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The partial production cross sections for reaction residues following the ' 0+' 0 fusion have
been measured at E, = 8.0—13.8 MeV through y-ray spectroscopy. The Doppler-shift attenuation
method in conjunction with a Ta205 target and Cse(Li) detector was used to obtain accurate intensi-
ties of characteristic y rays. The results are compared with those of recent experiments.

I. INTRODUCTION

The fusion reaction ' 0+ ' 0 near the Coulomb barrier
has been extensively studied in order to understand the ef-
fect of the microscopic structure in the fusion of light nu-
clei' and the role of the oxygen burning via ' 0+ ' 0 in
highly developed massive stars. The partial produc-
tion cross sections for reaction residues have been studied
by means of particle' ' and y-ray spectroscopy. ' ' In
spite of the importance of the reaction, the rough agree-
ment between reported studies yields only moderate
knowledge on the total cross section. Considering the p-
ray studies, the main reason behind this is that for the
partial cross sections the intensities of the characteristic y
rays have been in most cases difficult to obtain due to the
overlapping of the strongly Doppler-shifted y-ray line
shapes.

The aim of this work is to complete the most recent
study by Thomas et al. published during the present ex-
periment. We have used a new approach to obtain the in-
tensities of the characteristic y rays with a high resolution
Ge(Li) detector and TazOs as target material: The strong-
ly Doppler-shifted y-ray peaks were analyzed by the use
of the Doppler shift attenuation (DSA) method. In the
deduction of the partial cross section values, the published
results of the statistical model calculations by Wu and
Branes and Thomas et al. were utilized.

II. EXPERIMENTAL METHOD AND RESULTS

The 5 MV tandem accelerator EGP-10-II of the labora-
tory supplied the 20—200 particle nA ' 0 beams in charge
states 4+ and S+ at laboratory energies covering the range
from 16 to 28 MeV. The beams were collimated to form
a spot of 1 & 2 mm on the target.

The ' 0 targets were prepared by anodizing clean 0.4
mm thick Ta metal sheets. The target thicknesses of
290+15 pg/cm (3410+170 A) and the stoichiometry
Ta~l 9+0 l~0(5 l+0 2~ were determined by Rutherford back-
scattering of 2 MeV a particles from the 2.5 MV van de
Graaff accelerator of the laboratory. The target thickness
and stoichiometry were determined before and after each
series of measurements. Within the experimental uncer-
tainty, no changes were observed. Care was taken to
prevent ' C buildup and to ensure accurate relative and
absolute normalization of the y-ray intensities. A liquid-

nitrogen-cooled trap was used in the target chamber. The
440 keV ( Na) and 1809 keV ( Mg) peaks arising from
the ' 0+ ' C reactions were monitored and used to deter-
mine the amount of ' C on the target. This enabled a
correction to be made for peaks that arise from both
' 0+ ' C (cross section from Ref. 9) and ' 0+ ' O. The
intensity of the 302 keV ' 'Ta line from the Coulomb ex-
citation was used as the standard to obtain the partial
cross sections. The value of B(E2)=0.53+0.04 e b
(Ref. 10) and the energy and angular distribution depen-
dence according to Ref. 11 were used. The calculated an-
gular distribution was corrected for the solid angle of the
detector. '

Gamma-ray spectra were accumulated in the energy re-
gion from 7.95 to 13.83 MeV c.m. For each value of the
cross section the energy loss in the target [from 1.03 MeV
at E|,b(' 0)= 16 MeV to 0.93 MeV at E~,b(' 0)=28
MeV] was taken into account. The energy loss was calcu-
lated by using the scaled stopping power' based on the
tabulated stopping power data. ' This procedure is sup-
ported by the present DSA analysis. The cross sections
were estimated in the middle of the target by using the
measured energy dependence. The energy calibration of
the beam analyzing magnet was based on the resonances
at E„b(' N) =6385+ 14 and 17 350+7 keV in the reaction
'H(' N,ay)' C (Ref. 15) and the very thin H contamina-
tion on the surface of each target. The reason behind the
use of these resonances is that due to the similar masses of
the projectiles, the field strengths for the ' N + + and
' 0 +' + beams overlap.

