PHYSICAL REVIEW E, VOLUME 65, 066408
Nonlinear development of electron-beam-driven weak turbulence in an inhomogeneous plasma
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The self-consistent description of Langmuir wave and ion-sound wave turbulence in the presence of an
electron beam is presented for inhomogeneous nonisothermal plasmas. Full numerical solutions of the com-
plete set of kinetic equations for electrons, Langmuir waves, and ion-sound waves are obtained for an inho-
mogeneous unmagnetized plasma. The results show that the presence of inhomogeneity significantly changes
the overall evolution of the system. The inhomogeneity is effective in shifting the wave numbers of the
Langmuir waves, and can thus switch between different processes governing the weakly turbulent state. The
results can be applied to a variety of plasma conditions, where we choose solar coronal parameters as an
illustration, when performing the numerical analysis.
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I. INTRODUCTION [19,23. Obviously, there are also other nonlinear processes
that change the spectrum of Langmuir waves, but the pro-
Electrostatic electron plasma waves are easily excited itesses mentioned are much more effective in affecting Lang-
controlled laboratory experimenf4,2], and in naturally oc- muir waves in the applications of interest.
curring plasmas, by for instance low density electron beams In the present work, we consider the case where energy
[3-7]. The evolution of weakly nonlinear coherent wave density of the electron beam is much smaller than the ther-
phenomena has been extensively studied in simple geonmal energy density of background plasma. The plasma waves
etries, and found to be well described by standard analyticadnd electron beam are described self-consistently by weak
models[8,9]. Cases where electron plasma waves, or Langturbulence theory19]. Quasilinear relaxation of an electron
muir waves, are excited in plasmas made linearly unstable biyjeam with the velocity,> v+ generates the primary Lang-
electror_1 beamé_loj are p«a_trtlcularly interesting as being one yir waves with wave numbeks< A /Ug that causes the
gf the_Srsét lt<)|net|c 'r.ll.Stab'“tt'ﬁS VE/hlerleZthe nor;hrgjga(; evolut]on electron beam electron distribution function to relax toward a
fesced Y daciinear hecly 13 wae SLGED 08T platea n velocty space ranging fron-u, down (0.
: ~vte. Nonlinear processes;+i—I1’+i’ andl—1’'+s, are

beam excitation of plasma waves has proved particularly in- froctive | tteri £ ori b ted
teresting in space plasmas, where high energy, low densit? ective in scattering of primary, beéam generated waves

electron bursts or beams are abundant. Full-wave numeric&/ith wave nurr)belk, into secondary Langmuir waves with
solutions for such problems have been carried out in unmagf—‘/a“’e numbek’~ —k. The decay of a Langmuir wave also
netized as well as magnetiz§dl4,15 plasmas, based on a 1eads generation of ion-sound waves wit~2k. The pro-
standard and widely accepted theoretical mdde]. It is ~ CeSS repeats and produces the next generation of Langmuir
interesting that beam generated electron waves are observé@ves. Every elementary cascade decreases the absolute
by satellites in the interplanetary plasma near 1j4(j and Value of Langmuir wave number by a small valkg
in the ionosphere at high as well as lower altitudes by sound=2yme/m;y1+3T;/TJ/(3\pe) for decay and k%
ing rockets as well as satellitdd—6,17,18. In these and =2\m./m;\T;/TJ/(3\pe) for scattering. Therefore, re-
similar cases, the waves appear as irregular or bursty in ngeated scattering and decay processes lead to Langmuir
ture. A description aiming at a general full-wave analysiswaves being accumulated in the region of small valuek of
seems unrealistic in such cases, and a weak turbulence modek*, the so-called Langmuir wave condensate. The decay
has been suggested to give the evolution of the most impoprocesses are considered to be dominant process for noniso-
tant quantities, such as the averaged electron distributiothermal plasmd .>T,;, whereas scattering off ions is more
function, and the wave spectrurh9—21. The beam-plasma important for isothermal plasma where ion-sound waves are
instability excites a spectrum of Langmuir waves, which inheavily damped.
turn are damped or converted via nonlinear plasma pro- However, the presence of a plasma density gradient can
cesses, such as scattering off iohs,i—1’'+i’ (nonlinear  change the spectrum of Langmuir waves significantly. In the
Landau damping off ion$19,22)), and decay into a Lang- presence of a plasma gradient, a given Langmuir wave with
muir and ion-sound waves—|+s, discussed previously wave numberk propagating in inhomogeneous plasmas
changes its wave number kot Ak, whereAk is determined
by a plasma gradient. This effect may significantly change
*Email address: eduardk@astro.uio.no the Langmuir wave spectrum, and therefore slow down the
"Email address: hans.pecseli@fys.uio.no nonlinear processes. If the plasma gradient is opposite to
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the direction of beam propagation, and the drift rate due taensity of magnetic field is much larger than the kinetic en-
inhomogeneity is comparable with the rate of nonlinear proergy of fast electrons, but the magnetic field is not strong
cesses, a steady state spectrum of Langmuir waves can agnough to magnetize the plasma waves, we can treat the
pear. This case was considered in the case of isothermalstem in one spatial dimension. The electron beams in the
plasma when the scattering off ions is the only nonlinearsolar corona plasma are typical examples for such systems
process i 24]. It was shown that the condensate of Lang-[28]. In these and similar cases, the plasma inhomogeneity
muir waves appears, but in a shifted regiorka@nd scatter- along the beam propagation cannot be ignored.

