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electron beams propagating in space plasmas
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[1] It is by now well known that electron beams play an important role in generating radio
emissions such as type II and type III radio bursts, commonly observed by spacecraft in
the interplanetary medium. Electron beams streaming back from Earth’s bow shock into
the solar wind have been proposed as a possible source for the electron plasma waves
observed by spacecraft in the electron foreshock. Recent observations suggest that during
the natural evolution of the foreshock plasma, multiple electron beams could be injected
over a period of time, losing their individual identity to coalesce into a single beam. In this
work, we use an electromagnetic particle‐in‐cell (PIC) code “KEMPO 1D, adapted” to
simulate two electron beams that are injected into a plasma at different times. The first beam
disturbs the background plasma and generates Langmuir waves by electron beam‐plasma
interaction. Subsequently, another beam is inserted into the system and interacts with the
first one and with the driven Langmuir waves to produce electromagnetic radiation. The
results of our simulation show that the first beam can produce electrostatic harmonics of
the plasma frequency, while the second beam intensifies the emission at the harmonics that
is produced by the first one. The behavior of the second beam is strongly determined
by the preexisting Langmuir wave electric fields. The simulations also show, as a result of
the interaction between both beams, a clear nonlinear frequency shift of the harmonic
modes as well as an increase of electromagnetic and kinetic energies of the wave‐particle
system.

Citation: Simões, F. J. R., Jr., M. V. Alves, and R. Gaelzer (2010), One‐dimensional electromagnetic simulation of multiple
electron beams propagating in space plasmas, J. Geophys. Res., 115, A06105, doi:10.1029/2009JA014841.

1. Introduction

[2] Electron beams propagating away from the Sun play
an important role in generating solar radio emissions and are
basic phenomena observed on solar activities. When a solar
flare occurs, electron beams are injected from the Sun into
the interplanetary medium. These electron beams propagate
along the interplanetary magnetic field lines with velocities
parallel to the magnetic field that are much larger than the
electron thermal speed of the solar wind. Near Earth’s mag-
netosphere, electrons are streaming back from the shock into
the solar wind, driving Langmuir waves through beam‐plasma
or bump‐on‐tail instabilities [Canu, 1989]. Subsequently, the
Langmuir waves can be converted to electromagnetic radia-
tion either at the fundamental, f = fp, or at the first harmonic,
f = 2fp, or both.

[3] A theoretical picture of type II and type III solar radio
bursts and 2fp radiation from the terrestrial electron fore-
shock was first proposed by Ginzburg and Zheleznyakov
[1958]. The core of this picture is still used today: in the
source region, Langmuir waves are generated by a bump‐on‐
tail instability of electron beams. The bump‐on‐tail instability
involves only those particles that are in resonance with the
wave. Particles with velocities greater than wave phase
velocity contribute to the growth of the wave; those with
velocities smaller than phase velocity contribute to the damp-
ing [Gurnett and Bhattacharjee, 2004]. Growth of Langmuir
waves then tends to relax the beam to preventmarginal stability
by quasi‐linearly flattening its velocity distribution.
[4] With the technological development of the last few

decades, computer experiments have been increasingly
employed to understand the physical processes of space
plasmas [Matsumoto and Sato, 1985; Birdsall and Langdon,
1991; Omura and Matsumoto, 1993; Birdsall and Fuss,
1997; Umeda et al., 2003]. An intriguing feature in elec-
trostatic simulations, Vlasov and particle‐in‐cell (PIC), of
beam‐plasma interactions is the ubiquitous excitation of
harmonic electrostatic modes, 2wpe, and even higher har-
monics, 3wpe and 4wpe, for example, with decreasing intensi-
ties for increasing harmonics. Recent theories in the literature
[Umeda et al., 2003; Yoon, 2000; Yoon et al., 2003; Gaelzer
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et al., 2003] for the harmonic generation consider the har-
monics as nonlinear eigenmodes of a beam‐plasma system.
This approach was followed by simulations developed by
Kasaba et al. [2001] and Schriver et al. [2000]. They show
that harmonic modes persist even in the late nonlinear phase
when the coherent phase space structure is no longer apparent
and when the plasma has entered a stage which can be gen-
uinely characterized by random phases.
[5] The simulations by Schriver et al. [2000] and Kasaba

