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Gamma-ray production cross sections have been measured for the gamma-ray lines most strongly excited in the
proton bombardment of '2C, “N, 'O, *Ne, **Mg, 2*Si, and **Fe, for proton energies from threshold to 23 MeV. In
addition, cross sections for the “N(p,n)"*O and **Fe(p,n)**Co reactions were determined from delayed gamma-ray
yields. Ge(Li) detectors were used. Tabulations of cross sections averaged over proton energy bins of 1 MeV and over
power law distributions in proton energy are provided for calculations relevant to gamma-ray line astronomy.
Examples are given of astrophysical information which might be extracted from spectra acquired with gamma-ray
spectrometers in space, using these cross sections, e.g., parameters describing the energy distribution of incident

protons.

NUCLEAR REACTIONS p+!2C, N, 160, 2Ne, %Mg, 28si, ®Fe; UN(p,n),
%pre(p,n). E=threshold to 23 MeV. Measured y production cross sections.
Applications to y line astronomy.

I. INTRODUCTION

The range of the astronomically observed elec-
tromagnetic spectrum has been extended in the
last two decades to the gamma-ray region, and
observations of nuclear gamma-ray lines have be-
gun in the last decade. This new field of observa-
tional astronomy is in a period of rapid develop-
ment as large, high-resolution germanium detec-
tors are being put into space. Extensive reviews
of the progress and possibilities in this area have
been presented by Ramaty and collaborators!'™ and
by Chupp.? Accordingly, here we only briefly
summarize the main features of gamma-ray line
astronomy.

Gamma-ray lines provide a unique probe of the
universe, as their presence is a signature of
specific nuclear reactions taking place in astro-
physical environments. Moreover, because of the
high penetrability of gamma rays through matter,
it may be possible to learn about processes such
as star formation in interstellar clouds not pene-
trated by electromagnetic radiation from atomic
or molecular line emission. Spectra of observed
gamma rays can in principle be analyzed to obtain
relative abundances of isotopes and energy spec-
tra of accelerated particles at astrophysical sites.
Shapes of the gamma-ray lines may provide infor-
mation on the directions of accelerated particles
and distinguish between gaseous matter and
grains.

Possible sites of discrete gamma-ray production
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include solar flares, interstellar gas and dust,
regions of star formation, novae, supernovae,
neutron stars, and black holes. At such sites
gamma rays may be produced by several distinct
mechanisms. Radioactive products of nucleosyn-
thesis from objects such as novae and supernovae
can emit gamma rays. Neutron capture and posi-
tron annihilation can also produce discrete gam-
ma rays of 2.22 and 0.511 MeV. In this work we
are primarily interested in gamma rays from a
further mechanism: charged particle induced
nuclear reactions.

When protons and alpha particles in an astro-
physical environment are accelerated to energies
of a few MeV or greater, collisions with nuclei in
the ambient medium can produce gamma rays
when a nuclear reaction leaves the product in an
excited state. An example is the reaction
12C(p,p’)12C(4.44 MeV), which results in emis-
sion of a 4.44-MeV gamma ray. This same gam-
ma-ray transition can also be excited by !*C ions
incident upon ambient hydrogen; the line seen in
astronomical observations will have greater
Doppler broadening than that for incident protons.

A review of the observational status of gamma-
ray astronomy has been given by Chupp.* As yet,
there have been relatively few clear-cut identifi-
cations of gamma-ray lines from charged particle
induced nuclear reactions. The best evidence
exists for the 4.44-MeV line from !*C, which has
been reported in observations of solar flares,®
the galactic center,® and Centaurus A,” although
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some of these identifications are not completely
unambiguous. The remainder of the paper is pred-
icated on the assumption that further observations
may lead to more extensive spectra of gamma rays
from nuclear reactions.

In order to extract quantities such as the rela-
tive nuclear abundances and the energy spectra of
the interacting particles from observed gamma-
ray spectra, it is necessary to know cross sec-
tions for the production of gamma rays in proton
and alpha-particle induced reactions over a broad
range of incident energies. Ramaty et al.,! have
recently made a compilation of such cross sec-
tions, based on gamma-ray branching ratios, in-
elastic proton scattering cross sections, and a
few measured gamma-ray production cross sec-
tions. The required input from measured quanti-
ties, however, was by no means complete.

In the present work, gamma-ray production
cross sections have been measured for lines
which are expected to be prominent by virtue of
high target abundances and high cross sections.
In particular, we have measured cross sections
for the production of gamma rays from *C, N,
160, *°Ne, **Mg, 2°Si, and °°Fe nuclei, for pro-
tons from threshold energies up to about 23 MeV
and for alpha particles from threshold to about
27 MeV. Only the proton cross sections are re-
ported in this paper; the alpha-particle cross
sections and the analysis of Doppler-broadened
line shapes will be reported later.

The experimental technique used for measuring
gamma-ray production cross sections is des-
cribed in Sec. II. Contributions from delayed ac-
tivities, particularly from the *N(p,=) *O and
56Fe(p,n) *°Co reactions, are considered in Sec.
III. The gamma-ray cross section results are
presented in Sec. IV. The discussion, in Sec. V,
includes comments on astrophysical relevance.

II. EXPERIMENTAL METHOD

A. General arrangement

Solid or gas targets were bombarded by beams
of protons from the University of Washington
three-stage tandem Van de Graaff accelerator,
and gamma rays in the range from 0.8 to 12 MeV

were detected in two Ge(Li) detectors. The tar-
gets were mounted in a thin-walled aluminum
hemispherical chamber of 20-cm radius. A Si(Li)
particle detector was also mounted inside the
chamber; particle spectra were accumulated for
each run, but were used only for trouble shooting
purposes. A typical beam current was 10 nA.
The beam energy resolution was a few keV. After
passing through the target, the beam was inte-
grated in a Faraday cup.

B. Gamma-ray detection system

The two Ge(Li) detectors were mounted on carts
which traveled along a circular rail. The front
faces of the Ge(Li) crystals were 21 cm from the
target. The beam collimators, chamber, and
Ge(Li) support table were aligned by telescope pri-
or to each data accumulation period, and the
alignment was checked at the end of each period.
The isotropy of the system was checked before
and after each data accumulation period by mea-
suring the angular distribution of gamma rays
from a 5*Mn source placed at the position of the
target.

One Ge(Li) detector was 47 mm in diameter and
54 mm in length, with a nominal efficiency of
15.3% (relative to that of a 7.5 em X 7.5 cm Nal
(T1) crystal for 1.33-MeV gamma rays at 25 cm);
the other was 42 mm in diameter and 39 mm in
length, with a nominal efficiency of 9.6%. [A
small amount of p +°Fe data was acquired with a
smaller Ge(Li) detector; these data were normal-
ized to that taken with the larger detectors.]

Lead absorbers of thickness 0.9 or 1.7 mm were
placed in front of the detectors to reduce the count
rate from x rays and low-energy gamma rays.

Energy spectra were accumulated with an
SDS 930 computer. Detector resolution was a few
keV, and count rates above about 100 keV were
usually a few thousand per second. In order to
determine the dead time of the system, the digital
output of the current integrator was fed alternately
into the triggers of two pulsers connected to the
preamplifiers of the two detectors. Sample spec-
tra are shown in Fig. 1.

C. Measurement of Ge(Li) detector efficiencies

The Ge(Li) detector efficiencies were deter-
mined by a combination of source and reaction
techniques. Sources were placed at the center of
the scattering chamber used for the cross-section
measurements. Relative efficiencies from 0.8 to
3.3 MeV were determined with a *¢Co source.
Absolute efficiencies in this range were deter-
mined with a set of sources calibrated in strength
to 3%: °*Mn (0.835 MeV), *Na (1.275 MeV), and
%Co (1.332 MeV).

