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In massive starsthe s� process(slow neutroncaptureprocess)is activatedat differenttempera-

tures,duringHe� burningandduringconvectiveshellC� burning. At solarmetallicity, theneu-

tron captureprocessin the convective C� shell addsa substantialcontribution to the s� process

yields madeby the previous coreHe� burning,andthe final resultscarry the signatureof both

processes.With decreasingmetallicity, the contribution of the C� burning shell to the weak

s� processrapidly decreases,becauseof theeffect of theprimaryneutronpoisons.On theother

hand,alsothes� processefficiency in theHecoredecreaseswith metallicity.
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1. Introduction

In massivestars(M � 10M� ) theweaks� processis ascribedto producemostof thescompo-
nentbetweentheiron peakandthestrontiumpeak(e.g.,Raiteriet al. 1993[1]). Neutronsfor the
weaks� processareprovidedby (α ,n) reactions,mainlyby 22Ne(α ,n)25Mg. Duringpresupernova
evolution of a massive star, theconvective coreHe� burningandtheconvective shellC� burning
arethemainastrophysicalsiteswherethes� processnucleosynthesistakesplace.Severalpapers
analysedtheweaks� processduringcoreHe� burningin massivestars:e.g.Couchetal. 1974[2],
Lambet al. 1977[3], Prantzosetal. 1987[4], Raiterietal. 1991a[5].
The 22Ne abundancechangeslinearly with the initial metallicity of thestar(secondary� like iso-
tope)becauseit is producedby α � capturestartingfrom the 14N, which wasbuilt by the initial
CNOduringthepreviousH � burning.14N is convertedinto 18O via the14N(α ,γ)18F(β � )18O chain
at the beginning of coreHe� burning. Whenthe 4He abundanceis decreasedto � 0.1, the tem-
peraturein the corestartsto increaseand, if it getshigherthan2.5	 108 K, 18O is convertedinto
22Nevia 18O(α ,γ)22Ne. For this reason22Ne(α ,n)25Mg becomesefficientonly in thelastphasesof
He� burning,closeto He exhaustion,whenthecentraltemperaturereaches3� 3.5	 108 K (Raiteri
et al. 1991a[5]).
The convective shell C� burning phaseis active over the major part of the He� coreashes,at a
temperaturecloseto 1 GK (1 GK = 109 K) anda densitycloseto 105 g	 cm
 3 at the bottomof
the shell. The final supernova nucleosynthesiswill modify the abundancesat the bottomof the
C� shell,but theouterC� burningprocessedmaterialwill beejectedalmostunchangedby theex-
plosion(A. Heger 2006[6], M. Limongi 2006[7], Rauscheret al. 2002[8]). Carbonburnsvia
the12C(12C,α)20Ne (theα � particlessourcefor theactivationof the22Ne(α ,n)25Mg reaction)and
the 12C(12C,p)23Na (the protonssource)channels.Arnett & Truran1969[9] provided a detailed
studyof theC� burningnucleosynthesisat differenttemperaturesfor thelight isotopes.Raiteriet
al. 1991b[10] pointedoutastrongsnucleosynthesismayoccurduringthisphase,overashortevo-
lution timescale(of theorderof 1 yr) but with ahighneutrondensitywhereneutronsareprovided
by theresidual22Ne in theHe� Coreashes.With a full network included,recentpapersfollow the
evolutionof thestarupto thesupernovaexplosion(Limongi etal. 2000[11] andM. Limongi 2006
[7], Woosley etal. 2002[12] andA. Heger2006[6]), whichconfirmthatthe22Ne(α ,n)25Mg is the
mostimportantneutronsourcein theC� burningshellandin thepreviousHe core.
In thispaperweanalysetheweaks� processin theconvective shellC� burningconditionsin some
detail.

