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approximately the v-! dependence. The following table constructed from their Table 8 shows

that <ov> is nearly a constant:

143§m
kT <0> (mb) <OV>/<OV>10keV
(keV)
10 522 * 26 1.0
20 339 + 16 1.09 N.B.
1.0 to within
30 277 £ 13 1.09
experimental
50 225 = 10 1.04
; i1 - .error . '
100 174 + 8. -1.05 -

The agreement is not so spectacular for 149Sm and 150Sm! Note: the measured cross-sections

must be extrapolated in order to compute <Ov>'s.

‘

Our second example (Figures 4, 5) is taken from Walter et al. (1986, Astr. Ap., 167,

186). These ¢'s show much more structure (resonances) imposed upon a roughly v-1 decline.

However, the Maxwellian velocity distribution 'smooths' out the resonances and <ov> is again

nearly independent of temperature. The following table is adapted from Walter ez. al.'s Table 8:

80Se
KT <0>
(keV) (mb) <OV>/<OV>20keV
'}
20 57 = 4 1.0 N.B.
1.0 to within
30 4 += 3 0.95
experimental
40 38 + 3 0.94
error
50 34 + 3 0.94

For an introduction to current measurement techniques, see Képpeler's chapter in

"Nucleosynthesis: Challenges and New Developments".
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¥ Available isotopes for Barium (Z=56)
130gg 132p5 134py 135, 136y 137p4 138Ba

Go to isotope Gol!

¥ Recommended MACS30 (Maxwellian Averaged Cross Section @ 30keV)

138Ba (n,)/)13958

Total MACS at 30keV: 4.00 + 0.20 mb

Cross sections do not include stellar enhancement factors!

¥ History
Version Total MACS [mb] Partial to gs [mb] Partial to isomer [mb]
0.0 4.00 + 0.20 = ~

(Version 0.0 corresponds to Bao et al.)

¥ Comment
Last review: 2000

¥ List of all available values

original  renorm. year |type Comment = | e R
4.07 + 0.20 1997 ¢ Linac, TOF, 6Li, Au+Ag:Sat. BCM97

4,22 £ 0.25 3.93 1980 ¢ VdG, Act., 1/v(KT), Au:B-1V Bek80

3.8+ 0.8 1979 ¢,2 Linac, TOF, 6Li, Au:Sat., k=0.9833 MAM79

542 1977 ¢ Linac, TOF, 6Li+235U, Au:Sat. MAB75,MAB77a
gé\f L6 a5 1973 ¢ Sb-Be, Act., 1/v(E), 1271:836mb(23keV) SSR73

82 1971 e AGM71

3.75 2006 e endfb?

4.30 2004 e jeff31

4.30 2002 e jendI33

6.3 2000 t RaT99

4.8 1981 t Har81

6.7 1976 t HWF76
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D. Status and Prospects QM K;‘thsf 6t ﬂ .

1. Compilations of stellar (n,~) cross sections and further requirements ( 2/
ot J

Stellar neutron capture cross sections have first been compiled in 1971 by Allen et al. (1971), who presented a set
of recommended (n,v) cross sections averaged over a Maxwell-Boltzmann distribution for a thermal energy of kT =
30 keV. This first collection of Maxwellian averaged cross sections (MACS) comprised already 130 experimental cross
sections with typical uncertainties between 10 and 25%. These data were complemented by 109 semi-empirical values
estimated from the cross section trends with neutron number of neighboring nuclei to provide a full set of nuclear
data for quantitative studies of the s-process.

The next compilation of experimental and theoretical stellar neutron cross sections for s-process studies, which was
published 16 years later by Bao and Képpeler (1987), included cross sections for (n, ) reactions between 12C and
2098; some (n, p) and (n, @) reactions (from 33Se to ®°Ni), and also (n,7) and (n, f) reactions for long-lived actinides.
Also in this version MACSs were given at a single thermal energy of kT = 30 keV, sufficient for studies with the
canonical s-process formulated by Seeger et al. (1965) for a constant temperature and neutron density scenario. A
major achievement, however, was the significant improvement of the accuracy, which was reaching the 1 - 2% level
for a number of important s-process isotopes.

Meanwhile, the canonical or ”classical” approach had been challenged by refined stellar models, which indicated
different sites for the s-process, from He shell burning in thermally pulsing low mass AGB stars (Gallino et al., 1988;
Hollowell and Iben, 1988) to shell C burning in massive stars (Raiteri et al., 1991a,b), where (a,n) reactions on 130
and 22Ne were identified as the dominant neutron sources, respectively. The fact that the temperatures at the various
sites require MACS data for thermal energies between 8 and 90 keV was taken into account in the compilation of
Beer et al. (1992a), which listed values in the range 5 < kT < 100 keV.

