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We analyzed the high-energy gamma and neutron emissions observed by the SONG instrument onboard the CORONAS-F satellite
during August 25, 2001, October 28, 2003, November 4, 2003, and January 20, 2005 solar flares. These flares produced neutrons
and/or protons recorded near Earth. The SONG response was consistent with detection of the pion-decay gamma emission and
neutrons in these events. We supposed that a time profile of the soft X-ray derivative was a good proxy of time behavior of the flare
energy release. Then we showed that time intervals of the maximum both of energy release and pion-decay-emission coincided
well. We determined the onset time of GLEs 65, 69 on the basis of neutron monitor data using the superposed epoch method. The
time of high-energy proton onset on November 4, 2003 was found from the GOES data. The time delay between the high-energy
gamma ray observation and the high-energy protons onset time was <5 minutes. This time lag corresponds to the least possible
proton propagation time. So, we conclude that in these events both protons interacted in the solar atmosphere and the first protons
which arrived to Earth, belonged to one and the same population of the accelerated particles.

1. Introduction

Solar energetic protons, as Solar Proton Events (SPE) or
Ground Level Enhancement (GLE), are observed directly
over long time,most probably since the events on February 28
andMarch 7 in 1942were identified by Forbush [1] andnamed
later as GLE 1 and 2, respectively. Altogether during the
systematic investigation of the GLEs 71 events were recorded.
Lower energy of particles, detected by high-latitude neutrons
monitors (NM), is ∼450MeV (this threshold is determined
by atmospheric absorption), but the effective energy exceeds
1 GeV. The minimum energy for medium and low-latitude
NM is even higher; it is determined by the geomagnetic
cutoff. Satellite measurements allowed us to study accelerated
particles below the atmospheric threshold (∼400MeV). A
list of SPE events (N(>10MeV) > 10 protons cm−2 s−1 sr−1)
beginning from 1976 can be found, for example, at [2],
http://umbra.nascom.nasa.gov/SEP/, and of GLE events at
http://neutronm.bartol.udel.edu/∼pyle/GLE List.txt.

GLE connection with solar flares is not in doubt, but still
debated question is whether the protons are accelerated up
to subrelativistic energies directly during flare energy release
or acceleration occurs later when the shock waves propagate
in the upper corona. Direct study of the GLE dynamics does
not answer this question, because particles’ propagation in
the interplanetary magnetic field (IMF) is a complex process
controlled by a variety of factors. The onset time depends
in particular on particle mean free path, angular separation
between the site of observation and the Sun (e.g., [3]). In addi-
tion, the magnetospheric transmissivity has to be included to
interpret the measurements correctly when observations are
done within magnetosphere or on the ground.

However, there are two other channels which allow one
to study the scenario of ion acceleration. During solar flares
accelerated ions due to interaction with solar atmosphere are
producing secondaries, among them neutrals (gamma-rays
and neutrons); part of them can also be observed at the
Earth’s orbit.The advantage of these observations is that there
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is no need of any assumptions on particle propagation in
the interplanetary medium and the trajectory change in the
magnetosphere. Protons are accelerated to >300MeV in the
lower corona or they get there after being accelerated in the
shock front.They interact with the matter and produce pions
which in their turn decay and generate high-energy gamma-
rays with specific spectrum [4, 5]. The cross-section of
pion production increases rapidly to about 1 GeV and then
continues to increase slowly. Thus, the high-energy gamma-
rays are generated by protons with energies typical for GLE.
Neutronswith energies accessible for detectionwithNMs can
be only produced in the same inelastic interactions of high-
energy protons.

The first solar neutron signal at the Earth’s orbit was
detected by Chupp et al. [6] using measurements with
Gamma-Ray Spectrometer (GRS) on Solar Maximum Mis-
sion (SMM) during the solar flare on June 21, 1980. Second-
time GRS recorded a solar neutron signal after the June 3,
1982, flare (X8.0/2B, E72S09) [7]. The solar neutron response
was observed for the first time at the surface of Earth also
in this event by neutron monitor (NM) measurements at
Jungfraujoch with 1min time resolution [8].The air thickness
along the line of sight to the Sun was 745 g cm−2 for the event
at Jungfraujoch. Another high mountain NM located in cen-
tral Europe, namely, Lomnicky Stit (883 g cm−2), observed in
5min records an ∼3% increase in 11:45–11:50 (all times here-
inafter are UT). This increase was consistent with charac-
teristic rigidity of accelerated particles ∼200–250MV [9].
The energetic protons observed in interplanetary space from
this eastern flare were interpreted as the decay products of
neutrons. This event was discussed by Evenson et al. [10, 11]
and the spectrum of neutrons was obtained in the range 10–
100MeV.

The June 3, 1982, flare motivated many neutron monitors
to make measurements with higher statistical accuracy and
better temporal resolution. It has also demanded the con-
struction of new ground-based detectors (e.g., [12]) and new
observation of gamma high-energy emission onboard the
satellites. However, the neutron fluxes change significantly as
a result of the velocity dispersion and decay of neutrons on
the way from the Sun to the Earth (the half-life time of free
neutrons is 103 s, which is comparable to the transit time of
1 AU for neutrons with energies 100–1000MeV).

