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ABSTRACT 
This paper presents the kinetic equation solution for beam electrons injected during solar flares from the corona 

to the chromosphere, consisting of hydrogenic plasma with partial ionization. The electrons are considered to lose 
their energy both in collisional processes with the charged and neutral species of ambient plasma and in ohmic 
heating by return currents induced in the plasma by beam electrons. The evolution of the energy and angular 
distributions of energetic electrons is calculated as functions of the column density. The bulk of the electron-beam 
energy stored in low-energy electrons is shown to be lost in the ambient plasma heating, less via Coulomb 
collisions at the lower corona and more via ohmic dissipation at the upper chromosphere. More energetic 
electrons with energies above 120 keV can reach the chromospheric levels with a weak ionized plasma, where a 
decrease of the Coulomb collisions and the induced electric field of a return current produce beams as well 
directed as on the top boundary. The X-ray bremsstrahlung polarization is shown to be positive in the range 
5%-10%. It is very sensitive to the emergent photon energies below 40 keV and to angles of view for all of the 
X-ray radiation range. 

Subject headings: acceleration of particles — plasmas — Sun: flares — Sun: X-rays, gamma rays 

1. INTRODUCTION 

Energetic electrons, accelerated to energies from 10 to 300 
keV, or thermal fluxes with very high (108 K) kinetic tempera­
tures are suggested to be responsible for the production of X-
ray and microwave bursts, extreme ultraviolet (EUV) radia­
tion, and possibly also optical emissions during solar flares. 
For a correct interpretation of observational data, both their 
spatial distribution and their temporal correlation in different 
ranges of electromagnetic radiation, one needs to consider the 
dispersion in phase space of accelerated electrons. With this 
approach Leach & Petrosian (1981) investigated the energetic 
and angular variations of a distribution of beam electrons in­
jected into a cold hydrogen plasma with the two types of mag­
netic structure (open and closed), solving the time-indepen­
dent Fokker-Planck equation, and applied these results to 
calculations of the influence of the magnetic field inhomogene-
ity on the degree of X-ray polarization in solar flares (Leach & 
Petrosian 1983; Leach, Emslie, & Petrosian 1985). Haug, El-
wert, & Raussaria (1985) did calculations combining analyti­
cally treated multiple-scattering and random large-angle scat­
tering by the Monte Carlo method for initially monoenergetic 
electrons and found their energy and angular distributions. 
Nocera, Skrynnikov, & Somov (1985) solved the kinetic prob­
lem for hot thermal electrons with pure Coulomb energy losses 
with an angular anisotropy in a homogeneous magnetic tube 
and calculated hard X-ray bremsstrahlung polarization caused 
by the thermal source. 

Return-current energy losses were found to make a notice­
able contribution to the injected beam dynamics at the chro­
mospheric level (Emslie 1980), to reduce the penetration dis­
tance of the bremsstrahlung-producing electrons, and to 
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increase therefore the total beam energy deposit required 
(LaRosa & Emslie 1988; Li 1991). Diakonov & Somov 
(1988) solved the kinetic equation for thermal electrons run 
away from a hot plasma with electron energy losses in both 
Coulomb collisions and ohmic dissipation via the induced re­
turn-current electrical field. For this case the electric field was 
found to lead to a significant reduction of the convective heat 
flux carried by these fast thermal electrons due to their return 
to the source mainly without large energy losses. The hard 
X-ray bremsstrahlung polarization caused by them was posi­
tive and did not exceed 6. In the papers of McClements (1991, 
1992) an influence of the magnetic field configuration on the 
temporal evolution of hard X-ray radiation caused by beam 
electrons was investigated by means of a Fokker-Planck equa­
tion solution for a completely ionized ambient plasma with the 
simultaneous effects of collisions, return currents, and mag­
netic trapping. The X-ray emission was found to be insensitive 
to the magnetic field configuration. 

