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SOLAR X RAY BURSTS
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Abstract

The expertmental resuits of X ray bursts about spectral characteristies, spatial
distribution and directivity measurements carried out with PVQ/ISIL 3 spacecraft,
tmaging struments of HXIS and Hard X ray burst specirometers during solar Maximum
Misston are briefly rewiewed Ihe observed results aboul the above characterisiics
are discussed in detail n terms of a non thermal and a thermal model It i1s shown that
the results can be wnterpreted wn terms of beamed thick target model in which electrons

stream down to the loop fool pownts and produce the hard X rays through electron-ion
bremsstrahlung

1 Introduction

In the optical range of Lhe electromagnelic spectrum, solar coiona can be observed
only during Lotal solar eclipse or 1n a normal condition with the help of a coronagraph at
hmb However, il t4 nol possible to observe the corona at disk because the intensity of
corona th visible light is & million fold less than that of the photosphere The siluation is
different If the corona i1s observed 1n X ray range of the electromagnetic spectrum In this
range there ls negligible contribution by the photesphers due ta ite low Llemperature
therchy pocrmitling study of Lhe structural delails of the corona at the disk during normal
conditions The structural details of corona can alse be studied at radio wavelengths
Howaver, Lhe intensily of the centlmeler, decimeler and me ter wavelength radio waves
changes 1n passtng Lhrough corona whereas Lhere 1s no such effect observed on X ray which
makes Lhis part of the elecctromagnetic spectrum comparallvely more suitable for study
on Lhe solar corona The X ray intenaity of Lhe Sun ls highly variable and ranges from 10 '
erga cm 2 sec ! for qulet Sun Lo seversl ergs cm * sec Yfor Jarge flares

Solar flares are explosions inmagnetised plasma and are accompanied by the release
of roughly 10°% crge 1n a shorl interval of less than a sécond This high 1elease of energy
manifests 1lself partly 1n the form of slectromagnetic radiation of all range of frequen
cies and partly in Lhe form of corpuscular radiation in which particlea accelerated Lo
energies 1n the MeV range have also been detected (Svestks, 1976) The precise nature
of lhe acceleralion mechanisma al work even loday are of speculative nalure Out of
the complele electromagnetic spectrum emitlod during a flare the study of and analysis
of the hard X ray 1s a powerful Lool for the sludy of varlous paramelers characterising
the tncident beam of high energy eleclrons Solar hard X radiation with pholon encrgies
greater than 10 keV is produced in observable intbnsity only during a flare and show rapid
changes of Inlensity on time scales of the order of ms to several minuies In this paper
we will concentrate on the characteristics of hard X ray wilth energles > 10 keV only

The X ray energy spectrum sbove 10 keV s in most cases consistent with a
power law of the differential photon flux (Kane and Anderson 1970) The photon spectral
iIndex takes values between 2 (hard spectrum} and 8 (saft spectrum) Most frequent spec
ral indices are around 4 to 5 whereas very hard radiation with spectral index <3 s
extremely rare Above some critical energy of the spectrum steepens rapidly 1e the
speclal Index increases (Kane and Anderson 1970) This may be expressed by an additional
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cut off factor with power law form In some events the power law extends to several
hundreds of keV (Suri et al, 1975)

The hard X radiation 18 believed to be mainly due to bremsstrahlung in collisions
between energetic electrons and the 1ons 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 Chne, 1968, Holt and Ramaty 1969) The steepen
ing of flare X ray spectrum can be obtawned in principle on a thermal basis assuming
8 mixture of plasma components at different temperature (Chubb, 1970, Brown Melrose
and Spicer, 1979) However, a thermal interpretation 1s contradicted by the fact that
at very high temperatures needed to explain the slope of the X ray spectrum, the ther
mal relaxation ttme 1s much higher than the X ray burst duration In addition Lin et al
(1982) have directly observed the electron spectrum escaping out of the solar atmos
phere This spectrum shows a constant speckral index in the energy range from 50 keV
upto 10 MeV These extremely high eleclron energies and the spectral hape cannot
be explained on a thermal basis Whereas the low enerlgy electrons are behieved to
be more or less thermal for high energy electrons non thermal interpretalion seems
necessary

