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Vlasov simulations of strongly nonlinear electrostatic oscillations in a one-dimensional
electron-ion plasma
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The problem of the microscopic plasma response to the excitation of large amplitude electrostatic perturba-
tions in a two-component plasma is studied by means of the numerical integration of the Vlasov-Maxwell
system. The decaying of an initial electron density perturbation as well as the plasma response to an externally
applied oscillating electric field are considered for times much longer than the typical ion-plasma times. The
interconnections between the microscopic particle dynamics and the macroscopic plasma density and tempera-
ture evolutions are investigatel51063-651X98)02811-4

PACS numbds): 52.35.Mw, 52.35.Qz, 52.35.Fp, 52.50.Gj

[. INTRODUCTION decaying initial electron density perturbation, and for the
case of an externally applied electric field. The intensity of

In 1972, Zakharo\1] established the basis of the strong the perturbations has been characterized Hy 2, definitely
turbulence theory in a collisionless plasf2d demonstrating  |arger than unity, still remaining in a nonrelativistic regime
the possibility of the Langmuir wave collapse as an efficientyf interaction[12]. In order to work with limited integration
channel of energy dissipation into the electrons. The excitaimes, a fictitious proton to electron mass ratio of 100, in-
tion of shorter and shorter spatial scales, accompanying thgead of the actual value, has been considered. This shortens
formation of density cavities where the electrostaitS)  the characteristic times of the ion response, with respect to
field becomes trapped, provided also a physical answer to thie electron evolution, by a factor 4 to 5, while maintaining

Langmuir condensate paradfk3]. A large number of the- o well separated time scales for the two components.
oretical investigations followed those results. They were ini- | recent years new interest in such regimes of strong

tially based on a fluid description of the medil-6] and  \yave-plasma interaction has been manifested due to the ex-
were extended also to the case of magnetized pla§f@s  perimental observations carried out in magnetic fusion de-
Later on, kinetic approaches were also attempted in order t9icas as well as in ionospheric plasmas. In the first case,
describe dissipation processes arising when thg typical Scatﬂjring radiofrequency plasma heating in tokamak plasmas, a
!engths become comparable with the ES screening I€9gth reduced accessibility of the wave energy to the central
l.e., the electron Debye lengthpe=VTe/4mNee”. AMONG 1 aqma has been observed together with the pump wave fre-

th?l most recent g"?‘perzs ;Nhere tfhe\}alroceslj of _theh Langmulf \ency broadening, parallel wave-vector spectral modifica-
collapse Is treated In the frame of a Vlasov kinetic theory, W§j,5 and an enhancement of the density fluctuation level at

wishdt_o mef‘“onl thlose by Wanet al. [10’1:3' Tgere, the the edgg13]. On the other side, in ionospheric plasmas ES
one-dimensional Viasov-Poisson system has been numety,, o packets with frequency of the order of the lower hybrid
cally integrated in order to describe the onset of the modu

' . o . : . frequency, accompanied by localized density depletions,
lational instability and its evolution towards the formation of have been detected by the instruments of the FREJA satellite
density holes where the ES energy gets trapped. The kinet

4]. Such observations can be qualitatively described in the
results have then been compared with those of the flui - Su val quairatively ! !

. = k of a fluid th f the st -pl inter-
theory used in the original paper by Zahkafdy and good ;?trigivflfé]_ orafiuid theory ot Ihe strong wave-plasma inter

agreement has been found up to the occurrence of the first With the aim of formulating a kinetic theory of the inter-
collapse. Generally speaking, most of the investigations on .

hi biect h b iod ; I litud tion between a strong ES perturbation and a two-
this su JeCt. ave been carried out or smaifl amp Itu e.eXter(':omponent plasma, we have begun a numerical investigation
nal pump fieldEy. For example, in Ref[11] the ratio

