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Element Element AbundancesAbundances
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Heavy Element FormationHeavy Element Formation

StellarStellar BurningBurning cannotcannot produceproduce nucleinuclei
beyondbeyond thethe ironiron groupgroup..
GoingGoing aboveabove thisthis point point requiresrequires capturecapture ofof
light light particlesparticles onon heavierheavier nucleinuclei..
TheThe most most commoncommon processprocess is is thatthat ofof
neutron neutron capturecapture..
DensityDensity ofof neutrons in neutrons in environmentenvironment
determinesdetermines capturecapture flowflow in in nuclearnuclear chartchart..
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rr--processprocess NucleosynthesisNucleosynthesis

WhereWhere doesdoes itit taketake placeplace??
AreAre therethere multiple multiple componentscomponents??
WhatWhat is is thethe productionproduction rate?rate?
Halo Stars Halo Stars telltell usus a a lotlot aboutabout thethe
abundancesabundances to to expectexpect from from rr--processprocess
nucleosynthesisnucleosynthesis..
TheyThey areare oldold and and metalmetal--poorpoor, , indicatingindicating
sole sole contaminationcontamination from a from a nearbynearby corecore--
collapsecollapse Supernova.Supernova.



RR--process Pathprocess Path
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UMP Star ObservationsUMP Star Observations
PatternPattern robust for A>130. robust for A>130. 
Deviations Deviations belowbelow..
FitsFits solar solar valuesvalues..
IndicatesIndicates universal universal 
mechanismmechanism!!
Fission Fission cyclingcycling has has beenbeen
suggestedsuggested..
WeWe wantedwanted to to exploreexplore
fission in fission in thethe rr--processprocess for for 
dynamicaldynamical simulations. simulations. 
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NuclearNuclear PhysicsPhysics InputInput

WeWe areare concernedconcerned withwith weakweak interactionsinteractions..
WantWant to to considerconsider neutrinos neutrinos withwith highhigh
averageaverage energiesenergies..
Beta Beta decaydecay in in nucleinuclei withwith large large QQ--valuesvalues..
ParticleParticle spallationspallation and fission and fission areare channelschannels
thatthat needneed to to bebe consideredconsidered..
NeedNeed a a goodgood model for model for bothboth nuclearnuclear
structurestructure and and decaydecay ofof excitedexcited statesstates..
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ValidatingValidating thethe NuclearNuclear ModelModel

UseUse MuonMuon CaptureCapture onon
nucleinuclei..
MeasuredMeasured in in manymany nucleinuclei
acrossacross thethe chartchart..
EnergeticsEnergetics is is similarsimilar to to 
Supernova neutrinos.Supernova neutrinos.
Excellent Excellent benchmarkbenchmark
WeWe improvedimproved thethe
theoreticaltheoretical model for heavy model for heavy 
nucleinuclei..
AgreementAgreement withwith data to data to 
withinwithin 15%.15%.
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NuclearNuclear Fission ModelFission Model

ABLA gives ABLA gives probabilitiesprobabilities ofof fission and fission and 
neutron evaporation.neutron evaporation.
Fission fragment distributions Fission fragment distributions areare
calculatedcalculated..
MethodMethod is is testedtested againstagainst experimentalexperimental
data data onon fission fragments in fission fragments in reactionsreactions withwith
similarsimilar energeticsenergetics..
NeedNeed all all channelschannels in in thethe networknetwork!!



Fission Fragment DistributionsFission Fragment Distributions

ProfilesProfiles changechange
drasticallydrastically withwith A!A!
ContradictsContradicts previousprevious
estimatesestimates ((formulaformula).).
Region Region ofof fission is fission is 
veryvery importantimportant for for 
fragments and fragments and 
redistributionredistribution ofof
matter.matter.



rr--processprocess Fission RegionFission Region

r-process fission region with TF fission barriers contours and neutron drip lines. 
Crosses indicate that n-fission dominates n-gamma. Diamonds indicate that 
spontaneous or beta-delayed fission operate on timescales of less than 1 s.

The amount of fission depends on the ability to breach the barrier at N=184.
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rr--processprocess MovieMovie

s400-v4500-frdm-short.avi



Fission TimescaleFission Timescale

Fission timescales. 

Initial Phase where fission takes place at N=184. Then neutron density 
drops but beta-delayed fission during decay back to stability induce further 
fission and neutron release. Dominance of n-fission due to short timescale 

of few ms. Beta-delayed is order of magnitude higher.

Beta is small. Neutrino is zero!
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Fission PercentagesFission Percentages



MassMass Model Model DependenciesDependencies
MassMass models models withwith strongstrong
shellshell gapsgaps at N=82 and at N=82 and 
126 show 126 show similarsimilar
features.features.
Not Not tootoo dependent dependent onon
initial initial conditionsconditions onceonce
fission is fission is reachedreached..
ProduceProduce manymany fragments fragments 
in in thethe A=130A=130--190 range.190 range.
Robust Robust patternpattern as in UMP as in UMP 
stars.stars.
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CosmochronometryCosmochronometry

Good agreement between the fission model and the data on UMP stars.
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SummarySummary

Need accurate experimental info and theoretical Need accurate experimental info and theoretical 
modeling for rates and cross sections.modeling for rates and cross sections.
Fission in the rFission in the r--process needs accurate process needs accurate 
fragment yields. Very dependent on mass!fragment yields. Very dependent on mass!
Robust production of A>130 elements depends Robust production of A>130 elements depends 
on strength of shell closures in mass models.on strength of shell closures in mass models.
Need for experimental information on masses!Need for experimental information on masses!
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InnermostInnermost Supernova Supernova EjectaEjecta

Neutrino reactions determine the composition.

Close to the mass cut where will be more proton 
than neutrons!



Matter Matter FlowFlow BeyondBeyond A=64A=64

Obvious effect of neutrinos on mass flow to heavier nuclei



ννpp--processprocess NucleosynthesisNucleosynthesis
Antineutrinos Antineutrinos areare keykey!!
TurnTurn protons protons intointo
neutrons.neutrons.
Neutrons Neutrons cancan bebe capturedcaptured
onon nucleinuclei thatthat areare protonproton--
richrich..
Bridge Bridge waitingwaiting--pointspoints
wherewhere proton proton capturecapture is is 
slowslow..
ProduceProduce rare rare protonproton--richrich
nucleinuclei!!
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UMP Stars UMP Stars ComparisonComparison
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