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Abstract. We have made new calculations of solar flare neu-
tron propagation in the solar atmosphere, production of the
2.223 MeV neutron capture gamma-line and its output from
the Sun. Isotropic angular distribution and temporal charac-
teristics of initial neutron flux as well as non- radiative ab-
sorption of neutrons by3He have been included in Monte-
Carlo simulation. Relying on the 2.223 MeV line temporal
profile observed by Yohkoh satellite during the 6 Novem-
ber 1997 flare, we apply the results of calculations to the
derivation of the solar atmosphere vertical density profiles.
Enhanced density in the photosphere is found if comparing
with the standard solar atmosphere model.

1 Introduction

In several previous works, we studied numerically the prop-
agation of solar flare neutrons (Kuzhevskii and Troitskaya,
1989), production of the flare 2.22 MeV gamma ray line
(Kuzhevskii et al., 1996, 1998), and attenuation of gamma-
ray flux by the solar atmosphere (Troitskaya and Kuzhevskii,
1999; Kuzhevskii and Troitskaya, 2001). All considerations
have been made both for a quiet solar atmosphere density
model and for several distortions of the model (Kuzhevskii
et al., 1996, 1998) shown in Fig. 1.

The distortions or large-scale density fluctuations may
take place at different manifestations of solar activity (in-
cluding a flare itself). We have proposed the method for de-
termining the solar plasma altitude profile during flare peri-
ods by analyzing the observed intensity-time profiles of the
2.22 MeV line flux. Proposed techniques allows to probe ex-
perimentally the deep layers of the Sun (at photospheric and
sub-photospheric levels), inaccessible to other methods. In-
vestigations in this field are greatly important to understand
primary mechanisms of solar energy release and predict the
processes leading to energetic solar phenomena. The main

Correspondence to:E. V. Troitskaya
(troi@dec1.sinp.msu.ru)

Fig. 1. Basic density model of the solar atmosphere (1) and four
distorted model (2–5). Only fragments differing from the curve (1)
are shown. The levelτ = 0.005 corresponds to the optical depth for
a wavelength of 500 nm (a top of the photosphere).

goals of the present study are taking into account of non-
instantaneous neutron source and accurate calculations of
non-radiative neutron absorption on3He.

2 Method

Previously, the calculations were made using Monte-Carlo
simulation for an instantaneous neutron source with the en-
ergies of 1-100 MeV and the power-law spectra of∼ E−s.
Here s = 0, 1, 2, 3 within the same energy interval that is
the most important one for the 2.22 MeV neutron-capture
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gamma-line production. The primary neutrons were assumed
to be emitted normally downwards. We made allowance for
(i) neutron deceleration in elastic collisions with hydrogen
nuclei, with due account for the energy and angular depen-
dencies of np-scattering cross-sections; (ii) possible ener-
getic neutron escape from the Sun; (iii) gravitational neutron-
Sun interaction; (iv) thermal motion of decelerated neutrons;
(v) neutron decay; (vi) neutron captures by hydrogen H, with
deuterium andγ-quantum production; (vi) gamma-ray ab-
sorption in the solar atmosphere in dependence of solar flare
central angleθ. The contribution of non-radiative neutron
absorption on3He in neutron losses was also estimated.

In the present work, the initial neutron angular distribution
is assumed to be isotropic. This assumption is in agreement
with the angular distribution of neutron production in nuclear
processes leading to neutron energies mentioned above. Re-
ally, it is enough to consider neutrons directed in low half-
space only. Here we take into account non-instantaneous
source and temporal variations of initial neutron fluxes, those
characteristics of solar neutrons being necessary for reason-
able comparison with the 2.22 MeV line observations. At
last, accurate calculations of non- radiative neutron absorp-
tion on3He are made.

At 2.22 MeV the main mechanism of gamma-ray flux at-
tenuation is a Compton scattering by electrons. The mass co-
efficient of the attenuation isµ/ρ = 0.08329 cm2g−1 (Nemets
and Goffman, 1975). As it was shown quite recently by
Kuzhevskii and Troitskaya (2001), gamma-ray flux from the
80◦ flare is noticeably reduced comparing with those from
the flares ofθ = 0◦, 40◦. Nevertheless, the profiles ofγ-
emission from the 40◦ and 80◦ flares have the character sim-
ilar to that of profiles in the case of a central flare examined
earlier (Kuzhevskii and Troitskaya, 1998).

The differences between different model profiles in the
case ofθ = 0◦ were discussed (Kuzhevskii et al., 1996) in
connection with the possibility of testing the solar plasma
density model using the present-day instruments. As it was
found, in some cases there are considerable differences in
model profiles for the 40◦ and 80◦ flares. Percentage differ-
ences for some moments are given in Table 1.

