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Abstract. In June 1991 the Sun produced a famous series of six
powerful flares. For the solar eruption on 15 June 1991 there ex-
ists a rich set of measurements, including in particularγ-ray and
neutron observations of the COMPTEL instrument on board the
COMPTON Gamma Ray Observatory (CGRO) satellite. The
γ-ray and neutron emissions indicate prolonged acceleration of
protons well after the impulsive phase of the flare. Some accel-
erated particles interact with solar matter and produceγ-rays
and neutrons at the Sun, others escape into the interplanetary
medium. Here we present the deduced energy spectrum of the
interacting protons for a nearly one hour period in the gradual
phase of the flare. From the low-energyγ-ray and neutron results
of COMPTEL we determine the energy spectrum of the interact-
ing protons in the 10–200 MeV range. We find that the COMP-
TEL data are consistent with a proton power law spectrum with
index 3.3 ± 0.1. To simultaneously fit the high-energyγ-ray
measurements on board the GAMMA-1 satellite, the spectrum
must steepen at a few hundred MeV and then become harder
again to produce a detectable amount of GeV photons. Although
the degree of steepening is composition dependent, the deduced
spectrum of interacting protons is qualitatively invariant in the
entire parameter regionα/p ≤ 0.5.
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1. Introduction

The flare on 15 June 1991 (3B/X12, N33 W69) was one in a
series of six X-class flares that all originated from the active
region NOAA 6659 during its transit on the solar disk. These
powerful events were extensively discussed in a number of pub-
lications (Ryan et al. 1993, Trottet et al. 1993, Kocharov et al.
1994, Ryan & McConnell 1995, Kane et al. 1995, Rank et al.
1995, Akimov et al. 1996, Lockwood et al. 1997, and references
therein). However the neutron observations of the 15 June 1991
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flare have not been completely analyzed. A fascinating prop-
erty of this flare was a prolonged acceleration of high-energy
protons responsible forγ-ray and neutron emissions generated
during more than one hour after the impulsive phase (Kocharov
et al. 1994). Akimov et al. (1996) suggested that acceleration
of protons up to GeV energies may take place in a reconnect-
ing current sheet forming behind a rising coronal mass ejection.
On the other hand, shock waves also can accelerate solar parti-
cles (e.g., Kahler 1994). For the verification of an acceleration
model, a knowledge of proton energy spectra is required.

To deduce spectra of high-energy ions interacting at the Sun,
one should useγ-ray and neutron emissions (for a review see
Mandzhavidze & Ramaty 1993). For instance, the 2.22 MeV to
the 4–7 MeVγ-ray-line fluence ratio is a sensitive function of
the ion spectrum slope at∼ 30 MeV, but it gives almost no infor-
mation about the proton spectrum above 100 MeV. To deduce
the energy spectrum of the interacting protons at higher ener-
gies,> 100 MeV, one has to employ the observed> 50 MeV
neutrons andπ0-decayγ-rays. The COMPTEL instrument on
board CGRO is sensitive toγ-rays in the energy range from 0.75
to 30 MeV (Scḧonfelder et al. 1993). COMPTEL can also image
solar neutrons and measure the individual neutron energies in
the energy range from approximately 10 MeV to 100 MeV (Mc-
Connell et al. 1993). Here we present a joint analysis ofγ-rays
and neutrons detected with COMPTEL on 15 June 1991. We
also employ the high-energyγ-ray observations on board the
GAMMA-1 satellite most recently analyzed by Djantemirov et
al. (1995) and Chesnokov et al. (1995).

2. Neutron andγ-ray line emissions

Optical and radio observations indicate that the gradual phase
of the 15 June 1991 flare started at about 8:26 UT (Fig. 1).
The COMPTEL instrument was able to detect 10–100 MeV so-
lar neutrons arriving at the Earth orbit during the period from
T⊕

0 =09:02 UT toT⊕
1 =09:37 UT. The registered neutrons

were produced at the Sun during the time interval corresponding
to the electromagnetic-emission near-Earth arrival times from
8:12 to 9:25 UT. This includes both the impulsive and the grad-
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ual phase of the flare. However, due to the velocity dispersion,
neutron monitoring time-intervals are energy dependent, so that
only some portion of the flare was observed in a specified neu-
tron energy channel. The start and end times of the energy de-
pendent monitoring period can be denoted asT0(E) andT1(E).
These times are shown in the upper panel of Fig. 1 along with the
time-energy coordinates of the individual neutrons detected. To
illustrate the relative timing of the neutron,γ-ray and microwave
productions, the neutron time coordinates and the near-Earth
timesT⊕

0 andT⊕
1 have been shifted by the energy dependent

difference between the Sun-Earth transit times for neutrons and
electromagnetic radiation,

