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UPPER LIMIT ON THE STEADY EMISSION OF THE 2.223 MeV
NEUTRON CAPTURE y-RAY LINE FROM THE SUN
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Abstract. Data accumulated by the Solar Maximum Mission Gamma Ray Spectrometer (GRS) have been
searched for evidence of the 2.223 MeV neutron capture line from the Sun, outside the times of y-ray-
emitting solar flares. Background-corrected spectra accumulated over 3-day intervals between 1980 and
1989 show no evidence of the line. Upper limits are reported separately for periods of high and low solar
activity.

A conservative 3¢ upper limit of 5.7 x 107> y (cm? s)~! is placed on the steady flux in the 2.223 MeV
line during inactive periods, which is nearly two orders of magnitude lower than previously published results.
After correction for limb darkening of the line emission from off-center positions, this upper limit becomes
7.1 x 1073 y(cm? s)~ . Our 3¢ upper limit on the steady flux in the line during periods of high solar activity
is6.9 x 1075 y(cm?s)~ !, or 8.6 x 1075 v (cm? s)~ ! after correction for limb darkening. Our results imply
that the quiescent solar corona cannot be heated by ions accelerated above 1 MeV in microflares (or a
continuous acceleration process), so long as the ion energy spectrum is similar to that measured in large
flares. We also use our results to derive the rate of tritium production at the solar surface; our upper limit
of 9 nuclei (cm?s)~ ! is about a factor of 9 below the upper limit from searches for *H in the solar wind.
We place upper limits of the order 1033 on the number of energetic (> 30 MeV) protons which can be stored
in active regions prior to being released in solar flares, which imply that the strongest observed flares cannot
be produced by such a mechanism.

1. Introduction

The 2.223 MeV y-ray line arising from the direct capture reaction 'H(n, y)*H is the
dominant spectral feature in many solar flares (Chupp, 1982). In this paper we present
a search for steady emission of this line outside of the times of known y-ray flare activity.
If there is a steady-state population of accelerated protons in the corona of the Sun,
correlating with the level of solar activity (Elliot, 1964), then steady emission of the
2.223 MeV line might be expected. Alternatively, since ‘microfiares’ have been observed
at ultraviolet and X-ray wavelengths at all times over large areas of the solar surface
(Porter et al., 1987; Golub et al., 1974, Lin et al., 1984), our measurement addresses the
question whether these microflares are also sites of particle acceleration which might
also produce observable levels of y-radiation.

Our analysis of the Solar Maximum Mission (SMM) data is described in Section 2.
We have obtained upper limits on the flux in the 2.223 MeV line separately for times
of high(‘active’) and low (‘inactive’) solar activity. In this way the specific model
suggested by Elliot (1964), by which a population of accelerated protons is continuously
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present during the existence of an active region, may be tested. These upper limits are
presented in Section 3.

The nuclear processes involved in the production of the 2.223 MeV line in the solar
atmosphere during flares are quite well understood (Hua and Lingenfelter, 1987a, b).
These processes can be studied both by 2.223 MeV y-ray line observations and by
detection at Earth and by interplanetary spacecraft of those neutrons which escape from
the Sun (Chupp et al., 1987). The neutrons are produced by the spallation of ambient
solar material by flare-accelerated protons and a-particles (Ramaty and Murphy, 1987).
Those neutrons which do not escape or decay are thermalized in the photosphere by
elastic scattering and can then undergo either radiative capture by protons, yielding the
2.223 MeV line, or non-radiative capture by *He in the reaction *He(n, p)*H. Thus
measurements of the 2.223 MeV line have implications for the *H abundance in the Sun.
We discuss these implications in Section 4, together with implications concerning the
possible contribution of small flares to the heating of the solar corona. In Elliot’s (1964)
model, a steady level of 2.223 MeV line emission ought to arise from interactions
between the accelerated protons which are trapped above active regions and the ambient
coronal material, a possibility which is also discussed in Section 4.

2. Observations and Analysis

The Solar Maximum Mission was in operation between 1980 January and 1989
December, with a 5-month intermission from 1983 November to 1984 April prior to an
in-orbit repair. The GRS is described in detail by Forrest et al. (1980). It comprised
seven 7.6 x 7.6 cm Nal detectors surrounded on the sides and rear by a Csl anti-
coincidence shield. It was sensitive to photons in the energy range 0.3 to 8.5 MeV, which
were binned into 460 energy channels and accumulated over 16.384 s intervals. The
gains were actively maintained at a very stable level, allowing summation of the spectra
over the entire mission. The GRS aperture was determined by Monte-Carlo simulations
to be ~170° FWHM at 2.223 MeV.

