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ABSTRACT

The precipitation of an electron beam injected into the solar atmosphere is studied for the generation of Langmuir
wave turbulence in the presence of collisional and Ohmic losses. The system of quasi-linear time-dependent kinetic
equations describing the evolution of beams and Langmuir waves is solved by using the summary approximation
method. It is found that at upper atmospheric levels the self-induced electric field suppresses the generation of
Langmuir turbulence to very small regions below injection. With further precipitation into deeper atmosphere the
initial single power-law distributions of beam electrons are transformed into energy distributions with maxima at
lower energies formed by collisional and Ohmic energy depletion. The electrons with lower energies (<20 keV)
generate on large spatial scales intense low-hybrid and high-hybrid Langmuir waves with well-defined patterns in
the corona while higher energy electrons generate moderate low-hybrid waves in the chromosphere. The maximum
wave density appears at the maximum of the ambient density. The self-induced electric field reduces the level and
makes the regions with low-hybrid Langmuir turbulence narrower in the corona and upper chromosphere. The
higher the beam energy flux or its self-induced electric field, the narrower the regions with Langmuir turbulence.
High-hybrid Langmuir waves in the form of multiple patterns in space (in the corona) and energy (below 20 keV)
are found to be generated only by a very intense electron beam. The number of patterns in both dimensions is also
shown to be significantly reduced by the self-induced electric field.
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1. INTRODUCTION

Precipitation of high energy beam electrons with negative
power-law energy distributions with scattering in Coulomb
collision with the ambient particles can account for the hard
X-ray (HXR) power-law photon spectra often observed in
solar flares (Brown 1971; Syrovatskii & Shmeleva 1972). This
HXR emission is often accompanied by noticeable type III
bursts of radio emission simultaneously observed in flares
(Zheleznyakov & Zaitsev 1970; Chernov 2006, and references
therein). The latter was first interpreted analytically by a quasi-
linear relaxation on the Langmuir turbulence (Zheleznyakov &
Zaitsev 1970) or other types of turbulence (Diakonov & Somov
1988) caused by the instability of beam electrons having energy
distributions with positive slope, e.g., ∂f/∂V > 0, although the
positive slopes below a lower cutoff energy E0 are difficult to
observe in HXR or radio emission since they are obscured by
the emission coming from thermal electrons.

Simulations of particle acceleration in a reconnecting current
sheet for the likely coronal acceleration mechanism (Zharkova
& Gordovskyy 2005) have shown energy/velocity distributions
with double exponents. The energy spectra of ejected particles
have a positive slope at lower energies and negative slope at
higher ones with the maxima occurring at the energies close
to the lower cutoff energies in HXR photon spectra. The recent
self-consistent particle-in-cell simulations of the particle energy
spectra formed in a diffusion reconnection region confirmed a
formation of electron energy spectra with a positive slope and
occurrence of Langmuir waves at ejection from current sheets
(Siversky & Zharkova 2009a). Depending on reconnection
scenarios these beams can be injected either as short pulses
or as a steady stream of electrons.

Hannah et al. (2009), considering collisional and particle–
wave interaction for a short (1 s) impulse of beam electrons with

a negative energy slope above the lower cutoff energy combined
with a Gaussian distribution for thermal electrons, showed that
beam electrons can generate noticeable Langmuir turbulence,
which flattens the initial positive slope in the mean electron
distributions caused by the resulting “bump-in-tail” distribution
of thermal and beam electrons. The authors show this effect to
be important for the interpretation of the mean electron spectra
deduced from HXR emission and dips appearing in their energy
distributions combining both power-law and thermal energy
spectra. However, this conclusion needs to be tested for longer
injection times since HXR and microwave (MW) emission can
last in flares for tens of minutes.

For a steady injection the precipitation of beam electrons
into lower atmospheric levels will result in collisional depletion
of their single power law energy distributions into energy
distributions with positive slopes (Syrovatskii & Shmeleva
1972; Emslie & Smith 1984). These positive slopes can be
further enhanced by particle reflection from a magnetic mirror
(Leach & Petrosian 1981) or by an electric field induced by
the precipitating beam (Knight & Sturrock 1977; McClements
1992; Zharkova & Gordovskyy 2006). These different types
of energy losses are found to be important at different depths
and/or times of beam precipitation into flaring atmospheres
(Siversky & Zharkova 2009b).

