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We have made new and improved measurements of the neutron capture and total cross se&iSnsifor
the Oak Ridge Electron Linear Accelerai@®RELA). 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, tf@r(n,y) reaction is an important bottleneck during
s-process nucleosynthesis. Hence, an accurate determination of this rate is needed to better constrain the
neutron exposure is-process models and to better understand the recently discovered isotopic anomalies in
certain meteorites. We performed &imatrix 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 tf&Sr+n 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 asptweave correlation coefficients we determined are
significantly smaller, and thewave 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 féf$h@, y) reaction to approxi-
mately 3% accuracy across the entire range of temperatures needgutdess models. Our new rate is in
good agreement with the results from a high-precision activation measuremieéft=25 keV, but it is ap-
proximately 9.5% lower than the rate used in most previous nucleosynthesis calculations in the temperature
range(kT=6-8 ke\), where most of the neutron exposure occurs in current stellar models ®ptheess. We
discuss the possible astrophysical impact of this new, lower rate.

PACS numbgs): 26.20+f, 25.40.Lw, 27.50+e

[. INTRODUCTION enough energies such as to determine accurately the low-
temperature reaction rates needed in the models, this conclu-
The 883r(n,y) cross section is important to nuclear astro-sion is based mainly on extrapolations of previous neutron-
physics for at least three reasofi$.8%Sr acts as a bottleneck capture measurements. Strontium is the normalization point
in s-process nucleosynthedit]. The A~ 100 region is com- for these data, and strontium is predominarftir. There-
plicated, with several different nucleosynthesis processefore, new measurements of t¥Sr(n,y) cross section are
contributing to the abundances of nuclides in this region. Foneeded at lower neutron energies to provide a more robust
example, the path of theprocess near strontium is depicted test of stellar models(iii) Nonsolar ratios for isotopes of
in Fig. 1. Although thes-process path is complicated by strontium and other elements have been observed in SiC
branchings at the radioisotop&%r and 8°Rb, all branches grains in certain meteoritg8]. Such observations provide
eventually lead througli®Sr. Because of its closed neutron the s-process abundance ratios for isotopes of several ele-
shell, the®8sr(n, v) reaction rate is very small, so it acts as aments, thereby greatly expanding the number of “effectively
bottleneck; hence, it is crucial to know accurately the cross only” calibration points for models of the process. Cal-
section for the®®Sr(n, y) reaction so that the relative contri- culations indicate that isotopes with smatl, {) cross sec-
butions of various processes to the solar system abundanctgns provide the most sensitive test sforocess models
can be disentangledii) It has been shown that a measure-when comparing the model results to the meteorite data.
ment of the Rb/Sr ratio in stars can be used to extract thélence, more precise reaction rates are needed for nuclides
neutron density during the process. Current resulfg] in-  such as®Sr to more fully exploit the opportunity offered by
dicate that the neutron density derived from these data igeteorite data for improved understanding of ghprocess
consistent only when the process occurs during the inter- and AGB stars.
pulse phase in low-mass asymptotic giant braféleB) There have been three previously reported measurements
stars. Because the cross sections were not measured to 1¢%4,5| of the 8Sr(n,y) cross section from which the reac-
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The measurements were performed using the ORELA
white-neutron-source facility. Neutron energy was deter-
Sr 86 87 88 —»p mined using the time of flight. The capture measurements
were made on ORELA flight path 7 at a source-to-sample
- distance of 40.12 m. The ORELA was operated at a pulse
Rb 85 —»19d—> 87 rate of 525 Hz, a pulse width of 8 ns, and a power of 7-8

I——1 kW. The sample was 2.54 cm wide by 5.08 cm high by
0.0106 at/b thick. A'B filter was used to remove overlap
neutrons from preceding beam bursts, and a Pb filter was
used to reducey-flash effects. These filters were placed in
the beam at a distancé 6 m from the neutron source. The
N =50 capture cross sections were determined using the pulse-
height weighting technique with a pair 0§Bg scintillators,

FIG. 1. Thes-process path in the strontium region. Arrows de- yhich served as the-ray detectors. The overall normaliza-
pict the path of thes process in this region. Solid boxes representiion of the counts to cross section was made via the saturated
stable nuclides, and dashed boxes indicate radioactive ones. Tpgsonance techniqu@] using the 4.9-eV resonance in the

thick boxes forSr and 8’Sr denote that these two isotopes are 197 . . ;
produced solely by the process and, hence, are important calibra- Au cross section. As described in R¢10], the capture

tion points fors-process models. The nucleosynthesis path branche@pp""r"’ltus has been improved |n.several significant vyays as
at #Kr and ®Rb, where neutron capture competes withdecay. compared to the setufll] used in most of the previous
However, all branches combine again®gr, which has a closed ORELA measurements. These changes have substantially re-
neutron shell K=50) and, hence, a very small neutron captureduced sample-dependent backgrounds and have improved
cross section. the accuracy with which absolute cross sections can be de-
termined. The changes have also simplified the calculation
tion rate has been determined. None of these previous meand improved the reliability of the pulse-height weighting
surements can be used reliably to determine the reaction rafenctions, which must be used in the conversion of the
across the range of temperatures needed for stellar modebunts to cross sections. These improvements were espe-
calculations[6]—the first[1] because it was made with a cially important in the current case because the capture cross
pseudo-Maxwellian source and, hence, determines the reagection is much smaller and the sample-dependent back-
tion rate at the single temperatuk@=25 keV, and the lat- grounds are potentially much larger than in any other of our
ter two[4,5] because they are too imprecise and because thytevious measurements.
did not extend low enough in energy. Also, subsequent work A ®Lj-loaded glass scintillator, located 43 cm ahead of
[7] has shown that relatively large systematic errors mayhe sample in the neutron beam, was used to measure the
plague these data. Finally, a resonance at 2.780 keV has begRergy dependence of the neutron flux. Separate sample-out
reported[8], but apparently ignored in evaluations of the background measurements were made, and measurements
reaction rate. Although the reported parameters for this resapith a carbon sample were used to subtract the smoothly
nance have large uncertainties, inclusion of this resonancgarying background caused by the sample-scattered neu-
leads to a 77% increase in the reaction rate at 5 keV over thgons.
rate calculated from all the other resonances reported in Ref. Two separate transmission measurements were made on
[5] Hence, itis vitaIIy important to make new measurementORELA flight path 1. In one measurement, hi-loaded

a5n |
o :
'i 11yr]I 86

Kr —» 84

in this energy range. glass scintillator was used at a source-to-detector distance of
80.117 m, and the sample was 0.0543 at/b thick. The
Il. EXPERIMENTAL PROCEDURES 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 measure-

