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Induced plasma nonuniformities and wave vector cascade in the strong wave-plasma interaction
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The interaction of finite amplitude electrostatic waves with an unmagnetized electron-ion plasma is studied
by means of a one-dimensional kinetic code that solves the Vlasov equations for the plasma species coupled
with the Poisson equation for the self-consistent electric field. An external force acts upon the charged par-
ticles, in the form of the sum of several counterpropagating electrostatic waves, characterized by a unique
frequency and a broad wave-vector spectrum, which form a standing wave pattern. The interplay between
several nonlinear aspects of the interaction, such as the wavebreaking, the particle trapping, the electron
heating, the production of ion beams, and the principal role of the wave-induced plasma density nonuniformi-
ties as the trigger of the above processes are investigated.

PACS numbeps): 52.40.Db, 52.25.Dg

I. INTRODUCTION sideration and the linearizations of the models are no longer

justified. In the above examples|v, becomes of the order
The interaction between intense electromagnetic wavesf unity at least in some well defined spatial regions.
and an electron-ion plasma constitutes one of the fundamen- Due to the complexity of the wave-plasma system, most
tal problems of plasma physics and indeed it has been @f the relevant investigations performed in the past have had
subject of theoretical and experimental investigations for dethe aim of elucidating the characteristics of the occurrence of
cades. Finite amplitude waves can exist in a plasma due t§‘e individual types of phenomena. In 1972, Zakhalrbg]

beam instabilities or due to their excitation from the outside emonstrated the formation of plasma density depletions as a

: o consequence of the onset of the modulational instability,
by applying electromagnetic fields from external SOUrCES,ith the possibility of the dynamical evolution of the wave-

Once the large amplitude plasma waves are excited at a levglasma system towards a collapse in a finite time: that is
higher than that of the thermal fluctuations, they produce @ramatic behavior of the physical system with well defined
broad class of nonlinear processes that manifest themselvmcroscopic consequences that could be observed and mea-
in macroscopic and microscopic evidence. In order to supsured. Several analyses have followed Zakharov's results,
port our investigations of the strong wave-plasma interacmainly based on fluid models, which have contributed to
tion, it is worth mentioning the radio frequenc¢sf) heating  establishing the basic role of the ponderomotive force in
experiments relevant to fusion studies, where several piecéliving several plasma nonlineariti¢s3—19. However, to

of evidence of the nonlinear plasma response to the applie@ur knowledge the kinetics of the plasma cavity formation
power are observefil—3]. In particular, the production of have never been investigated in detail, leaving unexplored
fast electrons in the edge plasma region, facing the antenng§Veral points of basic interest, such as: what is the particle

through which the rf power is injected into the plasma, an electron and iondistribution function inside the plasma re-

the consequent damage to the metallic structures and gene%pns where the cavitation has occurred and strong electric

tion of impurities[4—6] represent a serious impediment to |eld.; ar_ld denfsny |nhog]ogen$|tles are prehsentt;hor wh;ph
the implementation of lower hybrid wave heating at a reactOtmeC_ anisms of energy dissipations occur when the cavilies
scale. Conversely, an effective upshifting, occurring due form; or how does the plasma temperature behave inside the

: . , ? -
to the nonlinear character of the wave-plasma mteractloﬁjepleted zones? Moreover, one could wonder how the char

[7.8], has been invoked to explain the high efficiency ofacteristics of the excited waves change during the nonlinear

noninductive current drive in tokamaks that was already ob!nteracuon; how their wave-vector and frequency spectra

served in the early relevant experiments. It is also to be noted®"Y: Do the |n|_t|al plasma oscillations maintain their Wavg
that terrestria[9] and satellitd 10,11] observations of iono- cha'gta::r:er, ”:;u |;,mdo It(ri]r?ytipreierlve th?r\;eggjlarnstrur(;itucrie. N
spheric plasmas lead one to assume that large amplitude € same lime, KInetic analyses have been carried ou

plasma waves interact with the medium through ponderomo'—n the past that sought to describe the onset of instabilities,

tive forces. The parameter that indicates whether or not thglduced by the presence of mte_nse particle *?eaT“S or by a
Strong pump wave, that result in the energization of the