The spatial distribution of hard X ray sources during flares have been carrled out
extensively by imaging instruments on 5MM satellites (Van Beck et al 1980, Hoyng et al,
1981) and to lesser extent by Minotor1 spacecraft (Tsuneta el al, 1984) With the aid
of 1nstruments an SMM 1t was possible for the first Lime to investigate Lhe location
and spatial extension of hard X ray sources with a resolution of 8" corresponding to 6000
km on the solar surface These observations clearly show that X ray emssion comes
from the foot points, thereby emphasizing the role of thick target for X ray genoration
Such measurements can put to rest the existing controversy between thermal and non
thermal models as well ss between thick and thin target models

The vertical structure of a hard X ray source ecan also be oblained from observa
tion  with two or more satellites separated In heliographic longitude (Calalano and
Van Allen, 1973) Such mullispacecraft cbservations can also make important contributions
to Lhe investigation of X ray anisotropy Solar X ray bursts have been observed simulla
neously by delectors aboard the international Sun Earth Explorer 3 (ISEE 3) orbiting
earth, and the Powneer venus orbitor (PV0O} A rare aet of clrcumstances on 1979 November
5 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 ISCE 3 spacecrafl was at 1ts
normal location close to the Sun Earth line, the PVO spacecraft was located 1359 east
of the Sun Earth Line During a period of sbout 6 hr, three successive flares occurred
in Hale Plage Region 16413, located at ~ S 14°, £ 359 All these flares were 1n full view
of the PVO instruments The second flare was partially occulted by the photosphere from
the PVY0O line of sight View angles of the two instruments on ISEE 3 and PVQO were
516, 47°B and 47°7 and 90° 0, 94°3 and 94° 8 respectively These abservations show
that the hard X ray source extended fram the chromosphere/transition region upto
the corona but with the most intense part of the impulsive hard X ray source located at
altitudes 25,00 km (Kane et al 1982) The X ray flux ratio from the PVO/ISEE 3 has
been obtained by Kane et al (1982) for the three flares on 1979 November 5 in the energy
range 100 200 keV and plotted against the mimmum altitude hy, , 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 \n minimum observable altitude hmn
the decrease being 50% for hpin = 2000 km and 90% for byn ® 2500 km By assuming
the altitude structure of the 100 keV X ray source i the three flares to be roughly similar,
Kane et al (1982) interpreted this decresse 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 terma of partial occultation of the X ray source by the photosphsre
from the PYO line of sight Brown, Hayward and Spicer (1981) and Brown et al (1983)
have shown that the height structure observations 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
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form, and dispersion 1n energy distmbution 1s not included In any realistic acceleratipn
mechanism, not all the electrons will be accelerated at 0° and 1t 18 therefore, more
reasonable to takce wide angular di.tributions of electrons at the start

The mean free path of an eleetron incident either at 0° {small angle) or at 609
(large angle) 18 the same However, the vertical distance traversed by the election corming
at 60°will be less than that coming at 0 (Secant correction) As a re ult of this electrons
at 0% penetrate decper inlo the chromosphere before getting stopped as compared to
those electrons which are ncident at larger angles (say 60°) The flux of bremsstrahlung
which depends on the density of protons will therefore be more for 0° electrons than
that for 60° eleclrons The ratio of X ray fluxes for 60%/0° will, therefore, be a decreasing
function of height L.ater in this paper we will show that by the tnclusion of source direc
tivity the result of the thick target model correspond well with the observations

Hawever, the peclrum 1s not the only criterta on which to decide between the thermal
or a non thermal interpretation

