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Gamma-ray production cross sections have been measured for the y-ray lines which are most
strongly excited in the proton bombardments of C, N, O, Mg, Al, Si, and Fe targets of natural isoto-
pic composition. High resolution germanium detectors were used to collect y-ray spectra at proton
bombarding energies of 8.9, 20, 30, 33, 40, and 50 MeV.

INTRODUCTION

Observations of discrete y-ray lines can provide unique
signatures of nuclear reactions occurring in astronomical
environments. Because of their highly penetrating na-
ture, y rays may provide specific information on astro-
physical sites which are opaque to longer wavelength ra-
diation. y-ray lines have been observed within the solar
system in solar flare events,! and in extra-solar system
sites such as the galactic center, Centaurus A, SS-433,
and perhaps the Crab Nebula.?~® Other astrophysical
sites that are expected to produce observable y-ray lines
include supernova remnants and galactic nuclei.>? In ad-
dition, when cosmic rays interact with matter in the in-
terstellar medium (ISM), nuclear y rays can be pro-
duced.>?

In principle, discrete line y-ray spectra can be used to
obtain the relative abundances and energy spectra of the
particles responsible for the y-ray production. By study-
ing y-ray line emission it is hoped to learn about the in-
tensity, spatial distribution, and sources of the low energy
component of the cosmic rays. This lower energy com-
ponent is unobservable within the inner solar system due
to the effects of the solar wind on the low energy parti-
cles. y-ray astronomy could also provide information on
the composition of the ISM on large scales. Information
concerning the composition, grain size, and distribution
of interstellar dust grains could also be obtained.”* How-
ever, in order to make use of such future spectra, cross
sections for the production of nuclear y rays must be
known.

There are several mechanisms which result in y-ray
emission: charged particle induced reactions such as in-
elastic scattering and spallation reactions, radioactive de-
cay to excited states of nuclei, e *e = annihilation, and
neutron capture. Within the first category, the high
cosmic abundances of hydrogen and helium imply that
only proton and a-particle induced reactions need be
considered. The surprisingly high velocity of astrophysi-
cal particle beams, such as that determined from observa-
tions of SS-433 (Ref. 4), has lead us to extend the sys-
tematic measurements of y-ray line production cross sec-
tions from proton and a-particle bombardment to higher
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energies than previously reported.” ! We present in this
paper results of measurements of y-ray production cross
sections using a proton beam on a variety of targets. In a
second work to be published later we will present results
for a-particle bombardments. This work is an extension
of the earlier measurements of the authors of Refs. 7-9,
who determined the y-ray production cross sections for
both proton and a-particle bombardments of a large
number of targets from threshold to 23 MeV for proton
and from threshold to 27 MeV for a-particle bombard-
ments.

EXPERIMENTAL METHOD

Beams of protons were provided by Lawrence Berkeley
Laboratory’s 88-Inch Cyclotron over the energy range of
8.9-50 MeV. The beams impinged on targets of C, N, O,
Mg, Al Si, and Fe, all of natural isotopic composition.
The target thicknesses varied from 200 ug/cm? to 7.56
mg/cm? for the various targets. y rays produced by vari-
ous reactions were observed by two high purity Ge detec-
tors of 109 cm® volume. We used the techniques of Ref. 7
in extracting the angle integrated cross sections. Since
the spins and multipolarities of all the transitions we re-
port are low, the angular distributions can be expressed
as a sum of the first three even Legendre polynomials.
The angle integrated cross section can then be extracted
from just two measurements at 30.6° and 109.9° [zeroes of
P,(cosf)]. The exception to this was the 6129 keV y-ray
line in '®O, where four terms are needed to express the
angular distribution and measurements of at least three
angles are required (we made measurements at 26°, 48.8°,
90°, and 104°). In addition, for the bombardment at 33
MeV, angular distributions over a wider range of angles
were taken for all targets to confirm the multipolarities of
the y-ray transitions and to serve as a check on our cross
section determination techniques. We have neglected the
effects of finite beam spot size (< 0.6 cm diameter). We
confirmed that the center of rotation for the detectors
was the target position using y-ray sources fixed at the
target position. We have also confirmed that the y-ray
attenuation of the scattering chamber was isotropic over
the range of angles we investigated. Both of these poten-
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tial corrections were found to be insignificant to within
the accuracy of this measurement (relative accuracy of
10%). We have neglected the laboratory-to-center-of-
mass transformation corrections which largely cancel for
the measurements at 30.6° and 109.9°, and are at most
1% for the worst case.