From the observational point of view, the question may be
reduced to the comparison of gamma-ray detector sensitivi-
ties. Kuzhevskii et al. (1996b) have scaled the relative instru-
mental errors of 1σ to a 1 cm−2s−1 level under a 32-second
averaging calculated for three instruments based on quantum
detection with scintillation crystal. It was found that corre-
sponding errors are: OSSE (CGRO, Johnson et al., 1993) -
2.5%, GRS (SMM, Forrest et al., 1980) - 3.2%, and SONG
(CORONAS, Dmitriev et al., 1993) - 6%.

The tabulated data show that the differences arising in the
time profiles due to the peculiarities of density models can
be detected in many cases with the present-day instruments
of the above class at least up to 80◦ flares. Note that the sen-
sitivities of the OSSE and Yohkoh detectors are comparable
above few MeV (Murphy et al., 2000).

Kocharov (1974) and Ramaty and Lingenfelter (1974)
noted an importance of taking into account a non-radiative

absorption of neutrons by3He for the first time. In the
case of an instantaneous neutron production the profile de-
cay τ -constant may be estimated by expression1/tau =
1/τH + 1/τd whereτd is the mean lifetime of the neutron,
1/τH characterizes the neutron captures by H with subse-
quent 2.223 MeV emission (Hua and Lingenfelter, 1987).

If τ1 is the resultingτ -constant, then, in the case of non-
zero 3He amount in the solar atmosphere, we get1/τ1 =
1/τ+1/τ3He, andτ1 = τ/(τ/τ3He+1). At τd ≈ 900 s it fol-
lows thatτ/τ3He ≈ τH/τ3He = (σ3He/σH)(n3He/nH) =
1.61 ·104×2 ·10−5 = 0.322, andτ1 ≈ τ/(1/3+1) = 3/4τ .
This correction must be inserted into the calculated time pro-
files. It may be inserted also into the deduced decay time of
observed 2.22 MeV line flux, as it was done when comparing
with real data on the flare of 22 March 1991 (Troitskaya and
Kuzhevskii, 1999).

Table 1.

Table 1. Percentage differences ? between the 2.22 MeV line fluxes
calculated at different flare central angles.

Models t,s δ, %
Prod. Esc., 0◦ Esc., 40◦ Esc., 80◦

s = 0

1–2 145 38 20 20 0
1–5 145 16 1 3 22
2–5 145 48 21 17 22
1–5 375 94 71 70 58
1–4 405 19 19 16 14

s = 3

1–4 15 15 13 14 15
1–5 15 56 58 58 63
4–5 15 62 63 64 68
1–5 365 69 69 68 57
1–4 405 8 8 9 8

3 Data analysis

Strong gamma-ray emission was recorded on 6 November
1997 at 11:52 UT by the gamma-ray spectrometer (two BGO
scintillators) on the Yohkoh satellite (Yoshimori et al., 1999).
This emission was associated with the solar flare of coordi-
nates S18 W64. Optical and X-classes of the flare are 2B and
X9.4, respectively.

The authors (Yoshimori et al., 1999) derived the fluxes of
2.22 MeV and prompt C+O lines from the records of 2.136–
2.375 and 4.001–7.225 MeV energy channels. For this goal
the data were cleared of bremsstrahlung continuum and su-
perposed narrow and broad gamma-ray lines, then the instru-
mental response function was applied. Those refined data
were taken for our analysis from Fig. 3 of Yoshimori et al.
(1999). The time profile of neutron production was assumed
to be proportional to that of C+O gamma-line emission. The
temporal profile of initially ejected neutrons was composed
for calculations as a set of instantaneous neutron ejections.
Total time interval of 0- 440 seconds was divided into 23
separate intervals and instantaneous source was placed at the
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middle of every interval with neutron initial statistical weight
equal to the ratio of area under the curve in every interval
to the total area under the curve. The resulting 2.22 MeV
gamma-ray time profiles were smoothed then.

The basic algorithm of calculations was the same as in
our previous works (e.g., Troitskaya and Kuzhevskii, 1999).
The calculations of neutron non-radiative absorption on3He
were made by means of using statistical weights of neutrons,
as it had been earlier done in the case of the radiative neu-
tron absorption on H (e.g., Kuzhevskii et al., 1996). It was
supposed that the ratios of non-radiative to radiative neutron
cross-sections and number densities of3He to H were, re-
spectively,σ3He/σH = 1.61 · 104 andn3He/nH = 2 · 10−5

(Hua and Lingenfelter, 1987).
The equation forσH isσH = 7.32 ·10−20/ < νnH > cm2

where< νnH > is the mean relative velocity of neutron with
respect to hydrogen nucleus. The probability of the neutron
absorption on3He in any collision can be written as

p3He =
w3He

wn
=

σ3Hen3He

σHnH + σ3Hen3He + σelnH
(1)

Herewn is the neutron statistical weight before a collision,
andw3He is the portion of statistical weight corresponding
to absorption by3He in this collision,σel is cross-section of
elastic neutron-proton scattering. As it follows from Eq. (1),

w3He =
0.322wn

1.322 + σelνnH/7.32 · 10−4
. (2)

From analogy with Eq. (2), one can deduce an equation for
the portion of statistical weight corresponding to radiative
absorption by hydrogen:

wH =
wn

1.322 + σelνnH/7.32 · 10−4
. (3)

Equations (2)–(3) were used in Monte-Carlo simulations for
every collision.