~ 5 o : . of the wave-plasma interaction by means of a Vlasov elec-
v/vF~10"", between the electron quiver velocity,  tromagnetic(EM) code, starting with studying the simplest
=eBy/mewy, and the electron thermal speedite  case of the evolution of finite amplitude Langmuir waves in
=2T./me, has been assumed. Moreover, an external pumpan electron-ion one-dimensional unmagnetized plasma. No-
electric field oscillating at the electron plasma frequencytice that, due to the almost one-dimensional plasma response
I.€., 0= wpe= Jamne%/m,, both for an initially isothermal  which characterizes the application of radiofrequency to a
case, i.e., withT,=T,, and for a nonequilibrium situation, magnetized plasma in some specific cas, the simpli-
with T./T;=10, has been considered. fied model adopted here can give physical hints of quite
The scope of our investigation is to go beyond the re-general character, as well. Two cases have been considered:
gimes studied in Refd.10] and[11], by considering very (& the relaxation of an initially given perturbation in the
large perturbations to the system. We have numerically inteform of an unbalanced electron density spatial distribution,
grated the full Vlasov-Maxwell system for the case of a freeand(b) the plasma response to an externally applied oscillat-
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FIG. 1. The shaded contours of the spatial distributions of the ion density, of the electron density, and of the electric field are shown as
functions ofx andt, for the decaying plasma.

ing electric field for different values of the pump frequency B
wg. gt VXE, 4
The paper is organized as follows. In Sec. Il the Vlasov-
Maxwell equations relevant to our problem are written in
dimensionless_ form. In S_ec. _III the_relaxat_ion of an i_nitial V.B=0, V-E= 2 Pas (5)
electron density perturbation is studied, while Sec. IV is de- a=e,i
voted to the plasma response to an externally applied electric
field perturbation. Section V contains some concluding rewhere p,=q,/d%v f,(r,v,t) andj,=q,fd3vi,(r,v,t) are
marks. the charge density and the current density relevant tathe
species, respectively.
Equations(1)—(5) are integrated with periodic boundary
conditions inxe[0,27] and have been normalized accord-
The numerical cod¢16] (see alsg17]) solves the two ing to the following rules:
Vlasov equations for two plasma species, electrons and ions,

Il. THE MODEL

coupled with the Maxwell equations for the self-consistent v wpil m,
fields E and B: wpit—=t,  =—v, —=—=f oM,
|
of of of ©
[ i [ f ek eB
E+V~W+(E+VXB)-W=O, (1) _a*)fav — _—>E, — —)B
Noa MiCwy; MiCwy;
of o ofe Here,q, and m, are the electric charge and the mass of

J
TV 5 TA(EFEextvXB): (9—Ve=0y (2)  thea speciesg is the speed of lighte is the modulus of the
electron charge A=m;/m,=100, B,=v2./c? and vty
=.2T,/m,. T, is the temperature of the population. Fi-
§=V><B— 2 j 3) nally, the plasma frequencies are evaluated with the unper-
ot azei turbed densitiesy, of each species. In Eq2), Ey, repre-
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FIG. 2. The shaded contours of tkespectra of the electric fieldE,|2, as a function ok andt, for the decaying plasm@) and for the
forced case withvg=5 (b).

sents an externally applied high-frequency electric figld course of time creatérom t~5 to t~20) two shallow ion
any) acting on the electron population. density holes around the initial maxima of the electric field
The system of Eqg.1)—(5) has been reduced to the one- distribution, and thent(>25) develops into smaller scale
dimensional casex andv,(=v) being the relevant space microcavities, which trap “hot spots” of ES energy. In Fig.
coordinate and velocity, respectively; furthermore, in all runsl, the shaded contours of the spatial distributions of the ion
we have takeMN, =256, Nv =500, andNv;=200. We have density,n;, of the electron densityn., and of the electric
limited our analysis to an initially isothermal plasma, with field, E,, are shown as functions of andt. Two different
Maxwellian unperturbed distribution functions regimes of interaction can be identified. Rer 20, the ap-
pearance of two density cavities arouxs 77/2 and 3r/2 is
observed. The formation of these broad holes follows quali-

1 2
o —v21B; , ort : :
fi(x,v,t=0)= e A, tatively the law of the cavitation at small perturbation ampli-

