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ABSTRACT
We present a new analysis of neutron capture occurring in low-mass asymptotic giant branch (AGB)

stars su†ering recurrent thermal pulses. We use dedicated evolutionary models for stars of initial mass in
the range 1 to 3 and metallicity from solar to half solar. Mass loss is taken into account with theM

_Reimers parameterization. The third dredge-up mechanism is self-consistently found to occur after a
limited number of pulses, mixing with the envelope freshly synthesized 12C and s-processed material
from the He intershell. During thermal pulses, the temperature at the base of the convective region
barely reaches being the temperature in units of 108 K), leading to a marginal activation ofT8D 3 (T8the 22Ne(a, n)25Mg neutron source. The alternative and much faster reaction 13C(a, n)16O must then
play the major role. However, the 13C abundance left behind by the H shell is far too low to drive the
synthesis of the s-elements. We assume instead that at any third dredge-up episode, hydrogen downÑows
from the envelope penetrate into a tiny region placed at the top of the 12C-rich intershell, of the order of
a few 10~4 At H reignition, a 13C-rich (and 14N-rich) zone is formed. Neutrons by the major 13CM

_
.

source are then released in radiative conditions at during the interpulse period, giving rise to anT8D 0.9
efficient s-processing that depends on the 13C proÐle in the pocket. A second small neutron burst from
the 22Ne source operates during convective pulses over previously s-processed material diluted with fresh
Fe seeds and H-burning ashes. The main features of the Ðnal s-process abundance distribution in the
material cumulatively mixed with the envelope through the various third dredge-up episodes are dis-
cussed. Contrary to current expectations, the distribution cannot be approximated by a simple exponen-
tial law of neutron irradiations. The s-process nucleosynthesis mostly occurs inside the 13C pocket ; the
form of the distribution is built through the interplay of the s-processing occurring in the intershell zones
and the geometrical overlap of di†erent pulses.

The 13C pocket is of primary origin, resulting from proton captures on newly synthesized 12C. Conse-
quently, the s-process nucleosynthesis also depends on Fe seeds, a lower metallicity favoring the pro-
duction of the heaviest elements. This allows a wide range of s-element abundance distributions to be
produced in AGB stars of di†erent metallicities, in agreement with spectroscopic evidence and with the
Galactic enrichment of the heavy s-elements at the time of formation of the solar system. AGB stars of
metallicity are the best candidates for the buildup of the main component, i.e., for the s-Z^ 12 Z

_distribution of the heavy elements from the Sr-Y-Zr peak up to the Pb peak, as deduced by meteoritic
and solar spectroscopic analyses. A number of AGB stars may actually show in their envelopes an s-
process abundance distribution almost identical to that of the main component. Eventually, the astro-
physical origin of mainstream circumstellar SiC grains recovered from pristine meteorites, showing a
nonsolar s-signatures in a number of trace heavy elements, is likely identiÐed in the circumstellar
envelopes of AGB stars of about solar metallicity, locally polluting the interstellar medium from which
the solar system condensed.
Subject headings : nuclear reactions, nucleosynthesis, abundances È stars : AGB and post-AGB È

stars : evolution È stars : low-mass, brown dwarfs

1. INTRODUCTION

Low-mass asymptotic giant branch (AGB) stars su†ering
recurrent thermal pulses from the He shell show correlated
enhancements of newly synthesized 12C and heavy s-
elements in their photospheres & Lambert(Smith 1990).
These stars, whose envelopes are progressively lost through
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severe stellar winds, are important contributors to the
chemical evolution of the Galaxy, accounting in particular
for the main component in the solar system, i.e., for all
s-nuclei from Zr to Pb, and for a substantial fraction of
Galactic carbon.

Evolutionary models for AGB stars of initial mass in the
range of 1 to 3 and solar metallicity have been com-M

_puted with the FRANEC code et al. here-(Straniero 1997,
after Further evolutionary models for 1.5 and 2Paper I).

stars with metallicity Z\ 0.01 have been computed forM
_the present analysis and will be fully described in a sub-

sequent paper of this series.
After a limited number of pulses, for core mass MH º 0.60

the convective envelope penetrates into the partiallyM
_

,
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He-burnt zone at the quenching of each instability, mixing
freshly synthesized 4He, 12C, and s-processed material to
the surface. This mechanism, called third dredge-up, is
reproduced self consistently with the FRANEC code, allow-
ing us to quantitatively determine the nucleosynthesis yields
from AGB winds.

In accordance with the Ðndings of previous authors
(e.g., Boothroyd & Sackmann et al.1988a, 1988b ; Busso

the maximum temperature at the1988 ; Blo� cker 1995),
bottom of the He-burning convective shell barely reaches

In such conditions, the large abundance ofT8D 3.
22Ne, deriving from the transmutation of almost all CNO
nuclei to 14N during H-shell burning, followed by
14N(a, c)18F(b`l)18O(a, c)22Ne in the pulse, is only margin-
ally a†ected by a captures. The limited release of neutrons
via the 22Ne(a, n)25Mg channel is insufficient to explain the
observed s-process enhancements in MS, S, and C stars.

The alternative 13C neutron source, which is easily trig-
gered at lower temperatures, must then play the major role.
Although the 13C left behind by the operation of the H shell
is largely insufficient to account for the observed s-
enhancements, a large abundance of 13C nuclei might be
produced locally in the 12C-rich intershell by proton
capture on 12C, if mixing of a small amount of hydrogen
from the envelope is allowed. Despite positive tests present-
ed by & Renzini and & IbenIben (1982) Hollowell (1988)
for AGB stars of low metallicity, showing that partial
mixing may be induced by the e†ect of the increased opacity
arising from 12C recombination, this mechanism does not
work in disk-metallicity stars We remind the(Iben 1983).
reader, however, that at the quenching of each instability
the H shell remains inactive for a period of one to several
thousand years. When the third dredge-up is at work, a
sharp H-He discontinuity is left between the bottom of the
convective envelope and the top of the intershell region.
This discontinuity should likely be smoothed by chemical
di†usion or local instabilities & Renzini(Iben 1983 ; Gallino
et al. A hydrodynamical treatment is required, and1988).
this constitutes a major challenge in s-process nucleo-
synthesis studies. This problem is related to an improve-
ment of our knowledge of how to treat turbulent motions
and convection, which in stellar evolutionary models are
usually approximated by the mixing-length theory. In this
respect, it is important to notice that three-dimensional
numerical simulations by & Stein showedNordlund (1995)
that in subphotospheric solar conditions, penetration of
downÑows into the stable subconvective layers are to be
expected at a level of several pressure scale heights. Recent
parameterized calculations for AGB stars conÐrm this
possibility et al.(Herwig 1997).

At H reignition, the di†used protons are mostly cap-
tured by the abundant 12C through the chain
12C(p, c)13N(b`l)13C. The 13C(p, c)14N reaction, although
faster than the one above, does not compete with 13C pro-
duction if the number of available protons per 12C nucleus
is small. Consequently, a 13C pocket is formed at the top of
the intershell region. This consists of a decreasing proÐle of
13C, accompanied by production of 14N in the uppermost
layers, where protons are more abundant. Later on, the
advance in mass of the H-burning shell compresses and
heats the 13C reservoir. The temperature in the pocket
reaches at the start of the next instability. However,T8D 1
as shown by et al. at (about 8Straniero (1995), T8º 0.9
keV) all 13C nuclides are already being consumed by a

capture via the 13C(a, n)16O reaction, releasing neutrons in
radiative conditions. The large concentration of 13C allows
a very efficient s-process nucleosynthesis to occur in a tiny
radiative zone.