nonlinear character of the interaction is expected to be domi= o . .
. ) ) o~ plasma oscillations as well as low frequency ion density fluc-
nant is the ratio of the electron quiver velocity  ,a60ns. The parametric instability and the oscillating two-
=eEy/mewq to the electron thermal speede= v2Te/Me.  stream instability are two classical examples of the nonlinear
Here,E, and o are the amplitude and the frequency of the processes cited aboy20—24. It has been shown that under
electric field acting on the plasma particles,, e, andT.,  the develoment of such instabilities the wave-vector spectra
are the mass, the electrical CNharge, and the temperature of tae the pump waves are strongly modified; an effective cas-
electrons, respectively. Whan'v{.~1, nonlinearities play cade towards higlk values takes place, resulting in a more

an important role in the evolution of the plasma under con-effective wave coupling with the initially rather cold plasma
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electrons. More recently, much effort has been devoted to the JE

study of the nonlinear Landau damping of initial finite am- e 2 Qaf dv fa(x,v,1), 2
plitude electric disturbances in an electron plagi2&—30. amed

In general, in the kinetic studies of the wave-electron inter-

action attention is paid to neither the plasma density redistrig;ip, periodic boundary conditions, in the interval

bution that accompanies such nonlinear processes, nor to t [0,2m/k,], wherek, is the minimum wave vector excited
behavior of the electron temperature, which should evolve, th’e plasrr,1a.

due to the energy flow from the initial disturbance into the e Eq/(x,t) is the externally applied driving field, and

electron component. _ the normalized variablesw,t—t, v/ic—v, wyx/C—X,
In order to investigate the above mentioned aspects of the INga— f 4, €E/m.cw,,—E have been used. Moreove
a a a i pi . a

\li\{avg-p(ljasmg mteracf:tlr(])n, It 'f.’ necessz?ry_ to rrf'larlje use of g “andT, are the electric charge, the mass, and the tem-
f|net|c escrllptlon of the non mgarhevo ut|<|)n E t ehnonum— perature of thea speciesc is the speed of lighte is the
orm wave-plasma system, and then to 100k at the correg g iis of the electron chargeh—1, A,——m,/m,

sponding macroscopic processes that can be subjected to ex- _ 2.2 — o7 T -
perimental observations as well. 100, Ba=v7d/C, and vra=y2Ta/m,. The initial

Recently, a line of theoretical research has started th L{nperturbed state of the system is characterized by

aims at investigating the response of an electron-ion plasmaaxwe"'_""lr/] _elzcl—:‘ctrons and ions, |.e.,fa(x,v,t.—0)'
under the action of externally applied electrostégig fields = (7B82) “?e”""'P, and by the exact charge neutrality, i.e.,
[31-34. The investigation is based on the numerical integraE(X,t=0)=0. In order to be more realistic, we consider the
tion of the one-dimensional Vlasov equations for the plasm&xternally applied electric field acting on both species char-
electrons and ions coupled with the consistent es fiel@cterized by a broad, i.e. nonmonochromatic, wave-vector
through the Poisson equation. The full kinetic analysis proSPectrum. Specifically, the driving field reads

duces a description of the physical system in the physical

space x,t), in the phase spacex,v), and in the Fourier

space k,w). The main goal of this paper is to present the Eqr(X,t)=EgSinwot| cogkox+ ¢)

results of a detailed numerical analysis of the various pro-

cesses that take place during the interaction between strong

es waves and a collisionless plasma. Moreover, specific ef- + > apcod(m+kex+odnll; (3

fort will be devoted to giving a consistent unitary overview m=1n

of the macroscopic and microscopic aspects of the interac-

tion and to emphasizing the principal role played by the mac- . . . .
roscopic pIasnF:a densi%y norﬁ)unifop:mities gs )::1 trigé]/er for thérrhat IS, & stgndmg wave pa'gtern IS cor_13|d_ered. .5’91&0
onset of kinetic nonlinearities. Finally, we shall show that theOnly the ,baS'C r_nonc_)chromatlc mode wiky is excited. In
continuous application of wave energy to an initially uni- Eq.(3) ¢'s are time independent phases of the components.
form, low density, and relatively cold plasma, typical of the We have investigated the nonlinear wave-plasma interac-

edge region of a tokamak device, results in the formation Ofion that oceurs in the.region faci.ng a gr.ill—type antenna feed-
localized density depletions, in the effective nonuniform!nd the high power rf in the heating regime of tokamak plas-

plasma heating, witf.>T,, and in the energetic ion beam mas. More specifically, we have cons?dgred the; plasma ar!d
production the wave parameter values characterizing the ion Bernstein

