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Abstract. It is widely believed that a significant fraction of
solar energetic particles (SEPs) following major solar flares
are actually accelerated at a CME-driven shock. Thus, the
SEPs observed at 1 AU and those that interact at the Sun
may represent quite different populations. In addition, in
the current paradigm of SEP acceleration in different sources
at/near the Sun, the existence of two classes of flares (im-
pulsive and gradual) is recognized. They differ, in particular,
by elemental abundances, ion charge states and electron con-
tent measured near the Earth. Evidently, a modern picture
of SEP event should include characteristics of the particles
escaping into interplanetary space and that of interacting at
the Sun to produce gamma-ray emission and neutrons. From
this point of view, we analyze available data on the source
proton spectra (SPS) reconstructed earlier for 80 solar pro-
ton events (SPEs) of 1949–1991. It is suggested that the
SPS may be separated and classified depending on the source
type (its location, flare or CME associations, etc.) and condi-
tions of SEP propagation in the interplanetary space (shocks,
magnetic traps, etc.). We argue in favour of that interacting
and escaping particles of solar cosmic rays (SCR) are distin-
guishable, by means of their SPS, in some well-connected,
spatially and temporally extended gamma-ray events. The
derived spectra for the events of 4 August 1972, 7 December
1982, 4 June 1991 and 29 September 1989 are presented in
detail. Those spectra seem to be treated in terms of the con-
cept of multiple acceleration processes.

1 Introduction

Recently, the authors (Miroshnichenko et al., 1999, Paper-I)
have revised and summarized all available data on so-called
”source spectra” of solar protons (SPS). By different tech-
niques, the SPS have been reconstructed for 80 solar pro-
ton events (SPEs) from near-Earth observations of flare parti-
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cles and gamma-ray emissions in 1949-1991. Then, the data
were organized in the form of SPS Catalogue. Those data
open several interesting lines of possible investigations if one
identifies the SPS with their proposed sources. This implies
to separate them depending on the source type (flare or/and
CME-driven shock, etc.), release mode (escaping or trapping
particles, impulsive or gradual events), energy range (ener-
getic or relativistic particles), conditions of SEP propagation
(isotropic or anisotropic) in the interplanetary magnetic field
(IMF), etc.

A new problem evidently arises to incorporate SPS data
into a widely discussed paradigm of particle acceleration in
different sources at or near the Sun (e.g., Reames, 1996).
It implies using not only recent findings in elemental abun-
dances and ionization states of accelerated particles, but tak-
ing into account also the data on solar gamma-ray and neu-
tron emissions. More specifically speaking, to treat the
problem of SCR spectrum formation at modern level of the
SEP studies, one should examine SPS data in the frame-
work of existing models of particle acceleration and release:
two-source acceleration (Perez-Peraza et al., 1991), two-fold
ejection of accelerated particles (Torsti et al., 1991), accel-
eration in presence of a CME (Cliver et al., 1993), as well
as acceleration in the rapidly expanding and evolving coro-
nal loops (Akimov et al., 1996). Below we present the first
results (Miroshnichenko et al., 2001, Paper-II) of compara-
tive analysis of available estimates of the source spectra for
escaping and interacting protons.

2 Source spectra of interacting and escaping protons

From 80 events listed in the SPS Catalogue, in 56 cases the
source spectra have been estimated only for escaping (inter-
planetary) protons detected at 1 AU. The rest 24 events were
remarkable for considerable neutral emissions (neutron cap-
ture line of 2.223 MeV, nuclear gamma-ray lines of 4–7 MeV,
pion decay gamma-radiation from 10 MeV to several GeV,
and high-energy flare neutrons above 50 MeV), and corre-
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sponding SPS have been determined for interacting particles.
In three cases (21 June 1980, 3 June and 7 December 1982)
it was a possibility to derive the source spectra of interacting
particles taking into account observed flux of flare neutrons.
In addition, also in five other events from our list (16 De-
cember 1988, 6 March 1989, and 4, 9 and 15 June 1991) so-
lar neutrons were directly detected in space. Unfortunately,
in 4 events only available data were plentiful enough to esti-
mate the SPS parameters for both populations of accelerated
particles. Note that three of them (4 August 1972, 7 Decem-
ber 1982, 29 September 1989), were Ground Level Enhance-
ments (GLEs) of solar cosmic rays at rigidities R> 1 GV (E
>500 MeV). In addition, the events of 7 December 1982 and
29 September 1989 had the certain CME associations, and
the events of 4 August 1972 and 4 June 1991 were followed
by interplanetary shocks.