A new, detailed description of the build-up of the s-
elements in AGB stars is then necessary. Indeed, previous
analyses were made under the assumption that neutrons
were released in convective conditions, after engulfment of
the 13C pocket by the growing thermal instability &(Iben
Renzini Hollowell & Iben et al.1982 ; 1988, 1989 ; Gallino

et al.1988 ; Ka� ppeler 1990).
During recurrent pulses, the highly s-enriched pocket is

Ðrst mixed with material already s-processed by previous
episodes and then diluted with fresh Fe seeds and H-shellÈ
burning ashes. In the pulse, a second small burst of neutrons
is induced by the marginal activation of the 22Ne source,
leading to important modiÐcations of s-branching depen-
dent nuclei. The efficiency of this second irradiation varies
with pulse number, owing to the slight increase of the
maximum bottom temperature in the pulse. Consequently,
the s-nucleosynthesis has to be followed with great care. It is
through the interplay of the double neutron pulse mecha-
nism and recurrent thermal instabilities, followed by third
dredge-up episodes, that newly synthesized 12C and
s-processed matter is brought to the envelope and then
progressively lost in the interstellar medium by efficient
stellar winds, while the central core Ðnds its way toward the
white dwarf stage.

The 13C pocket is of primary origin, being synthesized
directly in the star, starting from hydrogen and freshly made
carbon. Consequently, once a 13C proÐle is chosen, the
s-process efficiency varies strongly with stellar metallicity.
This makes the 13C neutron source in AGB stars a unique
tool et al. for(Clayton 1988 ; Gallino 1988 ; Gallino 1989)
investigating the Galactic enrichment of the heavy s-
elements.

Because of our present inability to quantitatively esti-
mate the hydrogen downÑows in the He intershell, both the
extension and the chemical proÐle of the 13C pocket must
be treated as relatively free parameters. A large set of di†er-
ent parameterizations of the 13C pocket have been attempt-
ed, and a full discussion will be presented elsewhere.
However, as we will discuss in a number of general° 2,
constraints exist, including the production ratios of 13C and
14N, which are determined by proton capture rates of 12C
and 13C, respectively.

The aim of this paper is to present a detailed analysis of
the s-process nucleosynthesis occurring in Galactic disk
AGB stars, showing that it is indeed possible to constrain
the 13C pocket proÐle to reproduce the main component
and to match spectroscopic observations of s-enhanced
stars, for which a noticeable dispersion in their s-element
abundance distributions is observed & Lambert(Smith

et al. et al.1990 ; Busso 1995 ; Lambert 1995).
In we discuss the neutron capture network used in the° 2

present calculations, following the neutron irradiations rel-
eased in the various radiative layers of the pocket, which
give rise to highly di†erent s-process enhancements. In ° 3
we consider the new mechanism for producing a composite
distribution of neutron exposures in AGB stars through the
interplay of recurrent thermal instabilities. In the e†ect° 4
of light neutron poisons is brieÑy analyzed. In the impor-° 5
tant role played by the second small neutron burst released
by the 22Ne source during thermal instabilities is discussed.
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In we investigate the resulting s-process enhancements in° 6
the He shell material, cumulatively dredged up into the
envelope of AGB stars of solar metallicity. In we point° 7
out how the primary 13C neutron source forces the
s-process efficiency to vary with metallicity. In the possi-° 8
bility of reproducing the main component in Ðne detail in
single AGB stars is commented upon. In an astro-° 9
physical interpretation of the strong component, an idea
originally devised by & Rassbach onClayton (1967)
phenomenological grounds, is advanced. con-Section 10
tains a short description of the astrophysical implications
involved in the recent discovery of circumstellar SiC grains
recovered from pristine meteorites. Finally, the main con-
clusions of this paper are summarized in ° 11.

2. NEUTRON CAPTURE BY 13C BURNING IN THE

INTERPULSE PERIODS

The s-process nucleosynthesis has been performed using
a postprocess technique that carefully follows the stellar
evolutionary structure up to the tip of the AGB. It accounts
for the development of the various convective instabilities
and radiative interpulse phases, as well as for the recurrent
third dredge-up episodes. Charged-particle interactions
between light isotopes in the He intershell are coupled with
an extended neutron capture network. Knowing the inter-
shell mass mixed with the envelope at any given third
dredge-up episode, we can follow the evolution of the
s-processed material in the mass-losing envelope. The
s-distributions in the He intershell and in the envelope vary
with time. At the photospheric level, we see at any time a
complex abundance distribution, derived by integration
over all the previous third dredge-up episodes and diluted
over the original composition, taking into account the con-
tinuous mass loss by stellar winds and the growth of the
core mass.

2.1. Neutron Capture Network
For the neutron capture network, we use Maxwellian

averaged cross sections from Voss, & WintersBeer, (1992a),
who included a proper estimate of the temperature depen-
dence. These cross sections have been updated with a large
number of experimental measurements and theoretical esti-
mates. For heavy isotopes, these include 87Rb & Ka� p-(Jaag
peler Sn and Sb isotopes et al.1996a), (Ka� ppeler 1993 ;
Wisshak et al. Te isotopes et al.1996a, 1996b), (Wisshak

134~137Ba et al. Wisshak, & Ka� p-1992), (Voss 1994 ; Voss,
peler et al. 138Ba Corvi, & Atha-1995 ; Koehler 1996), (Beer,
nassopulos Corvi, & Mutti Ce and Pr1993 ; Beer, 1997),
isotopes et al. Nd and Pm isotopes(Ka� ppeler 1996),

et al. Sm isotopes et al. Gd(Toukan 1995), (Wisshak 1993),
isotopes et al. 155Eu & Ka� ppeler(Wisshak 1995), (Jaag

163Ho & Ka� ppeler Ta isotopes1995), (Jaag 1996b),
Ka� ppeler, & Re†o 208Pb et al.(Ne� meth, 1992), (Corvi 1995,

et al. and 209Bi New measure-Beer 1997), (Mutti 1997).
ments are under way, among which are more precise deter-
minations of cross sections of the neutron magic and s-only
142Nd, and of its neighbor 144Nd et al.(Wisshak 1997 ;

et al. Data for cross sections of unstable iso-Guber 1997).
topes not included in et al. for which onlyBeer (1992a),
theoretical estimates are available, are from et al.Holmes
(1976).

For all isotopes, stellar factors accounting for the popu-
lation of ground-level and low-lying excited states at the

temperatures involved are derived from et al.Holmes
(1976).

The nuclear network extends to all light species below Fe,
which act as neutron poisons for the buildup of the
s-elements. Again, we use cross sections from et al.Beer

updated for 12C et al. 14C et al.(1992a), (Ohsaki 1994), (Beer
15N et al. 16O et al.1992b), (Meissner 1996b), (Igashira

18O et al. and 22Ne et al.1995), (Meissner 1996a), (Beer
In addition, the 30 keV cross section of 28Si was1991).

renormalized to the & Ka� ppeler estimate of 2.9Bao (1987)
mbarn at 30 keV (H. Beer 1993, private communication).

Important (n, p) and (n, a) channels of a number of iso-
topes are included. For (n, p) channels, we use experimental
rates for 14N & OÏBrien 26Al et al.(Koehler 1989), (Koehler

35Cl Wagemans, & Geltenbort 36Cl1995), (Druyts, 1994),
et al. and 41Ca et al. For(Schatz 1995), (Wagemans 1993).

(n, a) channels, we take experimental rates for 17O et(Schatz
al. 26Al Kavanagh, & Sargood 33S1993), (Skelton, 1987),

et al. and 41Ca Druyts, & Bar-(Schatz 1995), (Wagemans,
the� le� my Other theoretical estimates for (n, p) and1995).
(n, a) channels, including 37, 39Ar, 40K, 59Ni, and 65Zn,
are from et al.Woosley (1978).

A proper treatment of isomeric states is performed
Newman, & Clayton & Fowler(Ward, 1976 ; Ward 1980 ;
et al. et al. This includes 26Al,Ne� meth 1992 ; Klay 1991).