First attempts to evaluate turbulence generated at lower atmo-
spheric levels by electron beams with single negative power-law
distributions above the lower cutoff energy were made by Emslie
& Smith (1984); Hamilton & Petrosian (1987) described analyt-
ically particle–wave interaction of beam electrons affected by
Coulomb collisions with ambient particles in the atmospheres
with static exponential density gradients. The collisions of beam
electrons were found to create energy distributions with posi-
tive slopes which become unstable and generate very intense
Langmuir waves (Emslie & Smith 1984). The particle–wave

1

http://dx.doi.org/10.1088/0004-637X/733/1/33
mailto:v.v.zharkova@brad.ac.uk
mailto:taras.siversky@gmail.com


The Astrophysical Journal, 733:33 (8pp), 2011 May 20 Zharkova & Siversky

interaction at any precipitation depth was shown to have a no-
ticeable but not a dominant effect on electron distributions that
cannot be observed in HXR or MW emission since the elec-
tron energy transferred to the waves is strongly absorbed by the
ambient plasma leading to its additional (less than 8%) heat-
ing (Hamilton & Petrosian 1987; McClements 1987). At the
same time a fusion of two Langmuir waves into a transverse,
one at twice the plasma frequency (Emslie & Smith 1984), can
produce noticeable gyrosynchrotron emission often observed in
flares (Chernov 2006).

More detailed investigation of the role of electron collisions
on the generation of plasma waves in converging magnetic
loops for different ratios U of the plasma-to-gyrofrequencies
showed the appearance of either ordinary (O-mode) or ex-
traordinary (X-mode) longitudinal plasma waves near the res-
onance of magneto-ionic modes (Hamilton & Petrosian 1990).
For U < 1 the resonance occurs with the O-mode producing
slow plasma waves while for U > 1 it occurs for the X-mode
producing Langmuir waves. The growth rates of these waves
were found to decrease strongly with the increase in ambient
temperature or the decrease in ratio of the beam-to-ambient
density.

McClements (1989) simulated heating of a simple hydrostatic
atmosphere by Langmuir waves produced by an electron beam
losing energy in collisions, Ohmic losses, and particle–wave
processes. He showed that, contrary to findings of Emslie &
Smith (1984), the collisional depletion of low energy electrons
combined with Ohmic losses does not produce a two-beam
instability at any precipitation depth unless electron distributions
have already reached the plateau at the acceleration process prior
to injection.

However, a steady density gradient assumed for hydrostatic
atmospheres by McClements (1989) is not a good assumption
for flares, which are very dynamic events, with a sharp increase
of density over the transition region (see, for example, Somov
et al. 1981; Zharkova & Zharkov 2007). Therefore, given the
fact that a stationary injection of electron beams produces a
substantial electric field in the corona (Zharkova & Gordovskyy
2006), one question remains. If both collisional and Ohmic
losses are considered for dynamic flaring atmospheres, will
it still result in the formation of electron energy spectra with
positive slopes at deeper levels and the generation of Langmuir
waves?

In this paper, we consider the particle–wave interaction of
beam electrons during their stationary injection into a flaring
atmosphere by taking into account collisional and Ohmic
losses for beams with positive energy slopes gained either at
acceleration or precipitation. The problem is formulated in
Section 2, the method of solution and the results are presented
in Section 3, and conclusions are drawn in Section 4.

2. FORMULATION OF THE PROBLEM

An electron beam injected into a flaring atmosphere is
represented by electron distribution f (v, x, t), where t is time, x
is a one-dimensional coordinate (i.e., depth), and v is the velocity
along the x coordinate. Waves are represented by their energy
spectra W (v, x, t), where v is the phase velocity of plasma
waves; and the meaning of W for waves is identical to the
distribution function f (v, x, t) for electrons. By using the quasi-
linear approach for interaction between particles and Langmuir
waves (Zheleznyakov & Zaitsev 1970; Hamilton & Petrosian
1987) including a self-induced electric field, the simultaneous

equations for f and W are solved (McClements 1989):(
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where n, ve, and ωp are density, electron thermal velocity,
and plasma frequency of the background plasma; ln Λb and
ln Λp are Coulomb logarithms for beam and plasma electrons,
respectively. E is the self-induced return current electric field,
which is calculated as follows (McClements 1992; Siversky &
Zharkova 2009b):