Quantitative informalion about the velocity distribution function of electrons could
be derived from the measuremonts of Lhe directivity and polarization of the hard X rays
Earlier incdircct measurements of the dircctivity of hard X rays shove 15 keV were
carried out by various workers by studying the centre to Iimb varietion of tho frequency
of occurrence of hard X ray bursts (Ohki, 1969, Pinter 1969) The best .tudy of centre
to hmh variations of the hard X ray burst occurrence do not show any significant longitu
cinal dependence (Kane, 1984, Datlowe et al 1977) More recent wark by Westrand
et al {1987} shows evidence for direclivity from cenlre to limb The direct measurements
of the dircclivily using the spacecrafts separated i1n heliocenlric orbit has bean carried
out by Kane et al (19801) These mcasurements provide an opportumty to study the
variation of flux ralio and dircctivity afresh

Several author; extensively tudied the spectrum, anisotropy and polarization
of solar hard X rays (Brown, 1971, Petrositan, 1973, Clwert and haug, 1971, Brown,
1972, Henoux, 1975 Llangor and Petrosian, 1977, Bai and Ramaty, 1978, Lcach and
Petrosian, 1983) The models usod 1n these studies vary n their assumpbions regarding
paramoters such as duection of electron beam, pitch angle distribution of the electrons,
scaltering and mirroring of clectrons, density of ions and Compton back scattering
of X rays from the photasphere In most of Lhe studies referrcd to above, eilher the
dirsctivity wa caleulaled for thin target geometry or for thick target with enerqgy
and angle of the clectrons centered around a8 mean value In some cases electron spectrn
in the form of power laws have been usod However, as the election beam penetrales
deeper nto the Jsolar atmospheie, there will be energy dependent dispersion both in
electron energy and ngular distributions

In thie paper we present the results of our analysis on the study of spectrum,
directivity and polarization of X rays by taking into account the dispersion 1n electron
cnergy  and angular distribulions and also sesk an explanation for the flux ratio ohserved
by Kane et al (1980b, 1982) Boefore we proceed to the calculation of spectrum directivity
and polarization of the X 1ays, it 18 desirable to give general features of calculaling
the elcctron distributions taking digporaions into account and also present the formaliam
used to calculate the X ray flux

Il Electron Distributions

Usually, the energy spectrum of the non Lheimal electrons is deduced from the
measured X ray spectra and the electron energy spectrum above 10 keV 18 taken to
be powerlaw in form We consider 1nitially moneenergetic incident beams, of electrons
having energy 60, 100, 300 and 500 keV, characterised by a velccily vector v The choice
of monoenergetic beams 1s justified by the fact that the power law shape of the distriby
tlon can be obtained by giving suitable weights to moncenergetic electrons Further, due
to collislons the electron beam broadens at higher column densitles and becomes a
continuous distribulion almost Independent of the original degree of beaming at injection
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However, at lower column densities near the acceleration site election distribution
are dependent on the original degree of bearming The components of v 1n a co ordinate
system with Z axis are sin acos ¢, sin ¢ sin ¢ and cos & where o 15 the incidence angle
with rtespect to the vertical direction and becomes the piteh angle in the presence
of a magnetic field We consider the electrons directed towards the chromosphere from
the acceleration site situated 1n the corona, at 0% 30° and 60° incidence angles Clectron
transport has been calculated as a function of column density/height 1n the atmo phere

We consider a fully onmized thermal plasma consisting of protons ind clectrons It
s assumed that the relativistic electron beam will be 1nfluenced by Coloumb collisions
between the beam electrons and the thermal protons and electrons Sinee, for chrormo
spheric and coronal plasma the mean free palh, as determined by the minimum scattering
angle, 158 only a fraction of a centymeter, 1L 18 not possible to treat all the mall angle
deflections 1n a pure Monte Carlo procedure The path of electrons 1s thersfore, divided
inte two parts a condensed history of the small angle scattering proce s treated analytl
cally followed by Monte Carlo calculations of a single large angle collision process
Details of the calculations are given in {Haug, Elwert and Rau aria, 198., Koul at
al, 1985)

