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Neutron elastic and inelastic scattering cross sections have been determined for neutrons incident
on ' Os at three very low energies. Cross sections for scattering to the ground state and 36.2-keV

excited level have been measured for incident energies of 63.5 and 73.3 keV, and also to the 69.6-

keV excited level at 97.5-keV incident energy. These measurements are combined with neutron

scattering cross sections for "Os, neutron capture cross sections, and other low-energy scattering
observables to provide a basis for a single, consistent model of all data for both odd-3 Os isotopes.
The properly interpreted capture rates are important for the Re/Os nucleochronology and for s-

process nucleosynthesis rates. The elastic and inelastic scattering cross sections provide a very-

low-energy test of statistical model-Aux distributions; model accuracy at very low energies is an im-

portant issue for reaction rates used in nucleosynthesis estimates.

I. INTRODUCTION

The galactic and terrestrial abundances of the Os iso-
topes reflect formation in massive stars through s-process
capture, and also formation through /3 decay back toward
the nuclear stability valley from highly neutron rich nu-
clei formed in rapid, sequential neutron capture (r pro-
cess). Clayton' had shown that ' Os was effectively
shielded from the r-process /3-decay chain because ' W is
stable, terminating the chain before Os. Thus, ' Os is
formed and destroyed through the neutron capture rates
of the s process only. Part of the ' Os abundance is also
formed through s-process capture; that part is then in the
stochastic equilibrium defined by relative neutron capture
cross sections. The rest of the ' Os abundance is formed
indirectly from the sequential /3 decay of highly neutron
rich nuclei formed in the r process. The ' Os is des-
troyed, though, only in the s process, by capture to ' Os.
If the s-process relative abundances of these Os isotopes
can be accurately calculated, the excess abundance of

Os would be attributable to /3 decay from ' Re, and
can be used to test nucleosynthesis duration. '

To test nucleosynthesis rate estimates, the decay half-
life of ' Re must be known. The terrestrial half-life of

Re has been determined using geochemical methods
to be 45.5 Gyr. Recent and more accurate mass spec-
trornetric methods now yield a half-life of 42.3+1.3 Gyr,
a very appropriate half-life to date periods measured in
tens of Gyrs. There is still a problem of knowing the
effective half-life for nucleosynthesis, since the ' Re de-
cay rate in the interior of stars may be different than that
measured on earth. The effective half-life needed to date
nucleosynthesis reflects the uncertain residence time of
Re in stars. This uncertainty could lead to as much as a
20% uncertainty in the duration of nucleosynthesis. "

The need to determine the s-process abundance of
Os led to careful measurements and remeasurements of

the appropriate capture cross sections in two labora-
tories. ' The results are confidently known ground-state
capture rates, from which s-process abundances were
determined, and nucleosynthesis duration, or galactic age
determinations, were made.

A modification of measured capture rates is necessary
for the stellar environment, though, because the tempera-
ture is high enough in massive stars that the first excited
level of ' Os is more strongly illuminated by neutrons
than the ground state; the excited level capture rate can
only be calculated. Reliable calculation of capture from
the excited level requires accurate knowledge of the neu-
tron reaction rates for nuclei in this mass region. For
this reason two earlier neutron scattering experiments
were completed, one addressing inelastic scattering cross
sections for 34 keV neutrons, and the other both elastic
and inelastic scattering cross sections for 60 keV neu-
trons incident on ' Os. Measured total cross sections, '

and other neutron scattering observables" referred to 1

eV were combined into both phase shift and complex po-
tential analyses which fit well all of the data. Accurate
knowledge of the models which properly describe neu-
tron total cross sections, elastic and inelastic scattering
cross sections as well as ground-state neutron capture
cross sections, means that excited level capture rates can
be confidently calculated.

Doubt about the accuracy of knowledge of the
excited-state capture rate persists, however, for at least
two reasons. One is that the statistical model, or com-
pound nucleus model, projects average neutron capture
strengths which depend on the angular momentum (J) of
the capturing state. Other capture mechanisms could
lead to capture strengths independent of J, which would
alter the ratio of excited level to ground-state capture in

Os. It is this ratio which is important for estimating
the s-process destruction of ' Os. The assumption of J-
dependent vs J-independent y-ray strength affects the
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capture ratio because the —,
' excited level leads to higher

J states in capture than does the —,
' ground state.

