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ABSTRACT

Hard X-rays and gamma-rays are the most direct signature of the energetic electrons and ions which are
accelerated during solar flares. Since the beginning of 1990 the PHEBUS instrument and the SIGMA anticoinci-
dence shield aboard GRANAT have provided hard X-ray and gamma-ray observations of solar bursts in the
energy range 0.075-124 and 0.200-15 MeV, respectively. After a brief description of the experiments, we present
some results obtained on solar bursts recorded in 1990 and 1991 June. Special emphasis is given to the results
related with particle acceleration during solar flares.

The first part of the review is devoted to the constraints obtained on the electron acceleration timescale through
the analysis of the temporal characteristics of the bursts. Combined studies of hard X-ray and gamma-ray emis-
sions from PHEBUS and radio emissions from the Nancay Multifrequency Radioheliograph are used to infer
constraints on the coronal magnetic topology involved in flares. The characteristics (location, spectrum) of the
radio-emitting sources are found to vary within a flare from one hard X-ray peak to the other. Hard X-ray and
gamma-ray burst onsets and rapid increases of the >10 MeV emission are coincident with changes in the asso-
ciated radio emission pattern. These results will be discussed in the context of the flare energy release.

The second part of the paper concerns the heliocentric angle distribution of >10 MeV events and presents more
detailed observations of some of the largest flares in the gamma-ray line and the high-energy domains produced by
ultrarelativistic electrons and > 100 MeV nucleon ™! ions. The PHEBUS observations of the gamma-ray line flare
of 11 June 1991 have been used to deduce the hardness of the accelerated ion spectrum. The link between the
main part of the flare and the late long-lasting >50 MeV emission detected by EGRET/COMPTON is discussed.
Finally some observations of the large 1990 May 24 flare which produced a large neutron event at ground level are
presented.

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

1. INTRODUCTION

Particles accelerated during solar flares have now been de-
tected and studied for several decades through first ground-
based then satellite-borne observations. The knowledge of the
characteristics of these accelerated particles (number, spec-
trum) is crucial for the understanding of solar flares since a
large fraction of the energy released is transferred to these par-
ticles. They are detected either in the interplanetary space or
through the radiation that they produce when interacting at
the Sun. This paper concerns the most direct diagnostic of the
particles interacting at the Sun: hard X-ray and gamma-ray
emissions. To a lesser extent, we shall also discuss some addi-
tional radio observations which provide complementary con-
straints on the coronal magnetic topology in which energetic
particles propagate from the acceleration site.

Many theoretical studies have given a detailed description of
the components of the solar gamma-ray spectrum expected
from flare-accelerated ions interacting with the solar atmo-
sphere (sce, e.g., Ramaty & Murphy 1987 for a review). Since
the first detection of solar gamma-ray lines by OSO7 and Prog-
noz (Chupp et al. 1973; Talon et al. 1975), many gamma-ray
line spectra have been obtained with the spectrometers aboard
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SMM (see, e.g., Chupp 1990a; Rieger 1990 for reviews), Hino-
tori (Yoshimori 1989), and more recently COMPTON
(Murphy et al. 1993) and Y OHKOH (Yoshimori et al. 1992).
A typical gamma-ray spectrum consists of several prompt nu-
clear de-excitation lines from elements of the solar atmosphere
(e.g., Fe, Mg, Ne, Si, C, O) and of some delayed lines such as
the neutron radiative capture line at 2.223 MeV. This gamma-
ray line spectrum is superposed on a continuum made of the
same kinetically broadened de-excitation lines and of a brems-
strahlung component extending above 1| MeV. For a fraction
of events, this last component has been detected above 10
MeV (10% of the flares detected from 1980 to 1989) (see, e.g.,
Vestrand, Forrest, & Rieger 1991) and for an even smaller
number of events up to a few hundred MeV (Akimov et al.
1991; Leikov et al. 1993; Kanbach et al. 1993). The gamma-
ray lines are produced by nuclear reactions of energetic ions
(typically in the 10-100 MeV nucleon ! range) impinging on
the solar atmosphere. These reactions result in excited nuclei
with short lifetimes (<107 s) producing the de-excitation
“prompt” gamma-ray lines and in secondary products such as
pions ( for protons >200 MeV ) and neutrons. These secondary
products give rise respectively to an additional large band con-
tribution essentially at energies above 10 MeV (with a broad
peak around 70 MeV ) and to the delayed 2.223 MeV line (see,
e.g., Ramaty & Murphy 1987 for a review). If the spectrum of
accelerated ions extends above a few hundred MeV nu-
cleons ™!, the energetic neutrons produced in nuclear reactions
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can also be directly detected in the interplanetary space (>50
MeV neutrons) or at ground level (>200 MeV neutrons) (see,
e.g., Chupp 1988 for a review). Although alternative mecha-
nisms have been proposed in the literature (Heristchi 1986),
the continuous spectrum of photons above a few tens of keV
(>30 keV) is generally attributed to bremsstrahlung emission
of nonthermal electrons with energies greater than 30 keV.
The nonthermal electron spectrum is well represented by one
or two power laws in energy in the 0.01-10 MeV range (see,
e.g., Dennis 1988).

