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11. Introduction 

This is the final report for a research program supported continuously since 197 1, first by the AEC, 
then by the ERDA, and finally by the DOE. I am retiring fiom Denison University effective at the 
end of August 2000 and can no longer be a Primary Investigator on a contact with the DOE. It is 
with some pride tinged with just a dash of melancholy that I terminate what has been a very 
productive relationship with the DOE. Dick Meyer, Gene Henry, Terry Valasich are fine folks 
who make doing research much easier than it might be without the aid of such able administrators. 

Over the 29 years supported by the AEC, ERDA, and DOE, my colleagues and I have measured 
neutron cross sections for over 90% of the stable isotopes. The funding by these agencies has 
supported the publication of 58 papers in the refereed literature and the presentation of 161 papers 
at professional meetings. Note that this level of productivity was possible only because of the 
support fiom theAEC, ERDA, and DOE. 

The neutron total and capture cross sections measured over these past 29 years are of importance 
to our understanding of the s-process of stellar nucleosynthesis. More work remains to be done. 
Given the improvements in modeling the s-process, many of the cross sections need to be 
measured to lower neutron energies andor re-measured to better precision. The realization of the 
importance of the neutron capture cross sections below 2 keV and questions about systematic 
errors in some of the earlier work make such measurements especially important. I am committed 
to continuing this work, and am working out an arrangement with Middle Tennessee State 
University which will allow me to be a secondary Investigator on a grant currently held by one of 
my research colleagues, Dr. Robert Carlton. 

In. Final Performance Report 

1II.A. Introduction 

The work performed during the past year involved measurements and analysis of the 88Srtn cross 
total and capture cross sections and the analysis of the 208Pb+n cross section. The 88Sr+n cross 
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total and capture cross sections are important for the normalization of the s-process fluence (Nssy ,  
i.e. s-process abundance times Maxwellian-averaged neutron capture cross section) and the 
208Pb+n cross section is important in reactor design. The very low backgrounds and excellent 
energy resolution at ORELA cleanly resolves most resonances below 20 keV and allows us to 
work with such small samples. 

1II.B. Neutron total and capture Cross Section Measurements 
for 88Sr+n 

The 88Sr(n,y) cross section is important to nuclear astrophysics for at least three reasons. 
(i) Because this cross section is very small, 88Sr(n,y) acts as a bottleneck in s-process 
nucleosynthesis [KaBOa]. The A-1 00 region is complicated, with several different nucleosynthesis 
processes contributing to the abundances of nuclides in this region. Although the s-process path is 
complicated by branchings at the radioisotopes "Kr and 86Rb, all branches eventually lead through 
88Sr. Because of its bottleneck character, it is crucial to know accurately the cross section 
for the ?3r(n,y) reaction so that the relative contributions of various processes to the solar system 
abundances can be disentangled. (ii) It has been shown that a measurement of the Rb/Sr ratio in 
stars can be used to extract the neutron density during the s-process. Current results [La951 
indicate that the neutron density derived from these data is consistent only with the s- process 
occurring during the interpulse phase in low mass asymptotic giant branch (AGB) stars. Because 
the cross sections were not measured to low enough energies to determine accurately the low- 
temperature reaction rates needed in the models, this conclusion is based mainly on extrapolations 
of previous neutron capture measurements. Strontium is the normalization point for these data and 
strontium is mostly 88Sr(n,y). Therefore, new measurements of the 88Sr(n,y) cross section are 
needed at lower neutron energies to provide a more robust test of stellar models. (iii) Non-solar 
ratios for isotopes of strontium and other elements have been observed in Sic  grains in certain 
meteorites wi981. Such observations provide the s-process abundance ratios for isotopes of 
several elements, thereby greatly expanding the number of 'effectively s-only' calibration points 
for models of the s-process. Calculations indicate that isotopes with small (n,y) cross sections 
provide the most sensitive test of s-process models when comparing to the meteorite data. Hence, 
more precise reaction rates are needed for nuclides such as 88Sr to more fully exploit the 
opportunity offered by meteorite data for improved understanding of the s-process. 

There have been three previously reported measurements of 88Sr(n,y) cross section from which the 
reaction rate has been determined [Ka90a, Ma67a, Bo761. None of these previous measurements 
can be used reliably to determine the reaction rate across the range of temperatures needed for 
stellar model calculations---the first because it was made with a pseudo-Maxwellian source and 
hence determines the reaction rate at the single temperature kT=25 keV, the latter two because 
they are too imprecise and because they did not extend low enough in energy. Also, subsequent 
work [A18 13 has shown that relatively large systematic errors may plague these data. Finally, a 
resonance at 2.780 keV has been reported [Ad65], but apparently ignored in evaluations of the 
reaction rate. Although the reported parameters for this resonance have large uncertainties, its 
inclusion leads to a 77% increase in the reaction rate at 5 keV over the rate calculated from all the 
other resonances reported in [Bo76]. Hence, it is vitally important to make new measurements in 
this energy range. 
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1II.B.a. Experimental Procedures 

The measurements were performed using the ORELA white neutron source facility. The ORELA 
was operated at a pulse rate of 525 Hz, a pulse width of 8 ns, and a power of 7-8 kW. Neutron 
energy was determined using time-of-flight. The samples were isotopically enriched (99.83% 88Sr, 
0.12% 87Sr, and 0.05% 86Sr) metallic strontium. After fabrication in an inert atmosphere, the 
sample for the capture experiment was shipped in a vacuum container. During the experiment, the 
sample was placed in the evacuated beam line between the $\gamma $-ray detectors. The samples 
for the transmission experiments were sealed in thin walled aluminum containers. The use of 
metallic samples substantially reduced sample dependent backgrounds and correction factors 
compared to previous measurements in which carbonate samples were used. In addition, the use of 
metallic rather than carbonate samples in the transmission experiments substantially increased the 
sensitivity to small resonances. 

The capture measurements were made on ORELA flight path 7 at a source-to-sample distance of 
40.12 m. The sample was 2.54 cm wide by 5.08 cm high by 0.01061 at/b thick. A 'OB filter was 
used to remove overlap neutrons from preceding beam bursts and a 1.27 cm thick lead filter was 
used to reduce y-flash effects. The capture cross sections were determined using the pulse-height 
weighting technique with a pair of CsD6 scintillators serving as the y-ray detectors. The overall 
normalization of the counts to cross section was made via the saturated resonance technique 
[Ma791 using the 4.9 eV resonance in the 19'Au cross section. As described in [Ko96], the capture 
apparatus has been improved in several significant ways compared to the setup [Ma711 used in 
many of the previous ORELA measurements. These changes have substantially reduced sample 
dependent backgrounds and corrections and have improved the accuracy with which absolute cross 
sections can be determined. These improvements were especially important in the present case 
because the capture cross section is much smaller and the sample dependent backgrounds 
potentially much larger than in any other of our previous measurements. 

A 6Li loaded glass scintillator, located 43 cm ahead of the sample in the neutron beam, was used to 
measure the energy dependence of the neutron flux. Separate sample-out background 
measurements were made and measurements with a carbon sample were used to subtract the 
smoothly varying background due to sample scattered neutrons. 

Two separate transmission measurements were made on ORELA flight path 1. In one 
measurement, a 6Li loaded glass scintillator was employed at a source-to-detector distance of 
80.1 17 m and the sample was 0.05429 at/b thick. In the other measurement, a plastic scintillation 
detector was used at a source-to-sample distance of 201.575 m and the sample was 0.1 100 at/b 
thick. In both measurements, a '% filter was used to remove overlap neutrons from preceding 
beam bursts, and a Pb filter was used to reduce effects due to the y-flash at the beginning of each 
pulse from the ORELA. The strontium sample was exchanged periodically with an empty 
container having the same dimensions as the sample holder and with polyethylene and bismuth 
absorbers which were used for determination of backgrounds. 

1II.B.b. Resonance Analysis 

The multi-level, multi-channel, R-matrix code SAMMY [La961 was used to fit both our 
transmission and capture data and extract resonance parameters. Orbital angular momentum up to 
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and including f-waves were allowed. Channel radii of 7.1 fin were used for all partial waves. 

Resonances in both the neutron capture and transmission data could be fitted from 100 eV to 350 
keV. Below this range, the neutron flux on the sample was too low due to the 'OB overlap filter. 
Above 350 keV, both the statistical precision and the energy resolution in the neutron capture data 
were too poor to be able to include it in the resonance analysis. The 80-m transmission data was 
fitted for energies below 160 keV. The 200-m transmission data was fitted at higher energies 
because both the resolution and the statistical precision of these data were better than that of the 
80-m data in this region. Using SAMMY, we determined the parameters for 101 resonances in the 
energy range below 350 keV. Additional details and the resulting resonance parameters are given 
in a paper already accepted by Phys. Rev. C. 

1II.C. R-Matrix Parameter Analysis of the n + losPb Cross Section Measurement. 
Collaborators: K. Guber and R. F. Carlton 

The R-matrix re-analysis of the neutron transmission made at the ORELA 500 meter station on 
flight path 1 is essentially complete. In the following, the R-matrix analysis will be described. A 
major difficulty has been to correctly describe the measured cross section at low energy with the 
R-Matrix parameters derived from resonance analysis at higher energy. In particular, the R-Matrix 
description from our earlier analysis increased too rapidly below 1 keV yielding a value for the 
thermal cross section much higher than previously measured. New ORELA measurements of the 
"'Pb neutron total cross section at lower energy using two short flight paths, 80 and 12 meters, 
have confirmed that the low energy portion of the cross section as measured on the ORELA 200 
meter flight path is correct to a precision of less than 1%. We have discovered that the R-Matrix 
parameters usually called the R-External function which represent non-resonant interactions and 
the effects of resonances outside the region of our measurements were not correct for the minor 
isotopes in the 208Pb sample. These 'background' functions are discussed below. The extrapolated 
thermal cross section is in excellent agreement with published results. 