85Kr, 121Sn, 176Lu, and 179Hf.
Weak interaction rates for heavy nuclei are taken from

& Yokoi who carefully evaluated tem-Takahashi (1987),
perature and electron density e†ects at astrophysical condi-
tions. More recent b-decay rates of 79Se are from &Klay
Ka� ppeler and those for 176Lu are from et al.(1988), Klay

Below iron, weak interaction rates are from(1991). Fuller,
Fowler, & Newman extended version available in(1985,
electronic form), and from et al.Oda (1994).

On the whole, the s-process network contains more than
400 isotopes. It is sufficiently extended to take into account
all possible branchings that play even a modest role,
especially in the higher neutron density conditions estab-
lished during the small neutron burst released by the
22Ne(a, n)25Mg reaction.

2.2. Choice of the 13C Pocket ProÐle
As discussed in since the Ðrst occurrence of the third° 1,

dredge-up (after nine to eleven pulses, depending on the
mass), we have to assume the existence of hydrogen down-
Ñows below the formal convective border of the envelope.
We start with an H proÐle as shown in assumed toFigure 1,
be characteristic of all the interpulse phases. The ensuing
13C and 14N proÐles at H reignition, using &Caughlan
Fowler rates for proton captures on 12C and 13C, are(1988)
also plotted in where the 13C pocket has beenFigure 1,
subdivided into three di†erent zones according to the
strength of the characteristic neutron irradiation (see
below).

The mass of the 13C pocket is 5.0] 10~4 about 1/20M
_

,
of the typical mass involved in a thermal pulse. It contains
2.8] 10~6 of 13C and 9 ] 10~8 of 14N. TheM

_
M

_proÐle is not very di†erent from the one evaluated by
& Iben although we restrict ourselves toHollowell (1988),

hydrogen mass fractions below i.e., to numberXH ^ 0.0015,
ratios N(H)/N(12C)¹ 0.1. A higher hydrogen abundance
would not produce a correspondingly higher abundance of
13C, because of the increasing competition by 14N pro-
duction. Actually, a large spectrum of 13C proÐles is to be



No. 1, 1998 EVOLUTION AND NUCLEOSYNTHESIS IN STARS. II. 391

FIG. 1.ÈThe adopted distribution in the mass of hydrogen introduced
in the 12C-rich intershell, and of the resulting 13C and 14N proÐles at
H-shell reignition, as discussed in the text.

expected, as demonstrated by spreads in the s-process
enhancements of chemically peculiar Population I stars.

2.3. On Neutron Irradiation in the Radiative 13C-burning
L ayers

All 13C nuclei available below the H shell are consumed
by the 13C(a, n)16O reaction in radiative conditions before
the growth of the next instability. (solid line) showsFigure 2
the timescale for a capture on 13C versus temperature for a
characteristic value of g cm~3, according to theoXa\ 5000
experimental determination of et al. in theDenker (1995) ;
temperature range of interest, this rate is up to a factor of 2
higher than the previous one (dashed line) estimated by

& Fowler making the 13C exhaustionCaughlan (1988),
occur a bit faster.

The duration of the 13C consumption, including the e†ect

FIG. 2.ÈTimescale for a captures on 13C for a characteristic value
g cm~3. Solid line shows the experimental rate of et al.oXa\ 5000 Denker

dashed line shows the theoretical evaluation by &(1995) ; Caughlan
Fowler (1988).

of the delayed neutron recycling by 12C(n, c)13C(a, n)16O
et al. lasts for about 20,000 yr. This leaves(Travaglio 1996),

several thousand years before the growth of the next con-
vective instability, which acts to dilute the s-processed
material over the whole intershell zone.

shows the temporal behavior of the neutronFigure 3
density of three representative layers during 13C consump-
tion. These layers correspond to the middle points of the
three zones indicated in The results are given forFigure 1.
the 23d interpulse phase (the 15th after the Ðrst occurrence
of the third dredge-up) of a 3 model star of solar com-M

_position, mass loss from the param-Reimers (1975)
eterization with g \ 1.15, as discussed in (Note thatPaper I.
in Paper I, all g values were mistakenly given at a factor of 2
higher than e†ectively used.) The neutron density in each
layer scales as the 13C local abundance. On the whole, the
neutron density is relatively low, reaching D1 ] 107n
cm~3. Consequently, only a few branchings along the
s-path are open. This is illustrated for the same case in

where we show the distribution of theFigure 4, p
i
N

iproducts averaged over the 13C pocket as a function of
the atomic mass number A. Note the steep decrease in the
distribution corresponding to the neutron magic nuclei at
AD 90 (N \ 50), and at AD 138 (N \ 82), as well as the
Ðnal drop at the double neutron magic 208Pb. A small e†ect
is also apparent at AD 120, corresponding to the magic
charge number Z\ 50, i.e., to the Sn isotopes.

The neutron exposure achieved in the three characteristic
layers discussed above, i.e., the time-integrated neutron Ñux

dt, is 0.13, 0.23, and 0.41 mbarn~1, respec-dq(i)\ / N
n
vthtively. The thermal velocity is close to 8 keV. The seedvthmaterial is a combination of fresh Fe seeds, light neutron

poisons, and s-processed material left in the intershell at the
quenching of the previous convective instability. The
s-process occurring in each layer is highly e†ective ;
enhancement factors with respect the initial solar composi-
tion for the s-only isotopes range from a few thousands up

FIG. 3.ÈCalculated neutron density during 13C consumption in three
representative layers of the 13C pocket during the 25th interpulse phase of
a 3 star of solar metallicity.M

_
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FIG. 4.ÈDistribution of the products averaged over the 13Cp
i
N

ipocket as a function of the atomic mass number A. The case is the same as
in Fig. 3.

to 50 thousands. As shown in very di†erentFigure 5,
enhancement factors are achieved for di†erent values of the
local exposure dq (i.e., in di†erent mass layers), in an
extremely nonlinear way.

Actually, the interplay between radiative 13C burning,
dilution of the pocket with previous s-processed material,
mixing with fresh Fe seeds and H burning ashes, and

FIG. 5.ÈEnhancement factors for selected isotopes in di†erent mass
layers as a function of the local neutron exposure, for the adopted 13C
proÐle of Fig. 1.

FIG. 6.ÈVariation of the neutron exposure per interpulse in the three
representative layers of Fig. 3.

overlap between successive pulses a†ects the Ðnal abun-
dance distribution. This causes the exposures in each mass
zone to change slightly with time, as illustrated in Figure 6,
which shows the local neutron exposure in the selected
layers of drifting downward with increasing pulseFigure 3
number.

3. THE DISTRIBUTION OF NEUTRON EXPOSURES : A NEW

MECHANISM

A key role is played by the recurrent convective insta-
bilities, which dilute the highly s-enriched material of the
13C pocket over the whole intershell region. First of all, this
allows the next third dredge-up episode to mix 12C-rich and
s-enriched matter with the envelope. In addition, the neu-
trons released during each interpulse in the pocket are cap-
tured by a mixture of fresh seeds and s-processed material
from previous cycles.

(upper panels) illustrates the development of twoFigure 7
subsequent pulses (29th and 30th) for the 3 star modelM

_discussed so far. The hatched zone represents the region
swept by the 13C pocket. The upper solid line rep-(Menv)resents the bottom border of the convective envelope, while
the line labeled indicates the H/He interface. The lowerMHpanel of shows a very schematic representation ofFigure 7
the thermal pulse history (see et al. forArlandini [1995]
details). The s-processed layers (indicated as a fraction q of
the convective pulse) are Ðrst diluted over a larger reservoir
(r [ q) containing matter that has su†ered previous neutron
capture episodes. These are further diluted over the fraction
(1 [ r) with fresh Fe seeds and H-burning ashes. For the
sake of simplicity, in this schematic example all geometrical
factors are kept constant.

