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Abstract. We have treated in detail the theory of gamma-ray line production in solar flares. The 
strongest line, both predicted theoretically and detected observationally at 2.2 MeV, is due to neutron 
capture by protons in the photosphere. The neutrons are produced in nuclear reactions of flare 
accelerated particles which also produce positrons and prompt nuclear gamma rays. From the com
parison of the observed and calculated intensities of the lines at 4.4 or 6.1 MeV to that of the 2.2 MeV 
line it is possible to deduce the spectrum of accelerated nuclei in the flare region; and from the absolute 
intensities of these lines it is possible to obtain the total number of accelerated nuclei at the Sun. The 
study of the 2.2 MeV line also gives information on the amount of He3 in the photosphere. The study 
of the line at 0.51 MeV resulting from positron annihilation complements the data obtained from the 
other lines; in addition it gives information on the temperature and density in the annihilation region 
and on the anisotropy of the accelerated electron beam which produces continuum gamma rays at 
energies greater than about 1 MeV. 

I. Introduction 

Measurements of accelerated charged particles near the Earth clearly indicate that 
such particles are produced in great profusion in solar flares. These particles consist of 
both electrons and nuclei; but until the advent of solar gamma-ray astronomy, ob
servations in the radio and X-ray bands had revealed only the existence of the elec
tronic component in the flare region itself. 

In a previous paper (Lingenfelter and Ramaty, 1967) we treated in considerable 
detail the nuclear reactions produced by accelerated charged particles in solar flares 
and we showed that in large flares these reactions produce detectable lines in the 
gamma-ray region. We found that the strongest lines should be at 0.5, 2.2, 4.4, and 
6.1 MeV resulting from positron annihilation, neutron capture on hydrogen, and 
de-excitation of excited states in C12 and O16, respectively. 

The recent observations by Chupp et al. (1973) of the first gamma-ray lines from 
solar flares confirm these predictions. During the flash phase of the 1972, August 4 
flare all of these lines were observed with relative intensities essentially consistent with 
our calculations. 

Since these observations became available, several additional studies on gamma-ray 
line production in solar flares have been undertaken. Ramaty and Lingenfelter (1973a) 
have investigated the consistency of the observations with the theory of nuclear 
reactions in flares; these authors also considered the effects of positronium formation 
and neutron propagation in the solar atmosphere (Ramaty and Lingenfelter, 1973b); 
Reppin et al. (1973) treated the time dependence of the 2.2 MeV line; Wang and 
Ramaty (1974) have done a detailed calculation on neutron propagation and 2.2 MeV 
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line formation and they pointed out the importance of photospheric He3 as a non-
radiative sink for the neutrons; Kozlovsky and Ramaty (1974a) have pointed out that 
aa reactions produce the Li7 and Be7 lines at 478 keV and 431 keV which could be 
observable from flares; and Ramaty and Kozlovsky (1974) evaluated in detail the 
production of H2, H3 and He3 in flares and they attempted to deduce the number of 
protons released from the flare of 1972, August 4 by combining the He3 and gamma-
ray observations. 

In the present paper we wish to summarize the above material and to present up
dated calculations on the production of gamma-ray lines in solar flares. In Section II 
we define the interaction models that we use in our calculations; in Section III we 
consider neutron production and 2.2 MeV line formation; in Section IV we consider 
the production of prompt gamma-ray lines with special emphasis on the 4.4 MeV and 
6.1 MeV lines for which observational data exists; in Section V we compare the 
results of Sections III and IV with data for the 1972, August 4 flare and we deduce 
the number and spectrum of accelerated particles at the Sun; in Section VI we treat 
problems concerning the formation of the 0.51 MeV line, and we summarize our 
results in Section VII. 

II. Interaction Models 

We consider two limiting interaction models (e.g. Ramaty and Lingenfelter, 1973a): 
A thin-target model in which the spectrum of accelerated particles is not modified 
during the time in which the nuclear interactions take place, and a thick-target model 
in which the accelerated particles move from the flare region downward into the 
Sun, undergoing nuclear interactions as they slow down in the solar atmosphere. In 
the thin-target model it is assumed that either the total path length traversed by the 
particles at the Sun is small in comparison with their interaction length, or that the 
particle energy loss from ionization and nuclear interactions is just balanced by energy 
gains from acceleration. 

