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ABSTRACT

We have investigated the production of high-energy gamma rays resulting from pion decay in a solar flare
magnetic loop. We took into account magnetic mirroring, MHD pitch-angle scattering, and all of the relevant
loss processes and photon production mechanisms. We treated the transport of both the primary ions and the
secondary positrons resulting from the decay of the positive pions, as well as the transport of the produced
gamma-ray emission. We calculated the distributions of the gamma rays as a function of atmospheric depth,
time, emission angle, and photon energy and studied the dependence of these distributions on the model
parameters. The obtained angular distributions are not sufficiently anisotropic to account for the observed
limb brightening of the greater than 10 MeV flare emission, indicating that the bulk of this emission is
bremsstrahlung from primary electrons. We compared our calculations with the available data for pion decay
radiation from the 1982 June 3 flare and considered the possible models of particle transport and gamma-ray

production for this flare.

Subject headings: MHD — Sun: flares — Sun: particle emission — Sun: X-rays, gamma rays

1. INTRODUCTION

The observations of gamma rays and neutrons from solar
flares and their interpretations have been reviewed in several
publications (Chupp 1984; Ramaty & Murphy 1987; Rieger
1989; Chupp 1990). In the present paper we deal with high-
energy (>10 MeV) gamma rays resulting from the decay of
neutral and charged pions in solar flares. Gamma-ray emission
at energies greater than 10 MeV, resulting predominantly from
" the bremsstrahlung of primary electrons, was observed (Rieger
1989) from more than 20 flares with the gamma-ray spectrom-
eter flown on the Solar Maximum Mission (SMM/GRS). Pion
emission was first observed from the 1982 June 3 flare (Forrest
et al. 1985, 1986; Forrest 1988), where the pionic component
was clearly separated from both the bremsstrahlung of the
primary electrons and the neutrons which were also detected
with the SMM/GRS (Chupp et al. 1987). In addition, there is
marginal evidence for pionic emission from several other flares,
most notably the 1984 April 24 flare.. Pions in solar flares are
produced predominantly by protons and a-particles in the
energy range from a few hundred MeV/nucleon to a few GeV/
nucleon interacting with the ambient solar atmosphere. The
neutral pions decay into gamma rays directly. The charged
pions produce gamma rays by decaying (via muons) into sec-
ondary electrons and positrons, which produce photons via
bremsstrahlung and annihilation in flight. These processes
were treated in detail by Murphy, Dermer, & Ramaty (1987).

The transport of ions and relativistic electrons in magnetized
solar flare loops, and the related problem of gamma-ray pro-
duction, have received considerable attention (see Ramaty et
al. 1990). The transport of ions, including the application of the
mirror force in a convergent magnetic flux tube, was first
treated by Zweibel & Haber (1983), who emphasized the effects
of the trapping of the particles and their precipitation due to
MHD pitch-angle scattering on the time dependence of the

nuclear de-excitation line emission. The effects of magnetic
mirroring in convergent magnetic flux tubes on the angular
distribution of greater than 10 MeV primary electron bremss-
trahlung was first considered by Semukhin & Kovaltsov
(1985), who showed that the limb brightening (Rieger et al.
1983; Rieger 1989) of the greater than 10 MeV emission could
be explained by such mirroring (see also Petrosian 1985;
Dermer & Ramaty 1986; Kocharov et al. 1987; Miller &
Ramaty 1989; MacKinnon & Brown 1989, 1990; Kocharov &
Kovaltsov 1990). The problem of greater than 10 MeV brems-
strahlung production in flares on the solar disk was addressed
by Ramaty et al. (1988), who pointed out that in such flares the
ultrarelativistic electrons must be producing gamma rays as
they move up in the solar atmosphere and that this is most
likely to happen after multiple bounces between the mirror
points. Monte Carlo codes for nuclear de-excitation line pro-
duction and greater than 10 MeV bremsstrahlung production,
taking into account magnetic mirroring and MHD pitch-angle
scattering, were developed by Hua, Ramaty, & Lingenfelter
(1989) and Miller & Ramaty (1989). These authors calculated
gamma-ray time profiles for a broad range of turbulent energy
densities and emphasized the case of saturated pitch scattering
in which the particles are isotropized in the coronal portion of
the loop on a time scale comparable to their transit time
through the loop (see also Kennel & Petschek 1966; Kennel
1969). Hua et al. (1989) and Miller & Ramaty (1989) showed
that the short durations of the decaying portions of the
gamma-ray time profiles in impulsive flares could be under-
stood in loop models with the pitch-angle scattering rate close
to saturation.

The transport of high-energy ions and the production of
neutrons and neutral pions in loop models were treated by
Kocharov et al. (1987), without including the effects of MHD
pitch-angle scattering, and by Gueglenko et al. (1990a, b), who
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took scattering into account. These authors showed that the
effects of the trapping of particles in magnetic loops would be
most evident in the time profiles of pion decay emission,
because of all the observed solar flare gamma-ray components,
this emission is produced by ions of the highest energies and
hence of the longest stopping ranges. Kocharov et al. (1988)
and Gueglenko et al. (1990a, b) applied their calculations to the
1982 June 3 flare, suggesting that the two distinct pulses of the
observed time profile of the pion radiation in this flare were the
consequence of a variable precipitation rate of the trapped
particles caused by variations in the energy density of the
MHD turbulence. This interpretation of the 1982 June 3 obser-
vations differs from that of Murphy et al. (1987), who suggested
that the second pulse of pion emission resulted from a second
phase of particle acceleration in this flare.

In the present paper we carry out a detailed calculation of
pion decay radiation in a solar flare loop, including the pro-
duction of gamma rays from neutral pion decay, bremsstrah-
lung of secondary positrons and electrons, and annihilation in
flight of the positrons. We show that the transport of the posi-
trons can increase the anisotropy of the total pion emission.
We also include the transport of photons in the solar atmo-
sphere by taking into account the effects of Compton scat-
tering and pair production. We evaluate the attenuation of the
gamma rays, which turns out to be very significant, particu-
larly in cases when the pitch-angle scattering rate is near satu-
ration. We calculate the depth distributions of pion and
gamma-ray production, the time and angular dependencies of
the radiations, and the energy spectra of the escaping photons
in various directions. We carry out our calculations for a broad
range of mirror ratios and turbulent MHD energy densities.
We also investigate the effects of variations in the assumed
ambient gas density profile in the loop, the size of the loop,
and the coronal magnetic field (which affects the trapped
positrons).

We apply our results to the distribution on the Sun of the
locations of flares observed at greater than 10 MeV, which is a
measure of the angular radiation pattern of greater than 10
MeV flare emission. We show that the expected pion radiation
pattern is not sufficiently anisotropic to account for the
observed distribution. We also apply our calculations to the
observed time profile and energy spectrum of pion radiation in
the 1982 June 3 flare. In particular, we modify the one-phase
acceleration model of Gueglenko et al. (1990a, b) to include
MHD pitch-angle scattering in the first pulse. However, if the
scattering rate during this pulse is high enough, essentially all
of the accelerated particles are precipitated, requiring a second
acceleration phase.