Efficiencies for the 4.44- and 6.13-MeV gamma
rays were determined by simultaneously measur-
ing gamma-ray yields (in the standard geometry)
and yields of inelastically scattered protons for
the *C(p,p’) *C (4.44 MeV) reaction at 12.0 MeV
and for the %0(p,p’) %0 (6.13 MeV) reaction at
9.2 MeV. At these energies, the only significant
channels for producing gamma rays are inelastic
scattering to the indicated levels.

The simultaneous measurements eliminated tar-
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FIG. 1. Observed gamma-ray spectra at £,=15 MeV:
top—carbon target; bottom—iron target. Vertical lines
are located at energies corresponding to gamma-ray
emission energies (in MeV), uncorrected for Doppler
shifts arising from motion of the excited nucleus. For
the 12C and %0 gamma rays, the photopeak and the single
and double escape peaks are separately indicated. For
the C spectrum, contaminant lines are indicated which
arise from oxygen in the target, room background, and
proton interactions in the aluminum walls of the scatter-
ing chamber,

get thickness and beam current integration uncer-
tainties. To compare the proton and gamma-ray
yields it was necessary to determine the yields
integrated over all angles. The gamma-ray angu-
lar distribution was explicitly determined by
measuring the yields at several angles and fitting
them with a series of Legendre polynomials (even
order through 4 for '*C and through 6 for !°O; see
Sec. IIE). The proton detector was held fixed at a
single angle during these measurements (at 60° for
the carbon case and at 30° or 72° for the oxygen
case), and the angle-integrated proton yield was
inferred from proton angular distributions esta-
blished in separate measurements.

These proton angular distributions were deter-
mined in a standard way, using two Si(Li) detec-

tors, one to map out the angular distribution
from 10° to 170° and the other to serve as a moni-
tor. This was done in a larger (1.52 m diameter)
scattering chamber than that used for the gamma-
ray measurements. The uncertainty in the extra-
polation to 0° and to 180° was estimated to be
about 1% of the integrated yield.

A 1.8-mg/cm? carbon target was used for the
12C(p,p’) *C measurement. The °O(p,p’) °O
measurement was more difficult because of the
clpseness of the peaks from the 6.05- and 6.13-
MeV states. Data forward of 100° were acquired
with a 0.5-mg/cm?-thick Mylar target. Measure-
ments backward of 100° (which required use of a
reflection geometry) were made with a 0.13-mg/
cm?-thick SiO, target. Protons from 2%Si inelastic
scattering did not interfere with the %0 groups of
interest in this angular range.

D. Targets

Target thicknesses and target angles were cho-
sen in a compromise between the desire to map
out excitation functions quickly and the desire to
avoid significant gaps or loss of structure in the
excitation functions. The targets used and their
thicknesses are listed in Table I.

Thicknesses of the solid targets were measured
from the energy loss of alpha particles from an
24Am source plus one or more of the following
techniques: Coulomb scattering, measurements
of yields of scattered particles using known cross
sections,® and comparison of gamma yields with
those of gaseous targets. For each target we
measured the uniformity over a 0.6-cm diameter
area with collimated alpha particles from the
24Am source. Oxygen contents were determined
by measuring elastically scattered 16-MeV pro-
tons at 80°, using the measured cross sections of
Daehnick,® and carbon contents were measured by
comparisons to a carbon target. The resulting
impurity corrections were small (less than 5% by
weight), except for the silicon targets, which had
32% oxygen, by weight.

Nitrogen, oxygen, and neon data were acquired
with gas targets. The gas cell was 2.54 cm in
outside diameter, with a 0.083-cm-thick stainless
steel wall, beam entrance and exit apertures
covered with 1.8-mg/cm?-thick nickel foils, and an
aperture at 90° for particle monitoring. Gases
were high purity, natural gases.

Gas pressure was regulated with a Cartesian
manostat. The increase in length of the gas cell
due to the bowing of the foils under pressure was
measured with an optical comparator, and a 1.6%
correction to the target thicknesses was made.
The uncertainty in the thicknesses was about 5%,
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TABLE 1. Targets used for gamma-ray cross section measurements. The indicated thick-
ness is the stopping power thickness, as seen by the beam, and includes isotopic and elemental
impurities (corrected for stopping power differences).

Target Target Thickness Target Beam energy
nucleus composition (mg/cm?) angle range (MeV)
Solid targets

2¢ natural 1.8+0.1 15° 5.1-23.0

UMg isotopic, >99% 2 0.23+0.03 60° 2.2-2.8
2.20.1 30° 2.8-12.0
3.2+0.15 30° 12.0-13.5
3.2£0.15 60° 13.5-16.8
2.2+0.1 60° 16.8—24.0

2Bg; natural 0.54+0.03 10° 2.8-5.0
0.90 £0.05
1.7+0.06 10° 5.0-12.0
1.7+0.06 40° 12.0-23.0

%re isotopic, >99%"® 3.1+0.3 20°, 45° 4.0-13.4
3.1+0.3 10° 13.4-23.0

Gaseous targets

uyn natural 0.79+£0.04 3.7-4.4
1.5£0.07 4.4-6.1
2.5+0.1 6.1-23.0

e} natural 2.9+0.14 7.1-23.0

20Ne natural 0.54 +0.03 2.3-3.1
1.6£0.08 3.1-24.0

aVerified by comparing yields of 1.612- and 1.809-MeV gamma rays from natural and
isotopic targets, using the p+2°Mg and p+2°Mg reactions, respectively.
P yerified by comparing yields of 1.408-MeV gamma rays from natural and isotopic targets,

using the o +%Fe reaction.

arising primarily from the lack of a gas tempera-
ture measurement. We assumed that the gas
temperature was within 10 °K of room tempera-
ture, giving a 3.4% uncertainty in the target
thickness. Typical beam currents were under

10 nA.

E. Data acquisition and analysis

At the beginning of each data accumulation peri-
od, and usually at the end, the efficiencies of the
Ge(Li) detectors and the isotropy of the system
were measured with the radioactive sources. For
the cross section measurements, data accumula-
tion times were typically 10 min. Beam energies
were stepped in units of average energy loss in the
target up to about 14 MeV, after which larger
steps were taken, when the cross section was no
longer rapidly varying. Complete gamma-ray
angular distributions were measured occasionally.
Other checks included integrating the beam cur-
rent over the chamber as well as the Faraday cup
(no difference was ever detected), and measure-
ments of backgrounds with no target, with an emp-
ty gas cell, or with the beam off. Overlapping
data points were acquired when changes in the ex-
perimental configuration were made. During two

periods, we measured cross sections at one or
more energies on all targets, in order to compare
measurements made under experimental conditions
as nearly identical as possible. The 4.44- and
6.13-MeV Ge(Li) efficiency measurements were
made during these same two periods.

The cross sections were derived from photo-
peak yields, with the exception of the 6.13-MeV
gamma-ray line from %0, where the double es-
cape peak from the 7.12-MeV gamma-ray line
overlapped the 6.13-MeV photopeak, and there-
fore the cross section was found from the double
escape peak. The primary concern was to treat
the gamma-ray yield extraction and background
subtraction for the data runs in the same way as
for the efficiency measurements. With the excep-
tion of the 4.44-MeV gamma-ray peaks from '*C,
background subtraction was based on a simple av-
erage of the background above and below the peak.

In the case of the 4.44-MeV gamma rays, the
line shape for the photopeak was quite broad, es-
pecially for the higher energy incident protons.
Thus the low energy part of the “peak” included
the rising Compton edge from events Doppler-
shifted to higher energies. To correct for this,

a channel-by-channel analysis of the background
was made, treating the observed peak as a sum
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of (essentially monoenergetic) individual peaks,
each with its own Compton tail. The basic line
shape at a single energy was deduced by a study of
narrow lines produced at low incident proton en-
ergy. Both photopeak and double escape peak
yields were extracted. The resulting two cross
sections typically agreed to within 1.5%. We
quote only the photopeak results because the con-
tinuous background is lower in the photopeak re-
gion and therefore the photopeak results have
smaller statistical errors than the double escape
results, and may have smaller systematic errors
as well.