Although a complete knowledge of the way in which the Sun
accelerates particles still requires refined experimental data,
much information on these accelerated particles has been ob-
tained in the last 10 years with the observations of X-ray and
gamma-ray spectrometers aboard the Solar Maximum Mis-
sion (SMM) (see, e.g., Chupp 1990a; Rieger 1990 for reviews)
and Hinotori satellites ( Yoshimori 1989). Some of the con-
straints deduced from these observations on particle accelera-
tion in solar flares are recalled below:

Typical values of the number of nonthermal electrons in-
volved in the production of hard X-ray emission are of the
order of 10*-10% electrons above 25 keV for impulsive flares
and greater than 103¥ electrons for long-duration gradual
events (Bruggmann et al. 1993). The energy content in the
nonthermal electrons (>25 keV) is thus of the order of 10°°
ergs for impulsive flares up to 10! ergs for gradual ones and
represents a large fraction of the total flare energy (Wu et al.
1986: Bruggmann et al. 1993).

Ion acceleration is also observed frequently in flares, but the
electron to ion ratio is highly variable (see, e.g., Chupp 1990a).
Extreme cases can be found in the observations of “‘electron-
dominated events™ which are produced by transient accelera-
tion of electrons to energies > 10 MeV in less than 2 s (Rieger &
Marschhaiiser 1990).

The total numbers of pratons inferred from the gamma-ray
line observations depend on the abundances in the proton in-
teraction region, but typical values lie in the range of 1031033
protons above 30 MeV (Ramaty et al. 1993). The proton spec-
tra are generally found to be consistent either with a power-law
distribution in kinetic energy with a spectral index 3 < s <4 or
with a Bessel function resulting from a second-order Fermi
acceleration process with 0.01 < aT < 0.04 (where « is the
acceleration efficiency and 7 the particle escaping time from
the acceleration region) (see, e.g., Hua & Lingenfelter 1987a).
The energy content in >30 MeV protons is thus in the range of
102102 ergs.

Fast time structures of a few hundreds of milliseconds in the
hard X-ray emission characteristic of the interaction of 100
keV electrons have occasionally been reported (Hurley et al.
1983; Desai et al. 1987). In most events however, energetic
electrons (> a few 100 keV) and ions (10-100 MeV nu-
cleon "' are found to be accelerated together in time scales of 1
s (see, e.g., Kane et al. 1986). Relativistic electrons (10-100
MeV) and >100 MeV nucleon ™! ions are rather produced on
timescales less than a few tens of seconds at the beginning of a
flare (see, e.g., Chupp 1982).

The interaction region for energetic particles is generally lo-
cated in the dense atmosphere (at least for impulsive flares)
(see, e.g., Ramaty & Murphy 1987). However, in some events,
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GeV ions are produced or stored in the corona for durations
larger than 20 minutes (see, e.g., Forrest et al. 1985).

Since the end of the Solar Maximum Mission observation,
the PHEBUS instrument and the anticoincidence shield of the
SIGMA telescope aboard GRANAT have provided observa-
tions of solar X-ray and gamma-ray bursts in the energy range
0.075-124 MeV and 0.200-15 MeV, respectively. These ob-
servations are the only solar high-energy ones from 1989 De-
cember to 1991 April (launch of COMPTON). This paper
presents a review of the results of these experiments with spe-
cial emphasis on the ones concerning particle acceleration in
solar flares. In § 2 the two experiments are briefly described.
Section 3 is devoted to the results obtained on the electron
acceleration time scale. The link between the evolution of the
coronal magnetic structures as revealed by radio emissions and
the production of energetic electrons is discussed. In § 4 the
heliocentric angle distribution of high-energy emissions is in-
vestigated and observations of some of the largest flares of the
present cycle are presented. The observations of the gamma-
ray line flare of 1991 June 11 have been used to determine the
hardness of the ion spectrum. The observation of the 1990
May 24 event which produced solar neutrons is also presented.
In § 5 these results are summarized.

2. THE HARD X-RAY/GAMMA-RAY DETECTORS
ABOARD GRANAT

Two hard X-ray/gamma-ray spectrometers belong to the
scientific payload of the GRANAT satellite launched on 1989
December 1: the large anticoincidence shield of the SIGMA
telescope (Pelaez et al. 1992) and the PHEBUS experiment
(Barat et al. 1988; Talon et al. 1993b).

2.1. The Phebus Instrument

This instrument was almost continuously operating since
1990 January 8. However the mean duty cycle does not exceed
35% because of operational constraints (Talon et al. 1993Db).
The PHEBUS instrument consists of six independent BGO
detectors measuring solar and cosmic hard X-ray/gamma-ray
bursts in the nominal energy range 0.075-124 MeV. Each
BGO crystal is 78 mm in diameter, 120 mm in height and
surrounded by a plastic anticoincidence shield to reject
charged particles. The detectors are directed along the six axes
of a Cartesian coordinate system in order to obtain a complete
field of view. At least two detectors always have the Sun in their
field of view. The minimum sensitive area for solar flares is
thus 187 cm?. Depending on the pointing of the SIGMA tele-
scope, a third detector can observe the Sun leading to an unob-
structed field of view of 280 cm?. This experiment has two
basic modes of operation:

A waiting mode providing for each detector (1) a continu-
ous time history in the 0.1-1.6 MeV energy range (nominal)
with a 64 s time resolution, and (2) two background spectra
allowing in flight calibration of the detectors.