∆T (E) =
R

c

[ γ√
γ2 − 1

− 1
]
, (1)

whereγ is the neutron Lorentz-factor,R =1 AU, andc is the
speed of light. For instance,T0(E) = T⊕

0 − ∆T (E).
The energy dependent neutron monitoring periods and the

limited statistics complicate the analysis and require some neu-
tron production model to be adopted. The employed model of
the neutron production during the flare is based on the multi-
wavelength analyses carried out by Kocharov et al. (1994) and
Akimov et al. (1996). In the frame of this model, the time profile
of the neutron production is adopted to be similar to the profile of
∼ 9 GHz microwave emission,jmw(t). We would like to stress
that the microwave emission profile was selected because it fits
theγ-ray profiles observed both by COMPTEL and GAMMA-1
(see Fig. 1). In fact, we primarily proposed the neutron injection
profile to follow that for theγ-rays. Then, the microwave profile
was used for approximating and extrapolating of the observed
γ-ray profiles. We employ the 8.4 GHz emission intensity-time
profile observed at Bern (Fig. 1, Andreas Magun, private com-
munication 1995). This profile covers just the gradual phase
of the flare. The impulsive phase was missed also by theγ-
ray observations. For this reason, we prefer to drop the study
of the impulsive phase in the present analysis. Neutrons pro-
duced during the impulsive phase,≈ 12% of the total number
of neutrons registered by COMPTEL, are therefore excluded
(these neutrons are seen in Fig. 1 to the left of the vertical line
Ts =08:26 UT). All proton and neutron spectra which will be
shown in present paper are normalized to the radio observation-
period, 08:26–09:25 UT. The energy spectrum of the neutrons
produced at the Sun is assumed to remain constant throughout
the period, because available experimental data seem to be in-
sufficient for studying a spectral evolution inside the gradual
phase of the flare.

We calculate the numbers of neutrons in four selected en-
ergy channels, 10.0–18.4, 18.4–30.0, 30.0–52.0, and 52.0–100.0
MeV. For the energy channel fromEi to Ei+1, the number of
observed neutron counts is given by

Ni =
1

R2

∫ Ei+1

Ei

f(E)
W (T ∗

0 (E), T1(E))
A(E)P (E)dE, (2)

whereP (E) = exp(−R/(vτγ)) is the probability that the neu-
trons will survive the transit from the Sun to the Earth;A(E)

is the effective area of COMPTEL for neutron detection (Bhat-
tacharya, D., private communication 1995, published by Niem-
inen 1997);f(E) is the time integrated neutron emissivity at
the Sun for the period fromTs =08:26 UT to Tf =09:25
UT in units of neutrons/(sr MeV);T ∗

0 (E) = max(T0(E), Ts);
W (T ∗

0 (E), T1(E)) is the energy dependent normalization fac-
tor calculated using the microwave emission intensity-time pro-
file. This normalization factor is defined by

W (T0, T1) =
∫ Tf

Ts

jmw(t)dt
/ ∫ T1

T0

jmw(t)dt. (3)

By averagingf(E) over the energy bini, we have

〈f(E)〉i = NiR
2
[ ∫ Ei+1

Ei

A(E)P (E)
W (T ∗

0 (E), T1(E))
dE

]−1
, (4)

and the mean emissivity in units of neutrons/(sr s MeV) at the
Sun during the time interval for which both the COMPTEL
neutron measurements and the microwave data are available, is
given byεi = 〈f(E)〉i/(Tf − Ts). The obtained quantities of
εi are shown in Fig. 2.

Several alternative analyses were carried out by Nieminen
(1997). Neutron spectra were deconvolved using different mi-
crowave profiles from 8.4 GHz (Bern) to 15.4 GHz (Learmonth).
Additionally an exponential time dependence with arbitrary de-
cay time was analyzed by the maximum likelihood ratio method.
It turns out that all deduced neutron spectra agree within sta-
tistical errors. The exponential time-decay constant from the
maximum likelihood ratio method corresponds well to the av-
erage decay of the microwave emission. These results support
the use of the microwave profile for the deconvolution.

