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We have made new and improved measurements of the neutron capture and total cross sections for88Sr at
the Oak Ridge Electron Linear Accelerator~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 weight-
ing functions. Because of its small cross section, the88Sr(n,g) reaction is an important bottleneck during
s-process nucleosynthesis. Hence, an accurate determination of this rate is needed to better constrain the
neutron exposure ins-process models and to better understand the recently discovered isotopic anomalies in
certain meteorites. We performed anR-matrix analysis of our capture and transmission data to extract param-
eters for 101 resonances between 100 eV and 350 keV. In addition, we fitted our transmission data alone to
extract parameters for 342 additional resonances between 350 and 950 keV. We used this information to
calculate average properties of the88Sr1n system for comparison 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 thep-wave correlation coefficients we determined are
significantly smaller, and thes-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 astrophysical reaction rate for the88Sr(n,g) reaction to approxi-
mately 3% accuracy across the entire range of temperatures needed bys-process models. Our new rate is in
good agreement with the results from a high-precision activation measurement atkT525 keV, but it is ap-
proximately 9.5% lower than the rate used in most previous nucleosynthesis calculations in the temperature
range~kT56–8 keV!, where most of the neutron exposure occurs in current stellar models of thes process. We
discuss the possible astrophysical impact of this new, lower rate.

PACS number~s!: 26.20.1f, 25.40.Lw, 27.50.1e
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I. INTRODUCTION

The 88Sr(n,g) cross section is important to nuclear astr
physics for at least three reasons.~i! 88Sr acts as a bottlenec
in s-process nucleosynthesis@1#. TheA'100 region is com-
plicated, with several different nucleosynthesis proces
contributing to the abundances of nuclides in this region.
example, the path of thes process near strontium is depicte
in Fig. 1. Although thes-process path is complicated b
branchings at the radioisotopes85Kr and 86Rb, all branches
eventually lead through88Sr. Because of its closed neutro
shell, the88Sr(n,g) reaction rate is very small, so it acts as
bottleneck; hence, it is crucial to know accurately the cr
section for the88Sr(n,g) reaction so that the relative contr
butions of various processes to the solar system abunda
can be disentangled.~ii ! It has been shown that a measur
ment of the Rb/Sr ratio in stars can be used to extract
neutron density during thes process. Current results@2# in-
dicate that the neutron density derived from these dat
consistent only when thes process occurs during the inte
pulse phase in low-mass asymptotic giant branch~AGB!
stars. Because the cross sections were not measured to
0556-2813/2000/62~5!/055803~15!/$15.00 62 0558
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enough energies such as to determine accurately the
temperature reaction rates needed in the models, this con
sion is based mainly on extrapolations of previous neutr
capture measurements. Strontium is the normalization p
for these data, and strontium is predominantly88Sr. There-
fore, new measurements of the88Sr(n,g) cross section are
needed at lower neutron energies to provide a more ro
test of stellar models.~iii ! Nonsolar ratios for isotopes o
strontium and other elements have been observed in
grains in certain meteorites@3#. Such observations provid
the s-process abundance ratios for isotopes of several
ments, thereby greatly expanding the number of ‘‘effective
s only’’ calibration points for models of thes process. Cal-
culations indicate that isotopes with small (n,g) cross sec-
tions provide the most sensitive test ofs-process models
when comparing the model results to the meteorite d
Hence, more precise reaction rates are needed for nuc
such as88Sr to more fully exploit the opportunity offered b
meteorite data for improved understanding of thes process
and AGB stars.

There have been three previously reported measurem
@1,4,5# of the 88Sr(n,g) cross section from which the reac
©2000 The American Physical Society03-1
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tion rate has been determined. None of these previous m
surements can be used reliably to determine the reaction
across the range of temperatures needed for stellar m
calculations@6#—the first @1# because it was made with
pseudo-Maxwellian source and, hence, determines the r
tion rate at the single temperaturekT525 keV, and the lat-
ter two@4,5# because they are too imprecise and because
did not extend low enough in energy. Also, subsequent w
@7# has shown that relatively large systematic errors m
plague these data. Finally, a resonance at 2.780 keV has
reported@8#, but apparently ignored in evaluations of th
reaction rate. Although the reported parameters for this re
nance have large uncertainties, inclusion of this resona
leads to a 77% increase in the reaction rate at 5 keV over
rate calculated from all the other resonances reported in
@5#. Hence, it is vitally important to make new measureme
in this energy range.

II. EXPERIMENTAL PROCEDURES

The samples were isotopically enriched~99.83% 88Sr,
0.12% 87Sr, and 0.05%86Sr) metallic strontium. Becaus
strontium metal is chemically very reactive, the samp
were fabricated in an inert atmosphere, and the sample
the capture experiment was shipped in a vacuum conta
During the experiment, the sample was placed in the eva
ated beam line between theg-ray detectors. The samples fo
the transmission experiments were sealed in thin-walled,
minum containers. The use of metallic samples substant
reduced sample-dependent backgrounds and corre
factors—as compared to previous measurements in w
carbonate samples were used. In addition, the use of me
rather than carbonate samples in the transmission ex
ments substantially increased the sensitivity to small re
nances.

FIG. 1. Thes-process path in the strontium region. Arrows d
pict the path of thes process in this region. Solid boxes represe
stable nuclides, and dashed boxes indicate radioactive ones.
thick boxes for 86Sr and 87Sr denote that these two isotopes a
produced solely by thes process and, hence, are important calib
tion points fors-process models. The nucleosynthesis path branc
at 85Kr and 86Rb, where neutron capture competes withb decay.
However, all branches combine again at88Sr, which has a closed
neutron shell (N550) and, hence, a very small neutron captu
cross section.
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The measurements were performed using the ORE
white-neutron-source facility. Neutron energy was det
mined using the time of flight. The capture measureme
were made on ORELA flight path 7 at a source-to-sam
distance of 40.12 m. The ORELA was operated at a pu
rate of 525 Hz, a pulse width of 8 ns, and a power of 7
kW. The sample was 2.54 cm wide by 5.08 cm high
0.0106 at/b thick. A10B filter was used to remove overla
neutrons from preceding beam bursts, and a Pb filter
used to reduceg-flash effects. These filters were placed
the beam at a distance of 5 m from the neutron source. Th
capture cross sections were determined using the pu
height weighting technique with a pair of C6D6 scintillators,
which served as theg-ray detectors. The overall normaliza
tion of the counts to cross section was made via the satur
resonance technique@9# using the 4.9-eV resonance in th
197Au cross section. As described in Ref.@10#, the capture
apparatus has been improved in several significant way
compared to the setup@11# used in most of the previou
ORELA measurements. These changes have substantiall
duced sample-dependent backgrounds and have impr
the accuracy with which absolute cross sections can be
termined. The changes have also simplified the calcula
and improved the reliability of the pulse-height weightin
functions, which must be used in the conversion of t
counts to cross sections. These improvements were e
cially important in the current case because the capture c
section is much smaller and the sample-dependent b
grounds are potentially much larger than in any other of
previous measurements.

