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ABSTRACT
The measurable quantities associated with y-ray and neutron observations of solar flares are nuclear-deexcitation

line shapes, shifts, fluences, and time histories; neutron capture and annihilation line fluences and time histories; and
energy-dependent escaping neutron fluence and time history. A comprehensive understanding of these quantities
requires a model for ion acceleration, transport, and interaction. In this paper we address transport and interaction
using a magnetic loop model that includes energy losses due to Coulomb collisions, removal by nuclear reactions,
magnetic mirroring in the convergent flux tube, and MHD pitch-angle scattering in the corona. The accelerated ions
are assumed to have a given kinetic energy spectrum and composition. Each measurable quantity depends to varying
degree on the parameters of the loop model and of the accelerated ions. We explore these dependences in detail and
construct a self-consistent approach to the analysis of high-energy flare data that provides an optimum set of param-
eters with meaningful uncertainties. To illustrate this approach, the calculations are applied in a comprehensive
analysis of the y-ray and neutron observations of the 1991 June 4 solar flare obtained with OSSE on CGRO. We find
that the loop model can account for these observations with physically reasonable values for the parameters. In addition,
our analysis of the neutron data shows that the accelerated ion spectrum for this flare was not an unbroken power law
but had to steepen sharply above ~125 MeV nucleon™!. The paper also provides yields and yield ratios calculated
with assumed abundances and spectral forms currently considered appropriate for solar flares. They can be used by other
researchers analyzing high-energy solar flare data.

Subject headings: acceleration of particles — nuclear reactions, nucleosynthesis, abundances — Sun: flares —

Sun: X-rays, gamma rays

1. INTRODUCTION

The interactions of ions accelerated in solar flare magnetic loops
produce excited and radioactive nuclei, neutrons, and 7-mesons.
All of these products subsequently produce observable y-ray emis-
sion via secondary processes and the neutrons that escape may be
observed directly in space and on Earth and indirectly via their
decay protons. The measurable quantities associated with these
emissions (e.g., y-ray line intensities, shapes, and time histories
and escaping neutron spectra and time histories) convey informa-
tion about the accelerated ions responsible for their production.
This information is described by acceleration parameters, such
as the number and spectral shape of the accelerated protons
and a-particles (and thus their energy content) and the relative
abundances of the accelerated ions, and it can be obtained from
measured deexcitation line intensities and ratios. This aspect of
high-energy flare emission has been well-explored in past re-
search (e.g., Ramaty et al. 1995).

However, the measurable quantities can also depend strongly
on the physical conditions of the magnetic flare loop in which the
particles transport from the acceleration site to the interaction
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region. These physical conditions are described by physical pa-
rameters, such as loop length, the level of pitch-angle scattering
(PAS) within the loop, the degree of convergence of the loop
magnetic field at the footpoints, the location of the flare on the
Sun, and the density and temperature height-profile and elemen-
tal composition of the flaring atmosphere. Analyses of high-
energy solar-flare emissions therefore offer the potential to learn
much more about the flare process than just particle acceleration,
such as the structure and evolution of the flare environment.
But because each of the measurable quantities can depend on
some or all of the same acceleration or physical parameters, de-
riving well-constrained values for those parameters is challeng-
ing. Previous analyses often have not taken these complicated
interdependences into account in a systematic way, relying on ad
hoc assumptions that resulted in unrealistically small uncertain-
ties for their limited number of parameters. The goal of this paper
is to systematically address these interdependences by identify-
ing all relevant parameters and showing how the nature of the
nuclear interactions depend on them and how the various mea-
surable quantities are subsequently affected. This understanding
will enable us to construct a comprehensive and self-consistent
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approach to the analysis of flare data that will provide optimum
parameter values (and meaningful uncertainties) that predict ob-
servable quantities that are consistent with all of the measured
quantities. Success of this approach requires that the available
flare measurements cover a sufficiently broad range of the mea-
surable quantities. The included figures describing the dependence
of the measurable quantities on the acceleration and physical pa-
rameters can be used by other researchers analyzing high-energy
solar flare data.

In § 2 we describe in detail how the acceleration and physical
parameters affect the nuclear interactions responsible for the high-
energy flare emissions and how the measurable quantities asso-
ciated with these emissions are subsequently affected. We also
explore the ranges of accelerated ion energies that are responsible
for the various emissions. With this understanding, we develop in
§ 3 a data analysis algorithm that provides the approach and anal-
ysis steps necessary for a comprehensive analysis of solar flare
v-ray line and neutron data. As a demonstration of the procedure,
we use the measurements of the 1991 June 4 flare to constrain all
of the relevant parameters. The 1991 June 4 flare was observed
by the Oriented Scintillation Spectrometer Experiment (OSSE)
on the Compton Gamma Ray Observatory (CGRO) and by a num-
ber of other instruments. The flare is one of the best-measured
high-energy flares to date, and the resulting data set is unique
in that it provides a remarkably wide range of time-dependent
measurements with good statistical significance of hard X-rays,
~-ray lines and continuum, and neutrons as well as data at other
wavelengths.

2. GAMMA-RAY AND NEUTRON PRODUCTION
BY ACCELERATED IONS IN SOLAR FLARES

Accelerated-ion interactions with the ambient solar medium
produce excited nuclei that promptly deexcite, yielding observ-
able y-ray lines. The lines resulting from accelerated protons and
a-particles interacting with ambient nuclei heavier than He are
“narrow” (fractional FWHM ~2%), due to the relatively low re-
coil velocity of the heavy nucleus. Accelerated a-particles and
heavier ions interacting with ambient H and He produce “broad”
lines (fractional FWHM ~20%) due to the relatively high recoil
velocity of the nucleus. Recently, Kuzhevskij et al. (2005a) con-
sidered deexcitation line yields from heavy-heavy nucleus inter-
actions, but we have found that for the narrow 1.634 MeV 20Ne
and 1.369 MeV **Mg lines produced by interactions of '>C and
160, the yields are negligible due to both the lower abundances of
both species and the higher energy loss of heavy particles. Ac-
celerated ion interactions also create radioactive nuclei, which
produce delayed ~-ray lines that can be observed when the prompt
emission is negligible ( Tatischeff et al. 2006).

Ion interactions also produce neutrons that can be observed
both directly and indirectly. Neutrons that escape from the Sun
and survive the transit to Earth can be directly detected with in-
struments in orbit and, for events with sufficient high-energy neu-
trons (>200 MeV), by neutron monitors on the ground. Those
escaping neutrons that decay can be indirectly detected via their
decay protons in space (e.g., Evenson et al. 1983). Neutrons that
remain at the Sun may be indirectly detected because some of
them can be captured on ambient hydrogen in the photosphere,
producing deuterium and a strong y-ray line at 2.223 MeV.

Our understanding of «y-ray and neutron production has evolved
for more than 35 years. After the seminal work by Lingenfelter &
Ramaty (1967) a comprehensive treatment of deexcitation-line
production was given by Ramaty et al. (1979). The resulting y-ray
line production code has recently been updated (Kozlovsky et al.
2002) to incorporate new cross section data. This code calculates a

Vol. 168

complete ~y-ray line spectrum along any observing direction from
the flare site for any assumed accelerated-ion spectral shape, accel-
erated and ambient composition, and interacting-particle angular
distribution. We will use this deexcitation-line production code in
this paper.'

Hua et al. (1989) developed a magnetic loop transport and in-
teraction model (described more fully below) in which a Monte
Carlo simulation follows an individual accelerated ion through a
flare loop until it either undergoes a nuclear reaction or its energy
falls below nuclear reaction thresholds. The process is repeated
until adequate statistical significance is achieved. The most im-
portant aspects of ion transport are included in the model: energy
losses due to Coulomb collisions, removal by nuclear reactions,
magnetic mirroring in the convergent flux tube, and MHD pitch
angle scattering. They applied this model to deexcitation line re-
actions and calculated the depth distribution and time history
(for instantaneous release of the energetic ions) for production of
several nuclear deexcitation lines. We will use this deexcitation-
line transport code in this paper.

The theory of neutron production, escape, and transport to
Earth was first treated by Lingenfelter et al. (1965a, 1965b) and
was further developed by Hua & Lingenfelter (1987a) using
Monte Carlo transport simulations to follow the neutrons until
they decay, are captured on H in the solar atmosphere to produce
the 2.223 MeV neutron-capture line, or escape from the Sun. Us-
ing the magnetic loop model referred to above, Hua et al. (2002)
calculated angle-dependent neutron spectra using updated neu-
tron production cross sections and new kinematics. The code
calculates escaping neutron spectra and neutron-capture line
intensities and time histories along any observing direction from
the flare site. We will use this neutron/neutron-capture line
transport/production code in this paper. The code is available
online (see Hua et al. 2002).