In the case of 1.37-MeV gamma rays produced
in the *Mg(p,p’) 2*Mg reaction, a small (not
more than 3%) correction was applied to the
yields, as these gamma rays may also be pro-
duced in the ¥"Al(p,a) ?*Mg reaction, when
scattered beam hits the walls of the chamber or
beam pipe. This correction was found using the
yields of 1.01-MeV gamma rays from the
27A1(p,p’) Al reaction (in the Mg target runs)
and the ratio of the yields for wall-produced
1.37- and 1.01-MeV gamma rays, as determined
in runs with a carbon target. It was similarly
found that 0.844-MeV gamma rays from the
2TA1(p,p’) ¥’Al reaction made a contribution of
(5 £ 3Y% to the extracted yields for 0.847-MeV
gamma rays from the **Fe(p,p’) ®Fe reaction,
and a 5% correction was applied to these cross
sections.

The angular distribution of gamma rays with re-
spect to the beam direction is given by

1=lmax

w(e)= 2 a,P,(cos@) (I even), (1)

=0
where ln. is the smaller of the following two
quantities: (1) twice the spin of the decaying
state, and (2) twice the multipolarity of the gam-
ma ray.’® With the exception of the 6.13-MeV
gamma rays from %0, the gamma rays consid-
ered in this work have a multipolarity of 2 or
less, so that [ ,, is 4 or less, and there are at
most three terms (1=0,2,4) in the above expan-
sion. Since the total cross section is proportion-
al to a,, only this coefficient needs to be deter-
mined. We have thus placed two detectors at
angles for which P (cosg) is zero, 30.6° and
109.9°, and determined a, and the total cross sec~
tion from measurements at these two angles.

In the case of the £3, 6.13-MeV gamma rays
from 60, there are four terms in the angular dis-
tribution, so that at least three points on the ang-
ular distribution are required to obtain the total
cross section. In this case we determined the
complete angular distribution by making measure-
ments at four angles (26°, 48.8°, 90°, and 104°).

There are two corrections to the total cross
sections extracted from yields at 30.6° and 109.9°
that we did not make, but that we have determined
to be small. The first correction would be re-
quired if the beam spot was not at the center of the
circle along which the detectors traveled. Isotro-
py measurements with a 5*Mn source placed at the
center of the chamber indicated that the errors
introduced in the cross sections were usually less
than 1%, and in a few extreme cases might have
been as high as 4%. The second correction arises
from the lab-to-center-of-mass transformation.
Neglect of this correction leads to errors of 1%
for the worst case of 23 MeV p+ 2C and less error
elsewhere (with one detector at 30.6° and one at
109.9°, effects for the two detectors largely can-
cel).

Complete angular distributions were measured
at intervals of about 2 MeV in beam energy for
the carbon and oxygen targets and at one or two
energies for other targets. These distributions
were fit with the appropriate Legendre polynomial
expansions, and total cross sections were extrac-
ted; these cross sections were in good agreement
with those extracted from measurements at two
angles (or four in the case of 6.13-MeV gamma
rays), the largest percentage difference being 4%.
No asymmetry about 90° was observed. Sample
angular distributions are shown in Fig. 2. (These
data have not been corrected for the finite size of
the detectors; such a correction does not affect
the extraction of total cross sections, as the
finite-detector attenuation factor for the =0
term is unity.")

F. Special normalization for the 4.44-MeV line from 12C

The 4.44-MeV gamma-ray excitation function
measurements were made in two partially over-
lapping series of runs, using a multilayer target,
1.8 mg/cm? thick. The target thickness was de-
termined by using an alpha-source thickness
gauge, by comparison of yields with those from a
thinner but more uniform carbon foil, by com-
parisons of yields with those from a gas target
(CH,), and by comparisons to presumably known
cross sections for inelastic and elastic proton
scattering on carbon.!? The results of these de-
terminations spanned a range of about +10%,
representing a dispersion larger than the pre-
sumed uncertainties in the individual measure-
ments. Furthermore, the alpha-source studies
showed that the target was not of uniform thick-
ness, presumably due to a physical flaw in one or
more of the foils of which the target was com-
prised.
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FIG. 2. Examples of angular distributions of gamma
rays. The solid curves are fits with an expansion in
Legendre polynomials of even order through zero for
the 1N case, through 6 for the 180 case, and through
4 for the other cases. The gamma-ray energies (top to
bottom) are 4.44, 2.31, 6.13, 1.63, 1.37, 1.78, and
0.847 MeV.

In order to correct for possible target thickness
errors, two “normalization” series of runs were
taken, one with the 1.8 mg/cm? target and one with
a thinner target of uniform thickness. The nor-
malization runs differed from the “excitation func-
tion” runs in that in the former a broad span of
energies was covered in relatively large steps.

Comparisons of the excitation function runs to the
normalization runs suggested that there had been
an (unexplained) shift in system performance
above about 15 MeV, corresponding, for example,
to deduced cross sections which were 7% too high
above 15 MeV or 7% too low below 15 MeV.

To explore this anomaly further and to obtain an
independent absolute cross section determination,
the total inelastic cross section to the 4.44-MeV
level was determined at 12 MeV by measuring the
angular distribution of scattered protons from 10°
to 170° in 10° steps. One movable and three fixed
monitor Si(Li) detectors were used in this mea-
surement. A specially prepared carbon target of
uniform thickness was used for this run; its
thickness was determined to be 1.93 mg/cm? by
using an a-source thickness gauge. A check of
the thickness determination was performed during
the experiment by using three carbon targets of
different measured thicknesses; the yields of
scattered protons were observed to scale with the
measured thicknesses. As a check on our detec-
tor geometry and beam integration, we measured
the Rutherford scattering cross section for 6-MeV
protons on a Au target. At all angles studied,
our measured cross sections deviate from the
Rutherford cross sections by less than 2%. The
total inelastic cross section to the 2C 4.44-MeV
level was determined by integrating the measured
angular distribution. The cross section was
found to be 267 +14 mb, in good agreement with
the cross section for gamma-ray production,
which had previously been found to be 262 mb in
the excitation function run at 12 MeV.

Based on this measurement and on comparisons
at other energies between the excitation function
runs and the normalization runs, the 4.44-MeV
cross sections were renormalized, increasing the
previously determined cross sections by 2% below
15.2 MeV, and decreasing them by 5% above
15.2 MeV.

IIIl. CONTRIBUTIONS FROM (p,n) AND (p,2n)
REACTIONS

A. General

It has been tacitly assumed that the gamma rays
of interest are produced in inelastic proton scat-
tering reactions, either to the parent state or after
a gamma-ray cascade to the parent state. How-
ever, the same gamma-ray lines can in most
cases be produced by (p,n) reactions, followed by
positron emission or electron capture. [Aside
from the 0.812-MeV line from %¢Co, produced in
the ¢Fe(p,n) 5Co reaction, lines from (p,n) re-
actions themselves are not very strongly excited,
and are not considered in the present work.]
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With the exception of the N(p,n) **O and
56Fe(p,n) %%Co cases, the ground states of nuclei
produced in the (p,n) reactions have half-lives too
short (2 sec or less) for a distinction between the
(p,p’) and (p,n) channels to be relevant, because
both in the astrophysical environments and in the
laboratory cross section measurements, the gam-
ma rays from the (p,p’) and (p,n) reactions are
emitted in times that are short compared to other
time scales. Therefore, no attempt is made to
separate the (p,p’) and (p,n) contributions except
for the O and 5®Co cases. These are discussed
in Secs. III B and IIIC below. The ¢Fe(p,2n)

%5Co reaction is considered in Sec. IIID.