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

Two separate transmission measurements were mad
ORELA flight path 1. In one measurement, a6Li-loaded
glass scintillator was used at a source-to-detector distanc
80.117 m, and the sample was 0.0543 at/b thick. T
ORELA was operated at a pulse rate of 400 Hz, a pu
width of 16 ns, and a power of 12 kW. In the other measu
ment, a plastic scintillation detector was used at a source
sample distance of 201.575 m, and the sample was 0.110
thick. The ORELA was operated at a pulse rate of 577 Hz
pulse width of 4 ns, and a power of 4 kW. In both measu
ments, a10B filter was used to remove overlap neutrons fro
preceding beam bursts. In the 80-m measurement, a Pb
was used to reduce the effects caused by theg flash at the
beginning of each pulse from the ORELA, while a U filter
was used for this purpose during the 200-m measurem
These filters were placed in the beam at a distance of
from the neutron source. The strontium sample was
changed periodically with an empty container, which had
same dimensions as the sample holder, and with polyet
ene and bismuth absorbers, which were used for determ
tion of backgrounds.
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HIGH-RESOLUTION NEUTRON CAPTURE AND . . . PHYSICAL REVIEW C62 055803
FIG. 2. Representative dat
~points! and SAMMY fits ~solid
curves! from our capture~top! and
transmission ~bottom! measure-
ments on88Sr. The effective cap-
ture cross sections have not bee
corrected for finite-thickness ef
fects. The corrections are include
by the codeSAMMY; hence, the fits
represent the theoretical cross se
tions, calculated from the reso
nance parameters, after adjus
ment for these sample-depende
effects. The scales for the captur
data are on the left of each plo
whereas the transmission scal
are on the right.
a
p
e

s
is
e
al
tu
so
f
e
t

f t

3
Th

e
s
d

y.
t

ce
ap
s
i
ti
-
m
va
b

tro

ent

e
the
this
V.
tter

lting
dia-
e

ion
set
50

nces
did
tive
that
ent
this

he

ram-
uld

hat

eso-
a
.

f

ly
g or
t, we
u-
III. RESONANCE ANALYSIS

The multilevel, multichannel,R-matrix codeSAMMY @12#
was used to fit both our transmission and capture data
extract resonance parameters. Orbital angular momenta u
and includingf waves were included in the analysis. Chann
radii of 7.1 fm were used for all partial waves.

Resonances in both the neutron-capture and transmis
data could be fitted from 100 eV to 350 keV. Below th
range, the neutron flux on the sample was too low becaus
the 10B overlap filter. Above 350 keV, both the statistic
precision and the energy resolution in the neutron cap
data were too poor to be able to include them in the re
nance analysis. The 80-m transmission data were fitted
energies below 160 keV. The 200-m transmission data w
fitted at higher energies because both the resolution and
statistical precision of these data were better than those o
80-m data in this region. UsingSAMMY, we determined the
parameters for 101 resonances in the energy range below
keV. Representative data and fits are shown in Fig. 2.
resonance parameters are given in Table I.

Firm l andJp values could be determined for resonanc
which were sufficiently strong in the transmission data. U
ing the fitted parameters of these firm assignments, we
termined average radiation widths of 1906120, 2206230,
and 2806210 meV fors1/2 ~13 resonances!, p1/2 ~eight reso-
nances!, and p3/2 ~18 resonances! resonances, respectivel
The uncertainties quoted are the standard deviations of
distributions of the radiation widths. For weaker resonan
or for those resonances which were visible in only the c
ture or the transmission data, there is some arbitrarines
determining the resonance parameters. In an attempt to m
mize the arbitrariness of these parameters, the prescrip
outlined in Ref.@10# was followed. For example, for reso
nances that could be seen in the capture but not the trans
sion data, the radiation widths were fixed to the average
ues given previously while the capture data were fitted
letting the neutron width vary. In all these cases, the neu
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widths obtained by fitting the capture data were consist
with the transmission data. Originally@13#, we had used the
resonance parameters in Ref.@14# in the energy range abov
350 keV as background levels—except that we allowed
neutron widths of some of the broader resonances in
region to vary to obtain better fits to the data below 350 ke
We have since used our transmission data to obtain be
resonance parameters in the 350–950-keV region, resu
in parameters for 342 resonances in this region. The ra
tion widths for s- and p-wave resonances were fixed at th
average values previously given. In addition, the radiat
widths for resonances of all the other partial waves were
equal to 280 meV. We decided to terminate the fitting at 9
keV because of the sheer number of overlapping resona
and the strong interference effects. Above 900 keV, we
not attempt to fit the narrower resonances. Representa
data and fits are shown in Fig. 3, where it can be seen
our new parameters represent a substantial improvem
over previous results. The parameters for resonances in
range are given in Table II

Given the excellent energy resolution at ORELA and t
large resonance spacing inn188Sr, we might expect to miss
or spuriously assign few resonances. If the resonance pa
eter set can be shown to be relatively complete, then it wo
be useful for testing various models. However, we find t
except fors waves, the firmness of the (lJ) assignments are
less than satisfactory. Never the less, we report average r
nance parameters for boths and p waves because our dat
and analysis are more extensive than any previous work

The distinctive interference shape of thes-wave reso-
nances allowed for much more reliable (lJ) assignments
than for the higherl partial waves. A plot of the number o
observed resonances versus energy for thes waves is linear
up to about 700 keV, indicating few missing or spurious
assigned resonances. To estimate the number of missin
spuriously assigned resonances, we used two tests. Firs
fitted the subset of thes-wave resonances, with reduced ne
3-3
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TABLE I. 88Sr resonance parameters in the region below 350 keV, where we fitted both our ne
capture and transmission data. Note that, in the second column, two times the total angular mome
each resonance is listed.

En 2Jp gGn Gg gGnGg/G
~keV! ~eV! ~meV! ~meV!

