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Resonance neutron capture and transmission measurements and the stellar neutron capture
cross sections of134Ba and 136Ba
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We have made high-resolution neutron capture and transmission measurements on isotopically enriched
samples of134Ba and136Ba at the Oak Ridge Electron Linear Accelerator~ORELA! in the energy range from
20 eV to 500 keV. Previous measurements had a lower energy limit of 3–5 keV, which is too high to determine
accurately the Maxwellian-averaged capture cross section at the low temperatures (kT'8212 keV! favored
by the most recent stellar models of thes process. By fitting the data with a multilevelR-matrix code, we
determined parameters for 86 resonances in134Ba below 11 keV and 92 resonances in136Ba below 35 keV.
Astrophysical reaction rates were calculated using these parameters together with our cross section data for the
unresolved resonance region. Our results for the astrophysical reaction rates are in good agreement with the
most recent previous measurement at the classicals-process temperaturekT530 keV, but show significant
differences at lower temperatures. We determined that these differences were due to the effect of resonances
below the energy range of previous experiments and to the use of incorrect neutron widths in a previous
resonance analysis. Our data show that the ratio of reaction rates for these two isotopes depends more strongly
on temperature than previous measurements indicated. One result of this temperature dependence is that the
means-process temperature we derived from a classical analysis of the branching at134Cs is too low to be
consistent with the temperature derived from other branching points. This inconsistency is evidence for the
need for more sophisticated models of thes process beyond the classical model. We used a reaction network
code to explore the changes in the calculated isotopic abundances resulting from our new reaction rates for an
s-process scenario based on a stellar model. These calculations indicate that the previously observed 20%
discrepancy with respect to the solar barium abundance is reduced but not resolved by our new reaction rates.
@S0556-2813~96!04609-2#

PACS number~s!: 26.20.1f, 25.40.Lw, 27.60.1j, 97.10.Cv
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I. INTRODUCTION

Recent calculations@1–3# of the nucleosynthesis occur-
ring in the helium shell of low-mass red giant stars on th
asymptotic branch have for the first time come reasonab
close to reproducing the observeds-process isotopic abun-
dances. However, exceptions to the general good agreem
between the calculation and the data were observed for
isotopes134Ba and 136Ba. These two nuclei are among the
few so-called s-only isotopes because they are shielde
against contributions to their abundances from ther process
by stable isobars of xenon. Because their abundances
thought to arise almost exclusively from thes process, the
s-only isotopes are the most important calibration points fo
the models; hence, the difference between the observed
calculated abundances for134Ba and136Ba may be a sign of
a problem with the model. A major change in the models o
Refs.@1–3# with respect to previous models of thes process
in intermediate-mass stars@4#, or in the so-called classicals
process@5#, is that the temperature at which most of the
neutron exposure occurs is much lower,kT'8–12 keV com-
pared tokT'30 keV. Because of the lower temperature,
seemed possible that the differences between the calcula
and observed abundances for134Ba and 136Ba observed in
Refs. @1–3# were due to the use of incorrect Maxwellian-
averaged neutron capture cross sections~commonly referred
to as the ‘‘reaction rates’’! for these isotopes. To determine
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accurately the reaction rates needed for the nucleosynthe
calculations at these lower temperatures, it is necessary
measure the cross sections to energies as low as a few h
dred eV. Most previous measurements had a lower-ener
limit of about 3–5 keV. A dramatic illustration of the pos-
sible systematic errors inherent in extrapolating to lower e
ergies was provided by recent measurements of the138Ba
(n,g) cross section@6#. Although good agreement was ob-
tained with the older@7,8# reaction rate atkT530 keV, the
new results were 51% higher atkT510 keV. Most of this
discrepancy was due to the existence of strong resonan
below the energy cutoff (En . 3 keV! of the older experi-
ment. The major motivation of the present experiment was
measure the neutron capture cross sections for134Ba and
136Ba at energies below the limit of the previous measur
ments@9,10# to ascertain the effect of possible low-energ
resonances on the reaction rate at the lower temperatu
favored by the new stellar models. Because of the wide e
ergy range, excellent energy resolution, relatively high flu
well-shielded flight paths, and the capability for several s
multaneous measurements on different flight paths, the O
Ridge Electron Linear Accelerator~ORELA! facility is ide-
ally suited for making these measurements.

A second problem with previous determinations of th
reaction rates for these isotopes is the lack of high-qual
neutron transmission data. Because the measurements w
necessarily made with relatively thick samples, substant
1463 © 1996 The American Physical Society
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TABLE I. Sample details.

Sample Thickness of Ba Weight of BaCO3 Container weighta

~1023 atom/b!b ~g! ~g!

134Ba, capture 1.135 3.711 0.489
136Ba, capture 2.788 9.198 0.687

134Ba, transmission 12.25 3.703 -
136Ba, transmission 12.65 9.368 -

aTotal weight of aluminum plus glue.
bIn this notation, the ‘‘thickness’’ of the sample is defined as its mass~in units of the number of barium
atoms! divided by its area~in barns! perpendicular to the direction of the neutron beam.
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corrections for resonance self-shielding and multiple scatte
ing had to be applied to the data. The size of these corre
tions scales with the ratio of the statistical factor times th
neutron width to the total width,gJGn/G. In the unresolved
region, corrections for these effects can be calculated ac
rately using average resonance parameters. However,
size of the corrections varies considerably from one res
nance to the next; hence, in the resolved resonance reg
precise knowledge of the neutron widths is needed to calc
late these corrections accurately. The second major motiv
tion for the present work was to make high-quality transmis
sion measurements to reduce substantially the systema
uncertainties associated with these corrections. Another r
son for making the transmission measurements has to
with the fact that theoretical calculations using nuclear mo
els must still be relied upon to obtain the reaction rates f
many important radioactive branching points in thesprocess
path~e.g., 134Cs!. The accuracy with which these models ca
calculate the required reaction rates needs to be improv
For example, global statistical model calculations@11,12# are
typically accurate to about a factor of 2. Model calculation
constrained to reproduce measured cross sections for nu
near branching points may be accurate to approximately 20
@13#. The models may be improved by providing more an
better input data with which to constrain them. Because w
analyzed both capture and transmission measurements at
same time, the resulting resonance parameters are more c
plete than those obtained from the analysis of only one or t
other of these sets of data. The resonance parameters,
average properties calculated from them, should provi
valuable input for improving the nuclear models.

A final motivation for the present work was to compare
capture cross sections which we measured using the pu
height weighting technique to recent measurements ma
with a 4p BaF2 detector @9,14#. Problems with previous
measurements made using the pulse height weighting te
nique have called into question the accuracy of the tec
nique. The problems are thought to be greatest for samp
having relatively hard captureg-ray spectra as might be ex-
pected for nuclei near closed neutron shells such as t
barium isotopes studied herein. Considerable effort has be
devoted to understanding past problems and in obtaining a
curate weighting functions. The result is that it is now be
lieved @15–17# that accurate weighting functions can be ca
culated and that past problems have been resolved.
comparison of our data to those measured with the 4p
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BaF2 detector should serve as a further test of the accurac
of our weighting functions.

II. EXPERIMENTAL PROCEDURES

The measurements were performed using the ORELA
white neutron source facility. The ORELA was operated at a
pulse rate of 530 Hz, a pulse width of 7 ns, and a power o
approximately 4–7 kW during the course of two 3-week
runs. During the first run, capture data were taken on134Ba
while transmission measurements were made on136Ba. This
arrangement was switched for the second run. The dimen
sions of the samples and their holders were changed betwe
runs to meet the different needs of the capture and transmi
sion experiments.