Under the crude assumption that the q layer contains a
13C pocket of uniform composition and undergoes a Ðxed
neutron exposure per interpulse *q, shows theFigure 8
resulting asymptotic distribution of exposures in the new
13C-burning scenario (curve 3). This is to be compared to
the mechanism for recurrent overlappingUlrich (1973)
thermal pulses, which give rise to an exponential distribu-
tion of neutron exposures curve 1) :(Fig. 8, o(q) D (1/q0)the mean neutron exposure beingexp~q@q0, q0 q0\ *q/
([ln r), with *q being the neutron exposure per pulse and r
being the overlap factor between adjacent pulses (both
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FIG. 7.ÈUpper panels : development of two subsequent pulses (29th and 30th) for the 3 star of solar metallicity and Reimers mass-loss parameterM
_g \ 1.5. The hatched zone represents the region swept by the 13C pocket. The upper solid line represents the bottom border of the convective envelope ;(Menv)the line labeled indicates the H/He interface. Bottom panel : schematic representation of the thermal pulse history and s-processing in the interpulseMHperiods. The thin q-zone indicates the position of the 13C pocket where neutrons are released. The fraction r of the mass of the convective He shell contains

s-processed material from the previous pulses ; the fraction (1 [ r) contains the H-shellÈburning ashes (with fresh Fe seeds) swept by the convective pulse.

assumed to stay constant). Curve 2 represents the distribu-
tion of exposures according to the older (now superseded)
AGB modeling, in which neutrons were assumed to be rel-
eased after ingestion of the 13C pocket by the next convec-
tive pulse. Again, apart from the scale factor r, an
exponential distribution of exposures results.

As (curve 3) shows, even in the above simpliÐedFigure 8
scenario, the distribution of neutron exposures is much
more complex than the usually accepted exponential form,
which owed its success to the possibility of obtaining an
analytical description, and to the fact that it provided an
excellent description of the s-abundances, at least with
respect to the cross section information available until
recently (see et al. Note that, as extensivelyKa� ppeler 1990).
discussed by at a Ðrst level of approx-Clayton (1968),
imation, the abundance distribution of the heavy isotopes
(Aº 88) is mainly constrained by the bottleneck e†ect of
neutron magic nuclei at the Sr, Y, Zr peak and the Ba, La,

Ce peak, being otherwise controlled by the local criterion
it is therefore loosely bound by external con-p

i
N

i
^ const ;

ditions. Indeed, Fowler, & Clayton showedSeeger, (1965)
that about the same result for the atomic mass range
88 \ A\ 208 might be obtained a priori using di†erent
distributions of decreasing neutron exposures.

Since then, many improvements have been made. We
have high-precision values for a number of critical neutron-
capture cross sections, improved solar spectroscopic and CI
chondrite abundances & Grevesse(Cameron 1982 ; Anders

& Beer Noels, & Sauval1989 ; Palme 1993 ; Grevesse, 1996),
and upgraded evolutionary descriptions of AGB phases.
We can then recognize that di†erent distributions of expo-
sures are not really equivalent.

It must be stressed that the example of is anFigure 8
oversimpliÐcation of the whole s-process history in AGB
stars. In the Ðrst place, the mass involved in each convective
instability decreases with increasing core mass (or pulse
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FIG. 8.ÈCurve 1 : Asymptotic exponential distribution of neutron
exposures o(q), according to the mechanism of recurrentUlrich (1973)
overlapping thermal pulses. Curve 2 : Asymptotic exponential distribution
of neutron exposures according to the older (now superseded) AGB model-
ing, with the 13C pocket releasing neutrons after engulfment by the thermal
instability. Curve 3 : Asymptotic distribution of neutron exposures with
13C burning radiatively in the interpulse period according to the simpliÐed
scheme of Fig. 7.

number). This is shown in for the model star of 3Figure 9d
Furthermore, the dilution factor r decreases with pulseM

_
.

number, reaching a constant limit only in the most
advanced pulses In addition, the small neutron(Fig. 9c).
burst driven by the 22Ne source, whose strength varies with
pulse number because of variation in the bottom tem-
perature makes important modiÐcations to the(Fig. 9b),
Ðnal s-process abundance distribution. Eventually, the
s-processed material mixed with the envelope and progres-
sively lost by stellar winds shows a di†erent isotopic com-
position from that left in the He intershell. Indeed, it is the
product of the cumulative e†ect of the various third dredge-
up episodes each event carrying a di†erent com-(Fig. 9a),
position of heavy elements.

Another important point not accounted for in isFigure 8
the e†ect of the neutron captures taking place in the 13C
pocket. The 13C radiative burning implies that a composite
distribution of exposures is made in the pocket itself, each
layer achieving a quite high and di†erent exposure dq(i). An
analytical treatment of this is hardly possible ; on the other
hand, referring only to an average value of the neutron
exposure for each interpulse would yield completely erron-
eous results. Note that even the usual approximation
*q> 1, a necessary condition for obtaining a continuous
distribution of exposures is no longer valid.(Ulrich 1973),

Neutrons released by the 13C source under radiative con-
ditions in the interpulse periods of AGB stars make a pro-
found di†erence to all previous phenomenological
mechanisms based on an exponential distribution of expo-
sures. The s-process abundance distribution in AGB stars is
controlled by the way in which the hydrogen proÐle pen-
etrates into the 12C-rich intershell. With regard to the e†ect
of the major 13C neutron source, the Ðnal abundance dis-

tribution is much closer to a superposition of a few single
irradiations et al. than to an exponential(Clayton 1961)
distribution of exposures.

4. EFFECT OF LIGHT NEUTRON POISONS

The initial composition of the pocket is made up of 12C-
rich and, except at its Ðrst occurrence, s-rich matter from
the previous pulse. The isotope 14N, which is commonly
considered a strong neutron poison because of its resonant
14N(n, p)14C channel, enters in the radiative 13C burning
zone only as a fresh nucleus, synthesized locally together
with 13C in the upper layers of the 13C pocket. Indeed, all
other 14N nuclei present in the intershell as ashes of HCNO
burning in the H shell undergo full conversion to 22Ne in
the previous thermal instability. The pocket therefore con-
tains a large abundance of 22Ne, which, however, because of
its very low cross section does not appreciably a†ect
neutron captures. Note that the protons released by the
above (n, p) channel (and by other minor ones) induce an
important delayed neutron recycling through the chain
12C(p, c)13N(b`l)13C(a, n)16O Jorissen(Cameron 1955 ;
& Arnould No 18O nuclei,1985, 1989 ; Gallino 1989).
which would efficiently destroy protons through the chain
18O(p, a)15N(p, a)12C, are present in the pocket, since, like
14N, they are destroyed in the previous pulse, in the reac-
tion chain leading to 22Ne production.

Another neutron poison present in great abundance in
the ashes of the H-burning shell is 26Al, in its long-lived
ground state synthesized by the reaction 25Mg(p, c)26Alg

Paulus, & Arnould It has a total (n, p) plus(Forestini, 1991).
(n, c) cross section of 164 mbarn at 30 keV. However, in this
case a large fraction of 26Al has also undergone substantial
depletion by neutron capture in the previous convective
pulse.

The above discussion makes it clear that compared to a
convective burning scenario, the radiative s-process, in
which all 13C nuclei are consumed locally and release neu-
trons without being diluted over the convective pulse, is
much less a†ected by the Ðltering e†ect of light neutron
poisons.

