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Abstract

Gamma ray line emission from nuclear deexcitation folloﬁing ener—
getic particle reactions is evaluate&. The compiléd nuclear data and
the calculated gamma ray spectra and intensities can be used for thé
study of astrophysical sites which contain large fluxes of energetic

protons and nuclei. A detailed evaluation of gamma ray line production

in the interstellar medium is made in the present paper.



I. INTRODUCEION

The interaction of energetic particles with ambient.matter produces
nucleay gamma réys of energies ranging from tens of keV to about 20 MeV.
These gamma rays exhibit a great wealth of spectral structure, ranging
from very narrow lines to broad featuregg depending on the compogition and
energy spectrum of the energetic particles, and the composition and physical
state of the ambient: medium.

Observable gamma ray- line emission is expééted from many astrophysical
sites, including solar flares, the interstellar medium, neutron stars and
black holes, supernova remmants and nuclei of galaxies. Observations of such
lines ca& reveal' directly many astrophysical processes so far studied only
indirectly. Studies of diffuse gamma-ray line emission may give information
on the intensity, spatial distribution and perhaps even the sources of the
otherwise unobservable low-energy component (less than about 100 MeV/nucleon)
of the cosmic rays. Gamma-ray spectroscopy may also help determine the compo-
sition of the interstellar medium on a galactic scale, independent of the ion-
ization and molecular ;;;te of the material. TFurthermore, very narrow lines
with a width of a few keV at energies.of a few MeV permit the first direct
measurements of the composition, size and spatiai distribution of interstellar
dust grains. ‘ .
Nuclear gamﬁa rays were, in fact, observed from the soléﬁ flares of 1972,
August 4 and 7 (Chupp, et al. 1973, 1975), and 1977, November 22 (Chambon
et al. 1978), from the galactic center (Haymes et al. 1975, Levénthal, MacCallum
and Stang, 1978a, b), from Centaurus A (Hall et a{. 1976), and from a tran-
sient event of about 20-minute duration observed from the general direction
of the galactic anticenter (Jacobson et al., 1978).

Energetic particle interactions with ambient matter can lead to gamma

ray line emission in a variety of ways. These include the direct excitation
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of nuclear levels, the production of excited secondary nuclei and radioactive
species which decay into excited levels of other nuclei, and the production
of neutrons and positrons. Many excited levels decay by photon emission,
and these gamma rays -are tlie topic of the present paper. o

Gamma ray line emission from radiative capture of neutrons and annihila-
tion of positrons produced in energetic particle interactions has already
been discussed in detail (Ramaty, Kozlovsky and Lingenfelter 1975), aund the
positron annihilation line will be.considered here Eor purposes of coﬁparison
only.

In the present paper we provide a detailed treatment of gamma ray
.production from nuclear deexcitatiﬁn following energetic particle inter-
actions. To this end we have surveyed in detail the most important nuclear
reactions of protons and alpha particles with the abundant constituents
of cosmic matter (He, C, N, 0, Ne, Mg, -AL, S5i, 8, Ca and Fe), and we give
the cross sections relevant for gamma ray line astronomy in Section II. -

The shapes of gamma ray lines contain valuable information on the
physics of the emitting region, and they are important for considerations
regarding the detectability of the linés above background. We treath§amma
ray line shapes in Section III. Lines produced in the interstellar gas
are broadened by the recoil wvelocity of the.excited nucleus, but lines
produced in the interstellar grains can be very narrow (Lingenfelter and
Ramaty 1977) because some of the excited nuclei stop in solid matetials
before emitting gamma rays. We present several calculated gamma ray spectra,
obtained by using a Monte Carlo simulation and the cross sections and line
broadening effects. We also give the emissivities of the strong lines
norqglized to the energy density and the energy depositioﬁ rates of the
energetic particles, and we compare the production rate of positrons with

those of the strong nuclear lines. The positron production rates are based
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on updated values of the cross sections given by Ramaty et al. (1975),
which will be published in“a separate paper.

The results o% Sections IT and III can be applied to the-many astro-
physical. sources that were mentioned above. Suchlapplications will become
neéessary with the expected launching in the near fuéure of new gamma ray
spectroscopy instruments on satellites such as the Solar Maximum Mission
(SMM) and the third High Energy Astrophysical Observatory (HEAO-C). The
general scope of gamma ray line astronomy, as well as a review of future
missions, have been given recently (Lingenfelter and Ramaty 1978, Cline
and Ramaty 1978).

In Section IV we apply our results to gamma tay line emission from
the interstellar medium. Previous treatments of gamma ray line production
by low energy cosmic ray interactions with the interstellar gas were given
by Rygg and Fishman (1973), Meneguzzi and Reeves (1975) aﬁﬁ Lingenfelter
and Ramaty (1976, 1977), using much less detailed nuclear data and a more

P
"limited choice of energetic particle spectra and compositions, and ambient

medium compositions. In the present paper, we calculate the fluxes of
nuclear gamma ray lines from the interstellar medium by taking into account
all the available nuclear data, and we consider a broad range of spectral
parameters and compositions. In particular, we evaluate the effects on
nuclear gamma ray production of the possible spatial gradients of the relative
abundances of ﬂeavy elements in galaxies (Peimbert, Torres-Peimbert and-

-Ray 1978, and references therein). We also compare the results of our
calculations with observations of nuclear lines from the general direction

of the galactic center.

We summarize our results in Section V.



II. NUCLEAR LINES AND CROSS SECTIONS

In this section wepfesent the cross sections for the pfincipg} nuclear
gamma ray lines resulting from interactions of\energetic particles with
ambient matter, assuming that both the particles and the matter have
roughly solar composition. These lines include those produced both by
direct excitation and by spallation reactions leading either to nuclei in
excited states or to radionuclei which decay to excited states. The esti-
mation of which line$§ may be important depends on the cross sections for
excitation of a level and the assumed elemental and isotopic abundances.

The relative line intensities, which also depend of course on the energy
spectrum of the energegic particles, Will be calculated in section iII.

The 1ine§ which we have considered are listed bf energy in Table 1
together with ,the emission mechanism, the p£incipal broduction processes
and the meanlife of eithet the excited state or the radiocactive parent if it
is longer. The meanlife can be important in determining the line width as
we shall discuss in section IITb below. ZFor convenience the principal
nuclei are also listed in Table 2 together with the relative solar abundance
(Ross and Aller 1976), the direct deexcitation lines and the principal
spallation product deexcitation lines. This is éhe order in which the

gamma ray line cross sections will be discussed.



" a. Lines from He Reactions

Nuclear interactions of o-particles witn ne proauce seveiaus

important gamma-ray lines. The strongest of these are at 0.431

7

MeV and 0.478.MeV resulting from deexcitations in 'Be and 7Li,

respectively (Tables 1 and 2). The excited states of these isotopes

7Be*) can be populated by the reactions 4He-(a,n)7Be*,4He

4

(7Li* and

(G:P)TLi* and He(a,n)7Be(£)7Li*(lO%}, where the latter reaction

includes production of 732" in both the ground state and its excited
state. BSince the mean life of 7Be is 76 days, decaying by electron

capture 10% of the time into 7Li*, the 0.478-MeV line resulting from

7Be(e)7Li* is delayed in comparison with prompt lines such as those

7 7 7

resulting from the direct excitation of 7Li* and ‘Be%*, Li and 'Be

can also be produced from C, N and O, but for compositions similar

to solar abundances &and steep energetic particle spectra these produc-

tion -modes "are quite negligible in comparison with we reactions.
The cross sections for oo reactions leading to total (ground-
state plus first excited state) 7Be productioh and to 7Li production

in its first excited state are shown in Figure 1. The cross sections

4

for the reactions 4He(u,p)TLi (total) and He(u,n)7Be(total) were

I'd

measured by King et al, (1975) from 9.75 MeV/nucleon to 35 Mev/nucleon.

4

The cross section for the reaction He(a,p)7Li* was measured from

9.75 to 12.5 MeV/nucleon by S. M. Austin (private communication, 1975):
Above 12.5 MeV/nucleon we assumed that the ratio of this'cross sectidn
to the total 7Li production cross section is the same as at 12.5 |
MeV/nucleon. There are no direct measurements of the cross section
for the reaction 4He(oz,n)7Be*; we assume that above its threshold

of 9.5 MeV/ﬁucleon, the cross section for this reaction is the

same as that for the mirror reaction 4He(a;p)7Li*. It
should be noted that the cross sections for 7Li {(total) and

7Be ttotal) are essentially equal (ﬁing et al. 1?75). A more
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detailed discussion of these cross sections and their'comparisoﬂ
with pfevious estimates was given by Kozlovsky and Ramaty (1977).
The inte#actions of o-particles with He can also produce
gamma rays at 3&562'Mev_ff6m'611*.7 As discussed by Rozlovsky
and Ramaty (1974b), because of isospin selection rules, this
level can be populated only by the reaction 4He(u,pn)GLi*, and

4

not by “He (a,d)GLi*. For the former reaction we have adopted

the cross section given by Mit;er (1972), and we have assumed
equal contributions for the production of 6Li* and 6Li (g.s.).
According to these estimates, tﬁe cross section for the reaction
4He(a, pn)6Li* is assumed to be constant at about 1 mb above the
threshold of about.15 MeV/nucleon.

Since in some astrophysical sites 3He may have large
abundances (e.g. solar flares, Garra&d, Stone .and Vogt . 1973),
we also considered the reaction 4He (3He, p)GLi*.i But since
the cross section for this reaction, as measured by Harrison
(1967), is not large (< }0 mb) we do not take this processeé into
acéount-in our subsequent calculations.

As discussed by Kozlovsky and Ramaty (1974c) 4He has no excited
states that decay priﬁarily by gamma ray emission. However,
photon deexcitation of some excited states is poséible, but only
states with isotopic spin T = 1 are of interest. The reason for
this is that only such states can deexcite by dipole radiation,
and hence have a ieasonable chance of competing with particle
emission. The energies of these states lie above 25 MeV (Fiarman
and Meyverhof 1973), but exact values extracted from data on the

reactions 4He(y,p)3H, 4ﬂe(Y,n)3He ané 3H(p,n)3He and their in-



verseé are guite model dependent (Gibson 1972). Two possible
levels may lie at ~27 MeV and ~30 MeV. Kozlovsky and-Ramaty
(197§c) have ‘estimated thag the upper limits on‘the Cross

section for gamma-ray emission from these levels following (p,p'f

3mb. This wvalue is guite low, and

excitation is only about 10
hence gamma-ray lines from (p,p') reactions on 4He do not appear

to have important astrophysical consequences.

b. Lines from C, N and O Reactions

The strongest deexcitation-line in l%} is at 4.438 MeV re-
sulting from, the deexcitation of its first excited, state at 4.439.
MeV.. The various excitation modes of this level are given in
Table 1. The cross section for the reaction 12C(p,p')lzc*4'439
has been measured by Reich et al. (1956) between 5 and 5.7
MeV, by Barnard et al. (1966) between 6 and 11.5 MeV, by Conzett
"(1957) between 10 and 12 MeV, by‘Daehnick and Sherr (1964) between
.14 and 19 MeV, by Dickens et al. (1963) between i8 and 30 MeV,
by Stovall and ‘Hintz (1964) at 40 MeV, by Fannon ét al. {(1967)

‘at 49.5 MeV, by Horowitg and Bell (1970) at 100 MeV: by Emmerson
et al. (1966) at 145 MeV, and by Tyren’and Maris (1957) at 185‘
MeV. This cross section is.shown by the solid curve in Figure 2.
We have used the average cross section in the resonances near

the maximum at 10 MeV. However, we have not averaged‘the croé
section of the resonance at 5.35 MeV since it may have some effect
on the calculations for very steep particle spectra.

The data points represented by the closed circles and squares

are based.on measurements of gamma rays at 4.44 MeV resulting from



the bombardment of C with protons (Zobel et al. 1968, Alard et al.
1974). The cloéed‘circle points ﬁere deduced by using the differ-
ential'cfoss section at 135° given by Zobél et al. (1968) and
their data oh the angular distributions of gamma rays produced

in proton bombardment of C. The data point of Alard et al. (1974)
is already given in integral form. The difference between this
gamma ray data (dashed curve) and the (p,p') data represented by
the solid line is most likeiy due to the excitation of the 4.444

llB by the reaction 12C(p,2p)113* which has an energy

MeV level of
threshold of 22 MeV. Even though the 4.438 and 4.443 MeV lines
cannot be resolved because kinematical Doppler broadeningvblends
them into a single feature, in our calculations we have separated
these 1lines by taking the cross section for producing the 4.443
MeV line fromlc equal to the difference between the dashed and
solid curves'in Figure 2.

The cross sections for reaction lzc(a,a')lzc*4’439 a

re
given by the dashed-dotted curve in this figure. This curve is
based on measurements of Mitchel, Carter aﬁﬁ Davis {1964) between
1.5 and 4.3 MeV/nucleon, of Corelli, Bleuler and Tendam (1959)

at 4.6 MeV/nucleon, othavin and Farwell (1959) at 10 MeV/nucleon.
The open circle at 13 MeV/nucleon (Zobel et al. 1968) is data
based on gamma ray measurements; thus, as discussed above, it
includes the contribution .of the reaction lzc(a,a')llB*4°444.

The dashed-crossed curve is our estimate for the sum of the cross

- . ®
sectiong of the reactions lzc(u,u')lzc 4.439 and l2C(0L,x)11B*4'444.
As in the case of proton induced interactions, wé interpret the

difference between the gamma ray data and the (o,o0') data as‘due



to the contribution of llB. In our calculations, we use the

dashed-dotted curve up to 5 MeV/nucleon and the dashed-c;ossed
curve at higher energies. -As above, we separate the 4.438 and
ﬁ.443 MeV lines by taking the difference between tﬁe dashed-dotted
and dashed-crossgd curves. .

The 4.439 MeV level in T2C can also be populated by spallation
14

1

reactions on 160, and N, .as indicated in Table 1. The cross

sections for reactions on 160 were taken from Zobel et al. (1968)

s ’

and Alard et al. (1274), and are shown by‘cuive 1 in Figure 3 for -
proton induced reactions, and by curve 6 for a_particle induced
reactions. Tﬁe shape of curve 1 below 25 MeV was obtained by
normalizing the measurements of Zobel et al. (1968) to the pre-
liminary data of Dyer and Bodansky {(private commgniqation.l977)

for the reaction 24Mg(p3n1 634)20Ne. Since both this and the

160(p,x)12C* reaction are (p,po) processes, we expect them to

1

have similar energy dependences. For the reaction GOTa,xY4 44)lzc

we have only one measurement (Zobel et al. 1968) of 4110 mb at
13 MeV/nucleon, and curve 6 is our estimate of the energy dependence

of the cross section for this reaction. For proton spallation of

14y we use the measurement of Clegg et al. (1961) at 120 MeV, from

which we estimate that the 4.438 MeV gamma ray cross section from

14 16

N is larger than that from 0 by about a factor of 2.4. With

solar abundances, N/O ~0.13, the 4.438 MeV yleld from 14N is "about

30% of the yield from 160.

Excited states of 12

C above the 4.439 MeV level decay mostly
by particle emission and hence they are not important sources of

gamma ray lines. An exception is.the 15.11 MeV level, which, be-
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cause of conservation of isotopic séin, cannot decay by emitting
a particles and hence deexcites only by gamma ray emission. The
cross sections for exciting this level were compiled by Crannell,
Ramaty and Crannell (1977) who found that thé‘ihtensity of the

15.1 MeV line is at most about 2% of the 4.438 MeV line intensity.
L

Spallation reactions in 12C can produce several gamma ray

11

lines {(Table 2). The first excited states of C and llB at

1.995 MeV and 2.124 MeV can be poﬁulated by (p,pn) and (p,2p)
reactions. %obel et al. (1968) have measured the combined cross
section for gamma-ray emission from these two levels and their
data is shown in Figure 3 by open triangles. Curve 4 in this
figure gives our estimate of this cross section, where we have
used the fact that the thresholds of the above réactions aré
about 20 MeV. In our subsequent calculations, we take the cross
sections of these £wo lines egual to each other. Zobel et al..
(1965) have also obsgrved a cluster of four lines between .6.3.
and 6.8 MeV at the energies indicated in Table 1, due to the

11 Il

deexcitation of higher levels in C and "B. The cross section

for this cluster, as given by Zobel et al. (1968) and Clegg et al.

(1961), is on the average about 25% of the cross section (Figure 3)

for the production of the ~5.2-MeV feature from 16

type of reactions. We use this ratio in our subsequent calcula-

O by the same

tions and we assume equal cross sections for the four-lines,

12

Two other strong spallation lines froﬁ C are at 0.717 and

* E
1.023 MeV resulting from deexcitation in 10B. The cross sections
for the production of these lines, measured by Clegg et al. {(1961)

at proton energies around 140 MeV, are, respectivély, about 50%



11

and 20% of the cross section for producing the 4.44 MeV line from

16O spallation at the same energy. Curve 3 in Figure 3 is our

estimate of the cross section for 0.717 MeV photon production

12

from C, where we use the fact that the threshold fqr this process

is about 20 MeV. For the 1.023 MeV photon production cross section

we take 40% of the values represented by curve 3 in Figure 3.

