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Abstract: Solar neutrons from the X17.2 �are on 2003 October 28 were observed by the ground-based
neutron monitor at Tsumeb in Namibia. The intense emission of γ-rays for this event was observed
by the INTEGRAL and RHESSI satellites. Gamma-ray lines were observed by both detectors, and a
2.2MeV γ-ray image was also obtained by RHESSI. Based on these γ-ray line observations, we calculate
predicted time-dependent neutron spectra arriving at Earth using the solar �are magnetic loop transport
and interaction model of Hua et al. [5]. These spectra are then convolved with the response functions
of the Earth's atmosphere and the neutron monitor to provide predicted neutron monitor count rates. We
compare these predicted and observed rates to determine the accelerated ion spectrum and magnetic-loop
transport properties.

Introduction

The Sun is one of the particle accelerators in space,

and we sometimes can directly observe these cos-

mic rays at and near the Earth. In association with

solar �ares, ions are accelerated and solar neutrons

are produced by the interactions with the solar at-

mosphere. By observing solar neutrons, we can get

information on the ion acceleration mechanisms in

solar �ares.

A few solar neutron events have been observed in

solar cycle 23 [2, 4, 7, 11, 9, 10]; one of them is

the solar neutron event on 2003 October 28 [2, 9],

which occurred in association with an X17.2 �are.

In this event, solar neutrons were observed by the

neutron monitor at Tsumeb, with a statistical sig-

ni�cance of 6.4σ. Not only solar neutrons, but also
many phenomena were observed by many detec-

tors in this event, such as a Ground Level Enhance-

ment (GLE) produced by the energetic protons and

electromagnetic radiation. The large GLE event

was also observed by neutron monitors around the

world, but the neutron signal was detected 5 min-

utes before this GLE event.

The full time history of γ-rays for this event was
observed by the INTEGRAL satellite, while the

RHESSI satellite observed γ-rays during the decay
phase. The 2.2, 4.4, and 6.1MeV γ-ray lines were
observed by both detectors, and a 2.2MeV γ-ray
image was also obtained by RHESSI [6].

By using the summed 4.4 and 6.1MeV γ-ray line

time history as the production time history of solar

neutrons, the index of the power law energy spec-

trum of the solar neutrons at the solar surface was

determined to be −2.9 [9]. In that study, the solar

neutron spectrum was determined by dividing the

observed neutron monitor data by the attenuation

ratio and propagation ratio.

In this paper we use the transport model of Hua et

al. [5]. By using this program, the neutron spec-

trum at the Earth's atmosphere can be estimated

directly from γ-ray line data.
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Table 1: Parameters of the Hua's program for 2003

October 28 event.

Accelerated ion composition α/p = 0.5
(impulsive) 3He/4He = 1
Ambient composition He/H = 0.1
(coronal) Ne/O = 0.25
Atmospheric model Avrett, 1981 [1]

Photospheric 3He/H 3.7 × 10−5

Acceleration release 4.4 & 6.1MeV
time history γ-ray line pro�le
Loop length 85, 000 km
Flare heliocentric angle 23.0 degree

Simulation by Hua's Model

Hua's model is a simulation program that cal-

culates the time history of the 2.2MeV neutron

capture line and the spectra of neutrons escap-

ing from the Sun. A number of parameters must

be set to use Hua's program. Many of these pa-

rameters can be derived from the observed data.

For the acceleration release time history, we used

the 4.4 and 6.1 MeV γ-ray line time pro�le ob-

served by the INTEGRAL and RHESSI satellites.

The �are heliocentric angle was obtained from the

2.2MeV line γ-ray image obtained from RHESSI

data (23.0 degrees). The loop length was also ob-

tained with the 2.2MeV image: we measured the

separation of the two foot-point sources and cal-

culated the loop length assuming it is semicircular,

giving 85, 000 km. For the accelerated ion com-

position, ambient composition, atmospheric model

and photospheric 3He/H ratio, we use typical val-

ues estimated from observations of previous �ares.

These parameters are summarized in Table 1. We

derive the remaining parameters (λ, δ and s) by
comparing 2.2 MeV line time histories calculated

with Hua's code with the observed time history.

λ is the level of pitch-angle scattering within the

loop, δ is the magnetic �eld convergence index,

and s is the index of the power law energy spec-

trum of the accelerated ios at the solar surface. We

vary λ from 20 to 40000, and δ from 0.00 to 0.45.
If δ is 0.0, there is no convergence, and if δ is 0.45,
there is strong convergence. Two-parameter con-
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Figure 1: Two-parameter con�dence contours for

combinations of δ and λ resulting from the time

history analysis of the 2003 October 28 �are. The

spectral index at minimum χ2 was −3.86.

�dence contours for combinations of λ and δ are

shown in Figure 1. When λ is 100, δ is 0.10, and
s is −3.86, χ2 is minimum and the predicted time

pro�le of the 2.2MeV line �ts the observed data

quite well as shown in Figure 2.

By using these parameters, we calculate predicted

time-dependent neutron spectra arriving at the top

of the Earth's atmosphere as shown in Figure 3.

At �rst, high energy neutrons arrive, followed by

lower energy neutrons. We calculate resulting neu-

tron monitor count rates due to these arriving neu-

tron spectra by using the solar neutron atmospheric

attenuation ratio calculated by the Shibata pro-

gram [8] and the neutron monitor ef�ciency cal-

culated by Clem and Dorman [3]. We compare the

predicted count rate with the observed count rate

in Figure 4. We see that the calculation signi�-

cantly underestimates the observed neutron moni-

tor count rate, with a reduced χ2 of 7.2. For the λ
and δ derived from the 2.2MeV time history, too

many neutrons are going downwards toward the

solar atmosphere, and to few are going upwards

toward the Earth.

Summary

We have compared observed neutron count rates

for the 2003 October 28 solar �are obtained with

the Tsumeb neutron monitor with calculated count

rates based on γ-ray data obtained with INTE-
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Figure 2: Comparison of the 2.223 MeV neutron

capture line time history measured with INTE-

GRAL and RHESSI from the 2003 October 28 �are

with a time history calculated by using Hua's pro-

gram (solid curve). Also shown is the time history

of the 4.4 and 6.1MeV line �ux assumed to repre-

sent the accelerated ion release time history. The

dashed curves represent the ±1σ uncertainties for

the calculated curves.

GRAL and RHESSI. We �nd that the predicted rate

is signi�cantly less than the observed rate when

the values of λ, δ and s derived based on the

2.2MeV neutron capture line are used. However,

these values were derived assuming a loop length

of 85, 000 km based on the RHESSI image of γ-
ray foot-points obtained late in the �are. If the

foot-point separation increased with time during

this �are, as X-ray foot-points are often seen to

do, this loop length would represent only an up-

per limit. If the separation were less (and the loop

length thus smaller) during the peak of the �are

when most of the neutrons were produced, the de-

rived values of λ and δ would change. The neutron
angular distribution would then be less downward

directed which would increase the predicted neu-

tron �ux at Earth. We are currently studying this

possibility.
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