We describe the model and the physical processes in § 2,
present numerical results in § 3, and compare our calculated
distributions with observations in § 4. We summarize our
resultsin § 5.

2. MODEL AND PHYSICAL PROCESSES

We consider a loop model consisting of a semicircular
coronal portion of radius R joined to two radially aligned
straight portions extending to the photosphere. We fix the
transition between the coronal portion and the straight por-
tions at 200 km above the photosphere. We assume that in the
coronal portion the magnitude of the magnetic field B, is con-
stant and that below the transition (at z = 0) the field increases
linearly with the depth, B(z) = B.(1 + z/hg). We assume that
the density n, is constant in the coronal portion. Below the
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transition, that is, for the chromospheric and photospheric
portions of the loop, we assume a simple atmospheric model
characterized by an exponential density profile, n(z) =
Ny, €xp [(z — 2000)/h,], where n,, is the density of the photo-
sphere. We fix n_, = 3.7 x 10'7 (Avrett 1981), but let h, vary.
This model is essentially the same as that used by Gueglenko et
al. (1990b), but is not as detailed as the atmospheric models
employed by Hua et al. (1989) and Miller & Ramaty (1989).
Our simpler model, however, allows us to easily explore the
effects of the atmospheric model by varying the density scale
height h,.

We release the accelerated ions isotropically at the top of the
loop. Since the pions are produced mainly in nuclear reactions
between protons and a-particles, we have considered only
these species in our treatment. We take the He-to-H ratio in
the ambient gas equal to 0.07. We assume that the protons and
a-particles have the same initial spectrum as a function of
energy per nucleon and that the a-particle-to—proton ratio at
the same energy per nucleon is also 0.07. A variety of spectral
shapes have been used in previous calculations of gamma-ray
production in solar flares (Ramaty & Murphy 1987). These
include the Bessel function appropriate for stochastic acceler-
ation in the nonrelativistic region (Ramaty 1979) and the shock
acceleration spectrum proposed by Ellison & Ramaty (1985).
In the present paper, for simplicity, we have used a power-law
spectrum in kinetic energy per nucleon with the same spectral
index y for both the protons and a-particles. We find that our
results are not strongly dependent on the assumed spectrum of
the accelerated ions.

Since our Monte Carlo technique is similar to that used by
Gueglenko et al. (1990b), we only present a brief description of
it here. We choose the initial particle energy E, and the energy
at interaction E,,, randomly. We assume that each particle
produces a pion with an appropriate weight, which takes into
account the initial spectrum of the accelerated particles and the
probability of pion production during the slowing down from
E, to E;,. The latter depends on the nuclear cross sections for
pion production, the removal of the particles by nuclear colli-
sions, and rates of energy loss due to Coulomb interactions in
the ambient gas. We have used the stopping powers for an
ionized gas in the coronal region and for a neutral gas below
the transition. We have ignored the effects of elastic nuclear
collisions on the primary particles. By comparing our calcu-
lations with those of Murphy et al. (1987), who included elastic
scattering as a loss process but not as an additional particle
source, we see that ignoring elastic scattering as a loss increases
the pion production by about 30%. On the other hand,
Murphy et al. (1987) showed that the contribution to the total
pion production of the secondary protons resulting from both
elastic and inelastic nuclear collisions is less than 50% for very
flat primary proton spectra, and significantly less than this
value for steeper spectra. Since these two effects (removal and
addition) nearly cancel each other, we have neglected both
effects. The neglect of elastic nuclear collisions can also be
justified as follows: In proton-proton collisions, elastic scat-
tering becomes important relative to Coulomb and inelastic
interactions mainly in the energy region 500-1000 MeV, where
the elastic differential cross section in the center of mass system
is strongly peaked in the forward and backward directions.
This means that one of the secondary protons will move with
practically the same velocity and angle as the primary proton,
while the other will essentially stop. Thus, essentially the effect
of the elastic scattering is to replace one primary proton with
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one secondary proton. Concerning proton-helium interactions,
the inelastic cross section dominates the elastic cross section at
all energies of interest.

Particle transport is governed by the mirror force in the
chromospheric and photospheric regions and by pitch-angle
scattering due to resonant interactions with Alfvén turbulence
in the corona. Below the transition in scattering can be
neglected because of the rapid damping of the turbulence there.
We have modeled the process of pitch-angle diffusion by con-
sidering many discrete small-angle scatterings. The path A tra-
versed between two scatterings is the main modeling
parameter and is related to the energy density of the turbu-
lence. After each scattering we change the pitch-angle cosine p
by an amount Ap = (Ap), + (Ap),, where (Ay), is chosen from
a Gaussian distribution with standard deviation {(Ap?) =
2D,,A/v and (Ap), = D, A/v, where D, = 0D, /ou. D,, is the
pitch-angle scattering coefficient, which in the quasi-linear
approximation is given by D,, = n®*Wyvr{ *u?~*(1 — u?)/B?
(Jokipii 1966; Palmer & Jokipit 1981; see also Hua et al. 1989
and Miller & Ramaty 1989). Here, W(k) = W, k™1 is the power
spectrum of the turbulence, and v and r are the velocity and
Larmor radius of the particle. We have assumed that W(k) is
given by a Kolmogorov spectrum, that is, that g = 5/3.

In our modeling we have taken

Ap?y = AFp*~ (1 — ), ™

where A, is a constant. In order to provide an accurate simula-
tion of scattering, A, has to be sufficiently small. In our calcu-
lations we have taken A, = 0.08 (see discussion in the appendix
of Gueglenko et al. 1990b).

The step size 4 between two scatterings depends on the rigid-
ity of the particle. From equation (1) and the expression of D,,,,
given above, it follows that 4 is proportional to (4/Zp)*~4,
where A, Z, and p are atomic mass, charge, and momentum per
nucleon of the particle. From the same two equations one can
also deduce the relationship between A and the total energy
density in the turbulence,

2
b pagia. ()

= —4q _— .
VVtot WOk dk 2).7T2(q _ 1) c 'min

Kmin

If we take B, = 100G and k,;, equal to the resonant wave
number corresponding to 10 GeV protons, then W, = 4.9
x 10°/A4(30 MeV), where (30 MeV) is the scattering length for
30 MeV protons.

We follow each proton and a-particle until their energy
decreases to the interaction energy, E; . Between each two
scatterings, we calculate the elapsed time and multiply the
weight by the corresponding survival probability. The motion
between scatterings can include multiple penetrations below
the transition. When the energy E;,, is reached, we calculate the
location of the interaction, the pitch angle of the interacting
particle, and the total elapsed time.

