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New Results on Nucleosynthesisin Massive Stars; Nuclear Data Needs for
Nucleosynthesis
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We review the currentstatusof the nuclearreactionratesneededo studynucleosynthesig massie stars.Results
for the calculatedhucleosynthesief all stablespeciesrom Hydrogento Bismuthin acompletelyevolved25 M, star
of initial solarmetallicitywill bepresentedSpecialemphasisvill bepaidto two particularreactions!?C(a, v)'¢0 and
22Ne(a, n)?°Mg, andtheir effect on the structureof the starandresultaninucleosynthesisBoth have beenmeasured
mary times, but the presentangeof experimentaluncertaintytranslatesnto remarkablesensitvity of the calculated

nucleosynthesis.
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I. Introduction

Secondonly in scientificinterestto the origin of the uni-
verseitself is theorigin of thechemicalelementgherein. The
neartermgoal of nuclearorigins,or nucleosynthesjseekgo
develop a completeunderstandingf the origin of every iso-
topein naturein termsof their nuclearpropertiesand astro-
physicalsiteswherethey wereassembledOnceknown, this
understandinganalso be employed to calculatethe chemi-
cal history, not only of the elementsn our own sunandthe
Galaxy but in olderstars future stars,andin distantgalaxies.

Simulatingnucleosynthesis starspresentseveral prob-
lemsfor nuclearphysicsthat are peculiarto the stellarenvi-
ronment.For mary specief interest,the importantnuclear
flows move throughtargetor productnuclei(sometime$oth)
that are frequentlyradioactve. Subsequentlymary impor-
tantreactioncrosssectionsarenotamenabléo measurement.
Further neutronresonancanalysiscanoftenonly bedoneon
compounduclearstatesoneneutronremovedfrom stability,
andthusimportantquantitiesderived from suchan analysis
(averagelevel spacingsneutronstrengthfunctions,etc.) are
not availablefor input to reactionmodelson unstablenuclei.
The potentialfor RarelsotopeAcceleratordo addressome
of the more critical reactionsis tantalizing,but dueto shear
numbersalone, mostof our nuclearcrosssectionneedsfor
nucleosynthesiwill necessarilyoederivedfrom theory

Another complicationis that the targetsexist in a ther
mal distribution of excited states.Laboratorymeasurements
(whereavailable) cannotbe directly appliedto reactionnet-
works. Further reactionson long-lived or highly populated
isomericstatesare not includedin stellar reactionnetworks
usedto calculatenucleosynthesim massve stars(26 Al being
the notableexception).

Finally, therearealot of nucleifor which nuclearreaction
rate informationis neededyoughly 4600 boundnuclei exist
from hydrogento lead. Consideringonly binaryreactionsin-
volving nucleons alpha-particlesand photons,alongwith a
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potentialgroundstateweakinteraction(3—, 8+, or electron
capture)thistranslatesnto approximately32,000nuclearre-
actions(plus their inverses)if one considersall possiblenu-
clearburning scenarios.In addition, a needfor weakinter-
actionratesat extremevaluesof temperaturenddensityex-
periencedn thelatetime evolution of massie starsincreases
thesenucleardatarequirementsClearly, the developmentof
reactionrate databasegto study nucleosynthesigh massve
starsis a hugeundertakingdrawing from the bestelements
of experiment,theory andevaluation. Thatsuchefforts have
only beenmadethreetimesin thelast 25 yearsshouldcome
asnosurprise*®

This contributionwill describehecurrentstatusof nuclear
reactionrateinformationrequiredto studynucleosynthesim
massie stars. Examplesof nucleosynthesis a 25 M, star
of initial solar metallicity is givenin §ll. The requireddata
will bebrokeninto categoriesdependingn reactiontypeand
rangeof targetnuclei,andtheirimpactonthenucleosynthesis
will bediscussed§lll.) Sensitvity to key reactionrateswill
be presentedor two specificcaseg§l11.2 andlll.3). Weak
ratesaretreatedn §IV.

