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Abstract Gamma-ray spectroscopy provides a wealth of information about acceler-
ated particles in solar flares, as well as the ambient medium with which these energetic
particles interact. The neutron capture line (2.223 MeV), the strongest in the solar
gamma-ray spectrum, forms in the deep atmosphere. The energy of these photons can
be reduced via Compton scattering. With the fully relativistic GEANT4 toolkit, we
have carried out Monte Carlo simulations of the transport ofa neutron capture line in
solar flares, and applied them to the flare that occurred on 2005 January 20 (X7.1/2B),
one of the most powerful gamma-ray flares observed byRHESSIduring the 23rd solar
cycle. By comparing the fitting results of different models with and without Compton
scattering of the neutron capture line, we find that when including the Compton scat-
tering for the neutron capture line, the observed gamma-rayspectrum can be repro-
duced by a population of accelerated particles with a very hard spectrum (s ≤ 2.3).
The Compton effect of a 2.223 MeV line on the spectra is therefore proven to be sig-
nificant, which influences the time evolution of the neutron capture line flux as well.
The study also suggests that the mean vertical depth for neutron capture in hydrogen
for this event is about 8 g cm−2.
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1 INTRODUCTION

In solar flares, both ions and electrons are accelerated to high energies; the interactions between
them and ambient nuclei produce gamma-rays, positrons, neutrons, and mesons (e.g., Chupp &
Ryan 2009). Observations of gamma-ray emission give information about the nature of accelerated
ions (see Kiener et al. 2006; Murphy et al. 2007) and about thephysical properties of the ambient
medium (Gan 2005). The first observation (Chupp et al. 1973) of gamma-ray spectra firmly estab-
lished gamma-ray spectroscopy as a tool to study the active Sun (for example Ramaty et al. 1977;
Murphy et al. 1987, 1991).

Gamma-ray line emissions in solar flares cover the energy band ranging from 0.4 to 8 MeV,
including lines from de-excitation of nuclei, the 2.223 MeVline from neutron capture in hydrogen,
and the 0.511 MeV line from positron-annihilation. Narrow de-excitation lines are produced by
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accelerated protons, alpha particles (α), and 3He interacting with ambient heavier nuclei, while
broad lines result from interactions of accelerated C, N, O and other heavier nuclei with the ambient
H and He. There are also many unresolved-lines that are blended with the gamma-ray continua.

Detailed theoretical calculations of a neutron capture line (Hua & Lingenfelter 1987; Hua et al.
2002) and gamma-ray lines (Ramaty et al. 1979; Ramaty & Murphy 1987) produced by interac-
tions with accelerated ions were carried out before. Recently, Murphy et al. (2009) extended the
gamma-ray line production model by incorporating the crosssections computed from the TALYS
code (Koning & Duijvestijn 2006). This code was introduced into astrophysical calculations of nu-
clear reaction rates (Goriely et al. 2008; Spyrou et al. 2008) and radioactive nuclei yields in solar
flares (Tatischeff et al. 2006).

The traditional method used for studying the spectrum of accelerated ions in solar flares is to
estimate the fluence ratio of the 4−7 MeV band to the neutron capture line (Murphy & Ramaty 1984;
Hua & Lingenfelter 1987; Murphy et al. 2007). Gan (1998) developed a method which uses the time
profiles of 4−7 MeV and the neutron capture line to deduce the spectral evolution of accelerated ions.
However, we should point out that the approach taken in our work is different. First and foremost,
the whole solar de-excitation line spectrum was calculatedunder the assumption of various solar
atmosphere abundances and accelerated ion compositions for a set of spectral indices of accelerated
ions. Then by use of these template spectra, we fit the observed spectrum to determine the best
parameters of the accelerated ion spectrum.

Compton scattering has been studied by several authors (Bai& Ramaty 1978; Kontar et al.
2006), who showed that this process can significantly modifythe bremsstrahlung spectra. However,
these initial studies focused on sub-MeV energies. Kotoku et al. (2007), on the other hand, studied the
Compton scattering of gamma-rays produced by energetic electrons via the bremsstrahlung process.

