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Abstract. The evolution of energy and angular distributions of electrons has been studied accounting for
the reverse current effect by combining analytically treated small angle multiple scatterings with large angle
Monte-Carlo calculations. Reverse current and potential variations as function of column density have been
computed. It is found that the reverse current decreases steeply with increase in electron energy. However,
it becomes significant for low-energy electrons. By use of these distributions and bremsstrahlung cross-
section, the X-ray energy spectrum has been calculated. The nature of the resulting X-ray spectrum
integrated over all column depths is similar to the one without reverse current. The time-lag between high-
and low-energy photon production has been calculated. It is found that there is a small difference between
time-lags as function of observation angles. This fact can be used to test the validity of the beamed thick
target model.

1. Introduction

The hard X-ray emitted during flares provide the most direct information about the
accelerated energetic electrons. The X-ray energy spectrum above 10 keV is in most
cases consistent with a power law of the differential photon flux (Kane and Anderson,
1970). The hard X-radiation is believed to be mainly due to bremsstrahlung in collisions
between energetic electrons and the ions of the solar atmosphere. Electrons with
power-law energy spectrum can produce power-law photon spectrum usually observed
and, therefore, this fact was regarded as an evidence of the non-thermal origin of the
solar hard X-rays (Takakura, 1966; Holt and Cline, 1968; Holt and Ramaty, 1969).

For non-thermal hard X-rays thin and thick target models have been proposed. In
the thin target approximation, the electron escape time is much smaller than the energy
loss time (low-density source) and the electrons lose only a small part of their energy
in the medium (Brown and Melrose, 1977; Kane er al., 1980). The X-ray flux depends
on the instantaneous electron number and the X-ray yield is low. On the other hand,
in the ‘thick target’ beam model the energetic electron beams are injected in high-density
medium, the energy loss time is very short and a continuous electron injection is required
to reproduce the observed duration of the X-ray burst. The instantaneous electron
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spectrum is different from the injection spectrum and the X-ray flux depends on the
injectum spectrum (Brown, 1971, 1972). The X-ray yield is higher than in the ‘thin target’
case. The electron energy content is comparable to the total energy released during the
flare and the large electron beam currents induced demand that a neutralizing reverse
current be rapidly established among the ambient electrons (Brown and Melrose, 1977;
Heyvaerts, 1981). The effect of reverse current accounting for multiple scattering has
not been studied in detail on the production of the X-ray. Therefore, in this work we
have studied in detail the generation of reverse current at different depths in the Sun
atmosphere and have calculated the resulting change in the electron energy and angular
distribution. By use of these distributions the X-ray energy spectrum and time-lag
between low- and high-energy photons has been computed and the results are compared
with the observations.

2. Calculation of X-Ray Flux

Following the method of Haug et al. (1985) after taking into consideration of thick target
bremsstrahlung model in its simplest version (Brown, 1971; Syrovatskii and Shmeleva,
1972; Emslie, 1980, Leach and Petrosian, 1981), the photon flux produced by electrons
in a fixed direction is given by
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where ¢is the electron energy in units of rest mass energy mc?; K = hv/mc?, the photon
energy in the same units; d?¢/d(#v) dQ, differential bremsstrahlung cross-section; f(¢),
the electron distribution; g(«), the electron angular distribution; 9, the angle between the
vertical direction and line-of-sight; 6, the angle between the electron and photon
directions.

In the presence of a magnetic field the electron direction will change continuously due
to spiralling. For any observation the angle § is actually fixed. The relation between 9
and the electron incidence angle «, the angle 6, and the azimuth angle ¢ of the electron
relative to vertical direction is given as

cosd = cosacost + sinasinfcos . (2)