The principal lines from deexcitation of 13C are at 3.684 and

3.853 MeV (Tables 1 and 2). The cross section for proton excitation
of these levels, measured by Guratzch et.al. (1969) at 7 MeV, are,

respectively, about 80% and 30% of that for the 4.439 MeV level
in‘lzc. Using the branching ratios of de Meijer, Plendl and Holub

(1974) , we estimate the 3.684 and 3.853 MeV gamma ray- production

13

cross sections from (p,p') reaction on C to be, respectively,

90% and 20% of that for 4.438 MeV gamma rays from (p,p') reactions

on lzc shown in Figufe 2. TFor the production cross sections of

these lines by (¢,a') reactions on 130, we assume that these

‘ratios also hold with respect to the 4.438 MeV production cross

sections from (¢,0') reactions on 12C.

14

The strongest line from the deexcitation of N is at 2.313

Y

MeV. The various processes leading to photons at this energy

are listed in Table 1, and their crdss sections are shown in

Figure 4. The cross section for the reaction 14N(p,p'Y2 313);4N:

shown by the solid curve, includes the deexcitations of all the

levels in 1

4N'which cascade to the ground state through the 2.313
MeV level. The data from 3.8 to 6.4 MeV are from Phillips et al.
(1972), from 6.5 to 10 MeV from Boreli et al. (1968), at 10.2 MeV

from Donovan et al. (1964),.and from 9 to 26 MeV from Hansen et al.
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(1973) . The branching ratios are from de Meijer et al. (1974).

14

The other two strong deexcitation lines from ~°'N are at 1.632

MeV and 5.105 MeV (Tables 1 and 2). The cross sections for the
production of these lines, derived from the above measurements -

and branching raties, are approximately 60% and 70% of the cross

14N shown by the solid

curve in Figure 4. Other lines resulting from cascades in iy

section for the reaction 14N(PrP'Y2 313)

have cross sections less than 10% of the 2.313 MeV line cross section

. 14 4
The .cross section for the reaction N(p,xY2.313)l N

shown bf dashed curve is the sum of the cross section shown

14
N(p,n) %0,

. The

by the so0lid curve and of the cross section of the reaction.

: *
since 140 decays essentially 100% of the time to 14N 2.313
cross section for this (p,n) reaction ﬁrom 6.5 to 12 MeV is taken

from Kuan and Risser (1964). This cross section, however, is

guite uncertain, since preliminary data from Dyer and Bodansky

(private communication 1977) suggests that the cross section for
the reaction 14N(p,r})l40 may be much lower than reported by Kuan.
‘and Risser (1964). The cross section for thé reaction 14N(p,xy2.313)l4N
between 20 and 24 MeV is from the preliminary data of Dyer and
Bodansky (1977) aﬂa the data point ét 120 MeV is from Clegg et al.
{1961) .

The éashed—crossed curve in Figure 4 is the cross section
for the reacion 14N(a,u'vz_3l3)%4N. This cross section 1is based
on the measurements of Ploughe (1961) at 4.8 Mev/nucleon:rGarcia,
Milio and Senent (1970) at 5.4 MeV nucleon, and Harvey et al.
(1966) at 10.1 MeV/nucleon, and the branching ratios of de Meijer
et al. {(1974). We assume that the rélative intensities of the

5.105 and the 1.632 MeV lines compared to the 2.313 MeV are the

same for (a,0') excitations as for (,p') excitations, i.e. about
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70% and 60%, respectively. These values are consistent with the
measurements of Garcia et al. (1970).

Gamma rays at 2,313 MeV resulting f?om proton interactions with 1 0
(Tables 1 and 2) have been measured by Zobel et al. (1968) and their data is
shown by the closed circles-in Figuf; 4. These gamma rays result from the

14 14

*
direct production of ~'N and from the decay of 0, with a possible contribu-
tion from excited states 'of 13N. The dashed-dotted curve through the data

points of Zobel et al. (1968) is our estimate of the cross section for 2.313

MeV photon production from 160.

Nuclear excitation of 160 can produce several gamma ray lines (Table 2).
The first excited state of 160 at 6.05 MeV decays by e+ - e pair emilssion.
The second, third and fourth excited states at 6.131, 6.919 and 7.118 MeV
decay almost exélusivély~to tpe ground state producing gamma rays at 6.129,
6.917 and 7.117 MeV, respectively. The fifth excited state at 8.872 MeV
decays 75% of the time to 6.131 MeV level and hence produces lines at 2.741
MeV and 6.129 MeV. Other transitions between the states qf_i?o are also
possible (dg Meijer et al. 1974). 1In particular, excited levels at 10.94 and
11.07-MeV cascade to the ground state via the excited states at 6.13L, 6.919
and 7.119 MeV with branching ratios given by Ajzenberg-Selove and Lauritsen
(1968).

The cross section for producing gamma rays at 6.129 MeV from proton
interaction with 160 is shown in Figure 5 by the solid'cyrve. This cross

160*6.131 )
an

section is sum of the cross sections of the reaction 16O(p,p') d

%
160 8.872

76Z of the cross section for the reaction 160(p,p‘) and about 50%

%
160 11'07. These cross sections

of the cross section of the reaction 160(p,p')
were measured by Dangle et al. (1964) between 7 and 10.5 MeV, by Kobayashi

(1960) between 11 and 15 MeV, by Daehnick (1964) between 15 and 19 MeV, by
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Hornyak and Sherr (1955) at 19 MeV, by Crawley and Garvey (1967) at 17.5 MeV,
by Austin et al. (1971) betweén 17 and 45 MeV, by Sundberg and Tibell (1969)
at 185 MeV, and by Friedes et al. (1967) at 1 GeV.
The-dashed :dotted curve in Figure 5 is the cross section for the reactlgﬁ

16

o(a, This cross section was measured by Mehta, Hunt and Davis

oY 109" O
(1967) from 2.5 to 4.7 MeV/pucleon, by Corelli, Bleuler and Tendam (1959) at
4.5 MeV/nucleén, by Blatchley and Bent (1965) at 5.6 MeV/nucleon, by Yavin

and Farwell(1959) at 10 MeV/nucleon, and by Harvey et alt (1964) at 16,2
MeV/nucleon.

Most of the experimental measurements of the cross sections for excita-
tion of the 6.919 and. 7.119 MeV levels in 160 by Fp,p') reactions do not
resolve these two levels. Therefore, in Figure 6 the solid curve gives a fit
to the sum of the cross sections for the excitation of these levels based on
measureménts of Zobel et al. (i968). Measurements of (p,p') reactions to these

levels by Kobayashi (1960) at 5.6 MeV and Crawley and Garvey (1967) at 17.5.

MeV coincide with this curve. At higher energies the measurements of (p,p')

reactions by Hornyak and Sherr (1955) and Sundberg and Tibell (1969) give
lower values. The difference should be attributed to contributions of spalla-
tion lines such as the 7.299 MeV from lSN, which show up at high incident
proton energies. In our calculatioﬁs we use the cross section of Figure 6,
and we assume .that half of the resultant photons are at 6.917 MeV and half are
at 7.117 MeV. .

The 2.741 MeV line is produced by transitions between the 8.872 level
to the 6.131 MeV level in 160 with a branching ratio 76%. The dashed curve
in Figure 6 is based on the (p,p') measurements of Crawley and Garvey (1967)

at 17.3 MéV, and of Austin et al. (1971) between 17 and 45 MeV. The data of

Zobel et al, (1968) are in agreement with the (p,p') measurements.. The



15

160(oc,xy6 9.7.1.7 3)160 or 15N cross section is shown by the dashed-
cedgpgioadpie s R
dotted curve in Figure 6. This curve is based on measurements of
Corelli et al. (1959) at 4.5 MeV/nucleon, of Harvey et al.(19266)
at 10 MeV/nucleon and of Zobel et al. (1963) at 13 MeV/nucleon.
Gamma ray lines from 160 can also be produced by spallation

reactions which populate excited levels in 12C, lSN, 15O, 140,

13C and 1OB (Table 2). The production of 4.438 MeV gamma rays
by the reaction lsOGp,xY4 438)12C has been discussed above.

The strongest lines from lSN are at 6.322, 5.270 and-5.298

15O at 5.180, 5.241 and 6.176 MeV. Because of poor

MeV and from
energy resolution the 6.2 MeV gamma ray production cross sections of
Zobel et al. (1968) and Alard et al. (1976) shown by the data points

in Figure 5 include the lines at 6.129 MeV from 160, at 6.176 from

15O aﬁd 6.32é MeV from lSN. Thus, the difference between the dashed
and solid curves, and between the dashed-crossed and dashed-dotted
curves, in Figure 5 give the sum of the cross sections for the
production of the 6.176 and 6.322 MeV lines in proton and alphaf
particle induced reactions, respectively. There is only one direct

160 which can re-

high-resolution measurement of gamma rays from
solve the 6.129, 6.176 and 6.32§—MeV lines (Goryachev et al. 1973).
This measurement at ~1 GeV sh;ws the 6.322-MeV. line to be stronger
than the line at 6.176 MeV by about a factor of 2. Assuming that
this ratio holds also at lower energies, we take the cross sections
for the production of the 6.322-MeV and the 6.176-MeV lines as 2/3

and 1/3, respectively, of the combined cross sections of these two

lines.



16

The sum of the cross sections for the reactions lGO(p,x)l4N*,
16O(p,pn)lso*, and 160(9,29)15N* leading to ~5.2 MeV photons is
shown by curve 2 in Figure 3 based on data by Zobel -et al. (1968).
Th our calculations we arbitrarily assume that the cross sections
for'the préduction of the 5.105, 5.180, 5.241, 5.270 and 5.298
MeV lines are each 20% of this cross section. The cross section
for the production of ~5.2 MeV photons in o particle induced
spallation reactions ié shown by curve 7 in Figure 3. As witﬁ the

proton induced reactions, we assume that the cross sections for the

.
P
+

individual lines are 20% of the total.

10

The B lines at 0.717 and 1.023 MeV can be produced by the

spallation of 180. Foley et al. (1962a) find that for 140 MeV
protons the cross section of these two lines are about ééual to
each other, and‘each of them is about half of the cross section

16

for producing the 4.438 MeV line from O spallation. We therefore

approximate each of these cross sections by curve 3 in Figure 3.

130 leading

Spallation of 160 can also populate excited levelsof
to Iine emission at 3.684 MeV and 3.853 MeV. In Figure 3 we show
the data of Zobel et al. (1968) for the combined production of

both these lines and our estimate (curve 5) for thé energy depend-

ence of this crdss section.

¢. Lines from Ne, Mg, AL, Si, S, Ca and Fe Reactions

The'strongest deexcitation line from 20Ne is at 1.634 MeV
resulting from the deexcitation of its first excited state. The
various production modes of this line are given in Table 1. The

So}id curve Ain Figure 7 is the cross section for the reaction
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2 *1.634

ONe(p;p‘)zoNe . From 5 to 14.2 MeV the data are from Oda
et al. (1960) and references therein, at 17 MeV from Schrank et al.
(1962}, and at 24.5 MeV-from de Swiniarski et al. (I969). At low
energy we have averaged the data over resonances.

The cross section for the reaction 20Ne(p,p'Yl.634)20Ne which
includes the cascades from the 4.247 and 4.968 MeV levels is shown
by the dashed curve in Figure 7. The cross sections for populating
these levels were measured by 0Oda et al. (1960)'froﬁ 7.6 to 14.2
MeV, Schrank et al. {1962{ at 17 MeV, and de Swiniarski et al.

(1969) at 24.5 MeV, and we have used the branching ratios of

de Meijer at al. (1974). Since there is no data above 24.5 MeV,

the dashed curve at these energies is an approximation based on

16O and 24Mg. Below 5 MeV we have

similar excitation functions of
used preliminary data from gamma ray measurements (P. Dver, and
b. Bodansky, private .communication 1977) which at higher energies
are consistent with the above measurements and calculations.

The dashed-dotted curve in Figure 7 is the cross section

20 *1.634

for the reaction Ne(u,a')zoNe . This cross section has

been measured by Seidlitz, Bleuler and Tendam (1958) at 9.5 MeV/
nucleon and éy Rebel et al. (1972) at 41 MeV/nucleon. There is

no data on this cross section at lower eneréies and we have based
our estimate.on the expected behavior of the cross section near

the Coulomb barrier. The dashed-crossed curve is the cross section

2ONe(a,a‘yl.634)20Ne. At 4.5 Mev we calculate

for. the reaction
the contributions of the cascades from the measurements of Seidlitz
et al. (1958), and we assume that the ' ratio (~2) between the cross

] . *
20Ne and 20Ne(a,a’)20Ne 1.634

L |
sections for the reactions 20Ne(a,a Yy 634)
remains constant at higher energies.

Transitions from the 4.247 and 4.?68 MeV levels provide the
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next strongest deexcitation lines in.zoNe,,at 2.613 MeV and 3.334
‘MeV. At 17 MeV Schrank et al. (1962) find that the intensities
of these 1inés are about 25% and 10% of the 1.634 MeV line., We

have assumed that these ratios are the same at all energies.

There 1is no data on spallation gamma ray lines from 20Ne.

But as can be seen from the measurements o6f Zobel et al. (1968)

and Chang et al. (1974) ﬁhe mosthimportant proton-induced reactions

are (p,n}, (p,2p), (p,pn) and p,pa). For 20Ne (p,n} reactions

20 20

lead to Na which is radioactive and decays back to Ne producing

gamma rays at 1.634 MeV about 80% of the time. Because of the short

mean life (0.64 sec) of 20

Na, the gontributions of these gamma rays
are included in the measuéementS'of Dyer and Bodansky (private
cummunication.19?7). From the comparison of these measurements

and the (p,p') data discussed above, we estimate that the contri-

20Na to the total 1.634 MeV line is less than a few

bution of
percent. For the other reactions, the strongest lines are likely
.to result from the deexcitation of the first two excited states of

the product nuclei. Therefore, we expect lines at 0.110 MeV and

0.197 MeV from lgF at 0.238 MeV and 0.275 MeV from 19Ne and at
6.129 MeV from 16O. We assume that the sum of the cross sections of
the four lines from lgF and lgNe equals the cross section for

16

~5.2 MeV photon production from ~ 0 spallation given by curve 2

in Figure 3, and that the cross section for the reaction

20Ne(p,xy6 129)160 is the same as the cross section for the reaction

16O(p,xy4.438)12C given by curve 1 in this figure.

22

- The principal deexcitation line from ““Ne is at 1.275 NeV

from the first level. Measurements of the cross section for proton



19

excitation of this level have been made at 1.9 to 3.2 MeV by Sorokin
et al. (1963), at 4.8 to 14 MeV by Hulubei et al. (1969), and at
24.5MeV by de Swiniarski et al. (1972). These measurements suggest
that this cross section is roughly 2/3 of that for proton excitation
of the 1.634 MeV level in 20Ne. We therefore assume that the 22Ne
(p,p'Yl.z{S)zzNe and 22Ne(a,a'xl.27 )22Ne cross sections are equal
to the product of this fraction and the 2ONe(p,p'Yl_634)20Ne and

the 20

Ne(a,a'y1.634)20Ne cross sectioﬁé, respectively, in Figure 7.
The nuclear interactions between energetic particles and comple
nuclei (A>20) produce many more gamma ray lines than those result-
ing from the deexcitation of the low-lying levels discussed above.
These lines result from the cascade deexcitations of the many high-
lying levels that are populated both by direct excitations and
'spallqtion reactions. Zobel et al. (1968) have measured the total
production cross section, ay, of gamma rays of energies greater
than 0.7 MeV in interactions of protons and alphé particles with
complex nuclei. They find that for C and O this total cross section
is essentially the same as the sum of the cross sgctiéns for the
excitation of individual lines; but for heavier éérgets the resolvabl
lines can account for only a fraction of the total gamma ray
cross section, GY'

The measurements of Zobel et al. (1968) for UY were done at
proton energies of 16 MeV, 33 MeV, 56 MeV and 160 MeV for C, O,
Mg, Al, Fe and Co targets and at an o particle energy of 15 MeV/
nucleon forC, 0, Al and Fe targets. We have interpolated these

results for Ne, and the resultant cross sections at the above

energles are shown by the diamonds in Figure 7. The crossed and
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20

crossed-dotted curves are our estimates of the energy dependences
of o, for proton and o particle induced reactions, respectively.
At high energies we have assumed a constant ratio between theée
two -eurves, and at low energies we have merged them with the ap-
propriate cross sections for the excitation of the first excited
level of “Oye.