The samples were isotopically enrich¢@9.83% &8s, ment, a plastic scintillation detector was used at a source-to-
0.12% ®7Sr, and 0.05%°¢Sr) metallic strontium. Because sample distance of 201.575 m, and the sample was 0.110 at/b
strontium metal is chemically very reactive, the sampleghick. The ORELA was operated at a pulse rate of 577 Hz, a
were fabricated in an inert atmosphere, and the sample fgulse width of 4 ns, and a power of 4 kW. In both measure-
the capture experiment was shipped in a vacuum containements, a°B filter was used to remove overlap neutrons from
During the experiment, the sample was placed in the evacyreceding beam bursts. In the 80-m measurement, a Pb filter
ated beam line between theray detectors. The samples for was used to reduce the effects caused by tHash at the
the transmission experiments were sealed in thin-walled, alseginning of each pulse from the ORELA, wdia U filter
minum containers. The use of metallic samples substantiallwas used for this purpose during the 200-m measurement.
reduced sample-dependent backgrounds and correctiorhese filters were placed in the beam at a distance of 5 m
factors—as compared to previous measurements in whicfiom the neutron source. The strontium sample was ex-
carbonate samples were used. In addition, the use of metallzhanged periodically with an empty container, which had the
rather than carbonate samples in the transmission expersame dimensions as the sample holder, and with polyethyl-
ments substantially increased the sensitivity to small resoene and bismuth absorbers, which were used for determina-
nances. tion of backgrounds.
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FIG. 2. Representative data
(pointg and sammy fits (solid
curves from our capturgtop) and
transmission (bottor) measure-
ments on®Sr. The effective cap-
ture cross sections have not been
corrected for finite-thickness ef-
125 13.0 13.5 14.0 14.5 24 2 28 30 fects. The corrections are included
50 by the codesammy ; hence, the fits
represent the theoretical cross sec-
tions, calculated from the reso-
nance parameters, after adjust-
ment for these sample-dependent
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lll. RESONANCE ANALYSIS widths obtained by fitting the capture data were consistent

with the transmission data. Originallit3], we had used the
was used to fit both our transmission and capture data ang>onance parameters in REf4] in the energy range above

extract resonance parameters. Orbital angular momenta up 0 keV as background levels—except that we allowed the
and includingf waves were included in the analysis. Channelneutron widths of some of the broader resonances in this
radii of 7.1 fm were used for all partial waves. region to vary to obtain better fits to the data below 350 keV.

Resonances in both the neutron-capture and transmissidie have since used our transmission data to obtain better
data could be fitted from 100 eV to 350 keV. Below this fesonance parameters in the 350—-950-keV region, resulting
range, the neutron flux on the sample was too low because #1 parameters for 342 resonances in this region. The radia-
the 1°B overlap filter. Above 350 keV, both the statistical tion widths fors- and p-wave resonances were fixed at the
precision and the energy resolution in the neutron captur@verage values previously given. In addition, the radiation
data were too poor to be able to include them in the resowidths for resonances of all the other partial waves were set
nance analysis. The 80-m transmission data were fitted fazqual to 280 meV. We decided to terminate the fitting at 950
energies below 160 keV. The 200-m transmission data werkeV because of the sheer number of overlapping resonances
fitted at higher energies because both the resolution and trend the strong interference effects. Above 900 keV, we did
statistical precision of these data were better than those of theot attempt to fit the narrower resonances. Representative
80-m data in this region. UsingaMMY, we determined the data and fits are shown in Fig. 3, where it can be seen that
parameters for 101 resonances in the energy range below 380r new parameters represent a substantial improvement
keV. Representative data and fits are shown in Fig. 2. Thever previous results. The parameters for resonances in this
resonance parameters are given in Table |. range are given in Table Il

Firm | andJ™ values could be determined for resonances Given the excellent energy resolution at ORELA and the
which were sufficiently strong in the transmission data. Usdarge resonance spacingrint-2Sr, we might expect to miss
ing the fitted parameters of these firm assignments, we der spuriously assign few resonances. If the resonance param-
termined average radiation widths of 19020, 220230, eter set can be shown to be relatively complete, then it would
and 280:210 meV fors;;, (13 resonancespy, (eight reso-  be useful for testing various models. However, we find that
nancey and p;, (18 resonancgsresonances, respectively. except fors waves, the firmness of théJ) assignments are
The uncertainties quoted are the standard deviations of tHess than satisfactory. Never the less, we report average reso-
distributions of the radiation widths. For weaker resonancesance parameters for bothand p waves because our data
or for those resonances which were visible in only the capand analysis are more extensive than any previous work.
ture or the transmission data, there is some arbitrariness in The distinctive interference shape of tlsevave reso-
determining the resonance parameters. In an attempt to minirances allowed for much more reliablé]Y assignments
mize the arbitrariness of these parameters, the prescriptiahan for the highet partial waves. A plot of the number of
outlined in Ref.[10] was followed. For example, for reso- observed resonances versus energy forstheves is linear
nances that could be seen in the capture but not the transmisp to about 700 keV, indicating few missing or spuriously
sion data, the radiation widths were fixed to the average valassigned resonances. To estimate the number of missing or
ues given previously while the capture data were fitted byspuriously assigned resonances, we used two tests. First, we
letting the neutron width vary. In all these cases, the neutrofitted the subset of thewave resonances, with reduced neu-

The multilevel, multichannelR-matrix codesaAMMY [12]
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TABLE |. sr resonance parameters in the region below 350 keV, where we fitted both our neutron
capture and transmission data. Note that, in the second column, two times the total angular momentum of
each resonance is listed.

E, 2J7 al’, r, gr',[,/T
(keV) (eV) (meV) (meV)
12.41 (1) 20.86+0.16 446.2:6.1 436.9-5.8
12.91 (1) 0.0048+0.0009 220 4.670.83
13.84 1 194.15+-0.54 80.5:7.4 80.5-7.4
18.21 (3) 0.0017-0.0008 280 1.680.80
20.81 (1) 0.0897-0.0054 220 63.72.7
23.61 3 132.14+0.87 131.5:4.8 262.5-9.6
26.98 (1) 0.0105-0.0025 220 10.12.2
29.52 3 137.0:1.2 198.9:6.5 397+13
36.78 (1) 0.0679-0.0082 220 51.94.7
39.07 (1) 3.89+0.47 84.2:6.3 82.4:6.1
40.15 (1) 0.099+0.012 220 68.25.6
46.47 (1) 0.118+0.018 220 76.87.4
47.95 (3) 0.151+0.014 280 119.29.0
48.57 1 7.97+0.68 66.3:7.7 65.7:7.6
53.79 (1) 2.24+0.55 116:11 105+10
54.66 (3) 38.5+1.4 221.1:7.8 43715
55.95 T 146.3:2.0 7912 7912
56.99 (3) 0.126+0.012 280 103.27.7
58.90 (1) 2.03+0.64 23.4-5.1 23.1+5.0
65.48 (1) 0.083+0.014 220 60.47.2
73.77 (3) 0.090+0.013 280 77.29.6
75.50 (3) 0.360+0.098 300:130 224x13
76.89 (3) 0.118+0.018 280 9812
88.56 3 421.7+6.2 99+11 19722
91.34 1 953+13 27333 27333
93.08 (3) 0.139+0.021 280 1114
95.37 3 447.957.5 22720 453+41
101.95 (3) 0.122+0.024 280 106:16
105.46 1 256.2+7.1 30526 305-26
107.45 (3) 0.143+0.024 280 11416
110.15 T 284.9+8.4 146+28 146+28
115.92 (3) 0.150+0.029 280 11819
117.15 (1) 0.091+0.034 220 6417
120.10 (1) 0.058+0.028 220 4616
122.29 3 3111+23 625+39 1249-77
125.95 (3) 0.129+0.029 280 10519
126.40 (3) 0.189+0.038 280 14%22
127.90 (3) 0.301:+0.058 280 196:26
132.85 (3) 0.152+0.036 280 11923
137.35 (3) 0.121+0.030 280 9921
141.68 1 501+13 79+29 79+29
147.30 (3) 0.226+0.042 280 16%23
150.20 (3) 43.4+7.2 84+20 166+40
150.87 T 1205+ 24 703:87 702+87
153.89 3 558+12 85+21 171£42
156.00 (3) 0.191+0.042 280 14225
160.85 (3) 0.227+0.069 280 16%34
169.85 (3) 0.105+0.039 280 8827
170.79 3 662.955.0 91+24 182+48
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TABLE I. (Continued.