A burst mode which is triggered when count rates in the
0.1-1.6 MeV range integrated over a 0.25 and 1 s interval
exceed the background level by 8 sigmas. The data used here
are (1) a time history of the 0.1-1.6 MeV range recorded dur-
ing 86.6 s after the burst trigger with a time resolution of 31.25
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ms and (2) spectral information. After the trigger, 176 spectra
are stored over 116 energy channels in a time-to-spill mode
covering the 0.1-124 MeV range. The total duration of this
record depends on the burst intensity but generally lasts less
than | minute. We then record 640 spectra with a 1 s time
resolution for the 0.1-10 MeV range covered by 26 energy
channels and with a 4 s time resolution for the 10-100 MeV
band covered by 14 energy channels.

Since the launch of GRANAT, more than 100 solar bursts
above (.1 MeV have been recorded. Although the experiment
works on the burst trigger mode described above, a complete
description of the temporal behavior of some long-duration
events can be obtained with the complementary observations
of the SIGMA anticoincidence shield since the two experi-
ments do not necessarily trigger their burst mode at the same
‘time (Talon et al. 1993b; Pelaez et al. 1992).

2.2. The SIGMA Anticoincidence Shield

The gamma camera aboard GRANAT is actively shielded by
an anticoincidence device composed of two lateral shells (8 X
2400 cm?) and a bottom shell of Csl (70 cm in diameter)
(Pelaez et al. 1992). The lateral shells are equipped electroni-
cally to detect solar and cosmic gamma-ray bursts. A burst
mode 1s triggered in case of a rapid increase of the incoming
photon flux, and more than 20 solar bursts have been recorded
so far. The normal area to the Sun is for one sector 1500 cm?.
Two independent sectors are continuously directed toward the
Sun. The sensitivity of one sector for a burst trigger is 2 pho-
tons cm ™2 s™! for an integration time of 0.25 s and 0.7 photons
cm™2s7! for an integration time of 2 s. The data used here are
the spectral information recorded for 11 minutes after the
burst trigger in the 200 keV-15 MeV energy range. For the first
minute after trigger, 80 channels of spectra are recorded with
an accumulation time of 0.125 s for 55, 0.5sfor 25s,and | s
for 30 s, respectively. For the following 10 minutes, two kinds
of data compression are used providing either 80 channels
spectra every 20 seconds or 25 channels spectra between 0.2
and 15 MeV every second.

3. NONTHERMAL ELECTRON ENERGY RELEASE DURING
SOLAR FLARES

3.1. Timescales for Electron Acceleration

The temporal characteristics of the hard X-ray and gamma-
ray continua are generally considered as good indicators of the
electron acceleration timescales. Fast time structures are sys-
tematically observed in the PHEBUS time profiles of “impul-
sive” events above 100 keV (total duration above 100 keV less
than 5 minutes) (Talon et al. 1993b). They consist of signifi-
cant spikes with typical durations ranging from 250 to 625 ms.
A refined analysis performed on all the “impulsive” events
recorded by PHEBUS during the first semester of 1990 has
confirmed their existence: the temporal structure is considered
as significant when it corresponds to a count-rate enhance-
ment of >3 sigmas above the mean of the count rates measured
in the time intervals immediately preceding and following the
studied feature (see Talon et al. 1993a for examples). Figure |
shows the temporal evolution of the count rate observed in the
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FiG. 1.—From Talon et al. 1993a. Temporal evolution of the count

rate observed by PHEBUS above 100 keV with an accumulation time of
125 ms for the 1990 February 11 event. The arrows indicate the five signifi-
cant peaks (see text).

98 keV-1.5 MeV band for the 1990 February 11 event. The
peaks marked 1, 3, and 4 are significant for an accumulation
time of 250 ms, while peaks marked 2 and 5 are significant for
accumulation times of 375 and 625 ms, respectively ( Talon et
al. 1993a). The systematic existence of subsecond time struc-
tures at energies above 100 keV in “impulsive bursts” must be
compared with the previous finding that less than 10% of hard
X-ray bursts observed by the HXRBS spectrometer aboard
SMM exhibit subsecond time structures at energies above 30
keV (Kiplinger et al. 1983). One possible explanation for these
different results lies in the fact that the analysis of the HXRBS
data was performed at a lower energy (30 keV ) where the con-
tribution of the hot thermal plasma is larger. The observations
of the 1990 February 11 event with the Konus-B instrument
on GRANAT support this explanation, since the time profiles
recorded in three energy bands between 10 and 750 keV be-
come smoother at lower energies in the deka-keV range (see
Fig. 6 of Golonetskii et al. 1991). The other explanation lies in
the fact that, while HXRBS data were recorded in a continu-
ous mode, the PHEBUS observations used here are obtained
in a burst mode triggered for events with fast rise times (see
§2.1). Such an observing mode could lead to a selection of fast
time-varying events. This could be the reason why our results
are in agreement with previous occasional reports of subsec-
ond time structures above 100 keV observed also in burst trig-
ger modes (Hurley et al. 1983; Desai et al. 1987) and with
recent observations performed in the BATSE and OSSE burst
modes triggered in a similar way (Machado et al. 1993;
Murphy et al. 1993). These last observations confirm the exis-
tence of fine-scale temporal spikes of durations ranging from
few tens to several hundreds of milliseconds.