In addition to the lines discussed above, gamma ray.emission
is also produced from the decay of long lived radioactive spallation

products. Radioisotopes with mean lives longer than 1 day that we consider are

54 55 56

are 7Be, 22Na, ZQA{, 52Mn, Mn, Co and ~"Co. We have already

discussed the production of ?Be in IIa. In order of increasing

. 22, . . .
nuclear mass, we next consider Na which produces a gamma ray line

at 1.275 NeV by decaying into the first excited-state -of 2°Ne.

For Ne isotopes, an important production mode of 22Na is

the reaction 22

Ne(p,n)zzNa. Although the cross section of this
reaction has not been measured, we estimate from the systematics
of other (p,n) reactions that this cross section should bé roughly
equal to that of 26Mg(p,n)26Al (shown in Figure 9) and we use
these values in our calculations. The production of 22Na from
Mg.and Si is discussed below.
i

The strongest deexcitation line in 24Mg is at 1.369 MeV.

The solid curve in Figure 8 is the cross section for the reaction

®
24Mg(p,p')24Mg 1.369

. "The data for this reaction from 3 to 5.5
MeV is from Duray et al. (1972), at 5.4.to 7 MeV from Seward (1959,
at 12 MeV from Conzeétt (1957), at 17.5 MeV from Crawley and Garvey
(1967), at 40 MeV frpm Stoval and Hintz (1964), and at 100 MeV

from Horowitz et al. (1969).
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Theé cross section for gamma ray emission at 1.369 MeV from

pkoton bombardment of 24

Mg, including cascades from higher levels,

has .been measured.at 30.3 MeV by Zobel et al. (19268) and at 143

MeV by Foley et al. (1962b). These data are shown by the open

square  and triangle‘in'Figure 8. These measurements are consistent
with estimates of the total 1.369 MeV emission mode from the meas-
urements of Crawley and Garvey (1967) and Horowitz et al. (1969),

IS

using the branching ratios given by de Meijer, Drentje and Plendl
(1975) and Endt and Van der Leun (1973). These estimates suggest
that the contribution of the cascades from the first 10 excited

states out of about 40 bound states is about equal to the contribution
of the direct excitation of the first excited level. The dashed
curve in Figure 8 is our estimate of the cross section for the
reaction 24Mg(p,p'yl.369}24Mg. We find that this estimate is in

good agreement with the preliminary gamma ray data of Dyer and
Bodanskyr (private communication 1977).

24 *1.369

The cross section for the redction Mg(a,a')24Mg is

shown by the dashed-dotted curve in Figure 8. This cross ection
has been measured by Sauter and Singh (1974) from 2.5 to 3.5 MeV/
nucleon, by Eberhard and Trombik (1972) from 3.9 to 4.8 MeV/nucleon,
by McNeilley et al. (1973) at 4.2 MeV/nucleon, and by Janus and
McCarthy (1974) at 10 MeV/nucleon. Since there is no data below

2.5 MeV/nucleon, our estimate in this energy fange is based on

the expected behavior of the cross section near the Coulomb bar-
rier. The-1.369 MeV level will also be populated by cascading

from highler lying levels. From Eberhard and Trombik (1972), who

have measured the excitation cross sections of the 4.122, 4.239



22

and 5.236 MeV levels, we estimate that the cascades in 26Mg

increase the effective 1.36% MeV gamma-ray production cross
section by about a factor of 2.5. Similarly, from the measure-
ments of Thompson et al. (1967} at 2.7 MeV/nucleon, we find that
this factor is about 1.4. The dashed-crossed curve in Figure 8

is our estimate of the cross section for the reaction 24Mg(a,a“yl 369)

24y

Although many more deexcitation lines can result from transi-
tions among the . 40 bound ‘states of 24Mg, we estimate from the
cross sections of Crawley and Garvey (1967) and the branching ratios

of de Meijer et al. (1975) that none of these lines is stronger

than 10% of the 1.369-MeV line. These lines are included in the

24

total unresolved nuclear radiation from Mg. In Table 1 we include

only the line at 2.754 MeV. This line results from transitions
between the second and first excitated states of 24Mg, and estimate
that its intensity is 10% of the 1.369 MeV line intensity.

The two strongest lines resulting from the spallation of

24Mg are at 1.634 and 1.636 MeV. These lines are due to the 'de-

ZONe and 23Na'which result from (p,pa) and (p,2p)

excitation of
reactions, réspectively. Zobel et a11 (1968) have observed a
feature at ~ 1.6 MeV from the bombardment of 24Mg with 30 MeV
protons, and found that its.inteﬁsity is about twice that of the

4.44 MeV. line from 16

0, whereas Foley et al. (1962b) found that
this ratio at 143 MeV is about unity. In our calculations we
take the sum of the ‘cross section for producing 1.634 and 1.636
MeV photons from 24Mg spallation to be, at all incident energies,

1.5 times the cross section for the reaction lso(b,xy4 438)120
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.shown in Figure 3. This assumption is consistent with the prelim-
inary data of Dyer and Bodansky (private communication 1977) for
incident proton energies from about 16 to 23 MeV. We further
assume that these lines-have egual cross sections. The 1.6 MeV

feature cbhserved by Zobel et al.(1968) could also include the

23

1.600 MeV line of ““Mg, and.the comparison between these measure-

ments and those of Dyer and Bodansky (which have much better energy
/
resolution) suggests that the cross section for producing 1.600

MeV photons from 24Mg spallation is about 50% of the 1GO(p,xY4 438)
cross section.

Other spallation lines from 24Mg are at 2.613 MeV and 2.640

20

MeV resulting from deexcitations in Ne and 23Ng, respectively.

From the measurements of Zobel et al. (1968), at an incident proton

energy of 30 MeV, the sum of the cross sections of these two lines

v

is about 60% of the 160(p;xy4_438)126, cross section, whereas

from the measurements of Foley et al.(1962b), at 143 MeV the
corresponding ratio is about 1.5. ‘We assume a constant ratio of 2,
and we take the cross sections for producing the 2.6155and 2.640
MeV lines equal to each other. Foley et al. (1962) observed

another spallation feature at 0.92 MeV with half the strength

of the 4,438 MeV line from 16

-

0 at ~ 143 MeV. They identified

this feature as the 0.891 MeV line from 22Na, and we take its -

cross section, at all incident energies, equal to 0.5 times the

16O(p, 126 cross section.

*Yy. 438
Neither Foley et al. (1962b) nor Zobel et al. (1968) looked
for gamma-rays below 0.7 MeV, but both the 1.636 and 1.600 MeV

lines imply additional lines of at least equal intensities, at
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0.440 and 0.451 MeV, respectively.

Because of the multitude of excited states of 24Mg and its
spallation products, nuclear interactions produce many weaker
lines in additién to-the lines that we have di;cussed above.

The crossed and crossed-dotted curves in Figure 8 show the total
gamma ray production in 24Mg. The closed square is a measurement
by Zobel et al. (1968), while 'the diamonds have been obtained from
interpolationé_similar to those done for Ne. At low incident
energies, these total cross sections approach those for the

direct excitation of the 1.369 MeV level.

The ‘cross section for'zzNa production from Mg is shown in
Figuré 9. Measurements of this cross secdtion for proton spalla-

4 25Mg are reported and reviewed by Furukawa

tion of both 2 Mg- and
et al. (197}) for proton energies up to 52 Mév, by Korteling
and Caretto (1970a, b) at 100 to 400 MeV, and by Raisbeck and
Yiou (1975) above 'l GeV.

26Mg is a,significant‘source

The less abundant (119 isbtope
of gamma ray line emissian at 1.809 Mev from deexcitation of
the first level and by (p.n) production of longﬂivedvzsAl
which decays back to'ZGMg through the 1.809 MeV lewvel. 26Al is
- also listed in Table 3. as an important long-lived gamma-ray produc-
ing radioisotope. The cross section for direct excitation of the
1.80% MeV level, measured at 17.5 MeV by Crawley and Garvey (1967)
is about 35% of that for excifation AE the 1.369 MeV level in
24Mg. In our subsequent calculations we assume that the 26Mg
(p,P'Yl.Bog)zgm}an&2§Mg(a,a'xl;809)26Mg cross sections are

2 24

one half of the 24Mg(p;P'Y1_368)24Mg‘and 4Mg(a,a'Y1 368) Mg
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cross séctions, respectively, shown in Figure 8. The cross
section for the (p,n) reaction leading to lbpg—lived 26Al has
been measured” from 8 to 14 MeV by Wong et al. (1967) and from

‘6 to 52 MeV by Furukawa et al.,(1971), and is shown in Figure 2.

26 27

We also include for completeness in Al(p,PHJZGAl

J Al production the

cross section measﬁred_by Furukawa.et al. (1971l). The proéuction

26

of %021 from?®si spallation is discussed below.

‘The stronest deexcitation line in 2881 is at 1.779 MeV. The

solid curve in Figure 10 is the cross section for the reaction 288i

i
(p,p')zosi 1.7?9

at 12 MeV, Crawley and Garvey (1967) at 17.5 MeV, deSwiniarski

. This cross section was measured by Conzett (1957)

et al. (1973) at 25.25 MeV and Horowitz et al. (1969) at 100 MeV.
Foley et al. (1962b) ‘measured ‘the cross-section for 1.779 MeV
gamma rays at proton‘eneréies of 141 MeV. Their result is shown
ﬁy the open square in Figure 10. Ag’With24Mg, the reason for the
high value of this measurement is the contribution of the cascades

2851 which deexcited

from the numerous (> 40) bound states of
mainly through the 1.779 MeV level. The dasked curve in
Figure 10 is our estimate of the cross section for. the reaction
ZSSi(p,p'Yl.779)2881* based on preliminary gamma ray data of Dyer
and Bodansky (private.communication, 1977) up to proton energies of
25 MeV and the measurements of Foley et al. (1962b) at hiéher'
energles.

Two other strong lines from 2851 are those at 6.878 and 5.099

%
28Si 6.879

MeV from deexcitation of . The cross section for proton

excitation of this level, measured from 12 to 15 MeV by Shotter,

Fisher-and Scott (1970), at 17.5 MeV, Crawley and Garvey (1967) and
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at 100 MeV by Horowitz et al. (1963), is roughly 17% of that for

excitation of 285i(p,p'yl 779)285i. Using the branching ratios

of de Meijer et al. (1975) and assuming a 20% cascade contribution

from higher levels we estimate the 6.878 and 5.099 MeV gamma-ray
production cross sections to be, respectively, 13% and 6% of
that for 1.779 MeV gamma~rays in Figure 10 above an effective

proton threshold energy of 8 MeV.
*
si 1.779

The cross section for the reaction 288i(a,a‘)28 is

shown by the dashed-dotted curve in Figure 10. This cross section
has been measured by. Blatchley and Bent (1965) at 5.6 MeV/nucleon,
by Kokame et al. (1965) at 7.1 MeV nucleon and by Rebel et al.

(1972) at 26 MeV/nucleon. At 4.5 MeV/nucleon we use scaled data

*
of Corelli et al. (1959) for the reaction 328(&,&‘)325 2'230.

1

At lower energies,; we again extrapoléte the data according to the

¥

expected behavior near the Coulomb barrier. The dashed-crossed

curve in Figure 10 is our estimate for the cross section of

the reactionzgﬁi(a,a'yl 779)2883'.. In analogy with the (p,p')

reaction, we take a factor of 2 for the ratio of the cross

“sections of the reactions 2BSi(a,a'Yl 779)ZSSi and 28

28_.%1.779 . . .
Si at energies well above the Coulomb barrier energy.

*
2881 6.879

Si(a,a')

The cross section for o particle excitation of
which leads to 6.878 and 5.099 Mev gamma-rays has been measured

at an o enermgy of 7.1 Mev/nucleon by Kokame et al. (1966). As

with (p,p') excitation, these measurements show that the‘zgsi

*
i 6.879

(a,a')zss cross section is roughly half that for 28si(p,p')

28,.%1.779 . . . . .
s8i . Using the branching ratios of de Meijer et al.(1975),

we estimate the 6.878 and 5.099 MeV gamma-ray production cross
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section from (o,a') to be, respectively, 13% and 6% of that for
1.779 MeV gamma-ray production.

Foley et al. (1962b) observed a rich spectrum of proton

induced spallation lines from 288i. The strongest such line

is at 1.369 MeV from 24Mg. The cross section for this reaction

is larger by about a factor of 2 than the cross section for the

16

production of the 4.438 MeV line from O at this energy. Based

on this measurement, we assume that the cross section for the

24Mg is, at all energies, 2 times the

1 12

reaction 28Si(p,x"rl 369)

60(p,x—Y4.438) C shown in

28

cross section for the reaction

Figure 3. Other spallation lines of S5i are at 1.634 and

20 27

2.613 MeV from deexcitations in Ne, at 0.780 and 0.957 f£xrom si,

27A

and at 0.844 and 1.014 from 1. From the data of Foley et al.

(1962b) the cross sections for producing these lines, at an in-
cident proéon energy of ~ 150 MeV, are, respectively, 65, 40,
25, 20, 30 and 40% of the 1.369 MeV line cross section. We

-
use these ratios in our subsequént calculations, and we assume-
that they remain the same at all incident proton energies. Since

Zobel et al. (1968) have observed the 1.014 MeV line from direct

27

excitation of Al, we also include in our calculations the

reaction 21Al(p,p'yl 014)27Al, for which we take an average

288i(p,p'yl‘779)2881 cross section,

cross section of 50% of the
based on the Zobel et al. (1968) measurements.

As with Ne and Mg, we take into account the many other weaker
lines from Si and its spallation products by considering the

total gamma-ray production cross section. There are no direct

measurements of this cross section for Si. The diamonds in
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Figure 10 are estimates obtained by interpolating the data of
Zobel et al. (1968}, as was done for Ne and Mg. The crossed-
and crossed-dotted curves in Figure 10 show the total gamma-ray
production ecross section in Si for p¥oton and o particle induced

reactions, respectively.

22 26

An additional contribution to Na and “ Al production is
obtained from the spallation of Si. Measurements of the Si
spallation production cross section for these two isotopes by
protons, of energy up to 52 MeV are reported and reviewed by
Furukawa et al. (1971). Higher energy measurements of 22Na
production have been made at 50 to 150 MeV by Bimbot and Gauvin (1971},
at 100 to 400 Mev by Korteling and Caretto (1270a,b}, and above 1
GeV by Raisbeck and Yiou (1975). These cross sections are shown
in Figure 9.

The principal gamma ray line from deexcitation of 325 is at
2.230 MeV from the first level. The cross sections for excitation
of this level has been measured at 5 to 5.5 MeV by Oda et al.
(1959), at 5 to 14 MeV by Berinde, Neaﬁu and Vliaduca (1971) at
7.6 to 14 MeV by Oda e£ al. (1960), at 15.5 MeV by Crawley and
Garvey (1967), and at 155 MeV by Willis et al. (1968). These -
cross sections are roughly 70% of that for excitation of the
first level in 25si at 1.779 Mev. Assuming ‘that cascade con-
tributions are comparable, we use cross sections for both

32 328 and 3?S(a,afyz 230)328‘that are 0.7 times

288i and 288i(a,u'yl 779)2881, respectively.

S(plplY2.230)

those for 28éi(p,p'Yl 779)

32

Spallation of S also leads to strong gamma ray lines at

*
1.779 Mev from >2s(p,pa)2®si” and at 1.249, 1.266, 2.029, 2.034,
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2.232 and 2.234 MeV from 325(p,2p)31P* and 32S(p,pn)315*. Foley
et al. (1962b) have measured.cross sections for the 1.779 Mev
line and.for each of the pairs at ~1.2, ~2.0 and ~2.2 MeV and
find them to be 160%, 330%, 120% and 140% of Fhat for the 4.438

16, .- 12 * s . .
O(p,px) "C , respectively. For the latter pair

MeV line from
%e have subtracted the contribution of (pp') at 2.230 MeV measured
also by Foley et al.(1962b). Assuming similar excitation .func-
‘tions and equal yields for each-of the paired lines, we take
the cross sections for the 1.249, 1.266, 1.779, 2,029, 2.034,
2.232 and 2.234 MeV lines from 328 spallation to be 1.7, i.7,
1.6, 0.6, 0.6, 0.7 and 0.7 times that for the 4.44 MeV iine from
lsb spallation (Figure 3), respectively.

For the unresolved line contribution from 323 we assume that
for both proton and o particle excitations the cross sections
are the same as for 288i given by the crossed and crossed-dotted
curves in Figure 7.

The strongest deexcitation line from 40Ca‘is at 3.736 MeV from
the first gamma decay level. The cross section fér proton excita-
tion of this level has been measured at 14.6 and 17.3 MeV by
Gray; Renefick and Kraushaar {1965), at 30 MeV by Ridley and
Turner (see Satchler, 1973), at 55 MeV by Yagi et al. (1964), and
at ~155 MeV by Willis et al. (1968) and Roos and Wall (1965).

