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We review thecurrentstatusof thenuclearreactionratesneededto studynucleosynthesisin massive stars.Results
for thecalculatednucleosynthesisof all stablespeciesfrom Hydrogento Bismuthin a completelyevolved25 M � star
of initial solarmetallicitywill bepresented.Specialemphasiswill bepaidto two particularreactions,

�
	
C(�
��� ) ��� O and	�	

Ne(�
��� ) 	�� Mg, andtheir effect on thestructureof thestarandresultantnucleosynthesis.Both have beenmeasured
many times,but the presentrangeof experimentaluncertaintytranslatesinto remarkablesensitivity of thecalculated
nucleosynthesis.
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I. Introduction

Secondonly in scientific interestto the origin of the uni-
verseitself is theorigin of thechemicalelementstherein.The
neartermgoalof nuclearorigins,or nucleosynthesis, seeksto
developa completeunderstandingof the origin of every iso-
topein naturein termsof their nuclearpropertiesandastro-
physicalsiteswherethey wereassembled.Onceknown, this
understandingcanalsobe employed to calculatethe chemi-
cal history, not only of the elementsin our own sunandthe
Galaxy, but in olderstars,futurestars,andin distantgalaxies.

Simulatingnucleosynthesisin starspresentsseveral prob-
lemsfor nuclearphysicsthat arepeculiarto the stellarenvi-
ronment.For many speciesof interest,the importantnuclear
flowsmovethroughtargetor productnuclei(sometimesboth)
that are frequentlyradioactive. Subsequently, many impor-
tantreactioncrosssectionsarenotamenableto measurement.
Further, neutronresonanceanalysiscanoftenonly bedoneon
compoundnuclearstatesoneneutronremovedfrom stability,
and thus importantquantitiesderived from suchan analysis
(averagelevel spacings,neutronstrengthfunctions,etc.) are
not availablefor input to reactionmodelson unstablenuclei.
The potentialfor RareIsotopeAcceleratorsto addresssome
of the morecritical reactionsis tantalizing,but dueto shear
numbersalone,most of our nuclearcrosssectionneedsfor
nucleosynthesiswill necessarilybederivedfrom theory.

Another complicationis that the targets exist in a ther-
mal distribution of excited states.Laboratorymeasurements
(whereavailable)cannotbe directly appliedto reactionnet-
works. Further, reactionson long-lived or highly populated
isomericstatesarenot includedin stellar reactionnetworks
usedto calculatenucleosynthesisin massivestars(

���
Al being

thenotableexception).
Finally, therearea lot of nuclei for which nuclearreaction

rate information is needed,roughly 4600boundnuclei exist
from hydrogento lead.Consideringonly binaryreactionsin-
volving nucleons,alpha-particles,andphotons,alongwith a

�
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potentialgroundstateweakinteraction( ��� , ��� , or electron
capture),this translatesinto approximately32,000nuclearre-
actions(plus their inverses)if oneconsidersall possiblenu-
clearburning scenarios.In addition,a needfor weak inter-
actionratesat extremevaluesof temperatureanddensityex-
periencedin thelatetime evolutionof massivestarsincreases
thesenucleardatarequirements.Clearly, thedevelopmentof
reactionratedatabasesto study nucleosynthesisin massive
starsis a hugeundertaking,drawing from the bestelements
of experiment,theory, andevaluation.Thatsuchefforts have
only beenmadethreetimesin the last25 yearsshouldcome
asno surprise.1–3)

Thiscontributionwill describethecurrentstatusof nuclear
reactionrateinformationrequiredto studynucleosynthesisin
massive stars. Examplesof nucleosynthesisin a 25 M � star
of initial solar metallicity is given in � II. The requireddata
will bebrokeninto categoriesdependingonreactiontypeand
rangeof targetnuclei,andtheir impactonthenucleosynthesis
will be discussed( � III.) Sensitivity to key reactionrateswill
be presentedfor two specificcases( � III.2 and III.3). Weak
ratesaretreatedin � IV.