4 Results of modeling

The 2.22 MeV line profiles were calculated for 65◦ cen-
tral angle, corresponding to the flare under consideration, at
spectral indicess = 0, 1, 2, 3 for four of five models (1, 2, 4,
and 5) shown in Fig. 1. They represent one case of lower (4)
and two cases of higher densities (1, 5) comparing with the
standard model (1). Model 3, as intermediate one between
models 2 and 3, was not used in the processing of this event
because of too small difference between the time profiles for
models 2 and 3 in this particular case of far enough central
angle flare of 6 November 1997.

The resulting 2.22 MeV line time profiles reveal their de-
pendence of spectral index and model of solar density. Fig-
ure 2 shows calculated time profiles in the case ofs = 1. It
can be seen that even for the 65◦ flare in some cases the time
profiles considerably differ one from another.

Similarly to Kuzhevskii and Troitskaya (2001), we have
calculated characteristic decay times (τ -constants) of each

Fig. 2. The results of modeling the 2.22 MeV gamma-ray time pro-
files for the flare of 6 November 1997 in the case ofs = 1.

Fig. 3. Decay constants of time profiles for the observed (points)
and simulated 2.22 MeV gamma-ray line fluxes. The best fit corre-
sponds to the model 5 at spectral index ofs = 1.

curve and compared them with the decay constant of ob-
served profile for the 2.22 MeV line (Fig. 3).

Observed curve by Yoshimori et al. (1999) contains in
all 11 averaged experimental data points of 2.22 MeVγ-ray
flux, and 7 of them (starting from the curve maximum) are at
the decay stage of the profile. From those data we deduced 6
values ofτ -constant in every interval between the points and
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placed them at the middle of every interval.
Application of the least-squares method to the decay stage

of gamma-ray profile reveals the best fit to the model curve
in the case s = 1, model 5. It may be seen from Table 2
where the sums of standard deviationsΣ =

∑6
i=1(τei−τi)2,

without statistical weights, are given for experimental and
calculated decayτ -constants (τei andτi, respectively) in six
points.

Table 2. The sums of standard deviations, ? (without weights), for
experimental and calculated decay ?-constants obtained in six time
points during the gamma-ray flare of 6 November 1997.

Model Spectral indexs Σ, 104

1

0 10.88
1 5.98
2 6.07
3 5.84

2

0 6.37
1 6.14
2 5.65
3 5.58

4

0 6.60
1 5.93
2 5.23
3 5.30

5

0 8.55
1 3.95
2 6.13
3 4.81

5 Conclusions

For the first time, proposed method has been applied by
Kuzhevskii and Troitskaya (2001) to the 22 March 1991 so-
lar flare recorded at 22:42:51 UT by the PHEBUS instrument
on the GRANAT Observatory (Terekhov, 1995; Terekhov et
al., 1996). In both cases of gamma-ray flares (22 March 1991
and 6 November 1997), the procedure of the method applica-
tion enables to reveal the model of solar plasma density and
spectral index of initial neutrons. It allows us to hope that the
further development of the method will be useful and may
lead to new results.

In the way of development the method, one can use the
calculated spectra of initial neutrons (Ramaty et al., 1975;
Ramaty and Murphy, 1987; Hua and Lingenfelter, 1987).
Notice, however, that those spectra have more complicated
form than simple power-law. In particular, they are rather flat
(hard) in the energy range up to 100 MeV. Indeed, the value
s = 1 of spectral index determined in the current work indi-
cates that the primary spectrum of neutrons with the energies
of 1–100 MeV may be not very steep.

In both flares, the method leads to conclusion about higher
density of the solar plasma, in comparison with the standard
model, in the photosphere in the periods of solar flares. If
this conclusion will be confirmed it may be interesting for
the modern theory of solar flares.

The difficulties of fitting arise from too large averaging
intervals in the experimental data after preliminary and nec-
essary “cleaning” of them. Slight differences between the
2.22 MeV line profiles may be discovered if the averaging
intervals will be of order or less than 30 seconds. It gives rise
to the requirement of increasing an effective area of record-
ing instruments.
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