Ion interactions also produce radioactive nuclei and, if there
are sufficient very high-energy accelerated ions, positively charged
pions, both of which decay to produce positrons, which then an-
nihilate to produce the strong 0.511 MeV annihilation line. Pro-
duction of positron-emitting nuclei was discussed by Kozlovsky
etal. (1987,2004) and Tatischeff et al. (2006). Pion production was
discussed by Murphy et al. (1987). Positron annihilation in the so-
lar atmosphere was recently addressed by Murphy et al. (2005).
Unfortunately, the intense flux of X rays from the June 4 flare
restricted the usable data to those from the detector pointed away
from the Sun (see § 3.1). Because of the resulting strong attenu-
ation of <1 MeV photons by the detector shields, measurements of
the annihilation line during the peak of the flare are not available
and positron production will not be discussed in this paper.

ITon interactions can also produce pions. Neutral pions decay
into two y-rays with energies of 67.6 MeV in the pion rest frame.
The energies of these photons are then Doppler-shifted by the pion
motion. The spectrum is a broad peak centered near 70 MeV with
an FWHM of ~100 MeV (Lingenfelter & Ramaty 1967; Crannell
etal. 1979; Murphy et al. 1987). The positrons and electrons from
charged pion decay produce continuum bremsstrahlung, most eas-
ily observed at >10 MeV. We will see that the accelerated particle
spectrum responsible for v-ray emission in the June 4 flare was
relatively steep and did not produce significant numbers of pions.
Pion production will also not be discussed in this paper.

In § 2.1 we describe the loop transport and interaction model
and its parameters relating to the physical conditions of the mag-
netic loop. In § 2.2 we summarize the acceleration and physical

' A simplified version of the code is available at http://Iheawww.gsfc.nasa
.gov/users/ramaty/ ViewPubs/ramaty.html.
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parameters addressed by our calculations of deexcitation y-ray,
neutron, and neutron-capture line production. In § 2.3 we discuss
how these parameters affect the nuclear interactions. (Some of
the material concerning the interaction time history and depth
distribution was first discussed by Hua et al. 1989 but for a Bessel
function accelerated-particle spectrum rather than the power-law
spectrum presented here. Some of the material concerning neutron
production was discussed by Hua et al. 2002, but they did not in-
clude a discussion of the neutron capture line.) In § 2.4 we describe
how the measurable quantities associated with the products of
these interactions (deexcitation lines, neutrons, and the neutron-
capture line) are subsequently affected and the ranges of ion ener-
gies that are most effective in producing each. The understanding
gained from the single-loop study can be easily extended to ac-
count for multiple-loop structures.

2.1. Magnetic Loop Transport and Interaction Model

The magnetic loop will form the basic geometrical structure for
the calculations performed here. Imaging observations by Yohkoh
and RHESSI indicate that X- and ~-ray flare emission occurs at
footpoints, suggesting the presence of a loop. Observations at
radio, optical, and soft X-rays clearly reveal the loop structure. We
will perform our calculations for a single loop since the funda-
mental processes probably occur within one loop. Complex flare
processes may be considered as resulting from combinations of
loops; e.g., recent imaging results from RHESSI show that the
electron bremsstrahlung and neutron capture line emissions are
physically separated, suggesting at least two loops (Hurford et al.
2003).

We will use the loop formalism developed by Hua et al. (1989).
Their transport and interaction model consists of a semicircular
coronal portion of length L and two straight portions extending
vertically from the transition region through the chromosphere
into the photosphere. Recent v-ray line shift measurements by
RHESSI (Smith et al. 2003) suggest that in some flares the loop
may be inclined to the solar surface. Here we will only perform
calculations for vertical loops. Qualitative implications for inclined
loops can be estimated from the results for a vertical loop.

Below the transition region, the magnetic field strength is as-
sumed proportional to a power 6 of the pressure (Zweibel &
Haber 1983). For coronal and photospheric pressures of 0.2 and
10° dyn cm™2 and relevant magnetic field strengths of 100 and
1600 G, respectively, 6 ~ 0.2. Such a converging magnetic field
can result in mirroring of accelerated particles. Pitch angle scat-
tering is characterized by A, the mean free path required for an
arbitrary initial angular distribution to relax to an isotropic distri-
bution. The dependence of A on particle energy is expected to be
weak (see discussion by Hua et al. 1989) and is assumed here to
be independent. The level of PAS is characterized by 4, the ratio
of A to the loop half-length L. (=L/2). Magnetic convergence
and PAS directly affect the angular distribution of the accelerated
particles when they interact with the ambient medium. As we
will see, this angular distribution will have a strong effect on the
subsequent observable emissions. In the past, researchers have
often assumed specific angular distributions (such as isotropic,
downward beam, fan beam, etc.). With the present calculations,
the distributions will develop naturally from the physical param-
eters of the loop model and cover a wider range of distributions.

Because recent results based on measurements made with
RHESSI (Share et al. 2004; Murphy et al. 2005; Aschwanden
etal. 2002) and the Solar Maximum Mission, Yohkoh, and Granat
Phebus (Kuzhevskij et al. 2005b) have suggested that the flaring
atmosphere within the loop may be considerably different from
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TABLE 1
PARAMETERS
Type Parameter
Acceleration ...... Power-law index, s

Acceleration release time history, djon(?)
Accelerated-particle composition
Physical............. Level of PAS, 4
Magnetic convergence, 0
Loop half-length, L.
Ambient composition
Atmospheric density and temperature model, n(4) and 7'(h)
Flare heliocentric angle, s

that of the quiet Sun, several height-density profiles (n(%)) for the
solar atmosphere will be considered.

In the Monte Carlo simulation, accelerated ions are released
instantaneously and isotropically at the top of the loop. Each ion
is followed until it interacts or thermalizes, typically near the
loop footpoints in the chromosphere or upper photosphere where
the density is sufficient for efficient nuclear interactions. When
an interaction occurs, the time after the initial release of the ener-
getic ion, the location along the loop, and the direction of motion
of the ion are recorded. This is repeated until sufficient statistical
significance is achieved. Because the ions do not escape (i.e.,
they either interact or thermalize), the calculations are “thick
target.” For deexcitation line reactions, the resulting interacting-
particle angular distribution can then be used with the y-ray line
production code to calculate line shapes and shifts. The attenu-
ation of the vy-ray along the line of sight is calculated from the
location of the interaction along the loop. For neutron-producing
reactions, the Monte Carlo simulation follows the neutron until it
escapes into space, is captured on H to contribute the 2.223 MeV
capture line, reacts with 3He without production of radiation (see
§2.4.3), or decays. If a neutron-capture ~-ray is produced, its at-
tenuation along the line of site is calculated.

2.2. Summary of the Acceleration and Physical Parameters

Table 1 lists the acceleration and physical parameters of the
loop transport and interaction model that affect the measurable
quantities addressed by our calculations. We discuss and review
the range of parameter values obtained by past analyses.

2.2.1. Acceleration Parameters

A fundamental property of accelerated ions is their energy
spectrum. For the calculations performed here, we assume that
the spectral form of the accelerated ions is an unbroken power
law, with all ion species having the same index (here denoted by
s), normalized to one proton with energy greater than 30 MeV.
Gamma-ray and neutron observations provide various measures
of the power-law index. Ramaty et al. (1996) derived power-law
indexes for several flares observed with the Gamma Ray Spec-
trometer on the Solar Maximum Mission (SMM) using two
such measures, the fluence ratio of the 6.129 MeV '°O to the
1.634 MeV 2Ne lines and the fluence ratio of the 2.223 MeV
neutron capture to the 4.438 MeV '2C lines. For each flare, he
found that the indexes derived with the two tests were the same,
within their uncertainties (see the Ne/O discussion in § 2.2.2). We
will see in § 2.4.4 that the first measure is relevant to accelerated
ions with energies from a few to about 10 MeV nucleon™!, while
the second is relevant to ions with energies from a few to as much
as 100 MeV nucleon™!, implying that the spectrum is an unbroken
power law through this entire energy range.