The numerical model is presented in Sec. II. Section IlI igvave heating of the FTU plasni&6]. Then the typical nu-
erical values of the plasma parameters amg

devoted to the discussion of the onset of the strong densit}’ Lo 3 T.— - :
modifications induced by the applied electric field. In Sec. Iv— 10" M ", T¢=10-30 eV, T;=5-15 eV. The field pa-
the phase space dynamics of both electrons and ions are d@meters arefo=433 MHz, No=5, Eq=1 kv/cm; the

scribed. In Sec. V the collisionless heating of the plasma iSYMmetrick-spectral distribution of the wave energy is char-
discussed. Section VI is devoted to concluding remarks. acterized by the amplitudes of the<6) harmonics ok,
i.e.,a;,=0.69, a,=0.45, a3=0.53, a,=0.63, a5=0.38, a4
=0.01. Taking into account the reduced ion mass used in our
simulations, the above values correspond to the following

The present investigation is based on a fully kinetic modepomﬁl'zed referggce pairgmeters:ﬁe=4>< 10°°-1.2
for an electron-ion plasma under the action of the externally<10 ", %ZZX 107°-6X10"", wo=2.2, ko=11, Eg
applied and self-consistent es fields. The ion—to—electron=0-5<10"°. The investigation has covered a wide range of
mass ratio is taken equal to 100 in order to shorten the confXternal field values (0.0065E,<0.004). In the following
puting time, but leaving two well separated time scales charanalysis and in the relevant figures, all the physical quantities
acterizing the electron and the ion motion. The Coulomb@re in dimensionless units, as specified in this section.
collisions are neglected.

The two nonrelativistic Vlasov equations for electrons
and protons are numerically integrated together with the IIl. PLASMA DENSITY EVOLUTION DRIVEN
Poisson equation for the self-consistent electric flB5]: BY THE WAVES

Let us begin our investigation by looking at the macro-
(1) scopic response of the electron and the ion fluids to the ex-
ternally applied field. In Fig. 1 the electron density (upper

Il. THE MODEL

&f""+ afa+A E+E afa—o
ot TV ax TAaBFEa) 7 =0,
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FIG. 1. (Color) Electronn, (upper figur¢ and ionn; (lower figure densities, normalized to their initial valug, displayed in thex,t
plane, forEy=0.001. Thex axis extends in width, theaxis extends in length.
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FIG. 2. Time evolution ofh, [(A),(C)] andn; [(B),(D)], at x=0.258. CurvegA) and (B) refer to the broad spectrum excitation, with
E,=0.001. CurvegC) and(D) refer to the monochromatic pump, wiy=0.00158, releasing the same total energy to the plasma as in the
preceding case.

figure) and the ion densityy; (lower figurg, normalized to is achieved in a finite timey, for a particularx value, after

their initial valuesn,, are shown in thex;t) plane. The \yhich the density profiles tend to a quasistationary spatial
forcing field is characte_nzed_ by the widespectrum defined  51term in which the plasma density inside the cavity remains
at the end of Sec. I, witleo=0.001. Itis seen that initially  5n5reciably lower than the initial density. In Fig. 2 the nor-
two very distinct narrow holes are formed, at the position Ofmalized electron densit)(A) and (C)] and ion density(B)

the maximum electnc_fleld intensity. Later_ on, these_ tW.Oand(D)] are shown versus time, at=0.25. PlotsA and B
holes merge into a wider and almost stationary cavity N ofer to the broad spectrum defined in E@) for E
which the minimum density value is around 60% of the un- P 0

perturbed density. By comparing the two plots, it is observed_ 0|i001.ﬂ'1l'he or::_currencei 01; a d?ntz_;lty m|n|{nt1m_ apphe_arrf,thas
that the plasma maintains its own local quasineutrality as i}Ne as the achievement ot a stationary state in which the