En 27 al’, r, gr,r,/r
(keV) (eV) (meV) (meV)
173.38 (3) 2.06+0.29 339-41 509:50
177.85 (3) 6.3+1.1 196+21 37038
181.06 1 176.3:2.6 100+36 100+36
186.87 (1) 4.88+0.45 114-36 111+34
187.62 (3) 5.36+0.51 20229 376+50
192.85 (3) 0.198+0.056 280 146:34
194.81 1 47.4+2.9 166+50 166+49
195.23 3 2214.6+8.7 173-43 347+85
200.67 T 425.3+4.5 78+29 78+29
202.53 (1) 16.1+1.5 81+23 80+23
204.21 3 151.3+2.6 24022 47944
212.13 (3) 0.367£0.075 280 222:31
214.29 3 1000.0£5.5 191+24 382+48
224.76 (3) 3.82+0.47 153-24 28341
225.19 (1) 8.53+0.78 58+26 57+26
227.69 T 364.5+6.9 415-60 415+59
228.29 3 1885.4r9.5 94+32 188+65
230.20 1 1452+10 419+71 419+71
232.93 (1) 0.92+0.51 152:33 131+26
235.76 (1) 15.7¢1.1 56+23 56+23
241.08 (1) 10.23+0.92 11732 115+31
245.11 (1) 9.3+1.5 281+46 27343
246.06 (1) 10.9+1.9 126+38 124+37
247.03 3 3620+11 571+47 114193
252.02 (3) 0.197+0.050 280 14529
256.24 (1) 29.0+1.5 18736 186+35
258.67 1 476.3+4.4 33988 33988
258.99 3 48.1+2.1 319:44 62985
265.06 1 153.5:2.7 98+31 98+31
266.53 3 50.5+2.0 121+37 24173
267.96 (1) 7.0+1.8 67+33 67+33
270.60 (3) 0.187+0.054 280 14631
277.64 (1) 7.1+15 615+72 566+ 61
278.79 3 71.5+2.6 128+24 255+49
281.63 (3) 0.76+0.33 280-83 322+79
287.47 (3) 14.6+6.8 680+130 1246-220
289.49 3 2493231 718:96 1440190
297.82 (1) 11.8:1.8 70+26 70+26
298.04 (1) 12.5¢1.7 54+21 54+21
302.08 1 232.8+3.6 29770 296+70
302.96 3 2517.089.4 479+61 960+120
308.13 1y 96.5+2.5 68+30 68+30
310.96 (1) 5.8+1.2 286+52 273+48
318.81 1 21.2+1.6 17844 177+43
322.67 T 183.8+5.0 182+44 182+44
325.30 3 2208229 572+97 1140190
329.40 3 211.4+5.7 27+6 54+31
330.04 (1) 23.4+3.0 29+18 29+18
334.33 T 90.2+3.1 92+31 92+31
340.12 (1H 3.2¢1.2 10047 97+44
344.33 3 4053+12 90+33 181+66
347.29 1 202.0+3.7 64+23 64+23
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tion data in the region from 350 to 950 keV.
Shown for comparison is the total cross section
calculated using the resonance parameters of Ref.
[14] (dashed curves
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tron widths larger than one-fourth the average reduced newr spuriously assignegl,, resonances only up to 75 keV and
tron width, to a Porter-Thoma&T) distribution [15-17. no missed or spuriously assigneg,, resonances up to 150
The average reduced width for the optimal PT distributionkeV. The PT tests are consistent with 8 missmg and 10
provides a measure of the population’s mean reduced widthmissingps, resonances, although the observed distributions,
and, therefore, provides an estimate for the number of misseas shown in Fig. 4, are not in good agreement with the ex-
resonances. The results of this test &), resonances are pected PT distributions. If we assume that thep3p and 49
shown in Fig. 4. Extrapolation of the fitted PT curve to zerops,, resonances have been correctly assigned and that few
reduced width yields the estimate of no missgagave reso- small resonances are missed in our work, we can calculate
nances over the range of our measurement. A second test ftre correlation coefficients. For the 3§/, resonances, we
missing or spuriously assigned resonances for which incorfind p=(0.55-0.09). Drawing yf from a PT distribution
rect (1J) assignments have been made is provided byAthe  with a mean equal to that observed dhgfrom a x? with 3
test of Dyson and Mehtgl8]. Up to a neutron energy of 450 degrees of freedom, we find that the likelihood of exceeding
keV, the observed value of th; statistic is consistent with this value ofp is less than 1%. For the 48, resonances
no missed or spuriously identifiex},, resonances. Inclusion identified in our work up to 350 keV, we fing=(0.59
of a 58.90-keV resonance in tisg, resonance set produces +0.09). The probability of exceeding=0.59 is less than
values ofA; within one standard deviation of the expected 195,
value. Hence, this narrow resonance could besamave. Because fews-wave resonances up to 450 keV appear to
Above 450 keV, the\; test implies that a fevg-wave reso-  have been missed or spuriously assigned in this work, the
nances are missed or spuriously assignefi‘asBecause the s-wave level spacing is calculated using resonances below
swave assignments appear to be rather firm, the correlatioghat energy. The resulting-wave spacing iDo(1/2=(23.7
coefficient, p(y? .I',\), between the neutron widths and +2.9) keV. Even though thel]) assignments for the
y-partial widths can be calculated with some confidencep-wave resonances below 350 keV can be made unambigu-
Significant correlation coefficients have been interpréddd ously in only a few cases, we are confident that, in most
as evidence for the applicability of the valence model ofcases, at higher energies theassignments are reasonably
neutron captur¢l9]. From our fitted parameters ferwave  firm. Hence, we included all thp-wave resonances to cal-
resonances, we calculate that (0.23+0.06). Drawing re- culate an average resonance spacingXh.2) keV.
duced neutron widths from a PT distribution with?) equal The observed neutron strength functigpsare defined as
to that for the observed-wave resonances and radiation
widths from axz distribution with 18_ degrees of freedom, (Y2) NOPs—1 > Y5
we find a likelihood of exceeding this value pfof about g =M
6%. 19 D|J Nobs AEU !
The situation for thegp-wave resonancel) assignments
is much less satisfactory. The difficulty is that below aboutwhere theAE,; are the energy intervals between the lowest-
350 keV the shapes of thg,;, and p5, resonances are very and highest-energy resonances of typd)( The angle-
similar. Despite the excellent ORELA energy resolution, dis-bracket notation indicates the averaging process.s[hare
tinguishing between thp;,, and p;, resonances is possible approximately the slopes of the cumulative reduced width
only for the widestp waves. If the assignments shown in versus energy distributions, as shown in Fig. 5 for $he,
Table | are assumed correct, thg test indicates no missed p4;, and ps, resonances. Thg; values were determined

1
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TABLE 1I. 88Sr resonance parameters for the region above 350 keV.