In order to introduce the notation, a brief description of the R-matrix formalism follows. For the 
case of a spin-0 nuclide and for neutron energies below the inelastic threshold, the scattering 
function S (E) for neutron orbital and total angular momentum Q and J can be expressed in terms 
of real phase shifts, r$r(E) and complex R-functions, &J(E), 

The total cross section can be written in terms of Su, 

where g(J) is the statistical spin factor and k is the neutron wave number. 

The R-function Rt,(E) is a sum over all the resonances with quantum numbers PJ observed within 
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the region or domain of the analysis, plus a smoothly increasing function of energy which 
describes the aggregate effect of levels external to the domain, 

2 where y ua and E,  are free parameters representing the reduced width and energy of the A* 
resonance with angular momenta 4 and J. The quantities Tua , the total widths, are given by 
Tu' = r,, + rWA, where rWA is the total radiation width for the resonance. 

In order to evaluate the external R-function, Refit,@), we first note that if the actual discrete levels 
for all energies are replaced by a continuous density of reduced widths, Le., a strength function 
st,@), then a smoothed real R-function can be defined 

where 8 denotes the principal value integral. The external R-function is found by subtracting the 
contribution from levels within the domain [El = 0.0 MeV, E2 = 1.71 MeV], 

If the strength function is chosen consistently with the observed strength within the domain, this 
formulation can give a good average description of the effects of the external levels, especially 
near the end points where the effects of levels just outside the domain are particularly 
important. We parameterize slJ(E) andzu ( E )  by 

where the coefficients are free parameters. The choice of st~(E) follows an iterative procedure; it is 
finally chosen to give a good description of the observed average reduced neutron width per 

energy interval, < uA ' , within the domain, [E,,E2 1. 
2 

DU 

1II.D. A Spherical Optical Model for n + *"Pb 
Collaborator: R. F. Carlton 

The optical model is expected to describe the cumulative effect of the resonance in the n + 208Pb 
cross section. The influence of resonances not observed in the necessarily limited energy region 
[El ,E21 of the measurement must be included in the analysis. This information is expressed in 
terms of statistical quantities, the external R-functions and the strength functions, one pair for each 
PJ . It is these functions which the optical model describes. Since only the neutron entrance 
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channel is important in this case, the R-matrix reduces to a single-channel R-function such that the 
scattering function &,(E) for orbital angular,moment Q and total angular momentum J can be 
written in terms of a smoothly varying complex R-hction, 

where Pp(E) and @t(E) are the penetrability and the hard-sphere phase shift evaluated at the channel 
radius. The real part of RgMp( E )  is identified with RtJ ( E )  and the imaginary part with -ixstJ. A 
channel radius must be chosen but its value is not critical; for the present analysis it was 8.59 fin. 
The boundary condition has been set equal to the shift factor at all energies. 

The real and imaginary well depths, V, and WD, are varied to produce optimal descriptions of the 
and sgMp for each channel (0,J). As part of the work during the rest of this grant period, 

dispersive terms will be used in the optical model analysis in order to find an optical potential 
which can properly describe both the bound and unbound states in *'*Pb+n. 
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Abstract 

We have made new and improved measurements of the neutron capture 

and total cross sections for =Sr at the Oak Ridge Electron Linear Acceler- 

ator (ORELA). Improvements over previous measurements include a wider 

incident neutron energy range, better resolution, the use of metallic rather 

than carbonate samples, better background subtraction, reduced sensitivity to 

sample-dependent backgrounds, and better pulse-height weighting functions. 

Because of its small cross section, the ?3r(n,r) reaction is an important bot- 

tleneck during s-process nucleosynthesis. Hence, an accurate determination 

of this rate is needed to better constrain the neutron exposure in $-process 

models and to better understand the recently discovered isotopic anomalies 
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in certain meteorites. We performed an %matrix analysis of our capture and 

transmission data to extract parametera for 101 resonances between 100 eV 

and 350 keV. In addition, we fitted our transmission data alone to extract pa- 

rameters for 342 additional resonances between 350 and 950 keV. We used this 

information to calculate average properties of the @Sr+n system for compar- 

ison to previous work. Although previous data and resonance analyses were 

much less extensive, they are, in general, in good agreement with our results 

except that the average radiation widths as well as the pwave correlation co- 

efficients we determined are significantly smaller, and the +wave correlation 

coefficient we determined has opposite sign from that reported in previous 

work. We used these resonance parameters together with a calculation of the 

small, but significant direct-capture contribution to determine the astrophys- 

ical reaction rate for the '?3r(n,-,) reaction to approximately 3% accuracy 

across the entire range of temperatures needed by s-process models. Our new 

rate is in good agreement with the results from a high-precision activation 

measurement at kT=25 keV, but it is approximately 9.5% lower than the rate 

used in most previous nucleosynthesis calculations in the temperature range 

(kT=6-8 keV), where most of the neutron exposure occurs in current stellar 

models of the s process. We discuss the possible astrophysical impact of this 

new, lower rate. 

- 

, 

. . -  
_ -  - -  . _ -  . -- -- - _ _ _ _  - - - - -- 

I. INTRODUCTION 

The @Sr(n, 7) cross section is important to nuclear astrophysics for at least three reasons. 

(i) 88Sr acts as a bottleneck in s-process nucleosynthesis [l]. The A x 100 region is com- 

plicated, with several different nucleosynthesis processes contributing to the abundance of 

nuclides in this region. For example, the path of the s process near strontium is depicted in 

Fig. 1. Although the s-process path is complicated by branchings at the radioisotopes =Kr 
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and 86Rb, all branches eventually lead though “Sr. Because of its closed neutron shell, the 

88Sr(n,y) reaction rate is very small, so it acts as a bottleneck; hence, it is crucial to know 

accurately the cross section for the @%r(n,-y) reaction so that the relative contributions of 

various processes to the solar system abudances can be disentangled. (ii) It has been shown 

that a measurement of the Rb/Sr ratio in stars can be used to extract the neutron density 

during the s process. Current results [2) indicate that the neutron density derived from these 

data is consistent only when the s process occurs during the interpulse phase in low-mass 

asymptotic giant branch (AGB) stars. Because the cross sections were not measured to low 

enough energies such as to determine accurately the low-temperature reaction rates needed 

in the models, this conclusion is based mainly on extrapolations of previous neutron-capture 

measurements. Strontium is the normalization point for these data, and strontium is pre- 

dominantly 88Sr. Therefore, new measurements of the -Sr(n, y) cross section are needed at 

lower neutron energies to provide a more robust test of stellar models. (iii) Nonsolar ratios 

for isotopes of strontium and other elements have been observed in Sic grains in certain 

meteorites [3]. Such observations provide the s-process abundance ratios for isotopes of 

several elements, thereby greatly expanding the number of “effectively s only” calibration 

points for models of the s process. Calculations indicate that isotopes with small (n,?) 

cross sections provide the most sensitive test of s-process models when comparing the model 

results to the meteorite data. Hence, more precise reaction rates are needed for nuclides 

such as 88Sr to more fully exploit the opportunity offered by meteorite data for improved 

understanding of the s process and AGB stars. 

There have been three previously reported measurements [1,4,5] of the ‘%3r(n, 7) cross 

section from which the reaction rate has been determined. None of these previous mea- 

surements can be used reliably to determine the reaction rate across the range of tem- 

peratures needed for stellar model calculations-the first [SI because it was made with a 

pseudo-bfzxwellian source and, hence, determines the reaction rate at the single tempera- 

ture kT = 25 keV, and the latter two [4,5] because they are too imprecise and because they 

did not extend low enough in energy. Also, subsequent work (71 has shown that relatively 
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. 
large systematic errors may p A U g i u  G ~ ~ L ~ c .  Ius. Enally, a resonance at 2.780 keV has been re- 

ported [8], but apparently ignored in evaluations of the reaction rate. Although the reported . 

parameters for this resonance have large uncertainties, inclusion of this resonance leads to 

a 77% increase in the reaction rate at 5 keV over the rate calculated from all the other 

resonances reported in Ref. [5]. Hence, it is vitally important to make new measurements 

in this energy range. 

11. EXPERIMENTAL PROCEDURES 

The samples were isotopically enriched (99.83% "Sr, 0.12% 87Sr, and 0.05% 8sSr) metallic 

strontium. Because strontium metal is chemically very reactive, the samples were fabricated 

in an inert atmosphere, and the sample for the capture experiment was shipped in a vacuum 

container. During the experiment, the sample was placed in the evacuated beam line between 

the y-ray detectors. The samples for the transmission experiments were sealed in thin- 

walled, aluminum containers. The use of metallic samples substantially reduced sample- 

dependent backgrounds and correction factors-as compared to previous measurements in 

which carbonate samples were used. In addition, the use of metallic rather than carbonate 

samples in the transmission experiments substantially increased the sensitivity to small 

resonances. 

The measurements were performed using the ORELA white-neutron-source facility. Neu- 

tron energy was determined using the time of fight. The capture measurements - _ _  were ~ - made 

on ORELA fight path 7 at a source-to-sample distance of 40.12 m. The ORELA was oper- 

ated at a pulse rate of 525 Hz, a pulse width of 8 ns, and a power of 7-8 kW. The sample 

was 2.54 cm wide by 5.08 crn high by 0.0106 at/b thick. A 'OB filter was used to remove 

overlap neutrons from preceding beam bursts, and a Pb filter was used to reduce y-flash 

effects. These filters were placed in the beam at a distance of 5 m from the neutron source. 

_ _  - _ _  - - - - _- . -- - - -  _ _  

The capture cross sections were .determined using the pulse-height weighting technique with 

a pair of C6D6 scintillators, which served as the y-ray detectors. The overall normalization 



of the counts to cross section sa made via the saturated resonance technique [9] using the 

4.9-eV resonance in the "'Au cross section. As described in Ref. [lo], the capture apparatus 

has been improved in several si&cant ways as compared to the setup [ll] used in most 

of the previous ORELA measurements. These changes have substantially reduced sample- 

dependent backgrounds and have improved the accuracy with which absolute cross sections 

can be determined. The changes have also simplified the calculation and improved the reli- 

ability of the pulse-height weighting functions, which must be used in the conversion of the 

counts to cross sections. These improvements were especially important in the current case 

because the capture cross section is much smaller and the sampledependent backgrounds 

are potentially much larger than in any other of our previous measurements. 