In the condensed history the numerous collision process wilh small eneilgy losses
are taken inte account by mean energy loss rates If an electron traversed the distance dl
in a plasma of electron proton particle density n{1), its mean loss d of kinetic energy E
by small angle scatterings, which causes a deviation between the limits 6yn < 0 < 6 18
given by
0

L
e do
E= n(l)dl [ AE G @ (1)
er‘mn
where
2
AE = —Sn 8 p (2)
1 TI'? cos?
r 1 )
I=1 ro+ 1 ] : (3)

This equation holds for any energy, and it refers to the laboratory syslem whers Lhe
target electron 1s 1mitially at rest For scaltering of elelctrons by protons and electrons,
the Born approximetion 1s valid for electron energies [ > 1 keV In this cnergy renge Lhe
mintmum scattering angle 18 given by

f
IBmlﬁ ® TmcByD (@)

where i~ 2mwh, the Planck constant; m is the rest mass of Lhe electron, £ 18 the velocily
in unlts of e, Y18 the lorentz factor, and D 1s the maximum mpact parameter, whigh
usually 1s taken to be the Dehye length

) KT 1% . xlq% 5

D = [!rnezn] -~ 7[?] ®
Here k is the Boltzmann constant, e the electron charge, T(K) the plasma temperalure,
and n{cm 7) the particle density The energy loss according Lo equation (1} and the
mean square value of the angle depend only logarithmically on 8min The r1esults are
therefore, very insensitive to the choice of Bnjn Further, since knowledge about th
temperature and density in the flare plasma 1s of a speculative nature, we take D= 10(2n) ¥
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The numerical value of D has been chosen to equal the Debye length for chromospheric
heights

The choice of B the limiting angle between the condensed history and single
colll 1on processes needs some discussion The variance of mean energy loss of an electron
traveraing the distance dl 1s given by (Bohr 1915)

02

(de dD)? = n(D) dl . J CAE)z%g- a8 (6)
min

Approximating the energy loss according to equation (2) by AL~ E ain®0, and using the
cross section

_2mrg  sin 3
dop = G Y‘; T oosa (1 B2 swn?5) do )

where rg 1s the classical radius of the slectron, 8= v/c 1 the velocity of the beam
electrons 1n unit of ¢, and y= (1 B* Y?is the Lorentz factor, 1t can be seen that the
variation of 8 = 1% 1s only 0 06% of the total variance (8 = w/4) | or 6 = 59 the variance
would be 1 5% Although this value is not tigh either, we choose §_= 19, since the calcu
lation of large engle scettering by means of the Mante Carlo method can be achieved
with plausible oxpenciture of computer time for 8 >19 Now 1t 15 possible to combine the
numerous colli 1ons with small energy losses and scatlering angles 8 = 17 into a condensed
history where only Lhe average energy loss 1s laken into account In a preliminary
investigation (Clwert and Rausaria, 1978), this average energy loss has becn neglected
comparod Lo the cnorgy loss by single eolhision 6 > 6

When traversing the therrmal plasma, the electron will not only lose energy conti
nuously, but 1L 18 also dellected continuouely from its originaf direction According to
Moliere Bothc's theary (Bethe 1953), the resulting angular distribulion is approximalely
Giausatan

2
Q0 = —H— o0 ( Fr) (8)

whers

o«
J Q,0)do = 1
0

The expiession Q(0)d9 gives the probability of a deflection resulting from multiple scatler
ing from the incident direction, through an angle lying between 0 and 0 + d0 after
having traversed the column density N(I)

The average column density for collislons with scattering angles between 9 and
Omaxs corresponding to the mean fiee path for large angle scatiering ls given by

7o L
N = o
Here ¢ 18 the Lotal cross section given by
9
min 2
4n r 1
g = J do = “BT*% ‘é"ﬁ {10y
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The larger Lhe value of 8, the larger the mean angular deflcction and the width of
the distribution function