There are two “windows” in the electromagnetic emission
spectrumwhich allow us to observe an appearance of acceler-
ated protons in the solar atmosphere. Protons accelerated up
to 10–50MeV excite nuclei in the ambient solar atmosphere.
These excited nuclei immediately emit narrow gamma-lines
in the energy range of 2–7MeV [4, 13]. The most intense
lines are at 4.4MeV (C12∗) and 6.1MeV (O16∗) as well as
the delayed neutron-capture line at 2.2MeV. It seems that
Hirasima et al. [14] were the first to observe solar gamma-
ray lines accompanying the solar flares.Then these lines were
also observed by Orbiting Solar Observatory (OSO-7) [15].

A second “spectral window” appears only when the
energy of the accelerated protons reached 300MeV. At such
energies proton interactions with a matter of the solar
atmosphere create neutral pions which decay immediately

and generate a broad gamma-ray line with a maximum
near 70MeV [4, 5]. Charged pions are also produced in
the same interactions, and their decay produces electrons
and positrons, which, in turn, generate high-energy brems-
strahlung with a broad energy spectrum extending up to
the energies of the electrons and positrons themselves. The
pion-decay gamma-ray spectrum could ride on top of the
continuum deriving from primary electron bremsstrahlung.

Thus, observations of the pion-decay emission during a
solar flare provide doubtless evidence of the proton acceler-
ation up to high energies, and of the interaction with dense
medium. No other process can produce a spectral feature
similar to the pion-decay emission.When high-energy protons
interact with a matter, pion-decay gamma-rays are emitted
almost instantaneously. So the temporal behavior of the
pion-decay emission follows the behavior of the acceleration
mechanism intensity. Eliciting pion-decay component in the
flare successive spectra allows us to determine with high
accuracy the appearance of high-energy protons in the solar
atmosphere.

Thus, in the hands of researchers, there are three tools
to study processes of proton acceleration to relativistic ener-
gies—investigations of GLEs themselves, observations of
high-energy gamma-rays, and observations of high-energy
neutrons.

The first flare with convincing evidence of pion pro-
duction was observed with GRS on June 3, 1982, as well
as the neutron production [8, 16, 17]. More recently, the
pion-decay emission was detected by SMM/GRS [18, 19],
GRANAT/Phebus [20–22], Compton Gamma-Ray Obser-
vatory (CGRO) with Energetic Gamma-Ray Experiment
Telescope (EGRET) [23, 24], and GAMMA/GAMMA1 [25,
26]. This emission was also detected during the declining
phase of the solar cycle 23 with the Solar Neutrons and
Gamma-rays (SONG) spectrometer [27] on the Complex
Orbital Observations of the Active Sun (CORONAS-F) space
mission from four solar flares [28, 29]. A brief review of these
observations can be found in [30, 31]. The latest pion-decay
emission observation in two flares during current solar cycle
was performed onboard the Fermi mission with Large Area
Telescope (LAT) [32].The reviews of energetic ion properties
in the solar atmosphere deduced from observations of neu-
trons and gamma-rays can be found in [33, 34].

The SONG spectrometer on CORONAS-F space mission
was working from July 2001 until February 2005 and has
increased considerably a poor statistic of the solar events with
the data on the pion-decay gamma emission and neutrons.
Our team highlighted the pion-decay component during
the impulsive phase of August 25, 2001, October 28, 2003,
November 4, 2003, and January 20, 2005, powerful flares
as well as appearance of neutron fluxes after the first three
events.

This work is to some extent a review of our results. Here,
after short description of the SONG instrument we discuss
the observations of gamma-rays and neutrons during above-
mentioned events.These observations indicated the presence
of protons accelerated up to high energy in solar atmosphere.
The association of SPEs and GLEs with these flares is
considered.
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2. CORONAS-F/SONG Data:
Analysis of Observations and Method of
Spectra Restoration

ACsI crystal with a diameter of 20 cm and a height of 10 cm is
themain detecting element of the SONG instrument [27].The
crystal was surrounded by an anticoincidence plastic scintil-
lator shield to reject signals from charged particles. Neutrons
with energies >20MeV produce recoil protons and other
heavy nonrelativistic particles in a CsI(Tl) crystal, whereas
gamma photons produce relativistic electrons. The intensity
ratio of the fast and slow components of the scintillation
pulses in the CsI(Tl) crystal depends on the particle ionising
power, which in turn is different for relativistic electrons and
slow heavy particles. This allows us to make discrimination
between neutrons and gamma photons. Secondary particles
produced by neutrons have a wide energy distribution below
the energy of incident neutron. Therefore, the energy of a
neutron cannot be determined from its energy deposition.

The time resolution of the SONG detector was 1 or 4 s
depending on the observation mode. In-flight observation
conditions and background subtracting procedure are pre-
sented in [35].