Event of 4 August 1972 (N14 E08, X4/3B). This GLE was
remarkable, in particular, for three-peak structure of inten-
sity profiles in the 10–60 MeV range (Bazilevskaya et al.,
1986). At R> 1 GV it was rather small, nevertheless, there
were also some signatures of two-peak structure in relativis-
tic range (Akinyan et al., 1983). Such a picture may be in-
dicative of interplanetary acceleration of solar particles up
to relativistic energies during several first hours of the GLE,
between 1300–1700 UT of 4 August (Filippov and Chirkov,
1977), and up to sub-relativistic energies - between 0300–
0500 UT of 5 August (e.g. Venkatesan et al., 1975). Accord-
ing to Smart and Shea (1989), such behaviour may evidence
of re-acceleration of solar particles between two converging
interplanetary shocks. To involve the data above 100 MeV
into our study, we used integral spectrum of protons at 1
AU (Bazilevskaya et al., 1986). Special empirical procedure
(Perez-Peraza et al., 1992) applied to anisotropic fluxes of
SEPs allowed us to reconstruct the source spectrum of es-
caping particles between 100–2000 MeV (squares in Fig. 1).

For the first time, the numbers of interacting particles,
(Np > 10 MeV)= 1.3 × 1034 (full circle) and Np(>
30 MeV)= 1.6 × 1033 (open circle), have been estimated
by Kocharov et al.,(1984) and Ramaty et al.,(1983),, respec-
tively, in a good agreement with a power-law index (γ =
2.9(or (gammai = 1.9). Murphy and Ramaty (1984) re-
ported more accurate estimate of (Np(> 30 MeV)= 1.0 ×
1033 obtained by the thick target model. Similar estimate of
(1.0−2.0)×1033 by Kolomeets and Sevostyanov (1983) us-
ing thick target model, is apparently consistent with the pre-
vious ones and with derived source spectrum. The thin target
model (diamond, Kolomeets and Sevostyanov, 1983) seems
to give only an upper limit of2.0 × (1032 − 1033), though,
within those value limits, the estimates given by the two
models are overlapped. Averaging the indices over two sets
of compositions for this flare, Mandzhavidze and Ramaty
(1993) obtained slightly different value of index,γ = 3.5,
that may be compatible, however, with all above Np esti-
mates, within one order of magnitudeγ = 3.5, that may be
compatible, however, with all above Np estimates, within one
order of magnitude.

Fig. 1. Integral energy spectra (i ) in the source for the event of 4
August 1972: Interacting (full and open circles, full diamond) and
escaping (full and open triangles, cross and squares) protons.
Fig. 2. Same as in Fig. 1, for the event of 7 December 1982: Inter-
acting protons (triangles); prompt (diamonds) and delayed (squares)
relativistic components and non-relativistic escaping particles (cir-
cles).

The numbers of escaping particles, (Np(> 30 MeV)=
1.0×1034 (open triangle) and (Np(> 30 MeV)= 6.0×1035−
1.0×1036 (full triangle), (Kolomeets and Sevostyanov, 1983)
have been calculated from the complete transport model and
traditional diffusion model, respectively, are at least one or-
der of magnitude higher than a corresponding number of
interacting particles. In turn, using the time-of-maximum
(TOM) technique, Murphy and Ramaty (1984) obtained the
number of escaping particlesNp(> 30 MeV)= 4.0 × 1034

(cross) consistent with our estimates of the integral spectrum
for the>100 MeV protons (γi = 4.0). There is significant
difference between the source spectra for escaping (γ = 5.0)
and interacting (γ = 2.9 − 3.5) particles. As a result, at the
energy ofE >30 MeV a ratio of the numbers of escaping to
interacting protons issim100.

Event of 7 December 1982 (S19 W86, X2.8/1B). Earlier,
Miroshnichenko et al.,(1990) and Perez-Peraza et al.,(1992)
have argued in favour of that during this GLE one can dis-
tinguish two components, prompt and delayed ones (PC and
DC), at the intensity-time profiles of relativistic protons (R
> 1.0 GV). Also, the 45–75 MeV protons were measured by
two spacecraft Venera 13 and Venera 14 at 0.81 AU (Timo-
feev et al., 1987). At last, the time profiles of neutral radia-
tion were presented by Rieger et al.,(1987).