Pions in solar flares are produced mainly in p—p, p—o, and
o—p interactions. We have neglected pion production in o—o
interaction, which we estimate to contribute no more than 2%
to the total production. Cross sections of pion production in
the p—p reaction have been measured at various energies (see
Dermer 1986 and Murphy et al. 1987). For the pion angular
and energy distributions in these reactions we have used the
double polynomial approximations of the experimental dis-
tributions at different incident proton energies presented in
Barashenkov, Gudima, & Toneev (1969). For the p—« reaction
we have used pion production cross sections from Gueglenko
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et al. (1990b), which are quite close to those given in Murphy et
al. (1987), differing only at energies greater than 1 GeV. In this
energy range there is only one laboratory measurement, at
1.408 GeV/nucleon, obtained at JINR, Dubna (Glagolev et al.
1977; V. Glagolev 1985, private communication), which pro-
vides the total cross section as well as the pion angular and
energy distributions. In Mandzhavidze (1987) these distribu-
tions were calculated at various energies, using an internuclear
cascade code. The results of these calculations are in a good
agreement with the experiment at 1.408 GeV/nucleon, and they
allow to represent angular distributions and energy spectra of
pions in different directions as polynomials of incident proton
energy. The coefficients of these polynomials are given in
Gueglenko et al. (1990b).

Next we consider the generation of the gamma rays. Neutral
pions decay directly into two gamma quanta whose angular
distribution is isotropic in the rest frame of the neutral pion.
Positive pions decay into positrons via t+ — u* — e*. We use
the differential cross sections for muon decay from Okun
(1982) to obtain the angle and energy of the produced posi-
trons. We ignore the negatively charged pions, as their contri-
bution is only a few percent of that of the positive pions
(Murphy et al. 1987).

We treat the transport of the positrons in the loop by taking
into account the Coulomb, synchrotron losses, and bremsstrah-
lung energy losses, the removal of positrons due to annihi-
lation in flight, mirroring in the convergent magnetic flux tube,
and pitch-angle scattering by the same spectrum of Alfvén
waves as that which scatters the ions. An important difference
between the positron and ion transport is the fact that the
positrons are produced predominantly in the chromosphere
and photosphere, whereas the ions are assumed to be injected
at the top of the loop. As the positrons slow down, they
produce bremsstrahlung and annihilation photons in flight.
We assumed that the bremsstrahlung is produced in a hydro-
gen plasma and used the differential bremsstrahlung cross sec-
tions from Ginzburg (1984). Bremsstrahlung is produced in the
nonscreened regime if the interaction occurs in the ionized
corona. In the neutral region below the transition, photons are
produced in the nonscreened regime if their energy is greater
than E,;, = E*/(E + m,c?/a), and in the screened regime other-
wise. Here E is the energy of the positron, and « is the fine-
structure constant. Since we consider only the high-energy
gamma rays produced by ultrarelativistic positrons, we assume
that both the bremsstrahlung and the high-energy annihilation
photons are emitted in the direction of motion of the incident
positron. The other photon resulting from annihilation in
flight is emitted at low energies and is ignored here.

We also take into account the effects of Compton scattering
and pair production on the transport of the gamma rays in the
solar atmosphere. As the pions are produced quite deep into
the atmosphere, these effects introduce important modifi-
cations to the flux and spectrum of the escaping gamma rays.
Pair production by gamma rays, however, contributes no more
than 20% of the total amount of secondary electrons and posi-
trons generated by pion decay. Moreover, these pairs are
mostly directed toward the Sun and have, on the average,
smaller energies than the pion decay electrons and positrons.
Therefore, their contribution to the escaping high-energy radi-
ation can be neglected.

3. NUMERICAL RESULTS

The Monte Carlo simulations described in the previous
section allow us to obtain distributions which can be com-
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pared to the observations. We consider the depth distribution
and time profile of the pion and gamma-ray production, and
the angular distribution and energy spectra of the escaping
radiation. Our main modeling parameters are: the following
index y of the energy spectrum of the primary accelerated par-
ticles; the loop radius R; the ambient coronal gas density n,;
the magnitude of the coronal magnetic field B,; the mirror
ratio B,/B,; the total energy density in Alfvén turbulence W,
(which is reflected in the computational parameter 1); and the
density scale height h, of the atmosphere below the transition.
For the numerical results presented in the various figures, if not
specifically indicated, the loop radius R = 10° cm, coronal
magnetic field B, = 100 G, and n, = 10*° cm 3. All the calcu-
lated curves are normalized such that N, (>30 MeV)=1,
where N (> 30 MeV) is the total number of injected protons of
energies greater than 30 MeV.

In Figure 1 we show the depth distributions of n° pro-
duction below the transition in the case with no pitch-angle
scattering for different values of the mirror ratio and two
values of h,. We consider first the curves for h, = 200 km. The
depth distribution of the decay gamma rays is identical to that
of the pions because of the very short lifetime of the neutral
pions. Pion production around the peaks at z ~ 2000 km and
at larger depths is mostly due to particles in the loss cone,
whereas the production at lower values of z is predominantly
due to particles with larger pitch angles which mirror many
times. In the case of strong convergence (B,,/B, = 10), the con-
tribution of the mirroring particles is larger than that of the
particles in the loss cone, while for the case of weak con-
vergence (B,,/B, = 1.01) the opposite is true. We also present
in Figure 1 the depth distribution calculated for an atmo-
spheric model with a smaller value of h,. In both models the
ambient gas density at the edge of the photosphere (z = 2000
km) is the same, but for h, = 120 km the density in the upward
direction decreases much faster than for h, = 200 km. This is
the reason for sharp drop of the production at low values of z
for the smaller scale height. On the other hand, in this case the
density increases more rapidly below the photosphere, pre-
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venting the particles from penetrating as deeply as in the case
of h, = 200 km.

Figure 2 shows the effect of the pitch-angle scattering on the
depth distribution of n° production. As compared to the
unscattered case, pions are now produced by particles which
on the average have smaller pitch angles and can penetrate
deeper before mirroring. This leads to the decrease of the pro-
duction in the upper chromosphere and to the almost total
suppression of the coronal production. We can also see that, as
in the case of no pitch-angle scattering, the depth distributions
depend on the value of h,. In both the scattered and
unscattered cases, pion production due to particles in the loss
cone peaks at the boundary between the chromosphere and
photosphere (z = 2000 km), corresponding to a total gram-
mage for the overlying atmosphere of about 10 g cm ™2, This
should be compared with the depth profile of nuclear line pro-
duction (Hua et al. 1989). Here the production due to particles
in the loss cone peaks at higher altitudes, corresponding to a
grammage of about 0.1 g cm~2. This difference is due to the
fact that the effective energies of the protons and a-particles
which produce pions are much higher than those of the par-
ticles which produce the gamma-ray lines.