For the composition of the ambient solar atmosphere we use the abundances given 
by Cameron (1973). For the accelerated particle populations in both the thin- and 
thick-target models we consider power-law and exponential spectra. In the thin-target 
model these are 

# , ( £ ) = * ,£-* , (1) 
and 

Ni(P) = k'iexp(- PIP0), (2) 

respectively. Here Nt(E) and N{(P) are the instantaneous numbers of accelerated 
particles of kind / in the interaction region per unit energy per nucleon, E, or unit 
rigidity, P; kt and k\ are constants determined by normalizing the A '̂s to 1 proton of 
energy greater than 30 MeV and by using the composition of the ambient solar atmo
sphere; and s and PQ are, respectively, the spectral index and characteristic rigidity 
assumed to be the same for all accelerated particle components. In the thick-target 
model we use expression similar to Equations (1) and (2), but we replace the instanta-
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neous numbers Nt by total numbers, Nh such that Nt(N) and Nt(P) are the total 
number of accelerated charged particles per unit energy per nucleon or unit rigidity 
that are released from the flare region downward into the Sun. As with the instantane
ous fluxes in the thin-target model, the normalizations of the 7V/s are determined by 
using the composition of the ambient solar atmosphere and 1 proton of energy greater 
than 30 MeV. 

In the thin-target model, the production rate of secondaries from a particular reac
tion is given by 

«, = »,J'<l£Nl(£)cj8 *,(£), (3) 

where nt is the number density of target atoms in the solar atmosphere, c/1 is particle 
velocity, and o^E) is the cross-section as a function of energy per nucleon. The units 
of c/i are secondary particles per second. In the thick-target model, the total production 
of secondary particles for a given reaction is 

x E' 

Q.t = rit fd£W,(£') fd£^%,(£) (4) 
0 0 

where rjt is the number of target nuclei per gram of solar material, and dE/dx is the 
stopping power of the primary particles in solar material due to both Coulomb and 
nuclear collisions. The quantities Qi are the total number of secondaries. Expressions 
similar to Equations (3) and (4) can be written down for rigidity spectra. 

By inverting the order of integration, Equation (4) can be written as 

Qt-rii | dE^iE) dE'N-XE'). (5) 

Because the inner integral is just the integral spectrum of N((E), Equation (5) can 
be further simplified, 

00 

f dx 
Q, = ,,, I d E d £ <!,(£) # , ( > £ ) . (6) 

o 

In our subsequent treatment of secondary particle production, we shall use Equations 
(3) and (6) or their equivalents for rigidity spectra. 

III. Neutron and 2.23 MeV Gamma-Ray Production 

Neutron production by accelerated charged particles was treated by Lingenfelter et a!. 
(1965) and Lingenfelter and Ramaty (1967). Recently, Kozlovsky (1974, private 
communication) has updated the cross sections used by these authors and has added 

https://doi.org/10.1017/S0074180900071825 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900071825


366 R. RAMATY AND R.E. LINGENFELTER 

additional data at low energies including data on a-particle induced reactions. The 
neutron production cross-sections are shown in Figure 1. Here pp. pa, aa, pCNO and 
aCNO indicate neutron production in proton-hydrogen, proton-helium, a-particle-
helium, proton-heavy nuclei, and a-particle-heavy nuclei reactions, respectively. The 
latter two cross-sections are the neutron production cross-sections for all nuclei with 
A ^ 12, normalized to one such nucleus by using the elemental and isotopic abundances 
of Cameron (1973). 
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Fig. 1. Neutron production cross-sections. 

The instantaneous neutron production rates in the thin-target model for power-law 
and exponential spectra are shown in Figures 2 and 3, respectively. The various 
production modes are: pp (proton-hydrogen), pa (proton-helium), ap (a-particle-
hydrogen), aa (a-particle-helium), pCNO (proton-heavy nuclei), CNOp (heavy nuclei-
hydrogen), aCNO (a-particle-heavy nuclei), and CNOa (heavy nuclei-helium). As can 
be seen for flatter spectra (smaller values of s or larger values of P0) the neutrons are 
produced mainly in pa, pp and ap reactions. For power-law spectra (Figure 2) neutron 
production at large values of s is mainly due to aCNO and CNOa reactions; the con
tribution of pCNO and CNOp reactions is small at all values of s; and aa reactions 
make a major contribution around s = 4. For exponential spectra, (Figure 3) almost 
all of the neutrons are produced in pa reactions at most values of P0. In this case the 
relative contributions of reactions induced by a-particles and heavy nuclei are lower 
than for power-law spectra. Because particles with Z ^ 2 have larger rigidities than 
protons, it follows from Equation (2) that their fluxes relative to the proton flux at 
the same energy per nucleon is lower than in the power-law case given by Equation 
(1). Since the nuclear cross-sections are the same for the direct and inverse reactions 
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Fig. 2. Partial neutron production modes in the thin-target model with power-law spectra. 
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Fig. 3. Partial neutron production modes in the thin-target model with exponential spectra. 
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at the same energy per nucleon, for particle spectra which are exponential in rigidity 
more neutrons are produced by a proton induced reaction than by the corresponding 
inverse process. 