II.  Nucleosynthesisin Massive Stars

Nucleosynthesii starshasbeenreviewedmary times?*-°)
To setthe stagewe presentin Table 1 the nuclearburning
stagesexperiencedby massve stars(M > 11 My). Shown
arethemajorhydrostatidourningphasegH, He,C,Ne, O, and
Si burning), their principle product(s),mostimportantsec-
ondary products,and the approximatetemperatureand life-
timesduringwhich a givenfuel is burned.The generatrends
areevident: anabundantfuel” burns,liberatingenegy which
senes to supportthe star againstgravitational contraction.
Eventuallythe fuel is exhaustedthe star contractsthe core
heatsup, andthe “ash” of the previous burning stagesenes
asthe “fuel” for the next one. A shell of materialadjacent
to the new burning core continuesto burn by the samereac-
tion mechanismasin the previouscoreburningscenarioand
the stardevelopsan "onion-like” structure. To burn heavier
fuels the temperaturanustincreaseto surmountthe increas-



ing coulombchage barriers,andthe lifetime for exhausting
agivenfuel decreaseswing to: a) thevery high temperature
dependencef thereactionratesgoverningtheenepgy release,
andb) theever mountingneutrinolossegwhich dominatebe-

yondheliumburning).

Tablel AdvancedNuclearBurningStages

Fuel Main Secondary Temp T
Product  Products 10°K yr
H He MN 0.03 107
He Cc.0 1802Ne, 0.2 10°
s—process
C Ne,Mg Na 0.8 10°
Ne O,Mg AlLP 1.5 ~1071
@] Si,S CLAr, 2.0 ~2
K,Ca
Si  Fe-group Ti,V,.Cr, 33 ~1072
Mn,Co,Ni

Following core silicon-hurning, the core collapsesand if
a neutronstar forms at the starscenter(likely for starsless
than30 M), a Type Il supern@a explosioncanoccur Ig-
noring the hydrodynamicand neutrino-transportssues,the
outgoingshockwave heatsthe overlying shellsof previously
synthesizetlements and explosive nucleosynthesisan al-
ter the compositionof certainspecies Additional nucleosyn-
theticprocessesantake place includingthev—process) the
p—proces$) and possiblythe r—process) For a compre-
hensve surey of massve starevolution andnucleosynthesis,
seeWoosley & Weaver1® Galacticchemicalevolution is ex-
ploredin Timmes,Woosle/, & Weaver 1V

The final nucleosynthesigincluding massloss) of a fully
evolved solar metallicity 25 M, stat? is presentedn Fig-
ure 1. Thereactionnetwork includedall necessarysotopes
throughmass210 andusedreactionratescurrentasof 2001.
Shown is the “productionfactor” vs. massnumber Isotopes
of a given elementare connectedy solid lines. The dashed
line is centeredon 160, with the dottedlines representing
“successband” of +£0.3 dex. With rare exception, all iso-
topesfrom oxygenthroughnickel are co-producedn solar
proportionswith a productionfactorof ~ 15 (in this figure,
the initial compositionof the sunwould be a set of points
all lying on “1”; a productionfactor of 15 meansthat the
sunscomplemenbf metalscould be understoodf 1/150f its
masspassedhroughconditionslik e thoseexperiencedn this
25 M, star). Ther—, s—, andp—processsotopesare also
well produced(perhapsa little overproduced)from nickel
to aboutA=88. In a 15 M, star!® the s—processyield is
less.Theyieldsof these'trans-iron” elementss alsosensitve
to a still poorly determinedeactionratefor 22Ne(q, n)2*Mg
(seetlll.3). Above mass90, nucleosynthesig massie stars
is mostly restrictedto the p— process.althougha potential
r—procesgontributionfrom av-drivenwind® is notincluded
here.
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Fig. 1 Decayedpost-eplosive productionfactorsfor a 25M,, star
of initial solarmetallicity.