The data were analyzed by a method which has previously been applied to 2.223 MeV
line emission from cosmic sources (Harris and Share, 1991). The 16-s spectra were
summed into 1-min accumulations from which data contaminated by solar flares, y-ray
bursts and other transient backgrounds were rejected. We also rejected data taken
during orbits traversing the South Atlantic Anomaly, and within ~ 10* s thereafter, so
as to eliminate backgrounds from short-lived radioactivities induced in the spacecraft
and detector by the impact of trapped particles. The remaining 1-min spectra were
summed over 3-day intervals into bins defined by the values of the vertical geomagnetic
cutoff rigidity and the Sun—Earth-satellite angle 6. The widths of the bins in 8 were 36°;
therefore, since the Earth’s disk subtended an angle of ~137° as seen from SMM’s
orbit, the four bins with 108° < 8 < 252° corresponded almost exactly to times when
the Sun was occulted by the Earth (referred to as ‘Earth-viewing’).

The Sun was visible to the spacecraft for values of 6 between 0°-111.5° and
248.5°-360°, but not all of these data were used in the analysis. We performed a
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normalized subtraction of data taken at 288° < 6 < 360°,0° < 0 < 72° (‘Sun-viewing’)
from the Earth-viewing data at 108° < § < 252°, since the strong background due to
long-lived instrumental radioactivities can be eliminated almost entirely by this sub-
traction (Harris et al., 1990). The live times used in the normalization were those over
which the spectra were accumulated in the 3-day intervals. The subtraction yields an
Earth-albedo spectrum with any solar spectrum superimposed in negative*. In Figure 1
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Fig. 1. ‘Earth minus sky view’ count spectrum accumulated over the entire mission 1980-1989. A four-

component model (see text) fitted to it after propagation through the instrument response function is also

shown. Full line represents the best-fitting model, including lines at 2.135 and 2.310 MeV and power law.

Dotted line includes the effect on the fit of adding a solar 2.223 MeV line flux of 4.1 x 10~ > y (cm?s) ™!
(our conservative upper limit); note that a solar line appears negative in such a spectrum.

we show the resulting ‘Earth minus Sun view’ spectrum around 2 MeV, summed over
the entire mission (1980-1989).

We fitted each 3-day ‘Earth minus Sun view’ spectrum between 1.85-2.65 MeV by
a model spectrum consisting of a power law plus three lines at 2.135, 2.310, and
2.223 MeV. As Figure 1 shows, the power law and lines at 2.135 and 2.310 MeV are
the dominant features of the Earth-albedo spectrum in this energy interval (Letaw ez al.,
1989). Any 2.223 MeV line emission expected from the Sun ought to appear as a

* A small error (~59%,) was introduced into this negative solar spectrum by the small exposure to the Sun

which was included in the Earth-viewing angle bins, as noted above, partially cancelling the Sun-viewing
spectrum.
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negative feature. This model spectrum was folded with the GRS instrument response,
with the strengths of the lines, power-law amplitude and power-law index being varied
to obtain the best agreement with the 3-day count spectrum. The intrinsic widths of the
atmospheric lines were fixed at 74 keV (2.135 MeV line) and 58 keV (2.310 MeV line),
which are the revised values obtained by Letaw (1989, private communication); the
intrinsic width of the 2.223 MeV line was fixed at 1 keV, a value much smaller than the
instrumental resolution, the predicted width being < 0.1 keV. We derived the error in
the strength of the 2.223 MeV line by the standard method of varying the x> parameter
(Press et al., 1986).

We thus obtained a time series of 2.223 MeV line strengths during 3-day intervals
throughout the mission. A consistent negative value of 2.223 MeV line strengths would
indicate steady emission of this line from the Sun*. However, trends due to systematic
errors must be removed from the time series, the most important of which is the temporal
behavior of Earth albedo y-radiation.