B. Measurement of the “N(p,n)*O(8*)!*N reaction cross
section

The half-life of **O is 70.6 sec, and the *O
branching ratio to the 2.31-MeV state of N is
99.3%.'® Therefore, it can be anticipated that
there will be a significant “O contribution to the
2.31-MeV gamma-ray yield for protons above the
reaction threshold at 6.355 MeV (lab). Typical
counting times in the proton bombardments of
14N were in the neighborhood of 10 min, with an
interval of several minutes between successive
runs. Most, but not all, of the *O contribution
was therefore included in the routine counting of
the 2.31-MeV gamma rays.

To permit an estimate of the number of **O
events, a measurement was made of the cross
section for producing 2.31-MeV gamma rays from
the *N(p,n) *O(B*) **N reaction. A Ge(Li) detec-
tor was used (at 110°, 21 cm from the target) in
the same experimental configuration as was used
for the “N(p,p’) !*N measurements.

The thickness of the nitrogen in the gas cell was
2.5 mg/cm? and the exit foil was 1.8 mg/cm?
thick, so that recoiling O nuclei were stopped
either in the gas or in the cell wall or exit foil.
To verify that the effective half-life of the O de-
cay equaled the known decay rate, the target was
bombarded with a 10-MeV beam, and gamma rays
were counted for 20 sec intervals, at times begin-
ning 5, 40, 80, and 120 sec after termination of
the bombardment. The relative number of counts
in the four intervals agreed with that expected
from !0 decay, within the statistical errors
(about 10%). (The effective half-life was not ex-
pected to be significantly different from the %O
half-life, because the pressure in the gas cell was
maintained through a side tube, not by direct flow
through the cell.)

The procedure for measuring the (p,n) cross
section, as well as simultaneously measuring the
(p,p’) cross section, was as follows: The beam

was turned on for a period of more than 8 min,
after which gamma rays were counted for 300 sec
and the beam current was integrated; after the
beam had been turned off for 5 sec, gamma rays
were counted for another 300 sec. A pulser was
used to correct for dead time. Cross sections for
the production of 2.31-MeV gamma rays from the
(p,n) and (p,p’) reactions were thus determined.
[Since the 2.31-MeV state has spin 0, gamma rays
from the (p,p’) reaction, as well as the delayed
gamma rays, were isotropic.] These measure-
ments were made at proton energies from 7 to

22 MeV at 1- or 2-MeV intervals.

The measured cross section for the *N(p,n)
140(B*) *N reaction is plotted in Fig. 3. The un-
certainty in absolute cross section determination
is about 10%. At all energies below 22 MeV, the
cross section for the production of 2.31-MeV
gamma rays from the (p,n) reaction is less than
15% of the cross section for production via the
(p,p’) reaction (see Sec. IV), and over most of
the range it is under 10%. Furthermore, the
counting times were usually in the neighborhood
of 10 half-lives of *O, and there was some con-
tribution to the measured counts from *O formed
before the counting interval was started, making
the effective loss of (p,n) gamma rays less than
10%. In consequence, the correction for lost
(p,n) events was small. A more detailed analysis
shows that in no case was it as much as 2% of the
total number of 2.31-MeV gamma rays [from the
(p,p’) and (p,n) reactions combined] and in most
cases it was under 1%. A correction was inserted
on an overall basis, rather than on a run-by-run
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FIG. 3. Cross section for the !“N(p,n)!40 reaction,
obtained by measuring yields of delayed 2.31-MeV
gamma rays. (The lines connecting the data points in
this and succeeding figures are intended only to guide
the eye.)
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basis, by multiplying all measured yields by a
correction factor of 1.01+0.01. This gives the
summed cross section for the production of 2.31-
MeV gamma rays by (p,p’) and (p,n) events.

The “N(p,n) O cross sections determined in
this experiment are much lower than the cross
sections reported by Kuan and Risser,'* who made
a similar measurement from threshold to 12 MeV.
The discrepancy is largest at the higher end of the
range of energies covered in the earlier work.

At 12.0 MeV, Kuan and Risser report a cross sec-
tion greater than 100 mb, while in the present
work the measured cross section is 4.4 mb.

These results can also be compared to unpub-
lished measurements for the **N(p,n) *O,,,. reac-
tion at 12.2 MeV quoted by Richter and Parish.!s
They plot measured differential cross sections
for neutrons to the ground state of !*0. The inte-
grated cross section is roughly 4.2 mb, in good
agreement with the present result. It is very un-
likely that there is any appreciable contribution
to the 0O production cross section at 12.0 MeV
from (p,n) reactions to excited states. The
threshold for the (p,n) reaction to the 5.17-MeV
first excited state of O is at E,=11.89 MeV, and
this state is unstable to proton emission (its decay
modes have apparently not been determined ex-
perimentally). The currently measured cross
sections for the (p,n) reaction are flat from 11 to
16 MeV, lying between about 4 and 6 mb, and
there is no sign of any increase at 12.0 MeV which
could be attributed to the opening of the excited
state channel.

A comparison can also be made between the
“N(p,n) “0,,,, and “N(p,p’) N, 5, .ev Cross sec-
tions. The 2.31-MeV state of *N is the isotopic
analog of the !*0 ground state. The two cross sec-
tions are related through isospin symmetry, by
which, apart from kinematic and Coulomb correc-
tions, the ratio of the (p,n) to (p,p’) cross sec-
tions should be 2. The (p,p’) cross sections have
been measured by Shrivastava et al. !® from 6 to
9 MeV and by Hansen et al. *" from 8.5 to 14.6
MeV. The (p,p’) results are in rough agreement
with our (p,n) results. For example, in the inter-
val between 11 and 14.6 MeV, where the correc-
tions are expected to be smallest, the (p,p’)
cross sections average about 3.5 mb, while the
(p,n) cross sections average about 5 mb.

C. Measurement of the 56Fe(p,n)®Co reaction cross
section

The cross section for the 5¢Fe(p,n) 56Co reaction
was measured by bombarding stacks of iron foils
with protons and counting delayed gamma rays
from the decay of *®Co, which has a half-life of

78.8 d.'® The reaction threshold is 5.446 MeV
(lab).

The bombardment was carried out in a 1.52-m
diameter scattering chamber. A Si(Li) particle
detector was mounted at 45° to the beam, and a
gold foil was mounted on a target ladder in the
center of the chamber. Also mounted on the tar-
get ladder, but 7 cm off center, was a stack of
iron foils. The target ladder could be rotated so
that the iron foils could be placed upstream or
downstream of the gold foil, or could be rotated
out of the beam path. Apertures were placed in
front of the particle detector, so that only parti-
cles scattered from the gold foil (not from the
iron foils) were detected.

The iron foils were of natural composition, with
a purity of 99.5%. Thicknesses were 20.5 mg/cm?,
measured by weighing selected foils. Stacks of
8, 12, 15, and 18 foils were bombarded by beams
of energies 10.0, 14.5, 19.2, and 23.0 MeV, re-
spectively; the beam energies after passing
through the stacks were 3.8, 8.1, 12,9, and 16.4
MeV, respectively. This allowed us to measure
the ¢Fe(p,n) 5°Co cross section from threshold
to 22.8 MeV, in steps of 1.0 to 0.3 MeV, with
overlap of a few measurements made with differ-
ent stacks.