A second source of doubts could arise because the
scattering model analysis of the previous study included
several different forms of statistical models, with little
differentiation amongst them. Since that time it has be-
come clear that the model as developed by Tepel, Hof-
mann, and Weidenmuller, ' which accounts for both
level-width fluctuations and channel-channel correla-
tions, provides an accurate representation of nucleon in-
duced reactions for incident energies where the com-
pound system reaction mechanisms are dominant. '

The more recent approximation of the model of Tepel,
Hofmann, and Herman' provides an even more accurate
account of statistical-model cross sections. Both of these
forms provide the same results for low-energy neutron
scattering, ' '' and also the same results as the most re-
cent form of the model as developed by Moldauer. '

A direct test of the potential and statistical models is
made possible by combining the present study of neutron
interactions with ' Os with previously published re-
sults, ' ' for ' Os. The nuclear structures of these two
odd- 3 Os isotopes are essentially the same, with the same
active nucleon configurations, and the same deforma-
tion, except that the —,

' and —,
' levels are reversed in

energy order, with the —,
' level being the ground state in

Os. Thus, if scattering, total, and neutron capture
cross sections could be measured for this nucleus, and if
these new data could be combined successfully into a
model which describes scattering and capture from both
Os nuclei, then that would be a highly credible basis for
projecting the neutron capture rate ratios for both the —,

'

and —,
' levels, and therefore the capture rates appropri-

ate for both levels of ' Os in stars.
More information than suggested above is available

from the present ' Os study. Although the two levels in-
dicated account for all but a very small fraction of the
stellar capture, the rest comes from capture on a —,

' level
at about 74 keV excitation energy in ' Os. Scattering
studies near an incident neutron energy of 100 keV would
show scattering cross sections to the corresponding —,

'
level at 69.6 keV in ' Os. Thus, the small role of that
level in stellar capture can also be included with consider-
able confidence.

The results of this study are that a single model ac-
counts quite well for scattering and neutron capture cross
section ratios in both Os nuclei, and the corrected statist-
ical model' distributes well the absorbed neutron Aux
into the different open scattering channels. We are able
to show also that the effects of neutron capture from the
excited levels of ' Os are quite independent of stellar
temperature in the range from 10 to 100 keV, lending fur-
ther credence to the suggestion that this correction to
galactic age determination, or stellar Os nucleosynthesis,
is well determined.

II. KXPERIMENTAI. METHODS AND PROCEDURES

The experimental system used for these measurements
was the same as that used for the earlier experiment ex-
cept for the form, size, and shape of the scattering sam-

ples. Incident neutrons were obtained from the Li(p, n )

reaction using protons from the University of Kentucky
6.5-MV accelerator incident on thin LiF targets eva-
porated onto Ni backings. The circular Ni disc terminat-
ed the beam line, and was air cooled. The incident pro-
ton energy was determined by measuring the Li(p, n)
threshold with a long counter, ' and then setting the en-
ergy with respect to the threshold. The threshold was
remeasured several times during the course of the experi-
ment, and found to be stable to within +0.1 keV. The
Li(p, n) yield curves above threshold also served to mea-

sure the LiF target thickness, which was maintained at
about 2 keV.

The accelerator was operated in pulsed-beam mode
with beam pulses of (3 ns width at a reception rate of 5
MHz. Neutron velocity spectra were measured in time-
of-flight (TOF) mode with two NE110 scintillation detec-
tors. Both scintillators were rectangular, 5.7X5.7 cm,
and about 1.9-cm thick. Both were surrounded by grad-
ed shields of thin layers of Al, Fe, Cu, and Pb to absorb
low-energy electromagnetic radiation reaching the detec-
tors. One scintillator was optically coupled to two pho-
tomultipliers operated in coincidence, and mounted at 0'
to measure incident neutron energy and energy spread.
The detector was located at 3.615 m from the LiF target,
and energies were determined by timing neutron TOF
peaks with respect to the prompt y peak from the target.
This detector indicated a 0 energy spread of about 6 keV,
roughly consistent with the LiF target thicknesses. The
evaporated LiF targets ranged in thickness from 1.7 to
2.0 keV for 1.9 MeV protons; reaction kinematics then
leads to neutron energy spreads from about 4.2 to 5.5
keV.