170 MURPHY ET AL.

TABLE 2
AMBIENT AND ACCELERATED-ION COMPOSITIONS

Element Ambient Accelerated

1.0 1.0

3.0 x 1073 0.5

0.1 0.5
2.96 x 10~ 4.65 x 1073
7.90 x 1073 1.24 x 1073
637 x 1074 1.00 x 102
1.59 x 10~* 455 %1073
1.25 x 1074 5.89 x 1073
1.00 x 103 1.57 x 10~
9.68 x 1073 455 x 1073
2.03 x 1073 9.56 x 10~*
6.75 x 107° 1.06 x 104
8.54 x 1073 1.34 x 1072

In addition to using these spectral measures in their analysis of
OSSE data from the 1991 June 11 solar flare, Murphy & Share
(2000) used an additional measure: the fluence ratio of the
0.511 MeV positron annihilation to the 4.438 MeV '2C lines. We
will show in § 2.4.4 that this measure is relevant to accelerated
ions energies from a few to a few tens of MeV nucleon™; i.e.,
between the energy ranges of the other two tests. They showed
that there were time periods during the June 11 flare when the
spectrum appeared to be an unbroken power law throughout the
entire relevant energy range, but there were also periods when
it was not, exhibiting a soft low-energy component and a hard
high-energy component. Using similar spectral index measures
as those above, we will show in this paper that the accelerated ion
spectrum for the June 4 flare is again consistent with an unbroken
power law up to ~100 MeV nucleon™! but, with the addition of
neutron measurements also available for this flare (which are
relevant to ion energies up to several hundred MeV nucleon™'; see
§ 2.4.4), the spectrum must steepen above 100 MeV nucleon™!.

In our calculations, we will vary the power-law spectral index
from 2 to 6. In their derivation of spectral indexes from 19 flares
observed by SMM, Ramaty et al. (1996) found most indexes fell
within this range, with an average of ~4.2. Spectral indexes de-
rived using recent data from three solar flares obtained with the
RHESSI instrument have been harder, with indexes nearer to 3 or
less.

The accelerated-ion composition used in the calculations is
summarized in Table 2. We have assumed the “impulsive flare”
accelerated-ion abundances defined by Ramaty et al. (1996),
which reflects average heavy-element abundance enhancements
found in impulsive SEP events in space (Reames et al. 1994).
Accelerated ion compositions derived from v-ray line mea-
surements (Murphy et al. 1991; Share & Murphy 1998, 1999;
Mandzhavidze et al. 1999) have suggested that they are similar
to those of such impulsive SEP events. The impulsive compo-
sition is coronal (Reames 1995) for C, N, Ne, Mg, Al, Si, S, Ca,
and Fe relative to O but with Ne/O, Mg/O, Si/O, and S/O in-
creased by a factor of 3 and Fe/O increased by a factor of 10.
We will assume two values for a/proton: 0.1 and 0.5. For each,
we will maintain a/O = 50 and 3He/*He = 1.

2.2.2. Physical Parameters

The ambient composition used in the calculations is also
summarized in Table 2. We have assumed coronal abundances
(Reames 1995) for C, N, O, Mg, Al, Si, S, Ca, and Fe relative to
H. Abundance determinations from analyses of ~y-ray lines for
several flares (Share & Murphy 1995; Ramaty et al. 1996) have
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shown that the composition of the y-ray line production region is
similar to coronal. These are the same ambient abundances used
by Ramaty et al. (1996), except we assume “He/H = 0.10 rather
than the coronal value 0f0.037. Mandzhavidze et al. (1999) have
shown that in some flares the ambient “He/H abundance ratio
could be >0.1. Grevesse et al. (1996) list the photospheric “He/H
as 0.097.

We have also taken Ne/O = 0.25. In their analysis of 19 SMM
~-ray line flares, Ramaty et al. (1996) showed that to maintain an
unbroken power-law spectrum from ~2 to ~50 MeV nucleon™!,
the ambient Ne/O abundance ratio had to be ~0.25, higher than
the accepted photospheric value of 0.15. Similar Ne/O enhance-
ments have been seen in other measurements of flare data; for
example, Schmelz (1993) found Ne/O of 0.32 using observations
of a solar flare obtained with the Flat Crystal Spectrometer on
SMM. Drake & Testa (2005) found Ne/O = 0.41 for a sample of
21 stars located within 100 pc of the Sun that had been observed
with the High Energy Transmission Grating on the Chandra
X-Ray Observatory. But the Ne/O abundance ratio derived in a
recent analysis of FCS data that excluded data taken during flares
and long-duration events (Schmelz et al. 2005) was consistent
with the accepted 0.15 value. Schmelz et al. (2005) also reconsid-
ered older data obtained from full-Sun observations and again
found Ne/O consistent with the accepted value. Considering that
the Ne/O enhancements could be flare-related, Shemi (1991)
suggested that preflare soft X-ray radiation preferentially ionizes
Ne, which could then be transported to higher levels of the atmo-
sphere. Since the Chandra spectra analyzed by Drake & Testa
(2005) are most likely dominated by photons from very intense
flares, their enhanced neon abundances might result from a sim-
ilar mechanism. However, Schmelz et al. (2005) point out that
this is not likely since low-FIP elements in active stellar coronae
are generally depleted rather than enhanced, as they are in the so-
lar corona. Here we will use the 0.25 value derived from the solar-
flare y-ray measurements. In our analysis of the June 4 flare ~-ray
line data (see § 3.1), we will see that the assumption of an unbroken
power law remains valid through the accelerated ion energy range
relevant to those measurements (~2-50 MeV nucleon—!). The
addition of the neutron data will show that the spectrum could
steepen above those energies, however (see § 3.1).

We will investigate the effect on the measurable quantities for
two models of the solar atmosphere: the sunspot region atmo-
sphere of Avrett (1981) and a hybrid model that could be more
similar to the atmosphere during an active period. In the sunspot
model of Avrett, the density at heights greater than several hun-
dred kilometers is more tenuous than that of the quiet-Sun model
of Vernazza et al. (1981) but below this height it is greater. Dur-
ing a flare, the atmosphere could be considerably different still
(Share et al. 2004). Aschwanden et al. (2002) have used RHESSI
measurements of electron bremsstrahlung to estimate the density-
height profile in a solar flare and found that the density is enhanced
relative to quiet-Sun models at heights greater than ~1000 km and
the density scale height is considerably larger. We construct a hy-
brid solar-flare model (the “RHESSI/Avrett model”) consisting of
the Avrett density profile below 1000 km and the Aschwanden
profile above. We use the Avrett sunspot model at photospheric
heights since flare loop structures are generally found above sun-
spots (e.g., Hurford et al. 2003; Schrijver et al. 2006). The en-
hanced chromospheric density during flares suggested by the
RHESSI measurements could be due to filling of the loop by ac-
tive processes prior to the main impulsive event. The two mod-
els, along with the Vernazza model, are shown in Figure 1, where
the larger chromospheric density and scale height of the RHESSI/
Avrett model is clearly seen. This is the first time that the
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Fig. 1.—Density vs. height in the solar atmosphere for the three atmospheric
models considered here: Vernazza ( Vernazza et al. 1981), Avrett (Avrett 1981),
and RHESSI/Avrett.

dependence of solar-flare v-ray and neutron production on the
atmospheric model has been systematically explored, thus al-
lowing the possibility to learn about the structure of the solar
atmosphere during flares from high-energy measurements.

The parameters directly associated with ion transport in the
loop model are the level of PAS, the degree of loop magnetic
convergence, and loop length. We will vary the level of PAS from
none (A — o0) to saturated. At saturation (4 =~ 20), further de-
crease of 4 has no effect on the temporal or angular dependence of
the interactions (see discussion below). We will vary the magnetic
convergence from none (6 = 0) to very strong (6 = 0.45). For the
Avrett (1981) atmosphere, 6 = 0.1 and 0.2 correspond to an in-
crease of the magnetic field from the corona to the photosphere
by factors of ~5 and ~20, respectively. The loop length will be
varied by an order of magnitude from 11,500 to 115,000 km. Es-
timates of loop lengths based on hard X-ray timing and footpoint
imaging (e.g., Aschwanden et al. 1996; White et al. 2002) range
from ~10,000 to 80,000 km.