Emission of the 2.223 MeV line itself from the Earth’s atmosphere is expected to be
very weak. This can be shown by comparing the products N for 'H and for any other
isotope which produces an observable atmospheric line, where o is the (n, y) reaction
cross-section and N the atmospheric abundance by number at the relevant altitude. We
used N in this comparison, since the (n, y) cross-section ratio is then expected to be
roughly constant over a wide range of energies (Fowler, Caughlan, and Zimmerman,
1967). For the >N de-excitation line at 7.299 MeV the cross-section ratio is
o("H)/o('*N) ~ 50, and the abundance ratio is N("H)/N(**N) ~ 10~ ©. Therefore, the
flux in the 2.223 MeV line should be ~ 5 x 10~ times the flux in the 7.299 MeV line.
From the Earth’s atmosphere spectrum of Letaw efal. (1989) we find that the
7.299 MeV line flux is <2.8 x 1074y (cm? s)~ ! (3o upper limit). It follows that the
2.223 MeV line flux from the Earth’s atmosphere should be <1.4 x 1078 y (cm?s) ™!,
far below the limit of detectability by SMM. The presence of the Earth-albedo lines in
the spectrum at 2.135 and 2.310 MeV introduced a small systematic error into the fitted
2.223 MeV line strengths. We removed this error by fitting the 2.223 MeV line strength
time series by a model of the temporal behavior of the Earth-albedo line spectrum. The
variation of the 4.4 MeV line observed in GRS spectra, which is due to proton impacts
on atmospheric '*N and '2C, has been found to be a suitable model of this behavior
(Harris et al., 1990). The 4.4 MeV line strengths (obtained from Share et al., 1992), in
the proportions derived from this fit, were subtracted from the 2.223 MeV line strengths
before determining whether the latter were consistently negative.

The solar radio flux at 2800 MHz is frequently used as a measure of solar activity
(especially in the form of accelerated particles). We used the daily measurements of the
2800 MHz flux made at Ottawa, Canada, by the Herzberg Institute of Astrophysics
during 1980-1989 to select periods of high solar activity. We defined 3-day periods with
averaged radio fluxes greater than 1.1 x 1072°J s~ 'm~2 Hz ~! as being ‘active’, the

* Note that Harris and Share (1991) found no evidence for any emission of the 2.223 MeV line from several
cosmic sources, which would also appear in negative, but with a more complicated temporal pattern.
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remainder being ‘inactive’. The 2.223 MeV line strengths for the active subset of the
9-year time series were in turn examined to see whether they were consistently negative.
(Henceforward, we refer to the ‘solar’ 2.223 MeV line strength as the negative amplitude
of the measured line strength, as in Figure 1.)

3. Results

3.1. THE ENTIRE PERIOD 1980-1989

The time series of solar 2.223 MeV line strengths over the whole mission, summed up
to 48 days for clarity of presentation, is shown in Figure 2. The average strength of the
solar line from the 3-day line strength time series was — 0.5 + 1.2 x 1077 y (cm?s)~ ..
There is thus no evidence for a steady solar line feature at 2.223 MeV down to a
conservative upper limit* of 4.1 x 10~ y (cm? s) = ! (Table I). A very similar upper limit
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Fig. 2. Intensities of the solar 2.223 MeV line from fits to the 3-day ‘Earth minus sky view’ spectra (cf.

Figure 1) throughout the mission. The fitted background varying as the 4.4 MeV line has been subtracted

(Section 2), and the intensities have been summed to 48 days for illustrative purposes. The error bars on

the data points are 1o. The abscissa is expressed in days after January 1980. Note that a positive flux in
this figure represents an excess in the flux from the Sun.

* We define a ‘conservative’ 3¢ upper limit by taking the measured value as an estimate of the systematic
error, even when it is consistent with zero. The upper limit is then the absolute value of the systematic error
plus three times the 1o statistical error.
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TABLE 1
2.223 MeV line flux upper limits

Experiment Measurement Flux upper limit
interval, s y(cm?s)~12
Range r spacecraft® 5x10°3
Balloon flight®© 1.8 x 10° 5x10-3
Present work:
Total 9 years 2.6 x 107 41x10-°4
Inactive periods 1.3 x 107 57x 10734
Active periods 1.3 x 107 6.9 x 10->4
@ 20 upper limits unless noted otherwise.
® Metzger et al. (1964).
¢ Chupp, Lavakare, and Sarkady (1968).
d

Conservative 3¢ upper limit equals three times statistical 1o error plus
absolute value of systematic error. No correction for limb-darkening
(Section 3.3) is applied.

would be obtained by fitting a 2.223 MeV line to the total ‘Earth minus Sun view’
spectrum summed over the entire mission (see dotted line in Figure 1).

Figure 2 contains evidence for small residual systematic errors on ~48-day time
scales in the 2.223 MeV line strength measurements; the value of y? per degree of
freedom for the fit rises from 0.964 for data in 3-day bins up to 1.153 for data in 48-day
bins (less than 209, probability for 66 deg of freedom). We enquire in Section 3.2
whether the intensity of active regions, with a characteristic time scale ~ 14 d, was
correlated with any such systematics.