The second scintillation detector was the majority logic
detector obtained from the Oak Ridge Electron Linear
Accelerator (ORELA) laboratory at Oak Ridge National
Laboratory (ORNL) for this experiment. That detector
was mounted at 90' to detect sample scattered neutrons,
and housed in a heavy paraFin and Pb shield. The 90
detector was also shadowed from the LiF target by blocks
of W and Cu. These extensive shielding measures were
necessary to reduce the background to the point that
sample spectra with good statistics could be obtained for
the small inelastic scattering peaks.

Two scattering samples were used. One was the ' Os
sample, which was eight thin circular disks, each 1.27 cm
in diameter. They were packaged together to make a cy-
lindrical scattering sample 0.46-cm high by 1.27-cm
diam. An identical size Pb sample was fabricated to pro-
vide a scattering sample with no inelastic scattering, so
that the detector response for a single, isolated peak
could be well determined in the identical scattering
geometry as that of the Os sample. The Os was enriched
in ' Os to 94.5%%uo, with 3.28% of ' Os and 1.33% of

Os as the most abundant contarninants. Since neither
of these isotopes has inelastic scattering below 190 keV,
they posed no problem for measurements of inelastic
scattering yields. The inelastic scattering yields must be
corrected for isotopic abundance of ' O; the elastic
scattering yields can be treated as though the elastic
scattering cross sections for all Os isotopes were the
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same. The comparison of natural Os total cross sections
with those measured' for ' Os and the small abun-
dances of other isotopes lead to possible isotopic correc-
tions to elastic scattering less than 1%. These correc-
tions were ignored.

The cylindrical Os and Pb samples were mounted at 0'
with their axes perpendicular to the scattering plane, the
usual symmetric geometry for neutron scattering experi-
ments, and at 4.5 cm from the LiF target. The 90' detec-
tor was mounted at 34.3 cm from the sample for the 63.5-
and 73.3-keV measurements, and at 37 cm for the 97.5-
keV runs. The samples were contained in low-mass
steel-wire baskets of about 0.072 g. An empty wire bas-
ket of 0.08 g was mounted for background runs; no peaks
from the basket were evident above the time-uncorrelated
background. The location of the samples was such that
they subtended a half-angle which corresponded to a neu-
tron energy spread of 2 keV, insignificant compared to
the overall incident energy spread of 6 keV.

Thirty-four runs of about 1 h duration each were made
with the ' Os sample at 73.3 keV incident, interspersed
with 17 background runs and 20 Pb sample runs. The re-
peated, interspersed runs enabled us to monitor for minor
instabilities in the TOF electronics and correct for those
later when the separate runs were combined into a single
spectrum for each sample for yield analysis. A similar
number of runs were taken at 63.5 keV incident, and
about half that number at 97.5 keV. As for the data tak-
en at 73.3 keV, all runs for each sample were combined
into a single spectrum for yield analysis at each incident
energy.

III. DATA REDUCTION, EFFICIENCY
AND SAMPLE-SIZE CORRECTIONS
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FIG. 1. Scattered neutron spectrum for the natural Pb sam-

ple whose size is the same as that for the ' Os sample. The
solid curve is the result of a fit to the spectrum.

spread was also about 3 ns. The overall time resolution
extracted from the spectra was about 4.0 ns. Besides the
36.2-keV —,

' level, there is also a —', level at 30.8 keV ex-
citation energy; but calculations show that the cross sec-
tion to it should be only 7% that for the —,

' level. %'e
did not attempt measurement of the very small cross sec-
tion for the —', level.

The result of the fit to the ' Os spectrum is shown in
Fig. 2, with an expanded inset to show the region of the
inelastic group. The result of the parameter search was
an incident energy and peak width for elastic scattering

A. Peak shapes and yields

Each peak in each of the three combined ' Os spectra,
for each of the three incident energies, and each peak in
the combined Pb sample spectra, was modeled with a
shape which combined two Gaussians convoluted with an
exponential, to reproduce the asymmetric shapes and ex-
ponential tails always encountered in TOF neutron
scattering experiments. The combined data for scattering
from the Pb sample at 63.5 keV incident and a fit to the
data are shown in Fig. 1. The shape parameters deter-
mined from this fit were then inserted into the peak
analysis program, sANI2, designed in this laboratory to fit
the peaks from scattering. The peak-fitting program was
told to find two peaks in the ' Os spectrum, with widths
correctly correlated for TOF spectra, and separated by an
excitation energy of 36.2 keV.