In the present work, we focus on the propagation of high-energy photons experiencing a series
of Compton scatterings. For this purpose, we employed a Monte Carlo simulation toolkit named
GEANT4, which is widely used in experimental high-energy physics, to simulate the effect of
Compton scattering on photons in a solar atmosphere. In Section 2 we present the calculations of
the Compton-scattered continuum of the 2.223 MeV neutron capture line as a function of depth. In
Section 3, we apply these results inRHESSIobservations to see whether the Compton scattering on
the 2.223 MeV line has a significant effect on the gamma-ray spectra. We also present time pro-
files of the neutron capture depth and the corrected neutron capture line flux. We summarize our
conclusions in Section 4.

2 SIMULATION OF COMPTON SCATTERING

It is well known that nuclear de-excitation lines are produced in optically thin regions, where the
attenuation in the transport process is negligible. However, the 2.223 MeV neutron capture line is
mostly produced in the deeper chromosphere or even the photosphere (Hua & Lingenfelter 1987),
and the Compton scattering can modify the resulting emission characteristics.

The GEometry ANd Tracking version 4 (GEANT4) Monte Carlo simulation toolkit (Agostinelli
et al. 2003) is a platform for simulations of the passage of particles through matter. Developed
at CERN by experimental high-energy physicists, GEANT4 hasthe following important features:
firstly, it allows a very flexible construction of the “geometry” in which particles interact; secondly,
it can “track” an individual particle while monitoring its physical quantities, such as the energy,
momentum, position, and time lag; thirdly, it allows us to incorporate the desired interactions, in
the present case, including multiple scattering and capture of neutrons, and Compton scattering of
photons. The pair-production is neglected because at 2.223MeV in hydrogen plasma, the total pair-
production cross section is approximately three orders of magnitude smaller than the total Compton
cross section. The photoelectric effect is also neglected because it is only dominant at lower energy
(< 100 keV).
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Using the GEANT4 toolkit, we simulated the effects of Compton scattering on isotropic
2.223 MeV photons passing through a spherical shell of the solar atmosphere with a series of depths,
and recorded the escaping photons’ energies to determine the expected spectra. Then we compared
these results with observations to constrain the depth of neutron capture processes.

The dependence of the Compton effect on the depth of neutron capture photon production was
examined by carrying out a series of simulations in which 2.223 MeV line photons were released at
specific atmospheric depths with the4He/H ratio of 0.1.

Figure 1 shows the Compton scattered spectra of the 2.223 MeVline for different depths ranging
from 1.0 to 50.0 g cm−2. We can see that the Compton effect of the 2.223 MeV line decreases
sharply with decreasing neutron capture depth. Moreover, the Compton-scattered continuum has a
relatively flat spectrum at energies between the 2.223 MeV line and∼1 MeV and becomes steep
below∼1 MeV. As a measure of the relative strength of the Compton scattered spectrum for various
depths, we assume that the Compton-scattered continuum is auniform spectrum which extends
from 0 to 2.223 MeV. Also we consider the average number of photons per keV of the scattered
component at the 1−2.22 MeV band as that of the whole Compton-scattered continuum. Here we
neglect the slope of the continuum below the 1 MeV band because positron-annihilation photons and
bremsstrahlung photons tend to dominate the counting ratesat these energies in flare spectra.

One can then define theCompton Efficiencyas the ratio of the Compton-scattered continuum in-
tensity to the intensity of the 2.223 MeV line. We have approximated these results by the expression

D = 14.53 × CE + 0.62 . (1)

HereCE = Ic/Il is Compton Efficiency, Il is the 2.223 MeV line intensity andIc is the Compton-
scattered continuum intensity. This equation can be used toestimate the depth of production of the
neutron capture line. For flare analysis, it should be noted thatD in Equation (1) is the line-of-sight
depth in units of g cm−2. Since the height and size of a flare is typically small when compared to
the solar radius, the transformation of the line-of-sight depth to the vertical depth is just multiplied
by a cosine of heliocentric angle. An accurate calculation must take into account the dependence of
depth on the density of the solar atmosphere since it has a strong up/down asymmetry. However, the
preliminary simulation shows that there is no significant difference among scattered spectra resulting
from backscattering at different depths, except a small effect that lowers the energy of the scattered
spectrum.