We now describethe important nuclearphysicsingredi-
entsneededo calculatestellar nucleosynthesias displayed
in Figure 1. Thediscussiorbreaksnicely into two distinctre-
gions:reactionontarmgetslighterthansilicon (wheremary of
thekey crosssectionshave beenmeasured)andreactionson
heavier targets(wherethe communitymustrely on statistical
theory).

Strong and Electromagnetic Reaction Rates

1. Critical Reactionsfor Energy Generation

Along with the 3a reactionrate, the heavy ion reactions
12C+12C, 12C+16Q, and180O+'%0 arethe mostimportantre-
actionsfor enegy generatiorduring hydrostatichelium, car
bon,andoxygenburning. As suchthesereactionplayamajor
rolein determiningstellarstructure andthe productionof all
stableself-conjugatgZ=N) nucleiwhich constitutethe most
ahundantspeciesfound in natureafter hydrogenandhelium
(formedin the Big Bang). The currentsourcefor thesereac-
tion ratesis Caughlan& Fowler,}¥ althoughthe 3« reaction
rate hasrecentlybeenre-evaluated® (little changeresulted
overthetemperatureangeatwhich heliumburningoperates).
Theseare probably adequatewith the possibleexceptionof
12C+12C andits electronscreeningate.



2. 2C(a,v)'%0

Possiblythemostimportantnuclearburningscenariaasfar
asnucleosynthesis concerneds helium burning, beingthe
only enegy generationscenarioin which two reactions 3«
and!2C(a, )0, competeon sonearlyanequalbasisin the
consumptionof a major fuel. It is herethat a star hasthe
ability to changeits neutronexcessand producenuclei that
have moreneutronghanprotons.ln combinatiorwith 3«, the
12C(a, ) ratedeterminegheratio of carbonto oxygenatthe
endof corehelium burning, with dramaticconsequence®r
stellarstructure ultimately affectingthe sizeandcomposition
of theiron core,thepossiblenatureof acompacremnantand
also the future of all subsequenphasesof nuclearburning.
Shawnin Figure 2 arethevariationsin coremasssizefor the
adwancedburning stagedsn a 25 M, starof solarmetallicity
asafunctionof amultiplier onthe!2C(a, )6 O reactionrate
of Buchmann'®)

Althoughconsideredo bethemostimportantreactiorrate,
its experimentalvalue over the temperatureangeof interest
(300 keV) is inadequatelyknown. Determinationof an ac-
curaterateis experimentallychallengingbecauset proceeds
throughtwo sub-thresholdesonancesvhosecritical alpha-
widths must be determinedindirectly*618 The rateis di-
vided into threeparts,a) the electricdipole part proceeding
throughthe 1~ resonanceh) theelectricquadrapolgartpro-
ceedingthroughthe 2+ resonanceandeverythingelse. The
total rate is often expressedn termsof the S-factorat 300
keV, andthe currentuncertaintieplaceits valuein therange
of 100 to 200 keV barns(but with a preferencefor 150 to
170keV b with atemperaturelependenceimilar to thatde-
scribedby Buchmann®). This uncertaintyis farto largefor a
rateof thisimportance Basedon nucleosynthesiarguments,
atotal S-factorof 170 £ 20 keV b co-producesearlyall sta-
ble speciebetweeroxygenandcalcium?® Uncertainstellar
physics(semi-cowection,andmassloss),alsoaffectsthe to-
tal carbonandoxygencontentin stars but the currentnuclear
physicsuncertaintyis in utmostneedof diminishment. Fur-
therexperimentaleffort is highly encouraged.