The width of TQF peaks changes as a function of Aight
time from the scattering sample to the detector because a
Axed energy spread translates into a varying time spread.
The widths of our peaks always have components from
fixed time spreads in our Ineasurements, such as beam
pulse width and time spread intrinsic to the detectors,
and a component from the fixed energy spread arising
from the thickness of the LiF target. The beam-pulse
width was just under 3 ns, and the detector intrinsic time
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FIG. 2. Scattered neutron spectrum for the "Os sample.
The solid curve is a fit to the spectrum using the shape parame-
ters from the fit to the spectrum of Fig. 1. The inset shows the
channel region where the inelastic scattering group appears.
The dashed curve of the inset shows the tail of the elastic fit as
determined from the fit of Fig. 1. The solid curve is the fit to
the combined elastic and inelastic scattering groups, with the
separation of the two groups constrained by scattering kinemat-
1cs.
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10900—
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those including the inelastic scattering group for the Os
runs, again with all Os runs combined. Similar but in-

dependent peak analyses were made at ORELA for the
runs at 73.3- and 97.5-keV incident neutron energy with
very similar results. The analysis made at 97.5 keV in-

cident is shown in Fig. 5, again with the Pb peak shape
and kinematics constraining the analysis of the Os spec-
trum.

B. E%ciency corrections and normalization of yields
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FIG. 3. Scattered neutron spectrum for the natural Pb sam-

ple at an incident energy of 73.3 keV. The solid curve is the fit
to the spectrum, with the details of the fit in the tail region
shown in the inset.

identical to those found from the search procedure for
the Pb spectrum of Fig. 1. The dashed curve shown in
the inset is the tail which would have been predicted by
the Pb At were there no inelastic group present. The con-
stancy of the incident energy extracted from the fitting
process was consistent with the fact that the 0 monitor
of incident neutron flux was used to maintain the incident
neutron energy constant to within 0.1 keV during the
course of all runs at each of the three incident neutron
energies.

The same peak-fitting procedure was followed for the
scattering data measured at 73.3 keV incident, with the
fits shown in Figs. 3 and 4, again with expanded insets to
show the quality of the fits for the Pb tail region, and

Peak yields had to be corrected for the energy depen-
dence of the detection efficiency of the majority logic
detector, and corrected for the effects of attenuation and
multiple scattering. The neutron energy dependence of
the detection efficiency was measured with two methods.
Thick LiF target spectra were measured with a proton
bombarding energy which provided neutron energies
from 30 keV at threshold to 103 keV in a single TOF
spectrum. The yields as a function of delay time, or
equivalently neutron energy, were then unfolded into
Li(p, n) relative yields as a function of neutron energy

using known proton stopping powers. The recorded
yields as a function of neutron energy divided by the
well-known Li(p, n) cross sections then provided rela-
tive efficiencies for the majority logic detector which are
shown as the circular points and solid curve in Fig. 6.

A second method of determining the efficiency was
used to check the thick target results for neutron energies
E„)60 keV. This second method involved measuring
neutron yields from a thin LiF target as a function of an-

gle at the same proton energy as that incident for the
thick target measurements, and then dividing those yields
by the known angle-dependent cross sections of the
Li(p, n ) reaction to obtain the relative efficiencies. This

latter method was deemed not reliable for neutron ener-
gies well below 60 keV, or detection angles beyond 45.
The crosses shown in Fig. 6 are from this method.
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FIG. 4. Scattered neutron spectrum from ' Os. The solid
curve is the fit to the combination of elastic and inelastic
scattering to the —' level at 36.2-keV excitation energy. The
shape parameters are those of the Pb fit of Fig. 3. The dashed
curve in the inset shows the elastic tail extended into the region
of inelastic scattering.

C. Sample-size efT'ects

Sample-size effects arise from neutron attenuation,
multiple scattering, and angular spread of the sample at
the neutron source combined with the anisotropy of elas-
tic scattering. Inelastic scattering yields are isotropic, as
had been determined by direct measurements in the ear-
lier work on scattering for ' Os. The outgoing neutron
energy to the —,

' level in this experiment is 61 keV, com-

pared to 50 keV in the cited work. Thus the isotropy ob-
served there would be expected here as well. The
statistical-model calculations show an expected variation
of l%%uo in differential scattering cross section between 0
and 90'.