In addition to the pion production below the transition
(shown in Figs. 1 and 2) there is also production in the corona.
In Table 1 we show the fraction of pions produced in the
coronal part of loop. Except for the values in parentheses,
brackets, and braces, the results were obtained for y = 3,n, =
10'° cm ™3, R = 10° ¢m, B, = 100 G, and h, = 200 km. In the
case of no pitch-angle scattering (W,, = 0), the fraction
depends on the mirror ratio, decreasing from a high value of
about 44% in the case of the highest convergence that we have
considered to less than 1% for B,;,/B, = 1.01. The coronal frac-
tion also depends on the atmospheric model and the loop
radius, as can be seen from the table. However, when pitch-
angle scattering is taken into account, the coronal fraction
is much smaller and becomes totally negligible for some
parameters.

In Figure 3 we show the depths distributions of =™ pro-
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TABLE 1
FRACTION OF 11° PRODUCTION IN THE CORONA

W (ergs cm ™)

duction and the depth distributions of the gamma rays
resulting from the bremsstrahlung and annihilation in flight of
the positrons from the decay of these pions. Here, in addition
to the transport of the ions which produce the pions, we have
also taken into account the transport of the secondary posi-

Byw/B. 0 16x107° 16 x107* trons. The general properties of these distributions are similar
30 0.44 0.022 0.002 to those of the 7° distributions discussed above.
10.ccenenn.. 022 0.012 0.00015 We now turn to the time profiles of radiations. In Figure 4
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fg'gj)} {(g'gg‘g {(g'%%} mirror ratio and no pitch-angle scattering, while in Figure 5 we
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pitch-angle scattering; N (> 30 MeV) = 1.
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FI1G. 4—Time dependence of the n° production for various values of the magnetic field convergence and two values of the loop radius in the absence of

pitch-angle scattering; N (>30 MeV) = 1.

and forth many times before they lose their energy, leading to
pion production over an extended time period. The decrease of
convergence, as well as pitch-angle scattering, are both causing
the increase of the effective grammage to the mirror point, and
hence the faster decline of the time profiles. The dashed curve
in Figure 4 corresponds to the larger loop length, R = 10*° cm.
Due to the longer transport time of the particles through the
loop, the first peak is shifted to a later time, and the time profile
becomes more extended. We see that time profile of the pro-
duction for R = 10'° cm and B,,/B, = 10 is as extended as
that for the stronger convergence (B,,/B, = 30) but shorter
loop length (R = 10° cm). In Figure 5 we also show that time
profiles for the atmospheric model characterized by h, =

120km. In the case of strong pitch-angle scattering, when
essentially all the production is in the lower chromosphere and

photosphere, the variation in h, has almost no effect on the
time profiles. In the case of no pitch-angle scattering, the
shorter atmospheric scale height reduces the chromospheric
production relative to the coronal production (see Fig. 1 and
Table 1), leading to a more extended time profile.

The decline of the time profiles is fastest when the pitch-
angle scattering rate v is at saturation. This rate can be esti-
mated by equating the particle transit time through the loop to
the diffusion time across the loss cone half-angle o, (Miller &
Ramaty 1989; Hua et al. 1989), a2/v =~ nR/v, where v is the
scattering rate equal to D,,/(1 — p?) evaluated at u = 1. The
characteristic decay time of the radiation in the saturated
regime can be estimated from the formula 7, = 7,/(1 — cos ),
where 7, = TR/(v x cos a.) is the transit time of particles in the
loss cone through the loop. For the assumed atmospheric
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FiG. 5—Time dependence of the n° production for various values of the total turbulent energy density and the atmospheric scale height; N (>30MeV) = 1
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model with h, = 200 km and B,,/B, = 10, we find that cos «,
approximately equals 0.95, where we took the characteristic
energy of the pion-producing particles to be about 700 MeV/
nucleon. For R = 10° c¢m, 7, = 3 s. Using the equations given
in the previous section, we obtain that at saturation W, =
4.9 x 107a2/R ergs cm ™3 = 5.0 x 1073 ergs cm ™3 for R = 10°
cm. In Figure 5 the curve corresponding to W, = 5.0 x 1073
ergs cm > after a few tenths of seconds can be well approx-
imated by an exponential with characteristic decay time 3.7 s,
which is close to the above estimate. The decay time at satura-
tion increases proportionally to the loop length, and it also
depends on the mirror ratio, which determines the size of the
loss cone. For B,/B. =3 and B,,/B. = 30 the cosine of the
loss cone half-angles are 0.81 and 0.98, respectively, yielding
chgracteristic decay times of ~1 s and 6.5 s for a loop radius of
10° cm.

The production rates of charged pions and the gamma rays
resulting from their decay are shown in Figure 6. We see that in
both the scattered and unscattered cases the time profiles of the
gamma rays are quite similar to those of the pions. This is quite
obvious in the case of pitch-angle scattering, where, as dis-
cussed above, the gamma rays are produced close to the pro-
duction  site of the pions. In the case of no pitch-angle
scattering, the positrons undergo significant transport after
their production, but the time required for this transport is
short relative to the transport time of the primary ions. Again,
similar to the case of neutral pions, there is extended pro-
duction in the absence of scattering, and a rapid exponential
decay caused by strong scattering. We also show in the figure
the production rates of the gamma rays calculated for the
smaller value of the coronal magnetic field B, = 20 G. In the
case of no scattering, the reduction of the magnetic field
decreases the synchrotron losses and hence increases the life-
times of the positrons in the loop. This leads to a more
extended gamma-ray time profile, as well as to an increase in
the total gamma-ray yields by about factor of 1.4 compared to
the similar case with B, = 100 G. However, in the case of the
strong scattering, the lifetime of the positrons is very short due

HIGH-ENERGY GAMMA-RAY EMISSION 745

to the fast precipitation through the loss cones. Therefore, in
this case the synchrotron losses are less important, and the
calculated time profiles for different values of B, are almost
identical (we do not show in the figure the curve corresponding
to B, = 20 G). For the ions, the synchrotron losses are negligi-
ble, and therefore the production rates of pions and of n° decay
gamma rays do not depend on the value of B,.

