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 Extreme Environments 
 and  
 the Origin of the Heavy Elements 



E M M I  Physics Days….. 



• What is dark matter? 
• What is dark energy? 
• How did the universe begin? 
• Was Einstein right about 

gravity? 
• How have ν-s shaped the 

universe? 
• What are nature’s most 

energetic particles? 
• Are protons stable? 
• Are there new states of 

matter at exceedingly high 
density/energy? 

• Are there additional 
dimensions? 

• How were elements Fe to U 
made? 

• Is a new theory needed at the 
highest energies and EM 
Fields? 





We are made of star stuff 
Carl Sagan 

Each heavy atom in our body was built 
and processed through ~100-1000 star 
generations since the Big Bang event!  



4me 

H, He, Li H to Fe 
??? 



Nucleosynthesis Processes in Stars 

Charged particle nucleosynthesis depends on available 
fuel and is guided by nuclear physics (structure): 

•   4 1H   ⇒ 4He + 26MeV  Hydrogen Burning 
•   3 4He ⇒ 12C + 8MeV        Helium Burning 
•   2 12C  ⇒ 20Ne,24Mg   Carbon Burning 
   ⇒ 56Fe    Neon, Oxygen, Silicon Burning 

 ⇒ heavy elements  s-process, r-process 56Fe+x n 



New precision observa/ons 
of r‐process elements 

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

GRB ? 

Neutron star merger ? 
Missing link 

Nuclear  
Physics 

 graph by J. Cowan 

r‐process models 

Image: Burrows et al. 1995 

Wash U NS team 
Need nuclear physics: 
  With abundance observa4ons the only  
    experimental constraint of r‐process environment 

  Disentangle contribu4ons from various s‐ and r‐ 
    processes to observed abundances 

  Use r‐process as probe for extreme environment 

Neutron star mergers ? 

The r-process problem 

H. Schatz 

SDSS‐2  Nuclear Physics driven observa4ons 



r‐process 

Z=50 

N=82 

N=50 



Masses 
β-decay rates 
n-capture  

Experimental & Theoretical Challenges 



r-process experiments 

Light r‐process region: 
‐ disentangle LEPP, …? 

Model calcula4ons (Kratz) 
(also Ugalde/Truran et al.) 

JINA/NSCL‐ND 
campaign 

CPT masses 

Border of known T1/2 

Joint JINA‐EMMI measurement @ GSI 

Montes (MSU), K. Smith (ND), et al.  

JINA/GSI Coll. 

ISOLTRAP 
TITAN 



r‐process nuclei 

Time of flight ~ m/q 
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77Ni 78Ni 

75Co  74Co  73Co 

78Ni 
Doubly 
Magic ! 

Particle  
Identification: 

RIB from fragmentation features: 
•  no decay losses 
•  any beam can be produced 
•  multiple measurements in one 
•  high sensitivity 
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Impact of 78Ni half‐life on r‐process models 

 need to readjust r-process model parameters 
 Can obtain Experimental constraints for r-process models 
    from observations and solid nuclear physics 



Fragmentation of 120 MeV/u 
136Xe beam 

Implanta4ons  Maximum Likelihood Method (ms) 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90Se 

N=56 subshell with Z=34??? 

Quinn et al., Phys. Rev. C 85, 035807 (2012) 



Impact of 90Se half-life on r-process models 

Quinn et al., Phys. Rev. C 85, 035807 (2012) 



Pt 

Xe 

How do you decide which nuclei to measure??? 

Masses 
beta-decay half-lives 



So, What are we doing? 

Input astrophysical conditions 
      Temperature/density 

 neutron/seed ratios 
 Freeze-out times 
    Input nuclear physics 
     masses 
     n-capture rates 
     beta decay half-lives  
     (fission recycling, alpha recycling, neutrino interactions off) 



Neutron separation energy sensitivity study 
S. Brett, I. Bentley, N. Paul, R. Surman, A. Aprahamian 

Start with a baseline simulation 
(here, the H-event conditions from Qian 
et al were used) 

Vary one separation energy by 25% 
and rerun the simulation 

Repeat 6957 times 
(twice for each heavy nucleus in the 
network) 

! 