Vestrand (1990) developed a Monte Carlo code for photon transportation to simulate the neu-
tron capture photons in a semi-infinite plane-parallel atmosphere. The calculation indicated that the
relative strength of the Compton tail increased with the depth of photon production. Based on the ad-
vanced Monte Carlo simulation code, GEANT4, we obtained similar results. The relative strengths
of the scattered continuum are quantitatively consistent with each other. By incorporating the depth
and Compton efficiency into Equation (1), it is easier to determine the neutron capture depth.

3 APPLICATION AND DISCUSSION

To investigate the role of Compton scattering in the gamma-ray spectra, we study in detail the
X7.1/2B event on 2005 January 20, which occurred in active region 10720 at coordinates N14 W61
(with a heliocentric angle of∼65◦). This flare was well observed byRHESSI. The light curves are
displayed in Figure 2. The background subtraction was done with the same method as Smith et al.
(2003), taking 15 orbits before and after the flare. The temporal evolution of the flare looks simple,
with only one dominant peak in gamma-ray energy bands. The light curves in this period consist of
three phases: rise, peak, and decay. We have chosen the time interval 06:43:10−07:00:10 UT as our
period of interest, and divided this period into 16 intervals for later calculations.

RHESSIobservations with a high spectral resolution in gamma-ray enable us to analyze its con-
tinuum and line profiles. A full count spectrum from 250 keV to16 MeV (the upper limit of energy
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Fig. 1 Simulated Compton scattered spectra of 2.223 MeV photons for different vertical depths. The
spectra have been normalized to the same intensity in the narrow 2.223 MeV line. Curves from top
to bottom represent the results for total grammage of 50, 20,10, 5 and 1.0 g cm−2, respectively.

Fig. 2 Hard X-ray and gamma-ray light curves of the 2005 January 20 flare. The time interval of
interest is between the two vertical lines (06:43:10−07:00:10 UT).

resolution withRHESSIdata) can be fitted with a broken power-law which extends to 150 MeV,
and two narrow Gaussian lines at 0.511 MeV and 2.223 MeV, as well as a template for gamma-ray
spectra from accelerated ions. In our solar gamma-ray production model, the de-excitation line spec-
trum consists of narrow lines and continua. The narrow linesresult from accelerated protons andα
particles interacting with ambient heavy elements. Continua contain broad lines which are gener-
ated from accelerated heavy elements interacting with ambient H and He. Another unresolved-line
continuum includes a series of weak lines, a compound continuum and pre-equilibrium continuum
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(Chen & Gan 2012). The abundances of both accelerated particles and ambient elements are coronal
(Reames 1995) except for the ambient4He/H ratio of 0.1 and the acceleratedα/p ratio ranging from
0.0 to 1.0. All nuclear cross sections are calculated from the TALYS code, which has been verified by
many authors. We have two assumptions in our calculation. First, we assume a downward-isotropic
angular distribution of the accelerated ions. Share et al. (2003) showed that an isotropic distribution
in the downward direction is better than a simple downward beam. Second, considering the effect of
both angular distribution of ions and diversification of thenuclear reactions, we assume the isotropic
gamma-ray emissions are in the excited nucler rest frame. Inaddition, we consider the effect of
the flare location on the de-excitation line spectrum. Sincethe flare location is a known quantity
of measurement, the de-excitation gamma-ray spectrum, therefore, depends on the spectral index
of accelerated ions and the alpha to proton ratio (α/p). The continuous emission in the gamma-ray
band is mainly from electron bremsstrahlung andπ-decay. Because the shape ofπ-decay emission
approximates a power-law distribution at energies below 16MeV, we assume the broken power-law
shape represents the continuous emission which blends the electron bremsstrahlung emission and
π-decay emission.

The fitting was done by using the SPEX package (Schwartz et al.2002) with different models.
We did not consider the Compton scattering of the 2.223 MeV line in our first fitting model. The
best-fitting result of the time interval 06:43:10−07:00:10 UT for this event is shown in Figure 3,
in which the green curve represents the continuous emissioncomponent with a broken power-law
shape, the yellow curve and the pink curve represent the positron-annihilation line (0.511 MeV)
and the neutron capture line (2.223 MeV) respectively, and the cyan curve represents the total de-
excitation lines which include the narrow lines and the continua. The sum of all these contributions
is presented by the red curve.

The Compton scattering of the 2.223 MeV line was introduced in our second fitting model with
an extra parameter of Compton-scattered continuum intensity.

