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A nonlinear three-wave interaction in an open dissipative plasma model of a stimulated Raman backscatter-
ing is studied. An anomalous kinetic dissipation due to electron trapping and plasma wave breaking is ac-
counted for in a hybrid kinetic-fluid scheme. We simulate a finite plasma with open boundaries and vary a
transport parameter to examine a route to spatio-temporal complexity. An interplay between self-organization
at micro (kinetic) and macro(fluid) scales is found through quasi-periodic and intermittent evolution of
dynamical variables, dissipative structures and related entropy rates. A consistency with a general scenario of
self-organization is claimedS1063-651X99)17011-9

PACS numbes): 52.40.Nk, 05.65+b, 52.35.Mw, 52.65-y

I. INTRODUCTION II. BACKGROUND

. ... Aresonant nonlinear three-wave interaction, as a physical

In recent papers on complexity and self-organization incncent is a paradigmatic phenomenon which has found ap-
plasmas by Satet al. a profound underlying structure in pjications in hydrodynamics, acoustics, nonlinear optics, and
strongly nonlinear and complex plasma phenomena was rejasma physicf4—6]. Stimulated scattering in a plasma rep-
vealed[1]. Self-organization is a generic process of a cre—resents a wide class of three-wave interactions related to
ation of order in a nonlinear far-from-equilibrium system nonlinear coupling of a finite amplitude electromagnetic
open to an environmen®]. Free energy supply, nonlinear pump wave to the electrostatic plasiedectron or ion wave
instability and structural bifurcation which result in dissipa- and the scattered electromagnetic w@vé Assuming that
tion, entropy production and its subsequent removal from aesonant matching between frequencies and wave numbers is
system are key governing poiritk,2]. The above concept, as satisfied, the pump parametrically excites the stimulated
a working hypothesis, was successfully applied in studies ogrowth of the daughter waves from their thermal noise level.
markedly diverse phenomena of the macro-scale MHD and Stimulated Raman scattering involves parametric cou-
micro-kinetic self-organization in plasmas. For a continualPling of an electromagnetic pump to an electron plasma
pumping of free energy and efficient excess entropy removalave and a scattered electromagnetic wgle Various ap-

generic self-organization to an intermittent state was foundplications in laboratory: laser and radio-frequency wave
[1]. driven plasmas, as well as in space and astrophysical plasmas

Jvere attempte@8,10,11. We examine a nonlinear evolution

f a stimulated Raman backscattering in an open dissipative
plasma model. Generally taken, the invariants point to an
onset of nonstationarity for conditions of imperfect phase

In this paper we examine an open convective dissipativ
model of a stimulated Raman backscattering. In earlier flui
simulations, rich spatio-temporal complexity, which exhibits

trarllsgl.on tot |nterm|ttenc3|/ danbd chaos ffo Itlr?wmg i[‘g;as"matching. Studies of spatiotemporal complexity in a fluid
periodic route was revealed by some of Inese authirs  nqqe| of stimulated Raman backscattering in a bounded
Det:?u_led analysis of spatiotemporal patterns, examining th@veakly dissipative plasma were attempted HsoiE: et al.
partition of energy among coherent structures has found gg) A continual increase in complexity with a control param-
growing complexity as the pumping increases. Howevergier(e.g., pump strengihwas predicted by this model, thus
basgd on geperal advancemgnts in studies of plasma comgstaplishing its place in a growing family of paradigmatic
plexity [1, 2] it appears plausible that due to turbulence re-physical phenomena that display an intermittent route to
lated anomalous dissipation, self-organization to a state ddpatio-temporal chads$].

