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ABSTRACT

We have derived accelerated particle and ambient gas abundances using solar flare gamma-ray spectros-
copy. We compare the results with photospheric and coronal abundances, as well as with solar energetic parti-
cle abundances. This is the first time that the compositon of accelerated particles interacting in an
astrophysical source has been compared with the composition of particles escaping from the source. Our
analysis shows that the derived composition of the accelerated particles is different from the compositon of
particles observed in large proton flares; rather, it resembles the composition observed in 3He-rich flares. Our
analysis also suggests an ambient gas composition which differs from the composition of both the photosphere

and the corona.

Subject headings: gamma rays: general — Sun: abundances — Sun: flares — Sun: particle emission

1. INTRODUCTION

The compositions of the various regions of the solar atmo-
sphere have been studied using atomic and molecular spectros-
copy, and solar wind and solar energetic particle (SEP)
observations (e.g., Anders & Grevesse 1989). These studies
have revealed considerable abundance variations. In particu-
lar, the SEP composition was found to be highly variable,
changing from flare to flare and with time and energy within a
flare. It has been shown (Reames 1990) that enhanced abun-
dances of 3He relative to “He and of elements heavier than O
relative to C distinguish a first class of SEP events from a
second class consisting of events with lower values of 3He/*He
and lower ratios of heavy elements to C. Based on the tem-
peratures derived from the observed change states of Fe ions in
SEP events (Luhn et al. 1987), it has been suggested (Lin 1987)
that particles in first-class events are accelerated from hot
(107 K) flare plasma, and that those in second-class events are
accelerated from the quiescent corona. Such hot plasma is
known to exist in solar flare magnetic loops. First-class events
are often referred to as 3He-rich events; because second-class
events exhibit large proton fluxes, they are referred to as large
proton events. The observed SEP composition of large proton
events has been used to derive the composition of the corona
(Meyer 1985; Breneman & Stone 1985). Based on such SEP
data and other data it has been shown that the coronal abun-
dances of heavy elements with high first ionization potential
(FIP) are reduced relative to those with lower FIP, as com-
pared to photospheric abundances (e.g., Meyer 1985).

Information on solar abundances has also been obtained
from nuclear gamma-ray spectroscopy (Murphy et al. 1985a,
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b). The principal mechanisms for the production of gamma-ray
lines are nuclear de-excitation, neutron capture, and positron
annihilation (e.g., Ramaty, Kozlovsky, & Lingenfelter 1975;
1979). Nuclear de-excitation lines result from the bombard-
ment of ambient gas with accelerated protons, a-particles, and
3He nuclei, and from the inverse reactions in which ambient
hydrogen and helium are bombarded by accelerated C and
heavier nuclei. The former lead to narrow lines whose widths
are determined by the recoil velocities of the heavy targets,
while the latter produce broad lines whose widths are due to
the velocities of the accelerated heavy projectiles. The strengths
of the narrow lines depend primarily on the ambient gas abun-
dances, while the strengths of the broad lines depend primarily
on the accelerated particle abundances.

The bulk of the observed gamma-ray emission from solar
flares is thought to be produced by particles accelerated and
trapped in closed loops (Ramaty & Murphy 1987). This is
based on the comparison of the number of protons that escape
from the flare (from SEP observations) with the number that
remain and interact at the Sun (from gamma-ray line observa-
tions of the same flare), showing that the interacting protons
are generally more numerous than the escaping ones. Within
these loops, the acceleration probably takes place in the
coronal portions, but the nuclear reactions may occur at
various depths (e.g., Ramaty et al. 1990). It has been shown
(Hua, Ramaty, & Lingenfelter 1989) that, for flares for which
the decay times of the observed nuclear de-excitation gamma-
ray emission are short (e.g., the 1980 June 21 flare), these reac-
tions probably occur in the chromospheric and photospheric
portions of the loops. However, for flares with longer decay
times (such as the 1981 April 27 flare which we treat below), a
significant fraction of the reactions may occur in the corona.