12.41 (1)2 20.8660.16 446.266.1 436.965.8
12.91 (12) 0.004860.0009 220 4.6760.83
13.84 11 194.1560.54 80.567.4 80.567.4
18.21 (32) 0.001760.0008 280 1.6860.80
20.81 (12) 0.089760.0054 220 63.762.7
23.61 32 132.1460.87 131.564.8 262.569.6
26.98 (12) 0.010560.0025 220 10.162.2
29.52 32 137.061.2 198.966.5 397613
36.78 (12) 0.067960.0082 220 51.964.7
39.07 (12) 3.8960.47 84.266.3 82.466.1
40.15 (12) 0.09960.012 220 68.265.6
46.47 (12) 0.11860.018 220 76.867.4
47.95 (32) 0.15160.014 280 119.269.0
48.57 11 7.9760.68 66.367.7 65.767.6
53.79 (12) 2.2460.55 110611 105610
54.66 (3)2 38.561.4 221.167.8 437615
55.95 12 146.362.0 79612 79612
56.99 (32) 0.12660.012 280 103.267.7
58.90 (11) 2.0360.64 23.465.1 23.165.0
65.48 (12) 0.08360.014 220 60.467.2
73.77 (32) 0.09060.013 280 77.969.6
75.50 (32) 0.36060.098 3006130 224613
76.89 (32) 0.11860.018 280 98612
88.56 32 421.766.2 99611 197622
91.34 11 953613 273633 273633
93.08 (32) 0.13960.021 280 111614
95.37 32 447.967.5 227620 453641
101.95 (32) 0.12260.024 280 100616
105.46 11 256.267.1 305626 305626
107.45 (32) 0.14360.024 280 114616
110.15 12 284.968.4 146628 146628
115.92 (32) 0.15060.029 280 118619
117.15 (12) 0.09160.034 220 64617
120.10 (12) 0.05860.028 220 46616
122.29 32 3111623 625639 1249677
125.95 (32) 0.12960.029 280 105619
126.40 (32) 0.18960.038 280 141622
127.90 (32) 0.30160.058 280 196626
132.85 (32) 0.15260.036 280 119623
137.35 (32) 0.12160.030 280 99621
141.68 11 501613 79629 79629
147.30 (32) 0.22660.042 280 161623
150.20 (32) 43.467.2 84620 166640
150.87 12 1205624 703687 702687
153.89 32 558612 85621 171642
156.00 (32) 0.19160.042 280 142625
160.85 (32) 0.22760.069 280 161634
169.85 (32) 0.10560.039 280 88627
170.79 32 662.965.0 91624 182648
055803-4
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TABLE I. ~Continued!.

En 2Jp gGn Gg gGnGg/G
~keV! ~eV! ~meV! ~meV!

173.38 (32) 2.0660.29 339641 509650
177.85 (32) 6.361.1 196621 370638
181.06 11 176.362.6 100636 100636
186.87 (12) 4.8860.45 114636 111634
187.62 (32) 5.3660.51 202629 376650
192.85 (32) 0.19860.056 280 146634
194.81 11 47.462.9 166650 166649
195.23 32 2214.668.7 173643 347685
200.67 12 425.364.5 78629 78629
202.53 (1)2 16.161.5 81623 80623
204.21 32 151.362.6 240622 479644
212.13 (32) 0.36760.075 280 222631
214.29 32 1000.065.5 191624 382648
224.76 (32) 3.8260.47 153624 283641
225.19 (12) 8.5360.78 58626 57626
227.69 12 364.566.9 415660 415659
228.29 32 1885.469.5 94632 188665
230.20 11 1452610 419671 419671
232.93 (12) 0.9260.51 152633 131626
235.76 (12) 15.761.1 56623 56623
241.08 (12) 10.2360.92 117632 115631
245.11 (12) 9.361.5 281646 273643
246.06 (12) 10.961.9 126638 124637
247.03 32 3620611 571647 1141693
252.02 (32) 0.19760.050 280 145629
256.24 (12) 29.061.5 187636 186635
258.67 11 476.364.4 339688 339688
258.99 32 48.162.1 319644 629685
265.06 11 153.562.7 98631 98631
266.53 31 50.562.0 121637 241673
267.96 (12) 7.061.8 67633 67633
270.60 (32) 0.18760.054 280 140631
277.64 (12) 7.161.5 615672 566661
278.79 32 71.562.6 128624 255649
281.63 (32) 0.7660.33 280683 322679
287.47 (32) 14.666.8 6806130 12406220
289.49 32 24932631 718696 14406190
297.82 (12) 11.861.8 70626 70626
298.04 (12) 12.561.7 54621 54621
302.08 11 232.863.6 297670 296670
302.96 32 2517.069.4 479661 9606120
308.13 (1)2 96.562.5 68630 68630
310.96 (12) 5.861.2 286652 273648
318.81 11 21.261.6 178644 177643
322.67 12 183.865.0 182644 182644
325.30 32 22082629 572697 11406190
329.40 31 211.465.7 2766 54631
330.04 (12) 23.463.0 2961 8 29618
334.33 12 90.263.1 92631 92631
340.12 (11) 3.261.2 100647 97644
344.33 32 4053612 90633 181666
347.29 11 202.063.7 64623 64623
055803-5
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FIG. 3. Representative data~points! and
SAMMY fits ~solid curves! to our total cross sec-
tion data in the region from 350 to 950 keV
Shown for comparison is the total cross secti
calculated using the resonance parameters of R
@14# ~dashed curves!.
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tron widths larger than one-fourth the average reduced n
tron width, to a Porter-Thomas~PT! distribution @15–17#.
The average reduced width for the optimal PT distribut
provides a measure of the population’s mean reduced wi
and, therefore, provides an estimate for the number of mis
resonances. The results of this test fors1/2 resonances are
shown in Fig. 4. Extrapolation of the fitted PT curve to ze
reduced width yields the estimate of no missings-wave reso-
nances over the range of our measurement. A second tes
missing or spuriously assigned resonances for which in
rect (lJ) assignments have been made is provided by theD3
test of Dyson and Mehta@18#. Up to a neutron energy of 45
keV, the observed value of theD3 statistic is consistent with
no missed or spuriously identifieds1/2 resonances. Inclusion
of a 58.90-keV resonance in thes1/2 resonance set produce
values ofD3 within one standard deviation of the expect
value. Hence, this narrow resonance could be ans wave.
Above 450 keV, theD3 test implies that a fews-wave reso-
nances are missed or spuriously assigned as1

2
1. Because the

s-wave assignments appear to be rather firm, the correla
coefficient, r(gl

2 ,Ggl), between the neutron widths an
g-partial widths can be calculated with some confiden
Significant correlation coefficients have been interpreted@5#
as evidence for the applicability of the valence model
neutron capture@19#. From our fitted parameters fors-wave
resonances, we calculate thatr5(0.2360.06). Drawing re-
duced neutron widths from a PT distribution with^gl

2& equal
to that for the observeds-wave resonances and radiatio
widths from ax2 distribution with 18 degrees of freedom
we find a likelihood of exceeding this value ofr of about
6%.

The situation for thep-wave resonance (lJ) assignments
is much less satisfactory. The difficulty is that below abo
350 keV the shapes of thep1/2 andp3/2 resonances are ver
similar. Despite the excellent ORELA energy resolution, d
tinguishing between thep1/2 and p3/2 resonances is possibl
only for the widestp waves. If the assignments shown
Table I are assumed correct, theD3 test indicates no misse
05580
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or spuriously assignedp1/2 resonances only up to 75 keV an
no missed or spuriously assignedp3/2 resonances up to 15
keV. The PT tests are consistent with 8 missingp1/2 and 10
missingp3/2 resonances, although the observed distributio
as shown in Fig. 4, are not in good agreement with the
pected PT distributions. If we assume that the 35p1/2 and 49
p3/2 resonances have been correctly assigned and that
small resonances are missed in our work, we can calcu
the correlation coefficients. For the 35p1/2 resonances, we
find r5(0.5560.09). Drawinggl

2 from a PT distribution
with a mean equal to that observed andGg from a xn

2 with 3
degrees of freedom, we find that the likelihood of exceed
this value ofr is less than 1%. For the 49p3/2 resonances
identified in our work up to 350 keV, we findr5(0.59
60.09). The probability of exceedingr50.59 is less than
1%.