The total neutron production rates in the thin-target model, q, and the total neutron 
yields in the thick-target model, Q, are shown in Figure 4 for power-law and exponen
tial spectra. In the thin-target model, for flat primary spectra the neutron production 
rates are about the same for the exponential and power-law cases. This result is due 
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Fig. 4. Total neutron production in the thin- and thick-target models with power-law 
and exponential spectra. 

simply to the fact that for such spectra most of the neutrons are produced in pa 
reactions with effective threshold around 30 MeV nucleon"1 and all of the assumed 
spectra are normalized to 1 proton above this energy. But because a power law spec
trum contains a much larger number of low-energy particles than an exponential 
spectrum with this same normalization, the steep power law spectrum can yield orders 
of magnitude more neutrons from aCNO and CNOa reactions which have thresholds 
more than an order of magnitude below 30 MeV nucleon-1. 

Similar effects are evident also in the thick-target model except that here the relative 
contribution of the low energy particles in general is diminished because of their 
shorter range. 

Having considered the production of neutrons, let us now discuss their propagation 
and the ensuing gamma-ray line production. Wang and Ramaty (1974) considered in 
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detail the effects of neutron propagation in the solar atmosphere on the production of 
gamma rays by the reaction 

n + p -► d + y. (7) 

In their treatment a distribution of neutrons was released in the chromosphere or 
corona, and the path of each neutron after its release was followed by a computer 
Monte-Carlo simulation. If the neutrons are released above the photosphere, any 
initially upward moving neutron escapes from the Sun. Some of the downward moving 
neutrons can also escape after being backscattered elastically by ambient protons, but 
most of these neutrons either are captured or decay at the Sun. Because the probability 
for elastic scattering is much larger than the capture probability, the majority of the 
neutrons are thermalized before they get captured. Since the thermal speed in the 
photosphere (where most of the captures take place) is much smaller than the speed 
of light, the gamma-rays from reaction (7) are essentially all at 2.2 MeV and the 
Doppter-broadened width of this line is negligible. 

The bulk of neutrons at the Sun are captured either on H or on He3. Whereas 
capture on H yields a 2.2 MeV photon, capture on He3 proceeds via the radiationless 
transition 

n + He3-+ H3 + p, (8) 

and hence produces no photons. The cross-sections for reactions (7) and (8) are 
2.2 x 10~30 j8_1 cm2 and 3.7 x 10~26 /?_1 cm2, respectively, where ft is the velocity of 
the neutron (for details see Wang and Ramaty, 1974). Thus if the He3/H ratio in the 
photosphere is ~ 5 x 10"5 comparable to that observed in the solar wind, nearly equal 
numbers of neutrons are captured on He3 as on H. 

The results of the Monte-Carlo calculations of Wang and Ramaty (1974) are pre
sented in Figures 5 and 6 for two assumptions on the photospheric He3 abundance: 
He3/H = 0 and He3/H = 5x 10~5. In these calculations an isotropic distribution of 
monoenergetic neutrons of energy En is released above the photosphere. The solid lines 
are the probabilities for the various indicated processes. As can be seen, the capture and 
loss probabilities increase with increasing energy, because higher energy neutrons 
penetrate deeper into the photosphere. This reduces their escape probability and leads 
to a shorter capture time, thereby reducing the decay probability. When He3/H = 
= 5 x 10"5, the probability for loss on He3 almost equals the capture probability on 
protons. The escape probability is greater than 0.5, because all initially upward moving 
neutrons escape from the Sun. Note that the sum of all probabilities equals 1. 

The dashed lines in Figures 5 and 6 are photon yields per neutron, f(9, En), for 
various neutron energies, En, and angles, 0, between the Earth-Sun line and the 
vertical to the solar surface. The function/is defined such that for an average neutron 
production rate, q, the average 2.2 MeV photon flux at Earth is 

4> (2.2 MeV) = qf/(4nR2), (9) 

where R=\ AU. 
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Fig. 5. Probabilities for neutron escape,decay, and capture in the solar atmosphere (solid lines), and 
photon yields per neutron (dashed lines) for no He3 in the photosphere. 
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At low neutron energies and 6 near zero, / is close to the capture probability on 
protons. This means that gamma rays from low-energy neutrons observed close to 
the vertical escape essentially unattenuated from the Sun. At higher energies and at 
larger angles, however, there is significant attenuation of the gamma rays due to 
Compton scattering in the photosphere. Even though/does depend on Eni for flares 
sufficiently close to longitude and latitude zero on the Sun and neutron energies be
tween about 1 and 100 MeV, we can approximate it by a constant. Most of the neu
trons have energies in this range (Lingenfelter and Ramaty, 1967). Thus, for He3 /H~ 
~ 5 x 10"5 we use /~0 .12 , and for He3 /H~0, we t a k e / ~ 0 . 2 . Note that these ap
proximations are quite valid for the flare of 1972, August 4, since its solar longitude 
and latitude where E08 and N14. 