We continue the present analysis with the spectrum of the
primary ions producing the neutrons in nuclear interactions with
solar matter. A power law spectrum of the interacting ions is
employed,N(E) ∼ E−S , with cut-off energyε. Thus we use
for the analysis a solar neutron injection spectrum,Fn(E, S, ε)
(neutron/MeV), which is the spectrum of neutrons produced by
ions with a power law spectrum in energy (the neutron spectrum
itself is not a power law). The energy spectrum of neutrons
produced by those ions in the solar atmosphere was calculated
for the isotropic thick target model by means of the Monte Carlo
technique (Hua & Lingenfelter 1987, Gueglenko et al. 1990).
The Fn(E, S, ε) spectrum is used as a theoretical tool for the
analysis. Only a comparison of calculations with experimental
data may reveal the most plausible approximations for the actual
spectra of the interacting protons and the secondary neutrons.
However, the convenience ofFn(E, S, ε) is that it indicates the
normalization and slope of the interacting proton spectrum in
the corresponding energy band. The employed cut-off energy
is very high,ε = 20 GeV, so that even one order of magnitude
lower value ofε would result in the same neutron spectrum
in the COMPTEL energy range. Adopted ion abundances for
the gradual phase of the flare correspond to Composition 1 of
Ramaty et al. (1993). The best fit total number of> 30 MeV
protons,Np(> 30 MeV), deduced for different proton spectral
indexes,S, is shown in Fig. 3 as the median line of regiona. The
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Fig. 1. COMPTEL neutron events corrected for the arrival time delay
∆T (E) (above) compared with the microwave andγ-ray emissions
(below). We show the 9.1 GHz intensity-time profile for the impulsive
phase and the 8.4 GHz profile for the gradual phase of the 15 June
1991 solar flare (curves). Also shown are the COMPTEL 0.8–30 MeV
and GAMMA-1> 300MeV γ-ray profiles (points, arbitrary intensity
scale).

region of possible values ofNp(> 30 MeV) corresponding to
the 70% confidence level is bounded by the thick solid line. It
is seen that the COMPTEL neutron observations can be fitted
with a rather wide variety of spectra corresponding toS < 4.2,
because of the flattening of any secondary neutron spectra at
low energies (Fig. 2).

To ascertain possible parameters of the interacting protons
at the Sun, one can also employ low energyγ-ray line observa-
tions. The COMPTELγ-ray data have been used to calculate
the 2.22 MeV and 4–7 MeVγ-ray line fluences for the flare. To
deduce aγ-ray line fluence, the instrument response matrix has
to be separately determined for each flare using a Monte Carlo
simulation code (Stacy et al. 1996). For the time interval 09:02–
09:40 UT on 15 June 1991, the fluence of the 2.22 MeVγ-ray
line emission is obtained as5.35± 0.7 photons/cm2. In the 4–7
MeV band, theγ-ray line fluence is6.65 ± 0.75 photons/cm2.
These values of the 2.22 MeV and 4–7 MeV fluences are about
one half of the values used in our previous analysis (Kocharov
et al. 1994), but the fluence ratio is almost the same. The fluence
decrease is mainly due to a more detailed code for the CGRO
mass model employed for generation of the response matrix.

It has been pointed out that, during the gradual phase of
the 15 June 1991 flare, the intensity-time profiles of both the
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Fig. 2. Solar neutron emissivity corresponding to the electromagnetic
emission arrival period 8:26–9:25 UT 15 June 1991. Points were de-
duced from the COMPTEL observations (Nieminen 1997). Curves
were calculated proposing the interacting proton spectra to be a power
law in energy with spectral indexS. Curves were normalized to get
the best fit to the observations (see the median line of the regiona in
Fig. 3).

COMPTEL and GAMMA-1γ-ray observations followed the
microwave emission profile remarkably well. For this reason,
we normalized the COMPTELγ-ray line fluences to the 08:26–
09:25 UT time interval using Eq. 3 withT0 =09:02 UT and
T1 =09:40 UT. The corresponding normalization factor is
W (T0, T1) = WCGRO = 7.3. Then theoretical calculations
of theγ-ray-line emission production by Ramaty et al. (1993)
were used to deduce the 4–7 MeVγ-ray line fluences corre-
sponding to different parameters of the interacting proton spec-
tra, Np(> 30 MeV) andS. We show in Fig. 3 the parameter
regionb, where the theoretical 4–7 MeVγ-ray line fluence is
equal to the observed one. The width of the region corresponds
to the1σ statistical uncertainties in the experimental data.

Another important piece of information on interacting pro-
ton spectra is the 2.22 MeV to 4–7 MeV fluence ratio. The
observed ratioF (2.22MeV)/F (4 − 7MeV) is 0.8 ± 0.15. Ac-
cording to calculations by Ramaty et al. (1993), this implies a
proton spectral index ofS = 3.5 ± 0.3. The corresponding re-
gion is marked withc in Fig. 3. It is seen from Fig. 3, that all three
requirement can be met only in a very limited parameter-region.
Hence we conclude that the COMPTEL neutron andγ-ray line
observations can be fitted with a power law index of the inter-
acting protons ofS = 3.3 ± 0.1 and a total number of> 30
MeV protons ofNp(> 30 MeV) = (2.9 ± 0.4) × 1032 (for the
time interval 08:26–09:25 UT). The deduced proton spectrum is
valid in the 10–200 MeV energy band which is effective for the
production of the neutron andγ-ray emissions observed with
COMPTEL. To deduce the proton spectrum above 200 MeV,
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Fig. 3. Parameter space in the number of interacting protons,Np(>
30 MeV), and the proton spectral index,S. Methoda uses 10–100
MeV neutron measurements, methodb the fluence of the 4–7 MeV
γ-rays and methodc the 2.22 MeV to 4–7 MeV fluence ratio.

observations of high-energyγ-ray emission should be addition-
ally used.