P

fe(X,U,t:O): e—vzl,Be(l-‘,-a COSX), (7) 3(5)
The 20

« 715t

EX(X,tZO)Za sin X, Ig

wherea=0 is the amplitude of an initial electron density

perturbation (if any) and T.=T;=T. In this paper, B¢ v v
=102 and 3,=10°, corresponding tdT =250 eV, have (c) (d)
been considered. Notice that, in dimensionless quantities
Npe=(BiTe/Ti) <1, oo
«2 71.00 “2 1.00¢
Ill. THE DECAYING PLASMA 0.10¢ 0.10¢
0.01 0.01

The free evolution of the physical system initially de- 05 (',.5 0.5
scribed by Eqs(7) starting from an electric charge unbalance v v
has been first investigated. The valae 0.05 used for the FIG. 3. The electron distribution functiofy(x,u,t) for the de-

analysis corresponds to a ratvre~16 and tov?/c®  caying plasma(a) and (b) show the contour lines of,(x=0t)
~0.25. The nonrelativistic description is then acceptable. and f (x=m/2p,t), respectively.(c) and (d) show f¢(x=0u,t)

The initial electron density and electrostatic perturbationsand f.(x=m/2,v,t) versusv, respectively, at=0 (dotted line}
relax, inducing electron plasma oscillations which in theandt=30 (solid lines.
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(a) (b) density oscillates at the local electron plasma frequency
] around a mean value which follows the ion-density profile.
The electric field oscillations are perturbed by the change of
the local mean electron density and by the electrostatic en-
ergy trapped inside the density cavities. Figu(a) 2lisplays

the k spectrum of the electric fieldE,|?, as a function ok

0 1 2z 3 4 5 & 0o 1 2z 3 4 5 6 andt, for the free decaying plasma. It is seen that the long-
¢ * wavelength cavitation, occurring &t 10, corresponds to the
(<) . c (<) appearance of the lower-order odd harmonics of the initial

field perturbation. Moreover, the subsequent formation of the
small-scale structure in the ion-density distribution is accom-
panied by a strong broadening of the spectrum over a Wwide
interval and also by the occurrence of an appreciable har-
monic overlapping.
6 In Fig. 3, the electron distribution functiofEDF)
fe(X,v,t) is studied. Plot$a) and(c) are taken ak=0 while
FIG. 4. The isocontours of the electron distribution function plots (b) and(d) refer tox= /2. Plots(a) and (b) show the
fe(X,v,t) in the phase spacev), for the decaying plasma. The contour lines of the EDF as a function ofandt. Plots(c)
plots refer tot=2.7 (a), 10.3(b), 14.3(c), and 30(d). and (d) display the EDF versus att=0 (dotted line$ and
t=230 (solid lineg. A clear feature of the evolution of the
tudes. However, at a later time, for>25, a short- electron component is that its distribution function broadens,
wavelength instability occurs, which produces aleading to an appreciable temperature increase &aftel5
microstructure in the form of deep ion densitys;|/ng —20. As for the ions a negligible heating is observed even
<0.3) troughs. The spatial scale length of this new featurdor longer integration times, then we can conclude that, even
remains much larger than the electron Debye length even fdf at t=0 the plasma is isothermal and the ion-acoustic os-
times much longer than those considered here. The electrarillations cannot be excited, during the evolution of the sys-
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FIG. 5. The shaded contours of the spatial distributions of the ion density, of the electron density, and of the total electric field are shown
as functions ofk andt, for wy=5.
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FIG. 6. The shaded contours of the spatial distributions of the ion density, of the electron density, and of the total electric field are shown
as functions ofk andt, for wy=20.