et al. [2001], which were designed to resolve only up to the
first harmonic (that is, n = 1 and 2), clearly show, from the
obtained w‐k diagram, that the first harmonic mode occupies
a broad spectral range which can be best described by a
phenomenological dispersion relation.
[6] In space plasmas, electron beams can assume the shape

of more than one electron beam. They could be injected into
the interplanetary medium where the local plasma is inho-
mogeneous with both regular monotonic spatial variations
(for example, the r−2 falloff from the Sun) and irregular
spatial variations (e.g., due to turbulence). On the basis of this
possibility, recent research has adopted a more realistic
condition, that is, including more than one electron beam to
study the dynamics of the system, in order to understand the
physical picture about electrostatic and electromagnetic
emission [Li et al., 2002].
[7] Li et al. [2002] investigated numerically the propa-

gation of multiple electron beams using quasi‐linear theory.
They noticed that the mechanism of beam merging is via
interaction between beam particles and associated waves.
Fast particles in a trailing beam lose energy to waves gen-
erated previously by the leading beam, while slow particles
in the leading beam absorb energy from waves driven by the
trailing beam, which eventually leads to the elimination of
any measurable speed difference between the two beams.
These findings suggest that multiple electron beams could
be injected over a period of time and they tend to lose their
individual identity to form just a single beam.
[8] Motivated by these recent results, we examine the

emission of plasma waves and its harmonics from multiple
electron beams injected at different times via the PIC code
(KEMPO 1D) [Omura and Matsumoto, 1993] in a modified
version [Simões Junior, 2008]. We consider a simple envi-
ronment in our model: at t = 0 the first beam is injected into
the system which is let to evolve; after a certain time a
second beam is injected with defined characteristics and the
simulation continues. Both beams occupy all the system at the
time of their injection. This procedure was chosen to avoid
grid effects at the boundaries. The initial conditions for the
background plasma and the electron beams are based on solar
wind and electron foreshock observations [Anderson et al.,
1985]. It is important to mention that in our code three
components of velocity, three components of current, and
three components of electric field are considered. The 1‐D
simulation limits our code to two components of magnetic
field and one space component. In this case, all possible
processes of coalescence and electromagnetic emission are
not reproduced. Nevertheless, we clearly observe the elec-
tromagnetic waves propagating in arbitrary directions in our
simulations. Previous 2‐D simulations [Kasaba et al., 2001]
indicate that the obtained electromagnetic wave does not

have the power observed in the interplanetary medium. Our
results suggest that a higher power can be obtained as a
consequence ofmultiple electron beam interactions, as shown
by the continuous growth of electromagnetic energy after the
second beam injection in Figure 7. Some of the mechanisms
responsible for electromagnetic emission have been exten-
sively reviewed by Li et al. [2005a, 2005b].
[9] This paper is organized as follows: section 2 presents

the main characteristics of the simulation model. In section 3
we present the simulation results; in section 4 we present a
summary and the conclusions of our work.

2. Simulation Model

[10] The physical picture used in this paper is of a mag-
netized, background plasma interacting with electron beams,
which are injected into the system in different times. Simu-
lations are performed using a one‐dimensional modified
version of the electromagnetic particle code KEMPO (Kyoto
Electromagnetic Particle Code) [Omura and Matsumoto,
1993] with periodic boundary conditions. The first beam,
injected at t = 0, is responsible for breaking the equilibrium of
the system, with the ensuing generation of Langmuir waves.
The system is allowed to evolve for a certain period of time
when a new starting condition is imposed. The original code
was modified so that a second beam was injected, and the
wave‐particle system that resulted from the beam‐plasma
interaction during the previous run was employed as the new
background system.
[11] For the numerical simulation we use 2048 spatial

grids points, with distances normalized by lD, where lD =
("0KBTe/nee

2)1/2 is the Debye length, KB is the Boltzmann
constant, e is the elementary charge, and Te and ne are the
electron temperature and equilibrium density, respectively.
The grid spacing isDx = 1.0. All frequencies are normalized
by the electron plasma frequency wpe = (nee

2/me"0)
1/2, and all

velocities are normalized by electron thermal velocities vthe =
(KBTe/me)