3. High-energyγ-ray emission

Simultaneously with neutrons,π0-mesons are produced which
are the most likely source of the 100–2000 MeVγ-ray emission
observed during the gradual phase of the 15 June 1991 flare on
board the GAMMA-1 satellite (Akimov et al. 1991). It is possi-
ble that ultrarelativistic electrons and positrons also contribute
the γ-ray emission at the low-energy end of the GAMMA-1
spectrum,Eγ < 100 MeV. For this reason, we deal in the present
analysis especially with the high-energy portion of the spec-
trum,Eγ > 100 MeV. Furthermore, our principal conclusions
are mainly based on the integral> 300 MeV γ-ray fluence,
F (> 300 MeV), which is practically not sensitive to the de-
convolution technique applied to the GAMMA-1 data. The flu-
ence detected during 08:37–09:06 UT wasF (> 300 MeV) ≈
0.35 cm−2 (Chesnokov et al. 1995). On the other hand, given
the spectrum of interacting protons, one can calculate the flu-
ence of the pion-decayγ-ray emission. We assumed the same
time-profiles for the production of the neutrons and pions (Lock-
wood et al. 1997) and used the thick target isotropic model of
the π0-meson production in the solar atmosphere (Gueglenko
et al. 1990). We calculated the spectrum of the high-energyγ-
ray emission originating from the decay of theπ0-mesons and
compared it with the spectrum deconvolved by Djantemirov et
al. (1995) using an updated response matrix of the GAMMA-1
instrument (see also Chesnokov et al. 1995).
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Fig. 4.The high-energyγ-ray fluences for the period 08:37–09:06 UT
calculated for the power-law proton spectra with spectral indexes and
normalizations being consistent with the low-energy COMPTEL mea-
surements. The regiona is deduced from the 10–100 MeV neutron
observations,b is from the 4–7 MeVγ-ray line fluence. The median
lines correspond to the best fits to the COMPTEL data. Parameters
deduced from the GAMMA-1 measurements of the high-energyγ-ray
emission are shown with the crossd. It is seen that the low-energy
and high-energy observations can not be fitted by a single power law
spectrum of interacting protons. Subregionsa1, a2, d1, andd2 are used
for the discussion.

As a first attempt, we assume that an unbroken power-law
proton spectrum is valid up to 20 GeV. We show in Fig. 4 the
calculated> 300 MeV γ-ray fluences corresponding to the pro-
ton power law spectra deduced from the COMPTEL observa-
tions. We employ both the spectral index,S, and the normal-
ization, Np(> 30 MeV), required to fit the neutron and 4–7
MeV γ-ray line observations, i.e., the parameter regions shown
in Fig. 4 map the parameter regionsa andb of Fig. 3 onto the
F (> 300 MeV) − S plane. To calculate the> 300 MeV γ-ray
fluence for the GAMMA-1 monitoring period, we again adopted
the normalization factor defined by Eq. 3 withT0 =08:37
UT and T1 =09:06 UT: W (T0, T1) = WGAMMA1 = 2.2.
The crossd in Fig. 4 illustrates parameters deduced from the
GAMMA-1 data (the rather large uncertainties inS are due to
different deconvolution techniques applied; the midpoint cor-
responds to Kocharov et al. 1994, Chesnokov et al. 1995 and
Djantemirov et al. 1995, the upper limit is given by results of
Ramaty & Mandzhavidze 1994, the lower limit is the result
of an another method of analysis, also considered by Ches-
nokov et al. 1995). It is seen that the caseS = 3.2 − 3.4 and
Np(> 30 MeV) = (2.9 ± 0.4) × 1032, which fits the neutron
and 4–7 MeVγ-ray line data, definitely overestimates the> 300
MeV γ-ray fluence. We also see that none of the unbroken power
law spectra of interacting protons can fit all available data on
the neutral emissions observed during the gradual phase of the
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15 June 1991 solar flare. At low energies, the proton spectral
index is deduced to be≈ 3.3, but some steepening of the proton
spectrum is needed above 200–300 MeV. Above≈ 1 GeV, a
new hardening of the proton spectrum is necessary to fit obser-
vations of the pion-decay emission at the high-energy end of
the GAMMA-1 spectrum. Here, the power-law spectral index
of the interacting protons was previously estimated in the thick
target isotropic model asS ≈ 3.