reduced complexity should be realized. To emulate the effect However, the effects of anomalous Raman dissipation and
of entropy balance we introduce a hybrid three-wave interplasma heating followed by entropy expulsion, were omitted
action model that includes a phenomenological kinetic dissiin this model[3]. It is a purpose of this study to introduce a
pation via particle trapping and wave breaking. plausible entropy inventory by a phenomenological model-
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ing of anomalous kinetic dissipation related to Raman combroadening and incoherence paradigm for Raman backscat-
plexity. In long saturated regimes, we shall look for intermit- ter, as only recently was observed in experim¢fis
tent evolution, generic to an open system under a continual
free energy supplyl]. ll. A THREE-WAVE COUPLED MODE MODEL
Extensive studies of nonlinear stimulated Raman back-

scattering have been performed by analytics, fluid and parc-"gm of a three-wave parametric interaction whereby a

fuclte Swulaﬂons[&?,‘:]. n e;lstrongtlyddgven CI‘?‘SE’ Rarg%r? strong electromagnetic way@-pump decays into an elec-
instability exponentiates until arrested by nonlinear and disy,, “013sma wave(2) and backscattered wavd) down-

sipative effects. The saturation comes, basically, througRy,itieq in frequency. This coupled 3WI process obeys a reso-
pump depletion and/or higher-order nonlinearities as well ag,5 matching condition for wave frequencies and wave
kinetic dissipation related to electron trapping and plasma mbers. in the form

wave breaking[8,7]. While pump depletion is readily in-

cluded in fluid modeling, the latter effects are inherently ki-
netic. However, after more than two decades of intensive
particle simulation studies, nonlinear Raman scattering is unmn the one-dimensional case which is of major importance
derstood to possess relatively clear, albeit anomalous overathe linear parametric Raman backscatter growth rate is given

Stimulated Raman backscattering in a plasma is a para-

- -

(1)0:(1)1+C!)2, I_()O:kl+k2' (1)

featureq 8]. by
As a result of electron trapping and breaking of large
plasma waves a hot tail-suprathermal electron population is v0~0.56pVa/(1— a)wq, (2

generated. The corresponding velocity of kfasY electrons

roughly equals the phase velocity of the electron plasmar being the ratio between the electron plasma frequency and
wave. As a general feature, two temperat(axwellian-  the frequency of the pump:

like) electron distribution is recorded, for the thernfilk)

and suprathermdhot tail) electrons. Energy exchange leads a=wpel wo=\No/Ner. ©)

to an increase of the bulk temperature at the expense of . . : .
plasma wave dissipation. However, actual details of thi and the quantityB, is a Te'a“"e pump strength, the ratio
overall scenario are determined by wave turbulence and th etween the electron quiver velocity in the pump and the

electron transport, both influenced strongly by boundary and Faes?:]jaoihlgrs]t.altri]o-é':ekr?nougrglegbglzgggméfiﬁzE!)elje:)é dl?/:/]:veeds’
other plasma conditions. This qualitative understanding of ’ P P P

anomalous Raman features has enabled useful scaling relﬁg\r/rgﬁ:gsdb’ SL?]\/eW)f/(')\I/Ii%Eg gg{nggexaﬁggflg#fi?z(n%’;) elﬂsua-
tions and semi-empirical formulas, typically extracted fromJ y 9 P q

the averagedtime and shatshort-run data. Generally taken, tions[3]:
a realistic long time saturatiofe.g.,>10 000 plasma wave

periods does not appear to be assessable to even high per- @4- 0@: —aja,, (4)

formance particle simulation due to required computer time a7 ¢

and limitations of the numerical scheme involving large

number of particle$8,13]. @_V ﬂ:a a* (5)
It is this situation that has motivated us to address a prob- gr tog U072

lem of anomalous Raman in a long time evolution. We shall ; J

study a possible saturation to self-organizing plasma states as a : o o

using a general concept of complexity in plasmas in a system o7 +V2,9_§ +yay+iola;|*a;= Boacar , ©)

open to an environmeijt]. Firstly, we develop a phenom-

enological hybrid fluid model to try to emulate basic physicswhere time and space coordinates are measured inaigits
of anomalous Raman as a precursor to state-of-the-art paandL 1, respectively,

ticle simulation with open boundari¢42], planned for the
future.

