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22Ne a primary source of neutrons for the s-process
and a major neutron poison in very metal-poor
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In AGB starsof low massand very low metallicity, [Fe/H] ��� 2, a large abundanceof pri-

mary12C is mixedwith theenvelopeby eachthird dredgeup episode.Thesubsequentactivation

of the H shell convertsalmostall CNO nuclei into 14N. Thusthe H burning ashescontain14N

from the original CNO nuclei, plus an increasingamountof primary 14N. During the subse-

quentconvective thermalinstability in the He shell, all the 14N nuclidesareconvertedto 22Ne

by 14N(α,γ)18F(β
�

ν)18O, followed by 18O(α,γ)22Ne. At the peaktemperaturereachedat the

baseof the thermalpulse,the 22Ne(α,n)25Mg reactionis partly activated,giving rise to a small

neutronexposure.At the sametime, althoughthe neutroncapturecrosssectionof 22Ne is very

small (σ (22Ne, 30keV)=0.059� 0.0057 mbarn,Beeret al. 1991),the very large amountof pri-

mary 22Ne actsasa majorpoisonagainstthes process.This poisoneffect is substantialalsoin

caseof additionof a 13C-pocket. Somefractionof primary16O is alsomadein thethermalpulse

by α-captureon12C (with massfractionX(16O) � 0.003,while X(12C) � 0.20).Besides12C and
22Ne, a numberof light isotopesarelargely producedin a primaryway, amongwhich onefinds
19F (from neutroncaptureon 18O), 23Na, 25Mg, 26Mg. An effort shouldbe devotedto improve

theaccuracy of thecrosssectionsof theselight isotopes,in orderto betterconstrainthes-process

efficiency andtheir productionin low metallicity AGB stars.At very low metallicity, iron is di-

rectly madestartingfrom neutroncaptureson 22Ne andthenusedasa bridgefor thebuild-up of

theselements.

InternationalSymposiumon NuclearAstrophysics—Nuclei in theCosmos— IX
June25-302006
CERN,Geneva,Switzerland

�
Speaker.

c
�

Copyrightownedby theauthor(s)underthetermsof theCreative CommonsAttribution-NonCommercial-ShareAlikeLicence. http://pos.sissa.it/



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

22Nein metal-poorAGBstars R. Gallino

1. Intr oduction

Largescalestellarsurveys provideda sampleof carbonenhancedands-richmetal-poorstars
with [Fe/H] 	�
 2. Theobservedstarshavemassesof about0.8M � andthey areeitheronthemain
sequence,or in thegiantphase.Thehigh C ands elementabundancesobserved in thesestarsare
not theresultof anintrinsic nucleosynthesisprocessin theobservedstar, but of accretionthrough
stellarwinds in a binarysystemfrom themoremassive companion(now a white dwarf) while it
wason theAsymptoticGiantBranch(AGB). TheseobjectsareclassifiedasextrinsicAGBs.

The AGB structureis characterizedby a C-O coreandby two alternateH andHe burning
shells.While theH burningshellprogressesoutwards,theregioncontainingtheashesof H burning
is heatedup until He ignites quasiexplosively, developing a thermalpulse(TP) that forcesthe
whole region betweentheH shell andHe shell (He intershell)to becomeconvective. During the
thermalpulse,a large abundanceof 12C is producedby partial He burning. At the quenchingof
thethermalpulse,theH shell is temporarilyinactivatedandthebottomof theconvective envelope
penetratesinto thetop region of theHe intershell,mixing with thesurfacefreshlysynthesized12C
ands elements(third dredgeup,TDU).

The major neutronsourceis the 13C(α ,n)16O reaction. During the third dredgeup, where
theH-rich convective envelopeandtheHe-richradiative zoneget into contact,a smallamountof
protonsis assumedto penetratefrom theH-rich envelopeinto the top layersof theHe intershell.
At H reignition, theseprotonsarecapturedby the large abundanceof 12C, giving rise to a 13C
pocket, via the reactionchain12C(p,γ)13N(β



ν)13C, eventuallyfollowed by 13C(p,γ)14N in case

someextra protonssurvive the captureon the abundant12C. Later on, 13C burns radiatively in
the interpulsephaseat T � 0.9 � 108 K, thus releasingneutronswhich areusedfor the build
up of s-processelements.The s-rich pocket is thenengulfedby the growing convective thermal
instability. We considera large rangeof 13C pocket efficiencies,asrequiredby the observations
of s-enhancedstarsat variousmetallicities(seeBusso,Gallino & Wasserburg (1999);Bisterzoet
al. 2005; Straniero,Gallino & Cristallo (2006)). The ST casecorrespondsto a masspocket of
9.37 � 10� 4 M � containinga total massof 13C atomsof 4.69 � 10� 6 M � distributed in three
subzones.Startingfrom the top of the pocket, the massesof the threesubzonesare7.5 � 10� 6