We studied the flare gamma-ray emission using the
response function of the detector simulated with the help of
the GEANT 3.21 program. To restore the incident gamma-ray
spectrum, we used a two-component model:

(i) a continuum component caused mainly by the pri-
mary electron bremsstrahlung;

(ii) a pion-decay component in the form of a broad “line”
due to neutral pion decay, peaking at 67MeV [5], plus
a continuum due to bremsstrahlung from electrons
and positrons produced in charged pion decay (Mur-
phy, 2009 private communication to VGK).

The continuum components were represented by a power
law with gradual steepening at high energies. The latter func-
tion was applied in two forms: as a power law with an index
gradually changing with energy or as an exponential high-
energy cutoff (see more detailed description of the spectra
restoration in [35, 36]). The fitting procedure allows us to
obtain both a shape of the continuum spectrum and intensity
of the pion-decay component.

We note that it is easier to elicit the pion-decay emission
of the flare’s spectrum if maximum energy of primary accel-
erated electrons does not exceed 30–40MeV. If a large
number of electrons were accelerated to higher energies, it
is sometimes difficult to select small fluxes created by pion-
decay emission. In these cases, we can specify only an upper
limit of the pion-decay component fluxes.

Let us consider four particular events inmore detail. In all
cases, the total time of flares’ observation in our experiment
did not exceed 10–15min. This limit is caused by the pecu-
liarities of the satellite orbit with an altitude of ∼500 km and
polar inclination.Observations of flare that generated gamma
emission by SONG were restricted due to contamination of
the detector count rate by high-energy particles during a
passage of CORONAS-F through the radiation belts or due
to arriving of solar high-energy particles.

To compare the time behavior of energy release mani-
fested by hard X-ray emission and derivative of soft X-ray
emission with time profile of the pion-decay emission, we
used, in addition to SONGdata, the Solar Spectropolarimeter
(SPR-N) [37] data and GOES soft X-ray measurements. SPR-
N is a monitor of hard X-ray emission. It had two energy
bands of 15–40 and of 40–100 keV and operated also onboard
the CORONAS-F. It has never been saturated during the
events under consideration.

3. SONG Observations during the Solar Flares

3.1. Solar Flare on August 25, 2001. The impulsive phase of
the August 25, 2001, solar flare (GOES X5.3/3B, S17E34) was
characterized by a gradual increase in the total intensity and
energy of accelerated particles (see [38–41]). It lasted in high-
energy emission band not more than 4-5min. Time profiles
of soft X-rays, the soft X-ray derivative, 𝑑𝐼SXR/𝑑𝑡, hard X-ray,
and gamma emissions observed during the flare are presented
in Figure 1. The background in the CORONAS-F data has
been subtracted. The time profile of 𝑑𝐼SXR/𝑑𝑡 normalized
hereinafter to its maximum value shows that maximum
energy input into emitting volume took place near 16:31:30.
This timemoment corresponds tomaximum intensity of hard
X-ray (40–100 keV) and gamma-ray (>60MeV) emissions.
Peak time of gamma emission with energies 0.3–2MeV is
slightly delayed. This time difference of hard X-rays with
various energies is a consequence of the magnetic trapping of
electrons near the loop top and the subsequent precipitation
into the footpoint. Unlike the no-diffusion case, electrons
can escape from the magnetic trap via pitch-angle scattering
which is strongly energy dependent. A detailed discussion of
this issue is out of scope of this work.

The incident energy spectra of gamma-ray emission
accumulated in three time intervals are shown in Figure 2.
These spectra were calculated with fitted parameters of the
incident spectra in the two-component model discussed
above. Figure 2 demonstrates changing in the spectrum shape
and intensity of the pion-decay emission which dominates
at energies above 60MeV. Maximum of pion-decay emission
was at 16:31:38–16:31:46, that is, close to the peak time of
𝑑𝐼SXR/𝑑𝑡 and hard X-rays with energy of 40–100 keV. The
time interval of energy release maximum can be defined
hereinafter as an interval when 𝑑𝐼SXR/𝑑𝑡 value exceeds 0.9
of its maximum. Thus, time intervals of maximum energy
release and of maximum pion-decay emission overlap.