At this point we shall refer to more recent extensive stud-
ies of nonlinear Raman saturation by Rageal. In distinc-
tion to a simple adiabatic nonlinearitg.g., relativistic typg ~ Dimensionless group velocities of the waves are
in our equation6), these authors introduce strongly nonlin- ) 5
ear Langmuir wave dynamics. Based on Zakharov’s fluid Vv cKo cKy 3k, T
model, processes like Langmuir decay, wave collapse and 0
density modification are included in this descriptif®.

One- and two-dimensiongRD) simulations allowed com- with a plasma wave damping rate given fpylons are kept
parison with realistic laser-plasma experimental conditionsfixed to preserve the plasma quasineutrality. Damping of the
In comparison, our weakly coupled three-wave interactiorlight waves is neglected, whilE designates the bulk electron
(3WI) model attempted to include basic kinetic effects in 1Dtemperature. An important feature of the systdfqs. (4)—
Raman model. Although simple, kinetic dissipation was self{6)] is the self-modal cubic term in the plasma wave equa-
consistently coupled with Raman dynamics to study selftion. It appears as a nonlinear phase shift due to a detuning of
organized saturated states. An important fact appeared, thatlarge amplitude plasma wave. A time-onlgpace-only

both of above models predict an intensity dependent spectrakrsion of[Egs. (4)—(6)] was studied in detail, and it was

@)

T=wol, &=

| x
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shown to exhibit bifurcation to a low-dimensional chaos un-fully accounted for, thus enabling us to model conditions of
der restricted conditions. The spatially extended model is oboth current-free and inhibited electron transport. We plan to
a more physical significance and have recently revealed bgheck our model performance against particle simulation in
these authors, rich complexity related to low-dimensional a®rder to try closer fits by adjusting free transport parameter
well as spatio-temporal cha$8,5,7. in our scheme. In that way we expect to be able to address a
The systen(4)—(6)] was solved in space-time for stan- longtime Raman saturation in an open system, an important
dard initial and finite boundary conditions. In the loss-freequestion that remains difficult to answer even by highest
steady state with zero phase shift, this system predicts theerformance particle simulatiof8].
well known elliptic function solutions, together with three  We start by assuming the electron distribution function,
(Manley-Rowe conserved integralg3,4]. However, with a  for thermal(bulk) and hot component, to be approximated by
nonzero phase shifio(>0) in finite boundaries, these invari- bi-Maxwellian[7,8]:
ants are broken. Thus a violation of the steady-state assump-
tion, points to a nonstationary Raman saturation. Indeed, F(x,t,v)=np(X, 1) fr(v) +np(x,t) fr(v), 9
subsequent evolution exhibits a quasiperiodic route to low-
dimensional intermittency to finally result in a fully devel- whereny, andn,(>n;) stand for slowly varying hot and bulk
oped spatiotemporal chaos, in this fluid modé&d)—(6)]. electron densities, respectively, with ed¢k) normalized to
However, we note that chaotic dynamics is related to plasmanity. We assume that the total hot electron current includes
wave breaking followed at a kinetic level, by a strong non-a source term due to trapped resonant elect(onthe ther-
linear electron acceleration. In turn, hot electrons Landaumal Maxwellian tai). Therefore we write
damp freshly driven plasma waves to suppress and strongly
alter Raman instability evolution and possibly limit the level
of kinetic complexity. To perform studies in this direction
we shall introduce a phenomenological hybrid 3WI simula-
tion model. The set of 3WI equations will be solved simul- N ¢ Vph* Vir ¢ q 10
taneously with model equations for hot and bulk plasma N(X,1) v h*vtrv b(V)dv, (10
heating. In this way, effective dampingt) and the electron g’
temperaturel (t) in 3WI, appear as dynamical variables, in wherev,, is the plasma wave phase velocity ang stands
contrast with a standard model that assumes a constafr average velocity of resonant electrofsith V~Vpp)
plasma background. Therefore, we expect to study dissiparapped in a trough of a large amplitude plasma whdje

tive effects on longtime Raman saturation and kinetic self£quation of continuity for hot electrons is written in a stan-
Organlzatlon In-an open System. dard form, as

in(Xt) = fhva(v)dvz np(X,t) ficvfh(v)dv

0.6

IV. KINETIC-HYBRID SCHEME

: iy (a) k=0.007
We chose to simulate conditions relevant to anomalous .