3.2. ACTIVE AND INACTIVE PERIODS

We identified 484 3-day periods of high solar activity, and 517 ‘inactive’ 3-day periods
of lower activity, according to the Ottawa 2800 MHz radio flux measurements. We then
examined each subset to see whether the solar 2.223 MeV line strengths were correlated
with the level of activity, as would be expected on the hypothesis of Elliot (1964). No
such correlation was found. In Figure 3, for the high-activity periods, we plot the average
solar 2.223 MeV line strength against the 2800 MHz flux; there is no statistically
significant trend. The apparent decrease in line strength for 3-day intervals experiencing
>2.25x 1072°J s~ ' m~2 Hz~'is of very low significance (overall significance of the
departure from zero line strength for all these points is less than 20, and the trend is
in the opposite direction to expectations). The simplest hypothesis is that the average
solar 2.223 MeV line strength during active periods is consistent with zero. The average
value of the line strength during such periods was — 1.8 + 1.7 x 107° y (cm?s) ™1,
giving a conservative upper imit of 6.9 x 107> y (cm?s)~! (Table I).

We conclude that the positive (i.e., possibly solar) excursions seen in Figure 2 are not
likely to be due to the real presence of the 2.223 MeV line during active periods.
Although two such excursions are visible around days 242 and 435, near the peak of

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1992SoPh..142..171H&db_key=AST

280Ph; D142 ZI71HD

&

(o]

UPPER LIMIT ON QUIESCENT 2.223 MeV y-RAY LINE 177

)
(@]
I
_—
|

Solar 2.223 MeV line flux
107* photons/(cm? s

-4 [ | | L | { 1
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

2800 MHz flux, 107%° J/(s m® Hz)

Fig. 3. Average intensity of the solar 2.223 MeV line during active-region 3-day periods, as a function of

the solar 2800 MHz radio flux during each period. The line intensities are binned into radio flux intervals

of 2.5 x 1072'J s~ ' m~2 Hz ~ !. The error bars are the 16 uncertainties on the binned line intensities. Note
that a positive flux in this figure represents an excess in the line flux from the Sun.

sunspot cycle 21 when strong activity was present, they do not correlate well on 3-day
time-scales with the actual intensities of the active regions. In fact, several of the
backgrounds discussed in Section 2 (e.g., strength of Earth-atmosphere lines) also vary
according to the solar cycle, and we attribute these weak systematics on ~ 48-day time
scales to imperfect elimination of one or more of these backgrounds.

In the same way, the average solar line strength during inactive 3-day periods was
found to be 0.8 + 1.6 x 10> y(cm?s) ', which is also consistent with zero solar
2.223 MeV line flux. The corresponding conservative upper limit on the flux is
5.7 x 1073 y (cm? s) ~ 1. It improves by nearly two orders of magnitude upon the results
of previous measurements of this line during times of solar quiescence (Table I).

3.3. CORRECTION FOR LIMB DARKENING

The y-radiation from photospheric points at large heliocentric angle 8 from the center
of the solar disk is attenuated by absorption along the line of sight to the instrument.
We took the attenuation factor for a flare at heliocentric angle 6 to be f(8)/f(0°), where
f is the efficiency of conversion of neutrons to 2.223 MeV photons calculated by Hua
and Lingenfelter (1987a). Given the @-distribution of solar active regions, and assuming
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that the neutrons are produced by accelerated ions interacting with a thick target in a
horizontal beam, we found that < f(0)/f(0°)) ~ 0.8 (varying weakly with the
accelerated particle energy spectrum). When this correction is applied to our measured
upper limits on the flux (Table I), they become:

total 9 years 51 x 107 % y(cm?s)~;
inactive periods 7.1 X 1073 y (cm?s)~';

active periods 8.6 x 107° y (cm®s)~!.

4. Discussion

4.1. THE DISTRIBUTION OF 2.223 MeV LINE FLUENCES IN FLARES

The 2.223 MeV line is very commonly observed in strong solar flares (Chupp, 1982),
and the frequency distribution of 2.223 MeV line fluences may be obtained from such
observations. Our upper limit on the 2.223 MeV line flux during periods of high activity
may then be compared with what would be expected from the extrapolation of this
distribution downward to low-fluence values. The total clock time in the high-activity
periods during which SMM could have detected flares* was 4.83 x 107 s; our limb-
corrected upper limit on the flux therefore corresponds to a steady fluence of
4150 y cm ~ 2 during active periods.