The first attempt to deduce abundances from solar flare
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gamma-ray observations was made by Ramaty et al. (1980). It
was shown that a feature between 1 and 2 MeV in the spectrum
of the 1972 August 4 flare, observed with a low-resolution
gamma-ray spectrometer on OSO 7 (Suri et al. 1975), could be
due to the broad de-excitation lines resulting from interactions
of accelerated particles with enhanced Ne/C, Mg/C, Si/C, and
Fe/C relative to the corresponding abundance ratios in the
photosphere or in large proton flares. However, the narrow
Ne, Mg, Si, and Fe de-excitation lines that are also expected in
the 1-2 MeV range could not be discerned in these 1972
August 4 observations. These narrow lines were subsequently
observed with the gamma-ray spectrometer on SMM from
many flares. Using the SMM data for the 1981 April 27 flare,
Forrest (1983) showed that a theoretically calculated gamma-
ray spectrum (Ramaty, Kozlovsky, & Lingenfelter 1979) for
which both the ambient gas and the accelerated particles have
photospheric composition provides an unacceptable fit to the
data, but that a better fit would result from a spectrum
obtained by enhancing the abundances of ambient Ne, Mg, Si,
and Fe relative to C and O. Using the same data, Murphy et al.
(1985a, b) derived the best-fitting ambient gas abundances. In
this study the accelerated particle abundances were held fixed
at large proton flare (LPF) values, and the ambient abun-
dances were varied until a best fit to the data was obtained.
The results suggested that ambient Mg/C, Si/C, and Fe/C are
enhanced relative to the corresponding photospheric ratios but
are consistent with the coronal values; that Ne/C and Ne/O
are larger than the coronal values; and that O/C is consistent
with both the photospheric and coronal values. However, it
has since been shown (Murphy et al. 1990b) that the derived
strengths of the narrow lines are sensitive to the underlying
continuum to which the board lines make a significant contri-
bution, raising the question whether accurate ambient gas
abundances can be obtained with fixed accelerated particle
abundances.

In the present paper we relax the constraint that the acceler-
ated particle compositon is fixed, and we show that the SMM
gamma-ray data are of sufficient resolution to allow the deter-
mination of the abundances of both these particles and the
ambient gas. We use a numerical code which incorporates the
most recent accelerator cross section measurements to calcu-
late nuclear de-excitation spectra for a wide range of param-
eters, and we describe in detail how these calculations are used
to derive the abundances. We compare the results to photo-
spheric and coronal abundances, as well as to SEP abundances
in both 3He-rich flares and large proton flares. This is the first
time that the composition of accelerated particles interacting in
an astrophysical source is compared with the compositon of
the particles escaping from the source. In § 2 we present the
gamma-ray spectral analysis, and we compare the results for
the compositon of the ambient medium with photospheric and
coronal compositons. In § 3 we compare the results for the
composition of the accelerated particles to SEP observations,
and we summarize our results in § 4.

2. GAMMA-RAY SPECTRAL ANALYSIS

Nuclear cross sections, obtained from accelerator measure-
ments, and the relevant nuclear kinematics were incorporated
(Ramaty, Kozlovsky, & Lingenfelter 1979; Murphy 1985) into
a computer code which produces a complete de-excitation
gamma-ray spectrum for a given accelerated particle spectrum
and given compositions of both the accelerated particles and
the ambient medium. We have updated this code using new,
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accurately measured cross sections and will publish the details
elsewhere. The strongest nuclear de-excitation lines are at
6.129 MeV from !°0, 4.438 MeV from !2C, 1.779 MeV from
28i, 1.634 MeV from 2°Ne, 1.369 MeV from 24Mg, 0.847 MeV
from 3°Fe, 0.478 MeV from ’Li, and 0.429 MeV from ’Be.
There are also strong lines from neutron capture at 2.223 MeV
and positron annihilation at 0.511 MeV. All of these lines are
superposed on a continuum due to bremsstrahlung of acceler-
ated electrons.