These cross sections lie essentially halfway between those for
56

~

proton excitation of the first levels in 288i and
288i. Assuming that the cascade contribution is also
. 56

Fe or 150% of
that for

an average between that in 288i and
40 40

Fe, we take the cross sections

Ca and 40Ca(a,a'Y3 736)4OCa to be equal to

1.5 times the 288i(p,p'yl.779)288i and the zssi(u,a'yl 779)28§i

for ""Ca(p/P'Y3 736)
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cross sections, respectively. For the unresolved lines of Ca
we again assume a cross section that is 1.5 times the corresponding

one in 28Si.

56

‘The strongést deexcitation line of “°Fe is at 0.847 MeV. The

cross section for direct excitation of this level by the reaction
56Fe(p,p') 56Fe *0.847 is shown by the solid cuxve in Figure 11.
From 3.5 to 6 MeV the ‘data is from Nichols et al. (1969), at 6 MeV
from Andronov et al. (1870, at 11 MeV from Perey et al. (1970)
at‘19.6 MeV grom Hendrie et al. (196%), at 17.5 MeV from Peterson
{1969), at 30.3 MeV from Karban et él. (1970, and at 49.35 MeV

by Mani (1971).

The cross section for the reaction 56Fe(p,p’Yo_847)56Fe was
neasured by Zobel et al. (1968) at 15.7 and 31.4 MeV, and by
Chang et al. (1974) and Jastrzebski et al. (1976) at 100 MeV.
Their data are shown in Figure 11 by open squares and triangle
and circle. As can be seen, there is an inconsistency of a
factor of 3 between the data of Chang'et al. (1974) and Jastrzebski
et al. (1976), which hopefully will be resolvgd by new measure-

ments (N. S. Wall, private communication 1977).

The cross sections for producing 0.847 MeV gamma rays shown

in Figure 11 .are much larger than the cross section for the reaction

5 *0.,847 - X .
e due to the contribution of cascades from

higher excited levels of SGFe. This nucleus has more than 100

bound states (Nuclear Data Group 1973) which ‘are known to decay

o~

almost exclusively by cascades via the (.847-MeV level. From

Peterson (1969) at 17.5 MeV, and Mani (1971) at 49.35 MeV, we
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see that the cross section for the excitation of each excited
state is on the average about 10% of the cross section for the
excitation of the 0.847 MeV level, Thus at these energies the

cross section for 0.847 MeV gamma ray production should be

*
5 e 0.847

larger by about an order of magnitude than the 6Fe(p,p')56F
cross section. In our calculations we use the cross sections
given by the dashed curve in Figure 1l. The comparison of this
curve with the preliminary data up to 32 Mév based on gamma-ray
neasurements (P. Dyer, and D. Bodansky, private communication 1977)
gives a good agreement.

The cross section for producing 0.847 MeV gamma rays from 56Fe

(a,a'YO 847)56Fe has been measured by Zobel et al. (1968) who

find a value of 790+ 430 mb at 14.3 MeV/nucleon. Because of the effe
0f the Coulomb barrier at low energies, we assume that this cross
section is proportional to the dashed curve in Figure 11, with

a constant of proportionality of 1.5 based on “the data of Zobel

et al. (1968).

Another strong line from 56Fe is at 1.238 MeV préduced by
transitions frém the 2.085 MeV to thé 0.847 MeV levels; these
-transitions are always followed by the emission of 6.847 MeV
photons. In (p,p') reactions the‘strength of the 1.238 MeV line
relative to that of the 0.847-MeV line is 57% at 15.7 MeV (Zobel
et al. 1968} and 45%. at 100 MeV (Changueﬁ al. 1974). At 31.4
MeV Zobel et al. (1968) give a cross section for the I.238-MeV
line larger by about a factor of 2 thanlihdt for the 0.847 MeV
line. This is inconsistent with the fact that every 1.238 MeV

photon should be followed by a 0.847 MeV photon, but because: of
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poor deteétor resolution, the measurements of Zobel et al. (1968)’
of ~1.3-MeV photons probably included a large contribution from
spallatioé lines at energies othg; than 1.238 MeV. Since spalla-
tion Eeaétigné contribute less at lower energies, tﬁe measure-
ments at 15.7 MeV probably give a more correct value for the
1.238-MeV line’cross seqpion. At ioo MeV, thé measurements of
Chang et al. (1974) have adequate energy resolution to resolve
the 1.238-MeV line from spallation lines which are quite dominant
at this enexgy. In the subsequent calculations we have taken a
value of 0.5 for the rétio of 1.238 to 0.847 MeV gamma-ray pro-
duction. This value is roughly consistent with the preliminary
data of Dyer and Bodanksy (private communication 1977).

In addition to emission at 0.847 and 1.238 MeV, deexcitations

56

of excited states in Fe lead to gamma ray production also at

a variety of other energies (Table 2). We have inclﬁded in
Tables 1 and 2 all lines whose intensities are -expected to be
more than 10% of the 0.847-MeV line intensity. From Rao (1970)
and Chang et al. (1974) such lines are at 1.772, 1.811, 2.094 and
2.113 MevV, wifh intensities relative éo that of the 0.847-MeV line
of approximately 14, 50, 12 aﬁd 10%, respectively. BAas with the
1.238-MeV line, we assume that .the energy dependenges of the

Cross sectioné pf these lines are the same as that of the line at

0.847 MeV.

56

Spallation of Fe leads to several lmportant prompt gamma ray lines

-

(Table 2). At low energies (<20 MeV), Dyer and Bodansky (private

communication 1977) find a strong line at 0.812 MeV from the

*
56 o 0.812

reaction 'Fe(Prn)SGC , whose cross section at 10 MeV
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is about 30% of that of the reaction 56Fe(p,n)5600 given in

Figure 12. We assume this ratio at all energies in our subseguent
calculations. The line at 0.812 MeV impl}es an gdditional de-
excitation leading to 0.158 MeV photons, whose intensity is
. at least equal to that of the 0.812 MeV line.

At 100 MeV Chang et al., (1974) firnd the étrongest spallation

! *
line is at-1.434 MeV from the reactions SsFe(p,x)520r and

*
56Fe(p,x)szMn (e+;e)520r. The latter reaction populates the

52

isomeric state of Mn which decays directly into the excited

state of 52

52

Cr. There are no measurements of the cross section

for Cr* production at other energies. However, we can estimate

this cross section by comparing it with the reaction 16Q(p,xy4 44)12C

in Figure 3. By using the results of Jastrzebski et al. (1976),

5 52

we take the cross section for the reaction 6Fe(p,xyl 434) Cr

egqual to 3 times the values given by curve 1 in Figure 3.

56Fe shown in Tables 1

The otherx prompt';pallation lines of
and 2 are those whose cross sectionsat 100 MeV:are at~1east 10%.
of the 1.434 MeV line cross section. From Chang et al. (1974)
such lines are at 0.0?2, 0.412, 0.477, 0.744, 0.931,
1.312, 1.334, 1,370 and 1.408 MeV with cross sections of 15, 15,
15, 20, .65, 30, 15, 10 and 60% of the 1.434 MeV cross section.

We use these ratios in our calculations at all energies.

As with Ne, Mg, and 8i, the total gamma-ray production cross

section from 56

Fe is considerably larger than the cross section
for the excitation of any single line from this nucleus. In

Figure 11 the closed sguares represent data for this total cross
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section (Zobel et al. 1968). The diamond is based on an extrapol-

le 27

étion of the measurements of Zobel et al. (1968) for 0 and Al

at 56 MeV. We have assumed isotropic gamma-ray emission in trans-~
forming the differential cross sections given by these authors
inté total cross sections. The crossed line in Figure 11 is |
our estimate of the total gamma-ray production cross section by
protoﬁ—induced reactions on 56fe. For the unresolved gamma-ray
emission from g-particle-induced reactions on 56Fe, we take
cross sections tﬂat at all incident energies are 3 times larger
than the éfossed line in Figure 11, based on a measurement of
Zobel et al. at 14 MeV/nucleon.

Spallétion reactions on 56Fe also produce a rich spectrum of gamma ray
lines from the ‘decay. of long-lived radioisotopes. The most

56 55 54 52

important such isotopes are Co, Co, " "Mn, and Mn,

along with 7Be, 22Na and 26A4 which have already been discussed above.

560 1edds to' strong line emission at 0.847 and 1.238

55

Decay of
MeV with weaker lines at 2.599, 1.772 and 1.038; Co decay gives
a strong line at 0.93lMeV and somewhat weaker lines at 1.408

and 0,477 MeV; 54 Mn decay yields just a single strong line

at 0.835; and 52ﬁn decay produces three strong lines at 1.434,
0.936 and 0.744 MeV. These lines, included in Table 1, have
branching ratios of at least 10% (Bowman and MacMurdo 1974).
The cross sections for production of these isotopes from
proton spallation of 56Fe are shown in Figure 12, Measureménts
of these and other S0pe 'spal]:ation cross sections have been sum-
marized and diséusged by Bradzinski et al. (1971) for proton

energies greater than 10 MeV. Measurements of the cross sections for
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56Co production at lower energies have been summarized by Jenkins

and Wain (1970).
Gamma ray line emission from decay of other relatively long-

51cr, 48y ang 46

lived isotopeé,_such‘as Sc, is not significant
compared to those abové;‘eithef because the peak production
cross section is < 10 mb or the gamma ray emission probability- dur-

'ing decay.is too small (< 10%).
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IIT. GAMMA RAY SPECTRA AND INTENSITIES

In this section we discuss the shapes of the gamma ray lines
and we carry out calculations of theilr intensities for v#riqps assump—
"tions on the spéétfum and composition of the energetic particles. We
also-treat the forﬁation of gamma ray lines in interstellar grains.

In IITa we discuss in detail the shape of the 4.438 MeV line
from (p,p’) reaction on 12C. Detailed measurements of fhe»spectrum
of this line have recently been made in the laboratory and we compare
our calculations with these measurements. In IIIbwe treat the effects
‘of interstellar grains on gamma ray line widths, and in IIIcwe discuss
the kinematics of the various other lines considered in .this paper.

In ITId we present numerical calculations of gamma ray spectra and in-

tensities from energetic particle interactions for a variety of spectral

parameters and compositions.
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a. Profiles of the 4.438 and 6.129 MeV Lines from (p,p') Reactions

Consider the 4.438 MeV gamma rays resulting from the interaction of

~

a proton with a ;ZC target. We take the z axis in the direction of the
incident proton. The probability of photon emission per second into
solid angle dcoseod¢o from interzctions in which a proton of energy

120*4.439

: %
E produces a nucleus with recoil velocity in dcoserd¢r in the

center-of-mass frame of the reaction is given by

’ # # *
dPY = n.v %%?(E,er)dcoserd¢r-g(E,er,eg,¢r—¢o)dcoseod¢o. 1

Here n, is the number demnsity of the carbon- target, v(ﬁ) is the welocity
of the proton, dg/dfis the center-of-mass differential cross section,
and g is the angular distribution of the gamma rays which can depend on
all the variables shown in equation (1). Both 9? and g, are measured
with respect to thé 2z axis, while the azimuthal angles ¢r and ¢0 are, as
usual, given in the (x,y) plane.

The gamma ray energy, EY’ corresponding to the variables E, G:,
852 $,.-b, is a single valued function of these variables through the

1

following set of equations

By = Bo/ (v~ (v, 21 Y 2cosey), @
vp = ycy:+(yg-1)1/ 2(y§2—1)1/ zcose:,' ' (3)
E, = mpcz(yf—l), j (4)
cos@, = cosp cosB tsingisingycos(d=9,), \ (5)
cos6, = [yi(yi-l)l/ % yc(yjz-nmcose:]/wﬁ—-nl/z, ®
Vo= B +m?-w?)/GnE ), @)
v," = @ %+t - n5/nE ), (8)

Eom = [Cmp + mp)? +2my £1M/2, ‘ (9)
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Here vy, is the Lorentz factor of the center of mass of the PlZC

%
system, and are the Lorentz factors of the recoil lzC in the
Yr Yr

center-of-mass and the laboratory frames, respectively, 0; is the
angle between the velocity vectors of the incident proton and the

recoil in the laboratory frame, GY is the angle between the velocity

20 and the direction of the gamma ray in the

’

laboratory frame, my and m, are equal to the proton mass oy, T, is the

vector of the recoil 1

mass of the 120, and ‘m m, + AE where Ae = 4.439 MeV. Because of

3°
additional recoil of the 12C during photon emission, the photon
. - *4, .
energy in the rest frame of the 120 4 432 is given by

_ 2
E = 2e[l- Ae/(2m30 ).

12 _*4.439
c - was

The total cross sectiom for the reaction 1zé(p,p’)
discussed in detaill in Sectiom IIb. For the differential cross section
of this reaction, dc/dff, we use the data of Peele (1957) at E = 14 MeV
for the protén energy range 12<E<20 MeV, that of Dickens, Haner and
Waddell (1963) at 24.1 MeV for 20<E<35 MeV, the data of Fannon et al.
(1967) at 50 MeV for 35<E<70 MeV, and that of Strauch and Titus (1956)
at 96 MeV for E=70 MeV. Below 12 MeV we assume that dg/d(> is isotropic.

For the Monte Carlo simulation that we use for the evaluation of
éamma ray spectra we shall need numerical values for the probability
that cosB: is less than a given value. Using the above data on dg/df
we show these probabilities by the solid curve; in Figure 13. As can be

seen with increasing proton energy the 12

¢* nuclei tend to recpil more
towards the backward directi;ﬂ in the center-of-mass frame. TFor example,
half the nuclei have recoil angles, e?, greater than 90° if E<12 MeV,
vhereas if E = 96 MeV half have 9:>155°-

We proceed now to discuss our dssumptions for the gamma-ray angular
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distributions g. 1In previous treatments (Ramaty and Crannell 1976,
Ramaty, Kozlovsky and Suri1977) it was assumed that the photon angular

*
120 4.439

distribution is isotropic in the rest frame of the nucleus.

Thi; assumption, however, cannot explain the profi}gs'of thé 4,438 MeV
line obtadined &n accelerator  experiments in wﬁich a high resolution
gamma ray detector was placed at a fixed angle to the direction of the beam.
For example when this angle is 90°, the line profile has a. deep minimum
at 4.438 MeV, and two symmetriéally located maxima whose separation, AE,,
depends on the energy of the protons: AEY = 90 keV for E = 50 MeV (N, Sl
Wall, private communiéation 1977) and AEY== 60 keV for both E = 23 MV
(Kolata, Auble and Galonsky 1967) and E = 16 MeV (P. Dyer and D. Bodansky,
private communication 1977). Bel&w 10 MeV the two peaks can no longer
be separated (P. Dyer and D. Bodansky, private communication 1977). The
ratio between the maximum and minimum intensitieé is about a factor of
2 for all proton energies greater than 16 MeV.

Following Kolata et al. (1967), we can account for thiﬁ_gglitting
effect by assuming that the magnetic sublevels of the 2% state of the )
124 nucleus (at 4.439 MeV) are unequally populated in the lzc(p;p')lzc*4'439

reaction. In this case the angular distribution of the gamma-ray emission

can be written as

2
=%

2 N
%, S, I%, (cose,) |~. (1.0)

Here, cos@, = sing, s:‘n(cbr—ci)o)., where 9, is the angle between the

gamma ray and the normal to the reaction plane defined by the velocity

-

of the proton and the recoil 120* nucleus, and the Xtm are preoportional
t

to vector spherical harmonics (e.g. Jackson 1962, page 351). The Sy's

are the probabilities for populating the sublevels, and they can depend
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on the proton energy E and the scattering angle e:. Schmidt et al.

(1964) have measured these probabilities at 10.3 MeV. We have approxi-

mated their results by the expressions
So = 1 - (S51#8_1) - (S5+45_,) (11)

S, +5_; = 5,+5_, = 0.5exp[(coso’-1)/1.41, (12)

and we have assumed that these coefficients are independent of energy.
Equations (11) and (12) coupied with the angular dependence of
dg/dd" (Figure 13) lead to -the reduced population of the m = +1 and +2
sublevels, since S+1 and S+2 are-largest at cosei = 1 where dg/dﬂ* is the
smallest. This eégéct can_;xplaiﬁ the dip at the center of the 4.438 MeV
line, since photons at this energy result from reactions whose feaction
plane is perpendicular to the direction of observations, and because
only the m = 4+l terms in equation (10) produce radiation in the 8; = Q°
direction.
We use a Monte-Carlo simulation to integrate equation (1) over
cos§ and ¢, for constant E, §, and ¢,. We choose a large number of
pairs of independenf random numbers Rl and Ry, each of which are uniformly

distributed from 0 to 1. For every such pair we solve for coseﬁ and

¢, from the equations

I

. * .
Ry = [Lo®1 [ “%r(io/achyad’ (13)
-1 :

R, = ¢y/2m, (14)

where the right hand side of equation (13) is plotted in Figure 13.
We thén evaluate Ey from equations (2) fhrough {9) and g from equations
(10) through (12). The probability of observing gamma rays of energies _

between Ey'to E,, + AE,, is then proportional to the sum of all the g's

Y Y
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for .which EY is in the range.