It should be noted that Equation (9) is valid for the average neutron flux only, be
cause the instantaneous 2.2 MeV flux lags behind the instantaneous neutron produc
tion rate. This lag is almost entirely due to the finite neutron capture time in the 
photosphere. Wang and Ramaty (1974) have investigated this effect, and some of 
their results are given in Table I. Here <n> is the most probable density in the photo-

TABLE I 
Most probable neutron capture densities, capture times, TP, and 

A = Tc_1 + Td~1, where Td is the neutron mean life. 

TC (s) A-i (s) 

£n(MeV) tfXcm-3) He3/H = 5x l0- 5 He3/H=0 He3 /H=5xl0-5 He3/H-0 

1 7xl0 1 6 119 214 105 173 

10 1.2 xlO17 69 125 64 110 

100 3 x 1 0 " 28 50 27 47 

sphere where the captures take place, TC is the mean capture time, and rd is the neutron 
decay mean life. In terms of the parameter A = T ~ 1 -htj"1, the time profile of the 2.2 
MeV photon flux from a monoenergetic burst of neutrons released at t0 can be ap
proximated (Wang and Ramaty, 1974) by 

4> (2.2 MeV)ocexp[ - k(t - t0)~\. (10) 

IV. Prompt Gamma-Ray Lines Production 

The various prompt gamma-ray lines that can be produced in solar flares together with 
their production mechanisms are listed in Table II. These lines have already been dis
cussed by Ramaty and Lingenfelter (1973a) except for the Li7 and Be7 lines at 
478 keV and 431 keV. The possibility of producing these lines in aa reactions has been 
pointed out recently by Kozlovsky and Ramaty (1974a) 
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TABLE II 
Prompt gamma-ray lines 

Photon 
(MeV) 

0.431 
0.478 
1.63 

2.31 

energy Origin 

Be7* de-excitation 
Li7* de-excitation 
Ne20*i.63 de-excitation 
Ni4*3.94_^Ni4*2.3i de-excitation 
N14*2-31 de-excitation 

4.43 

5.2 

6.14 

7.12 

Ci2*4.43 de-excitation 

O15*5-26 de-excitation 
N15*5-28 de-excitation 
O 1 6 * 6 1 4 de-excitation 

Oi6*7.i2 de-excitation 

Production mode 

He4(^, n) Be7*0-431 

H e 4 0 , p) Li7*0-478 

Ne20(p, p') Ne20*1-63 

N 1 4 ( p , p 0 N14*3.94 
N14(p, p ')N1 4*2-3 1 

N1 4(p, p') N 1 4* 3 - 9 4^N 1 4* 2 - 3 1 

N1 4(p, n)0 1 4 ->N 1 4 * 2 - 3 1 

C12(p, p ')C1 2*4-4 3 

C12(a, a ' )C 1 2 * 4 1 3 

0 1 6 (p , - )C 1 2* 4- 4 2 

0 1 6 (p , - ) 0 1 5 * 5 - 2 0 

0 1 6 (p , -)N1 5*5-2 8 

O 1 6 ( P , P O O 1 6 * 6 1 5 

01 6(a , a ' ) 0 1 6 * 6 1 4 

0 1 6 (p , p ' ) 0 1 6 * 7 1 -

r 1—iu i 11 MI 1—i i 1111n 1—i i i 11 in 

<P.p'> 
( a . a ) 

IOOO 

6 100 
b 

10 

XI0 

16*6.14 MeV 
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I 10 100 

E (MeV/NUCLEON) 

Fig. 7. C12* and O16* production cross-sections. 

1000 

The cross-sections for the reactions C12(p, p') C12*4-43, C12(a, a') C12*4-43, 
0 1 6 (p ,p ' ) O 1 6 * 6 1 4 , and 01 6(a, a') O16*6-14 are given in Figure 7. The cross-section 
for the proton induced reactions were summarized by Lingenfelter and Ramaty (1967), 
and the cross-sections for the a-particle induced reactions are from Kozlovsky 
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(private communication). In addition, we also consider the reaction p + O16 -» C12*4 '43 

H— which was discussed previously (Ramaty and Lingenfelter, 1973a). By using 
these cross-sections and the interaction models discussed above, we can calculate the 
production rates of C12* and O16* and the resultant prompt photons at 4.43 MeV and 
6.14 MeV. We must distinguish, however, between reactions induced by accelerated 
protons or a-particles, and reactions induced by accelerated heavy nuclei. For the 
former, the Doppler widths of the lines are small in comparison with available 
instrumental resolutions (about 150 keV). But for the latter the lines are significantly 
broadened by the motion of the excited fast nucleus which has lost little kinetic 
energy in the interaction. Because these lines are so broad that they cannot be resolved 
from the background with presently available instrumentation, in our treatment we 
consider the intensities of the 4.43 MeV and 6.14 MeV lines from proton and a-
particle induced reactions only. 