Raman saturation in an open system, which means allowing

an energy exchange between an interaction region and the 50 sl

plasma environment. To emulate basic kinetic effects missed 2 ™
by the original fluid 3WI mode](4)—(6)], we propose a phe-
nomenological “hybrid” scheme which includes generation

of hot electrons, that are trapped and accelerated in large

amplitude plasma waves. Assuming that a part of plasma 0.0 .

wave energy is transferred to electrons that are resonant with 0 25000 50000
the forward propagating plasma wave, we numerically solve t (w5t

hot electron generation equation together with a 3WI set
[(4)—(6)]. As a consequence, we shall introduce the suppres-
sion of Raman instability by hot electrons through a linear
Landau damping. We further assume that the effective damp- (b)
ing (y term) of plasma waves is due to both linear Landau 061
damping on hot electrons and nonlinear term—due to bulk
electron acceleration via trapping. Finally, we add a simple
energy balance equation to model bulk heating via the redis- 0.3}
tribution of the absorbed energy between b{iherma) and
hot (suprathermalelectrons.

We believe that, although rather straightforward, our
work appears to be a rare attempt to treat a rather complex, O'Oo 25600 50000
inherently kinetic regime of anomalous Raman by a simple t (w5t
fluid-based model. Simplifying the electron transport to spa-
tially averaged dynamics we introduce a hybridlike coupled FIG. 1. Time evolution of the Raman reflectivity for transport
mode scheme that includes effects of both thermal and hgtarametek corresponding t¢a) closed model{inhibited transport,
electrons on Raman instability. Open boundaries are caré«=0.007. (b) Open model k=0.5).

R (t)
——
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FIG. 2. Time evolution of the Raman transmittivity for transport ~ FIG. 3. Hot electron density variation in time related to Figs. 1
parametek corresponding tda) closed modelinhibited transport, and 2:(a) k=0.007 and(b) k=0.5.
k=0.007 and (b) open model K=0.5).
formula appearing regularly in the literatur4,8]. Further,

d 9 we introduce the spatially integrated plasma wave energy
&nh(x,t)E Enh(x,t)erivjh:O (11 density, through
1 (1 )
or, after performing the spatial average, defined as W(t)= C fo glE(x,t)l dx. (15
ce), ~ E : ..9)d 12 The rate of plasma wave energy dissipation through linear
(- n (--)dx, (12 : :
L Jo and nonlinear processes is

whereny(t) is hot density averaged over the plasma length 2y(W() =2y andad HW(T)
L, we obtain mny(L,t) fvphwtr(u_,t)

d 1 . 2L Vph*V"(L,t)
anh(X,t)+EJh(X7t)|o:0- (13 (16)

v3f(v)dy,

here an integral term, gives a nonlinear term in a plasma
ave damping, thus determining the valueygf.
Finally, we derive the equation for the energy balance for
the plasma wave, the thermal and hot electron component, by
vidv—xni(t). (14 starting from a general conservation law; (denotes energy,

