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Abstract. We present a parametric study of electrostatic on the energy of the Langmuir waves and on the properties of
waves generated with angular frequencies,2 and—w,, . the electron distribution function. The electromagnetj, 2

by an electron beam using a one-dimensional Vlasov codewaves could be the result of a mode conversion from purely
We consider a background plasma consisting of three compoelectrostatic waves (Yoon et al., 1994).

nents: two electron populations (a background and a beam)

ang a profon po%ula_tlo; (iwt; awa;s ratioy /me h: 40f|0 On the other hand, Kasaba et al. (2001) have shown, us-
an tempgrature p = T. = T). We investigate ,t € Influ- ing two dimensional particle in cell (PIC) simulations, that
ence of dlfferent' beam parameters on the nonlinear grOWtrLangmuir waves interact with back propagating (with re-
rate of waves with ang_ular frequ_encyag,,e and COMPAre  spact to the electron beam) Langmuir waves (Ginzburg and
the results of the numerical experiments to theoretical predic- heleznyakov, 1958; Dum, 1990). Their interaction natu-

tions. We also examine the presence and excitation of bac lly generates electromagnetic waves at abo( 2(Caims
propagating waves with angular frequengsy.. A discus- and Melrose, 1985) o

sion on the possible generating mechanisms of the different

modes observed in these simulations is also presented.
The back propagating mode with angular frequeagy,

(hence forth we denote this modev, ) has been discussed
) by (Tsytoich, 1970), and later, for example, by Dum (1990).
1 Introduction Dum (1990) examined the appearance of back propagating
o o ~ Langmuir waves in a numerical model containing a mobile
The excitation of waves by an electron beam injected 'moproton species. This work noted that waves scattering off

a collisionless plasma has been the subject of several thegsns are much more efficient than waves scattering off of
retical and numerical studies. Electron beams are a naturgl|ectrons

source of electrostatic Langmuir waves at the plasma fun-

damental frequency, .. However, waves at g, . are of- ] ] o o

ten observed in the vicinity of the terrestrial electron fore- In th'? paper we obtain a quantitative Qescrlpnon o_f the
shock region (e.g. Kasaba et al., 2001); thesg, 2 emis- ~ 9eneration of 2w, . and —w, . electrostatic waves using
sions are electromagnetic in nature, whose origin and genei@ Set of Vlasov simulations. The two modes have different
ating mechanism are not yet well understood. These elecProperties and generating mechanisms, and, therefore, it is
tromagnetic waves could be connected with the nonlineatikely that their amplitudes vary differently with plasma pa-
electrostatic waves at 2, ., usually observed in numerical "ameters. We consider a background plasma consisting of
simulations of plasma-electron beam systems. ElectrostatiéV© Species: an electron population and a proton popula-
harmonics of the plasma fundamental frequency have beefon. with an artifical mass ratie,/m, = 400, and we
observed at the very begining of numerical studies (Klimas,2SSume equal temperatures of the proton and electron dis-
1983). Recently, Yoon (2000) has published a self-consistentibution functions,7,, = 7. = T. The third component
theoretical work on weak turbulence, assuming higher ordepPresentin our model is an electron beam with vanqble initial
terms in the perturbation expansion of the Vlasov-PoissorParameters. We compare the results of our numerical exper-
system of equations. Yoon’s theory predicts the existence ofments for 2w, . waves with the theoretical predictions of

a nonlinear electrostatic mode, with a growth rate depending’©°n’s theory (Yoon, 2000; Ziebell et al., 2001; Gaelzer et
al., 2002). In addition, we briefly discuss the growth rate of
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Fig. 1. Figure shows a typical evolution of the fluctuating wave en- Fig. 2. Simulated spectrum of the fluctuating wave enesds?

ergy|<SE2(k, 1)| for ¢ € (0, 700 w;’ﬁ as a gray scale plot. The data as a function of angular frequenayand wave vectok calculated

shown corresponds to the case with parametegs= 8.7 v, 5, during the intervalAr = 300— 600w;}g. The solid curve shows the

np =0.03n, T, =23T. linear dispersion relationy 1 = wp.. (1+3/2k%12), the dashed

curve shows the nonlinear dispersion relatighy = wp . (2 +

3/4 kz)%), and the dot-dashed curve shows the expected theoretical

nonlinear dispersion relatian 3 = wp.e (3+ 3/8k21.2).

