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g-ray production by inelastic proton scattering on 16O and 12C
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Excitation functions for the production of the 2.74, 6.13, 6.92, and 7.12 MeVg rays by inelastic proton
scattering on16O have been measured in steps of 200–500 keV for proton energiesEp58.4–20 MeV. For the
4.44 MeV g rays of 12C produced by inelastic proton scattering on12C data have been obtained for proton
energiesEp58.4–14 MeV and atEp517.25, 18.25, and 19.75 MeV. Eight high efficiency Ge detectors with
anti-Compton shielding for theg-ray detection were used to obtain the laboratoryg-angular distributions. The
results of Legendre polynom fits to these distributions are discussed and presented in suitable form for use in
g-ray astronomy.@S0556-2813~98!02310-3#

PACS number~s!: 25.40.Ep, 23.20.En, 26.40.1r
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I. INTRODUCTION

Interactions of accelerated nuclei of medium-high ene
with the surrounding material in astrophysical sites can
revealed by the inducedg radiation. The characteristicg-ray
spectra from such scenarios have been up to date unam
ously observed from solar flares and also very recently fr
the direction of the Orion molecular cloud complex and mo
observations may be forthcoming in the near future thank
the substantial number of satellites equipped withg detec-
tors, already in orbit or soon to be launched. Theseg-ray
spectra yield important information on the elemental com
sition and physical conditions of the interaction site and
the spectrum and composition of the accelerated partic
Among the most prominent features in solar flare spectra
the deexcitation lines of the first excited state in12C at 4.44
MeV and the second excited state in16O at 6.13 MeV~see,
e.g., Ref.@1#!. The spectra taken by the Comptel detector
board of the Compton Gamma Ray Observatory in the dir
tion of the Orion clouds@2# can even be understood by co
sidering only the deexcitation of these two nuclei@3,4#.

In both scenarios inelastic scattering of protons anda
particles on C and O nuclei at energies belowE/A
5100 MeV is responsible for an important part of the o
served g-ray line emission. A good knowledge of th
g-production cross sections, induced by inelastic scatter
is therefore needed for the interpretation of the spectra.
though a lot of experimental and theoretical work on t
cross sections is accomplished~for an overview see@5#!,
Tatischeff et al. @6# pointed out the need for experiment
data of the16O(p,p8) and 16O(a,a8) reactions belowE/A
5100 MeV producing the 6.92 and 7.12 MeVg rays. In
particular, it was shown that a precise determination of
ratios of the 6.13, 6.92, and 7.12 MeV deexcitation lin
could yield valuable information about the energy spectr
of the accelerated nuclei.

Another important point for the correct interpretation
the observedg-ray spectra is the angular distribution of theg
radiation. In the deexcitation of energetic nuclei, even w
PRC 580556-2813/98/58~4!/2174~6!/$15.00
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uniformly distributed velocity vectors in space,g rays emit-
ted at angles corresponding to the maxima of theg-angular
distribution in the rest frame of the nucleus will be prefere
tially detected. The Doppler shift may then lead to seve
distinct maxima in this broad line scenario. Bykovet al. @7#
have calculated those broad line spectra for the 4.44
6.13 MeV deexcitation lines of12C and 16O, respectively.
Kozlovsky et al. @8# extended the calculations to anisotrop
interaction scenarios where energetic12C and 16O nuclei im-
pinging on the Orion molecular clouds have a preferen
direction with respect to our line of sight. Such scenar
could be responsible for the observed energy shift and p
sible line splitting in the Comptel spectra of Orion and a
also expected in solar flares. Experimental data ofg-angular
distributions are, however, still more scarce than cross s
tion data.

We measured excitation functions for the16O(p,pg)16O
reaction in small energy steps of 200 to 500 keV for prot
energies between 8.4 and 20 MeV. Laboratory angular
tributions for the 2.74 MeV (22, 8.87 MeV→32, 6.13
MeV!, 6.13 MeV (32, 6.13 MeV→01, g.s.!, 6.92 MeV
(21, 6.92 MeV→01, g.s.!, and 7.12 MeV (12, 7.12 MeV
→01, g.s.! deexcitationg rays of 16O have been obtained in
that experiment. Cross sections and angular distribution
efficients, obtained from Legendre polynom fits to the d
are presented for the fourg-ray transitions in the whole
above-mentioned proton energy range. Absolute cross
tions are deduced by normalizing the data to the 6.13 M
data of Dyeret al. @9#. Additionally, angular distributions for
the 4.44 MeV deexcitationg ray in 12C (21, 4.44 MeV
→01, g.s.! from the 12C(p,pg)12C reaction have been ob
tained for proton energiesEp58.4–14 MeV and at 17.25
18.25, and 19.75 MeV. Finally, to facilitate the use of t
data ing-ray astronomy, energy averaged data over 1 M
are presented in tabular form.