ing off ions can be compensated by a plasma inhomogeneity. We also assume that the variatiox df the wave lengtt
Moreover, a plasma inhomogeneity can change the quasiliref the Langmuir oscillations is a small, i.e.,

ear relaxation rate by shifting plasma waves from the un-
stable phase velocity region to the region where Langmuir
waves are strongly damped by the beam electf@s$ In a
number of studie$26] it was found that a plasma inhomo-

geneity may suppress quasilinear relaxation, provided thg, in other words, we describe wave propagation in geo-
beam density is sufficiently low. The positive plasma gradi-metrical optics WKB) approximatior{21,29. Using the fact

ent can also lead to “self-acceleration” of beam electronsyyat the frequency of a Langmuir wave does not change dur-
[26]. The importance of a plasma inhomogeneity demonyng its propagation in the plasma, we readily derive the con-

strated in previous studi¢27] and the presence of inhomo- gjtion for applicability of the WKB approximation from Eq.
geneities in most plasmas found in nature as well as in lab

ratories stimulates an investigation of the time evolution of
beam-driven Langmuir turbulence in nonisothermal plasma.
The principal aim of the present paper is to discuss the effect
of density gradients on the wave dynamics and to demon- L]
strate that even weak gradients can be of profound impor-
tance. w
In the present study we perform a self-consistent investi-
gation of the time evolution of weak turbulence in weakly
inhomogeneous plasma. It is shown that a plasma inhomo-
geneity significantly modifies the scenario of weak turbu-
lence. The disposition of the paper is as follows. In Sec. llis the scale of the local inhomogeneity,, is the local
we present a formulation of the problem, and present th@lasma frequency, ang., v=w,/k are the electron ther-
basic equations. In Sec. Ill we present numerical results. Imal and wave phase velocities, respectively.
Sec. IV we summarize the main results of our investigations, The time evolution of the average velocity distribution
while Sec. V contains our conclusions. In the present papef(v,t) is described by quasilinear theory, which basically
we attempt to consider physically realistic parameters, andescribes a diffusion process in velocity space, where the
have chosen those appropriate for electron beams and pladiffusion coefficient is self-consistently determined by the
mas for the conditions in the solar corona. The problem ispectrum of the Langmuir wavd41,12. The velocity dis-
extremely time consuming numerically, and for this reasortribution is assumed to be the same all over the relevant part
our investigations are restricted to one spatial dimension. of space, and in those cases where we deal with an inhomo-
geneous plasma, the density variation is contained in a coef-
Il. FORMULATION OF THE PROBLEM ficient. The growth and damping of plasma waves is ac-
counted for by the standard Landau prescription and derived
We consider a beam of fast electrons and plasma wavefsom the derivative of the velocity distribution at the phase
within the limits of weak turbulence theory, when the energyvelocity of the waves. The evolution of the wave spectra is
densityW of plasma waves with wave numbleis much less  described by the wave kinetic equation basically having the
than that of surrounding plasma, form

d\

v
T <3wpe(X)

