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In massie starsthe s—procesgslow neutroncaptureprocessj)s activatedat differenttempera-
tures,during He—burning andduring corvective shell C—burning. At solarmetallicity, the neu-

tron captureprocessn the corvective C—shell addsa substantiakontribution to the s—process
yields madeby the previous core He—burning, andthe final resultscarry the signatureof both

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

s—procesgapidly decreasedyecausef the effect of the primary neutronpoisons.On the other

hand,alsothe s—processfficiency in the He coredecreasewith metallicity.
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1. Introduction

In massie stars(M > 10M,,) theweaks—processs ascribedo producemostof thescompo-
nentbetweertheiron peakandthe strontiumpeak(e.g.,Raiterietal. 1993[1]). Neutronsfor the
weaks—processareprovided by (a,n) reactionsmainly by 22Ne(a,n)*>Mg. During presupernea
evolution of a massve star the corvective core He—burning andthe corvective shell C—burning
arethe main astrophysicatiteswherethe s—processucleosynthesitakes place. Several papers
analysedheweaks—processluringcoreHe—burningin massie stars:e.g. Couchetal. 1974[2],
Lambetal. 1977[3], Prantzostal. 1987[4], Raiterietal. 19914[5].

The ?°Ne atundancechangedinearly with the initial metallicity of the star (secondary-like iso-
tope) becauseét is producedby a—capturestartingfrom the N, which wasbuilt by the initial

CNOduringthepreviousH—burning. 1*N is corvertedinto 180 via the*N(a,y)'8F ()0 chain
at the beginning of core He—burning. Whenthe “He atundanceis decreasedo ~ 0.1, the tem-
peraturein the core startsto increaseand, if it getshigherthan2.510° K, 80 is corvertedinto
22Nevia 80(a,y)?°Ne. For thisreasor??Ne(a,n)*°Mg becomesfficientonly in thelastphase®f

He—burning, closeto He exhaustionwhenthe centraltemperatureeache8—3.510° K (Raiteri
etal. 19914[5]).

The corvective shell C—burning phaseis active over the major part of the He—coreashesat a
temperatureloseto 1 GK (1 GK = 10° K) anda densitycloseto 10° g-cm2 at the bottom of

the shell. The final supernwa nucleosynthesisvill modify the abundancesat the bottom of the
C—shell,but the outerC—burning processednaterialwill be ejectedalmostunchangedy the ex-

plosion (A. Heger2006[6], M. Limongi 2006[7], Rauscheet al. 2002[8]). Carbonburnsvia
the12C(*°C,a)?°Ne (the a —particlessourcefor the activation of the??Ne(a,n)**Mg reaction)and
the 2C(*°C,p¥3Na (the protonssource)channels.Arnett & Truran1969[9] provided a detailed
studyof the C—burning nucleosynthesiat differenttemperaturegor the light isotopes.Raiteriet
al. 1991b[10] pointedouta strongs nucleosynthesisayoccurduringthis phasepverashortevo-

lution time scale(of theorderof 1 yr) but with a high neutrondensitywhereneutronsareprovided
by theresiduaP?Nein the He—CoreashesWith afull network included recentpapergollow the
evolution of the starup to the supernwa explosion(Limongi etal. 2000[11] andM. Limongi 2006
[7], Woosle etal. 2002[12] andA. Heger2006[6]), which confirmthatthe??Ne(a,n)*°Mg is the
mostimportantneutronsourcein the C—burningshellandin the previousHe core.

In this papemwe analyse¢heweaks—processn the corvective shell C—burningconditionsin some
detail.

