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Abstract. The experimental results of X-ray bursts with spectral characteristics, spatial distribution, fast
time variations, polarization, and directivity measurements carried out with Intercosmos, PVO/ISEE-3
spacecrafts, imaging instrument observations of Hard X-ray (HXIS) and Hard X-ray Burst Spectrometers
(HXRBS) during solar maximum mission have been reviewed. The observed results about the above
characteristics are discussed in detail in terms of non-thermal and thermal models. It is shown that the
results can be interpreted in terms of beamed thick-target model in which electrons stream down to the loop
footpoints and produce hard X-rays through electron-ion bremsstrahlung.

1. Introduction

Solar flares are explosions in magnetized plasma, accompanied by the release of roughly
1032 ergs of energy in a short interval of less than a second. This high release of energy
manifests itself partly in the form of corpuscular radiation in which particles accelerated
to energies in the MeV range have also been detected (Svestka, 1976). The precise nature
of the acceleration mechanisms at work even today are speculative. Of the complete
electromagnetic spectrum emitted during a flare, the study and analysis of the hard
X-ray provides a powerful tool for the study of various parameters characterizing the
incident beam of high-energy electrons. Solar hard X-radiation with photon energies
greater than 10 keV is produced in observable intensity only during a flare and show
rapid changes of intensity on time-scales of the order of ms to several minutes. The
experimental characteristics of hard X-rays have been reviewed recently by Dennis
(1985, 1988) or Tanaka (1987). Theoretical aspect of hard X-ray characteristics have
been reviewed by Brown (1975), Haug (1979), and Brown and Smith (1981). However,
there is no review on the topic concerning electron Monte-Carlo calculations. Therefore,
in this paper we have taken a comprehensive look on the characteristics of hard X-rays
with energies = 10 keV using our own electron Monte-Carlo calculations.

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 photon spectral
index takes values between 2 (hard spectrum) and 8 (soft spectrum). Most frequent
spectral indices are around 4 to 5 whereas very hard radiation with spectral index < 3
is extremely rare. Above some critical energy ~ 100 keV the spectrum steepens rapidly,
i.e., the spectral index increases (Kane and Anderson, 1970). This may be expressed
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by an additional cut-off factor of power-law form. In some events the power law extends
to several hundreds of keV (Suri et al., 1975).

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). The
steepening of flare X-ray spectrum can be obtained in principle on a thermal basis
assuming a mixture of plasma components at different temperatures (Chubb, 1970;
Kahler, 1975; Brown et al., 1979). However, a thermal interpretation is contradicted by
the fact that, at very high temperatures needed to explain the slope of the X-ray
spectrum, the thermal relaxation time is much higher than the X-ray burst duration. In
addition, Lin er al. (1982) have directly observed the electron spectrum, escaping out
of the solar atmosphere. This spectrum shows a constant spectral index in the energy
ranges from 50 keV up to 10 MeV. These extremely high electron energies and the
spectral shape cannot be explained on a thermal basis. Whereas the low-energy
electrons are believed to be more or less thermal for high-energy electrons, non-thermal
interpretation seems necessary.

The spatial distributions of hard X-ray sources during flares have been determined
extensively by imaging instruments on SMM satellite (Van Beek et al., 1980; Hoyng
etal., 1981) and on the HINOTORI spacecraft (Tsuneta et al., 1984). With the aid of
instruments on SMM it was possible for the first time to investigate the location and
spatial extension of hard X-ray sources with a resolution of 8” corresponding to
6000 km on the solar surface. The analysis of Hard X-ray Imaging Instrument (HXIS)
on SMM in the energy range 1630 keV revealed that, in several flares, some of the hard
X-rays occurred as bright points. These bright points were synchronous and co-spatial
with He and UV emissions (Hoyng et al., 1981; Duijveman et al., 1982). On the basis
of synchronism of hard X-ray with Ha and UV, these authors proposed beamed
thick-target model for the hard X-ray and chromospheric footpoints emissions. Further
studies of chromospheric response to electron beam hypothesis have been found to be
consistent with beamed thick-target model (Acton et al., 1982; Canfield et al., 1984;
Fisher et al., 1984). More thorough analysis of HXIS data has been carried out by
MacKinnon et al. (1985). MacKinnon et al. have also correlated the HXIS results with
HXRBS. They found that footpoint photon fluxes are much less than expected from
HXRBS extrapolation, casting doubt on conventional thick-target beam interpretation
for X-ray generation. Simultaneous X-ray images in hard (20-40keV) and softer
(6.5-15 keV) energy ranges have also been obtained with the hard X-ray telescope
aboard the HINOTORI satellite (Takakura et al., 1986; Tsuneta eral., 1984). The
HINOTORI observations show that some hard X-ray image (~ 20 keV) are consistent
with electron beam precipitations to the footpoint (Tsuneta et al., 1983). However, in
some cases the hard X-ray characteristics different from the above-quoted have been
found (Tsuneta et al., 1984).

The vertical structure of a hard X-ray source can also be obtained from observations
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with two or more satellites separated in heliographic longitude (Catalano and Van Allen,
1973). Such multispacecraft observations can also make important contributions to the
investigation of X-ray anisotropy. Solar X-ray bursts have been observed simultane-
ously by detectors aboard the international Sun—Earth Explorer-3 (ISEE-3) and the
Pioneer—Venus—Orbiter (PVO). A rare set of circumstances on 5 November, 1979
permitted valuable measurements of spatial structure of > 100 keV X-ray source in solar
flares by PVO/ISEE-3 (Kane et al., 1982). While the ISEE-3 spacecraft was at its
normal location close to the Sun—Earth line, the PVO spacecraft was located 135° east
of the Sun—Earth line. During a period of about 6 hr, three successive flares occurred
in Hale Plage Region 16413, located at S 14°, E45°. All these flares were in full view
of the PVO instruments. The second flare was partially occulted by the photosphere
from the PVO line of sight. Views angles of the two instruments on ISEE-3 and PVO
were 5126,47°8 and 47°7 and 90°0, 943 and 94°8, respectively. These observations
show that the hard X-ray source is located at altitudes of 2500 km (Kane et al., 1982).
The X-ray flux ratio from the PVO/ISEE-3 has been obtained by Kane ez al. (1982) for
the three flares on 5 November, 1979 in the energy range 100-200 keV and plotted
against the minimum altitude 4, ;, of the X-ray source that would be observed from the
PVO location. As reported by Kane et al. (1982), the flux ratio ‘r’ decreases rapidly with
the increase in minimum observable altitude A, ;, the decrease being 509, for
Ponin =~ 2000 km and 909, for A, ;, ~ 2500 km. By assuming the altitude structure of the
100 keV X-ray source in the three flares to be roughly similar, Kane et al. (1982)
interpreted this decrease as the altitude dependence of the X-ray source brightness. The
difference in the X-ray flux observed has been explained by Kane et al. (1982) in terms
of partial occultation of the X-ray source by the photosphere from the PVO line of sight.
Later, the directivity measurements was extended up to 1 MeV photon energy (Kane
et al., 1988). Brown et al. (1981, 1983) have shown that the height-structure observa-
tions can be explained in terms of a thick-target beam model. However, in their
calculations the effect of source directivity was not taken into account. Also, the electron
distribution was taken to be of power-law form, and dispersion in energy distribution
about the mean is not included. Rieger ef al. (1983) and Vestrand et al. (1987) have also
studied the variation of directivity of > 300 keV photons. Recently, Petrosian (1985) and
Dermer and Ramaty (1986) have extended these calculations to relativistic electrons
with energies > 10 MeV.

The mean free path of an electron incident either at 0° (small angle) or at 60° (large
angle) is the same. However, the vertical distance traversed by the electron coming at
60° will be less than that coming at 0° (secant correction). As a result of this the
electrons at 0° penetrate deeper into the chromosphere before getting stopped as
compared to those electrons which are incident at larger angles (say 60°). The flux of
bremsstrahlung which depends on the density of protons will, therefore, be more for 0°
electrons that that for 60° electrons. The ratio of X-ray fluxes for 60°/0° will, therefore,
be a decreasing function of height. Later we will show that by the inclusion of source
directivity the results of the thick-target model correspond well with the observations.
However, the spectrum is not the only criteria on which to decide between a thermal
or a non-thermal interpretation.

min
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The spatial measurements do not provide much insight into the acceleration mecha-
nism of electrons responsible for the generation of hard X-rays. The acceleration
mechanism can, however, be studied with the help of rapid time fluctuations of hard
X-ray bursts. The most recent observations (Kiplinger ez al., 1983a; Hurley et al., 1983;
Kane et al., 1983) show millisecond time variations in hard X-ray during flares. Besides
the pulsating nature of these hard X-ray bursts with several peaks have also been
reported (Kiplinger et al., 1983b, 1984).