We now consider the angular distribution of the radiations.
Pion production in nuclear reactions, especially at high ener-
gies, is anisotropic, peaking in the direction of motion of the
incident fast particle. Although the decay of the neutral pions
into two photons partially isotropizes the angular distribution
of the gamma radiation, this preferential direction of emission
is still preserved. In Figure 7 we show the angular distributions
of the produced and escaping gamma rays from n° decay for
no pitch-angle scattering and two values of B,,/B,. The angle
¥ is measured from the upward vertical direction. We see that
the angular distribution of the produced radiation depends on
the mirror ratio (compare the solid and dashed curves). When
B,,/B. = 1.01, the effects of mirroring are small, and the radi-
ation is mostly produced by downward-moving particles and
hence significantly peaked in this direction. As we already have
seen, pions in this case are produced deep in the solar atmo-
sphere. Consequently, the escaping radiation is strongly
attenuated, especially in the direction tangential to the photo-
sphere. In the case of stronger convergence, the probability of.
pion production is maximal at the mirror point, where the
incident particles move parallel to-photosphere, resulting in a
maximum at cos ¥ = 0. Attenuation in this case is insignifi-.
cant, because the gamma rays are produced higher in the
atmosphere. In fact, we see that close to cos ¥ = 0, instead of
being attenuated, the escaping radiation exceeds the pro-.
duction. This effect is due to the additional flux of back-
scattered photons which were initially emitted in the
downward direction. The angular distributions also depend on
the assumed: atmospheric scale height (compare the solid and
dashed-dotted curves). We see that for the smaller atmospheric
scale height (h, = 120 km) there is almost. no directivity of
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FIG. 6.—Time dependence of the n* production and n* decay gamma-ray production for the two limiting cases of no pitch-angle scattering and strong
pitch-angle scattering. For all curves, except the dashed-dotted curve, the control magnetic field is 100 G; N (> 30 MeV) = 1.
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F1G. 7—Angular distributions of produced and escaping n° decay gamma rays for various values of the magnetic field convergence and the atmospheric scale
height in the absence of pitch-angle scattering. The angle i is the angle between an upward-directed solar radius vector and the direction of observation. The curves
limited to positive values of cos Y show the escaping photon distributions; N (>30 MeV) = 1.

radiation, due to the high fraction of isotropic emission pro-
duced in the coronal part of the loop (see Table 1).

In Figure 8 we present the angular distributions of gamma
rays from n° decay for B,,/B. = 10 and the two limiting cases
of no pitch-angle scattering and strong scattering. The dis-
tributions for strong scattering are similar to those obtained
for the very small mirror ratio in Figure 7, because the scat-
tering increases the number of particles moving downward
with small pitch angles which interact deep in the atmosphere.
Radiation produced by these particles is directed mostly down-
ward and is strongly attenuated during the propagation of the
photons. We do not show here the angular distributions for
h, = 120 km and strong scattering, as these distributions are

quite similar to those for h, = 200 km and strong scattering
(dashed curves). This is because in the case of strong scattering
the pions are produced mostly in the low chromosphere and
photosphere where the density profiles for the two choices of h,
are not very different.

The angular distributions of the produced and escaping
radiations from n* decay for the unscattered and strongly
scattered cases are shown in Figure 9. We see that these
angular distributions are more anisotropic than those for n°
decay shown in Figures 7 and 8. The increased anisotropy is
due to the transport of the positrons and the strong direction-
ality of bremsstrahlung and annihilation in flight at ultrarelati-
vistic energies. Considering first the cases of no scattering (solid
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FIiG. 8—Angular distributions of produced and escaping n° decay gamma rays for the cases of no pitch-angle scattering and strong pitch-angle scattering. The
curves limited to positive values of cos y show the escaping photon distributions; N (> 30 MeV) = 1.
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F1G. 9.—Angular distributions of produced and escaping =+ decay gamma rays for the cases of no pitch-angle scattering and strong pitch-angle scattering. The
curves limited to positive values of cos y show the escaping photon distributions; N (>30 MeV) = 1.

curves), we note the strong anisotropy in the backward direc-
tion, due to the mirroring of the positrons, and the fact that the
attenuation of the escaping photons is small. The feature near
cos y = —1is due to the focusing of the positrons. As we have
seen above, most of the positrons are produced below the tran-
sition layer in a region of convergent magnetic field. The posi-
trons that get out to the coronal part (either directly, or after
mirroring) are strongly focused by the decreasing magnetic
field. When these positrons reenter the dense regions of the
atmosphere, they produce radiation predominantly in the
downward direction. In the case of strong scattering, the posi-
trons are produced deep in the atmosphere, and most of them
lose their energy and emit photons before they can get out to

the corona. Radiation in this case is more isotropic and also
stronger attenuated, as can be seen from the figure.

The angular distributions of the total escaping greater than
10 MeV gamma-ray emission and its components are shown in
Figure 10. It can be seen that in both the scattered and
unscattered cases the radiation from the netural pions is domi-
nant in all directions, although in the unscattered case the
contribution of #* decays is important at directions close to
¥ =90°. In both cases the total radiation is slightly aniso-
tropic. When there is no pitch-angle scattering, the emission is
maximal in the direction ¥ = 90°. However, in the case of
strong scattering, the maximum is shifted to an angle in the
range between 72° and 75°, due to the strong limb attenuation.
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F1G. 10—Angular distributions of the escaping z°, n*, and total pion decay radiation for the cases of no pitch-angle scattering and strong pitch-angle scattering;

N,(>30MeV) = 1.
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ion spectral indexes; N (>30 MeV) = 1.

The angular dependence of the total escaping gamma-ray
emission greater than 10 MeV for various primary ion spectra
is shown in Figure 11 for both the scattered and unscattered
cases. We see that the angular distributions are essentially
independent of the ion spectral shape. However, the total flux
is very sensitive to the assumed spectrum of the ions.

In Figures 12 and 13 we show angle integrated energy
spectra of the escaping radiation for the unscattered and scat-
tered cases, respectively. In both cases the contribution from
the neutral pions is dominant at high energies, while at lower
energies the radiation comes mostly from n* decays. The con-
tribution of n* is suppressed in our model relative to the pre-
vious results of Murphy et al. (1987). In the case of no
pitch-angle scattering this suppression is caused by increased

synchrotron energy losses of positrons trapped for consider-
able periods of time in the corona. In the scattered case, the
suppression is caused by the strong attenuation of the escaping
radiation. The attenuation of the n* component is stronger
than that of the n° component. This is caused by the positron
transport effects discussed above and also by the fact that the
interaction cross sections of the n* decay photons (which have
on the average smaller energies) are larger than those of the n°
decay photons. Due to these suppressions, the total pion decay
spectra are almost flat in the range 20-100 MeV, in contrast to
the spectra presented by Murphy et al. (1987) which are con-
siderably steeper. In Figure 14 we show the energy spectrum of
the total escaping radiation for various primary ion spectra, in
both the scattered and unscattered cases. We see that the shape
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'FiG. 12—Angle integrated energy spectra of the escaping n°, n‘*, and total pion decay radiation in the absence of pitch-angle scattering; N ,(>30 MeV) = 1
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FIiG. 13.—Angle integrated energy spectra of the escaping n°, n*, and total pion decay radiation in the case of strong pitch-angle scattering; N A{>30MeV) =1

of the ion spectrum does not significantly affect the gamma-ray
spectra, except at high energies (> 100 MeV), where a harder
ion spectrum produces a harder photon spectrum.