3. Neutron Sources and Sinks

Secondaryto enegy generationput no lessimportantto
nucleosynthesisarethe reactionsthat operateduring helium
burning to control the neutronbudget. They directly af-
fect the productionof mary speciesmostimportantlythose
above the iron group madevia the s—process. In massve
starsthe?2Ne(a, n)2°Mg reaction,(in closecompetitionwith
22Ne(a, )?Mg), provide the neutrongrequirecto synthesize
stablespecieswith 60 < A < 88, or the so-called“weak-
component’of the s—proces$? The 22Ne is producedby
two alpha-capturesn *N producedin the hydrogenburn-
ing CNO cycle. Thesereactionsoperatepredominantlydur-
ing core helium burning, althoughthey alsooperate(supple-
mentedoy 26Mg(a, n)2°Si) atlatertimesin shellheliumburn-
ing. Thebulk of the s—processuclei(with A > 88) aresyn-
thesizedduring shellhelium burningin low massAGB stars,
wherethe principle neutronsourcereactionis 1*C(a, n)'60.

The statusof both 22Ne alpha-capturgeactionsis highly
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Si core =

core masses
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multiplier en "Cle, ¥} rate by Buchmann (1936}

Fig. 2 Helium (squares carbon-oxyger(diamondy, neon-oxygen
(triangle$, silicon (crosses and “iron” (asterisky core
massessa function of a multiplier on the *2C(a, v)*¢O re-
actionrateof Buchmanrt®

uncertainowing to the large experimentaldifficulty in deter
mining the strengthof the 633keV resonancén the 22Ne+a
channef? Variouschoicesfor the parameterf this reso-
nancegive quite differentstrengthgor the neutronexposure
in the s—processthoughnone so powerful asto move the
s—procespeakmuchabose A=90. Recentstudies? suggest
a diminishedrole for this reactionrate to a level no higher
thanthe “lower-bound” recommendedy Kappeler? Fig-
ure 3 shavsthesensitvity of thenucleosynthesit variations
in the 22Ne(a, n)?°Mg rate that arise using the samestellar
modelthatproducedheresultsof Figure 1.

Thecurrentsourcef theseandotherimportant(a, n) and
(o, 7) reactionontametslighterthanSi aredravn from mary
experimentalefforts?® Compilationsdo exist,**1® but the
currentuncertaintieswarrantfurther experiment, especially
for thereactiongnvolving 120 and?2Ne.

In additionto theneutronsourcereactionsneutroncapture
reactionson all targetsheavier than sodiumare requiredto
predictthe s—processalundancedn low andhigh massstars.
Fortunately thereactionratesituationhereis well in hand,in
thatnearlyall of theimportantcrosssectionsaremeasuredn
thetemperatureangeof interest(~ 25 — 100 keV). Various
compilationsareavailable?® Therearehowevermary impor-
tant(n,y) reactionson unstabletargetsthataffect s—process
branchingwhich mustbe calculatedby theory?

Finally, thenucleus®Fe,a potentialcandidatefor gamma-
line detectionjs alsomadeduringheliumburningin massve
stars.lts synthesids currentlydependentn theoreticakross
sections RIA measurementthat provide eithercrosssec-
tion or level densityinformationpertainingto the (n, ) rates
on %960 Fewould be mostwelcome.

4. Charged-particle Reactionson Z< 14
Reactiongnvolving protons[(p, v), (a, p), (p, a)] andnu-

clei lighter than silicon are also important, especiallythose

thatareinvolvedin the enegy generatiorcyclesthatoperate
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Fig. 3 Sensitvity of the production factors for different
2Ne(o, n)*>Mg ratesin a 25 Mg star  The first three
panelsgive the resultsfor the lower limit, recommended
value, and upperlimit of Jager et al?? The bottom panel
usesthe evaluatedreactionratesetfrom NACRE™ with their
upperlimit for the22Ne(q, n)** Mg rate.