The bombardment procedure was designed so
that we could infer the integrated beam current
without requiring charge integration of the beam
while it passed through the iron stack, and so
that we could measure the beam energy loss in
the stack. With the iron stack rotated out of the
path of the beam, we first measured the number
of protons scattered by the gold foil, while inte-
grating the beam in the Faraday cup of the cham-
ber. This calibrated the beam flux against scat-
tered protons. We next rotated the iron foil stack
into a position upstream from the gold foil, and,
with a very short bombardment, measured the
energy of the particles scattered into the detector
by the gold foil after the beam had passed through
the iron stack (to determine the beam energy loss
in the stack). The stack was then placed down-
stream of the gold foil, and the iron foils were
bombarded for about 2 h with about 100 nA of
beam current. During this time, particles scat-
tered from the gold foil were counted by the
Si(Li) detector. At the end of the bombardment,
the charge calibration was repeated. Finally, the
incident beam energy was lowered to that of the
iron-stack exit energy, and the position of the
peak of particles scattered from the gold foil was
recorded for calibration of the particle detector
spectrum.

The amount of *Co activity produced in the
foils was measured by counting gamma rays from



the foils 18 d after the bombardment and (from
several foils at about 2 MeV proton energy inter-
vals) 49 d after the bombardment. Foils were
counted with a Ge(Li) detector, the efficiency of
which was calibrated using %°Co and other standard
sources.

For each spectrum, we extracted yields for
0.847- and 1.238-MeV gamma rays. Ratios of
these gamma yields were constant to within 5%.
Count rates measured 49 d after the bombardment
were consistent with those measured after 18 d to
within 5%, assuming a 78.8 d half-life.

Cross sections determined from the four foil
stacks overlapped in three energy regions. Discrep-
ancies of up to 5% could not be accounted for,and
the data from the different stacks were arbitrarily
renormalized by increasing cross sections below
9 MeV by 2.5% and decreasing those above 9 MeV
by about 2.5%.

Energies at which cross sections are quoted are
bombarding energies at the center of the foil.
These energies were determined by measure-
ments of the energies of protons scattered by the
gold foil, with and without the iron stack upstream
of the gold foil. The values were at most 160 keV
different from energies calculated from energy
loss tables and the foil thicknesses obtained by
weighing the foils (the largest differences being
those of the exit foils in each stack).

The resulting **Fe(p,n) 5°Co excitation function
is shown in Fig. 4. Cross section uncertainties
are about 5% for relative errors and about 10%
for absolute values.

Our ®Fe(p,n) *%Co cross sections are about 10%
lower than those of Tanaka and Furukawa,!® and
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FIG. 4. Cross section for the 56Fe(p,n)%Co reaction,
obtained by measuring yields of delayed 0.85-MeV
gamma rays.
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about 20% higher than those of the more recent
measurement by Jenkins and Wain.?® A compari-
son of our results to those of Williams and Ful-
mer?! reveals a difference in shape of the excita-
tion function: Our cross sections are considerably
higher than those of Williams and Fulmer at ener-
gies below 16 MeV and somewhat lower at higher
energies. Cross sections at two energies in this
range have been measured by Brodzinski et al .%;
their cross section agrees with ours at 14.1 MeV,
but is 30% lower at 15 MeV.

The 58Co decay results in emission of a 0.847-
MeV gamma ray more than 99.9% of the time, a
1.238-MeV gamma ray 67% of the time, and a
1.811-MeV gamma ray 0.65% of the time.!® Be-
cause of the long *¢Co half-life, the 0.847- and
1.238-MeV gamma-ray yields are tabulated below,
both for the prompt (p,p’) gamma ray cross sec-
tion alone and with the Co decay contribution
added. Activity from °¢Co built up in the target
was determined not to have contributed signifi-
cantly to the measured prompt gamma-ray yield.

D. Corrections for the “Fe(p,Zn)SSCo reaction

The measured yields for the 0.931-MeV and the
1.317-MeV lines from the **Fe(p,pn) °° Fe reaction
include some contribution from decay of >*Co(t,,,
=17.5 h) which is produced in the ¢Fe(p,2n) **Co
reaction. The magnitude of this cross section has
been measured by Jenkins and Wain.?® Using
these cross sections and the time history of the
bombardment of the 5¢Fe target, it was possible
to deduce the contribution of **Co buildup to the
observed yields. The contribution increased with
time during the run, amounting for the 0.931-MeV
line to the equivalent of a 1 mb correction at the
beginning of the run and a 5 mb correction at the
end. These corrections were subtracted from the
observed 0.931-MeV “cross sections”; the correc-
tion was trivial at the higher energies where the
(p,pn) contribution exceeded 200 mb, but amounted
to about one-third of the yield at 14.9 MeV, the
lowest energy at which the cross section was ex-
tracted. The 1.317-MeV line has a strength less
than one-tenth that of the 0.931-MeV line in the
decay of *Co, and thus only a very small correc-
tion was required in this case.

The final results plotted in Fig. 13 below are the
cross sections for the (p,pn) reaction only. This
suffices for the 1.317-MeV line under any rea-
sonable circumstances. However, the (p,2n)
contribution can be significant for the 0.931-MeV
line. Average cross sections are presented in
Table II for both the (p,pn) reaction alone and for
the sum of the (p,pn) and (p,2n) reactions, using
the data of Jenkins and Wain?® for the latter.
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IV. RESULTS
A. Present measurements

At the lowest proton bombarding energies, the
gamma-ray spectra are fairly simple, with one or
two strong lines; however, with increasing bom-
barding energy, more reaction thresholds are
reached and more excited states in the residual
nuclei can be populated, so that a greater number
of gamma rays are observed in the spectra. The
primary criterion used in selecting which of these
gamma rays to analyze was large cross section.
Usually, the strongest gamma-ray lines came
from the first-excited-state to ground-state
transitions in the target nucleus, following the
(p,p’) reaction; sometimes second- to first-exci-
ted-state transitions were also strong. In '°0, the
0* first excited state at 6.05 MeV decays by elec-
tron pair emission, and the strongest gamma-ray
line comes from the ground-state transition of the
6.13-MeV 3" second excited state.

For the '°0, *°Ne, and 2*Mg targets, we also
extracted cross sections for the (p,pa) reactions
producing the same gamma rays as the (p,p’) re-
actions on the '*C, '®0, and *Ne targets, respec-
tively. These two yields must be added in com-
paring to astronomical observations. [Cross sec-
tions for the (p,pa) reaction on 28Si were not ob-
tained because there was a significant background
of (p,a) events arising from stray beam striking
aluminum in the scattering chamber.] Cross sec-
tions for several lines from p + 5¢Fe were extrac-
ted, including that for 0.812-MeV gamma rays
produced by the %Fe(p,n) °Co reaction, a line
not copiously produced by alpha-particle-induced
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FIG. 5. Cross sections for production of 4.44-MeV
gamma rays from p + 12C and p + 10 reactions. [Note:
In Figs. 5-10, the delayed contribution from (p,n) re-
actions followed by 8* decay is included, when present.]
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FIG. 6. Cross sections for production of 2.31- and
1.63-MeV gamma rays from p + N reactions.

reactions. Two cross sections for delayed activi-
ty were also measured: *N(p,n) O and *®Fe(p,n)
56Co (see Sec. III).

The excitation functions for gamma-ray produc-
tion are presented in Figs. 5 through 13. Data
points are plotted at (lab) proton energies corres-
ponding to the target center. The solid lines in
the plots merely connect the data points.