-12 
10 I i i J r 

nH= I CM 
Np(>30 MeV) = l 

aO^CT 

pO—0 

Fig. 8. C12* and O16* partial production modes in the thin-target model with power-law spectra. 

The production rates of C12* and O16* in the thin-target model with power-law 
spectra are shown in Figure 8. We see that for flat spectra, the lines at 4.43 and 
6.14 MeV are produced mainly by proton-induced reactions, whereas for steep spectra 
(large values of s), the contributions of the a-particles becomes important. For expo
nential spectra, proton-induced reactions are the principle source of the excited states 
at all values of P0. 
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The cross-section for Li7 production in oca reactions is shown in Figure 9 (Kozlovsky 
and Ramaty, 1974b). The cross section for Li7* production is about half of the total 
Li7 production independent of energy. Similarly, the cross-section for Be7* should 
also be about half of the total Be7 production; and because Be7 and Li7 are produced by 
mirror reactions their production cross sections should be about equal, even though 
no data for Be7 production in aa reactions is available. 

IOO h-

e 

10 

60 70 80 
Ea (MeV) 

Fig. 9. Li7 production cross-section in \a reactions. 

Using these cross-sections we find that the intensities of the lines at 478 keV and 
431 keV are approximately the same as the intensity of the 4.43 MeV line. Their 
Doppler width, however, are about 30 keV (Kozlovsky and Ramaty, 1974a); there-
tore, they should not be observed individually but rather as a broad spectral feature. 

The cross section for the other lines of Table II and their intensities were discussed 
by Ramaty and Lingenfelter (1973a). The intensities of these lines are significantly 
lower than the intensity of the 4.43 MeV line for all interaction models and spectra. 

V. Accelerated Particles at the Sun and in the Interplanetary Medium 

The energy spectrum of the accelerated particles at the Sun can be deduced by com
paring the calculated and observed ratios of the intensities of the strongest prompt 
line at 4.43 MeV to that of the neutron capture line at 2.23 MeV. This ratio for both 
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the thin- and thick-target models is shown in Figure 10 as a function of s, for power-
law spectra, and P0, for exponential spectra. These were obtained from the calcula
tions of Sections III and IV using a photon yield,/, of 0.2. This yield corresponds to a 
photospheric ratio He3/H = 0. For He3/H = 5x 10"5 the curves in Figure 10 should 
be raised by about a factor of 2. The 4.43 MeV line is expected to be somewhat 
stronger than the 6.14 MeV line. Since the same observational limits were reported for 
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Fig. 10. Ratios of the 4.43 MeV line intensity to the 2.23 MeV line intensity for thin- and thick-target 
models, and power-law and exponential spectra. 

these two lines, if we normalize our calculations to the 4.43 MeV line, our results will 
also be consistent with the 6.14 MeV line within the uncertainties of the measurements. 

As can be seen from Figure 10 for exponential spectra in both the thin and thick-
target models </>4.43/02.23 decreases with increasing P0 . This results from the increase 
of the neutron production cross-section with increasing energy as opposed to the de
crease of the excitation cross-sections (compare Figures 1 and 7). The same behavior 
can be seen for power-law spectra for s smaller than about 4.5 in the thin-target model 
and s less than about 6 in the thick-target model. For larger values of s, 04.43/^2.23 
decreases with increasing s because these neutrons are produced mainly in aCNO and 
CNOa reactions which have lower thresholds than those for prompt gamma-ray pro
duction. 
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Let us compare now the calculations with the data. The observed (Chupp et ah, 
1975) 04.43/</>2.23 r a t i ° of 0.11+0.04 for the 1972, August 4 flare is also shown in 
Figure 10. As can be seen from this figure, assuming power-law spectra for the 
particles in the flare region, their spectral index s should lie between the values of 
2 + 0.2 deduced for the thin-target model and 3 + 0.3 for the thick-target model if 
there is no He3 in the photosphere; or between 1.8 + 0.2 and 2.7 + 0.2 for these 
models if the photospheric He3/H ratio is 5 x 10"5. Similarly, assuming exponential 
spectra, the implied P0's should lie between 110+30 MV for the thick-target model 
and 160 + 35 MV for the thin target model if He3/H = 0; or between 180 + 50 MV and 
230 + 50 MV for these models if He3/H = 5x 10"5. 

Comparison of these implied particle spectra in the solar flare region with the 
proton spectrum observed in the interplanetary medium from the 1972, August 4 
flare is complicated by the possibility that the latter spectrum may have been signifi
cantly modified by acceleration in the interplanetary medium. Nonetheless, the proton 
spectrum obtained by Bertsch et al. (1974) from a rocket flight at 1916 UT 1972, 
August 4 had a spectral index s~ 2 in the 10 to 100 MeV region, in good agreement 
with our conclusions. 