2
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wheren and T,, are the electron plasma density and tem-which for St=0 is the Liouville equation. Equatiofs) can
perature, respectivelyhpe is the electron Debye length, be postulated from basic physical argume®8,21], or be
while « is Boltzmann’s constant. In weak turbulence theoryderived[30] from more basic equatio46]. In the dynamic
the evolution of electrons and waves is described by kinetiequation(5), we can heuristically interpretV, as a space
equations for an electron distribution function and spectratime varying distribution of wave packets, each with a carrier
energy densities of plasma waves. The equations are essemave numbek, propagating with a corresponding group ve-
tially nonlinear, which significantly complicates the problem locity v,=dw,/dk, and subject to an effective force
[19]. However, having in mind applications to lo@-sys-  —dwy/dx. In the present case we have,/dx~dwpe/ X,
tems with relatively strong magnetic field when the energyand this force is directly related to the gradient in plasma
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density through the density dependencewgf. The wave assumptions we simplify Ed5) in the following. As far as
packets constitutingV, are accelerated in the direction to- St is concerned, we have the linear instability acting as a
wards smaller densities while the carrier wave number insource, and Landau damping as a sink of wave energy. De-
creases. The terr8t on the right-hand side of Ed5) ac- cay and nonlinear Landau damping act as sinks of wave en-
counts for sources and sinks, together with effects thaérgy, but equally important, these effects redistribute the en-
redistribute energy within the spectrum. With the foregoingergy within the spectruridV, . The mathematical expressions
assumptiong2), we can assuméw,./dx~wye/L, Where for these latter effects are standaf®,23).

wpe IS NOW a constant plasma frequency obtained at a refer- The basic equations are treated as an initial value problem
ence position in the center of the system. Apart from a negfjust as in related recent studig&1—33). This gives a sim-
ligible correction of the relative ordet\ ., this effective  plified alternative to the full problem, retaining at the same
force is independent of wave number, and it will not inducetime the physics being important here. Using the assump-
any spatial variations in an initially uniform distributiof, . tions mentioned above we can write the system of kinetic
For that case we consequently haw®, /9x=0. With these equations of weak turbulence theory

ot 4m?e® 9 W, of

A W ©
(?Wk (I)pe (9Wk 77(1)39 0”f
L ok e Wiyt Ston(Wh+ Staecay Wic W), @
AW We  W§ W [We o, W
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Stdeca)(Wk,Wﬁ)=awkf wEH SR DG O )
Wik’ a)k, kK \ @yg_gr a)k,
Wi W W[ Wi Wi )
_|:—_S—— _— s 6(wk_wk+k’+wi’) dk, (9)
Wy 4k’ (()k, Wy Wy 4k’ (.()k,
(@ — o) Wi Wy (p = o)?
Ston(Wy) = wf——— - ————|dK/, (10
t|on K B k UTi|k_k,| Wy Wy 2U-2|-||k_k/|2

=kv of electrons and Langmuir waves. The last term on the

left-hand side of Eq(7) represent the shift in wave number

induced by the plasma inhomogeneity.

In the right-hand side of Eq$6) and(7) we omitted terms

accounting for spontaneous emissions, because they are
(11 small in comparison to the ones retained. It should be also
noted that small collisional terms are not included either. The
system reaches steady state before collisional effects become

where

Twhe(1+3T/Te)
AnkTe ANkTi(1+Te/T))?

\/27wa,e

(¢4

s\3 s\ 2
s T ] Us Wy Wi
= — | — expg — | ——
Yk \/;wk UTe vai kUTi

where y; is the damping rate of ion-sound waves,

}, 12

=kT(1+3T;/T.)/m; is sound speed(v,t) is the aver-

aged electron distribution functioly(k,t) andW=(k,t) are

important.

IIl. NUMERICAL RESULTS

We consider an initial value problem when all initial en-

the spectral energy densities of Langmuir waves and ionergy is accumulated in electron beam. The electron distribu-
sound waves, respectivelW(k,t) plays the same role for tion function of electrons at the initial time moment 0 is
waves as the electron distribution function for particles. Thehe combination of fast electrons and background Maxwell-

system(6) and (7) describes the resonant interaction,

ian electrons
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muir wave distribution approaches the region of wave num-
bers where decay is prohibited, i.e., the regiork}/2.
However, since the spectrum of Langmuir waves generated
by a beam is broad in wave numbers, the decay continues in
n mo? wave number regions where the level of Langmuir waves is
== _&n 51| (13 latively low. Th f th i ional

2T relatively low. The rate of three wave decay is proportiona

27TUTe Kle

to the intensity of Langmuir waves and, therefore, at a given
wheren,, Avy are the beam density and the electron bea

pfnoment we see a few generations of Langmuir waves simul-
thermal velocity. The initial spectral energy density is ther_taneoust(Flg. 1). Thus, each generation of Langmuir waves
mal,

appear as a parabolic structure in that part of Fig. 1, which
shows the wave number distribution as a function of time.
The ion-sound turbulence has a low intensity due to the

n _ 2
f(o,t=0)= 2 g — %)
\/;Avb Al)b

+

B kTe strong ion Landau damping in a plasma with/T.=0.3.
W(k,t=0)~ ——, 4 : .
72, owever, ion-sound waves are generated during each decay.