E, 237 gl E, 237 gl E, 237 gl
(keV) (eV) (keV) (eV) (keV) (eV)
350.86 T 47.7+25 49142  (3) 64.6-35 61346 (5) 148.9-5.1
353.64 T 17.1¥2.2 49281 3 325814  615.30 1T 470+10
355.03 T 472.7+5.4 49478  (3) 541+32 61579 (3) 102.5:57
358.98 T 447+22 49731  (3) 33.4+29  616.96 I 5071+40
364.88 3 990.4-6.0 50247  (3) 2762+14 61845 (7)  168.4:6.6
368.18 T 158.1+4.6  505.92  (5) 13.3+29 61955 (5)  58.4+6.6
368.30 3 140.5-3.3 506.14 1 3699+28 620.89  (3)  28.5+4.2
37021 3 335+2.2 50652  (3) 11523 62120 (I) 156.9¢6.4
37357 3 28.1+2.1 506.93  (5) 15.8+3.3  621.99 (I) 22.1+7.6
37770 3 154.6:3.0 507.36  (5) 15541 62319 (I)  60.1x7.1
37946 3 68.142.7 509.33  (5) 25332 62358 (3)  346+10
38229 3 706.3-55 51379  (3)  136.4+4.7 62572  (5) = 22.2¢3.7
38585 T 938+11 51650 1 584.1+9.7 62695 (5) 17016
386.08 3 4395-14 52103 T 14568-849  627.09 (5) 187.5-9.6
39224 1 244+18 52092 3 43008+65 62824 (3)  317+6.0
40058 3 332.9:4.4 52221 (5)  101.6:65  632.67 1T 339.4:7.1
403.96 T 615823 52490 3 1146+30 637.58  (5) 116.4:5.8
408.46  (5) 31.8:2.6 52884 (7)  239.8/60 63820 (5) 194.3+6.3
409.11  (3) 39.3r2.8 53058 (5)  115.1+4.9  639.07 (7)  82.5:8.9
409.28 (5)  1165:35 53175  (3) 7.7+26  639.30 (7) 280.3:9.7
409.82 (%) 10.9+2.2 532.86 (5)  236.4:53  639.53 3 1243240
41011 3 357.9-4.7 53366  (7) 11.7+4.8  643.88 I 395+11
41886 1 478560 53526 3 2203+14 65213 (5)  87.0:5.6
42245  (3) 1913+13  536.66 I 10997£65  6522.44 (5) 109.4:56
42264 1 224+29 54243 3 3048+20 655.83 1T 42.3+38
42290 T 109.2:6.1 54260  (5) 49.3r58  656.60 (5) 31.2+4.3
42330 T 95.3+4.4 54462  (5) 27.0:53  659.84 I  303.6:9.5
426.87 (3) 63.7t2.9 54553 3 218215 660.68 T 140+6.8
43058  (5) 30239 55143 T 51530  662.09 3 2952¢21
43069 3 1135981 55315 3 1918+18 664.62 (5) 115.9¢5.8
432.86 (3)  114.6+34 56344 3 1487832 666.29 3 1390653
436.09 T 374567 564.47  (5) 84.7+53  670.69 T 33612
437.92 T 13.742.7 571.05 (5) 382632 67115 (7) 131.3¢6.6
44132 T 718.8+9.5 57061 3 16.3+6.0  672.62  (7) 446.9:52
44165 3 1640333 57118 I 1759+16 673.09 (5)  44.2+5.0
44625 T 118.5¢5.0 57472 7 76.7+3.7 67389  (7)  50.3+5.1
44704 T 66.8-4.0 57519 (5)  105.8:5.2 67440 (5) 182.8¢5.6
455.76 1 6.8-1.7 58155 3 7198+26 676.17 (5) 141.6+5.3
458.35 (3)  2295-39 58481 T 3132+29 676.76  (7)  40.3+4.5
460.09 1 20.1+2.1 58572 (3)  177.7+55 67752 (5)  51.0:4.9
466.11 T 38433 589.46 3 23370-46 678.11  (5)  49.4+50
469.38 (3)  411.1+46 591.94 3 260+21 678.64  (7) 273.3t7.0
47549 3 899.4r7.4 592.32  (5) 38.8:5.0  680.22 3 8295+45
477.07  (5) 65.7+4.0 59340 (3)  193.3t6.2 68119 (7) 135.3+85
47762 T 374.1+75 596.11 (3)  182.9:59 68152 (5) 156.5:8.4
480.86  (3) 54.1+3.1 598.88  (5) 66.7+55 68223 (5) 60.2+6.5
48530 T 196.3¢6.2 60041  (7) 51.1+52 68285 (5)  40.3+5.9
486.74 (5)  253.7+7.6 60312  (3) 432+41 68472  (7) 282.9¢7.2
486.96 T 133.1+9.0 60465 (7Y 40.9+6.3  686.40 T 21.6+4.0
48718  (5) 352+39 60590 1 53.9+3.6  687.25 T 295+4.1
48754  (3) 15.063.4  611.00  (3) 48.3+42  687.79 T 29.4+4.1
48758 3 3688+15  611.87  (3) 48.9vr42 68832 (5)  15.1+3.8
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TABLE Il. (Continued.

