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22Ne a primary source of neutrons for the s-process
and a major neutron poison in very metal-poor
asymptotic giant branch stars
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In AGB starsof low massand very low metallicity, [Fe/H] < —2, a large abundanceof pri-
mary 12C is mixedwith the envelopeby eachthird dredgeup episode The subsequerdctivation
of the H shell convertsalmostall CNO nucleiinto 1N. Thusthe H burning ashescontain4N
from the original CNO nuclei, plus an increasingamountof primary 1“N. During the subse-
quentcorvective thermalinstability in the He shell, all the 1*N nuclidesare corvertedto 2Ne
by 1“N(a,y)*8F(B+v)180, followed by 180(a,y)??Ne. At the peaktemperaturgeachedat the
baseof the thermalpulse,the 22Ne(a,n)?°Mg reactionis partly activated,giving rise to a small
neutronexposure.At the sametime, althoughthe neutroncapturecrosssectionof 22Ne is very
small (g(%*Ne, 30keV)=0.059:0.0057 mbarn,Beeretal. 1991),the very large amountof pri-
mary 22Ne actsasa major poisonagainsthe s process.This poisoneffect is substantiahlsoin
caseof additionof a13C-poclet. Somefractionof primary 10 is alsomadein thethermalpulse
by a-captureon 12C (with massfractionX (160) ~ 0.003,while X(*2C) ~ 0.20). Besides°C and
22Ne, a numberof light isotopesarelargely producedn a primary way, amongwhich onefinds
19F (from neutroncaptureon 180), 23Na, 2°Mg, 2°Mg. An effort shouldbe devotedto improve
theaccurag of thecrosssectionof thesdight isotopesjn orderto betterconstrairthe s-process
efficiency andtheir productionin low metallicity AGB stars. At very low metallicity, iron is di-
rectly madestartingfrom neutroncaptureson 2?Ne andthenusedasa bridgefor the build-up of
theselements.
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1. Intr oduction

Large scalestellarsuneys provided a sampleof carbonenhance@nds-rich metal-poorstars
with [Fe/H] < —2. Theobseredstarshave masse®sf about0.8 M ., andthey areeitheronthemain
sequencegr in the giantphase.The high C ands elementalundance®bseredin thesestarsare
nottheresultof anintrinsic nucleosynthesiprocessn the obsered star but of accretionthrough
stellarwindsin a binary systemfrom the more massve companion(nov a white dwarf) while it
wasonthe AsymptoticGiantBranch(AGB). Theseobjectsareclassifiedasextrinsic AGBs.

The AGB structureis characterizedy a C-O core and by two alternateH and He burning
shells.While theH burningshellprogressesutwards theregion containingtheashesf H burning
is heatedup until He ignites quasiexplosiely, developing a thermalpulse(TP) that forcesthe
whole region betweenthe H shellandHe shell (He intershell)to becomeconvective. During the
thermalpulse,a large atundanceof 12C is producedby partial He burning. At the quenchingof
thethermalpulse,theH shellis temporarilyinactvatedandthe bottomof the corvective envelope
penetrateinto the top region of the He intershell,mixing with the surfacefreshly synthesized?C
ands elementgthird dredgeup, TDU).

The major neutronsourceis the 13C(a,n)'®0 reaction. During the third dredgeup, where
the H-rich corvectie ervelopeandthe He-rich radiative zonegetinto contact,a smallamountof
protonsis assumedo penetratdrom the H-rich envelopeinto the top layersof the He intershell.
At H reignition, theseprotonsare capturedby the large atundanceof 2C, giving rise to a 13C
podet, via the reactionchain2C(p,y)3N(B* v)3C, eventuallyfollowed by 3C(p,y)}*N in case
someextra protonssurvive the captureon the atundant'?C. Later on, 13C burns radiatively in
the interpulsephaseat T ~ 0.9 x 10° K, thusreleasingneutronswhich are usedfor the build
up of s-proces®lements.The s-rich poclket is thenengulfedby the growing corvective thermal
instability We considera large rangeof *3C poclet efficiencies,asrequiredby the obserations
of s-enhancedtarsat variousmetallicities(seeBusso,Gallino & Wasserhrg (1999); Bisterzoet
al. 2005; Straniero,Gallino & Cristallo (2006)). The ST casecorresponds$o a masspoclet of
9.37 x 10~* M, containinga total massof 13C atomsof 4.69 x 10°® M, distributed in three
subzones.Startingfrom the top of the pocket, the masse®f the threesubzonesare 7.5 x 1076
Ma, 5.3 x 104 M, and4.0 x 104 M_; eachsubzonecontainsa massfraction X ¢(*3C) =
1.5 x 1072, 6.37 x 1073, and 3.0 x 1073, respectiely. Herewe considerefective 13C mass
fractions,definedasX (*3C) — 13/14X(**N). In fact, duringthe subsequenteleasef neutronsy
thereaction*3C(a,n)'0, ary N presenin the zonewould actasa majorneutronpoisonvia the
resonanteaction**N(n,p)C. For a generaldiscussiorof the choiceof 13C poclet andits profile
wereferto Gallino etal. (1998).This ST casewasusedby Arlandini etal. (1999)andwasshavn
to bestreproducehesolarsystemmaincomponentvith low massAGB stellarmodelsof half solar
metallicity. Notethatsmallvariationsin the choiceof the 13C poclet, includingafiner subzoning,
may provide essentialljthe sames-processlistribution.