In order to simulate the interaction of an electron beam and

a plasma we use the second order numerical scheme for the

2 The numerical model

Vlasov-Poisson system of equations: 3 The parametric study
<i +v.v+ S E r, 1)- i) fa (v, 1) =0 We examine the nonlinear properties of the beam-plasma in-
at Mg v teraction, specifically the generation ofe?, ., and —w,, .

n (1) waves, for different electron beam parameters. We consider

V-E@ 0= £0 Z ea/ dv fa (1, V1), a plasma consisting of three components: background elec-
o ) _ . trons, protons, and an electron beam. The temperature of the

where f,, denotes the distribution function of a given species background electrons and protons are equal to each other,
a (a = e for electronsa = p for protons), defined in two . _ T, = T. We perform 30 numerical experiments with
dimensional phase spae= S (x,vs). n = ne =7y d&-  \aning heam parameters: Beam density (= 0.015 n
notes the ambient plasma density, &depresents the self- andn;, = 0.03n), velocity with respect to the background
consistent electrostatic field. We use a standard numerical|octrons ( = 81, 84, 87, 90 v, ), and temperature

scheme to resolve the Vlasov-Poisson system: For the in T, = 2.0, 23, 28 T).
tegration of th_e Poisson equation we use a finite differgnct_a All the simulations have similar properties, the electron
scheme, the tlr_‘ng advanc.e schgmg of the Vlasov equation Beam generates Langmuir waves and the instability saturates
based on a splitting algorithm first introduced by Cheng andlater on. During the nonlinear evolution 2, . and—aw,,
Knorr (1976) and an upwind discretisation (Leer, 1977), Iaterwaves appear. Figure 1 shows a typical evolution gf sim-
extended by Fijalkow (1999). Our code is based on a S"ghtlyulated wave spectra of fluctuating wave enefgg2(k, 1)|
modified humerical scheme described by Fijalkow (1999). as a gray scale plot with parameter values:= 8.7 v, 14,

We use the Debye lengtty, (denoted byL p on figures) ny = 0.03n, T, = 2.3 T, whereE(k, 1) is obtained by a
as the unit of space and the inverse of the plasma angular freg, ey transform of the electric field (x, 1) in space. The

71 . .
quencyw), . as the unit of time. The lengtll,,, of the spa- g, e jllustrates the growth of the beam-generated Langmuir
tial domain equals 512, sampled oven, = 1024 points, wavesw, . with k ~ 0.1 0.2/4p, later on the @, waves

i.e. dx = 0.51p. The size and sampling of the veloci ; :

domain for the glectrons and protons E gi?/en by the parglmyv!th k ~ 0.3/hp, and finally the groyvth Of_a-)p’e yaves
with k ~ —0.1 — 0.2/Ap. The dispersion relation from our

eterS|ve min| = [Vemax| = 22 Vesn, (dve = 0.147veun),  numerical model for the same simulation is shown in Fig. 2.

and|vpmin| = 1Vp.max| = 120p,m, [dvp = 0120, ) 1€~ Figre 2 displays the simulated spectrii2(k, w)| calcu-

spectively. Herev, ., represents the thermal speed of the |40 for the period 300-600,%. The solid line on the plot

electrons¢ = ¢) and protonsd = p).. .. corresponds to the theoretical fundamental plasma frequency
We use periodic boundary conditions for the distribution oK1

function and the electric field in the spatial domain and cut

off valuesv, min, Va.max for distribution functions in the ve- 3 5.5
locity domain. Wk, 1= Wp.e <1+ > k kD) ; (2)
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Growth rate of 2w,, waves df/dv in plateau region of f(v)
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Fig. 3. Approximate growth rate of @, . waves for different sim-  Fig. 4. The derivativedf/dv calculated in the plateau region of
ulations as a function of the corresponding Langmuir waves ampli- f (v) for different simulations as a function of the corresponding

tude, Iy /nkT. Langmuir wave amplitudely /nk T.
the dashed line corresponds to the theoretical frequeregy 5 Growth rate of -w,, waves
as derived by Yoon (2000) and in agreement with Kasaba e#x10 ™~ f ‘ ‘ ‘
al. (2001): E 1
3, 3x10° [ ’ :
Wk,2 = Wp.e (2+Z k )LD+8k>, (3) E o 1
2x107 F :

where we assume that the thermal corrections are negligible;
ek ~ 0 and finally, the dot-dashed line corresponds to a fit

suggesting the theoretical frequenay s to be: 1x10° , . ,
ks =y (342 k22 () 5 . e
’ p.e 8 D] Ot ML . SR B N i N,
0.01 0.10 1.00 10.00 100.00

Note that Eq.(3) has been derived as an approximate solu-
tion of the non-linear eigenmode analysis retaining the non-

linear wav ling term which ari from the presen f N .
ear wave coupiing te ch arises 1ro € prese CeoFlg. 5. An estimation of the growth rate efw, . waves for differ-

a broad s.pectrum of incoherent Langmuir waves (Gaelzer e&nt simulations as a function of the corresponding Langmuir waves
al., 2002; Yoon, 2000). amplitude,/; /nkT.