2. The convective shell C burning

TheconvectiveCshellburnsandreprocessestheashesof thepreviousconvectivecoreHe� burning.
For this reason,we chooseasinitial abundancesat theC� burning ignition theabundancesat He
exhaustion. The hydrostaticevolution up to the coreHe� burning is provided by the FRANEC
codeversionof Chieffi & Straniero1989[13]. During this phase,thenucleosynthesisis followed
by a post� processingmulti � zonecode(Käppeleret al. 1994[14]). In Fig. 1 the He corefinal
abundancesnormalisedto solar(Xi /X� ) areplottedfor a 25 M � with [Fe/H]= 0 and � 1 models,
between57Feand93Nb. The22Ne(α ,n)25Mg rateusedin ourcalculationswasadoptedfrom Jaeger
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et al. 2001[15].
RegardingtheC shell,aone� zonemodelis usedto follow thesnucleosynthesis.With respectto
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Figure 1: The isotopic abundancesnormalisedto solar at He exhaustionfor a 25 M  , [Fe/H] = 0 (full
circles)and[Fe/H] = � 1 (emptycircles).The16O massfractionis indicatedby thethick blackline; thethin
linescorrespondto the16O overabundancemultipliedanddividedby a factorof two.

Raiteriet al. 1991b[10] theC shellnetwork is extendedto accountfor all unstableisotopeswith
terrestrialβ � decayhalf liveslongerthan5 min. This extensionis requiredbecauseof the large
neutrondensityinvolvedin theneutroncaptureprocessin theC shell(it is notaclassics� process,
with neutrondensitiesof 1011 � 1012 n� cm� 3). In Fig. 2 theC shellisotopicabundancesnormalised
to solar(Xi /X� ) areplottedbetween57Feand93Nb for a25 M � modelwith [Fe/H]= 0 and � 1.

2.1 Neutron sources

In the convective C shell, the 22Ne(α ,n)25Mg reactionis still the most importantneutron
sourceat solarmetallicity. We recall that at the temperaturein the He core (kT � 30 keV) the
22Ne(α ,n)25Mg uncertaintyis a factorof two. Changingthe 22Ne(α ,n)25Mg ratein the He core
within a factorof two affects the 22Ne abundanceat coreHe exhaustionso that the 22Ne abun-
danceat the C� burning ignition in the shell is different. The 22Ne(α ,n)25Mg uncertaintyin the
C� shellconditions(kT � 90keV) is smallerthana factorof two, but theefficiency of theneutron
captureprocessis stronglyaffectedalsoby the initial 22Ne. As an example,in our calculations
the 22Ne massfraction at coreHe exhaustionfor a 25 M � of solarmetallicity is 9.8� 10� 3. The
22Ne(α ,n)25Mg rateusedis the recommendedrateby Jaeger et al. 2001[15]. Using the lower
limit by Käppeleretal. 1994[14] ( � 50% higherthanourstandardrateat Hecoretemperatures),
the 22Ne massfraction at He exhaustionin the samecaseis 8.0� 10� 3. In this secondcase,the
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Figure 2: Thefinal isotopicabundancesnormalisedto solarin theconvectiveC� burningshellfor a 25M �
starand[Fe/H] = 0 (full circles)and[Fe/H] = � 1 (emptycircles).The16O massfractionis indicatedby the
thick black line; the thin lines correspondto the 16O overabundancemultiplied anddividedby a factorof
two.

s� processis moreefficient in theHe core,andless22Ne is availableat thebeginning of the fol-
lowing shellC� burning. At theendof theshellC� burning,the22Ne massfractionis a few 10� 4