An analysis of the distribution of fluences in the 2.223 MeV line from SMM flare
measurements is in progress. We will use the preliminary results presented by Share
et al. (1983) to estimate the differential frequency distribution of fluences dN/dF during
1980-1989. Out of a total of 81 flares during the period 1980 February—1983
September, Share et al. found that thirty produced a line detectable at a level = 20. A
total of 195 flares were observed during the whole mission. To date, about 63 of them
have been found to exhibit the 2.223 MeV line at a level > 2¢6. We have assumed that
the fluences of these flares were distributed in the same way as those of the 81 flares
for which the analysis is complete. The distribution of fluences for these 81 flares is well
represented by

dN/dF = A(F|F,)~*, (1)

where F is the fluence corrected for the limb darkening appropriate to the heliocentric
angle  between Earth and flare, F, is 1 ycm ™2, and 4 and b are constants:

A=38.6+185ycm™2, b=175+0.18.

If we assume the same distribution for the period 1980—1989 of the entire mission, then
the constant 4 must be normalized by a factor 195/81. We also assumed that the

* Note that this differs from the live time during which the spectra were accumulated, as given in Table I.

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1992SoPh..142..171H&db_key=AST

250Ph; T I427 CITAH)

UPPER LIMIT ON QUIESCENT 2.223 MeV y-RAY LINE 179

distribution is valid down to zero fluence with no low-fluence cut-off and no change in
index.
Equation (1) implies a total fluence

¢
Fp, = J F dN/dF dF
0

in flares weaker than the SMM threshold fluence ¢. For a 2¢ threshold fluence of
¢ =1ycm~? (Share et al., 1983) this yields a value F,,,, = 3707117 ycm~2. The lo
upper limit on this expected value is about a factor of 2 below our measured upper limit
4150 y cm ~ 2. To this extent, we can exclude a sharp steepening of the dN/dF distribution

function for small fluences below F = 17ycm ™2

4.2. HEATING OF THE SOLAR CORONA BY SMALL FLARES

Many hypotheses have been proposed for the source of the energy necessary to heat
the solar corona (Narain and Ulmschneider, 1990). Lin ez al. (1984) identified a large
number of hard X-ray ‘microflares’ during a time of solar activity and demonstrated that
they were capable of depositing ~ 10?7 erg s~ !, sufficient to heat the active corona.
Porter et al. (1987), having observed ultraviolet microflares on the quiet Sun, suggested
that the ~ 10%® erg s~ ! necessary to heat the quiet corona might also come from very
small flares. Our results for the 2.223 MeV line strength during inactive periods imply
an upper limit on the energy release in accelerated particles during times of solar
quiescence, which is relevant to the latter hypothesis.

We will argue that, in observed flares, the 2.223 MeV line fluence is approximately
proportional to the total energy contained in accelerated nuclei. We can thus obtain an
upper limit on the power in accelerated nuclei during inactive periods from the upper
limit on the steady 2.223 MeV line flux which we have measured during such periods.
This power is unlikely to be wholly converted into coronal heating (thick-target models
of solar flare y-ray production imply that most of it is deposited at lower depths), but
we will show that even if 1009, of it were deposited in the corona it would be insufficient.
Electrons accelerated simultaneously with the nuclei are more likely to heat the corona;
we will argue (tentatively) from estimates of the ratio of the powers in accelerated
electrons and nuclei in strong flares that, if the same ratio holds for the hypothetical
microflares during inactive periods, the total energy in accelerated electrons is also
insufficient to heat the corona.

The energy spectrum above ~ 1 MeV nucl ~ ! of particles accelerated in solar flares
may be represented by a Bessel function, whose shape is parametrized by the product
oT of the acceleration efficiency a and the escape time T' (Ramaty, 1986). Murphy and
Ramaty (1985) demonstrated that «T could be deduced from measurements of the ratio
of the fluence in the 2.223 MeV line to the fluence in the energy band 4-7 MeV for any
flare. Hua and Lingenfelter (1987a) presented such measurements and derived values
of aT for 15 flares. When oT and the absolute fluence values are known, it is a
straightforward matter to calculate the total energy W in the accelerated-particle energy
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spectrum, by integrating over the whole Bessel function shape* (Ramaty, 1986).

The 2.223 and 4-7 MeV y-rays do not give information about the energy spectrum
below 1 MeV; if a Bessel function is assumed, the energy in particles of <1 MeV can
be neglected. We therefore performed the integration for the flares listed by Hua and
Lingenfelter (1987a) over particles energies > 1 MeV. The total flare energies W thus
derived were compared with the Hua and Lingenfelter 2.223 MeV line fluences after they
had been corrected for limb darkening as described in Section 3.3. The ratio of W to
the corrected 2.223 MeV line fluence F’ was found to be approximately constant:

WIF' =13 +0.1x10®erg(ycm~=2)" 1. ()

If this relationship also holds true for flares below the threshold of detection, then our
upper limit 7.1 x 107° y (cm?s)~ ! immediately implies a steady power input in
accelerated nuclei above 1 MeV of <10**ergs™'.