i i 0, i -
evolves. The generation of a strong density depletion can bgcal pl_asma density is ?‘b"“t 60% ”‘5 In Fig. 3 thenon
linear time 7,,,, over which the nonlinear character of the

interpreted in terms of the action of a ponderomotive force. . . . . .
However, it should be noted that in the problem at hand thé{vave—plasma interaction manifests itself, is plotted as a func-

driving field is alow frequencywave, contrary to what is 10N of the applied field intensityEg, for Te=10 eV, T,
usually assumed in most of the theoretical investigations of > €V (O), and forTe=30 eV, T;=15 eV (X). At lower

the effects of the radiation pressure, where a spatially noriémperatures, the scaling gf is almost linea(with a nega-
uniform high frequency field is at the root of the nonlineartive coefficieni in the considered range d; values. At
forces. In particular, in our case the physical system does nd@rger fields a saturation is expected, which is already evident
exist under conditions where the electric field evolves over &t higher temperatures. The apparently unphysical behavior
fastand aslowtime scale, as is usually assumed. Nevertheat smallerEy’s is due to the fact that here the system tends to
less, although the pump frequency is much lower than théespond linearly, and the depth of the density depletions be-
electron plasma frequendipeing of the order of the ion comes smaller and smaller. Thep is no longer meaning-
plasma frequendya net effect emerges that looks to be pon-ful. The isolated mark {ES%Z.SX 108 corresponds to con-
deromotive in nature and persists all along the external forcsidering a monochromatic spectrum witg,=0, for m

ing. A common feature of the time evolution of the plasma=1-6, and the same total energy contained in the broad
density under the action of the applied field, for field valuesspectrum withEy=0.001 concentrated into a single mode
in the range 0.0008E;<0.004, is that a density minimum with ko=11. The corresponding density evolution is shown
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broad N;; spectrum, with high wave-vector components, is
the speeding up of the appearance of the nonlinear character
of the wave-plasma interaction, compared with the case of a
monochromatic spectrum with the same energy. We observe
also that the same effect of a broad spectrum compared with
a monochromatic one has been found by running the two-
dimensional magnetized fluid code described3].

In order to better understand the process of cavity forma-
tion, we have plotted in Fig. 4 the spatial profiles of the
electric field E(x,t) [(A),(D)], the ion densityn;(x,t)
[(B),(E)], and the ion fluid velocityJ;(x,t) [(C),(F)], att
=30 (left-hand columh and t=200 (right-hand colump
Here

+ oo

dv vf (X,v,t)=(v),,

— o0

Usx =

na(X,t)

with a=e,i. At early times[(A)—(C)] the formation of the

two density holes, in correspondence with the position of the
maximum field amplitude, is characterized by two oppositely
directed shock waves that form the two density dips at the

in Fig. 2(C) for n, and(D) for n;. We see that, although the boundaries of each hole. Correspondingly, large velocity gra-
density depletion occurs more slowly in the latter case, thalients are formed. The maximum velocities achieved coin-
minimum density value reached during the time evolution iscide with the local sound velocityc(~1.3x 10’ cm/s for
almost the same. Then we can state that from our kinetid.=10 eV). At later timeg$(D)—(F)], the two holes merge in
simulations one of the macroscopic effects of applying a unique large density cavity and the convective motion out-
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FIG. 4. E(x,t) [(A),(D), multiplied by 18], n; [(B),(E)], andU; [(C),(F)] versusx att=30[(A)—(C)] andt=200[(D)—(F)]. The electric

field amplitude isE;=0.001.
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FIG. 5. Spectral density function of the ion density fluctuations  FIG. 7. fe(x,v,t) vsv, for the monochromatic excitation, with
In; «(1)]? vs k at different timest=2 (dotted ling, t=10 (dashed ~Eo=0.00158. PlotgA) and (B) showf, att=110, at two spatial

line), t=25 (dot-dashed line t=60 (solid line). The electric field  Positions,x=0.285 andx=0.22, respectively. Plot¢C) and (D)
amplitude isEy=0.001. show the spatially averaged EDF &t 110 andt=200, respec-