Figure 4 shows the best-fit result. In this case, we can see a large contribution in the lower energy
spectrum resulting from the Compton-scattered continuum of the 2.223 MeV line (purple curve).

Comparing both the best-fit results without and with Comptonscattering in Figures 3 and 4
respectively, we note that the shape and intensity of the 0.511 MeV line has hardly changed in both
cases. A similar situation is presented in the 2.223 MeV line. However, the accelerated ion spectrum
of the latter fitting model is much flatter than that of the former. To determine the quality of fit, we
use the statistic

χ2 = Σ[(ci − mi)/σi]
2 (2)

as defined in Murphy et al. (1990), whereci is the number of observed counts in channeli, mi

is the number of counts predicted by the model andσi is the uncertainty of the measurement in
channeli. The minimumχ2 values are 1291 and 1237 for these two models, respectively.We then
plot a ∆χ2(∆χ2 = χ2 − χ2

min
) contour map in the bottom right panel of Figures 3 and 4 which

can be used to estimate the spectral index of ions and the alpha-to-proton ratio. By using a Monte
Carlo simulation, the estimated∆χ2 values with 1σ uncertainty are 8.9 and 10 for these two cases,
respectively. In addition, the residuals of fitting resultsare also improved with a smaller chi-square
value in the second model, especially near 2 MeV. Both sets ofevidence imply that the second model
is better. Moreover, since the neutron capture photons are emitted at a vertical depth corresponding
to a column density of about1024−1025 H cm−2 (Hua & Lingenfelter 1987), the Compton effect of
2.223 MeV photons is naturally expected from a physical point of view. All results support that the
second model is more reasonable in this event. The correspondingCompton efficiencyis about 1.4
for the best fitting result of the second model. We thus infer from Equation (1) that the line-of-sight
depthD is about 20 g cm−2. Due to the off-diagonal response from the neutron capture line being
significant for theRHESSI, we then estimated that the intensity of the Compton-scattered continuum
has changed by about 20% for an uncertainty of instrumental response changing 10% in magnitude.
So the vertical depth for neutron capture on hydrogen in thisevent is 8.5±0.3[±1.9] g cm−2. Here
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Fig. 3 Top: Fit to the background-subtracted spectrum of the time interval 06:43:10−07:00:10 UT
for the 2005 January 20 flare.Bottom left: The residuals of this fit.Bottom right: ∆χ2 contour for
spectral index (s) and the alpha-to-proton ratio (α/p). The fit result shows that the accelerated ions
have a spectral index of about>5.0 for an assumed power-law spectrum in this case.

the uncertainty of 0.3 is from fitting data and the uncertainty of 1.9 is from instrumental response.
This depth is similar to that of the simulation for a hard ion spectrum (Hua & Lingenfelter 1987).

The results above can be understood as the following. Calculated de-excitation of gamma-ray
spectra for various spectra of accelerated ions are shown inFigure 5.

The shape of the spectrum is very sensitive to the power-law index of accelerated ions. The
narrow lines are more prominent for a soft spectrum (s = 5.0), while the continua dominate for a
hard spectrum (s = 2.0). On the other hand, the unresolved components are much flatter relative
to the broad components and do not present a bump at 1−2 MeV. A harder spectrum results in
more interactions involving high-energy ions (protons andheavies), which tend to produce stronger
unresolved components because their cross sections extendto higher ion energies than those for
resolved lines. In addition, Figure 5 also shows that the unresolved components are stronger relative
to the broad components for such a hard spectrum. For a soft spectrum, on the other hand, the broad
components have become more important than unresolved components, particularly in the 1−2 MeV
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Fig. 4 Same as for Fig. 3, but adding the component of the Compton-scattered continuum of the
neutron capture line (purple curve) in the fitting model. The fit result suggests the existence ofa
much harder spectrum, spectral index≤ 2.3, in this case.

range. Therefore, the 1−2 MeV bump was noticeable in the soft spectrum. This shape is also similar
to that for a Compton-scattered continuum of the 2.2 MeV linesuperposed on a photon spectrum
for the hard ion spectrum. That is the reason why the ion spectrum becomes hard by introducing
Compton scattering in the second model.

For a more quantitative analysis, we divided the above period into 16 successive time intervals
and did a spectral fit with two models for each interval.

