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We have made new, improved measurements of$h&Si (n, y) cross sections and have done a resonance
analysis of these data including previous total cross sections. Together with the calculated contributions due to
direct capture, we calculated the astrophysicahi reaction rates and investigated thprocess abundances
of the Si isotopes. Measured isotopic anomalies of intermediate and heavy elements in SiC grains from
meteorites appear to be attributable to $herocess in asymptotic giant bran@hGB) stars. But the Si isotopic
ratios in these grains are substantially different tegommocess models predict. Therefore, recent papers have
invoked galactic chemical evolution or other effects to explain the Si isotope ratios in these grains. Our new
reaction rates are significantly different than previous ratessammdcess calculations using these rates lead to
much larger isotopic shifts if’Si. However, these exploratory calculations demonstrate that even with these
substantially different rates the large observed variation in SiC grain from AGB stars cannot be explained by
standards-process models.
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About half of the abundances of elements havkig90  =0.050 633 1 and¥Si/?®Si), = 0.033 474 4 henceforth, we
are thought to be produced in asymptotic giant branctall §(*°Si/?2Si) 62°Si and 5(3°Si/?®Si) 6°°Si]. There are at
(AGB) stars via a chain of neutron capture reactions gnd |east three problems with ascribing the origin of the Si iso-
decays called the procesq1]. Because the neutron density topic ratios in these grains to treprocess using standard
during thes process is relatively low, the nucleosynthesis ismodels. First, the range a¥°Si and 6°°Si values observed
constrained to follow the valley of stability; hence, the in mainstream grains is much larger than predicted by
result ofs-process synthesis for particular environments cars-process models for AGB stars. Second, the slope of 1.31 in
be computed in detail using mostly experimentally accessibléhe three-isotope plot is also much larger than predicted.
neutron capture reaction argtdecay rates. Third, standard homogeneous galactic chemical evolution

Grains of SiC recovered from primitive meteorifgs-4]  models predict that both?°Si and 5°°Si increase with time
appear to preserve the signature of therocesg5]. These over the age of the galaxy, so that the fact that most main-
grains contain small amounts of intermediate and heavy nustream grains have positivé?°Si and 6°°Si values would
clides having very nonsolar isotopic compositions. Most oflead to the conclusion that the Si isotopes found in these
these isotopic ratios follow the pattern expected fromshe grains are younger than the Sun.
process—compared to solar they are enriched in isotopes The inability of thes process to produce large enough
produced solely or predominantly by te@rocess. Based in  §2°Sj and 6°°Si values is, in part, due to the fact that the
part on the, for the most part, good match between predictedeutron capture reaction rates for the light nuclides are gen-
and observed isotopic ratios for these heavy elements, AGBrally very small. The failure o-process models to produce
stars inside of which the process was occurring have been a large enough slope in the three-isotope plot is also related
identified as originators of these graif6—9]. The Si is  to the neutron reaction rates. In these models, the abundance
about 50% of the total number of atoms in the grains, but thef 3°Si is modified much more than that 81Si because of a
measured Si isotopic abundances in the meteoric SiC grairfeeding from the33S(n,«)3°Si reaction, which has a com-
do not match the predictions from AGB stellar models, asparatively large rate. Several explanations have been pro-
suming that the Si abundances initially were solar and wer@osed to resolve the puzzle that the heavy elements in main-
modified only by thes process in the star from which the stream SiC grains appear to come from sharocess, while
grain was formed. Instead, Si isotope ratios in these grainthe Si isotopic ratios cannot be explained in this way. For
appear to offer a new window to galactic chemical evolution.example, in Ref[14], it was shown that a renormalization of
Detailed analysis of the SiC grains show thaB0% are the three-isotope plot for Si from the interstellar medium
so-called mainstream graif40—13. As shown in Fig. 1, (ISM) to the solar frame of reference could result in a slope
mainstream grains lie along a correlation line with a slope ofn agreement with the mainstream grains, but with a dis-
1.31 in a three-isotope plot for Si. This form of expressingplacement from the observed values indicative of the unique-
deviations in per thousangbermil) from the solar isotopic ness of the Sun with respect to the ISM. Alternatively, in Ref.
ratio  ('SiI*’Si),) is  defined as &(?°Si/?®Si)  [13], it was proposed that the puzzle of the Si isotope ratios
=[(?°Si/?8Si)/(*°Si/?8Si), —1]x 1000 and &(3°Si/?8Si)  in mainstream grains could be explained as being due to
=[(3°si/%8si)/ (*°Si/%8Si), —1]x 1000 with  @°Si/?’Si),  heterogeneities from a limited number of supernova sources.
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o Lo MansteamGan . ) NCSP, only the major isotop®Si (92.23% abundangewas
—— SiC correlation line before AGB processing (this work) of interest. Therefore the sample used in this experiment was
SiC correlation line before AGB processing (Ref. 13) o 0,9 . . . .. . .
78 a silicon crystal of natural isotopic composition, with dimen-