We construct a theoretical gamma-ray spectrum from a
nuclear de-excitation spectrum calculated by using an iso-
tropic thick-target model, to which we add the very narrow
lines at 2.223 and 0.511 MeV, the bremsstrahlung continuum,
and a continuum due to orthopositronium annihilation
(Crannel et al. 1976; Ramaty & Murphy 1987). We assume that
Compton scattering at the Sun is negligible (except for the
attenuation of the 2.223 MeV line), that the bremsstrahlung
continuum can be approximated by a power law, and that the
orthopositronium continuum corresponds to a positronium
fraction of 2/3 (Murphy et al. 1990a). We also assume that all
of the accelerated particle species have the same energy spec-
trum as a function of energy per nucleon and that this spec-
trum is given by the modified Bessel function characterized by
the parameter aT appropriate for stochastic acceleration
(Forman, Ramaty, & Zweibel 1986).

Such a theoretical spectrum depends on 23 parameters: 16
abundances (ambient “He, N, O, Ne, Mg, Si, and Fe relative to
C; ambient “He relative to H, [*He/'H],,,,,; accelerated 3He
relative to *He; accelerated N, O, Ne, Mg, Si, and Fe relative
to C; accelerated a-particles relative to protons, [*He/*H],..);
two normalizations ([n¢/ny]N, and N, where N, and N are
the total numbers of accelerated protons and C nuclei of ener-
gies greater than 30 MeV/nucleon incident on the thick target,
and ng/ny is the ambient C-to-H abundance ratio); the 2.223
and 0.511 MeV line fluxes; the amplitude and spectral index s
of the bremsstrahlung power law; and the spectral parameter
oT of the accelerated particles. However, since we find that the
results are essentially independent of [*He/'H],,,, we have
fixed this parameter at the photospheric value of 0.1 (Anders &
Grevesse 1989), thereby reducing the number of free param-
eters to 22. The calculated gamma-ray spectrum depends lin-
early on these parameters, except s, aT, and [*He/'H],... We
consider five cases (Table 1): in case 1, all 22 parameters are
allowed to vary; in cases 2 and 3, the ambient abundances are
fixed at photospheric and coronal values, respectively (Anders
& Grevesse 1989); in case 4, the accelerated particle abun-
dances (except [*He/*H],.. and [*He/*He],,.) are fixed at the
average values for large proton flares (Breneman & Stone

TABLE 1
ANALYSIS CASES AND ASSOCIATED QUALITIES OF FIT

Case x? v P,

1. Fullfit ..... e, 459.2 427 0.136
2. Fixed ambient abundances® ................. 484.0 434 0.049
3. Fixed ambient abundances® ................. 487.6 434 0.038
4. Fixed accelerated particle

abundances® ..o 4717.5 433 0.069
5. Fixed ambient® and accelerated®

particle abundances .......................... 9909 439 <107

2 Photospheric (Anders & Grevesse 1989).
® Coronal (Breneman & Stone 1985).
¢ Large proton flare (LPF) (Breneman & Stone 1985).
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1985); and in case 5, both the ambient and accelerated particle
abundances  (except [*He/Cl,n,, [*He/'H],.., and
[*He/*He],..) are fixed at photospheric (Anders & Grevesse
1989) and LPF abundances, respectively.

We compare data (Murphy et al. 1990b) from the 1981 April
27 flare, obtained with the SMM gamma-ray spectrometer,
with theoretical spectra folded through the response function
of this detector. These data are given in 449 pulse-height chan-
nels ranging from 0.3 to 8.5 MeV. We measure the quality of fit
with a statistic which differs from y2 only in that uncertainties
in the channel counts are estimated from the data rather than
from the model. Therefore, this statistic should be distributed
similarly to 2, and thus, for simplicity, we refer to it as y? (see
Murphy et al. 1990a). Associated with x* is P,., the probability
that random observations of the actual solar spectrum would
produce a x? as large or larger than the one obtained with the
model. It has been shown (Trombka & Schmadebeck 1968;
Murphy 1985) that, for a given choice of s, «T, and
[*He/'*H],.., x* can be minimized by matrix inversion, leading
to the best-fitting values of the other parameters. The minimal
x? (and the maximal P,,) can then be obtained by a systematic
search in the three-dimensional s-«T — [*He/*H],,, parameter
space.