The following compilation of Bao et al. (2000) was extended to cover a network of 364 (n,v) reactions, including
also relevant partial cross sections. This work presents detailed information on previous MACS results, which were
eventually condensed into recommended values. Again, data are given for thermal energies from 5 to 100 keV.
For isotopes without experimental cross section information, recommended values were derived from calculations
with the Hauser-Feshbach statistical model code NON-SMOKER (Rauscher and Thielemann, 2000), which were

empirically corrected for known systematic deficiencies in the nuclear input of the calculation. For the first time,
stellar enhancement factors (SEF), which take the effect of thermally excited nuclear states into account, were included
as well.

For easy access, the compilation of Bao et al. (2000) was published in electronic form via the KADONIS project
(http://www.kadonis.org) (Dillmann et al., 2005). The current version KADONIS v0.3 (Dillmann et al., 2009) is
already the third update and includes — compared to the Bao et al. compilation (Bao et al., 2000) — recommended
values for 38 improved and 14 new cross sections. In total, data sets are available for 356 isotopes, including 77
radioactive nuclei on or close to the s-process path. For 13 of these radioactive nuclei, experimental data is available,
i.e. for 14C, 60Fe, 937r, 99Tc, 07Pd, 1297 135(Cg 147ppy, 151Gm, 155Ky, 163Ho, 182Hf and '85W. The remaining 64
radioactive nuclei are not (yet) measured in the stellar energy range and are represented only by empirically corrected
Hauser-Feshbach rates with typical uncertainties of 25 to 30%. Almost all of the (n,7v) cross sections of the 277 stable
isotopes have been measured. The few exceptions are 170, 36,38y 40K, 50V, T0Zn, T273Ge, T182Ge, 9:99Ry, 1816,
13815, 158Dy, and 195Pt, which lie mostly outside the s-process path in the proton-rich p-process domain. These cross
sections are difficult to determine because they are often not accessible by activation measurements or not available
in sufficient amounts and/or enrichment for time-of-flight measurements.

The actual status of the (n,v) cross sections for s-process nucleosynthesis calculations is summarized in Fig. 6,
which shows the respective uncertainties as a function of mass number. Though the necessary accuracy of 1 to 5%
has been locally achieved, further improvements are clearly required, predominantly in the mass region below A=
120 and above A = 180.

Further efforts in this field are the more important as Fig. 6 reflects only the situation for a thermal energy of 30
keV. In most cases, however, extrapolation to lower and higher temperatures implies still larger uncertainties.

The lack of accurate data is particularly crucial for the weak s-process in massive stars, which is responsible for
most of the s abundances between Cu and Sr. Since the neutron exposure of the the weak s process is not sufficient
for achieving flow equilibrium, cross section uncertainties may affect the abundances of a sequence of heavier isotopes
(see Sec. IILB). :

The present version of KADONIS consists of two parts: the s-process library and a collection of available ex-
perimental p-process reactions. The s-process library will be complemented in the near future by some (n,p) and
(n, ) cross sections measured at k1" = 30 keV, as it was already included in (Bao and Képpeler, 1987). The p-process
database will be a collection of all available charged-particle reactions measured within or close to the Gamow window
of the p process (Tp= 2-3 GK).

In a further extension of KADONIS it is planned to include more radioactive isotopes, which are relevant for
s-process nucleosynthesis at higher neutron densities (up to 101! ¢cm™3) (Cristallo et al., 2006). Since these isotopes
are more than one atomic mass unit away from the ”regular” s-process path on the neutron-rich side of stability, their
stellar (n,7) values have to be extrapolated from known cross sections by means of the statistical Hauser-Feshbach
model. The present list covers 73 new isotopes and is available on the KADONIS homepage.
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Results of a model calculation solving eq.(3) for a seed of pure - Fe (at lg ON =

1.12). Different curves correspond to different values of the neutron exposure.
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where p(7) dr is the fraction of seed nuclei having received exposure 7 in the interval
T>7+dn