The samples were in the form of isotopically enriched,
compressed barium carbonate powder. Details of the sampl
are given in Tables I and II. Our capture samples were thin
ner than those used in previous measurements@9,10#; hence,
the often substantial resonance self-shielding correction
were smaller than in these previous works. The134Ba pow-
der was loaned to us by the Forschungszentrum Karlsruh
The 136Ba powder was rented from the Oak Ridge Enriched
Stable Isotope Pool. Approximately half of the134Ba sample
had to be converted from nitrate to carbonate. The conve
sion was carried out by scientists in the Analytical Chemistry
Division at Oak Ridge National Laboratory. To ensure pre-
cise BaCO3 stoichiometry, the powders were heated to
800 C in a CO2 atmosphere for approximately 1 h@18#. No
significant change in weight was observed as a result of th
heating. The samples for the capture measurements we
compressed in a die into two disks 2.54 cm in diameter. Th
disks were encapsulated in thin-walled aluminum cans an
mounted one above the other in the vacuum of the beam lin
between the detectors. The samples for the transmissio
measurements were compressed by hand into copper holde
with thin aluminum windows.

The transmission measurements were made on OREL

TABLE II. Isotopic compositions of samples.

Sample Atomic percent
130Ba 132Ba 134Ba 135Ba 136Ba 137Ba 138Ba

134Ba ,0.1 ,0.1 84.20 3.87 1.88 1.79 8.23
136Ba ,0.02 ,0.02 0.08 0.96 92.92 1.73 4.31
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FIG. 1. Representative pulse height spect
for ans-wave~solid curve! and ap-wave~dashed
curve! resonance in136Ba. The off-resonance
background has been subtracted and the data
thep-wave resonance have been normalized~by a
factor of 4.06! so that the spectra have equal a
eas.
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flight path 1 with a source-to-detector distance of 79.759
The neutron detector was a6Li loaded glass scintillator. A
10B filter was used to remove overlap neutrons from prec
ing beam bursts, and a 0.64 cm thick Pb filter was used
reduce effects due to theg flash at the beginning of eac
pulse. The BaCO3 sample was exchanged periodically wi
an empty container having the same dimensions as
sample holder and with polyethylene and bismuth absorb
which were used for determination of backgrounds. T
cycle through the four samples took about 1 h under normal
beam conditions. Further details of the transmission app
tus can be found in Ref.@19#.

The capture measurements were made on ORELA fli
path 7 at a source-to-sample distance of 40.12 m. A10B filter
was used to remove overlap neutrons from preceding be
bursts and a 1.27 cm thick lead filter was used to red
g-flash effects. The capture apparatus has been improve
several significant ways compared to the setup@20# used in
many of the previous ORELA measurements. First,
C6F6 detectors have been replaced by C6D6. Second, the
fairly massive vacuum beam line near the detectors has b
replaced by a low-mass graphite fiber tube. Third, the sam
holder was significantly reduced in mass. These chan
were made to lower the neutron sensitivity of the detect
apparatus by reducing the number ofg rays produced by
neutrons scattered from the sample and to make the calc
tion of the pulse height weighting functions simpler an
more reliable. Fourth, the pulse height weighting functio
which are used to make the detector efficiency independ
of the details of the captureg-ray cascade, have been im
proved in two important ways. The first change has been
acquire both pulse height and time-of-flight data so that
weighting functions could be applied off line. This allow
the weighting functions to be changed during the analysi
necessary. The second change has been to calculate
weighting functions more accurately by using the codeEGS4

@21#. The calculation includes the details of the sample,
detectors, and the beam line in their vicinity. It has be
shown @16# that these calculations can reproduce the m
sured pulse height spectra for resonances with knowng-ray
cascades, lending confidence that the weighting functions
calculated accurately. The representative pulse height spe
m.
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for both ans-and ap-wave resonance in136Ba shown in Fig.
1 illustrate that the shape of the spectra can change subst
tially; hence, the effect of the weighting functions can b
significant.

A 6Li loaded glass scintillator@20#, located 43 cm ahead
of the sample in the neutron beam, was used to measure
energy dependence of the neutron flux. Separate sample-
background measurements were made using aluminum c
of the same dimensions as the sample holder. In additio
measurements made with a carbon sample were used, a
proper normalization to the number of sample atoms time
the average cross section, to subtract the smoothly varyi
background due to sample scattered neutrons. The ove
normalization of the counts to cross section was made via t
saturated resonance technique@22# using the 4.9 eV reso-
nance in the197Au(n,g) cross section.

In the unresolved resonance region~above 11 keV in
134Ba and 35 keV in136Ba!, the relatively small corrections
for multiple scattering and resonance self-shielding were ca
culated using the codeSESH@23# and applied to the data. The
overall correction factor for these effects was about 0.99 f
134Ba and 0.97 for136Ba. The data in this region were also
corrected for the isotopic impurities in the samples using th
cross sections of Refs.@9# and @6#. To make this correction,
we extrapolated the data of Refs.@9# ~for 135,137Ba! and @6#
~for 138Ba! to 500 keV using the calculated cross sections o
Ref. @11# after the calculations had been normalized to th
data in the 50–100 keV region. The correction factor~to
convert from the cross section for the entire sample to th
cross section for the major isotope only! for isotopic impu-
rities was about 1.06 for134Ba and 0.96 for136Ba.

III. RESONANCE ANALYSIS AND RESULTS

The multilevelR-matrix codeSAMMY @24# was used to fit
the capture and transmission data. A radius of 5.14 fm w
used for boths and p waves for both isotopes. Unless the
resonance is strong in both the transmission and capture d
there is some arbitrariness in the resonance parameters
tained from the fits to the data. With the aim of obtaining th
most meaningful set of parameters, we attempted to min
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TABLE III. 134Ba resonance parameters.

En l gGn Gg gGnGg

G
~keV! ~meV! ~meV! ~meV!

1 0.1020 0 161.8760.54 65.1360.10 46.4460.40
2 0.3276 ~0! 2.0960.09 77 2.0360.10
3 0.3742 ~0! 6.1660.16 77 5.7060.14
4 0.4990 0 50.9160.80 65.661.8 28.6660.42
5 0.8125 ~0! 9.1060.32 77 8.1460.25
6 0.970 0 68.561.3 77.462.7 36.3460.69
7 1.1090 ~0! 11.0760.51 77 9.6860.39
8 1.2213 0 818.867.8 58.061.0 54.1660.86
9 1.4570 ~1! 26.061.0 73 19.1760.57
10 1.5165 ~1! 11.8060.60 73 10.9260.52
11 1.5929 ~1! 17.0060.10 73 13.7960.06
12 1.6165 0 288.366.3 69.164.3 55.762.8
13 1.7035 ~1! 22.661.0 73 19.5760.71
14 1.8853 0 607611 64.261.6 58.161.3
15 2.0020 ~1! 7.1860.53 73 6.5460.45
16 2.0750 ~1! 6.8260.52 73 6.2460.44
17 2.2112 ~1! 20.061.0 73 15.7060.67
18 2.2930 ~1! 5.6460.44 73 5.4360.41
19 2.4670 ~1! 8.5160.70 73 7.6260.57
20 2.6479 ~1! 2.2860.22 73 2.2160.21
21 2.6593 0 3158630 62.862.1 61.662.0
22 2.8540 0 1580626 62.362.0 59.961.9
23 2.9572 ~1! 18.361.2 73 16.2660.98
24 3.1376 ~1! 87.462.3 73.565.5 39.961.6
25 3.2286 1 246611 59.164.8 47.763.2
26 3.2536 ~1! 55.765.1 89615 34.261.7
27 3.4176 0 1531631 73.962.6 70.562.4
28 3.6829 ~1! 33.263.4 73 22.861.7
29 3.8557 1 422618 67.662.8 58.362.1
30 3.9005 0 6865664 56.762.9 56.262.8
31 3.9367 ~1! 46.063.2 73 35.062.2
32 4.0010 ~1! 20.362.2 73 17.861.7
33 4.1380 0 2695647 72.263.0 70.362.8
34 4.2890 0 811629 70.162.9 64.562.5
35 4.4982 ~1! 31.263.0 73 25.762.1
36 4.5844 0 9325685 65.664.5 65.164.4
37 4.8358 ~1! 154.268.0 115612 92.363.3
38 4.8639 0 2108652 56.663.6 55.163.4
39 4.9440 ~1! 23.263.0 73 20.062.3
40 4.9730 ~1! 80.566.4 73 51.962.9
41 5.3200 0 4141675 188.766.2 180.565.7
42 5.3599 1 286627 93.266.8 70.364.2
43 5.3857 ~0! 122616 97612 54.063.1
44 5.4264 ~1! 105613 119616 55.862.9
45 5.9336 ~1! 82.461.8 64.669.6 50.363.0
46 6.0404 0 994649 89.065.0 81.764.2
47 6.1260 ~1! 22.063.2 73 19.162.5
48 6.1759 ~1! 58.464.4 73 41.762.4
49 6.2064 1 1304660 67.864.4 64.464.0
50 6.3010 0 75806120 77618 76617
51 6.5280 ~1! 71.567.8 73 48.063.8
52 6.6049 ~1! 166626 86.169.3 56.763.7
53 6.7669 ~1! 169628 72.768.0 50.864.7
mize the arbitrariness by employing the procedures outlin
below.