E (t, x) = e

σ (x)

∫ vmax

vmin

dvvf (v, x, t) , (3)

where σ (x) is the classic conductivity of the ambient plasma.
The distribution function f of an electron beam in the

point of injection is taken in the following form (Zharkova &
Gordovskyy 2005):

f (x = xmin, v, t) = fn
Eκ

Eκ+δ + Eκ+δ
0

, (4)

where E = mev
2/2 is the electron energy. For energies greater

than the energy of the maximum, or lower cutoff energy, E0, the
electron spectrum is a negative power law with the index δ, i.e.,
f ∝ E−δ , while low energy part of the spectrum (E < E0) is
positive power law with the index κ .

3. RESULTS AND DISCUSSION

3.1. Method of Solution and Model Parameters

For the electron–wave interaction, the quasi-linear approach
is utilized as suggested by Zheleznyakov & Zaitsev (1970)
so that Equations (1) and (2) together with Equation (3) are
solved numerically using the summary approximation method
(Siversky & Zharkova 2009b), taking Equation (4) as the
boundary condition. The electron beam is assumed to be steadily
injected to deeper atmospheric levels with a single power-law
distribution in energy, i.e., ∂f/∂E � 0, which means that κ = 0
in Equation (4).

The injected beam parameters are as follows: spectral index
at lower energy (before the break) κ = 5 (used only for a
single simulation described in Section 3.2.1), high-energy index
(above the break, used in all other simulations) δ = 3 and
7, cutoff energy E0 = 12 keV, energy flux of the beam is
F0 = (1–100) × 1010 erg cm−2 s−1, and low-energy index κ
varies from 5 to 0. Density and temperature profiles of the
ambient plasma are adopted from the hydrodynamic atmosphere
heated by the beam (Zharkova & Zharkov 2007) as shown
in Figure 1 for the beam parameters F0 = 1011 erg cm−2 s−1

and δ = 3.
Most simulations are done for a large-scale simulation region

of about 1.5×108 cm in a linear distance with the density profile
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Figure 1. Sample of density and temperature distributions of the ambient plasma
calculated by the hydrodynamic model (Zharkova & Zharkov 2007) heated by
electron beam with the initial energy flux F0 = 1011 erg cm−2 s−1 and power-
law index δ = 3 of the beam electron distribution.

defined by the hydrodynamic model presented in Figure 1, i.e.,
from 2.35×1017 cm−2 to 1×1023 cm−2 in terms of the column
depth. The spatial grid has 200 nodes logarithmically (in terms
of the column depth) distributed over the simulation region. So
the spatial resolution is variable in terms of the column depth
but in terms of a linear distance it is about 7 × 105 cm.

On the other hand, the simulation for the electron beam having
double power-law initial distribution with the positive slope
below the break energy and negative slope above it (shown in
Figure 2) is done for a small-scale region of about 7 cm with
the same number of nodes and resolution of about 0.05 cm.

3.2. Electric Field Effects on Langmuir Turbulence

3.2.1. Selection of the Initial Beam Distribution

Let us first select an electron beam injected with the initial
energy distributions with a positive slope having index κ = 5
at energies lower 10 keV (see Equation (4)) predicted by
some acceleration models (Zharkova & Gordovskyy 2005; see
Figure 2) and explore the Langmuir turbulence it produces.

It turns out that there is fast collisional depletion (flattening)
at lower energies of such initial electron distributions (Figure 2,
left plot) caused by the fast resonant interaction with Langmuir
waves that resembles the findings by Zheleznyakov & Zaitsev
(1970) and Hamilton & Petrosian (1990). This depletion occurs
at a short distance of 3 cm and a very short timescale of
∼3 × 10−8 s which is similar to 40 plasma periods obtained by
Karlický et al. (2008). This means that with sufficient accuracy
the initial distribution for electron beams can be selected with
κ = 0, so we can vary only δ.

3.2.2. Electron Distribution during Precipitation

A hydrodynamic response forms steep gradients and tempera-
ture variations at the transition region in the ambient plasma (see
Figure 1), which, in turn, forms a maximum in the electric field
at this region leading to a significant increase of energy losses
by beam electrons in this electric field (Emslie 1980; Zharkova
& Gordovskyy 2006; Siversky & Zharkova 2009b) and a strong
effect on electron beam distributions and their HXR emission.
In particular, the electric field induced by a precipitating beam
is shown effectively to decelerate precipitating electrons and to
accelerate them upward forming an electric circuit along the
whole loop (Zharkova et al. 2010).