The energy of the beam was varied in ~10 MeV steps
from 8.9 to 50 MeV. Data were also collected at 33 MeV,
chosen to coincide with the proposed energy per nucleon
of matter in the jets SS-433 (Ref. 4). Single parameter en-
ergy histograms were collected at each energy and angle
combination for all targets with the two detectors. These
histograms were stored on magnetic tape for later
analysis. The output of a sensitive current integrator was
used to trigger a pulser that was fed into both detectors’
preamplifiers and into a scaler. This permitted an accu-
rate beam integration and dead-time determination.

In Figs. 1-4, we show typical spectra generated by the
bombardment of Mylar, Mg, Si, and Fe targets with 33
MeV protons. The detector was located at 90° to mini-
mize Doppler shifts. The prominent y rays are labeled
on the figures, indicating the decay energy (in keV) and
parent nucleus of the decay.

RESULTS

To obtain cross sections from the measurements on the
elemental targets, background and deadtime corrected
y-ray yields were determined for the most prominent
peaks in each spectrum. These differential cross sections
at several angles were then used to obtain relative angle-
integrated cross sections using the technique described
above. In order to convert our results into absolute cross
sections, we normalized our data to those reported in
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FIG. 1. Typical y-ray spectra observed for the bombardment
of the Mylar target with 33 MeV protons. The y-ray energy
and parent nucleus for the decays are indicated in the figure.
The notations PP, SE, and DE represent the photopeak, single
escape, and double escape peaks observed within our detectors,
corresponding to the detection of the full energy, full energy
— 511 keV, or full energy — 1022 (=2X511) keV, respectively.
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FIG. 2. Typical y-ray spectra observed for the bombardment
of the magnesium target with 33 MeV protons. The y-ray ener-
gy and parent nucleus of the decays are indicated in the figure.

Ref. 7. For those y-ray lines which could not be normal-
ized to other determinations, we used the measured abso-
lute energy-dependent y-ray detection efficiency (deter-
mined from our measurements and those of Ref. 7) and
the measured target thicknesses to calculate the absolute
cross sections. The normalizations were performed at
Eycam =20 MeV and we used the 8.9 MeV data as a check
of our normalization. We did not use the lower energy
data as our principal normalization because the cross sec-
tions for many of the lines were seen to vary quite rapidly
with energy at the lower energies and due to problems in
determining our precise beam energy at this energy. Our
problem in determining the beam energy was a result of a
failure in our NMR system for this single energy and at
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FIG. 3. Typical y-ray spectra observed for the bombardment
of the silicon target with 33 MeV protons. The y-ray energy
and parent nucleus for the decays are indicated in the figure.
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FIG. 4. Typical y-ray spectra observed for the bombardment
of the iron target with 33 MeV protons. The y-ray energy and
parent nucleus for the decays are indicated in the figure.

the higher energies we were able to determine the beam
energy accurately (=5 keV). The cross sections for the
4439 keV line from the Mylar target was normalized at
8.9 MeV due to the significant contributions to this line
from other reactions ['®O(p,pa)!*C*] in the Mylar target
at higher energies. We also normalized the 1369 keV line
from the Mg target at 8.9 MeV. This was also due to the
inclusion of yield to this line from reactions on other iso-
topes at the higher bombarding energy. We were able to
estimate our actual beam energy at the 8.9 MeV bom-
bardment by using our measured y-ray yields and the 20
MeV normalizations. Using several different targets we
were able to determine the energy to be 8.895+0.120
MeV.

Our targets were of natural isotopic composition,
whereas those of Ref. 7 were often isotopically enriched.
Since our aim was to provide information for y-ray line
astronomy, we felt that natural composition cross sec-
tions were more appropriate. In Table I we present the
y-ray lines we have analyzed, listing the principal reac-
tions for their productions, and listing the half-life for ra-
dioactive species whose half-lives were short enough to be
significant to our data collection times (typically 3-30
min), and the Q values for the different reactions.!! We
have restricted our analysis to include isotopes whose
natural abundance is >1%. A number of the y rays are
actually composites of several closely situated lines. Our
detector resolution (~3 keV at 1 MeV) was such that we
did not attempt to resolve these lines. In particular, the
line from the Mg target of ~ 1635 keV energy is a com-
posite of the 1633.8 keV line in °Ne, the 1636.5 keV line
in 2Na, and 1611.7 keV line in Mg. The 959 keV line
from the Si target is a composite of a 960.3 keV transition
in Al and a 956.8 keV transition in *’Si. The 1435 keV
line is a composite of the 1441 keV transition in >*Mn and
the 1434 keV transition in >2Cr.