II. Nucleosynthesis in Massive Stars

Nucleosynthesisin starshasbeenreviewedmany times.4–6)

To set the stagewe presentin Table 1 the nuclearburning
stagesexperiencedby massive stars( � � �!� M � ). Shown
arethemajorhydrostaticburningphases(H, He,C,Ne,O,and
Si burning), their principle product(s),most importantsec-
ondaryproducts,and the approximatetemperatureand life-
timesduringwhich a givenfuel is burned.Thegeneraltrends
areevident:anabundant“fuel” burns,liberatingenergywhich
serves to support the star againstgravitational contraction.
Eventually the fuel is exhausted,the starcontracts,the core
heatsup, andthe “ash” of the previous burning stageserves
as the “fuel” for the next one. A shell of materialadjacent
to the new burning corecontinuesto burn by the samereac-
tion mechanismsasin thepreviouscoreburningscenario,and
the stardevelopsan ”onion-like” structure. To burn heavier
fuels the temperaturemustincreaseto surmountthe increas-



ing coulombchargebarriers,andthe lifetime for exhausting
a givenfuel decreasesowing to: a) thevery high temperature
dependenceof thereactionratesgoverningtheenergy release,
andb) theevermountingneutrinolosses(whichdominatebe-
yondheliumburning).

Table 1 AdvancedNuclearBurningStages
Fuel Main Secondary Temp "

Product Products #%$'& K yr

H He
��(

N $*) $'+ #%$-,
He C,O

��.
O,
	�	

Ne, $*) / #%$ �0-1 process
C Ne,Mg Na $*) 2 #%$'3
Ne O,Mg Al,P #') 4 56#%$!7 �
O Si,S Cl,Ar, /8) $ 59/

K,Ca
Si Fe-group Ti,V,Cr, +*) + 56#%$!7 	

Mn,Co,Ni

Following coresilicon-burning, the corecollapses,and if
a neutronstar forms at the starscenter(likely for starsless
than30 M � ), a Type II supernova explosioncanoccur. Ig-
noring the hydrodynamicand neutrino-transportissues,the
outgoingshockwave heatstheoverlying shellsof previously
synthesizedelements,andexplosive nucleosynthesiscanal-
ter thecompositionof certainspecies.Additional nucleosyn-
theticprocessescantakeplace,includingthe :<; process,7) the= ; process,8) and possibly the >?; process.9) For a compre-
hensivesurvey of massivestarevolutionandnucleosynthesis,
seeWoosley & Weaver.10) Galacticchemicalevolution is ex-
ploredin Timmes,Woosley, & Weaver.11)

The final nucleosynthesis(including massloss)of a fully
evolved solar metallicity 25 M � star12) is presentedin Fig-
ure 1. The reactionnetwork includedall necessaryisotopes
throughmass210andusedreactionratescurrentasof 2001.
Shown is the “productionfactor” vs. massnumber. Isotopes
of a givenelementareconnectedby solid lines. The dashed
line is centeredon

�@�
O, with the dottedlines representinga

“successband” of ACBED F dex. With rare exception,all iso-
topesfrom oxygenthroughnickel are co-producedin solar
proportionswith a productionfactorof GH�-I (in this figure,
the initial compositionof the sun would be a set of points
all lying on “1”; a productionfactor of 15 meansthat the
sunscomplementof metalscouldbeunderstoodif 1/15of its
masspassedthroughconditionslike thoseexperiencedin this
25 M � star). The >?; , JK; , and = ; processisotopesarealso
well produced(perhapsa little over-produced)from nickel
to aboutA=88. In a 15 M � star,13) the JK; processyield is
less.Theyieldsof these“trans-iron”elementsis alsosensitive
to a still poorly determinedreactionratefor

���
Ne(L ��M ) �ON Mg

(see � III.3). Abovemass90, nucleosynthesisin massive stars
is mostly restrictedto the = ; process,althougha potential
>P; processcontributionfrom a : -drivenwind9) is notincluded
here.

Fig. 1 Decayed,post-explosive productionfactorsfor a 25M� star
of initial solarmetallicity.