We got an opportunity to build a combined spectrum
using GOES soft X-ray, SPR-N, SONG, and Yohkoh (Hard
X-ray Spectrometer (HXS) and Gamma-Ray Spectrometer
(GRS) [42]) data. Figure 3 shows this spectrum, accumu-
lated over 16:31:38–16:31:46. To restore SPR-N and SONG
spectrum we used an algorithm described in [43]; spectra of
Yohkoh/HXS and Yohkoh/GRS were restored by Kashapova
(private communication). This spectrum demonstrates that
the primary electron continuum with power law lasts up to
60–100MeV. The narrow gamma-lines and the line of pion-
decay were identified over it. The flare also provided clear
signals of neutron production with sufficient intensity to be
recorded by CORONAS-F/SONG [28] after 16:35 and by the
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Figure 1: Time profiles of selected emissions from the August
25, 2001, flare: (a) soft X-ray flux (hereinafter black curve and
right 𝑦-axis) and its derivative (hereinafter red curve and left
𝑦-axis); (b) hard X-ray 40–100 keV from CORONAS-F/SPR-N;
(c) gamma-rays 0.5–1.3MeV (CORONAS-F/SONG, black curve,
left 𝑦-axis) and 0.27–1.04MeV (Yohkoh/GRS, blue curve, right
𝑦-axis; http://solar.physics.montana.edu/sxt/); (d) gamma-rays
>60MeV (red, left 𝑦-axis) and neutrons (black, right 𝑦-axis) from
CORONAS-F/SONG. Shaded rectangle in bottom panel denotes
hereinafter the interval of undoubted observation of the pion-decay
gamma-emission.

Chacaltaya NM in 16:35-16:36 [44]. This time lag relative
to 16:31:30 corresponded to neutron energies >300MeV. No
GLE was observed after this eastern event.

3.2. Solar Flare on October 28, 2003. This prominent flare
(X17.2/4B, S16E08) was observed in the soft X-ray and in
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Figure 2: Restored energy spectra of gamma-rays for different time
intervals. Thin lines correspond to 16:31:02–16:31:14, thick lines to
16:31:38–16:31:46, and dashed lines to 16:32:02–16:32:10. Red curves
represent the total spectra, black curves electron bremsstrahlung,
and blue curves the pion-decay component.
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Figure 3: Combined spectrumof theAugust 25, 2001, flare.The total
flux (blue curve) was restored from CORONAS-F data, the pion-
decay flux—from SONG data.

𝐻𝛼 ranging from 09:40 to 18:00 (http://spidr.ngdc.noaa.gov/
spidr/). According to measurements within various ranges,
the beginning of the impulsive phase (the beginning of the
main energy release of this flare) was determined as 11:01-11:02
(see, e.g., [45–47]).

The increase in the hard X-ray emission over the back-
ground level caused by the solar flare was reliably detected
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Figure 4: Normalized time profiles of selected emissions from
October 28, 2003, flare: (a) soft X-ray flux and its derivative; (b)
hard X-ray 40–100 keV from CORONAS-F/SPR-N (black curve);
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[48].

by the SONG instrument beginning from 11:02:11 to 11:12:30
(see Figure 4).This Figure presents also summarized intensity
of the 4.4 + 6.1MeV gamma-lines (INTEGRAL with the
SPI spectrometer [46]) and the magnetic field change rate
obtained with ∼1min cadence [48].

The detailed study of SONG hard X-ray and gamma-
ray emission measurement of this flare and neutrons can be
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Figure 5: The restored incident gamma-ray spectra of the flare on
October 28, 2003 (from [35]). Red curves represent the total spectra,
black curves electron bremsstrahlung component, and blue curves
the pion-decay gamma-ray spectrum. The thin curves correspond
to a power law with varying index and the thick curves correspond
to a power law with an exponential cutoff.

found in [35]. The important interval is 11:02:21–11:03:40,
when power law spectrum caused by the electron brems-
strahlung extended up to very high energies of photons
(100MeV) was observed. We could not distinguish pion-
decay contribution in this spectrum; consequently we could
estimate the upper limits of pion-decay flux if any. At
11:03:51 a sharp increase of gamma-ray emissionwith energies
above 40MeV occurred. The shape of the spectrum changed
substantially in this moment: a characteristic feature has
appeared at energies above 30MeV caused by the decay of
neutral pions (see Figure 5). It was very surprising that the
continuum created by primary electrons became more soft
with a break around 40MeV during this second energy
release episode.

Comparing narrow gamma-line intensities [46] with the
pion-decay flux at 100MeV energy Kuznetsov et al. [35]
has showed that the spectrum shape of the accelerated pro-
tons had also changed from exponential (11:02:21–11:03:40)
to power law with spectral index equal to ∼3 after 11:03:51.
This spectrum shape remained virtually unchanged, whereas
the total intensity was decreasing gradually till 11:12, which
was the end of our measurements. Regarding the time profile
of hard X-rays and 𝑑𝐼SXR/𝑑𝑡 it is evident that both curves
reach their maximum values at 11:05-11:06 simultaneously
with the time interval of maximum intensity of the pion-
decay emission.

High-energy neutrons were measured by the SONG
detector beginning at 11:06:20 [28, 35] and by the Tsumeb
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NM [49]. Bieber et al. [49] estimated the onset time of the
neutron generation on the Sun to be 10:56:30 ± 1min, which
corresponded to the time of the significant increase in the
pion-decay emission (11:03:50–500 s) observed by the SONG
detector.

3.3. Solar Flare on November 4, 2003. A new possibility
to study the behavior of high-energy gamma-rays appeared
during an unusually powerful flare onNovember 4, 2003 (X>
28/4B, S19W83), which occurred at the active region NOAA
10486 that approached the limb. The soft X-ray detectors
onboard the GOES satellites were saturated within the 19:43–
19:58 interval. However, softX-ray importance>X28was later
attributed to this flare. In addition to a very powerful soft
X-ray burst, radio emission up to 405GHz frequency was
observed [50].