Using the electron current one gets equation for the ho&
electron generation

dny(t) -~ Np(L,t) [Vvpntve(Lb

dt L Von—Vir (LD ¢, denotes energy flux
We notev,,(0,t)=0 due to the boundary condition for a i ' :i ‘ i . _
plasma wave. The loss term is due to electrons which escape dt 2.: Wi, at 2.: wi(x,t) dIVZ ¢i(x)=0.
through open plasma boundaries, wihkkvy,/L=Kkv,,/L, a7

andk=1 and 2 for a free streaming and a Maxwellian flow, . ) N

respectively. We now proceed to evaluate the effectivéOr spatially averagedintegrated quantities one has to
damping rate in the plasma wave equatiéh We assume evaluate the energy flux at open boundaries

that a total damping is due to both linear Landau and non-

linear (trapping and wave breakihgeffects, namely:y Ez Wi(t)+£2 si(x,1)[5=0. (18)
= Y, andaut Yni,» Where for the Landau term we shall use a dt 4 L4
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FIG. 4. Bulk temperature variation in time, related to Figs. 1and  FIG. 5. Time evolution of the Raman reflectivity showing a
2: (a) k=0.007 andb) k=0.5. complexity of the(a) quasiperiodic k=0.05) and(b) intermittent
type (k=0.9).

For our system, the plasma wave, thermal and hot com- o _ _
ponent:W,(t) = >W+E,,+ E,, the electron energy densities are re-|nje<_:ted in order 'Fo preserve the pla_sma quasineutral-
are simply:Ey,=n,T, andE,=n,T,,; and the average en- ity. Accordingly, a I_o.ng—tlme Raman saturation qoqld be ob-
ergy flux, is given by®,,= *v,Ey, and®y,= = v E,,. For ~ served under conditions of physically more realistic current-
the Maxwellian, the above energy flux is multiplied by a free boundaries. _
factor~ 0.65. However, in real plasmas, an inhibited energy We briefly sketch a straightforward procedure. We shall
flux is modified by a parametdt~(0—1); in a heuristic Write a total electron current at the boundary as an algebraic
model of a highly complex electron energy transéit The ~ sum of the outgoing and the incoming componenlg;
=+ sign indicates the flux direction at the plasma boundaty ~=Jout—Jin, With Jo=Jin+Jp, for thermal and hot electron

x=0.L). By using the above expressions, the equation for th¢ontributions. We further write:J;;=nqvo, where ngvo
thermal energy variation is given as stands for a current of ambient electrons streaming into a

plasma layer. By requiring the total current at the boundary

d d to be zero, one readily evaluatédg in terms of the thermal
e[ MO To(O]=29W(t) = = [Ma(D)Th(V)] and hot components. The energy flux carried by ambient

electrons(with the temperaturely) is simply ®,~J;,To,
k L making the calculation of the loss term in the thermal bal-
- [[‘Dth“bh_q’qﬂo' (19 ance equation an easy task.

In further studies we shall refer to the above model as the
where we have introduced . as the return flux of fresh ©OPen one, in contrast with the closed model with an electron

ambient electrons through an open plasma boundége  transportinhibited by a build up of a space charge. The latter
infra). We note in passing a simplified form of EG.0) with case corresponds to e.g. plasma—vacuum boundary, with the
respect to a lack of a finite relaxation time, that is normallyenergy flux(®), coefficient restricted to low values. As for

required for a heat transfer via e.g. hot-bulk electron colli-the Maxwellian with an open boundary we get the factor
sions. 0.65; one should expect a wide range of dynamical regimes

between these two extreme transport cases.

V. OPEN BOUNDARY MODEL

. . . VI. KINETIC SELF-ORGANIZATION
We introduce a model with boundaries open to electro-

magnetic waves and plasma electrons. Accordingly, we al- We briefly analyze Raman complexity obtained in our
low a transport between an interaction region and a larggimulations. We chose parameters of the “standard case”
surrounding plasma environment. For electrons which escapstudied in depth in a fluid 3WI modéVide supra[3]. Initial

from an interaction layeflengthL) fresh ambient electrons plasma parameters are: the electron density is 0.1 of the criti-
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FIG. 6. Time evolution of the Raman transmittivity showing a  FIG. 7. Hot electron density variation in time related to Figs. 5
complexity of the(a) quasi-periodic k=0.05) and(b) intermittent  and 6:(a) k=0.05 and(b) k=0.9, exhibiting strong quasiperiodic
type (k=0.9). (a) and intermittentb) pulsations.