Finally, in Figure 15 we show directional energy spectra of
total pion decay emission in three angular intervals. We see
that when there is no pitch-angle scattering, the spectra strong-
ly depend on the direction of observation. In particular, in the
upward direction (curve 3) the contribution of the n* com-
ponent is suppressed because of the stronger directivity of this
component than that of the 7° component (see Fig. 10). On the
other hand, in the case of strong pitch-angle scattering, the
dependence of the spectra on the emission direction is less
pronounced because the radiation pattern of the n* com-
ponent is approximately similar to that of the n° component

(see Fig. 10). Since the angular distribution of the interacting
ions in this case of strong scattering is peaked in the downward
direction, the n° component observed in the upward direction
is slightly redshifted, resulting in a softer spectrum at the high
energies. Similar redshifts were shown by Miller (1990) employ-
ing a thick target model with assumed ion angular distribu-
tions.

4. DISCUSSION

Gamma-ray emission above 10 MeV was detected from 25
flares with the SMM/GRS (Rieger et al. 1983; E. Rieger 1991,
private communication). However, in only one case, that of the
flare of 1982 June 3, were the gamma rays produced by
primary electron bremsstrahlung clearly separated from those
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FIiG. 14—Angle integrated total energy spectra of the escaping pion decay radiation for the cases of no pitch-angle scattering and strong pitch-angle scattering,
and various values of the ion spectral index; N (>30 MeV) = 1.
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resulting from pion decay (Forrest et al. 1986). There is at least
one more flare (1984 April 24) with strong evidence of pionic
emission (D. J. Forrest 1988, private communication). In addi-
tion, there are several other flares with marginal evidence for
pion radiation (E. Rieger 1991, private communication). In the
present section we first apply our calculations on the angular
distribution of pion radiation to the observed distribution of
flares on the Sun. Next, we consider the time dependence and
the energy spectrum of pion radiation observed from the 1982
June flare and compare these data with our calculations.

4.1. Angular Distributions

In Figure 16 we plot the longitude distribution of 25 flares
with gamma-ray emission greater than 10 MeV, with the flares

grouped in three longitude intervals. We have calculated theo-
retical longitude distributions resulting from our model,
assuming that the integral flare size distribution is inversely
proportional to the flare size (Dermer & Ramaty 1986) and
that the flares on the Sun are uniformly distributed between
heliolatitudes +40°. Since the calculated angular distributions
shown in Figure 11 for various ion spectral shapes are quite
similar, in Figure 16 we only show results for y = 3. We have
integrated the theoretical curves over the three longitude inter-
vals, and we have normalized the calculations to the data by
minimizing x2. We find that the case of no pitch angle scat-
tering and h, = 200 km can be rejected at the 92.5% confidence
level. The case of strong pitch-angle scattering, as well as the
case of no pitch-angle scattering with the smaller atmospheric
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FiG. 16.—Heliolongitude distribution of solar flares with detected >10 MeV radiation (histogram, E. Rieger 1991, private communication). The curves are
calculated heliolongitude distributions of flares with pion decay emission obtained for.the various model parameters.
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scale height (h, = 120 km), both of which yield more isotropic
distributions, can be rejected at the 98.5% level. It should be
noted, however, that these results are valid only if the available
sample of flares with greater than 10 MeV emission is an
unbiased sample, unaffected by the fact that the SMM/GRS is
triggered by emission greater than 300 keV and not by emis-
sion greater than 10 MeV. But it seems to us that this effect
cannot bias the sample in any significant way, because the
flares observed at energies greater than 10 MeV are in general
intense at lower energies, so that it is quite unlikely that any
significant number of greater than 10 MeV flares were missed
because of the SM M /GRS triggering criteria.

Thus, pion decay radiation is probably not sufficiently
anisotropic to account for the limb brightening of solar flare
high-energy gamma rays. Our conclusion is the same as that of
Gueglenko et al. (1990b), who considered only the radiation
from neutral pions. Even though the gamma rays produced by
secondary positrons contribute significantly to the total emis-
sion in the greater than 10 MeV energy range, and in some
cases can increase the anisotropy, the effect is not sufficiently
large to make the pionic interpretation of the high-energy
gamma-ray emission from the solar flares plausible. On the
other hand, as has been shown by Semukhin & Kovaltsov
(1985), Miller & Ramaty (1989), MacKinnon & Brown (1989),
and Kocharov & Kovaltsov (1990) the angular distribution of
bremsstrahlung produced by primary electrons trapped in the
magnetic loop is consistent with the observed longitudinal dis-
tributions of the flares.

From Figure 11 it follows that if there is no pitch-angle
scattering, the most favorable flare position to observe pion
emission is at the solar limb, as the same flare would produce
about 2.5 times more emission from the limb than from disk
center. However, in the regime of strong scattering, pion radi-
ation from the limb is attenuated by about factor of 5, making
it difficult to observe pion emission from limb flares. This could
have been the reason that pion radiation was not seen during
the 1980 June 21 flare (Forrest et al. 1985) from which high-
energy neutrons were observed (Chupp et al. 1982). Another
argument in favor of strong pitch-angle scattering of the
trapped ions and electrons in this flare has been given by Hua
et al. (1989) and Miller & Ramaty (1989), who suggested that
the rapid decays of the two pulses of nuclear gamma-ray line
emission and bremsstrahlung require pitch-angle scattering at
a level close to saturation. On the other hand, the absence of
pion radiation in the 1980 June 21 flare could have simply been
the consequence of a steep ion spectrum for which pion pro-
duction is negligible (Ramaty et al. 1983; Gueglenko et al.
1990b).

4.2. Time Profiles, Energy Spectra, and Models
for the 1982 June 3 flare

The time profile of the pion decay radiation observed from
the 1982 June 3 flare is shown in Figure 17. We see the
observed time profile exhibited a short first pulse, lasting for
about 1 minute and containing about 20% of the total pion
emission, which was followed by a longer second pulse lasting
for over a thousand seconds. This time profile was quite differ-
ent from that of either the nuclear deexcitation emission in the
4-7 MeV range or the primary electron bremsstrahlung, as for
both of these components the bulk of the photons were emitted
during the first pulse (Forrest et al. 1986; Chupp et al. 1987; see
also Figure 5 in Ramaty et al. 1990). In particular, about 80%
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F1G. 17—Time profile of the pion decay radiation, ¢(100 MeV), observed
from the 1982 June 3 flare (histogram from Ramaty et al. 1987, based on data
of Forrest et al. 1986). The solid curve corresponds to unsaturated variable
pitch-angle scattering rate with ion injection for 60 s during the first pulse. The
time dependence of W, and the other parameters of the fit are given in the text.
The solid curve limited to times after the second peak also represents the case
of unsaturated variable scattering with injection at the second peak. The
dashed and dashed dotted curves correspond to injection at the second peak
and represent the cases of no pitch-angle scattering and saturated scattering,
respectively. Except for W,,,, the parameters for the dashed curve are the same
as for the solid curve.

of the total 4-7 MeV emission was observed during the first
minute of the event. As has been emphasized by Murphy et al.
(1987), the fact that the ratio of the flux in pion emission to that
in nuclear line emission was much larger during the second
pulse than during the first, indicates that the spectrum of the
interacting ions became harder with time during the flare.
Murphy et al. (1987) proposed that this hardening was due to
second phase acceleration. They assumed an isotropic thick
target model in which there is almost no delay between particle
acceleration and interaction. Therefore, the fact that during the
first pulse the interacting particles had a steeper spectrum than
those interacting during the second pulse must mean different
accelerated ion spectra for the two pulses. This is the origin of
the second phase suggestion for this flare. We should note,
however, that the interaction site in the Murphy et al. (1987)
model had to be in a dense region of the solar atmosphere.
Since isotropy was assumed in the model, either the particles
were accelerated in this dense region (which is unlikely), or a
mechanism had to be found to isotropize the particles after
their transport from the acceleration to the interaction site.
This mechanism, however, was not specified.