Nuclear reactions and the yields of the various products in
solar flares are not influenced by the temperature of the inter-
action region. At the temperatures expected in solar flares, any
deexcitation-line Doppler broadening is dominated by the recoil
velocities of the excited nuclei resulting from the impact of the
nonthermal accelerated particles. For the 4.438 MeV !2C de-
excitation line, the FWHM due to recoil is ~80 keV, while even at
10° K the thermal FWHM is <1 keV. The width of the 2.223 keV
neutron-capture line does reflect the temperature of the region
where the neutrons are captured since the neutrons are typically
thermalized before capture, but since the captures occur deep in
the photosphere where the temperature is <10* K, the FWHM is
~10 eV, much less than typical detector energy resolution at
these energies. The yield of secondary positrons from production
of radioactive nuclei and pions is similarly not influenced by the
temperature, but the yield of the subsequent annihilation pho-
tons and the shape of the annihilation line is. Positron annihila-
tion was thoroughly studied by Murphy et al. (2005).

2.2.3. Nuclear Interaction Cross Sections

The development of the theory of y-ray line production mo-
tivated a systematic effort of laboratory measurements of pro-
duction cross sections for the most important lines in solar flares
with resulting estimated uncertainties of less than 20% (e.g.,
Dyeretal. 1981, 1985). The y-ray production code developed by
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Ramaty et al. (1979) now includes over 100 individual lines. The
cross sections for all of these lines have recently been re-evaluated
and updated with new laboratory measurements (Kozlovsky et al.
2002). The cross sections are generally strongly peaked in the en-
ergy range 10-30 MeV nucleon™".

The ~-ray line production code includes accurate kinematics
to calculate the direction of the recoil excited nucleus in the center-
of-mass frame and the angular distribution of the ~y-ray emission in
the frame of the excited nucleus (see Ramaty et al. 1979 and the
more recent work of Kiener et al. 2001). Anisotropic emission in
the excited nucleus rest frame generally will not affect line fluence
determinations unless the accelerated particles are truly beamed.
In addition, the velocities of the excited nuclei are generally too
small to result in significant anisotropy of the emission in the
frame of the Sun due to relativistic beaming. However, the veloc-
ities are large enough to produce measurable line Doppler shifts
when the recoil angular distribution is sufficiently anisotropic.

In addition to the explicit y-ray lines included in our deexcita-
tion line code, nuclear reactions involving heavier nuclei also
produce a large number of weaker, closely spaced lines and a
true nuclear continuum. This additional emission is currently in-
cluded in the line production code according to the prescription
given by Ramaty et al. (1979). We are currently improving this
modeling using both measurements and calculations of this emis-
sion. Accurate modeling of this emission is not critical for the pur-
poses of this paper since we will focus only on measurements of
the strongest narrow lines.

Hua et al. (2002) thoroughly reevaluated and revised the neu-
tron production cross sections and kinematics. With these new
approximations for the angular- and energy-dependent cross sec-
tions, the calculated neutron yields are in much better agreement
with laboratory measurements. The estimated uncertainty in the
calculated neutron yield over the neutron energy range relevant
to solar flare measurements is ~30%.

2.3. Effect of the Acceleration and Physical Parameters
on the Nuclear Interactions

Except for neutrons that escape from the Sun, the products of
nuclear reactions (e.g., excited and radioactive nuclei, pions, and
neutrons) are not directly observable but reveal themselves through
secondary processes producing emissions that are observable (e.g.,
deexcitation «-rays, annihilation y-rays after positron emission,
pion-decay radiation, and neutron capture y-rays). The proper-
ties of an interacting accelerated ion that most significantly affect
the measurable quantities associated with the observable emis-
sions are (1) the time of the interaction after release from the
acceleration region, (2) the ion direction of motion at interaction,
(3) where in the loop the interaction occurs, and (4) the ion
kinetic energy at interaction. The parameters listed in Table 1
combine to affect all of these properties to varying degrees. In the
following subsections we discuss how these interacting ion prop-
erties depend on the parameters, using calculations of the pro-
duction of the 4.438 MeV excited state of '2C for illustration. The
results are qualitatively valid for other deexcitation lines and for
neutron production. The total number of possible parameter com-
binations is too large to fully explore so the parameter ranges and
values discussed are chosen to effectively convey the most impor-
tant dependences. We discuss the interaction time history in § 2.3.1,
the interacting ion angular distribution in § 2.3.2, and the distri-
bution of the interactions in the loop in § 2.3.3. We defer the
discussion of the energies of the interacting ions to § 2.4.4 after
discussing the effect of the parameters on the various observable
emissions resulting from the nuclear interactions in §§2.4.1,2.4.2,
and 2.4.3.
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In the following sections, figures are presented showing the
dependence of the interacting ion properties on a particular ac-
celeration or physical parameter. Except for the parameter being
varied, and unless otherwise indicated, the other parameters will
be held fixed at a set of standard values: a/proton = 0.5, s = 4,
A =300,6 =0.2,L = 11,500 km, and the atmosphere of Avrett
(1981).

2.3.1. Nuclear Interaction Rate Time History

The time history of the nuclear interaction rate is governed by
both the time history of the ion acceleration release rate (ajon(?))
and transport in the loop. Here we will only consider the effects
of transport, assuming instantaneous release of all particles at
t = 0. (When the June 4 flare data are analyzed in § 3, we will
discuss estimates for a;on(¢).) In the absence of magnetic conver-
gence (6 = 0), ions do not mirror and the nuclear interaction time
history depends only on the energy loss rate in the lower chro-
mosphere and upper photosphere where the density is greatest
and most of the interactions occur. In the presence of magnetic
convergence (6 # 0), ions with initial pitch angles lying close to
the loop axis also do not mirror (they are within the “loss cone”)

and behave similarly. Ions outside the loss cone mirror and lose
energy much more slowly as they traverse the low-density co-
rona. These interactions thus occur on longer timescales, with
the timescale increasing with increasing convergence. Figure 2a
shows '2C line production time histories for ¢ = 0.0, 0.20, and
0.45. For the time histories with § # 0, the excesses at times less
than 1 s are due to ions within the loss cone interacting on their
first pass down the loop leg. For all of these calculations, we have
assumed no PAS; i.e., A — oo.

Pitch angle scattering causes the loss cone to be continuously
repopulated. As a result, the nuclear interaction rate increases
at early times and correspondingly decreases at later times. Fig-
ure 2b shows '>C line production time histories for PAS levels of
none (4 — 00), intermediate (A = 300), and high (4 = 20). The
time history is no longer affected by decreasing /4 when the rate
of loss-cone replenishment exceeds the rate of nuclear reactions
in the loss cone. This saturation effect occurs for 4 less than ~20.

Increasing the loop length increases the timescale of the inter-
action rate since mirroring particles spend more time at lower
coronal densities where nuclear reactions are less likely. Figure 2¢
shows the effect on the interaction time history due to loop length.
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The delays of the excesses at ~1 s and less (for ions within the loss
cone interacting on their first pass down the loop leg) are directly
due to the longer transit times resulting from the longer loop
lengths.

The accelerated ion spectral index has no significant effect on
the interaction rate time history at times later than about 1 s after
particle release. However, in harder spectra there is a larger frac-
tion of ions with higher energies producing the reactions (see
§ 2.4.4). Before about 1 s, this results in ions arriving earlier at
the footpoints on their first transport down the loop leg. This can
be seen in Figure 2d, where time histories for s = 3, 4, and 5 are
shown. Similarly, different energy dependences of the interac-
tion cross sections affect the time history only before about 1 s.

The differences of the Avrett and Vernazza atmospheric mod-
els have negligible effect on the interaction time history. Only
when the model is significantly different, such as the RHESSI/
Auvrett model, is the time history affected, with a shortened time-
scale due to the dramatic chromospheric and lower corona den-
sity enhancement as shown in Figure 2e. Another aspect of the
time history dependence on the atmospheric model is shown in
Figure 2f. At times less than a few seconds, the extent of the
variation of the time history as PAS is varied from none to sat-
urated is significantly less for the RHESSI/Avrett model than it is
for the Avrett model. A similar reduced extent of the variation is
found as ¢ is varied. This will impact the ability to distinguish
among possible values of § and 4 when data from the June 4 flare
are analyzed in § 3.1 under the assumption of the RHESSI/Avrett
model.