tively. The dotted line represents the initial unperturbed Maxwell-

ward from the region where the es energy density is concerf@™
trated takes place at a velocity much smaller than the sound
speed. such spectral dynamics will be discussed in the next section,
That the excited waves do act strongly on the ion popuin connection with the time evolution of the electron distri-
lation can be demonstrated also by looking at the wavebution function.
vector spectra of the ion density fluctuations. In Fig. 5 the
spectral density functiom; ,(t)|? is plotted versusk at dif-
ferent times,t=2,10,25,60. The monotonic increase of the
ion fluctuation level is evident, with the maximum amplitude  Thek range of the applied spectrum and, in particular, its
aroundk~100. We end this section by inspecting as well thedominant part ak=11, would not by itself give rise to any
time evolution of thek spectrum of the electric field. In Fig. appreciable resonant interaction with the plasma electrons,
6 k?|Ei(t)]? is plotted versuk at the same times considered due to the low initial electron temperature. However, the
in Fig. 5. The externally excited spectrum extends ugkto appearance of field fluctuations at higtvalues, due to the
=66 (for k=77 it is vanishingly smaJl As shown by the nonlinear interaction made more effective by the presence of
plots, as a consequence of the nonlinear character of theigh k components in the electric field spectriat k=55
wave-plasma interaction, at ¥@<<25 the spectrum broad- there is the relative maximum,=0.63 in the amplitude dis-
ens, producing an effective energy cascade towards highetibution of Eq. (3)], triggers a wave-particle interaction of
k’s, following the onset of the plasma nonuniformities al- resonant type. In Fig. 7, the electron distribution function
ready seen in Figs. 1 and 2. The important consequences (DF) f, versus the velocity is shown for the case of the
monochromatic excitation. Plof#\)—(C) and (D) are taken
- — ——— at t=110 andt= 200, respectively. Figures(X) and 1B)
refer to two different spatial positionsg=0.285 [where
E(x,t)~0] andx=0.22(close to the maximum value of the
electric field amplitudg Figures 7C) and D) show the
EDF averaged over the spatial interval of integration. Figure
8 displays the same plots as in Fig. 7, for the broad spectrum
with Eq=0.001, but for figuregA)—(C) which are taken at
t=30. The dotted lines represent the initial Maxwellian EDF.
From Figs. TA),(B) and 8A),(B) it is seen that, although the
lowest electron velocity that resonates with the applied broad
spectrum isv ,i~0.033, which is more than five times the
electron thermal speed, alreadytat30 the EDF manifests
the typical bumps that are signatures of the occurrence of the
016 S Yy . resonant wave-particle interaction, at much lower velocities
10 100 1000 thanv i . Indeed, this is made possible by the growth of the
k high«k tail. The nonlinearly produced resonant phase veloci-
FIG. 6. Spectral density function of the electric field fluctuations ties are close enough to each other that the electrons can
K2|Ei(t)|? vs k at different timest=2 (dotted ling, t=10 (dashed  €asily acquire a high energy level: the EDF tends to broaden
line), t=25 (dot-dashed ling t=60 (solid line). The electric field and to flatten.The resonant wave-electron interaction, the
amplitude isEy=0.001. wavebreaking of the plasma oscillations under the action of

IV. ELECTRON AND ION PHASE SPACE DYNAMICS
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(4) (B) value corresponding to 4.5 times the initial electron thermal
8 speed. The dramatic evolution of the EDF is displayed in
Fig. 10, for E;=0.001 (upper plot$ and Eq=0.002 (lower
plots). The times =30 (left-hand columhandt= 200 (right-
hand columi are reported. The strong broadening of the

100.00

10.00F

0.10 0.10 . .
. i .: EDF is then a clear consequence of the es energy flow into
O o O e wave vectors much larger than those characterizing the pump
waves. The ion distribution functiofiDF) is affected by the

(c) (D) applied spectrum as well. In Fig. 11 the IDF is plotted versus
) the velocity for the same conditions as in Fig. 8, but Egyr
=0.002, since at lower field amplitudes the ions do not ac-
quire appreciable energy from the waves, even over long
times. The time evolution df; is mainly characterized by the
production of high energy beams, which behave as though
decoupled by the main body of the distribution. The kinetic
energy of the ion beam appearing in p(&) is of the order
FIG. 8. f(x,v,t) vsv in the case of a broad spectrum, with of 100-200 eV. It is seen that during the transient phase
Eo=0.001. Plots(A) and (B) showf, att=30, at two spatial po- [see Fig. 11A)] there are spatial regionén this casex