For some resonances, firm spin~s- or p-wave! assign-
ments could be made based on the shape of the resonanc
the transmission data. Furthermore, for136Ba, it has been
suggested thatp-wave resonances should have a more en
getic ~i.e., ‘‘harder’’! g-ray spectrum thans-wave ones@10#.
We were able to confirm this expectation. In our data, res
nances with a clears-wave shape in the transmission spec
trum almost always had a much softerg-ray spectrum than
those with a clearp-wave shape. For some resonances wit
out a clears- or p-wave shape in the transmission data, w
were sometimes able to use theg-ray spectra, such as those
shown in Fig. 1, to make a tentativel-value assignment.
Also, the averagep-wave radiation width for the 18 firm
p-wave assignments in136 Ba was more than twice as large
as the average for the 18 firms-wave resonances. We used
this information to make a tentativel-value assignment in
several cases where an assignment was not otherwise
sible.

TABLE III. ~Continued).

En l gGn Gg gGnGg

G
~keV! ~meV! ~meV! ~meV!

54 6.8593 ~1! 86 616 62.369.4 36.163.2
55 7.0310 ~1! 61.069.1 81614 34.863.2
56 7.0719 ~1! 19.461.8 73 17.161.4
57 7.1906 1 408647 76.165.2 64.163.9
58 7.5340 ~1! 42.863.6 73 33.162.2
59 7.6205 0 1313678 79.964.9 75.364.4
60 7.7370 ~1! 43.663.6 73 33.662.2
61 8.1412 ~1! 224644 83.566.8 60.864.8
62 8.1543 ~1! 568663 95.066.5 81.464.9
63 8.2116 0 12470.006200 85.765.8 85.165.7
64 8.3427 ~1! 93 613 86615 60.465.4
65 8.3740 ~1! 159628 109615 64.765.1
66 8.7531 ~1! 66611 79614 36.063.8
67 8.8370 ~1! 553668 98.665.6 145.467.7
68 8.9484 ~1! 33.663.0 73 27.362.1
69 9.0659 ~1! 420664 101.765.9 137.068.7
70 9.1400 ~1! 67.261.0 73 46.062.4
71 9.1600 ~1! 283652 65.564.8 89.566.9
72 9.2757 0 268806330 102.768.8 102.368.7
73 9.3550 ~1! 346658 105612 131.067.2
74 9.4106 ~1! 72.265.0 73 48.362.4
75 9.6494 0 55706180 66.465.8 65.665.7
76 9.7322 0 105706230 93.666.7 92.866.6
77 9.7600 ~1! 185627 95614 93.766.6
78 9.8763 ~1! 381668 110613 139.568.1
79 10.0166 ~1! 146619 97615 83.366.3
80 10.0782 ~1! 23406150 76.164.3 143.067.6
81 10.0968 ~0! 15906130 69.965.6 67.065.1
82 10.1221 ~1! 418674 50.963.9 81.965.8
83 10.2061 ~1! 395680 90.166.5 124610
84 10.4820 0 251306390 76.166.5 75.966.5
85 10.5102 ~1! 230641 79612 93.767.6
86 10.5963 ~1! 143620 91615 80.166.6
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TABLE IV. 136Ba resonance parameters.

En l gGn Gg gGnGg

G
~keV! ~meV! ~meV! ~meV!

1 0.4477 ~0! 3.276 0.22 87 3.156 0.20
2 0.5099 0 160.06 4.7 63.56 0.6 45.466 0.49
3 0.5240 ~0! 3.696 0.26 87 3.546 0.24
4 1.6378 1 91.56 3.2 272.06 13 68.56 2.0
5 2.1391 0 6616 18 84.06 1.4 74.56 1.1
6 2.2988 0 13346 26 62.26 1.1 59.46 1.0
7 2.8267 1 169.06 8.5 252.56 14 126.66 5.1
8 3.4114 1 82.06 4.6 196 67.86 3.2
9 3.4550 0 67626 64 456 10 456 10
10 3.5447 ~0! 51.06 8.6 606 14 27.66 1.0
11 4.3157 0 4786 21 59.36 1.7 52.86 1.4
12 4.7019 1 17036 34 192.46 3.2 313.96 4.4
13 4.9476 1 1826 19 149.06 8.0 113.06 7.7
14 6.1257 0 116206 130 80.76 3.3 80.16 3.2
15 6.1657 ~1! 3936 17 160.36 6.7 113.96 3.7
16 6.6418 ~1! 89.56 4.7 196 61.46 2.2
17 7.0436 ~1! 62.56 4.5 196 47.46 2.6
18 7.2374 0 1262206 510 1606 50 1606 50
19 7.5524 1 20756 59 182.26 5.2 167.56 4.4
20 7.7473 ~1! 37.66 2.8 196 31.56 2.0
21 8.8015 1 1666 10 1506 13 106.96 3.4
22 8.9106 1 8996 43 196.36 6.7 161.16 4.7
23 9.1759 ~1! 22.66 2.3 196 20.36 1.8
24 9.9650 0 141606 260 87.26 4.8 86.76 4.7
25 10.1829 ~1! 9666 55 140.06 5.9 122.36 4.6
26 10.2528 1 8296 46 137.86 5.8 206.86 7.1
27 10.4446 ~1! 2046 18 131.16 9.4 79.86 3.3
28 11.0278 ~1! 72.06 6.7 196 52.76 3.6
29 11.1551 0 20306 150 58.96 3.4 57.26 3.2
30 11.7696 0 86106 260 62.26 4.1 61.86 4.0
31 12.2975 ~1! 36.96 5.6 196 31.06 4.0
32 12.8876 ~1! 5746 80 1916 18 1436 11
33 13.1550 ~1! 8086 84 121.46 7.6 105.56 5.9
34 13.3179 ~1! 10986 82 128.46 8.1 2086 11
35 13.7672 0 256406 550 94.76 8.6 94.46 8.5
36 13.8622 ~1! 19.66 4.6 196 17.86 3.8
37 14.5517 1 21306 120 2266 10 3736 14
38 15.1816 0 108506 420 92.06 7.1 91.26 7.0
39 15.6127 ~1! 1466 19 196 1066 10
40 16.0480 ~1! 17.16 3.7 196 15.76 3.1
41 16.1453 ~0! 12806 120 89.56 8.2 83.76 7.2
42 16.2355 ~1! 79.26 9.8 196 65.96 6.8
43 16.9832 ~0! 12006 260 81.06 7.3 75.96 6.5
44 17.0673 ~1! 16506 150 122.86 6.7 2146 10
45 17.3050 ~1! 5136 49 1686 10 126.66 5.6
46 17.9286 0 85006 500 84.66 6.1 83.86 6.0
47 18.0381 ~1! 2606 26 1256 12 127.46 8.0
48 18.4908 ~1! 20906 180 123.26 5.8 220.46 9.5
49 18.6722 ~1! 83 6 11 196 68.56 7.5
50 18.8980 ~0! 32106 200 104.06 6.7 100.76 6.3
51 19.2121 ~1! 3006 30 1006 10 120.06 8.6
52 19.7783 1 73206 280 249.56 9.0 4676 16
53 19.9266 ~0! 32406 410 61.46 4.9 60.36 4.7
The following procedures were used to obtain the res
nance partial widths from the data. For resonances whi
were observed as strong dips in the transmission spec
Gn and DGn were determined by fitting the transmission
spectrum by initially fixingGg to the average value given in
Ref. @25#. TheGn obtained was then held constant while th
capture data were fitted to obtainGg and DGg . The new
Gg was then used to recalculate the transmission. For mos
these resonances,Gn @ Gg , and so there was little sensitiv-
ity in the transmission data to variations inGg and vice versa
~except that the capture area depends on theGn value
through its influence on the self-shielding and multiple sca
tering corrections!. Hence, the newGg did not affect the fit to
the transmission data noticeably. The few strong resonan