sions of 2.545.2 cm, and a thickness of 1.57 cm. It was
located at a distance of 40.12 m from the ORELA neutron
target in a well-collimated neutron beam. The energy depen-
dence of the neutron flux was measured with a thin
loaded glass scintillator located 43 cm ahead of the sample.
Individual runs to measure sample-out and average neutron-
scattering backgrounds were made with an empty sample
holder and a carbon sample, respectively. We used the satu-

, 5% ° rated resonance techniqyé9], employing the 4.906-eV
/ o o resonance in thé®Au(n,y) cross section, to convert the
o S %0 measured counts to absolute cross sections.
50 ‘ . The determination of the astrophysical reaction rates was
* ° 5061255 o ®  improved in two other ways compared to previous work.

First, the resonance analysis of our new capture data in-
FIG. 1. Three-isotope plot for Si. Si having solar composition cluded newer total cross section measurements on isotopi-
lies at the origin. Isotope ratios for mainstream SiC grafites  cally enriched silicon samplg20]. With these total cross
clarity, not all are plottelare shown as open circles, and the dashedsection data, the reliability of isotopic assignments was much
line represents the fitted correlation line with slope 1.31 for theimproved. In addition, these total cross section data, coupled
mainstream grains. The gray dashed-dotted line represents thgijth the fact that the excellent ORELA time-of-flight resolu-
AGB-corrected mainstream grain correlation line from Haf3]. tion resolves neutron resonances belew00 keV, made
The §o|id Iine depicts the AGB-corrected mainstream grain Corr9|abossible precise corrections for resonance self-shielding and
tion line using our new rates for the AGB model ST of R3] 1y tiple scattering across the entire range of interest to as-
The black and gray arrows depict therocess shift from the AGB 5y sics. Second, we calculated the component of the cross
?’tr?el;la\:e((:;?(l)cr:l?ﬁf;rgtsem?hgucrorr?;i andd_from R3], :_"](Spicwe'y'h section due to direct captut®C). This DC component can-
: pondisgrocess shifts for each 1, he determined using our experimental technique and was
calculation. - - S :
neglected in previous determinations of the reaction rate. Far
Both of these solutions rely on the accurate prediction ofrom being negligible, we found that DC constitutes a sub-
the Si isotope ratios resulting fromprocessing in AGB  stantial fraction of the reaction rateee Table )l The data
stars. However, the reaction rates for the Si isotopes aréere analyzed in the resolved resonance region using the
based on old cross section measurements that are suspectedltiievel R-matrix codesammy [21]. The silicon capture
to be in error. For example, criticality benchmark calcula-data were fitted in the energy range from 100 eV to 700 keV,
tions undertaken for the nuclear criticality safety programwhere we obtained resonance parameters for 18, 16, and 8
(NCSP (for systems containing large amounts of Si mixedresonances for®Si, 2°Si, and *Si, respectively. We ob-
with 22U and having a significant fraction of the neutron served two resonances f8PSi, which had not been previ-
flux in the epithermal regionpredicted that known critical ously reported[22]. In addition, we determined that one
systems would be subcritical. However, calculations run withresonance previously assigned #8i [22] is actually in
substantialad hocreductions of neutron capture cross sec->°Si. Furthermore, a resonanceifSi at 2.235 keV that was
tions for Si agreed with the benchmdrks]. Furthermore, it added[22] to account for the measured resonance integral
is likely that the previous neutron cross section da@ are ~ was not visible in our new capture data, nor in the transmis-
too large because the correction for the prompt neutron sersion measurements using an enricti€si samplg20]. This
sitivity of the apparatus had been underestimated. This cotatter fact and the reduced capture kernel for the 4.977-keV
rection can be particularly important for these lighter nu-resonance lead to a large reduction of #8i neutron cap-
clides that have small neutron capture, but large neutroture cross section at lower neutron energies.
scattering, cross sections. Several recent measurelieegis We performed the direct capture calculations using the
Ref. [17]) have demonstrated that this correction had beeigode TEDCA [23,24], which takesEl, M1, andE2 transi-
underestimated in other similar measurements using thons into account. In the calculatioB1 transitions were
same apparatus. Hence, we made new measurements of fleeind to be dominant, therefore only these were used for the
Si neutron capture cross sections at the Oak Ridge Electrgparametrizations of the cross sections. The uncertainty in the
Linear Accelerato ORELA). These new experiments were DC cross section was estimated by combining the uncer-
performed utilizing the gDg detector system at the 40-m tainty in the scattering lengtf25]—which is used to deter-
flight station of the ORELA. With this new apparatus, we mine the optical potential—and an estimated uncertainty in
have reduced the prompt neutron sensitivity of the system tthe spectroscopic factof26,27. The resulting uncertainty
the point where it has been shown to be negligible. Details ofn the DC component is rather large and is, in some cases,
the experimental technique as well as this improvement anthe dominat uncertainty in the reaction rate. Also, the com-
others can be found in Refgl7,18§|. paratively large contribution of DC to the thermal cross sec-
Because measurements were undertaken to support thien had to be taken into account in tRematrix analysis by
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TABLE |. Maxwellian averaged cross sections for the Si isotopes compared to the most recent evaluation.