E, 23" al', E, 23" al', E, 23" al',
(keV) (eV) (keV) (eV) (keV) (eV)
689.93 (7)) 82.8+55  767.04 (5) 412+11 82850 (5)  119.3+85
693.42 T 1039:66  767.71  (5) 75.6-8.1 83260 (5) 576+13
693.46  I' 57.7+7.7 77042 (1) 112+13 83317 I 1331+55
694.33 (7) 201+13  770.04 (7) 120+33 83400 5 395+19
69490 (5) 324+21 77028 7 308+53  836.11 (1)  1163+23
694.57 (7) 316+27 77262 3 165537  837.36 T 72.4+7.3
695.03 (5 140+16 77470 (3)  q19405-13  838.50 (1) 36.4+5.8
695.83 1’ 28.1+43 77455 5 210+110 839.69 (5)  299.8:8.3
696.88 1 1207490 77488 5 66314 84054 (1) 75.2+6.2
696.95 (7)) 40.2+55 77581  (7) 440+7.0 84147 7 213.4-8.1
697.43 (5) 68.9-6.4 77638  (7) 116.9+8.3  842.67 (7) 25.2+5.9
697.81 (7) 98.0-7.6 78050 3 228515  846.03 (7)  101.2:8.0
698.23 (7)  139.4:84 78024 I 534+26 84753 (3) 391+12
698.65 (5) 90.0+7.6 78190  (5) 101+11 84790 7 77011
699.04 3 3054+34 78238  (7) 174.6+9.3 84961 (5) 215+11
699.38 1’ 52.2+6.6 78282 (7) 147.0-82 85028 3 1503+22
700.12  (5) 56.4+9.3 78330 (5) 125779  850.98 (1)  1620+33
70417 T 34.0:46 78531 3 12002:67  851.97 3  38570+140
70478  (5) 44.9+59 78555  (5) 191.1+8.8  853.26  (7) 71.0-8.9
70548  (5) 442+6.4 78619 (7) 262+11  861.36 5 113.8¢9.0
70609 (5) 3352c82 786.74 (7) 25010  862.31 (1) 60.9+7.2
70865 3 739444 78840 (3) 532+11  863.85 (7) 64.0-8.7
709.71  (7) 70.9-6.9 78817 7 460+23  866.75 1 526+17
71041  (5) 925+7.1 79344  (5) 190.6+8.0  868.47 (1) 53.2+7.1
71457 (5)  131.1+6.4 79443 (3) 14739.8-9.4 87032 (1) 38.3+6.4
71589 T 3064+33 79434 5 156-62 87139 5 78.9+8.2
716.98 (5) 239.2+8.9 79482 (7) 428+12 87212 (7) 87.7+8.4
71707 T 490+16 79531  (7) 182+10  874.94 3 3012+28
71911 (5) 144485 798.66 (5) 375.4-95 87497 (5) 120+0
71953 3 519+20  801.29 (5) 129.1+8.7  877.72  (7) 462+12
72250 (5) 154569  801.88 T 46.4+62 87820 (5) 86016
72310 3 463327 80251  (5) 214.1+88  878.85 7 255+10
72438  (5) 67.1+55 80425 (5) 102.1+7.8  880.07 (5)  265.8:9.9
726.86  (5) 40.2¢55 80741 (7) 280.2+8.3  880.67 (7) 521+11
73113 3 15094:43  808.71 3 745+11  881.18 (5) 539+12
731.63 (5) 112.6+7.1 81094 T 29.1+56 88178 7 531+12
73493  (5) 53.9+56  811.72 T 40.6+5.6 88373 (1) 19.6x7.4
73952 3 643128  812.87 (7) 216.7+9.3 88357 (1) 17.8x7.4
73967 T 373+12 81334 (7) 272+11 88437 7 241.4-9.2
74379 T 718+14 81376 3 1306:20  885.22 (1) 28.1+6.1
74381 T 20450 81426 1 1482¢32  887.65 (5) 70.9+7.7
74723  (5) 61.6+55 81555 (5) 77.2-95 88832 (7) 82.8+8.4
75112 (5) 66.2+6.2  816.13 (5) 48.9vr7.4  889.16  (5) 614+13
754.67 3 1554761  816.90 (7) 133.3-7.8  889.71 (5) 170x12
757.94 (5) 230.0:7.0 82023 (5) 294.9+88 89056 7 891+14
75890 (5) 241.2r7.0 820.83 3 1079861  891.09 5 484+12
761.83 (5) 309.8c7.7 82129 T 15.5¢6.2  891.68 (7) 618+13
764.15 T 408+11 82168 1 67.4-83 89279 5 207+14
765.62  (5) 46.8:6.6 82241 (5) 501.79.7 89315 5 377+16
766.16 (7)) 64778 82297 3 5434+45  893.83 (3)  32920:150
76626 3 31360170 82382 T 48.1+67  893.85 (7) 133+11
766.63 (7)  1445:98 82764 3 4227+30 89453 7 97+13
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TABLE Il. (Continued.

E, 2J7 gl E, 2J7 gl E, 2J7 al,

(keV) (eV) (keV) (eV) (keV) (eV)

89550 (7)) 86+18  905.66 3 885x17 93382 (7) 69+17
895.56 1t 326£29 91142  (7) 52.3:7.6 93426  (7) 1541+19
896.62  (7) 119+10  931.76  (7) 495+ 15 939.11 (7)) 1546+15
898.73  (5) 91+21  913.88 1 622+24 940.78 1 79.8+7.6
899.09  (7) 501+21 91582  (7) 301+10 94229  (7) 615+12
899.29 1 51760  917.05 i 127.958.9  943.34 i 199+11
899.44  (5) 388+26 92143  (7) 113+96 94420  (7) 414+13
900.04 (7) 83+14 92049  (3) 20346+ 11 94542  (7) 455+14
902.48 1 237£13 92844  (7) 1226+13 94756  (7) 35+11

904.25  (7) 32413 93038  (3) 8637459 94823  (3)  20270:210

from a linear fit to the observed cumulative reduced widththe present work, these corrections are negligible for the
distributions up to 450 keV for the waves and up to 950 s-wave resonances and not well known for thevaves.
keV for the p waves. The resulting values are (0.010 The strength functions given above were calculated using
+0.004), (0.075:0.014), (0.22-0.03), respectively, for R-matrix reduced widths. The strength function which has
S1/2, P12, andps,. Perhaps a more meaningful quantity to been most often reportdd4] in the earlier literature is the
report for thep-wave resonances would be the strength func+atio
tion calculated by grouping all such resonances and using
g,7? rather thany? . The resulting>-wave strength function (T'ny)
. . = , (2
is (0.17=0.02). The observed strength functions should be 77 Dy
corrected for the effects of missed resonances. However, in

where thel'},; are the conventionally reduced widths,

6of : . [lew\ 2T,
nd— 7E T’ (3)
40 . AJ [
201 1 T T T T T T T T T
8 Sir2 =t 1
(7] 0 -
8 @
580 - . . . T T T __af T i
>
§60 P12 ] ? |
[ ] ~ 0
€0 - £
5 ] — . — — —
$207 1 i 60
2 @
g 0 L S 2
> 0 10 20 30 40 50 60 70 80 90 100 110 g
120 . . . . . . '::) 20
>
P32 £ o0
80 1 S
§zoo
40 [ ] 150
0 100
0 20 40 60 80 100 120 140 50
Y}.,,n(ev1/2)

0 100 200 300 400 500 600 700 800 900 1000
FIG. 4. PT distribution fors andp waves. Plotted are the num- E, (keV)

ber of resonances having a reduced width amplitude larger than a

given size versus the size of the reduced width amplitude. In each FIG. 5. Cumulative reduced width versus resonance energy for

subplot, the histogram shows the results from our resonance analg- and p-wave resonances. The solid “staircase” curves are the

sis, whereas the dashed curve shows the theoretical PT shape leaatmulative reduced widths determined from our resonance analysis.

squares fitted to the data having reduced widths greater than 1/4 tféhe dashed curves are from the optical model fits to the @@

average width. the text for details
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TABLE lll. Parameters defining the externRl functions.
Iy ay by (ev™h) s
S/ —4.3x10°? 2.8x10°8 1.0x10°?
P12 0.45 3.%10°7 7.5x10°?
P32 0.43 -1.8x10°7 0.22 %:
dap -0.70 2.3K10°° 4.1x10°? 160 E
_ _ [ 7
dsj, -25 3.3x10°° 2.6x10°° 1.20 Py //I:_j,xz
fep 1.0x10°3 4.6x1077 0.24 o0l IR, S
g TE Tt ¥
o 1.0x10°3 9.0x10 8 0.19 040 =TT TE
K: g L P: '3/2
0.00 EIIE
and thev, are the neutron penetration factdi<!] for partial %0 10 20 00 400 50 00 700 80 900 1000
waves with orbital angular momenta The strength func- E, (keV)
tions S;; ands;; are related by
FIG. 6. Comparison of th&®" functions from our resonance
4 A analysis(points with error bansto those calculated by fitting an
S;=4%10 macSIJ ' (4) optical-model potential to these datzurves.

wherea,=7.1 fm (in this work). The relationship between tively. The fitted surface imaginary well depths are 1.5
S,; andsy; is discussed more fully in Ref20]. The value of ~*0.1 MeV, 2.4-0.3 MeV, and 4.20.3 MeV for s,
the conventionally definestwave andb-wave strength func- P12, and psp,, respectively. A spin-orbit well deptVs,

tions from this work areS,=(0.32+0.06)x 10" % and S, = =8+1 MeV was determined by requiring the same real
(5.1+0.6)x 104, well depth for bothp-wave channels.
In our analysis, the extern&-functions RIEJXI(E), which The sswave potential scattering radil®’ is determined

represent the effects of resonances outside the fitted enerfipm ﬁoyl,z(E), which was evaluated ne&=0,

range €w=0 to E,,=955 keV), were parametrized as _

e e R'=aJ]1-Ry1(0)]=6.8 fm. )

RFJXt(E)ZﬁJ(E)—SﬁXtmEipE : (5 (Note thatR’ is independent of the value chosen for the
low channel radius, .)