II. EXPERIMENT

The experiment was done at the Tandem accelerato
the Institute of Nuclear Physics at Orsay. A pulsed pro
2174 © 1998 The American Physical Society
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PRC 58 2175g-RAY PRODUCTION BY INELASTIC PROTON . . .
beam of 0.5–2 nA intensity was directed onto the targ
situated in a tubular reaction chamber of 535 cm2 cross
section equipped with a plastic window facing theg detec-
tors. The beam current was integrated in a Faraday cup
cated 3 m behind the reaction target. The beam position
spot size were controlled optically before each run with t
plastic scintillators situated 1 m upstream and downstream
the target.

The inducedg rays were detected by a set of eight hi
efficiency (e580%) HP-Ge detectors with BGO shieldin
for Compton suppression from the Eurogam phase I se
@10#. The Ge crystals were placed at 23 cm distance from
target at six different angles with respect to the beam dir
tion. The relative efficiency for differentg-ray energies was
determined from a measurement with a calibrated207Bi
source and a calibrated composite238Pu-13C source. A func-
tion extracted from an efficiency measurement forg energies
from 0.66 to 10.6 MeV for those detectors at the same ta
distance with the27Al( p,g) reaction@11# was fit to the four
data points given by the two calibration sources using
single calibration factor for each detector. The fits resulted
an error of less than 3% for the individual detector efficie
cies, with an overall systematic error of 9% due to the u
certainty in the source activities.

Several target foils were used during the experiment. I
first series of measurements a tantalum oxide target of
mg/cm2 evaporated on a carbon backing was used for pro
energies from 8.4 to 12.2 MeV. Above this energy,g rays
resulting from reactions with the Ta nuclei become too
tense. The target stability was verified by regular measu
ments at a proton energy of 10 MeV. No deterioration of
target during proton irradiation was observed. In a sec
series three different self-supporting collodion foils~chemi-
cal composition C12H16N4O18) of thickness 0.7–3.5 mg/cm2

were used for measurements with proton energies ran
from 8.6 to 20 MeV. With these targets a typical loss of t
oxygen content of 50% in 12 h irradiation with 0.5 nA pr
ton beams was observed.

The carbon content in both target materials allowed us
obtain alsog-angular distributions for the 4.44 MeV trans
tion in 12C from Ep58.4 MeV up to an energy, where th
4.44 MeVg-ray production from16O(p,pag)12C stays neg-
ligible compared to the production of thisg ray from inelas-
tic proton scattering on12C. This energy is estimated to b
14 MeV from the data of Dyeret al. @9#. The contribution of
the 14N(p,3Heg)12C reaction to the 4.44 MeVg rays with
the collodion targets is estimated from@12,13# to be less than
15% below 14 MeV. Additionally we used a carbon target
246mg/cm2 for three proton energies:Ep517.25, 18.25, and
19.75 MeV. Theg-angular distribution for the 2.31 MeV
transition in 14N was obtained with the collodion target. Th
distribution is isotropic due to spin zero of the excited st
and could thus be used as a check of the relative efficie
calibration of the different Ge detectors.

For each event the energy signal and the time differe
between the detector signal and the beam pulse were
corded in list mode. The timing signal was used to discrim
nate against neutron induced signals in the detectors
againstg rays originating from beam interactions with coll
mators and in the Faraday cup. When gating into the pro
peak the remaining background contribution from the abo
t,
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mentioned processes to the lines at 2.74, 4.44, 6.13, 6
and 7.12 MeV is estimated to be less than 1% at all pro
energies. Typical energy spectra with the tantalum oxide
get and the collodion target are shown in Fig. 1. For so
important lines, theg transitions are marked.