Because fews-wave resonances up to 450 keV appear
have been missed or spuriously assigned in this work,
s-wave level spacing is calculated using resonances be
that energy. The resultings -wave spacing isD0(1/2)5(23.7
62.9) keV. Even though the (lJ) assignments for the
p-wave resonances below 350 keV can be made unamb
ously in only a few cases, we are confident that, in m
cases, at higher energies thel assignments are reasonab
firm. Hence, we included all thep-wave resonances to ca
culate an average resonance spacing (5.460.2) keV.

The observed neutron strength functionsslJ are defined as

slJ5
^gl lJ

2 &
DlJ

5
Nobs21

Nobs

( lgl lJ
2

DElJ
, ~1!

where theDElJ are the energy intervals between the lowe
and highest-energy resonances of type (lJ). The angle-
bracket notation indicates the averaging process. TheslJ are
approximately the slopes of the cumulative reduced wi
versus energy distributions, as shown in Fig. 5 for thes1/2,
p1/2, and p3/2 resonances. TheslJ values were determined
3-6
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TABLE II. 88Sr resonance parameters for the region above 350 keV.

En 2Jp gGn En 2Jp gGn En 2Jp gGn

~keV! ~eV! ~keV! ~eV! ~keV! ~eV!

350.86 12 47.762.5 491.42 (31) 64.663.5 613.46 (52) 148.965.1
353.64 12 17.162.2 492.81 32 3258614 615.30 11 470610
355.03 12 472.765.4 494.78 (31) 54.163.2 615.79 (31) 102.565.7
358.98 12 44.762.2 497.31 (31) 33.462.9 616.96 12 5071640
364.88 32 990.466.0 502.47 (32) 2762614 618.45 (72) 168.466.6
368.18 12 158.164.6 505.92 (51) 13.362.9 619.55 (52) 58.466.6
368.30 32 140.563.3 506.14 12 3699628 620.89 (31) 28.564.2
370.21 32 33.562.2 506.52 (31) 11.562.3 621.20 (12) 156.966.4
373.57 32 28.162.1 506.93 (52) 15.863.3 621.99 (12) 22.167.6
377.70 32 154.663.0 507.36 (51) 15.564.1 623.19 (12) 60.167.1
379.46 32 68.162.7 509.33 (52) 25.363.2 623.58 (31) 346610
382.29 32 706.365.5 513.79 (31) 136.464.7 625.72 (52) 22.263.7
385.85 12 938611 516.50 11 584.169.7 626.95 (52) 170616
386.08 32 4395614 521.03 12 145686849 627.09 (52) 187.569.6
392.24 11 24.461.8 520.92 32 43008665 628.24 (31) 31766.0
400.58 32 332.964.4 522.21 (52) 101.666.5 632.67 11 339.467.1
403.96 12 6158623 524.90 32 1146630 637.58 (52) 116.465.8
408.46 (52) 31.862.6 528.84 (72) 239.866.0 638.20 (52) 194.366.3
409.11 (31) 39.362.8 530.58 (52) 115.164.9 639.07 (72) 82.568.9
409.28 (52) 116.563.5 531.75 (31) 7.762.6 639.30 (72) 280.369.7
409.82 (51) 10.962.2 532.86 (52) 236.465.3 639.53 32 12432640
410.11 32 357.964.7 533.66 (72) 11.764.8 643.88 12 395611
418.86 11 478.566.0 535.26 32 2203614 652.13 (52) 87.065.6
422.45 (31) 1913613 536.66 12 10997665 6522.44 (52) 109.465.6
422.64 11 22.462.9 542.43 32 3048620 655.83 11 42.363.8
422.90 12 109.266.1 542.60 (51) 49.365.8 656.60 (52) 31.264.3
423.30 12 95.364.4 544.62 (52) 27.065.3 659.84 12 303.669.5
426.87 (31) 63.762.9 545.53 32 2182615 660.68 12 14066.8
430.58 (52) 30.263.9 551.43 11 51.563.0 662.09 32 2952621
430.69 32 1135.968.1 553.15 32 1918618 664.62 (52) 115.965.8
432.86 (31) 114.663.4 563.44 32 14878632 666.29 32 13906653
436.09 12 374.566.7 564.47 (51) 84.765.3 670.69 11 336612
437.92 12 13.762.7 571.05 (51) 382.663.2 671.15 (72) 131.366.6
441.32 11 718.869.5 570.61 31 16.366.0 672.62 (72) 446.965.2
441.65 32 16403633 571.18 12 1759616 673.09 (52) 44.265.0
446.25 12 118.565.0 574.72 72 76.763.7 673.89 (72) 50.365.1
447.04 12 66.864.0 575.19 (52) 105.865.2 674.40 (52) 182.865.6
455.76 11 6.861.7 581.55 32 7198626 676.17 (52) 141.665.3
458.35 (31) 229.563.9 584.81 11 3132629 676.76 (72) 40.364.5
460.09 11 20.162.1 585.72 (31) 177.765.5 677.52 (52) 51.064.9
466.11 12 38.463.3 589.46 32 23370646 678.11 (52) 49.465.0
469.38 (31) 411.164.6 591.94 32 260621 678.64 (72) 273.367.0
475.49 32 899.467.4 592.32 (52) 38.865.0 680.22 32 8295645
477.07 (51) 65.764.0 593.40 (31) 193.366.2 681.19 (72) 135.368.5
477.62 11 374.167.5 596.11 (31) 182.965.9 681.52 (52) 156.568.4
480.86 (31) 54.163.1 598.88 (52) 66.765.5 682.23 (52) 60.266.5
485.30 12 196.366.2 600.41 (72) 51.165.2 682.85 (52) 40.365.9
486.74 (52) 253.767.6 603.12 (32) 43.264.1 684.72 (72) 282.967.2
486.96 12 133.169.0 604.65 (721) 40.966.3 686.40 11 21.664.0
487.18 (52) 35.263.9 605.90 11 53.963.6 687.25 11 29.564.1
487.54 (31) 15.063.4 611.00 (31) 48.364.2 687.79 11 29.464.1
487.58 32 3688615 611.87 (31) 48.964.2 688.32 (52) 15.163.8
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TABLE II. ~Continued!.

En 2Jp gGn En 2Jp gGn En 2Jp gGn

~keV! ~eV! ~keV! ~eV! ~keV! ~eV!