The results are shown by the solid curves in Figure 14 for g, = 90°
and three values of E. As can beseen, line splitting with strong dips
does indeed follow from the numerical calculation; both the~depths
of the dips and the separation between the peaks are essentially
consistent with the accelerator data of N. S. Wall (private communica-
tion 1977) P. Dyer and D. Bodansky (private communication 1977) and
Kolata et al. (1967). ©

Also shown in Figure 14 (dashed curbes) is the line profile
resulting from isotropic gamma-ray emission (S, = Sy48_5 = So+5.9) at
E = 50 MeV and 9, = 90°. As can be seen, this profile also shows a
small amount of iine splitting caused by the preferential emission of
lzcﬁ.ﬁuclei into the backward direction in the center—pf—hass frame.
This splitting, however, is insufficient to account for the large’
splitting and deép dips observed in the accelerator data.

If we now consider gamma ray emission from nuclear interactions of
an isotropic distribution of energetic particles, then in addition to
the integrations over ei and ¢, equation (1) should be integrated over
6, and $o. Furthermore, for a distribution of particle energies, an
integration over E i; also required. We carry out these integrations by

choosing two additional random numbers, Rg and R;, and by solving for

E and cosp, from the equations

Ry CIEVNP(E;)O-(E’)dE’ - (15)
0

Il

(1+cos6,)/2, _ (16)

Y

Ry

where Np(E) is the number of energetic protons per unit energy, and

C is a novmalization constant; there is no need to evaluate ¢ explicitly

[}
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" because equation (1) depends only on ¢r"¢5' We then determine the gamma-
ray spectrum as before when E and eo were kept constant.
The results are shown in Figure 15 for an energy spectrum Hb(E),

o« E—Z and two choices of the angula; distribution of the gamma rays.

The solid line is for isotropic gamma ray emission, and the dashed line

is for the Sp's as given im equation (11) and (12). As can be seen,

there is no substantial'difference between these t§3 gpectra. In
particular the full widths at half maximum (FWHM) of these spectra are
"essentially ;denticél. This result implies that the effects of the
anisotropic gamma-ray emission which are very noticeable in the case of

a proton beam, are essentially smeared out when th$ distribution of the
energetic particles is disotropic. Therefore, in the subsequent discussion
and calculations we consider only isotropic incident_particle.&istributibns
and assume isotropic gamma-ray emission for the 4.438 MeV line as well

as fof all the other lines discussed in Section II. Some other observable
features in gamma-ray line shapes resulting from anisotropic particle—
distribution in solar flares have been discussed previously (Ramaty

and Crannell 1976, Kozlovsky and Ramaty 1977).

For the calculation of the 6.129 MeV line profile in (p,p’) reactions
we use data_ for dc/dQ* measured by Crawley and Garvey (1967) at 17.5 gev,
and by Austin et al. (1971) at 17, 29.5 and 46.1 MeV. The integrals required
in equation (13), based on these data, are shown by the dashed curves in
Figure 13. As for the 4.438 MeV line, we assume that dg/dﬁf is isotropic
for B<I2 MeV, and we use the 17 MeV data for the range 12<E<20 MeV,rthe
24.5 MeV data for 20$$<35 MeV, and the 46,1 data for 35sE<70 MeV.

Because of the lack of data at higher energies, we have used the 120 data

at 96 MeV (Stranch and Titus (1956) also for 160 in the range Ez=70 MeV,
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b. Lines from Interstellar Grainé

In calculating the pro?ilES}Qf the various gamma ray.lines discussed
in IT, we have to consider the effects of interstellar grains which can
lead to.very narrow line emiss%on (Lingenfelter and Ramaty 1977). This
line component is produced by deexcitation of interstellar grain nuclei.

As we have seen in Ila, the energy, Ey, of a gamma ray egitted
from a given nuclear level is Dopplér shifted from the rest energy E/

‘due to the recoil energy, .E., acquired by the excited nucleus in the
nucliear interaction. However, if this interaction takes place in a grain,
at the time of photon emission the recoil energy,E;,.could be smaller than
its initial wvalue, Er’ because of the energy lost by the excited nucleus
in the solid prior to deexcitation. The Wi&tﬁ of the gamma ray line could,
therefore, be sdbstantially decreased provided that the mean 1ife of the
level or of its radioactive parent (Table 1), and the distance from the

site of the interaction to the grain edge along the direction of the

recoil, are longer, respectively, than the slowing down time and the

stopping range of the excited nucleus in the grain material,

The rate of energy loss, dEr/dx, the mean rectilinear stopping range,
<K(Er)>,‘and the fluctuation in X due to stgaggling, (AX‘/X)2 are shown in
Figuré 16 for 160, ZéMg and 56Fe nuclei slowing down in water assuming
that the grains are predominantly ice. These quantities, however, are
not strongly dependent on the assumed grain composition. These curves
were derived by Bussard (1978) from the gompilations of Hortheliffe and
Schilling (1970) and Winterbon (1975). Typical recoil energies from

56Fe to several tens of keV for 160.

(p,p’) range from about a keV for
For a densityﬁof 1.5g cm.m3 such nuclei slow down in less than about

7x10"13sec over distances less than nlo_acm. By comparing with the mean
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]
lives listed in Table 1 and the expected sizes of interstellar graims, it
is evident (Lingenfelter and Ramaty 1977) that many lines could have
significant very narrow components.

In our calculations we consider spherical grains havingran exponential'
size distribution and containing half of the interstellar C, N, O, Ne and
S and all of the Al, Mg, Si, Ca, and Fe. For such grains, the probability
that a nuc%ear interaction takes place in a grain of radius between a and
atda is - |

. . _13 \

P(a)da = (6a0 ) a‘exp(-a/ay)da. a7
In’our calculations we take ag = 5%10™cm. We also assume that the
.energetic particle flux is isotropic, and that the matter demsity and
composition are constant throughout the grain. Then the probability that 'the

recoil nucleus traverses a distance to the edge of the grain between r and

rHdr is
P(r)dr = (12a2-3r2)/(16a3)ar. . (18)

In the Monte Carlo simulation for the calculation of the total
gamma~-ray spectrum we take into account the effects of interstellar grains

for all lines whose nuclear levels or radicactive parents have mean lives
1

longer than 10_13sec (Table 1). Each event in the simulation corresponds
to a muclear interaction in some target nucleus which has a recoil energy
Ep, caleculated from Equation (4.). If this interaction takes place in the
grain, we evaluate a grain radius from Equation (17), a distance to the
grain edge from Equation (18), a stopping range X = <> + Ax from Figure 16,
a A from a gaussian‘distribuéaon,,and a lifetime, tys from an exponential
distribution with mean life given in Tablé 1. If the nucleus stops-in the

grain (r>x), E; is evaluated trom
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E -
(ORGSR (19)

Ep
where p is the density and % therecoil velocity; this case includes
the possibility that Er' = 0, i.e. the nucleus stops before it deexcites.
Equation (19) is.'also used when r < X, provided that the nucleus deexcites

before it reaches the the grain edge, i.e. when

It (v taEs E s >ty (20)
Eredge
" edge . . .
ere,Er, » the energy of the nucleus at the edge, is obtained by solving
<x(r,28%) - X(E)> -1. (21)
If condition (20) is not satisfied, then Er' = Efedge’ i.e. the nucleus

leaves the grain in an excited state and deexcites later in the inter-

. . . . edge .
stellar medium where its energy remains essentially Er 8¢, M exception

is 26A£° whoge mean life, 3.4x10l3 sec, is longer than the stopping time
of this nucleus in the interstellar medium. Thus, for the 1.809 MeV line
from 26A&,decay we take Er’ = 0, independent of the grain size.

Having evaluated the effect of the grains on the recoil energy of
the excited nucleus, we evaluate the gamma ray energy, Ey{ from
Equations (2) through (9), with the transformation Er4Er' as deseribed

above.

¢c. Kinemztics of Other Nuclear Lines

We proceed now to e&aluate the spectrum-that results from the
superposition of all the gamma ray emission produced by the reactions
discussed in Section II.

We first discuss reactions induced by energefic protons and alpha

particles. The data and assumptions used to calculate the profiles of the

foin g3
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4,438 and 6.129 MeV line from (p,p').reactions were given in (IXIIa).

For all other (p,p’) and (p,n) reactioﬁs we assume that the angular
dependence of dg/dQ* is the same as that for the lzC(p:éf)lzck reacétion
shown in Figure 13. TFor (w,o’) reactions, we assume that do/d* is
isotropic. An can be seen from the cross sections of II, (e.g. Figure 2
for the reaction 12C(a,o/)120*), (@, ) reactions are important only at
projectiles énergies below about 10 MeV/nucleon. Im this energy range,
the data of Mitchel, Carter and Davies (1970), Morgan and Hobie (1970),
Blatchley and Bent (1965) and Correlli, Bleuler and Tendam (1959)
indicate that the (o,¢’) differential cross sections have considerable

. structuré with several maxima and minima, but on the average they can be
approximated by an isotropic distribution. As discussed by Kozlovsky and
Ramaty (1977), it can be assumed that dar/d is isotropic for the reactions
“He(a,n) 'Be* and “He(a,p) 1",

To calculate line profiles from spallation reactions, we in
principle need dafa both on dafdff.and on the distribution of Ys*"
because in reactions with more than two bodies in the final state, this‘
quantity is not a unique function of -the incident energy, E. But in the
absence of data on this distribution, we have assumed for multibody
processes that y = Yoo i.e. that the velocity of the recoil nucleus is '
the same as that of the center of mass. This assumption is different
from that made by Ra;aty et al. (1977), and it leads to a larger width
than found by these authors. From gamma-ray measurements, P. Dyer and
D. Bodansky (private communication 1977) have found that the FWHM of the
4.438 MeV line from 160 spallatjon is somewhat larger than 100 keV, a
result which is more consistent with the present assumption.

For all lines from levels with mean lives longer than 10—13sec we
%
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carry.out the transformation ErﬂEr' to take into account the effects
of interstellar grains as discussed in IT1b.

We estimate tﬁe energy distribution of the unresolved gamma-ray
lines of Né, Mg, Si and Fe from the méasurements of Zobel et al. (1968).
These authors have measured the energy distribution of gamma rays from

7A{,and SﬁFe by protons of various energies. Their

the bombardment of 2
results are quoted by Shima and Alsmiller (1970). These distributions
peak between about 1 to 2 MeV, with the magnitude of maximum becoming
more promounced with increasing target atomic number and proton energy.
-As we have discussed in IIc, the gamma rays at these energies arise
mainly from transitions in high-lying levels of the nuclei and their
spallation products. Indeed, from the measurements of Degnan et al.
(1973) we see that for a variety of target nuclei the photon multiplicity
increases with increasing excitation enérgy 6f the residual nuclei. Froﬁ
these multiplicities it follows that, on the average, the photdn energies
are in the 1 to 2 MeV range.

The energy distribution of the unresolved gamma-ray lines are
shown in Figure 17 normalized to gnit integral. The closed circles are
data for 56Fe based on the measurements of Zobel et al. (1968) at proton
energies of 31.4 MeV, and the open squares show the assumed gamma-ray
distribution for 2881 based on measurements of 27A{.at 30 MeV. We
expect the spectrum of unresolved gamma-ray lines to have a smooth
dependence on A, as is the case for the total cross section, cy, discussed

~

in IIc. Therefore, the measured spectrum of 27A£-shou1d be a .good

. . 28, - . R
approximation for 851. The open circles show our approximation for

Ne and Mg based on measurements from 27Ai,at 14 MeV., The choice of the
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A4 data at lower energies for Ne and Mg is based on the trend in the
data of Zobel et al. (1968) according to which the peak in the

-

1 to 2 MeV region becomes less prénounced for lighter targets and lower
incident -energies.

For the reactions induced by energetic heavy ﬁuclei we proceed
as follows.' For the two-body reactions we use, with the appropriate
transformations, the same ‘kinematics and data as for the co;responding
reactions induced by protons or alpha particles. For spdllation reactions,
we assume that the excited nucleus moves in the same direction and
with the same velocity as the incident heavy nucleus. For the unresolved.
lines we use the same data as for the corresponding reactions induced by
protons and alpha particles, but broaden the spectra shown in Figure 17
by assuming, as we just did for the spallation reactions, that the excited
nuclei move in the same direction and with the same velocity as the
incident nuclei.

-Inté?stellar grains have no effect on gamma ray lines from excited
energefic heavy muclei since the stopping ranges of.thése particles are
much longer than the dimensions of the grains. The 1.809 MeV line from
ZGA{,decay produced by energetic 26Mg, 27A{,and 28Si‘nuclei, however, will
be very narrow, because the energetic (<100 MeV/nucleon) ZGA{,stops'in
the interstellar medium of density n:l'HcmFB in a time shorter than its

mean lifetime.

d. Nuclear Gamma Ray Spectra and Intensities

Using the above data and assumptions, we have evaluated the total
gamma—-ray speétrum by employing for each of the reactions given in
<
Section II a Monte Carlo simulation similar to the one described in

IIIa for the "4.438 MeV line.
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For the ambient medium we use the abundances of Ross and Aller (1976)
shown in Table.2. For the energetic particles, we assume that all

particle species have the same energy spectrum,

n@E «

3 E>Ec 22
Const ; > 22

F<Ee

where Nj (E) is the number density of species i per unit energy per
nucleon interval around E, and s and E. are spectral parameters; steep
spectra correspond to large s and low Ec’ and flat spectra to low s or
large Ec' We use t;o sets of abundance ratios f0T the energetic particles
at the same E: solar abundances from Ross and Aller (1976) (Table 3,
colémn 1) and cosmic fay source abundances from Shapiro, Silberberg'

and Tsao (1975) (Table 3, column 2).

The results are shown in Figures 18, 19 and 20 for Ec =0 and s = 2,
3 and 4 and solar abundances, and in Figures 21 and 22 for s = 3 and-

Ec = 0 and 20 MeV/nucleon and cosmic ray abundances. There are 105
photons in each of these spectra, and they are binned into energy
intervals of widths ranging from 2 to -5 kev, as indicated in the figures.
Such widths are consistent with the energy resolution of Ge detectors
used in turrent and planned gémma ray astrophysical spectroscopy missions
(Lingenfelter and Ramaty 1978);

For comparison, in Figures 23 and 24-we ;how gamma ray spectra.
obtained by binning the éhotons into 100 keV intervals. In these figures,
we also use cosmic ray abundances for the energetic particles, and s = 3
and Ec = 0 or 20 MeV/nucléon. The solid lines show totdl spectra; while
the dashed lines are spectra produced by only the energetic heavy nuclei

(a=12).

Three line components contribute to the spectra of Figures 18 through
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24, There is a broad component from the deexcitation of energetic -
heavy nuclei which interact with ambient H and He, a narrow component
from ambient nuclei excited by energetic protoms and alpha particles,
and a very narrow component from deexcitation of those excited nuclei
that can come essentially to rest before deexcitation because. the

v

lifetime of the level, or its radioactive paremt, is long enough and-thg
ambient density high enough. The very narrow component is mostly due to
the interactions of protons and alpha particles with heavy'nuclei is
interstellar grains (Lingenfelter and Ramaty 1977).

The broad lines tend to overlap, and therefore only a few well
defined features can be distinguished in this component. Such features
are most ﬁoticeable for steep particle spectra and cosmic ray abundances,
and can be seen, for exsmple, in Figures 21 and 23 at about 0.85, 1.3,
1.7, 4.4 and 6.2 MeV.

Many narrow and very narrow lines are superimposed on the continuum
defined by the broad component. These are particularly numerous if the
energetic particles have the same composition as the ambient medium
(Figures 18, 19 and 20); if the relative abundances of heavy nuclei are
e;hanced‘as in cosmic ray sources, then the underlying continuum becomes

higher, and therefore fewer narrow and very narrow lines can be seen

(Figures 21 and 22).

—ry

The strongest narrow line is at 4.44 MeV resulting from deexcitations

of excited states in 120 and 1

1B {Table 1). Because of the short mean
lives of these levels, the 4.44 MeV line has no very narrow component.
However, the -second strongest line, at 6.129 MeV, has a prominent very

narrow component which can be clearly seen in Figures 18 through 22.

In addition, there are many other lines which exhibit very narrow components.
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The strongest among these, at 0.847 and 1.238 MeV from 5'E'}E‘e, at 1.369 MeV
from 2MMg, at 1.634 MeV from 2ONe, ard at 1.779 MeV from 20Si, are
visible even for a cosmic ray compo;ition, as can be seen in Figures
21 and 22, The 1.809 MeV line from ZGAL decay is very prominent in Figure 22.
This line is produced ﬁn the interstellar medium which slows down the
-excited 26A{pnuclei gssulting from energetic 28Si, ZTA& and 2"SM‘g before
they decay into the 1.809‘MeV level of 26Mg.