As a second attempt, we adopt the following spectrum of
interacting protons:

Np(E) = A1Φ(E) + A2E
−S3 , (5)

where

Φ(E) =
(

E

E0

)−S1

θ(E0 − E) +
(

E

E0

)−S2

θ(E − E0) , (6)

E0 = 300 MeV, θ(x) = 1 for x ≥ 0 and θ(x) = 0 for
x < 0. The normalization factorA1, and spectral indexS1
are sampled at the intersection of the three regions shown in
Fig. 3: N1(> 30 MeV) = 3.1 × 1032, S1 = 3.3. The nor-
malization factorA2 and the spectral index,S3 = 3, were
selected to fit the GAMMA-1 observations at the highest en-
ergies,Eγ >300 MeV. The normalization,A2, corresponds to
the number of> 30 MeV protons during the 08:26–09:25 UT
interval, N2(> 30 MeV) = 1.1 × 1031. The spectral index,
S2, has been adjusted to fit the> 100 MeV γ-ray spectrum.
The final interacting-proton and secondary-photon spectra are
shown in Fig. 5. Note the pronounced increase in theπ0-decay
γ-ray emission below≈ 300 MeV caused by a steepening of
the proton spectrum to the left from the point ‘C’ in Fig. 5b.
It is seen that the broken power law spectrum of the interact-
ing protons naturally explains the observed> 100 MeV γ-ray
spectrum. We conclude that the interacting proton spectrum as
shown in Fig. 5b fits the 10–100 MeV neutron, the low-energy
γ-ray line and the> 100 MeV γ-ray emissions observed during
the gradual phase of the 15 June 1991 solar flare.

4. Discussion

The time shifts in the COMPTELγ-ray and neutron as well as
in the GAMMA-1 monitoring periods complicate the analysis
of the 15 June 1991 flare, as mentioned above. To solve the
problem, a microwave intensity-time profile may be used (see
Eq. 3). A comparison of the 15.4 GHz and 8.8 GHz intensity-
time profiles (Nieminen 1997) revealed that, during the period
08:26–08:45 UT, their ratio tends to decrease from 0.96 to 0.75,
and stayed nearly constant,≈ 0.75, after 08:45 UT. Akimov
et al. (1996) published results of the Bern microwave observa-
tions up to 50 GHz, which confirm that higher frequency emis-
sions decayed slightly faster, and the microwave source became
clearly optically thin at 8.4 GHz only after 08:45 UT. Conse-
quently, the choice of the microwave frequency may slightly af-
fect the normalization factorsW (T ∗

0 (E), T1(E)), WCGRO and
WGAMMA1. However, there are two different periods: (Period 1)
08:26–08:37 UT, where we have noγ-ray observations, and (Pe-
riod 2) 08:37–09:25 UT, where theγ-ray intensity-time profile
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Fig. 5.Experimental (bars) and theoretical (curves) high-energyγ-ray
spectra (panela) and the interacting proton spectrum (panelb). The ex-
perimental points are from Chesnokov et al. (1995) (also Djantemirov
et al. 1995). The proton spectrum is shown forS2 = 5.5, the theoreti-
cal γ-ray spectra correspond toS2 = 5 andS2 = 6 (upper and lower
solid curves, respectively);S1=3.3;S3=3. Dotted lines in both panels
correspond to a single power law spectrum of inte racting protons with
S=3.

is available (Fig. 1). For the Period 2, we can verify microwave
profiles against that ofγ-rays and adopt only those microwave
profiles which agree with the observedγ-ray profile. This limits
a variance of acceptable microwave profiles, so that not more
that≈ 10% error may come from the choice of the microwave
frequency. During the Period 2, the 8.4 GHz profile fits well that
of γ-rays (Fig. 1) and can be adopted as an approximation of
the neutron production, because both neutrons andγ-rays are
of the common proton origin. For the Period 1, we have to rely
only on microwave time profile which may not exactly follow
production of accelerated particles. Consequently, uncertainties
during Period 1 are larger, but this period has almost no impact
on positions of regionsa, b andd shown in Fig. 4, because those
regions are shown for the period of GAMMA-1 observations,
08:37–09:06 UT, which is completely inside the Period 2. If
we employed a higher frequency emission, which actually de-
cayed slightly faster than that of 8.4 GHz, the intersection of
regionsa andb in Fig. 4 (subregiona1) would be positioned
slightly higher, even farther from the regiond, because a faster
time decay results in higher values of all normalization factors
and a higher value of the ratioWCGRO/WGAMMA1. Hence, our
choice of the microwave frequency does not affect our principle
conclusions drawn from Fig. 4. Only the total number of pro-
tons,Np(> 30 MeV) in Fig. 3, may be higher by about 20%.