Knowing the spectral index for the various models, we can now deduce the total 
number of protons at the Sun. In the thick-target model, the time integrated photon 
flux from the flare determines the total number of accelerated particles that interact 
and stop at the Sun. According to Chupp et al. (1975), the 2.2 MeV intensity for the 
1972, August 4 flare was about 0.3 photons cm - 1 s~2. This flux is the average over 
the time interval of observation (0623 to 0633 UT) which gives a total flux of about 
180 photons cm - 2 . Since the detector on OSO-7 was eclipsed by the Earth before the 
termination of the gamma-ray event, this is a lower limit to the total flux from the 
flare. If we assume a duration of ~ 103 seconds for the event, as indicated by the hard 
X-ray data (van Beek et al, 1973), then the total flux of 2.2 MeV photons was 
~300 cm - 2 . From the neutron yield Q shown in Figure 4, we find that if/ =0.2, 
# p ( > 3 0 MeV) = 7 x 1032 for s = 39 and Np(>30 MeV)= l.Ox 1033 for P0= 110 MV. 
The corresponding values for He3/H = 5 x 10"5 are about the same, because the effect 
of a lower/is approximately cancelled by a higher neutron yield. Therefore, the total 
number of protons above 30 MeV released downward into the Sun in the thick-target 
model is about 1033 independent of the spectral form or the He3/H ratio. 

For the thin-target model, the instantaneous gamma-ray observations determine the 
product of the ambient proton or hydrogen density, nH, and the instantaneous number 
of the accelerated particles in the interaction region. From the neutron yield q shown 
in Figure 4, the flux given above implies that i f /=0 .2 , nHNp(>30 MeV)~5x 1043 

cm"3 for s = 2, and nHNp(>30 MeV)-10 4 4 cm"3 for P0= 160 MV. As before, these 
values are not affected by the photospheric He3/H ratio. 

To obtain an estimate of the number of protons released into the interplanetary 
medium, the information obtained from the gamma rays in the thin-target model can 
be combined with data on the path length traversed by the nuclei before their escape 
from the interaction region. Such information can be obtained from studies of deuter-
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ons and helium-3 nuclei from flares. The H2 and He3 observations from the 1972, 
August events (Webber et al.9 1974), when compared with calculations of the pro
duction of these isotopes in nuclear reactions (Ramaty and Kozlovsky, 1974) imply 
that the amount of matter traversed by relativistic particles is about 1.5 g cm - 2 . This 
means that the product n^t^ is about 3 x 1013 c m - 3 s, where tx is the interaction time of 
the particles at the Sun. If tx is also interpreted as the escape time of the particles from 
the interaction region, then the protons were released into the interplanetary medium 
at an average rate 7Vp(>30 MeV)/^ varying from about 1.6 to 3 x 1030 protons s"1. 
The total number of protons released is the product of this rate and the acceleration 
time T. As indicated by the X-ray data (van Beek et al., 1973), T is about 103 s; 
therefore the total number of protons released is between about 1.6 to 3 x 1033 protons. 
These numbers are larger by only about a factor of 2 to 3 than the number of protons 
released downward into the Sun in the thick-target model. 

The number of protons released from the flare should be compared with estimates 
of the total number of protons in the interplanetary medium as obtained from charged 
particle observations. Ramaty and Lingenfelter (1973a) have estimated this quantity 
by taking the observed density of protons near Earth and by multiplying it with a 
storage volume in the interplanetary medium which they took to be ~10 3 9 cm3. By 
using this volume and the peak proton flux greater than 30 MeV measured by Kohl 
et al. (1973), we get about 1034 protons. This number is larger by a factor of 3 to 6 than 
our estimate for the number of protons released in the thin-target model. But since 
the measured peak proton flux could consist to a large degree of particles accelerated 
by shocks in the interplanetary medium, it appears that there is no real discrepancy 
between the number of protons released from the Sun as deduced from the gamma rays 
and the number observed in interplanetary space. 

VI. The Nature of the Positron Annihilation Radiation 

Positrons can be produced in solar flares from the decay of n+ mesons and radioactive 
nuclei which result from nuclear reactions of accelerated protons and nuclei with the 
ambient medium. The possibility that a significant fraction of solar positrons can also 
be produced by accelerated electrons in e+ — e~ pairs is being considered by Bai and 
Ramaty (1975). Annihilation of positrons can produce a gamma-ray line at 0.51 MeV. 
This line was observed by Chupp et al. (1973) for both the 1972, August 4 and August 
7 flares. 

