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Abstract: The X17.0 solar flare of September 07, 2005 released high-energy neutrons that were detected by the
Solar Neutron Telescope (SNT) at Sierra Negra, México. In three separate and independent studies of this solar
neutron event [1, 2, 3], the energy spectra was calculated and fitted to a power law. In this paper, we show an
alternative analysis, based on improved numerical simulations of the detector using GEANT4 [4], and a different
technique to process the SNT data. The results indicate that the spectral index which best fits the neutron flux is
around 3, in agreement with previous works. Based on the numerically calculated energy deposition by the solar
neutrons on the SNT [5], we confirm that the neutrons detected had at least 1 GeV energy, this implies that the
solar flare most probably produced 10 GeV protons; these could not be observed at Earth as the source flare was in
the east limb.
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1 Introduction
The origin of particle acceleration is the collision of mag-
netic loops producing a reconnection that heats up the so-
lar plasma. The hot plasma blows downward constituting a
high speed plasma stream. The stream hits the top of a mag-
netic loop. Particles within an inverse U-shape magnetic
loop will be accelerated by collisions with the plasma jet.
Observation of solar neutron events is an important tool to
understand solar particle acceleration mechanisms during
strong flares, as solar neutrons carry unmodulated informa-
tion from the solar source. With the accumulation of more
data, we may discriminate between various particle accel-
eration models at the Sun [6]. The solar and interplanetary
fields modulate the charged particle fluxes; therefore their
characteristics at the source are modified. Observations of
neutral particles do not suffer from these disadvantages. It
is therefore important to include X and γ-ray observations
in our studies of neutral particles. Neutral pion decay pro-
duces γ-rays with energies about 70 MeV, nuclear deexcita-
tion lines at 4.4 MeV from Carbon and/or 6.1 MeV from
Oxygen, the 2.223 MeV neutron capture line of deuterium
formation or bremsstrahlung from accelerated electrons are
also in the γ-ray range. On the other hand, specific infor-
mation on ion acceleration processes, unclouded by other
effects, may be obtained through the neutron channel, be-
cause neutrons are produced solely by ion collisions in the
solar atmosphere. In this paper we will discuss observations
of solar neutrons at the Earths surface as a consequence of
the event of 7 September 2005, and assess its contributions
to the knowledge of the solar flare phenomenon.

2 Solar Emissions on 7 September 2005
On September 7, 2005 there was a X17.0 solar flare on
the east-limb of the Sun. The GOES satellite detected
an increase in soft X-ray emission at 17:17 UT, the flare
peak was at 17:40 UT; almost four hours after the onset
of the flare a solar proton event was detected by GOES
[7].We show the hard X-ray emission observed by the
GEOTAIL spacecraft, with a significant increase ranging
from 17:34 UT to 17:40 UT, the maximum was at 17:36:40
UT (Figure 1a). The γ-ray profile, in the ranges 1 to 10
MeV is shown in Figure 1b. Based on [6] and Figure 1a, it
is confirmed that there were soft and hard X-ray emissions,
during the event of September 7, 2005, implying particle
acceleration in the flare. Figure 1b is the evidence that
there were nuclear reactions between accelerated particles
and the solar atmosphere. The time profiles of gamma and
hard X-rays emissions are very similar, with a peak at
17:36:40 UT, so we may assume that a gradual production
of solar neutrons occurred for a few minutes around X
and γ-ray maxima. Figure 2 presents the γ-ray spectrum
from 1 to 10 MeV corresponding to the solar event on
7 September 2005, as determined from the INTEGRAL
satellite observations [8]. Three features of the spectrum
(red ovals) are distinguishable: i) the 20Ne nuclear de-
excitation line, ii) the deuterium neutron capture line at
2.223 MeV, and c) the 4.4MeV 12C nuclear de-excitation
line.