For cases 1 through 4 we show in Figures 1a-1d, respec-
tively, P, as a function of [*He/*H],,, for various values of
aT. Along each of these curves all other parameters have been
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adjusted to minimize x2. The absolute maximal P, values, the
corresponding y2 values, and the numbers of degrees of
freedom v are given in Table 1, except for case 5. In this case,
the given values correspond only to the maximal P,, achieved
(at [*He/'H],,. = 0.1 and oT = 0.010) in the parameter space
that we have searched (0.1 <[*He/*H],..<3.0 and
0.010 < aT < 0.050); we do not expect that a search over a
more extended space will significantly improve the quality of fit
for this case.

We see that the best fit is achieved in case 1 with
[*“He/'H],.. =1 (Fig. la), a value which is larger than
[*He/'H],,, observed in any SEP event (Reames, Cane, & von
Rosenvinge 1990). We note, however, that the fit is almost as
good with the more reasonable value of [“He/'H],.. = 0.5.
The qualities of fit for cases 2 and 3 (where the ambient abun-
dances are fixed, Fig. 1b and 1c¢) are not as good as those of
case 1 (where all the abundances are allowed to vary), but the
maximal values of P,, are not low enough to allow us to reject
these cases. In both of these cases the best-fitting values of
[*He/'H],.. (0.1 for case 2 and 0.5 for case 3) are reasonable.
The quality of fit for case 4, where the accelerated particle
abundances are fixed at LPF values, is also acceptable (Fig.
1d), but it is achieved at [“He/'H],.. = 1, an unacceptable
value for such flares (Reames et al. 1990). Because of the rapid
drop of P, [*He/'H], . cannot be reduced to acceptable
values for large proton flares (0.01 to 0.1) and still obtain an
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FiG. 1.—Qualities of fit P, as a function of [“He/*H],.. for various values of aT, the parameter which characterizes the accelerated particle spectra. (a)~(d) Cases

1-4 shown in Table 1, where the values of v used to convert y to P, are given.
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FIG. 2—(a) Observed count spectrum of the 1981 April 27 flare fitted with the calculated spectrum for case 1 with [“He/*H],,, = 0.5. (b) Corresponding
calculated photon spectrum.
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acceptable fit. This case therefore can probably be rejected.
Case 5, in which both the accelerated particle and ambient
abundances are fixed, can be completely rejected since the best
fit that we found (Table 1) yields a very low P,,.

Our best fit of P,, =0.14 can be compared with that
achieved (P,. = 0.57) by Murphy et al. (1990) who also fitted
the same flare data. The model used in their analysis was com-
posed of 13 narrow Gaussians representing the strongest
narrow lines appearing in the observed spectrum, superposed
on a continuum composed of a power law representing the
electron bremsstrahlung and five broad Gaussians represent-
ing the broad nuclear lines from the inverse component. The
central energies and widths of the narrow Gaussians were
allowed to vary in the fitting process, whereas in the present
analysis these parameters are determined theoretically.
Improvement in P,, could be obtained when some of the sim-
plifying assumptions made in the theoretical calculations are
relaxed, in particular, allowing for different kinetic energy
spectra for the various species of accelerated particles, of which
“He is, perhaps, most important.

In Figure 2a we show the observed (Murphy et al. 1990b)
background-subtracted count spectrum (with 1 ¢ error bars)
from the 1981 April 27 flare together with the count spectrum
(solid curve) calculated in case 1 for [*He/'H],.. = 0.5. Here-
after we refer to this calculation as case 1a. The corresponding

140. T T T T T

27 April 1981
SMM/GRS

(best -fit bremsstrahlung
‘ power -law subtracted)

Counts/MeV (= 1000)

10000.

797

incident photon spectrum is shown in Figure 2b, where the
smooth curve represents the bremsstrahlung fluence. The dif-
ferences between the line spectra in the two panels show the
degrading effects of the SM M Nal spectrometer. Clearly, much
more information on solar abundances will be obtained by
future observations with high-resolution Ge detectors which
will be able to identify the individual lines seen in the calcu-
lated spectrum of Figure 2b.