It was shown earlier that in a pure collisional precipitation
described by continuity equation (Syrovatskii & Shmeleva
1972) an electron beam with negative power-law spectrum gains
positive slope at lower energies with the maxima at about δ ×
Elow (Zharkova & Gordovskyy 2006). This is different from the
results obtained by Hamilton & Petrosian (1987) for small-scale
non-homogeneous atmospheres and by McClements (1989) for
a hydrostatic atmosphere that can be explained by different
physical conditions between hydrostatic and hydrodynamic
atmospheres (Somov et al. 1981; Zharkova & Zharkov 2007).

The inclusion of a self-induced electric field is shown to
steepen these positive slopes in the electron distributions making
them appear at upper precipitation levels compared to pure
collisions (Zharkova & Gordovskyy 2006; compare solid and
dashed plots in Figure 3). In this case, beam electron density
is found to be higher at upper atmospheric levels (in the
corona) and lower at lower levels (in the chromosphere),
in comparison to pure collisional precipitation of a beam
(Zharkova & Gordovskyy 2006; Siversky & Zharkova 2009b;
see the left and right plots in Figure 3).
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Figure 2. Left plot: distribution function (in arbitrary units) of the beam electrons with spectral index δ = 3 and initial energy flux 1011erg cm−2 s−1 at various depths
from the injection point calculated at 3 × 10−8 s after the injection onset. Right plot: energy spectra (in arbitrary units) of Langmuir waves generated by this electron
beam at various depths from the injection point.
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Figure 3. Electron differential distributions (in s cm−4) for collisions without (solid) and with (dashed) electric field for the beams with δ = 3 and F0 = 1010 erg cm−2 s−1

(left plot) and F0 = 1011 erg cm−2 s−1 (right plot). The curves are shown from top to bottom for column depths ξ shown in the legend starting from ξ = 2×1017 cm−2

for the uppermost ones (both solid and dashed).

The presence of such positive slopes in electron distributions
leads to the generation of plasma waves in the corona and the
transition region (Emslie & Smith 1984), which are proven to
be Langmuir waves (Hamilton & Petrosian 1990). The effects
of energy losses in Langmuir waves on electron distributions
gained in collisional and Ohmic losses for beams with various
parameters are presented in Figure 4.

The effect of electric field on electron energy distributions
for various depths calculated for energy losses in collisions
and Langmuir wave generation is demonstrated in the left
column. The distributions simulated for collisions plus waves
but without electric field (solid lines) are substantially different
from those simulated with electric field (dashed lines). The
difference becomes much stronger for more intense beams
(compare the plots in the upper and bottom rows). Thus,
unlike hydrostatic atmospheres (McClements 1989), the electric
field in hydrodynamic atmospheres sharpens electron energy
distributions with maxima caused by collisions and reduces the
column depths where positive slopes can be formed.

The inclusion of Langmuir waves has a small effect on
electron distributions for electron beams with low initial en-
ergy fluxes if both collisions and electric field are considered
(see dashed plots in the right column in Figure 4), in contrast
to those simulated in the absence of Langmuir waves (solid
plots). This explains why the consideration of Langmuir turbu-
lence without an electric field can have a small effect on HXR
emission produced by moderate beams as found in the previ-
ous estimations (Hamilton & Petrosian 1987) and simulations
(McClements 1989).

However, for more intense beams with energy fluxes about
1012 erg cm−2 s−1, the inclusion of Langmuir waves causes
a noticeable reduction of electron numbers at lower energies
(compare the right plots in the upper and bottom rows). This
difference is less noticeable at upper atmospheric levels but
becomes bigger at lower ones, which can result in some
reduction of the electron numbers deduced from HXR photon
counts if Langmuir waves are considered.

3.2.3. Langmuir Waves

As found in Section 3.2.2, the initial single negative power-
law velocity distributions of electron beams injected to the
ambient plasma are transformed into distributions with a positive
slope at lower energies. Electrons with such distributions excite,
due to the normal or anomalous Doppler resonance, low- and

high-frequency resonant Langmuir oscillations with a phase
velocity vph (Tsytovich 1970).

