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In this paper, we report solar neutron events detected in the solar cycle 23, especially three interesting
events detected on November 23rd and 28th 1998 in Tibet and October 28th 2003 in Tsumeb.
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1. Introduction

We have proposed in 1990 to study the particle acceleration mechanism at the solar surface
by measuring solar neutrons at ground level on Earth. If we measure the energy of neutrons,
we can know the acceleration time of ions into high energies.

However neutron detection had been considered to be difficult. Because (1) neutrons
are attenuated strongly in the atmosphere of the Earth, (2) neutrons decay during the travel
from the Sun to the Earth, and (3) the detection of neutrons is complex. Even if they leave
the Sun at the same time, the arrival time of neutrons spreads. High energy neutrons arrive
faster than low energy neutrons. Neutrons with energy about 1 GeV arrives one minute
later than the light, while neutrons with energy 100 MeV arrive at the Earth 10 minutes
later than the light. It is necessary to measure the energy of neutrons in order to identify
their departure time at the solar surface. This is one of the main motive forces of us to
install a new type of solar neutron detector that can measure the energy of neutrons.
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During the solar cycle 23, we have prepared several solar neutron telescopes at the
high altitude laboratories over the world and waited the occurrence of large solar flares.
We observed 16 remarkable solar neutron events with use of these detectors and traditional
neutron monitors. In this paper we report those results and interesting features.

2. Neutron monitors and neutron telescopes

The detection of solar neutrons has been made during the solar cycle 21st and 22nd by the
neutron monitors. The solar neutron monitor has high detection efficiency for neutrons and
a good S/N ratio for the background charged particles like muons and electrons. For details
see the papers by Hatton, Shibata, and Clem and Dorman.!=3

On the contrary, neutron telescope design is based on a principle that solar neutrons will
collide with the hydrogen target of the scintillator. By the n-p charge exchange process, the
momentum of neutrons will be transferred to protons. The kinetic energy of protons is

T, = Tycos’ 6.

Therefore if we measure the energy of protons, we will be able to know the energy of neu-
trons. In case neutrons collide with the carbon target, their energy is dissipated into protons
and neutrons, so that the energy detected by the scintillator does not always reflect the en-
ergy of incident neutrons. However, the n-p charge exchange process allows to estimate
the maximum energy of incident neutrons. By the quasi elastic charge exchange process,
protons are emitted into a cone with an opening angle up to about 15 degrees.

Using the fact that protons are emitted into the forward cone, we can separate neutrons
coming from the Sun from background. Generally speaking, if we divide the sky into 5 x 5
regions, we can reduce the background to about 1/25. This is the principle of the neutron
telescope.

3. Solar neutron events detected in the solar cycle 23

In Table 1, we present the list of solar neutron events detected in the solar cycle 23. The
underlined locations represent the events detected by the neutron monitors.* The other
events are detected by the neutron telescopes. We have observed about 40 excesses of
events in coincidence with the GOES start time, but in this Table, we have only presented
events with > 40 statistical significance. We searched for neutron events during flares of
size greater than X1.4.

Let us describe here how we define neutron events. We have searched an excess due to
neutrons before and after 13 minutes of the GOES flare start time. Within this time, if we
see an excess of events higher than 40 statistical significance, we define it as a solar neutron
event. In case the data of photons of BATSE, RHESSI, or Yohkoh HXT are available, we
used the start time of those data instead of the GOES start time, because the photon energies
observed by these instruments are higher than those measured by GOES. In some events,
the time difference between the GOES start time and soft gamma-ray start time turned out
to be 10 minutes. Why do we choose a time interval within +13 minutes? Solar neutrons
with energy of 70 MeV arrive at the Earth about 13 minutes later than the light. Neutrons
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Table 1. List of solar neutron events detected during solar cycle 23 (flare size > X1.4 and neutron enhance-
ment > 4.00). Detectors in the parentheses showed enhancement of 3.04.0c.