The average slope of interacting proton spectrum between≈
100 MeV and≈ 1300 MeV is not sensitive to the normalization
procedure, because it depends on the relative number of 30–50
MeV neutrons and> 300 MeV photons, emissions generated
at the Sun nearly simultaneously (Fig. 1). If we ignored the
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COMPTELγ-ray line and GAMMA-1 spectral information and
employed only the neutron emissivity and the integral> 300
MeV γ-ray fluence, we would be able to accept a single power
law spectrum of interacting protons with spectral indexS =
4 ± 0.05 (subregiona2 in Fig. 4). From this, we can conclude
that the proton spectral index in the region ‘B–C’ (Fig. 5b),
SBC, is greater than 3.95, independently on the normalization
procedure adopted. To the left from the point ‘A’, the deduced
spectral index,SA ≈ 3.3, depends on the adopted value of the
normalization factorWCGRO. However, from the 2.22 MeV to
4 –7 MeV fluence ratio, which is normalization-independent,
follows for the proton spectral indexSA < 3.8 (Fig. 3). Hence,
what ever the normalization may be, the spectral index changes
at the point ‘B’ by∆SB > 0.15, and it is the most likely that
∆SB > 0.55. At the highest energies, to the right of point ‘C’,
the proton spectral index is normalization independent because
it was deduced from the GAMMA-1 spectral data alone:SD <
3.5 and most likelySD = 3. In any case, the change in the proton
spectral index at the point ‘C’ is necessary:|∆SC| > 0.45.

The COMPTEL instrument can measureγ-ray photons with
energies from 0.8 to 30 MeV, while the GAMMA-1 range starts
just at the photon energy of 30 MeV and extends up to∼ 10
GeV. Before the present analysis was started, we had used the
microwave time profile to verify the consistency of GAMMA-1
and CGROγ-ray spectra. Bothγ-ray spectra were normalized
using Eq. 3 and plotted together (see Rank et al., 1997). The
CGRO spectrum near 30 MeV and different deconvolutions of
the GAMMA- 1 spectrum, excluding only that of Akimov et
al. (1996), agreed reasonably well. In this sense, employed data
sets and the normalization method are selfconsistent.

Composition of interacting particles and especiallyα/p ra-
tio is an important parameter in the computation of the neutron
production. We employ Composition 1, the photospheric com-
position withα/p = 0.1, as our basic for the analysis. While
we do not consider ion abundances at the Sun as a free parame-
ter, the parameter sensitivity should be estimated. Ramaty et al.
(1993) along with Composition 1 also introduced Composition
2, in which accelerated particles are strongly enriched in helium
(α/p = 0.5) and heavier elements. For instance, the accelerated
Fe abundance relative to protons exceeds by more than order of
magnitude the interplanetary observed value for impulsive so-
lar flares, the photospheric Fe/p by almost a factor of 200, and
that of the corona by 30. The suggestedα/p ratio corresponds
to the upper limit for impulsive solar particle events observed
at ∼ 1 − 10 MeV/n (e.g., Kocharov and Kocharov, 1984) and
exceeds by more than order of magnitude the ratio observed at
∼ 10 − 100 MeV/n in the interplanetary medium during large
solar particle events (e.g., Mazur et al., 1992). According to cal-
culations by Ramaty et al. (1993), the choice of Composition 2
at spectral indexS = 3.3 increases the neutron and 4–7 MeVγ-
ray productions in respect to Composition 1 by factorsRn ≈ 4
andR4−7 ≈ 6, respectively, and fewer accelerated protons are
correspondingly needed to produce the same amount of neu-
trons andγ-rays. However, the 2.22 MeV to 4.44 MeV fluence
ratio is much less sensitive to the choice of composition.

If we employed Composition 2 instead of Composition
1, the spectral indexS1, being deduced from Fig. 3, would
slightly decrease, by∼ 0.3, while the total number of protons,
Np(> 30 MeV), would decrease by factor∼ R4−7. Spectral
index at highest energies,S3, is almost independent on compo-
sition, becauseπ0-mesons are mainly produced in pp-reactions.
However, the spectral indexS2, which depends on relative pro-
duction of 10–100 MeV neutrons and pion-decayγ-rays, is
rather sensitive function of composition. Production of 10–100
MeV neutrons depends on the composition of 20–200 MeV/n
accelerated ions. In this energy range, helium-to-proton ratio
may be less than the value of 0.1 suggested in Composition 1.
In this case, the subregiona1 in Fig. 4 moves upwards, farther
from the regiond, and spectral indexS2 (spectral steepening)
increases. If theα/p = 0.5 is suggested (Composition 2), the
subregiona1 moves towards regiond, and steepening decreases.
However, even if we shifted the regiona downwards by factor
Rn and the regionb by factorR4−7, the subregiona1 would
be positioned still by factor 2–7 higher than the regiond, and
spectral steepening would still exist. Note that in the case of
Composition 2 we even overestimated possible shift of the re-
gionabecause (i) the factorRn is energy integrated, while heavy
elements contribute more in production of< 10 MeV neutrons
not registered by COMPTEL, and (ii) helium still slightly con-
tributes to the pion production. We can not rule out that the
composition of interacting particles might be arbitrary adjusted
to meet a single power law spectrum somewhere in the param-
eter regionα/p > 0.5, but to the best of our knowledge, such
values ofα/p in the 20–200 MeV/n energy range were never ob-
served. We conclude that in our present understanding of solar
particle abundances, it is unlikely that neutrons andγ-ray emis-
sions detected during the gradual phase of the 15 June 1991
solar flare were produced by protons with a single power law
spectrum in energy extending from below∼ 10 MeV to above
∼ 10 GeV.