All the previous calculations were done on the assumption 
of a completely ionized hydrogenic plasma and were used 
mostly for an interpretation of the coronal and transition re­
gion emissions where this assumption is correct. On the other 
hand, in the chromospheric plasma with partial ionization de­
creasing very fast with depth, inelastic collisions of beam elec­
trons with hydrogen atoms were found to prevail over Cou­
lomb collisions, which causes electron beams injected along 
the magnetic field direction to be able to penetrate into deeper 
low chromosphere levels (£ > 1020 cm2) (Aboudarham & Hen-
oux 1986; Zharkova & Kobylinskii 1989, 1993). 

This paper presents the kinetic equation numerical solutions 
for accelerated nonthermal electrons with a power-law distri­
bution in energy and a normal distribution over pitch angles 
injected during solar flares from the corona to the chromo­
sphere. We take into account both collisional and ohmic losses 
and find the beam electron distribution functions with their 
pitch-angle anisotropy over the depth into flaring atmosphere. 
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The ambient plasma is assumed to be hydrogenic with partial 
ionization, so both kinds of collisions—Coulomb collisions 
and collisions with neutral atoms—are considered. These 
functions were used for the calculations of the X-ray brems-
strahlung intensities and degrees of polarization observed with 
different angles of view. 

2. BASIC EQUATIONS 

We suggest the interaction of accelerated electrons with an 
ambient plasma to be a diffusive process, and therefore the 
problem is to find the distribution function density of the in­
jected electrons. Let us consider the precipitation of an elec­
tron beam from the corona to the chromosphere within a flux 
tube which is perpendicular to the solar surface. The beam 
electrons are assumed to lose their energy in collisions with 
electrons, ions, and neutrals and also via ohmic losses by 
means of inducing the electrical field of a return current in 
ambient plasma. The physical parameters of the ambient 
plasma, such as total density, kinetic temperature, velocity 
field, and degree of ionization, are given from gasdynamical 
calculations. 

The beam electron distribution function can be found from 
a solution of the equation (Landau 1937) 
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is the linearized integral of collisions in the form given by Dia-
konov & Somov (1988) with a frequency of collisions between 
beam electrons and scattering centers of the ambient plasma 
given by 

following: 
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The induced electric field of a return current was calculated by 
equating the direct and return electron currents, as was done 
by McClements (1992), with the classical electroconductivity 
a multiplied by the integral of velocity over the beam electron 
distribution functions in the velocity phase space. Thus the 
kinetic equation (4) becomes a nonlinear integrodifferen-
tial one. 

3. METHOD OF SOLUTION 

3.1. Some A nalytical Solutions 

If in equation (4) we take the induced electrical field to be 
equal to zero, the pure collisional solution fc can be obtained 
analytically using the method of characteristics. The function 
fc is the following: 

fc = [26(5 - so) + z] -(7-0.5) (5) 

which is identical to those suggested by Shmeleva & Syrovat-
skii (1972) and discussed by Zharkova & Kobylinskii (1992). 

Setting the right-hand side of equation (4) to zero, we can 
find analytically by the same means the pure return-current 
solution fr, which is given by the expression 

/ , = 
4(s - s0) 
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Then, combining these solutions, we estimate the general elec­
tron distribution function as the following: 

f„ = (fc + Gfr) exp 
(cos ' ix - cos ' (n))2 

2? (7) 
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The variable G denotes a ratio between these two channels of 

(3) energy deposit and is described by the expression 

The variable k is determined by Emslie (1978), v is a beam 
electron velocity, 6 is the angle between the electron-beam 
propagation direction and the direction to the Sun's center, / is 
the linear coordinate, e and m are the electron charge and 
mass, E is the induced return-current electrical field, and In A 
is the Coulomb logarithm. 

We introduce the following dimensionless variables: /x = 
cos 6 for the angle; z = mev

2/2E0 for the electron energy, where 
E0 is the lower cutoff energy of accelerated particles; e = E0E/ 
(2ireiNln A) for the normalized return-current electric field; 
r = 2kT/mev

2,s (small parameter) for the thermal energy; 
s = ire4(ln A )/E2 j N{l)dl for the normalized coordinate; and 
A„ for the ^-dependent part of the Laplacian differential oper­
ator. 