1/2. The simulations run for a total of 16,384 time
steps, with Dt = 0.02wpe

−1. After injecting the first beam, the
system is let to evolve until wpet = 327.68, which is equivalent
to Wcet = 163.84, where Wce = eB0/me is the electron gyro-
frequency, B0 is the ambient magnetic field, and me is the
electron rest mass. The electron drift velocities are vde =
0.1vthe and vdb1 = 7.5vthe for a standard run, where vde and vdb1
are the background electron plasma and first electron beam
drift velocities, respectively. The ions are considered sta-
tionary and are only included for charge neutrality. We
consider 512 superparticles by grid cell for the background
plasma and 256 superparticles by grid cell for the first and
second beams. The 1‐D simulation limits our code to three
components of velocity, current, and electric field; two com-
ponents of magnetic field; and one space component.
[12] We consider that the background plasma and the first

and second beams are described by isotropic Maxwellian
distribution functions. Figure 1 shows the velocity distri-
bution functions at t = 0 for the four cases that we will treat
here. A solid line represents the background plasma, a line
with asterisks represents the first electron beam, and a line
with squares represents the second electron beam. We also
assume that the two beams have the same characteristic
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plasma frequencies given by wpb1,2 = 0.35wpe and the same
thermal velocities, equal to 2.54vthe, for all simulation runs.
[13] The standard case (Figure 1a) is performed to disturb

the system and generate Langmuir waves. Then we consider
three additional cases, varying the drift velocity for the
second beam. For the first case, we assume that the second
beam has the same velocity as the first beam, vdb2‐F = 7.5vthe
(Figure 1b); for the second case, we assume that the sec-
ond beam is slower than the first, with vdb2‐S = 3.75vthe
(Figure 1c); and for the third case, we consider a faster
second beam with vdb2‐T = 11.25vthe (Figure 1d). The sub-
indexes db2‐F, db2‐S and db2‐T denote the drift velocities
of the second beam for the first, second, and third cases,
respectively.
[14] Note the plateau formation in the first electron beam

distribution function, which is a consequence of the beam‐
plasma interaction [Melrose, 1986], for the first, second, and
third cases. At t = 0, we consider that the first beam has been
fully injected into the system; that is, the electron beam is
not injected into the system, it occupies all the system at t = 0.
This procedure avoids grid effects at the boundaries. For all
cases, before the second beam is injected, a standard run, with
only the background plasma and the first beam, is performed
for a certain amount of time. The system is allowed to non-
linearly evolve from the equilibrium situation during this
period until the beam plasma instability saturates. At this
point the run is interrupted, and all information necessary to
restart the run is saved. The resulting system is then used as

the new background system, the second beam is injected, and
the simulation is resumed.

3. Simulation Results

[15] In this section we present results for the four different
simulation runs described in section 2.

3.1. Standard Case

[16] The most important emission mechanism for meter
wave solar bursts is “plasma emission. ” In general, at least
three stages are involved. The first stage is the generation of
Langmuir turbulence. The second and third stages involve
nonlinear plasma processes which convert the energy in the
Langmuir turbulence in escaping transverse waves at the
fundamental and harmonics of plasma frequency. Our stan-
dard case represents the first stage and is used as a first step
to reach the other two. In this case, we inject a single beam
into the background plasma, considering the beam density
as approximately 12% of the background plasma density.
[17] Figure 2 shows the time evolution of the total electric

field energy, WE, total magnetic field energy, WB, and the
kinetic and the total energies of the system for the standard
case. In all results presented here, energy is measured in
arbitrary units. At wpet = 0.0 one can see that WE is zero
(Figure 2, top left). It is important to mention that there are
no waves in the system at this instant. They will be generated
during the simulations.
[18] Comparing all frames of Figure 2, we can see that WE

grows at the expense of the kinetic energy, KE (Figure 2,
bottom left), reaching a maximum of 0.09 (arbitrary units).
Changes in WB are negligible compared to the variations of
WE. Although not shown here, WE is mainly determined by
the parallel component of the electric field (Langmuir
waves). The total energy (Figure 2, bottom right), the sum of
kinetic, magnetic, and electric field energies, is conserved.

Figure 2. Time evolution of (top left) total electric field
energy, WE, (top right) total magnetic field energy, WB,
(bottom left) kinetic energy, KE, and (bottom right) the
total system energy (electric plus magnetic plus kinetic
energy) for the standard case for only the single electron
beam injected into the background plasma.