This representation was uséd because it has been found
[21] to give a good average description of the effects of the IV. NEUTRON SENSITIVITY CORRECTION
external resonances, especially near the end points, where the

effects of resonances just outside the fitted range are particu- Since the kmpl;ancgtlaqné?_tlog of thehnew ap{oaratctijs fang
larly important, and(i) because it lends itself to interpreta- Measurements a KL0], we have not made correc-

. £ th ical model = tions to our resonance parameters for the background result-
tion in terms of the optical model. We parametriZéd(E) ing from the prompt capture of scattered neutrons. In the old

by ORELA setup, this “neutron sensitivity” background could
— be substantial for resonances with large neutron widths.
Ri(E)=a,+Dby,E, ©) Since the change fromgE; to CsDg detectors, the replace-
- ment of the aluminum beam line and sample changer appa-
where the coefficienta,; andby; were free ptarameters de- atus with a much less massive carbon fiber beam tube, and
termined in the fit to the data. The choicesjf' followed an 0 glimination of the massive metallic cans which enclosed
iterative procedure; it was finally chosen to give a good deyhg getectors, this background has been reduced so much that
scription of the observed average reduced neutron width P&f o5 tar has been immeasurable. However, the relatively
energy interval within the fitted energy range. In Table llI large level spacing and small cross section #88r(n, )

are listed the values d;, by;, and sy, which were de- 0w us to make a good determination of the upper limit for
rived from the R-matrix analysis. The values ®3E),  this background. The data show that the prompt neutron sen-
which were evaluated at a few energies, are shown in Fig. &itjvity of the ORELA apparatus is much smaller than that of
Well depths for the spherical optical model poten@MP)  any other similar apparatus for which data have been pub-
were least-squares adjusted to fit the obseRgtand inte-  Jished and that the corrections due to this effect are very
grated strengtlisee Fig. % following the procedures of Ref. small or negligible in all cases we have studied to date, thus
[21]. The summed strength was used because that statisticjigstifying our lack of corrections to previous data. To calcu-
relatively unaffected by a few missing small resonances. Theate the size of this background, we compared our data to
resulting optical-modeRf}" and integrated strength are com- measurements of®Pb(n, y) [22] and &8Sr(n, y) [7], which
pared to the values extracted from tRematrix analysis in  were made with a similar apparatus at Geel. In R2g],
Figs. 5 an 6 . The fitted OMP real well depths are 50.2 time-of-flight peaks at 27.05 and 34.75 keV, due to the
+0.2 MeV and 53.530.2 MeV fors andp waves, respec- prompt capture of neutrons scattered from &b sample
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by the fluorine and aluminum housing of thgllz detectors, 10° ' '

are clearly evident. We used the data in Fig. 5 of Rg#]to |~

estimate the effective capture areas of the fluorine and alu | "

minum peaks to be 14.2 and 22.9 b eV, respectively. Inourg- | e

8Sr(n,y) data, such peaks are not visible. However, we& o4} el 1
have usedsAMMY to extract upper limits on their capture B
areas by fitting our data in the regions of these peaks anc
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. ® Comi }Geel
Our results must be scalddy a factor of 1.29to account =~ | |~ Allen et al.

for the larger scattering cross section ¥fPb as compared —
to that of #Sr. The resulting ratios indicate that the sensitiv- . . .
ity of the Geel apparatus to this background from scatterec 1% 10! 102
neutrons is at least 7.@luorine) to 9.1 (aluminun) times E, (keV)

worse(i.e., greaterthan ours. Considering the fact that ex- o

tracting an upper limit for the fluorine resonance from our  FIG. 7. Neutron sensitivity of the capture apparatus at ORELA.
data is complicated by émuch narrower SSSr(n,y) reso- Plotted is the ratio of the efﬂmency for detecting scatt.e.re.d neutrons
nance at almost the same energy, these two ratios are in goHﬂthe efficiency for detecting rays. The neutron sensitivity of the
agreement. Although the number derived from the aIuminumGeel apparatus is shown for comparison. Note that the greater the
resonance should be more reliable, we used the more cons utron sensitivity  of .the apparatus, the larger the Sample_'
vative average ratio of 8.4. The larger neutron sensitivity O(‘%ipendent background in the measurements. See the text for details.
the Geel apparatus is most likely a result of the much larger .

amount of fluorine and aluminum in their detector housingsBecause the corrections are small and because most of the
Because of the similarity of the apparatus, we expect that thEeSonances with the largest corrections havc_a relatlvely small
energy dependence of this background is the same &_@pture areas or are at relatlvgly high energies, there is very
ORELA as it is at Geel. Unfortunately, the exact energyIlttle effect on the astrophysical reaction rate_determlned
dependence of the correction factor is not given in 2. from our data. We calcul_ated that the effect of this correction
However, a preliminary estimate of the energy dependencl$ 0 decrease the reaction rate by 0.95%®&+8 keV and

of the neutron sensitivity of the Geel apparatus was given ip-60% atkT=30 keV. "
Ref.[7]. Using the formula given in Ref7], we calculated a The smooth energy dependence of the neutron sensitivity

correction factor of 4.810° for the 77.85-keV resonance Correction indicated by Eq(8) is only an approximation.
in 2%, This value is in agreement within the quoted un-There could be significant stucture due to resonances in the

certainty with the value given (6:010"5) for this resonance materials from which the detectors and their immediate sur-
in Ref. [22]. In addition, the energy dependence of the cor-oundings are constructed. Previous measurentergs Ref.
rection factor given by the formula in Reff7] follows the _[221) as well as Monte Carlo cr_allculatlons we have made
general trend of the various estimates of the neutron sensidicate that the largest effects in our apparatus should be
tivity correction factor given in Ref22]. For these reasons, du€ to aluminum and fluorine. The fact that we do not ob-
we used the energy dependence given in R&f.scaledby  S€rve effects at the energies correspc_)ndmg to large reso-
a factor of 6.0/4.9 to the data of RéR2], and scaledby a nances in these materials gives us confidence that the correc-
factor of 1/8.4) for the smaller neutron sensitivity of our iONS at energies away from these resonances are
apparatus. The resulting upper limit on the correction for thesignificantly smaller than given by E¢).