tem the conditions for the existence of weakly damped ionassociated with the density structures with typical scales
acoustic oscillations can be naturally realized. On the basismaller than the wavelength of the initial perturbation. No-
of a pure linear theory, we could speculate that ofigdas tice that the wavebreaking of the initially nonbreaking per-
become appreciably larger than, the plasma responds to turbation is possible by the plasma inhomogeneity produced
the initial perturbation on slow time scales with the excita-by the ion responsgL8]. In our casgthat is, forw=~10 and

tion of ion-acoustic oscillations. In the long-wavelengthk=1), independently of the assumed model, the resonant
limit, i.e., for kz)\%e<1, in dimensionless units, the time electron velocities do not allow an appreciable electron trap-
scales associated with the ion-acoustic waves are of the ordging inside the wave potential. However, we can interpret the
of 7=~2X10°. As shown in Fig. 2a), the range ok values phase structure in Fig.(d) as the result of a new kind of
excited att~25 extends up tck~20—30, therefore we macroscopidi.e., over several Debye lengihalectron trap-
could expect a plasma evolution on a typical time100.  ping occurring when a quasistationary potential distribution
On the other side, from our numerical simulatigsse Fig. is set up due to the rearrangement of the ion density under
1) the time scales typical of the appearance of the microcavithe action of the ponderomotive forces. This physical process
ties in the ion density are of the order 0f£30. This means Will be discussed in more detail in the next section, where it
that this phase of the evolution of the system seems to bwill manifest itself more evidently.

dominated by a supersonic plasma response, which may be
favored by the rapidcompared with acoustic timgforma-

tion of the ponderomotive potential.

In Fig. 4, four snapshots of the isocontours of the EDF in
the phase spacev) are shown at=2.7 (a), 10.3(b), 14.3 In this section we deal with the plasma response to an
(0), and 30.00(d). It is seen that an early bunching of the externally applied oscillating electric field at the frequencies
EDF occurs arounet=0,7, which is fed by the increase of ©y=5,10,20, the value 10 corresponding to the electron
the electric field intensity and by the lowering of the local plasma frequency. The relevant forcing term in E2).reads
oscillation frequency in correspondence with the densityEey(X,t) =EC0SX coSwqt, whereEy=0.05. Due to ityeso-
depletions. The loss of regularity of the electron oscillationnantcharacter, the case withy=10 will be discussed sepa-
in the phase space, followed by lseaking leads to a kind rately later on. Let us first consider the twmnresonant
of electron trappingnside the ponderomotive potential wells cases. In Fig. 5 and in Fig. 6, the shaded contours of the ion

IV. THE PLASMA RESPONSE TO AN APPLIED
OSCILLATING ELECTRIC FIELD
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quency is consequently appreciably reduced inside the cavi-
ties, while around= 7 the electrons pile up and the oscil-
lation frequency locally increases. Figure 7 shows the shaded
contours of the frequency spectrum of the electric field ver-
susx, for wy=5. The horizontal bright stripes ai=5 (the
forcing frequency, 10 (the plasma frequengy15, 20,..(the
harmonic$ are clearly visible. The horizontal structure of the
plot shows that there are regions where the frequenaypdis
shiftedwith respect to the plasma frequency, as for example
for 2.6<x<3.7, and to a less extent forx<<1.5 and 4.6
<x<6.3, and regions where the frequencyl@vnshiftedas
for 1.5<x<2.6 and 3.%x<4.6. They are the result of an
average increase and lowering of the local plasma density,
respectively. An interesting feature appears looking at the
FIG. 7. The shaded contours of the frequency spectrum of théon dynamics(see Figs. 5 and)6Due to the lowering of the
total electric field|E,|?, as a function ok andw, for wy=>5. electron plasma frequency inside the electron cavities, the
ions feel locally a quasistationary electric field, which causes
density,n;, of the electron densityn,, and of the total elec- them to form very sharp peaks despite the electron depletion.
tric field (the pump field plus the self-consistent figl&, , The possibility of creating spatial regions where the electric
are shown as functions afandt, for wg=5 and 20, respec- field is quasistationary is clearly demonstrated in tago-
tively. The continuous energy input from the external sourcenantcase. In Fig. 8, the shaded contours of the ion density,
into the electron population causes the appearance of thelectron density, and electric field are shown as functions of
electron cavitation arounds 13— 15, earlier than in the pre- x andt, for wy=10. It is seen that, whereas the electron
vious case. It is seen that, especially in the lower frequencgensity is almost completely expelled by the ponderomotive
case, the electrons are expelled quite efficiently from thdorces, the electric field becomes quasistationary in time.
regions of high field gradients. The electron plasma fre-That is it oscillates over time scales which can be of the