On the other hand, Gueglenko et al. (1990a, b) suggested
that the difference between the two time profiles resulted from
the long time scale of the pion emission expected in loop
models with no or weak pitch-angle scattering. The character-
istic decay time of the radiation in this case is much larger than
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that of the de-excitation gamma-ray line emission or primary
electron bremsstrahlung (Hua et al. 1989; Miller & Ramaty
1989). This is due to the fact that the pion-producing particles
have much longer ranges, and consequently longer lifetimes in
the loop, than the ions which produce the de-excitation line
emission or the electrons which produce the bremsstrahlung.
In the Gueglenko et al. (1990a, b) model there is no pitch-angle
scattering until the onset of the second pulse. As a result, the
pion radiation observed in the first pulse is due mainly to the
GeV protons in the loss cone. Thus, since isotropy is assumed
in the model, the bulk of the GeV protons remain trapped in
the corona and available for pion production at later times.
Pitch-angle scattering is turned on at the onset of the second
pulse by the introduction of an external source of turbulence.
This causes an increase in the dumping rate of all the trapped
particles. But because of their shorter loss time in the absence
of pitch-angle scattering, not too many low-energy protons
remain at this time. In the resultant second pulse, therefore,
pion radiation dominates.

However, it is probably unlikely that pitch-angle scattering
is negligible during the first pulse, since very high levels of
turbulence are expected to be present at the time of particle
acceleration. Furthermore, even in the absence of external
sources of turbulence, pitch-angle scattering could occur as a
result of turbulence generated by the accelerated particles
themselves, due to the development of a loss-cone instability
(see Bespalov, Zaitsev, and Stepanov 1987; Smith & Brecht
1991). Here, we first present a modification to the model of
Gueglenko et al. (1990a, b) which shows that it is possible to
obtain a good fit to the observed time profile in a one-phase
acceleration model with pitch-angle scattering during the first
pulse. On the other hand, if the scattering rate during the first
pulse was strong enough, all of the particles, including those
which produce the pions, were dumped rapidly, requiring that
the pion emission observed during the second pulse be pro-
duced by particles accelerated in a second phase. We discuss
this possibility after considering the modified one-phase model.

MANDZHAVIDZE & RAMATY

Vol. 389

In our modified one-phase model we inject all the particles
at a steady rate during the first pulse for 60 s beginning at
t =36 s (see Fig. 17). We assume that in both the first and
second pulses the turbulent energy density starts out at a high
level (W,,, = 1.6 x 10™* ergs cm ) and then decays with time.
During the first pulse, the decay should be fast, because other-
wise most of the particles would be rapidly dumped and too
much pion decay radiation would be produced. To fit the time
profile during the second pulse with the same loop parameters
a longer decay time is required. The solid curve in Figure 17,
which fits the data quite well, was calculated with a variable
scattering rate, corresponding to the following time de-
pendence of the turbulent energy density: W, = 1.6 x 10™*
exp [—(t — 34)/20] for 36 <t < 146 and W, = 1.6 x 10™%/
(0.1¢ — 13.6) for t > 146, where W, isin ergscm > and tis ins.
The other parameters of the fit are B,/B, = 10, B, = 100 G,
n, = 10'°cm ™3, R = 10° cm, N (>30 MeV) = 1.7 x 10%?,and
y = 3.4. These values of N, and y simultaneously account for
the total observed 7° decay emission (55 photons cm™2 s™1;
Forrest et al. 1986) and 4-7 MeV de-excitation line emission
(305 photons cm ™2 s~ 1; Rieger et al. 1983). We calculate the
de-excitation line flux from Murphy & Ramaty (1984), as this
emission is essentially isotropic and optically thin (Hua et al.
1989), and therefore practically independent of the details of
the loop model. In addition, with the same parameters we
obtain good fits to the high-energy neutron observations
(Chupp et al. 1987).

In Figure 18 we show fits obtained in the one-phase model
to the observed energy spectrum of the greater than 10 MeV
radiation measured at a time when the radiation was mostly
pionic (Forrest 1988). The solid curves are our calculated time-
integrated energy spectra of pion decay radiations emitted in
the range of heliocentric angle cosines 0.15 < cos ¥ < 0.45,
which includes the flare heliocentric angle cosine (the flare
location was S09E72). We also show the total pion decay spec-
trum, calculated for the same parameters, except that B, = 10 G
(dashed curve). The decrease of the coronal magnetic field
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FIG. 18 —Histogram: energy spectrum of the greater than 10 MeV radiation observed (Forrest 1988) from the 1982 June 3 flare in the time interval 11:44:55
UT-11:47:06 UT (164-295 s in Fig. 17). The curves are calculated time-integrated directional (0.15 < cos i < 0.45) pion decay gamma-ray spectra resulting from
the one-phase acceleration model with variable pitch-angle scattering rate normalized to fit the data.
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improves the fit, because it reduces the synchrotron losses of
positrons and consequently increases the contribution of the
n* component. The other components of the radiation do not
depend on B, and therefore remain unchanged. We see that a
reasonably good fit to the observed spectrum can be obtained
in this one-phase model.

In Figure 19 we show the time-integrated total pion decay
spectra in the same interval of emission angles, calculated with
a pitch-angle scattering rate which we now assume to be con-
stant in time. The three curve represent the regimes of strong,
weak, and no pitch-angle scattering. In the presence of pitch-
angle scattering, the contribution of the z* component is sup-
pressed relative to that of the n° component, due to its stronger
attenuation (see § 3). As a result, the dashed and dotted curves
do not provide good fits to the data. In the case of the weak
scattering the fit can be improved by decreasing the value of
coronal magnetic field, similar to the case of the variable scat-
tering considered above. However, when there is strong scat-
tering, the energy spectrum becomes practically independent of
B,, as most of the positrons precipitate rapidly before they
experience significant synchrotron losses.