Lu and Petrosian (1988) have solved Fokker—Planck equations analytically and have
carried out detailed and thorough study of time variations of X-rays. Emslie (1983) has
also put forward the explanation of millisecond time structure in terms of non-thermal
thick-target bremsstrahlung mechanism. In this model the electrons are injected down-
wards into the solar atmosphere from the acceleration point high in the corona. As they
spiral about the guiding magnetic field lines, their energies and pitch angles are changed
continuously by collisions with ambient particles. More thorough calculations for differ-
ent atmospheric models has been carried out by Craig et al. (1985). Emslie (1983) has
assumed that all the electrons are centered at mean energy and mean angle with
delta-function distributions. But all the electrons will not have the same energy and
angles and there will be a distribution of energy and angles at a given column density
(Haug ez al., 1985; Leach and Petrosian, 1981). The observations of Kiplinger et al.
(1983b) and Kane er al. (1983) reveal a harder spectra at the peaks of the X-ray pulse
compared to that at the valleys. This aspect has also been considered by Emslie (1983).
However, these calculations do not show the effect of the distribution in the electron
incidence angle on the X-ray spectra with column density.

Quantitative information about the velocity distribution function of electrons could
be derived from the measurements of the directivity and polarization of the hard X-rays.
Earlier indirect measurements of the directivity of hard X-rays above 15 keV were
carried out by various works by studying the centre-to-limb variation of the frequency
of occurrence of hard X-ray bursts (Ohki, 1969; Pinter, 1969). The best study of
centre-to-limb variations of the hard X-ray burst occurrence do not show any significant
longitudinal dependence (Kane, 1974; Datlowe et al., 1977). More recent work by
Vestrand er al. (1987) shows evidence for directivity from centre-to-limb for photon
energies > 300 keV. The direct measurements of the directivity using the spacecrafts
separated in heliocentric orbit has been carried out by Kane et al. (1988). The earlier
measurements of the directivity were for photon energies in the range 50-200 keV and
were later extended up to 1 MeV. The observations are consistent with isotropic model
and disagree with theoretical predictions of Vestrand ez al. (1987). Calculations by Koul
et al. (1987) show that if the spacecrafts are separated in longitude by more than 60°
then there should be observable anisotropy of hard X-rays.

If the angular distribution of the high-energy electrons is anisotropic, this is most
directly inferred from the polarization properties of the X-radiation emitted by them as
bremsstrahlung. The X-ray spectrum and the degree of polarization is dependent on the
energy and angular distribution of the fast electrons which, in turn, is strongly affected
by the propagation characteristics of the electrons in the ambient atmosphere. The
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potential importance of X-ray polarization as diagnostics of energetic flare electrons has
been discussed by Korchak (1967), Elwert (1968), Elwert and Haug (1970), Haug
(1972), Brown (1972), Langer and Petrosian (1977), and Leach and Petrosian (1983).
In the investigation by Elwert and Haug (1970) the calculation of X-ray polarization was
based on electron energy distributions inferred from observed X-ray spectra, using the
total bremsstrahlung cross-section. They employed ad hoc angular distributions of the
form sin” a. Haug (1972) extended this work to relativistic energies assuming power laws
for the instantaneous electron spectra in the interaction region; his angular distributions
were again independent of electron energy. Brown (1972) included the effect of electron
scattering and energy loss in a thick target on the X-ray polarization. In this calculation,
however, the dispersion in energy and angular distribution about the mean value was
not taken into account. The effect of photospheric back-scattering on the X-ray polari-
zation has been studied by Henoux (1975), Langer and Petrosian (1977), and Bai and
Ramaty (1978); generally, it results in a reduced degree of polarization. Emslie and
Brown (1980) have evaluated the polarization of X-rays in terms of a thermal model
characterized by the appearance of two collisionless conduction fronts. The resulting
degree of polarization is of the order of a few percent.

By solving a time-independent Fokker—Planck equation, Leach and Petrosian (1981)
have investigated the variations of the energy and pitch-angle distributions of high-
energy electrons injected into a cold hydrogen plasma containing either an open or
closed magnetic field structure. Their results were used to calculate the spectra, direc-
tivity, and polarization of the X-radiation produced as bremsstrahlung by these elec-
trons (Leach and Petrosian, 1983; hereafter referred to as LP).

The measurement of X-ray polarization is highly difficult, and there exists only few
observations (Tindo et al., 1970, 1972a, b, 1976; Nakada et al., 1979; Tramiel et al.,
1984). They show that the X-rays may be considerably polarized during strong flares,
whereas in the most recent observations (Tramiel et al., 1984) no statistically significant
polarizations was detected during 6 relatively weak X-ray flares. So the experimental
results are still inconclusive.

In the present work we employ the fully relativistic Monte-Carlo calculations on
multiple scattering of non-thermal electrons with initial energy E, (Haug et al., 1985)
which allow to study the effect of dispersion in energy and angular distribution of fast
electrons. If we use these distributions we present the results of our analysis on the
spectrum, directivity, polarization, and fast time variation of X-rays. We also seek an
explanation for the flux ratio observed by Kane et al. (1980b, 1982). Before we proceed
to the calculations of spectrum, directivity, and polarization of the X-rays, it is desirable
to give general features of calculating the electron distributions taking dispersions into
account and also present the formalism used to calculate the X-ray flux.

2. Electron Distributions

Usually, the energy specrum of the non-thermal electrons is deduced from the measured
X-ray spectra and the electron energy spectrum above 10 keV is taken to be power law
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in form. Here we consider initially monoenergetic incident beams of electrons having
energies of 60, 100, 300, and 500 keV, characterized by a velocity vector v. The choice
of monoenergetic beams is justified by the fact that the power-law shape of the distribu-
tion can be obtained by giving suitable weights to monoenergetic electrons. Further-
more, due to collisions the electron beam broadens at higher column densities and
becomes a continuous distribution almost independent of the original degree of beaming
at injection. However, at lower columns densities near the acceleration site electron
distributions are dependent on the original degree of beaming. The components of v in
a coordinate system with z-axis are sin a cos ¢, sin a cos ¢, sin « sin ¢, and cos o, where
a1s the incidence angle with respect to the vertical direction and becomes the pitch angle
in the presence of a magnetic field. We consider the electrons directed towards the
chromosphere from the acceleration site situated in the corona at 0°, 30°, and 60°
incidence angles. Electron transport has been calculated as a function of column
density/height in the atmosphere. ‘

We consider a fully-ionized thermal plasma consisting of protons and electrons. It
is assumed that the relativistic electron beam will be influenced by Coulomb collisions
between the beam electrons and the thermal protons and electrons. Since, for chromo-
spheric and coronal plasma the mean free path, as determined by the minimum scatter-
ing angle, is only a fraction of centimeter, it is not possible to treat all the small-angle
deflections in a pure Monte-Carlo procedure. The path of electrons is, therefore, divided
into two parts: a condensed history of the small-angle scattering process treated analyti-
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Fig. la. Variation of electron energy distribution with column density (No. of proton cm ~2). The initial
electron energy is 300 keV incident at 0° (Haug et al., 1985a).
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Fig. 1b. Variation of electron angular distribution with column density. The initial electron energy is
300 keV incident at 0° (Haug et al., 1985a).

cally followed by Monte-Carlo calculations of a single large-angle collision process.
Details of the calculations are given by Haug ez al. (1985) and Koul ez al. (1985).

We have considered electron starting at the location S = 0, which is taken as the
acceleration site situated high up in the corona. The random walk of each electron is
followed towards the chromosphere until it has lost nearly its total energy,i.e., E < E_;,,
where E_;, is 55 of the initial energy E,,. It turned out that for all scale heights used, the
results depend only on the column density N(S) = ff n(S) ds, the member of pro-
tons cm ~ 2 or electrons cm ~ 2 within the column traversed. By this procedure we deter-
mine the electron energy and angular distributions at different heights (see Haug ez al.,
1985; for details). The energy and angular distributions of electrons are shown in
Figures 1(a), 1(b), and 2. The number of particles followed is between 1000-2000 and
gives good statistics.