689.93 (72) 82.865.5 767.04 (52) 412611 828.50 (52) 119.368.5
693.42 12 1039666 767.71 (52) 75.668.1 832.60 (52) 576613
693.46 11 57.767.7 770.42 (11) 112613 833.17 12 1331655
694.33 (72) 201613 770.04 (72) 120633 834.00 52 395619
694.90 (52) 324621 770.28 72 308653 836.11 (11) 1163623
694.57 (72) 316627 772.62 32 1655637 837.36 11 72.467.3
695.03 (51) 140616 774.70 (32) q19405613 838.50 (11) 36.465.8
695.83 11 28.164.3 774.55 52 2106110 839.69 (52) 299.868.3
696.88 12 12074690 774.88 52 663614 840.54 (11) 75.266.2
696.95 (72) 40.265.5 775.81 (72) 44067.0 841.47 72 213.468.1
697.43 (52) 68.966.4 776.38 (72) 116.968.3 842.67 (72) 25.265.9
697.81 (72) 98.067.6 780.50 32 2285615 846.03 (72) 101.268.0
698.23 (72) 139.468.4 780.24 12 534626 847.53 (31) 391612
698.65 (52) 90.067.6 781.90 (52) 101611 847.90 72 770611
699.04 32 3054634 782.38 (72) 174.669.3 849.61 (51) 215611
699.38 11 52.266.6 782.82 (72) 147.068.2 850.28 31 1503622
700.12 (52) 56.469.3 783.30 (52) 125.767.9 850.98 (11) 1620633
704.17 11 34.064.6 785.31 32 12002667 851.97 32 385706140
704.78 (52) 44.965.9 785.55 (52) 191.168.8 853.26 (72) 71.068.9
705.48 (52) 44.266.4 786.19 (72) 262611 861.36 52 113.869.0
706.09 (52) 335.268.2 786.74 (72) 250610 862.31 (11) 60.967.2
708.65 31 7394644 788.40 (32) 532611 863.85 (72) 64.068.7
709.71 (72) 70.966.9 788.17 72 460623 866.75 11 526617
710.41 (52) 92.567.1 793.44 (52) 190.668.0 868.47 (11) 53.267.1
714.57 (52) 131.166.4 794.43 (32) 14739.869.4 870.32 (11) 38.366.4
715.89 12 3064633 794.34 52 156662 871.39 52 78.968.2
716.98 (52) 239.268.9 794.82 (72) 428612 872.12 (72) 87.768.4
717.07 11 490616 795.31 (72) 182610 874.94 31 3012628
719.11 (52) 144.468.5 798.66 (52) 375.469.5 874.97 (52) 12060
719.53 32 519620 801.29 (52) 129.168.7 877.72 (72) 462612
722.50 (51) 154.566.9 801.88 11 46.466.2 878.20 (52) 860616
723.10 32 4633627 802.51 (52) 214.168.8 878.85 72 255610
724.38 (52) 67.165.5 804.25 (52) 102.167.8 880.07 (52) 265.869.9
726.86 (52) 40.265.5 807.41 (72) 280.268.3 880.67 (72) 521611
731.13 32 15094643 808.71 32 745611 881.18 (52) 539612
731.63 (52) 112.667.1 810.94 11 29.165.6 881.78 72 531612
734.93 (52) 53.965.6 811.72 11 40.665.6 883.73 (11) 19.667.4
739.52 32 6431628 812.87 (72) 216.769.3 883.57 (11) 17.867.4
739.67 12 373612 813.34 (72) 272611 884.37 72 241.469.2
743.79 11 718614 813.76 32 1306620 885.22 (11) 28.166.1
743.81 12 20.465.0 814.26 12 1482632 887.65 (52) 70.967.7
747.23 (52) 61.665.5 815.55 (52) 77.269.5 888.32 (72) 82.868.4
751.12 (52) 66.266.2 816.13 (52) 48.967.4 889.16 (52) 614613
754.67 32 15547661 816.90 (72) 133.367.8 889.71 (52) 170612
757.94 (52) 230.067.0 820.23 (52) 294.968.8 890.56 72 891614
758.90 (52) 241.267.0 820.83 32 10798661 891.09 52 484612
761.83 (52) 309.867.7 821.29 11 15.566.2 891.68 (72) 618613
764.15 11 408611 821.68 11 67.468.3 892.79 52 207614
765.62 (52) 46.866.6 822.41 (52) 501.769.7 893.15 52 377616
766.16 (72) 64.767.8 822.97 32 5434645 893.83 (32) 329206150
766.26 32 313606170 823.82 11 48.1667 893.85 (72) 133611
766.63 (72) 144.569.8 827.64 32 4227630 894.53 72 97613
055803-8
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TABLE II. ~Continued!.

En 2Jp gGn En 2Jp gGn En 2Jp gGn

~keV! ~eV! ~keV! ~eV! ~keV! ~eV!

895.50 (72) 86618 905.66 32 885617 933.82 (72) 69617
895.56 11 326629 911.42 (72) 52.367.6 934.26 (72) 1541619
896.62 (72) 119610 931.76 (72) 495615 939.11 (72) 1546615
898.73 (52) 91621 913.88 11 622624 940.78 11 79.867.6
899.09 (72) 501621 915.82 (72) 301610 942.29 (72) 615612
899.29 11 517660 917.05 11 127.968.9 943.34 11 199611
899.44 (52) 388626 921.43 (72) 113696 944.20 (72) 414613
900.04 (72) 83614 920.49 (32) 20346611 945.42 (72) 455614
902.48 11 237613 928.44 (72) 1226613 947.56 (72) 35611
904.25 (72) 324613 930.38 (32) 8637659 948.23 (32) 202706210
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from a linear fit to the observed cumulative reduced wid
distributions up to 450 keV for thes waves and up to 950
keV for the p waves. The resulting values are (0.0
60.004), (0.07560.014), (0.2260.03), respectively, for
s1/2, p1/2, andp3/2. Perhaps a more meaningful quantity
report for thep-wave resonances would be the strength fu
tion calculated by grouping all such resonances and u
gJgl

2 rather thangl
2 . The resultingp-wave strength function

is (0.1760.02). The observed strength functions should
corrected for the effects of missed resonances. Howeve

FIG. 4. PT distribution fors andp waves. Plotted are the num
ber of resonances having a reduced width amplitude larger th
given size versus the size of the reduced width amplitude. In e
subplot, the histogram shows the results from our resonance a
sis, whereas the dashed curve shows the theoretical PT shape
squares fitted to the data having reduced widths greater than 1/
average width.
05580
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the present work, these corrections are negligible for
s-wave resonances and not well known for thep waves.

The strength functions given above were calculated us
R-matrix reduced widths. The strength function which h
been most often reported@14# in the earlier literature is the
ratio

SlJ5
^GnJ

l &
DlJ

, ~2!

where theGnJ
l are the conventionally reduced widths,

GnJ
l 5S 1eV

El lJ
D 1/2GlJ

v l
, ~3!

a
ch
ly-
ast-
the

FIG. 5. Cumulative reduced width versus resonance energy
s- and p-wave resonances. The solid ‘‘staircase’’ curves are
cumulative reduced widths determined from our resonance anal
The dashed curves are from the optical model fits to the data~see
the text for details!.
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and thev l are the neutron penetration factors@14# for partial
waves with orbital angular momental. The strength func-
tions SlJ andslJ are related by

SlJ5431024
A

A11
acslJ , ~4!

whereac57.1 fm ~in this work!. The relationship between
SlJ andslJ is discussed more fully in Ref.@20#. The value of
the conventionally defineds-wave andp-wave strength func-
tions from this work areS05(0.3260.06)31024 and S15
(5.160.6)31024.