The cross sections for the production of n+ mesons and fi+-emitting radioactive 
nuclei were given by Lingenfelter and Ramaty (1967). Kozlovsky (1974, private com
munication) has recently updated the cross sections of the p+-emitters. Using these 
cross-sections we calculate from equation (3) the instantaneous production rates of 
positron-emitters in the thin-target model for power-law spectra. The results are shown 
in Figure 11. As can be seen, for flatter spectra the principal positron source is n + -
mesons, but for steeper spectra, the pion contribution is negligible. This effect can 
also be seen in Figure 12, where the ratio of the pion yield to the total positron-emitter 
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yield (including both pions and radioactive nuclei) is plotted as a function of s or P0 

for both interaction models. We see that, as for neutron production, the efficiency of 
7r+-production is larger in the thick-target model than in the thin-target model. The 
ratios of the total yield of positron-emitters to the neutron yield are shown in Figure 
13 for the various interaction models. 
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TABLE III 

7Z+ 

N 1 2 

C11 

N 1 3 

O14 

O15 

Positron emitter 
mean lives (s) 

2 . 6 x l 0 - 8 

0.016 
1766 

863 
102 
176 

The intensity of the 0.51 MeV line, however, depends not only on the number of 
positron emitters produced, but also on the decay rate of the positron emitters and on 
the annihilation rate of the positrons. The mean lives against radioactive decay of the 
various positron emitters are shown in Table III. 
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The annihilation rate of the positrons depends on the density, temperature and 
state of ionization of the ambient medium. As discussed previously (Stecker, 1969; 
Ramaty and Lingenfelter, 1973b) in a low density and neutral medium, positrons 
nearly always annihilate via positronium formation; only if the ambient density 
exceeds about 1015 cm"3 do collisions destroy the 3S state of positronium at such a 
rate that free annihilation becomes more important than positronium annihilation 
(Leventhal, 1973). Positron annihilation from a bound state of positronium results in 
an asymmetric 0.51 MeV line, since 75% of the time positronium annihilated from the 
3S state into 3 photons of energies less than 0.51 MeV, instead of 2 photons at precise-
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Fig. 14. Positron free-annihilation rate and positronium formation rate in a hydrogen plasma. 

ly this energy. The 0.51 MeV line from the Sun, however, appears to be symmetric, 
and the observational upper limit on the fraction of three-photon annihilations is 
about 20% of the total (D. Forrest, 1973, private communication). 

As we noted, three-photon annihilation could be reduced by collisions, but the re
quired density of j>1015cm~3 is quite large. However, if the ambient medium is 
ionized, the rate of positronium formation is greatly reduced. In Figure 14 we show the 
rate of positronium formation and free annihilation per positron in a hydrogen plas
ma of unit density as a function of its temperature (C. Werntz and C. Crannell, 1973, 
private communication). 
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As can be seen, if the temperature is greater than about 106 K, most of the positrons 
annihilate without forming positronium. This is not an unreasonable temperature 
for the annihilation region; however, from the observed upper limit on the width of 
the 0.51 MeV line, the temperature in the annihilation region should be less than 
~10 7 K(Chupp^tf / . , 1975). 

According to the observations of the 1972, August 4 flare, the rise time of the 0.51 
MeV line was within instrumental errors, similar to or perhaps even shorter than the 
rise time of the 2.23 MeV line (Chupp et al, 1975). The latter was about 100 s, con
sistent with the expected lag between the production of the neutrons and the formation 
of the 2.2 MeV line (see Table I). Assuming that the time dependence of the production 
rate of the positron emitters is the same as that of the neutrons, the lag between the 
production of the positron emitters and the formation of the 0.51 MeV line should not 
be longer than about 100 s. From Figure 14, this result implies that the density of the 
ambient medium in the annihilation region is at least 1012 cm - 3 . Furthermore if 
the positrons are of nuclear origin, then from Table III it follows that they 
should mainly result from 7r + -mesons and short lived radioactive nuclei (O15, O14 

and N12). 
The observed average flux in the 0.51 MeV line for the flare of 1972, August 4 was 

about 0.06 photons c m - 2 s_ 1 (Chupp, 1975). Hence the observed ^>0.51/^2.23 r a t i ° 
was about 0.2. 

L e t / ' be the 0.51 MeV photon yield per positron defined in the same way as the 
2.23 MeV photon yield per neutron, / in Equation (9). As discussed in Section III, 
/ranges from about 0.1 to 0.2. The maximum value of/ ' is 2. But because part of the 
positrons can escape from the Sun before they annihilate, and, furthermore, a fraction 
of the positrons can be trapped at the Sun in low density regions where the annihila
tion time is long , / ' can be considerably less than 2. 