TABLE IV. ~Continued!.

En l gGn Gg gGnGg

G
~keV! ~meV! ~meV! ~meV!

54 20.3386 ~1! 86 6 12 196 70.56 8.0
55 20.3978 ~1! 5226 48 132.86 9.1 176.06 8.0
56 20.8125 ~1! 77 6 12 196 64.46 8.4
57 21.3491 ~1! 14066 140 132.06 8.6 120.76 7.2
58 21.4527 ~1! 87 6 9.7 196 71.26 6.5
59 21.5944 1 72206 330 171.06 9.5 167.06 9.1
60 22.0810 0 21706 500 59.46 9.8 57.86 9.3
61 22.2493 1 37806 290 123.36 7.7 2316 14
62 22.2954 ~1! 6906 200 2086 24 1606 12
63 22.6238 ~1! 9006 260 1416 14 121.96 9.9
64 22.9630 ~1! 30.06 6.7 196 26.06 5.0
65 23.2763 ~1! 1266 17 196 95.46 9.7
66 24.1486 0 260006 1200 1386 15 1376 15
67 24.2773 ~1! 6406 170 1406 24 1956 21
68 24.7086 ~1! 60 6 12 196 46.06 7.0
69 24.7932 ~1! 32006 300 1466 14 1406 13
70 25.2647 1 82906 440 1996 15 1946 14
71 25.8246 0 64606 850 806 11 796 11
72 26.7256 ~1! 2436 73 1486 44 926 20
73 27.2784 1 39506 450 1926 11 3506 19
74 27.5759 ~0! 51306 980 1086 15 1066 14
75 27.7934 ~1! 24706 340 1416 14 2536 23
76 28.4487 ~1! 4806 130 1266 37 1656 35
77 28.6100 ~0! 12206 360 746 21 706 19
78 28.9149 1 32106 450 2206 13 3876 21
79 29.3066 ~1! 25206 420 1416 11 2546 18
80 29.6170 0 179006 1500 1086 16 1076 16
81 29.6880 ~1! 10106 300 1086 16 1786 24
82 30.3440 ~1! 61606 910 1376 10 2626 18
83 31.3100 1 7606 190 2936 78 3316 56
84 32.3622 1 79506 730 1296 12 2506 22
85 32.8318 ~0! 46006 1100 866 16 846 15
86 32.9031 ~1! 44406 570 2006 16 3676 27
87 33.2076 0 91006 1500 866 16 856 16
88 33.5434 ~1! 10006 300 1376 38 1206 30
89 33.6335 ~1! 47106 690 1256 12 2376 22
90 33.9280 ~1! 1926 42 196 1296 19
91 34.2683 ~1! 130306 970 1586 13 3086 25
92 34.5552 ~1! 14306 420 1916 28 1686 22
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FIG. 2. Representative data~points! andSAMMY fits ~solid curves! from our capture~top! and transmission~bottom! measurements on
134Ba. The effective capture cross sections have not been corrected for finite-thickness sample effects. The corrections are calcula
codeSAMMY; hence, the fits represent the theoretical cross sections, calculated from the resonance parameters, after adjustmen
sample-dependent effects. The scales for the capture data are on the left of each plot whereas the transmission scales are on th
transmission data between resonances or over broad resonances were sometimes averaged over several energies to reduce t
fluctuations. Several of the resonances in the energy region below the previous experiments@9,10# are shown.
in
g

at low energies havingGn ' Gg were fitted using the same
procedure because the calculated transmission was still m
sensitive toGn and the capture toGg . In the above cases the
uncertainties inGn andGg were assumed to be uncorrelate
when calculating the uncertainty associated with the capt
kernel, gJGnGg/G. Almost all of these strong resonance
could be assigned a firml value on the basis of their shape i
ost

d
ure
s
n

the transmission spectra. These resonances with firml-value
assignments were used to recalculate the averages- and
p-wave radiation widths,̂ Gg l&. For

134Ba, we obtained
^Gg0& 5 77 meV and̂ Gg1& 5 73 meV. For136Ba, we ob-
tained^Gg0% 5 87 meV and̂ Gg1& 5 196 meV.

Resonances which were visible, but not strong,
the transmission spectra were fitted initially by allowin
FIG. 3. Representative data
~points! and SAMMY fits ~solid
curves! from our capture and
transmission measurements on
136Ba. See the caption of Fig. 2 for
details.
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TABLE V. Average resonance properties.

Isotope Property Present Work Ref.@10# Ref. @25#

134Ba ^Gg0& 77.86 4.8 a 6 26 b meV 1206 20 meV 120620 meV
D0 3716 36 eV 1276 10 eVc D 5 1276 10 eV

104S0 1.46 0.4 0.856 0.3 0.536 0.14
^Gg1& 85.16 9.4 a 6 17 b meV - -
D1 1636 11 eV - -

104S1 3.26 0.6 '0.8 0.86 0.3

136Ba ^Gg0& 866 10 a 6 24 b meV 1256 30 b meV 1256 30 meV
D0 12136 119 eV 750 - 1200 eV 4306 35 eV

104S0 0.866 0.23 ‘‘close to other Ba isotopes’’ 0.86 0.3
^Gg1& 1636 15 a 6 45 b meV ‘‘considerably larger than fors-wave’’ -
D1 5226 34 eV - -

104S1 1.86 0.3 - -

aUncertainty calculated by propagating the individual uncertainties.
bStandard deviation of the distribution of radiation widths.
cCalculated assuming all resonances below 5 keV ares wave.
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Gn only to vary and holdingGg fixed to the appropriate
one of the average values given above. If the fit resulted
Gn,1/2Gg , then the capture data were also fitted in the sam
manner starting with theGn value obtained from transmis-
sion. The somewhat arbitrary choice ofGn , 1/2Gg was
made because it was found that there was very little sen
tivity in the fit to the capture data to variations inGg when
Gn was this small. TheGn values obtained from fitting the
capture data were used to recalculate the transmission
checked versus the data. In all cases theGn values obtained
from the fits to the capture data were found to be consiste
with the transmission data. Also, the uncertaintiesDGn ob-
tained from fitting the capture data were smaller than tho
obtained from fitting the transmission data for these res
nances. For resonances where the initial fit to the transm
sion data indicated thatGn . 1/2Gg , the capture data were
fitted, starting from the parameters obtained in the fit to th
transmission, by letting both widths vary simultaneously. I
these cases the correlation between the two widths was
cluded in the calculation of the uncertainty in the captu
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e

si-
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o-
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n
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kernel. The transmission was recalculated with the param
eters obtained from the fit to the capture data. In all but on
case, the calculated transmission was still consistent with th
data. In this case~the 6.767 keV resonance in134Ba! the
starting and fitted capture calculations were almost indistin
guishable, but the fittedGn was too small to be consistent
with the transmission data. So we refitted the capture da
while holdingGn fixed to the value obtained from the fit to
the transmission. In this way good fits to both sets of dat
were obtained.