The exponential distribution of exposures was suggested to arise from the effect
of galactic reprocessing, i.e. the total exposure experienced by some fraction of material
would relate to the number of times that material had been processed through stars.
With this choice of an exponential distribution of exposures, the set of differential
equations (4.5) are amenable to a particularly simple analytic solution (Clayton and
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Figure 3. (a) The Solar-System s-process oN curve sketched in B’FH: @, s process only; O, s process
predominantly. (b) The Solar-System s-process oN curve calculated in Clayton et al (1961). Oak Ridge:
@, s process, O, s corrected for r-process contribution. Livermore: A, s process; A, s corrected. Average:
W, s process; [J, s corrected. (¢) The Solar-System s-process oN curve calculated in Seeger et al (1965).
@, s only, measured o ; O, corrected for r process, measured o; +, s only, estimated o. (d) The Solar-System
s-process oN curve calculated in Allen et al (1971). s only: @, o measured; A, o estimated O, o measured.
(e) The Solar-System s-process oN curve calculated in Képpeler et al (1982). M, [J, s-only isotopes; O,
predominantly s process. (f) The Solar-System s-process N curve calculated in Ulrich (1973). @, calculated,
no branching; ®, calculated, branching correction applied; O, s only, measured o; [, s(r), measured o;
A, s (r), measured o; +, s only, estimated o; X, s, r, estimated o. (g) The Solar-System s-process oN curve
calculated in Beer et al (1984a,b). (h) The Solar-System s-process oN curve calculated in Mathews et al
(1984a, b).
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Figure 19, The characteristic product of cross section times s-process abundance versus
mass number. We compare the status of this curve in 1982 (a) (with N, from Cameron
3 ; Sym'ﬁols with

1981) with the present situation (&) (N, from Anders and Ebihara 1982) .
STror bars denote the em'Blrlca! products of pure or almost pure s-isotopes,

25%, leading to good agreement of the '*>'**'**Te values with the model curve. Even
more important was the revision of the rare-earth abundances. While the Gd abundance
was lowered by 20%, most of the others were raised by ~10%. These changes yielded
an empirical oN,-value of Gd, which is now consistent with the model curve, and
reduced also the step in the oN curve at the magic neutron number 82. As a result,
the ratio between seed abundance and integral s-process yield for the main component
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but are extrapolated to kT =23 keV according to the s-process temperature derived
from branching analyses; in a few significant cases, the cross sections were also corrected
for stellar enhancement factors. Branchings are considered only if they are strong
enough to stand out on figure 19; the weaker branchings do not affect the abundances
significantly, but can be important for estimating neutron density and temperature (see
for example the branchings at A = 147,148 and at **Cs, "**Eu, (§ 5.2.1). The branchings
connected with the s-only isotopes '"°Lu, 7*Hf and *’Os are complicated by long-lived
radioactive decays. These decays are potential chronometers for the age of the s-process
elements and will be discussed in some detail in § 7.

The weak and strong s-process components can alternatively be assumed to result
from single neutron exposures. Such an assumption allows for a better reproduction
of the s-only isotopes °Ge and "°Se (Beer 1986, 1988, Beer and Macklin 1989); this
is illustrated in tablé 4, where numerical oN,-values for a single flux solution of the
weak component are given in brackets in column 7. For possible stellar scenarios
see § 6. :

4.2. Neutron economy

The main difference between the oN, curves in figure 19 comes from the revision of
the rare-earth abundances by Anders and Ebihara (1982), giving rise to a much less
pronounced step in the new o N, curve at the magic neutron number 82. This corre-
sponds to an increase of the mean neutron exposure, 7,, and to a decrease of the
required seed abundance, f. A comparison with the results for the 1982 curve (Képpeler
et al 1982; Almeida and Képpeler 1983) is given in table 5.

Given the perfect agreement between the empirical oN;-values and the calculated
curve, one can be rather confident about the present s-process abundances. This
statement is additionally supported by the smoothness of the related r-process abun-

FDA\ \‘A ’QNI‘—‘ Table 5. Comparison of mean neutron exposure, 7,, and fractional seed abundance, f
with values based on abundance compilations prior to Anders and Ebihara (1982). For a
C_,)VA’QS ( CA@ discussion of the neutron balance condition for the **Ne(a, n) source see the text.
‘F ( z g Képpeler et al (1982) Present
\ Mean neutron exposure 7, (mb™')
. kT(keV)\'/?
Main component 0.24+0.01 (0.30+0.01) ——30
kT(keV)\ 2
Weak component 0.056 +0.005 (0.068%0.007) (——(3—;—2)
Strong component — 7.0
Seed abundance, f (% of No(*Fe))
Main component 0.092£0.015 0.043 £0.002
Weak component 27402 1.6
Strong component — 1.2x107*
Total number of neutrons captured per **Fe
seed nucleus, X n, (equation (4.1))
Main component 13.0° 15.1+0.8
Weak component — 2.8
Strong component —_ 141.0

® Almeida and Képpeler (1983).
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Fig. 32. Section of the chart of the nuclides from Kr to Zr. Stable isotopes are
depicted with dark backgrounds and white labels. Unstable isotopes are depicted
on a lighter background with black labels. The light arrow shows the neutron flow
for low-neutron densities, whereas the dark, dashed arrows show the flow for high
neutron densities (Ny > 10° n/cm™?). The black solid arrows shows the direction of
the How for all densities. Isotope with magic neutron number = 50 are surrounded
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are built up decay. The population p of the isomeric state of 85Kr is generated
by neutron capture on **Kr (p = 0.52 £ 0.006; Beer et al. 1991). Half lives of
unstable nuclei are indicated and, when temperature dependent, a temperature
of 30 keV has been adopted. The time scales for ®’Rb and ®’Sr f-decay during
the pulse are too long to be of any significance for the synthesis. The branching
of B6Rb to %Kr can be neglected too. The unstable nuclei ®*Kr and *°Rb are
represented by “brokén” boxes; ®’Rb is effectively stable after manufacture.