2.3.2. Interacting lon Angular Distribution

As mentioned in § 2.1, calculations based on the loop model
produce angular distributions for the interacting ions that can be
related to physical parameters, in contrast to the ad hoc distribu-
tions assumed previously. In the absence of magnetic conver-
gence (6 = 0), there is no mirroring and the angular distribution
of'the interacting ions (initially isotropic when released at the top
of'the loop) will be downward isotropic regardless of level of PAS
or loop size. In the presence of magnetic convergence (6 # 0) but
no PAS (1 — 00), ions with pitch angles too small to mirror enter
the “loss cone” and either undergo a nuclear reaction as they are
moving downward or are thermalized. But most ions have larger
initial pitch angles, which results in mirroring, and the interactions
occur mostly at the ion mirror points where the density is greatest.
Thus, most ions are moving parallel to the solar surface when they
interact (i.e., a “fan beam” angular distribution; see, e.g., Hua &
Lingenfelter 1987b) with a relatively small contribution from
downward-moving ions. The downward contribution becomes
even less important as ¢ increases. Figure 3a shows the effect of
magnetic convergence on the interacting ion angular distribu-
tion for § = 0.0, 0.20, and 0.45. For all of these calculations,
there is no PAS (4 — o0).

By continuously repopulating the loss cone, the effect of PAS
is to produce more interactions involving downward-directed
ions. This is seen in Figure 3b, where angular distributions are
shown for the same convergences as Figure 2a (6 = 0.0, 0.20,
and 0.45) but for 4 = 300. As PAS is increased (/ decreased),
more ions interact in the loss cone and the distribution becomes
more downward-directed until saturation is reached (4 ~ 20).
This is shown in Figure 3¢ for A — oo, 4 = 300, and 1 = 20.

The angular distribution of the accelerated ions when they
interact is not significantly affected by the spectral index or the
energy dependence of the interaction cross section. The distribu-
tions produced by the three atmospheric models considered here
(Vernazza, Avrett, and RHESSI/Avrett) were also very similar,
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distributions are normalized to unity.

except for low levels of PAS (large 1), where the RHESSI/ Avrett
distribution had a slightly enhanced downward-directed compo-
nent resulting from enhanced interactions of particles within the
loss cone.

2.3.3. Interaction Depth Distribution

In the absence of magnetic convergence (6 = 0), there is no
mirroring and the depth distribution directly reflects the column
density required for the accelerated particles to interact as they
move downward through the solar atmosphere. In the presence
of magnetic convergence (6 # 0), mirroring results in interac-
tions occurring at higher elevations (and therefore lower densities)
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as more and more particles are prevented from penetrating the
lower atmosphere. This is seen in Figure 4a, where the fraction of
interactions occurring deeper than a given density is plotted versus
density in the solar atmosphere for 6 = 0.0, 0.20, and 0.45.

Even with minimal convergence, the lack of PAS (4 — oo) re-
sults in a significant fraction of the interactions occurring at low
densities. This can be seen in Figure 4b, where depth distribu-
tions for no PAS (1 — 00), 4 = 300, and saturated PAS (1 = 20)
are shown. The curve for no PAS shows that almost 20% of
the interactions occur at densities less than 10'° H cm 3. As
PAS is increased (/4 decreased), the bulk of the interactions move
to higher densities as more interactions occur within the loss
cone.

Because the nuclear interactions occur predominantly at chro-
mospheric depths or greater, transport through the low-density
corona has little effect on where the interactions will ultimately
occur. As aresult, the effect of loop length on the interaction depth
distribution is minimal, as long as the other parameters are not
changed. Specifically, to maintain the relative level of PAS in the
calculations when the loop length is increased, the physical scat-
tering mean free path (A) must be increased accordingly. For a

fixed A, however, increasing the loop length results in decreasing
2, the effect of which was discussed above.

Because higher energy ions tend to interact farther along their
paths, harder particle spectra result in interactions occurring at
higher densities since more ions of higher energies are producing
the interactions (see § 2.4.4). This is seen in Figure 4c¢ for s = 3,
4, and 5.

When the depth distribution is considered as a function of
atmospheric density, the effect of different atmospheric density
profiles is minimal as seen in Figure 4d, where the depth distri-
bution is shown for the three models considered here (Vernazza,
Avrett, and RHESSI/Avrett). This is due partly to the fact that for
convenience we have parameterized the magnetic convergence
in terms of the pressure so that, for a given 9, the mirror point
tends to remain near the same density as the atmospheric model
is changed. In terms of physical depth, however, the distribution
does change significantly as the model is changed, as seen in Fig-
ure 5, where the distribution as a function of depth in the atmo-
sphere is shown for the three model atmospheres.

Interactions whose cross sections have high thresholds tend to
interact at higher densities, again the consequence of the longer
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ranges of higher energy ions. This is seen in Figure 4e, where the
depth distributions for interactions with two different cross section
energies are shown: a low threshold energy (~1 MeV nucleon™!,
similar to that of the 1.634 MeV 2°Ne deexcitation line) and a high
threshold energy (~25 MeV nucleon™, similar to those of neutron-
producing p-« reactions).

This dependence of the depth distribution on the interaction
cross section also explains why the distribution is affected by the
accelerated a/proton ratio, as shown in Figure 4f. This depen-
dence results from the different threshold energies of the « and
proton cross sections for producing the 4.438 MeV excited state
of 12C. The a-particle interactions have a lower threshold and, as
just discussed, such interactions occur at lower densities (see
Fig. 4e). When the a/proton ratio is high, a larger fraction of the
line yield is due to such reactions and the depth distribution shifts
to lower densities.

2.4. Effect of the Acceleration and Physical Parameters
on the Observable Quantities

In § 2.3 we discussed how the various acceleration and phys-
ical parameters affect those aspects of the nuclear interactions
that most significantly affect the subsequent observable emissions.
In the next three subsections we discuss how the parameters affect
the measurable quantities associated with deexcitation lines, es-
caping neutrons, and the neutron capture line, respectively. In a
final subsection we discuss what accelerated ion energies are re-
sponsible for each of these emissions.

2.4.1. Deexcitation Line Production

In this section we discuss the measurable quantities associated
with “narrow” nuclear deexcitation lines produced by accelerated
proton and a-particle interactions with ambient C and heavier nu-
clei. For such deexcitation lines, the measurable quantities are the
line fluence, shape, central energy, and emission time history.
How the acceleration and physical parameters affect each of
these quantities is discussed.

2.4.1.1. Deexcitation Line Yields and Yield Ratios

The only physical parameter significantly affecting time-
integrated narrow deexcitation line yields (and also, therefore,
line ratios) is the relative abundances of the ambient elements
heavier than He. Yields are not affected by the physical parameters
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ion power-law spectral index for accelerated a/proton = 0.5 (thick lines) and
0.1 (thin lines). Deexcitation line yields do not depend on loop parameters. All
yields are normalized to 1 accelerated proton of energy greater than 30 MeV.

associated with the loop itself, such as length, PAS or magnetic
convergence. This is because in the loop model accelerated ions
do not escape from the loop, so the interactions are “thick target”
overall. In addition, the lines are not produced sufficiently deep in
the solar atmosphere for significant attenuation to occur. Only
when the flare is located at or beyond the limb of the Sun is there
any significant attenuation of any line. Also, the interacting angu-
lar distribution does not significantly affect line ratios because the
recoil velocities of the excited nuclei are nonrelativistic, so there
is no significant beaming of the emission. The anisotropic emis-
sion of photons in the rest frame of the recoil nucleus is signif-
icant only for very beamed distributions. Therefore, calculated
total production yields and yield ratios can be used for flares
occurring anywhere on the solar disk.

The acceleration parameters that affect narrow deexcitation line
yields (and ratios) are the accelerated «/proton ratio and the spec-
tral index. Both accelerated protons and «-particles contribute to
essentially all reactions producing excited nuclei via direct excita-
tion or spallation and the relative contributions from the two par-
ticles vary according to the a/proton ratio and the spectral index
(through the reaction cross sections). The acceleration parameters
that affect the relative intensities of broad deexcitation lines are the
accelerated ion composition and the spectral index. The only phys-
ical parameter affecting broad deexcitation line yields and line ra-
tios is the ambient He/H ratio.