cal density, the electron temperature of 0.5 keV and thenaximum by halting Raman instability, later to experience
plasma length. =100c/ wg. We take the electron transport slow cooling through inhibited boundariéBig. 4).

coefficientk to be the main control parameter. We apply a  Further, we carefully vary a control parameketo study
continual pumping to observe different saturated states for ageneric structural bifurcations along the route to complexity
open and closedisolated system. Typically, we plot the (see Figs. 5-8 For k=0.05, in our system, we discover a
reflection and transmission coefficients in time, as well as th&ifurcation to a new state of kinetic self-organizatifh.
evolution of hot electron density and bulk temperature. WeStructural instability transits to a quasiperiodic dynamical
fix the pump equal to 0.025. For two cases of an oplen ( state, .o.bserved readily i.n.a train of temporal puls_es in the
=0.5) and nearly closeck0.007) system, after transient reflectivity and transmittivity. Hot electron population fol-
pulsations reflectivity saturates to a quasisteady state. As e}QWs, With strong quasi-periodic pulsations peaked around
pected, the transmittivity follows the same scenario. How-20% Of the initial electron density. On the other hand, the

ever, while for the open system reflectivity saturates to (,Pulktempera_ture, afte_r i.ts initial growth, exhibits strong saw-
tooth oscillations reminiscent of those observed in tokamak

high-finite value, in a strongly confined-closed system reflec- | Bv furth lofi " for th
tivity quickly drops to zero due to a complete Raman supp asmas. by further exploring a parameter space for iné open

: : S . system withk=0.9 we find a transition to a quasiperiodic
pression(see Figs. 1 and)2More precise insight into a ynamics interrupted by chaotic bursts. Closer insight into

phase dynamics finds out that, while the closed system saty ) ; . .
rates to an exact steady stdtdixed point”), in the open e attractor space f_lnds irregular portion (_)f the dynamics,
! pointing to an intermittent nature of this regime. Indeed, hot

case small periodic oscillatior(Slimit cycle™ ) are present. electrons are intermittently ejected in a form of intense jet
Moreover, in the latter case, the moderate hot electron popu: Y €l J

lation, which is locked to a finite-plasma wave as a source o§p't‘i<es (lll‘ﬁwrzzri:iivzi EII(ISF ia s%lkgglkf?a:::re rOft trrus ft3|’|p3v°f kr:
hot electrons, saturates to a quasisteady state. In distinctiof}S ¢ Se'i-organizatiofig. 7). bulk temperature Tolows a

. A - ntermittent scenario, by exhibiting quasiperiod@P) fluc-
in the closed system, hot density is high and nonsmﬂonar)}thations somewhat abzve its init?a?val(jgig. S(g‘.@F?nally

typically an order of magnitude higher than above, rapidly e show a temnoral route to complexity by plotting a phase
generated during an abrupt dissipation of Raman drive w P u piexity by piotting a p
space attractor for the hot electrofsg. 9). By varying a

plasma wavesFig. 3. It gradually relaxes in later times, due

to a convective cooling through the boundaries. Similar to é[ranspdorthparameté« (O.IY_do.g a gradualhonse_t Olf ‘E:omplﬁ?(-
hot population, important difference exists in abulktempera—Ity and ¢ a,?s Is revealed, starting with typical “stretching
ture evolution. In the open system, temperature saturates toaé{]d folding™ features of the periodic trajectories.
steady-state, moderately above an initial/ambient one. This is |, psSIPATIVE STRUCTURES AND ENTROPY RATE

due to a continual energy input via kinetic dissipation bal-

anced by efficient convection losses. In the closed system, Self-organization in strongly nonlinear far-from-