In these variables the kinetic equation is transformed to the 

G = 
Zflt 

x+(l - J C ) A ' / A ' 
(8) 

here x is the degree of ionization at a given depth. This solution 
can be useful in the numerical calculations of equation (4) for 
estimating the contribution of each of the mechanisms to the 
electron distributions. 

3.2. Numerical Solutions 

Equation (4) is solved numerically applying the summary 
approximation method, using the implicit two-level differen­
tial schemes with weights on each variable (for details see Sa-
marskii 1989). 

A power law in energy and a normal distribution over pitch 
angles on the top boundary where the beam is injected are 
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chosen as an initial condition: 

f0(z,n) = Az-^-0-5) 

X exp 
(cos ' fi - cos ' ( M ) ) 2 

2? , (9) 

where A is a normalization constant and y is the spectral index 
of hard X-ray radiation related to the electron-beam spectral 
index via 5 = y + 1. 

For determination of the region of the energy including 
ohmic losses and angular variables at a given depth where a 
solution of the kinetic equation exists, we used equations (13) 
and (14) from the paper of Emslie (1980), which, in terms of 
the new dimensionless variables mentioned above, take the 
following form: 
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where A", A', and A are determined by expressions (8), (12), 
and (20) in the paper of Emslie. An integration of the equa­
tions was carried out by the Runge-Kutta method in a model 
in which we assume small-angle scatterings (A/a/m <? 1) and a 
lack of catastrophic energy losses (Az/z 4 1). On the edges of 
the region the distribution functions were accepted in the form 
of equation (7). 

For electrons losing their energy to a limit less than calcu­
lated for a region of solution at given depths by equations (10) 
and (11), a Maxwellian distribution is assumed, and the ef­
fects of backscattered electrons (with n < 0) on the top bound­
ary are neglected. The last condition of course decreases the 
number of precipitating electrons at a given depth and may 
distort a picture of X-ray bremsstrahlung emitted from the 
corona. But for a study of electrons penetrating into deeper 
layers, this condition is strong enough, and additional elec­
trons with n < 0 which could precipitate, for instance, in a loop 
with electron mirroring on the top boundary only enhance the 
number. 

The simulations are fulfilled for the flare models discussed 
by Somov, Syrovatskii, & Spektor (1981), where the hydrody-
namical response to electron-beam injection was considered. 
The degrees of ionization were taken from calculations of 
Zharkova & Kobylinskii (1989) for the same flare models; 
they differ from unity beginning from the column density 4 X 
1019 cm"2 and are equal to 1.5 X 10"2 at the density 6 X 1020 

cm-2. All of the calculations were done for an electron-beam 
initial energy flux F0 at the top boundary equal to 10" ergs 
cirT2 s"1 and spectral index 5 = 4 and 6. We selected the rather 
low initial energy flux, taking into account the relations be­
tween the particle densities and the return current and thermal 
energies of ambient plasma and electron beam discussed by 
Diakonov & Somov (1988) when it is not necessary to con­
sider the wave-particle interactions. 

We did calculations for the cutoff energy Ex equal to 15 keV, 
and the upper energy limit E2 equal to 120, 150, and 250 keV. 
Parameters of the initial pitch-angle distributions were the fol­

lowing: jimin = 0.5 (weak directed beam) and nmin = 0.7 (strong 
directed beam), which define the parameter a in the normal 
initial angular distribution (5) to be equal to 0.10 and 0.03, 
respectively. Using the distribution functions, we calculate the 
degrees of polarization and intensities of the X-ray bremsstrah­
lung radiation polarized in parallel and perpendicular direc­
tions P - K with regard to the procedure of Nocera et al. 
(1985), where P is an electron impulse and A" is a wavevector 
of emergent photon, with ^ being the angle between K and a 
perpendicular to the flux-tube axis, called the "angle of view" 
(for details see Fig. 4 in Nocera et al. 1985). 