In our analysis, the externalR-functionsRlJ
ext(E), which

represent the effects of resonances outside the fitted en
range (Elow50 to Eup5955 keV), were parametrized as

RlJ
ext~E!5R̄lJ~E!2slJ

ext ln
Eup2E

E2Elow
. ~5!

This representation was used~i! because it has been foun
@21# to give a good average description of the effects of
external resonances, especially near the end points, wher
effects of resonances just outside the fitted range are par
larly important, and~ii ! because it lends itself to interpreta
tion in terms of the optical model. We parametrizedR̄lJ(E)
by

R̄lJ~E!5alJ1blJE, ~6!

where the coefficientsalJ and blJ were free parameters de
termined in the fit to the data. The choice ofslJ

ext followed an
iterative procedure; it was finally chosen to give a good
scription of the observed average reduced neutron width
energy interval within the fitted energy range. In Table
are listed the values ofalJ , blJ , and slJ

ext, which were de-
rived from theR-matrix analysis. The values ofRlJ

ext(E),
which were evaluated at a few energies, are shown in Fig
Well depths for the spherical optical model potential~OMP!
were least-squares adjusted to fit the observedRlJ

ext and inte-
grated strength~see Fig. 5! following the procedures of Ref
@21#. The summed strength was used because that statis
relatively unaffected by a few missing small resonances.
resulting optical-modelRlJ

ext and integrated strength are com
pared to the values extracted from theR-matrix analysis in
Figs. 5 and 6 . The fitted OMP real well depths are 50
60.2 MeV and 53.560.2 MeV for s andp waves, respec-

TABLE III. Parameters defining the externalR functions.

l J alJ blJ (eV21) slJ
ext

s1/2 24.331022 2.831028 1.031022

p1/2 0.45 3.231027 7.531022

p3/2 0.43 21.831027 0.22
d3/2 20.70 2.331026 4.131022

d5/2 22.5 3.331026 2.631023

f 5/2 1.031023 4.631027 0.24
f 7/2 1.031023 9.031028 0.19
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tively. The fitted surface imaginary well depths are 1
60.1 MeV, 2.460.3 MeV, and 4.260.3 MeV for s1/2,
p1/2, and p3/2, respectively. A spin-orbit well depthVso
5861 MeV was determined by requiring the same re
well depth for bothp-wave channels.

The s-wave potential scattering radiusR8 is determined
from R̄0,1/2(E), which was evaluated nearE50,

R85ac@12R̄0,1/2~0!#56.8 fm. ~7!

~Note that R8 is independent of the value chosen for t
channel radiusac .)

IV. NEUTRON SENSITIVITY CORRECTION

Since the implementation of the new apparatus for (n,g)
measurements at ORELA@10#, we have not made correc
tions to our resonance parameters for the background re
ing from the prompt capture of scattered neutrons. In the
ORELA setup, this ‘‘neutron sensitivity’’ background coul
be substantial for resonances with large neutron wid
Since the change from C6F6 to C6D6 detectors, the replace
ment of the aluminum beam line and sample changer ap
ratus with a much less massive carbon fiber beam tube,
the elimination of the massive metallic cans which enclos
the detectors, this background has been reduced so much
it so far has been immeasurable. However, the relativ
large level spacing and small cross section for88Sr(n,g)
allow us to make a good determination of the upper limit
this background. The data show that the prompt neutron s
sitivity of the ORELA apparatus is much smaller than that
any other similar apparatus for which data have been p
lished and that the corrections due to this effect are v
small or negligible in all cases we have studied to date, t
justifying our lack of corrections to previous data. To calc
late the size of this background, we compared our data
measurements on208Pb(n,g) @22# and 88Sr(n,g) @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 t
prompt capture of neutrons scattered from the208Pb sample

FIG. 6. Comparison of theRlJ
ext functions from our resonance

analysis~points with error bars! to those calculated by fitting an
optical-model potential to these data~curves!.
3-10
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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
minum peaks to be 14.2 and 22.9 b eV, respectively. In
88Sr(n,g) data, such peaks are not visible. However,
have usedSAMMY to extract upper limits on their captur
areas by fitting our data in the regions of these peaks
fixing their energies and neutron widths to the values giv
in Ref. @14#. The resulting upper limits from our data a
1.46 and 1.96 b eV, respectively for fluorine and aluminu
Our results must be scaled~by a factor of 1.29! to account
for the larger scattering cross section of208Pb as compared
to that of 88Sr. The resulting ratios indicate that the sensit
ity of the Geel apparatus to this background from scatte
neutrons is at least 7.6~fluorine! to 9.1 ~aluminum! times
worse~i.e., greater! than ours. Considering the fact that e
tracting an upper limit for the fluorine resonance from o
data is complicated by a~much narrower! 88Sr(n,g) reso-
nance at almost the same energy, these two ratios are in
agreement. Although the number derived from the alumin
resonance should be more reliable, we used the more co
vative average ratio of 8.4. The larger neutron sensitivity
the Geel apparatus is most likely a result of the much lar
amount of fluorine and aluminum in their detector housin
Because of the similarity of the apparatus, we expect that
energy dependence of this background is the same
ORELA as it is at Geel. Unfortunately, the exact ener
dependence of the correction factor is not given in Ref.@22#.
However, a preliminary estimate of the energy depende
of the neutron sensitivity of the Geel apparatus was given
Ref. @7#. Using the formula given in Ref.@7#, we calculated a
correction factor of 4.931025 for the 77.85-keV resonanc
in 208Pb. This value is in agreement within the quoted u
certainty with the value given (6.031025) for this resonance
in Ref. @22#. In addition, the energy dependence of the c
rection factor given by the formula in Ref.@7# follows the
general trend of the various estimates of the neutron se
tivity correction factor given in Ref.@22#. For these reasons
we used the energy dependence given in Ref.@7#, scaled~by
a factor of 6.0/4.9 to the data of Ref.@22#, and scaled~by a
factor of 1/8.4) for the smaller neutron sensitivity of o
apparatus. The resulting upper limit on the correction for
neutron sensitivity of our apparatus, expressed as an am
by which ourGg values must be reduced, is

Cn52.431024Er
20.8Gn , ~8!

where the resonance energy,Er , is in keV and the correction
is in the same units as those of the neutron widthGn . This
correction factor for the ORELA apparatus is compared
that for the Geel apparatus in Fig. 7.

The Gg values, given in Table I, have been corrected
ing this formula. The corrections are negligible in almost
cases. Only 16 of the 101 resonances have corrections la
than 1%, and for eight of these the corrections are this
only because they have comparably small radiation wid
(Gg,100 meV compared to an averageGg of 200 to 300
meV!. The largest correction is 7% for the 13.846-keV res
nance, which has a small radiation widthGg580.5 meV.
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Because the corrections are small and because most o
resonances with the largest corrections have relatively sm
capture areas or are at relatively high energies, there is
little effect on the astrophysical reaction rate determin
from our data. We calculated that the effect of this correct
is to decrease the reaction rate by 0.95% atkT58 keV and
0.60% atkT530 keV.