Finally, for resonances which were visible in the capture
but not in the transmission data, an initial fit to the captur
data was made while holdingGg fixed to the appropriate
average value. The capture data were either refitted whi
letting both widths vary or not refitted, depending on
whether the fittedGn was greater than or less than 1/2Gg in a
procedure similar to that described above. If both paramete
were allowed to vary, then the correlation between them wa
taken into account while calculating the uncertainty in the
capture kernel.
FIG. 4. Cross sections for the unresolved
resonance region from our measurements~circles
and triangles! and those of Ref.@9# ~1’s and
3 ’s!. Our data have been binned over the same
energy intervals used in Ref.@9# for energies be-
low 225 keV and in 25 keV wide bins to 500
keV.
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FIG. 5. The astrophysical reactivity for the
134Ba(n,g) reaction, calculated from our data
~solid curve, with the dotted curves depicting th
uncertainties!, Ref. @9# ~open circles!, and Ref.
@10# ~solid circle!.
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The 7.237 keV resonance in136Ba needed special treat
ment. Because of the relatively large width of this resonan
multiple scattering effects are sizable even for the th
samples used in our capture measurement, and the s
scattering correction in the codeSAMMY was inadequate
~SAMMY has been updated since the time of our analysis
the single scattering correction has been substantially
proved!. Therefore, we used the codeFANAC @26# to calcu-
late the multiple scattering correction for this resonance. T
FANAC results indicated that about 50% of the measured c
ture area was due to multiple scattering. We also usedFANAC

to verify that the multiple scattering correction was neg
gible for all other resonances.

The resulting parameters are given in Tables III and I
Example plots of the data and the fits are shown in Figs
and 3. For134Ba we fitted 86 resonances between appro
mately 100 eV and 11 keV. Because the level spacing
136Ba is considerably larger than in134Ba, we were able to
extend the resonance analysis to higher energies for
nucleus. For136Ba we fitted 92 resonances between 447
and 35 keV. The capture kernelsgJGnGg/G, calculated from
the resonance parameters, are also given in Tables III and
-
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IV.

For the few resonances which haveGg . Gn or Gg
' Gn , and where the resonance appears as a sufficien
strong dip in the transmission measurements, it is possible
obtain a relatively good measure of the capture kernel fro
the transmission measurements alone. We used this fac
check the capture kernels obtained from the analysis of b
sets of data. Any differences might indicate, for exampl
problems with the pulse height weighting functions. In a
cases we analyzed, the capture kernels obtained by the
methods were consistent within the experimental uncerta
ties.

We did not apply any corrections to the capture kernels
account for the background caused by the prompt detect
of neutrons scattered by the sample. With the changes t
have been made to our apparatus over the past few years,
correction should be negligible for all the resonances me
sured herein with the possible exception of the 7.237 ke
resonance in136Ba. We can estimate the size of the correc
tion by using the recent results from measurements of t
208Pb(n,g) cross section made with an apparatus similar
ours at Geel@27#. In Ref.@27# it was estimated that 1/3 of the
measured area of the 77.85 keV resonance was due to
FIG. 6. The astrophysical reactivity for the
136Ba(n,g) reaction, calculated from our data
~solid curve, with the dotted curves depicting the
uncertainties!, Ref. @9#, ~open circles!, Ref. @10#
~solid circle!, and Ref.@31# ~open triangles!.
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prompt capture of scattered neutrons and thatGn5958 eV
andGg5125 meV. Assuming thatAm5At (11CGn), where
Am andAt are the measured and true capture areas, res
tively, it follows that the correction factor is
C55.2231027 meV21. Assuming that the sensitivity of ou
apparatus is similar to theirs, it follows that less than 7%
the area of the 7.237 keV resonance is due to the pro
capture of scattered neutrons. Although we expect that
prompt neutron sensitivity of our apparatus to be about
same as that of the similar setup at Geel, we do not know
this is the case. Therefore, we assign a rather large un
tainty to the area for the 7.237 keV resonance.

The average resonance properties, assuming that al
spin assignments in Tables III and IV are correct, are giv
in Table V. To maintain consistency with previous wo
@25#, the p-wave strength functions were calculated using
radius of 1.35A1/3 fm.

Our 134,136Ba(n,g) cross sections for the unresolved res
nance region are shown in Fig. 4. The data have been bin
over the same coarse intervals used in previous work@9# for
energies below 225 keV and in 25 keV wide bins for en
gies up to 500 keV.

The astrophysical reactivitiesNA^sv& calculated from our
data are shown in Figs. 5 and 6 . The Maxwellian-averaged
cross sectionŝs&5NA^sv&/NAvT calculated from our data
at selected temperatures are given in Table VI. We sh
reactivities rather than average cross sections to better re

TABLE VI. Maxwellian averaged neutron capture cross se
tions.

Thermal energykT ^sv&/vT ~mb!
~keV! 134Ba 136Ba

5.0 360.06 12 186.06 6.1
8.0 301.06 9.7 139.46 4.5
10.0 276.06 8.8 122.06 3.9
15.0 236.06 7.4 94.66 3.0
20.0 210.36 6.7 79.26 2.5
25.0 192.36 6.1 69.26 2.2
30.0 179.06 5.7 62.06 2.0
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the temperature dependence apart from the 1/v factor. The
reactivities were calculated using our fits to the data below
11 keV in 134Ba and 35 keV in136Ba and our cross section
data above these energies. The statistical uncertainties in t
reactivities are negligible compared to the overall normaliza
tion uncertainty. From the uncertainty in the197Au(n,g) and
6Li( n,a) 3H cross sections@28#, the statistical precision of
the calibration measurements, and the repeatability of th
calibration runs, we calculate that the normalization uncer
tainty is 3%.

IV. COMPARISON TO PREVIOUS WORK

Our data are compared to previous work in Figs. 4, 5, 6
7, 8, and 9 and Table V. Our results represent a significan
improvement over previous knowledge.

A. Resonance parameters and average cross sections

There have been two previous transmission measuremen
@29,30# from which resonance parameters were ascertaine
for 134Ba and 136Ba. These previous measurements were
made with relatively poor resolution and sensitivity over a
very restricted energy range, and so there is little overlap
with our data. For the few resonances for which neutron
widths were obtained in the previous works~seven in
134Ba and three in136Ba!, there is, in general, agreement
with our data within the experimental uncertainties. The ex-
ceptions are that we did not observe the resonance in134Ba
reported at 263 eV in Ref.@30#, the width of the 1.616 keV
resonance in134Ba reported in Ref.@29# is approximately 4
times larger than the value we obtained, and the width of th
1.885 keV resonance in134Ba reported in Ref.@30# is about
4 times smaller than the value we measured.

