
Laboratory and computation simulation o f the associated
nucleosynthesis processes….

Main goal
State of the art experimental equiment
Latest computational techniques
low energy nuclear reactions
r-process nucleosynthesis
p-process nucleosynthesis

NucleosynthesisNucleosynthesis on a general basis…on a general basis…
observationsobservations

laboratory measurementslaboratory measurements

computer simulations computer simulations 

late stellar evolutionlate stellar evolution
andand
shock fronts of coreshock fronts of core--collapse supernovaecollapse supernovae

MRC1: The Origin of the ElementsMRC1: The Origin of the Elements
stellar evolution & typestellar evolution & type--II SN II SN nucleosynthesisnucleosynthesis
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low energy nuclear reactionslow energy nuclear reactions
rr--process process nucleosynthesisnucleosynthesis
pp--process process nucleosynthesisnucleosynthesis

ShockfrontShockfront analysis (simulation)analysis (simulation)

Observations Observations 
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Supernova ?

• Neutrino wind ?
• Jets ? 
• Explosive burning ?
• Prompt Explosions ?

Neutron star merger ?Missing link Missing link 

Nuclear Physics

graph by J. Cowan

rr--process modelsprocess models

Image: Burrows et al. 1995

Wash U NS team

The origin of the heavy elements – the site of the r-process

H. Schatz

New precision observationsNew precision observations
of rof r--process elementsprocess elements

Need nuclear physics to find the correct model from element obseNeed nuclear physics to find the correct model from element observationsrvations
(the only available direct experimental constraint on the r(the only available direct experimental constraint on the r--process)process)

Need nuclear physics to use element observations as precision prNeed nuclear physics to use element observations as precision probesobes
for physics in some of the most extreme cosmic environmentfor physics in some of the most extreme cosmic environmentss



Closed shell nuclei have small Sn, enrichment around N=50, 82,126



R - abundances Nuclear structure

50     82
132Sn

From K.-L. Kratz 2004
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“..the calculated r-abundance ‘hole‘ in the A ≅ 120 
region reflects ... the weakening of the shell strength
... below “



Known halflife

r-process

Pb

Fe

NSCL/MSU Reach

Future Facility Reach
(here: RIA yields)

H. Schatz



r-process experiments at new NSCL CCF facility 

Fast Fragment Beam

neutron

3He + n -> t + p

Measure:
• β-decay half-lives
• Branchings for β-delayed n-emission

Measure:
• β-decay half-lives
• Branchings for β-delayed n-emission

Detect:
• Particle type (TOF, dE, p)
• Implantation time and location
• β-emission time and location
• neutron-β coincidences

Detect:
• Particle type (TOF, dE, p)
• Implantation time and location
• β-emission time and location
• neutron-β coincidences

(fragment. 140 MeV/u 86Kr)

New NSCL Neutron detector
NERO

Si Stack



r-process nuclei
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ORNLORNL
experimentexperiment

NSCL/MSUNSCL/MSU
experimentexperiment
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r-Process Nuclei
• Nuclear Structure Properties of Neutron-Rich Ge-Br Isotopes in the 

Astrophysical r-Process (3034) 
– (ND, NSCL-MSU, KCh-Mainz Collaboration)

• Beta-Decay Studies of Neutron-Rich Bromine Isotopes: Towards N 
= 60
– (ND, ORNL, UT, LSU Collaboration)

• Beta-Decay Study of Very Neutron-Rich Cd Isotopes with a 
Chemically Selective Laser Ion Source
– submitted (KCh-Mainz, Maryland, ND, NSCL-MSU, Chemistry 

Oslo, ISOLDE Collaboration)



94
36 58Kr

96
40 56Zr

46Pd

38Sr
44Ru

46Mo

2+ level energies
• nuclear structure 

signatures:
– pronounced N = 56 

subshell closure for 
96Zr 

– sudden onset of 
deformation at N = 60 
for 98Sr and 100Zr

• Experimental goals:
– extension of 2+

measurements to the 
neutron-rich Kr – Se 
isotopes



Experimental setup for ORNLExperimental setup for ORNL--experimentexperiment
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Astronomical Searches for 
Neutron-Capture Signatures

8m-10m telescope high-
resolution spectroscopy of 
old, metal-poor halo stars 
are constraining the 
nature of :

• the r-process
• the s-process
• elemental production of 
first-generation stars



Additional Searches for 
r-process Enhanced Stars

Dedicated searches of halo 
giants with [Fe/H] < -2.5 
(VLT / Subaru) are 
identifying large numbers 
rare r- and s-process 
enhanced stars

Require improved masses
and models for formation of 
neutron-capture elements  



Space Observatories

Present, near-term and long-term 
space-based observatories that rely 
on improved measurements of 
nuclear data:

INTEGRAL: Gamma rays as 
probes of composition

SWIFT:   Gamma ray bursts

JWST:    Direct imaging of
primordial stars

Constellation X: Compact object 
accretion, SN remnant abundances



Kinetic Theory for Supernova Explosions
(T. Strother, T. Bollenbach, W. Bauer, MSU)

Time evolution for one-body phase space density, 
Solve problem including one-body potentials (nuclear, 
electron, gravity) and two-body scattering
Hydro limit: infinite scattering cross section
Coupled equations for baryons, neutrinos, photons with 
realistic scattering cross sections => radiation pressure & 
neutrino transport
Technology developed for description of relativistic heavy ion 
collisions (BUU)
Test particle method with 106 to 108 particles

f (rr , rp,t)

Output:
Fully 3-dimensional 
code
Effects of rotation
Self-consistent
Fast
Future: magnetic fields

Rotation:Vortex formationRotation:Vortex formation



Nuclear Physics ExperimentNuclear Physics Experiment
beta-decay
half-lives
masses

ObservationsObservations
rr--process signaturesprocess signatures

Coupling HydroCoupling Hydro
and and 
MagnetohydroMagnetohydro to nuclearto nuclear

Nuclear Physics TheoryNuclear Physics Theory
Structure Far From Stability
Mass models

Future FacilitiesFuture Facilities
RIA design & techniques
AMS
Underground Laboratory

Shockfront Simulation

MRC1



Laboratory and computation simulation o f the associated
nucleosynthesis processes….

Main goal
State of the art experimental equiment
Latest computational techniques
low energy nuclear reactions
r-process nucleosynthesis
p-process nucleosynthesis

Conclusions:Conclusions:

rr--process studies going forward fullprocess studies going forward full--forceforce

pp--process collaborations in placeprocess collaborations in place
supplemental funding from International programssupplemental funding from International programs

low energy nuclear reactionslow energy nuclear reactions

MRC1: The Origin of the ElementsMRC1: The Origin of the Elements
stellar evolution & typestellar evolution & type--II SN II SN nucleosynthesisnucleosynthesis
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