ALL TARGETS

We have attempted to deduce the systematic errors in
our data with several checks and several repeat measure-
ments. We estimate the internal consistency of our data
to be 10%, while the absolute magnitude can be no more
accurate than the data we normalized to, which reported
an accuracy of 15% (Ref. 7). With the exceptions noted
below, this applies to all our cross sections reported here.
We have tabulated our cross section data in Table II.

More complete angular distributions than were re-
quired for the cross section extraction were taken for
many of the y-ray lines at 33 MeV bombarding energy.
These angular distributions were fitted with the appropri-
ate Legendre polynomials using a least squares fitting
routine. Several of these angular distributions and result-
ing fits are shown in Fig. 5. A comparison of the angle
integrated cross sections for these lines obtained with the
more complete angular distributions (using the fitted
Legendre polynomials) to the abbreviated distributions
(using the techniques described above) were found to
agree to within the statistical errors of the measurements.

CARBON TARGET

The carbon target was a self-supporting 991 pug/cm?
thick foil of natural isotopic composition. The yield of
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FIG. 5. Angular distributions for five separate y-ray transi-
tions resulting from the bombardment of Mylar, Mg, Si, and Fe
targets with 33 MeV protons. The solid lines are the results of
least squares fits of Legendre polynomials to the data.



37 MEASUREMENTS OF CROSS SECTIONS RELEVANT TO y-RAY ...

4439 keV y rays from the decay of the first excited state
to the ground state in '2C is shown in Fig. 6 along with
the data of Refs. 7 and 12. The 4439 keV y ray presents
a challenge to correctly extract and integrate. The decay-
ing state responsible for the line is very short lived,'' and
subsequently the y-ray line is quite broad and Doppler
shifted. The Compton scattering of the y ray in the Ge
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crystal results in a rapidly rising background below the
photopeak. This is illustrated in Fig. 1. We have extract-
ed the photopeak, single, and double escape peaks, but
due to the problems in establishing background estimates
for the escape peaks, these were used primarily as checks
on our consistency of our peak extractions. We estab-
lished the peak area by setting a broad window on the

TABLE I. Reactions which are responsible for the various y-ray lines in the present work. The half-life for the radioactive species
which significantly contributed to the yields and the Q values for forming the decaying states are listed. Multiple y rays which were
not resolvable in our detector are indicated.