Usually the energy spectrum of the electrons is deduced from measured X-ray spectrum
and as already given in the Introduction above 10 keV is taken to be of a power-law
form. Here we consider initially monoenergetic incident beams, i.e., electrons having 60,
100, and 300 keV energy, characterized by a velocity vector v (in Z-direction towards
the chromosphere from corona). The choice of monoenergetic beams are justified by the
fact that the power-law shape of the energy distribution can be obtained by giving
suitable weights to the monoenergetic electrons. The components of v in a coordinate
system with Z-axis are sin « cos ¢, sin « sin ¢, and cos o, where o is the incidence angle
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with respect to the vertical direction and becomes the pitch angle in presence of a
magnetic field. We take the electrons directed towards the chromosphere from the
acceleration site situated in the corona at 0°, 30°, and 60° incidence angles and follow
their trajectory by combining small angle scattering using analytical treatment with a
large angle collision using Monte-Carlo calculations. The details of the method are given
in Haug et al. (1985). By this procedure we determine the electron energy and angular
distributions at different column densities (i.e., heights) in the solar atmosphere. The
energy and angular distributions become broader and diffuse with the increase in the
depth of penetration for all the incidence angles and energies of electrons. The number
of back-scattered electrons, however, increases for higher incidence angles. The dif-
ferential bremsstrahlung cross-section in the Born approximation following Sauter
(1934) multiplied by the Coulomb correction (Elwert, 1939) is used in the present
computation. It is given in Elwert and Haug (1971) as Equation (6). In this equation
the second term in parenthesis should read (¢2 + 1 + 3¢p’ cos 0). If we integrate over
all the emissions angles one gets the total bremsstrahlung flux as function of energy only.

3. Effect of Reverse Current on Electron Distribution

It is now generally recognized (Hoyng, 1977; Hoyng et al., 1976, 1978; Brown and
Melrose, 1977; Knight and Sturrock, 1977; Colgate, 1978) that the large beam currents
required by non-thermal electron beam models of hard X-ray bursts and chromospheric
heating during solar flares demand that a neutralization reverse current be rapidly
established among the ambient electrons. This current is driven by the beam-induced
electric and magnetic fields which, if a reverse current did not arise, would rapidly gain
energies exceedingly that of the flare itself.

Knight and Sturrock (1977) examined the behaviour of this reverse current and its
associated energy distribution rate with depth, and deduced that it was likely to play
an important role in the impulsive heating of the preflare chromosphere. This conclusion
is in accordance with the statement made by Spicer et al. (1979) that Ohmic losses are
the dominant loss mechanisms of most electron beams in the rarified gases. However,
Knight and Sturrock (1977) admit that during the post-flare period where coronal
temperatures have significantly risen, reverse current Ohmic heating being inversally
proportional to T>/? in the case of classical resistivity (Spitzer, 1962) will not be as
important as it is during the impulsive phase of event. Furthermore, they neglect
collisional scattering of the beam electrons in their beam dynamical equations. This
overestimates the beam current in the target and also renders their model unphysical,
since a highly collimated beam is, in the absence of collisions, highly unstable (Shapiro
and Shevchenko, 1968).

Emslie (1980) examined a model problem with a non-thermal source (Somov and
Syrovatskii, 1976) of fast electrons including the reverse current electric field and found
that it could lead to significant changes of intensity and polarization of X-rays.
Diakonov and Somov (1988) have included the reverse current electric field in the cold
plasma for the case of an abrupt transition layer between the hot plasma of a flare and
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the cold plasma in the solar atmosphere. They have shown that it is impossible to solve
the reverse current problem self-consistently without taking collisions into account.

The theoretical modelling of collisional losses suffered by a beam of electrons in
passage through a hydrogen chromosphere is well established (e.g., Brown, 1974; Lin
and Hudson, 1976; or Emslie, 1978). However, the evaluation of the expected energy
deposition at chromospheric levels from such a beam and comparison with the radiated
energies at these depths indicates either that the hard X-rays commonly attributed to
non-thermal electron beams are, in fact, predominantly thermal in origin (Chubb, 1971;
Brown, 1974; Brown et al., 1979; Colgate, 1978; Cranell et al., 1978 ; Emslie and Brown,
1980) or that the electrons are somehow coronally confined. It is conceivable that Ohmic
losses from the beam may result in such a confinement, since in the low-density corona
such losses are more important than those due to direct collisions of the beam with the
ambient plasma.