III. Strong and Electromagnetic Reaction Rates

We now describethe important nuclearphysicsingredi-
entsneededto calculatestellarnucleosynthesisasdisplayed
in Figure 1. Thediscussionbreaksnicely into two distinctre-
gions:reactionsontargetslighter thansilicon(wheremany of
thekey crosssectionshave beenmeasured),andreactionson
heavier targets(wherethecommunitymustrely on statistical
theory).

1. Critical Reactions for Energy Generation
Along with the F!L reactionrate, the heavy ion reactions�Q�

C+
�@�

C,
�Q�

C+
�@�

O, and
�@�

O+
�@�

O arethemostimportantre-
actionsfor energy generationduringhydrostatichelium,car-
bon,andoxygenburning.Assuchthesereactionsplayamajor
role in determiningstellarstructure,andtheproductionof all
stableself-conjugate(Z=N) nucleiwhich constitutethemost
abundantspeciesfound in natureafter hydrogenandhelium
(formedin theBig Bang). Thecurrentsourcefor thesereac-
tion ratesis Caughlan& Fowler,14) althoughthe F!L reaction
rate hasrecentlybeenre-evaluated15) (little changeresulted
overthetemperaturerangeatwhichheliumburningoperates).
Theseareprobablyadequatewith the possibleexceptionof�Q�

C+
�@�

C andits electronscreeningrate.



2.
�Q�

C( L �QR ) �Q� O
Possiblythemostimportantnuclearburningscenarioasfar

asnucleosynthesisis concernedis heliumburning,beingthe
only energy generationscenarioin which two reactions,FKL
and
�@�

C(L �@R ) �Q� O, competeon sonearlyanequalbasisin the
consumptionof a major fuel. It is here that a star has the
ability to changeits neutronexcessandproducenuclei that
havemoreneutronsthanprotons.In combinationwith F!L , the�Q�

C(L �QR ) ratedeterminestheratio of carbonto oxygenat the
endof corehelium burning,with dramaticconsequencesfor
stellarstructure,ultimatelyaffectingthesizeandcomposition
of theiron core,thepossiblenatureof acompactremnant,and
also the future of all subsequentphasesof nuclearburning.
Shown in Figure 2 arethevariationsin coremasssizefor the
advancedburning stagesin a 25 M � starof solarmetallicity
asa functionof amultiplier on the

�@�
C(L �@R ) �Q� O reactionrate

of Buchmann.16)

Althoughconsideredto bethemostimportantreactionrate,
its experimentalvalueover the temperaturerangeof interest
(300 keV) is inadequatelyknown. Determinationof an ac-
curaterateis experimentallychallengingbecauseit proceeds
throughtwo sub-thresholdresonanceswhosecritical alpha-
widths must be determinedindirectly.16–18) The rate is di-
vided into threeparts,a) the electricdipole part proceeding
throughthe �*� resonance,b) theelectricquadrapolepartpro-
ceedingthroughthe S*� resonance,andeverythingelse. The
total rate is often expressedin termsof the S-factor at 300
keV, andthecurrentuncertaintiesplaceits valuein therange
of 100 to 200 keV barns(but with a preferencefor 150 to
170keV b with a temperaturedependencesimilar to thatde-
scribedby Buchmann16)). Thisuncertaintyis far to largefor a
rateof this importance.Basedon nucleosynthesisarguments,
a total S-factorof �UT*BVA6S*B keV b co-producesnearlyall sta-
ble speciesbetweenoxygenandcalcium.19) Uncertainstellar
physics(semi-convection,andmassloss),alsoaffectstheto-
tal carbonandoxygencontentin stars,but thecurrentnuclear
physicsuncertaintyis in utmostneedof diminishment.Fur-
therexperimentaleffort is highly encouraged.