III. DATA ANALYSIS

Data for theg-angular distributions were obtained by in
tegrating the surface of the different peaks of interest in
energy calibrated spectra. Approximate peak shapes f
guide to the integration were obtained by a Monte Ca
simulation of the experiment. This was especially importa
for the 6.13 MeV line of16O, where a small fraction of the
g rays are emitted in flight and form a tail beneath the m
intense and narrow peak from theg rays emitted at res
(t1/2518.4 ps). For all other transitions, the lifetime of th
excited state is much shorter (t1/254.72125 fs) and practi-
cally all g rays are emitted in flight. There the simulatio
helped in determining the line boundaries in some cases

The background was estimated for each peak individu
and taken as a straight line adjusted to the count rates in

FIG. 1. g-energy spectra with the tantalum-oxide target~upper
figure! and the collodion target~lower figure! observed by the Ge
detector at 81.6°. Several important lines are labeled by numb
The corresponding transitions are~1! 16O 7.12 MeV→ g.s.,~2! 16O
6.92 MeV→ g.s., ~3! 16O 6.13 MeV→ g.s., ~4! 12C 4.44 MeV
→ g.s.,~5! 16O 8.87 MeV→ 6.13 MeV,~6! 14N 2.31 MeV→ g.s.,
~7! 14N 3.95 MeV→ 2.31 MeV. First and second escape peaks
labeled by the superscripts 1 and 11, respectively. The peak wi
and shapes depend on the energy and angular distribution o
recoiling nuclei and their slowing down in the target material, t
g-angular distribution, and the lifetime of the excited states. T
narrow lines of the 6.13 MeV transition in16O (3,31,311) reflect
approximately the detector energy resolution.
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2176 PRC 58J. KIENERet al.
regions below and above the peaks. The systematic error
to this background evaluation was estimated to be gene
of the order of the statistical error, however, with some
ceptions for the 6.92 and 7.12 MeV lines. For the 6.13 M
line this error is typically 1–4 % with the collodion targe
and 4–10 % with the tantalum-oxide target. For the detec
at forward angles, the second escape peak of the 7.12 Meg
rays has some overlap with the 6.13 MeV line, but
strongly reduced thanks to the Compton suppression
amounted to max 5% of the 6.13 MeV line. This has be
included in the background subtraction. For the 6.92 a
7.12 MeV lines the estimated systematic error due to ba
ground subtraction is typically 3–5 % but increases up
50% at some beam energies where the background sub
tion became very uncertain, especially for the tantalum-ox
target at proton energies above 11 MeV. Typically 3.5–
2–8, and 1–2.5 % are estimated for the 2.31, 2.74, and
MeV line, respectively. These errors were linearly added
the error of 3% in the determination of the individual dete
tor efficiencies and to the usual statistical error from the q
dratic sum of the errors of the total count rate and the ba
ground count rate.

The obtained laboratoryg-angular distributions were the
fitted by a Legendre polynom

W~Q!5 (
l 50

l 5 l max

al Ql Pl~cosQ! ~ l even! ~1!

with l max50 for the 2.31 MeV line~spin and parity of the
excited state: 01), l max52 for the 2.74 MeV (M1 transition!
and 7.12 MeV (E1 transition! lines, l max54 for the 4.44
MeV and 6.92 MeV line (E2 transition! and l max56 for the
6.13 MeV line (E3 transition!. The Ql are the attenuation
coefficients, which can be calculated analytically for the
tual detector setup~see, for example,@14#!. Examples of an-
gular distribution fits are shown in Fig. 2.

Absolute cross sections have been obtained by norm
ing the data to the excitation functions of Dyeret al. @9# for
the production of the 4.44 and 6.13 MeVg rays by inelastic
proton scattering on12C and 16O, respectively. For the
tantalum-oxide target, the overall nominal target thickn
was known, but a partial deoxydation of the tantalum-ox
was observed during the evaporation process, which m
the oxygen content uncertain. Comparison with the 6
MeV data of Dyeret al. @9# and repeated runs at the sam
beam energy showed the stability of this target with resp
to proton irradiation. Finally, an overall correction fact
with respect to the nominal oxygen content, determined
comparison with the 6.13 MeV Dyeret al. data at Ep
511.2– 11.8 MeV, where the excitation function shows
plateau, was applied for the absolute cross section dete
nation with that target. For the three different collodion ta
gets we used, a rapid and irregular degradation of the ta
was observed, independent of proton energy. Therefore,
solute cross sections could not be obtained with these tar
Thus, for each proton energy we normalized the cross
tions of the 6.13 and 4.44 MeV data to the Dyeret al. data
and applied then the same normalization factor to the 2
6.92, and 7.12 MeV data. This normalization factor was
tained by averaging the Dyeret al. cross section using a
linear interpolation between their data points over the pro
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energy loss in the target. This procedure results in an a
tional error in the region of the narrow resonances due to
uncertainty in the incoming proton beam energy, estima
to be 60 keV, which was added to the error of the extrac
cross section as explained above. As the main goal of
experiment was the determination of energy integrated r
tive cross sections of the 7.12, 6.92, 6.13, and 2.74 MeVg
rays andg-angular distributions forg-ray astronomy, no fur-
ther efforts were made to obtain independent absolute c
section determinations.