ni ne E T
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FIG. 8. The shaded contours of the spatial distributions of the ion density, of the electron density, and of the total electric field are shown
as functions ofk andt, for wy=10.
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FIG. 9. The isocontours of the electron distribution function F|G. 10. The isocontours of the ion distribution function
fe(x,v,t) in the phase spacecv), for wo=5. The plots refer to  f (x,v,t) in the phase spacev), for w,=5. The plots refer to
t=2.7 (a), 14.5(b), 15.3(c), and 30.3(d). t=7.5(a), 13.4(b), 16.3(c), and 30.0(d).

order opril. As a consequence, the ion density can follow _ o

the low-frequency oscillation field and the coupling with the the electron trapping shown in Figs(cp and 9d), corre-
electron dynamics is no longer through an average forcéponding to times of well developed high harmonic content
only. The competition between the ponderomotive force, actlsee Fig. 20)], could be interpreted as due tonanlinear

ing from the high-density side, and the quasistationary onetwo-bunch instabilitywith vy~0.3—0.5. At this point it is
associated with the slowly varying electric field inside theworth emphasizing the close similarities between our results
cavity, determines the motion of the ion fluid. In other and those on the nonlinear evolution of the Buneman insta-
words, the common assumption of two well separated timéility [20,21]. The concomitant occurrence of the electron
scales, which is often invoked in order to apply the slowlytrapping, the high harmonic generation, and the spreading of
varying envelope approximation to nonlinear problemsihe electron distribution function on one side, and the ion
breaks down. The ions are piled ufin; /ny<300%) exactly  acceleration on the other side, are characteristic of both sys-
at the transition layers between the oscillating and the stamms, even if the intensities of the interactions in the two
tionary electric field, because here steep spatial gradients @hses are quite different. Another common feature is that the
the electric field are able to maintain ion concentrationSsiectron drift velocity is much larger than the phase velocity

which persist stably for tens of the ion plasma times. of the electrostatic potential disturbance, the latter being zero
For the sake of comparison with the decaying plasma, thﬁ1 our case

electric fieldk spectrum,|E,|?, as a function ok andt, is
displayed in Fig. #), for wy=5. The formation of the ex-
ternally driven electron cavitation at=11 is accompanied
by the sudden appearance of a high-order harmonic conter]
Figure 9 displays the electron phase space=a2.7 (a),
14.5(b), 15.3(c), and 30.3(d) for wy=5. Here, we have a
clearer view of what we have already observed inspecting
the phase space of the decaying plasma. A vortex structur
typical of the electron trapping inside quasistationary poten- 3‘5’
tial wells occurs. It is preceded by tieeakingof the oscil- 20
lation which loses its initial regular structure. We also notice = 75}
that the symmetry which has been introduced in the physica 1o}
system under consideration by assuming a standing wave
resulting from two counterpropagating ES waves with phase
velocities* wq /k, causes the above discussed electron trap-
ping to be localized around=0. Then, the physical situa-
tion can be viewed as if it were produced by two charged
particles or particle bunches drifting in opposite directions at
velocities *vy, much larger than the thermal speed of the
background electron population. It would give rise to a sort  o.70¢
of one-dimensional electron-electron two-stream instability o017 L :
[19] driven by two charges or localized bunches of charges, -0.5 00 05 —05 0.0 05
instead of two streams. Indeed, the two fast particles would Y Y
produce two counterpropagating sinusoi@akrenkov wakes FIG. 11. The electron distribution functiofy(x,v,t) for wq
of ES oscillations, with wave vectors k~1/\Jmeo. Then  =5. The plots are the same as in Fig. 3.