Using the updated cross sections of Kozlovsky et al. (2002) we
show in Figure 6 the yields of the 1.634 MeV 20Ne, 4.438 MeV
12C and 6.129 MeV 60 lines as functions of the accelerated-ion
power-law spectral index for a/p = 0.1 (thin curves) and 0.5
(thick curves). These yields include the direct excitation reac-
tions and all spallation reactions producing the excited nucleus.
While each of these yields is dominated by the line of the nu-
cleus noted, we also include weaker lines at close-lying central
energies. Specifically, the 1.634 MeV 2°Ne yield also includes the
lines at 1.600 from 22Mg, 1.635 MeV from '*N, and 1.636 MeV
from 2*Na in addition to the 2°Ne line. The 4.438 MeV '°C yield
also includes the 4.444 MeV line from ''B in addition to the '2C
line. The 6.129 MeV '90 yield also includes the 6.175 MeV
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Fic. 7.—Calculated fluence ratios of the 6.129 MeV (1°0)/1.634 MeV (**Ne)
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(thin lines). The latter ratio is for a disk-centered flare and is shown for both no
PAS (dashed line) and saturated PAS (solid line). For each level of PAS, the ratio
is shown for magnetic convergences of 6 = 0.0 and 0.45, as indicated in the
figure.

line from '°0, the 6.322 MeV line from '°N, and the 6.337 and
6.476 MeV lines from ''C in addition to the 'O line. Including
these additional lines is appropriate when comparing these
calculated yields with yields measured with medium-resolution
Nal detectors such as OSSE and SMM. Higher resolution de-
tectors such as RHESSI may be able to separate the individual
lines. The shapes of the curves in Figure 6 result from (1) the
relationship between the accelerated ion spectrum and the en-
ergy dependence of the cross section (of the main line and also
of the additional lines included in the yield) and (2) the nor-
malization of 1 proton above 30 MeV. The minimum exhibited
by the curves is an artifact due to this normalization and the
index at which the minimum occurs changes as the normaliza-
tion energy is changed. The choice of this normalization energy
is arbitrary and is set at 30 MeV because that is near the energy
where many of the deexcitation line production cross sections
peak.

As first suggested by Lingenfelter & Ramaty (1967), the flu-
ence ratio of two lines whose production cross sections have
markedly different energy dependences is sensitive to the steep-
ness of the accelerated-ion spectrum. The 6.129 MeV '°0 and
the 1.634 MeV 2°Ne lines are uniquely useful in this way because
(1) the threshold for the 2°Ne line is unusually low (~2 MeV for
proton reactions and ~1 MeV nucleon™! for « reactions) and is
very different from that of the '°0 line (~7 MeV for proton reac-
tions and ~2.5 MeV nucleon ™! for « reactions), (2) they are both
strong lines, and (3) they both arise from elements with high FIP
and are therefore expected to be free of the abundance varia-
tions associated with low FIP elements (Murphy et al. 1991;
Share & Murphy 1995; Ramaty et al. 1995). In addition to the
time-integrated measure of the spectral index, the time depen-
dence of the ratio also provides an instantaneous measure because
both of these lines are prompt (the half-lives of the excited nuclei

being <107 '%s). (Note that there is no significant difference of the
interaction time histories due to the different energy dependences
of the cross sections; see § 2.3.1.) Using this technique, power-law
spectral indexes have been determined for a number of flares
observed by several detectors over the past two solar cycles (e.g.,
Ramaty etal. 1996; Murphy et al. 1997; Ramaty & Mandzhavidze
2000). This ratio was used by Ramaty & Mandzhavidze (2000)
to establish the near energy equivalency of accelerated ions and
electrons.

Figure 7 shows the yield ratio of the 6.129 MeV '°O and
1.634 MeV 2°Ne lines as a function of power-law spectral index
for a/p = 0.1 (thin curves) and 0.5 (thick curves). Over the spec-
tral index range relevant for solar flares, this line ratio varies by
almost an order of magnitude. Because of the lower threshold
energies of a-particle reactions, line production for hard accel-
erated particle spectra are dominated by proton interactions and
there is little difference between the ratios for a/proton = 0.1 and
0.5. As the spectrum softens, the contribution from «-particle in-
teractions increases and the ratios differ.

Accelerated a-particles can interact with ambient He to pro-
duce excited states of "Be and "Li. These states then deexcite to
produce lines at 0.478 and 0.429 MeV, which, through Doppler
broadening, generally merge into what is known as the “a-a
complex.” Since the complex is produced purely by accelerated
a-particles, the ratio of its yield to the yield of other deexcita-
tion lines (which are generally produced by both protons and
a-particles) is very sensitive to the accelerated a/proton ratio in
addition to its dependence on the accelerated ion spectrum. We
show in Figure 6 the yields for this complex as a function of spec-
tral index for a/p = 0.1 (thin curves) and 0.5 (thick curves). We
show in Figure 8 the corresponding yield ratios of the -« com-
plex and the sum of the strongest high-FIP lines (1.63, 4.44, 6.13,
and ~7 MeV lines from 2°Ne, 12C, 160, and '°0, respectively, as a
function of spectral index. The shape of this curve is due to the dif-
ferent energy dependences of'the cross sections. The cross sections
for producing the "Li and "Be lines are both sharply peaked with
threshold energies of about 10 MeV nucleon—! and falling to
insignificance by 100 MeV nucleon~'. In contrast, the cross sec-
tions for producing the 4.44 MeV '2C line from both accelerated
protons and a-particles have lower thresholds (~5 MeV for pro-
ton reaction and 1-2 MeV nucleon ™" for o reactions) and also ex-
tend to higher energies, and this is generally true for the other lines
as well. As a result, the yield of the 4.44 MeV line is relatively
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teracting-particle angular distributions for a disk-centered flare: (@) isotropic,
(b) saturated PAS and magnetic convergence § = 0.20, and (¢) downward beam.
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respectively. The thick and thin curves are for power-law spectral indexes of
2.75 and 4.75, respectively. (Note that the profiles have been renormalized to
facilitate comparison.).

large for steep spectra due to the lower threshold energy and also
large for hard spectra due to the extension to high energy, with a
minimum for intermediate spectra.

2.4.1.2. Deexcitation Line Shapes and Central Energies

The acceleration parameters that most significantly affect
the shapes and line shifts of the narrow deexcitation lines are the
a/proton ratio and the steepness of the accelerated-particle spec-
trum (the index s for power-law spectra). The effect on the shape
of the line is illustrated in Figure 9a with line profiles of the
4.438 MeV '2C line for an isotropic interacting-particle angular
distribution. Because the angular distribution is assumed isotro-
pic, the shape is symmetrical about the rest energy of the line

the final resulting line shapes for s = 3.75 and a/proton ratios of

0.8
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Fic. 11.—4.438 MeV !2C line shapes for s = 3.75 and a/proton ratios of
0.1 (dotted line) and 0.5 (solid line). The accelerated ion angular distribution is
isotropic.
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butions [isotropic, saturated PAS (4 = 20), and downward beam] for a flare oc-
curring at a heliocentric angle of 74.5° (as for the 1991 June 4 flare). The a/proton
ratio is 0.5 and s = 4.

0.1 and 0.5. Although a harder spectrum produces broader lines,
the contribution of the inherently broader « reaction decreases
so that the overall line width may in fact be narrower depending
on the a/proton ratio.

The physical parameters that affect the shapes and shifts of the
narrow deexcitation lines are those that affect the angular distri-
bution of the interacting particles: most significantly the level of
convergence (6) and PAS (1) and to a lesser degree the atmo-
spheric model. Figure 95 illustrates the effect on the '*C line pro-
file for 6 = 0.20 and saturated PAS (1 = 20) for a flare centered
on the solar disk (fy,s = 0°). Again, the solid and dashed curves
are for interactions due to protons and a-particles, respectively,
and the thick and thin curves are for power-law spectral indexes
of 2.75 and 4.75, respectively. This downward-directed angular
distribution (see Fig. 3) results in redshifted lines, with both harder
spectra and a-particles producing the most Doppler shift. Details
of the line shape and shift will vary with different combinations of
6, 4, s, and accelerated a/proton ratio. The extreme case of a 100%
downward-beamed angular distribution for a disk-centered flare is
shown in Figure 9¢. As discussed in § 2.3.2, the RHESSI/Avrett
atmosphere produces a slightly enhanced downward component
for combinations of 6 and A resulting in mirroring (i.e., fan-beam)
distributions. This results in a slightly increased line redshift for
such distributions. For example, at the 74.5° June 4 flare location
with 1 = 0 and 6 = 0.45, the 4.438 MeV '2C line is redshifted
3 keV more for the RHESSI/Avrett atmosphere than for the Avrett
atmosphere.

For any angular distribution with some downward-directed
component, as the flare location moves away from Sun center,
the amount of Doppler shift will decrease. This is illustrated in
Figure 12, where 12C line profiles are shown for a flare occurring
at a heliocentric angle of Oy,s = 74.5° (as for the 1991 June 4
flare). Profiles resulting from three angular distributions are
shown: isotropic, saturated PAS, and downward beam. For these
calculations, the a/proton ratio is 0.5 and s = 4. At 74.5°, only
the extreme case of a 100% downward beam produces any sig-
nificant Doppler shift of the line.