A similar procedure for the computation of the pitch angle and spatial distribution
of energetic electrons including the effects of an ambient magnetic field has been
employed by Bai (1982) who has neglected large angle scattering in his calculations. Our
calculations show that width of the electron angular distributions are considerably
modified due to inclusion of large angle scatterings. As a result of this, the widths of
angular distributions obtained by our method are larger than those using the Bai method.
Leach and Petrosian (1981) have used the time-independent Fokker—Planck equation
to determine the variation of the energy and pitch-angle distribution of high-energy
electrons injected into a cold hydrogen plasma containing either an open or closed
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Fig. 2. Variation of electron spectral index with column density. The initial electron energy is 300 keV for
incidence angles 0°, 30°, and 60° (Koul et al., 1985).

magnetic field structure. In these investigation the injected electrons have a power-law
spectrum.

3. Energy Spectra and Angular Distribution of X-Ray

The changes in the electron energy and angular distributions produce the corresponding
change into X-ray energy spectrum and angular distribution. The photon flux produced
by electrons in a fixed direction is given by

J(9) = ny Jded(cosa)qu)g( %) ———— i )d J(&)v(e)

1

(photonscm ~2s~'keV~1 (1)
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where ¢ is the electron energy in units of its rest mass energy mc?; k = hv/mc?, the
photon energy in the same unit; d?s/d(hv) dQ, the differential bremsstrahlung cross-
section; g(a), the electron angular distribution; f(e), the electron energy distribution;
v(e), the electron velocity; 9, the angle between the vertical direction and the line of sight;
0, the angle between the electron and photon directions.

In the presence of a magnetic field the electron direction will change continuously due
to spiralling. The angle 9 will depend on the incidence angle «, the angle 6, and on the
azimuth angle ¢ of the electron relative to vertical direction (magnetic field) - i.e.,

cosd = cosacosf + sinasinfcos¢@. (2)

For the differential cross-section 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 as (¢2 + 1 + 3¢'p cos 0). Integrating over all the emission
angles one get the bremsstrahlung flux as a function of energy only at different column
densities (Koul et al., 1985).

4. Temporal Analysis

The hard X-ray burst models mainly differ with regard to properties of electron injection
(acceleration) mechanism and the nature of ambient plasma density. The high time
resolutions provided by HXRBS on SMM require a detailed study of the evolution
of non-thermal electron distributions as function of time. These observations have
shown that the assumption, the collisional lifetime ¢, < injection time-scale is no longer
valid (see, e.g., Emslie, 1983). To study the time variations of hard X-ray pulse, one need
to carry out detailed time-dependent Monte-Carlo calculations. However, to get the idea
of the effect of dispersion in electron energy and angular distributions on time profile,
we follow a bit easier method of deducing the time variations for the spatial distributions.
For non-relativistic electron energy Emslie (1983) has used the energy-loss formula

d_E _ 2ne*A
dr E

n, €)

where e (e.s.u.) is the electronic charge; n (cm ™ 3), the target density; A, the Coulomb
logarithm; and v = /2E/m, the electron velocity. Equation (3) on integration yields

t

3K
E3? = E3P - ndt, 4)
(2m,)'?

t=1g

where K = 2me*A and m, is the electron mass. This equation is for non-relativistic
energies.

In our calculations we have incorporated the relativistic effects to study the time
variations. We follow the treatment given in Haug et al. (1985) to calculate the energy
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loss by an electron while traversing a distance d/ in a plasma of proton-electron
density n(/).

Our calculations are true for any part of the loop, but we want to emphasize the role
of beamed thick-target model. Therefore, we have given more attention to the chromo-
spheric part of the loop, since the density in the tenuous coronal part is approximately
constant and dispersion in electron distribution especially for high energies is not
significant. The density in the chromosphere rises sharply and electrons are stopped
within a small column depth. We have divided the atmosphere into layers (labelled k)
or column density interval AN, . Their boundaries are chosen such that on the average,
the energy of electron travelling perpendicularly to the layer is reduced by 5% of the
initial energy E,. The column densities N, _; and N,, respectively, at the layer
boundaries are related to energies E, = (1 — K/20)E, and the layer thickness is given
by ANy = N, — N, _,. The mean column density N, of the kth layer is defined by level
S, where the average electron energy is

E, = %(Ekfl + E), (%)

whenever an electron crosses the level S, its energy £ and angle 6 is recorded and
resultant electron distribution functions are calculated at each level S,.

To calculate the time taken to traverse the kth layer of thickness AN,, we may,
therefore, approximate

1 Sk

ndl’
dr = , 6
J ! J dr’/de ©)

1, —1 Sk -1

defining

L

J' ndl’ = ﬁk([k - tk_l) s

e -1

where 7, is the mean density of the column traversed. As the electron traverses the
denser layers there is continuous degradation in the electron energy resulting in a
decrease in its velocity. The average velocity of the electron ¥, = dI'/dt| . within a layer
S, 1s calculated by use of the relativistic formula

1 (E= mc?)?
B> E(E + 2mc?)

However, as discussed above there will be a distribution of electron energies crossing
the layer S, so the average velocity is given by

Jf(V, 0, Ni; Vo) dV

k:' .
Jf(V, O, N,; Vy)dV
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Thus, we have in Equation (6)

Sk

J‘ ndl

et — b ) = 22—
Vi

or

N,
e =1 == -

Vi

Since we use the distribution function f(V, 0, N, ; V) to calculate the average velocity
within the column traversed so the results include the dispersion effects. Equation (7)
gives the time taken to traverse the layer S, and following this method we have converted
X-ray height profile into time profiles.

5. Results and their Relation to Observations

If we use the bremsstrahlung cross-section given in Elwert and Haug (1971) and the
distribution function f{(¢) and g(a) described in Section 2, we have computed the energy
spectra (Figures 3(a) and 3(b)) and angular distribution of X-rays (Figures 4(a) and
4(b)) for different column densities and photon energies. Figure 3(a) shows the energy
spectrum at various depths in the solar atmosphere. Different curves have been obtained
by integrating the photon flux over the emission angles. The figure clearly shows the
variation in spectral index of the generated X-rays from the lower column density
(reference column density, the column density at which the dispersion in electron energy
and angular distribution is insignificant) of the atmosphere to the higher column density
levels. As the beam of electrons injected at the top moves through the atmosphere, the
number of low-energy electrons increase due to the attenuation of high-energy electron
with the increase in column density. Thus the number of low-energy photons becomes
larger resulting in the progressively steeper nature of X-ray spectra. However, no such
observation showing the spatial dependence of spectral index with column density has
been reported to-date. In Figure 3(b) we plot the energy spectra integrated over all the
depths, i.e., we obtain a spatially integrated over all the depths, i.e., we obtain a
spatially-integrated X-ray energy spectrum. The figure shows the variation of X-ray
energy spectrum for three discrete angles of electron incidence. As is clear from the figure
the spatially-integrated X-ray flux shows only a mild dependence on the electron
incidence angles. We further note that the shape of calculated spatially-integrated
spectrum corresponds well with the observed energy spectrum obtained from PVO and
ISEE-3 spacecrafts (Figure 1 of Kane ef al., 1980).

Figure 4 depicts the evolution of X-ray flux with depth as a function of emission angle
for different photon energies 10, 20, 50, 100, 150, and 200 keV. The incident electron

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


http://adsabs.harvard.edu/abs/1992Ap%26SS.194..261R

&SS_ 194, “Z61RD

]

rTI92A

272 R. R. RAUSARIA

[ l e B

500 keV
Q"IN CIDENCE

L1

PHOTON FLUX (ARBITRARY UNITS) —
=
l
e
|

| N

L I 1 Lt 1 |
10 20 40 60 80 100 200 300

PHOTON ENERGY N kKeV ——

Fig. 3a. Energy spectra of X-rays at various column densities (No. of protons cm ~ 2) for a 300 keV electron
beam incident at 0° (Koul et al., 1987).

energy 1s 300 keV. The flux is highly anisotropic at lower column densities and high-
energy photons show strong beaming in the forward direction, i.e., towards the photo-
sphere. With increased column density the flux progressively tends towards isotropy.
This figure also shows that isotropization is slower for higher energies compared to
low-energy photons. Our calculations thus support the idea that electrons are initially
produced as monoenergetic beams and give rise to power-law shape of hard X-ray
spectrum during interaction process. The analysis of HXIS data by MacKinnon er al.
(1985) show that footpoint pixels have softer spectra than intervening pixels which
supports our calculations.