Figure 6 shows the evolution of the best-fit parameters of each model.
Both of the results seem to be reasonable in comparison with typical characteristics of gamma-

ray events. Nuclear de-excitation line flux, neutron capture line flux, and positron-annihilation line
flux all reach their peaks later than the bremsstrahlung flux.Furthermore, they all have a fast rise
and gradual decay. The main difference between these two models is the evolution patterns of the
spectral index of ions. The result of the second fitting modelshows that the accelerated ion spectrum
has an inclination to become hard with evolution. This characteristic was previously reported by Gan
(2004) and Troitskaia et al. (2009).
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Fig. 5 Calculated de-excitation gamma-ray spectra versus the accelerated ion power-law index. The
left panel shows the spectrum from accelerated ions with power-law indexs = 2.0. Theright panel
shows the spectrum from accelerated ions with power-law indexs = 5.0. The solid curves show total
de-excitation gamma-ray spectra of the solar flare at a heliocentric angle of 60◦, while the dashed
curve and the dotted curve show the broad lines and the unresolved components, respectively.
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Fig. 6 Time evolution of the neutron capture line (2.223 MeV) flux, positron-annihilation line
(0.511 MeV) flux, bremsstrahlung flux at 250 keV, nuclear de-excitation line flux, and power-law
index of accelerated ion spectrum. The starting time of the figure is 06:43:10 UT. Theleft andright
sides are best-fitting results without and with Compton scattering, respectively.

Besides the time profiles of line flux and spectral index, we also derive the time evolution of
the Compton scattered component. In Figure 7 we show the timeprofiles of the neutron-capture line
flux, the Compton-scattered continuum intensity, and the Compton efficiency for the flare. As can
be seen, there is a strong correlation between neutron capture line flux and the Compton-scattered
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Fig. 7 Time profiles of the neutron capture line flux (top panel), the Compton-scattered continuum
intensity (middle panel), and the Compton efficiency and the neutron capture depth (bottom panel)
for the flare. The diamond symbol in the top panel represents the corrected neutron capture line flux.

continuum intensity of the 2.223 MeV line during some time period. However, the latter rises faster
and lasts only several minutes. The Compton effect looks important, at least around the peak of
the flare.

We can also see from Figure 7 that the Compton efficiency risesrapidly at the early phase, and
then declines gradually. Combining the discussion with Equation (1), we can deduce how much col-
umn density is required for neutron capture on hydrogen in a solar flare. Most neutron capture pho-
tons are produced from the deeper atmosphere with the highest depth (about 15 g cm−2) during the
early phase. Subsequently, the photons produced from neutron capture are emitted from the higher
atmosphere (lower depth) or formed within a more diffuse space relative to that at the early time.

The most effective neutrons for producing the 2.223 MeV lineare those with energy below
50 MeV, which need to pass through a grammage of 10 g cm−2 for thermalization (Troitskaia et al.
2009). Consequently, our result of 15 g cm−2 implies the existence of higher energy neutrons at the
early phase. In other words, it also indicates the existenceof harder ion spectrum results in higher
energy neutrons in this event. The corrected neutron capture flux by including the Compton-scattered
continuum is also shown in the top panel by a diamond symbol. Since many neutron capture photons
are converted to low-energy photons at the early phase, we can see that the peak of corrected neutron
capture flux is about 1 minute earlier than that of the uncorrected flux. Therefore, the Compton
scattering on the 2.223 MeV line is important for an accuratemeasurement of the neutron capture
line flux.

The depth distribution of neutron capture on hydrogen depends primarily on neutron propaga-
tion. We use GEANT4 to find a decay time series. The monoenergyneutrons inject downward from
the bottom of the chromosphere. The Sun is assumed to be a well-mixed plasma sphere of hydrogen
and helium, having a series of shells stacked in the verticaldirection with a density gradient. This
assumption is basically reasonable, because the energy losses of neutrons are primarily determined
by the column density of matter along its path. As a result, the histogram of neutron capture time
reflects, to a certain extent, the depth distribution of neutron capture line production.
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Fig. 8 Time history of neutron capture on hydrogen for different injected energy. The monoenergy
neutrons are injected into the beam instantaneously at the same altitude. The different plots corre-
spond to different initial neutron energies.