Figure 1. Schematic Maxwellian velocity distribution
function for the four different cases considered. (a) A single
electron beam with drift velocity injected into a ambient
plasma, this case is performed to disturb the system and gen-
erate Langmuir waves. (b) A second electron beam with the
same drift velocity of the first beam. (c) We consider that the
second electron beam is slower than the first beam. (d) We
assume that the second electron beam is faster than the first
beam. Background plasma is represented by a solid line, the
first electron beam is represented by a line with asterisks,
and the second electron beam is represented by a line with
squares.
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This is evidence that numerical instabilities are absent in our
simulations. All the results presented here are characterized
by the same numerical stability, and thus, we will not present
further time evolution results for the total energy of the wave‐
particle system.
[19] The plot for WE in Figure 2 (top left) shows that

there are three peaks: the first one at wpet = 58.88, the
second at wpet = 94.7, and the third at wpet = 138.2. The
first peak marks the end of the quasi‐linear growth process,
started with the linear growth rate gWE = 0.134wpe

−1t−1. During
this stage, the Langmuir wave generation is associated with
vortex formation in the electron velocity phase space.
[20] Figure 2 shows that the first beam plasma instability

saturates at WE ≈ 0.05, in agreement with theoretical esti-
mate [Sotnikov et al., 1994]. The saturation instability is
reached together with the plateau formation in the velocity
distribution function. The growth of the velocity spread can
stabilize the instability. This happens when damping pro-
duced by the beam electrons due to the velocity spread

exceeds the growth rate connected with the resonant inter-
action with the background electrons [Sotnikov et al., 1994].
[21] Figure 3 shows the phase space for particles at three

different instants. Figure 3a shows the phase space at t = 0,
Figure 3b shows it at wpet = 58.88 (first WE peak, the end of
the quasi‐linear stage), and Figure 3c shows it at the end of
the simulation run, wpet = 327.68. The background plasma
is represented by black, and the first beam is shown in red.
[22] The basic time evolution of the velocity distribution

function is presented in Figure 4. The background plasma is
represented by a solid line, and the first beam is represented
by the line with asterisks. At wpet = 0.0 (Figure 4a) the first
beam (for the standard case) is fully injected into the system.
At the initial stage (wpet = 0.0 → ≈58.88) the vortices are
formed in the phase space, and after that, they are gradually
disordered. Figure 4b, at wpet = 58.88, presents a snapshot of
when the first peak in WE occurs (maximum electric field
energy). At this time one can see that the beam distribution
function is completely flattened. After this time, no important
changes occur. A well‐known plateau formation can be seen
in Figure 4b at the final time of simulation.
[23] For the first stage of the simulation (one beam),

further evolution of the velocity distribution function occurs
on a timescale of the order of thousands of plasma periods.
However, such long‐time features are not of interest in the

Figure 3. Phase space diagrams, vx versus x, at different
times along the simulation. Background plasmas are black,
and first electron beams are red.

Figure 4. Velocity distribution function for the standard
case. (a) Initial time and (b) final time of the simulation
are presented. The solid line shows the background plasma,
and the line with asterisks shows the first beam.

Figure 5. The w‐k diagram obtained from the time and
space evolution of the x component of the electric field, Ex,
along the ambient magnetic field. Total time of simulation
is considered. The theoretical Bohm‐Gross relation is shown
by a dotted line, and tje beam mode dispersion relation is
shown by a dashed line.
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present study, because the ensuing injection of the second
electronic beam will introduce a perturbation in the system
that is characterized by a much shorter timescale.
[24] Figure 5 shows the w‐k diagram obtained from the x

component of the electric field, Ex, along the ambient mag-
netic field by Fourier transforming in space along the x axis
and in time. For reference, we also plot some theoretical
plasma dispersion relations. The dotted line is the theoretical
Bohm‐Gross dispersion relation, w2 = wpe

2 + 3vthe
2 k2; the

dashed line is the beam mode wave, w = vdbk.
[25] Figure 5 shows the excited Langmuir waves, at w ⪅

wpe ≈ 1.0 for kx > 0 (forward propagation). Initially, the
wave number of the excited wave is lower than the expected
value for the maximum linear growth rate, kx ∼ wpe/vb =
0.13. After the linear growth stage (vortex formation), the
corresponding wave numbers become larger [Dum, 1990a,
1990b; Nishikawa and Cairns, 1991; Kasaba et al., 2001].
Using the physical parameters of the standard case, we
observe that P = (wpb1/wpe)