Figure 2 shows that electrons incident at 60° are stopped at greater heights (lower
column density) than those incident at 0°. The mean free path of an electron incident
at 0° (secant correction). As a result of this the electrons at 0° penetrate deeper into
the chromosphere before getting stopped as compared to those electrons which are
incident at larger angles (say 60°). The ratio of X-ray fluxes for 60°/0° will, therefore,
decrease at lower altitudes. The ratios of the flux produced by 60° to 0° electron
incidence for different photon energies are plotted in Figure 5. From the figure we find
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Fig. 3b. X-ray flux spectra integrated over all the column densities, i.e., spatially-integrated X-ray energy
spectrum for a 300 keV electron beam incident at 0°, 30°, and 60° (Koul ef al., 1987).

that the nature of calculated curve resemble well with the measured curve of Kane et al.
(1979). While accepting the explanation of the observed results put forward by Kane
et al. (1982) in terms of photospheric absorption, we feel that the results could also be
explained in terms of different incidence angles of electron beam together with attenu-
ation at different depths in the solar atmosphere.

A measure of the anisotropy A is the quotient of J; for &, = 90° (perpendicular to the
electron incidence direction) to J, for 3, = 180° (opposite to the electron incidence). At
higher column densities the X-ray distribution (Figures 4(a) and 4(b)) becomes more
and more isotropic and the difference between fluxes at 90° and 180° become smaller.
To illustrate this feature we have studied the variation of the anisotropy quotient 4 as
a function of column density in Figures 6(a) and 6(b) for photon energies 10, 20, 50, 100,
and 150 keV. The important feature to note in this figure is that the anisotropy quotients
for higher photon energies 100 and 150 keV do not have the same trend as is found for
lower energy 10, 20, 50 keV photons. To study the anisotropy quotient:
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Fig.4a. Variation of photon flux for photon energies 10, 20, and 30 keV as a function of the observation
angle (the angle between magnetic field and direction of photon emission) at various column depth. The
incident electron energy is 300 keV (Koul et al., 1987).

(i) J, for 9; = 90° to J, for 9, = 150°, i.e., the difference in observation/emission
angle is 60°.

(i) J; for 9, = 90° to J, for 9, = 130°, i.e., the difference in observation angle/
emission angle is 40°.

Comparisons of Figures 6(a) and 6(b) gives an opportunity not only to study the
variation of 4 with column density but also the effect of changes in the observation angle
on the anisotropy quotient. From the figures we note that for all the angles chosen, the
nature of the curves remain the same. However, one can see that for the lower difference
angle of 40° the quotient lies between 1 and 4 and it changes less with column density
than it does for difference angles above 60° where the quotient is greater than four and
the decrease with the column density becomes progressively larger. Thus, it can be

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


http://adsabs.harvard.edu/abs/1992Ap%26SS.194..261R

&SS_ 194, “Z61RD

]

rTI92A

HARD X-RAY CHARACTERISTICS OF SOLAR FLARES 275

. l A N
\

ANGLE OF INCIDENCE = °

. J

T~ COLUMN DENSITY
~ ~ 729 x 102!
N - 21
3 NG T3 44 X0
Tm ~~-—— 0 Xx 10
"
-
=z
2
>
[ag
< == __100keV
T
E tQ0keV
® _
@ TT-~-~10UkeV
<
=
)
-~ —
u T~ 150 keV
z To----150kev
2
2
L —
By
§\1sou<cv
| ~I=Z 200keV
A 200KeV
3 1
10 ! 1 ] | ! 1 | 1 | [ L
10 30 50 70 90 110 130 150 170

OBSERVATION ANGLE itI DEGREES ——

Fig. 4b. Variation of photon flux for photon energies 100, 150, and 200 keV as a function of the observation
angle (angle between magnetic field and direction of photon emission) at various column depths (Koul et al.,
1987).

inferred that with the increase in difference angle, the anisotropy quotient A becomes
higher and increases more rapidly towards higher column densities.

The directivity of 50—100 keV X-ray emissions from solar flares have been measured
with instruments on the ISEE-3 and PVO spacecraft (Figure 2 of Kane et al., 1980).
These measurements have now been extended up to 1 MeV by Kane er al. (1988). The
conclusions arrived by Kane et al. (1980) favours an isotropic model for X-ray genera-
tion. In five events observed by Kane ez al. (1980) the difference in view angles of the
two spacecrafts was less than 30°. In other three events the difference angle was more
than 30° and in one case it was as large as 66°. In order to correlate these observations
with our calculations we plot in Figure 7 the flux ratio of 50-150 keV photons as a
function of difference angle (keeping either 90° (right-hand scale) or 180° (left-hand
scale) emission angle fixed and vary the other angle) at a fixed column density where
significant dispersion of the original electron beam has already taken place. From this
figure we note that the flux ratio for 50-150 keV photons is almost the same up to the
difference angle of about 50°, but with the increase in difference angle beyond 60° the
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Fig. 5. Variation of X-ray flux ratio with height and its comparison with observations (Koul et al.,
1985).

flux variations become significant. Furthermore, for the difference angles less than 50°
one would find an isotropic model, however, for the difference angles more than 60°
one finds anisotropic model for X-ray generation. Our calculations do point towards
an isotropic model for difference angles less than 60° as was observed by Kane et al.
(1980). However, for difference angle greater than 60° one would expect anisotropy of
the X-ray distributions.

The variations of photon flux as a function of column density (for 30, 45, 60, and
90 keV photons) are plotted in Figures 8(a) and 8(b). The X-ray production maximizes
at different column densities for various electron energies incident at a fixed angle.
Furthermore, we note that the photon production corresponding to each spot value of
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Fig. 6a. Variation of photon flux ratio or anisotropy quotient between J; for 9, = 90° (perpendicular to

electron incidence) to J; for 9, = 180° (opposite) to electron incidence with column density (No. of

protons cm ~?) for photon energies 10, 20, 50, 100, and 150 keV and the incident electron energy
300 keV (Koul et al., 1987).

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 angle. For 60° electron

6 1 i T I
DIFFERENCE ANGLE
60
5— —|
o]
oAk -
<«
x
x
S 3 |
-
w
2_ —
1 ] I 1 I [
21 22
10 2 4 6 8 10

COLUMN DENSITY —

Fig. 6b. Same as Figure 6(a) but for angles 9, = 150° (solid curves) and 9, = 130° (dashed curves) for
energies 50, 100, and 150 keV. The difference of angles are 3, — 94, i.e., 60° (solid curves) and 40° (dashed
curves) (Koul et al., 1987).
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Fig. 7. Ratio of 50-150 keV X-ray fluxes for two different view angles 9, to 9, as a function of difference

angles 9, — 9, at representative column density (No. of protons cm ~2) 3.44 x 102!, for the left-hand vertical

scale (-curves) 9, = 180° is fixed and 9, varies from 90° to 170° and for right-hand vertical scale (-curves)
9, = 90° is fixed and 3, varies from 100° to 170° (Koul et al., 1987).

incidence the distribution of photon flux with height becomes broadened and does not
show much pronounced peak. The width of the X-ray profile becomes smaller with
increase in photon energy and for electron incidence angles approaching 0°.

Figure 9(a) depicts the evolution of X-ray flux as a function of time for photon energies
30,45, 60, and 90 keV. In our calculations we have assumed the instantaneous injection
of electrons. The figure shows that the curves for 30° and 60° are progressively wider
than for 0°. The peak for high-energy photons appears earlier than that for low-energy
photons. This is consistent with the observations of Kiplinger et al. (1983). We note in
the figure that the width of the curves decreases with increase in photon energy. The
width of each curve is characterized by the collisional lifetime of the electrons. The
collisional lifetime of an electron is

L (2m6E3)1/2
© 3kn '

This formula is valid for non-relativistic formulation. We have derived expression for
t, using relativistic formulation. The expression is complicated and similar terms appear.
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Fig. 8a. Variation of photon flux with height for 0°,30°, and 60° electron incidence angles. The incidence
electron energies are 60 and 100 keV. 100/30 keV on the curve signify 100 keV electrons and 30 keV photon
energy (Koul e al., 1988).

Therefore, for simplicity of interpretation we follow the non-relativistic formulation
(Emslie, 1983). Since 7 is proportional to the stopping column density which, in turn,
is proportional to E? (Equation (16) of Haug et al., 1985), we find that the collisional
lifetime is proportional to £~ /2. Thus for high-energy electrons the collisional lifetime
will be small. The column densities corresponding to Figure 8 lie in between 10?° and
10?! protons cm ~ 2 or electrons cm ™2, In the light of above discussions we find that
higher photon energies are characterized by smaller profile widths (see Table I). These
curves also depict that the X-ray curve maximizes at some intermediate time #, in each
case.