In Figures 3-8, we show the same data fitted with the calcu-
lated spectra for cases 1, 1a, 2, 3, 4, and S. In these figures, the
best-fitting bremsstrahlung power laws are subtracted from
both the data and the calculated spectra. The nuclei
responsible for the various lines are indicated, and n and e*
denote the neutron capture and positron annihilation lines.
For the full-fit cases (Figs. 3 and 4), essentially all line features
are well fitted. In Figures 5 and 6 (for which the ambient
medium abundances are photospheric or coronal) the narrow
line of Ne (1.634 MeV) is not as well fitted as in Figures 3 and 4.
In addition, in Figure 5, for which [*He/'H],, is relatively
small ([*He/*H],.. = 0.1), a line feature at ~1.02 MeV is not
as well fitted as in Figure 3. An important contribution to the
emission in this energy region comes from the reactions >°Fe(a,
n70.999)°*Ni, *°Fe(a, 2ny, ¢05)>°Ni, and *°Fe(a, pny, 45)**Co
(Seamster et al. 1984). Since these lines are produced by o-
particles but not by protons, the feature at ~1.02 MeV can be
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F1G. 4—Observed and calculated count spectra for case 1a
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F1G. 5—Observed and calculated count spectra for case 2

better fitted when [*He/*H],.. is high. The fit is particularly
bad in Figure 8, especially in the 1-2 MeV region. As indicated
above, this case can be completely rejected.

The derived best-fitting ambient abundances for cases 1, 1a,
and 4 are given in Table 2, where they are compared with
photospheric abundances (Anders & Grevesse 1989) and
coronal abundances (Breneman & Stone 1985; Anders & Gre-

vesse 1989). The best-fitting accelerated particle abundances
for cases 1, 1a, 2, and 3 are given in Table 3, where they are
compared with average accelerated particle abundances
observed in large proton flares and in 3He-rich flares. The LPF
data are from Breneman & Stone (1985), except >He/*He,
which is from McGuire, von Rosenvinge, & McDonald (1986);
the 3He-rich flare data are from Reames et al. (1990). The

TABLE 2

AMBIENT MEDIUM ABUNDANCES COMPARED WITH PHOTOSPHERIC ABUNDANCES®
AND CORONAL ABUNDANCES"®

Photospheric Coronal

Element Case 1 Case 1a° Case 4 Abundances Abundances
“He .....o...... 82,5+ 114 108 + 15 824 + 121~ 269*23 174128
Covireereeennn 100+ 020 100+0.19 1.00+0.15 1.00%3:29 1.0015:18
N i, 0.13+051 023+048 043 +044 0313393 030992
[0 I 2404027 237+027 2324022 2341528 2427913
Ne coovvnennnns 099 +0.16 091+015 107 +£0.11 0.34%3:99 0.3379:9%
Mg .oooovennnnn. 046 +0.16 035+0.13 0.73+0.13 0.105+9:913 0461303
S 063+017 0524015 072+0.12 0.098+9:912 043
| Y 042+0.13 037+012 090+ 0.07 0.130%3:393 0.54*3-92

* Anders & Grevesse 1989.

b Breneman & Stone 1985.
¢ Case 1 with [*He/*H],. = 0.5.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System



.793M

.371.

1991ApJ. .

No. 2, 1991 SOLAR ABUNDANCES FROM GAMMA-RAY SPECTROSCOPY 799
140. T T T T T T T 60. T T T
27 April 1981 27 April 1981
120. [t SMM/GRS 4 o L SMM/GRS ]
(best-fit bremsstrahlung (best -fit bremsstrahlung
— power ~law subtracted) - power ~law subtracted)
o
S 100. 8
o o
i —
L so. >
:
E 60. S
©n [2)
e E
3 3
O 40. (o]
O |&)
20.
0.
10000. T T — 5000. T T T T T
27 April 1981 27 April 1981
SMM /GRS SMM/GRS
(best -fit bremsstrahlung 4000, (best -fit bremsstrahlung n
8000. [~ power -law subtracted) ‘ T . power -law subtracted)
>
T 000, I e - © 3000. | 180 4
< \ 3
> » l ‘ ‘ 180 15y
- +~
g 5 It
3
- O 2000. | .
g o } | | | N & =l ‘ . )
2000. - l» i i 1000. |- H ‘ } ‘ » N
| i Ly
0 1 1 I 0. 1 1 1 1 * 1 l l i
3.0 3.5 4.0 45 5.0 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Energy (MeV) Energy (MeV)

F1G. 6.—Observed and calculated count spectra for case 3

best-fitting values for the normalizations [nc/ny]N, and N,
the incident narrow 2.223 and 0.511 MeV line fluences, the
incident bremsstrahlung fluence above 300 keV, and the
bremsstrahlung power-law spectral index s are shown in Table
4 for cases 1, 1a, 2, 3, and 4. The uncertainties of all the gamma-
ray—derived results are estimated using Ay? = 1.