IV. RESULTS AND DISCUSSION

Excitation functions of theg-angular distributions from
the 16O(p,pg)16O reaction forEg52.74, 6.13, 6.92, and
7.12 MeV and of the12C(p,pg4.44)

12C reaction are dis-
played in Figs. 3–7. The main result of this study is t
measurement of the complete excitation function betw
Ep58.4 MeV and 20 MeV for the16O(p,pg2.74,6.92,7.12)

16O
reactions and the determination of theg-angular distribution
in the same energy range of the16O(p,pg6.13)

16O reaction. It
is interesting to compare theg-production cross
sections with inelastic scattering cross sections. Dan
et al. @15# measured excitation functions for th
16O(p,p8)16O6.13,6.92,7.12* inelastic scattering reactions be
tweenEp57.3 and 10.5 MeV. In this energy range, cont
butions from higher lying levels are completely negligib
for the above-mentionedg rays. Therefore and because of
100% branching to the ground state for the three levels,
elastic scattering cross sections andg-production cross sec

FIG. 2. g-angular distributions obtained at a proton energyEp

514 MeV, except for the 2.31 MeV line, where the sum of all~30!
runs with one of the collodion targets is shown (Ep

59 –20 MeV). The vertical error bars contain the statistical er
and the error of the detector efficiency. The horizontal error b
correspond to the opening angle of the detectors. The solid cu
are Legendre polynom fits to the data.
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PRC 58 2177g-RAY PRODUCTION BY INELASTIC PROTON . . .
tions must be the same. The inelastic scattering cross
tions are actually in very good agreement~to better than
10%! with the respectiveg-production cross sections. Th
confirms the absolute normalization of the 6.13 MeV Dy
et al. data, which are also in agreement with the data

FIG. 3. Excitation function of the16O(p,pg7.12)
16O reaction.

The error bars on the cross section include the error of the Lege
polynom fit and for the data taken with the collodion targets
additional error from the normalization procedure~see text!. This
normalization with respect to the 6.13 MeV data of Dyeret al. @9#
results in somewhat larger error bars for data points obtained
the collodion targets in the region of the narrow resonances be
12 MeV compared to the data points obtained with the tantalu
oxide target. At higher energy the excitation function for the 6
MeV g-ray production gets smooth and the error due to the rela
normalization to the Dyeret al. data is reduced compared to th
usual error from the Legendre polynom fit. The error on the ot
coefficients is the error from the Legendre polynom fit.

FIG. 4. Excitation function of the16O(p,pg6.92)
16O reaction.

Error bars are as explained in Fig. 3.
c-
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Leskoet al. @16# and Narayanaswamyet al. @17#.
The 2.74 MeVg-production cross section can be com

pared with the inelastic scattering cross sect
16O(p,p8)16O8.87* of Daehnick @20#, measured betweenEp

515.2 and 19.2 MeV, taking into account the 77.7% bran
ing ratio for the transition to the 6.13 MeV 32 state@18#.
Both measurements agree within 15% in the whole ene
range, indicating negligible contributions from higher lyin
levels. Comparison of our 6.9217.12 MeV data with the
16O(p,p8)16O6.9217.12* data of Daehnick, subtracting the con
tribution of the 8.87 MeV level to the 6.92 and 7.12 MeVg
rays in our data, shows an overall agreement of 15%, h
ever, with some larger deviations up to 30% around 14 M
and 40% between 15 and 16 MeV and at 16.5 MeV. This
probably due to contributions of higher lying levels, esp
cially of the 02 level at 10.95 MeV, which has a 100%
branching to the 7.12 MeV level@19#. A corresponding 3.84
MeV g ray is visible in our spectra, but hard to analyze d
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n
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w
-
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FIG. 5. Excitation function of the16O(p,pg6.13)
16O reaction.

Error bars are as explained in Fig. 3.

FIG. 6. Excitation function of the16O(p,pg2.74)
16O reaction.