The y radiation was detected in a 120 cm PGT or 80
cm Canberra Ge(Li) detector with the efficiencies of 28%
and 18/o, respectively. The detectors were located at 0'
relative to the beam and 3 cm from the target. Measure-
ments were performed also at angles of 55' and 90' to con-
trol the angular distribution dependences of y-ray yields.
The 5 mm Pb, 2 mm Cd, 3 mm Cu, and 2 mm Al sheets
were inserted between the target chamber made of stain-
less steel and a detector to attenuate low-energy x rays and

y rays. The energy resolutions of the detection systems
were 2.0 keV (PGT) and 1.9 keV (Canberra) at E~ = 1.33
MeV and 3.1 keV (PGT) and 2.8 keV (Canberra) at
Fz ——2.6 MeV. The energy and efficiency calibration of
the y detectors was done with Co, ' Ba, and ' Eu (Ref.
16) sources placed in the target position.
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The data were acquired in steps of about E~,b(' 0)
=250 keV with both increasing and decreasing bombard-
ing energies to further check for carbon buildup on the
target and to avoid systematic errors. Four different mea-
surements were performed. Beam-off spectra were mea-
sured occasionally to ensure that no correction was needed
for residual activity or for laboratory background y rays.

A typical y-ray spectrum is shown in Fig. 1. The fig-
ure also illustrates Doppler-broadened line shapes of peaks
used to obtain the partial cross sections. In deducing the
intensities of the Doppler broadened line shapes, Monte
Carlo simulations were employed. ' For the calculation
of the slowing down of the recoiling nuclei, the scaled
stopping power was taken. ' The fitting of the calculated
and experimental line shapes of the 1369 keV ( Mg) and
1779 keV ( Si) lines confirmed the validity of this ap-
proximation. Due to the high recoil velocities [from
@=2.3% for E~,b(' 0)=16 MeV to 3.1% for E~,b(' 0)
=28 MeVj and thin Taz05 target, the slowing down dom-

inantly takes place in the Ta backing. The slowing down
in Taz05 was, however, taken into account in the analysis.

The angular distributions of the y rays used to obtain
the partial cross sections were assumed to be isotropic.
This assumption was based on the present control mea-
surements at 55' and 90' at several energies, the measure-
ments reported in Ref. 6 and the assumptions justified in
Refs. 4 and 7.

The characteristic y-ray transitions represent only
lower limits for the production of the residual nuclei, and
the yields have to be corrected for the population of the
ground state and the populations of higher lying levels
which decay without populating the state whose decay is
studied. At low counting rates used, the summing correc-
tions could be neglected. The probabilities that the pro-
duction of a particular residual nucleus results in a specif-
ic y ray, i.e., the branching factors, are based on the sta-
tistical model calculations by Wu and Barnes and Tho-
mas et a1. For comparison the branching factors were
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FIG. 1. Typical y-ray spectrum obtained in the cross section measurements for ' 0+' O. The conversion gain is 1.2 keV/channel.
The spectrum is observed at 27 MeV bombarding energy. ,The y-ray peaks are identified by their energy, and the peaks used to
deduce the partial cross sections are marked by an asterisk. The upper part shows the portions of the spectrum at these peaks and the
Monte Carlo simulations of the line shapes. For clarity, the calculated line shape is not shown for the 1264 keV peak. The dashed
line is the simulation of the Doppler broadened 1263 keV line.
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calculated by using the known branching ratios' and the
(2J+ 1 ) rule for the population of the excited states in
each residual nucleus. The factors thus obtained are
called the missing yield factors in the following.

The characteristic y-ray transitions used to obtain the
partial cross sections given in Table I are discussed in de-
tail in the following:
(a) n + 'S from 1249 keV. The partial cross section for
producing 'S was obtained from the transition 1.25~0
MeV. The mean lifetime r(E„=1.25 MeV) =720+180 fs
(Ref. 18) leads to that only 52% of the total peak intensity
is in the stop peak. The Doppler-shifted part of the peak
is below the 1263 keV ( Si), 1264 keV ( 'P), and 1266
keV ( 'P) peaks.