3. Neutron Sources and Sinks
Secondaryto energy generation,but no lessimportantto

nucleosynthesis,arethe reactionsthatoperateduringhelium
burning to control the neutron budget. They directly af-
fect the productionof many species,most importantly those
above the iron group madevia the J!; process. In massive
starsthe

���
Ne(L ��M ) �ON Mg reaction,(in closecompetitionwith���

Ne(L �@R ) ��� Mg), providetheneutronsrequiredto synthesize
stablespecieswith W!BYX Z[X]\!\ , or the so-called“weak-
component”of the JK; process.20) The

�O�
Ne is producedby

two alpha-captureson
�Q^

N producedin the hydrogenburn-
ing CNO cycle. Thesereactionsoperatepredominantlydur-
ing coreheliumburning,althoughthey alsooperate(supple-
mentedby

���
Mg( L ��M ) �O_ Si) atlatertimesin shellheliumburn-

ing. Thebulk of the JK; processnuclei(with A �`\!\ ) aresyn-
thesizedduringshellheliumburning in low massAGB stars,
wheretheprincipleneutronsourcereactionis

�@�
C(L ��M ) �@� O.

The statusof both
�O�

Ne alpha-capturereactionsis highly

Fig. 2 Helium (squares), carbon-oxygen(diamonds), neon-oxygen
(triangles), silicon (crosses), and “iron” (asterisks) core
massesasa functionof a multiplier on the

�
	
C(�
�a� ) ��� O re-

actionrateof Buchmann.16)

uncertainowing to the large experimentaldifficulty in deter-
mining thestrengthof the633keV resonancein the

���
NebCL

channel.21) Variouschoicesfor the parametersof this reso-
nancegive quite differentstrengthsfor the neutronexposure
in the JK; process,thoughnoneso powerful as to move the
JK; processpeakmuchaboveA=90. Recentstudies22) suggest
a diminishedrole for this reactionrate to a level no higher
than the “lower-bound” recommendedby Käppeler.21) Fig-
ure 3 showsthesensitivity of thenucleosynthesisto variations
in the

�O�
Ne(L �@M ) ��N Mg rate that ariseusing the samestellar

modelthatproducedtheresultsof Figure 1.
Thecurrentsourcesof theseandotherimportant( L �@M ) and

( L �QR ) reactionsontargetslighterthanSi aredrawnfrom many
experimentalefforts.20) Compilationsdo exist,14,15) but the
current uncertaintieswarrant further experiment,especially
for thereactionsinvolving

�Qc
O and

�O�
Ne.

In additionto theneutronsourcereactions,neutroncapture
reactionson all targetsheavier than sodiumare requiredto
predictthe JK; processabundancesin low andhighmassstars.
Fortunately, thereactionratesituationhereis well in hand,in
thatnearlyall of theimportantcrosssectionsaremeasuredin
the temperaturerangeof interest( GdS!Ie;f�'BKB keV). Various
compilationsareavailable.23) Therearehowevermany impor-
tant ( M��QR ) reactionson unstabletargetsthataffect JK; process
branchingwhich mustbecalculatedby theory.3)

Finally, thenucleus
�@g

Fe,apotentialcandidatefor gamma-
line detection,is alsomadeduringheliumburningin massive
stars.Its synthesisis currentlydependenton theoreticalcross
sections.24) RIA measurementsthatprovide eithercrosssec-
tion or level densityinformationpertainingto the( M��@R ) rates
on
N�_h� �@g

Fewould bemostwelcome.

4. Charged-particle Reactions on Z Xi�'j
Reactionsinvolving protons[( = �@R ), ( L � = ), (= � L )] andnu-

clei lighter than silicon are also important,especiallythose
thatareinvolvedin theenergy generationcyclesthatoperate



Fig. 3 Sensitivity of the production factors for different	�	
Ne(�
�Q� ) 	�� Mg rates in a 25 M � star. The first three

panelsgive the results for the lower limit, recommended
value, andupperlimit of Jaeger et al.22) The bottompanel
usestheevaluatedreactionratesetfrom NACRE15) with their
upperlimit for the

	�	
Ne(�
��� ) 	�� Mg rate.

during hydrogenburning (PPI, PPII, andPPIII in low mass
stars;theCNO cycleandits bi-cyclesin massive stars).Such
reactionsdeterminethe synthesisof the important species�Q�

C,
�Q^h� �@N

N,
�@kl� �@c

O,
���

Ne,
���

Na, and especially
���

Al (ob-
servedvia R ; line decay).Of theselow-massstarsmakemost
of the

�@�
C,
�Q^

N, andsomeof the
�O�

Na (throughincomplete
CNO processingand the Ne-Na cycle). It is estimated11)

that massive starsproduceaboutone-fifth of the
�Q^

N in the
sun. The productionof

�QN
N is relegatedto novae. Contro-

versycurrentlyexistson how muchof theobserved2 M � of���
Al presentin the Galaxy25) is attributed to eithermassive

stars,26,27) or novae,28) althoughmassive starscaneasilyac-
countfor all of it.11) Until recentrevisionsto thekey reaction
ratesaffecting

�Qk
O synthesis,29) massivestarswerethoughtto

beableto producethesolarabundance.11) Shouldthesenew
measurementsbeconfirmed,productionof

�Qk
O mayberele-

gatedto low massstarsor novae.30) Protoncapturereactions
on targetswith mnXpo arealsocrucial for break-outof the
hot-CNOcycle in x-raybursts.

Sourcesfor thesereaction ratesare varied.14,15,31) Al-
though the reactionsinvolving energy generationare ade-
quatelydetermined,32) furtherexperimentis needed.

5. Charged-particle Reactions on orqi�'j
The nucleosynthesisof nearly all speciesfrom silicon to

theiron groupareproducedin thelatterstagesof stellarburn-
ing in massive stars.Many aremadein eitherpartialor com-
pletenuclearstatisticalequilibrium,33) wheretheabsoluteval-
ues of individual reactionratesare not as important as Q-
valuesandpartition functions.24) But for the = ; processnu-
clei (Figure 1), accurateratesarerequiredto predictthe nu-
cleosynthesisof theserarespecies.

Currentnucleosynthesiscalculationsrely heavily on the-
oreticalmodelcalculationsfor nearlyall of thesecrosssec-
tions.3) This is troubling for somecritical ( L �@R ), ( L � = ), and
(= �QR ) reactionsonself-conjugatenuclei,whicharedifficult to
measure(andpredict)dueto suppressionof thephotontrans-
missionfunctiondueto uncertainisospinmixing.34) Further
problemsexist dueto theuseof a poorly known globalopti-
cal model L -particlepotential.This areais in desperateneed
of experimentalwork thateithermeasuresthemostimportant
crosssectionsor derives importantstructuredatafor usein
calibratingthe Hauser-Feshbachreactionmodels,especially
for targetswith Zsq`W!B .
IV. Weak Interaction Rates

1. Ground State Weak Rates
Prior to carbon-burning,theuseof groundstatedecayrates

calculatedfrom measuredlaboratoryhalf-livesandbranching
ratios areadequate(in most instances)to predict stellar nu-
cleosynthesis,includingthe JK; process.Thesearethedefault
sourceof weakreactiondatafor all speciesin modernreaction
networks,35) andarecurrentlytheonly sourceof databeyondt GuWKB .

Of particularinterestare the weakdecayratesthat affect
the productionof gamma-linespecies,particularly

���
Na (2.6

yr),
�O�

Al ( TvD Ixw`�-B N yr),
^O^

Ti (60 yr),
N��h� NOk

Ni (6.1d, 1.5d),N��h� NOkl� ��g
Co (77.1d, 271d, 5.27yr), and

�@g
Fe( �!DyIzw{�-B N yr).

Of these
�O�

Al hasbeenobserved in the Galaticplaneandin
individual supernova remnants.27) Theshorterlived

^O^
Ti has

beenobserved in CasA25) andthe Ti, Ni, andCo isotopesin
SN1987A.25) Both

�O�
Naand

��g
Feareprinciplecandidatesfor

detectionby theupcomingINTEGRAL mission.Thelifetime
for
^�^

Ti to decayto
^�^

Ca hasbeena subjectof muchexper-
imentaluncertaintyover the last thirty years,with a half-life
that hassteadily increasedfrom 45 to 70 yr. The most re-
cent measurementsseemto be converging on the presently
acceptedvalueof 60 yr.36)