Considering first the ambient abundances, we see in Table 2
that in cases 1 and la, Mg/C, Si/C, and Fe/C are enhanced

relative to the photosphere but not relative to the corona,
while Ne/C is enhanced relative to both the photosphere and
the corona. We note that the photospheric Ne/C has not been
directly measured; the value in Table 2 is actually the coronal
value which is consistent with the recent observations of
Feldman & Widing (1990) of impulsive flare material which
they show to be similar to photospheric material. In addition,
for cases 1 and la, He/C is suppressed relative to both the

TABLE 3

ACCELERATED PARTICLE ABUNDANCES COMPARED WITH LARGE PROTON FLARE ABUNDANCES®
AND 3He-RICH FLARE ABUNDANCES"

Large Proton 3He-rich

Element Case 1 Case 1a°® Case 2 Case 3 Flare (LPF) Flare
3He/*He ......... 0.28 + 0.38 0.50 + 0.39 1.32 £ 0.34 0.03 + 0.01 <0.05 >0.1
C o 1.00 + 1.65 1.00 + 0.96 1.00 + 0.29 1.00 + 0.27 1.00 + 0.10 1.00
N 7.54 + 5.50 4.73 + 339 3.60 + 1.18 3.11 + 1.09 0.29 + 0.02 0.2-0.8
[ 1.69 + 2.75 2.00 + 1.59 2.78 + 0.54 201 +0.52 2.30 + 0.06 1-6
Ne .ooooviinnnnn. 0.26 + 2.36 <147 0.71 + 0.39 1.28 +0.35 0.33 + 0.03 0.3-5
Mg ..o, 5.67 +2.22 494 + 1.26 3.73 £ 0.39 2,05 +0.37 0.45 + 0.02 0.54
Si <297 0.90 + 1.75 2.80 + 0.66 1.42 + 0.61 0.37 0.5-3
Fe ............... 103 +2.44 635+ 146 428 + 042 3.10 + 0.40 0.35 + 0.04 1-10

2 Breneman & Stone 1985.

® Reames et al. 1990.
¢ Case 1 with [*He/'H]

acc

=0.5.
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F1G. 7—Observed and calculated count spectra for case 4

photosphere and the corona. These differences, derived for
cases 1 and 1a, should be contrasted with cases 2 and 3, for
which the ambient abundances are photospheric or coronal by
definition. Since, as discussed above, the qualities of fit for
cases 2 and 3 are not much worse than those for cases 1 and 1a,
it is possible that the composition of the ambient medium is
either photospheric or coronal.

3. COMPARISON WITH SOLAR ENERGETIC PARTICLE
OBSERVATIONS

We proceed now to compare the derived accelerated particle
abundances with SEP observations. The case in which the
accelerated particle abundances are fixed at LPF values (case

4) provides a fit with P,, =0.069, but this fit requires
[*He/*H],.. = 1.0 (Fig. 1d). As we have discussed above, this
[*He/*H],.. is much larger than the values of [*He/*H],,
observed in large proton flares for which [*He/'H],,. ranges
from about 0.01 to 0.1 (Reames et al. 1990). For such low
values of [*He/'H],.., Figure 1d shows that the fit is unaccept-
able, implying that the composition of the accelerated particles
is probably different from that of large proton flares.