The decay of a primary waves is marked by ion-sound waves

where T, is the electron temperature of the surroundingWith maximum  atk\pe~0.15, which corresponds tés
plasma, and p, is the electron Debye length. The system of =2K—Kg . The maximum of ion-sound waves due to the
kinetic equations is reduced to dimensionless form and intedecay of secondary waves is seerkgtp~0.125.

grated using finite difference schemes. For the numerical The energy of fast electrons, i.e., the beam energy, is
time integration we used a method similar to the one used igiven by

Ref. [34] and the quasilinear terms are integrated using

methods described {185]. Previous resultg34,35 are found I 2
in full agreement with the corresponding limiting cases of Ee(t)= 4UTemv f(v,t)dv/2, (19
our calculations.
The electron beam and plasma parameters are taken tyghe total energy of waves
cal for the conditions in the solar corohd6,37. We use
vp,=12.8071,=5%10° cm/s, Av,=0.3p, T;/T,=0.3, T, " s
—10° K, ny=50 cn 3, and wpJ2m=200 MHz. The Eis=]  Wektdk (16

plasma inhomogeneity is given by a constant plasma gradi- . .

ent, which can have either sign. Six different cases have beghe energy of waves propagating along and against the beam
considered: the strongest plasma inhomogeneity considered

is L=+1x10° cm, a medium plasma inhomogenelty= =y ft“ s

+5%x10° cm, and a weak plasma inhomogeneity- + 1 Els (== . WSk, t)dk. 17
x10° cm. Such plasma inhomogeneity might exist in the

low corona[38], in ionospherd39], and in the solar corona The corresponding distributions are shown in Fig. 1. The
due to small scale inhomogene[i§0]. lower integration limit in Eq.(15) of course chosen some-

what arbitrarily, and the energy and density of a beam ob-
tains a somewhat arbitrary value. At later timé&s, may
therefore exceed its initial value, when some of the back-
As a reference case we first considered the evolution ofround electrons are accelerated to velocities above the value
Langmuir turbulence in a homogeneous plasma, correspondw 1, chosen in Eq(15). In the presentation here, the distri-
ing to L—oo. Results are shown in Fig. 1, demonstrating thatbution function is truncated at a level of 3 in the normalized
the fastest process in the system is quasilinear relaxatiomnits, and, therefore, the background plasma appears as a
which drives energy out of a beam and into Langmuir wavesblack band. To interpret the gray scale in, for instance, the
As a result of quasilinear relaxation the electron distributionLangmuir wave number distribution as a function of time,
function rapidly flattens, building a plateau fromuka>v the energy distributior(t)/E, can be used as guide.
>4y, for t=0.02 s, which is close to a quasilinear time  The energy distribution in the system follows the well-
7~n/wpN,. The beam driven Langmuir turbulence has aknown scenarid23]. In the present case, one-fifth of the
bright maximum atk\pe=v7./v,~0.087. The primary initial beam energy is transformed into wave eneEjy of
Langmuir waves generated by a beam are subject to decayangmuir waves along the beam propagation during the qua-
into a secondary Langmuir waves and ion-sound waves. Thsilinear relaxation. However, the decay redistributes the en-
decay of Langmuir waves starts from the maximum{k)  ergy between the primary waves and scattered waves. As a
and produce back-scattered Langmuir waves with maximunfesult the typical oscillations of wave ener§y along and
at k\pe=—0.065. Secondary Langmuir waves reaches itspposite to the beam direction are clearly seen in Fig).1
maximum att=0.04 s. In their turn secondary Langmuir The total energy of Langmuir waves is almost constant, dis-
waves produce a new generation of scattered Langmujslaying the conservation of energy in the three-wave decay.
waves with maximum ak\pe~0.044. It is obvious that an Due to the strong damping of ion-sound waves, the energy of
absolute value ok decreases with each act of decay bydensity oscillations is a small fraction of the initial beam
ki Ape~0.021. Thus, step by step the maximum of the Lang-energy. lon-sound waves generated in the decay are rapidly

A. Homogeneous plasma
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the energy curves in Figs(l) and Xc) can be used for an
estimate. Obviously, the system tends towards a steady state
solution. The final energy distribution of Langmuir waves is
not symmetric irk. The energy of waves propagating against
beam directionk, , is one-half of that propagating along the
beam,E," . This is simply due to back absorption of Lang-
muir waves by the beam.