2.4.1.3. Deexcitation Line Time History

Because the lifetimes of the excited states are very short
(<107% s), photon emission is prompt, with virtually no delay
between the nuclear interaction and the appearance of the y-ray.
As aresult, a measured deexcitation line emission time history

Power law index

Fic. 13.—Calculated yields of total neutrons and the 2.223 MeV neutron-
capture line (for a disk-centered flare) as functions of the accelerated-ion power-
law spectral index for a/proton = 0.5 (thick lines) and 0.1 (thin lines). The total
neutron yield has been divided by a factor of 10 for plotting purposes. The
neutron-capture curves are for a disk-centered flare and are plotted for both no
PAS (dashed line) and saturated PAS (dotted line). For each PAS, yields for
magnetic convergences of 6 = 0.0 and 0.45 are shown, as indicated in the figure.
All yields are normalized to 1 accelerated proton of energy greater than 30 MeV.

will be essentially identical to the nuclear interaction time his-
tory. The parameters that affect the interaction time history (and
thus the delay of -ray emission relative to accelerated particle
release) were discussed in § 2.3.1. The only acceleration param-
eter that affects the interaction time history is the ion acceleration
release time history, ajo,(#). The most significant physical param-
eters affecting the time history are the magnetic convergence, the
level of PAS, and the loop length.

2.4.2. Neutron Production and Escape

In this section we discuss the measurable quantities associated
with flare-produced neutrons escaping from the Sun and observed
by detectors in space or on Earth. The measurable quantities are
the energies of the neutrons and their arrival times; i.e., the time-
dependent energy spectra of the arriving neutrons. These spectra
are modified from the spectrum of neutrons that escaped from the
Sun by both velocity dispersion of the neutrons with various ener-
gies and decay of the neutrons during transport. How the accelera-
tion and physical parameters affect the time-dependent escaping
neutron spectrum was discussed by Hua et al. (2002). We sum-
marize some of their results here and further discuss some other
aspects of neutron production. A fraction of those neutrons ini-
tially produced traveling in a downward direction can be captured
on H to produce deuterium and the 2.223 MeV neutron-capture
line, which is discussed in § 2.4.3.

2.4.2.1. Total Neutron Production

The acceleration parameters that affect the total neutron yield
are the accelerated particle spectral index and composition, par-
ticularly the accelerated a/proton ratio. The only physical pa-
rameter affecting the total yield is the ambient composition. Total
neutron production as a function of accelerated-ion spectral index
is shown in Figure 13 for a/proton = 0.1 (thin curves) and 0.5
(thick curves). These total yields are similar to those given by
Ramaty et al. (1996) (who also used the updated total cross sec-
tions of Hua et al. 2002), except for steep spectra where the yields
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TABLE 3

APPROXIMATE THRESHOLD ENERGIES OF NEUTRON
ProbpucTtioN REACTIONS

Threshold Energy
(MeV nucleon™")

Reaction

5-10
~1
~300
~30
~10

calculated here are ~30% larger due to our larger assumed am-
bient He/H abundance. Using the loop formalism of Hua et al.
(1989, 2002) we confirmed that this fotal neutron yield is indepen-
dent of parameters of the loop model as expected. For softer spec-
tra, neutron production is dominated by «-particle reactions and
the dependence of the yield on the a/proton ratio is almost linear.
The explanation for the shapes of the yield curves is the same as
for the deexcitation lines, which is discussed in § 2.4.1.

2.4.2.2. Neutron Spectra

In the analysis of neutrons from solar flares, there are three
relevant energy spectra of neutrons that must be considered: the
spectrum at the production site, the spectrum escaping from the
Sun, and the spectrum arriving at Earth. As for total neutron pro-
duction, the angle-integrated spectrum of neutrons at the produc-
tion site is independent of parameters of the loop model, depending
only on the accelerated-particle spectrum and the ambient and
accelerated-ion compositions. Neutrons are produced in proton-
proton, a-c, proton-c, and ca-proton reactions and reactions of
protons and a-particles with heavier ambient nuclei and their in-
verse reactions. The threshold energies for these various reac-
tions (see Hua et al. (2002) for the full cross sections) are given in
Table 3 and span a broad range of energies from about an MeV
nucleon~! for reactions involving heavy nuclei to several hun-
dred MeV for proton-proton reactions. Which reactions domi-
nate neutron production at a given neutron energy depends on
the accelerated-ion spectrum and the composition of the acceler-
ated ions and the ambient medium.

Angle-integrated spectra at the production site are shown in
Figure 14, calculated for an accelerated-ion power-law spectral
index of 4, saturated PAS, 6 = 0.2, the compositions of Table 1,
and both accelerated ov/proton = 0.5 (Fig. 14a) and 0.1 (Fig. 14b).
Also shown are the contributions from the various reactions. The
shapes of the total spectra for the two values of o/proton are sim-
ilar, but the overall yield is less for a/proton = 0.1, as shown in
Figure 13. For this spectral index, the main contribution to the
production of high-energy (>1 GeV) neutrons is from acceler-
ated a-particle reactions with ambient H for a/proton = 0.5, but
it is from accelerated proton reactions with ambient H and He for
a/proton = 0.1. For both values of a/proton, the main contribu-
tion to production of neutrons with energies of tens of MeV is
from a-particle reactions with ambient H. Referring to the thresh-
olds of Table 2, these a-particles must have energies greater than
10 MeV nucleon™'. For accelerated ov/proton = 0.5, the main con-
tribution to low-energy (<10 MeV ) neutrons is from « reactions
with ambient He and heavier nuclei. Because of the very low
threshold for the latter reactions, some of these low-energy neu-
trons can be produced by a-particles of only a few MeV nucleon™".
For a/proton = 0.1, most of the low-energy neutrons are pro-
duced by accelerated proton interactions with ambient He. From
Table 2, the energies of these protons must be >30 MeV. As the
assumed accelerated-ion spectrum steepens, the contribution of
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FiG. 14.—Angle-integrated neutron energy spectra calculated for an accelerated-
ion power-law spectral index s = 4, saturated PAS, § = 0.2, the compositions
given in Table 1, and accelerated a/proton = 0.5 () and 0.1 (). Contributions
to the total production by each of the various reactions are shown. All yields are
normalized to 1 accelerated proton of energy greater than 30 MeV.

the low-threshold a-heavy reactions begins to dominate. We note
that the combined yield of neutrons from reactions of accelerated
protons with ambient C and heavier nuclei and their inverse re-
actions (Fig. 14, dash-dot-dotted curves) increases as accelerated
a/proton is increased even though the reactions do not involve
accelerated a-particles. This is because we maintain accelerated
a/O at 50, as stated in § 2.2.1, which affects the yields of the in-
verse reactions. The relative contribution of the various reactions
to total neutron production is independent of the loop parameters
such as PAS, magnetic convergence, and length.

Because most of the neutrons are produced at densities where
scattering is small (see Fig. 9 of Hua et al. 2002), neutrons ini-
tially produced moving upward typically escape from the solar
atmosphere without scattering. Neutrons moving downward typ-
ically lose their energy with little chance of escape. As discussed
by Hua et al. (2002), while low-energy neutrons tend to be pro-
duced isotropically, higher energy neutrons tend to be emitted
more in the same direction as the interacting ion, with this ten-
dency increasing with increasing ion energy. As a result, the spec-
trum of neutrons escaping from the Sun along a particular line of
sight depends on the energy and angular distributions of the in-
teracting accelerated ions. As discussed in § 2.3.2, the physical
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Fic. 15.—Angle-dependent escaping neutron spectra at the Sun. For loops
perpendicular to the solar surface, ¢ is the angle relative to the surface normal,
with @ = 0° being the direction away from the Sun, and corresponds to the
heliocentric angle of a flare, 6,,s. For a disk-centered flare, cos (6) = 1. (a) No
PAS (solid curves) and saturated PAS (dashed curves) with 6 = 0.20. (b) Mag-
netic convergence § = 0.20 (solid curves) and 0.45 (dashed curves) with /. =
300. All yields are normalized to 1 accelerated proton of energy greater than
30 MeV.

parameters that affect the angular distribution of the interacting
ions are the level of convergence (§) and PAS (). In Figure 15a
we show the angular-dependent kinetic-energy spectra of escap-
ing neutrons calculated for an accelerated-ion spectral-index of 4,
convergence 6 = 0.2, and both saturated (4 = 20, dashed line)
and no (4 — oo, solid line) PAS. For loops perpendicular to the
solar surface, 6 is the angle between the normal to the solar surface
and the line of sight and corresponds to the heliocentric angle of
the flare, O,ps. At each angle, the number of escaping neutrons
from saturated PAS is less than that from no PAS since fewer neu-
trons are produced moving upward with saturated PAS.