For comparison of results with observations one has to bear in mind that the
assumption of monoenergetic and monodirectional beams at acceleration site are highly
idealized. However, the choice of monoenergetic beam is justified by the fact that the
power-law shape of distribution can be obtained by giving suitable weights to the
monoenergetic electrons. Furthermore, due to collision the electron beam broadens at

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


http://adsabs.harvard.edu/abs/1992Ap%26SS.194..261R

&SS_ 194, “Z61RD

]

rTI92A

280 R. R. RAUSARIA
. . 21
Mcan column density N in units of 10
0-39 128 215 302 4.67 6 24 9 99
I T T T I e R SR R
- T T Il I 1 T  ——
6 -
& -
2
v
b
Z 15
210 —
>
~ 8
<t
[od
O
]
[s4
<
- A
x
2
-
w
o 2F
e
e]
T
a
14
10 |—
R
. //
/
7/, _
4 s
| ' | | | [ |
1200 % 1400 1600 ' 1500 2000

HEIGHT IN Km$§ —

Fig. 8b. Same as Figure 1(a) but for the incident electron energies 300 keV (Koul ef al., 1988).

TABLE 1

Full width at half maximum (s)

Electron Angle of e=30keV e=45keV &= 60 keV e=90keV Total

energy incidence 15-285 keV
300 keV 0° 0.105 0.100 0.097 0.095 0.080

30° 0.115 0.120 0.120 0.100 0.115

60° 0.190 0.185 0.170 0.160 0.180

5-100 keV

100 keV 0° 0.160 0.150 0.135 - 0.165

30° 0.175 0.160 0.135 - 0.190

60° 0.255 0.220 0.185 - 0.260
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higher column densities and becomes a continuous distribution. We also find that the
integrated X-ray emissions from the whole source has the character of the emission from
a highly-broadened beam (Koul et al., 1987). If we compare our results with those of
Emslie (1983), we note that our results depend practically on the column density for all
the scale heights used. Thus, to make ¢, sufficiently small compared to observed lifetime
of a hard X-ray burst we have to change N. A comparison of the results presented in
Table I, to those of Emslie (1983) shows an increase in the X-ray pulse widths but in
our case the widths are calculated at half the maximum instead of 109, of the maxima.
With the increase in incidence angle we find that the width of the X-ray pulse increases
and the increase is appreciable from 30° to 60° as compared to that from 0° to 30°
as obtained by Emslie (1983) for various pitch angles.

It is very unlikely that the acceleration mechanism at work high up in the corona
accelerates the electrons at discrete angles only. It, therefore, seems plausible to consider
a wider angular distribution of electrons rather than a particular angle at start. Such
angular distributions centered around 0°, may produce various peaks in the height
profile of the X-rays. However, such peaks have not been observed in stereoscopic
observations (Kane et al., 1982; Hurley ez al., 1983). However, if there is a distribution
of electron energies at the starting point, correspondingly there will be additional peaks
present in the X-ray time profile.

Another possibility suggested by Kane et al. (1983) is that electrons are accelerated
at a fixed angle and by the time they are absorbed in the solar atmosphere beam is

T T
4| 300keV Electrons

f I
100 keV Etectrons
L]

-
o -

PHOTON FLUX ( Arbitrary units ) —s

0.9 0.7 08 0-9 1-0
TIME IN SECONDS — TIME IN SECONDS —

Fig. 9. Variation of total photon flux summed over all the energies as function of time for 100 and 300 keV
electron energies with incidence angles 0°, 30°, and 60° (Koul ez al. , 1988).
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Fig. 10. Variation of photon spectrum at the peak and the valley points (heights corresponding to maximum

and minimum flux) of the X-ray pulse (shown in the inset) for 0° and 30° electron incidence angles. The

X-ray pulse shown in the inset is obtained by summing over all the photon energies at each height (Koul
etal., 1988).
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injected, thus giving rise to many peaks. This explanation is also consistent with our
model if we assume monoenergetic and monodirectional electron beams at start. Such
electrons will give the peak X-ray flux at a height somewhere in the middle of electron
path and the minimum X-ray at the absorption height of the electron. This means that
the peak and the valley in the X-ray pulse are emitted from two different heights in the
Sun atmosphere. By the time the streaming electrons reach the absorption point, another
beam should be injected to produce the second X-ray pulse.

By summing up the X-ray flux over all the energies at different times we get only one
pronounced peak (Figure 9(b)). The variation of total photon flux summed over all the
energies with column density is shown in Figure 10 as an inset for 60 and 100 keV
electrons, respectively, corresponding to 0° and 30° incidence angles similar to that of
Figure 9(b). However, the X-ray flux due to 60° incidence for both the electron energies
does not show much pronounced peak. The spectra of the X-rays at the peak (the
column density somewhere in between starting and stopping column layers) and valley
(at stopping column density) of the curve are also plotted in Figure 10. A look at this
figure shows that the X-ray spectra at the valley is steeper compared to that at the peak.
This feature can be explained by the fact that at lower column density the contribution
to X-ray spectra comes from high as well as low-energy electrons whereas at higher
column density the number of low-energy electrons increases due to attenuation of
high-energy electrons which makes the number of low-energy photons larger resulting
in the steep nature of X-ray spectra. The column density at peak and valley of the X-ray
pulse are found to vary from 3.9 x 10 cm~2t0 5.7 x 10*°cm~2?and 9.9 x 102! cm ~2
for 300 keV electrons.

So far we have considered the evolution of X-ray pulse accounting only the propa-
gation effects of electrons. However, the spectra at peak and valley will depend on the
nature of initial injection distribution of electrons: i.e.,

f(E, 6,N) = JJ G(E, 0,N; E', 0)S(E', 0')dE’ d@,
0O 0

where S is the initial injection function and G is the function obtained by the solution
of transport problem using the Monte-Carlo technique. The solution of the above
equation will be different from that of G' with fixed E’ and 6'. We have found that even
with the changed solution the shape of the peak X-ray pulse retains its identity.

The observed X-ray pulses suggest an oscillatory source mechanism. However, our
results show that even non-oscillatory nature of source can explain the different peaks.
This is consistent with the suggestion of Kiplinger et al. (1983).

In flares one would expect continuous energy and pitch-angle distribution of elec-
trons. Any injected electron beam at a discrete energy and angle becomes increasingly
isotropized due to multiple scattering as it penetrates down through the solar atmos-
phere and assumes a continuous shape in energy and angles (Haug et al., 1985). The
bulk of the observed hard X-rays are emitted only after the electron beam has undergone
much of the isotropization. Thus the X-ray emission will have the character of the
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emission from a highly-broadened electron beam. Therefore, the curves obtained in
Figures 9(a) and 9(b) can also be taken as suggestion of the effect of the continuous
electron energy and angular distributions on the production of X-ray time profile.

So far we have considered the time profile of the X-ray pulse integrated over all the
emission angles. However, it wil be of some interest to study the variation of X-ray
spectrum and time profile at discrete observation angles. The variations of photon flux
with time for 90° and 180° observation angles are plotted in Figure 11(a). The photon

10 i ,

3

PHOTON FLUX (Arbitrary units)—

TIME SEC —»

Fig. 11a. Variation of photon flux with time for observation angles 90° and 180°. The photon energies are
20, 50, and 100 keV (Koul et al., 1988).

flux 1s always less for 180° observation angle than that for 90°. This can be easily
understood in terms of the angular variation of X-rays. The nature of the curves are
similar for 20 and 100 keV photons. There is appreciable difference in flux values at 90°
and 180° observation angles in the beginning of the impulsive phase. However, this
difference becomes less at later instance of time. For high-energy photons the difference
in photon fluxes at 90° and 180° do not decrease appreciably compared to that for lower
photon energies, showing that 100 keV photons are more directional. This change can
be measured with two satellites separated in longitude and can also be used as a test
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Fig. 11b.  Variation of photon energy spectrum at different times for observation angles 90° and 180° (Koul
et al., 1988).

in support of non-thermal model. The variations of photon-energy spectrum at different
times are shown in Figure 11(b). In the beginning the spectra are flatter but becomes
steep afterwards. The variation of spectral index with time is similar to that reported
by Kiplinger et al. (1984) and calculations of Lu and Petrosian (1988) as shown in their
Figure 3.

6. X-Ray Polarization*

The degree of polarization is defined as

p-tr=N

- * (8)

where J, and J, are the fluxes of X-radiation polarized perpendicular and parallel,
respectively, to the plane of emission. The intensities J, and J, emitted as

* The major portion on polarization studies has been derived from Haug et al. (1985b).
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bremsstrahlung from the volume ¥ by monodirectional electrons and measured at Earth
distance R are given by

V r dj d2
J, (E, .9):nH J jed'o, dE photonscm~2s 'keV~!, (9)
R? dE de dQ
and
s} -
I (E,9) =" J Yed0 45 photonsem=2 s~ 1 keV -, (10)
R? dE dedQ

&

where ¢ is the photon energy; 3, angle between the momenta of incoming electrons and
photons; nyy, hydrogen number density; E, kinetic energy of electrons; dj,/dE, differen-
tial electron flux (electrons cm~?s~'keV~'); d’c /de dQ, d°c,/dedQ, differential
cross-section of bremsstrahlung polarized perpendicular and parallel, respectively, to
the plane of emission.