5. THE DOUBLE NEUTRON PULSE

shows the variations from the 9th thermalFigure 9b
pulse of the maximum bottom temperature versus coreT8bmass for the 3 star model of solar metallicity. ThisM

_illustrates the gradual heating of thermal instabilities up to
at the end of the AGB phase. Here a secondT8b^ 3.06

small neutron burst is released by the marginal activation of
the 22Ne neutron source. The temporal behaviors of the
bottom temperature and density at the maximum growth of
selected pulses are illustrated in Figures and These10 11.
are among the characteristics that have been carefully
reproduced in the postprocess code, together with gradients
in mass of the temperature and density over the convective
instability. The rates of the 22Ne(a, n)25Mg reaction and of
the competing channel 22Ne(a, c)26Mg have recently been
revised on experimental grounds. For the (a, n) channel, we
use the new rate from et al. after excludingKa� ppeler (1994),
the contribution from an elusive resonance at 633 keV (see
also et al. In the temperature range of inter-Denker 1995).
est, these rates are up to a factor of 3 higher than the

& (1988) estimates.Caughlan Fowler
The consequences of this second irradiation for the Ðnal

s-process abundance distribution are sensitive, since the s-
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FIG. 9.ÈStructural and thermodynamical characteristics vs. core mass, (from the 9th thermal pulse on), of the stellar evolutionary model of a 3MH M
_star of solar composition and Reimers mass-loss parameter g \ 1.5, as discussed in (a) Cumulative mass dredged up into the envelope. (b) VariationPaper I.

of the maximum bottom temperature in the pulses. (c) Overlap factor r between subsequent pulses. (d) Variation of the convective He shell mass.

processed material present in the r-q zone of Figure 8
retains a memory of all previous high-temperature phases.

One important characteristic of the 22Ne source is that
the third dredge-up mechanism causes an extra production
of primary 14N (and 12,13C) in the H-burning ashes. Indeed,
after the occurrence of the third dredge-up, the CNO seeds
present in the reactivated H shell are progressively enriched
with primary 12C made by partial He burning. Figure 12
shows the variation in the intershell of these three isotopes
as a function of the core mass as obtained from theMH,
evolutionary model. For solar metallicity stars, the 14N
abundance left behind by the H-burning shell increases by a
factor of 2 over the whole AGB phase. Note that these 14N
nuclides are fully converted to 22Ne by a capture during
each pulse.

Taking this contribution into account and using Maxwel-
lian averaged neutron-capture cross sections and b-decay
rates appropriate for these relatively high temperature con-
ditions, shows the resulting average neutronFigure 13
density proÐle driven by the 22Ne source for selected pulses.

The contribution of the second neutron exposure to the
total neutron irradiation is small, ranging from dq(20
keV)D 0.002 mbarn~1 at the 9th pulse to dq(23 keV)D 0.05
mbarn~1 in the latest pulses (where an average e†ective
temperature of D23 keV is estimated). The neutron expo-
sures from the 13C source are, by comparison, stronger by
at least an order of magnitude (as illustrated in Fig. 4),
although these are concentrated in tiny radiative layers.

As has already been discussed in et al.Ka� ppeler (1990),
the neutron Ñuences released in the high-temperature phase
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FIG. 10.ÈTemporal behavior of the bottom temperature in selected
convective pulses

Ðx the Ðnal abundance of temperature-sensitive branchings,
a few of which are only open in this situation. This is the
case for the branching at 163Dy (a terrestrially stable
isotope), driving the formation of the s-only 164Er. The Ðnal
yields of s-only isotopes that depend on branchings along
the s-path are determined by the freezeout conditions of the
neutron Ñuence Iben, & Truran et(Cosner, 1980 ; Ka� ppeler
al. This is the case for the pair 86,87Sr and for 170Yb.1990).
A new situation arises for magic neutron number nuclides
involved in s-branchings. These receive a small contribution
from the major 13C neutron exposure, but are substantially
fed by the 22Ne source, since the neutron density reaches a

FIG. 11.ÈTemporal behavior of the bottom density in selected convec-
tive pulses

FIG. 12.ÈVariation of the mass fraction abundances of 12,13C and 14N
in the intershell as a function of the core mass MH.

peak value of up to D1010 n cm~3. Characteristic isotopes
are 87Rb and 96Zr, and the radiogenic contribution to
137Ba from the decay of 137Cs. The same is true for the
neutron-rich and long-lived 60Fe, which has been identiÐed
as a live radioactive isotope in pristine solar system material

& Lugmair For an account of its pos-(Shukolyukov 1993).
sible origin in the winds of a nearby AGB star polluting the
placental solar nebula, together with other radioactivities,
such as 41Ca and 107Pd, both involved in the s-process, we
refer to Wasserburg et al. An opposite trend is(1994, 1995).
shown by the s-branchingÈdependent 134Ba and 152Gd.
These are actually highly overproduced during the major
13C neutron exposure at low neutron density, destroyed
during the short 22Ne neutron peak, and eventually resto-
red at branching freezeout conditions, when the neutron
density falls below a few 108n cm~3. A more detailed
description of the double neutron peak e†ect on s-branched
isotopes will be discussed elsewhere.

FIG. 13.ÈCalculated neutron density by the 22Ne source, averaged
over the convective zone for di†erent pulses.
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6. THE s-PROCESS NUCLEOSYNTHESIS IN AGB STARS OF

SOLAR METALLICITY

For the 3 star of solar metallicity and Reimers mass-M
_loss parameterg \ 1.5, thedistributionof the s-process abun-

dances in the material carried to the surface, averaged over
the mass dredged up by the various mixing episodes, is
shown in Filled circles represent s-only isotopes ;Figure 14.
open squares and diamonds indicate isotopes with s-
contributions higher than 80% and between 60% and 80%,
respectively, according to the phenomenological analysis of
the main component o†ered by Beer, & WisshakKa� ppeler,

Small crosses are for all other heavy isotopes(1989).
involved in the s-process. Solar abundances used as refer-
ence values are from & Grevesse furtherAnders (1989) ;
updatings marginally a†ect the solar system abundances of
the heavy isotopes. The vertical line marks the limit, in
atomic mass number, of the main component. In fact, as
Ðrst suggested by & Rassbach and exten-Clayton (1967)
sively discussed by & Newman et al.Ward (1978), Walter

and other authors, a quite di†erent distribution of(1986),
neutron exposures is required in order to reproduce the
solar system composition of the s-isotopes with A\ 88, the
so-called weak component. This is a composite neutron
capture process built into massive stars by the 22Ne neutron
source partly during core He exhaustion et al.(Lamb 1977 ;

et al. and partly during subsequent convec-Ka� ppeler 1994)
tive C- and Ne-shell phases et al. We shall(Raiteri 1993).
discuss the strong component later, in ° 9.

The resulting abundance distribution shown in Figure 14
is clearly nonsolar. Indeed, in order to reproduce solar
abundances, constant enhancement factors for the s-only
species would be needed, while is characterized byFigure 14
a lower production for heavier nuclei. This was already

FIG. 14.ÈDistribution of the s-process production factors in the inter-
shell matter cumulatively mixed with the envelope by third dredge-up
episodes for an AGB star of 3 solar metallicity, Reimers mass-lossM

_
,

parameter g \ 1.5, and for the 13C proÐle of Solid symbols rep-Fig. 1.
resent s-only isotopes ; open squares and diamonds indicate isotopes with s
contributions higher than 80% and between 60% and 80%, respectively,
according to the phenomenological analysis of the main component by

et al. Small crosses are for all other heavy isotopesKa� ppeler (1989).
involved in the s-process. The vertical line at 88Sr is an eye guide to
separate the region of the main s-component (the heavier isotopes) from
the weak s-component. See text for details.

predictable from the results of in which an impor-Figure 5,
tant deÐciency in the heavy s-isotopes beyond the neutron
magic number N \ 82 is evident for any neutron exposure
dq. The small exposure from the 22Ne source is incapable of
drastically improving the situation. We have then calcu-
lated the s-process nucleosynthesis for a wider spectrum of
single exposures dq. The results are shown in Figure 15.
They provide useful guidelines for selecting a 13C proÐle
suitable for reproducing the main component inside a single
AGB star. Indeed, there is spectroscopic evidence that s-
process abundance distributions similar to solar are a
common feature of s-enhanced stars (Busso et al. 1992,
1995).