M � , 5.3 � 10� 4 M � , and 4.0 � 10� 4 M � ; eachsubzonecontainsa massfraction Xeff(
13C) =

1.5 � 10� 2, 6.37 � 10� 3, and 3.0 � 10� 3, respectively. Here we considereffective13C mass
fractions,definedasX(13C) 
 13/14X(14N). In fact,duringthesubsequentreleaseof neutronsby
thereaction13C(α ,n)16O, any 14N presentin thezonewould actasa majorneutronpoisonvia the
resonantreaction14N(n,p)14C. For a generaldiscussionof thechoiceof 13C pocket andits profile
we referto Gallino et al. (1998).This ST casewasusedby Arlandini et al. (1999)andwasshown
to bestreproducethesolarsystemmaincomponentwith low massAGB stellarmodelsof half solar
metallicity. Notethatsmallvariationsin thechoiceof the13C pocket, includingafiner subzoning,
mayprovide essentiallythesames-processdistribution.

A secondneutronsourceis provided by the 22Ne(α ,n)25Mg reaction,which is marginally
activatedduringeachconvective thermalpulse.Westudytheeffectof 22Neatverylow metallicities
bothasasourceof neutronsandasneutronpoisonfor thesprocess.
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2. 22Ne,primary sourceof neutronsin metal-poor stars

Primary 12C resultsby partial He burning in the pulseand is mixed with the envelopeby
previousthird dredgeupepisodes.TheH shelltransformsall CNOnucleiinto 14N, whicharethen
convertedby doubleα-captureto 22Neduringtheearlydevelopmentof thenext thermalinstability.
Accordingly, a very largeabundanceof primary22Ne is presentin thepulse.

We seehow 22Ne actsasa sourceof neutronsin an AGB starof initial mass1.5 M � and
metallicity [Fe/H]=� 2.6 looking at theno 13C-pocket caseof Fig.1 (left panel).In this case,only
the 22Ne neutronsourceis at play. Thelight-s elements,ls (from Rb to Nb) areenhancedby one
orderof magnitude,while theproductionof theheavy-s elements,hs(from Bato Nd), andof lead,
is low. Addinga 13C pocket,amuchhigherneutronexposureis producedandtheeffectof 22Neas
a neutronsourceis overcome.This fact is reflectedin theabundancesof thes elementsshown in
Fig.1(left panel)for theST � 2 case,where[ls/Fe] � 2.5dex, [hs/Fe] � 3 dex, [Pb/Fe] � 4.7dex.
Also for theST/12case,[ls/Fe] � 2.5dex, [hs/Fe] � 3 dex, [Pb/Fe] � 3.4dex.

For lower metallicitiesthe importanceof 22Ne asa neutronsourcestrongly increases.For
example,at [Fe/H] = � 3.6, onefinds, for the no 13C-pocket case,[ls/Fe] � 2.8 dex, [hs/Fe] �
2 dex, [Pb/Fe] � 1.6 dex. For highermetallicitiesinsteadthe impactof the of primary 22Ne is
stronglydiminished,becauseof theconcomitantincreaseof theFeseedsandof the light neutron
poisons.
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Figure 1: Lef t panel: Elementabundancedistributionsfor ST*2, ST/12,andNO 13C pocket of a 1.5M� star, with
[Fe/H]=� 2.6. Right panel: Sameastheleft panel,but for thetestcasewherethe22Ne(n,γ)23Ne crosssectionis put to
zero.

3. 22Ne,major neutron poison

In order to study the effect of 22Ne as a neutronpoisonwe madea test casein which we
excludedthe 22Ne(n,γ)23Ne channel.This testis unrealistic,but permitsto understandhow 22Ne
affectstheproductionof theselements.Theresultsfor [Fe/H] = � 2.6areshown in theright panel
of Fig.1 (right panel). Putting to zero the neutroncapturecrosssectionof 22Ne, for the no 13C
pocket caseall selementsarestronglyoverproduced,with [ls/Fe] � [hs/Fe] � [Pb/Fe] � 3 dex. A
similar effect is alsoevident in theST andST/12cases.Here,22Ne actsasneutronpoisonalsoin
thepocket.
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For highermetallicitiestheimportanceof theneutronpoisoneffectdueto 22Ne decreases.At
[Fe/H] = � 1, usinga ST 13C pocket thes-processabundancedistribution of the testcaseandthe
normalonearealmostidentical.