The bremsstrahlung polarized cross-sections have been derived in the Born approxi-
mation by Gluckstern and Hull (1953). We have used these formulae corrected by a
Coulomb factor (Elwert, 1939) together with the electron distributions computed in
Section 2. In the problem to be considered now, Equations (9) and (10) cannot be
applied directly since the electrons penetrating the solar atmosphere are not mono-
directional and so no unique plane of emission exists. In our model (Haug et al., 1985)
the primary flare electrons have been accelerated to the energy E,,. As they traverse the
ambient plasma, the originally monodirectional electron beam broadens by collisions.
The resulting angular distribution is, in absence of a magnetic field, axial symmetric
around the primary beam direction given by the original electron momentum P,. The
X-ray polarization has, therefore, to be referred to the plane of observation spanned by
P, and the line-of-sight k; it is given by Haug (1972) as

J, —J
P =cos(2y) —=—-1 | (11)

where the angle  is defined by

_(px k) (po x k)
px k| [po x k| ~

cos Y

(12)

in which p denotes the instantaneous electron momentum. Equation (11) was originally
derived for electrons spiralling around a magnetic field with constant pitch-angle a. So
the same formula can also be used if a uniform magnetic field perpendicular to the
stratification of the atmosphere is present, for electrons incident in the field direction
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(incidence angle «, = 0) as well as in the absence of magnetic field for o, = 0. To apply
it to initial angles «, different from zero one has to consider a conical angular distribution
of the initial electrons around the direction normal to the stratification. The angle to be
inserted into Equation (9) to (11) can be expressed in terms of the angle o between p
and the original electron momentum p,, the angle 8 between p, and the line-of-sight &,
and the azimuth angle ¢ of the vector p relative to p,,

cos9 = cosxcosf + sina sinfcos . (13)

The intensities of X-rays polarized, respectively, perpendicular and parallel to the
plane of reference and emitted from the kth layer are obtained by integration over the
instantaneous energies and angles of the electrons traversing the layer. The difference
and the sum of these intensities denoted by [, and I, respectively, are given (omitting
constant factors) by

=) T 2n
— d
Ip(e, 0, Ni; Eq) = AN, J dE J do J a0 cos(2y),
|cos o] 2n
& 0 (14)
— d?c d?c
(E7 &, N, ;E < = I )
/ SE a0 " dedn
and
o 2n 2w
— d d
IS(ga gaNk;EO)=ANkJ‘ dEJ\ - f _(P Cos(zlp)’
|cos | 2n
0 0 (15)
— d’c, d?, )
E,a N, ; E +—].
N ks Bo) (da dQ  dedQ
The polarization at a given column density N, can be written as
P(e, 0, NkQ Ey) = Ip(e, 0, Nk; Eo)/Is (e, 6, Nk; Ey). (16)

The total polarization is obtained by summing up I, and I over all contributing layers,
i.e., up to the column density N, (E, ), where all the electrons of initial energy E, have
been completely stopped,

Ptot(sﬁ 0’ EO) = ID,tot(Sa 9’ EO)/I:, tot(sa 0> EO) =

= ZID(& H’Nk;EO)/Z Ig(e, G,Nk;EO). (17)

Equations (14) and (15) give the quantities which one needs for the calculation
of bremsstrahlung polarization. Ig(e, 6, N, ; E,) is proportional to the X-ray flux
emitted from the kth layer with the average column density N, by electrons with
initial energy E,. Figure 12 depicts the variation of the X-ray flux as a function E, and

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


http://adsabs.harvard.edu/abs/1992Ap%26SS.194..261R

—

[

&S5 1947 ZZ61RD

]

rTI92A

288 R. R. RAUSARIA

. ! ! ! | I T
3 L \

E_ /—'—’///'\/’_—\

r 10 - -

oD L A

F. 10 T T

r_oo_ 200 _ _ _ _
20 N

;

|-

e Eyo= 20 keV

i - — E,:= 30keV

' ———= Eg= 60keV

| —— Eo: 100kev

— — E,: 300keV 1
! ! 1 1 1 Iog N 1

L 19.0 1 185 | 20.0 205 210, 215 )

6500 8000 10000 12000 14000 16000 18000
s (Km)

Fig. 12. Photon flux I, (¢, 6, N; E,) for the observation angle 6 = 90° as a function of the mean column

density N for various photon energies & and initial electron energies E,. The curves are labelled by the photon

energy ¢ in keV. The intensities (in arbitrary units) refer to the layers of column densities N. The lower

abscissa scale gives the altitudes corresponding to an exponential law for the density (see text) (Haug
etal., 1985b).

photon energies ¢. For better illustration a second scale on the abscissa gives the
altitudes S (counted downward from the site of electron injection) corresponding
to the column densities N(S) according to the exponential law for the proton
number.density n = nye®. As parameters typical of flare conditions we chose
ny, — 10° cm~3anda = 5.5 x 1073 km ~ !. The figure shows that the number of photons
emitted in a layer increases slowly and then decreases steeply with increase in column
density. The column density for which this decrease occurs depends on the electron
energy E, and less distinctly on the photon energy e. For fixed photon energy & and
increasing electron energy E, the decrease is shifted to higher column densities. This
behaviour is easily explained in terms of the electron stopping power as a function of
E,. At fixed electron energies E, the decrease is shifted to lower column densities with
increasing photon energy. This can be understood by the fact that less and less electrons
with energies sufficient for emission of energetic photons are present at higher column
densities.

Polarization measurements have been performed only for relatively soft photons of
&= 10 to 20 keV. Therefore, we will restrict ourselves to these energies in the following.
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Fig. 13. Degree of polarization P for ¢ = 10 keV and 6 = 90° as a function of the mean column density N
and altitude s. The labels refer to the initial electron energy E, in keV (Haug et al., 1985b).
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Fig. 14. Degree of polarization P for ¢ = 20 keV and 6 = 90° as a function of the mean column density N
and altitude s. The labels refer to the initial electron energy E, in keV (Haug ez al., 1985b).
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Figures 13 and 14 show the degree of polarization P as a function of the mean column
density N for 6 = 90° and various energies E, of the primary electrons. The photon
energy is 10 keV in Figure 13. P is mostly negative, i.e., the X-rays are polarized parallel
to the plane of observation. For E, < 60 keV the absolute value of the polarization
decreases with increasing column density. After reaching a maximum, P increases
steeply near the stopping power N, (Haug et al., 1985). At column densities slightly
smaller than N, the mean energy of the electron is not much greater than the energy
of the emitted X-ray quanta. These are, therefore, emitted near the short-wavelength
limit. It is well known in the theory of bremsstrahlung that the polarization is negative
and its absolute value is maximum under these conditions (Sommerfeld, 1931;
Gluckstern and Hull, 1953; Korchak, 1967). For decreasing values of the ratio between
photon energy and electron energy the degree of polarization becomes zero and then
attains positive values. Therefore, P changes sign for high initial electron energies E,
and sufficiently low column densities N.

The X-ray polarization for photon energy ¢ = 20 keV is plotted in Figure 14. Here P
is negative for values of the initial energy F, up to 150 keV.

Figure 15 shows the degree of polarization as a function of the observation angle 0

0o 0 o e
0 30 60 150° 180°

-0.3

-0.4

-0.5

3
-0.6 N \/ €=tokeV |

Fig. 15. Degree of polarization P as a function of observation angle 9 for E, = 20 keV, ¢ = 10 keV, and
various column densities N. The curves are labelled by log N (Haug et al., 1985b).

for 10 keV photons emitted from electrons of initial energy E, = 20 keV and various
column densities. The curve for logN = 18.56 can be taken as reference for nearly
monoenergetic and monodirectional electrons (cf. Figure 12). Then the two other curves
give an idea about the changes in the polarization due to scattering. As discussed in
connection with Figure 13, the absolute value of the polarization is higher at the
beginning of the electron path, becomes smaller at increasing column densities, and
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increases again near the stopping column density N,,,. The peak of the polarization

curves is always near 6 = 90° even though it shifts to higher angles of observation with
increasing N.