The production rates, q, of the 4.44, 6.129 and 0.847 MeV lines
and of the total nuclear radiation, normalized to the energy density,
W, in energetic particles and‘lH atom.in-the ambient medium are shown
in Figure 25. These results\are based on solar abundances for both the
ambient medium and the energetic particies. For the 4.44, 6.129 and
6.847 MeV lines, the q's of Figure 25 are those resulting from proton
and alpha interactions, i.e. the narrow component of the 4.44 MeV
line and the sums of the.narrow and very narrow components of the other
two lines. TFor the total, q is the sﬁm of the.production rates of photons
of all energies in all three line components.

As can be seen from Figure 25, the gq/W's are maximal for a given
s when E. is between about 10 to 30 MeV/nucleon. This is due to the
fact that the nuclear cross seci:ions peak in this energy region.

The production rates,.q, can also be normalized f& the energy
deposition rate, W, of the energetic particles in the ambient medium.
The ratios q/ﬁ are shown in Figures 26 and 27 for a neutral and tonized
_ambient medium, respecti;ely. As in Figure 25, the q's are the broduction
rates of the narrow 4,44 MeV and narrow plus very narrow 6.129 MeV line,
and both the ambient ‘medium and energetic particles have solar abundances.
The energy loss fates in .a neutral medium of 90% H and 10% He are from

Northcliffe and Shilling (3970) and Barkas and Berger (1964). The energy

loss rates in an ionized medium are from Ginsburg and Syrovatskii (1964)
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calculated for a temperature of 10%K and electron density lem™, As can

'be seen, in a neutral medium q/ﬁ is larger by about a factor of 4 than

in an fonized one, because for a neutral gas W is smaller by this factor.
By comparing Figures 26 and 27 with Figure 25, we see that\the~q[ﬁls

tend to peak at higlier Ec ﬁhan q/W. This is dué to the fact that the
energy loss rates of fast particles increase very rapidly as their
energies decrease.

The ratio of the production rates of the narrow plus very narrow
6.129 MeV line to the narrow 4.44 MeV line is shown in the upper panel
of Figure 28 as a function of s and Ec forbsolar abundances. As can
be seer, this ratio is quite insensitive to the spectral parameﬁers, its
value ranging from about 0.3 to 1.

The production of ﬁﬁclear gamma ray lines by energetic particle
interactions is accompanied by positron production from the decay of
radioactive positron emitters. Such positron production has been treated
in comsiderable detail by Ramaty et al. (1975). We have updated the
ecross sections used by these authors, and we have added several new

%
160 6.052 and 5600. We shall present a detailed

positron emitters such as
discussion of positron production elsewhere. Tn the lower panel of

Figure 28 we show the ratio of positron production to the narrow 4.44 MeV
line production as a function of s and Ec for solar abun&ances. We note
that q+/q4.44 is not a strong function of the spectral parameters. None-
theless, for extreme flat spectra, this ratio is larger by about a factor
of 6 than for very steep spectra, reflecting the fact that positron
producti&n does not drop off at high energies as does the cross section

for 4.44 MeV line production (Figure 2). We note that q, in Figure 28

does not include positron production from m+ decay.


http:q+/q4.44

Iv. AN ASTROPHYSICAL, SOURCE: NUCLEAR GAMMA RAYS FROM THE INTERSTELLAR

MEDTUM

Detectable nuclear gamma ray line emission may be produced by énergetic
particle interactions in various sources. Nuélear gamma ray production in
solar flares has been treated in detail by Ramaty et al. (1975, 1977) and
other sources which could be observed in gamma-ray lines have been revie%ed
recently by Lingenfelter and Ramaty (1978). 1In this section we shall apply
the tﬂeory developed in the previous two sections to the nuclear gamma ray
‘line emission resulting from low energy (<100 MeV/nucleon) cosmic ray
interactions with the interstellar gas and dust. We calculate the expected
line intensities and we compare our results with previous estimates, as
well as with reported observations of nuclear lines from the galaxy. We
shall also compare the calculated nuclear line intensities’with other diffuse
lines expected from annihilation of positrons from various sources and ‘from
the decay of longﬁlived-g>105yrs) radioisotopes synthesized in novae and
supernovae.

Gamma ray line emission from cosmic ray interactions in the interstellar
medium should constitute a spatially diffuse galactic source with maximum
intensities in the galactic plane in the general direction of the galactic
center, reflecting the distributions of matter and energetic particles along
the line of sight. The intensgity in any particular direction depends
primarily on the distributions of the density and composition of interstellar

matter, and the energy demnsity, spectiﬁm and composition of low energy cosmic
rays. '$he intensity of the very narrow line component also depends on the
size, composition and distribution of the dﬁst grains.

Alt+hough these distributions are at bhest only poorly knowm, the line

intensities can be calculated from the measured (Fichtel et al., 1975; Paul

et al. 1978) intensity of high energy galactic gamma rays and the comparison
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of the relative emissivities of nuclear lines and these gamma rays. A

large fraction of the ﬂigh energy gamma rays are believed to be due to

the decay of 7° mesons produced by the interaction of high energy (5100 MeV/
nucleon) cosmi¢ rays with interstellar mattei. The nuclear line intemnsities
are further constrained by-x—ray and low energy gamma ray observations. The
x~ray observations can set limits qn.khe column depth in the galactic plane
of 0 and heavier elements through studies of the absorption of radiation

from x-ray sources (Ryter: Cesarsky and Audouze 1975); x~ray observations

can also limit low energy cosmic ray fluxes through investiggtions af the
nonthermal 6.8 keV iron line produced b& charge exchange of energetic iron
ions with interstellar gas (Bussard, Ramaty and Omidvar 1978). A further
limit on the individual nuclear line intensities is given by upper limits

on the total gamma ray emission from the galactic disc in the MeV region
(Gilman et al. 1978). We shall discuss these constraints below together with
mich more model depéndent constraints related to the ionization of the inter-
stellar medium and Li production. But first we set up the formalism for
calculating the intensities of the nuclear lines.

Let q; and qﬂo be the emissivities per H atom of gamma rays in a nuclear

iine i and from o° decay, respectively, as functions of galactocentric .radius,

-

w. The fluxes that result from these emissivities, integrated over galactic

latitude, b, at a given longitude, g, can be written as

1,00 = e [0 ab [* °°F Par o (0, () (23)
-10° o .
and
T @) = q_o(0)/bn floodb b cot b4y 1, () qpe (0)/qpe(0), (24)
-10° o

where r is the distance from the observing point along the line of sight,

n, is the number density of protons (in both atomic and molecular form)
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at , and qnote) is the local 7° decay emissivity (i.e. at,m=$e = 10 kpc).

The relationship between r, £, and  is @ = Gngitz;zw@r.cos{)ﬁg the limits

of integration on b are consistent with presently used gamma ray line detectors,
Let W(y) be the energy density in low energy cosmic rays as a function

of galactocentric radius, and ﬁ(e) the local energy density in- these

cosmic rays. If we assume that the low and high energy cosﬁic rays have

tﬁe same spatial distribution in the galaxy, and if their .energy spectra

are spatially indepgndent, then |
W) /W(®) = qnoﬁu)IQﬁ(G)- (25)

From equations (23), (24) and (25) we obtain that

L) = W) T .(1)/q o (@)<q;/W>, (26)
where <qi/W> is the emissivity in line i per H atom per unit . energy
density averaged along the line of sight.

We shall use équation {(26) to calculate the fluxes of the wvarious
gamma ray lines. TFor W(B) we take the nominal value of leV/cm3, roughly
equal to the measured ;nergy density of the high energy cosmic rays. The
energy density ip low energy cosmic rays outside the solar system is
not known because solar modulation excludes these particles from the inner
solar system (e.g. Goldstein, Fisk and Ramaty 1970).

The seco?d term in equation- (26), Iﬁolqn° follows from high energy
gamma ray observations and theory. The high energy gamma ray spectrum
has been measured by Paul et al. (1978) from several directions in the
galaxy. We shﬁll\use their data from the -general direction of the galactic
center, integrated over aﬁoﬁt +10° of galactic latitude from 355° to 15° of
galactic longitude., This data is shown in Figure 29.  The general longitude

dependence of the galactic high energy gamma rays was determined by

Fichtel et al. (1975). For galactic longitudes between about 330° to 30°,
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the high energy gamma ray intensity is constant to within a factor
of 2. At gamma ray energies'less than about 200 MeV the spectrum can

be fitted by a rr°-decay -gamma ray spectrum plus an apparent electron

>

bremsstrahlung component which we shall dlscuss below. But above 300 MeV
the measured spectrum is consistent with that expected (e.g. Stecker 1976)
purely from °-decay gamma rays (see Figure 29). Normalization.of the

measured flux at these energles to the calculated 11°~decay spectrum gives

20 H atom/(cmzrad) for longitudes g near the galactic

L o(2)/q _o(8) = 5x10
center,

The emissivities per unit energy density, <qi/W>, depend on the
compositions of interstellar matter an@ low energy cosmic rays, and the’
energy spectrum of these coémic rays. We first consider the éomposition of
interstellar matter.

There ﬁay be eyidence for large radial gradients in the télative ébundance
of elements iﬁ our galaxy, based on observations of HIL emission nebulae
in both our déwn and other spiral galaxies (e.g. Searle 1971, Shields
1974, Smith 1975, Peimbert 1975, and Peimbert, Torres-Peimbert and Rayo
1978). Such composition gradients are expected from galactic evolutionary
models (Tinsley and Larson 1978).' Within a few kiloparsecs!/ of the Suﬁ,

Peimbert et al. (1978) find radial gradients for O an& N of 4 Tog (O/H)/dy =

0.13 10.04 kpc_l and d log (N/H)/dy = 0.23 +0.06 kpc“l. Measurements
(Burton 1976) of the longitude-velocity distribution of CO emission
suggest a maximum in the mo%ecular density in a region at galactoecentric
radius of 4 to 6 kpc. Since it is believed (Stecker 1976) that a major
fraction of gamma rays from n° decay are %reduced in this region, we -
calculate <qi/W> for O/H and N/H at ¢ = Skpc. From the local abundance

gradients, these ratics should be larger than -solar system abundancés by

. factors of A5 and .15, réspectively. The solar system abundances and the
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assumed ambient medium abundances at 5kpf are shown in the first and
third columns of Table 3. 1In the latter, the abundances of all elements
heavier théq He, except N, are larger by a factor of 5 than solar system
abuﬁaances; the N abundance is larger by a. factor of 15.

The assumptions regarding the enr;chment of heavy elements in the
interstellar medium are limited by the column density.of these elements
as determined by interstellar absorption of x rays, and by the lower limit‘
on the hydrogep column density 6btained from 21lcm observations. The column
density of 0 is about 7x1019cm2 (Tucker et al. 1973, Ryter, Cesarsky and
Audouze 1975), while that of H should be greater than n;pzzcmz, the value
obtained from 2lcm emission. These two column densities would allow a

maximal ‘O/H ratio larger by about a factor of 10 than the solar 0/H. The
enrichment facéor of 5 used in Table 3, however, is more consistent with
the presence of comparable amounts of atomic and molecular hydrogen along
the line of sight.

We next cénsider the composition of the low energy cosmic rays. Since
this cosmic ray component has not been directly observed, we base our
assumptions about its composition on information obtained from the high
energy component. The composition of high energy cosmic rays at their
sources has been calculated by several authors (e.g. Shapiro et al. 1975).
From these calculations we assume a low energy cosmic ray composition as -shown
in the second columﬁyof Table 3. It is believed that the cosmic rays observed
near Earth reflect galactic conditions in a region extending to a distance
of not more than'~1 kpc from the solar system (e.g. Ramaty, Reames and -
Lingenfelter 1970). In the fourth column of Table 3 we present a possible

cosmic ray source composition at 5kpc, where we assume that the abundances

of nuclei heavier than He are enhanced relative to local cosmic ray source



58

abundances by the same factors as the ambient medium, i.e., by a factor
of 5, except for N whose abundance is enhanced by a factor of 15.

In ‘our subséquent calculations we shall consider four combinations
of abundanc; ratios, which we shall refer to as cases (1) through (4). For
case (1) both the ambient medium and iow energy cosmic rays have solar
ébundances; for case (2) the ambient medium has solar abundanées and the
cosmic rays have local cosmic ray source zbundances; for case (3) both‘.
the ambient wedium and the low energy cosmic rays have the saﬁe composition
as the enhanced ambient medium composition at 5kpe; a&d for case (4) the
ambieng: medium has the sawe composition as for (3), but the cosmic rays
have an enhanced cosmic ray source compssition.

The dependence of qi/W and ﬁi/ﬁ on the spectral parameters of the
energetic particles, s and Ec; was treated in ITId for solar abundances, and
the results are shown in Figures 25, 26 and 27. 1In Table 4 we present
<q/W> and <q/W’ for the narrow and broad 4.44 MeV lines for cases (1) through
(4), and s = 4 and Ec = 20 Mev/nucledn which essentially maximize these
emissivities; W in this table is calculated for a neutral ambient medium. As
can be seen, q/W and q/ﬁ increase, in general, with increasing relative
abundance of the heavier nuclei. But this increase is not linear, because
for large heavy element é%un&ances in the-energetic particles, a large
fraction of W and W are due to the heavy nuclei themselves. The contribution
of nuclei heavier th;n He to the total W is about 1.5%, 14%, 8% and 47% for
cases (1), (2), (3) and (4}, réspectiﬁ%ly, and their contribution to ﬁ is
7%, 51%, 29% and 84%, again for cases (1) through (4), respectively. Thus,
for casé (4); for example, half the energy density and almost all the energy

loss of the energetic particles is due to nuclei heavier than He.
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Also shown in Table 4 is the ratio oé positron production to the
total ‘(narrow + broad) 4.44 MeV line production. As can be seen, this
ratio is esseﬁtially independent of the assumed abundance combination,
since both the positron emitters and the 4.44 MeV photons are produced pre-
dominantly from C, N and O.

For the|comparison'of the calculations with the data of Haymes et al.
(1975) and Gilman et zl. (1978), we also need the production rates of the
total nuclear radiation, q(tot), and thé production rates of gamma rays
in the energy bands from 0.6 to 5.2 MeV, q(0.6=5.2), and 4.09 to 4.79 MeV

q{&.09-4.79). TFor s=4 and Ee = 20/HeV nucleon and cases (3) and (&), respe
24

tively, <q(tot)/Ws> = 1.4x10 ~ and 6.0x10—24 photons/ (sec Hatom eV cm_3);

0.72 and 0.80; and q(4.09-4.79)/q(tot) = 0.17 and 0.085.

q(0.6-5.2)/q(tot)
Having discussed the three terms that are required to evaluate equation

(26}, we now\proceed to calculate the fluxes of gamma ray lines from the
general direction of the galactic center. By substituting W(8) = 1 eV/cm3

and Iﬂg(L)/qno({) = 5x1020 Hatom/cmzrad into this equation, we evaluate

the fluxes of the narrow 4.44 MeV line, the narrow plus very narrow 6.129 MeV
and 0.847 MeV lines, and the 0.511 MeV line for cases (1) through (4). The
results are given in Table 5 for s=4 and Ec = 20 MeV/nucleon. For the

0.511 MeV line, we take a photon-to-positron ratio of 0.6. This ratio 1is based
on éhe calculations: of Bussard, Ramaty and—Drachman (1979) who %ind that in
-the interstellar medium about 93% of the positroms should annihilate from
bound states of positronium with ; 0.511 MeV photon-to-positron ratio of 0.5,j
and the remainder by direct annihilation with a ratio of 2.
— The calculated line intensities given in Table 5 can be compared with
earlier calculations. TFor the narrow 4.44 MeV line, for example, Meneguzzi

and Reeves (1975) find an intensity of 5}:1{)“4 photons/cmzsec sr MeV if the local

local low emergy cosmic rays have an energy density of ~ 0.4 eV/cm3.
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Since the width of the 4.44 MeV line is 110 keV and the thickness in
latitude of the galactic ridge is about 4°, this intensity yields a

flux of ~4x10H6 photogs/(cmgsec rad) which is smaller by about a factof of

3 than our predictions of (1.2 to 1.3)x10-5 photons/cm?see rad for local
conditions (cases 1 and 2). This difference is due to the lower energy
density used by these authors, and the loﬁer q/W resulting from their

choice of spectral parameters (Ec = 5 MeV/nucleon and s = 3.5 and 5.5).
Meneguzzi and Reeves (1975) chose these values to limit the rates of ioniza—

tion of interstellar H and 7Li production (by .the reactions 4He.(a,p)7Li and

-15 27

4He&&qﬂ7Be) to 2x10 (H atom sec)_l and 3x10 °' (H atom sec)_l, respectively.

" For the choice of parameters of Table 4 (s=4, Ec = 20 MeV/nucleon) and W(B) =

15 1

1 eV/cmB, the rate of ionizationm is 1.6x10 —~ and 2.6x10 5 (B atom sec:)_'l

for cases (1) and (2), and the rate of 7

2

Li production (using the cross sections

6 {H atom sec)_l for both these cases. Thus, our local

s - . . A s ~15 . o
conditions do mot conflict with an ionization rate of .10 ; the 7L1 production

of Figure 1) is 6x10

could be reduced by a lower alpha particle abundance in the low emergy cosmic
rays and a steééer energetic particle spectrum. Furthermore, processing of
interstellar matter through stars could destroy some of the 7Li, and the
infall of extragalactic gas could introduce further uncertainties in the
problem of the origin of this isotope (see Reeves 1978).