A 6Li-loaded glass scintillator, located 43 cm ahead of the sample in the neutron beam, 

was used to measure the energy dependence of the neutron flux. Separate sample-out back- 

ground measurements were made, and measurements with a carbon sample were used to 

subtract the smoothly varying background caused by the samplescattered neutrons. 

Two separate transmission measurements were made on ORELA flight path 1. In one 

measurement, a "i-loaded glass scintillator was used at a source-tedetector distance of 

80.117 m, and the sample was 0.0543 at/b thick. The ORELA was operated at  a pulse 

rate of 400 Hz, a pulse width of 16 ns, and a power of 12 kW. In the other measurement, 

a plastic scintillation detector was used at a source-to-sample distance of 201.575 m, and 

the sample was 0.110 at/b thick. The ORELA was operated at a pulse rate of 577 Hz, a 

pulse width of 4 m, and a power of 4 kW. In both measurements, a 1°B filter was used 

to remove overlap neutrons from preceding beam bursts. In the 8(Fm measurement, a Pb 

filter was used to reduce the effects caused by the 7 flash a t  the beginning of each pulse 

from the ORELA, while a U filter was used for this purpose during the 200-m measurement. 

These flters were placed in the beam at a & a c e  of 5 m from the neutron source. The 

strontium sample was exchanged periodically with an empty container, which had the same 

dimensions as the sample holder, and with polyethylene and bismuth absorbers, which were 

used for determination of backgrounds. 
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1x1. RESONANCE ANALYSIS 

The multilevel, multichannel, 72-matrix code SAMMY [12] was used to fit both our 

transmission and capture data and extract resonance parameters. Orbital angular momenta 

up to and including f waves were included in the analysis. Channel radii of 7.1 fm were 

used for all partial waves. 

Resonances in both the neutron-capture and transmission data could be fitted from 100 

eV to 350 keV. Below this range, the neutron flux on the sample was too low because of the 

. loB overlap filter. Above 350 keV, both the statistical precision and the energy resolution 

in the neutron capture data were too poor to be able to include them in the resonance 

analysis. The 80-m transmission data were fitted for energies below 160 keV. The 200- 

m transmission data were fitted a t  higher energies because both the resolution &d the 

statistical precision of these data were better than those of the 80-m data in this region. 

Using SAhDlY, we determined the parameters for 101 resonances in the energy range below 

350 keV. Representative data and fits are shown in Fig. 2. The resonance parameters are 

given in Table I. 

Firm and J" values could be determined for resonances which were sufliciently strong in 

the transmission data. Using the fitted parameters of these firm assignments, we determined 

average radiation widths of 190h120, 2203~230, and 280f210 meV for s1/2(13 resonances), 

pll2 (8 resonances), and p3/2 (18 resonances) resonances, respectively. The uncertainties 

quoted are the standard deviations of the distributions of the radiation widths. For weaker 

resonances or for those resonances which were visible in only the capture or the tra;nsmission 

data, there is some arbitrariness in determining the resonance parameters. In an attempt 

to minimize the arbitrariness of these parameters, the prescription outlined in Ref. [lo] 

was followed. For example, for resonances that could be seen in the capture but not the 

transmission data, the radiation widths were fixed to the average values given previously 

while the capture data were fitted by letting the neutron width vary. Ln all these cases, the 

neutron widths obtained by fitting the capture data were consistent Rtth the transmission 

. - ,  .- -_ -  - -  - -  . _._ -_ _. - _ - -  .- - - - .  

6 



data. Originally [13], we had used the resonance parameters in Ref. (141 in the energy range 

above 350 keV as background levels-except that we allowed the neutron widths of some 

of the broader resonances in this region to vary to obtain better fits to the data below 350 

keV. We have since used our transmission data to obtain better resonance parameters in the 

350-950.keV region, resulting in parameters for 342 resonances in this region. The radiation 

widths for s- and p-wave resonances were fixed at the average values previously given. In 

addition, the radiation widths for resonances of all the other partial waves were set equal 

to 280 meV. We decided to terminate the fitting at 950 keV because of the sheer number 

of overlapping resonances and the strong interference effects. Above 900 keV, we did not 

attempt to fit the narrower resonances. Representative data and fits are shown in Fig. 3, 

where i t  can be seen that our new parameters represent a substantial improvement over 

previous results. The parameters for resonances in this range are given in Table 11. 

Given the excellent energy resolution at ORELA and the large resonance spacing in 

n+88Sr, we might expect to miss or spuriously assign few resonances. If the resonance pa- 

rameter set can be shown to be relatively complete, then it would be useful for testing various 

models. However, we find that except for s waves, the firmness of the (U) assignments are 

less than satisfactory. Never-the-less, we report average resonance parameters for both s 

and p waves because our data and analysis are more extensive than any previous work. 

The distinctive interference shape of the s-wave resonances allowed for much more reliable 

(U) assignments than for the higher .!? partial waves. A plot of the number of observed 

resonances versus energy for the s waves is linear up to  about 700 keV, indicating few 

missing or spuriously assigned resonances. To estimate the number of missing or spuriously 

assigned resonances, we used two tests. First, we fitted the subset of the s-wave resonances, 

with reduced neutron widths larger than onefourth the average reduced neutron width, to 

a Porter-Thomas (PT) distribution (15-171. The average reduced width for the optimal PT 

distribution provides a measure of the population’s mean reduced width, and. therefore, 

provides an estimate for the number of missed resonances. The results of this test for s1p 

resonances are shoim in Fig. 4. Extrapolation of the fitted PT curve to zero reduced width 
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yields the estimate of no missing 3-wave resonances over the range of our measurement. A 

second test for missing or spuriously assigned resonances for which incorrect (U) assignments 

have been made is provided by the A3 test of Dyson and Mehta [MI. Up to a neutron 

energy of 450 keV, the observed value of the A3 statistic is consistent with no missed 

or spuriously identified 31/2 resonances. Inclusion of a 58.9CkeV resonance in the 8112 

resonance set produces values of A3 within one standard deviation of the expected value. 

Hence, this narrow resonance could be an s wave. Above 450 keV, the A3 test implies 

that a few 3-wave resonances are missed or spuriously assigned as 4'. Because the s-wave 

assignments appear to be rather h, the correlation coefficient, p(<,r'?A), between the 

neutron widths and 7-partial widths can be calculated with some confidence. Significant 

correlation coefficients have been interpreted [5] as evidence for the applicability of the 

valence model of neutron capture [19]. From our fitted parameters for s-wave resonances, 

we calculate that p = (0.23f0.06). Drawing reduced neutron widths from a PT distribution 

with (7:) equal to that for the observed s-wave resonances and radiation widths fiom a x2 

distribution with 18 degrees of fieedom, we find a likelihood of exceeding this value of p of 

about 6%. 

The situation for the p-wave resonance (U) assignments is much less satisfactory. The 

difficulty is that below about 350 keV the shapes of the p1/2 and p3/2 resonances are very 

similar. Despite the excellent ORELA energy resolution, distinguishing between the p1/2 

and p3/2 resonances is possible only for the widest p ,  waves. If the assigpments shown in 

Table 1 are assumed conect, the A3 .test indicates no missed or spuriously asSigned p l j z  - 

resonances only up to 75 keV and no missed or spuriously assigned p3/2 resonances up to 

150 keV. The PT tests are consistent with 8 missing p1/2 and 10 missing p3/2 resonances, 

although the observed distributions, as shown in Fig. 4, are not in good agreement with the 

expected PT distributions. If we assume that the 35 p1/2 and 49 p3/2 resonances have been 

correctly assigned and that few small resonances are missed in our work, we can calculate 

the correlation coefficients. For the 35 p1/2 resonances, we find p = (0.55 f 0.09). Drawing 

7x2 from a PT distribution with a mean equal to that observed and rr from a x: with 3 
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degrees of freedom, we find that the likelihood of exceeding this value of p is less than 1%. 

For the 49 p3/2 resonances identified in our work up to 350 keV, we find p = (0.59 f 0.09). 

The probability of exceeding p = 0.59 is less than 1%. 

Because few s-wave resonances up to 450 keV appear to have been missed or spuriously 

assigned in this work, the s-wave level spacing is calculated using resonance below that 

energy. The resulting s-wave spacing is Dot = (23.7 f 2.9) keV. Even though the (U) 

assignments for the p-wave resonances below 350 keV can be made unambiguously in only 

a few cases, we are confident that, in most cases, at higher energies the .f assignments 

are reasonably firm. Hence, we included all the p-wave resonances to calculate an average 

resonance spacing (5.4 f 0.2) keV. 

The observed neutron strength functions SCJ are defined as 

where the AEiJ are the energy intervals between the lowest- and highest-energy resonances 

of type (U). The angle-bracket notation indicates the averaging process. The S ~ J  are 

approximately the slopes of the cumulative reduced width versus energy distributions, as 

shown in Fig. 5 for the s1/2, ~ 1 1 2 ,  and p 3 / 2  resonances. The S ~ J  values were determined 

from a linear fit to the observed cumulative reduced width distributions up to 450 keV for 

the s waves and up to 950 keV for the p waves. The resulting values are (0.010 & 0.004), 

(0.075&0.014), (0.22f0.03), respectively, for 51/2, pl/2, and p 3 / 2 .  Perhaps a more meaninb&l 

quantity to report for the pwave resonances would be the strength function calculated by 

grouping all such resonances and Using gJ7f rather than 7;. The resulting p-wave strength 

function is (0.17f0.02). The observed strength functions should be corrected for the effects 

of missed resonances. However, in the present work, these corrections are negligible for the 

- 

s-wave resonances and not well known for the p waves. 