—0.04-0.02 0.00 0.02 0.04

—0.04-0.02 0.00 0.02 0.04

sitions,x_=0.285 andk=0.22, respectively. Plot&) and(_D) show =0.285) where a narrowing of;(v) appears, which is a
the spatially averaged EDF &t 30 andt=200, respectively. The  gignature of a kind of local “cooling” of the ion component.
dotted line represents the initial unperturbed Maxwellian. These features of the ion dynamics are a direct consequence

of the strong spatial nonuniformities of the plasma induced
By the nonlinear interaction. The overall ion energy in-
Qreases, as will be shown later. Over long times, the ion
component is heated as well.

From the above considerations, it is clear that we have
considerable evidence that the formation of the “tail” in the
appliedk spectrum plays an important role in determining
2 . the evolution of the system. Indeed, we have already seen in
tation is due to the broad spectrum. In this latter case, ia—'ig. 2 that, for the same energy content, the broader spec-
broadening of the bulk of the.EDF IS also.produged. It COtrum speeds up the occurrence of the nonlinear behavior of
responds to t'he electron heating, which will be discussed iBhe system. On the other hand, the production of spatial
the next section. . . _. plasma nonuniformities is at the root of several processes,

The evolution in the electron phase space is shown in Fi uch as wave breaking, ion acceleration, and spatial redistri-
9, where the level contours 6f(x,v,t) are shown at=30 bution of the kinetic energy. One more element supporting
[(A),(C)], and 200((B),(D)]. Plots(A),(B) and(C),(D) refer o imnortant role of the ion dynamics in determining the
t0 Eo=0.001 andEy=0.002, respectively. It may be useful o\4jution of the whole physical system is that we have run
to mention explicity the values_ of the phase veIocmes,the code for fixed iongthat is, treating the ion component as
Vg,m=wo/[(M+1)ko], of the excited wave vectors for the 5 gneyolving uniform neutralizing backgroundnd we
given frequencywo: v40=0.2, v41=0.1, v42=0.067,  haye found almost no energy cascade to highand corre-
v4,3=0.050,0,4,4=0.040,v,4,5=0.033,v,4,6=0.029, the last  g5ndingly no particle acceleration.

The introduction of the spatially averaged distribution
functions, as shown ifC) and(D) of Figs. 7, 8, and 11 leads
us directly to dealing with the time evolution of the plasma
temperature. In the next section we shall present the results
concerning the time evolution of the electron and ion tem-
peratures.

the applied field, and the consequent electron acceleratio
are made possible by the onset of the strong plasma inhom
geneities(see[38] for a recent study of the breaking of non-
linear plasma oscillations in a cold plasma&he result of this
interaction over long times is well represented by the spa
tially averaged EDF's displayed in Figs(DD) and 8D).
Long tails are developed, much more effectively if the exci-

(4) (8)

® e V. COLLISIONLESS PLASMA HEATING

The broadening of, and, to a lesser extent, 6f corre-
sponds to plasma heating. Let us introduce the temperature
of the a species 4=e,i) [39], i.e.,

T _ M J’Hd 2f
a(th)zm . v[v—U(x,) [“fa(X,v,1)

FIG. 9. Contour lines of the EDF in the phase spagefor the =my([v— Ua(x-t)]2>a-
broad spectrum case. Plg#),(B) and(C),(D) refer toE,=0.001
and 0.002, respectively. Times 30[(A),(C)] andt=200[(B),(D)] In Fig. 12 the electroi(A),(B)] and the ion[(C),(D)] tem-
are considered. peratures are shown versysatt=30[(A),(C)] andt=200
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P ] =

FIG. 10. (Color) The EDFf¢(x,v,t) in the phase spaceuv for the case of a broad spectrum, wiy=0.001 (upper plot$ and E,
=0.002 (lower plotg. The left- and right-hand columns refer te- 30 andt=200, respectively. The axis extends in width, the axis
extends in length.