"Y
Sn (Z i ,Ai )±25%

= Y
baseline

(A) #Y
Sn (Z i ,Ai )±25%

(A)[ ]
A

$

plot by I. Bentley 





Bre$ et al, European Phyiscal Journal A (2012) 



What is the mechanism behind observed sensitivities? 



Beta Decay Rates 

! 

F =100 X
baseline

(Z,A) " X(Z,A)#! 

"# (Z,A) $ /÷10

Cass et al, in prepara=on (2012) 

CARIBU 
FRIB 

hot r‐process example 

cold r‐process example 

To start, proceed as in neutron separation 
energy study: 
Vary one beta decay rate by an order of 
magnitude, rerun the simulation, and compare 
the final abundance pattern to the baseline 



Beta-n channels 

Data from Möller, Nix, Kratz, Atomic Data and Nuclear Data Tables, Vol. 66, p.131 
Plot from R. Grzywacz  

βn            β2n           β3n 

Exp. (NNDC) 







RIKEN, Japan (2008)  GSI/FAIR Germany (2015) 

GANIL, France (2013) 

FRIB at NSCL/MSU (2019) 



summary 
We have carried out the first quantitative/
comprehensive sensitivity study of an r-
process simulation to masses,  beta decay 
rates, neutron capture cross sections. 
Goal is to use Nuclear Physics to put  
Constraints  on potential r-process sites. 

  - consistent set of nuclei that we     
    should measure 

Ani Aprahamian 
University of Notre Dame 

Sensitivity Study Masses 

Samuel Brett 

Ian Bentley 

Nancy Paul 

Rebecca Surman 

A2 

Sensitivity Study β-decay rates 

Julie Cass 

Giuseppe Passucci 

Rebecca Surman 

A2 



Nucleus 
136Cd  20.2 
140Sn  12.1 
135Cd  8.80 
83Cu  8.42 
139Sn  8.19 
142Sb  5.64 
135Sn  5.44 
133Cd  5.38 
140Sb  5.25 
134Cd  5.23 
82Cu  4.14 
134In  4.14 
131Pd  3.29 
137Sn  2.94 
141Sn  2.91 
83Zn  2.89 
85Zn  2.71 
85Cu  2.66 
130Pd  2.39 
132Pd  2.39 

Nucleus 
140Sn  20.1 
136Cd  19.0 
142Sn  17.3 
137Cd  15.3 
79Ni  12.5 
80Ni  12.0 
135Cd  11.5 
134Cd  11.5 
138Cd  8.57 
132Pd  7.66 
130Pd  7.34 
132In  7.33 
129Pd  5.12 
139Sn  4.63 
131Pd  4.37 
138In  3.98 
139In  3.95 
86Zn  3.21 
141Sn  2.92 
85Zn  2.86 

Nucleus 
80Ni  13.6 
79Ni  9.96 
138Cd  7.08 
137Cd  5.49 
83Cu  4.27 
131Pd  3.54 
82Cu  3.36 
132Pd  3.12 
136Cd  3.00 
130Pd  2.97 
86Zn  2.84 
129Pd  1.88 
85Zn  1.81 
134Ag  1.49 
142Sn  1.42 
135Ag  1.39 
135Cd  1.36 
133Cd  1.10 
141Sn  1.08 
144Sn  1.07 

Nucleus 
136Cd  22.7 
137Cd  10.8 
138Cd  10.4 
135Cd  6.97 
140Sn  5.97 
130Pd  5.46 
83Cu  5.23 
142Sn  4.66 
134Cd  4.57 
141Sn  4.21 
86Zn  3.82 
133Cd  3.52 
132Cd  3.04 
137Sn  2.86 
82Cu  2.63 
138In  2.47 
139In  2.23 
129Pd  1.95 
131Pd  1.81 
131Ag  1.69 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