The strength functions given above were calculated using 72-matrix reduced widths. The 

strength function which has been most often reported [14] in the earlier literature is the ratio 

(2) (rL> SbJ = -, 
DLJ 
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where the r:J are the conventiondy reduced widths, 

and the vt are the neutron penetration factors [14 for partial waves with orbital angular 

momenta e. The strength functions SrJ and seJ are related by, 

A slJ = 4 x 10-4- A + 1%stJ, (4) 

where a, = 7.1 fin (in this work). The relationship between SrJ and s ~ J  is discussed more 

fully in Ref. [20]. The value of the conventionally defined s-wave and p-wave strength 

functions from this work are SO = (0.32 f. 0.06) x lo'* and SI = (5.1 f 0.6) x 

In our analysis, the external 72-functions @>(E), which represent the effects of reso- 

nances outside the fitted energy range (Elow = 0 to Eup = 955 keV), were parametrized 

as 

This representation was used (i) because it has been found [21] to give a good average 

description of the effects of the external resonances, especially near the end points, where 

the-effects nf resonances just outside t h e  fitted range are-par t icu lar ly- -~~r~~t ; - -and  {ii)-- -- - - 

because it lends itself to interpretation in terms of the optical model. We parametrized 

where the coefficients au and blJ were free parameters determined in the fit to the data. The 

choice of sr";t followed an iterative procedure: it was finally chosen to give a good description 

of the observed average reduced neutron width per energy interval within the fitted energy 

range. In Table I11 are listed the values of Q J ,  b l ~ ,  and s z t 7  which were derived from the 

72-matrix analysis. The values of W ( E ) ,  which were evaluated at a few energies, are shown 

in Fig. 6. Well depths for the spherical optical model potential (OhlP) were least-squares 
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adjusted to fit the observeu a :tJ’ and intesated strength (see Fig. 5 )  following the procedures 

of Ref. [21]. The summed strength was used because that statistic is relatively unaffected by 

a few missing small resonances. The resulting optical-model and integrated strength are 

compared to the values extracted from the %matrix analysis in Figs. 5 and 6. The fitted 

OMF’ real well depths are 50.2f0.2 MeV and 53.533.2 MeV for s and p waves, respectively. 

The fitted surface imaginary well depths are 1.5f0.1 MeV, 2.4f0.3 MeV, and 4.2f0.3 MeV 

for 5112, ~ 1 1 2 ,  and ~ 3 1 2 ,  respectively. A spin-orbit well depth V,=S&l MeV was determined 

by requiring the same real well depth for both p-wave channels. 

The s-wave potential scattering radius R is determined from &,l,z(E), which was eval- 

uated near E=O, 

(Note that R’ is independent of the value chosen for the channel radius a,.) 

IV. NEUTRON SENSITMTY CORRECTION 

Since the implementation of the new apparatus for (TI.,?) measurements at ORELA [lo], 

we have not made corrections to our resonmce parameters for the background resulting from 

the prompt capture of scattered neutrons. In the old ORELA setup, this “neutron sensi- 
- . ._--- -.-- . - .- _- . - - .--. - . 

tivity” background could be substantial for resonances with large neutron widths. Since 

the change from C6F6 to C6D6 detectors, the replacement of the aluminum beam line and 

sample changer apparatus with a much less massive carbon fiber beam tube, and the elimi- 

nation of the massive metallic cans which enclosed the detectors, this background has been 

reduced so much that it so far has been immeasurable. However, the relatively large level 

spacing and small cross section for =Sr(n,Y) allow us to make a good determination of the 

. .- ~ ---- _. , ..- - . .  - _ _  

upper limit for this background. The data show that the prompt neutron sensitivity of the 

ORELA apparatus is much smaller than that of any other similar apparatus for which data 

have been published and that the corrections due to this effect are very small or negligible in 
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all cases we have studied to date, thus jmtifying our lack of corrections to previous data. To 

calculate the size of this background, we compared our data to measurements on 208Pb(n, y) 

122) and @Sr(n,y) [7], which were made with a similar apparatus at Geel. In Ref. [22], time- 

of-flight peaks at  27.05 and 34.75 keV, due to the prompt capture of neutrons scattered from 

the 208Pb sample by the fluorine and aluminum housing of the C6D6 detectors, are clearly 

evident. We used the data in Fig. 5 of Ref. [22] to estimate the effective capture areas of the 

fluorine and aluminum peaks to  be 14.2 and 22.9 b eV, respectively. In our 88Sr(n,r) data, 

such peaks are not visible. However, we have used SAMMY to extract upper limits on their 

capture areas by fitting our data in the regions of these peaks and fixing their energies and 

neutron widths to the values given in Ref. [14. The resulting upper limits from our data are 

1.46 and 1.96 b eV, respectively for fluorine and aluminum. Our results must be scaled (by 

a factor of 1.29) to account for the larger scattering cross section of 208Pb as compared to 

that of @Sr. The resulting ratios indicate that the sensitivity of the Geel apparatus to this 

backgound from scattered neutrons is at  least 7.6 (fluorine) to 9.1 (aluminum) times worse 

(i.e., greater) than ours. Considering the fact that extracting an upper limit for the fluorine 

resonance from our data is complicated by a (much narrower) 88Sr(n,r) resonance at  almost 

the Same energy, these two ratios are in good agreement. Although the number derived 

from the aluminum resonance should be more reliable, we used the more conservative aver- - 

age ratio of 8.4. The larger neutron sensitivity of the Geel apparatus is most likely a result 

of the much larger amount of fluorine and aluminum in their detector housings. Because of 

the similarity of the apparatus, we expect that the energy dependence of this background 

is the same at ORELA as it is at Geel. Unfortunately, the exact energy dependence of the 

correction factor is not given in Ref. [22]. However, a preliminary estimate of the energy 

dependence of the neutron sensitivity of the Geel apparatus was given in Ref. [7]. Using the 

formula given in Ref. [7], we calculated a correction factor of 4.9 x 10-5 for the 77.85-keV 

resonance in MgPb. This value is in agreement within the quoted uncertainty with the value 

given (6.0 x lo-') for this resonance in Ref. [22]. In addition, the energy dependence of the 

correction factor given by the formula in Ref. [7] follows the general trend of the various 
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estimates of the neutron sensitivity correction factor given in Ref. [22]. For these reasons, 

we used the energy dependence given in Ref. [7], scaled (by a factor of E to the data of 

Ref. [22], and scaled (by a factor of f )  for the smaller neutron sensitivity of our apparatus. 

The resulting upper limit on the correction for the neutron sensitivity of our apparatus, 

expressed as an amount by which our rr values must be reduced, is 

where the resonance energy, E,, is in keV and the correction is in the same units as those 

of the neutron width I?,. This correction factor for the ORELA apparatus is compared to 

that for the Gee1 apparatus in Fig. 7. 

The rr values, given in Table I, have been corrected using this formula. The corrections 

are negligible in almost all cases. Only 16 of the 101 resonances have corrections larger than 

1%, and for 8 of these the corrections are this size only because they have comparably small 

radiation widths (I',<lOO meV compared to an average rr of 200 to 300 meV). The largest 

correction is 7% for the 13.846-keV resonance, which has a smal l  radiation width r,=80.5 

meV. Because the corrections are small and because most of the resonances with the largest 

corrections have relatively small capture areas or are at relatively high energies, there is 

very little effect on the astrophysical reaction rate determined from our data. We calculated 

that the effect of this correction is to decrease the reaction rate by 0.95% a t  kT=8 keV and 

0.60% at kT=30 keV. 

-. The smooth energy dependence of the neutron sensitivity correction indicated by Eq. 8 

is only an apprcorimation. There could be significant stucture due to resonances in the mate- 

rials from which the detectors and their immediate surroundings are constructed. Previous 

measurements (e.g. Ref. (221) as well as Monte Carlo calculations we have made indicate 

that the largest effects in our apparatus should be due to aluminum and fluorine. The fact 

that we do not observe effects at  the energies corresponding to large resonances in these 

materials gives us confidence that the corrections at energies away from these resonances 

are si-gnificantly smaller than given by Eq. 8. 
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V. ASTROPHYSICAL REACTION RATE 

Astrophysical reaction rates, NA<~YV>, calculated from our data, are shown in Fig. 

8. We show reaction rates rather than average cross sections to better reveal the tem- 

perature dependence apart from the l/v factor. The IlIaxwellian-averaged cross sections 

<o>=NA<uv>/NAvT calculated from our data at selected temperatures are given in Table 

IV. The reaction rates and Mmellian-averaged cross sections were calculated from OUT res 

onance parameters using the method described in Ref. [23]. In particular, the contribution 

from broad resonances was obtained using numerical integration. Also, the very small l / v  

component resulting from the portion of the thermal cross section [24] (the value given in 

Ref. [14] is incorrect by a factor of 10) not accounted for by known s-wave resonances (in 

the 100 eV to 350 keV region) was included. The statistical uncertainties in the reaction 

rates are negligible when compared to the overall normalization uncertainty. From the un- 

certainty in the 197A~(n,7) and ‘Li(n,Cu) cross sections [25], the Statistical precision of the 

calibration measurements, and the repeatability of the calibration runs, we calculate that 

the normalization uncertainty is 3%. 

A. Direct-capture component of the reaction rate 

Because the average cross section resulting from resonances is small, the contribution 

born direct capture (DC) of neutrons may constitute a ,4gnificant portion of the total average 

capture crm section. This DC component cannot be measured directly using the present 

technique, but it can be calculated reliably because sufficient information is available from 

other experiments . 
To determine the DC contribution to the cross section, we performed a calculation using 

the code TEDCA [261. The theoretical cross section uth is derived from the direct-capture 

cross section oDC using [27] 



The s u m  extends over all possible find states (ground state and excited states) in the final 

nucleus. The isospin Clebsch-Gordan coefficients and spectroscopic factors are denoted by 

Ci and Si, respectively. 