CORONAS-F satellite came out from the radiation belt
region at 19:42:14 and was observing high-energy gamma-
rays from this flare till the arrival of the intense flux of solar
neutrons at 19:48:00–19:48:30. Beginning from this moment
we could not reliably separate the detector signals with
energies >20MeV caused by photons from the signals caused
by neutrons.

Since the flare was partly a behind-the-limb one, a ques-
tion arises: do our measurements cover a time interval of the
flare main energy release or they do not? We compared our
data with the measurements of the 25–150 keV hard X-ray
emission by the Ulysses spacecraft located at ∼114∘ westward
from the Earth-Sun line at a distance of 5.28AU from the Sun
and measured X-ray emission from 19:33 [51].Themaximum
of the Ulysses count rate was observed at approximately 19:44
(see Figure 6) taking into account the distance to Ulysses.

Figure 6 also shows the count rates of the hard X-
ray emission measured by the SPR-N and SONG detectors
onboard the CORONAS-F. One can see that a small intensity
flare preceded the major flare (see also [52]). The main flare
energy release onset was at 19:38:30. CORONAS-F started its
observation at 19:42:14. This time by a lucky occasion is close
to the beginning of the main energy release. Thus, 10min of

our measurements covered practically the total time interval
of the flare impulsive phase except the very beginning of the
event between 19:38:30 and 19:42:14. Figure 7 shows in more
detail the time behavior of various flare emissions.

Spectral analysis revealed a small contribution
of the pion-decay component at the level >1 ⋅ 1−4
photons cm−2 s−1MeV−1 within the time interval 19:42:14–
19:42:40. The maximum of the gamma-rays from the pion
decay is equal to 1 ⋅ 10−3 photons cm−2 s−1MeV−1 (see
Figure 8).

The high-altitude NMs at Mexico and Haleakala [53] and
the SONG instrument [28] recorded intense fluxes of solar
neutrons whose energy was estimated as 200MeV on the
basis of the time of flight method.

GLE associated with this flare was not observed, though
the fluxes of solar protons with energy >700MeV were
recorded with High-Energy Proton and Alpha Particles
Detector (HEPAD) on GOES (http://umbra.nascom.nasa
.gov/SEP/).

3.4. Solar Flare on January 20, 2005. Throughout the history
of flare studies the solar flare which occurred on January
20, 2005, (X7.1/3B, N14W61) is apparently the event with the
best set of various experimental data (see, e.g., [36, 54, 55]).
Radio data [54] and Ramaty High-Energy Solar Spectro-
scopic Imager (RHESSI)measurements indicated that intense
acceleration of electrons up to energies 100 keV and protons
up to energies 10–30MeV began at approximately 06:42.
Time profiles of selected emissions are presented in Figure 9.
The increase of hard X-rays (>40 keV) and gamma-rays in
the SPR-N and SONG data could be distinguished over the
background count rates after 06:43:30.

Several distinguished episodes of energy releasewhich led
to the change in the emission spectrum shape are clearly seen
in Figure 9. The maximum time of 𝑑𝐼SXR/𝑑𝑡 coincides well
with the maximum time of the energetic emission at 06:47:10
(see panels (c), (d), and (e)). At the same time the intensity
of hard X-rays (40–100 and 100–300 keV) falls dawn. This
decrease was probably caused by the reverse current, created
by a very intense electron beam (see, e.g., [43, 56]).Wemerely
note that accelerated protons can carry an additional input in
the cumulative energy budget of the emitting plasma and we
do not discuss this experimental fact in more detail, since it
is beyond the scope of the present work.

Figure 10 presents four successive emission spectra cal-
culated with various forms of continuum spectrum. Each of
them was accumulated over 1min. The figure demonstrates
a gradual increase in the total intensity of gamma-rays. The
plateau caused by pion-decay becomes distinctly pronounced
over 06:44:40–06:48:40 time interval. This spectral peculiar-
ity was distinguished even within the 06:44–06:45 interval
at the very low level of (1–3) ⋅ 10−4 photons cm−2 s−1MeV−1
at the 100MeV energy. Beginning from 06:45:40, a substan-
tial increase of intensity of photon with energies >10MeV
is observed. The maximum of the high-energy gamma-
ray emission was observed at 06:46–06:47 and was 3.6 ⋅
10
−3 photons cm−2 s−1MeV−1 at the 100MeV. Note that the
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intensity of the pion-decay emission does not depend appre-
ciably on a choice of continuum spectrum. Maximum pion-
production coincided with time of maximum energy release.

The protons accelerated on the Sun were observed by the
world NM network (GLE69) [2].