(After Beer & Macklin 1989.)
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FI1G. 2—Observed (filled circles) and synthetic spectra (thin lines) of the M
giant § And around the Rb 1 7800 A line. Synthetic spectra are shown for the
Rb abundances [Rb/M] = —0.7, —0.4, and —0.1.

overabundances of Nd and other rare-earths but moderate
overabundances of the lighter s-process elements such as Sr, Y,
and Zr. Unidentified lines presumably attributable to rare
earth atoms or ions are quite numerous around 7800 A (and
elsewhere) and two are labeled in Figure 5.

Our results are summarized in Table 1, where the stellar
parameters (T, g), metallicity [M/H], and the s-process
enhancement [s/M] are taken from Smith & Lambert (1990),
where s here denotes Y and Zr. The fit of the synthetic spectra
to the observed spectrum gives [Rb/M] which is computed
from [Rb/H] and [M/H]. This [M/H] is not necessarily iden-
“ical to the value given by Smith & Lambert (1990), but, as

plained above, [Rb/M] is insensitive to how the TiO lines
and quasi-continuous opacity are represented. In expressing
the stellar Rb abundances as [Rb/M] on [Rb/H], we adopt the
meteoritic Rb abundance given by Anders & Grevesse (1989):
log €(Rb) = 2.4 + 0.03. The solar photospheric Rb abundance
based on published (Hauge 1972) and unpublished (Grevesse
1984) analyses of the 7800 and 7947 A Rb 1 lines is slightly
higher: log e(Rb = 2.60 with +0.15 as an estimated uncer-
tainty. If the photospheric Rb abundance is preferred as the
reference point, the [Rb/M]-values in Table 1 will have to be
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F1G. 3—Observed (filled circles) and synthetic spectra (thin lines) of the
mtrinsic S star HD 64332 around the Rb 1 7800 A line. Synthetic spectra are
shown for [Rb/M] = +0.2 and 0.0.
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F1G, 4—Observed (filled circles) and synthetic spectra (thin lines) of the
cool intrinsic S star TV Aur around the Rb 17800 A line. Synthetic spectra are
shown for [Rb/M] = +1.2,0.9, 0.6, and —5 (no Rb).

decreased by 0.2. The presence or absence of Tc is noted in
Table 1: intrinsic MS/S stars have Tc and the extrinsic (binary)
MS/S stars do not have Tc.

3.3. The s-process Rubidium in MS/S and Barium Stars

In material of solar system composition, the s-process in the
Kr-Rb region is resolvable into two components having differ-
ent origins in terms of physical parameters and presumably of
stellar sites (see Kdppeler et al. 1989). The “ weak ” component,
which is the dominant contributor to elements lighter than
about Kr, is probably synthesized in the He-burning layers of
massive stars. The “main” component, which is the dominant
contributor to elements heavier than about Kr, is synthesized
in the He shell of low-mass AGB stars and is the component
whose effects are seen in the MS/S and barium stars. In addi-

RELATIVE FLUX

- bl HD 35155 —
0.4 ! i ! | 1 L 1 |
7796 7798 7800 7802 7804

WAVELENGTH(A)

FiG. 5—Observed (filled circles) and synthetic spectra (thin lines) of the
extrinsic S star HD 35155 around the Rb 1 7800 A line. Synthetic spectra are
shown for [Rb/M] = +0.1 and —0.2.
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Figure 11 Neutron density during slow neutron capture processing in thermal-pulsii;
asymptotic giant branch stars. a. The situation in the central layer of the radiative zou
where '3C burns in the interpulse period, according to the schematic model of Galli

et al (1998). b. Neutron density from activation of the 2>Ne(a,n)>Mg neutron sout
in different pulses. The bottom temperature increases with pulse number (11, 16, ¢ic

as does the neutron density.
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Figure 14 The average abundance ratio Rb/Sr, as deduced by Lambert et al (1u'*
from measurements in MS and S stars. The shaded regions cover the prediction: «
derive from s-process models in IMS and in LMS. In the first case, neutrons
produced by **Ne burning and in the second by '*C burning. Convective (Com.) «
radiative (Rad.) '3C burnings are shown, and it is clear that the convective mot
prediction is far above the observed value, whereas the radiative model is consiste:
with the data on MS stars.
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