kT 2 25 g

Expt. DC Expt+DC. Ref.[30]  Expt. DC Expt+DC Ref.[30]  Expt. DC Expt+DC. Ref.[30]
(keV) (mb) (mb) (mb)

5 0.19+0.01 0.22-0.09 0.410.09 029 778+0.78 0.510.32 8.29-0.84 103  1468+1.47 0.320.16 15.00-1.48 124.0
8 0.24+0.01 0.26:0.09 0.44:0.09 0.60 10.64:1.06 0.58-0.38 11.22>1.13 129 881+0.88 0.33-0.18 9.15-0.90 62.5
10 0.33+0.02 0.20:0.09 0.53-0.09 0.86 11.14+1.11 0.63-0.42 11.721.19 144 659+066 0.350.20 6.94-0.69 43.0
15 0.65-0.03 0.26:0.10 0.86:0.10 1.9 1057:£1.06 0.73-0.50 11.3¢:1.17 133  3.67x0.37 0.38:0.23 4.05-0.43 22.0
20 0.94+0.05 0.21-0.10 1.15-0.11 25  917+0.92 0.82:0.57 9.98-1.08 11.3 235:0.24 042025 2.720.34 13.0
25 1.11+0.06 0.22:0.11 1.33-0.12 2.8  7.77£0.78 0.90:0.63 8.671.00 95  1.69+0.17 0.45-0.28 2.13-0.32 838
30 1.19+0.06 0.230.11 1.42-0.13 29  658-0.66 0.98-0.69 7.56-0.95 7.9  1.34+0.13 0.480.30 1.820033 6.5
40  1.23+0.06 0.25-0.13 147014 2.8  488+0.49 1.11:0.79 599093 58  1.08:0.11 0530.34 1.610.35 3.8
50  1.18+0.06 0.26:0.14 1.45-0.15 2.7  3.78+0.38 1.23-0.88 502096 44  1.04+0.10 0.5%0.37 1.630.39 2.6

adjusting the parameters of the external levels as well aauthors of Ref[31] point out themselves, in such cases the
those of some of the resonances. Details about the resonan@es obtained by the activation technique are subject to un-
analysis, the final resonance parameters, and the DC calcknown and possibly large systematic uncertainties due to de-
lations can be found in Ref28]. Cross sections calculated viations between the incident neutron spectrum of the mea-
with these final parameters were found to give good agreesurements and a true Maxwell-Boltzmann distribution. In
ment[15] with criticality benchmarks in the epithermal re- contrast, our time-of-flight technique allows a very accurate
gion which included silicon and®U. We calculated astro- determination of the strengths, and hence the reaction rate
physical 2=3%i(n, y) rates due to our resonance parametersiue to these resonances. Even though the sample used for
[28] using standard techniqué¢21]. To this, we added the this experiment was rather thick, the corrections for multiple
DC contributions to obtain the total reaction rates. Becausscattering as calculated by the well tested analyzing code
we used a sample having natural isotopic abundance for our

(n,y) measurements, it contained much 1€85°%i than . ! . !