The aim of our computations | to calculate the energy and the ngular distyibubions
of electrons at various locations in the outer atmosphere of the Sun 11 1 o9 umed
that the particle den ity nis a function of parameter 5 In case of a horizontal tratifica
tion, § 1s the height in the atmosphere counted positively downward The wnlial cneegy
and angular distribution of the electrons 1s given at S= 0 the location of Lho cours
of fast electrons The particle densily n will be represented by the batometiic law

n - n e k)
0

The relation between S and the path length 118 5= | cos 8, where 8 18 the anglc botween
electron direction and grad n We first celculate Lhe free path T thal U cleclion
travels before undergoing the next large angle scattering (Davi, 1963) Dorger 1963 7
an electron with energy [(S) travels with the angle 8 relalive to lhe primary dirce lion
of the electron, the vertical path | between the ith and (11 1)th eolbsion with icallering
angles @ > 6 15 calculated from the probabihity distribution

Ally S, cos 8 = 1 expl N, 8, cos 8) o} (12)

where
as
n.e

1
N(, S, cos 8 = UJ n, expla(s + I'cos )] dI' = ﬁmLexp(nl cos 0) 1] (18

18 the calumn density along the mean free path and o 18 the Lotal cross section

Umformly diskributed random numbers R(O<R <1) aie produccd by a tandom
number generator The free path | corresponds to sn event with probability R, 1t 1s
determined by R = A(l S, cos ) By solving this equation for | tho rospoctive froe
pathe are determined Then the shorter of theso Lwo free paths 1a L fice palh actually
traversed During the traversal of this path lenglh I, the elcctron lose encigy by small
angle deflections and changes 1ts direction by random angle 8, which is obtamned from
equation (8) using another random number C glven by

8
cC = [ Qutﬁ)dﬂ, el <) (14)
0

If the electron under consideration with the initial polar angle a,, relalive to the primary
direction and the azimuthal engle ¢, collides with an electron o a proton at a localion
51 | cos oy 1t has the reduced cnergy E(S + ] cos o) according Lo Lhe equation

1
ElnY] = G+ {G?* + 2meG) ¢ (15)
where
2 0
G = %”[EEéS)l —i tmt'; me? lnEg—l:—]N(l, S, cos a,):| (16)
min

and the new polar angle @ ,q 8 related to initial angle Bl by the rafation

cos®, 4 = caso cos B4 sno sin @ cos ¢ (n

Here ¢ 18 the azimuthal deflection angle, which is randomly distiibuted between 0 and 21
The new azimuthal angle $,,¢ 18 detarmined by
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¢)) = Sln""ﬂj—e-“—'

m(¢1+1 VT 81N a1+1 (18)

During the following 1ngle collision of the electron with ambient electron or proton with
scattering angles 8 and 8max the electron again loses energy and changes i1ts direction

Another random number ts selected and used to determine the scattering angle 8 from
the distribution

]

(-%g) do
8
D@ 0)= T (19
max {49y e
de
B2

normalized to 1 The new polar and azimuth angles obtained after the single collisione
are again determined according to equations (17) and {(18) If w0 an e & colhision the
encrgy of the knock on eleciron uxceeds the thrishold Epjq = Fo/20 this 18 taken into
account 1n the distmbution function of the level {5« | cos a;) The energie of the two
electron are yiven by Ly - C AC and C2 = AL Tho angle ¢ of the knock on elec 1on

relative to the direction of the ncident clection 18 calculaled from Lhe relativistic
formula

2
Lain T,Y——_I—',Im {20)

However, Ut cnergy lo te o wsed by ¢ p eollislon  are neghgible

We have comsidercd electron slarting ot Lhe location 5= 0, which 18 taken as
the acieleration site situaled high up n the corona The random walk of each ¢ leclron is
followed Lowards Lhe chromosphele unlil 1t has Jost ncarly 1ts total energy 18 E< Emyn s
where Dy 18 Hhe 1/20th of the matial cnergy Cg 1L terncd out that for all scate heights
usc d the 1cgults depond only on the colemn density