Neutron attenuation alters the effective incident neu-

tron flux from that which would be present without a
scattering sample. Since we obtain cross sections through
normalization of measured yields to measured total cross
sections, attenuations do not affect our measurements.
Multiple scattering in these cylindrical scattering samples
decreases the angular anisotropy of elastic scattering
yields. The elastic scattering angular distributions for
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FIG. 5. Scattered neutron spectrum from "Os at an incident energy of 97.5 keV. The solid curve is a fit using shape parameters
obtained from a fit to scattering from the Pb sample. The inset shows the inelastic scattering regions expanded to show the fit to the

combined elastic and two inelastic scattering groups for levels at 36.2 and 69.6 keV excitation energy. The lower curve in the inset

shows the extension of the elastic tail into the inelastic scattering region.
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Os and ' Os were found to be asymmetric about 90',
with a simple cosO dependence. Since our detector was
located at 90, anisotropy changes did not affect normali-
zation.

Our procedure relies only upon the ratio of efficiency-
corrected scattering yields for inelastic to elastic scatter-
ing. This ratio is altered by multiple scattering in which
one of the events is an inelastic one. Such corrections are
small, because the inelastic to elastic ratio is 6%.
Small corrections were necessary at 63.5 keV, where a
1% correction applied, and 97.5 keV incident, where the
ratio of inelastic to elastic scattering was increased by 2'7o

through multiple scattering. These multiple scattering
corrections to the ratios of inelastic to elastic scattering
yields were calculated using analytic approximations
developed by Engelbrecht.

D. Cross-section normalization

FIG. 6. The relative efficiency, or neutron energy dependence
of the eSciency, of the majority logic detector as a function of
neutron energy as measured with two techniques. The crosses
represent the results of normalizing diA'erential yield measure-
ments of the Li(p, n) Be source reaction as a function of reac-
tion angle to the known differential cross sections of the

Li(p, n) Be reaction. The circular points and solid curve are
efticiency measurements from thick target neutron spectra,
which are unfolded into 0 yields as a function of proton energy
in the 'Li target using procedures described in the text. The
thick target e%ciencies, represented by the solid curve, were
found to be the same as those which had been obtained in Ref. 8
for the same detector.

The procedure used to turn efficiency corrected yields
into differential scattering cross sections relied for nor-
malization upon the accurate total cross sections mea-
sured at ORELA (Ref. 10). These total cross sections
were measured with the usual white source techniques,
using two different sample thicknesses. As noted near the
beginning of Sec. II, the ' Os sample was in the form of
eight thin metal wafers, each of 1.27 cm diameter and
about 0.5-mm thick. Total cross sections were measured
with two different sample thicknesses, one using only two
of the eight wafers, and the other using six of them. The
results of the two sets of measurements were consistent
with each other, when each set was averaged over an in-
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cident energy interval of 8 keV, to within better than 2/o.
The elastic and inelastic scattering yields of this experi-

ment were corrected for the energy dependence of detec-
tion efficiency and sample-size effects, and then normal-
ized, effectively, to the difference between the measured
total and neutron capture cross sections. The pro-
cedure for normalizing corrected yields to cross sections
was developed to accommodate the fact that measure-
ments were not available for the —', excited level. Since
we could only estimate the cross section for that level, the
normalization procedure used was an iterative one. The
correction for the unobserved —, level is small, since its
cross section is calculated to be only 3.8% of the nonelas-
tic cross section, which is the relevant comparison for es-
timating the effect of that level on our normalization pro-
cedure.

The first step in our iterative normalization procedure
used calculated inelastic scattering cross sections for the

level. These were combined with the measured (n, y)
and inelastic scattering cross sections to give a first esti-
mate of the nonelastic cross section. The second step of
the iteration procedure simply involved summing all
measured inelastic scattering cross sections, the calculat-
ed value for the —,

' level, the measured (n, y) cross sec-
tions, and the elastic scattering cross sections and
correcting the normalization factor to achieve consisten-
cy with the total cross section.

IV. RESULTS AND UNCERTAINTIES

The measured total cross sections, to which normaliza-
tion is made, and the capture cross sections as a function
of neutron energy are shown in Fig. 7. Also shown in
Fig. 7 are the capture cross sections measured for the —,

'

ground state of ' Os, for completeness of comparisons
with the statistical model. The dashed histogram shown
with the total cross sections in the upper panel is the re-
sult of averaging the fine structure data over energy inter-
vals of about 8 keV. The solid curve shown with the data
is the result of model calculations. The points shown in
the lower panel are the energy-averaged capture cross
section measurements, and the curves are statistical-
model calculations to be discussed in the next section.