The scattering off ions seems to be negligible during the
initial redistribution of Langmuir waves. This trivial result
proves the well-known fact that decay process is the fastest
process changing the Langmuir spectrum in nonisothermal
plasma. However, the scattering off ions plays a critical role
at later stages, when the Langmuir waves are accumulated in
the region of|k|<k}/2. The reason for this is that decay
effectively generates high level of Langmuir waves in the
region of smallk where scattering off ions more effective.
Moreover, since decay is impossible f&f/2<|k|<k}/2,
scattering off ions seems to be the only process that contin-
ues to contribute to the Langmuir wave condensate. To prove
the role of scattering off ions, we turned off the correspond-
ing term in our calculations. These results are presented in
Fig. 2. Some differences are found between Figs. 1 and 2,
e.g., details of the spectra of Langmuir waves presented for
these two cases differ far>0.05 s.

B. Strong plasma inhomogeneity

Since overall evolution of the system strongly depends on
the plasma gradient value we consider three different length
scales for the inhomogeneity separately.

The main results for strong plasma gradient are presented
in Figs. 3 and 4. In this case the shift of the spectrum, due to
plasma inhomogeneity, is stronger than any nonlinear pro-
cess in the system, and the plasma inhomogeneity suppresses
all nonlinear processes, but it is not strong enough to arrest
the quasilinear relaxation. Independent on the sign of the
plasma gradient, the evolution of the Langmuir turbulence
is very limited in time, while the physical processes are dif-
ferent for positive and negative gradients.

In the case of a positive plasma density gradient, see Fig.
4, all plasma waves generated during the relaxation are ab-
sorbed back by the beam at time 0.02 s. We see that the
drift of Langmuir waves irk space is so fast that nonlinear
processes are not observable. No signs of ion-sounds waves

FIG. 1. Homogeneous density plasma. The normalized energ@® observed neither. For the time comparable with the qua-
of electronsEq(t)/E,, is shown in(a), the normalized energy in the Silinear time, Langmuir waves are shifted from the genera-
Langmuir wavesE,(t)/E, in (b), and correspondingly for the ion- tion region to absorption region. As a result, accelerated elec-
sound wave&(t)/E, are shown inc). The energy of waves along trons are seen in Fig. 4. The plateau is now formed from
E/'J/Eo and againstE'/E, the beam propagation is given by 20vte>v>4vre. The amount of energy released from a
dashed and dash-dotted lines, respectively. The time evolution dfeam is a small fraction of the beam energy. Therefore, this

the spectral distribution of electrorfiv,t)vb\/F/nb is shown in
(d); for Langmuir WavesW(k,t)wpe/mnbvg in (e); and ion-sound
wavesW(k,t) wpe/mnyup is shown in(f). The disposition of the
following figures is the same as here.

case is specially interesting in terms of stabilization of qua-
silinear relaxation by a plasma inhomogeneity. This limiting
case has been considered in the literaf@®,26,4] and a
simplified solution can be found in this case. Thus, the strong
positive gradient. =1x 16® cm leads to self-acceleration of

absorbed by linear ion Landau damping, which is significanelectrons in a beam, consistent with observations reported in
for the temperature rations in the present problem. Thereforé¢4], for instance.

the amplitude of ion-sound wave oscillations is small, see

In the case of a negative plasma gradi€¢décreasing

Fig. 1(f). In order to interpret the gray-scale intensity levels,plasma densily Langmuir waves are also effectively ab-
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FIG. 2. The same as Fig. 1, but the scattering off ions is FIG. 3. The same as Fig. 1, but for decreasing density plasma
switched off. along beam propagation. Strong plasma inhomogenkeity— 1
x10° cm.