[N
NG S (oS
the numbet of potons/cm? or ¢ lectrona/em? within the column lraversed By this proce
dure we Jetormine the electron energy ond angula disltributions at chfferent heights (ee
Haug Flwert and Rauswly, 1985 for detals) The energy and angular distributions
of electrons 1. hown 1 Flgs 1(1,b) and 2

A wmlar procedure far the compulation of tho pitch angle and spatial di tribution
of enorgetic clectrons tneluding the cffeels of an ambient magnelic field has been emp
foyed by RBu (1982) Leach and Pctrosian (1981) used Lhe fime independent Fokker Planek
equation to determine the vartation of Lhe energy and pitch angle distribution of high
encrgy clectrons anjected into e cold hydeogon pia ma contalning  elther an open or
closed magnctic field structure  In these nvestigations the Injected electrons have a
power law pectrum shedding little light on Lhe dispersion of Lhe electron distribution

I Cnergy Spectra and Angular Distribution of X rays

The changes in tho election energy and engular distributions result 1n changes into
X 1ay energy spectrum and angular distribution The photon flux praduced by electrons
in a fixed direclion 18 given by

=]

2n d? o 2.y .
A0) = ny,y I de dlcos o) l dd glee) fle) v(e) photons em ©§ ° keV
Tk 0 d{hv)d

(21)
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where
£ 15 the electron energy 1n units of i1ts rest mass energy me?
k = hv/mc? 1s the photon energy in the sam= units
d2
J h\))gg tg the diffcrential bremssirahlung cross section
glo,) 1s the elcetron angular distiribution
f(e) ts the eleclron energy distribution
v(g) 13 the electron velocity
0 15 Lhe angle helween the vertical directicn and the Line of sight
} 13 the angle between the electron and photon direclions

In the pressnce of a magnetic field the electron dircction will change continuously
due to spiraling The angle Owill depend on the mecidence angle o, the angle O and
on the azimuth angle ¢ of the electron relative to vertical dircction (magnetic field) 1 e

cos O = cosccos@ + sinosin@ cos ¢ (22}

For the differential cross section the Born approximalion following Sauter (1934}
muttiplied by the Coulomb correclion (Elwert, 1939) is used 1n ihe present computation
It 15 given 1n Clwert and |{aug (1971) as equation (6) In this equation the second term n
parenthests should read as € + 1+ e'p cos 8) Integraling over all Lhe emission angles

one gols the bremsslrahlung flux as a function of encrgy only, al different column
densitles {(Koul ot al, 1985)

IV Results and theiwr relation Lo observations

Using the bremssirahlung cross section given n Elwert and Haug (1971) and
the distribution function f(e) and gla) describod 1n section I, we have computed the
energy spectra (Fig 3,a,b) and angular distribution of X rays (Fig 4} for different column
densttios and phoLon energies In F1g 3a we have shown the enorgy spectrum at various
depths tn the solar atmosphere Different curves have been obtained by integrating
the photon flux over the emssion angles The figure clearly shows Lhe variation in
special index of Lhe generaled X rays from the lowor column density (reference column
density, the column density at which the dispersion in electron enelrgy and angular
distribution 15 1nsignificanl) of the atmosphere to the higher column density lovols
As the beam of clectrons injected at the Lop moves through the almosphers, the number
of low energy clectrons incieases due to the attenuatlon of high energy electrons with
the 1ncrecase in column densily Thus the number of low energy photons becomes larger
resulting 1n the progreasively steeper nalure of X ray spcclra However, no such ohserva
tion showing the spalinl dependence of spectral ndex wilh eolumn densily has been
reported Lo dale In Mg 3b we plotl the energy spectra integraled over all Lhe depths 1 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 eclectron incidince  As 1s clear
from the figure the spatlally integrated X ray flux shows only a muld dependence on
the electron incldence angles We further notice that Lhe shape of calculated spatially
integrated spectrum corresponds remarkably well with the observed energy spectrum
obtained fiom PVO and ISCE 3 spacecrafts (Fig 1 of Kane et al, 1980a)