If Langmuir waves grow in the region where the slope
is positive and there is a greater number of faster particles
(v > vph) than slower ones, then a greater amount of energy
is transferred from the fast particles to the wave, giving a rise
to exponential wave growth with the growth rate γw (Tsytovich
1970):

γw =≈ π

2
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n

(
vs

Δvs

)2

ωpe, (5)

where nb is the beam density, n is the ambient plasma density,
vs and Δvs are the mean vertical velocity and the mean spread of
this velocity of beam electrons, and ωpe is the electron plasma
frequency.

The Langmuir instability grows if the growth rate of waves
is greater than the collisional dumping rate γcol defined as
(Ginzburg & Zhelezniakov 1958)

γcol ≈ 5.5n

T
3/2
e

ln

(
104 T

2/3
e

n1/3

)
≈ 80nT −3/2

e , (6)

which is appropriate for the coronal values of plasma density n
and electron temperature Te. Thus, the ratio Γ = γw

γcol
defines the

growth rate of Langmuir waves above the collisional damping,
e.g., when Γ � 1, then the waves are most effectively generated.

There are two kinds of beam pairs which can produce the
two beam instability and cause Langmuir waves: (1) a direct
electron beam and ambient plasma electrons and (2) a direct
beam and the beam of returning electrons mixed with the thermal
ones. The interaction of the first set of beams on the generation
of Langmuir waves throughout precipitation depths from the
corona to the chromosphere is presented in the left column of
Figure 5 and the effects of the second set including the beam
associated with a self-induced electric field are presented in the
right column of Figure 5.

At upper atmospheric levels (or at lower column densities,
in the corona) the effect of Langmuir waves generated without
taking into account electric field effects is clearly noticeable
at all the coronal depths for energies below 10 keV for beams
with the initial energy flux of F0 = 1010 erg cm−2 s−1 while
shifting to a few tens of keV for the more intense beam
(F0 = 1012 erg cm−2 s−1). The restriction in energy is likely to
occur because only the electrons with energies below or about
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Figure 4. Left column: beam electron distributions (in s cm−4) for collisions and waves but without (solid lines) and with (dashed lines) electric field; right column:
beam electron distributions for collisions and electric field without (solid) and with (dashed) Langmuir waves for F0 = 1010 erg cm−2 s−1 (first row), F0 =
1011 erg cm−2 s−1 (second row), and F0 = 1012 erg cm−2 s−1 (third row). The curves are shown from top to bottom for column depths ξ shown in the legend starting
from ξ = 2 × 1017 cm−2 for the uppermost ones (both solid and dashed).

10 keV are effectively scattered in the corona since the coronal
plasma is a thin target (Brown 1971).

There is a sharp peak of wave energy density observed for any
beams just below the transition region at about 1 × 1019 cm−2

for beams with the initial energy flux of 1010 erg cm−2 s−1 or
deeper at 3 × 1019 cm−2 and 1 × 1020 cm−2 for beams with the
initial energy flux of 1011 and 1012 erg cm−2 s−1, respectively.
The occurrence of this peak coincides with the peaks in the
density and temperature profiles of the ambient plasma heated by
beams (Zharkova & Zharkov 2007; see the example in Figure 1).
A sharp enhancement in the plasma density and temperature
just below the transition region causes an increase of the wave
growth rate represented by the second (collisional) term on the
right-hand side of Equation (2), which is seen as a peak on
Figure 5.

The spread of Langmuir waves at the coronal depths is more
extended for beams with energy distributions having higher
spectral indices (see the upper left plot in Figure 5) or higher
initial energy fluxes (see the bottom left plot in Figure 5). For the
beams with the higher initial energy flux of 1012 erg cm−2 s−1

or higher spectral index of 7, the Langmuir wave energy density
above the transition region is higher than for a less intense or
harder beam.

This occurs because softer beams effectively lose much of
their energy in the corona, so that their average velocities vs ,
which affect the growth rate of Langmuir waves (see formula
(5)), are higher in the corona compared to the chromosphere.
Furthermore, the beam density of a softer beam is higher in
the corona while the ambient plasma density imposed by a
hydrodynamic response (Zharkova & Zharkov 2007) on the
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Figure 5. Three-dimensional density of Langmuir wave energy (erg cm−4 s) vs. column depth simulated without (left column) and with (right column) a self-induced
electric field for the beams with: δ = 7 and F0 = 1010 erg cm−2 s−1 (first row); δ = 3 and F0 = 1010 erg cm−2 s−1 (second row); δ = 3 and F0 = 1011 erg cm−2 s−1

(third row); δ = 3 and F0 = 1012 erg cm−2 s−1 (fourth row).