According to our discussion in Section V, for power-law spectra s~2'm the thin-
target model, and s~3 in the thick-target model. For these spectral parameters, from 
Figure 12 we see that the bulk of the positron emitters are 7r +-mesons, and from Figure 
13 we get that the positron emitter-to-neutron ratio is about 0.2. The observed ratio, 
0o.51/^2.23-0.2 then implies t h a t / ' ~ / , i.e. the0.51 MeV yield per positron is about 
the same as the 2.23 MeV yield per neutron. In view of the uncertainties involved in 
the deductions of/ ' , this is not an unreasonable result. We can also deduce/ ' for the 
various values of P0 obtained in Section V, and in all cases we find acceptable values 
( 0 . 1 < / ' < 2 ) . For these exponential spectra the contribution of n+-mesons to the 
total positron production is greater than about 50% in all cases, except in the thick-
target model with no He3 in the photosphere where they contribute only about 25% of 
the positrons. A definite test for the possibility that the bulk of the positrons are due 
to 7r +-mesons would be the observation of gamma rays from n° decay. As there is no 
published data on high energy solar gamma rays, we shall not discuss this possibility 
in the present paper. 

As mentioned above, prompt 0.51 MeV photons could also result from positrons 
produced in e+—e~ pairs. Such pairs would be produced mainly by > 1 MeV elec-
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trons. Because these electrons also produce continuum emission by bremsstrahlung, 
it is possible to calculate the pair-to-bremsstrahlung yield (Bai and Ramaty, 1975). 
By comparing these calculations with the observed continuum emission from the 1972, 
August 4 flare (Chupp et al.9 1975), we find that if the bremsstrahlung is produced by 
an isotropic distribution of electrons at the Sun, pair production could account for 
less than 1% of the positrons required to produce the 0.51 MeV line. However, if the 
electron beam is directed downward into the Sun, the bremsstrahlung efficiency in 
the backward direction is greatly reduced for relativistic particles (Petrosian, 1973). 
In this case pair production could account for essentially all the prompt 0.51 MeV 
photons of the 1972, August 4 flare. 

Finally, we wish to mention that delayed photons (by about 15 min) were observed 
for the 1972, August 7 flare (Chupp et al., 1973). These photons are most likely due 
to the long lived radioactive nuclei such as C11 and N13. 

VII. Summary 

The observed gamma-ray lines from the 1972, August 4 flare, at 0.5, 2.2, 4.4 and 
6.1 MeV are due to positron annihilation, neutron capture on hydrogen, and deexcita-
tion of excited states in C12 and O16, respectively. The strongest line is at 2.23 MeV. 
It is due to fast neutrons produced by nuclear reactions of flare accelerated particles 
with the ambient solar atmosphere. These neutrons are thermalized and captured by 
ambient protons in the photosphere to produce deuterons and 2.23 MeV gamma rays. 
Photospheric He3 competes with the protons in capturing neutrons. Because captures 
on He3 do not lead to photon emission, the observation of 2.23 MeV line emission 
from the Sun implies that the He3 abundance in the photosphere cannot be much 
larger than that observed in the solar wind (He3/H~ 5 x 10"5). 

We have evaluated in detail the yield of neutrons and excited C12 and O16 nuclei 
from nuclear reactions of accelerated particles with the ambient solar atmosphere. 
For the 1972, August 4 flare the neutrons are produced mainly in pa and ap reactions 
by primary particles with energies greater than about 30 MeV nucleon"1. The ob
served gamma rays at 4.43 MeV and 6.14 MeV are principally due to proton induced 
interactions. Reactions induced by fast carbon and oxygen nuclei lead to Doppler-
broadened lines which cannot be distinguished from the continuum. 

From the comparison of the calculated and observed ratios of the lines at 4.43 MeV 
or 6.14 MeV to the line at 2.23 MeV it is possible to deduce the spectrum of the acceler
ated particles in the flare region. The spectral index s defined in Equation (1) is 2 + 0.2 
for the thin-target model and 3 + 0.3 for thick-target model if there is no He3 in the 
photosphere; or 1.8 + 0.2 and 2.7 + 0.2 for these models if the photospheric He3/H 
ratio is 5 x 10"5. The characteristic rigidity P0 defined in Equation (2) is 160+35 MV 
for the thin-target model and 110 + 30 MV for the thick-target model if He3/H = 0; or 
230 + 50 MV and 180+50 MV for these models if He3/H = 5 x 10"5. The total number 
of protons above 30 MeV released downward into the Sun in the thick-target model is 
about 1033. For the thin-target model about 2x 1033 protons escape from the flare 
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region if the thickness of the target for relativistic particles is 1.5 g cm"2 as deduced 
from deuteron and helium-3 observations. 

The positrons which produce the 0.51 MeV line could be due to 7r+-mesons, radio
active nuclei, and pair production. We have evaluated in detail the production of 
mesons and radioactive nuclei in nuclear reactions of accelerated charged particles 
with ambient nuclei. The relatively prompt nature of the 0.51 MeV line seems to favor 
positron production from n + -decay or e+— e~ pairs in the initial phase of the 1972, 
August 4 event. The delayed 0.51 MeV line emission observed for the 1972, August 
7 event is very likely due to positrons from radioactive nuclei. 
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