Error bars are as explained in Fig. 3.
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2178 PRC 58J. KIENERet al.
to high background and the vicinity of the first escape pe
of the 4.44 MeVg ray. Furthermore, it is probably con
founded with ag ray from 13C(5/21, 3.854 MeV→ g.s.!,
induced by the14N(p,2pg)13C or the 13C(p,pg)13C reac-
tion. The cross section is in the several mb range aboveEp
513 MeV and does not exceed 15 mb. We did not comp
with the measurements of Zobelet al. @21#, since their 6.13
MeV g-production cross sections deviate from all other m
surements. These discrepancies are understood and disc
in more detail in@17,6#.

FIG. 7. Excitation function of the12C(p,pg4.44)
12C reaction.

Error bars are as explained in Fig. 3.
k

re

-
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In summary, the present data complete the excitat
functions from inelastic proton scattering on16O in the en-
ergy rangeEp58.4–20 MeV. Additionally, thanks to the
carbon content in the used targets,g-angular distributions for
4.44 MeV g rays from inelastic proton scattering on12C
have been obtained. In order to facilitate the use of the d
in g-ray astronomy, the data averaged over 1 MeV ene
intervals are presented in Table I. For consistency, the c
section values for the 6.13 and 4.44 MeVg-ray production
have been directly taken from Dyeret al. In this paper
b-delayed 4.44 MeVg rays from the12C(p,n)12N reaction
are also included in the cross section, but this becomes
important at laboratory proton energies above 20 MeVQ
value5 218.12 MeV).

This work contributes an essential piece of nuclear in
data for the production of the four strongestg rays of 16O
and their line shape in low-energy cosmic rays interactio
and in solar flares. Laboratory data from practically t
threshold to 20 MeV proton energy are available for t
7.12, 6.92, and 2.74 MeVg rays. A small part below 8.4
MeV of the g-angular distribution is missing for the 6.1
MeV g rays, but this fraction is negligible for line shap
calculations in almost all realistic scenarios. AboveEp
520 MeV, the inelastic scattering, at least for the lev
with natural parity, is dominated by the direct reactio
mechanism and can be relatively safely calculated by
distorted-wave Born approximation or by coupled chann
approaches, as done for example in@6#. It is desirable to
measure the same excitation functions for the inela
a-particle scattering, which dominates the16O g-ray pro-
duction in astrophysical scenarios up to an accelerated
ticle energy of'8 MeV per nucleon, despite a lower he
lium abundance compared to hydrogen. Finally, it is equa
important to complete theg-angular distribution data for
proton anda inelastic scattering on12C.

We would like to thank the operator crew of the IP
Orsay Tandem for their engagement and excellent prep
tion of the proton beam and the target service of the I
Orsay for their help during the experiment.
TABLE I. Excitation functions for the16O(p,pg)16O and12C(p,pg)12C reactions. In the columns ofs(6.13 MeV) ands(4.44 MeV)
the values of the corresponding columns in Dyeret al. @9# were taken. Thea2/a0 coefficient for the 2.74 MeVg rays is not included in the
table, since all values are compatible with zero.

Ep (MeV) 7.12 MeV 6.92 MeV 6.13 MeV 4.44 MeV 2.74 MeV
s (mb) a2/a0 s (mb) a2/a0 a4/a0 s (mb) a2/a0 a4/a0 a6/a0 s (mb) a2/a0 a4/a0 s (mb)

9 21 20.04 93 0.58 20.38 69 0.12 20.17 20.67 290 0.32 20.17 0
10 37 20.02 124 0.35 20.06 97 0.28 20.27 20.32 265 0.36 20.24 2.7
11 51 20.08 50 0.27 0.07 122 0.49 0.07 20.31 317 0.37 20.10 7.8
12 39 20.33 33 0.18 0.10 160 0.29 20.27 20.12 270 0.42 20.22 10
13 45 20.24 33 0.24 0.24 163 0.19 20.27 20.33 282 0.50 20.26 23
14 58 20.07 29 0.23 0.45 130 0.11 20.23 20.54 281 0.52 20.28 39
15 54 0.04 34 0.23 0.20 128 0.1320.25 20.49 217 0.54 20.27 24
16 46 0.02 35 0.14 0.06 115 0.0120.34 20.68 193 0.51 20.21 34
17 41 0.05 29 0.08 20.04 107 0.04 20.35 20.58 169 0.49 20.19 34
18 33 0.15 28 0.17 20.01 97 0.03 20.33 20.69 156 0.47 20.16 27
19 30 0.08 26 0.05 0.16 92 0.06 20.29 20.54 140 0.45 20.16 26
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