For the determination of the optical potentials for the bound state and the entrance 

channel, we used a folding procedure. In this approach the nuclear target density pr is 

folded with an energy- and density-dependent nucleon-nucleon interaction v , ~  [28]: 

V(R) = XVF(R) = X/m(r)7-'.R(E,m7 IR- Tl )dT 1 (10) 

with R being the separation of the centers of mass of the two colliding nuclei. The normal- 

ization factor X accounts for effects of antisymmetrization and is close to unity. 

The nuclear density pr was calculated with the wave functions obtained from a mass 

model [29]. The only free parameter X in the bound-state potential can be fixed by the 

requirement of reproducing the bindug energy of the considered state. For the entrance 

channel, the value of X was determined from elastic neutron scattering data [30]. The mea- 

sured thermal scattering length was reproduced by assuming A = 0.948. The reaction Q 

values were derived from the recent mass compilation [31] and experimental level informa- 

tion [32]. 

In our calculation we accounted for capture to the ground state (5/2-) and to the first 

four excited states (1/2+, 7/2+, 5/2+, 3/2+). The possible transitions, which are considered 

in the code, are El, E2 and M1. The spectroscopic factors Si were taken from a ( d , p )  

- - .- experiment f33]. - _-- 

Because all low-lying states have positive parity, p-wave capture is dominant above ther- 

mal energy. In 89Sr, negative-parity states are found only above 2.3-MeV excitation en- 

ergy [32] and, therefore, will have lower Q values and small spectroscopic factors, both 

leading to a reduced contribution to the cross section. The negativeparity states cannot 

be directly included in the calculation because of the lack of spectroscopic information, but 

their contribution can be estimated. Assuming that the difference between the measured 

thermal cross section [24] and the thermal value derived from the resonance information in 
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this work is entirely caused by s-wave direct capture, an upper iimit for the DC contribu- 

tion at thermal energy of about 2.2 mb can be deduced. Extrapolating the l/u behavior, 

we arrive at an s-wave contribution of 1.9 pb at 25 keV, which is negligible. 

. 

Capture to the 1/2+ state at 1.032 MeV and to the 3/2+ state at about 2 MeV contributes 

most to the capture cross section because capture to states with higher spins can proceed 

only via odd partial' waves with I > 2 in the cme of the dominating El transition. 

The total DC cross section is crth = 0.33 mb at E,=25 keV and has an energy dependence 

approximately proportional to E;/~.  Converting our result to a Pulaxwellian-averaged cross 

section, we arrive at a value of 0.54 mb at W = 2 5  keV, as compared to 6.14 mb resulting 

from the measured resonances. Results at other temperatures are given in Table N. 

VI. COMPARISON TO PREVIOUS RESULTS AND DISCUSSION 

Our data are compared to previous work in Figs. 8 and 9. Our results represent a 

substantial improvement over previous knowledge. 

A. Resonance parameters 

There is reasonable agreement between the capture kernels, (ol?J7/r), from the fits 

to our data and previous work [5,7]lwith the exception that the capture kernels from Ref. 

[5] are, on average, somewhat larger, especially for those resonances with very large I?,. 

This difference would seem to indicate that the correction for the background caused by the 

prompt capture of scattered neutrons was underestimated in Ref. [5]. However, there is a 

more obvious trend for the capture kernels of Ref. [5] to be systematically larger than ours 

with increasing neutron energy. It is possible that this trend could result from improper 

background subtraction or from improper corrections for resonance self-shielding and mul- 

tiple scattering (because the neutron widths for many of the resonances were not known 

_ .  

- -  

in the previous work) and from an undercorrection for prompt neutron background in Ref. 
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[5]. In OUT work, the backgrounds were determined in separate measurements, whereas in 

Ref. [5] these backgrounds were estimated using a smooth function, whose magnitude w8s 

adjusted in the fitting procedure used to determine the resonance parameters. In addition, 

the self-shielding and multiple scattering corrections were well constrained in our work be- 

cause we had transmission data. Because both the relative sizes of the backgrounds and 

these corrections increase with neutron energy, it  is possible that the observed trend (of the 

capture kernels of Ref. [5] to increase with increasing neutron energy) could at least in part 

be due to these effects. 

In Fig. 9, we see further evidence that the prompt neutron-scattering background was 

underestimated in Refs. [5,7]. This figure shows our capture and transmission data, our 

fits to these data, and the effective capture cross sections calculated using the resonance 

parameters of Refs. [5,7]. It is important to note that our data and our resonance parameters 

have not been corrected for the background resulting from the prompt capture of scattered 

neutrons, whereas the parameters of the previous W O K ~ S  received substantial corrections 

for this background. The calculations using the parameters of Refs. [5] is in fairly good 

agreement with the data for the narrower resonances, but they are substantially larger than 

our capture data for the two broadest resonances near 290 and 325 keV. The calculation 

using the parameters of Ref. [7] also appears to be larger than the data. However, only the 

parameters for the resonances with large r7 were reported in Ref. [7], so our parameters 

were used for the other resonances which are shown in Fig. 9. 

The correlation coefficients p(r: ,  F7A), which were determined from our resonance param- 

eters, are considerably Werent  from those of Ref. [5]. In particular, our s-wave correlation 

coefficient has opposite sign, 0.23f0.06 herein vs. -0.18 in Ref. [5]. In addition, our p -wave 

correlation coefficients are Sig-Dlficantly smaller, 0.55f0.09 and 0.59k0.9 for p112 and p 3 / 2 ,  

respectively, herein vs. 0.78 and 0.96 in Ref. [5]. This finding is probably another indication 

that the neutron-ensitivity correction was underestimated in Ref. [5]. On the other hand, 

our p-wave correlation coefficients are in agreement to within the quoted uncertainties with 

those reported in Ref. [7], 0.4010.23 for p l / 2  and 0.57f0.16 for p 3 / 2 .  Although these cor- 
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relations are sizeable, and our data (and analysis) are much better than those previously 

available, the fact that the (!.I) assignments for many p -wave resonances remain uncertain 

makes interpretation in terms of the valence model less than convincing. Even so, if the rr 
are assumed to be xz distributed, then the variances of the observed distributions suggest 

u = 3 and v = 7 for the p1/2 and p3/2 resonances, respectively. The small number of radiation 

partial widths these numbers imply is also consistent with the valence model. 

The average radiation width for the finn s-wave resonances we observed (190 meV) is 

in reasonable agreement with the value reported (220 meV) in Ref. [5). On the other hand, 

the values we measure for the average p I (220 meV) and p s  (280 meV) radiation widths are 

more than a factor of 2 smaller than those reported (both 670 meV) in Ref. [5]. Because in 

the present case p-wave resonances tend to be much broader than s-wave resonances, it  is 

likely that the much larger average radiation widths for p-wave resonances reported in Ref. 

[5] were the result of an undercorrection for the backgrounds and self-shielding effects which 

are discussed previously. 

5 2 

The values of the conventior?aUy defined s- and p -wave strength functions calculated 

from our resonance parameters (0.323~0.06 and 5.1f0.6, respectively, in units of are 

consistent with those resulting from earlier work (0.45f0.1, 5.0f0.7) [14]. Similarly, our 

value for the s-wave potential scattering radius (6.8 fm) is in agreement with earlier work 

(7.1 fm) (141. 

B. Reaction rates 

There is no indication of the resonance reported in Ref. [8] at 2.780 keV in o&- capture 

or transmission data on 88Sr; hence, if this resonance exists, it is much too small to have 

any signiscant impact on the astrophysical reaction rate. The most likely explanation seems 

to be that this resonance is actually in another strontium isotope. In Ref. [14], there is a 

resonance reported in 87Sr+n at very nearly the same energy (2.756 keV). In addition, (n,?) 

measurements that we have made with a natural strontium sample also show a resonance 

18 



at this energy. 

The reaction ,rate determined in this work is compared to previous results [1,23] in Fig. 

8. For Ref. 111, we show the result of the actual measurement at kT= 25 keV in addition to 

the more commonly quoted value resulting from the extrapolation to kT= 30 keV. We do so 

because the l /v shape, used in Ref. [l] for this extrapolation, is clearly incorrect, as shown in 

Fig. 8. Our total (resonance plus direct capture) reaction rate at kT=25 keV is in excellent 

agreement with the activation measurement of Ref. [l]. This result lends further confidence 

to our direct-capture calculation because the difference between the Maxwellian-averaged 

cross section determined from our resonance data alone and the activation measurement of 

Ref. [l] (0.58f0.27 mb), is in excellent agreement with the calculated direct contribution 

(0.54 mb). Hence, for the h t  time with our new data, the %r(n,?) reaction rate is known 

with good precision across the entire range of temperatures needed by stellar models of the 

s process. 

The evaluated rate of Ref. [23] has been used most frequently in recent s-process nucle- 

osynthesis calculations. Unfortunately, the authors of Ref. (231 used the resonance param- 

eters given in Ref. [14] rather than those in the primazy sources to calculate the reaction 

rate. In Ref. [14], the radiation width of the first s-wave resonance at  13.852 keV was scaled 

upward by 35% to fit the thermal cross section. Because the level density is fairly low and 

because this resonance is rather broad, this change causes a sigrdcant increase in the re- 

action rate across a range of temperatures, as compared to the rate calculated using the 

reported [5] radiation width for this resonance. It is also important to note that both the 

rate and its uncertainty given in Ref, [23] have been scaled [34] to the singletemperature 

measurement of Ref. [l]; hence, the uncertainty given in Ref. 1231 is too small, except at  

kT= 25 keV. Moreover, subsequent correction factors [35] to the data of Ref. [5] have been 

disregarded in Ref. [23]. 