4. GLEs and SPE Onset Associated with
the Discussed Flares

The time profile of the pion-decay gamma emission corre-
sponds to the time evolution of the population of the interact-
ing protons and can be used to determine, at least, the onset
time of proton acceleration. Further, themost important issue
is to know the timing between the particle acceleration up to
relativistic energies and time of release of protons, in some
cases connected with GLE observations.

Suppose that a certain number of the accelerated protons
escaped immediately into space after acceleration. So, if the
onset or maximum time of the pion-decay emission was
observed, we know the escaping time of the particles. In
fact, this assumption means that protons interacting at the
Sun (and generating pions) and protons responsible, at least
for the initial phase of the GLE, should belong to the same
population of accelerated particles.

Usually, when one analyzes the propagation of solar
cosmic rays in the interplanetary space the ideal Parkermodel
of the solar wind (SW) is used. It suggests that the IMF lines
are in the form of Archimedean spirals. Their parameters
(length and heliolongitude of magnetic field line connecting
the Sun and Earth) are determined by averaged values over
few days prior to the flare. The mean free path of individual
particles may be less than the length of the nominal values of
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IMF line, but not less than the distance from the Sun to Earth
in this epoch (see, e.g., [57]).

It should be added that relativistic particle events are
observed at times of high solar activity, when transient
magnetic structures such as CMEs disrupt often the IMF
structure as, for example, in the intervals August 1972, August
1989, June 1991, and October-November 2003. Therefore, in
these cases it is unlikely to assume the regularity of the spiral
structure of IMF. Sun-Earth magnetic connections can be
rooted far from the nominal Parker spiral (see, e.g., [58, 59]).

The time lag between the onset of particles detected on
Earth with respect to the particle release time from the Sun
can be estimated from the following suggestions.

(i) Let us assume that accelerated particles escaping from
the Sun get on the shortest IMF lines with a small
pitch angle.

(ii) Particles are propagating with small or without scat-
tering. Therefore, their trajectory lengths are close to
the length of the IMF line.

(iii) The threshold energy of the particles detected by
high-latitude NM is ∼450MeV due to an atmospheric
absorption, but the effective energy of the particles
detected by high-latitude neutron monitors exceeds
1 GeV (see, e.g., [60]). The latter energy corresponds
to the particle velocity not less than the 𝑣 = 0.875𝑐 (𝑐
is the speed of light).The energies of particles detected
by themedium and low-latitudeNMs are even higher,
and these energies are determined by the geomagnetic
cutoff.

(iv) The propagation time of protons with energy of 1 GeV
assuming the path length between 1 and 1.3 AU is
equal to 581–755 s, respectively.

(v) If this is true, we expect that a little short impulse
or raising intensity springs out before the main event
enhancement (i.e., a kind of precursor). It can be
observed by one or several NMs with the lag, approx-
imately 670 ± 80 s relative to particle release time.

Let us compare the release time of these leader particles
with the time of an efficient generation of protons in the
flare (as determined by timing of the pion-decay emission).
Remember that the propagation time of 1 AU for gamma
photons is equal to∼500 s.Thus, if we find that the precursor’s
particles were delayed with respect to gamma-rays at the ≈3–
5min, we get the reason to believe that these protons were
accelerated in the flare. Given the spread of path lengths and
the uncertainty of data on the velocities of the first recorded
particles, their delay relative to the observation time of the
pion-decay gamma-rays should fall within the interval of 1–6
minutes.

Let us compare GLE 65 and 69 onset as well as SPE onset
of November 4, 2003, with the time of pion-decay emission
measurements during associated flares which occurred on
October 28, 2003, January 20, 2005, and November 4, 2003.

First of all we determined the beginning of observation of
GLEs 65, 69 [61]. We have carefully studied the excess above
the background level in the analysis of all available NMs data.
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If this excess is seen just in data of a single NM, it may
be random, even if its value exceeds 3𝜎 level. To determine
the interval of first particles arrival, we used the method of
superposed epoch for the data from several stations hinting a
notional excess.

Figures 11 and 12 illustrate our method and the results
obtained inGLE65 andGLE69. ForGLE65 data ofHermanus,
Irkutsk-2, McMurdo, Cape Shmidt, and Calgary NMs were
used.The proton acceleration time and the maximum energy
release were 11:04–11:06, and we determined the statistically
significant time of the first particles’ arrival as 11:06–11:08.

For GLE69 data of Oulu, Norilsk, ApatityNMswere used.
In addition we show the NM South Pole data because these
data are commonly used to demonstrate the onset of GLE 69
at 06:48-06:49. Our method determined the time of the first
particle arrival as 06:47-06:48.

The proton acceleration time and the maximum energy
release were 06:46–06:48.

To check the possibility of direct observation of solar
neutrons by selected NMs we calculated an angle between
the local vertical and the direction to the Sun at the time
of the event under consideration [61]. Practically all cases of
solar neutron observations were performed by high-altitude

NMs located near the subsolar point (e.g., the Tsumeb NM
during the event on October 28, 2003 [49]). NMs whose data
were used in this work had not a possibility to observe solar
neutrons.