In the Monte Carlo simulation of neutron transport and capture, the most time-consuming part
is the multiple scattering of the high-energy neutrons, because the scattering cross section is much
larger than that of capture at this time. The capture cross section is inversely proportional to neutron
velocities, so the capture process dominates low-energy neutrons rather than high-energy ones. The
time history of various energy neutrons captured on hydrogen is shown in Figure 8. In this case, for a
qualitative analysis, all neutrons are instantaneously released at the bottom of the chromosphere. One
can see that the neutrons with higher energy are more easily captured at the early phase. Not confined
by any magnetic fields, these high-energy neutrons can penetrate deeper into the atmosphere where
they undergo more collisions, and can be easily thermalizedand captured. For the same reason, the
photons produced by neutron capture in this higher density region will encounter more scattering.
With the flare continuing, however, many low energy neutronswere captured in the lower density
atmosphere, since they did not have enough energy to be injected into the deeper atmosphere. Hence,
the effect of Compton scattering on the 2.223 MeV line decreases after the rising phase.

4 SUMMARY

Because the region of thermalized neutron capture on hydrogen is mainly in the deeper atmosphere,
the effect of Compton scattering on the neutron capture linecannot be ignored. In order to quanti-
tatively estimate this effect, we have calculated the effect of Compton scattering on neutron capture
photons from different depths. Specifically, we presented the equation in Section 2 that shows the
strength ofCompton efficiencydepends on the vertical depth of the region where neutron capture
occurs.
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Observations from the hard X-ray/gamma-ray band would provide a strong constraint in un-
derstanding the mechanism of particle acceleration in flares. The present study is based on high
resolution data from theRHESSIsatellite. Our analysis is focused on gamma-ray spectra from the
2005 January 20 event. As expected, the derived neutron capture line, positron-annihilation line,
and nuclear de-excitation lines are delayed with respect tothe bremsstrahlung of 250 keV (Murphy
et al. 2003) no matter whether Compton scattering on the neutron capture line is considered or not.
However, when including Compton scattering, our analysis suggests the existence of a very hard ion
spectrum with a power-law index≤ 2.3 in this flare. On the other hand, the ratio ofφ4−7/φ2.2, the
fluence in the 4–7 MeV nuclear band to the fluence in the 2.2 MeV line, is measured to be about
0.40. Compared with the previous results (Murphy & Ramaty 1984), it also implies that a very
hard ion spectrum existed in this flare. This derived hard spectrum of ions seems to be consistent
with the subsequent solar energetic particle observationsnear∼1 AU (Murphy et al. 2005; Krucker
et al. 2005; Mewaldt et al. 2005), indicating that observed protons are possibly associated with the
flare and not necessarily accelerated by the shock (Grechnevet al. 2008). Furthermore, by using a
Compton-scattered continuum to correct the neutron capture line flux, we find that the time evolu-
tion has considerably changed, not only in terms of the intensity of the flux but also the time of the
flux peak.

Through fitting the gamma-ray spectra of the 2005 January 20 flare, we have seen a sharp in-
crease in the Compton efficiency at 06:45:40 UT, after about 2minutes of gamma-ray onset, im-
plying a substantial change in the spectrum of accelerated ions. With these measurements and cal-
culations, we have evaluated the energy spectrum of accelerated protons and the depth of neutron
capture of hydrogen for the Sun. The result shows that the neutron capture line averaged over the
entire flare is emitted at a mean vertical depth of about 8 g cm−2, which is similar to the simulation
of Hua & Lingenfelter (1987). Furthermore, we find that the neutrons are captured by hydrogen at a
vertical depth higher than 15 g cm−2 during the early phase of the flare. We conclude that Compton
scattering has a significant effect on the propagation of 2.223 MeV photons, especially during the
early phase of the flare.

The continuous model of our fitting above is assumed to be a broken power law, although in
the real situation it might be or might depart from a broken power law. Different continuous models
could lead to more or less different results, since the off-diagonal response to high-energy emission
contributes in some degree to the low-energy count spectrum. However, the problem is that there
is no observation at higher energy using theRHESSIdetector. It is therefore hard at present to
determine the exact shape of the continuum at higher energy.Future work can be done with different
continuous models, such as the power law plus a power law times an exponential, so that one can
compare the influence of different models on the results. Certainly, the final solution of the problem
requires more higher energy observations.
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