Since the ambient electrons are preferentially (over protons) heated both by collisional
and Ohmic processes, the ion temperature 7, will be much less than T, especially in
regions of low density, where time-scales for temperature equilibrium are very long
(Spitzer, 1962). The beam’s behaviour will be governed by both collisional and Ohmic
(i.e., reverse current) processes plus losses to plasma wave generation if the return
current become unstable (see Brown et al., 1979). These produce changes in the beam
electron energy £ and momentum m,v (where m, is the electron mass) given by

-().(2)
dN dN/c dn/,

dv. dv. dv.

() () @
dN dN/c dn/,
where N is the overlying column density (cm ™ ?) of the atmosphere, and subscripts Z,
C and r refer to the vertical component and to collisional and reverse current losses,
respectively.

In order to calculate this reverse current we have used Ohm’s law. According to
Ohm’s law, the electric field £ which generates reverse current is given as

and

J =coE, (5)

where J is the conduction current density and o is the conductivity. This conduction
current density J of this field with density n/cm? is

J = nev, (6)

where the electron density v is given by

v=595x10°Ems~ .
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By use of Equations (5) and (6), the electric field is
E="" )
o
The conductivity of a medium with temperature 7T is
T3/2
6=— (1.52x 1072)mhosm~"'. (8)
InA

The numerical expression for A is given by
A =124 x10"(T%n), niscm~2.

If we use Equations (7) and (8), we have calculated the change in the energy of
electrons in presence of reverse electric field. Figures 1(a) and 1(b) show the variation
of electron energy distribution accounting for reverse electric field. These figures have
been plotted for incident electron energies 30 and 60 keV for incidence angle 0° and 30°.
A look at the figure shows that electron flux decreases with the decrease in electron
energy. The decrease in the flux value is due partly to the loss of some of its energy in
collisions with ambient plasma while moving downwards (i.e., in forward direction) and
partly on account of the loss of energy due to reverse current. These two effects together
account for larger decrease in electron energy. By use of the above equation and electron
distributions we have calculated the current which develops due to the presence of
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Fig. 1a. Variation of electron flux with electron energy accounting for reverse current effect for 30 keV
energy incident at 0° and 30°.

Fig. Ib. Same as Figure 1(a) but for 60 keV incident energy.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992Ap%26SS.195..401B

N&SS_ 195, JA0IBD

rTI92A

406 R. BAKAYA ET AL.
14
10 =
L ’\ 30 keV
? = S~ = 60 keV
iy So o AN —x—x=-100 keV
w ST TR —e—e—300 keV
4 SO E "
- x
5 -15 T, Sk
010 = AN 4\-;\
- * *
w Hoy —ememe—e—emor
0 = Sr N
Ej - Tt N.
° N .
; L ~ \. \\
4 Ne
L N
\l
16° Ll N N AW | Lt |
19 20 2
10 10 10 10

COLUMN DENSITY —

Fig. 2. Variation of reverse current with column density for 30, 60, 100, and 300 keV electron beams
incident at 0° (upper line) and 60° (lower line).

reverse electric field. This reverse current is plotted against column density for 30, 60,
100, and 300 keV incident electron beams in Figure 2 at 0° and 60° incidence. From
the figure we find that initially, i.e., at lower column densities, the current is higher and
decreases with the increase in column density. At lower column densities, the
background particle density is small resulting in few number of collisions so that the
electrons continue to move in forward direction without getting trapped. This effect
manifests itself in the form of an increase in current. As column density increases,
ambient particle density also increases resulting in more collisions, so electron velocity
is reduced continuously resulting in decrease in current. From the figure we also note
that with the increase in incident electron energy, current increases. If we use the
expression for ¢ given by Equation (8) we have calculated conductivity for the reverse
current field which we have plotted in Figure 3 as a function of column density for
incident electron energies 30, 60, 100, and 300 keV with 0° and 60° incidence. Conduc-
tivity being a function of current decreases with the increase in column density.