Figure 4 depicts the evolution of the X ray flux with depth as a function of emis
sion angle for different photon energies, 10, 20, 50, 100, 1.0 and 200 keV The incident
electron energy is 300 keV The flux 18 highly anisotropic at lower column densities and
high energy photons show strong beaming in the forward direction | e toward the photo
sphere With increased column density the flux progressively tends towards 1sotropy Fig 4
shows that isotroptzation 1s slower for higher ensrgies compered to low energy photons
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Figure (2) shows that electrons incident at 60° are stopped at greater heights (lower
column den ity} than those incident at 0° The ratios of the flux produced by 60° to 0°
electron Incidence for different photon energies are plotted \n Figure 5 From the figure
we find that the nature of calculated curve corresponds very well with the measured
curve of Kane et al (1979) While accepting the explanation of the ob erved results put
forward by kane et al (1982) in terms of photospheric absorption, we feel that the
results could also be expiained in terms of different incidence angles of electron beam
together with attenuation at different depths in the solar atmasphere

A measure of the anmsotropy A 1s the quotient of J; for 0;= 90° (perpendicular to
the electron incident direction) to Jz for 8= 180° (opposite to the electron incidence) At
highar column densities the X ray distmbution (Fig 6) becormes more and more isotropic
artl the difference between fluxes at %0° and 180° becomes smaller To 1llustrate thus
feature we have studied the variation of Lhe anlsotropy guotient A as a function of
column density in Figure 6a for photon energies 10 20, 50, 100 and 1.0 keV The 1mportant
feature to note in this figure 1. that the amsotropy quotients for higher photon energtes
100 end 150 keV do not have the same trend as is found for lpwer energy 10, 20, 50 keV
photan  To study the amsotropy quotient in detail we plol In figure 6b Lhe anisotropy
quotients of

(1) Jp for Oy - 90° to J2 for Q2= 150° 1@  the difference 10 observalion/emission
angle | 60°

(1) Jy for Oy = 90% to Jp for Oz = 1309 ; e the difference in observation anglefemission
angle 15 40°

Comparative study of the Figure 6a and &b gives an opportunity not only to study Lho
variation of A with column density but also the effect of changes in the chsolvation angle
on the anisotropy quotient Frorm the figures we notice 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 | and 4 and 1t changes less with column dengily
than 1t does for difference angles above 60" where the quotient 1s greater Lhan four
end the fail with column denaity becomes progressively larger Thus, 1L can he inferred
that with the increase in dif ference angle, the amaolropy quotient A becomes higher
and 1ncreases more 1apidly towards higher column densities

The directivity of 50 100 keV X ray emissiona from solar flares have been rmeasured
with tnstrumoents on the ISEC 3 and PVO spacecrafl (Mg 2 and Kane et al, 1980a)
In all bul three of the sight cases Lhe differance in view angles of the two spacecrafl was
less than 30° bul 1n one case IL was as large as 66° The conclusion arrived al by Kane
et al (1980a) favours an isotropic X ray model In order to correlate Lhese observations
with our calculalions we plot 1n Figure 7 the flux retio of 50 150 keV photons as a func
tion of difference angle [keeping etther 90° (right hand scale) or 1802 (left hand scnle)
emission angle flxed and vary the other angle] at a flxed column density where sigmificant
dispersion of the original election heam has already Laken place [Mrom this figure we
notice thal the flux ratio for 59 150 keV photons 1s almost Lhe same upto the difference
angle of aboul 09 bul with the mncrease 1n difference angle beyond 60° Lhe flux variations
become significant Further for the difference angles lesa than 50° one would find an
1sotropic model, however, for the difference angles more than 60° one finds anisotropic
model for X ray generation Our calculations do point toward an isolropic model for
difference angles less than 60° as was observed by Kane el al, 1980a However for
difference angle greater than 609 one would expecl anisotropy of the X ray distributions

