three—wave equa-

tions [1] for Slowly varying complex amplitudes of
a pump (ag), backscattered wave (a1) and EPW

{az), respectively :
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The wave—particle interaction [2] is modeled by
a damping term in the EPW equation of {1}, [ay
which includes a phenomenological anomalous ki-
netic dissipation and eniropy balance related to
a kinetic self-organization. Parameter T' consists
of: collisional damping (Feon), 'linear’ {Landau)
damping by hot — resonant electrons (y; ~ ng),
where ny(t) stands for spatially averaged hot elec-
tron density:

dnslt)  ma(L,g) o)

ng(t) _ nsil, vn(t)nnt

a I / vfedv — G—'"——L—"'-* )
vr—vyr(L,t)

(2)
(np 1s bulk electron density, fu is bulk distribution
function, vy is velocity of hot electrons which equals
the EPW phase velocity, v, is trapping velocity
and a is particle transport parameter), and nonlin-
ear damping due to trapped resonant bulk electrons
{in the thermal Maxwellian):

I vrtver(L,t)
mny(L, t) B o(o)dv, (3)

27,.3; W(t) = 9L
Up—ver(L,t)
where W(t) is spatially averaged EPW energy.
Open boundaries and reemittance of fresh am-
bient electrons [9] is assumed. The particles (bulk
and hot electrons) and energy {wave and particle)
are being exchanged between a plasma and an en-
vironment through open boundaries with a conser-
vation of particle number and total energy in the
system. Accordingly, heat balance equation {effect
of plasma heating; Ep, Ey and Sior = Sp+Sp + 95
are the average bulk and hot electron energy or cor-
responding energy flux of the bulk, hot and return
ambient electrons, respectively) takes a form:

dW{t) _ d(Eb(i) + E};(i))

L
dt di tE S| (4)

C) Simulation

'The simulation is made via central-difference
numerical code [6], which is complemented by equa-
tions for generation of resonant electrons {2} and



heat balance equation (4} in the wave—particle sys-
tern.

Parameters are: ng = 0.1n., Tpo = 0.5keV
and pump intensity, S; = 0.0253. Openness of a
system, & {0-1) was chosen as a bifurcation param-
eter. The effect of self-organization at large (wave-
fluid) macro-scales is illustrated in Fig. 6. De-
pending on k the systern shows characteristic fea-
tures of different dynamical regimes: steady-state
(k = 0.007), quasi-periodic (k = 0.05), periodic
(k = 0.5) and intermuttent regime (k > 0.9).

Fig. 7 illustrates the micro-scale ( kinetic) self-
organization via temporal evolution of the electron

distribution function. In the treatment bi-Maxwellian

(bulk—hot) electron distribution, as suggested by
kinetic and particle-in—cell (PIC} simulations [2,
8], was assumed One can readily observe an es-
sential connection and interplay between two levels
of 50 in a dissipative plasma.

D) Dissipative structures and entropy rate

Self-organization in a strongly nonlinear far
from-equilibrium system leads 10 a creation of or-
dered states that reflect an interaction of this sys-
tem with iis environment. These novel dynami-
cal structures or patterns, named dissipative struc-
tures to stress the crucial role of dissipation in their
creation, have become a central theme of the sci-
ence of complexity [5, 6, 13]. On the other hand,
there is a fundamental role of the entropy, in partic-
ular, the rate of entropy change in an open system
[4). The rate of entropy production and its removal
basically governs self-organization features of a sys-
tem. A large amount of effort has been spent in at-
tempts to relate the entropy rate extrema to struc-
tural bifurcations and transitions between different
ordered states [5, 6].