We propose a two component spectrum of the interacting
protons (componentsA1 andA2 in Eq. 5) because a hard-steep-
hard behavior of the spectrum is not expected in a single com-
monly accepted acceleration model. Two components of inter-
acting protons were earlier suggested for this flare by Kocharov
et al. (1994). Our present spectrum is qualitatively similar to that
of Kocharov et al. (1994), but the total number of interacting
protons is only about one half of the value deduced in our pre-
vious analysis, because of a decrease in the experimental values
of theγ-ray fluences both at low (CGRO) and high (GAMMA-
1) energies. The neutron observations of the 15 June 1991 flare
were never employed before, and uncertainties in theγ-ray data
allowed Ramaty & Mandzhavidze (1994) to find in the contin-
uous acceleration case that, for almost any compositions from
Composition 1 to Composition 2, the data can be fitted by as-
suming a single power law spectrum of the interacting protons
with S = 3.4 − 3.5. Roughly speaking, such a fit is based on
two points in the interacting proton spectrum: (i) the number of
> 30 MeV protons, which controls the nuclear deexitation line
fluence, and (ii) the number of> 700 MeV protons controlling
theπ0-decay emission. To add a “third point” to this picture, we
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use the 10–100 MeV neutrons also observed with COMPTEL.
This neutron emission depends mainly on the number of∼ 150
MeV protons which was just a missed point required to get a
curvature of the interacting proton spectrum in the logarithmic
scale. It is also important that we use the revisedγ-ray data. It
finally turns out that the “third point” is clear off an unbroken
power law spectrum of interacting protons which was accepted
basing on the 4–7 MeV and> 300 MeV γ-ray data.

No one spectrum of interacting protons extends to infin-
ity, and the exponential cut-off energy,EC , may be introduced:
Np(E) = A2E

−S3 exp(−E/EC). There is a difference be-
tween the old and new versions of the GAMMA-1 spectral
data sets at highest energies (Ozerov, 1998). The older ver-
sion, employed by Mandzhavidze et al. (1993) and Ramaty
& Mandzhavidze (1994), resulted in a steeper proton spectra,
illustrated by subregiond1 in Fig. 4, and the cut-off energy,
EC = 2.7 GeV, while the updated deconvolutions (Chesnokov
et al. 1995, Djantemirov et al. 1995) lead to somewhat harder
spectra (subregiond2 in Fig. 4) and the cut-off energyEC > 10
GeV. The crossd in Fig. 4 even overestimates present day uncer-
tainties in the value of the spectral index because it also includes
the older result by Ramaty & Mandzhavidze (1994). Note that
the exponential cut-off might be also introduced for the first
component (A1 in Eq. 5) instead of the power law steepening
with spectral indexS2. For this component, the exponential cut-
off energy might be≈ 400 MeV.

There was an interesting discussion going on about contin-
uous acceleration versus impulsive acceleration plus trapping
scenario. In particular, Rank et al. (1995) argued that the anal-
ysis of different energy bands in the COMPTEL range (4–7
MeV, 2.22 MeV, and 8–30 MeV) as well as a comparison of the
COMPTEL and EGRET data (> 30 MeV) favour continuous
acceleration over the trapping scenario. To finalize this discus-
sion, Kovaltsov et al. (1995) used the Alma-Ata neutron monitor
data for 15 June 1991 to estimate an upper limit of the high-
energy solar neutron emission. They checked the assumption of
a delta-like proton acceleration during the impulsive phase of
the flare followed by trapping, and they concluded that such a
scenario is inconsistent with the neutron monitor observations,
while the continuous acceleration after the impulsive phase does
not contradict to the observations.