We return now to the two-phase acceleration model. The
need for such a model arises if all of the particles, including
those which produce the pions, are dumped during the first
pulse due to strong pitch-angle scattering. Consequently, all
the pion emission observed during the second pulse had to be
produced by particles accelerated during this pulse. If this
acceleration was impulsive (acceleration time much shorter
than the duration of the pulse), then the long duration of the
pulse (=~ 1000 s) must have resulted from the trapping of the
particle in the loop. We could fit the time profile shown in
Figure 17 in the range 150-350 s with an exponential (dashed-
dotted curve in Fig. 17), as expected for trapping with saturat-
ed pitch-angle scattering (§ 3). However, as we have just seen,
saturated scattering does not provide a good fit to the observed
energy spectrum in this time interval, and therefore can prob-
ably be ruled out. A better fit to both the time profile and
energy spectrum during the declining portion of the second
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pulse can be obtained in the two-phase model with an unsatu-
rated, variable pitch-angle scattering rate, similar to the scat-
tering rate assumed in our one-phase model—except that in
the two-phase model a new population of particles is injected
at the peak of the second pulse with flatter spectrum than that
of the particles injected in the first pulse. In this case, the time
profile during the decline of the second pulse, as well as the
energy spectrum, are fitted in essentially the same fashion as in
the one-phase model (solid curve in Fig. 17 after t = 164 s, and
dashed curve in Fig. 18). We see in Figure 19 that the calcu-
lated spectrum for W,,, = 0 does provide a good fit to the data.
Nevertheless, this case of no pitch-angle scattering can be
excluded because it produces a time profile which is not consis-
tent with the observations (see dashed curve in Fig. 17). Thus,
for the two-phase model, as well as for the one-phase model
discussed above, the best explanation of the decay of the pion
emission during the second pulse appears to be given by
unsaturated, variable pitch-angle scattering. We note that Hua
et al. (1989) found a good fit to the time profile of the 4-7 MeV.
de-excitation line emission during the second pulse between
about 150 and 350 s with W, = 1.6 x 10~ * ergs cm ™3, and
suggested that W, should decrease at later times. This also
corresponds to unsaturated variable scattering.

There are several implicit assumptions in our above dis-
cussion. We have assumed that there is no extended acceler-
ation during the second pulse. Such acceleration could
eliminate the need for the decline of the turbulent energy
density, and it could, in principle, explain the entire time profile
with a very short trapping time resulting from either saturated
pitch scattering or a loop geometry without magnetic field
convergence. However, saturated scattering is still excluded
because it does not provide a good fit to the energy spectrum,
as we have shown above. This, however, is only true if we
accept the experimental result that the observed energy spec-
trum is purely pionic during the 200 s after the peak of the
second pulse, since an admixture of primary electron brems-
strahlung could improve the fit provided by the saturated scat-
tering model (dashed curve in Fig. 19).
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FIG. 19.—The same observed energy spectrum as in Fig. 18 compared with the theoretical time-integrated directional (0.15 < cos ¥ < 0.45) pion decay spectra
calculated for the various turbulent energy densities. The curves are normalized to fit the data.
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We should also mention that Ryan & Lee (1991) have sug-
gested that the extended time profile of the pion emission in the
1982 June 3 flare could result from the trapping of ions in the
coronal part of the loop by Alfvén turbulence. The energy
density in this case is several orders of magnitude higher than
the energy density required for saturated pitch-angle scat-
tering. Ryan & Lee (1991) show that such a high-energy
density will provide additional particle acceleration which will
harden their energy spectrum during the diffusive propagation
of the particles.

We have also assumed that all of the emissions are produced
in a single loop. However, it is possible that the second pulse of
emission was produced by particles trapped in a different loop,
and furthermore that this emission was produced by particles
accelerated outside of loops, for example by a shock moving
through the corona (Murphy et al. 1987). Such models could be
tested with data from imaging instruments which can resolve
one loop from another. These observations could also dis-
tinguish between the case of a small emitting area associated
with just a few loops from emission coming from a large frac-
tion of the solar disk, as is expected if the acceleration is due to
an extended coronal shock. In the case of a single loop,
imaging observations could also resolve the pion emission pro-
duced in the corona from that produced below the transition.
As we have seen in the § 3, the fraction of pions produced in the
coronal part strongly depends on the parameters of the loop. it
could be as high as 80% for some models (Table 1), but
becomes negligible when the pitch-angle scattering is strong.
Therefore, imaging observations of pion decay gamma rays
with several arcsecond spatial resolution, capable of dis-
tinguishing between photospheric and coronal production
could provide important information on the physical condi-
tions in the flare loops.

5. SUMMARY

We have calculated distributions of pion production in a
solar flare magnetic loop model as functions of atmospheric
depth, time, emission angle, and photon energy. We found that
if the mirror ratio is small, or if the rate of pitch-angle scat-
tering in the corona is high, the bulk of the pions are produced
deep in the atmosphere (lower chromosphere and photo-
sphere). In these cases the escaping radiation is strongly
attenuated, particularly for flares near the limb of the Sun. The
time profiles of pion production strongly depend on the rate of
pitch-angle scattering. They are very extended in the absence of
scattering, but become quite impulsive when the scattering rate
is near saturation. The angular distributions are moderately
anisotropic, reaching maxima at directions tangential to the
photosphere when there is no pitch-angle scattering and at
emission angles (relative to the vertical upward direction)
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around 75° when there is a strong pitch-angle scattering. This
anisotropy, however is not sufficiently high to account for the
limb brightening of the solar flare greater than 10 MeV emis-
sion, showing that the bulk of this emission is bremsstrahlung
of primary electrons. We also found that the spectrum of the
pion emission depends on the direction of observation. In par-
ticular, in the upward direction the emission is suppressed at
low energies and is redshifted at high energies.

We examined the models for the production of high energy
photons in the 1982 June 3 flare, which exhibited two distinct
pulses of pion emission. The one-phase acceleration model
proposed by Kocharov et al. (1988) and Gueglenko et al.
(1990a, b) requires no pitch-angle scattering or unsaturated
variable scattering during the first pulse of the event and a
sudden increase in the scattering rate at the beginning of the
second pulse. The two-phase acceleration model proposed by
Murphy et al. (1987) is needed if the turbulence during the first
pulse is strong enough to precipitate the bulk of the particles
on a short time scale. We find that time profile and energy
spectrum of the pion emission observed during the decaying
portion of the second pulse can be best explained with unsatu-
rated variable pitch scattering, independent of whether the par-
ticles were injected during the first pulse or at a peak of the
second pulse.

The results of our calculations show that future observations
of the high-energy continuum emission from solar flares with
high temporal, spatial, and energy resolution can provide
important information on the physical conditions at the flare
site. The predicted dependence of the spectrum of the pion
radiation on the direction of observation could be observed by
detecting high-energy emission from flares at different posi-
tions on the Sun, and the predicted overall anisotropy could be
detected by stereoscopic observations with two or more space-
craft. In addition, to construct complete models of particle
acceleration, transport, and interaction in flares like the 1982
June 3 flare, we need similar high-resolution observations of
the other radiation components, particularly continuum emis-
sion of primary electrons, gamma-ray line emission at various
energies, and neutrons.
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