In Figure 155 we show the angular-dependent kinetic-energy
spectra of escaping neutrons calculated for an accelerated ion
spectral index of 4, 4 = 300, and two values of magnetic conver-
gence, 6 = 0.20 (solid line) and 0.45 (dashed line). The effect is
similar to that for PAS, with the more downward-directed angu-
lar distribution of § = 0.2 resulting in fewer neutrons directed
upward. The broader interacting-ion angular distribution of 6 =
0.45 (see Fig. 3) results in a weaker dependence of the escaping
neutron spectrum on angle.

2.4.2.3. Neutron Production Time History

The effects of the acceleration and physical parameters on the
delay of the production of neutrons relative to the accelerated
ion release are qualitatively the same as those described for the
4.44 MeV '°C deexcitation line (§2.2.1). The effects of PAS on

In this section we discuss the measurable quantities associated
with the 2.223 MeV neutron capture line: the line yield and time
history. Neutrons initially produced moving downward either
decay, react with 3He, or are captured on H. Capture on other nu-
clei is less important due to their smaller relative abundances.
The reaction with 3He is charge exchange, >He(n, p)*H, without
the emission of radiation. The capture on H results in the formation
of deuterium with the binding energy appearing as a 2.223 MeV
photon. Since the probability for elastic scattering is much larger
than the probability for either of these reactions, most of the
neutrons thermalize first, causing a delay in the formation of the
capture photon relative to neutron formation. This delay is in ad-
dition to the delay of neutron production relative to the accel-
erated ion release discussed in § 2.4.2.

The cross sections for the H and *He reactions are 2.2 x
10739371 cm? and 3.7 x 107263~! cm?, respectively, where 3 is
neutron velocity in units of the speed of light. Therefore, if the
3He/H ratio at the capture site is ~5 x 10~5 (comparable to that
observed in the solar wind), nearly equal numbers of neutrons
will be captured on H as react with *He. The ambient *He/H abun-
dance ratio affects not only the total yield of the capture line but
also the delay of its formation.

In the next section we calculate 2.223 MeV neutron-capture
line yields and in the following section neutron-capture line time
histories. We explore their dependences on the acceleration and
physical parameters.

2.4.3.1. Neutron-Capture Line Yield

The total neutron capture line yield depends directly on the to-
tal neutron yield and so, in addition to ambient *He/H, it also de-
pends on the same acceleration and physical parameters affecting
total neutron production: accelerated particle spectral index and
ambient and accelerated particle compositions. Because the prob-
ability for capture depends on the initial direction of the neutron
through the atmosphere, the capture line yield also depends on the
physical parameters affecting the interacting ion angular distribu-
tion, 6 and A, because it determines the subsequent neutron an-
gular distribution. Because effective capture requires high density,
the capture line is produced deep in the photosphere, resulting in
strong attenuation of the line, especially if the flare is located near
the solar limb. Therefore, while deexcitation line yields do not de-
pend on the location of the flare on the solar surface (see § 2.4.1),
the neutron-capture line yield does.

Capture-line yields for a flare occurring near the center of the
solar disk are shown in Figure 13 as functions of the power-law
spectral index for a/proton = 0.1 (thin curves) and 0.5 (thick
curves). For each value of a/proton, the yields are shown for two
extreme values of PAS: no PAS (1 — oo, dashed curves) and
saturated PAS (4 = 20, dotted curves). For each of these PAS
values, yields for two extreme values of magnetic convergence
are shown: § = 0.0 (i.e., none) and § = 0.45. For these calcula-
tions, the loop length is 11,500 km, the atmosphere is Avrett
(1981)and 3He/H = 3.7 x 1073, As for the deexcitation line and
neutron yields, the shape of a curve results from (1) the relation-
ship between the spectrum and the energy dependence of the cross
section and (2) the normalization of 1 proton above 30 MeV. We
see that the yield is larger for saturated PAS than for no PAS since
the more downward-directed neutrons from PAS are more likely
to be captured than decay. Similarly, the yields are larger for smaller
values of convergence, again due to the more downward-directed
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angular distribution. We note that this is in contrast to the es-
caping neutron yield discussed in § 2.4.2, which is less for more
downward-directed angular distributions.

The ambient *He/H ratio has a strong effect on the neutron-
capture line yield as the nonradiative reactions with He compete
with the line-producing captures on H. As *He/H is increased
from 3.7 x 107> to 10 x 1073, the yield decreases by ~50% and
when 3He/H is decreased to 0, the yield increases by ~50%.
Up to heliocentric angles of 85°, the dependence of the yield on
He/H is fairly independent of interacting particle angular distri-
bution (i.e., 4 and §), spectral index, accelerated a/proton ratio,
and atmospheric model.

We found that the effect of the atmospheric model on the total
yield was relatively weak, with the most significant differences
occurring for combinations of § and 4 producing mirroring (i.e.,
fan-beam) distributions of the interacting ions (and resulting neu-
trons). The fate of downward-moving neutrons is fairly insensi-
tive to the atmospheric structure, but the relative probabilities for
capture and decay for neutrons moving parallel to the surface de-
pend on the amount of material the neutrons encounter. The higher
density of the RHESSI/Avrett model at the higher elevations
resulted in higher capture line yields for the fan-beam angular
distributions. For parameter combinations resulting in strongly
downward distributions, the yields from the Avrett and RHESSI/
Avrett models were the same, regardless of flare location. The
yields from the Vernazza model were as much as 10% less, with
the largest difference occurring for limb flares. For parameter
combinations resulting in more fan-beam distributions, the yields
from the Avrett model were ~10% less than from the RHESSI/
Avrett model, independent of flare location. The yields from the
Vernazza model were from 15% to 20% less than the RHESSI/
Avrett model, independent of heliocentric angle. These effects
were not significantly dependent on *He/H.

Because of the very different energy dependences of deexcita-
tion line and neutron production cross sections, the fluence ratio
of the neutron-capture line and a deexcitation line is very sensi-
tive to the accelerated-ion spectral index. Corresponding to the
yields shown in Figure 13, neutron-capture/4.438 MeV 12C line
fluence ratios as a function of power-law spectral index for a flare
occurring near the center of the solar disk are shown in Figure 7
for a/proton = 0.1 (thin curves) and 0.5 (thick curves). For each
value of a/proton, the yields are shown for two extreme values of
PAS: no PAS (4 — oo, dashed curves) and saturated PAS (1 =
20, dotted curves). For each of these PAS values, yields for two
extreme values of magnetic convergence are shown: 6 = 0.0
(i.e., none) and 6 = 0.45. The ratios vary by more than 2 orders
of magnitude as the index is varied and are significantly more
sensitive and cover a wider accelerated-ion energy range than the
6.129 MeV '%0/1.634 MeV 2°Ne ratio (see § 2.4.4). Since the
neutron-capture line is delayed by ~100 s due to the time required
by the neutrons to slow down and be captured (see below), this
ratio generally is only used to provide flare-averaged spectral in-
dexes. For these calculations, 3He/H = 3.7 x 1073,

The neutron-capture line originates in the photosphere (in
contrast to nuclear deexcitation lines, which probably origi-
nate at chromospheric densities) and is significantly attenuated
for flares that occur near the solar limb. We show in Figure 16
neutron-capture/4.438 MeV '°C line ratios as functions of flare
heliocentric angle, parameterized by spectral index, and calcu-
lated for accelerated a/proton = 0.5, 3He/H = 3 x 107>, and no
PAS (4 — o0; Fig. 16a), nearly saturated PAS (1 = 300; Fig. 16b),
and saturated PAS (4 = 20; Fig. 16¢). The neutron-capture line
is strongly attenuated for flares occurring at heliocentric angles
greater than ~75°: relative to a disk-centered flare, the neutron-
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Fi6. 16.—The 2.223 MeV (neutron capture)/4.438 MeV (12C) line fluence ratio
as a function of the flare heliocentric angle (6ops.), parameterized y spectral index
(5): (a) no PAS, (b) nearly saturated PAS, and (c) saturated PAS.

capture/4.438 MeV '2C line ratio decreases by an order of mag-
nitude by 88° and 2 orders of magnitude by 90°. We estimate the
uncertainty of the neutron-capture yield due to uncertainty in the
neutron produc