Target Reaction E, (keV) ty Q (MeV) Target Reaction y (keV) t Q (MeV)
C 2C(p,p")**C 4443 —4.443 Si 30Si(p,a)?’Al 1014.46 —3.388
BC(p,d)'2C 4443 —17.165 28Si(p,2p)* Al 1014.46 —12.600
2C(p,n)"*N 4443 110 ms  — 18.120 2Si(p,*He)?’Al 1014.46 —13.356
BC(p,2p)*N 4443 11.0 ms —21.502 283i(p,d)?’Si 1014.46  4.13 s —15.733
N “N(p,p" )N 1634.9 —3.948 »8i(p,t)*"Si 101446  4.13 s —17.950
“N(p,n)"*0 16349  70.6 s —5.923 30Si(p,tn)?’Si 101446  4.13 s —28.559
N “N(p,p" )N 2312.9 —2.313 Si 283i(p, pa)**Mg 1368.59 —11.353
“N(p,n)"*0 23129 706 s —5.923 »Si(p,da)**Mg 1368.59 —17.603
o 1%0O(p,pa)'*C 4443 —11.605 398i(p,’Li)**Mg 1368.59 —21.955
1%0(p,na)?N 4443 11.0 ms —25.282 23i(p,na)**Al 1368.59  7.18 s —24.646
o '%0(p,d)"*0 5241 —17.398 »Si(p,2na)**Al 1368.59  7.18 s —33.120
o '%0(p,2p)°N 5270 —18.679 39Si(p, 3na)*Al 1368.59  7.18 s —43.729
o 0(p,p’)'°0 6129 —6.129 Si %Si(p,p")*Si 1778.9 —1.779
Mg  *Mg(p,p’)*Mg 1368.59 —1.369 »Si(p,d)**Si 1778.9 —8.029
®Mg(p,d)*Mg 1368.59 —6.476 0Si(p, t)*Si 1778.9 —12.380
%Mg(p,t)**Mg 1368.59 —11.311 283i(p,n)**P 1778.9 0.270 s —15.113
#Mg(p,n)*Al 1368.59  7.18 s —14.661 2Si(p,2n)**P 1778.9 0.270 s —23.587
BMg(p,2n)**Al 1368.59  7.18 s —21.992 39Si(p, 3n )P 1778.9 0.270 s —32.567
Mg(p,3n)**Al 1368.59  7.18 s —33.084 Fe  *Fe(p,p’)*Fe 846.8 —0.847
Mg  »Mg(p,p')*Mg 1611.7 —1.6117 $'Fe(p,d)*°Fe 846.8 —6.269
Mg(p,d)**Mg 1611.7 —10.480 Fe  *Fe(p,d)*°Fe 931.4 —9.903
*Mg(p,a)*Na 1636.5 —3.894 S'Fe(p,t)*Fe 931.4 —11.292
“*Mg(p,pa)®Ne  1633.8 —10.947 Fe  *Fel(p,p’)**Fe 1129 —2.539
%Mg(p,2p)*®Na  1636.5 —13.766 S*Fe(p,n)Co>*" 1129 1.46 min  —9.222
BMg(p,°He)*Na  1636.5 —14.119 8Fe(p,t)**Fe 1129 —14.552
BMg(p,da)®Ne  1633.8 —15.370 S"Fe(p,tn)**Fe 1129 —28.455
Mg(p,’Li)®Ne  1633.8 —18.422 Fe(p,3n)Co>*™ 1129 1.46 min  —29.720
“Mg(p,na)®Na  1633.8 0.446 s —23.982 'Fe(p,4n)Co™™ 1129 1.46 min  —37.363
BMg(p,2na)®®Na  1633.8 0.446 s —31.083 Fe  *°Fe(p,d)*’Fe 1222 —11.511
*Mg(p,3na)®®Na  1633.8 0.446 s —41.878 S7Fe(p,t)*°Fe 1222 —12.900
Al 2Al(p,d)AI**" 829 —12.119 Fe  **Fe(p,p’)*°Fe 1238 —2.085
Al YAl(p,p)PAl 843.76 —0.844 'Fe(p,d)**Fe 1238 —7.507
Al 7Al(p,p)?Al 1014.46 —1.104 Fe  *Fe(p,d)*’Fe 1316.7 —10.289
2 Al(p,n)*'Si 101446 4.1 s —5.591 S"Fe(p,t)>*Fe 1316.7 —11.678
Al T Al(p,2p)*Mg 1129.7 —8.530 Fe 5*Fe(p,p’)**Fe 1408.4 —1.408
Al Y Al(p,a)*Mg 1368.59 —1.601 *Fe(p,n)Co**" 1408.4 1.43 min —9.222
ZAl(p,tn)*Al 1368.59  2.07 s —35.773 ®Fe(p,d)**Fe 1408.5 —10.381
Al YAl(p,2p)*Mg 1808.7 —8.271 S’Fe(p,t)*Fe 1408.5 —11.770
Si 3Si(p,d)?’Si 780.3 —15.733 ®Fe(p,t)**Fe 1408.4 —13.422
Si(p,t)¥'Si 780.3 —17.950 S"Fe(p,t n)**Fe 1408.4 —23.967
398i(p,tn)?’Si 780.3 —28.559 *Fe(p,3n)Co>*™  1408.4 1.43 min  —29.720
Si 30Si(p, )’ Al 843.76 —3.2863 S'Fe(p,4n)Co>*"  1408.4 1.43 min  —37.363
%Si(p,2p)?’Al 843.76 —12.430 Fe  **Fe(p,a)**Mn 1441 —1.627
¥Si(p,’He)?’Al 843.76 —13.186 3%Fe(p,p a)**Cr 1434.08 —9.048
Si 2Si(p,d)?’Si 956.8 —15.912 5’Fe(p,n a)*Mn 1441 —9.273
39Si(p,2p)*°Al 960.3 —16.693 *Fe(p,2p)**Mn 1441 —9.427
Si(p,t)*'Si 956.8 —18.129 “TFe(p,°Li)**Cr 1434.08 —12.996
308i(p,tn)?’Si 956.8 —28.738 *Fe(p,3p)**Cr 1434.08