The measured inelastic scattering cross sections for the
36.2-keV level of ' Os are the points plotted in Fig. 8
near 0.5 b, with theoretical curves. We also show, for
ease of comparison, the earlier, ' larger measurements of
inelastic scattering to the first excited level of ' Os. The
large difference between results for the two nuclei rejects
the spin differences of the two ground and two excited
levels, and the different scattering kinematics for the two
nuclei.

Our measured inelastic scattering cross sections
differed from model calculations by an average of & 10%.
The uncertainties of these comparisons propagate into
our normalization procedure. Uncertainties quoted for
the (n, y) cross sections are about +5%. The resultant
uncertainty of the normalization procedure is about
+7%. The total cross sections to which we are normaliz-
ing our yields have an uncertainty of +2~o, which we
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FIG. 7. The top panel shows total cross sections measured at
ORELA using TOF techniques. Many more points are mea-
sured than are shown, with uncertainties. The dashed histo-
gram is a 50 point average, which amounts to about an 8 keV
average near 80 keV neutron energy. The solid curve is the
potential-model calculation as described in the text. The bot-
tom panel shows calculated and measured capture cross sections
for both "Os and ' Os. The upper set of (square) points are
energy-averaged measurements for ' Os, and the solid curve
provides statistical-model calculations using the methods and
parameters of Ref. 9 or the dipole parameters of Table I; both
give the same result for that nucleus. The lower, triangular
points are energy-averaged, measured capture cross sections for

Os, and the solid curve through those measurements
represents the statistical-model calculations with the same po-
tential and dipole parameters as for "Os following the parame-
trization of Ref. 9. The dashed curve results from the use of the
measured dipole parameters of Table I.

combine arithmetically with the uncertainty of the nor-
malization procedure. Many tests of the peak-fitting pro-
cedures using sAN12 showed that the yield ratios obtained
for different but acceptable fits varied no more than
+5%, an uncertainty combined in quadrature with that
of the energy dependence of neutron detection efficiency.

The relative efficiency uncertainty, as noted above and
as is evident in Fig. 6, ranges from +2% for scattered
neutron energies of 60 keV to +12% for 27-keV neu-
trons. This is the dominant uncertainty for two of the
measured inelastic scattering cross sections. Thus, the
uncertainties of our measured values ranges from 11 to
15%. The uncertainties of sample-size corrections are
insignificant.
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TABLE I. Scattering potential and dipole resonance parame-
ters. The symbol V denotes depth of the real central potential.

denotes surface absorptive potential, with Woods-Saxon
derivative form factor, both these potential parameters are
given in MeV. The rk denote radius parameters and the a&

denote diff'usenesses, both in fm. The symbol E denotes incident
neutron energy in MeV. The parameters of the E1 dipole reso-
nance are I g, the dipole width, o.o, the peak dipole cross sec-
tion, and ED, the resonance energy. The product I ~

o.
o

represents the strength of the resonance, maintained the same
for both odd- 3 nuclei.
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8'D =9.57+0.45E, rD = 1.26, aD =0.47

Measured dipole parameters for '"Os:
op=230 mb I
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Measured dipole parameters for ' Os:
o. =250 mb, I =2.60 MeV, ED=12.68 MeV
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Os analyses are made without altering a single parame-
ter from those determined as necessary for ' Os in 1983.
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B. Capture cross sections

E„(keV)
The modified statistical model for neutron induced re-

actions and the Brink-Axel hypothesis for y-ray strength
functions argues that the y-ray transmission coefficients
should have the energy dependence of the tail of the giant
electric dipole (El) resonance, as had been noted in the
previous measurements and analyses for ' Os. A
thorough analysis of average neutron capture cross sec-
tions based on this assumption had been carried out
many years ago by Johnson. He developed a systemat-
ics for describing the neutron energy dependence of these
cross sections using an E1 model with "resonance" pa-
rameters adjusted to fit the systematics of low-energy
neutron capture over a large range of nuclei; the parame-
ters so deduced were not actual E1 resonance parame-
ters, but were a parametrization of low-energy neutron
capture cross sections. Thus, our earlier analyses for

Os employed a width parameter set to 1.95 MeV, as
called for in Johnson's systematics. The peak capture
cross section on the E1 resonance was then adjusted to
490 mb to provide a good description of the capture cross
sections. This procedure used the dipole form to
represent energy dependence, but fixes the strength to ac-
commodate direct capture as well as dipole tail capture.
(The peak cross section used in Ref. 9 was incorrectly
quoted in Table 5 of Ref. 27.)