The excitation functions for the lighter targets,
shown in Figs. 5 through 10, correspond to the
sum of the yields from the (p,p’) and (p,n) reac-
tions, except for '°0 (where °F is particle un-
stable). Excitation functions for 56Fe are shown in
Figs. 11 through 13. The cross sections in Fig.
11 are for the (p,p’) reactions alone, for lines at
0.847, 1.238, and 1.811 MeV. The total yields for
the 0.847- and 1.238-MeV lines, including the
contribution from the 5¢Fe(p,n) *®Co(B*EC) *¢Fe
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FIG. 7. Cross sections for production of 6.13-MeV
gamma rays from p + %0 and p + ®Ne reactions.
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FIG. 8. Cross sections for production of 1.63-MeV
gamma rays from p + ?Ne, p + 24Mg, and p + 14N re-
actions. Gamma rays from the 24Mg( b, 2 p)zsNa reaction
are included with the 2!Mg( p, pa)*Ne gamma rays.

reaction, are compared in Fig. 12 to the (p,p’)
yield (the branching ratio for the 1.811-MeV line
in %%Co decay is less than 1%). The excitation
functions for the prompt 0.812-MeV line from the
56Fe(p,n) °Co reaction and for the 0.931- and
1.317-MeV lines from the *®Fe(p,pn) >*Fe reaction
are shown in Fig. 13. The delayed contributions
from the 3¢Fe(p, 2n) 5°Co(B*EC) 5°Fe reaction are
not included in Fig. 13; this contribution is small
for the 0.931-MeV line (see Table IT) and neglibi-
ble for the 1.317-MeV line.

Error bars shown in these figures are for sta-
tistical errors only. Errors in the determination
of absolute cross sections arise from errors in
yield extraction (generally 5%, but larger at the
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FIG. 9. Cross sections for production of 1.37-MeV
gamma rays from p + 24Mg reactions.

1000 1

— 1.78 MeV

Fel

Eioot 1

5 | ’

5

&

a

° I0f .

S 284
p+°°Si

L e E 1)

2
lab proton energy (MeV)

FIG. 10. Cross sections for production of 1.78-MeV
gamma rays from p + 2Sj reactions.

higher proton energies), beam current integra-
tion (estimated at 3%), target thickness measure-
ment (ranging from 5% to 13%; see Table I), and
Ge(Li) efficiency measurement (estimated at 5%
for low-energy gamma rays and 10% for the
4.44- and 6.13-MeV gamma rays). These errors
are added quadratically to give the approximate
absolute errors quoted in Table III. The error
quoted for the p+'*C reaction, yielding 4.44-MeV
gamma rays, is slightly smaller than that given
by the quadratic sum, because of the special
normalization procedure described in Sec. II F.
In many cases a gamma ray can be produced by
more than one reaction. An example is the 4.44-
MeV gamma ray, which can be produced by the
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FIG. 11. Cross sections for production of 0.847-,
1.238-, and 1.811-MeV gamma rays from the *Fe(p, p’)
%Fe reaction.
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FIG. 12. Comparison of cross sections for production
of gamma rays from *Fe. The solid curves correspond
to the Fe( 2, p')Fe reaction alone; the dotted curves
correspond to the sum of the Fe(p, p’)*Fe and *Fe
(9,7)%Co(8* EC)**Fe yields.

12C(p,p’) '2C and ®O(p,pa) 2C reactions. We
have plotted all measured cross sections for a
given gamma ray in one figure. A gamma ray
near 1.635 MeV can be produced from the decay
of the first excited state of *Ne (E,=1.634 MeV),
from the decay of the second excited state of *Na
to the first excited state (E,=1.636 MeV), and
from the decay of the second excited state of N
to the first excited state (E,=1.635 MeV). There
are thus four major sources for this gamma ray
from proton-induced reactions: *Ne(p,p’) *Ne,
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FIG. 13. Cross sections for the production of 0.812-
MeV gamma rays from the Fe(p,7)*Co reaction and
of 0.931- and 1.317-MeV gamma rays from the **Fe
(2, pn)*°Fe reaction.

TABLE III. Estimated uncertainties in the determi-
nation of absolute gamma-ray production cross sections
in proton-induced reactions.

Target E, (MeV) Uncertainty
2¢ 4.44 10%
Un 2.31 10%
uN 1.63 10%
180 6.13 15%
160 4.44 15%
20Ne 1.63 10%
20Ne 6.13 25%
AMg, <2.8 MeV 1.37 15%
Mg, >2.8 MeV 1.37 10%
UMmg 1.63 10%
8gi, <5 MeV 1.78 15%
28gi, >5 MeV 1.78 10%
%re all 15%

2Mg(p,pa) *Ne, **Mg(p,2p) **Na, and “N(p,p’)
IQN.

In the case of data acquired with natural targets
(carbon, nitrogen, oxygen, neon, and silicon),
yields of gamma rays produced by (p,d) and (p,#)
reactions on the heavier isotopes are included in
the cross sections. For astrophysical sources in
which the isotopic abundances are the same as
those on earth, these are the cross sections re-
quired. The difference, however, is small (less
than about 1%), as the (p,d) and (p,¢) reaction
cross sections are expected to be at least several
times smaller than those of the (p,p’) reaction,
and the isotopic abundances of the heavier isotopes
are small.

In order to have the data in a form convenient
for comparison with astrophysical observations,
we have averaged the cross sections over 1-MeV -
wide energy bins. The results are given in Table
II. In addition to the cross sections presented in
the main tables and graphs, we have investigated
several specific questions relating to other cross
sections of interest, including (p,pa) yields for
28Si and %®Fe targets.

(a) The ®O(p,pn) *°0 and °0O(p,2p) '°N reactions
to states at 5.183 and 5.241 MeV in 1°0 and at
5.270 and 5.299 MeV in !N are reported to (to-
gether) have sizable gamma-ray yields at higher
energies.’?® There were no signs of these lines
in the present work. At 23 MeV, an upper limit
of 15 mb can be put on the possible °N contribu-
tion. The threshold for reaching the lowest '°0
state is at E,=22.1 MeV, and therefore the yield
from the !°0 lines can be assumed to be negligible
at E,=23 MeV.

(b) Although the determination of the excitation
function for the 1.37-MeV line from the
283i(p,pa)**Mg reaction was made difficult by the
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presence of a background contamination from the
YAl p,a)*Mg reaction, it was possible to make
an approximate determination of this cross section
at the higher energies studied. At 23 MeV, the
cross section is roughly 90+ 25 mb, which is
smaller than the cross sections for the (p,pa) re-
action on '°0 and ?*Mg, and about the same as that
for *'Ne.

(¢) The cross section for the production of
1.434-MeV gamma rays from the Fe(p,pa)’*Cr
reaction is reportedly very appreciable at 100
MeV.!?* We have looked for this line at the lower
energies of the present measurement. It was nec-
essary to distinguish between the 1.434-MeV **Cr
line and a 1.441-MeV line arising from the
Fe(p,a)’®Mn reaction; this was done by fitting
two Gaussian pulse shape distributions to the poor-
ly resolved double peak. The cross sections for
both lines are quite low below 14 MeV. They rise
steeply between 14 and 20 MeV, with the cross
section for the 1.441-MeV line being the larger
until near 20 MeV. At 20 MeV, the two cross sec-
tions are each about 10 mb. Above 20 MeV, the
1.434-MeV excitation function continues to rise,
with the cross section reaching (44 +10) mb at 23
MeV, while the excitation function for the 1.441-
MeV line is essentially flat between 20 and 23
MeV.

B. Comparison to other measurements

A few gamma-ray production cross sections in
this energy range have been measured previously
by Zobel et al.,’® using Nal(TI) detectors. Most
yields were measured at 6,=135° and the angular
distributions required for extraction of total cross
sections are not available. In the case of 14.6-
MeV p + '2C, yielding 4.44-MeV gamma rays,
measurements were made at three angles; how-
ever, the results are not self-consistent. The dif-
ferential cross section at 135° was found to be 8
times greater than that at 50°, although these
cross sections should be about equal, since the
angular distribution must be symmetric about 90°.
A comparison of Zobel’s '2C differential cross
sections to our results shows the Zobel result to
be 2 times larger at 135°, about the same at 90°,
and 3.5 times smaller at 50°. For 12.1-MeV
p + %0, yielding 6.13-MeV gamma rays, the thick
target and the lack of angular distribution infor-
mation in the Zobel measurement makes compari-
son difficult, but agreement seems to be good to
20%. The Zobel results for 15.7-MeV p + *éFe,
yielding 0.85- and 1.24-MeV gamma rays, are
somewhat higher than our results, but within the
errors of the Zobel measurement (assuming an
isotropic angular distribution; the distribution has
not been measured).