For flares occurring near the solar limb it is, in principle, possible to observe the
polarization as a function of height above the limb. However, as can be seen from the
abscissae of Figures 12—-14 this would require an angular resolution of less than 10”
(corresponding to 7000 km on the solar surface); hence, such measurements have not
been carried out so far. Therefore, the intensities /,, and /¢ are summed over all layers.
The resulting polarization P, (e, 0; E,) is given by Equation (17) and is plotted in
Figure 16 as a function of the initial electron energy E, for photon energies ¢ = 10 and

p
+ 0.1

0
~- 041
-0.2
- 03
~0.4
- 05
- 06
-07

-08

——0.9 1 1 1 1 2 1 1 1
20 2530 40 50 70 100 150 200 300

E,. keV

Fig.16. Total degree of polarization P as a function of the initial energy E, for ¢ = 10 and 20 keV and
various observation angles (Haug ez al., 1985b).

20 keV and various observation angles. As in Figures 13 and 14, the absolute value of
the degree of polarization is highest near the the short wavelength limit, i.e., for low
electron energies F,. In accordance with Figure 15, the maximum polarization occurs
for angles 6~ 90°. '

So far we have considered polarization characteristics of X-rays from initially mono-
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energetic electron beams. However, observations of hard X-radiation during.flares
(Kane and Anderson, 1970) are consistent with electron energy distribution in form of
a power-law

fIE)~E"°, (18)

where 0 is the spectral index. Therefore, we have calculated the polarization of X-rays
emitted from electrons with injection spectra of the form (18). In this case the intensities
I, and I are given by

[oe]

I,(¢,0,N; 0) = j I, (e, 0,N; E))E; ° dE, (19)
and
Is(e, 0,N; 8) = J Is(e, 0, N; Eq)Eq ° dE, . (20)

The polarization is then defined as

P(e,0,N;8) =1I,(e, 0, N, 8)/Is(e 0,N, d). (21)
It is expendient to normalize the intensity /g by the average value

T

Is(e, N, ) = ; J I(e, 0,N, 5)sin0do. (22)

0

Figures 17 and 18 show the directivity /. /I and polarization P of the X-radiation for
the photon energy 20 keV, column density N = 10'® cm ~2, and the spectral indices
0 =4 and 6. The column density selected is representative of a layer where the energy
and angular dispersion of the injected electron beam is appreciable but the electrons are
not yet stopped (Figure 12). If we assume a constant coronal particle density of
(3-5) x 10° cm =3 as considered by LP, N = 10'® cm 2 corresponding to the path-
length .S = 20000 to 30000 km, i.e., the electrons should have reached the transition
zone.

Both sets of curves are not much dependent on the value of . The directivity ratio
18 Is max/Is, min = 9 to 10 with the X-rays beamed around 6 = 60°. The polarization
reaches a maximum of 65% to 709, near 6~ 90°.

The curves of Figures 17 and 18 can be compared with the results of LP. Their models
differ from ours with respect to:

(1) The electrons injected with a power-law spectrum (spectral index d) are in general
not monodirectional but have a Gaussian distribution in pitch angles ~ exp (- a?/ag).

(2) LP consider a magnetic field structure in the form of a semi-circular loop. The
loop is divided into several segments with a mean magnetic field direction B. The rate
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Fig. 17. Directivity of the X-radiation from electrons injected with a power-law spectrum (spectral index
5). The photon energy is 20 keV and the average column density N = 10'® cn~2 (Haug et al., 1985b).

of convergence of the magnetic field is characterized by the parameter d In B/dZ where
Z is a dimensionless column density along the loop.

Our results correspond to LP’s calculations of the directivity and polarization for the
segments. The various models of LP are classified according to the parameters oZ and
d InB/dZ. Their model 5 with 6 = 5, 3 = 0.04, and d InB/dZ = 0, i.e., uniform mag-
netic field, is most similar to ours. LP give the characteristics of X-rays integrated over
the whole loop as well as the variation with column depth.

e
0O 30" 60" 30" 120" 150" 180"
-02}
-0 4} o= 4
'0 6 r - 6
-08

Fig. 18. X-ray polarization from electrons injected with a power-law spectrum (spectral index 6). The
photon energy is 20 keV and the average column density N = 10'® cm ~ 2.
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The directivity curves (Figure 17) resemble much LP curves for loop segments 1
and 5 (thetr Figure 10), corresponding to column density 3.4 x 10" cm~2 and
3.2 x 10'® cm 2 and the photon energy 16 keV (note that LP’s local angle 6 is the
direction away from the photosphere). Our directivity ratio at N = 10'® cm ™2 is a little
higher than LP’s ratio for segment 5. This small discrepancy may be due to our higher
photon energy.

The polarization curves of Figure 18 are nearly identical to LP’s curve for E = 16 keV
and loop segment 5 (their Figure 11). Of course, the model of LP with isotropic injection
and/or with a strongly corresponding magnetic field yield smaller directivity ratios and
lower degree of polarization.

The X-rays integrated over all layers are characterized by the intensities

ID,tot(sa 9’ 6) = J ID, tot(ga G: EO)E(;édEO (23)
and
Is, tot(87 63 6) = J Is, tot(sa 9’ EO)EO_édEO b (24)

€

respectively. Figure 19 depicts the X-ray intensities I . (¢, 0, Ey) and I, (e, 6, E,)
(see Equation (17)) as a function of E, for the photon energy 20 keV and observation
angles 6 = 30° and 90°.

The total intensity I is higher for 8 = 30° than for 90°. This can be explained by the
relativistic beaming of the bremsstrahlung production (Elwert and Haug, 1971;
Petrosian, 1973). The total intensity increases with the initial electron energy E,. The
figure shows that the energy and the angular dependence of I, and I, .., is different.
The integrands of Equations (23) and (24) for spectral indices 6 = 2 and 6 are also
plotted in Figure 19 (in arbitrary units). The curves demonstrate that for steep electron
spectra (high 0) only the initial energies E, close to the photon energy give significant
contribution, whereas for hard electron spectra (small 0) one has also to take into
account high values of E,.

The total polarization from electrons with a power-law distribution of initial energies
is shown in Figure 20 as a function of the spectral index 0 for 6 = 30°, 90°, and 150°,
and ¢ = 10 and 20 keV. For the photon energies considered the degree of polarization
is virtually independent of ¢ whereas it varies with 6. This is in agreement with LP’s
model 5. The absolute value of P is highest for steep electron spectra (large 6). This can
be explained by the large contribution of electrons with low initial energy E,, correspond-
ing to the short-wavelength limit of bremsstrahlung production, i.e., the ratio ¢/E is near
unity. Therefore, it is be expected that X-ray flares with steep spectra are more strongly
polarized than flares with harder spectra. This argument must, however, be applied with
caution since the effect of the spectral index will be significant only if the polarization
is measured at sufficiently high photon energies where the contribution of the
unpolarized background is low.
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Fig. 19. Total photon fluxes I, (s 0; Ey) and |1, (¢, 0; Ey)| as a function of initial energy E, for
& =20keV and observation angles 8 = 30° and 90°. The lower curves show the respective intensities
weighted by the power-law E; ® for =2 and & = 6 (in arbitrary units) (Haug et al., 1985b).
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Fig. 20. Total polarization for electrons injected with a power-law spectrum as a function of the spectral
index for photon energies ¢ = 10 and 20 keV and various observation angles (Haug et al., 1985b).
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For 6 = 5 the degree of polarization is much higher than in model 5 of LP (their
Figure 16). The main reason for the strong reduction in P is the loop geometry used by
LP. As a consequence their global angle 6 is different from our observation angle 6. In
the LP models the electrons are injected at the top of the magnetic loop with mean
direction parallel to the solar surface, and following the loop curvature, the electrons
arrive to the chromosphere perpendicular to the surface. For a limb flra (6 = 90°), e.g.,
the polarization of the X-radiation emitted by the electrons at the top of the loop is P ~ 0.
Bearing in mind that the degree of polarization is approximately proportional sin”3
(Elwert and Haug, 1970) and that the angular dispersion of the electrons becomes
maximum near the footpoints of the loop ($ = 90°), it is obvious that the polarization
is strongly reduced in the models of LP.