A secondneutronsourceis provided by the 22Ne(a,n)*>Mg reaction,which is maginally
activatedduringeachcorvective thermalpulse.We studytheeffect of 22Ne atvery low metallicities
bothasa sourceof neutronsandasneutronpoisonfor the s process.
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2. ?°Ne, primary sourceof neutronsin metal-poor stars

Primary 12C resultsby partial He burning in the pulseandis mixed with the envelope by
previousthird dredgeup episodesTheH shelltransformsall CNO nucleiinto 1N, which arethen
cornvertedby doublea-captureto 2?Ne duringthe earlydevelopmenif thenext thermalinstability.
Accordingly avery large abundanceof primary??Ne is presenin the pulse.

We seehow 2?Ne actsasa sourceof neutronsin an AGB star of initial mass1.5 M, and
metallicity [Fe/H]=—2.6 looking at the no *3C-poclet caseof Fig.1 (left panel).In this caseonly
the 22Ne neutronsourceis at play. Thelight-s elements|s (from Rb to Nb) areenhancedy one
orderof magnitudewhile the productionof the heary-s elementshs(from Bato Nd), andof lead,
is low. Addinga'3C pocket, amuchhigherneutronexposureis producedandthe effect of 22Ne as
a neutronsourceis overcome.This factis reflectedin the abundance®f the s elementshavn in
Fig.1(left panel)for theST x 2 casewhere[ls/Fe] ~ 2.5dex, [hs/Fe]~ 3 dex, [Pb/Fe]~ 4.7 dex.
Also for theST/12case]ls/Fe] ~ 2.5dex, [hs/Fe]~ 3 dex, [Pb/Fe]~ 3.4 dex.

For lower metallicitiesthe importanceof 2°Ne as a neutronsourcestrongly increases.For
example,at [Fe/H] = —3.6, onefinds, for the no 3C-poclet case,[Is/Fe] ~ 2.8 dex, [hs/Fe]~
2 dex, [Pb/Fe]~ 1.6 dex. For higher metallicitiesinsteadthe impactof the of primary ?’Ne is
stronglydiminished,becausef the concomitanincreaseof the Fe seedsandof the light neutron
poisons.
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Figure 1: Leftpanel: Elementabundancedistributionsfor ST*2, ST/12,andNO 3¢ poclet of a 1.5M,, stat with

[Fe/H]=—2.6. Rigtt panel: Sameastheleft panel,but for thetestcasewherethe 22Ne(ny)23Ne crosssectionis putto

zero.

3. 2’Ne, major neutron poison

In orderto studythe effect of ?Ne as a neutronpoisonwe madea test casein which we
excludedthe 2?Ne(ny)?3Ne channel. This testis unrealistic,but permitsto understandow %°Ne
affectsthe productionof thes elementsTheresultsfor [Fe/H] = —2.6areshavn in theright panel
of Fig.1 (right panel). Puttingto zerothe neutroncapturecrosssectionof °Ne, for the no 13C
poclet caseall selementsarestronglyoverproducedwith [Is/Fe] ~ [hs/Fe]~ [Pb/Fe]~ 3 dex. A
similar effectis alsoevidentin the ST andST/12casesHere,?’Ne actsasneutronpoisonalsoin
the poclet.
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For highermetallicitiestheimportanceof the neutronpoisoneffect dueto °Ne decreasesAt
[Fe/H] = —1, usinga ST 3C poclet the s-processundancedistribution of the testcaseandthe
normalonearealmostidentical.