First, we focus at self-organized dissipative struc-
tures developed at the macro-scale. Indeed, n our
model, basic wave and fluid density variables were
assumed to vary slowly in space-time. Therefore,
we expect that original spatio-temporal profiles,
found in simulations, should correspond to large
dissipative structures, self-organized at macro-scale
levels. As an illustration, we plot the plasma wave
profiles {Fig. 8), in particular, to reveal a genuine
spatio-temporal nature of an intermittent regime
as compared to regular dynamical regimes of the
steady-state and quasi-pertodic type [2, 13]. Spatio-
temporal complexity of quasi-steady and travelling
wave patterns with regular and chaotic features is
found in different states of self-organization.

Further, in Fig. 9 we plot the entropy rate
dS(t)/dt in time together with a spatio-temporal
profile of the scattered wave energy. We calculate

the entropy 5 related to distnibutions F, = n,f,.
as: S(t) = Sp(t) + Sa(t). where

=]

L
S (t) = —/dz [ dv F, (z,v,t)InF, (z,v,1).
0

— 00

where 1 = b, k.

For an intermittent regime, featuring an in-
terchange between chaotic and laminar phases, we
find a clear evidence of structural transitions corre-
sponding to the maximum {positive) and minimurn
(negative) entropy rate. As a striking example of
self-organization in an open system we find a rapid
entropy jump which coincides with an onset of a
chaotic phase. Subsequent anomalous dissipation
and entropy growth is halted by a sudden entropy
expulsion into the environment. Negative burst in
entropy rate indicates a bifurcation from a chaotic,
back to a laminar quasi-periodic phase. An inter-
mittent nature of this regime is shown through a
repetitive pattern of behavior. We note that com-
plex dissipative wave structures are mapped onto
a more simple entropy rate time series. Intervals
of near zero entropy rate during a laminar phase,
mean a net balance between the entropy produc-
tion and its expulsion. This serves as a possible
example of a stationary nonequilibrium state real-
ized in a strongly nonlinear open system [5}.

Moreover, a hybrid nature of our model also al-
lows us to recover kinetic properties of self-organi-
zation. By using an analytical dependence of the
electron distribution on varying hot (bulk) temper-
ature and density we expose a genuine picture of ki-
netic self-organization at plasma micro-scales. To
show the self-organization featuring micro-levels,
we plot the electron velocity distribution function,
In Fig. 7 we see a three-dimensional view of the
electron velocity distribution in time for different
saturated Raman regimes, as indicated by values of
parameter k. Kinetic self-organization of varying
complexity is revealed in thermal and suprather-
mal (kot) regions of the electron distribution. In
Fig. 10, we further plot the electron distribution 1n
time versus the entropy rate related to an intermit-
tent regime. Once again, an evidence of micro-scale
structural transitions that correspond to entropy
rate extrema, is found. Indeed, one is able to ob-
serve a complex connection and interplay between
macro and micro levels of self-organization in an
open dissipative plasma.

E) Conclusions

In conclusion, we believe that our findings ap-
pear to be a first indication of a generic intermittent



scenario in a kinetic self-organization of anomalous
Raman instability. At this point we may note that
one is able to claim a consistency with the working
hypothesis and general scenario of self-organization
in plasmas [5, 13]. As a further step, we expect
an important justification of our hybrid -modeling
of saturated Raman complexity by the novel open
boundary particle simulation code, currently under
development [9]. As an early illustration, we show
in Fig. 11, recent particle-in-cell simulation data
for & model of an isolated plasma slab ir a vacuum
[8]. For same plasma parameters, particle simula-
tions (Fig. 11) show an evident support of above
Raman reflectivity pattern (Fig. 6, right top), ob-
tained for a closed (& = 0.007) system.

6 Summary

In this paper we have addressed some important
examples of a complex plasma behavior related to
nonlinear SRS and 5BS instabilities. As an in-
troduction we have discussed nonlinear saturation
of the i1solated Raman and Brillouin scattering in
laser plasmas. Understanding the nonlinear satu-
ration of SRS and SBS is critical for the success of
laser fusion with targets designed to achieve igni-
tion; such as those currently proposed for the Na-
tional Ignition Facility (NIF) [16]. We point out the
failure of standard nonlinear parametric theory to
reproduce experimentally observed SRS anomalies.
As an example of a complex interplay we show data
on coexisting and anti-correlated SES and SBS.
Applying the general concept of self-organization,
for the first time to SHS, we have constructed a
simple but powerful 3WI model for anomalous SES
evolution that shows consistency with particle sim-
ulations.