[(B),(D)], for E,=0.001. We remind the reader that the ini- curs inside the density cavities. Moreover, ions suffer of a
tial values are T,/mic?=2x10"7 (T.=10eV) and very peculiar kind of energizing, manifesting alternating re-
T;/mc?=10"7 (T;=5 eV). According to the discussions of gions of heating and regions of cooling. In order to inspect
the preceding section, localized strong electron heating ognore closely the global energy increase of the plasma spe-
cies, it is worth introducing the spatially averaged electron
) (B) and ion temperatures, where again the average is taken over

1000.0F 1000.0F the integration range e[ 0,27/Ky]. Figure 13 shows the av-
100.0} 100.0f
_e (4) e (B)
10.0F 10.0k 5.0x10 5.0%10
1.0F 1.0¢ i 1 3.4x1076} 1 sax1076} 1
0.1 AL ‘ 0.1 ‘
—0.005 0.000 0.005 -0.005 0.000 0.005 1.7x1076| 1 mxm’G;J\/\V“\-
(c) (D) 1.021077 1ox10=7
1000.0F 1000.0F 0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.10 0.20 0.30 0.40 0.50
100.0f 100.0} (c) (D)
2.50x10™7 2.50x1077
10.0F 10.0F
1ok 1ol 1.77x1077 1.77x107 7}
0.1 ! 0.1 L —rl 7|
—0.005 0.000 0.005 —0.005 0.000 0.005 1.03x10 1.05x10
. . -8 -8
FIG. 11. f,(x,v,t) vsv in the case of a broad spectrum, with %9%0~7¢ 8.00<10
0.00 0.10 0.20 0.30 0.40 0.50 0.00 0.10 0.20 0.30 0.40 0.50

E,=0.002. PlotA) and(B) showf; att= 30, at two spatial posi-

tions, x=0.285 andx=0.22, respectively. Plot&C) and (D) show FIG. 12. T(x,t) [(A),(B)] andT;(x,t) [(C),(D)] are plotted v
the spatially averaged IDF &t=30 andt=200, respectively. The att=30[(A),(C)] andt=200[(B),(D)], for E,=0.001. Both tem-
dotted line represents the initial unperturbed Maxwellian. peratures are normalized to,c2.
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FIG. 13. Average electrofA) and ion(B) temperatures, nor- Eo
malized tom;c?, are plotted vs, for Eo=0.00158(1), in the case of _ )
monochromatic excitation anl,=0.001(2), 0.002(3), 0.004(4), FIG. 14. Saturation value of the spatially averagednormal-
in the case of broad spectrum. ized tom;c?) vs the dimensionless applied field intens&, in the

case of broad spectra.

erage electrorfA) and ion(_B) tgmperatures versus time, for —4x10°2 (att~200). This spectral dynamics may be inter-
several values of the applied field amplituig Going from 10 a5 thdor one of the saturation mechanism for the
the lower to the upper traces, they refer Eg=0.00158  growith of thek tail.
(curve 1, the case of the monochromatic speciyud001 We end this section by analyzing the spectral density
(2), 0.002(3), 0.003(4). Two observations are in ordefi)  function of the electric field fluctuations, which gives us an
after a transient phase, a quasistationary state is achieveflerall picture of the various modes that are excited by the
which is characterized by constant temperatures or at mosixternal pump. In Fig. 15 the shaded contour |eve|B32)ﬂ2
by a slow increase in temperature. The duration of the tranin the planex,» are shown for the excitation due to the
sient evolution actually coincides with,, discussed in Sec. broad spectrum wittE,=0.002. The white strip atv~2.2
. (ii) The electrons are heated much more effectively thamepresents the pump field. At high frequencies, i.e., dor
the ions; quite independently of the initial conditions, anaround 10, the excitation of plasma waves clearly takes
asympotic state witf,>T; is attained. Moreover, it is seen place. As can be seen, a clear effect of the induced plasma
that the monochromatic spectrum is much less effective innhomogeneities is that in theregions where strong density
heating the plasma species, even if compared with the broa@epletions occur, plasma waves are excited with a broad,
spectrum withE,=0.001 which carries the same amount of mostly down-shifted spectrum, thus extending the possible
energy. The process of edge electron heating during the cr&oupling with low frequency modes. Correspondingly, in the
ter formations has been experimentally observed during higlPW frequency region, that is, fop<1, large amplitude ion
power microwave irradiation of different plasma9—47. |f ~ acoustic oscillations are observed. o
we plot the saturation electron temperature, taken as the From all the above considerations, the kinetic approach
value of T, corresponding to the “knee” at,, where the
transient phase turns into the almost stationary time evolu-
tion as a function of the applied field intensity, we get Fig. '#
14. The almost linear increase of the average electron tem
perature reproduces qualitatively the experimental trend re:
ported in[41,42, before reaching the saturation value. Itis o
worth noting that as a consequence of the strong electror
(and, to a lesser extent, ipheating observed, the ratio of the = &
particle quiver velocity to the corresponding thermal speed
0aEo/Muwqut, may become smaller than unity, thus acting
as a sort of saturation for the nonlinearity and contributing to
establishing a quasistationary phase.