There have been one reported measurement@10# of the
134Ba(n,g) cross section from which resonance parameter
were determined and two for136Ba @9,10#. Because there is a
systematic difference between the results of Ref.@10# for
134Ba compared to our results as well as those of Ref.@9#, we
will restrict the discussion to136Ba. The availability of reso-
nance parameters obtained from three independent expe
ments offers the opportunity to examine the relative impor-

c-
FIG. 7. Ratio of the capture kernels from the
SAMMY fits to our data for136Ba to those of Ref.
@10#, versus thegGn values determined from the
fits to our data. Data for resonances assigned as
l50 in Table IV are shown as solid circles
whereasl51 resonances are depicted as3 ’s.
Symbols surrounded by squares denote reso-
nances for which estimates of the neutron widths
were given in Ref.@10#. The error bars were cal-
culated from the statistical uncertainties only.
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FIG. 8. Ratio of the capture kernels from th
SAMMY fits to our data for136Ba to those of Ref.
@31#, versus thegGn values determined from th
fits to our data. See the caption of Fig. 7 for d
tails.
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tance of the various correction factors applied to the data a
to evaluate how well these corrections have been applied

In Ref. @10#, the neutron widths of a few resonances, th
capture kernels for many resonances, and some average r
nance parameters were reported over much of the same
ergy range as covered by our data. Several conclusions
be drawn from a comparison of our resonance parameters
those of Ref.@10#. For example, for the few resonances fo
which they were determined, the neutron widths in Ref.@10#
are systematically larger than our values. More important
as can be seen in Fig. 7, the average ratio of capture kern
between the two experiments is close to 1, but more of t
ratios are inconsistent with this average than expected fro
statistical considerations. Many of these deviations can pro
ably be ascribed to the fact thatgGn was not very well con-
strained by the measurements of Ref.@10#; hence, the wrong
neutron widths apparently were used for many resonances
that work. Ascribing the deviations to the use of incorrec
neutron widths is supported, for example, by the fact that t
agreement between the two sets of capture kernels is fa
good for resonances which our measurements indicate h
relatively smallgGn values, but becomes worse for reso
nd
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nances with largergGn . Increasing deviations from the true
capture kernels for largergGn are expected whengGn is not
well constrained because the corrections to the capture k
nels due to finite-thickness sample effects increase with
creasinggGn/G. The fact that there is better agreement b
tween the two sets of capture kernels for those fe
resonances for which thegGn values that were determined in
Ref. @10# are close to our values also supports the contenti
that the nonstatistical deviations seen in Fig. 7 are due to
use of the wrong neutron widths in Ref.@10#. An alternative
explanation, that the systematic difference betweens- and
p-wave resonances seen in Fig. 7 is due to the use of inc
rect pulse height weighting functions, is ruled out by thes
same resonances. Unfortunately, the partial widths used to
most of the resonances are not given in Ref.@10#, and so it is
not possible to explore this more fully.

Resonance parameters from a more recent measurem
of the 136Ba(n,g) cross section were reported in Ref.@31#.
These data were taken with a 4p BaF2 detector, and so, in
principle, a comparison between these data and ours co
allow us to check our weighting functions as well as th
neutron sensitivity of our apparatus. Ratios of our captu
FIG. 9. Ratios of thegGn values determined
from the fits to our data for136Ba to those used in
Ref. @31# versus ourgGn values. For most of the
resonances~solid circles!, it was assumed in Ref.
@31# thatgGn was restricted to the range of 1.5 –
3.0 times the capture kernelAg given in Ref.
@10#. For this figure, we have chosen the midpoint
of this range. For a few resonances (3 ’s!, the
authors of Ref.@31# used thegGn values deter-
mined in Ref.@10#.
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kernels to those of Ref.@31# versus ourgGn values are
shown in Fig. 8. The average ratio in Fig. 8 is close to 1
but the fluctuations are larger than expected from the sta
tical uncertainties. The fluctuations are reduced somewha
the resonances unresolved in Ref.@31# are combined, but still
17 of the 34 remaining ratios are inconsistent with an ave
age ratio of 1.0. From this figure, it is evident that there is n
trend in the ratios withgGn nor with the l value, indicating
that the neutron sensitivity of our apparatus is small and th
our pulse height weighting functions are correct. On th
other hand, the fact that our value for the capture kernel
the 7.237 keV resonance is almost twice as large as the va
in Ref. @31# appears to indicate that the 7% prompt neutro
sensitivity correction we estimated for this resonance abo
based on an apparatus similar to ours at Geel, is too sm
However, the correction factor for this effect implied by th
difference between our data and those of Ref.@31# for this
resonance is so large~about 13 times larger than the correc
tion factor estimated from the Geel experiment@27#! that
significant corrections would be needed for several oth
resonances in136Ba. Using this larger correction factor wors
ens the agreement between our capture kernels and thos
Ref. @31# for these resonances. For this reason, and beca
there is good agreement between our data and those of R
@10# for the 7.237 keV resonance, it seems likely that th
capture kernel determined in Ref.@31# is too small.

The lack of any systematic trend in the ratio of captu
kernels is encouraging, but it may be fortuitous. Because
the relatively poor resolution of the measurement, and b
cause high-resolution transmission data were not availab
the authors of Ref.@31# had to make some assumptions re
garding thegGn values of the resonances. They used th
gGn values from Ref.@10# for the few resonances for which
they were assigned. For most resonances, however, they
sumed thatgGn was between 1.5 and 3.0 times the captu
kernel for the resonance given in Ref.@10# and thenGg was
varied in the fit to the data. By using a range ofgGn values
they could estimate the uncertainty in the capture kernel
sociated with uncertainties in the self-shielding and multip
scattering corrections caused by changes ingGn . The main
problem with this approach, as can be seen in Fig. 9, is t
the actual variations ingGn are much larger than the re-
stricted range they considered. The result is that the se
shielding correction has apparently been underestimated
many of the resonances in Ref.@31#. As an indication of the
impact that the size of thegGn value has on the self-
shielding correction, in Ref.@31# it was stated that when the
4.702 keV resonance is analyzed using agGn value of 1.5–
3.0 times the capture kernel from Ref.@10#, the resulting
capture kernel is only 73% as large as the value obtain
using thegGn value given in Ref.@10#.

It is possible to correct the capture kernels of Ref.@31#
using ourgGn values. We calculated approximate correctio
factors by using an option inSAMMY to output the theoretical
capture cross sections, both before~the ‘‘true’’ cross section!
and after~the ‘‘measured’’ cross section! correction for reso-
nance self-shielding. The self-shielding correction is give
by the ratio of the ‘‘measured’’ to the ‘‘true’’ cross section
Two calculations were done using the sample thickness
Ref. @31#, one with the resonances parameters of Ref.@31#
and the other using our parameters. We used the med
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value for gGn in Ref. @31#, 2.25 times the capture kerne
from Ref @10#, except for those resonances wheregGn was
taken directly from Ref.@10#. The Gg values for Ref.@31#
were then calculated using these neutron widths and the c
ture kernels of Ref.@31#. We then corrected the capture ker
nels of Ref.@31# by multiplying them by the ratio of the
‘‘measured’’ to ‘‘true’’ cross sections from the calculation
with the parameters of Ref.@31# and dividing by the ratio
from the calculation with our parameters. The overall agre
ment between the capture kernels from the two experime
was improved slightly by applying this correction. More sig
nificantly, because the neutron widths were most often u
derestimated in Ref.@31#, most capture kernels were in-
creased~by as much as 48%! by this correction. The overall
effect of this correction is to increase the Maxwellian
averaged cross section calculated from the parameters
Ref. @31#. This will be discussed in the next subsection.