Even under the very conservative assumption that 1009, of this power is available
to heat the corona, it is insufficient for this purpose by about four orders of magnitude.
This conclusion — that the energy in accelerated nuclei alone is not enough to heat the
inactive corona — is, however, dependent on the validity of the assumptions we have
made in obtaining it. In particular, we have assumed that the spectrum of the accelerated
ions both in inactive periods and in y-ray line flares has a Bessel function form. Ramaty
(1979, 1986) has presented both theoretical and experimental evidence for this spectrum
at energies above 1 MeV. However, we cannot exclude the possibility that a sufficiently
large population of nuclei at energies < 1 MeV might contribute the required power to
heat the corona. These low-energy nuclei might be detected indirectly by recombination
radiation following charge-exchange reactions (Canfield et al., 1986) or directly by
low-energy y-ray line emission** (MacKinnon, 1989).

Accelerated nuclei are likely to be accompanied by other forms of energy release,
whose contribution to coronal heating is more difficult to assess. The fraction of the total
energy released in flares which is carried by accelerated nuclei is not well-established.
Ramaty (1986), by comparing the values of W for several flares with the energy in
accelerated electrons as deduced from hard X-ray spectra by Lin and Hudson (1976),
estimated that several percent of the total flare energy was in accelerated nuclei***. Thus
it may conservatively be assumed that > 19, of the total flare energy in observed flares

* It is assumed that the fraction of the accelerated nuclei which escape from the Sun (and therefore do not
contribute to the measured 2.223 and 4-7 MeV fluences, and to the normalization of the energy spectrum)
is small. This has been shown by Ramaty and Murphy (1987) to be the case for nearly all flares in a sample
of ~20 considered by them. It is also assumed that the accelerated nuclei interact with a thick (photo-
spheric) target in a horizontal beam. By these assumptions, only the escaping nuclei are available to heat
the corona, and the energy W deposited in the photosphere is a conservative upper limit upon the energy
which they carry.

** These lines, for example the 8.07 MeV line from de-excitation of !N produced by the reaction
I3C(p, y)'*N, are expected to be much weaker than the 2.223 MeV line, and are therefore undetectable by
the SMM GRS.

*** Tt is assumed in this argument that there is no large unobserved population of accelerated electrons
at low energies below about 25 keV.
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is carried by the nuclei. If this assumption is also true for weak flares below the SMM
threshold, then our upper limit on 2.223 MeV line emission implies that the total steady
energy input available for heating the corona is < 10*® ergs™1.

This energy input is insufficient, by a factor ~ 100, to heat the quiet solar corona. Our
conclusion is therefore that microflares cannot meet the quiet corona’s heating require-
ment unless their properties differ from those of observed flares — specifically, unless
a much smaller fraction of their energy release goes into the acceleration of nuclei, or
unless there are hitherto-unobserved low-energy populations of accelerated nuclei
(<1 MeV) or electrons (< 25 keV). A similar conclusion has recently been reached in
a more direct manner ny T. T. Lee and V. Petrosian (1992, private communication)

using hard X-ray fluences measured by ISEE-3/ICE and GOES soft X-ray fluxes.

4.3. PRODUCTION OF TRITIUM AT THE SOLAR SURFACE

The SMM upper limit on overall 2.223 MeV line emission can be used to estimate an
upper limit on the continuous rate of production of *H at the solar surface by neutrons
from weak flares (or a continuous acceleration process). The main nuclear reaction
competing with 'H(n, y)*H for the neutrons produced in flares is *He(n, p)*H (Wang
and Ramaty, 1974). It follows that the production rates of 2.223 MeV line photons
(Q,223) and of tritium (Q4) are in the ratio

Q2223= N(IH)U(IH)
Qr N(He)o(’He) ’

€)

where N represents the abundance and o the reaction cross section as indicated.

The ratio of the two cross sections in Equation (3) is known experimentally to be
5.95 x 10~ ° (Wang and Ramaty, 1974). The abundance ratio N(°*He)/N('H) in the
solar photosphere has been measured by Hua and Lingenfelter (1987b) from the
time-dependence of the 2.223 MeV line intensity in flares to be 2.3 + 1.2 x 107>,
Equation (3) therefore implies Q,,,5/Q = 2.6 753 to be conservative, we will express
this as Q,,,3/Q = 1.7. Since the total neutron production rate Q,, is obviously greater
than Q,,,5, it follows that O, < Q,/1.7.