neutron sensitivity of our apparatus, expressed as an amount
by which ourI", values must be reduced, is

tivity

NSl

105¢F

Neutron Sel

V. ASTROPHYSICAL REACTION RATE

C,=2.4x10"%E, °fr,,, (8 Astrophysical reaction ratef\a(ov), calculated from
our data, are shown in Fig. 8. We show reaction rates rather
where the resonance energy,, is in keV and the correction than average cross sections to better reveal the temperature
is in the same units as those of the neutron width This  dependence apart from thevlfactor. The Maxwellian-
correction factor for the ORELA apparatus is compared tcaveraged cross sectiofis) =N {ov )/N vt calculated from
that for the Geel apparatus in Fig. 7. our data at selected temperatures are given in Table IV. The
Thel', values, given in Table I, have been corrected us+eaction rates and Maxwellian-averaged cross sections were
ing this formula. The corrections are negligible in almost allcalculated from our resonance parameters using the method
cases. Only 16 of the 101 resonances have corrections largéescribed in Ref[23]. In particular, the contribution from
than 1%, and for eight of these the corrections are this sizbroad resonances was obtained using numerical integration.
only because they have comparably small radiation widthg\Ilso, the very small I/ component resulting from the por-
(I'y<100 meV compared to an averagjg of 200 to 300 tion of the thermal cross secti¢@4] (the value given in Ref.
meV). The largest correction is 7% for the 13.846-keV reso{14] is incorrect by a factor of 10not accounted for by
nance, which has a small radiation width,=80.5 meV. known s-wave resonancesin the 100 eV to 350 keV

055803-11



P. E. KOEHLEREet al. PHYSICAL REVIEW C 62 055803

1.0 ' ' ‘ ' ' To determine the DC contribution to the cross section, we
performed a calculation using the cotdepca [26]. The the-
= 09} oretical cross section™ is derived from the direct-capture
E cross sectiowC using[27]
£ os|
5 o"=2 CiSoP”. )
too I
Z 07
A This Work (Including D.C.}
§ 2 5:::;;{;52":7“ Winters The sum extends over all possible final stafg®und state
=06l - . and excited statesn the final nucleus. The isospin Clebsch-
Gordan coefficients and spectroscopic factors are denoted by
0.5 , , , , C; andS;, respectively.
) 10 20 30 40 For the determination of the optical potentials for the
KT (keV) bound state and the entrance channel, we used a folding pro-

cedure. In this approach the nuclear target dengityis

FIG. 8. Astrophysical rates for tH&Sr(n, y) reaction calculated . :
from the data of the present work plus the calculated contributionfoIded with an energy- and density-dependent nucleon

due to direct capturésolid curve, with dashed curves depicting the nucleon interactiom i [28]:

uncertainties Also shown is the evaluated rate of REZ3] which

has been used in most previous nucleosynthesis calculations _ _

(circles as well as the rate measured in an activation experifildnt V(R)=AV(R)= 7‘] p1(Nver(E,pr,|R=r])dr, (10
(X’s).

with R being the separation of the centers of mass of the two

region was included. The statistical uncertainties in the re-colliding nuclei. The normalization factor accounts for ef-
action rates are negligible when compared to the overall norfects of antisymmetrization and is close to unity.
malization uncertainty. From the uncertainty in the The nuclear densityp; was calculated with the wave
197Au(n,y) and ®Li(n,a) cross sectionf25], the statistical ~ functions obtained from a mass mod@9]. The only free
precision of the calibration measurements, and the repeaparametein in the bound-state potential can be fixed by the
ability of the calibration runs, we calculate that the normal-requirement of reproducing the binding energy of the consid-
ization uncertainty is 3%. ered state. For the entrance channel, the value whs de-
termined from elastic neutron scattering dggf]. The mea-
sured thermal scattering length was reproduced by assuming
A=0.948. The reactio values were derived from the re-

Because the average cross section resulting from res@ent mass compilatiof81] and experimental level informa-
nances is small, the contribution from direct capt(®€) of  tion [32].
neutrons may constitute a significant portion of the total av- In our calculation we accounted for capture to the ground
erage capture cross section. This DC component cannot state (5/2) and to the first four excited states (1/27/2",
measured directly using the present technique, but it can b&2", 3/2"). The possible transitions, which are considered
calculated reliably because sufficient information is availablan the code, aré&€1, E2, andM 1. The spectroscopic factors
from other experiments. S; were taken from &d ,p) experiment33].

A. Direct-capture component of the reaction rate

TABLE IV. Maxwellian averaged neutron capture cross sections.

Thermal energkT (ov)lvy (mb)

(keV) From measurements From direct capture calculation Total
5.0 8.97 0.22 9.190.30
8.0 10.42 0.28 10.700.34
10 10.02 0.31 10.380.33
15 8.48 0.40 8.880.27
20 7.13 0.47 7.680.23
25 6.14 0.54 6.680.20
30 5.40 0.61 6.010.17
40 4.42 0.73 5.150.16
50 3.81 0.84 4.650.16
60 3.40 0.94 4.340.16
70 3.09 1.02 4.110.16
85 2.76 1.12 3.880.16
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15 i
. Data, This Work
Caplure ll Flz:,t?rhlsl\?\lorzr
{ Boldeman et al.
~ lor ] Allen et al.
-g i
v 5|
FIG. 9. 8Sr neutron capture and transmission
data from the present workcircles with error
0 barg and oursammy fits with the data(solid
curves in the region from 270 to 350 keV. Also
c 08 Transmission | ;:’t:hTizi‘;"mrk shown are the effective capture cross sections
o * calculated using the radiation widths of RdfS]
8 0.6 (dotted curve and [7] (dashed curve See the
g 0.4 text for details.
c
e
= 02
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270 280 290 300 320 330 340
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Because all low-lying states have positive parfiswvave  work [5,7]—with the exception that the capture kernels from
capture is dominant above thermal energy®i8r, negative- Ref. [5] are, on average, somewhat larger, especially for
parity states are found only above 2.3-MeV excitation energyhose resonances with very larfig. This difference would
[32] and, therefore, will have lowe values and small spec- seem to indicate that the correction for the background
troscopic factors, both leading to a reduced contribution teaused by the prompt capture of scattered neutrons was un-
the cross section. The negative-parity states cannot be derestimated in Ref5]. However, there is a more obvious
rectly in_clu_ded in the calculatior_1 becau_se qf the lack of SPeCtrend for the capture kernels of REE] to be systematically
troscopic information, but their contribution can be esti-|arger than ours with increasing neutron energy. It is possible

mhated.IAssuming that the diﬁerﬁnci betwleenlthe measurgflat this trend could result from improper background sub-
thermal cross sectiop24] and the thermal value derived 4o ion or from improper corrections for resonance self-

from the resonance information in this work is entirely shielding and multiple scatterin@ecause the neutron widths

causgd p)s-wave direct capture, an upper limit for the DC for many of the resonances were not known in the previous
contribution at thermal energy of about 2.2 mb can be de-

duced. Extrapolating the d/behavior, we arrive at an work) and from an undercorrection for prompt neutron back-

s-wave contribution of 1.9ub at 25 kév which is negli- ground in Ref[5]. In our work, the backgrounds were de-

gible ' termined in separate measurements, whereas irf Rahese
Cépture to the 1/2 state at 1.032 MeV and to the 3/2 backgrounds were estimated using a smooth function, whose

state at about 2 MeV contributes most to the capture Cros@ag_nitude was adjusted in the fitting procedu_r_e used to de-
section because capture to states with higher spins can prBe_r_mm_e the resonance pargmeters. In_ addition, the self-
shielding and multiple scattering corrections were well con-

ceed only via odd partial waves with-2.in the case of the strained in our work because we had transmission data.

dominatingE1 transition. . .