Finally, we turn to an example of fascinating
new physics that was recently observed as one moved
into a regime of collective effects in plasmas in-
duced by ultra-short pulse ultra-high intensity (7 >
10'® W/em?) laser. A Livermore-UCLA collab-
oration has observed a subpicosecond version of
classic laser plasma stimulated Raman backscatter
{14]. The backscattered light displays anomalous
spectral signatures that strongly depend on laser
intensity. Broad and modulated frequency spec-
trum that spreads to the blue side of the stan-
dard Raman shifted line, that is obviously differ-
ent from classic SRS, was typically observed (see
Fig. 12}. The use of prepulse did not significantly
affect the modulation, hence ruling out the ioniza-
tion as a probable cause. More recently similar
results were reported by Rutherford, Limeil and
Livermore groups. Above spectral anomalies were

recovered and explained in the framework of a sim-
ple theoretical 3WI fluid model of SRS, by these
authors [6]. It was shown In this model [6, 13]
that backscatter complexities, modulated and inco-
herently broadened spectra follow a quasi-periodic
and intermitent route to chaos (vide supra), while
a spectral blue shift was attributed to a relativistic
decrease of plasma frequency. These findings were
reinforced by results obtained by lg—dimensiona.l,
fully relativistic particle in cell simulations [§].
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Figure captions

1. Regions of underdense (corona) plasma where various laser instabilities can exist.

2. The fraction of laser energy in hot (supra-thermal) electrons as inferred from hard
x-rays versus the measured fraction of energy in Raman backscattered light; after [7].

3. Levels of ion sound waves from SBS and Langmuir waves from SRS obtained by
Thomson scattering in a preformed plasma with a C'O; laser. The Langmuir waves due
to SRS were observed only during an early time and disappeared coincidental with the
ion sound waves driven by SBS; after [10].

4. The measured fraction of the light Raman scattered from Au disks versus estimated
ratio of the electron-ion collision frequency to the SRS growth rate. The disks were
irradiated with 0.3 microns laser light at various intensities; after [11].

5. SRS reflectivity measured with gas bag targets versus the proton impurity frac-
tion and normalized ion sound damping; after [12, 3[. A novel regime in which SRS
reflectivity increases with ion sound damping is evident.

6. Density of hot electrons and reflectivity versus time [wg'] for k& = 0.007, 0.05, 0.5,
0.9 (top to bottom}, respectively.

7. Three-dimensional view of the electron velocity distrubution in time for different
saturated Raman regimes, as indicated by values of parameter k. Micro-kinetic scale
self-organization of varying complexity is revealed in both thermal and suprathermal
(hot) regions of the electron distribution.

8. Spatio-temporal profile of the electron plasma wave for varying % values. Different
dissipative structures are seen on the route to complexity, from the steady-state via
quasi-periodic to intermittent regimes.

9. Intermittent dissipative backscatter-wave structures versus the corresponding en-
tropy rate in time. Positive entropy jump coincides with an onset of chaos, while
a negative burst indicates a transition from a chaotic to a laminar phase of SO at
macro-scales.

10. Intermittent electron distribution versus the entropy rate in time. Similar to Fig,.
9, structural bifurcations at micro-scales, correspond to entropy rate extrema.

11. Simnulation data for Raman reflectivity in time, obtained by an one-and-two-halves
electromagnetic, relativistic, particle-in-cell code. (after [8]). Initial plasma parameters
were the same as above, with a pump equal to 0.02.

12. Spectra of backscattered light as a function of laser pulse intensity demonstrating
a transition from classic SRS to anomalous backscattering; after [15]; and private
communication
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