Even with the addition of the calculated direct-capture component, our new rate is still 

about 9.5% smaller than that of Ref. I231 in the kT = 6-8 keV region, where most of the 

neutron exposure occurs in current s-process stellar models. This smaller reaction rate will, 
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in general, lead to an increase in the "Sr abundance calculated by a given s-process model or, 

alternatively, to a lower neutron exposure required in the model to reproduce the observed 

abundances. With our new rate, the agreement between the results of stellar s-process model 

calculations [36] and recently measured isotopic ratios in meteoric Sic grains [3] has improved 

although significant differences remain. For example, the calculated 88Sr/86Sr ratios show a 

much wider variation than the measured ratios, and, when plotted versus "Sr/86Sr, appear 

to be systematically smaller than the measured ratios over most of the range of &QSr/86Sr. 

These differences may be providing important clues for improving stellar models of the s 

process. However, the relatively large uncertainties in the 8s*87Sr(qy) reaction rates cloud 

the comparison between theory and experiment; so, more precise measurements for these 

rates are needed to attempt to understand these diferences in terms of stellar models. 
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FIGURES 
FIG. 1. The s-process path in the strontium region. Arrows depict the path of the s process 

in this region. Solid boxes represent stable nuclides, and dashed boxes indicate radioactive ones. 

The thick boxes for 86Sr and 87Sr denote that these two isotopes are produced solely by the s 

process and, hence, are important calibration points for s-process models. The nucleosynthesis 

path branches at =Kr and 86Rb, where neutron capture competes with ,Ll decay. However, all 

branches combine again at @%r, which has a closed neutron shell (X=50) and, hence, a very small 

neutron capture cross section. 

FIG. 2. Representative data (points) and SAMMY fits (solid curves) from our capture (top) 

and transmission (bottom) measurements on 88Sr. The effective capture cross sections have not 

been corrected for finite-thickness effects. The corrections are included by the code SAMMY; 

hence, the fits represent the theoretical cross sections, calculated from the resonance parameters, 

after adjustment for these sample-dependent effects. The scales for the capture data are on the 

left of each plot, whereas the transmission scales are on the right. 

FIG. 3. Representative data (points) and S A M M Y  fits (solid curves) to our total cross section 

data in the region from 350 to 950 keV. Shomn for comparison is the total cross section calculated 

using the resonance parameters of Ref. [14] (dashed curves). 

FIG. 4. PT distribution for s and p waves. Plotted are the number of resonances having a 

reduced with amplitude larger than a given size versus the size of the reduced width amplitude. 

In each subplot, the histogtam shows the results from our resonance analysis, whereas the dashed 

curve shows the theoretical PT shape least-squares fitted to the data having reduced widths greater 

than 1/4 the average width. 

FIG. 5. Cumulative reduced width versus resonance energy for s- and p-wave resonances. The 

solid "staircase" curves are the cumulative reduced widths determined from our resonance analysis. 

The dashed curves are from the optical model fits to the data (see the text for details). 
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FIG. 6. Comparison of thc .$J" functions from our resonance zrnalysis (points with error bars) 

to those calculated by fitting an optical-model potential to these data (curves). 

FIG. 7. Neutron sensitivity of the capture apparatus at ORELA. Plotted is the ratio of the 

efficiency for detecting scattered neutrons to the efficiency for detecting +y rays. The neutron 

sensitivity of the Gee1 apparatus is shown for comparison. Note that the greater the neutron 

sensitivity of the apparatus, the larger the sample-dependent background in the measurements. 

See the text for details. 

FIG. 8. Astrophysical rates for the 88Sr(n ,+y) reaction calculated from the data of the present 

work plus the calculated contribution due to direct capture (solid curve, with dashed c w a  d e  

picting the uncertainties). Also shown is the evaluated rate of Ref. [23] which has been used in 

most previous nucleosynthesis calculations (circles) as well as the rate measured in an activation 

experiment [ 11 (X's) . 

FIG. 9. 88Sr neutron capture and transmission data from the present work (circles with error 

bars) and our SAMMY fits the the data (solid curves) in the region from 270 to 350 keV. Also 

shown are the effective capture cross sections calculated using the radiation widths of Refs. [5] 

(dotted curve) and [7] (dashed curve). See the text for details. 
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TABLES 

TABLE 1. =Sr resonance parameters in the region below 350 keV, where we fitted both our 

neutron capture and transmission data. Xote that in the second column, two times the total 

angular momentum of each resonance is listed. 

9r7l r r 9 
(keV1 (eV1 (meV1 (meV) 

En 2 P  

12.41 

12.91 

13.84 

18.21 

20.81 

23.61 

26.98 

29.52 

36.78 

39.07 

40.15 

46.47 

47.95 

48.57 

53.79 

54.66 

55.95 

56.99 

58.90 

65.48 

73.77 

20.86 f 0.16 

0.0048 f 0.0009 

i94.15 f 0.54 

0.0017 & 0.0008 

0.0897 f 0.0054 

132.14 f 0.87 

0.0105 f 0.0025 

137.0 f 1.2 

0.0679 f 0.0082 

3.89 f 0.47 

0.099 f 0.012 

0.118 f 0.018 

0.151 & 0.014 

7.97 f 0.68 

2.24 f 0.55 . 

38.5 f 1.4 

146.3 z t  2.0 

0.126 f 0.012 

2.03 f 0.64 

0.083 f 0.014 

0.090 f 0.013 

446.2 & 6.1 

220 

80.5 f 7.4 

280 

220 

131.5 f 4.8 

220 

198.9 f 6.5 

220 

84.2 & 6.3 

220 

220 

280 

66.3 & 7.7 

110 -f: 11 

221.1 f 7.8 

79 i 12 

280 

23.4 f 5.1 

220 

280 

436.9 f: 5.8 

4.67 f 0.83 

* 80.5 f 7.4 

1.68 f 0.80 

63.7 f 2.7 

262.5 f 9.6 

10.1 f 2.2 

397 f 13 

51.9 f 4.7 

82.4 f 6.1 

68.2 & 5.6 

76.8 f 7.4 

119.2 f 9.0 

65.7 f 7.6 

105 f 10 

437 f 15 

79 f 12 

103.2 f 7.7 

23.1 f 5.0 

60.4 f 7.2 

77.9 f 9.6 
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75.50 

76.89 

88.56 

91.34 

93.08 

95.37 

101.95 

105.46 

107.45 

110.15 

115.92 

117.15 

120.10 

122.29 

125.95 

126.40 

127.90 

132.85 

137.35 

14 1.68 

147.30 

150.20 

150.87 

153.89 

156.00 

160.85 

169.85 

(3-1 

(3- 1 
3- 

1' 

l3-1 

3- 

(3- 1 
If 

(3-1 

1- 

( 3 7  

(1-1 

(1-1 
3- 

(3- 1 

(3-1 

(3-1 

(3- 1 

(3- 1 
1' 

(3-1 

(3-1 

1- 

3- 

(3-1 

(3- 1 
(3- ) 

0.360 f 0.098 

0.118 f 0.018 

421.7 f 6.2 

953 f 13 

0.139 f 0.021 

447.9 f 7.5 

0.122 f 0.024 

256.2 f 7.1 

0.143 f 0.024 

284.9 f 8.4 

0.150 f 0.029 

0.091 f 0.034 

0.058 f 0.028 

3111 f 23 

0.129 f 0.029 

0.189 f 0.038 

0.301 f 0.058 

0.152 * 0.036 

0.121 z t  0.030 

501 f 13 

0.226 f 0.042 

43.4 f 7.2 

1205 f 24 

558 f 12 

0.191 f 0.042 

0.227 f 0.069 

0.105 f 0.039 

27 

300 f 130 

280 

99 f 11 

273 f 33 

280 

227 f 20 

280 

305 f 26 

280 

146 f 28 

280 

220 

220 

625 f 39 

280 

280 

280 

280 

280 

79 f 29 

280 

84 f 20 

703 f 87 

85 f 21 

280 

280 

280 

224 f 13 

98 f 12 

197 f 22 

273 f 33 

111 f 14 

453 & 41 

100 f 16 

305 f 26 

11-1 f 16 

146 f 28 

118 & 19 

64 Z!L 17 

46 f 16 

12.19 f 77 

105 f 19 

141 f 22 

196 f 26 

119 k 23 

99 f 21 

79 f 29 

161 f 23 

166 f 40 

702 f 87 

171 & 42 

1.1'2 f 25 

161 f 34 

88 = 27 



170.79 

173.38 

177.85 

181.06 

186.87 

187.62 

192.85 

194.81 

195.23 

200.67 

202.53 

204.21 

212.13 

214.29 

224.76 

225.19 

227.69 

228.29 

238.20 

232.93 

235.76 

241.08 

245.11 

246.06 

247.03 

252.02 

256.24 

3- 

(3-1 

(3-1 

1+ 

(1-1 

(3- 1 
(3-1 

1' 

3- 

1- 

(1)- 

3- 

(3-1 

3- 

(3-1 

(1-1 

1- 

3- 

1' 