2/3(vdb1/vthe1) ≈ 1.47, where P is
the parameter defined by Cairns [1989]. The dispersive
characteristic and the emission spectrum of the fundamental
mode are observed to closely follow the modified beam
mode discussed by Cairns [1989]. The backward propa-
gating (kx < 0) Langmuir wave can also be seen in Figure 5
(left). Figure 5 also shows the presence of the harmonics for
the forward propagation. The harmonics are generated during
the linear growth stage and intensified after that. Yoon et al.
[2003] developed a general theory for multiple harmonic
generation and proposed that electrostatic harmonic waves
are generated during the linear phase of the wave‐particle

interaction, as nonlinear eigenmodes of the beam‐plasma
system. This theory proposes that the harmonics are emitted
around the intersection between the beam mode line and
harmonic eigenmode dispersion relations [see, e.g., Yoon
et al., 2003, Figure 4]. Our results are in agreement with
the theory formulated by Yoon et al. [2003].
[26] For a single beam, the standard case, our results

present same qualitative behavior of previous PIC‐1D
simulations [Kasaba et al., 2001; Nishikawa and Cairns,
1991; Dum, 1990a, 1990b]. However, none of the previous
studies includes a second beam in the system disturbed by
the first one.

3.2. Simulations With a Second Electron Beam

[27] In this section we present the results obtained by the
injection of a second electron beam in the system previously
perturbed by the first beam. We perform three simulation
runs with the second electron beam. As the first case, we
consider the second beam as having the same drift velocity
as the first one, vdb2‐F = vdb1; as the second case, we consider
the second beam with the drift velocity given by vdb2‐S =
0.5vdb1; and as the third case, we consider the second beam
with vdb2‐T = 1.5vdb1. All other simulation parameters are the
same as in the standard case.
[28] Figure 6 presents the time evolution for the total

electric field energy, WE, and the kinetic energy, KE, for the
first case (Figure 6a), the second case (Figure 6b), and the
third case (Figure 6c). Note that the initial value of WE is not
zero for these cases because of the presence of Langmuir
waves driven by the first beam that produce a strong electric
field, which interacts with the second electron beam. The
resulting fast modulation of the second beam is character-
ized by a faster growth of WE as compared to the standard
case. In Figure 6a the peak is reached at wpet ≈ 12.8, while
for the standard case, it was reached just at wpet = 58.88. The
growth rate for WE is gWE = 0.104.
[29] In Figure 6b one can see that WE decreases while the

kinetic energy increases during the simulation time. The
particles are accelerated at the expense of wave energy. In
Figure 6c we can see that WE increases from WE ≈ 0.04 to
WE ≈ 0.34 during 13.62 plasma periods, with a growth rate
gWE = 0.157. This increase occurs because of the strong
electric field of the Langmuir waves that were driven in the
system by the first beam. After the first peak, the electric
field energy gradually decreases until the end of simulation.
For all cases the energy exchange between the waves
(electric field energy) and particles (kinetic energy) is clear.
Similar results were obtained by Li et al. [2002] for multiple
beams.
[30] One important result presented in this paper is the

time profile of the electromagnetic energy (Figure 7). After
the second beam injection into the system, the electro-
magnetic energy components (Ey

2 + Ez
2) grow more than the

standard case (Figure 7a). Figure 7b shows the results
obtained when the second electron beam has the same drift
velocity of the first one, vdb2‐F = vdb1; Figure 7c shows
vdb2‐S = 0.5 vdb1; and Figure 7d shows vdb2‐T = 1.5 vdb1.
[31] In Figure 7c, it is important to note that although the

second beam has a drift velocity smaller than the first one
and the electrostatic energy has been absorbed, the electro-
magnetic energy keeps growing during the whole simulation
time, with a growth rate of gel = 1.6 × 10−3. This result is

Figure 6. Time evolution of the (left) total electric field
energy,WE, and (right) kinetic energy, KE. The second beam
is injected into a perturbed plasma with three different
drift velocities: (a) vdb2‐F = vdb1, (b) vdb2‐S = 0.5vdb1, and
(c) vdb2‐T = 1.5vdb1.
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important because it suggests that multiple electron beams
can be important in electromagnetic wave generation in
space plasmas and solar bursts. However, this is an initial
result that requires more systematic research in order to fully
understand the electromagnetic wave generation processes.
A 2‐D code is being developed to address this subject.
[32] From Figure 7d we can see that when the second

electron beam has a greater drift velocity than the first one,
the electromagnetic energy grows more than in all the other
cases. Although it is clear that the growth rate of the elec-
tromagnetic component of WE is proportional to the amount
of free energy pumped into the system by the second beam,
the mechanism responsible for the energy transfer is not
evident from the 1‐D simulation results. We intend to pur-
sue the subject further in future studies using a bidimen-
sional PIC code.
[33] Figure 8 shows the w‐k diagram obtained from the

time and space evolution of Ex, along the ambient magnetic
field, for the total time of the simulation after injection of the
second beam. We can observe in Figure 8a that the har-

Figure 8. The w‐k diagram obtained by x component of
the electric field, Ex, along the ambient magnetic field:
(a) vdb2‐F = vdb1, (b) vdb2‐S = 0.5vdb1, and (c) vdb2‐T = 1.5vdb1.