(e th_ Because both the relative sizes of the backgrounds and these
_ The total DC cross section isr'=0.33 mb atE, corrections increase with neutron energy, it is possible that
=25 keV and has an energy dependence approximately P'%e observed trencbf the capture kernels of Reff5] to in-

i 1/2 . .
portional to E,,". Co_nvertmg our result to a Maxwellian crease with increasing neutron energpuld at least in part
averaged cross section, we arrive at a value of 0.54 mb e due to these effects

KT=25 keV, as compared to 6.14 mb resulting from the_ In Fig. 9, we see further evidence that the prompt neutron-
measured resonances. Results at other temperatures are g'\é%ﬁttering background was underestimated in REE].
in Table IV. This figure shows our capture and transmission data, our fits
to these data, and the effective capture cross sections calcu-
VI. COMPARISON TO PREVIOUS RESULTS lated using the resonance parameters of R&f3]. It is im-
AND DISCUSSION portant to note that our data and our resonance parameters
Our data are compared to previous work in Figs. 8 and 9have not been corrected for the background resulting from
Our results represent a substantial improvement over prevf—he prompt captu_re of scattered ngutrons, Wher_eas the param-
ous knowledge. eters_of the previous works rece_lved SL_JbstantlaI corrections
for this background. The calculations using the parameters of
Ref. [5] is in fairly good agreement with the data for the
narrower resonances, but they are substantially larger than
There is reasonable agreement between the capture keyur capture data for the two broadest resonances near 290

nels, (gI'yI",/T"), from the fits to our data and previous and 325 keV. The calculation using the parameters of Ref.

A. Resonance parameters
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[7] also appears to be larger than the data. However, only the The reaction rate determined in this work is compared to
parameters for the resonances with laFgewere reported in  previous result§1,23] in Fig. 8. For Ref[1], we show the
Ref. [7], so our parameters were used for the other resoresult of the actual measurementkdt=25 keV in addition
nances which are shown in Fig. 9. to the more commonly quoted value resulting from the ex-
The correlation coefficients(y? .I",)), which were de- trapolation tokT=30 keV. We do so because thesEhape,
termined from our resonance parameters, are considerablysed in Ref[1] for this extrapolation, is clearly incorrect, as
different from those of Ref[5]. In particular, ourswave shown in Fig. 8. Our tota(resonance plus direct captire
correlation coefficient has opposite sign, 0*ZB06 herein reaction rate akT=25 keV is in excellent agreement with
vs —0.18 in Ref.[5]. In addition, ourp-wave correlation the activation measurement of REE]. This result lends fur-
coefficients are significantly smaller, 055.09 and 0.59 ther confidence to our direct-capture calculation because the
+0.9 for py,, andpg),, respectively, herein vs 0.78 and 0.96 difference between the Maxwellian-averaged cross section
in Ref. [5]. This finding is probably another indication that determined from our resonance data alone and the activation
the neutron-sensitivity correction was underestimated in Refneasurement of Refl1] (0.58+0.27 mb), is in excellent
[5]. On the other hand, oys-wave correlation coefficients agreement with the calculated direct contributiOrb4 mb.
are in agreement to within the quoted uncertainties withHence, for the first time with our new data, tf#&Sr(n, )
those reported in Ref{7], 0.40+0.23 for p,, and 0.57 reaction rate is known with good precision across the entire
+0.16 forpg,. Although these correlations are sizable, andrange of temperatures needed by stellar models o fhre-
our data(and analysisare much better than those previously Cess.
available, the fact that thell) assignments for many  The evaluated rate of Ref23] has been used most fre-
p-wave resonances remain uncertain makes interpretation fiently in recens-process nucleosynthesis calculations. Un-
terms of the valence model less than convincing. Even so, ifortunately, the authors of Reff23] used the resonance pa-
the T, are assumed to bg? distributed, then the variances rameters given in Ref14] rather than those in the primary
of the observed distributions suggest 3 andv=7 for the ~ SOUrces to calculate the reaction rate. In R&d, the radia-
P1» and pa, resonances, respectively. The small number ofion width of the firsts—wave_ resonance at 13.852 ke_V was
radiation partial widths these numbers imply is also consisScaled upward by 35% to fit the thermal cross section. Be-
tent with the valence model. cause the level density is fairly low and because this reso-
The average radiation width for the firswave reso- nance is rather broad, this change causes a significant in-
nances we observed90 me\j is in reasonable agreement crease in the reaction rate across a range of temperatures, as
with the value reporte@220 meVj in Ref.[5]. On the other compared to the rate calculated using the repdifédadia-
hand, the values we measure for the average(220 me\j  tion width for this resonance. Itis also important to note that
and ps, (280 meV} radiation widths are more than a factor 2th the rate and its uncertainty given in R@3] have been
of 2 smaller than those reportédoth 670 meV in Ref. [5]. scaled[34] to the smgle_:-temperatl_Jre measgrement of Ref.
Because in the present cagavave resonances tend to be [1]; hence, the uncertainty given in R¢23)] is too small,
much broader thais-wave resonances, it is likely that the except akT= 25 keV. Moreover, subsequ_ent correction fac-
much larger average radiation widths forwave resonances [0rS[35] to the data of Ref.5] have been disregarded in Ref.

reported in Ref[5] were the result of an undercorrection for [23].

the backgrounds and self-shielding effects which are dis- Even with the addition of the calculated direct-capture
cussed previously component, our new rate is still about 9.5% smaller than that

The values of the conventionally definedandp -wave of Ref. [23] in theKT = 6-8 keV region, where most of the

strength functions calculated from our resonance paramete utron exposure OCCurs in currerprocess stellar models.

(0.32+0.06 and 5.% 0.6, respectively, in units of 10) are is smaller reaction rate will, in general, lead to an increase
. . . .0, ’ H 88 i
consistent with those resulting from earlier work (0.45'” the ™Sr abundance calculated by a giveprocess model

+0.1, 5.0:0.7) [14]. Similarly, our value for theswave cr::’ gltletrna:tlwreI):j, to atLowetr) ner\ljtrgn Sxﬁgs?‘re re%;{ﬁd |r; tnheW
potential scattering radiu$.8 fm) is in agreement with ear- odel to reproduce the observed abundances. ourne

X rate, the agreement between the results of stslaiocess
lier work (7.1 fm) [14]. model calculation§36] and recently measured isotopic ratios
in meteoric SiC graing3] has improved although significant
differences remain. For example, the calculat®sr/2°Sr ra-
There is no indication of the resonance reported in Reftios show a much wider variation than the measured ratios,
[8] at 2.780 keV in our capture or transmission date®8®r;  and, when plotted versu&Sr/2®Sr, appear to be systemati-
hence, if this resonance exists, it is much too small to haveally smaller than the measured ratios over most of the range
any significant impact on the astrophysical reaction rate. Thef 84Sr/®%Sr. These differences may be providing important
most likely explanation seems to be that this resonance islues for improving stellar models of tlsgprocess. However,
actually in another strontium isotope. In REE4], there is a  the relatively large uncertainties in tf&2'Sr(n, y) reaction
resonance reported ffiSr+ n at very nearly the same energy rates cloud the comparison between theory and experiment;
(2.756 keV. In addition, (,y) measurements that we have so, more precise measurements for these rates are needed to
made with a natural strontium sample also show a resonanadtempt to understand these diferences in terms of stellar
at this energy. models.

B. Reaction rates
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