V  Summary and Conclusions

On comparing our results with the recent observations we conclude as follows

(i) The spectral Index varies slong the loop (Fig 3} the spectrum is hardest at the
injection site and becomes progressively sefter with the increase in depth of penetration
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(higher column densitigs) for monoenergeti. 1hcident electrons However, 1n the case of
power law distributions the spectrum becomes harder Thi 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 1n X ray time
profiles do reveal a harder spectra at the peak compsared 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 Emaslie (1983), a look at our Figure 3a shows Lhat the
peak and the valley of the observed X ray pulse would be emitted from two different
hetghts 0 the solar atmosphere

(1)  The integral X ray fluxes measured by ISEE 3 and PVO spacacrafts (Kane et al,
1980a, Figure 1) correspond well with our spatially integrated X ray flux Fig3b In
aur caleculations we have presented the picture of anly one incident eleetron energy
It has however been found that the nature of the curves remains the same over 8
large energy range of incident electron energies from 60 to 500 keVY HMHowever, the
column density at which the amsotropy ratio changes increases with increase in energy
of the inewdent electrons The varabion in photon spectra with electron incidence angle
1s found to be insigmificant (Fig 3b)

We alsg find that the integrated X ray emission from the whole source has the
character of the emssion from a highly broadened electron beam independent of the
original degree of electron beaming at the 1njection

(in)  The calculalions of directivity of the hard X rays (Migures 6ab and 7) and then
comparison with the observed directivities of the hard X rays (Kane el al, 1980a) reveals
that the X ray source 1s almost isotropic for lowsr difference angles However, our calcu
lations do point out that for difference angles larger Lhan 40° one should obsorve antso
tropy at least at the start of the impulsive phase The inglusion of photospherie back
scattering of the photon directed downwards may further reduce the amsgotiropy, In
addition to the reduction already produced by the disper 1on 1n elecltron distributions due
to Coulomb colhsions As shown by Bal and Ramaty (1978) the angular distribution of high
energy photons are not modified significantly by Complon scalteiing, which ndicates
that there should be some abservable amsotropy even after allowance for Coulomb
collistons and Compton backscattering

(w)  The calculation of the snisotropy quotient as a function of column density (Mg 6a}
glves some important clues regarding the electron acceleralion The X ray flux ratp
observed by the ISEE 3 and PVO spacecraft as a function of time (Mg 4 of Kaneg et
al, 1982) for > 150 keV photons shows that the ratio decreases al the start of the tmpulsivo
phase and then increases towards the end of the tmpulsive phase The ratio attains a
fairly larger constant value during the gradual phase for approximately five minutes On
comparing our calculated ratio of 100 and 750 keV photons as a function of column
densily (Fig 6a) with these obse:vations we find that the nature of the curves 1s similar
In the thick target geometry the high energy electrons accelerated at neutral pomints
high 1n the corona and injected towards Lhe pholtosphere will reach the absorption point
within a fraction of a second However, the observations of Kane et al (1980a) show
that the trend persists for more than 5> minutes Although it 1s nol a general feature but
if ohserved such long period gredual phase emissions cannob be explained unless we
assume elther the confinemenl of the particles in the magnelic field geometry 1njected
at higher mngles or a continuous injections of the electron beam The second possibilily
of continucus injection of the electron beams seems to be more plausible

Our calculations suppart X ray generation at low altitude in the thick target
bremsstrahlung model {(Koul et al, 1985) The energetic source electrons are most likely
accelerated continuously at a neutral sheet fomed in the corona from where they propa
gate downward toward the photosphere The modulation of the particles injection/accele
ration mnd the propagatlon of the particles gives rise to the observed characteristic
of the X ray emissions
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