For comparison of our results with observations, one has to bear in mind that the
assumption of an initially monodirectional electron beam is highly idealized. The
theoretical degrees of polarization may, therefore, be considered as upper limits.
Besides, in order to meet the suppositions of the theory, the observations have to be
performed during the impulsive phase of the X-ray flare where the accelerated electrons
are not yet thermalized by collisions. The measurements of X-ray polarization is
extremely difficult, even without spatial resolution. Therefore, only a few observational
results are available. The first observations of X-ray polarization during solar flares by
Tindo ef al. (1970) resulted in high polarization degrees up to 0.4, however, with an
uncertainty of about 50, . In the second series of measurements (Tindo et al., 1972a, b)
the maximum degrees of polarization were between 109, and 209%,. The most recent
observations by Tindo et al. (1976) with an improved polarimeter were performed near
the minimum of the solar cycle (May to November, 1974). Thus, only 3 flares with
sufficiently intense hard X-rays could be observed and the resulting degree of polari-
zation were quite low (< 5%, ). We feel that these weak events are not representative of
typical hard X-ray flares; besides, no spectral data are available for these flares.
Therefore, we ocmpare our theoretical results with the measurements of 1970 (Tindo
etal., 1972a, b) even though the more recent experiments appear to be more accurate.
The energy of photons detected by the X-ray polarimeter was & ~ 15 keV. During the
impulsive phase of the flares of 24 October (importance 2N) and 5 November, 1970
(importance 3B) the X-ray spectra could be fitted by power laws with spectral index
y~ 4. This corresponds to the electron spectral index 6 =5 (Brown, 1971). The
locations of the optical flares on the solar disk were N 14 E75 and S 12 E 35, respectively.
If we assume electron injection downwards in radial direction which agree with the
orientation of the polarization vector (Tindo et al., 1972b), the respective angles of
observation were 6, = 105° and 6, = 144°. Then theoretical degrees of polarization
according to Figure 20 are |P,|~0.35 and |P,| ~0.17 as against the maximum
observed values P; ~ 0.16 and P, ~ 0.21.

Whereas the measured X-ray polarization is of the same order of magnitude as
predicted by the theoretical model, the polarization in the flare on 24 October was lower
than that of the flare on 5 November, contrary to theoretical expectations. We consider
three explanations:
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(1) The injection of energetic electrons is not vertically downward, so that the
observation angle cannot be inferred from the location of the optical flare.

(2) The hard X-ray flux and, hence, the number of nonthermal electrons injected
during the flare of 24 October was lower than that of the flare on 5 November. In our
calculations a possible contribution of thermal X-ray background due to thermal elec-
trons would reduce the degree of polarization.

(3) The injected electrons will not be strictly monodirectional. Their angular spread
might be larger in the weaker flare.

The first explanation seems to be ruled out by the analysis of Tindo ez al. (1972b).

Recently, Tramiel et al. (1984) have flown an X-ray polarimeter on the third flight of
the space shuttle Columbia during a 28-hour period of solar observations, seven X-ray
flares were strong enough to allow meaningful polarization measurements. Due to a
preflight contamination problem the instrument had to be calibrated in-flight against two
flares near the centre of the solar disk which are assumed to be unpolarized. In any of
the other flares no statisticaly significant polarization was detected in the 5 to 20 keV
and, upper limits (999, confidence level) ranging from 2.59, to 12.7%,. These results
disagree with the present predictions and with most LP models. In our opinion, these
observations do not, however, invalidate the nonthermal models of solar flares with
beamed electrons for the following reasons:

(1) As pointed out above, the polarization measurements have to be performed
during the impulsive phase(s) of an X-ray flare while the data analysis of Tramiel et al.
is based on count rates integrated over the entire flare duration. The impulsive phase
was analyzed separately only for one flare but even there the integration time was as
long as 1.6 min. Nevertheless, it resulted in higher degrees of polarization compared with
the analysis of the same flare for the whole observing period, even though the polari-
zation is still lower than predicted by the ‘conventionally’ beamed models.

(2) All the seven X-ray flares analysed were relatively weak, the strongest one being
classified as M2.1. For instance, one of the flares which was also observed by ISEE-3
had a peak X-ray flux at 10 keV more than 20 times weaker than the peak fluxes of the
1970 flares discussed above. This results on the one hand in poor counting statistics,
on the other hand it is expected that the polarization of large X-ray flares is higher.

(3) The X-ray spectra of weak flares are generally quite steep. Therefore, the domi-
nant contribution to the 5 to 20 keV band comes from soft X-rays with the significant
admixture of a thermal background. Some indication of this effect is provided in Table II
of Tramiel ef al., where the polarization is largest in the highest energy channels.

(4) Even though Tramiel et al. proceeded very carefully in the reduction of the data,
the analysis was handicapped by the contamination of the scattering targets. Thus they
had to make assumptions which though reasonable, give additional uncertainties to the
results.

For amore throrough interpretation of the theoretical results it is highly desirable to
have more observational data. The greatest progress is to be expected from investigation
with good spatial resolution providing information about the dependence of X-ray
polarization on the source location on the Sun. Due to their extreme complexity the only
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possibility to perform in near-future experiments with a modest resolution will be the

use of the method of stereoscopic observations of limb flares as carried out by Kane
et al. (1982).

7. Summary and Conclusions

On comparing our results with the recent observations we conclude that:

(i) The spectral index varies along the loop (Figure 3), the spectrum is hardest at the
injection site and becomes progressively softer with the increase in depth of penetration
(higher column densities) for monoenergetic incident electrons. However, in the case of
power-law distributions the spectrum becomes harder. This aspect can be used to test
various theories of electron acceleration. Such spatial dependence of the spectral index
has not been measured but the recent observations of fine time structures in X-ray time
profiles do reveal a harder spectra at the peak compared to that at the valley of the X-ray
pulse (Kane et al., 1983). By correlating the temporal and spatial peaks following the
line of reasoning given by Emslie (1983) a look at Figure 10 shows that the peak and
the valley of the observed X-ray pulse would be emitted from two different heights in
the solar atmosphere.

(i) Theintegrated X-ray flux measured by ISEE-3 and PVO spacecrafts (Kane et al.,
1980; Figure 1) correspond well with our spatially integrate X-ray flux (Figure 4). In our
calculations we have presented the picture of only one incident electron energy. It has,
however, been found that the nature of the curve remain the same over a large energy
range of incident electron energies from 60 to 500 keV. However, the column density
at which the anisotropy ratio changes increases with increase in energy of the incident
electrons. The variation in photon spectra with electron incidence angle is found to be
insignificant (Figure 3(b)).

We also find that the integrated X-ray emission from the whole source has the
character of the emission from a highly broadened electron beam, independent of the
original degree of electron beaming at the injection.

(iii) The calculations of directivity of the hard X-rays (Figures 6(a), 6(b), and 7) and
their comparison with the observed directivities of the hard X-rays (Kane ef al., 1980)
reveals that the X-ray source is almost isotropic for lower difference angles. However,
out calculations do point out that for difference angles larger than 60° one should
observe anisotropy at least at the start of the impulsive phase. The inclusion of photo-
spheric back-scattering of the photon directed downwards may further reduce the
anisotropy, in addition to the reduction already produced by the dispersion in electron
distributions due to Coulomb collisions. As shown by Bai and Ramaty (1978) the
angular distribution of high-energy photons are not modified significantly by Compton
scattering, which indicates that there should be some observable anisotropy even after
allowance for Coulomb collisions and Compton back-scattering.

(iv) The calculation of the anisotropy quotient as a function of column density
(Figure 6(a)) gives some important clues regarding the electron acceleration. The X-ray
flux ratio observed by the ISEE-3 and PVO spacecraft as a function of time (Figure 2
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of Kane et al., 1982) for 150 keV photons shows that the ratio decreases at the start of
the impulsive phase and then increases towards the end of the impulsive phase. The ratio
attains a fairly large constant value during the gradual phase for approximately 5 min.
On comparing our calculated ratio of 100 and 150 keV photons as a function of column
density (Figure 5) with these observations we find that the nature of the curves are
similar. In the thick-target geometry the high-energy electrons accelerated at neutral
points high in the corona and injected towards the photosphere will reach the absorption
point within a fraction of a second. However, the observatons of Kane et al. (1980) show
that the trend persists for more than 5 min. Although it is not a general feature but if
observed such long period gradual phase emissions cannot be explained unless we
assume either the confinement of the particles in the magnetic field geometry injected
at higher angles or a continuous injection of the electron beam. The second possibility
of continuous injection of the electron beam seems to be more plausible.

(v) The polarization calculations and its comparison with observation favour beamed
thick-target model.

The results reported in this paper support X-ray generation at low altitudes in the
thick-target bremsstrahlung model (Koul ez al., 1985). The energetic source electrons are
most likely accelerated continuously at a neutral sheet formed in the corona from where
they propagate downward toward the photosphere. The modulation of the particles
injection/acceleration and the propagation of the particles gives rise to the observed
characteristics of the X-ray emissions.
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