On the other hand, the continuous acceleration seems in-
consistent with transport of interacting protons in the magnetic
loop with exceptionally quiet turbulent conditions (weak pitch
angle scattering) suggested by Mandzhavidze et al. (1993). Note
that the weak pitch angle scattering model results in the high-
est value of the spectral index,S3 = 3.8. Later, Ramaty &
Mandzhavidze (1994) considered model of saturated (moder-
ate) pitch angle scattering in the loop with vertical magnetic
field at footpoints and also the isotropic thick target model. De-
duced spectral index,S3, was between 3.4 and 3.5 depending
on the model (d1 in Fig. 4). Thus, the model dependent spectral
shift between the two latter models is not large:δS ≤ 0.1. This
shift is caused by the energy-dependent anisotropy of the pion-
decayγ-ray emission in the loop. The higher is the energy, the
higher is the relative number of secondaries produced towards

the Sun and the lower is that towards the Earth. The same is valid
for neutrons. If we employed for neutron production the loop
model with the moderate pitch angle scattering and vertical mag-
netic field at footpoints, we would deduce even higher number
of interacting∼ 150 MeV protons, because the Earth-directed
neutron production in this model is lower than the isotropic one
(e.g., Gueglenko et al 1990). However, Kocharov et al. (1997)
pointed out that realistic magnetic field tilt at the loop footpoints
can affect angular distribution of secondary emissions, strongly
limiting their anisotropy. Zirin & Wang (1993) studied the tilt
of magnetic field lines in the active region NOAA 6659 and dis-
covered very complex magnetic environment including among
others, multiple channels of the horizontal magnetic field. It was
conclude that almost all of the large flares in this region occur
in highly convoluted magnetic fields. Such a complex variety of
the magnetic tilts obviously makes secondary emissions close
to those of the isotropic thick target model, excluding proba-
bly nearly upward emissions, and renders the model dependent
spectral shift,δS, for the near-limb flare definitely less than 0.1.
For this reason, we have selected for our present analysis the
isotropic thick target model. Estimated inaccuracy of this model
is less than inaccuracy in experimental data employed.

Two components of the interacting protons were also found
in the 24 May 1990 solar flare mainly with analysis of high-
energy neutron and neutron-decay proton data sets (Kocharov
et al. 1996, Debrunner et al. 1997). One interacting proton com-
ponent exhibited the spectral indexS1 ≈ 1.6 below 300 MeV
and steepened at higher energies withS2 ≈ 4.6. The energy
spectrum of another component was consistent with a single
power law,S3 ≈ 3, extending up to some GeVs. These two
components however occurred not exactly simultaneously, but
theS1 − S2 component exhibited a more prolonged decay than
theS3 one. Spectrum of theS1 − S2 component of interacting
protons was found to be close to the spectrum of protons injected
into the interplanetary medium during about one hour after the
flare, but no counterpart of the “single power law”,S3, compo-
nent was observed in the interplanetary medium. The interplan-
etary proton spectrum of the 15 June 1991 event demonstrates a
steepening at some hundreds MeV (Kocharov et al. 1994) which
is qualitatively similar to the deduced spectrum of the soft com-
ponent of the protons interacting with solar matter during the
gradual phase of the flare (A1 in Eq. 5). Composition of the 15
June 1991 solar particle event in the interplanetary medium was
that of a typical gradual event (Cliver 1996). Qualitative simi-
larity of spectra and possible similarity of compositions leave
room for a similar origin of selected components of interacting
and interplanetary particles. Such a possibility seems reason-
able for the acceleration at spatial scales of∼ (0.3 − 1)R�
during∼ 10 − 60 min after the impulsive phase of the flare.

5. Conclusion

We have presented the new results of the neutron andγ-ray ob-
servations on board COMPTEL GRO during the gradual phase
of the 15 June 1991 flare and the newly developed method for
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their complex analysis. As a result of the analysis, we conclude
the following:

1. A joint analysis of the COMPTEL nuclearγ-ray line and
neutron observations indicates that the interacting proton
spectrum between≈ 10 and≈ 200 MeV was rather hard:
the deduced spectral index isS1 = 3.3 ± 0.1. This value of
S1 is deduced atα/p = 0.1, being only slightly dependent
on the composition.

2. At α/p ≤ 0.5, the deduced spectrum of interacting pro-
tons steepens above∼ 300 MeV. The steepening is less
pronounced atα/p = 0.5 and more abrupt atα/p = 0.1.

3. The GAMMA-1 observations of the high-energyγ-ray
emission suggest that another proton component also ex-
isted on 15 June 1991, with somewhat harder spectrum ex-
tending up to≥ 10 GeV. According to previous studies, the
spectrum of this component is consistent with a power law
in energy with spectral indexS3 = 3 ± 0.5, being almost
independent on the composition.

4. The broken power law spectrum of interacting protons
shown in Fig. 5b fits well all available data, the 10–100
MeV neutron and both> 100 MeV and low-energyγ-ray
data, atα/p = 0.1.

5. A further search for a hypothetical single power law spec-
trum of interacting protons extending from some MeVs to
above 10 GeV (e.g. Guglenko et al. 1990) might be possible
when after a clear observational evidence has been delivered
that the composition of high-energy solar particles interact-
ing during gradual phase of the flare is enhanced in helium
up toα/p ∼ 1.
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