Aside from the survey by Zobel ef al., there are
few reported results on total cross sections for
gamma-ray yields. In one further comparison,
we find that our cross sections for production of
2.31-MeV gamma rays from the p + !*N reaction
are in general agreement (maximum differences
about 309;) with those of Phillips et al..”® who mea-
sured yields of 2.31- MeV gamma rays with a
Ge(L1i) detector, up to proton energies of 6.4 MeV
(lab).

For the 4.44-MeV line of ’C and, to a lesser
extent, the 6.13-MeV line of '°0, it is possible to
compare the gamma-ray cross sections with mea-
sured inelastic proton scattering cross sections.
For '’C, the higher excited states decay primarily
by breakup into alpha particles; at proton energies
below 23 MeV their excitation contributes less
than 0.5 mb to the 4.44-MeV gamma ray yield.?
Therefore, the inelastic scattering cross section
and the gamma-ray cross section are almost
equal. The present results give gamma-ray cross
sections which are somewhat higher than pre-
viously measured (p,p’) cross sections. At low
energies, comparisons are made somewhat un-
certain by differences in bombarding energies and
target thicknesses. We estimate that our cross
sections are about 109, above the (p,p’) cross
sections reported by Barnard, Swint, and Clegg?®’
between 6 and 10 MeV, and about 49, above the
(p,p’) cross sections of Swint et al.?® near 9.2
MeV. At 12 MeV, our measured (p,p’) cross sec-
tion of 267+ 14 mb lies 8.5% above the value of
246 + 6 mb reported by Conzett.?® The present
gamma-ray cross sections are on the average
about 89, above the (p,p) cross sections at 15 to
19 MeV of Daehnick and Sherr,!? and about 29,
above the (p,p’) cross sections of Dickens® near
20 MeV. [Our results include a correction, al-
ways under 3%, for 4.44-MeV gamma rays from
the 1%0(p,pa)!?C reaction on an oxygen contami-
nant in the carbon target. No correction has been
made for gamma rays from the *C(p,pn)'*C re-
action, because it is believed to be highly unlikely
that the fractional gamma-ray contribution from
13C exceeds the 19, relative abundance of !3C in the
(natural) carbon target.]

At proton energies below 9.4 MeV (the threshold
for producing the 8.87-MeV state of 1%0), the cross
sections for the production of 6.13-MeV gamma
rays are essentially the same as those for inelas-
tic scattering to the 6.13-MeV state of *0. Our
cross section at 9.2 MeV agrees with the (p,p)
cross section of Dangle et al.,”! lying about
(4+10)%, above the cross section inferred from
their plot of the Legendre polynomial coefficient
a, for scattering to the 6.13-MeV state.

Ramaty et al.! have recently compiled an exten-



23 CROSS SECTIONS RELEVANT TO GAMMA-RAY ASTRONOMY: ... 1879

sive set of cross sections relevant to gamma-ray
astronomy. These cross sections were derived
primarily from cross sections for inelastic proton
scattering and gamma-ray branching ratios, with
some input from gamma-ray measurements. The
Ramaty results and the results of the present work
cannot be considered independent determinations
of the cross sections, however, because our pre-
liminary data were available to Ramaty et al., and
some of their cross section determinations were
influenced by the present measurements. The
cross sections quoted by Ramaty et al. are typical-
ly within 209, of our results, with occasional 509,
differences, for gamma rays from inelastic pro-
ton scattering on '?C, '°0, ¥Ne, *Mg, %%i, and
Fe nuclei, and for gamma rays from the (p,pa)
reactions on *0, ®Ne, and *Mg targets [in the
%Mg case, including any (p;2p) gamma rays of
energy 1.64 MeV]. The cross sections for pro-
ducing 2.31-MeV gamma rays from the p + N re-
action, as given by Ramaty, are about twice our
cross sections for lab proton energies between 8
and 15 MeV, because Ramaty ef al. used the rather
large cross sections for the !*N(p,»n)'*O reaction
given by Kuan and Risser!! (see Sec. IIIB). Our
cross section for producing 1.37-MeV gamma
rays from the 2%8i(p,pa)?*Mg reaction at 23 MeV
is three times smaller than that of the Ramaty
estimate. For the case of 1.434-MeV gamma rays
produced by the *Fe(p,pa)’®Cr reaction at 23
MeV, our cross section is about 8 times smaller
than the Ramaty estimate.

C. Cross sections averaged over proton spectra

The prominence of individual gamma-ray lines
from astrophysical sources will depend upon the
target abundances, the energy spectra of the pro-
tons, and the cross sections as a function of en-
ergy. To aid in predicting the relative importance
of the different gamma-ray lines, we have followed
a common practice in the treatment of low energy
particle spectra, and have averaged the cross sec-
tions over a power law spectrum in proton kinetic
energy, of the form

¢(E)=E™, E>E,
P(E)=0, E<E,. (2)
The average cross section is defined as
e, o(E)E*aE
(o) = = . (3)
VST

The power law exponent s is considered to be a
variable parameter. The cutoff energy E, serves
as an artifact to avoid infinite flux at zero energy.
We set E,=2 MeV. Because the cross sections

for all reactions considered here are negligible
(usually zero) below 2 MeV, this implies integra-
tion over the full power law spectrum upward from
the reaction threshold. The choice of E, thus af-
fects only the denominator in Eq. (3); it provides
an arbitrary overall normalization which applies
equally to all reactions.

Cross sections, averaged in this manner over
power law spectra, are presented in Table IV for
several values of the parameter s. In calculating
these average cross sections, it was necessary to
estimate cross sections for proton energies above
23 MeV (the usual upper limit of our measure-
ment). When possible, these extrapolated cross
sections were based on measurements in the liter-
ature. For the (p,p ") and (p,n) reactions, most
of the yield arises from interactions below 23
MeV (for s =2), and the uncertainty in the extra-
polated cross sections introduces negligible error.
For other reactions, the results are less certain.
This point is brought out more quantitatively in
Table V, where we present the fraction of the total
gamma-ray yield attributable to protons of energy
less than 23 MeV, assuming power law spectra.
For example, for s =3, about 989, of the yield of
4.44-MeV gamma rays from the *C(p,p")!*C re-
action is attributable to protons of energies below
23 MeV.

The absolute magnitudes of the average cross
sections presented in Table IV are very sensitive
to both the spectral index s and the choice of cut-
off energy, E., and they are relevant only if the
actual proton energy spectrum is close to a power
law spectrum. Another perspective on the average
cross sections at low proton energies may be ob-
tained from a simple unweighted average, of the
form

(0y=E " OEmo(E)dE . (4)

This average is presented in the last column of
Table IV, for the interval from zero to E ,= 20
MeV.

V. DISCUSSION

Analysis of the gamma-ray line spectrum from
an astronomical site can be used to provide de-
tailed information concerning the environment of
the site. Extraction of this information may in
some cases involve a global analysis: comparing
the observed yields of many lines to the predic-
tions of an astrophysical model in which the con-
tributions of all interacting particles are consid-
ered. Consideration of the contributions from pro-
ton induced reactions provides a major part of the
necessary information, but the alpha-particle con-
tribution cannot be ignored. Cross sections for
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TABLE IV. Average cross sections (in mb) for the production of gamma rays in proton-

induced reactions.