NoGLE event associatedwith theNovember 4, 2003, flare
was reported. We used data of the HEPAD detector onboard
GOES-10 and -12 and found the high-energy (>700MeV)
proton onset of the SPE between 19:45 and 19:55 (see
Figure 13). The proton acceleration time and the maximum
energy release were 19:44–19:48.

In Table 1 we summarize the timing of pion-decay emis-
sions and high-energy particle onsets for events examined in
this work.

5. Discussion

Before the launch of CORONAS-F data set of the flares
with the pion-decay emission consisted only of 8 events.
CORONAS-F measurements extended this set essentially.
120 flares with hard X-ray emission were observed with
CORONAS-F, and high-energy electron bremsstrahlungwith
photon energy >5MeV was observed in 15 flares. We were
lucky and have measured gamma-rays with energies up to
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Figure 11: GLE 65, October 28, 2003. The left part, upper panel: SONG gamma-rays (black curve) and the soft X-ray derivative (red curve).
The second panel: count rates of five NMs obtained by the method of superposed epoch. Five panels below: data of each NM separately. Right
part: two upper panels from the left part displayed with better time resolution.

100–200MeV when the impulsive phase of 4 powerful flares,
namely, August 25, 2001, October 28, 2003, November 4,
2003, and January 20, 2005, was in progress. All these flares
produced neutrons and/or protons, recorded near the Earth.
We demonstrated that the SONG response was consistent

with detection of the pion-decay emission and high-energy
neutron fluxes.

High-energy neutrons and pion-decay photons are pro-
duced in the same interactions of accelerated protons with
ambient matter instantly. So it would be reasonable to expect
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Table 1: Timing of pion-decay gamma emission and high-energy particle onsets.

Date August 25, 2001 October 28, 2003 November 4, 2003 January 20, 2005

Flare importance, location X5.3/3B
S17E34

X17.2/4B
S16E08

X > 28/4B
S19W83

X7.1/3B
N14W61

Time of the pion-decay emission 16:31:10–16:32:30 From 11:04:50 19:42:30–19:48:00 From 06:44:40
Time of proton onset No 11:06–11:08 19:45–19:55 06:47-06:48
Time of neutron onset 16:35-16:36 11:07:00–11:07:30 19:48:00–19:48:30 No

the observation of both in one and the same event. Indeed,
neutrons were observed by SONG andNMs after three flares.
On January 20, 2005, neither ground-level detectors nor
CORONAS-F/SONGobserved neutrons though the observa-
tion conditionswere favorable for their detection by SONG. It

is difficult to understand the absence of neutrons, since GLE
69 accompanying this flare reached 5400%.

One can use any model of the incident photon spectrum
to restore it from the detector pulse spectrum. In our simula-
tionmethods we performed the usual procedure of spectrum
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restoration, accepted by the scientific community studying
high-energy gamma emission (see, e.g., [16, 22–24]). The
fitting procedure including standard 𝜒2 permits to calculate
the total incident spectrum and the pion-decay contribution.
To elicit a pion-decay feature in the gamma-ray emission
spectrum the intensity of the pion-decay emission must
exceed the bremsstrahlung background. SONG spectrometer
had the appropriate sensitivity and energy resolution for these
purposes.

Exploring four flares we distinguished several accel-
eration episodes with substantially different characteristics
during the time evolution of these flares which implies a
substantial change in the spectrum shape of accelerated
electrons as well as ions. We define maximum energy release
as maximum 𝑑𝐼SXR/𝑑𝑡 in this work. It is known that at the
beginning of the flare impulsive phase the value of 𝑑𝐼SXR/𝑑𝑡
does not exceed 20–30% of its peak value. Electrons are
mainly accelerated during this time, which is manifested by
bremsstrahlung hard X-ray and gamma-ray emission. The
photon energy of such “pure electron spectrum” can reach
60–100MeV. This was demonstrated earlier in June 21, 1980,
May 24, 1990, andMarch 26, 1991, powerful flares [16, 21, 62].

Themeasurements of the narrowgamma-lines performed
by SPI during October 28 and November 4, 2003, as well
as RHESSI during January 20, 2005, events indicated the
presence of protons accelerated up to 10–30MeV near the

beginning of these events. We discovered that in the rise
phase of August 25, 2001, and October 28, 2003, flares the
energy of photons reached at least 80–100MeV without any
deposit from the pion-decay emission. At the beginning of
November 4, 2003, and January 20, 2005, flares the spectral
feature associated with the pion-decay process was very faint.
It means that the number of ions accelerated up to the energy
above the threshold of pion production (∼300MeV) was very
small in these time intervals.

We emphasize that observation of the pion-decay gamma
emission is the method of investigating proton acceleration
up to hundreds ofMeV andmore because this spectral feature
cannot be imitated by other processes.