285j. Therefore, the statistical precision of th&3%Si(n, y) 8 X 3OSi(n I
rates(10%) is worse than for®Si(n, y) (5%). This has to be 6] T
combined with the uncertainty of DC calculations. However, 1 £ s
because of the improvements in our measurements and in ot 4] i i
resonance analysis, and because we included the DC compt 24 B

. . . i X ‘* |
nent in the calculation of the reaction rates, our results — 1 == X_ A A v

should be much more reliable than the previously acceptec™@ g T g T
rates (which also are based on measurements made witt g

. . . o ) t
samples having natural isotopic composijic@ur new rates <

o

with the combined uncertainties are compared to the mos &
recent evaluation in Table |, and the astrophysical reactiors

—

rates are plotted in Fig. 2. Overall, o&f>%i(n, y) reaction =~ =

rates are much smaller than the previously accepted ones%
especially®°Si(n, y). At kT=30 keV, our rates are approxi- v,
mately 50%, 4%, and 70% lower fd®3%i, respectively, 'z

compared to the latest evaluati80]. In current AGB stellar

models of thes process, most neutron exposure occurs at g':_ 3
kT=8 keV. At this temperature, our new rates are 25%, ] !
13%, and 85% lower than RdB0] for 22-3%Ki(n, ), respec- g':'. C
tively. ey [

Our reaction rates fof°Si(n, y) are significantly different 0.2 [
from those obtained from a recent activation measuremen 0.1 N
[31]. At the two reported temperaturdsT=25 and 52 keV, 04 -* - 0 F
the rates are 1.65 and 0.44 times our rates, respectively. Al 0 10 20 30 40 50
though the activation technique can, in principle, determine kTTkeV]

the rate due to both resonance and direct capture, the accu-

racy of the technique is problematical for cases like FIG. 2. Astrophysical reaction rates for tR&3%i(n, y) reac-
39si(n,y) where narrow, widely separated resonances domition calculated from the cross sections of the present v(sokid
nate (96% and 80% of the rates &T=8 and 25 keV, re- curves, with the dashed curves depicting the uncertajntiesf.
spectively, according to our datséhe reaction rate. As the [29] (A), and Ref[30] (X).
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TABLE Il. Comparison of the calculated-value rangesin %o) for the ratios of2°Si/?%si and 30Si/?8Si
using our new reaction rates and the values from R3&fl. The calculations were performed for the case ST
with different stellar mass model82]. Shown are thes-value ranges for different pulses underO
conditions in the stellar envelope where SiC grains form.

1.5Mg 3 Mg
Using the reaction rates from
This work Ref.[30] This work Ref.[30]
(%o) (%o)
5(?°Sil?8si) 4.4-84 11.2-21.1 5.7-8.4 16.0-21.4
5(3°si/?8si) 25.0-46.2 13.1-26.8 27.9-41.0 18.6-26.1

SAMMY were at most 2% for some of th&Si resonances. gest some intriguing implications for the solution to the
For the self-shielding of individual resonancesmmy ap-  puzzle of the Si isotope ratios in mainstream grains. For
plied a maximum correction of about 20%. These relativelyexample, the larger shift in thé®°Si and smaller shift in
small corrections, the well reproduced criticality benchmarks?°Si from the ST model calculations run with our rates in-
calculations, and the fact thaammy has been tested exten- dicate that the solution proposed in Rgf3] will have to be
sively, give us confidence that our resonance parameters angodified. In Ref[13], average shifts i$%°Si ands°°Si of 20
reliable. The authors of Reff32] attempted to extrapolate the per thousand and 25 per thousand, respectively, were calcu-
data from their measurements to obtain a reaction rate at tHated by averaging over the 1.5 and 3;M\GB s-process
importants process temperature &T=8 keV by adjusting models. In contrast, the model ST AGB calculations using
the capture kernels of the two most important resonances aur rates yield average shifts of 6.4 per thousané/i$i and
E,=4.98 and 15.14 keV to arrive at a rate in agreement witl85.4 per thousand i°°Si. As a consequence, when these
their measurement &T=25 keV. Because it is not possible averaged AGB contributions are subtracted from #3eSi
to obtain a unique solution for each of two capture kernels byand 6°°Si observed for mainstream grains, the resultant
adjusting them both to agree with the rate at a single temAGB-corrected mainstream line that results from using our
perature, the temperature dependence of their extrapolatesgw reaction rates is significantly different than obtained in
rate is highly uncertain. For all these reasons, the rates deRef.[13]. This is illustrated in Fig. 1, where the correspond-
termined in the present work should be much more reliabléng s-process shifts for the different calculations is shown.
than those of Ref.31]. The vectors depicting the correspondistgrocess shifts for