4. 22Necrosssectionuncertainties

In Fig.2 we show the effect of changingby factorof 2 the valuesof the 22Ne(n,γ)23Ne rate
(left panel)or of the22Ne(α ,n)25Mg rate(right panel).Reducingthe22Ne(n,γ)23Ne crosssection
by a factorof 2 makesthehs elementsincreaseby about0.3 dex, while theabundancesof the ls
elementsremainalmostunchanged.Usinga crosssectionmultiplied by a factorof 2, we observe
a decreaseby 0.3 dex for both ls andhs elements.Thesesimpletestsshow how importantit is
to have precisecrosssectionsfor the isotopesthatplay a major role aspoisonsfor thes process.
In the right panelof Fig. 2 we seethat changingthe 22Ne(α ,n)25Mg rateby a factorof 2 affects
especiallythelight ls elements.
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Figure 2: Lef t panel: Elementabundancedistributionsfor theST/12caseof a 1.5M� star, with [Fe/H]=� 2.6. Solid
line standsfor astandard22Ne(n,γ)23Necrosssection,longdashedfor the22Ne(n,γ)23Necrosssectiondividedby 2 and
shortdashedfor the22Ne(n,γ)23Necrosssectionmultipliedby a factorof 2. Right panel: Sameastheleft panel,but for
the22Ne(α,n)25Mg reaction.

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

Neutroncaptureactsalsoon light isotopesproducingin different proportionsprimary 19F,
22Ne,23Na,24Mg, 25Mg, 26Mg, 27Al, 31P.

Weobservethatat[Fe/H] = � 2.6,puttingto zerothe22Ne(n,γ)23Necrosssection,theenvelope
abundanceof 23Na decreasesdrastically, by a factorof 300to 200accordingto thestrengthof the
13C pocket,while the22Neabundanceremainsunchanged.24Mg alsodecreases,by afactorof 3 to
5. Thus,thelargeprimaryproductionof 23Na is a consequenceof theneutroncaptureon primary
22Ne. Notethatsomeprimaryproductionof 24Mg derivesfrom neutroncaptureson 23Na.

6. Primary production of 19F

A specialcaseis 19F, whoseenvelopeabundanceis increasedby a factorof 50 in our com-
putations. An additionalvery importantcontribution to primary 19F andto primary 14N in very
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metal-poorstarsof [Fe/H] ��� 2.3 may derive from the occurrenceof an anomalousH convec-
tive flashfollowedby a hugefirst TDU (Hollowell et al. (1990);Fujimoto, Ikeda& Iben (2000);
Iwamotoet al. (2004);Stranieroetal. (2004)),with asurface[F/Fe] � 3 and[N/Fe] � 2.

7. 22Ne,sourceof s-processir on, a bridge to the s elements

We demonstratehow in very metal-poorstarstheneutroncapturechainstartingfrom 22Ne is
capableto first produceiron (by neutroncaptures!)andthenall thes elements.In a new testwe
put to zerotheinitial abundancesof all isotopesfrom 56Feup to 209Bi. In Fig.3we seethatfor the
ST � 2 casetheresultings-processdistribution is almostthesameasin thenormalcasewith solar
scaledFeandheavy elementsbeyondFe(Fig.1,left panel),whereasfor theST/12or no13C-pocket
casesa lower s-processefficiency thanin thenormalcasecomesout. We have to realisethat for
very low metallicitiesandtheST � 2 casetheneutronexposurein thepocket is so intensethat the
initial abundanceof theseednucleiis unessential.
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Figure 3: Elementabundancedistributionsof a 1.5M star, with [Fe/H]=! 2.6, for the ST*2, ST/12,andNO 13C
pocket with theinitial abundanceof all isotopesfrom 56Feto 209Bi put to zero.

8. Conclusions

22Ne actsasa primary neutronsource,independentof thestellarmetallicity, but it alsoacts
asa neutronpoison,having importanteffectsat [Fe/H]<� 2. 22Ne contributessignificantlyto the
productionof primaryNa andalsoto theproductionof s-processiron thatactsasa bridgefor the
formationof the s elementsin very low metallicity stars. We finally recall that the role played
by neutroncaptureon primary 22Ne andits progeniesin AGB starsof very low metallicitieshas
beenanticipatedandpartly discussedin a numberof works(Goriely & Siess(2001);Chieffi et al.
(2001);Siess,Livio & Lattanzio(2002);Herwig (2004);Sudaetal. (2004,2005)).
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