The actual E1 resonance parameters for ' Os and
Os have been measured in (y, xn) cross-section stud-

ies. Thus, we made statistical-model calculations of the
(n, y) cross sections of Fig. 8 using parameters drawn
from Johnson's systematics and also using the measured
E1 parameters. For both sets of calculations the y-ray
strength was normalized to reproduce the ' Os( n, y )

cross sections in Fig. 8. The solid curve represents both
sets of calculations for that nucleus. The dashed curve
shown for ' Os results from using the actual resonance
parameters, and again keeping the y-ray strength the
same for both nuclei; the solid curve results from the

FIG. 8 ~ Measured and calculated inelastic scattering cross
sections for both ' Os and "Os. The square points are mea-
surements for "Os reported in Refs. 8 and 9. The curve is a
statistical-model result as described in the text. The circular
and triangle points are measurements for the

~
and

2
levels

of "Os, respectively. The solid and dashed curves are the asso-
ciated statistical-model calculations. Note that the abscissa
scale has a depressed zero.

V. INTERPRETATION AND SUMMARY

A. Scattering model and comparisons with measurements

The total, capture, and inelastic scattering cross sec-
tions of Figs. 7 and 8 are modeled as statistical processes
based on a scattering potential, using the form of the sta-
tistical model provided by Tepel, Hofmann, and Her-
man. ' The scattering potential must be determined with
high confidence, and the gamma-ray strength for the cap-
ture channels must be well fixed. Considerable informa-
tion is available to fix the neutron scattering potential.
This includes very-low-energy scattering properties, such
as the s-wave strength functions, " and total cross sec-
tions as a function of neutron energy. A potential had
been carefully developed to fit these scattering properties
for ' Os, as well as the measured asymmetry of elastic
neutron scattering for both ' Os and ' Os. The s-wave
strength function, scattering length, total cross sections,
and elastic scattering cross sections for ' Os and elastic
scattering cross sections for ' Os were all well de-
scribed. This potential, the gamma-ray strength and the
statistical model now serve as the basis of all analyses to
be reported here. The scattering potential and neutron
capture parameters used in this analysis are presented in
Table I. It is important to realize that present, successful

NEUTRON SCATTERING IN ' Os FOR NUCLEOSYNTHESIS. . .
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methods of Ref. 9.
The striking similarity of the level structures of the two

nuclei justifies treating both of them on a common basis,
including the common y-ray strength. Also the average
of measured radiation widths for low-energy neutron cap-
ture resonances has been shown to be the same in the two
nuclei. A similar conclusion can be drawn from the
(y, n) and (y, 2n) experiments of Berman et al. Their
studies include neutron emission cross sections over the
El resonance region for both ' Os and ' Os; the photon
induced strength is quite comparable for the two nuclei,
even including the degree of quadrupole splitting of the
El resonance. It is well known ' that the degree of di-
pole splitting is a measure of the low-lying E2 strength of
nuclei. This experiment, as well as the Coulomb excita-
tion experiment, show that the structures and photon
strengths of the two nuclei are very similar.

The really important results of these model tests are
the ratios of capture cross sections for the two nuclei; the
ratios are the tests of predicting capture on both the —,

'

ground state and —,
' excited level of ' Os. The fact that

very similar calculated capture cross sections result from
using rather different parametrizations of the y-ray
strength shows that the neutron energy dependence and
ratios of capture cross sections are not sensitive to details
of the parametrization of the y-ray strength.

C. Summary of results

All parameters of the models having been set, tests are
shown in Figs. 7 and 8. The upper panel of Fig. 7 shows
the total cross-section data taken at the Oak Ridge Elec-
tron Linear Accelerator (ORELA) for ' Os. The solid
points are the measured total cross sections; the solid
curve shows the accuracy of the potential description.
The lower curves of the bottom panel of Fig. 7 show data
and calculations for neutron capture by the —,

' ground
state of ' Os. The triangle shaped points are the

energy-averaged data, and the curves through the points
are the statistical-model calculations using the two
different approaches to fixing the y-ray strength, one us-
ing the method used in Ref. 9 and the other using actual
El resonance parameters. The cross sections in the top
panel and the lower curves of the lower panel represent
real predictions, since no parameters were adjusted to
provide those fits. The square points are the energy-
averaged capture cross sections for the —,

' ground state
of ' Os, and the curve through the points represents the
model calculations. The agreement is excellent below 70
keV, and still within about 10% above that energy.