rapid and large temperature rise is observed, to reach igquilibrium systems leads to a creation of ordered states that
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I
2.0f
=1
1.2}
k=10.05
0.4 :
0 50000 100000
t (a5h)
FIG. 10. Spatiotemporal profile of the electron plasma wave for
— ——— varying k values. Different dissipative structures are seen on the
(b) k=009 J route to complexity, from the steady-state via quasiperiodic to in-
termittent regimes.
1.2} 1
basically governs self-organization features of a system. A
2 large amount of effort has been spent in attempts to relate the
entropy rate extrema to structural bifurcations and transitions
between different ordered statels 2].
First, we focus at self-organized dissipative structures de-
04 , veloped at macroscales. Indeed, in our model, basic wave
o 50000 100000 and fluid density variables were assumed to vary slowly in

t (awgh) space-time. Therefore, we expect that original spatiotempo-
ral profiles, found in simulations, should correspond to large
FIG. 8. Bulk temperature evolution in time, related to Figs. 5 dissipative structures, self-organized at macroscale levels. As
and 6:(a) k=0.05 and(b) k=0.9. an illustration, we plot the plasma wave profilig. 10, in
particular, to reveal a genuine spatio-temporal nature of an
reflect an interaction of a given system with its environmentintermittent regime as compared to regular dynamical re-
These dynamical structures or patterns, named dissipativgimes of the steady-state a@P type[3,6]. Spatiotemporal
structures to stress the crucial role of dissipation in theilcomplexity of quasisteady and traveling wave patterns with
creation, have become a central theme of the science of comegular and chaotic features is found in different states of
plexity [1,2]. On the other hand, there is a fundamental roleself-organization.
of the entropy, in particular, the rate of entropy change in an However, a hybrid nature of our model will also allow us
open system. The rate of entropy production and its removab recover kinetic properties of self-organization. By using
an analytical dependance of the electron distribution on vary-
k=07 k=0.8 ing hot (bulk) temperature and density) we shall expose a
0.022 genuine picture of kinetic self-organization at plasma micro-
scales. To show the self-organization featuring micro-levels,

0.002

0.000

k=0.007

0.000

-0.002 -0.022
0. 0.05 0.
0.01 0.2
. SRR
LN : \\\\\\\\\\\\\\\\\‘\\'g,;%\\\\&‘
. . TR
. e R
AR
0.00 o.o% R
hie - .""5;‘3‘:(..'-'-‘ &
-0.01 -02 FIG. 11. Three-dimensional view of the electron veloci istri-
i Y 006 2 ) 028 G ee-dimensional view of the electron velocity dist

bution in time for different saturated Raman regimes, as indicated
FIG. 9. Phase diagrams of the hot electron temporal evolutionby values of parametek. Microkinetic scale self-organization of
Onset of complexity is connected with typical “stretching and fold- varying complexity is revealed in both thermal and suprathermal
ing” of periodic orbits. (hot) regions of the electron distribution.
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FIG. 12. Dissipative backscatter and plasma wave structures vs
corresponding entropy changes in time. Positive entropy jump co- . . L
incides with an onset of chaos, while a negative burst indicates a FIG. 13. Simulation datq for the_ Raman re_flect_lvny in time ob-
transition from a chaotic to a laminar phase. tained by a % electromagnetic, relativistic, particle-in-cell cogd-

ter Miyamotoet al. [13]). Initial plasma parameters were the same
we plot the electron velocity distribution function. In Fig. 11 @S above, with a pump equal to 0.02.
we see a three-dimensional view of the electron velocity dis-
tribution in time for different saturated Raman regimes, as VIIl. SUMMARY
indicated by values of parameterKinetic self-organization , o i
of varying complexity is revealed in thermal and suprather- " Summary, we believe that our findings appear to be first
mal (hot) regions of the electron distribution. Furthermore, |nd|caF|on_ of a generic intermittent scenario in a kinetic self-
one can observe a complex connection and interplay betwedfganization of anomalous Raman instability. Although phe-
macro and micro levels of self-organization in a plasma. nomenological rather than rigorous our dissipative 3WI open