Finally, we note that from our transmission measuremen
alone, the capture kernel for the 4.948 keV resonance giv
in Ref. @31# is very likely too large. The capture kernel given
in Ref. @31# is larger than the limit allowed by the most likely
gGn value from the fit to our transmission data. Even if th
largestgGn value allowed by our statistical uncertainty is
used, the capture kernel in Ref.@31# would require an unrea-
sonably largeGg of 1120 meV.

The average resonance properties calculated from our
rameters are compared to previous results@10,25# in Table
V. Our results represent a significant improvement over pr
vious knowledge. For example, there was very little previo
information concerning the averagep-wave properties and
some previouss-wave averages were apparently contam
nated by the inclusion ofp-wave resonances. The averag
s-wave radiative widthŝGg0& we determined are substan
tially smaller than given in previous work. On the othe
hand, we were able to more precisely validate the assert
in Ref. @10# that the averagep-wave radiative width of reso-
nances in136Ba is substantially larger than that forswaves.
Our values for the average level spacings are in agreem
with previous work if the values given in Ref.@25# and the
value for 134Ba in Ref. @10# are assumed to include boths
and p waves. Thes-wave strength function for136 Ba we
calculate is in agreement with Ref.@25# whereas both ours-
and p-wave strength functions for134Ba are substantially
larger than given in Refs.@10,25#. ‘‘Staircase’’ plots of ours-
andp-wave resonance data follow the expected linear beha
ior, lending confidence that the average resonance proper
we calculate do not suffer significantly from systematic e
rors due to missing or misassigned levels.

Our measured cross sections for the unresolved resona
region are compared to previous work@9# in Fig. 4. Our data
have been binned over the same course energy intervals u
in Ref. @9# for energies below 225 keV. In general, there
fairly good agreement between the two sets of data for ea
nuclide.

B. Reaction rates

The astrophysical reactivitiesNA^sv& calculated from our
measurements are compared to previous work@9,10,31# in
Figs. 5 and 6. At the classicals-process temperature
kT530 keV, there is good agreement between our data a
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the two previous measurements for136Ba @9,10#, whereas for
134Ba our data are in good agreement with the most rec
measurement@9#, confirming that the previous reaction ra
of Ref. @10# is 20% too large.

Although there is good agreement with previous work
the classicals -process temperature, there are significant d
ferences at other temperatures for both isotopes. In part
lar, near the lower temperatures (kT'8 keV! favored by
recent stellar models@1–3#, our reaction rates for134Ba and
136Ba are lower and higher, respectively, than in the previo
work of Ref. @9#. The differences appear to be the effect
resonances below the energy range of the previous exp
ment. In Ref.@9#, the contribution to the reaction rate due
resonances below 5 keV was estimated using calculati
whereas we directly measured the strengths of these r
nances.

The lowest temperature for which reaction rates are av
able from previous work is 10 keV. For134Ba, our rate is
only 89% as large as the rate in Ref.@9#, where the contri-
bution of resonances below 5 keV to the reaction rate at
keV was estimated to be 68.766.9 mb @14#, whereas our
data show that they actually contribute only 47.0 mb. If t
rate of Ref.@9# is corrected downward by this 21.7 mb di
ference, then the two rates agree to within the original
perimental uncertainties.

For 136Ba, our reaction rate at 10 keV is 6.2% higher th
the rate reported in Ref.@9#, where it was estimated@14# that
resonances below 5 keV contribute 25.7065.14 mb to this
rate, whereas our measurements show that they actually
tribute 34.7 mb. If the rate of Ref.@9# is corrected upward by
the difference between these two numbers, then the two r
agree to better than 2%.

Our reaction rate atkT510 keV is 11.2% larger than the
rate determined from the resonance analysis of some of
136Ba(n,g) data of Ref.@9# reported in Ref.@31#. However,
if the contribution of resonances below the 2.8 keV cutoff
Ref. @31# and the effect of using incorrect neutron widths
Ref. @31# are taken into account, then there is very go
agreement between our rate and theirs. Our data indicate
the resonances below 2.8 keV contribute 9.9 mb to the re
tion rate at 10 keV. Our calculations described in the l
subsection indicate that if the correct neutron widths
used, the 10 keV reaction rate is increased by another 3.6
over the value given in Ref.@31# . When these two effects ar
taken into account, the corrected rate of Ref.@31# is within
1% of our rate. The effect of resonances below the cutoffs
Refs.@9,31# on the reaction rate at other temperatures can
calculated using the parameters given in Tables III and
Our calculations indicate that if the reaction rates of R
@31# are corrected for the effect of using the wrong neutr
widths, the rates atkT520 and 30 keV are increased by 2
and 1.1 mb, respectively.

Our measurements clearly demonstrate that ‘‘ . . . cross
section measurements at low energies are urge
needed . . . ’’ as wasstated in Ref.@9#. We have shown that
resonances below the energy limit of previous experime
contribute substantially to the reaction rate at the low te
peratures favored by recent stellar models and, furtherm
that the uncertainty associated with estimating the size
their contribution has been significantly underestimated
previous work @9,31#. Furthermore, we have shown tha
ent
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high-quality transmission measurements are indispensa
for obtaining the correct reaction rates from resonance ana
ses.

V. ASTROPHYSICAL IMPLICATIONS

In Ref. @2#, it was concluded that the isotopic anomalie
of the barium isotopes observed in certain inclusions in m
teorites could be reconciled with the predictions of mode
for thesprocess in low-mass stars only if the neutron captu
reaction rates for the barium isotopes were adjusted fro
their then recommended values@32,33#. In Ref.@9# new mea-
surements of these rates were reported that were closer to
adjusted values of Ref.@2# than the previously recommended
values. However, even with these new cross sections, it w
reported@9# that both classicals-process calculations as well
as those based on a stellar model resulted in an overprod
tion of the s-only barium isotopes. As a result, it was sug
gested@9# that the solar barium abundance might be in err
by 20%. Our new measurements of the reaction rates
134Ba and136Ba are significantly different from those of Ref
@9# at the low temperatures characteristic of the recent ste
models; hence, we have done some preliminary calculatio
to explore the effect of our new rates on the nucleosynthe
of the barium isotopes.

Because there is good agreement between our reac
rate and those of Ref.@9# at kT530 keV, there is no change
in the barium abundances from classicals-process calcula-
tions. However, our data show that the ratio of reaction rat
for the two s-only barium isotopes, which can be useful in
estimating thes-process temperature, is a much strong
function of temperature than previously thought. The rel
tively strong decrease in the134Ba/136Ba ratio of reaction
rates indicated by our data has the effect of decreasing
effective s-process temperature from an analysis of th
branching at134Cs compared to an analysis based on th
reaction rates of Refs.@9,31#. Following Ref. @9#, we used
the classical approach to compute thes-process temperature
by comparing the branching factor calculated from the ne
tron capture andb-decay rates of134Cs to the effective
branching factor computed from thes-only barium isotopes.
The results are illustrated in Fig. 10. The branching fact
from the 134Cs properties is given by

f n5ln /~ln1lb!, ~1!