The numerical simulations carried out in this paper show
that the main parameter that governs the plasma properties is

I /nkT

the time averaged enerdy as a function of the corresponding amplitude of the Langmuir
) wavesl; / n k T: its growth rate increases with /n k T
Ir =/A /Ak SE® (k, w) dow dk (5)  forl, /nkT < 1anddecreasesfdf /nk T > 1. This
w

change in behaviour is connected to the change of character

of the beam-generated Langmuir waves. Each energy spectief the electron distribution function in the nonlinear stage,
I8E? (w, k)| considered in this paper was calculated over thewhich can be seen in Fig. 4. Figure 4 shows the derivative
time interval of duratiomt = 300w;}3. df/dv, calculated in the plateau region ¢ 6 — 8v, s, See

All modes atw. ., 2 wp.., 3 wp.., and weak-w, ., are  Fig. 6) of the electron distribution functiofy (v) for different
well defined in Fig. 2. The theoretical curves (2), (3) and (4) simulations, as a function of the corresponding amplitude of
do not take into account the presence of electron beam othe Langmuir waveg; / n k T. Figure 4 clearly shows that
the dispersion of the modes. This fact explains the small dif-the plateau in the electron distribution function is not formed
ference between the theoretical prediction (2) and the specaheniy /n k T > 1, since in this regiodf/dv < 0.
trum of Langmuir waves observed in the simulations (Cia- An estimate of the growth rate of backward propagating
rns, 1989). The discrepancy between the harmonic emissiowaves atv,, . is shown in Fig. 5. Figure 5 displays the growth
and the corresponding dispersion curve (3) could possiblyrate of —w, . waves for different simulations, as a func-
be attributed to the same effect. Figure 3 shows an approxtion of the corresponding amplitude of the Langmuir waves
imate growth rate of 2, . waves for different simulations, I / n k T. The growth rate of these waves increases under
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Fig. 6. The electron distribution function in the nonlinear stage Fig. 7. The proton distribution function in the nonlinear stage of the
of the simulation (t = 5000;,13). The upper panel corresponds to simulation (t = 5000;,16). The upper panel corresponds to the case
the case witm, = 0.015n, v, = 8.1 v, T, = 2.8 T, and withn, = 0.015n, vy, = 8.1 v, 1, Tp = 2.8T,,andly, /ne k Tp ~
Iy / ne k T, ~ 0.02. The lower panel shows the case with= 0.02. The lower panel shows the case wifi= 0.03 n¢, vp x =
0.03ne, vpx = 90 vesp, Tp = 20 T, and iy / ne k T, ~ 9.0 v, ¢, Tp =2.0T,, andly, / ne k T, ~ 16.
16. Solid curves show a profile of the corresponding distribution
function averaged over.
of the simulation (cf. Kasaba et al., 2001) for the case of

) weak turbulence. Figure 6 (right panel) also shows the im-

the influence of stronger turbulenége / n k T > 1. pact of backscattered Langmuir waves on the electron distri-

The results show that the output of the simulation is dif- hytion function: with the formation of a plateau for negative
ferentfor/y /nkT < landly /nkT > 1, whichcan  yeocities (cf. Ziebell et al., 2001).

be seen in particular for the electrons and protons in the non-

linear stage. Figures 6 and 7 show the distribution function

f(x, v) of the electrons and protons respectively, in the non-4  Concluding remarks

linear stage. Figure 6 also shows a profile (solid curve) of the

distribution functionf (v), the average value of(x, v) over  This study gives a quantitative description of the threshold

X. between weak and strong turbulence cases, based on the the-
The left panels of Figs. 6 and 7 correspond to the caseoretical approach developed by Yoon (2000). We have per-

with n, = 0.015n, vy, = 81 v, Ty = 2.8 T,, and  formed 30 numerical experiments using a standard numerical

I / n. k T, ~ 0.02 (the weakest Langmuir turbulence model for the Vlasov-Poisson system.

from our simulation set). The right panels show the case Generalized weak turbulence theory by Yoon (2000) pre-

with n, = 0.03 ne, vpx = 9.0 ven, Ty = 2.0 T,, and  dicts the existence of a nonlinear mode around,2., un-

11 / ne k T, ~ 16 (the strongest Langmuir turbulence from stable for strong enough Langmuir turbulence, with a growth

our simulation set). rate y2 »,, proportional to the amplitude of the Langmuir
Figure 6 shows signatures of vortices, indicating electronwave. Figure 3 shows that when the energy of the Langmuir

trapping. These vortices are thermalized in the latter stagewaves!; exceeds the thermal energy of the background elec-
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