The conditionT.>T,; which is achieved has interesting
consequences as well. Undamped ion acoustic waves may t

excited fork<kp.=(2A/B.) Y2 With reference to the evo- 0.00 0.10 0.20 030 0.40 0.50

x

lution of the system foilEy=0.001(see Figs. 5 and)6we
see thatkp. decreases because the electron heating goes FIG. 15. Shaded contour levels of the spectral density function
from kpe~2x10° for B,=4x10"° (att=0), tokpe~700  of the electric field fluctuationkE,,|2 in the planex, w, for the broad

for Be=4x10"* (att~=30), and finally tokp,~200 for B,  spectrum withE,=0.002.
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adopted here emerges more and more as a necessary tool éited by forcing an electron-ion plasma with a frequency
investigating correctly the nonlinear wave-particle interac-higher than and approximately equal to the electron plasma

tion, even in its fluid aspects. frequency, respectivelf20-24. There, the high frequency
pump leads to the excitation of low frequency fluctuations in
VI. CONCLUDING REMARKS the form of ion-acoustic waves. Our case differs from those

. cited above in that our system is acted upon by a low fre-

In the present work we h:?\ve pr_ese_nte.d and_ dls_cussed ﬂ?ﬁjency pump, only a bit more than twice the ion plasma
numerical results of a detailed kinetic investigation of anfequency. This is a quite specific condition which has never
electron-ion plasma subject to an externally applied spatialleen studied before. The electrons follow the applied field
nonuniform ac electric force. A one-dimensional geometryyithout delay, while the ions still manifest some inertia due
has been conS|der_ed, which may be a_cceptable.as a rjnod.eltgf the fact thatw,™> w,;. Then a charge separation is pro-
a strongly magnetlzgd plasma. The aim of the investigationyced that excites plasma waves wish extending within a
was to study a physical system closely resembling the relgsroaq range around,., due to strong plasma nonuniformi-
tively cold and low density edge plasma, which can be foundjes a5 seen in Fig. 15. These electron plasma fluctuations
just in front of a grill-type antenna irradiating the rf power gecay, giving rise to the ion acoustic turbulence, which is
for onver hybrid or ion Bernstein wave heatlng_._ In order to quite visible in Fig. 15, under conditions of negligible damp-
remain as close as possible to the actual conditions of WaVgag  since the system evolves toward the state Wit T, .
plasma interaction, compatibly with the refinement of the “one important conclusion that we can draw from the re-
kinetic description, we have considered a broad wave-vectayjts of our analysis is that, the key physical process that
spectrum modeling the one which is excited by the grill forgeems to be at the root of most of the phenomena described
ion B(_arns_,teln heatm{ﬁﬁ]. For realistic values of thg applied iy our paper is the occurrence of plasma nonuniformities
electric field and of its frequency, several nonlinear pro-j,q,ced by the wavef43,44. This “fluid” aspect of the
cesses have been observed to accompany the plasma fasma dynamics triggers several kinetic events, among them
sponse to the forcing field: the formation of quasistationaryne ion acceleration on one hand and the spectral broadening

density rarefactions and condensations, to which a rearranggy, the other, which leads to an efficient plasma heating,
ment of the es energy density corresponds; the production @, ,acterized by > T, .
energetic ions; the nonlinear plasma heating; the broadening et
of the excited wave-vector spectra of both density and field
fluctuations towards higk’s.

In the early 1970s much theoretical effort was devoted to The numerical computations presented in this work were

investigating the parametric and two-stream instabilities exsupported by the INFM Parallel Computing Initiative.
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