2. The convective shell C—burning

Thecorvective C shellburnsandreprocessetheashe®f thepreviousconvective coreHe—burning.
For this reasonwe chooseasinitial alundancest the C—burningignition the abundancest He
exhaustion. The hydrostaticevolution up to the core He—burning is provided by the FRANEC
codeversionof Chiefi & Straniero1989[13]. During this phasethe nucleosynthesiss followed
by a post-processingnulti—zonecode (Kappeleretal. 1994[14]). In Fig. 1 the He corefinal
alundancesiormalisedto solar (X;/X-) areplottedfor a 25 M, with [Fe/H]= 0 and—1 models,
betweer?’Feand®3Nb. The??Ne(a,n)?°Mg rateusedin our calculationsvasadoptedrom Jager



Thes-procesdn massivestars: the ShellC-burning contribution M. Pignatari

etal. 2001[15].
Regardingthe C shell,a one-zonemodelis usedto follow the s nucleosynthesidwith respecto
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Figure 1. The isotopic abundancesiormalisedto solar at He exhaustionfor a 25 Mg, [Fe/H] = O (full
circles)and[Fe/H] = —1 (emptycircles). The 180 massfractionis indicatedby thethick blackline; thethin
linescorrespondo the 180 overalundancenultiplied anddivided by a factorof two.

Raiterietal. 1991b[10] the C shellnetwork is extendedto accountfor all unstablesotopeswith

terrestrial3~ decayhalf liveslongerthan5 min. This extensionis requiredbecausef the large
neutrondensityinvolvedin the neutroncaptureprocessn the C shell(it is notaclassics—process,
with neutrondensitieof 1011—10 n.cm2). In Fig. 2 the C shellisotopicatundancesiormalised
to solar(X/X.) areplottedbetweer?’Feand®3Nb for a 25 M., modelwith [Fe/H]=0 and—1.

2.1 Neutron sources

In the corvective C shell, the 22Ne(a,n)?®Mg reactionis still the mostimportantneutron
sourceat solar metallicity. We recall that at the temperaturen the He core (kT ~ 30 keV) the
22Ne(a,n)*®Mg uncertaintyis a factorof two. Changingthe ?’Ne(a,n)*°Mg ratein the He core
within a factor of two affectsthe 22Ne atundanceat core He exhaustionso that the 22Ne atun-
danceat the C—burning ignition in the shellis different. The 22Ne(a,n)*>Mg uncertaintyin the
C—shellconditions(kT ~ 90keV) is smallerthana factorof two, but the efficiency of the neutron
captureprocesss strongly affectedalso by the initial 2Ne. As an example,in our calculations
the 2’Ne massfraction at core He exhaustionfor a 25 M, of solar metallicity is 9.810 2. The
22Ne(a,n)*®Mg rate usedis the recommendedate by Jager et al. 2001[15]. Using the lower
limit by K&ppeleretal. 1994[14] (~ 50 % higherthanour standardateat He coretemperatures),
the 22Ne massfraction at He exhaustionin the samecaseis 8.010°3. In this secondcase,the



Thes-procesdn massivestars: the ShellC-burning contribution M. Pignatari

S
1000 F peCo Nj Cu znGa Ge Asse Br kr Rbgr Y zr Nb E
b o 0 o ° .
[ » ® ° 1
- ; ° L) eo-o ® .
100 4 N
c '@ : (1) ]
5 o : 1
/ S0 e
TR o ®, E
\ ~ T
\ i @ ‘\,/“ 1
O O b
0.1¢ : E
:I 1 1 I:“I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 Il“l 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I:

55 60 65 70 75 80 85 90 95
Mass Nunber

=
o
o

Figure 2: Thefinal isotopicatundancesormalisedo solarin the corvective C—burningshellfor a25M¢
starand[Fe/H] = 0 (full circles)and[Fe/H] = —1 (emptycircles). The®0 massdfractionis indicatedby the
thick black line; the thin lines correspondo the 160 overalundancemultiplied and divided by a factorof
two.

s—processs moreefficientin the He core,andless??Ne is available at the beginning of the fol-
lowing shell C—burning. At the endof the shell C—burning, the 22Ne massfractionis a few 104
in bothcasesbut thes processednaterialhasbeendifferentlyexposedn theHe coreandin theC
shell.