Figure 7. Time evolution of the electromagnetic field com-
ponents energy (Ey

2 + Ez
2) during the whole simulation time

after the injection of second electron beam: (a) standard case,
(b) vdb2‐F = vdb1, (c) vdb2‐S = 0.5vdb1, and (d) vdb2‐T = 1.5vdb1.
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monic modes are downward shifted in frequency and they
stand closer to one another than was observed in the stan-
dard case (Figure 5). For all cases with the second electron
beam, the theoretical beam mode dispersion relation (dashed
line) is obtained using the mean value of the sum of beam
drift velocities, vdb = 7.5 (Figure 8a), vdb = 5.63 (Figure 8b),
and vdb = 9.37 (Figure 8c).
[34] The relative intensities of the harmonic modes

(Figures 8a and 8c) are also enhanced compared to the
standard case, an effect that can be clearly noted on the first
harmonic and that may be attributed to the excess of free
energy as well. However, for vdb2 = (1/2)vdb1 (Figure 8b),
the harmonic emissions are largely suppressed, and the fun-
damental beam mode remains, with ≈10% of beam mode
intensity compared to the standard case. This value is
obtained from the comparative power spectrum, which is
not show here.
[35] In an attempt to shed some light on the puzzling

quenching of the harmonic emission, Figure 9 displays the
w × k diagrams of four distinct time intervals, each one
with 80 plasma cycles. At the beginning (Figures 9a and 9b),
we can clearly see the first harmonic of plasma frequency
(w/wpe ≈ 1.5). This harmonic is suppressed and disappears
during the later 80 plasma cycles (Figures 9c and 9d). The
fundamental mode energy is also partially absorbed.
[36] The behavior of the harmonic modes when vdb2 =

(1/2)vdb1 could be explained in terms of the linear Landau
damping mechanism. Initially, Langmuir waves with phase
velocity around vdb1 are excited by the free energy pro-
vided by the first beam and grow to the levels displayed in
Figure 5. Later, when the second beam is injected into the
systemwith vdb2 < vdb1, the particles at the leading edge of the
beam, with v⪅ vdb1 and ∂fe/∂ v < 0, start to tap into the energy
provided by the preexisting Langmuir waves, thereby accel-
erating and damping the waves in the process. According to
the theory of Yoon et al. [2003], the harmonic modes partake
of the same linear induced absorption mechanism that affects
the fundamental mode, being all absorbed or enhanced

around the same beam line. Thus, since the harmonic modes
intensities are comparatively lower than the fundamental, we
can more easily observe those harmonics being damped back
to the background radiation by the linear resonance with the
second beam particles.
[37] Focusing our attention now on the third case (vdb2‐T =

1.5 vdb1), in Figure 8c we observe again the downward
shifted and compacted harmonic modes, with a relatively
less intense fundamental. In order to investigate the behavior
of the harmonic modes in this case in greater detail, Figure 10
shows the w‐k diagrams for four distinct time intervals
again, each one with 80 plasma cycles. We observe that the
harmonics are present during the initial stage, wpet = 0 → 80
(Figure 10a), reminding us of the standard case. However,
at later times, they just kept growing (Figures 10b–10d), in
a pattern that is the opposite of the second case.
[38] This behavior could also be explained in terms of the

same mechanism that dampens the harmonic emission in the
Figure 8b. In the present case, the electrons in the second
beam, which now has vdb2 > vdb1, start to resonate with the
waves whose phase velocities are in the population inver-
sion region of the second beam and that were previously
excited by the first beam, thereby growing to higher levels.
The frequency shift and the bunching of the harmonics would
be due to nonlinear effects that are triggered by the enhanced
level of the waves. Finally, in Figure 8 we can also clearly
see the backscattered Langmuir mode with kx < 0, which in all
cases, closely follows the Bohm‐Gross dispersion relation.
[39] The results presented in Figures 8–10 show an

unmistakable frequency shift of the harmonic modes that
requires further explanation. Although the nonlinear fre-
quency shift of plasma eigenmodes due to the presence of
weak or strong turbulence is a known phenomenon (see, e.g.,
the discussion by Yoon and Gaelzer [2002a, 2002b, and
references therein]), it is usually only discussed in relation
to the usual linear electrostatic eigenmodes (Langmuir and
ion sound).