sorbed back by electrons. Contrary to the case WithO,

Langmuir waves are now absorbed by the background elecsilinear relaxation. The spectral energy density of Langmuir
trons with velocities close to thermal velocitiéslassical waves reaches its maximum valuekatp~0.15, which is
Landau damping As a result of this Landau damping, we quite different from the beam resonant regionkpfwhere
see the appearance of accelerated electrons in the rangeneration of Langmuir waves takes place, see Fig. 5. It is
dv.<v<9uvte. The electron distribution function of these also worth noting that the amount of energy pumped into
electrons is a decreasing function of velocity. Thus, due td_angmuir waves is much larger than in the case of a positive
the inhomogeneity, plasma waves play a role of Dreicer fielgplasma gradient and comparable with the case of a homoge-
extracting electrons from the background Maxwellian distri-neous plasma. The amount of energy obtained by Langmuir
bution. Figure 4 demonstrates that the amount of energy ofvaves is about 13% of initial beam energy. The maximum is
electrons withv >4 v, is greater than it was before the qua- reached at timeé=0.03 s. Similar to the case of a positive
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FIG. 4. The same as Fig. 1, but for an increasing plasma density. FIG. 5. The same as Fig. 1 but for an decreasing plasma density.
Strong plasma inhomogeneity, with=1x10° cm. Medium plasma inhomogeneity=—5x10° cm.

plasma gradient, there is no sign of either back-scatterean_d‘f:lry waves are accumulated ndarpe=—0.065. .The
shift of the Langmuir wave spectrum due to plasma inhomo-

Langmuir nor ion-sound waves. Thus, the plasma inhomoge= ity | ble with th d f d
neity suppresses any further nonlinear development of weaf€NeIly IS comparabie wi ree-wave decay ot seconaary
waves. Therefore, influenced by plasma inhomogeneity, the
turbulence.
secondary waves move toward smalkefor L>0 and to-
ward largerk for L<<0. The sign of a plasma gradient deter-
mines the spectrum of Langmuir waves and the operating
Decreasing the value of the plasma gradient in our systerphysical processes. However, independently on the sign of
we can stimulate a further development of weak turbulencethe plasma gradier(Figs. 5 and Bthe system approaches a
For|L|=5x10° cm a single decay is observable in Figs. 5steady state faster than in case of a homogeneous plasma.
and 6. The primary waves, as in the case of homogeneous We consider the case of decreasing plasma density. One of
plasma, have their maximum closekhp=0.086. The sec- the conspicuous features of the turbulence evolution in inho-

C. Medium plasma inhomogeneity
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110E(q) each scattering resulting in lower intensities for a given
B0 \/_.———— The rate of decay is essentially determined by the intensity
S 090 : of the Langmuir waves and generally decreases with each
0.80 : decay. At some instant, the rate of decay becomes compa-
0:70 rable with the effect induced by the plasma inhomogeneity.
0.00 0.05 0.10 0.15 0.20 . . .
Time t (s) From this time,t~0.05 s, the decay is suppressed by the
shift due to the plasma density gradient. With time, this equi-
020y librium is broken at~0.09 s, and the oscillations proceed.
_OIsE ] This quasisteady state is also clearly seen in the spectrum of
S o.10f i, 3 ion-sound waves. The ion-sound waves corresponding to the
0.05F P decay of backscattered Langmuir waves appear only after
0.00 - u = =

breaking of the equilibrium. It should be noted that the sta-
0.00 0.05 0.10 0.15 0.20

Time ¢ (s) bilization of the decay instability by the plasma inhomoge-
neity has not been considered before. The stabilization of a
1500 decay is somewhat analogous to stabilization of scattering
¢ o ] off ions, the only effective process for an isothermal plasma.
? The stabilization of scattering off ions by a plasma inhomo-
2 oSt M ] geneity has been considered previoyg#]. In a more gen-
0.0 /e eral cases, when both nonlinear processes are allowed, the
600 065 Tim"e-‘f(s) 045 020 compensation of a decay by a plasma inhomogeneity enables

scattering off ions to be seen at early stages of turbulence.
The quasisteady state spectrum of Langmuir turbulence
slowly changes due to scattering off ions.