4. RESULTS AND DISCUSSION 

The calculated depth and angular variations of beam elec­
tron distribution functions are plotted in Figures 1 and 2, and 
the hard X-ray bremsstrahlung polarization is plotted against 
the emergent photon energy for different angles of view in 
Figure 3. 

The solutions of a kinetic equation presented here for elec­
tron beams with a power-law energy distribution cannot be 
compared quantitatively with the similar calculations made 
for the Fokker-Planck equations by McClements (1991, 
1992), as in these papers the electron distribution functions 
are not plotted. But we can draw some qualitative conclusions 
on the electron-beam dynamics with depth, comparing these 
results with previous calculations for initially monoenergetic 
beams scattering by Coulomb collisions with the pitch-angle 
anisotropy of Haug et al. (1985) and for pure gyrosynchro-
tronic losses for the open magnetic field model made in the 
Fokker-Planck approach by Leach & Petrosian (1981). Be­
cause the authors consider another mechanism of electron-
beam energy losses in which contributions vary with depth, 
their results differ slightly from ours. 

Our results include the influence of the two different effects 
of electron-beam precipitation into flaring atmospheres: re­
turn currents and partial ionization. We can use the relation of 
the energy deposits in these channels (see expression [7]) like 
the parameter /3 in Emslie (1980) to understand these contri­
butions qualitatively on each depth. If an ionization is com­
plete (or x = 1), the effect of a return current is absolutely 
identical to that described by Emslie (1980), LaRosa & Emslie 
(1988), and Li (1991). It appears in a faster isotropization of 
the electron velocity distribution, and as a consequence in a 
reduced heating of the chromosphere and enhanced heating of 
the corona. The larger the beam energy flux, the more notice­
able is the return-current effect. When the degree of ionization 
decreases and is close to zero, the effect of a return-current 
solution is reduced very much by interactions of beam elec­
trons mostly with neutral species of ambient plasma; this is 
denoted by the factor A/A'. On the other hand, the effect of the 
pure collisional solution^ in a partially ionized chromospheric 
plasma investigated in the paper of Zharkova & Kobylinskii 
(1993) (see Fig. 2 there) appears in a decrease in the energy 
deposit rates, which causes a bigger part of the beam electrons 
to be able to penetrate to deeper layers. So in a partially ionized 
plasma of the lower chromosphere, we can expect a very essen­
tial increase of the number of beam electrons able to reach 
these depths and, moreover, to produce the additional direct 
ionization and excitation of neutral hydrogen atoms in such 
inelastic collisions. 
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1(a) 

1(d) 

FIG. 1.—Beam electron distribution functions in the injection site (a) s = 2.4 X 10" cm"2, on depths (b) 3.3 X 10l8cm"2, (c)7.6 X 10 "cm"2, and (d) 
1.6 X 1020 cm"2 for Mmin = 0.5 and the energy range 20-200 keV. 

i » " 

FIG. 2.—Beam electron distribution functions on depths (a) 3.3 X 1018cm 2and(6) 1.6X 1020cm 2 for/umta = 0.7 and the energy range 20-150 keV 
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FIG. 3.—X-ray bremsstrahlung polarization P caused by beam elec­
trons with parameters as in Fig. 1 vs. emergent quantum energies for the 
different angles of view <p. 

This is justified by present calculations of the beam electron 
distribution functions, which are shown to decrease smoothly 
and uninterrupted throughout all depths of the solar atmo­
sphere. At some depths divisions of initial beams on pitch an­
gles and energies can be seen. Electron beams with the upper 
energy limit E2 < 120 keV are braking by collisions and the 
induced electrical field of a return current and move in the 
opposite direction (pitch angles close to 90°), with a wide nor­
mal distribution at levels before the electron stopping depth 
(£ =: 2 X 1019 cm"2) where the ionization is still complete (see 
Fig. 2). The similar effect of the beam electron isotropization 
on pitch angles was obtained by Haug et al. (1985) even for 
initially monoenergetic electrons, and by Leach & Petrosian 
(1981) for the open magnetic field model, but their depths 
were much bigger than those found in our calculations. Includ­
ing additional channels of energy losses in scattering with the 
pitch-angle anisotropy results in much faster production of the 
beam electrons moving in different directions, and with a re­
turn current the induced electrical field will direct their motion 
away from a source. This resembles a return to the source of 
thermal electrons affected by an induced electric field, dis­
cussed by Diakonov & Somov (1988). 