The branching factor 0.47 is reported ' to be almost
constant over the energy region from 8 to 14 MeV c.m.
The missing yield factor 0.43 was used in the present
work.
(b) p+ 'P from 1266 keV. The partial cross section for
producing 'P was obtained from the transition 1.266~0
MeV. The mean lifetime r(1.266) =750+50 fs (Ref. 18)
leads to that about 43%%uo of the total y-ray intensity was
Doppler shifted from the stop peak. The contamination
due to the 1263 keV transition 3.50~2.24 MeV in Si
was shifted above the 1266 keV peak [r(3.50)=83+7 fs
(Ref. 18)] and could well be resolved by the use of the
DSA analysis. The contamination due to the 1264 keV
transition 1.97~0.71 keV (the 59% branch) in P was
taken into account in the analysis by the use of the 41'Fo
branching y ray at 1973 keV (Ref. 18). The intensity of
the contamination was from 5% (E, =8 MeV) to 46%
(14 MeV) compared with that of the 1266 keV peak. Due
to the long lifetime r(1.97)=4.9+1.8 ps (Ref. 18), 91%
of the total intensity is in the stop peak.

The statistical model calculations ' show that the
branching factor 0.47 is constant for the 1266 keV transi-
tion. The missing yield factor 0.45 was used in the
present work.
(c) 2p+ Si from 2235 keV. The partial cross section for
producing Si was obtained from the transition 2.24~0
MeV. Due to the lifetime r(2.24)=360+20 fs (Ref. 18)
67'Fo of the intensity of this transition is in the broad
flight peak at 2245 keV. The contaminations due to the
transition 2.236~0 MeV [r(2.236)=320+80 fs (Ref. 18)]
in 'Si and 2.234~0 MeV [r(2.234)=361+13 fs (Ref.
18)] in 'P could be resolved only by using the intensities
of the transitions 1.249~0 MeV in 'Si and 1.266~0
MeV in 'P. The intensities were corrected with the ratio
of the missing yield factor 0.213 (E~ =2236 keV) to 0.43
(1249) in the n channel and 0.312 (2234) to 0.45 (1266) in
the p channel. In these one-particle channels the branch-
ing factors are constant. The intensity in the n channel
varied (with the increasing bombarding energy) from 10%
to 1%, and in the p channel from 25% to 11% of the to-
tal intensity.

In the two-particle emission, the kinetic energies of the
protons are so low that the transmission coefficients
strongly affect the branching factor. The missing yield
factor of the 2235 keV peak ranged from 0.40 to 0.80.
The value 0.80 is observed also from the statistical model
calculations. '

(d) np+ P from 709 keV. The partial cross section for
producing P was obtained from the transition 0.71~0
MeV. Due to the long lifetime r(0.71)=49.7+1.1 ps
(Ref. 18), 94% of the total intensity of the transition is in
the stop peak.

The missing yield factor in this two-particle channel
ranged from 0.12 to 0.30. The value 0.30 corresponds to
the results of the statistical model calculations. '

(e) a+ Si from 1779 keV. The partial cross section for
producing Si was obtained from the transition 1.78~0
MeV. Due to the lifetime r(1.78)=700+20 fs (Ref. 18),
the stop peak contains 63% of the total 7 intensity.

In this one-particle channel the branching factor is al-
most constant (about 0.80). ' The missing yield factor of
0.74 was used in the present work.
(f) ap+ Al from 1014 keV. The partial cross section for
producing Al was obtained from the transition 1.014~0
MeV. Due to the lifetime r(1.014)=2.12+0.08 ps (Ref.
18), the stop peak contains 78% of the total intensity.
The y-ray yields were corrected for the ' 0+ ' C reaction
contamination. Because of the uncertainties due to the
carbon contamination, the small cross section values
below E, =9.34 MeV are not reported.

The missing yield factors in this two-particle channel
ranged from 0.02 to 0.09. The factor 0.09 corresponds to
the results of the statistical model calculations. '

(g) 2a+ Mg from 1369 keV. The partial cross section
for producing Mg was obtained from the transition
1.37~0 MeV. Due to the lifetime r(1.37)= 1.98+0.04 ps
(Ref. 18), the stop peak represents 79% of the total y in-
tensity. The intensities obtained were corrected for the
' 0+' C reaction contamination. Very small cross sec-
tion values observed below E, =9.34 MeV are not re-
ported.

The branching factor used ranged from 0.03 to 0.75.
The saturation value of the statistical model calcula-
tions ' corresponds to the missing yield factor 0.85.