—16.848
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FIG. 6. y-ray production cross sections for the production of
the 4439 keV line from carbon and oxygen targets are indicated
by the shaded boxes and shaded circles, respectively. In this
and subsequent figures the data of Ref. 7 are plotted as small
crosses and those of Ref. 12 are presented as solid diamonds.
The data from the carbon target have been multiplied by a fac-
tor of 5. Representative errors are indicated on a number of
data points for this and subsequent figures.

photopeak and a window just above the peak. We as-
sumed that the background was essentially flat surround-
ing the peak, and that the sharp rise witnessed just below
the 4439 keV line is due to Compton scattering in the
detector. We have enlarged our errors for the extraction
of the 4439 keV line to 17%.

NITROGEN TARGET

The nitrogen target was 1.9 mg/cm’ of melamine

(N¢C;Hg) deposited on a 98 pg/cm” natural carbon foil.
The 1635 and 2315 lines produced in the decay of the
second excited state to the first excited state and the de-
cay of the first excited state to the ground state of '*N, re-
spectively, were extracted and integrated. The excitation
functions for these lines are shown in Fig. 7 along with
the data of Ref. 7.

OXYGEN TARGET

The oxygen target was a thin Mylar foil (3.3 mg/cm?,
CsH,0,). We report the cross section for the inelastic
scattering to the second excited state in '®0 which results
in a 6129.2 keV y ray. For this target we collected data
at the four angles as prescribed by the techniques de-
scribed above to extract the angle integrated cross sec-
tions. We have extracted the photopeak, single escape,
and double escape peaks as a consistency check. We ulti-
mately normalized all three excitation functions to the
data of Ref. 7, averaging the three separate peak extrac-
tions. In Fig. 8 we present our excitation function, along
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FIG. 7. y-ray production cross sections for the production of
1635 (shaded circles) and 2315 (shaded boxes) keV lines from
the nitrogen target. The data for the 2315 keV line have been
multiplied by a factor of 10.

with the data of Ref. 7 at the lower energies, and the data
of Refs. 12 and 13 at the higher energies.

The 5270 keV line results from the decay of the first ex-
cited state of >N formed by the '®O(p,2p)!°N reaction.
The Q value is sufficiently high that in their experiment
Dyer et al. were unable to observe this line except at
their highest energies. In order to obtain the normaliza-
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FIG. 8. y-ray production cross sections for the production of
the 6129 keV line from oxygen target (shaded boxes). In addi-
tion to the data of Refs. 7 and 12, those of Ref. 13 are shown
with solid circles.
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FIG. 9. y-ray production cross sections for the production of
the 5241 (shaded circles) and 5270 (shaded boxes) keV lines
from the oxygen target. The data for the 5241 keV line have
been increased by a factor of 5.

tion factors for this cross section, we interpolated the ab-
solute detection efficiency for our detectors from the nor-
malizations obtained for the 4439 and 6128 keV lines.
Because of the increased uncertainty introduced by this
technique we increase our estimate of the error for this
line to 17%. Similarly, the 5240 keV line from decay of
the second excited state to the ground state in '*O was
observed. These excitation functions are shown in Fig. 9,
along with the data of Ref. 12.

From the oxygen target we also extracted cross sec-
tions for the production of the 4439 keV y ray. By com-
paring the yield of 4439 keV y rays from the Mylar and
carbon targets at 8.9 MeV bombarding energy, where
other reactions are forbidden by energy considerations,
we can obtain the necessary normalizations to subtract
the inelastic yield from the carbon component of the My-
lar target. The discussion included above concerning the
extraction of the 4439 MeV y ray from the carbon target
also applies to this target. The final uncertainty for our
cross sections shown in Fig. 6 for the 4439 keV line is
17%.