The refined analysis performed on the high-energy impul-
sive event of 1990 May 11 (Fig. 2) indicates that the four peaks
observed in the 7.6-8.6 MeV continuum range during the
main phase of the burst ( before 20:59 U.T) are significant with
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FiG. 2.—From Talon et al. 1993a. Temporal evolution of the count
rate observed by PHEBUS with an accumulation time of 1 s during the
1990 May 11 event.

the | s time resolution which is the shortest accumulation time
available for spectral analysis with the PHEBUS experiment
(Talon et al. 1993a). With the large detection area of the
SIGMA anticoincidence shield a significant time structure of
the order of 1 s is also found for energies as high as 10 MeV for
the 1990 June 11 event (Fig. 3) in which the high-energy emis-
sion is predominantly radiated by ultrarelativistic electrons
(Talon et al. 1993b). The detection of time structures less or of
the order of the second up to MeV energies confirms that the
electrons accelerated during impulsive bursts must interact in
dense regions (>10!' cm™3). This limit is still stronger (>10"3
cm™) if the rapid variability at energies >10 MeV is consid-
ered. The electron acceleration timescale can thus be as short
as a few 100 ms for a few hundred keV electrons and of the
order of | s for above 10 MeV electrons.

On the contrary, “long duration” events observed by PHE-
BUS above 100 keV (see, e.g., Fig. 4) do not show any evi-
dence for time structures on timescales less than a few seconds
even when the refined analysis is performed on the high time
resolution mode recorded in the rising part of the event. The
fastest fluctuations found are rather of the order of a few tens of
seconds. The events consist generally of minute duration peaks
superposed on a less intense and more slowly varying compo-
nent (Talon et al. 1993a, b). The absence of fast time struc-
tures in these long-duration hard X-ray/gamma-ray events
does not necessarily imply that the acceleration timescales are
longer than in impulsive events. It may simply indicate that as
was already suggested for many X-ray and gamma-ray events,
the particles interact in a less dense region where their colli-
sional lifetime is longer than the acceleration timescale (see,
e.g., Vilmer 1987). This picture is consistent with the existence
of two observed components with different temporal and spec-
tral characteristics: a low-energy and more rapid component
which could reflect partial particle precipitation in a dense re-
gion while the high-energy and more slowly varying compo-
nent could result from some efficient trapping of higher energy
particles in the acceleration/injection region (Talon et al.
1993b). This kind of behavior has been reported once for a
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gradual event observed by Hinotori. The spatially resolved mi-
crowave observations give support to the previous hypothesis
since the radio source is resolved into two components. One of
them varies in time similarly to the lowest energy X-rays while
the other one characterised by a weaker magnetic field reflects
the higher energy time profiles (Kawabata et al. 1982; Naka-
jima 1983).

3.2. Coronal Signatures of the Accelerated Flectrons:
Evolution of Magnetic Structures in the Course of a Flare

Flare-accelerated electrons (a few tens to a few hundreds of
keV) produce also radio emission in the corona through, for
example, coherent plasma radiation in the metric-decimeter
domain at a height ranging from 5 X 10*to 2 X 10° km above
the photosphere. Many previous coordinated studies of hard
X-ray and radio observations of solar flares have shown that
hard X-ray and radio emissions arise from electrons produced
by a common acceleration/injection (Raoult et al. 1985; Trot-
tet 1986). While the hard X-ray measurements provide infor-
mation about the particle numbers and spectra, the radio
bursts are tracers of the large-scale magnetic structures in
which electrons propagate from the acceleration volume to-
ward the higher corona.

The study of the long-duration flare of 1990 May 15 at 13:04
UT (35 minutes at energies >60 keV) observed by PHEBUS
and by the Nangay Multifrequency Radioheliograph in the
decimeter-meter radio wave domain (Radioheliograph Group
1989) confirmed that close similarities are found between hard
X-ray and radio emissions in a flare (Fig. 3 of Trottet et al.
1993b). Both emissions start within a few minutes and have
similar durations. Previous detailed comparisons of the time
histories of hard X-ray and decimeter/ meter radio emissions
had often led to the conclusion that apart from comparable
durations there was not a one-to-one correspondence between
both emissions, due to the specific dependence of the radio
emissions on local conditions. However, the present study
shows that there is a one-to-one correspondence between hard
X-ray peaks and enhanced radio emissions, but that the posi-
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FIG. 4.—From Talon et al. 1993b. Temporal evolution of the count rate observed by PHEBUS in the burst mode with an accumulation time of 2 s during

the 1990 April 15 event. The dashed area corresponds to a time interval where no burst data are available.