Figure 9. The w‐k diagrams for different intervals of
time along the simulation for Figure 8b: (a) wpet = 0–80,
(b) wpet = 80–160, (c) wpet = 160–240, and (d) wpet = 240–
327, 68. We can see that harmonics are suppressed.

Figure 10. The w‐k diagrams for different intervals of
time along the simulation for Figure 8c: (a) wpet = 0–80,
(b) wpet = 80–160, (c) wpet = 160–240, (d) wpet = 240–327,
68. An intensification of harmonic emission is observed.
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[40] The results presented in Figures 8–10 show that the
frequency shift operates on the nonlinear harmonic modes as
well, both by reducing the overall frequency of each har-
monic and by reducing the frequency difference between
two consecutive modes. In addition to the frequency shift,
the relative intensity of the harmonic modes depends on the
second beam drift speed and density in a complex manner
that is not given by a simple proportional law. These effects,
as far as we know, have not been identified by other sim-
ulation studies and require further simulation studies, which
we intend to pursue in the future along with a theoretical
explanation.
[41] In Figure 11 we can see that the second beam is

quicklymodulated by the strong electric field of the Langmuir
waves. For the first case, vdb2‐F = vdb1, the vortexes are
present during the interval wpet = 3–13. Figure 11a shows a
snapshot of the first case at wpet = 12.8, the same time when
the peak WE occurs (see Figure 6a). After this time, the

system rapidly goes to a turbulent state, and the vortices are
gradually destructed. At the end of the simulation the second
electron beam is fully thermalized with the first one, and the
system goes to equilibrium stage.
[42] After the injection of the second electron beam with

lower drift speed (Figure 11b), the particles are quickly
accelerated by the strong electric field of the Langmuir
waves. The acceleration process occurs during the vortex
formation, until wpet = 10.24. This result can be confirmed
by a fast energy exchange between the kinetic and electrical
energy in Figure 6b, which occurs after this initial stage and
continues until the end of simulation. In this case, the sim-
ulation time is not sufficient to complete plateau formation
for the second beam, as seen in Figure 12.
[43] In the energy plot presented in Figure 6b, we can see

a small increase in WE between wpet ≈ 10.24 and ≈ 38.4.
Figure 11b shows that the peak in WE is related to a new
vortex formation between the first (red) and second (blue)
beams. We believe that this new unstable stage contributes
for particle acceleration of second beam. That period of time
is related to a quick change in the shape of velocity distri-
bution function for the second beam (blue in Figure 11)
observed in Figure 12 from wpet = 10.24 to 48.64. We can
also observe the formation of a high‐velocity “hump” on the
second beam distribution around vx ≈ 6, indicating the
acceleration of those particles by the electric field generated
inside the vortices.

Figure 11. Phase space diagrams, vx versus x, for the
instant of time when WE is at its maximum (Figure 6) for
three different cases: (a) vdb2‐T = vdb1, (b) vdb2‐S = 0.5vdb1,
and (c) vdb2‐T = 1.5vdb1.

Figure 12. Velocity distribution function for the second
case, vdb2‐S = 0.5vdb1. Different times along the simulation
are presented. The line with asterisks shows the first beam,
and the line with squares shows the second beam.
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[44] For the third case, vdb2‐T = 1.5vdb1, the results shown
in Figure 11c present the same qualitative behavior as the
first case, i.e., the beam is quickly modulated by the strong
electric field of the Langmuir waves. In the initial time of
the simulation the vortices that are generated are even more
prominent than in the first case and, again, are gradually
disordered during the simulation. In that case, we can see
that fast particles of the second electron beam transfer
energy to slow particles of the first electron beam. These
results are in agreement with a previous theoretical study
that considered multiple beam emissions [Li et al., 2002].
[45] For the third case, in the velocity distribution function