Another kind of initial beam division (on the energy see 
Figs, lb and 1 c) which appears at the transition region is sug­
gested to be a result of the Kelvin-Helmholtz two-beam insta­
bility, and it disappears at deeper layers where a return beam 
becomes negligible. 

After such a division on pitch angles, beams with upper en­
ergy limits more than 120 keV move into deeper levels, and at 
greater depths (>1020 cm"2) they again become single beams 
directed along the flux-tube axis (Fig. 1 d), but their densities 
at these levels sharply depend on the beam upper energy limit. 
The higher the upper energy, the higher the beam density at 
these depths. Apparently, after a loss of the low-energy beam 
particles at the coronal and transition region (TR) levels, the 
higher energy electrons of beams move in ambient plasma with 

partial ionization, and lose their energy mainly in collisions 
with neutral atoms, not scattering with such an angular anisot­
ropy as with charged particles, that produce beams as well di­
rected as on the top boundary. These beams can therefore pen­
etrate to deeper layers of the solar chromosphere and even the 
photosphere, and this is in good agreement with the conclu­
sions of Aboudarham & Henoux (1986) and Zharkova & Ko-
bylinskii (1993) deduced from the interpretation of the hydro­
gen emission in the impulsive solar flares. 

The influence of a width of the anisotropic injection via /tmin 

appears in the increase of the upper energy limit to 150 keV for 
beam electrons able to reach the deeper layers, i.e., the thermal-
ization rates for these electrons are bigger (compare Figs. 1 
and 2). 

The above beam electron distribution functions were tested 
by calculations of the X-ray bremsstrahlung intensities and 
degrees of polarization (Fig. 3). The polarization observations 
are not very numerous and were reported for X-rays with a 
moderate hardness earlier by Somov & Tindo (1978) to be 
rather high (up to 40%) and later by Tramiel, Chanan, & No-
vick (1984) to be lower (5%-12.5%). The observations were 
discussed by Leach et al. (1985), where the authors, using the 
results of the Fokker-Planck model of Leach & Petrosian 
(1981), have computed the degrees of polarization as a func­
tion of the angle of view and found them to be very small (< 16 
keV); electrons of a different directionality and hardness can 
produce such wide differences in the polarization. 

Here we calculated the polarization for hard X-rays with 
emergent photon energies from 10 to 300 keV for different 
angles of view caused by beam electrons with energies 15-250 
keV and spectral index 4. Our calculations give the hard X-ray 
polarization to be in the range 5%—10% (Fig. 3), which is 
higher than reported by Leach et al. (1985) and is still quantita­
tively in very good agreement with the observations of Tramiel 
et al. (1984), taking into account that there is not a spatial 
orientation of the observations. The degrees are shown to in­
crease sharply for the emergent photon energies E2 ^ 40 keV 
and to be almost constant for higher energies, and to show 
more noticeable dependences on the angle of view \p, with 
maximum values for \p = 0 and decreasing with increasing \[/. 
Because even a variety of conditions of the observations is able 
to produce the observed polarization variations, for a compre­
hensive fitting of observed polarization data one needs more 
accurate observations of the X-ray radiation and hard X-ray 
solar images of good quality for the loop geometry and field-
line orientation to be obtained. 

It would be interesting to apply our results to a model with 
the magnetic field and electron mirroring and to study the 
joint effect on the beam dynamics in a partially ionized 
plasma; we plan to do this in a forthcoming paper. 
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