The neutron production rate is related to the observed flux ¢,,,; by taking the time
derivative of Equation (13) of Ramaty (1986):

Q,.f =4nr’ ¢y, 4)

where ris 1 AU and f is the efficiency of conversion of neutrons into line photons which
escape the Sun. As discussed in Section 3.3, /" was calculated by Hua and Lingenfelter
(1987a) as a function of the heliocentric angle 6 between Earth and the flare; under the
assumptions adopted in Sections 3.3 and 4.2 (horizontal beam interacting with a thick
target) they found f(0°)~0.16, varying weakly with the Bessel function spectral
parameter a7. We saw in Section 3.3 that, for an assumed distribution of quiescent line
emission following the distribution of solar active regions, { f(8)/f(0°))> ~ 0.8 (also
weakly dependent on «T'). Our measured upper limit of 4.1 x 10~> y (cm?s) ™! there-
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fore gives
£ _10°) <FO)f©0°))

¢2223 4)2223

>3.12 x 10°

to be put in Equation (4). We then obtain an upper limit on the steady rate of production
of tritium of

Q<53 x 102 nucleis~ !,

which is equal to 9 *H nuclei cm 2 s~ ! at the solar surface. This may be compared

with the upper limit of 80 *H nucleicm~?s~! at the solar surface obtained from
measurement of the solar wind (Fireman, DeFelice, and D’Amico, 1976). This solar
wind loss rate is equal to the production rate if it is assumed that *H is not lost from
the surface by mixing downwards; otherwise, the value would be even larger than
80 nuclei cm ~ 2 s~ !. We conclude that the limit on the 2.223 MeV line flux provides a
much more sensitive limit on the tritium production rate.

4.4. STORAGE OF ACCELERATED PARTICLES IN ACTIVE REGIONS

Elliot (1964) proposed a model whereby the accelerated particles which manifest
themselves during solar flares are derived from a steady-state population which is
trapped in the lower corona by the magnetic fields associated with active regions. He
proposed to test this hypothesis by searching for steady emission of the
~ 100 MeV y-rays from the decay of n® produced by very energetic (> 100 MeV)
protons. We believe that steady emission of the 2.223 MeV line from the interactions
of lower-energy protons with the ambient corona can also be used to test this model.
Our test improves upon the preliminary results of Simnett et al. (1986), whose analysis
involved a search for the 2.223 and 4.44 MeV y-ray lines in GRS spectra prior to several
flares during 1980-1982. They placed a limit of ~ 10?° erg s ~! on the power in non-
thermal protons above 10 MeV during the ~2 hr periods before these flares; for
comparison, by applying the arguments of Section 4.2 we obtain an upper limit
1.2 x 10* erg s~ ! in protons above 1 MeV during periods of high solar activity.

We may use Equation (4) (Section 4.3) to derive the steady-state abundance of
energetic protons which is permitted by our upper limit for the 2.223 MeV line flux
during periods of high solar activity. However, the numerical values of the quantities
in Equation (4) will be different in the context of Elliot’s model. Instead of a horizontal
beam of particles interacting at the footpoints of the magnetic field with a thick
(photospheric) target, we must now assume an approximately isotropic distribution of
particles interacting according to the thin-target approximation. Under these circum-
stances, the efficiency f of conversion of neutrons into 2.223 MeV line photons was
calculated by Hua and Lingenfelter (1987a, based on Wang, 1975) to be ~0.13,
depending weakly on the particle energy spectrum (so long as it was of the form of a
Bessel function).

Ramaty (1986) calculated the quantity Q,/(ngN;) in the thin-target approximation,
where ny; is the number density of hydrogen in the interaction region, and N;, is the
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steady-state number of accelerated protons of energy > 30 MeV. Although this
quantity varied strongly with the Bessel function spectral index o7, it was found
to have a minimum value 2 x 10~ !¢ neutrons cm®s~! for «T ~ 0.05. Substituting
Q,=2x 107 nyN,, in Equation (4), and assuming a typical coronal density
ng =~ 108 protons cm ~ 3, we obtain

N;o < 1.08 x 10°¢ ,,,5 protons,

where ¢,,,5 is the upper limit on the steady 2.223 MeV line flux from an active region.
From Figure 3 we estimate that, during the 3-day periods of greatest solar activity, the
2.223 MeV line flux was — 1.2 + 2.9 x 10~ % y (cm? s) ™!, corresponding to a conserva-
tive limit ¢,,,5; < 1 X 1072 y (cm? s)~!. We thus estimate the typical abundance of
protons of >30 MeV to be < 1.1 x 10°3.