tion on the Sun, the spectral characteristics, and the sense of
polarization of the radio-emitting sources vary from one hard
X-ray peak to the other. As the delay between electron produc-
tion (as revealed by the hard X-ray time profile) and the
changes in the radio emission pattern is short compared to
typical wave propagation times from the acceleration region
(presumably located in the low corona [n = 10'°-10'! cm™3]
as suggested by radio observations of electron beam radiations
[see, e.g., Benz & Aschwanden 1991]) to the decimeter-meter
emitting region, this suggests that electrons propagate in differ-
ent magnetic structures during the different hard X-ray peaks.
Particle drift across the magnetic field is not an efficient mecha-
nism in a medium with density greater than 10° cm™ typical
of the acceleration region since energetic electrons diffuse at
most a few meters before losing their energy through collisions
(Achterberg & Kuijpers 1984). Furthermore, the more effi-
cient diffusion across the magnetic field due to, for example,
magnetic fluctuations becomes important only for large-am-
plitude fluctuations in a region of low density (7 < 103 cm™3)
and for high-energy electrons (>100 keV) (Achterberg &
Kuijpers 1984). Under these conditions, the rapid changes of
the radio emission pattern are more in favor of rapid changes
of the magnetic structure involved in the acceleration rather
than to electron diffusion from a single acceleration site. This
study performed on one flare is consistent with previous results
(Machado et al. 1988; Willson et al. 1990) and is in agreement
with the earlier idea that a hard X-ray flare is made of several
elementary bursts (van Beek, de Feiter, & de Jager 1974). It
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shows, however, that each elementary burst involves a slightly
different site of the acceleration volume. Such observational
results could be also used as an argument in favor of the frag-
mentation of the energy release (see the review by Benz in this
issue).

Figure 5 shows the hard X-ray/gamma-ray and radio time
profiles for the 1990 June 11 event. It is a high-energy (>10
MeV) impulsive event associated with an Ha 2B flare located
close to the Sun’s center at N10W22 (Pelaez et al. 1992; Talon
et al. 1993b). No significant emission was detected in the flare
above 40 MeV. This high-energy cutoff suggests that the >10
MeV continuum was produced by no pion decay radiation but
predominantly ultrarelativistic electrons (see, e.g., Rieger &
Marschhaiiser 1990). The 10-40 MeV emission starts early in
the event (at 09:43:20 UT.) confirming the rapid acceleration
of electrons to energies >10 MeV at the onset of a flare. The
radio emission shown in Figure 5 (Trottet et al. 1993b) com-
prises two components: ( 1) a noise storm emission observed at
low frequencies which already existed before the onset of the
hard X-ray/gamma-ray event; (2) an impulsive radio burst
(type 111/ V) starting at 09:43:35 UT. The comparison of the
different time profiles suggests that: (1) the rapid increase of
the high-energy emission arises in close coincidence with the
onset of the highest frequency radio emission; (2) at each fre-
quency the radio emission switches on in association with a
new hard X-ray/gamma-ray peak with different intensity and
spectrum. The lack of radio signature at 327 and 435 MHz
during the rising phase of the hard X-ray and gamma-ray emis-
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density observed by the Nancay Multifrequency Radioheliograph for the
1990 June 11 event.

sions indicates that although energetic electrons are present in
the chromosphere or low corona, they do not have access dur-
ing that phase to the higher corona. The radio, X-ray, and
gamma-ray evolutions observed during that event also indicate
that electrons propagate and are produced in different mag-
netic structures during the different hard X-ray peaks and sug-
gest furthermore that the number of accelerated particles and
the hardness of their spectrum depend on physical conditions
in the acceleration region.

The association between the rapid increase of the high-
energy flux and the appearance of a new radio component in
the corona was similarly reported for another high-energy disk
event (Chupp et al. 1993). For that last event it was found
moreover that there is a coincidence between the high-energy
rapid enhancement and a new eruptive He feature (Chupp et
al. 1993). Such a behavior had previously been reported for
another disk flare (Wiilzer, Canfield, & Rieger 1990). The
picture that emerges from all these observations is that the
radiation originates in a complex magnetic environment.
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4. ULTRARELATIVISTIC ELECTRONS AND NONTHERMAL
IONS IN SOLAR FLARES