during hydrogenburning (PPI, PPII, and PPIIl in low mass
stars;the CNO cycle andits bi-cyclesin massve stars).Such
reactionsdeterminethe synthesisof the important species
13c, 15N, 17180, 2INg, 23Na, and especially?6Al (ob-
senedvia y—line decay).Of thesdow-massstarsmake most
of the 13C, 14N, and someof the 22Na (throughincomplete
CNO processingand the Ne-Na cycle). It is estimated®
that massve starsproduceaboutone-fifth of the !N in the
sun. The productionof '*N is relegatedto novae. Contro-
versycurrentlyexists on how muchof the obsened2 M, of
26 Al presentin the Galaxy?® is attributedto either massie
stars?%27) or novae?® althoughmassve starscan easilyac-
countfor all of it.*Y) Until recentrevisionsto the key reaction
ratesaffecting” O synthesig?) massve starswerethoughtto
be ableto producethe solaratundance? Shouldthesenew
measurementse confirmed,productionof 7O may be rele-
gatedto low massstarsor novae3® Protoncapturereactions
on targetswith N < Z arealsocrucial for break-outof the
hot-CNOcyclein x-ray bursts.

Sourcesfor thesereactionratesare varied!*'>30) Al
though the reactionsinvolving enegy generationare ade-
quatelydetermined? furtherexperimentis needed.

5. Charged-particle Reactionson Z > 14

The nucleosynthesisf nearly all speciesfrom silicon to
theiron groupareproducedn thelatterstagef stellarburn-
ing in massve stars.Many aremadein eitherpartialor com-
pletenuclearstatisticalequilibrium 33 wheretheabsoluteval-
uesof individual reactionratesare not as importantas Q-
valuesand partition functions?) But for the p—processnu-
clei (Figure 1), accurateratesarerequiredto predictthe nu-
cleosynthesisf theserarespecies.

Currentnucleosynthesisalculationsrely heavily on the-
oreticalmodel calculationsfor nearly all of thesecrosssec-
tions® This is troubling for somecritical (a, ), (o, p), and
(p, ) reactionon self-conjugatenuclei,which aredifficult to
measurdgandpredict)dueto suppressiownf the photontrans-
missionfunction dueto uncertainisospinmixing.3? Further
problemsexist dueto the useof a poorly known global opti-
cal modela-particle potential. This areais in desperatmeed
of experimentawork thateithermeasureshe mostimportant
crosssectionsor derivesimportantstructuredatafor usein
calibratingthe HausefFeshbaclreactionmodels,especially
for targetswith A > 60.

V. Weak Interaction Rates

1. Ground State Weak Rates

Priorto carbon-lurning,theuseof groundstatedecayrates
calculatedrom measuredaboratoryhalf-livesandbranching
ratios are adequatdin mostinstances}o predictstellar nu-
cleosynthesigncludingthe s—processThesearethe default
sourceof weakreactiondatafor all speciesn modernreaction
networks 3 andarecurrentlythe only sourceof databeyond
A ~ 60.

Of particularinterestare the weak decayratesthat affect
the productionof gamma-linespeciesparticularly??>Na (2.6
yr), 26Al (7.5 x 10° yr), *4Ti (60 yr), %->"Ni (6.1d, 1.5d),
56,57.60Cq (77.1d, 271d, 5.27yr), and®’Fe (1.5 x 10° yr).
Of these*® Al hasbeenobsenedin the Galaticplaneandin
individual supernearemnants”) The shorterlived *4Ti has
beenobsenedin Cas/&® andthe Ti, Ni, andCo isotopesin
SN 1987A2% Both22NaandS®Feareprinciplecandidatesor
detectiorby theupcomingINTEGRAL mission.Thelifetime
for 44Ti to decayto 44*Cahasbeena subjectof muchexper
imentaluncertaintyover the last thirty years,with a half-life
that hassteadilyincreasedrom 45 to 70 yr. The mostre-
cent measurementseemto be corverging on the presently
acceptedralueof 60 yr.%®)

2. Temperature Dependent Weak Rates

For the extremeconditionsencountereéh stellarcollapse,
temperatureand density dependentveak rates’3®) are re-
quired. Theseplay a centralrole in determiningthe nucle-
osynthesiof mary importanty—line specieg®¢-*7Ni, 44Ti),
the stellar structureafter oxygenburning, the electronmole
number(Y,), andin determiningthe requisiteconditionsfor
an r—processto occurin the v—wind of Typell supernea
cores??