We see in Table 3 that, in general, the derived abundances of
the heavy accelerated particles (in particular Fe) are enhanced
relative to the LPF values and resemble more closely 3He-rich
flare abundances. The derived accelerated particle abundances
for cases 1a and 2 are plotted in Figures 9 and 10, along with

TABLE 4
TOTAL ACCELERATED PROTON AND CARBON NUMBERS, INCIDENT 2.223 AND 0.511 MeV FLUENCES,

AND BREMSSTRAHLUNG SPECTRAL INDEX AND FLUENCE ABOVE 0.3 MeV

Parameter Case 1 Case 1a* Case 2 Case 3 Case 4
10728 [ng/ny] Ny 5.54 + 1.09 8.18 + 1.52 7.56 + 0.47 3.36 + 0.21 5.19 + 0.76
10728 NG tineeie et 7.67 + 12.7 12.6 + 12.2 12.1 + 3.6 13.1 + 3.5 154+ 54
¢,.223 (Photons cm ~2) 1.46 + 2.10 293 +2.04 3.75 £ 2.03 2.74 + 2.05 2.08 + 1.95
¢0.511 (Photons cm ™ 2) 7.33 + 1.90 7.30 + 1.90 7.09 + 1.67 5.89 + 1.71 6.76 + 1.89
PPN 2.90 + 0.02 2.90 + 0.02 2.85 +0.02 2.87 + 0.01 2.87 + 0.01
1073 ¢g(>0.3 MeV) (photonscm ™?) .......... 1.23 4 0.69 1.24 1+ 0.68 1.26 + 0.66 1.24 + 0.70 1.25 + 0.69

® Case 1 with [*“He/'H],,, = 0.5.
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FiG. 8—Observed and calculated count spectra for case 5

SEP data from Reames et al. (1990). In Figure 9 the SEP data
show the bimodal distributions of Fe/C and Fe/O, which
support the existence of the two classes of SEP events. The
blackened areas represent 3He-rich events, which, as can be
seen, correspond to high values of Fe/C and Fe/O. The events
with low Fe/C and Fe/O are large proton events. We see that
the gamma-ray—derived abundances, in particular those for
case 2 in which the ambient abundances are fixed and the
uncertainties are smaller, are more consistent with the 3He-rich
SEP abundances than with large proton flare abundances. In
Figure 10 the open circles show O/C, Ne/C, Mg/C, and Si/C as
a function of Fe/C for a number of SEP events. The open
squares are the LPF values. The closed circles and squares
show derived values of these ratios for cases 1a and 2, respec-
tively. We see that for the SEP data there is a strong corre-
lation of Ne/C, Mg/C, and Si/C with Fe/C, indicating that
these abundance ratios are also enhanced in 3He-rich flares.
Furthermore, the values of Ne/C, Mg/C, and Si/C implied by
the gamma-ray data in case 2 agree with the enhanced values
of these ratios found in 3He-rich events, again showing that the
composition of the accelerated particles which produce the
gamma rays is more consistent with that of 3He-rich flares
than with that of large proton flares.

We return now to the question of [*He/*H],.., and we also
consider [*He/*He],... We have values of [“He/'H],.. of 1.0,
0.5, 0.1, and 0.5 for cases 1, 1a, 2, and 3, respectively. (Cases 4

and 5 were found to be unacceptable.) These results indicate
that [*He/*H],,, is probably larger than 0.1. An independent
argument leading to a similar result follows from the values
given in Table 5. Here we show the dependence of the derived
ambient “He/C on [*“He/*H],_, for case 1, where for each value
of [*He/*H],.. all of the other parameters are varied to maxi-
mize P,,. We see that *He/C decreases as [*He/'H],,.
increases. This inverse dependency arises because of the fixed
observed ratio of the strengths of the ’Li-"Be lines (due to
a-particle interactions with ambient He) to the strengths of the
other narrow lines (due to proton and a-particle interaction
with ambient heavy nuclei). Comparing the derived “He/C
with the photospheric value of 269*23 (Anders & Grevesse
1989), we again conclude that [*He/'H],.. is probably not
much smaller than 0.1, since it is unlikely that the He/C ratio in

TABLE 5

AMBIENT “He/C AS A FUNCTION
oF [*He/*H],,, FOR CASE 1

[*He/'H],. “He/C

66.5 + 8.8
69.8 + 9.4
825+ 114
194 + 28
329 + 48

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System



.793M

71.

.3

1991ApJ. .