MAGNESIUM TARGET

The 1369 and 1635 keV lines were obtained from a 2.55
mg/cm? thick foil of natural isotopic composition. The
1369 keV line resulted from the decay of the first excited
state of 2*Mg to the ground state, while the 1635 keV is
the composite of three lines: one from the decay of the
second to the first excited states in **Na (1636.5 keV), the
second from the decay of the first excited state to the
ground state in 2°Ne (1633.8 keV), and the third is the de-
cay of the third excited state to the ground state in 2’Mg
(1611.7 keV). The short lifetime of this last state pro-
duced a strongly Doppler shifted and broad line which
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FIG. 10. y-ray production cross sections for the production
of the 1369 (shaded circles) and 1635 (shaded boxes) keV lines
from the magnesium target. The data for the 1369 keV line
have been increased by a factor of 2. The discrepancy between
our data and those of Ref. 7 at 20 MeV for the 1369 keV line is
explained by the additional isotopes in our target which contrib-
uted to the yield at 20 MeV, where as Dyer et al. used an iso-
topically enriched target.

could not be separated from the two higher energy lines.
The 1369 keV excitation function was normalized to Ref.
7. The 1635 keV excitation function was normalized us-
ing the extrapolated absolute y-ray detection efficiency
determined from the 1369 keV cross sections and the tar-
get thickness. The disagreement between our measure-
ment and that of Ref. 7 at 8.9 MeV is due to the inclusion
of the other isotopes in our target which account for sub-
stantial yield at lower energies. Notably the 1611 keV y
ray’s excitation function persists at much lower energies.
The agreement at 20 MeV is fortuitous. These excitation
functions are presented in Fig. 10.

ALUMINUM TARGET

Six lines formed by several different reactions were ob-
served using a 6.75 mg/cm? natural aluminum foil. The
829 keV line resulted from the decay of the third excited
state to the first excited state in 2°Al. The 844 and 1014
keV lines were produced in the decay of the first and
second excited states to the ground state of 2’Al. The
1130 and 1809 keV lines result from the decay of the
second excited state to the first, and the decay of the first
excited state to the ground state in 2Mg. The 1369 keV
line was produced in the decay of the first excited state of
2*Mg. The absolute cross sections were obtained by inter-
polating the detection efficiency for these energies from
the iron target and the measured target thicknesses. Un-
certainties in the target thicknesses and the detection
efficiency increase the reported uncertainties in our abso-
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FIG. 11. y-ray production cross sections for the production
of the 780 (open boxes), 844 (shaded boxes), and 959 (open cir-
cles) keV lines from the silicon target. The data for the 844
(959) keV line have been increased by a factor of 15 (10), respec-
tively.

lute cross sections to 17%. The relative cross sections
are still accurate to 10%. These excitation functions are
given in Table II.

SILICON TARGET

A thin silicon wafer 7.56 mg/cm? thick was bombarded
and six lines between 780 and 1778 keV energy were ex-
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FIG. 12. y-ray production cross sections for the production
of the 1014 (open boxes), 1369 (shaded boxes), and 1778 (shaded
circles) keV lines from the silicon target. The data for the 1369
(1778) keV line have been increased by a factor of 2 (10), respec-
tively.
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FIG. 13. y-ray production cross sections for the production
of the 847 (shaded boxes) and 931 (shaded circles) keV lines
from the iron target. The data for the 847 keV line have been
increased by a factor of 10.

tracted. The 780 keV line results from the decay of the
second excited state to the ground state in 2’Si. The 959
line results from the decay of the first excited state to the
ground state in 2’Si (956.8 keV) and from the sixth excit-
ed state to the third excited state in 2Al (960.3 keV). The
844 and 1014 keV lines result from the decay of the
second and the first excited states to the ground state in
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FIG. 14. y-ray production cross sections for the production
of the 1129 (shaded circles) and 1222 (shaded boxes) keV lines
from the iron target. The data for the 1222 keV lines have been
increased by a factor of 15.
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27Al. The 1369 keV line was produced in the decay of the
first excited state of 2*Mg. The 1778 keV line was pro-
duced in the decay of the first excited state of 2Si. The
absolute cross sections for the 1778 keV line was renor-
malized to Ref. 7, the other lines were normalized by in-
terpolating the absolute detection efficiency determined
from other y-ray lines and measured target thicknesses.
The excitation functions are presented in Figs. 11 and 12.