Someimportantchangesdn the stellar modelsare due to
recentlyrevisedweakrates3® thelargestchangedecomeap-



parentduring core silicon burning and thereafter Typically,
they leadto anincreaseof the centralY, (the electronmole
number or numberof electronsper baryon)at the onsetof
corecollapseby 2 to 3 % andthis differencetendsto increase
with increasingstellarmass*® Perhapsmore importantfor
the explosion mechanisnof core collapsesuperneaeis an
increaseof thedensityin themassrangeof m = 1.5 M, to 2
Me by 30 — 50 % relative to the samemodelscomputedwith
theprevioussetof weakrates'®) This maysignificantlyaffect
the dynamicsof the corecollapse. The evolution of the cen-
tral Y, thenetweakflow, andtheir sensitvity to the choiceof
weakreactionratesis presentedn (Figure4) for al5Mgstar

3. Neutrino Loss Rates

Neutrinolossesarea critical aspectf stellarevolution in
massve starsbeginning with carbonburning. The dominant
lossesbefore silicon burning are due to thermal processes
(chiefly pair-annihilation),which provide a loss term that is
veryroughlyproportionalto T? in therangeof interestfor ad-
vancedburning stages’® This temperaturesensitvity, com-
binedwith the needto burn heavier fuels at highertempera-
turesto surmountheincreasingchagebarriers,s whatleads
to therapid decreasén lifetime to burn a givenfuel reflected

in (Figure 1), with obviousconsequencdsr nucleosynthesis.

Thetheoryis well developed??)

4. Neutrino-interaction Rates and Branching Ratios

Following Typell corecollapseanascenneutronstarlib-
eratests gravitationalbindingenegy (~ 3 x 1033 erg) overa
Kelvin-Helmholtzcontractiortime scale(~ 10 s)via neutrino
emission providing for the passagef a hugeflux of neutri-
nosthroughthe overlying shellsof matter This cancausean
interestingtransmutatiorof severalrareelementshy exciting
alundantspeciesto particle unboundlevels throughneutral
currentneutrinoscattering? Basedon an extensie grid of
supern@amodels® anda surwey of galacticchemicalevolu-
tion,'Y themostaffectedspeciesre’Li, ' B, and'°F. Several
other species('®N, 26Al, and the rarestnaturally occurring
elements'3®La and '8°Ta) shov modestenhancementver
their productionvia more corventionalnucleosynthetigro-
cessesNeutralandchagedcurrentneutrinointeractioncross
sectionsandbranchingatiosarecalculatedrom theory? 3

V. Conclusion

Thefield of nucleosynthesiBascomealongway sincethe
seminalpapersof 19572 but certainkey nuclearquantities
still have unacceptablyarge uncertaintiesChiefamongthem
arethe reactionratesfor 12C(a, v)160 and?2Ne(a, n)**Mg.
Much experimentalwork hasbeendoneto improve the sit-
uation2*1531 put much moreremainsto be done. A major
challengewill beto reducethe previously acceptabléfactor
of two” accurag ascribedto reactionratesderived from nu-
clearmodeling® Suchgoalsareworthyin light of thewealth
of new andhighly accurateobsenationaldatafrom a variety
of astrophysicasystems.

0.48
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electrons per baryon

0.44

log{ — weak flow / /s )

log( time till core collopse / s )

Fig. 4 Evolution of Y, andthe netweakflow in the centerof a 15
Mg starfollowedfrom centraloxygendepletiontill theonset
of core collapse. Five choicesof weak interactionrate sets
areused,FFN®? (the previous standard)andthreesetsfrom
Langanle & Martinez-Pinedd® LMP is the recommended
set,the-b0 and-b2 linesindicateratesetsthatmultiplied the
recommendetheta-decayatesby zeroandtwo respectiely.
Thelastsimulation(WW295)is theresultfrom a previousstel-
lar modet? thatusedFFN rates.
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