Figure 4 shows the variation of reverse current as function of potential for 30, 60, and
100 keV electron beams with 0° and 30° incidence. From the figure we see that in the
beginning, the effect of reverse current is appreciable, i.e., at lower column densities
where potential is small, then it decreases smoothly.

We have also calculated the potential of the reverse electric field using the familiar
equation E = — VV. Figure 5 shows the variation of potential as a function of column
density for electron energies 30, 60, 100, and 300 keV with 0° and 60° incidence. The
potential increases rapidly at lower column densities and then rises smoothly.

4. Results and Discussion

By use of the bremsstrahlung cross-section given in Elwert and Haug (1971) and the
electron distribution function f(e) and g(a) described in previous section, we have
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Fig. 3. Variation of conductivity with column density for 30, 60, 100, and 300 keV electron beam incident
at 0° (upper line) and 60° (lower line).

computed the energy spectra of the X-rays. The X-ray energy spectra integrated over
all depths is plotted in Figure 6. The nature of integrated spectra is similar to that in
absence of reverse current. The shape of calculated integrated spectrum corresponds
well with observed energy spectrum obtained from PVO and ISEE-3 spacecraft
(Figure 1 of Kane et al., 1980).

The variations of photon flux as a function of column density (for 30, 45, 60, and
90 keV photons) are plotted in Figures 7(a) and 7(b). These figures show that the X-ray
production maximizes at different column densities for various electron energies
incident at fixed angle. Furthermore, we note that the photon production corresponding
to each spot value of the energy maximizes at lower column density for 60° incidence
compared to 30° and 0° electron incidences. The width of the height distribution for
a particular photon energy becomes broader with the increase in electron incidence
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Fig. 4. Variation of reverse current with potential for 30, 60, and 100 keV electron beams incident at 0°
(upper line) and 30° (lower line).
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Fig. 5. Variation of potential with column density for 30, 60, 100, and 300 keV electron beams incident
at 0° (upper lines) and 60° (lower lines).
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Fig. 6. X-ray flux spectra integrated over all column densities, i.e., spatially-integrated X-ray energy
spectrum for a 300 keV electron beam incident at 0°, 30°, and 60°.
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energy).
Fig. 7b. Same as Figure 7(a) but for the incident electron energy 300 keV.
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angles. For 60° electron incidence, the distribution of photon flux with height becomes
broadened and does not show much pronounced peak. These figures also show that the
width of the X-ray profile becomes smaller with increase in photon energy and for
electron incidence angles approaching 0°.

If we follow the method given in Koul er al. (1987), we have converted the height
profile of X-rays into time profiles. From the study of time-profile curve we find that
the peak for high-energy photons appear earlier than that for low-energy photons
(Figure 8). If we use this figure, we have calculated the time-lag between high- and
low-energy photons. It is plotted in Figure 9(a). From the figures we find that time is
more if the incident electron energy is less. The time lag decreases with the increase in
electron energy. This can be explained by the fact that high-energy electrons penetrate
deeper into the atmosphere and lose energy quickly. The variation of time-lag as function
of photon energy for two observation angles 50° and 90° are plotted in Figure 9(b). The
nature of curves in both cases remains the same. There is a slight difference in the
magnitude of time-lag for 50° and 90° observation angles. This fact could be used to
test the beamed thick target model. Millisecond time variations in hard X-ray profile
has already been measured by Kiplinger e al. (1983). By use of two satellites separated
in heliographic longitude, it is, in principle, possible to measure the evolution of X-ray
pulse at different observation angles. From this, time-lag between high- and low-energy
photons can be deduced. In conclusion we can say that reverse current plays an
important role on the hard X-ray production at lower column density and the time
difference between high- and low-energy electrons can be used to test the validity of
beamed thick target model.
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Fig. 8. Time variation of photon flux for 100 and 300 keV electron energies with incidence angles, 0°, 30°,
and 60°.
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Fig. 9b. Relative peak time and its variation with photon energy for fix observation angles.
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