Date start time  max time  location class observatory where neutrons were detected
1998.11.23 06:28 06:44 S28W89 X2.2  Tibet
1998.11.28 04:54 05:52 N17E32 X3.3 Tibet
2000.11.24 14:51 15:21 N22WO07 X2.3 Bolivia
2001. 3.29 09:57 10:15 N20W19 X1.7 Swiss (Armenia, Tibet)
2001.4.2 10:04 10:14 N17W60 X1.4  Armenia (Swiss)
2001. 4.10 05:06 05:26 S23W09 X2.3 Armenia, Tibet, Norikura
2001. 8.25 16:23 16:45 S17E34 X5.3 Bolivia (Swiss)
2001.9.24 09:32 10:38 S16E23 X2.6  Tibet
2002. 4.21 00:59 01:31 S14W8g4 X1.5 Mauna Kea, Norikura
2002.7.20 21:04 21:30 ? X3.3 Mauna Kea, Haleakala
2003.5.28 00:17 00:27 ? X3.6 Mauna Kea, Norikura
2003. 6.11 20:01 20:14 N14W57 X1.6  Mauna Kea
2003.10.28 09:51 11:21 S16E08 X17.2  Tsumeb (Swiss, Armenia, Tibet)
2003.11. 2 17:03 17:25 S14W56 X8.3 Bolivia
2003.11.3 01:09 01:30 NI1OWS83 X2.7 Mauna Kea, Haleakala
2003.11. 4 19:29 19:53 S19W83 X17.4  Mauna Kea, Haleakala

with energy less than this energy are strongly attenuated in the atmosphere or decay in
the interplanetary space, so that the detection of solar neutrons becomes impossible by the
ground level detectors.?

Let us discuss about the possibility to misidentify the fluctuation of the background as
a real neutron event for time intervals of 1 min and 3 min. The probability is calculated to
be 1/600 and 1/1800 respectively. For time intervals of 20 sec, the probability increases
to 1 every 200 events, but for such a short time enhancements, we required the further
condition that the increase must continue for more than 3 bins of 20 seconds. In case the
spectrum is hard like E~2-, high energy neutrons are coming within one minute and piled
up in a bin. So search of events not only with 3 min but also with 10 sec binning would be
important. The time profile of events is completely dependent on the shape of the neutron
production spectrum.

The time difference between rise-up time of neutron channel and soft X-rays, hard X-
rays or soft gamma-rays, is within O — 5 minutes. This implies the important fact that ions
are accelerated at the same time of electrons on the solar surface. We found two exceptional
events on April 2nd 2001 and June 11th 2003. During the event of April 2nd 2001, the
excess was found at 10 minutes before the GOES start time. There was no Yohkoh hard
X-ray data on this event. In the event of June 11th 2003, the neutron production started 4
minutes before the GOES start time, but also no detection of soft gamma-rays by RHESSI
was found, due to the night of the satellite.

4. Interesting events, Discussions and Summary

We would like to introduce here three events from Table 1 and describe their interesting
features.
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The event detected at Tibet on November 23rd 1998. The time profiles between the
channels of the energy > 120 MeV and > 160 MeV show quite different shape in
comparison with the channels > 40 MeV and > 80 MeV. The long lasting time profile
of the higher energy channels may be explained by proton effect.

The event detected at Tibet on November 28th 1998. This is the first event when the
excess of neutrons® was detected with use of a telescope. The event confirmed the
prediction of the neutron deflection effect in the atmosphere.®” The most remarkable
thing of this event is that a correspondence with the pictures of the Yohkoh soft X-
ray telescope has been obtained. The photo strongly suggests that the flare started
during the collision between two loops; the rising loop collides with an existing loop
at 05:31:28 UT over the solar surface. This is a typical example of the goal of our
experiment. During the next solar cycle 24, many of such events will be collected in
collaboration with the Solar-B group.

The event detected at Tsumeb, Namibia, on October 28th 2003, by the neutron monitor.
Clear data of the Integral satellite are obtained for this event. The position of the Sun
was just above Namibia. The neutron telescopes located at the northern hemisphere
did not see any excess at 11:03 UT, but on the contrary at the GOES start time of
this flare, 09:51 UT, the Gornergrat detector and the Armenian detector have found an
excess of events with 30 sec binning (the enhancement continued for 2 minutes). The
Coronas-F (SONG) detector also shows a small enhancement of photons at 09:51 UT.
Furthermore it is worthwhile to note that the Mt. Norikura 64 m? neutron telescope
detected a long lasting excess of events just before 11:03 UT.

The study of solar neutrons will be very fruitful to understand the acceleration mech-

anism of ions at the solar surface. During the solar cycle 24, more fruitful results will be
accumulated. During the solar cycle 23, we have developed a new type of solar neutron
detector on the ground and understood quite well their behaviors. For the next solar cycle,
the improvement of those detectors is also strongly recommended.
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