Roughly speaking, in order to reproduce the main com-
ponent one needs a combination of at least two neutron
exposures. The Ðrst is peaked at around dq(8 keV)\ 0.40
mbarn~1, producing in nearly equal proportions the s-only
isotopes in the atomic mass region between Zr and Ba. The
other exposure, feeding the heavier nuclei, is peaked at
around dq(8 keV)\ 0.60 mbarn~1. Both exposures are
about a factor of 1.5 times the corresponding exposures
reached in zones 2 and 3 of the 13C proÐle of TheFigure 1.
match would only be achieved under the condition that the
layers su†ering the higher exposure were less weighted than
those su†ering the lower exposure, by about a factor of 10.
As a matter of fact, such a di†erent weight is to be expected
from a decreasing H proÐle. The above values of dq are
indicative ; their choice is not very critically constrained
by the requirement of obtaining a Ñat distribution of
s-enhancements. This is so because they are mainly
responsible for the build-up of the two major p

i
N

i
D const

plateaus along the main component, two regions that are
loosely bounded by nuclear constraints, as mentioned in ° 3.

shows that an s-process abundance distribu-Figure 16
tion nicely reproducing the main component is indeed
obtained by simply increasing the previously adopted abun-
dance of 13C by a factor of 2 (with a corresponding modiÐ-

FIG. 15.ÈEnhancement factors for selected isotopes in di†erent mass
layers as a function of the local neutron exposure, for a wider range of
single exposures dq than shown in Fig. 5.
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FIG. 16.ÈDistribution of the s-process production factors in the inter-
shell matter cumulatively mixed with the envelope by third dredge-up
episodes for the same stellar model of a 3 as in but with a 13CM

_
Fig. 14,

proÐle increased by a factor of 2, as discussed in the text. The distribution
best reproduces the solar main component.

cation of the 14N proÐle, according to proton capture rates
on the C isotopes), without changing the extension in the
mass of the pocket. In solar metallicity models, the tail of
the 13C proÐle (zone 1) is of negligible importance for the
s-process nucleosynthesis.

Up to now, we have investigated the s-process nucleo-
synthesis occurring in a 3 star of solar metallicity. ForM

_lower masses, we recall that in paper I we did not Ðnd the
third dredge-up to occur in an AGB star of 1 while forM

_
,

the 1.5 model with solar metallicity and no mass loss,M
_the third dredge-up was found to occur after the 11th pulse
Using this stellar model and adopting the same(Fig. 17a).

13C proÐle as in the 3 case discussed before, we obtainM
_about the same Ðnal s-process abundance distribution,

despite the lower integrated dredged-up mass in the
envelope. Di†erences are only seen in a somewhat minor
production of the neutron-rich s-branched isotopes, such as
87Rb and 96Zr, due to the lower peak neutron density
achieved in advanced pulses. Indeed, for lower stellar
masses, the slightly lower bottom temperature in the pulse
causes the 22Ne(a, n)25Mg source to achieve a smaller effi-
ciency. Curiously enough, although the production level of
newly synthesized s elements in the 1.5 AGB star isM

_about a factor of 2 lower than in the 3 star, the 12C andM
_s-enhacements seen in the envelope in the two cases are

almost the same, because the envelope mass and the cumu-
latively dredged-up mass also change suitably.

Stellar models of 1.5 and solar metallicity, computedM
_taking mass loss into account, should in general allow a

lower number of third dredge-up episodes.
Note that the higher 13C abundance adopted to repro-

duce the main component approaches the maximum
allowed 13C production from proton capture on 12C,
because of the higher production of 14N in zone 3. Conse-
quently, on average, low-mass AGB stars of solar metal-
licity pollute the interstellar medium with a nonsolar
s-process abundance distribution, possibly not very di†er-
ent from the one represented in Figure 14.

The results illustrated in Figures and 16 indicate that14
quite a large spread of s-process abundance distributions

can be achieved in AGB stars of solar metallicity, including
possibly one that reproduces the main component in a
single AGB star. This is in agreement with spectroscopic
observations. Indeed, AGB stars are known to show di†er-
ent s-process abundance distributions ; C and S stars with
remarkable abundances of elements exist for virtually the
same metallicities also observed in MS stars, with relatively
small s-enrichments. The element distributions also show a
rather wide range, from compositions peaked in the Sr-Y-Zr
region to more efficient ones rich in Ba, La, Ce, Nd, and Sm

& Lambert et al. Other AGB(Smith 1990 ; Busso 1992).
stars, such as the Mira prototype o Cet, show signs of mar-
ginal s-enrichment only through the presence of Tc.

7. VARIATION OF THE s-PROCESS EFFICIENCY VERSUS

METALLICITY

We next explore the e†ect of the initial metallicity on the
Ðnal s-process abundance distribution. We have already
mentioned in that the 13C pocket is of a primary nature,° 1
the 13C nuclei being produced directly in the star from
proton captures on newly synthesized 12C. Consequently,
for a given 13C proÐle the neutron exposure in disk-
metallicity stars scales roughly as the inverse of the metal-
licity. Complications are introduced in more metal-poor
stars by the action of primary-like and secondary-like
neutron poisons et al.(Arlandini 1996).

Choosing a metallicity Z\ 0.01, we ran two evolutionary
models, the Ðrst for a 1.5 star and Reimers mass-lossM

_parameter g \ 0.5, and the second for a M \ 2 starM
_with g \ 0.75. As discussed in these choices of the gPaper I,

parameter imply mass-loss rates in the range of those mea-
sured for Galactic C stars leaving behind white dwarf rem-
nants, in general accordance with the initial to Ðnal mass
relation of & Koester see alsoWeidemann (1983;
Weidemann 1987).

The AGB tracks are very similar to those calculated for
stars of solar metallicity, as previously found by Boothroyd
& Sackmann and With the(1988a, 1988b) Lattanzio (1986).
FRANEC code, a limited number of mixing episodes are
found for the 1.5 star with the adopted mass-loss rate,M

_while the 2 star undergoes in all 17 third dredge-upM
_episodes before the envelope mass is sufficiently reduced

to prevent the occurrence of further(Menv^ 0.5 M
_

)
envelope mixing.

In agreement with the above statements about the
primary nature of the 13C source, and adopting the 13C
pocket of the s-process abundance distributionFigure 1,
calculated for the 2 star model of shown inM

_
Z\ 12 Z

_is about identical to the one obtained for a solarFigure 18
metallicity AGB star of similar mass after doubling the 13C
proÐle. This result has a rather general application : approx-
imately the same s-process abundance distribution results
from reducing the metallicity by a given factor with respect
to the reference case as is obtained by increasing the 13C in
the pocket by the same factor over the reference case
(provided that the same proÐles of 13C and 14N are
adopted). In general, the average s-process efficiency will
increase toward lower metallicity stars. This expectation is
indeed in accordance with spectroscopic observations of
Galactic disk CH and Ba stars. Despite the mentioned
scatter, these stars, which are on average less metal-rich
than the Sun, clearly show higher s-process efficiencies than
normal MS, S, and C stars, and deÐne an almost linear
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FIG. 17.ÈStructural and thermodynamical characteristics vs. core mass from the 11th thermal pulse by the stellar evolutionary model of a 1.5MH M
_star of solar composition and no mass loss, as discussed in (a) Cumulative dredged-up mass in the envelope. (b) Variation of the maximum bottomPaper I.

temperature in the pulses. (c) Overlap r between subsequent pulses. (d) Variation of the mass swept by the convective He shell.

trend of increasing heavy element production with decreas-
ing metallicity et al.(Busso 1996).

shows the s-process enhancements in theFigure 19
envelope of the 2 AGB model star of metallicityM

_Z\ 0.01, after cumulative mixing episodes up to the indi-
cated core masses These correspond to the 5th, 10th,MH.
and 17th third dredge-up episodes, respectively. Only pure
s-isotopes are shown. The distribution is already roughly
Ñat after the Ðrst pulses. According to the discussion in ° 3,
this is a characteristic of 13C burning radiatively in a tiny
pocket. The heavier isotopes beyond Ba are synthesized
after the Ðrst neutron capture episodes in the top layers of
the pocket, where the 13C content is higher. Note the pro-
gressive decrease of the two branching-dependent isotopes
134Ba and 152Gd with respect to the neighboring 136Ba and
154Gd, respectively.