3 Solar neutrons observation
As shown in [9], the SNT at Sierra Negra has four different
energy deposition threshold channels that correspond to E
> 30 MeV (S1 with anti), E > 60 MeV (S2 with anti), E
> 90 MeV (S3 with anti) and E > 120 MeV (S4 with anti).
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Figure 1: a) Hard X-rays (> 50 keV) observed by GEO-
TAIL for the solar flare of September 07, 2005 [8]. b) Flux
of γ-rays: 1 to 10 MeV, observed by the INTEGRAL satel-
lite during the event on September 07, 2005 [8].

Figure 3 shows the time profile of the solar neutron event
of September 07, 2005, detected by the four channels of the
SNT. The excess in the time interval from 17:42 to 17:54
UT is clearly seen in all four energy channels, the statistical
significances of the humps are 15.8σ , 12.6σ , 9.6σ , 7.8σ

from the lowest to the highest energy deposition channel
respectively. There is no corresponding increase in the
charged particle channels; therefore there is no doubt that
the particles registered were neutrons. If neutron production
started at the time of the first increase of γ-ray lines (17:34
hrs), the first arrival of neutrons occurred only 9 minutes
later, indicating they were ultrarelativistic. Figure 4 shows
the distribution of the data recorded by 25 directional
channels of the SNT at Sierra Negra. The largest neutron
increase (11.3 %) was measured in the central channel that
corresponds to zero (± 7.50) zenith angles, [5]. Therefore,
if the highest percentage of solar neutrons arrived at the
central channel, the sun must have been close to the zenith,
a time around local noon (18:00 UTC) ± 1 hour. This is
what is expected based in the X-ray and γ-ray intensity
profiles.

4 Analysis
For this event, the authors in [1] calculated a power spec-
trum as a power law in the Sun with an index (α) α=3.2. In
[3], they showed a spectral index of the emission of neu-
trons for this solar flare of α=3.1, based mainly on the regis-
ters of the Chacaltaya neutron monitor. In [1], they showed

Figure 2: Energy spectrum of gamma-rays observed by the
INTEGRAL satellite, for the solar flare of September 07,
2005 [3]. The red ovals show the nuclear de-excitation lines
of 20Ne and 12C and the neutron capture line (2,223 MeV).
It confirms the solar neutron production.

that the excesses in the counts of the analyzed channels are
sensitive to neutron spectrum, and the power law index of
the neutron spectrum is more appropriate around 3, which
is consistent with the spectrum estimated in [3], based on a
fit of the transport equation to the Chacaltaya time profile.

As the response of each channel has different energy
dependence, the relative counts between channels should
be sensitive to primary energy spectrum of neutrons. For
this analysis, we used one minute counting rate data from
the four main channels of neutrons detection of the SNT
at Sierra Negra. The probability of detection of the SNT
was calculated using the GEANT4 code. Figure 5 shows
the data for channel S1 with anti (E > 30 MeV) with 1
minute resolution, there it can be observed the excess of
the neutrons emitted in the solar flare. The dotted line
corresponds to the background radiation, calculated as
a third order polynomial, omitting data from 17:40 UT
to 18:05 UT. As the increase is clearly over the baseline
between 17:40 UT and 18:05 UT, these counting rates
were used to calculate the excess over the baseline, and
the spectral index of primary neutrons. We calculated the
probability of detection of each channel of the SNT as
a function of kinetic energy of incident neutrons. The
neutrons were distributed uniformly with a zenith angle of
0. Figure 6 shows the probability of detection of the four
channels of energy deposition of the SNT, according to the
kinetic energy of incident neutrons injected at the top of the
SNT. It can be seen that if there is a significant contribution
to the registered counts, the incident neutrons should have
energy of several hundred MeV at the top of the SNT. To
calculate the spectral index of primary neutrons, each of the
four channels counts were integrated between 17:40 UT and
18:05 UT, where data from September 07, 2005, solar flare
are contained. The neutron flux was calculated from the
TNS at Sierra Negra to the Sun. The neutron attenuation in
the atmosphere was estimated based on [10], which includes
the mass that passed through on their way to the TNS at
the time of the event, and the β -decay of neutrons on their
way from the Sun to Earth. The counts were normalized
to the channel S1 with anti and plotted assuming different
power law index (from α=2 to α=5) with the errors bars,
as shown in Figure 7.
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Figure 3: Solar neutron event detected by the SNT at Sierra
Negra on September 07, 2005. It shows all four channels of
neutron deposition energy for a two minutes counting rate.