We determined the time of the sharp increase of the
pion-decay component intensity. Since pion-decay gamma-
rays are emitted by accelerated ions almost instantaneously,
the moment of the sharp rise of the pion-decay component
indicates the time of the proton bulk appearance in the low
corona. Neutron generation function (or more precisely the
injection function) can be determined by solving the inverse
problem (e.g., [49, 63]). The time of neutron production can
be determined by this method with accuracy ≥1min; the
accuracy derived from the pion-decay emission data is higher.

We found that the time of the maximum efficiency of
proton acceleration is close to the time interval when the
𝑑𝐼SXR/𝑑𝑡 value exceeds 0.9 of its maximum. If our definition
of flare energy release is correct, then this time closeness
indicates that maximum efficiency of ion acceleration occurs
in the time of flare energy release. The strong correlation
between pion-decay flux time profile and magnetic-flux
change rate was observed in October 28, 2003, flare (see
Figure 5). Certainly it is only one case, but it implies that
acceleration of high-energy protons may be an intrinsic
property of the impulsive energy-release process, and it seems
to be important for particle acceleration models.

We clearly saw that the increase in the electron energy
(hardening of the spectral index) is not necessarily consistent
with the episodes of the maximum efficiency of proton
acceleration as it is clearly seen in October 28, 2003, flare.

Comparing the timing of pion-decay emission with the
arrival time of the first energetic particles at 1 AU we found
that these particles lagged ≈3–5min behind the gamma-rays
emission. So we proved that these protons were accelerated in
the flare simultaneously with the interacted protons (or they
both belong to the same population of accelerated particles).

Our investigation of three events revealed that the max-
imum pion production indicating the maximum efficiency
of proton acceleration was observed within the time interval
of maximum energy release determined by 𝑑𝐼SXR/𝑑𝑡. This
conclusion can be extended to the flare onNovember 4, 2003,
if we assume that maximum energy release was determined
from data on hard X-rays.

It is well known that for most of GLEs measurements
of high-energy gamma emission from associated flares were
absent. We showed in the present paper that the time of the
most efficient proton acceleration coincided with the time
interval of maximum energy release manifested by 𝑑𝐼SXR/𝑑𝑡.
Taking this result as the “null” hypothesis, we have used it
as a working tool for determining the time delay of the first
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particles of GLE relative to the time of maximum efficiency
of proton acceleration. We carried out a detailed study of
the onset time of 43 GLEs and found that this delay did not
exceed 10 minutes in 28 events [64]. This means that proton
acceleration to relativistic energy starts typically within the
time interval of maximum flare energy release.

The indirect methods of the initial moment determina-
tion and time duration of heavy particle acceleration up to
relativistic energies (i.e., the analysis of radio emission, the
determination of CME lift-off time, and the time of type II
onset that are usually considered to be an indication of a
shock wave in the corona, etc.) do not provide such a time
accuracy.

6. Conclusions

We have analyzed high-energy gamma emission and neutron
flux measurements of four solar flares: August 25, 2001,
October 28, 2003, November 4, 2003, and January 20, 2005,
obtained by CORONAS-F and combined with other obser-
vations of these flares. We showed that the SONG instrument
response had been consistent with the detection of the pion-
decay gamma emission and neutron fluxes in these events.
We determined the onset time of GLEs 65 and 69 which
accompanied October 28, 2003, and January 20, 2005, flares
on the basis of theNeutronMonitorWorldNetwork data. For
reliable determination of this time we used the superposed
epoch method. We used data of HEPAD detectors onboard
GOES 10 and 12 to determine the onset time of high-energy
protons during SPE on November 4, 2003. We obtained the
following results.

(1) Observations of both pion-decay gamma-rays and
high-energy neutrons in one and the same event
prove undoubtedly that protons were accelerated up
to relativistic energy, and then they interacted with
solar matter. Detection of high-energy neutrons in
the considered events proves that the observed feature
in the gamma-ray spectrum was caused by the pion-
decay process. Acceleration of protons responsible for
GLE/SPE serves as an additional argument to ascribe
this feature to the pion decay.

(2) The pion-decay emission was observed within the
time interval of the maximum flare energy release,
which was manifested particularly by 𝑑𝐼SXR/𝑑𝑡 time
evolution. Hence, proton acceleration begins in the
course of the flare but not later. However, we recog-
nize that this conclusion is not the general rule.There
are flares in which the pion-decay emission appeared
only after the end of the main energy release.

(3) GLEs/SPE onset was observed with a short <5min
delay in respect to the time of the pion-decay gamma-
rays’ observations, which is the least possible value.
So, we suggest that in the events which took place
on October 28, 2003, November 4, 2003, and Jan-
uary 20, 2005, both protons interacted in the solar
atmosphere, and the first protons which arrived to the
Earth belonged to one and the same population of
the accelerated particles.

Revealed relationship between high-energy gamma-rays
and GLE may serve as an additional element for short-time
forecasts of radiation hazard storms in addition to those
based on ground-based devices (NMs) and lower energies
emission measurements. Thus, it makes sense to continue
to provide regular patrol of high-energy “neutral emissions”
from the Sun on various satellites and spacecraft in order to
investigate space weather.
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