Based on those data, three independent estimates of spec-
tral indices in the source(s) have been obtained by Mirosh-
nichenko and Sorokin (1989) and Gueglenko et al.,(1990).
Noticeably that counting rates of gamma rays above 10 MeV
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did not follow the time history in the 4–7 MeV energy band,
and the largest peak in this band seemed to coincide with the
release time of the≥1 GV protons recorded by the Kergue-
len neutron monitor at 2400 UT (Rieger et al., 1987). The
>10 MeV counting rate increased towards the end of the
flare, and Ramaty and Murphy (1987) considered it as an in-
dication of second phase acceleration. On the contrary, Gue-
glenko et al.,(1990) proposed that the excess counts were due
to the arrival of high-energy neutrons (>50 MeV) generated
by the same particles which produced the 4–7 MeV gamma-
ray lines. Their model calculations may be reconciled with
the observations (Rieger et al., 1987) if the energy spectrum
of accelerated particles is taken as a power law withγ = 3.7
(or γi = 2.7) andNp(>30 MeV)= 8.5× 1032.

Fig. 2 shows an integral energy spectrum for those inter-
acting particles (triangles) above 30 MeV (Gueglenko et al.,
1990), as well as the reconstructed source spectra (Mirosh-
nichenko and Sorokin, 1989) for the>45 MeV interplanetary
(escaping) protons (circles, (= 3.2, or (i = 2.2), and for the PC
(triangles,γ = 2.5, or γi = 1.5) and DC (squares,γ = 4.5,
or γi = 3.5) of relativistic protons.

Event of 4 June 1991 (N30 E70, X12/3B). There are
two groups of observations that allowed to estimate spec-
tral parameters of interacting and escaping protons in
this event (Fig. 3). The number of interacting particles,
Np(>30 MeV)= 4.0 × 1032 − 1.5 × 1033 (diamond), has
been obtained by extended OSSE gamma-ray observations
at the Compton Gamma Ray Observatory (CGRO), relying
upon the 2.2 MeV to 4.4 MeV line fluence ratio (Murphy et
al., 1993). If assumed spectrum of interacting protons has
a power-law form, the observed fluence ratio is consistent
with an exponentγ ∼ 2.8. This is rather hard spectrum, in
comparison with the values of 3.4–3.7 estimated by Ramaty
et al.,(1993) for the large flare of 4 August 1972 by similar
technique. The only flare of 16 December 1988 has a flatter
spectrum with an exponentγ ∼ 2.7 (Chupp, 1996).

The second group of data are time profiles of energetic
protons near the Earth’s orbit (e.g. Sladkova et al., 1998).
Those profiles, in principle, provide us for a possibility to re-
cover the ejection spectrum of escaping protons near the Sun.
There are some peculiarities in the behaviour of proton in-
tensity in the energy range of 5–100 MeV, in particular, a flat
maximum at the beginning of 5 June. In addition, proposed
source of the protons was not well-connected one. This pre-
vents of direct application of the standard, more or less strict
methods of the source spectrum reconstruction (see Paper-I).
Nevertheless, if we apply the TOM technique to the Meteor
satellite data, the results seem to be reasonable (circles in
Fig. 3). As to the spectrum shape, it may be fitted by the re-
lation ofD(Ep) = 1.58× 1037E−3.2

p MeV −1 in the energy
range of 5–40 MeV (atγi = 2.2). Notice, however, that Slad-
kova et al.,(1998) estimate an index of observed TOM proton
spectrum near the Earth asγi ∼ 2.8. However, there is no
confidence (Miroshnichenko et al., 2001) that both of those
estimates relate to the same particle population. The same is
true when we attempt to compare the estimates ofNp(> Ep)
for interacting and escaping protons in Fig. 3. As a possi-

Fig. 3. The same as in Fig. 1, for the event of 4 June 1991: Interact-
ing (diamond) and escaping (circles) particles.
Fig. 4. The same as in Fig. 1, for the event of 29 September 1989:
Interacting (diamond) and escaping (circle) protons; prompt rela-
tivistic component (triangles).

ble alternative, in fact, the flat maximum may be due to a
series of interplanetary shocks that manifested themselves at
the Earth as SSCs at 0337 UT, 1536 UT on 4 June, and at
2228 UT on 7 June. If so, the observed time profiles might
be a superposition of several proton fluxes, and the derived
TOM proton spectrum (Sladkova et al., 1998) relates to a
mixture of them.