(A color version of this figure is available in the online journal.)

6



The Astrophysical Journal, 733:33 (8pp), 2011 May 20 Zharkova & Siversky

beam injection is lower than that for harder beams. This, in
turn, increases the Langmuir wave growth rate in the corona.
For more intense beams, their total density becomes also higher
(from the normalization condition; Siversky & Zharkova 2009b)
while the ambient plasma density in the corona becomes much
lower than for less intense beams leading again to an increased
growth rate of the Langmuir waves (according to formula (5)).

At deeper layers, in the lower corona and in the upper
chromosphere, generation of Langmuir waves extends to the
electrons with higher energies (two bottom plots in Figure 5).
More intense and harder beams produce a more extended region
(extended toward the lower chromosphere) where Langmuir
waves are generated. Also the wave energy density (color
marked in erg cm−4 s on the right-hand side of each plot) is
higher for such beams compared to weaker or softer beams.

This happens because at the chromospheric depths harder and
more intense beams have higher densities and narrower spreads
(Δvs ; see formula (5)) compared to softer and weaker beams
that again lead to a higher growth rate and denser Langmuir
turbulence. However, at these depths collisional damping of the
Langmuir waves becomes rather strong resulting in the waves
being effectively scattered to larger spatial regions.

However, if the electric field of the beam is considered,
the regions with Langmuir waves become smaller. The wave
energy peaks move downward to the lower corona in the upper
atmosphere (above the depth of the density maximum) and
upward to the upper chromosphere (below the depth of the
density maximum). The higher the beam’s initial energy flux
and the lower its spectral index, the narrower the region where
Langmuir waves are generated, although the density of these
waves becomes higher, i.e., the waves become more intense
while localized in a smaller region.

We understand that if the electric field is included, the
energy density of Langmuir waves becomes lower at deeper
atmospheric levels because of the direct beam density also
becoming lower compared to the case with collisions only
(see Figure 4). This is caused by a larger number of electrons
losing their energy in the upper atmosphere and returning to the
injection site on the top with much wider distribution in pitch
angles (Zharkova et al. 1995; Siversky & Zharkova 2009b). This
significantly reduces the beam density in the chromosphere and
thus the Langmuir wave density and spread at these levels.

The effects of an electric field can significantly reduce the
intensity of type III MW emission generated by Langmuir
turbulence, compared to a collisional case, for which the
simulated MW emission intensity in the collisional plus waves
model was found to exceed the observed ones by the order of
magnitude (Emslie & Smith 1984).

There is another interesting effect derived from the current
simulation for very strong beams with the initial flux of
1012 erg cm−2 s−1 appearing for any models (with and without
electric field). This is the formation of high-hybrid Langmuir
waves in the form of well-defined periodic structures (zebra-
type patterns) clearly seen in the bottom plots of Figure 5. The
patterns are much more numerous and extend to the whole
coronal depths for the model without electric field (the left
bottom plot), while they shift to upper coronal levels and have
fewer number of patterns for the model with electric field (the
right bottom plot).

For the model electron beams with high energy flux and very
narrow spread over the pitch angle θ (μ = cosθ is about unity),
these periodic oscillations in Langmuir wave generation are
believed to be defined by the cyclotron resonance of beam

electrons with the derived distributions. Electrons with such
velocity distributions can also excite, due to the anomalous
Doppler resonance, resonant Langmuir oscillations with fre-
quencies ω2 = min(ωpe, ωHe), where ωpe and ωHe are the elec-
tron plasma and gyrofrequencies (see discussion in Kovalev
2009).

Low- and high-frequency modes of Langmuir oscillations
form high-amplitude periodic nonlinear waves seen as well-
defined patterns in the bottom plots of Figure 5. The inclusion of
an electric field significantly increases the spread of the electron
beam (Zharkova et al. 1995; Siversky & Zharkova 2009b) that
substantially reduced the growth rate for Langmuir waves, in
general, and for high-hybrid Langmuir waves, in particular, as
shown in the bottom left plot of Figure 5.