8. THE MAIN COMPONENT

The result illustrated in constitutes our best ÐtFigure 18
to the main component. The small spread of the enhance-
ment factors of the heavy s-only isotopes is within present
uncertainties of solar abundances and neutron capture
cross sections. One exception is the neutron magic 142Nd,
for which a much lower cross section is needed (see A° 10).
small p contribution to the unbranched s-only isotopes

Meyer, & Woosley et al.(Howard, 1991 ; Prantzos 1990)
may account for a slight enhancement in the average mean
production factor. It should be stressed that no Ðtting pro-
cedure has been applied ; the abundance distribution is
obtained in the chosen model star with the assumptions
described, and no other constraints or adjustable param-
eters.
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FIG. 18.ÈDistribution of the s-process enhancement factors in the
intershell matter cumulatively mixed with the envelope by third dredge-up
episodes for a 2 star, with metallicity Z\ 0.01 and g \ 0.75, adoptingM

_the 13C pocket proÐle of The distribution represents another way toFig. 1.
reobtain the main component.

The whole thermal pulse AGB phase lasts for D2 ] 106
yr. In the stellar photosphere there is a consistent abun-
dance of long-lived isotopes involved in the s-path, such as
93Zr and 99Tc (see, e.g., et al. et al.Busso 1992 ; Lambert

However, in (as well as in Figs. 14 and 16),1995). Figure 18
long-lived isotopes with a half-life lower than 107 yr have
been allowed to decay to the corresponding stable isobars,
to show that the 93Nb and 205Tl solar system abundances
have a predominant radiogenic s-process contribution.

As discussed in et al. the radiativelyStraniero (1995),
burning 13C pocket implies that the neutron-rich isotopes
86Kr and 87Rb are substantially underproduced as com-
pared to the s-only isotopes, whereas an overproduction
was encountered in the previous models based on convec-
tive 13C burning (because of the higher neutron density in
the pulse ; see et al. A lower s-production ofKa� ppeler 1990).
96Zr, which depends on the branching at 95Zr in a similar
way, is also predicted. The corresponding low Rb/Sr ratio
and the Zr isotopic mix predicted by the present models in

FIG. 19.ÈDistribution of the s-process production factors on the stellar
surface after various cumulative third dredge-up episodes up to the indi-
cated core masses This is obtained for the same 13C pocket proÐle asMH.
in for a 2 model with metallicity Z\ 0.01 and g \ 0.75.Fig. 3, M

_

the envelope are in agreement with recent spectroscopic
observations of red giants et al. Further-(Lambert 1995).
more, there is no need to change the solar Sn abundance (by
15%; et al. or the solar Ba (by 20%; etWisshak 1996b) Voss
al. as is required by phenomenological analysis based1994),
on exponential distribution of neutron exposures. Note that
a similar discrepancy for Sn is found by et al.Beer (1997),
despite the fact that their phenomenological treatment
(which assumes a combination of two exponential distribu-
tions of exposures) tries to mimic the double neutron pulse
scenario, Ðxing the free ““ astrophysical parameters ÏÏ of the
two phases (average neutron density, temperature, mean
neutron exposure, and overlap factor) to values approach-
ing the conditions in AGB stars that we delineate here.
Their suggestion that the problem of Sn can be overcome
by assuming a signiÐcant p contribution for the s-only
nucleus 116Sn (and for 142Nd) appears unrealistic. The
overproduction of 134,136Ba shown in Figure 3 of Straniero
et al. was due to a preliminary analysis of neutron(1995)
capture taking place in the 13C pocket using a rather rough
13C proÐle.

It must be stressed that in reality, the main component
must be interpreted as a suitable mean, performed by
Galactic evolution, of di†erent s-process nucleosynthesis
episodes occurring in disk-metallicity AGB stars. The
results shown in represent in this context the caseFigure 18
of a star whose s-process abundance distribution is closest
to that particular average.

The results of further indicate that the main com-° 7
ponent derives primarily from stars slightly less metal-rich
than the Sun. This expectation is in agreement with spectro-
scopic observations of Galactic disk C and Ba stars, which
on average are less metal-rich than the Sun et al.(Busso
1996).

9. THE STRONG COMPONENT

The trend of the s-process versus metallicity in TP-AGB
stars, where the neutron exposure increases as the iron
content decreases, has an important consequence. Indeed,
when the metallicity becomes sufficiently small, the expo-
sures in the pocket become so large that the bulk of nucleo-
synthesis products shift Ðrst past the Zr peak and then past
the Ba peak, accumulating at the termination point of the
s-process, i.e., essentially on 208Pb (and 209Bi). Figure 20
gives the s-process abundance distribution calculated with a
postprocess code, scaling the metallicity of the previous
AGB model star of 2 down to [Fe/H]\ [1.6, againM

_using the 13C pocket of Figure 1.
Originally, a dedicated strong component of the s-process

was devised & Rassbach for the synthesis of(Clayton 1967)
a substantial fraction of Pb not accounted for by the main
component, the r-process, or radiogenic contributions from
transuranic elements & Hoyle(Fowler 1960 ; Clayton 1964).
This strong component now Ðnds a natural interpretation
as the low-metallicity equivalent of the same mechanism
that in Galactic disk AGB stars is responsible for the main
component. This conclusion was anticipated by etGallino
al. Note that with updated cross sections, and(1990a).
according to the results illustrated in we predict aFigure 18,
contribution of 30% from the main component to solar
208Pb, of 60% to 206,207Pb, and of 100% to the s-only
204Pb. Therefore, for 208Pb, whose r ] radiogenic contribu-
tion is estimated to be around 10%, the strong component
must account for 60% of the solar abundance.
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FIG. 20.ÈDistribution of the s-process enhancement factors in the
intershell matter cumulatively mixed with the envelope by third dredge-up
episodes for a 2 star with metallicity scaled to Z\ 0.0005, adoptingM

_the 13C pocket proÐle of Fig. 1.

Since this huge production of 208Pb at low metallicity
occurs as a result of neutron exposures so high that the
lighter nuclei (including Ba) are bypassed, we expect the Ba
abundance to decrease in very metal poor stars. This is
indeed observed in the Galaxy, but the decrease of [Ba/Fe]
at very low values of [Fe/H] has so far been interpreted as
simply a consequence of the long lifetimes of AGB stars,
which implies that at very early times in Galactic history
they had not yet started to contribute. We can now recog-
nize that the reason is more complex ; indeed, even after the
Ðrst s-process contributions from AGB winds began to
appear, they were much more enriched in Pb than in Ba.
This also helps to maintain a low Ba abundance in extreme
Population II stars if the evolution of the halo was rather
long ; the consequences of these Ðndings for Galactic chemi-
cal evolution require analysis in detail.