The opposite case, with positive sign of plasma gradient,
L>0, leads to Landau damping of back-scattered waves on
thermal electrons with negative velocity. Indeed, as a result
of absorption, accelerated electrons are seen in the range

Velocity v/vs,

o000 T.-moe'1t°(s) ore 0 —8uvr<v<—4uvre (Fig. 6). Further development of wave
turbulence is suppressed and a quasisteady state is not
2 00T formed. Similar to the large plasma gradient case, With
m :gfg >0, the significant part of primary Langmuir waves are re-
g 0.00 - absorbed by the beam. The maximum velocity of the plateau,
010 " see Fig. 6, is clearly larger than in the case of a homogeneous
§ o plasma.
0.00 0.05 0.10 0.15 0.20
Tiene: £ (=) D. Weak plasma inhomogeneity
2 0307 . When the plasma inhomogeneity is d.ec.reased, the overall
< -0.20 —_ pictures tends to be more and more similar to the case of
é 'g:;g homogeneous plasma. However, there are some features,
2 6 which makes the spectrum different from homogeneous
§ 0.20 - plasma(Figs. 7 and 8 The weak plasma inhomogeneity
020 effectively governs the turbulence in the range of srkall
0.00 0.05 0.10 0.15 0.20 . . . .
Time t (s) The negative plasma gradig(ftig. 7) again leads to some

quasisteady states, but for= —1x10° cm it requires a few
FIG. 6. The same as F|g 1 but for an inCreaSing plasma densnhcts of decay to reach Compensatlon Of three_wave decay by

Medium plasma inhomogeneity=5x10° cm. plasma inhomogeneity. The noticeable part of primary Lang-

muir wave energy goes directly to background plasma. The
mogeneous plasma is the existence of quasisteady states. Téteer waves experience decay and are then absorbed by the
spectrum of Langmuir waves remains almost constant at thbeam. We also see an appearance of accelerated electrons as
time scale greater than the time required for a decay. Tin the case of increasing plasma densfg. 7). However,
obtain steady state, one needs a constant source of Langmtfiie physics behind this process is different. Both primary
waves[24]. In Fig. 5 we see that during some time the valuesLangmuir waves and back-scattered secondary waves are
of E;” do not follow the typical oscillations associated with a now absorbed by the beam. Thus, a relatively weak plasma
decay, as seen for instance in Fig. 1. In homogeneous plasnishomogeneity, with. =1x10° cm prevents further decay
these values undertake oscillations with a period defined bgpf Langmuir waves.
the intensity of waves. The formation of the quasisteady state The notable point is the influence of a plasma inhomoge-
is explained by the following observations. Due to three-neity in the region of smak, where decay is prohibited but
wave interaction, Langmuir waves spread okeapace, with  scattering off ions continues building of Langmuir wave con-
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FIG. 7. The same as Fig. 1 but for a decreasing plasma density. FIG. 8. The same as Fig. 1 but for an increasing plasma density.
Weak plasma inhomogeneity=—1x10° cm. Weak plasma inhomogeneity=1x10° cm.

L wave generation. The other interesting feature is the appear-
densate. This high level of plasma waves accumulated negjce of small wave number ion-sound waves in case of weak

k~0 is shifted by the plasma gradient out of the regionpasma gradients. The damping ratedecreases witk, im-
where decay prohibited. As a result, Langmuir waves may,ying that long wavelengths are most likely to be observed
again decay, producing ion-sound waves. This interplay Ofate in the evolution of the turbulence. The distribution of
nonlinear processes leads to generation of sound waves Withese waves is a result of both nonlinear procesdesay
very smallk. Since the damping rate is smaller for lower g4 scatteringacting differently at lowk.

the intensity of these waves can be quite higlys. 7 and &

The plasma inhomogeneity also affects the spectral distri-
bution of ion-sound waves. Comparing cases with homoge-
neous and inhomogeneous plasmas, we conclude that a As we see, due to a plasma gradient the Langmuir wave
plasma inhomogeneity increases the efficiency of ion-soundpectrum is shifted ik space with different processes being

IV. DISCUSSION AND MAIN RESULTS
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active. Thus, a plasma inhomogeneity is effective in switch-ment of weak Langmuir turbulence, by triggering various
ing between different processes in the system. Indeed, fgsrocesses that affects the turbulence. The plasma inhomoge-
sufficiently smallL (strong gradientthe plasma inhomoge- neity generally leads to a decline of turbulence, therefore, a
neity prohibits any nonlinear processes. Instead, the electrorteady state of weak turbulence is reached faster than in case
Langmuir wave interaction becomes important. EorO the  of homogeneous plasma. Selective effects of Landau damp-
Langmuir waves are absorbed back by the beam, while fojng of Langmuir waves, or self-acceleration of electrons in a
L <0 Langmuir waves are absorbed by thermal electrons Vigeam can easily be activated by proper choice of a density
Landau damping. Increasiriy| (reducing the gradienve  gragient.

activated the next process, the three-wave decay of a Lang- The plasma inhomogeneity is the main process that is

muir waves. Depending on plasma gradient, the Langmuig,napie of switching between the decay and scattering off
turbulence makes a fixed number of oscillations. The plasmcc'tvmS at very low wave numbers. This part of the Langmuir

inhomogeneity controls the rate of scattering Off lons an ave spectrum is important for radio emission, and a plasma
decay at smallk, where decay and scattering becomes.