Cross section (mb)

Target Residual E, Beta decay Power law spectra®
nucleus nucleus (MeV) included??® s=2 s=3 s=4 Flat spectrum®
2¢ 2¢ 4.44 Yes 58 23.4 8.2 154
160 2¢ 4.44 NAd 10 1.6 0.2 20
uN N 1.63 Yes 12 58 2.3 26
un un 2.31 Yes 21 10.2 4.4 44
89 o) 6.13 NA 20 6.3 1.7 68
20Ne o) 6.13 NA 7 1.2 0.2 20
20Ne 20Ne 1.63 Yes 181 142.4 111.4 245
AMg 20Ne 1.63 NA 1 1.7 0.2 14
AMg UMg 1.37 Yes 174 97.8 51.8 339
28gj 28Bg; 1.78 Yes 117 62.5 32.4 255
%Fe 55Fe 0.931 No 17 2.6 0.3 30
%Fe SFe 0.931 Yes 20 3.0 0.4 34
¥re 5Fe 1.317 No 12 1.9 0.2 19
%Fe %Fe 0.847 No 114 53.4 22.8 276
% Fe ¥ e 0.847 Yes 174 76.9 30.4 458
% Fe %Fe 1.238 No 28 9.7 3.0 96
%Fe %Fe 1.238 Yes 69 25.4 8.0 218
%Fe %Fe 1.811 No 12 52 1.9 30
% Fe %Co 0.812 NA 17 6.6 2.1 46

2 Inclusion of beta decay gives contribution from (p,n) or (p,2r) reactions.
b Average cross section calculated from Eq. (3), with E,=2 MeV.

¢ Average cross section calculated from Eq. (4).

4 Not applicable.

TABLE V. Fraction of gamma-ray yield from re-
actions at E <23 MeV assuming power law spectrum.

Target Residual E, Beta decay Fraction
nucleus nucleus (MeV) included?® s=2 s=3 s=4

2g 2¢ 4.44 Yes 0.93 0.98 0.99
8o 2 4.44 NADY 0.44 0.57 0.67
Un 4y 1.63 Yes 0.98 0.99 1.00
uNn N 2.31 Yes 0.97 0.99 1.00
iLe) 180 6.13 NA 0.88 0.96 0.98
20Ne 180 6.13 NA 0.54 0.68 0.77
20Ne 20Ne 1.63 Yes 0.97 1.00 1.00
“Mg 2'Ne 1.63 NA 0.33 0.45 0.56
UMg Mg 1.37 Yes 0.95 0.99 1.00
28gi 28g4 1.78 Yes 0.95 0.99 1.00
5 Fe %Fe  0.931 No 0.40 0.53 0.64
%Fe S5pe 0.931 Yes 0.39 0.52 0.63
% Fe 55Fe 1.317 No 0.39 0.51 0.61
% Fe %Fe 0.847 No 0.95 0.99 1.00
%Fe %Fe 0.847 Yes 0.96 0.99 1.00
% Fe %Fe 1.238 No 0.92 0.97 0.99
% Fe %Fe 1.238 Yes 0.95 0.98 1.00
e 5 Fe 1.811 No 0.90 0.98 0.99
% Fe %co 0.812 NA 0.98 0.99 1.00

2 Inclusion of beta decay gives contribution from (p,n)
or (p,2n) reactions.
b Not applicable

alpha-particle induced reactions will be presented
in a later paper. Pending these results, we pre-
sent here a preliminary description of the sort of
information which, in principle, can be extracted.
(It is to be noted that our caveat about the need for
the alpha-particle data may in some cases be too
conservative; the Doppler shift for the alpha-
particle induced reactions is larger than that for
proton-induced reactions and it may therefore be
possible in some cases to distinguish between the
two contributions, if detectors of good energy re-
solution are used.)

A commonly used form for the energy spectrum
is the power law distribution given by Eq. (2), de-
scribed by two parameters s (the exponent) and
E (the cutoff energy). When two or more gamma-
ray lines are observed from the same target nu-
cleus, but the energy dependence of the cross sec-
tion is different, we can determine the shape of
the energy spectrum of the accelerated particles,
independent of the absolute numbers of particles.
An example is given by the p + **Fe reaction. The
strongest (p,p’) gamma rays, at 0.847- and
1.238-MeV, are also strongly excited by (a,a’).
However, for three prominent lines the proton
cross sections below 23 MeV are large compared
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to the alpha particle cross sections: the 0.812-
MeV line from the *Fe(p,n)**Co reaction and the
0.931- and 1.317-MeV lines from **Fe(p,pn)*’Fe.
The ratio of either the 0.931- or 1.317-MeV line
intensity to that of the 0.812-MeV line can thus
give information on the energy spectrum of the
accelerated protons, with only a small correction
for the alpha-particle contribution. In Fig. 14 we
show the ratio of the 0.931- to 0.812-MeV line in-
tensity as a function of the power law exponent s,
taking E_ =2 MeV, as above. It is clear that for
harder spectra (s smaller) the 0.931-MeV line is
relatively more prominent. A similar comparison
can be made for the '?C(p,p’)!’C reactions using
the 4.44- and 15.1-MeV lines. The latter line is
not observed in the present work but is prominent
at higher proton bombarding energies.®

When the excitation functions for two gamma
rays from two different target nuclei are similar,
the ratio of observed yields might be used to de-

termine the relative abundances of these target
nuclei in an astrophysical environment, indepen-

dent of the energy spectrum of the bombarding
particles. It is found, for example (ignoring spal-
lation yields and alpha-particle-induced yields),
that the ratio of 1.37-MeV gamma rays from

p + Mg to the number of 1.78-MeV gamma rays
from p +28i has little dependence on the parame-
ters E . and s for a power law distribution; the
ratio of ‘Mg to ?%Si nuclei may thus be measured.
Other examples of gamma-ray yield ratios rela-
tively independent of energy spectrum parameters
are the ratios of 1.238- or 0.812-MeV gamma rays
from *’Fe to 4.44-MeV gamma rays from '*C and
the ratio of 0.847-MeV gamma rays from **Fe to
2.31-MeV gamma rays from '*N. Of course, if
some knowledge of the character of the proton
spectrum can be obtained, for example, by the
comparisons discussed in the previous paragraph
or from the widths of the observed gamma-ray
lines, then the extraction of relative abundance in-
formation will be facilitated.

It is also possible to study the time history of
the emission process from line ratios, when there
is an appreciable contribution from delayed emis-
sions, as in the case of the *Co (¢,,,="78.8 d) con-
tribution to the °*Fe lines. Consider, in particu-
lar, the 1.238- and 0.847-MeV lines from **Fe.
For the *Co decay, the ratio of these lines is
0.67, while for (p,p’) reactions the 1.238-MeV
line is relatively much weaker. Thus a ratio of
0.67 would imply remnant activity, a very low
ratio would imply an outburst of short duration,
and an intermediate ratio would imply a steady
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FIG. 14. Ratio of the 0.931-MeV gamma ray yield to
the 0.812-MeV gamma ray yield in proton bombardment
of %Fe, where the energy distribution of accelerated
protons is assumed to be given by a power law spectrum
E=S. The ratio is independent of the cutoff energy E_,
if E, is less than the threshold energies for both reac-
tions.

state. More quantitative conclusions are depen-
dent on the detailed shape of the proton spectrum.

It must be recognized that the present observa-
tional situation with respect to gamma-ray lines
leaves us still a long distance from the detailed
analyses considered here. The use to which de-
tailed information on gamma-ray production cross
sections can ultimately be put will depend upon the
extent to which the hope of obtaining richer and
less ambiguous spectra is fulfilled, as the duration
of observations is increased and the size and re-
solution of the detectors is increased.
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