in bothcases,but thesprocessedmaterialhasbeendifferentlyexposedin theHecoreandin theC
shell.
Theotherneutronsourceshaveanegligible contribution to thetotalneutronfluenceatsolarmetal-
licity, but someof themareimportantbecausethey replaceneutronsproducedvia 22Ne(α ,n)25Mg
andcapturedby light isotopes(recycle effect on the light neutronpoisons,Travaglio et al. 19996
[16]). In shell C� burningconditions,13C is producedvia the 12C(n,γ)13C channel.The 13C de-
pletion,however, occursin the13C(α ,n)16O reaction(Drotleff etal. 1994[17]), whichrecyclesthe
neutronscapturedby 12C. For this reason12C is notapoisonfor theneutroncaptureprocessin the
C shell. 17O is producedvia the16O(n,γ)17O, and17O(α ,n)20Ne (Caughlan& Fowler 1988[18])
partially recyclesthe neutronscapturedby 16O. Otherreactionsinvolved in the depletionof 17O
are17O(p,α)14N and17O(n,α)14C. The21Ne(α ,n)24Mg (Anguloetal. 1999[19]) reactionpartially
recyclestheneutronscapturedby the20Ne(n,γ)21Nechannel(Limongi etal. 2000[11]). Theother
(α ,n) reactionson 18O, 25Mg and26Mg, provideanegligible contribution to theneutronfluencein
C� burningconditions.
In shellC� burningconditions,theneutroncaptureprocessefficiency beyondiron maybeaffected
by uncertaintiesin theneutroncapturecrosssectionsof the light neutronpoisonslike 16O, 24Mg,
25Mg, 23Na. Along theneutroncapturepath,alsothecrosssectionuncertaintyof several isotopes

4



P
o
S
(
N
I
C
-
I
X
)
0
6
1

Thes-processin massivestars: theShellC-burningcontribution M. Pignatari

mayaffect thefinal abundancesof theheavier isotopes(e.g.,62Ni, seeNassaret al. 2005[20]) by
a propagationeffect. All theseargumentswill bediscussedin moredetail in a forthcomingpaper.

2.2 Metallicities lower than solar

As recalledin §1, the 22Ne(α ,n)25Mg is a secondary� like neutronsource.This implies that
theamountof 22Ne availablefor neutronproductionscaleswith the initial metallicity of thestar.
During core He� burning, the main neutronpoison is 25Mg that is secondary� like, since it is
mainlyproduceddirectlyby the22Ne(α ,n)25Mg reaction(Raiterietal. 1991a[5]). Thus,theweak
s� processyieldschangeroughlylinearly with metallicity (Fig. 1).
Instead,in the convective C shell, besidessecondary� like neutronpoisonsas 25Mg, thereare
primary� like neutronpoisons(16O, 24Mg, 23Na...),whichdonotdependonthemetallicity. There-
fore, thes� processefficiency decreasesstronglywith decreasingmetallicity. For [Fe/H]= � 1, the
neutronexposurein theC� shell(τ � vTnn � t � dt, wherevT is thethermalvelocityandnn(t) is the
neutrondensity)decreasesby a factorof 8.5, andthenumberof neutronscapturedper iron seed
decreasesby a factorof 3.1 (seeFig. 2). While in theHe coreboththeneutronexposureandthe
numberof neutronscapturedper iron seeddo not changeat metallicitieslower thansolar(except
that for [Fe/H] ��� 2 the primary� like neutronpoisonsarenot negligible any more,so alsothe
s� processin the He coreis not purelysecondary� like for very low metallicities),in the C shell
the s� processefficiency decreasesmorerapidly thanthe initial metallicity. This implies that, at
metallicitieslower thansolar, theweaks� processmainly comesfrom theHe corebecauseof its
lowerdependenceon theinitial metallicityof thestarwith respectthes� processin theC shell.At
[Fe/H]= � 1, theneutroncaptureprocessin theC� shellstill affectstheabundancesof neutronrich
isotopes(e.g.,70Zn, 86Kr) anda few otherbranchingpoints(e.g.,thestableBr isotopesand80Kr
areaffectedby thebranchingpoint at 79Se)with respectto theHe corecontribution (Fig. 3).

At very low metallicities([Fe/H] ��� 2) thes� processin theC� shelldoesnotgive important
contributionsany more.Themetallicity dependenceof theweaks� processis confirmedby spec-
troscopicobservationsof copper(Bisterzoet al. 2005[21]), andtherearestrongindicationsfrom
germaniumaswell (Cowanet al. 2005[22])).
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