4.1. Heliocentric Angle Distribution of High-Energy Emission

Since the beginning of the observations of high-energy
events it has been noticed that there is a tendency of these
emissions to be associated with flares at the limb (Rieger et al.
1983). This limb brightening was confirmed with the whole
observations of cycle 21 (Vestrand et al. 1987; Rieger 1989; see
Fig. 6). However, during the rise toward cycle 22, SMM mea-
surements show several events that were located well on the
disk ( Vestrand et al. 1991; Fig. 6). The question whether cycle
22 behaves differently from cycle 21 is still open: (1) on one
hand, Vestrand et al. (1991) show that the limb fraction of
high-energy event observed by SMM (ratio of the number of
flares with heliocentric angle such as sin 6 > 0.9 to the total
number) still shows a statistically significant excess compared
to the production for isotropic radiation, in good consistency
with the one observed for cycle 21; (2) on the other hand
Ramaty & Mandzhavidze (1993) show that if the number of
SMM events with sin” 8 > 3% is considered, then the hypothesis
of isotropic emission in cycle 22 cannot be ruled out. Other
high-energy events have been recently observed with SIGMA
and PHEBUS on GRANAT (Pelaez et al. 1991, 1992; Talon et
al. 1993b) as well as with GAMMA 1 (Akimov etal. 1991) and
COMPTON (Kanbach et al. 1993). The fraction of disk
events is also quite high among these flares (Fig. 6 and Table 2
of Mandzhavidze & Ramaty 1993), but in order to achieve an
updated heliocentric angle distribution, it is necessary to inter-
calibrate the different experiments so as to compare the rela-
tive fluxes. It is also necessary to distinguish the different com-

S

F1G. 6.—Positions of flares detected at energies >10 MeV by SMM-
GRS during cycle 21 (diamonds) and cycle 22 (squares) (from Rieger
1989, and Vestrand et al. 1991), by SIGMA and PHEBUS (filled circles)
(Pelaezetal. 1991; Talon et al. 1993b), GAMMA 1 (cross signs) ( Akimov
etal. 1991)and COMPTON (open circles) (Kanbach et al. 1993 and Table
2 from Mandzhavidze & Ramaty 1993).
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ponents of the high-energy radiation ( electron bremsstrahlung
or pion decay radiation) since they present different anisotro-
pies (MacKinnon & Brown 1989; Kocharov & Kovaltsov
1990; Ramaty et al. 1988; McTiernan & Petrosian 1991;
Mandzhavidze & Ramaty 1992a). The analysis of the >10
MeV energy spectra has revealed the existence of pion decay
radiation in a small number of events so far (six events)
(Mandzhavidze & Ramaty 1993), suggesting that in most ob-
served cases, the high-energy radiation arises from ultrarelativ-
istic electrons. Apart from an electron anisotropic acceleration
with a preferential direction tangential to the photosphere, this
limb brightening can also result from the transport of initially
isotropic electrons in a converging magnetic field, if this field is
nearly normal to the photosphere (MacKinnon & Brown
1989; Kocharov & Kovaltsov 1990; Ramaty et al. 1988;
McTiernan & Petrosian 1991). In such a context, the observa-
-tions of some events close to the disk center (such as the 1990
June 11 event) could indicate that the electron bremsstrahlung
arises from upward-moving electrons, probably reflected at
mirror points below the transition region {Vestrand et al.
1991). The rapid variability observed at energies above 10
MeV (see § 3.1) could support this idea. An alternative possibil-
ity is that the magnetic field is not radial or that as suggested by
the coordinated observations at other wavelengths, the emis-
sion comes from a complex magnetic environment. Apart
from studying the statistical distribution of these high-energy
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events, it is thus also necessary to examine the magnetic envi-
ronment in which they occur.

4.2. 1991 June 11 Event: Hardness of the lon Spectrum

This flare is one of the major flares produced by AR 6659
during its transit across the solar disk. Figure 7 (from Trottet et
al. 1993a) shows the temporal evolution of the event as ob-
served by PHEBUS (see also the COMPTEL observations by
Ryanetal. 1993). In addition to bremsstrahlung emission, this
flare produced strong nuclear lines (Fig. 8). The hard X-ray
emission lasts for more than 10 minutes and presents well-de-
fined peaks with durations of typically 1 minute (Fig. 7). No
energy-dependent delays are observed in the peak times even
with a 1 s accumulation time suggesting that during this main
phase possible coronal trapping of energetic electrons does not
substantially affect the hard X-ray time profiles which mostly
reflect that of the acceleration (see, e.g., Vilmer 1987). The
count rates of the excess produced by gamma-ray line emission
(Fig. 7) have been determined for each time interval by extrap-
olation up to 10 MeV of the electron bremsstrahlung compo-
nent observed below 1 MeV and subtraction of this compo-
nent from the total count rate recorded in the 2.13-2.38 MeV
and 4.2-7.3 MeV bands ( Trottet et al. 1993a). The time his-
tory of the 4.2-7.3 MeV excess resulting from the interaction
of 10-100 MeV nucleon ! ions is very similar to that of hard

4.24-7.35 MeV excess (d) E fg
310
35
______________________________ 3o
20 | E
(3) 15 E— 2.13-2.38 MeV excess
Q :
" 10F
> g
- 2 3
o ofE gt Y e ___
g 310-540 keV 3 400
& ]
J 200
o ]
Zz ]
E 3000 =2 oo o s e e e e e e e s =Y
Z -
=) [ 180—310 keV (a)
O 2000 [
© g
1000 |
O t 1 lj_'tl-l‘lTI_I'TTl_lTrl‘lTr‘lﬂT‘l"‘l"’{'l"lT"l—lTl-l"lTﬁ‘Tfl—l'l’rllTClJ_'l’l-l_l'i‘r'lul’_lj_l_l

0 100 200

300

400 500 600

Time ( sec) after 01:58:21:938 U.T.