IRON TARGET

A 2.1 mg/cm? foil of natural iron was used and eight
lines were extracted from the spectra. The 847 and the
1238 keV lines result from the decay of the second to the
first excited state and the first excited state to the ground
state of **Fe. The 931 and the 1317 keV lines result from
the decay of the third and the fourth excited states of
’Fe to the ground state. The 1222 keV line result from
the decay of the 12th to the third excited state of *°Fe.
The 1129 keV line is produced in the decay of second to
the first excited state of **Fe. The 1408 keV line is a com-
posite of two lines: the decay of the first excited state to
the ground state of *Fe, and the decay of the fourth ex-
cited state to the ground state of »Fe. The 1435 keV line
was composite of the decay of the third excited state to
the ground state of >*Mn and the first excited state to the
ground state in 2Cr. The 847, 931, 1238, and 1317 lines
were normalized to Ref. 7. The absolute detection
efficiency was obtained from these normalizations and
used to normalize the other lines. The excitation func-
tions are shown in Figs. 13-16.

DISCUSSION

In an earlier work, Ramaty et al.’ used the differential
cross sections of Foley er al.'* and Zobel et al.'® to
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FIG. 15. y-ray production cross sections for the production
of the 1238 (shaded circles) and 1317 (shaded boxes) keV lines
from the iron target. The data for the 1317 keV line data have
been multipled by a factor of 30.
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FIG. 16. y-ray production cross sections for the production
of the 1408 (shaded boxes) and 1435 (shaded circles) keV lines
from the iron target. The data for the 1408 keV line data have
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deduce total, angle integrated y-ray production cross sec-
tions. This procedure is risky because the measurements
were made at a single angle and it is difficult to deduce
accurate total cross sections without angular distribution
data. When comparisons between our data and those
summarized by Ramaty et al. can be made, we find that
the two data sets agree at the 20—-50 % level. However,
for many of the systems we find a much smaller energy
dependence of the production cross sections, such that
our cross sections at higher energies differ significantly
from those of Ref. 10. Comparisons made between our
measurements and those of Lang et al.'? indicate a gen-
eral agreement for most of the systems.

While the actual number of extra-terrestrial y-ray
sources remains limited to a few, and while the number of
y-ray lines which have been unambiguously identified is
even fewer, it is hoped that with additional observations
of y-ray sources in the coming years the y-ray produc-
tion cross sections we present here will be of value in
determining quantities such as the modes and sites of nu-
cleosynthesis, particle fluxes, and nuclear abundances in
the ISM.
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FIG. 10. y-ray production cross sections for the production
of the 1369 (shaded circles) and 1635 (shaded boxes) keV lines
from the magnesium target. The data for the 1369 keV line
have been increased by a factor of 2. The discrepancy between
our data and those of Ref. 7 at 20 MeV for the 1369 keV line is
explained by the additional isotopes in our target which contrib-
uted to the yield at 20 MeV, where as Dyer et al. used an iso-
topically enriched target.
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FIG. 11. y-ray production cross sections for the production
of the 780 (open boxes), 844 (shaded boxes), and 959 (open cir-
cles) keV lines from the silicon target. The data for the 844
(959) keV line have been increased by a factor of 15 (10), respec-
tively.
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FIG. 12. y-ray production cross sections for the production
of the 1014 (open boxes), 1369 (shaded boxes), and 1778 (shaded
circles) keV lines from the silicon target. The data for the 1369
(1778) keV line have been increased by a factor of 2 (10), respec-
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FIG. 13. y-ray production cross sections for the production
of the 847 (shaded boxes) and 931 (shaded circles) keV lines
from the iron target. The data for the 847 keV line have been
increased by a factor of 10.
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FIG. 14. y-ray production cross sections for the production
of the 1129 (shaded circles) and 1222 (shaded boxes) keV lines
from the iron target. The data for the 1222 keV lines have been
increased by a factor of 15.
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FIG. 15. y-ray production cross sections for the production
of the 1238 (shaded circles) and 1317 (shaded boxes) keV lines
from the iron target. The data for the 1317 keV line data have
been multipled by a factor of 30.
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FIG. 16. y-ray production cross sections for the production
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The data from the carbon target have been multiplied by a fac-
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the nitrogen target. The data for the 2315 keV line have been
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the 5241 (shaded circles) and 5270 (shaded boxes) keV lines
from the oxygen target. The data for the 5241 keV line have
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