where lb5 ln2/t1/2 and ln5 nnsvT @where nn is the
s-process neutron density,s is the stellar134Cs~n,g) cross
section, andvT is the mean thermal neutron velocity# are the
b-decay and the neutron capture rates, respectively,
134Cs. The 134Cs(n,g) cross section was taken from Ref
@33# and was assumed to have a 1/v temperature dependence
The temperature dependence of the134Cs b-decay rate was
taken from Ref. @34# and the neutron density
nn5(4.160.6)3108 cm23 was taken from Ref.@35#. The
temperature dependence of this branching factor is illustra
by the long-dashed, dotted, and dash-dotted curves in F
10. The long-dashed curve depicts the temperature dep
dence of this branching factor using the recommended n
tron capture andb-decay rates. The dotted curves show th
uncertainty in this branching factor due to the uncertainty
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FIG. 10. The effective branching factorf n at
134Cs calculated under classicals-process assumptions. The long dashed curve shows

branching factor calculated from the ratio of the neutron andb-decay rates for134Cs @Eq. ~1!# using theb-decay rate and neutron captu
cross section recommended in Refs.@34# and@33#, respectively. The two dotted curves show the uncertainty in the branching factor d
the uncertainty in the means-process neutron density. Similarly, the two dash-dotted curves depict the uncertainty in the branching
due to a factor of 3 uncertainty in the temperature dependence of theb-decay rate for134Cs. The solid curve represents the branching fac
calculated from thes-only barium isotopes@Eq. ~2!# using our new134,136Ba(n,g) reaction rates. The intersection of the solid curve with t
long dashed curve yields the means-process temperaturekT'14 keV using the recommended parameters for134Cs. Similarly, the inter-
sections of the solid curve with the dotted curves and the dash-dotted curves yield the range of temperatures allowed by the unce
the s-process neutron density (6 0.6 keV! and the temperature dependence of the134Csb-decay rate~16, 24 keV!, respectively.
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the neutron density whereas the dash-dotted curves d
the uncertainty due to the estimated factor of 3 uncertaint
the temperature dependence of the134Csb-decay rate.

The effective branching factor from thes-only barium iso-
topes can be calculated from

f n512
§135Ba§136Ba~sNs!134Ba

~sNs!136Ba
, ~2!

with

§A5S 11
1

sAt0
D 21

. ~3!

The abundancesNs in Eq. ~2! were taken from Ref.@36#
and the mean exposuret0 5 0.295 mb21 was taken from
Ref. @1#. The solid curve in Fig. 10 shows the temperat
dependence of this branching factor using our reaction ra

The effective, classicals-process temperature is given b
the point where the curves for the two effective branch
factors intersect. From the curves in Fig. 10 it can be s
that this occurs atkTs ' 14 keV. For comparison, a branch
ing factor f n 5 0.176, independent of temperature, was c
culated in Ref.@9#, from which~using a smaller neutron den
sity of 3.83108 cm23) a higher temperature ofkTs ' 16
keV was deduced. Allowing for a factor of 3 uncertainty
the 134Cs b-decay rate, using our134,136Ba(n,g) reaction
rates results in a means-process temperature in the ran
kTs 5 10–20 keV. This is inconsistent with the valuekTs 5
2965 keV deduced from the analysis of the branchings
151Sm, 154Eu, and175Lu @1#. This inconsistency in the tem
perature deduced from the classical analysis of diffe
pict
in
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tes.
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nt

branching points apparently indicates a failure of the clas
cal s-process scenario and points to the need for more
phisticated stellar models.

To investigate the nucleosynthesis in a more realis
model, we used the reaction network codeNETZ @37# to cal-
culate thes-process nucleosynthesis in a scenario appro
mating the recent stellar model of Ref.@2#. In this model of
a low-mass red giant star, the main neutron exposure ar
from the 13C(a,n! reaction at a temperature ofkT' 12 keV.
This is followed by a smaller exposure atkT' 26 keV due
to the 22Ne(a,n) reaction. UsingNETZ, the neutron capture
andb-decay connecting a series of 414 isotopes~including
some isomers! between28Si and 211Po was calculated over
the course of 20 identical ‘‘pulses.’’ The time dependence
the temperature, neutron density, and electron density dur
each pulse approximated that from the stellar model. W
performed two calculations, one with the reaction rates f
134,136Ba from Ref.@9# and the second using our new rate
Reaction rates for the other isotopes were taken from R
@33# or from recent measurements reported since the time
that compilation.

Using the reaction rates of Ref.@31#, the production of
134Ba and136Ba is too high by 33% and 22%, respectively
normalized to the average overproduction of thes-only cali-
bration points 124Te and 150Sm. Using our new reaction
rates, the relative overproduction of136Ba compared to
124Te and 150Sm is decreased to 19% whereas the overp
duction of 134Ba is increased to 38%. Hence, the relativ
overproduction of thes-only barium isotopes remains a prob
lem for this model.

In the more recents-process model of Ref.@3#, the neu-
tron sources are the same, but13C(a,n) burns at a lower
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temperature ofkT'8 keV between thermal pulses in a r
diative rather than a convective environment. In addition,
neutron density during the13C(a,n) phase is substantially
smaller than in the 12 keV model@2#. However, the duration
of this phase is longer so that the total number of neutr
released is about the same. Also, because the neutron
released in a radiative rather than a convective environm
there is a range of conditions under which nucleosynth
occurs depending on the distribution of primary13C and
14N. Unfortunately, because of these and other differen
compared to the 12 keV model, the current version ofNETZ

cannot be used to calculate the nucleosynthesis in this m
in order to ascertain the effect of our new reaction rates.
can, however, make some general observations based o
temperature dependence of our reaction rates compare
those of Ref.@9#.

The calculations of Ref.@3# show a relative overproduc
tion of the s-only barium isotopes similar to that in the 1
keV model. Given the difference between our rates and th
of Ref. @9# extrapolated to 8 keV, we expect that our ne
rates would reduce the overproduction of136Ba and increase
the overproduction of134Ba in this model. However, ther
have been very few cross section measurements down to
low energies necessary to obtain accurate reaction rate
the low temperature of this model. Our measurements
well as similar data on138Ba @6# have shown that extrapola
tions from measurements at higher energies are not relia
hence, new measurements are needed on many isotop
fully evaluate this new model.

It might be possible to remedy the relative overproduct
of 134Ba by increasing the (n,g) cross section and decrea
ing the b-decay rate of the radioactive branching po
134Cs within the respective estimated uncertainties. Ho
ever, our new lower134Ba(n,g) reaction rate will make this
more difficult. Also, the much lower neutron density in the
keV model could result in an even larger overproduction
134Ba. The lower neutron density is somewhat compensa
by the fact that theb-decay lifetime of134Cs is substantially
longer at the lower temperature. However, the fact that
branched isotope136Ba is substantiallly overproduced in th
model calculations indicates that there may be more fun
mental problems with the stellar models and/or the so
barium abundance which should be addressed before ‘‘fi
tuning’’ is undertaken in an attempt to solve the134Ba over-
production.

VI. CONCLUSIONS

In conclusion, our measurements have allowed us to
rectly determine the rates for the134,136Ba(n,g) reactions at
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the lower temperatures required by the new stellar mod
Also, because our capture samples were thinner than thos
previous measurements, and because we measured tot
well as capture cross sections, we were able to substant
reduce systematic uncertainties associated with fin
thickness sample corrections to the data. We have shown
previous estimates for these low-temperature rates, base
extrapolations from higher-energy measurements, were s
stantially in error and that the ratio of reaction rates for the
two isotopes depends more strongly on temperature than
viously thought. Our analysis of the branching at134Cs using
a classicals process scenario yielded a temperature too l
to be consistent with the temperature from the analysis
other branching points. This inconsistency points to the ne
for more sophisticated models of thes process beyond the
classical model. We have carried outs-process network cal-
culations to explore the effect of our new reaction rates
the production of the barium isotopes in low-mass stars
the asymptotic giant branch. The calculations indicate t
our new rates result in a reduction for136Ba, but an increase
for 134Ba, in their relative overproduction compared to oth
s-only isotopes. The relative overproduction of134Ba might
be solved by adjusting the capture andb-decay rates for
134Cs within their present uncertainties. However, the re
tive overproduction of the unbranched,s-only isotope136Ba
remains a challenge to modelers of thes process.
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