(1-1 

(1-1 

( 1 9  

(1-1 

(1-1 

3- 

(3-1 

(1-1 

662.9 f 5.0 

2.06 f 0.29 

6.3 kl.1 

176.3 f '2.6 

4.88 f 0.45 

5.36 f 0.51 

0.198 f 0.056 

47.4 f 2.9 

2214.6 f 8.7 

425.3 f 4.5 

16.1 f 1.5 

151.3 f 2.6 

0.367 f 0.075 

1000.0 f 5.5 

3.82 f: 0.47 

8.53 f 0.78 

364.5 f 6.9 

1885.4 f 9.5 

1452 f 10 

0.92 f 0.51 

15.7 f 1.1 

10.23 f 0.92 

9.3 f 1.5 

10.9 f 1.9 

3620 k 11 

0.197 f 0.050 

29.0 & 1.5 

28 

91 z t  24 

339 f 41 

182 3t 48 

509 st 50 

' 196 & 21 

100 f 36 

114 f 36 

202 f 29 

280 

166 f 50 

173 f 43 

78 f 29 

81 f 23 

240 & 22 

280 

191 f 24 

153 f 24 

58 f 26 

415 f 60 

94 f32 

370 f 38 

100 f 36 

111 f 34 

376 f 50 

146 f 34 

166 f 49 

347 f 85 

78 f 29 

80 f 23 

479 & 44 

222 & 31 

382 f 48 

283 f 41 

57 f 26 

415 f 59 

188 f 65 

419 f 71 419 f 71 

152 f 33 

56 f 23 

117 f 32 - -  

281 f 46 

126 jz 38 

571 f 47 

280 

187 f 36 

. ,  

131 f 26 

56 f 23 

. 115 f 31 

273 f 43 

124 f 37 

1141 f 93 

145 f 29 

186 f 35 



258.67 

258.99 

265.06 

266.53 

267.96 

270.60 

277.64 

278.79 

281.63 

287.47 

289.49 

297.82 

298.04 

302.08 

302.96 

308.13 

310.96 

318.81 

322.67 

325.30 

329.40 

330.04 

334.33 

340.12 

344.33 

347.29 

476.3 f 4.4 

48.1 f 2.1 

153.5 f 2.7 

50.5 f .2.0 

7.0 f 1.8 

0.187 f 0.054 

7.1 f 1.5 

71.5 f 2.6 

0.76 f 0.33 

14.6 f 6.8 

24932 f 31 

11.8 f 1.8 

12.5 f 1.7 

232.8 f 3.6 

2517.0 f 9.4 

96.5 f 2.5 

5.8 f 1.2 

21.2 f 1.6 

183.8 5.0 

22082 f 29 

211.4 f 5.7 

23.4 f 3.0 

90.2 f 3.1 

3.2 f 1.2 

4053 f 12 

202.0 f 3.7 

.. . 

339 f 88 

319 f 44 

98 f 31 

121 f 37 

67 f 33 

280 

615 f 72 

128 f 24 

280 f 83 

680 f 130 

718 f 96 

70 f 26 

54 f 21 

297 f 70 

479 f 61 

68 f 30 

286 f 52 

178 f 44 

182 f 4.1 

572 f 97 

27 f 6 

29 f l 8  

92 f 31 

100 f 47 

90 f 33 

64 f 23 

339 f 88 

629 f 85 

98 f 31 

241 f 73 

67 f 33 

140 f 31 

566 f 61 

255 f 49 

322 f 79 

1240 f 220 

1440 f. 190 

70 & 26 

54 f 21 

296 f 70 

960 f 120 

68 f 30 

273 z t  48 

177 zk 43 

182 & 44 

1140 f: 190 

54 f 31 

29 zk 18 

92 rt: 31 

97 f 44 

181 f 66 

64 k 23 

29 



350.86 

353.64 

355.03 

358.98 

364.88 

368.18 

368.30 

370.21 

373.57 

377.70 

379.46 

382.29 

385.85 

386.08 

392.24 

400.58 

403.96 

408.46 

409.11 

409.28 

-409.82 

-110.11 

-418.86 

422.45 

1- 

1- 

1- 

1- 

3- 

1- 

3- 

3- 

3- 

3- 

3- 

3- 

1- 

3- 

1+ 

3- 

1- 

(5-1 

(3+): 

(5- 1 
(5+) 

3- 

1+ 

(3+> 

47.7 f 2.5 

17.1 & 2.2 

472.7 f 5.4 

44.7 f 2.2 

990.4 f 6.0 

158.1 f 4.6 

140.5 f 3.3 

33.5 & 2.2 

28.1 f 2.1 

154.6 f 3.0 

68.1 f 2.7 

706.3 f 5.5 

938 dz 11 

4395 f 14 

24.4 f 1.8 

332.9 f 4.4 

6158 f 23 

31.8 f 2.6 

39.3 k 2.8 

116.5 f 3.5 

10.9 f 2.2 

357.9 f 4.7 

478.5 f 6.0 

1913 f 13 

505.92 

506.14 

506.52 

506.93 

507.36 

509.33 

513.79 

516.50 

521.03 

520.92 

522.21 

524.90 

528.84 

530.58 

531.75 

532.86 

533.66 

535.26 

536.66 

5.12.43 

5.12.50 

544.62 

5.15.53 

551.43 

(5'1 

1- 

(37 

(5-1 

(5-1 

(5-) 

(3-1 

1- 

1- 

3- 

(5-1 

3- 

(7- 1 

(5-1 

(3-1 

(5 - )  

(7-1 

3-. 

1- 

3- 

(5-1 

(5-1 

3- 

1- 

13.3 & 2.9 

3699 f 28 

11.5 f 2.3 

15.8 & 3.3 

15.5 f 4.1 

25.3 f 3.2 

136.4 =t 4.7 

584.1 f 9.7 

14568 f 84 

43008 f 65 

101.6 f 6.5 

1146 dz 30 

239.8 f 6.0 

115.1 f 4.9 

7.7 f 2.6 

236.4 f. 5.3 

111.7 f 4.8 

2203 f 14 

10997 dz 65 

3048 f 20 

49.3 f 5.8 

27.0 f 3.6 

2182 f 15 

51.5 rt 3.0 

623.58 

625.72 

626.95 

627.09 

628.24 

632.67 

637.58 

638.20 

639.07 

639.30 

639.53 

643.88 

652.13 

652.44 

655.83 

656.60 

659.84 

660.68 

662.09 

664.62 

666.29 

670.69 

671.15 

672.62 

(3+> 

(5') 

(5-1 

(5- 1 

(3+) 

I+ 

(5-1 

(5-1 

(7-1 

(7-1 

3- 

1- 

(5-1 

(5- 1 
1+ 

(5-1 

1- 

1- 

3- 

(5-1 

3- 

l+ 

(7-1 

(7-1 

346 f 10 

22.2 f 3.7 

170 f 16 

187.5 f 9.6 

317.4 f 6.0 

339.4 f 7.1 

116.4 f 5.8 

194.3 f 6.3 

82.5 f 8.9 

280.3 f 9.7 

12432 f 40 

395 & 11 

87.0 f 5.6 

109.4 f 5.6 

42.3 f 3.8 

31.2 f 4.3 

303.6 z t  9.5 

140.3 f 6.8 

2952 f 21 

115.9 f 5.8 

13906 f 53 

336 f 12 

131.3 f 6.6 

46.9 f 5.2 
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422.64 

422.90 

423.30 

426.87 

430.58 

430.69 

432.86 

436.09 

437.92 

441.32 

441.65 

446.25 

447.04 

455.76 

458.35 

460.09 

466.11 

469.38 

475.49 

477.07 

477.62 

480.86 

485.30 

486.74 

486.96 

487.18 

487.54 

I+ 

1- 

1- 

(3+) 

(5- 1 
3- 

(3+> 

1- 

1- 

1+ 

3- 

1- 

1- 

1+ 

(3+) 

l+ 

1- 

(3+) 

3- 

(5+) 

1+ 

(3+) 

1- 

( 5 7  

1- 

(5-1 

(3') 

22.4 f 2.9 

109.2 f 6.1 

95.3 f 4.4 

63.7 f 2.9 

30.2 f 3.9 

1135.9 f 8.1 

114.6 f 3.4 

374.5 f 6.7 

13.7 f 2.7 

718.8 f 9.5 

16403 f 33 

118.5 d= 5.0 

66.8 f 4.0 

6.8 f1 .7  

229.5 f 3.9 

20.1 f 2.1 

38.4 f 3.3 

411.1 f 4.6 

899.4 k 7.4 

65.7 f 4.0 

374.1 f 7.5 

54.1 f 3.1 

196.3 f 6.2 

253.7 f 7.6 

133.1 f 9.0 

35.2 f 3.9 

15.0 3z 3.4 

553.15 3- 

563.44 3' 

564.47 (5+) 

571.05 (5') 

570.61 3+ 

571.18 1- 

574.72 7- 

575.19 (5-) 

581.55 3- 

584.81 I+ 

585.72 (3+) 

589.46 3- 

591.94 3- 

592.32 (5-) 

593.40 (3+) 

596.11 (3+) 

598.88 (5-) 

600.41 (7-) 

603.12 (3-) 

604.65 (7-) 

605.90 1'- 

611.00 (3+) 

611.87 (3+) 

613.46 (5-) 

615.30 1+ 

615.79 (3') 

616.96 1- 

1918 f 11 

i4ma f 32 

84.7 f 5.3 

382.6 f 3.2 

16.3 f 6.0 

1759 f 16 

76.7 f 3.7 

105.8 f 5.2 

7198 f 26 

3132 f 29 

177.7 f 5.5 

23370 f 46 

260 f 21 

38.8 f 5.0 

183.3 f 6.2 

182.9 f 5.9 

66.7 f 5.5 

51.1 f 5.2 

43.2 f 4.1 

40.0 f- 6.3 

53.9 f 3.6 

40.3 f 4.2 

48.9 f 4.2 

148.9 f 5.1 

470 f 10 

102.5 f 5.7 

5071 f 40 

673.09 (5 - )  

673.89 (7-) 

674.40 (5-) 

676.17 (5-) 

676.76 (7-) 

677.52 (5-) 

678.11 (5-) 

678.64 (7-) 

680.22 3- 

681.19 (7-) 

681.52 (5-) 

682.23 (5 - )  

682.85 (5-) 

684.72 (7-) 

686.40 I+ 

687.25 1' 

687.79 1' 

688.32 (5-) 

689.93 (7') 

693.42 1- 

693.46 1' 

694.33 (7-) 

694.90 (5-) 

694.57 (7-) 

695.03 (5 - )  

695.83 1- 

696.88 1- 

44.2 f 5.0 

50.3 k 5.1 

182.8 & 5.6 

141.6 f 5.3 

40.3 f 4.5 

51.0 f: 4.9 

49.9 f 5.0 

273.3 f 7.0 

8'295 f: 45 

135.3 f 8.5 

156.5 f 8.4 

60.2 f 6.5 

40.3 f 5.9 

282.9 f 7.2 

21.6 f: 4.0 

29.5 f 4.1 

29.4 f -1.1 

15.1 z t  3.8 

82.8 f 5.5 

1039 f 66 

57.7 f 7.7 

201 f 13 

324 f 21 

316 f 27 

140 i 16 

28.1 & 4.3 

12074 C_ 90 
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487.58 3- 

491.42 (3+) 