5 Results
Figure 5 shows that the excess is significant in the four neu-
tron channels, (up to E > 120 MeV) and, based on [5], we
know that the different SNT channels may be used to esti-
mate the energy deposited by the impinging neutrons, as
a function of the incident energies. The different channels
energy threshold allows an estimate of the neutron spec-
trum. According to Figure 8, neutrons must have incident
energy at the top of the SNT greater than 600 MeV to de-
posit at least 120 MeV and will be detected by the four neu-
tron channels for the channel S4 with anti. For the event
reported here, the statistical significance of the counting
rates observed in S4 with anti is 7.8σ . Therefore we may
conclude that the SNT at Sierra Negra detected neutrons
of around 1 GeV. As neutrons are the product of proton-
proton and α-proton nuclear collisions in the correspond-
ing active region in the solar atmosphere, it is very plau-
sible that these protons had at least 10 GeV at solar sur-
face. The solar flare of the case was an east limb flare, any
charged particles flowing from this site to the interplanetary
medium would be guided by the interplanetary magnetic
field to regions far from the Earth, which is why energetic
protons were observed by GOES only four hours after the
event. Figure 7 shows that the spectral index which best fits
the solar neutron flux produced in the flare of September 7,
2005, is about 3, which is consistent with the results shown
in earlier publications [1, 2, 3] using in one of them [3] a
completely independent source of information. It is empha-
sized that, for this solar neutron event, the neutron emission
was gradual and began with the gamma-ray flux, producing
neutrons with energies up to 1 GeV.

Figure 4: Percentage of solar neutron increases registered
by the 25 directional channels of the SNT at Sierra Negra,
due to the September 07, 2005 X17 solar flare. The darker
central area represents the largest number of neutrons
detected, that corresponds to the time of the flare ± 30 min.

Figure 5: One minute counting rate of neutrons of the
S1 with anti channel (E > 30 MeV) of the SNT at Sierra
Negra. The dotted line corresponds to the background
calculated as a third order polynomial. The horizontal arrow
represents the time interval used to integrate the total surplus
accounts. The neutron excess is clearly observed.

6 Conclusions
Based on the results of energy deposition obtained with
the numerical simulations, and the high significance of the
observed signal at the highest neutron energy channel, we
may conclude that the Sierra Negra SNT detected neutrons
with at least 1 GeV energy. Therefore, the protons that were
involved in the production of these neutrons during the solar
flare could well have had at least 10 GeV. These protons
were not detected on Earth, since the event was produced
by a limb type solar flare. To the best of our knowledge, the
evidence presented here constitutes the first calculation of
the solar flare acceleration capability based on the detection
of solar neutrons. We recalculated the spectral index of the
solar neutrons detected by the SNT at Sierra Negra based
on a longer time series of data and using only the excess in
the four neutron energy channels. The results show that the
spectral index that best fits the neutron flux produced in the
flareof September 7, 2005 is about 3.This result is consistent
with previous estimates. Given all the characteristics of
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Figure 6: Response of the four neutron channels of the SNT.
The probability of detection for each channel is calculated
as functions of the kinetic energy of the neutrons at the
top of the SNT. In these calculations, the neutrons were
distributed evenly with a vertical injection angle (00 zenith).

Figure 7: Relative excess of the four channels of neutron
counts of the SNT, for the solar flare of September 7, 2005.
The lines show the expected counts for different neutron
spectra, calculated as a power law with index from α=2 to
α=5.

this event we may conclude that the emission of neutrons
was continuous and contemporary to the flow of gamma-
rays.As the flux of neutrons is essentially unaltered by the
electromagnetic fields between the source and the Earth, it
is very likely that the resulting spectrum corresponds to the
source spectrum.
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