Event of 29 September 1989 (S24 W105, X9/-?). This
outstanding solar event has been extensively studied during
the past decade (e.g. Miroshnichenko et al., 2000). Never-
theless, in spite of numerous efforts, up to now there is no
generally accepted model or even self-consistent scenario of
the event. Hence, it is not surprising that all new data on the
event, as before, are of great interest. In particular, it would
be very important to find new spectral evidences in favour
or against proposed acceleration hypotheses for large solar
events. Unfortunately, there are but few estimates of source
spectra for this event. Such a situation, in part, is due to
spatially extended nature of observed gamma-ray emission
(Vestrand and Forrest, 1993) that precludes the use of stan-
dard diagnostic method of spectral shape derivation in the
energy range of 10–300 MeV by the 2.2 MeV to 4–7 MeV
fluence ratio. In non-relativistic energy range, we reproduce
here (Fig. 4) only the two integral estimates for the num-
bers of interacting (diamond) and escaping (circle) particles
calculated by Cliver et al.,(1993). As to relativistic protons,
the event under study was remarkable for two components at
high rigidity (R> 1 GV), and in Fig. 4 we present the source
spectrum for the PC only (triangles), with an integral index
of γi = 1.5 (Vashenyuk et al., 1993).

One of the hypothesis is that a CME-driven coronal shock
is a plausible source of the energetic protons producing the
gamma-ray line (GRL) emission on the visible solar disk
(Cliver et al., 1993). These authors have calculated the frac-
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tion of SEPs with energies>30 MeV that would be required
to precipitate from the shock in order to produce the ob-
served front-side GRL emission. Relying upon the mea-
surements by GOES and IMP-8 satellites that give a peak
flux of ∼ 1200 pfu and a spectrum∼ E2 at ∼ 30 MeV,
Cliver et al.,(1993) obtained a number of escaping protons
Ne(> 30 MeV)= 8 × 1032. On the other hand, from the
observed nuclear GRL emission, there was a possibility to
estimate the number of ions, Ni(> 30 MeV), that precipi-
tated into the solar atmosphere. At two different assump-
tions about the target composition the Ni values turned out
to be significantly different:Ne(>30 MeV)= 3 × 1032 and
Ne(>30 MeV)= 2× 1031 for the compositions 1 and 2, that
correspond, respectively, to the standard photospheric com-
position and to the composition based on the 27 April 1981
flare data.

There are other uncertainties in the above estimates for the
numbers of the GRL-producing ions and the SEPs. In par-
ticular, because of ion scattering in the IMF and less than
optimal flare connection with the Earth, Cliver et al.,(1993)
consider the Ne value as a lower limit for the number of
escaping protons with E> 30 MeV. With all those caveats
and precautions, they estimate a precipitation rate asδ =
Ni/(Ni+Ne)×100% = 3−30%. If we extrapolate the PC
source spectrum in Fig. 4 to the lower energies with the same
slope, we get Ne(> 30 MeV) = 3(1033, so it seems not to be
realistic to assume that the PC and shock-accelerated protons
belong to the same population. Note, however, that acceler-
ation theory (see, e.g. Toptygin, 1985) admits the very hard
spectra for the case of extremely strong shock wave (com-
pression ratior = 4.0), namely,∼ E−1.5 atE � E0 and
∼ E−2 atE � E0, whereE andE0 are particle kinetic and
rest energies, respectively. Atr = 3 the corresponding val-
ues of differential spectral index are 1.75 and 2.5γi = 0.75
andγi = 1.5), respectively.

3 Concluding remarks

In this study, in fact, it is attempted for the first time to
separate reconstructed spectra depending on their possible
sources - impulsive or gradual flares, CME-driven shocks
and other energetic solar/interplanetary phenomena. The
question of principal interest we addressed here is whether
the escaping and interacting particles are distinguishable in
impulsive and gradual solar events. As follows from the
above analysis, the problem of separation of interacting and
escaping SEPs cannot be resolved based on available frag-
mentary data on the SPS only.

Nevertheless, conceptually, the SPS data, at least for large
proton events, seem to be treated in terms of multiple accel-
eration processes in large-scale coronal structures. As shown
above, the SPS over broad ranges allow fits with different
functional forms, including a broken power law that may be
indicative of multiple (at least, two-step) acceleration pro-
cesses. Thus, the incorporation of the SPS data into gen-

eral picture of energetic solar events allows to insight more
deeply into existing problems of particle acceleration at the
Sun.
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