492.81 3- 

494.78 (3+) 

497.31 (3+) 

502.47 3- 

699.38 1+ 

700.12 (5-) 

704.17 1'- 

704.78 (5-) 

705.48 (5-) 

706.09 (5') 

708.65 3+ 

709.71 (7-) 

710.41 (5-) 

714.57 (5-) 

715.89 1- 

716.98 (5-) 

717.07 1' 

719.11 (5- )  

719.53 3- 

722.50 (5+) 

723.10 3- 

724.38 (5-) 

726.86 (5-) 

731.13 3- 

731.63 (5-) 

3688 f 15 

64.6 f 3.5 

3258 f 14 

54.1 f 3.2 

33.4 f 2.9 

2762 f 14 

52.2 f 6.6 

56.4 f 9.3 

34.0 f 4.6 

44.9 f 5.9 

44.2 f '6.4 

335.2 f 8.2 

7394 f 44 

70.9 f 6.9 

92.5 f 7.1 

131.1 f 6.4 

3064 f 33 

239.2 f 8.9 

490 f 16 

144.4 f 8.5 

519 f 20 

154.4 f 6.9 

4633 f 27 

67.1 f 5.5 

40.2 4~ 5.5 

15094 f 43 

112.6 f 7.1 

618.45 (7") 

619.55. (5') 

620.89 (3') 

621.20 (1') 

621.99 (1-) 

623.19 (1-) 

786.74 (7') 

788.40 (3-) 

788.17 7' 

793.44 (5-) 

794.43 (3-) 

794.34 5- 

794.82 (7-) 

795.31 (7-) 

798.66 (5- )  

801.29 (5-) 

801.88 1- 

802.51 (5-) 

804.25 (5-) 

807.41 (7-) 

808.71 3- 

810.94 1- 

811.72 1- 

812.87 (7-) 

813.34 (7-) 

813.76 3- 

814.26 1- 

168.4 f 6.6 

58.4 f 6.6 

28.5 f 4.2 

156.9 f 6.4 

221.1 f 7.6 

60.1 f 7.1 

25 f 10 

532 f 11 

460 f 23 

190.6 f 8.0 

14740 f 10 

156 f 62 

428 f 12 

182 f 10 

375.4 f 9.5 

129.1 .f 8.7 

46.4 f 6.2 

214.1 f 8.8 

102.1 f 7.8 

280.2 8.3 

745 f 11 

29.1 f 5.6 

40.6 k 5.6 

216.7 f: 9.3 

272 f 11 

1306 f 20 

1482 f 32 

696.95 

697.43 

697.81 

698.23 

698.65 

699.04 

871.39 

872.12 

874.94 

874.97 

877.72 

878.20 

878.85 

880.07 

880.67 

881.18 

881.78 

883.73 

883.57 

884.37 

885.22 

887.65 

888.32 

889.16 

889.71 

890.56 

891.09 

40.2 f 5.5 

68.9 f 6.4 

98.0 f 7.6 

139.4 f 8.4 

90.0 f 7.6 

3054 f 34 

78.9 f 8.2 

87.7 f 8.4 

3012 f 28 

120 f 10 

462 f 12 

860 f 16 

255 f 10 

265.8 k 9.9 

521 f 11 

539 f 12 

531 f 12 

19.6 r f r  7.4 

17.8 f 7.4 

241.4 f 9.2 

28.1 f 6.1 

70.9 f 7.7 

82.8 f 8.4 

614 f. 13 

170 k 12 

891 f 14 

484 f 12 
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734.93 (5') 

739.52 3- 

739.67 1- 

743.79 If 

743.81 1' 

747.23 (5-) 

751.12 (5-) 

754.67 3- 

757.94 (5-) 

758.90 (5-) 

761.83 (5-) 

764.15 1+ 

7G5.62 (5-) 

766.16 (7-) 

766.26 3- 

766.63 (7-) 

767.04 (5-) 

767.71 (5-) 

770.42 (1+) 

770.04 (7-) 

770.28 7- 

772.62 3- 

774.70 (3-) 

774.55 5- 

774.88 5' 

775.81 (7-) 

776.38 (7-) 

53.9 f 5.6 

6431 f 28 

373 f 12 

718 f 14 

20.4 f 5.0 

61.6 f 5.5 

66.2 f 6.2 

15547 f 61 

230.0 f 7.0 

241.2 f 7.0 

309.8 f 7.7 

408 f 11 

46.8 f 6.6 

64.7 f 7.8 

31360 f 170 

144.5 f 9.8 

412 f 11 

75.6 f 8.1 

112 f 13 

120 zk 33 

308 f 53 

1655 f 37 

19405 f 13 

210 fllO 

663 f 14 

44.0 f 7.0 

116.9 f 8.3 

815.55 (5') 

816.13 (5-) 

816.90 (7-) 

820.23 (5-) 

820.83 3- 

821.29 1+ 

821.68 1+ 

822.41 (5 - )  

822.97 3- 

823.82 If 

827.64 3- 

828.50 (5-) 

832.60 (5-) 

833.17 1- 

834.00 (5-) 

836.11 1+ 

837.36 lC 

838.50 I+ 

839.69 (5-) 

840.54 1+ 

841.47 (7-) 

842.67 (7-) 

846.03 (7-) 

847.53 (3+) 

847.90 (7-) 

849.61 (5+) 

850:B (3-) 

33 

77.2 f 9.5 

48.9 f 7.4 

133.3 f 7.8 

294.9 f 8.8 

10798 It 61 

15.5 f 6.2 

67.4 f 8.3 

501.7 f 9.7 

5434 f 45 

48.1 f 6.7 

4227 f 30 

119.3 Jt 8.5 

576 f 13 

1331 f 55 

395 f 19 

1163 f 23 

72.4 f 7.3 

36.4 f 5.8 

299.8 f 8.3 

75.2 f'6.2 

213.4 f 8.1 

25.2 f 5.9 

101.2 f 8.0 

391 f 12 

770 f 11 

215 f 11 

1503 f 22 

891.68 (7-) 

892.79 (5') 

893.15 (5-) 

893.83 3- 

893.85 (7-) 

894.53 (7') 

895.50 (7-) 

895.56 1' 

896.62 (7-) 

898.73 (5-) 

899.09 (7-) 

899.29 1- 

899.44 (5-) 

900.04 (7-) 

902.43 1- 

904.25 (7-) 

905.66 3- 

911.42 (7-) 

913.76 (7-) 

913.88 1' 

915.82 (7-) 

917.05 1- 

921.43 (7-) 

920.49 (3-) 

928.44 (7-) 

930.38 (3-) 

933.82 (7-) 

618 f 13 

207 f 14 

377 f 16 

3'2920 It 150 

133 f 11 

97 f 13 

86 & 18 

326 f 29 

119 f 10 

91 It 21 

501 f 21 

517 f GO 

388 f 26 

83 f14 

237 f 13 

3'24 f 13 

885 i 17 

52.3 & 7.6 

495 k 15 

6'22 f '24 

301 & 10 

127.0 & 8.9 

113 & 96 

20346 f 11 

1226 i 13 

8G37 i 59 

69 kl7 



780.50 3' 

780.24 1- 

781.90 (5') 

782.38 (7-) 

782.82 (7-) 

783.30 (5-) 

785.31 3- 

785.55 (5-) 

786.19 (7-) 

2285 f 15 

534 f 26 

101 f 11 

174.6 f 9.3 

147.0 f 8.2 

125.7 f 7.9 

12002 f 67 

191.1 f 8.8 

262 f 11 

850.98 

851.97 

853.26 

861.36 

862.31 

863.85 

866.75 

868.47 

870.32 

1- 

3- 

(77 

(5- 

1- 

(7-1 

1- 

1- 

1- 

1620 f 33 

38570 i 140 

71.0 f 8.9 

113.8 f 9.0 

60.9 f 7.2 

64.0 f 8.7 

526 f 17 

53.2 f 7.1 

38.3 f 6.4 

934.26 

939.11 

940.78 

942.29 

943.34 

944.20 

945.42 

947.56 

948.23 

~ 

1541 f 19 

1546 f 15 

79.8 f 7.6 

615 f 12 

199 f 11 

414 & 13 

455 f 14 

35 fll 

20270 f 210. 



TABLE 111. Parameters defining the external 7Z functions 

lJ a1.I hJ (ev-') @ 
91/2 -4.3 x 10-2 2.8 x 1.0 x 10-2 

Pl/2 0.45 3.2 x 10-7 7.5 x 10-2 

P3/2 

d3/2 

0.43 

-0.70 

-2.5 

1.0 x 10-3 

1.0 x 10-~ 

-1.8 x 10-7 

2.3 x 

3.3 x 

4.6 x 10-7 

9.0 x 10-8 

0.22 

4.1 x 10-2 

2.6 x 

0.24 

0.19 

35 



TABLE IV. Maxwe1lia.n averaged neutron capture cross sections. 

Thermal energy kT <n>/u r  (ab)  

(kV) From measurements From direct capture calculation Total 

5.0 8.97 0.22 9.19 f 0.30 

8.0 10.42 0.28 10.70 f 0.34 

10 10.02 0.31 10.33 f: 0.33 

15 8.48 0.40 8.88 f 0.27 

20 7.13 0.47 7.60 f 0.23 

25 6.14 0.54 6.68 f 0.20 

30 5.40 0.61 6.01 f 0.17 

40 

50 

4.42 

3.80 

0.73 

0.83 

5.15 f 0.16 

4.63 f 0.15 

60 3.36 0.90 4.26 f 0.14 

70 3.02 0.94 3.96 f 0.13 
I 

85 2.63 0.96 3.59 f 0.12 

36 
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