10. THE ANOMALOUS METEORITIC COMPONENT,Ne-E(H)
CIRCUMSTELLAR GRAINS, AND AGB WINDSSiC

While the envelopes of AGB stars become enriched with
newly synthesized 12C and s elements from the He intershell
by recurrent third dredge-up episodes, reaching C/O[ 1 in
the more advanced stages, a large circumstellar envelope is
formed by efficient stellar winds. Infrared observations
clearly show that these envelopes are the site of dust forma-
tion. In C-rich environments, the dust feature at 11.2 km is
particularly evident. It is attributed to circumstellar SiC
grains that condense at about 1500 K and at C/O º 1. A
highly anomalous Ne isotopic composition must exist in
circumstellar envelopes surrounding C stars. Indeed, the
intershell matter brought to the envelope by third dredge-
up episodes is highly enriched in 22Ne, deriving from the
transmutation of CNO nuclei, Ðrst to 14N during H-shell
burning, then to 22Ne by a captures in the pulse. This
includes the primary 14N abundance resulting from the
newly synthesized 12C mixed into the envelope by third
dredge-up episodes, then converted to 14N by H-shell
burning. A further contribution to 22Ne in the pulse derives
from a captures on the radioactive 14C produced in the
pocket via the 14N(n, p)14C reaction. On the whole, it is easy

to estimate that AGB stars are responsible for the synthesis
of about half of the Galactic 22Ne.

It has already been stressed et al.(Gallino 1990b ; Lewis,
Amari, & Anders that this process is the origin of the1990)
meteoritic Ne-E(H) anomalous component & Pepin(Black

actually carried by circumstellar SiC grains trapped1969),
in pristine meteorites (for recent reviews, see &Anders
Zinner The associated s-1993 ; Ott 1993 ; Zinner 1997).
process isotope anomalies in a number of trace heavy ele-
ments present in the same grains, among which are Kr, Sr,
Zr, Xe, Ba, Nd, S, and Dy, undoubtedly point to their origin
in the circumstellar envelopes of AGB stars Busso,(Gallino,
& Lugaro 1997).

An improved analysis of the s-process signature carried
by circumstellar SiC grains is now required. Here we want
to stress that on average, the s-signature (the G-component,
according to the deÐnition of Amari, & AndersLewis, 1990)
is nonsolar, showing the characteristics of an average
neutron exposure slightly lower than that of the main com-
ponent (Ott & Begemann et al.1990a, 1990b ; Prombo

We have already shown Raiteri, & Busso1993). (Gallino,
that this s-signature is probably due to AGB stars of1993)

solar metallicity and masses of 1.5È3 locally pollutingM
_the protosolar nebula with circumstellar SiC grains.

Instead, the average s-process abundance distribution in the
interstellar medium at that time (i.e., the main component)
must have originated in previous generations of Galactic
disk stars of lower metallicity.

The high precision attained by ion probes in measuring
isotopic ratios of circumstellar SiC grains has developed
into a new tool for experimentally investigating the nucleo-
synthesis occurring in AGB stars. These isotopic measure-
ments are so precise that in a few cases reproducing them by
theoretical models yielded predictions with substantial
variations in the cross sections. This was the case for the
neutron-magic 138Ba and for 142,144Nd et al.(Gallino

comparing the predicted isotope ratios in AGB stars1993),
with those of circumstellar SiC grains, measured for Ba by

et al. and for Nd by Ott, & Bege-Prombo (1993) Richter,
mann The Ðrst prediction was soon fully conÐrmed(1993).
by precise cross-sectional measurements et al.(Beer 1993 ;

et al. It must be stressed that in this case theBeer 1997).
Maxwellian cross section of 138Ba at 30 keV remained
about unchanged from previous estimates, while an increase
of about 40% was found at around 10 keV. Since the Ðnal
abundance of this neutron magic nucleus essentially
depends on the major neutron exposure by the 13C source
released at 8 keV, this provides one of the best conÐrma-
tions of the AGB origin of mainstream SiC grains and of the
radiative burning of the 13C neutron source. As for 142Nd,
the need for a much lower cross section (by as much as 30%)
than reported in the compilation of Beer et al. (1992a) is also
evident from its underproduction in the main component
(Figs. 16 and 18). Preliminary experimental results for
142,144Nd et al. et al. nicely(Wisshak 1997 ; Guber 1997)
conÐrm these challenging predictions. A full analysis of the
impact of the new Nd cross sections is under way.

These facts should make clear the importance of a careful
scrutiny of phenomena such as thermal instabilities and the
third dredge-up episodes for meteoritic science.

11. CONCLUSIONS

In this paper we have presented the results of s-process
calculations for stellar models with a mass range of 1.5 to 3
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computed with the FRANEC evolutionary code. TheM
_

,
major 13C neutron source is activated in radiative condi-
tions in the interpulse phase. The neutron irradiation is
characterized by a fairly low neutron density (N

n
¹ 1 ] 107

n cm~3). Various cases have been considered, with varying
parameters of either the amount of 13C burnt or the metal-
licity. A good reproduction of the abundance distribution of
the heavy s-nuclei in the solar system can be obtained. The
particular choice of the amount of 13C and 14N burnt dis-
cussed in the text is obtained for AGB stars of about half
the solar metallicity. This fact is in general agreement with
spectroscopic evidences of Galactic AGB stars. Virtually
the same distribution is obtained in di†erent cases, e.g.,
scaling the metallicity and the amount of 13C by the same
factor. There is, however, a limit for AGB stars of solar
metallicity, set by proton-capture rates on C isotopes. The
models that reproduce the main component must be seen as
a simple way to mimic an abundance distribution that is
obtained in nature through Galactic chemical evolution,
which generates a suitable average of contributions from
stars of di†erent ages and masses.

The small neutron exposure provided in advanced pulses
by the marginal activation of the 22Ne neutron source has
been taken into account and its e†ect discussed. Here, the
neutron density reaches a peak value of cm~3.N

n
º 1010n

This phase, though characterized by a small neutron irra-
diation, is nevertheless important for various branchings
along the s-path. The s-process contribution to heavy nuclei
derived by the combined operation of the two neutron
sources has been presented. The new s-process is character-
ized by a complex distribution of neutron exposures, which
can no longer be described in the framework of a phenom-
enological analysis making use of the concept of exponen-
tial distributions of exposures.

The primary nature of the 13C pocket implies an s-

process efficiency that varies with stellar metallicity, giving
rise to di†erent abundance distributions at di†erent epochs
in the Galaxy. A spread of neutron exposures for di†erent
13C proÐles is expected in AGB stars at any given metal-
licity. The strong s-component Ðnds a natural interpreta-
tion as the outcome of the neutron captures occurring in
very metal-poor AGB stars.

The s-process isotopic signatures of a series of trace heavy
elements so far detected in circumstellar SiC grains recov-
ered from pristine meteorites are satisfactorily reproduced
within a narrow range of neutron exposures. On average,
the s-process signature in circumstellar SiC grains is non-
solar, requiring slightly lower neutron exposures than in the
case of the main component. This may be accounted for if
the local interstellar medium is polluted by dust that is
condensed in the circumstellar envelopes of AGB stars of
about solar metallicity. The main component itself results
from the accumulation in the interstellar medium of contri-
butions from previous generations of AGB stars of lower
metallicity.

A wider series of stellar evolutionary calculations with
the FRANEC code is under way in order to extend the
computations to other masses and metallicities. This will
allow us to investigate the s-enhancements in low-
metallicity stars, and the debated astrophysical interpreta-
tions Bazan, & Cowan &(Mathews, 1992 ; Pagel
Tautvais— iene5 of spectroscopic data on s elements in1997)
unevolved stars as a function of metallicity (see &Gratton
Sneden and references therein).1994,

We acknowledge Franz Ka� ppeler for fruitful discussions
and for his continuous help in updating the neutron capture
network. We owe the referee, Brad Meyer, for interesting
suggestions.
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