The calculated 4.44 MeV narrow line intensity for cases (3) and (4)
in Table 5 are larger by about an order of magnitude than that calculated by

{

Meneguzzi and Reeves (1975), mainly due to the enhanced abundance of elements
heavier than He along the line of sight.

Bussard et al. (1978) have related the production of nuclear gamma rays

to x-ray iron line production, 9 g° resulting from charge exchange of

low energy cosmic rays with interstellar matter. For the abundances of case
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(2), and s=4 and E, = 20 MeV/nucleon, they find that 1, 44(narrow)/q6 8
4

is about 4.5x10 '. This ratio also applies to case (4), since 4.8 depends
only weakly on the ambient medium abundances (Buésard et al. 1978 and
R, W. Bussard private communication 1978) and both7q6.8 and U 44 scale
linearly with the cosmic fa§ abundances. Thus from Table 5, the 6.8 keV
flux for case (4) should be .. 0.1 photons/cmzsec rad, or ~0.02 photons/cmzsec
from a longitude interval of 13° around the galactic center. This is con-
sistent with the upper limit of 0.024 given by_Bussard et al. (1978) for
that region.

The nuclear line emission discussed above is superimposed on the possible
bremsstrahlung continuum that is apparentl& required to ?ccount for the

A

difference between the observed high energy gamma rays and the °

decay
spectrum at energies between about 50 and 300 MeV (see Figure 29). It should
be noted, however, that unresolved discrete sources (Higdon énd Lingenfelter
1976, Bignami, Caraveo and Maraschi 1978) may alsc sccount for some of the
observed high energy gamma ray emission.

The btremsstrahlung flux shown by the dashed line in Figure-29 has a
numerical value given by SXIOHAEY_l'G‘photons/(cmzsec’rad MeV). TIf the
electrons that produce this flux have the same spatial distribution as
q“oGD)/qno(O), then the local bremsstrahlung emissivity, qB,.and the corres-—
ponding local electron intensity, je, are
by -1.6

qB(Ey) =&0_2 *” photons/ (H atom sec MeV), 27)

and

6

je(E) =4 EJ" electrons/(cmz‘sec sT Mev); (28)

equation (28) is obtained from (27) by using the bremsstrahlung formula
given by Ramaty and Westergaard (1976). This local electron intensity, je’

joins smoothly at. about 200 MeV with the electron intensity.deduced by
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Goldstein, Ramaty and Fisk (31970) from the galactic nonthermal radio
emission. However, a power law extrapolation of je to energies below
about 50 MeV is not required by the gamma ray data; nor is it required by
the galactic nonthermal radio emission. '
The resulting sums of the nuclear and bremsstrahlung fluxes are shown
in Figures 30 and 31 for the abundance combinations'of cases (3) and (4),
respectively. Many narrow and very narrow lines are visible, especially
in Figure 30 where the ambient medium and low energy cosmic rays. have the
same composition. The intensities of the strongest lines are given in
Table 5; case {3) corresponds to Figure (30) and case (4) to Figure 31.
The width of the 4.44 MeV line is about 110 keV and this line has .no very
narrow component. The very narrow component of the 6.129 MeV line contains
about 20% of the line photons for our assumed conditions (grains with mean
radius a, = 5x10—5cm containing half the interstellar 0). But the relative
importance of the very narrow component @epends strongly on the fraction of
0 locked in grains, on the grain sizes, and on the spectrum of the energetic
particles, as discussed in ITIb. The width of very nerrow grain lines is
determined principally by differential galactic rotation. In Figures 30 and
31 all of the photons of the very narrow 6.129 MeV line are in a 5 keV bin,
and about 80% of the narrow plus very narrow 0.847 MeV line photons are in a
2 keV bin. Otﬁer potentially detectable lines éeen in these figures are at
i.238 MeV from 56Fe, at 1.369 MeV from 24Mg, at 1.634 MeV from 2ONe, at
1.779 MeV frém 2851, at 1.809 MeV from 26Mg and at 2.313 MeV and 5.105 MeV

from 14N.

The 0.511 MeV line fluxes in Figure 30 and 31 are 6x10™ and 1.7x10 "
photons/cmzsec rad, as given also in Table 5, In these figures, all the

0.511 MeV. photons were  placed in a 2 keV energy bin, as indicated. Such a
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narrow line width would result from positron annihilation in a partially
ionized gas (Bussard et al. (1979). For annihilation in cold clouds,
however, these authors find that the FWHM of the 0.511 MeV line is about
5 keV.

Although many of the very narrow gamma ray lines shown in Figures
30 and 31 may be observable only with high resolution detectors, the
strongest lines and line complexes should be observable with detectors of
much lower energy resolution. This can be seen from the nuclear gpectra
shown in Figure 29, which are the same as those shown in Figures 30 and
31 except that they are averaged over broader energy bins as indicated in
the figure. Even with such low energy resolution considerable structure is
still quite evident. Prominent lines at 0.5 and 4.4 MeV and a broad feature
between sbout 1 and 2 MeV can be seen for case (4). TFor case (3), line
features at approximately 0.85, 1.3, 1.7, 2.3 and 6.1 MeV can also be seen.

The nuclear lines resulting from low energy cosmic ray interactions
can be compared with other diffuse ihterstellar gamma ray lines which are
expected from decay of radioisotopes synthesized in supernova and nov;
explosions and from annihilation of positrons ﬁroduced both by decay of
such radicisotopes and by other proceéses.

The most important of such radioisotopes thought to be synthesized in
supernovae fclayton, Colgate and Fishman 1969; Clayton 1973: Raégty and

Lingenfelter 1977; Arnett 1977) are 26A@, which produces a line at 1.809 MeV,

and 60Fe with lines at 0.059, 1.173 and 1.332 MeV. Following Lingenfelter

and Ramaty (1978), we take the production rate of these isotopes at the
present epoch to be about 10% of the average rates required to produce over
the age of the galaxy 0.1% and 1% of the galactic 26Mg and 60Ni abundances,

respectively. The flux in each of the above four lines is then about

7x10"5 photons/(cmzsec rad), comparable to our highest predicted 4.44 MeV flux
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from low energy cosmic ray interactions. The widths of the 26AL and 60Fe

decay lines are about 0.3% of the line energy, resulting primarily from
differential galactic rotation. The estimated fluxes per unit energy
intervai in -these lines are ﬁhere?ore quite strong; the 1.809 MeV line
from radioactivity produced in supernovae could be stronger by about an
order of magnitude than the line at this energy resulting from cosmic ray
inﬁeractions (Figure 31).

Accretion from a large, cool companion onte a white dwarf leading to
thermpn;clear runaway ‘in- the CNO cycle has been suggested as the cause of
novae (e.g. Starrfield et al. 1972). If so, novae could also be sources
of gamma-ray line emission from the decay of synthesized radionuclei (Clayton
and Hoylé 1974). The easiest line to detect should be at 1.275 MeV from 22Na
decay with a mean life 3.8 years. Since the estimated nova rate is ~.20/year,
the time between nova explosions in the galaxy is much shorter than the 22Na
mean life. Thus, a detector with a broad field of view observing tﬁe galactic
plane in the direction of the galactic center should observe diffuse emission
at 1.275 MeV. Tor a 22Na yield per nova of 1048 nuclei (Truran, Starrfield
and Sparks 1978) and the above nova rate, the intensity of the 1.275 MeV

line should be -comparable to the intensities of the ZGAL and 60Fe lines

given below.

’
B

The decays of 26A& and 22Na are accompanied by poéitron emission
with 0.85 and 0.9 positrons per 1.809 and 1.275 MeV photomns, respectively.
Taking, as above, 0.6 photons per positron in the 0.511 MeV gamma ray line
(because of positronium formation), we find that these decays should produce
a 0.511 MeV line with intemnsity of about YXlQ_Sphotons/cmzsec rad. This is
comparable to the 0.511 MeV line intensity resulting from low energy cosmic

rays for cases (2) and (3), and is about half the value produced by cosmic
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rays in case (4) (see Table 5). Positrons in interstellar space could also
originate from pulsars (Sturrock 1971), and from shorter lived radioisotopes

such as 44Ti (Clayton 1973).

We now compare these calculations with the available observations.
Haymes et al. (1975) have observed gamma réy lines from the galactic
center at 0.53 +0.01 MeV and 4.6 +C.1 Me# with fluxes (8.0 -_!-:2.3)::10—4 and
(9.5 i:i.7)x10_4 photons/cmzsec; reépectively, and a feature between 1.2 to
2 MeV with flux (2.6 jp.6)x10-3 photons/cmzsec. The detector had an opening
angle of 13° and was centered on the galactic center. The measured width
of the~4.6MeV line was about 0.7 MeV, larger than. the detector resolution.

Line emission above about 4 MeV should be due to energetic particle
reactions; other mechanisﬁs, such as decays of long lived radicactive nuclei
from processes of nculeosynthesis are not expecte& to prod;ce lines at these
high enerpies . For low energy cosmic ray interactions in the interstellar
-medium, the caléulated diffuse fluxes (Figure 29) in a 0.7 MeV energy bin
around 4.44 MeV and in a longitude interval of 13° are 2.6x10—5 and 5.8X10—5
photons/cmzsec, for cases (3) and (4), respectivély. ‘This assumes that the
gamma ray intensity is essentially‘independent of longitude within 1 radiag
of the galactic center, based on the rough constancy of the high gnergy'
gamma ray intensity in this longitude interval.

These calculated fluxes are smaller than the observed flux at
4,6 +0.1 MeV by more than an order of magnitude. Similarly, the calculated
fluxes in the broad feature between 1.2 to 2 MeV and in- the 0.51 MeV line
are also much lower than those observed. But the line ratios, nonetheless,
are consistent, within errors, with the ratios expected from energetic
particle reactions.

To increase the fluxes calculated for low energy cosmic ray interactions

te values that would match the observations would violate the comstraints

discussed earlier. Thus, it is unlikely that the lines observed by Haymes
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et al. (1975) are produced by such cosmic rays in the interstellar medium.

Additional information on the nature of the source of the lines
observed by Haymes et al. (1975) can be obtained by comparing these obser-
vations with the data of Gilman et al. (1978) shown in Figure 29. From
measurements on board Apollo 16, they have set an upper limit of 1.2x10'_2
photons/cm?sec on the gamma ray emission from the galactic disk in the
longitudg inter§a1 ~50° to 22°. This uﬁper limit can be compared with the
data of Haymes et al. (1975) as follows. .

The measured flux of 9.5x10—4 photons/cmzsec at ~4.6 MeV in the energy inter—_
val Ab;7 MeV and longitude interval of 13° (Haymes. et al. 1975) implies a
total nuclear gamma ray flux from 0.6 to 5.2 MeV of 4.0x10-3 and 9.0310—3
photons/cmzsec in the same iongitude interval, for cases (3) and (4) respec-
tively. Tﬁese values are lower than the upper limit of Gilman et al. (1978)
and hence consistent with it as long as the.lonéitude distribution of the
nuclear gamma rays is sufficiently strongly peaked toward the galactic center.
However, if the nuclear gamma rays have the same longitude distribution as
the high energy gamma rays (Fichtel et al. 1975), the fluxes of nuclear
radiation from 0.6 to 5.2 MeV in the longitude interval -50° to 22° should
be about 2x10_2 and 4.5x10_2 photons/cmzsec for cases (3) and (4), and these
are lafger than the upper limit of 1.2}:10'—2 photons/cmzsec (Gilman et al.
1978). We conclude that the nuclear radiation reported by Haymés et al.
(1975) is mostly confined to longitudes not exceeding the interval of about
13° around the éalactic center. The possibility of producing nuclear gamma
rays by a massive black hole at the galactic nucleus was suggested by
Lingenfelter, Higdon and Ramaty (1978).

Leventhal et al. (1978a,b) have recently made high resolution spectral
measurements of positron annihilation radiation from the galactic center.

The observed line at 0.511 MeV line has an intensity of (1.21 ip.ZZ)xlO—S
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photons/cmzsec), and a FWHM of less than 3.2 keV. There is also evidence.
for the 3-photon continuum from triplet positronium annihilation. The
detector used had an opening angle of 15° centered on the galactic center.
The observed line intensity is consistent with the lower resolution
measurements of Haymes et al. (1978) of the line at 0.53 MeV.

By the same argument as presented above for the 4.4 MeV line, the
0.511 MeV line intensity measured by Leventhal et al. (1978a, b) is also
much gréater than that expected for diffuse emission from the interstellar
medium. The iIntepsity of the 0.5311 MeV line from low energy cosmic ray

> and l.7x10_4 photons/émzsec rad, for

interactions is, from Table 5, 6x10
cases (3) and (4), respectively., Since the intensity of this line from
26 22 . -5 . 2 0 .

Agand “"Na decays is ~7x10 T photons/em”sec rad; as discussed above, the

total 0.511 MeV line intensity from diffuse emission is about l.3x10‘4

and
2.4}:10-'4 photons/cmzsec rad for these two cases. If we assume that tﬂe
longitude dependence of this emission is the same as that of the high

.energy gamma rays, as we did for the 4.4 MeV line, th;n we obtain 0.511 MeV
line fluxes of 3.4X10_5 and 6.3x10_5 photons/cmzsec in the longitude dnterval
of 15° around the galactic center, -for the above two cases, respectively;
these values are much smallef .than the observed flux.

The origin of the positrons responsible for the observed 0.511 MeV
line is not known, and all the mechanisms discussed above (see also
digcussion by Ramaty 1978) codld be possible candidates.

If, however, the positrons are produced predominaﬁtly in energetic particle
reactions, then the 0.511 MeV line should be accompanied by strong nuclear
l1ines such as the 4.44 MeV line from 120 deexcitation. 'The observations of
Haymes et al. (1975), discussed above, would support this possibility as we

shall show, but these measurements need to be confirmed by independent

observations.
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The relative.intensities of the measured positron annihilation and

1 . . . . . . . .
2C deexcitation lines are consistent with energetic particle reactions.

For s=4 apd Ec = 20 MeV/nucleon, the rat;o of positron production'éo gamma
ray production in the 0.7 MeV interval around 4.4 MeV is 0.82 and 1.1, for
cases (3) and (4), respectively; for 0.6 gamma rays in the 0.511 MeV line
per positron, the ratio of the 0.511 MeV line to these gamma rays is 0.5
and 0.65 for these two cases. The observed ratio is 1.27 +0.42, if we use
the Leventhal et al. (1978a,b) flux for the 0.511 MeV line, and 0.84 +0.34,
Af we use the flux given by Haymes et al. (1975) for the lime at Ab.S3 MeV.
(The line at % .6 MeV was measured only by Haymes et al. 1975). The latter
ratio is consistent, within errors, with the calculations, while the former
would allow some additional positrons from sources other than energetic
particle reactiomns. But im any event, the positive detection of a 4.4 MeV
line with intensity‘gomparable to that observed by Haymes et al. (1975) would
impiy that a major fraction of the positrons are produced in energetic
particle reactions.

| As discussed above, the source of the nuclear radiation responsible
for the lines observed by Haymes et al. (1975) should have a small angular
size («13°) since otherwise there is a conflict between the observed line
intensities and the upper limits of Gilmaq et al. (1978). A similar argu—
ment can be ﬁade for the source of the 0.511 MeV line if the positrons are
produced by energetic particle reactions. Moreover on the basis of the
very narrow observed width of the 0.511 MeV line, Bussard et al. (1979) find
that a large fraction of the positrons should ammihilate in an ionized
medium,'and a possible implication of this result is that the positrons
originate in a point-like source at the galactic center and amnihilate

in the HII regions close to the galactic nucleus. The size of the 0.511 MeV

"line source would in this case be less than about 2°. Johnson and Haymes (1973)



69

have observed the galactic center during a lunar occultation and found a
2.3 standard deviation decrease of the Q.44 to 0.54 MeV flux during the
occultation. This result also suggests a small (0.5°) angular size‘for
the source of ,the 0.511 MéV line.