In the model of Elliot (1964) this represents the upper limit on the number of protons
of > 30 MeV which can appear when the trapped population of accelerated particles
1s released in a flare. However, Hua and Lingenfelter (1987a) have estimated the
numbers of protons of >30 MeV from the indices a7 of 15 rather strong flares (see
Section 4.2), finding values between 10°! and ~ 10°* protons. It is clear that, within our
upper limit on N;,, the model of Elliot (1964) cannot provide the numbers of protons
of >30 MeV seen in the strongest of these flares.

This conclusion can be demonstrated quantitatively for the individual flares in the
Hua and Lingenfelter (1987a) sample for which SMM data are available. For the
11 flares listed in Table 11, we combined the upper limits on the 2.223 MeV line flux for

TABLE 1I
Solar flare protons of energy > 30 MeV in Elliot’s (1964) model

Flare date Active region 2.223 MeV N3
line flux® 7 (cm?2s) !
Model Measured®

1980 June 4 <14x1073 <15 x 10* 9.6 x 10*°
1980 June 7 <73 x10~4 <79 x 10*? 9.3 +24 x 103!
1980 June 21 <9.5x%x 1074 <1.0 x 10*3 3.9 + 0.3 x 10%
1980 July 1 <85x10°* <9.2 x 10*? 2.2 +0.8 x 103
1980 Nov. 6 <1.1x10°3 <12 x10% 1.5+ 0.3 x 1032
1981 Apr. 10 <72x%x10°4 <7.8 x 1032 2.1+ 0.2 x 10%
1981 Apr. 27 <73 x 1074 <7.9 x 1032 6.8 + 2.1 x 10%
1982 Feb. 8 <79 x10~4 <8.6 x 1032 1.5 + 1.2 x 10*?
1982 June 3 <69 x 104 <75 x 1032 35+02x10%
1982 July 9° <92 x 104 <99 x 1032 3.2 x 1032

2 Obtained from the mean intensity of the 2.223 MeV line measured by SMM during all 3-day intervals
between the appearance round the east limb of the active region and the occurrence of the listed flare; or
between the last prior y-ray flare from the active region and the listed flare, assuming that the prior flare
depleted the stored accelerated protons.

® From Hua and Lingenfelter (1987a).

¢ Two flares on same day from same active region combined.
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all the preceding 3-day periods during which the responsible active region was visible
on the solar disk. From these upper limits ¢,,,, we calculated the number N, of protons
of > 30 MeV for comparison with the number measured by Hua and Lingenfelter. We
find that Elliot’s (1964) model failed to produce the number seen in the strongest flare,
that of 1982 June 3.

The Oriented Scintillation Spectrometer Experiment (OSSE) on board the Gamma
Ray Observatory is well equipped to pursue this test of Elliot’s (1964) hypothesis. Matz,
Share, and Kurfess (1989) describe OSSE observations of the Sun to be made over
periods of several days during periods of high solar activity. In this mode, OSSE’s
sensitivity to 2.223 MeV line emission should be about a factor of 6 better than that of
the SMM GRS.

5. Conclusions

The upper limits for continuous 2.223 MeV y-ray line emission from the active and
inactive Sun, as established in the present work, are about two orders of magnitude less
than previously published results. An upper limit on the solar tritium abundance may
be obtained from the 2.223 MeV y-ray line which is a factor 9 lower than that obtained
from solar wind measurements. Our results for inactive periods also suggest that small
flares (or a continuous acceleration mechanism) are unlikely to be the source of the
heating of the quiet solar corona; more precisely, we conclude:

(a) that the power in accelerated nuclei during inactive periods falls short of the
coronal heating requirement by about four orders of magnitude unless there is a large
and as yet unobserved population of nuclei at energies below 1 MeV

(b) that energy release in other forms associated with the acceleration process falls
short of the heating requirement by about two orders of magnitude if this energy release
is in the same proportion to the power in accelerated nuclei as is estimated from observed
flares. Since this proportion is not well-known, this conclusion must be regarded as
tentative.

We have also obtained an upper limit on the strength of the 2.223 MeV line during
periods of high solar activity (but outside the times of flares), which is about a factor 2
above the most optimistic expectation of the flux in small flares from a downward
extrapolation of the fluence distribution of observed y-ray flares. We find no correlation
between the activity of the Sun (as measured by 2800 MHz radio emission) and the
2.223 MeV line strength over 3-day periods of high activity. Our upper limit falls below
the level of 2.223 MeV line emission implied for the strongest flares by Elliot’s (1964)
model, whereby accelerated nuclei are stored in an active region before the occurrence
of a flare.
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