Fi1G. 7.—From Trottet et al. 1993a. Temporal evolutions of the 180-310 keV () and 310-540 keV (b) count rates, and of the 2.13-2.38 MeV excess (¢)
and 4.24-7.35 MeV excess (d) count rates for an accumulation time of 10 s observed by PHEBUS for the 1991 June 11 event.
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F1G. 8.—From C. Barat, private communication. Raw spectrum above
background recorded by PHEBUS for the 1991 June 11 event.

X-ray (electron) emission. This suggests that electrons and
ions are accelerated together on timescales less than a few tens
of seconds and that there is no evidence of coronal trapping of
energetic ions in this phase (Hulot, Vilmer, & Trottet 1989).
The 2.13-2.38 MeV excess was shown to be a good measure-
ment of the delayed 2.223 MeV line resulting from the radia-
tive capture of thermalized neutrons on ambient hydrogen
(Trottet et al. 1993a). This excess exhibits peaks which are
smoother than those in the 4.2-7.3 MeV band and decays
more slowly than this band. In addition to radiative capture on
'H, thermal neutrons experience nonradiative capture on *He
(e.g., Wang & Ramaty 1974), and the time dependence of the
2.223 MeV line provides a measurement of the abundance
ratio r = *He/H in the interaction region (Wang & Ramaty
1974; Prince et al. 1983 ). Assuming that the neutron produc-
tion rate follows the prompt 4.2-7.3 MeV flux and that the
neutron capture arises in a medium with the usually assumed
hydrogen density of 1.3 X 10'” ¢cm 3 (Prince et al. 1983; Hua &
Lingenfelter 1987b), we determine r of the order of 3 X 1073 (2
X 1075 < r <5 X 107%) from the fit of the 2.13-2.38 MeV
excess time profile. This value is in good agreement with pre-
vious estimations (Chupp et al. 1981; Hua & Lingenfelter
1987b). If the time-integrated 2.13-2.38 MeV and 4.2-7.3
MeV excess count rates are considered as good approxima-
tions of the total fluences in, respectively, the delayed and the
prompt lines, their ratio gives a determination of the hardness
of the proton spectrum. Using calculations performed by Hua
& Lingenfelter (1987a) for r = 2 1073, we find the spectrum
represented by either a Bessel function with a7 = 0.02 or a
power law with a spectral index of 3.5, in the case of an isotro-
pic ion distribution. These values are in the same range as
those generally obtained for gamma-ray line flares (Hua &
Lingenfelter 1987a; Ramaty et al. 1993). The PHEBUS obser-
vations did not show any significant flux at energies above 10
MeV, probably because of a high background at the vicinity of
the satellite. However, the EGRET detector revealed the exis-
tence of a long-duration component at GeV energies lasting for
more than 8§ hr after the main phase (Kanbach et al. 1993). It
was shown by Mandzhavidze & Ramaty (1992b) that the high-
energy spectrum in this late phase as well as the temporal decay
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of the >50 MeV flux can be explained by the radiation of ions
(and in a lesser extent of electrons which decay faster) acceler-
ated during the main flare phase and subsequently trapped in
magnetic loops. The temporal decay of the nuclear lines ob-
served by OSSE (Murphy et al. 1993) give support to this in-
terpretation. It is worthy to note that the value of the spectral
index of the proton spectrum deduced by the fluence ratio of
the de-excitation and 2.223 MeV lines measured with PHE-
BUS during the main phase and the value deduced through the
modeling of the pion emission decay are the same (s = 3.5),
suggesting that in this flare the proton spectrum can be de-
scribed with a single power law from ~10 MeV to at least 5
GeV (Ramaty & Mandzhavidze 1993). A further study is nec-
essary, however, to understand the link between the main
phase in which most of the energetic particles precipitate and
interact in dense layers and the late phase in which the emis-
sion is produced by partially trapped energetic particles.