If the bulk of 0.511 MeV line is from nuclear reactions of energetic
particles, we can calcﬁlate from Tdble 4 the rate of energy deposition;
associated with the production of the positrons. This amounts to approxi-
mately 1 erg per 0.511 MeV photon for cases (3) and (4), so that the
observed flux requires the deposition of ~1043 erg/sec. For a source size
less than about -2° ‘this energy deposition’rate is larger than the infrared
luminosity of the galactic center (Hofmann, Frederick, and Emery 1971) by
about an order 6f magnitide. 'Somé of the excess energy could be in fhe form
of mass motions (Oort 1977) or lost béyond the event horizon of a massive
black hole (Lingenfelter et al. 1978). Less energy deposition, however, is
required if the positrons are produced from radioisotopes synthesized in

supernovae {e.g. 44Ti) or by pulsars. The key to the question of the origin

of the positrons is the detection of other gamma ray lines?that are character-

-

istic of the prevailing positron production mechanism.
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Ve SUMMARY.,

We h%ye studied the productiqn of gamma ray lines from the interaction
of energetic-particles with the abundant constituents of cosmic matter,

We considef the reactions induced by energetic protons and alpha particles
in ambient nuclei (He, C, N, 0, Ne, Mg, A%, Si, S, Ca and Fe), and the
inverse reactions in %hich energetic nuclei interact with ambient H and

He. We have evaluated the lipe production cross sections by analyzing

a large body of laboratory nuclear data whiéh we discuss in detail. We
consider prompt gamma rays produced by direct excitation of nuclear levels
and by spallation reactions which leave.the secondary nucleus im an excited
state, as well as delayed emission résulting from long-lived radiocactive
nuclei that are also produced in the energetic particle reactions. A list
of all the iines that we consider is given in Table 13 in addition, our
caiculations also take into account unresolved nuclear radiation from targefs
heavier than 0. The nuclear data is discussed systematically iﬁ Section
III. The lines of He ave treated in ITIa, those of C, ¥ and O in IIIb,
while those of Ne, Mg, AR, Si, 5, Ca and Fe are presented iﬁ 1I17c.

We determine the shapes of the gamma ray d1ines by taking into account
the kinematics of the reactions, datad on the angular distribution of both
the secondary particles and the gamma rays, and the, 1ifetimes of the excited
leveis or their radicactive progenitors. If these lifetimes are sufficiently
long, very narrow lines can be produéed in solid targets such as interstellar
grains., The evaluation of—line shapes is treated in ITTa, ITIb and IIIc,

We have constructed a computer p;ogram that evaluates, both digitally
and graphicaliy,nuclear gamma ray spectra from ab&ut 0.1 to 8§ ﬁeV. The
bulk of the nuclear radiation from energetic particle reactions is in this
energy range, although some nuclear line; of astrophysical interest can

also be found at higher energies (Cranpell, Crannell and Ramaty 1979).
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In this computer program it is possible to vary the abundances of both

the ambient medium and the energetic particles, the energy spectrum and
angular distribution of these particles, and-the amount of matter in grains,
as well as the characteristic grain radii. Various numerical results based
on this program are presented in IIId. For comparison purposes, in this
subsection we alsc present results on positron production in energetic
particle reactions based on updated values of our earlier cross section
compilati;ns (Ramaty et al., 1975).

As an application of the theory developed in this-paper, we have
considered gamma ray line production in the interstellar medium. The theory,
however, can also be applied to other astrophysical sites such as solar
flares, compact objects and nuclei of galaxies. We have evaluated the
nuclear gamma ray emission from the galactic disk by normalizing the
emissivity of the nuclear iines to that of high energX.gamma rays, by
using the observed intensities of these gamma rays from the galaxy, by assuming
that the high and low energy cosmic féys have the same galactic distribution,
and by.taking into account the possible enhancement of heavy elements toward
the galactic center. For a local low energy cosmic ray density of 1 eV/qm3
and heavy element abundance gradients consistent with x-ray absorption
observations, we find intensities of about 7x10_5, 3%107° and 107
. ph.otons/cm2 sec rad for the strongest nuclear lines at 4.44, 6.129 and
0.847 MeV. The intensity of the O.Sil MeV line from positron annihilation
for the same assumptions is ™ 10"4 photons/cm2 sec rad, These lines should
be detectable by planned high sensitivity observations. Such detection

5
could give a wealth of information on the properties of the low energy

cosmic rays and the composition and spatial distribution of interstellar

gas and dust.
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We have compared the results of our calculations with line observations
from the direction of the galactic tenter. The reported fluxes at 0,511
MeV (Leventhal, MacCallum and Stang 1978 a,b) and at v 4.4 MeV (Haymes et
al. 1975) from a region of angular size £ 15° around—the galactic center
are larger by more than an order of magnitude than those expected from
diffuse low energy cosmic ray interactions. By using the theory developed
in this paper, we find that the soufces of these lines should be much
more sharply peaked around.gaiactic longitude £ < 0% than those of the °
high energy gamma rays$ otherwise, the broad band nuclear radiétion that
accompanies the spectral lines would exceed the upper limits (Gilman et
gl. 1978) on the total b.ﬁ to 5.2 MeV radiation from the galactic disk
. in the longitude interval -50° to.22°. It is conceivable that the positrons

and nuclear lines could he produced by one or more point sources close

to the galactic center.

Note added in proof: After the completion of this manuscript, preliminary
results from the A-4 experiment on HEAO-1 became available (J. L. Matteson,
priﬁate‘communication‘1978). These results do not confirm the Haymes et al.
(1975) observations of the 4.44 MeV line from the galactic center. The
upper limit set by the HEAO observations on the total 4 to 7 MeV radiation
iﬁplies that not more than about 30% of the positrons required to account
Ffor the observed 0.511 MeV line (Leventhal et al. 1978a, b) could result
from energetic part;cle reactions if the nuclear reaction rate does not vary

on a time scale shorter than the positron annihilation time.
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Figure Captions

Cross sections for alpha particle reactions with He. Solid
curve - 7Be production in its ground state plus excited state.
Dashed curve - 7Li prodﬁction in its excited state.

Cross sections for 4.44 MeV photon production from 126, solia

and dashed—dofted curves — direct excitation of the 4.439 MeV

level in (p,p’) and (@,¢/ ) reactions. Dashed and dashed-crossed
curves - total production of #.44 MeV photoms by protons and
alpha particles, respectively.

2

Gamma ray production cross sections in spallation reactions of

protons and alpha particles on 120 and 160.

Cross sections for 2.313 MeV photon production from 14N and 160.

Solid curve - ZMBIé-MeV photon production cross sections py direct
prbton excitation of levels in léN; dashed curve total 2.313 MeV
photon production by protons on 14N including 140 decay; dashed-
crossed curve - 2.313 MeV photon production by direct alpha
particle excitatiom of levels. in léN; dashed=dotted curve - total
2.é13 MeV production from proton bombardment of 160.

Cross sections of ~ 6:2 MeV photon production from 160. Solid
and dashed-dotted curves — 6.129 MeV phot;; production by direct
proton and alpha particle excitation of levels in 160. Dashed

and dashed crossed curves - 6.1 to 6.3 MeV photon production from

proton and alpha particle bombardment of 160.
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Cross sections for 6,917, 7.117, 7.299 and 2.741 M?V photon produc-
tion by protons and alpha particlés on 160. The 6.917, 7.117 and
2.741 MeV lines are from deexcitation of levels in 160, and the
7.299 MeV line is from & level in the spallation product lsﬁ.

Gamma ray production from 20Ne. Solid and dashed-dotted curves -
cross section for the direct excitation of the 1.634 MeV level

in ?O%e by (p,p’) and (@,o’) reactions. Dashed and dashed-crossed
curves — total 1,634 MeV photon production from proton and alpha
particles on 2ONe; these cross sections include the contributions
of cascades from higher lying levels in 2ONe. Crossed and crossed-

dotted curves — total photon production from proton and alpha

' particle'bombardment of ZONE (EY;O.j MeV).

Gamma ray production from Z%Mg. The various curves represent
qyantities similar to those givén by the cruves of Figure 7.
Cross sectioms for the produetion of 26A{fand 22Na gy protons on
isotopes of Mg and Si. The dashed curve for proton bombardment
of Mg includes the contributions of ZAMg, 25Mg and 26Mg, using
the isotopic ratios of Cameron (1973).

Gamma ray production from 2881. The various curves represent
guantities similar to those given by the curves of Figure 7.
Gamma ray production from 56Fe. The three curves repreéent
quantities similar to those given by the curves of Figure 7.

Gamma ray production by alpha particle bombardment of Fe appears

to be small at low energies because of the high Coulomb threshold.
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12, Cross sections for 5600, 5500, SAMh and SzMn production by

protons omn 56Fe.
. . . .1 12 16 .
13. The angular distribution of recoil "°C and ~ 0 in the center of

' . *
mass frame for the reactions 120(p,p')12C* and 160(p,p')160 .

14. The profile of the 4.44 MeV gamma ray line from the reaction

1 1
26(p,p" ) 2c*

. The bombarding protons are monoenergetic and
confined to a beam, and the gamma rays are observed at 90° to the
beam. The top curves are calculated for an uneven population of the
spin states of the 120*4'439 MeV jevel. The lower curve is
calculated for isotropic gamma ray emission.

15. The profile of the 4.44 MeV line gamma ray line from the reaction
IZC(p,p’)lzc* for an isotropic distribution of bombarding
protons with an energy spectrum proportionmal to E~Z The top curve

is for the case of uneven spin state:populations, and the lower

curve is for isotropic gamma ray emission.
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18,

19.

20,

21.

22,

23.

24,
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The mean stopping ranges, <x>, the energy loss rates, dE./dx, and
the range fluctuations, Ax/x, for low energy 160, 24Mg and 56Fe
stopping in water.
The'ene;g? distribution in the 1aborétory frame of unresolved
gamma rays from proton bombardment of heavy nuclei.
Monte Carlo simulated gamma ray spectrum for energet;c particies
and ambient medium having solar compositions; s and E, are the
spectral parameters of the energetic particles, and a, is the

) .
characteristic radius of the interstellar grain distribution. -«
Monte Carle simulated gamma ray spectrum for energetic particles
and ambient medium having solar compositions. '
Monte Carlo simulated gamma ray spectrum for energetic particles
and ambient medium having solar compositioms.
Monte Carlo simulated gamma ray ;pectrum for emergetic particles
having cosmic ray source composition and ambient medium with solar
composition. |
Monte Carlo -simulated gamma ray spectrum for energetic particles
having cosimic ray source composition and ambient medium with solar
composition.
The gamma ray spectrum of Fiéure 21 averaged over energy intervals

of 100 keV. Dashed curve - photons produced by only nuclei

heavier than He; solid curve - photons produced by all the cosmic

rays.

The gamma ray spectrum of Figure 22 averaged over energy intervals

of 100 keV. Dashed curve — photons produced by only nuclei heavier
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26,

27.

28.

29.
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than He; solid curve ~ photons produced by all the cosmic rayé.
Gamma ray emissivity per unit energy density in the energetic
particles, The emissivities are for the narrow 4.44 MeV line,
the narrow plus very narrow 6.129 and 0.847 MeV lines, and the

total broad, narrow and very narrow emissions. Both the energetic
particles and ambient mediym have solax comp051t10ns- The parameters
s and E; are-defined in equation (22).

Emissivities of the narrow 4.44 MeV and narrow plus very narrow
6.129 MeV lines per unit energy deposition rate of the energetic
particles in a neutral medium. Both the energetic particles and
ambient medium have solar compositions.

Emissivities of the narrow 4.44 MeV and narrow plus very narrow
6.129 MeV lines per unit energy deposition rate of the energetic
particles in a iqnized medium. Both the energetic particles and
ambient medium have solar compositions.

Ratios of narrvow plus very narrow 6.129 MeV photon production, and
positron production, to the narrow 4.44 MeV production. The
ambient medium has solar abundance, and ofp = 0;1 in the energétic
particles. .

Gamma ray emission from the interstellar medium from the direction
of the galactic center. The w° decay spectrum has been calculated

by Stecker (1976) and is normalized here to the data of Paul et al.

(1978). The nuclear gamma ray spectra are calculated for a low

‘energy cosmic ray component with s = 4, E, = 20 MeV/nucleon, local

/A
energy density 1 eV/cms, and the same spatial gradient as that

implied for the high energy cosmic rays from the high energy gamma
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ray data. The compositions of the ambient medium and low energy
cosmic rays are for cases (3) and (4) (See text). The dashed line

is a simple power law that could arise from electron bremsstrahlung.

High resolution plot of the. sum of the nuclear gamma ray and bremsstrah-

lung fluxes from the direction of the galactic center. The parameters
are the same as for Figure 29 case (3).
High resolution plot of the sum of the nuclear gamma ray and bremsstrah-

lung fluxes from the direction of the galactic center. The parameters

are the same as for Figure 29 case (4).
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NUCLEUS

1
H

4He

12C

13
14

16

2ONe

22Ne

24

25

26Mg

27A1

2851

32

‘AOCa
56Fe

(-3

ABUNDANCE

1
107,

4.2x10—4

4,7x10°
8.7x10°

6.9x10~%

3.3x107°

4.1x10°

3.2x10

4.0x10~°

4.,4x107°

3,3x107%

4.5x10™

1.6x10™

2.2x10°

3.2x107

TABLE 2

DIRECT DEEXCITATION
LINES (MeV)

4.438,15,11

3.684,3,853

1.632,2.313,5.105

2.741,6.129,6.917,7.117

1.634,2.613,3.334

1.275

1.369,2.754

1.809
1.014

1.779,5.099,6.878
2,230
3.736

0.847,1.238,1.772,
1.811,2.094,2.113

SECONDARY NUCLEI AND THEIR
GAMMA RAY LINES (MeV)

bLi(3.561),711(0.478),

"8e(0.43130.478)

9% 0.717 1029 ,*%0.717),
lp(2.12454.443;6.741;6.791),
1(1.995:6.337:6.478)

12004.438;15.11) ,%0(2.313)

05¢0.717,%%¢0.717),
120(4.438;15.11), 13c(3.684;
3.854), Y4N(1.632, 2.313, 5.105),
Y0(2.313), °n(5.270;5.298;6.322;

. 7.2997, 150(5.180;5.241;6.176)

166(6.129) ,2%7¢0.110;0.197).,
19Ne(0.238;0.275) ,2%8a(1.634)

2244(1.275)

200a(1.634,2.613), 2%Na(0.891;1.275) ,
234a(0.44031.63632.640)
23)6 (0. 451;1.600)

225a(1.275)
26,1 (1.809)

2641 (1.809)

20e(1.63432.613),22Na(1.275),

2oye (1.2369) ,2841(1.809),
2741(0.84431.014) 32751 (0.78030.957

2854 (1.779), 7 p(1.26632.020;
2.234), >15(1.249:2.034;2.232)

5200(0.76431.334;1.434)
324 {0.744350.93631.434)
54 - 54

Mn(0.835), >%Fe(1.408)
23Fe(0.092;0.412;0.47730.,931,
1.37031.408), >Co(0.477:0.931;
1.408), °0C0(0.158;0.812;0.847;

.-1.038;1.238;1.772;2.599)
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Element
H

He

Ne
Mg
AL

8i

Ca

Fe

Solar System

1

107t

4.2x10"4

8.7x107

-6.9x10_4

3.7%x107°

4.0x107°

3.3x107°

k.5x10°

1.6x10 >

2.2x10‘6

3,210

TABLE 3
ABUNDANCES

Local

Cosmic Ray Source

. L

0.1

3.8x10 >

5.5x10‘4

4.3x10"3

5.8x10_4

9.2x10‘4

5.9%107°

8.1x10‘4

1.2x10 %
9.0%x10"°

8.5x10"2

Skp

1
0.1

2.1x10"
1.3x10
3.5x10°
1.9x10°
2.0x10
1.7x10
2.3x10°
8.0x10
1.1x10™

1.6x10

c

Ambient

3

3

3

4

4

5

4

5

5

&

Skpe
Cosmic Ray Source
T
0.1

1,9%10 >

8.4x10>

2.2x1072

2.9%x107>

4.6x1073

3.0x10“4

4.lx10_3

6.0x10‘4

4.5x10‘4

4.3x107>



CASE.
(1)
(2)
(3)
(4)

TABLE 4

4,44 MeV Gamma Ray Line and Relative Positron Emissivities
Per Unit Energy Content and Deposition Rate of the

«q(a.b8) i
[Photons/ (sec Hatom eVem
Narrow Broad
Line Line-
2.6x10720 2.6x10"26
2.3x10"20 1.7x10° 2
1.55107% 1.5x10 2
8.4x10" 20 25

6.4%x10

31

<q (4.44) [v>
[Photons/erg]
Narrow Broad
Line Line
0.29 0.29
0.15 1.1
1.3 1.3
0.30 2.3

Energetic Particles for s=4 and Ec=30 MeV/nucleon

9y
(L.44) + qbroad(4.44)

qnarrow
(positrons/photon)
0.63
0.83
0.63
0.77
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CASBE - -

Table 5

Gamma Ray Line Fluxes from the Direction of the
. Galactic Center for s=4 and E,=20. MeV/nucleon
(in photons/cm?sec rad)

Ig 109 (narrow) + ----- Ty . 847 (arrow) +
- 'I'Z;: Wi (ndarrow)” I 6.129 (very narrow) Ty 847 (very narrow)
1.3x107° ” 6.4x10™° 2.0x107°
1.2x107° 5.9x1070 1.9x107°
7.2x10™° 3.0x107° 9.2x107°
4.2%107° 1.8x107> 5.4%107°

Iy.511

1x10™
5%10
6x10

1.7x10_4
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