The smooth energy dependence of the neutron sensit
correction indicated by Eq.~8! is only an approximation.
There could be significant stucture due to resonances in
materials from which the detectors and their immediate s
roundings are constructed. Previous measurements~e.g., Ref.
@22#! as well as Monte Carlo calculations we have ma
indicate that the largest effects in our apparatus should
due to aluminum and fluorine. The fact that we do not o
serve effects at the energies corresponding to large r
nances in these materials gives us confidence that the co
tions at energies away from these resonances
significantly smaller than given by Eq.~8!.

V. ASTROPHYSICAL REACTION RATE

Astrophysical reaction rates,NA^sv&, calculated from
our data, are shown in Fig. 8. We show reaction rates ra
than average cross sections to better reveal the temper
dependence apart from the 1/v factor. The Maxwellian-
averaged cross sections^s&5NA^sv&/NAvT calculated from
our data at selected temperatures are given in Table IV.
reaction rates and Maxwellian-averaged cross sections w
calculated from our resonance parameters using the me
described in Ref.@23#. In particular, the contribution from
broad resonances was obtained using numerical integra
Also, the very small 1/v component resulting from the por
tion 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

FIG. 7. Neutron sensitivity of the capture apparatus at OREL
Plotted is the ratio of the efficiency for detecting scattered neutr
to the efficiency for detectingg rays. The neutron sensitivity of the
Geel apparatus is shown for comparison. Note that the greate
neutron sensitivity of the apparatus, the larger the sam
dependent background in the measurements. See the text for de
3-11
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region! was included. The statistical uncertainties in the
action rates are negligible when compared to the overall n
malization uncertainty. From the uncertainty in th
197Au(n,g) and 6Li( n,a) cross sections@25#, the statistical
precision of the calibration measurements, and the rep
ability of the calibration runs, we calculate that the norm
ization uncertainty is 3%.

A. Direct-capture component of the reaction rate

Because the average cross section resulting from r
nances is small, the contribution from direct capture~DC! of
neutrons may constitute a significant portion of the total
erage capture cross section. This DC component canno
measured directly using the present technique, but it can
calculated reliably because sufficient information is availa
from other experiments.

FIG. 8. Astrophysical rates for the88Sr(n,g) reaction calculated
from the data of the present work plus the calculated contribu
due to direct capture~solid curve, with dashed curves depicting th
uncertainties!. Also shown is the evaluated rate of Ref.@23# which
has been used in most previous nucleosynthesis calcula
~circles! as well as the rate measured in an activation experimen@1#
~3’s!.
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To determine the DC contribution to the cross section,
performed a calculation using the codeTEDCA @26#. The the-
oretical cross sections th is derived from the direct-captur
cross sectionsDC using @27#

s th5(
i

Ci
2Sis i

DC. ~9!

The sum extends over all possible final states~ground state
and excited states! in the final nucleus. The isospin Clebsc
Gordan coefficients and spectroscopic factors are denote
Ci andSi , respectively.

For the determination of the optical potentials for t
bound state and the entrance channel, we used a folding
cedure. In this approach the nuclear target densityrT is
folded with an energy- and density-dependent nucle
nucleon interactionveff @28#:

V~R!5lVF~R!5lE rT~r !veff~E,rT ,uR2r u!dr, ~10!

with R being the separation of the centers of mass of the
colliding nuclei. The normalization factorl accounts for ef-
fects of antisymmetrization and is close to unity.

The nuclear densityrT was calculated with the wave
functions obtained from a mass model@29#. The only free
parameterl in the bound-state potential can be fixed by t
requirement of reproducing the binding energy of the cons
ered state. For the entrance channel, the value ofl was de-
termined from elastic neutron scattering data@30#. The mea-
sured thermal scattering length was reproduced by assum
l50.948. The reactionQ values were derived from the re
cent mass compilation@31# and experimental level informa
tion @32#.

In our calculation we accounted for capture to the grou
state (5/21) and to the first four excited states (1/21, 7/21,
5/21, 3/21). The possible transitions, which are consider
in the code, areE1, E2, andM1. The spectroscopic factor
Si were taken from a~d ,p! experiment@33#.

n

ns
l

TABLE IV. Maxwellian averaged neutron capture cross sections.

Thermal energykT ^sv&/vT ~mb!

~keV! From measurements From direct capture calculation Tota

5.0 8.97 0.22 9.1960.30
8.0 10.42 0.28 10.7060.34
10 10.02 0.31 10.3360.33
15 8.48 0.40 8.8860.27
20 7.13 0.47 7.6060.23
25 6.14 0.54 6.6860.20
30 5.40 0.61 6.0160.17
40 4.42 0.73 5.1560.16
50 3.81 0.84 4.6560.16
60 3.40 0.94 4.3460.16
70 3.09 1.02 4.1160.16
85 2.76 1.12 3.8860.16
3-12
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FIG. 9. 88Sr neutron capture and transmissio
data from the present work~circles with error
bars! and our SAMMY fits with the data~solid
curves! in the region from 270 to 350 keV. Also
shown are the effective capture cross sectio
calculated using the radiation widths of Refs.@5#
~dotted curve! and @7# ~dashed curve!. See the
text for details.
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Because all low-lying states have positive parity,p-wave
capture is dominant above thermal energy. In89Sr, negative-
parity states are found only above 2.3-MeV excitation ene
@32# and, therefore, will have lowerQ values and small spec
troscopic factors, both leading to a reduced contribution
the cross section. The negative-parity states cannot be
rectly included in the calculation because of the lack of sp
troscopic information, but their contribution can be es
mated. Assuming that the difference between the meas
thermal cross section@24# and the thermal value derive
from the resonance information in this work is entire
caused bys-wave direct capture, an upper limit for the D
contribution at thermal energy of about 2.2 mb can be
duced. Extrapolating the 1/v behavior, we arrive at an
s-wave contribution of 1.9mb at 25 keV, which is negli-
gible.

Capture to the 1/21 state at 1.032 MeV and to the 3/21

state at about 2 MeV contributes most to the capture c
section because capture to states with higher spins can
ceed only via odd partial waves withl .2 in the case of the
dominatingE1 transition.

The total DC cross section iss th50.33 mb at En
525 keV and has an energy dependence approximately
portional to En

1/2. Converting our result to a Maxwellian
averaged cross section, we arrive at a value of 0.54 m
kT525 keV, as compared to 6.14 mb resulting from t
measured resonances. Results at other temperatures are
in Table IV.

VI. COMPARISON TO PREVIOUS RESULTS
AND DISCUSSION

Our data are compared to previous work in Figs. 8 and
Our results represent a substantial improvement over pr
ous knowledge.