To assess the impact of our new, lower ratesstheocess  each calculation are starting at the corresponding mean SiC
abundances were computed for an AGB stellar m¢82],  grain composition of the parent star and point to the mean
starting with a solar isotopic compositidoase standard in composition of the observed SiC grains. Furthermore, it is
Ref. [8]) that has been found to best describe the meteoriexpected that the shift i8°°Si would be even larger if the
isotopic anomalies for the heavy elements in SiC grains. Thaverage shift from the complete range of stellar models used
calculated Si abundances in the stellar envelope under coin Ref.[13] was calculated using our new rates. As a result,
ditions in which SiC grains are expected to form>Q) the AGB-corrected mainstream line may be shifted even fur-
were used to calculate th®values for the Si isotopes. The ther than illustrated herein. At the very least, the AGB-
calculations were performed for 1.5 and/3; stellar models  corrected correlation line will no longer pass very close to
using both our rates as well as those recommended in theolar one, as was found in R¢L3] (suggesting that sun was
most recent compilation, Ref30], and are summarized in formed from materials having a composition different from
Table Il. There are substantial differences in the Si isotopicthe mean ISM at the time of solar bijthand a different
abundances calculated using our rates compared to those calixture of supernova sources will be needed to fit the main-
culated using Ref[30]. For example, our rates lead to a stream data. The much lower slope in the three-isotope plot
factor of about smaller §2°Si and twice as large a®°Si  for the AGB s-process modification of the Si isotope ratios
compared to the calculations using the rates of RB4f]. As  indicated by these exploratory calculations suggest that if the
a result, thes values calculated using our rates lie on a AGB solar material had a special composition relative to the mean
evolution line with a slope of 0.19, much smaller than thelSM, at solar birth, as proposed in R¢l4], this composi-
slope of 0.74 resulting from the old rates. This situation istion is substantially different than suggested in R&#].
depicted by the arrows in Fig. 1. Also, with our new rates, However, the main problem remains that current standard
the 3 M, stellar model is 10% more efficient at producing models of thes process in AGB stars do not produce large
305 than the 1.5 M, mass model, whereas calculations madeenough shifts in52°Si and °°Si to account for the observed
using the old rates lead to essentially the same production islope of 1.31 for the mainstream SiC grains correlation line.
both models. The main effects of our new rates appear to b&herefore, the observed Si correlation in these grains must
that even les°Si is produced via the®Si(n,y) reaction, be explained by contributions of massive stars to the ISM
and that very little 3°Si (produced via a feeding from the and in some fashion reflect galactic evolution. From our data
335(n, ) reaction is destroyed. it appears that the parent AGB star cannot account for the

Our interpretation of these exploratory calculations sug-observed spread in the Si isotopes in the mainstream SiC
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grains. Nevertheless, we would like to point out two otherthe *2S(n,y)*S reaction has been underestimated because
possible means for obtaining larger shiftd3°Si and 5°°Si. possible DC contributions have not been taken into account.

First, as already discussed by R3], AGB models having ) ) .
larger mass or lower metallicity are able to achieve larger We are grateful to R. Gallino for helpful discussions and

shifts than the ST model used herein. Using our new reactioRis exploratorys-process calculations, and would like to ex-
rates may result in even larger shifts f5i. This is already ~ press our appreciation to D. D. Clayton for helpful discus-
the case for the 3V, mass model, which is 10% more sions, and to T. A. Lewis for keeping ORELA running. The
efficient at producing®’Si than the 1.5M, mass model. research is sponsored by the Office of Environmental Man-
Second, a larger?S(n,y)33S reaction rate could yield a agement, and the Office of Science, U.S. Department of En-
higher 3°Si abundance in the AGB star, via feeding from theergy, under Contract No. DE-AC05-000R22725 with UT-
335(n, @) %Si reaction, which has a much larger rate than theBattelle, LLC, and by Swiss NSF Grant Nos. 2000-
destruction reactiof®Si(n, y). It is possible that the rate for 061822.00 and 2024-067428.01.
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