That the ion dynamics becomes strongly coupled to the
electron dynamics in the less dense regi¢see Fig. 9 is
emonstrated in Fig. 10, where the phase space of the plasma
ns is shown at=7.5(a), 13.4(b), 16.3(c), and 30.0d) for
wo=5. We see that the ions undergavebreakingogether

10.00F

1.00
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(a) (b) electrostatic perturbations extendingu>uv2,, which can
T characterize low-temperature laboratory or ionospheric plas-
mas. These regimes, even in the simple one-dimensional
case, cannot be treated analytically by any means, but nev-
ertheless they manifest several interesting features and inter-

—0.05 0.00 0.05 —0.05 .00 00s  connections between the microscopic and the macroscopic
v v behavior of the plasma.
(d) We have demonstrated the quasistationary production of
plasma density cavities, the generation of spatial harmonics,
10.00 10-001 i and an efficient broadening of the initial electric field spec-
& 1.00 & 1.00F 3 trum during the interaction. We have observed the transfor-
0.10 0.10 ] mation of wave energy into electron “temperature,” and the
0.01 0.01 P production of accelerated particles and the formation of
—0.05 " 0.05 —0.05 0-30 0.05 highly nonequilibrium electron distribution functions, de-

pending on the spatial region of observation. Finally, we
FIG. 12. The ion distribution functiofy(x,v,t) for wg=5. The have.Shown that the onset of a ponderomotive p.Otemial Qis-
same plots as in Fig. 11 are reported, for 0 [(a) and ()] andx tribution, produced by the rearrangemept o_f the ion densny,
=2.6[(b) and (d)]. leads to the process of electron trapping into the potential
troughs with the characteristic vortex structure in the phase
space.
with the electrons right where the plasma density is de- This analysis, even if limited to a one-dimensional geom-
pressed by the ponderomotive forces. As a consequence, &fY, gives some hints to the experimental investigation both
efficient acceleration of the ions takes place. Various mechaen the strong turbulence and to the wave-particle interaction
nisms of electron and ion acceleration in nonuniform plasphysics: the electron heating and the frequency downshift of
mas are described in R€fL8]. the plasma frequency inside the regions of density deple-
Finally, in Fig. 11,f¢(x,v,t) is shown as in Fig. 3, but for tions, thek-spectral broadening of the initial perturbation,
wo=5. At x=0 [(a) and (c)] the formation of isolated and the fast particle production, on one side, and the electron
“beams” of accelerated electrons is observed, besides theensity accumulation corresponding to the resonant electron
bulk heating as in the case of the decaying plasma. Aroungtapping inside the wave potential, on the other side, could
x= /2 [(b) and(d)] a highly nonequilibrium electron distri- pe subjects of experimental measurements. Notice that,
bution is formed. In order to stress the strong coupling of thesmong the several aspects of the interaction mentioned
electron and ion dynamics in the nonlinear phase of the ingpove, the charged particle acceleration experimentally ob-

teraction, we show in Fig. 12 the ion distribution function gered during the radiofrequency plasma heating is presently
fp(x,0,1) for we=5. At x=0 [(a) and (c)] the distribution g jyiact 1o several theoretical interpretati¢ag].

function broadens while maintaining its equilibrium charac- Moreover, we would like to stress the principal role of the
teristics. On the other side, at=2.6[(b) and (d)], after an ion dynamics when considering wave-particle interaction in

initial pha}se'of forced oscillations at the pump frequency, & real plasma. Namely, in a number of papers dealing with
low-density ion component starts to be accelerated monotot-he problem of nonlinear Landau damping, as for example

nously acquiring a drift velocity much larger than the ion :
thermal speed. By inspection of Fig. 5 we can see that thigefs'[23’24] among the most recent, the electron dynamics
is followed for times of the order of tens or hundreds of

regime occurs in correspondence of the arrival of the ion-: > i
density cavity border at the considered coordinate. As distimes Vmy/m. of the inverse of electron plasma frequencies,
cussed above, a quasistationdnegative electric field is ~maintaining immobile background ions. In light of our simu-
produced locally in these conditions, which turns out to be atations, it appears clear that when an electron-ion plasma is
the origin of the observed ion acceleration. considered, the results drawn in the frame of a fixed-ion

model can be changed significantly.

V. CONCLUDING REMARKS
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