2. Temperature Dependent Weak Rates
For theextremeconditionsencounteredin stellarcollapse,

temperatureand density dependentweak rates37,38) are re-
quired. Theseplay a centralrole in determiningthe nucle-
osynthesisof many important R ; line species(

N��h� NOk
Ni,
^�^

Ti),
the stellarstructureafter oxygenburning, the electronmole
number( |~} ), andin determiningthe requisiteconditionsfor
an >?; processto occur in the :�; wind of Type II supernova
cores.42)

Someimportantchangesin the stellar modelsare due to
recentlyrevisedweakrates,38) thelargestchangesbecomeap-



parentduring coresilicon burning andthereafter. Typically,
they leadto an increaseof the central | } (the electronmole
number, or numberof electronsper baryon)at the onsetof
corecollapseby S to F�� andthis differencetendsto increase
with increasingstellar mass.39) Perhapsmore importantfor
the explosionmechanismof core collapsesupernovae is an
increaseof thedensityin themassrangeof �����KD I M � to S
M � by FKB�;�I!B�� relative to thesamemodelscomputedwith
theprevioussetof weakrates.10) Thismaysignificantlyaffect
the dynamicsof the corecollapse.The evolution of thecen-
tral |<} , thenetweakflow, andtheirsensitivity to thechoiceof
weakreactionratesis presentedin (Figure 4) for a15M � star.

3. Neutrino Loss Rates
Neutrinolossesarea critical aspectof stellarevolution in

massive 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.40) This temperaturesensitivity, com-
binedwith the needto burn heavier fuels at highertempera-
turesto surmounttheincreasingchargebarriers,is whatleads
to therapiddecreasein lifetime to burn a givenfuel reflected
in (Figure 1), with obviousconsequencesfor nucleosynthesis.
Thetheoryis well developed.41)

4. Neutrino-interaction Rates and Branching Ratios
Following TypeII corecollapse,anascentneutronstarlib-

eratesits gravitationalbindingenergy ( GuF�w��'B N�� erg) overa
Kelvin-Helmholtzcontractiontimescale( G��'B s)via neutrino
emission,providing for the passageof a hugeflux of neutri-
nosthroughtheoverlying shellsof matter. This cancausean
interestingtransmutationof severalrareelementsby exciting
abundantspeciesto particle unboundlevels throughneutral
currentneutrinoscattering.7) Basedon an extensive grid of
supernovamodels10) anda survey of galacticchemicalevolu-
tion,11) themostaffectedspeciesare

k
Li,
���

B, and
�Q_

F. Several
other species(

�@N
N,
���

Al, and the rarestnaturally occurring
elements

�@��c
La and

�@c�g
Ta) show modestenhancementover

their productionvia moreconventionalnucleosyntheticpro-
cesses.Neutralandchargedcurrentneutrinointeractioncross
sectionsandbranchingratiosarecalculatedfrom theory.7,43)

V. Conclusion

Thefield of nucleosynthesishascomealongwaysincethe
seminalpapersof 1957,4) but certainkey nuclearquantities
still haveunacceptablylargeuncertainties.Chiefamongthem
arethe reactionratesfor

�@�
C(L �QR ) �@� O and

�O�
Ne(L ��M ) �ON Mg.

Much experimentalwork hasbeendoneto improve the sit-
uation,14,15,31) but muchmoreremainsto be done. A major
challengewill be to reducethepreviously acceptable“f actor
of two” accuracy ascribedto reactionratesderived from nu-
clearmodeling.24) Suchgoalsareworthyin light of thewealth
of new andhighly accurateobservationaldatafrom a variety
of astrophysicalsystems.

Fig. 4 Evolution of �E� andthe net weakflow in the centerof a 15
M � starfollowedfrom centraloxygendepletiontill theonset
of corecollapse. Five choicesof weak interactionratesets
areused,FFN37) (thepreviousstandard),andthreesetsfrom
Langanke & Martinez-Pinedo.38) LMP is the recommended
set,the-b0 and-b2 linesindicateratesetsthatmultiplied the
recommendedbeta-decayratesby zeroandtwo respectively.
Thelastsimulation(WW95)is theresultfrom apreviousstel-
lar model10) thatusedFFNrates.
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