A. Resonance parameters

There is reasonable agreement between the capture
nels, (gJGnGg /G), from the fits to our data and previou
05580
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work @5,7#—with the exception that the capture kernels fro
Ref. @5# are, on average, somewhat larger, especially
those resonances with very largeGn . This difference would
seem to indicate that the correction for the backgrou
caused by the prompt capture of scattered neutrons was
derestimated in Ref.@5#. However, there is a more obviou
trend for the capture kernels of Ref.@5# to be systematically
larger than ours with increasing neutron energy. It is poss
that this trend could result from improper background su
traction or from improper corrections for resonance se
shielding and multiple scattering~because the neutron width
for many of the resonances were not known in the previ
work! and from an undercorrection for prompt neutron bac
ground in Ref.@5#. In our work, the backgrounds were de
termined in separate measurements, whereas in Ref.@5# these
backgrounds were estimated using a smooth function, wh
magnitude was adjusted in the fitting procedure used to
termine the resonance parameters. In addition, the s
shielding and multiple scattering corrections were well co
strained in our work because we had transmission d
Because both the relative sizes of the backgrounds and t
corrections increase with neutron energy, it is possible t
the observed trend~of the capture kernels of Ref.@5# to in-
crease with increasing neutron energy! could at least in part
be due to these effects.

In Fig. 9, we see further evidence that the prompt neutr
scattering background was underestimated in Refs.@5,7#.
This figure shows our capture and transmission data, our
to these data, and the effective capture cross sections c
lated using the resonance parameters of Refs.@5,7#. It is im-
portant to note that our data and our resonance param
havenot been corrected for the background resulting fro
the prompt capture of scattered neutrons, whereas the pa
eters of the previous works received substantial correcti
for this background. The calculations using the parameter
Ref. @5# is in fairly good agreement with the data for th
narrower resonances, but they are substantially larger
our capture data for the two broadest resonances near
and 325 keV. The calculation using the parameters of R
3-13
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@7# also appears to be larger than the data. However, only
parameters for the resonances with largeGg were reported in
Ref. @7#, so our parameters were used for the other re
nances which are shown in Fig. 9.

The correlation coefficientsr(gl
2 ,Ggl), which were de-

termined from our resonance parameters, are consider
different from those of Ref.@5#. In particular, ours-wave
correlation coefficient has opposite sign, 0.2360.06 herein
vs 20.18 in Ref. @5#. In addition, ourp-wave correlation
coefficients are significantly smaller, 0.5560.09 and 0.59
60.9 for p1/2 andp3/2, respectively, herein vs 0.78 and 0.9
in Ref. @5#. This finding is probably another indication th
the neutron-sensitivity correction was underestimated in R
@5#. On the other hand, ourp-wave correlation coefficients
are in agreement to within the quoted uncertainties w
those reported in Ref.@7#, 0.4060.23 for p1/2 and 0.57
60.16 for p3/2. Although these correlations are sizable, a
our data~and analysis! are much better than those previous
available, the fact that the (lJ) assignments for many
p-wave resonances remain uncertain makes interpretatio
terms of the valence model less than convincing. Even s
the Gg are assumed to bexn

2 distributed, then the variance
of the observed distributions suggestn53 andn57 for the
p1/2 and p3/2 resonances, respectively. The small number
radiation partial widths these numbers imply is also con
tent with the valence model.

The average radiation width for the firms-wave reso-
nances we observed~190 meV! is in reasonable agreeme
with the value reported~220 meV! in Ref. @5#. On the other
hand, the values we measure for the averagep1/2 ~220 meV!
and p3/2 ~280 meV! radiation widths are more than a fact
of 2 smaller than those reported~both 670 meV! in Ref. @5#.
Because in the present casep-wave resonances tend to b
much broader thans-wave resonances, it is likely that th
much larger average radiation widths forp -wave resonance
reported in Ref.@5# were the result of an undercorrection f
the backgrounds and self-shielding effects which are
cussed previously.

The values of the conventionally defineds- andp -wave
strength functions calculated from our resonance parame
(0.3260.06 and 5.160.6, respectively, in units of 1024) are
consistent with those resulting from earlier work (0.
60.1, 5.060.7) @14#. Similarly, our value for thes-wave
potential scattering radius~6.8 fm! is in agreement with ear
lier work ~7.1 fm! @14#.

B. Reaction rates

There is no indication of the resonance reported in R
@8# at 2.780 keV in our capture or transmission data on88Sr;
hence, if this resonance exists, it is much too small to h
any significant impact on the astrophysical reaction rate.
most likely explanation seems to be that this resonanc
actually in another strontium isotope. In Ref.@14#, there is a
resonance reported in87Sr1n at very nearly the same energ
~2.756 keV!. In addition, (n,g) measurements that we hav
made with a natural strontium sample also show a resona
at this energy.
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The reaction rate determined in this work is compared
previous results@1,23# in Fig. 8. For Ref.@1#, we show the
result of the actual measurement atkT525 keV in addition
to the more commonly quoted value resulting from the e
trapolation tokT530 keV. We do so because the 1/y shape,
used in Ref.@1# for this extrapolation, is clearly incorrect, a
shown in Fig. 8. Our total~resonance plus direct capture!
reaction rate atkT525 keV is in excellent agreement wit
the activation measurement of Ref.@1#. This result lends fur-
ther confidence to our direct-capture calculation because
difference between the Maxwellian-averaged cross sec
determined from our resonance data alone and the activa
measurement of Ref.@1# (0.5860.27 mb), is in excellent
agreement with the calculated direct contribution~0.54 mb!.
Hence, for the first time with our new data, the88Sr(n,g)
reaction rate is known with good precision across the en
range of temperatures needed by stellar models of thes pro-
cess.

The evaluated rate of Ref.@23# has been used most fre
quently in recents-process nucleosynthesis calculations. U
fortunately, the authors of Ref.@23# used the resonance pa
rameters given in Ref.@14# rather than those in the primar
sources to calculate the reaction rate. In Ref.@14#, the radia-
tion width of the firsts-wave resonance at 13.852 keV wa
scaled upward by 35% to fit the thermal cross section.
cause the level density is fairly low and because this re
nance is rather broad, this change causes a significan
crease in the reaction rate across a range of temperature
compared to the rate calculated using the reported@5# radia-
tion width for this resonance. It is also important to note th
both the rate and its uncertainty given in Ref.@23# have been
scaled@34# to the single-temperature measurement of R
@1#; hence, the uncertainty given in Ref.@23# is too small,
except atkT5 25 keV. Moreover, subsequent correction fa
tors@35# to the data of Ref.@5# have been disregarded in Re
@23#.

Even with the addition of the calculated direct-captu
component, our new rate is still about 9.5% smaller than t
of Ref. @23# in the kT 5 6–8 keV region, where most of th
neutron exposure occurs in currents-process stellar models
This smaller reaction rate will, in general, lead to an incre
in the 88Sr abundance calculated by a givens-process model
or, alternatively, to a lower neutron exposure required in
model to reproduce the observed abundances. With our
rate, the agreement between the results of stellars-process
model calculations@36# and recently measured isotopic ratio
in meteoric SiC grains@3# has improved although significan
differences remain. For example, the calculated88Sr/86Sr ra-
tios show a much wider variation than the measured rat
and, when plotted versus84Sr/86Sr, appear to be systemat
cally smaller than the measured ratios over most of the ra
of 84Sr/86Sr. These differences may be providing importa
clues for improving stellar models of thes process. However
the relatively large uncertainties in the86,87Sr(n,g) reaction
rates cloud the comparison between theory and experim
so, more precise measurements for these rates are need
attempt to understand these diferences in terms of ste
models.
3-14
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