4. 22Ne crosssectionuncertainties

In Fig.2 we shav the effect of changingby factor of 2 the valuesof the 22Ne(ny)?*Ne rate
(left panel)or of the 2?Ne(a,ny°Mg rate(right panel). Reducingthe 22Ne(ny)?*Ne crosssection
by a factorof 2 makesthe hs elementdncreaseby about0.3 dex, while the abundance®f thels
elementgemainalmostunchangedUsing a crosssectionmultiplied by a factorof 2, we obsere
a decreasdy 0.3 dex for bothls andhs elements. Thesesimple testsshov how importantit is
to have precisecrosssectionsfor the isotopesthat play a major role aspoisonsfor the s process.
In the right panelof Fig. 2 we seethatchangingthe 2°Ne(a,n)?®Mg rate by a factorof 2 affects
especiallythelight Is elements.
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Figure 2: Leftpanel: Elementatundancedistributionsfor the ST/12caseof a 1.5M,, star with [Fe/H]=—2.6. Solid
line standgor astandard?Ne(ny)23Ne crosssection Jong dashedor the??Ne(ny)23Ne crosssectiondivided by 2 and
shortdashedor the 22Ne(n y)23Ne crosssectionmultiplied by a factorof 2. Righ panel: Sameastheleft panel but for
the22Ne(ar,n)?°Mg reaction.

5. The effectof neutron capture on 22Ne for the production of primary light isotopes

Neutroncaptureactsalso on light isotopesproducingin different proportionsprimary 1°F,
22Ne,23Na, 24I\/|g, 25I\/|g, 26Mg, 27A|, 31P.

Weobsenre thatat[Fe/H] = —2.6, puttingto zerothe?’Ne(ny)?*Ne crosssection theenvelope
alundanceof 22Na decreasedrastically by a factorof 300to 200 accordingto the strengthof the
13C poclet, while the22Ne atundanceemainsunchanged?*Mg alsodecreasesyy afactorof 3 to
5. Thus,thelarge primary productionof 2Na is a consequencef the neutroncaptureon primary
22Ne. Notethatsomeprimary productionof 2*Mg derivesfrom neutroncaptureson >>Na.

6. Primary production of 1°F

A specialcaseis °F, whoseernvelopeatundancds increasedy a factorof 50 in our com-
putations. An additionalvery importantcontritution to primary *°F andto primary 1*N in very
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metal-poorstarsof [Fe/H] < —2.3 may derive from the occurrenceof an anomalousH corvec-
tive flashfollowed by a hugefirst TDU (Hollowell etal. (1990); Fujimoto, Ikeda& Iben (2000);
Iwamotoetal. (2004);Stranieroetal. (2004)),with a suriace[F/Fe]~ 3 and[N/Fe] ~ 2.

7. %2Ne, source of s-processron, a bridge to the s elements

We demonstratéow in very metal-poorstarsthe neutroncapturechainstartingfrom 2°Ne is
capableto first produceiron (by neutroncaptures!)andthenall the s elements.In a new testwe
putto zerotheinitial abundance®f all isotopesrom *6Fe up to 2°°Bi. In Fig.3we seethatfor the
STx 2 casetheresultings-processlistribution is almostthe sameasin the normalcasewith solar
scaledreandheay elementbeyondFe(Fig.1,left panel) whereador the ST/120r no*3C-poclet
cases lower s-procesefficiency thanin the normalcasecomesout. We have to realisethat for
very low metallicitiesandthe STx 2 casethe neutronexposurein the poclket is sointensethatthe
initial abundanceof the seednucleiis unessential.
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Figure 3: Elementatundancedistributions of a 1.5M, star with [Fe/H]=—2.6, for the ST*2, ST/12,andNO 3C
poclet with theinitial abundanceof all isotopesrom %6Feto 209Bi putto zero.

8. Conclusions

22Ne actsasa primary neutronsource independenof the stellarmetallicity, but it alsoacts
asa neutronpoison,having importanteffectsat [Fe/H]<—2. 2°Ne contritutessignificantlyto the
productionof primary Na andalsoto the productionof s-processron thatactsasa bridgefor the
formation of the s elementsn very low metallicity stars. We finally recall that the role played
by neutroncaptureon primary ?°Ne andits progeniesn AGB starsof very low metallicitieshas
beenanticipatedandpartly discussedn a numberof works (Goriely & Siess(2001);Chiefi etal.
(2001);SiessLivio & Lattanzio(2002);Herwig (2004);Sudaetal. (2004,2005)).
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