plots presented in Figure 13, we can see that the shape of
velocity distribution function for the first beam (line with
asterisks) is strongly modified by the second beam (line
with squares). After the inclusion of the second beam, the
plateau that was formed in the first beam is destroyed, tem-
porarily assuming a new Gaussian profile at wpet = 10.24.
The slow particles of the first beam are accelerated by the
fast particles of the second beam. At wpet = 33.28 we can
see the formation of a new peak in the velocity distribution
function for the second beam (line with squares) in vx ≈ 4.0.
That concentration of slow particles in the second beam
produces a deceleration of those particles of the first beam
(line with asterisks) that have velocity greater than vx ≈ 4.0.
A new diffusion process then ensues, where the temporary
Gaussian profile of the first beam particles is changed into a

new plateau, although with a slightly larger velocity spread
than the original one (compare snapshots at wpet = 0.0 and
wpet = 327.68).
[46] As in the first case, the nonlinear wave‐particle inter-

actions gradually remove the differences in drift velocities
and shape of both beams, rendering both indistinguishable
at the end of the simulation run. We believe that the same
would be true for the second case, had we run the simula-
tion for a longer time.

4. Summary

[47] Radio observations provide valuable tools for studying
the solar drivers of space weather. In particular, they are
associated with coronal and interplanetary (IP) shocks, ener-
getic particles, and transient disturbances of IP medium. All
these phenomena are potentially geoeffective and involve
electromagnetic radiation emission by multiple beams of
energetic particles. In this paper we have examined the
plasma emissions resulting from a multiple electron beam
plasma interaction by performing a computer experiment
using a PIC simulation model (KEMPO 1D, adapted).
[48] The importance of the present paper lies in under-

standing the influence of a second electron beam injection in
plasma frequency harmonic generation. Results obtained for
the standard case, a single beam, show that backward prop-
agating electrostatic Langmuir waves appear at kx < 0 (see
Figure 5). We believe that these waves are resulting from
the forward excited Langmuir wave decay, as predicted by
nonlinear theory [Zakharov, 1984; Robinson, 1997; Alves
et al., 2002; Simões Junior et al., 2005] and observed in
previous simulations [Kasaba et al., 2001; Nishikawa and
Cairns, 1991]. Harmonic emissions of the fundamental for-
ward propagating electrostatic beam mode are also clearly
seen at a somewhat later time in the simulation, although still
within the quasi‐linear stage.
[49] We have performed simulations with three different

configurations for the drift velocity of the second electron
beam. The simulation runs the with second beam injection
presented different results, according to the relation between
the first and second beam drift velocities. When vdb2 ≥ vdb1,
the second injected beam is quickly modulated by the strong
electrical field of previous Langmuir waves, which can be
seen as a fast growth of electrical energy (see Figures 6a
and 6c). The fast trailing beam particles release energy
to waves generated by the leading beam at the initial stage
of simulation. After a certain time, the slow leading beam
particles absorb energy from the waves intensified by the
trailing beam particles.
[50] In all cases where vdb2 ≥ vdb1, the harmonics are

generated during the linear phase (vortex formation) and are
intensified after this stage. These results are in accordance
with a theory proposed by Yoon et al. [2003], according to
which harmonics are generated during the linear phase.
When we introduce the second beam with a drift velocity
lower than that of the first beam, the harmonics are sup-
pressed, because the particles are acquiring energy from the
waves, as can be seen from Figure 6b.
[51] It is important to note that electromagnetic energy

keeps growing for all cases with the second beam, inde-
pendent of the second beam velocity. This result suggests
that electromagnetic wave generation can be enhanced by

Figure 13. Velocity distribution function for the third
case, vdb2‐T = 1.5vdb1. Different times along the simulation
are presented. The line with asterisks shows the first beam,
and the line with squares shows the second beam.
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multiple electron beams injected in space plasmas and
solar bursts. Our results suggest that a higher power waves
observed can be obtained as a consequence of multiple
electron beam interactions, as Figure 7 shows the contin-
uous growth of electromagnetic energy after the second
beam injection.
[52] Another new result found by including of the sec-

ond electron beam was the bunching approximation of the
harmonic electrostatic emission. Until now this downshift
did not have an explanation. However, our simulation results
suggest that the downshift is dependent on the second beam
density. This will be addressed in a future paper.
[53] Both first and second electron beams are indistin-

guishable after a long time of the simulation run, forming
just a single beam. This result is in agreement with the one
obtained by Li et al. [2002]. We believe that the same would
be true of the second case, had we run the simulation for a
longer time.
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