802 MURPHY, RAMATY, KOZLOVSKY, & REAMES Vol. 371
0 20
@— Case 1a H —  @— Case 1a
i LPF H 4 Case 2

15 | LPF H — Case 2 _ 15 | .
‘g L
il -
; 10 - g ] 10 7k
z

5 5 L

0 Al 0 Lual L

102 107! 10° 10 10 1072

Fe/C Fe/0

FiG. 9.—Histograms of the distributions of Fe/C and Fe/O in SEP events with the 3He-rich subset blackened (from Reames et al. 1990). The gamma-ray results
for the accelerated particles (from Table 3, after propagation of the errors) are also shown for cases 1a and 2. The large proton flare abundances of Table 3 are shown

by open squares.

the ambient gas significantly exceeds the photospheric value.
Since, as mentioned above, [*He/*H],.. in large proton events
is typically less than 0.1, while in *He-rich events [*He/'H],,
tends to be larger (Ramaty et al. 1980; Reames et al. 1990), this
result is another indication for the similarity of the accelerated
particles which produce the gamma rays and SEP in 3He-rich
events. As for [3He/*He],.., the derived values of this ratio
(Table 3) are also generally indicative of an enrichment of *He
relative to “He, although the uncertainty in this derivation is
quite large since *He interactions produce just one weak
gamma-ray line, at 3.561 MeV from °Li (see Ramaty, Koz-
lovsky, & Lingenfelter 1979).
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4. SUMMARY

Using gamma-ray observations of the 1981 April 27 flare, we
have derived elemental abundances of both the ambient gas
and the accelerated particles which interact with this gas to
produce the gamma rays. The derived ambient gas abundances
pertain to the gamma-ray production site whose location is not
known. For impulsive flares, this site is probably in the
chromosphere, but for an extended flare such as the 1981 April
27 flare, significant gamma-ray production could take place in
the corona if the coronal density exceeds 5 x 10! cm™3. We
found that the case in which the composition of the ambient
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FiGc. 10—Abundance ratios as a function of Fe/C. The open circles are from Reames et al. (1990), and the open squares are the large proton flare values from
Table 3. The gamma-ray results for case 1a are shown as closed circles and for case 2 are closed squares.
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gas is photospheric and the composition of the accelerated
particles particles is fixed at large proton flare (LPF) values can
be clearly rejected. Furthermore, the case in which the acceler-
ated particle composition is fixed at LPF values but the
ambient gas is allowed to vary can probably also be rejected.
The best fit to the data (acceptable at the 13% confidence level)
is obtained when both the ambient and the accelerated particle
abundances are allowed to vary. This full fit suggests that
Mg/C, Si/C, and Fe/C in the ambient gas are enhanced relative
to the corresponding ratios in the photosphere but not relative
to those in the corona, and that the ambient Ne/C is enhanced
relative to the coronal value. While the best fit to the data is
obtained with ambient abundances which differ from both
photospheric and coronal abundances, the cases in which the
abundances of the ambient gas are fixed at photospheric or
coronal values are also acceptable but only at the 5% and 4%
levels, respectively.

The cases in which the ambient abundances are photo-
spheric or coronal yield accelerated particle abundances
(including [“He/*H],..) which imply that this particle popu-

SOLAR ABUNDANCES FROM GAMMA-RAY SPECTROSCOPY 803

lation resembles the solar energetic particles observed from
3He-rich flares rather than the composition of the particles
observed from large proton flares. The accelerated particle
abundances in the full-fit case are not well determined, but, as
we have pointed out above, the accelerated particle abun-
dances are in any case different from LPF values. Since the
accelerated particles which produce the gamma rays are most
likely accelerated in closed flare loops (Ramaty & Murphy
1987), our results provide support to the suggestion (Luhn et
al. 1987; Lin 1987) that the particles observed in *He-rich
events are accelerated from hot flare plasma. However, it is not
known whether the energetic particles observed from *He-rich
flares are accelerated in closed loops and subsequently escape
from the loops, or whether they are accelerated from hot flare
plasma on open field lines.

We wish to acknowledge D. J. Forrest for useful discussions
and H. V. Cane for comments. The calculations were per-
formed on the NRL Central Computing Facility Cray X-MP
computer.
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