Theotherneutronsourceshave a ngyligible contrikution to the total neutronfluenceat solarmetal-
licity, but someof themareimportantbecausé¢hey replaceneutrongproducedvia 2’Ne(a,n)**Mg
andcapturedoy light isotopegregycle effect on the light neutronpoisons,Travaglio etal. 19996
[16]). In shell C—burning conditions,'3C is producedvia the 12C(n,y)'3C channel. The *3C de-
pletion, however, occursin the3C(a,n)!®0 reaction(Drotleff etal. 1994[17]), whichregyclesthe
neutroncaptureddy 12C. For this reasornt?C is nota poisonfor the neutroncaptureprocessn the
C shell. 0O is producedvia the 10(n,y)1’0, and’O(a,n)*°Ne (Caughlan& Fowler 1988[18])
partially reg/clesthe neutronscapturedby 180. Otherreactionsinvolved in the depletionof 17O
arel’O(p,a)**N and’O(n,a)**C. The?!Ne(a,n**Mg (Anguloetal. 1999[19)]) reactionpartially
reg/clestheneutronscaptureddy the?°Ne(ny)?*Ne channelLimongi etal. 2000[11]). Theother
(a,n) reactionson 180, 2°Mg and?®Mg, provide a negligible contritution to the neutronfluencein
C—burningconditions.

In shell C—burning conditions the neutroncaptureprocesfficiency beyondiron maybe affected
by uncertaintiesn the neutroncapturecrosssectionsof the light neutronpoisonslike 10, 2Mg,
25Mg, 2Na. Along the neutroncapturepath,alsothe crosssectionuncertaintyof severalisotopes



Thes-procesdn massivestars: the ShellC-burning contribution M. Pignatari

may affect the final abundance®f the heavier isotopege.g.,??Ni, seeNassaretal. 2005[20]) by
apropagatioreffect. All theseargumentswill be discussedn moredetailin aforthcomingpaper

2.2 Metallicities lower than solar

As recalledin §1, the ?>Ne(a,ny°Mg is a secondary-like neutronsource. This implies that
the amountof 22Ne availablefor neutronproductionscaleswith the initial metallicity of the star
During core He—burning, the main neutronpoisonis Mg that is secondarylike, sinceit is
mainly producedlirectly by the??Ne(a,n)*®Mg reaction(Raiterietal. 1991a[5]). Thus,theweak
s—procesygields changeoughlylinearly with metallicity (Fig. 1).

Instead,in the corvective C shell, besidessecondary-like neutronpoisonsas 25Mg, thereare
primary—like neutronpoisong(*¢0, Mg, 2®Na...),which do notdepencbnthe metallicity. There-
fore, the s—processefficiengy decreasestronglywith decreasingnetallicity. For [Fe/H]=—1, the
neutronexposurein the C—shell(t = [ vrn,(t)dt, wherevy is thethermalvelocity andng(t) is the
neutrondensity)decreaseby a factorof 8.5, andthe numberof neutronscapturedoeriron seed
decreaseby afactorof 3.1 (seeFig. 2). While in the He coreboththe neutronexposureandthe
numberof neutronscapturedperiron seeddo not changeat metallicitieslower thansolar(except
thatfor [Fe/H] < —2 the primary—like neutronpoisonsare not nggligible any more, so alsothe
s—procesgn the He coreis not purely secondary-like for very low metallicities),in the C shell
the s—processfficiency decreasemorerapidly thanthe initial metallicity This implies that, at
metallicitieslower thansolar the weaks—processmainly comesfrom the He corebecausef its

lower dependencen theinitial metallicity of the starwith respecthes—processn the C shell. At

[Fe/H]= —1, theneutroncaptureprocessn the C—shellstill affectstheabundance®f neutronrich

isotopeg(e.g.,”%Zn, 88Kr) anda few otherbranchingpoints(e.g.,the stableBr isotopesand°Kr

areaffectedby the branchingpointat 7°Se)with respecto the He corecontritution (Fig. 3).

At very low metallicities([Fe/H] < —2) thes—processn the C—shelldoesnot give important
contrilutionsany more. The metallicity dependencef the weaks—processs confirmedby spec-
troscopicobsenationsof copper(Bisterzoet al. 2005[21]), andtherearestrongindicationsfrom
germaniumaswell (Cowvanetal. 2005[22])).
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