. inhomogeneity can, therefore, be significant in adjusting the
equally important. flux of radio emission from the plasma. Generally, we expect
Our calculations demonstrate that the Langmuir wave b ‘ Y, P

spectrum in general reaches a quasistationary state more ra at the radio emission should be gtronger for '|nhomoge—
eous plasmas. It might be appropriate to mention that the

idly in an inhomogeneous plasma that in a homogeneou 2K X ,
one. relative importance of electron temperature gradients is neg-
The positive plasma gradient case shows that the amoufigiPle in comparison to density gradients with the same
of energy that is released in form of Langmuir waves islength scald.. When considering the last term in EG) we
much smaller than that in case of a homogeneous plasmAave an effective force acting on a wave packet being
The positive plasma gradient also leads to appearance of aéwx/IX~wpe/L for the density gradient, while it is
celerated electrons in the plasfi2b). awk/ax~wpe(k)\De)2/L for the homogeneous density with
The ion-sound waves are heavily damped in plasmas witinhomogeneous background electron plasma temperature.
comparable ion and electron temperatures. First, this leads feor this term in Eq(5), a temperature gradient gives a neg-
a low level of ion-sound waves in comparison to that ofligible contribution as long askfpe)?<1. The constraint
Langmuir waves. Indeed, the energy accumulated in ionimplied in the WKB approximatioii2) must be fulfilled also,
sound waves is a small fraction of initial beam energy. Sechut this is a rather weak requirement, considering the large
ond, the ion-sound waves are seen as bursts with small timglues ofL used in the present analysis. We must, however,
duration. Obviously, the plasma inhomogenei_ty can also i_nkeep in mind that bottBtyecay and St,, are temperature
fluence the ion-sound turbulence. The interesting observatloaependem, and that temperature gradients can affect these
is that the period of time the bursts of ion-sound waves exisfams.
is dependent on plasma gradient. Generally, the bursts of e nresence of inhomogeneity affects the decay process,
i waves are longer in time in mhom_ogeneousdnd as a result ion-sound turbulence is generated more effec-
plasma than in homogeneous. Therefore, Langmuir wave tulETver. In particular, the plasma inhomogeneity can give rise

pulence Iqses Energy via lon-sound waves more mtenswe% a quasisteady state of decay interaction, when the shift of
in comparison with the homogeneous plasma case. It may b

that anomalous spectra of ion-sound waves observed by irE-e Langmuir wave spectrum due to |nhomogene|ty. sup-

coherent radar scattering can be explained in terms of deca§7955es f.urthgr_dgvelopments of _decay. From an application

from Langmuir wave$31], and we anticipate that naturally | oint of view, it is !nterestlng that in our case a weak plasma

occurring plasma density gradients in the upper parts of thiihomogeneity stimulates generation of ion-sound waves

ionosphere can contribute also to these processes. with very low wave numbers. We took particular care to
In view of application to astrophysical plasma, the p|asmacon5|der physically realistic parameter values, in the present

turbulence is normally observed via nonthermal radio emiscase some relevant for the solar corona. We find it of par-

sion[37,42,43. The efficient emission mechanism giving ra- ticular interest in this context, that the time scale for the

dio emission at double plasma frequency is the coalescendaitial evolution of the waves and the electron beam which is

of two Langmuir waves. In order to obtain high intensity of driving the process is short, of the order of 0.02-0.05 s, i.e.,

radio emission one has to supply high level of waves propacomparable to a typical electron-ion collision time,;*

gating at an angle to primary Langmuir waves. In this view=1/50 s. A collisionless plasma model for this type of pro-

low wave number Langmuir waves are the most effective. Agesses is, therefore, justified.

shown, a plasma inhomogeneity successfully governs the

evolution of the small wave number plasma waves, and pro-

vides us with a better understanding also of the Langmuir

turbulence responsible for radio emission. ACKNOWLEDGMENTS
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