The capture cross sections of Fig. 7 are well described
with a statistical model which includes J-dependent y-ray
transmission coe%cients. Were J-independent capture
strengths to have been used, the ratio of cross sections
would be altered at least 25%%uo, outside the uncertainties
of the measurements for the two nuclei. This is an im-
portant point with respect to the model to be used for nu-
cleosynthesis of heavy elements by neutron capture. An
earlier study of neutron capture resonances for ' Os and

Os had also led to the conclusion ' that the resonance
strengths in the two nuclei were clearly those associated
with the statistical model.

The Inodel has its most definitive test in Fig. 8, where
measurements and calculations of inelastic scattering are
presented. The upper curve and two measured points '

are for ' Os, the nucleus for which the model had been
developed. However, it is important to note that no pa-
rameters of the model are adjusted to fit these measure-
ments. The potential is developed to represent total and
elastic scattering cross sections. These inelastic scatter-
ing cross sections are than a prediction.

The lower curves and measured points are for scatter-
ing to the —,

' and —,
' excited levels of ' Os, the calcula-

tions represented by the solid and dashed curves, respec-
tively. The lowest few levels of each of the two nuclei are

TABLE II. Low-energy scattering properties and comparisons of measured (m) and calculated (c)
cross sections. The parameter so is the s-wave strength function; s& is the p-wave strength function; R'
is the scattering length. The E, are incident neutron energies, and o. , are total cross sections; o.„~ are
capture cross sections, and o, , are inelastic scattering cross sections to the

~
excited level. The ho.

are uncertainties in the measured inelastic scattering cross sections.

Low-energy scattering properties
187O 189O

Nucleus: Calculated Measured Calculated Measured

so( X10 )

s1( X 10 )
R'

3.5
0.98
8.6 fm

3.2 2.8
0.9
8.7 fm

2.9

(keV) (b)

Comparisons of cross sections for ' Os
m C m0] omy omy

(b) (mb) (mb)

mo nn'

(mb)
Aa

(mb)

63.5
70
73.3
97.5

12.84

12.28
1 1.2

13.2

12.2
1 1.7

683
649
587
427

695
641

495

427

480
386

50

30
30
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sketched in the top part of the figure, where one sees the
good correspondence between the two structures up to an
excitation energy of about 100 keV. The —', level is also
found in ' Os, just above the highest incident energy
reached in this experiment.

The low-energy scattering properties and total and par-
tial cross sections obtained in this study are presented in
Table II. The very good agreement shown in Table II is
striking confirmation of a model developed three years
before these measurements, although the parameters of
the model are published here for the first time.

D. Impact on the Re/Os nucleochronology
and Qs nucleosynthesis

The importance of excited-state capture in a stellar en-
vironment had first been cited by Woosley and Fowler in
their review of the Re/Os nucleochronology. They intro-
duced the inhuence of excited-state capture in terms of
the ratio of two Max wellian-averaged capture cross-
section ratios. Each capture cross-section ratio is of
Maxwellian-averaged capture in ' Os to that in ' Os.
One ratio, averaged in the stellar environment, is divided
by that averaged in a laboratory, where no excited state is
involved. This factor, called F by Woosley and Fowler,
and more recently named F67, was shown to be
F67=0.8, a value restated recently when the ' Os cap-
ture cross-section measurements were reported. The

ratio F6„should be rather temperature independent, for
stellar interior temperatures deemed to be realistic, even
though the Maxwellian capture cross sections themselves
are temperature dependent. The insensitivity of F67 to
temperature rejects the common energy dependence of
all of the capture cross sections. Thus, the role of neu-
tron capture in the s-process abundance of ' Os should
be well defined, with the value F67 =0.80+0.01, as deter-
Inined in several previous studies, ' well confirmed in
this study. It is gratifying to see that the modified form
of the statistical model, which has been shown to be so
effective for neutron scattering in complex nuclei at in-
cident neutron energies from 1 to 3 MeV, works very well
also for incident energies below 100 keV.
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