Finally, in Fig. 12 we plot the entropy ra@S(t)/dt in ~ model has self-consistently accounted for the entropy pro-
time together with a spatio-temporal profile of the scatteredluction and removal, for both thermal and suprathermal elec-
wave energy. We calculate the entra@yelated to electron trons. In this way, rich transient Raman complexity gradually

distributions asS(t) = Sy(t) + S, (t), where gets self-organized and attracted to definite saturated dy-
namical states, such as: steady-state, quasi-periodic and in-
L %) . . . .
SR _ _ L termittent ones. At this point we may note that one is able to
S(H= Jo dXJ,def'(X’V’t)In fiov.t), - (i=b,h). claim a consistency with the working hypothesis and general

(20 scenario of self-organization in plasmfk|. As a further

step, we expect an important justification for our hybrid-
For an intermittent regime, featuring an interchange bemodeling of saturated Raman complexity by the novel open
tween chaotic and laminar phases, we find a clear evidenggoundary particle simulation currently under development
of structural transitions corresponding to the maximum[12]. As an early illustration, we show in Fig. 13 recent
(positive and minimum(negative entropy rate. As a strik- particle-in-cell simulation data for a model of an isolated
ing example of self-organization in an open system we find glasma slab in a vacuufi3]. For the same parameters par-
rapid entropy increase which coincides with an onset of ajcle simulations show an evident support of above Raman

chaotic phase. Subsequent anomalous dissipation and eflectivity patterngFig. 1(a)] obtained for a nearly closed
tropy growth is halted by a sudden entropy expulsion into thgk=0.007) system.

environment. Negative burst in entropy rate indicates a bi-
furcation from a chaotic, back to a laminar quasiperiodic
phase. An intermittent 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 We acknowledge the partial support granted to one of us
simple entropy rate time series. Intervals of near zero entropyM. M. S.) by the Ministry of Education, Science and Cul-
rate during a laminar phase, mean a net balance between thee of Japan. The hospitality of the National Institute for
entropy production and its expulsion. This appears to be aRusion Science is gratefully acknowledged. This work was
example of a stationary nonequilibrium state possibly realsupported in parts by the Ministry of Science and Technol-
ized in a strongly nonlinear open systéf]. ogy of the Republic of Serbia, Contract No. 01E11.

ACKNOWLEDGMENTS

[1] T. Sato and the Complexity Group, Phys. Plasr8a2135 [3] M. M. Skori¢, M. S. Jovanovicand M. R. Rajkovic Phys.
(1996); 2, 3609(1995. Rev. E53, 4056(1996; Europhys. Lett34, 19 (1996.

[2] G. Nicolis and I. PrigogineExploring Complexity(Freeman, [4] R. Z. Sagdeev and A. A. Galeeonlinear Plasma Theory
New York, 1989. (Benjamin, New York, 1960



7434 SKORIC, SATO, MALUCKOV, AND JOVANOVIC PRE 60

[5] D. J. Kaup, A. Rieman, and A. Bers, Rev. Mod. Phy%, 275 1294(1999.

(1979. [10] B. Coppi, R. D. Blanford, and M. J. Rees, MNRA%2, 603
[6] M. C. Cross and P. Hohenberg, Rev. Mod. Ph§5, 851 (1993.

(1993. [11] S. J. Karttunen, T. J. Pattinkagas, R. P. Salomaa, and S. K.
[7] D. W. Forslund, J. M. Kindel, and E. L. Lindman, Phys. Fluids Sipila, Nucl. Fusior31, 1079(199J.

18, 1002(1975. [12] H. Takamaru, T. Sato, R. Horiuchi, K. Watanabe, and Com-
[8] W. L. Kruer, Physics of Laser Interaction@ddison-Wesley, plexity Group, J. Phys. Soc. Jpé6, 3826(1996.

New York, 1988. [13] S. Miyamoto, K. Mima, M. M. ®oric, and M. S. JovanovicJ.

[9] H. Rose, Phys. Plasmds 3868 (1998; 5, 3876 (1998; 6, Phys. Soc. Jpr67, 1281(1998; private communication.