4.3. 1990 May 24 Event

The PHEBUS and SIGMA experiments aboard GRANAT
observed a long-duration high-energy (>10 MeV ) event which
occurred on 1990 May 24 in association with a limb flare (N33
W78), where GeV protons were observed in interplanetary
space and the largest increase due to solar neutrons was re-
corded at ground levels (Pelaez et al. 1992; Talon et al. 1993b).
Figure 9a displays the event time profile in several energy
bands as observed by PHEBUS (Talon et al. 1993b). The hard
X-ray event is so intense that the detectors are saturated below
843 keV. The detailed behavior of the time profiles between
0.8 and 10 MeV is discussed in Pelaez et al. (1992). Figure 9a
shows that the flux increases rapidly at 20:47:40 UT in the
whole 0.843-109.5 MeV band. The high-energy count rate dis-
played in Figure 9b shows that essentially two peaks are pres-
ent at high energies (20:48:15 UT and 20:48:27 UT). While
the intensity of the first peak is higher in the 15.9-21.2 MeV
range, the two peaks are comparable in the 57.5-79.5 MeV
range, and the second one dominates in the 79.5-110 MeV
band. The evolution of the count rate above 60 MeV would be
consistent with emission from pion decay radiation ( Talon et
al. 1993b). However, a more detailed study of the energy spec-
trum is necessary to determine the magnitude of this compo-
nent. As in the case of the 1982 June 3 event (see Chupp 1990b
for a review of the observations of this flare), the 1990 May 24
event presented a long high-energy tail after 20:50 UT lasting
at least for 6 minutes until the end of the PHEBUS observa-
tions. In addition to pion decay radiation, this tail could also be
partially produced by the arrival of escaping solar neutrons on
the detector. Indeed, neutron detection at ground level shows a
maximum between 20:50 and 20:55 UT (Pyle, Shea, & Smart
1991; Shea, Smart, & Pyle 1992 ) in rough coincidence with an
enhancement between 20:50 and 20:52 UT in the count rate
measured by PHEBUS above 57.5 MeV. If the bulk of the
neutrons is produced at the time of the second hardest >10
MeV peak, the first neutrons arriving at the satellite have an
energy of 600 MeV. This suggests that GeV ions have been
accelerated during this flare. The striking feature is that the
spectrum measured during the most intense part of the event
in the 1-15 MeV range (between 20:47:55 and 20:48:35 UT)
does not show any evidence of a clear excess in the nuclear
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gamma-ray line domain (Fig. 9¢ and Pelaez et al. 1992). The
observations of the delayed 2.223 MeV line in the late phase of
the flare (after 20:50 UT) reported by Terekhov et al. (1993)
suggest, however, that in addition to high-energy escaping neu-
trons, this flare produced neutrons penetrating deep enough in
the solar photosphere to give rise to the delayed radiative cap-
ture line. A more comprehensive study is necessary to under-
stand the absence of detectable prompt gamma-ray lines in the
most intense part of the flare.

5. DISCUSSION AND CONCLUSIONS

In this paper we have reviewed some results obtained with
the hard X-ray and gamma-ray observations of the PHEBUS
detectors and of the SIGMA anticoincidence shield aboard
GRANAT. Special emphasis has been given to the constraints
deduced on particle acceleration during solar flares. These ob-
servations represent the only solar high-energy data set in 1990
and the beginning of 1991 and thus allows us to provide some
continuous coverage of solar activity at high energies. Even if
the experiments operate with a burst mode, more than 100
solar bursts have been detected above 100 keV in 2.5 yr. Fur-
thermore, a continuous coverage of long-duration events is
obtained in some cases by the combination of the observations
of the two experiments.

We have confirmed with these observations that there is a
rapid acceleration of electrons (up to a few tens of MeV) at the
beginning of a flare. The PHEBUS observations of “impul-
sive” bursts (duration less than 5 minutes at 100 keV) have
provided strong constraints on the electron acceleration time-
scale: in short-duration events it is of the order of a few
hundreds of milliseconds above 100 keV and of the order of 1 s
for >10 MeV electrons. The COMPTON measurements con-
firm these findings. The observations also confirm the interac-
tion of electrons in the dense region for short-duration events
(n>10'""em™3). This limit is even stronger if the rapid variabil-
ity at energies >10 MeV is considered (>10'% cm™). On the
other hand, longer characteristic timescales are observed for
long-duration events, suggesting either a slower acceleration
process or particle interaction in a less dense medium.
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Special emphasis has been given to the signature of particle
acceleration at radio wavelengths. It was shown that, during
different hard X-ray subpeaks, electrons have access to differ-
ent coronal magnetic structures. These modifications are so
rapid that they also suggest changes in the magnetic structures
involved in the acceleration. The magnetic environment of a
high-energy disk flare dominated by electron bremsstrahlung
has also been investigated. As previously reported for another
event, it is shown that the rapid increase of the high-energy
emission occurs in close coincidence with the appearance of a
new radio source in the corona. Conversely, the onsets of new
radio sources at lower and lower frequencies are associated
with other hard X-ray/gamma-ray subpeaks with different in-
tensities and spectra. Multiple magnetic structures are thus
suggested in the development of the flare, and the number of
accelerated particles as well as their energy spectrum seem to
depend on physical conditions in the structures where the accel-
eration OCCurs.

New high-energy (>10 MeV) events have been detected
with the spectrometers aboard GRANAT. Some of these
events are associated with disk flares raising some questions
about the heliocentric angle distributions of these flares and
about the differences which may exist between the distribu-
tions observed in the previous and present activity cycle. The
observations of some of the largest solar flares of the present
cycle have been summarized in this review. The accelerated
proton spectrum has been determined for the 1991 June 11
event from the ratio of line fluences. The long-duration event
of 1990 May 24 is found to show similar characteristics to the
largest flare observed by SMM during the previous cycle. The
observations show a possible indication of pion radiation and
the possible detection of neutrons at the satellite.

The author is grateful to C. Barat, P. Mandrou, J. Paul, and
R. Sunyaev, principal investigators of the PHEBUS and
SIGMA experiments, who made the data available. Special
thanks are acknowledged to the referee for his constructive
comments and to K. L. Klein for his critical reading of the
manuscript. This work was supported by Centre National
d’Etudes Spatiales.
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