The corresponding spectrum of electromagnetic waves ex-
cited resonantly by the current of potential waves can also form
an equidistant spectrum of electromagnetic radio radiation in
the plasma or zebra structure. This structure can account for the
generation of the “zebra-”type IV MW bursts (Chernov 2006)
often observed in flares.

4. CONCLUSIONS

In the current study, we have compared the effects of
collisional and Ohmic energy losses of beam electrons with
those caused by the electron energy exchange with Langmuir
waves generated by the beams during their precipitation into
hydrodynamic atmospheres.

The beams with a positive slope in the initial energy distribu-
tion reveal a fast flattening of their energy spectra on a very short
spatial and temporal scale, which is caused by the formation of
Langmuir waves and their suppression by a strong self-induced
electric field.

The precipitation of beam electrons into a flaring atmosphere
with density and temperature gradients results in transformation
of electron energy/velocity distributions at some depths into the
distributions with maximums, which have positive slopes for
energies below these maximums and still have negative power
laws for energies above it (Syrovatskii & Shmeleva 1972; Emslie
& Smith 1984).

High energy electrons with velocity distributions having
positive slopes, gained during their precipitation, can also excite
low- and high-frequency resonant Langmuir waves. At upper
atmospheric levels, in the corona, the generation of Langmuir
waves affects the electrons with energies below 10 keV for weak
beams and below a few tens of keV for the most intense ones.
The energy density of Langmuir waves at these levels is higher
for softer or more intense beams.

Also there is a sharp peak in Langmuir wave density observed
for any beams at about 1019 cm−2 for beams with the initial
energy flux of F0 = 1010 erg cm−2 s−1 which moves into a
deeper level of 1020 cm−2 for beams with the initial energy
flux of F0 = 1012 erg cm−2 s−1. The occurrence of this peak
coincides with peaks in the density and temperature profiles
of the ambient plasma, which shift much deeper into the
chromosphere for more intense beams.

At deeper layers, in the lower corona and in the upper chro-
mosphere, the generation of Langmuir waves extends to the
electrons with higher energies up to 100 keV. More intense and
harder beams produce more extended region toward the lower
chromosphere where Langmuir waves are generated. Also, the
wave energy density is higher for more intense and harder
beams.
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The inclusion of a self-induced electric field, in addition to
collisions, into the energy losses by beam electrons is shown
to decrease the depths where the distributions with maxima are
formed and increase the energy of these maxima. This in turn
increases the number of beam electrons at upper atmospheric
levels, in the corona, and decreases it in the chromosphere, in
comparison to those deduced for purely collisional precipitation.

As a result, our simulations show that, contrary to the previous
findings (McClements 1989), if the energy losses in a self-
induced electric field are included, in addition to collisions, the
Langmuir waves are found to appear in a much narrower space
than in the collisional plus wave models and have a narrower
energy range. In the presence of electric field, the region with
Langmuir waves in the corona is also shifted downward to the
lower corona, while in the chromosphere it is shifted upward to
the upper chromosphere.

The higher the beam initial energy flux and the lower the
spectral index, the narrower the regions where Langmuir waves
are generated. The density of these waves becomes higher, i.e.,
the waves become more intense. Therefore, the electric field of
an electron beam plays a very important role in suppressing the
generation of Langmuir turbulence at all atmospheric levels by
reducing the spread and increasing the density of these waves
in all the atmospheric depths above and below the transition
region.

The effects of electric field can significantly reduce the
intensity of type III MW emission generated by Langmuir
turbulence, compared to the collisional plus waves case, for
which the simulated MW emission intensity in the collisional
plus waves model was found to exceed the observed ones by the
order of magnitude (Emslie & Smith 1984).

Additionally, very distinct patterns of high-hybrid Langmuir
waves are found to be generated by electrons from very
strong beams in the form of well-defined periodic (zebra-type)
structures. They occur in the coronal part of the atmosphere
and have a limited number of patterns for both parameters:
atmospheric depth and electron energy.

The inclusion of a self-induced electric field reduces the
number of these patterns in energy and in depth leading to their
occurrences shifting to higher atmospheric levels in the corona
and higher energies. These structures can be accountable for the
zebra patterns observed in the type IV MW bursts.
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