The uncertainty of the reported partial cross section is
15% in the n channel, 21% in the p channel, 19'Fo in the
2p channel, 10% in the np channel, 17'Fo in the e channel,
20% in the ap channel, and 20% in the 2a channel. It in-
cludes the uncertainties in the target thickness and
stoichiometry (5%), measured y-ray yield of the Coulomb
excitation (less than 1%), missing yield factor (10% for
the a, p, 2p, and n channels; 15% for the 2a, np, and ap
channels), photopeak efficiency (2%), and statistical un-
certainties in the y-ray yields with the inclusion of the un-
certainties due to the contaminations. The uncertainty in
the total cross section values is 20% resulting from the
uncertainties of the partial cross sections and the uncer-
tainty of the 8(E2) standard.

III. COMPARISON WITH PREVIOUS RESULTS

The present partial cross sections are compared in Fig.
2 with the results of the recent measurements by Hulke
et al. , Wu and Barnes, and Thomas et al. A11 the
channels studied in the present work have been previously
resolved only in Refs. 7 and 8.

The disagreements between the present and previous re-
sults can mostly be explained by the unresolved Doppler-
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broadened line shapes and the difficulties in evaluating
the background under these y peaks. Note that due to the
line shape fitting, the peak intensities deduced in the
present work are not sensitive to the background around
the y peak.

In the case of the n channel ( 'S), the present cross sec-
tions are by about a factor of 2 higher than those of Ref.
8. This channel was not resolved in Ref. 6. By consider-
ing the deconvolution shown in Fig. 1 and the fact that
only about 52% of the y-ray yield can be observed in the
stop peak, this disagreement can be explained. The use of
a Si02 target in Ref. 7 leads to even higher loss of intensi-

ty from the stop peak than in the case of a TazOs target
(the present work and Ref. 8).

Within the given uncertainties the present p channel
( 'P) cross sections are in agreement with those of Refs. 7
and 8. The reason behind the fact that the values in Ref.
7 are systematically higher could be the n-channel con-
tamination in these measurements with the slow stopping
material Si02.

In the case of the a channel ( Si), the present 1779 keV
y-ray yields are by about a factor of 2 lower than those of
Ref. 6. Within the given uncertainties the present cross
section values are in agreement with those of Refs. 7 and
8. The systematic deviation from the results of Ref. 8

could be due to the difficulties in evaluating the back-
ground.

The present cross sections of the np channel ( P) (and
the d channel at higher energies) are in agreement with
those reported in Refs. 7 and 8, whereas the yields of the
709 keV y rays are by about a factor of 2 lower than those
reported in Ref. 6.

In the case of the 2p channel ( Si) the strongest charac-
teristic y-ray peak is contaminated by the y rays from the

p and n channels. Due to the practically same lifetimes,
the resolution of different channels was done by using the
relative intensities of the transitions 1.249~0 MeV ( Si)
and 1.266~0 MeV ( 'P). Thus, the y yield deduced to
the 2p channel depends on the accurate deconvolution of
the 1.27 MeV group. the present cross section values are
in agreement with those reported in Refs. 7 and 8. By
comparing the total y intensities of the 1.26 and 2.24
MeV groups with those given in Ref. 6, disagreement can
be observed.

TABLE II. Comparison of the total cross section for the
' 0+' O reaction at 12 MeV.

o fus

(mb)

420+100
220+20
150+ 10
330+20'
480+40'
540+ 120'
440+70'
400+30
320+70

Detection

light particles
heavy res&dues

y rays

Ref.

5
1

2
4
3
6
7
8

this work

'The missing yield corrections are according to Ref. 7.

This work has been partially financed by the Academy
of Finland.

The cross sections obtained for the ap channel ( Al)
are, by about a factor of 2, lower than the values given in
Refs. 7 and 8. The comparison of the 1014 keV y-ray
yields with those given in Ref. 6 shows that the present
yields are higher by about a factor of 5. These discrepan-
cies cannot (at higher energies) be explained as being due
to the carbon contamination in the present work; the
correction in the y-ray yield was about 7%%uo in the worst
case.

The y yields characterizing the 2a channel ( Mg) are,
within the given uncertainties, in agreement with those re-
ported in Ref. 6, as are the partial cross sections with
those reported in Refs. 7 and 8.

The present total cross sections given in Table I are
compared with the previous results in Table II. The main
reason behind the disagreement between the present total
cross section and that by Thomas et al. is due to the ap
channel.

In conclusion, the measurements and analysis of y-ray
yields for the partial cross sections of the ' 0+ ' O fusion
reaction at sub-barrier energies are described in detail.
The emphasis has been put on resolving different channels
by the use of the DSA method in the deduction of the y-
ray yields.
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