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thermonuclear	
  reac-on:	
  narrow	
  resonances	
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resonance	
  energy:	
  needs	
  to	
  	
  
be	
  measured	
  precisely	
   “resonance	
  strength”	
  ωγ	
  	
  

[broad	
  resonances:	
  	
  widths	
  are	
  energy-­‐dependent	
  	
  calculate	
  reac-on	
  rate	
  analy-cally]	
  



rare	
  isotopes	
  in	
  stars:	
  	
  supernovae	
  

	
  	
  
•  Type	
  II,	
  Type	
  Ia 	
   	
  	
  

•  important	
  nuclear	
  physics	
  :	
  

	
   	
  r-­‐process:	
  	
  neutron	
  captures	
  	
  	
  	
  
	
   	
  weak	
  interac-ons:	
  	
  e.g.,	
  electron	
  captures	
  	
  	
  
	
   	
   	
  	
  

	
  

	
  
	
  
	
  

[Cassiopeia	
  A]	
  



r-­‐process	
  

•  proposed,	
  along	
  with	
  s-­‐process,	
  by	
  Burbidge	
  et	
  
al.	
  (1957)	
  and	
  Cameron	
  (1957)	
  

	
  
•  accounts	
  for	
  half	
  of	
  the	
  elements	
  that	
  are	
  

heavier	
  than	
  iron	
  

	
  



r-­‐process:	
  observa-ons	
  

•  abundance	
  peaks	
  at	
  mass	
  80,	
  
130,	
  and	
  195	
  

	
  	
  	
  
	
  

•  accounts	
  for	
  produc-on	
  of	
  all	
  
elements	
  heavier	
  than	
  209Bi	
  

[Rolfs	
  &	
  Rodney	
  (1988)]	
  



r-­‐process:	
  observa-ons	
  
•  abundances	
  in	
  old	
  metal-­‐poor	
  stars:	
  	
  

[Sneden	
  et	
  al.]	
  



r-­‐process:	
  observa-ons	
  

[Sneden	
  et	
  al.	
  (1996)]	
  

•  From	
  observa-ons:	
  

–  agreement	
  with	
  solar	
  
abundances	
  for	
  A	
  >130	
  

–  r-­‐process	
  insensi-ve	
  to	
  
abundance	
  of	
  pre-­‐exis-ng	
  seed	
  
nuclei	
  	
  

–  A	
  <	
  130?	
  



r-­‐process:	
  models	
  

•  possible scenarios: 

–  core-collapse supernovae:  
•  hot ν-heated bubble: right temperature and neutron density   

–  merging neutron stars 
 
•  challenge: connect observed abundances to astrophysical 

environment(s) 

nuclear	
  physics	
  must	
  
be	
  understood	
  



r-­‐process:	
  nuclear	
  physics	
  

•  general	
  framework:	
  

–  neutron	
  captures	
  on	
  “seed”	
  nuclei	
  

–  “wai-ng-­‐point”	
  reached	
  when	
  Qn	
  low	
  enough	
  for	
  (n,γ)	
  –	
  (γ,n)	
  
equilibrium	
  (15	
  –	
  30	
  units	
  away	
  from	
  stability)	
  

–  	
  β-­‐decay	
  to	
  next	
  isotopic	
  chain	
  

–  neutron	
  closed	
  shells:	
  major	
  impedance	
  to	
  reac-on	
  flow	
  
	
  
–  decay	
  back	
  to	
  stability	
  

 

 



r-­‐process	
  “path”	
  

[Rolfs	
  &	
  Rodney	
  (1988)]	
  



r-­‐process:	
  nuclear	
  physics	
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known	
  	
  mass	
  
known	
  half-­‐life	
  
r-­‐process	
  wai-ng	
  point	
  (ETFSI-­‐Q)	
  

[Schatz,	
  Kratz,	
  Pfeiffer	
  (NSCL	
  +	
  Mainz)]	
  

data	
  needs:	
  	
  
	
  masses	
  
	
  half-­‐lives	
  
	
  neutron	
  capture	
  rates	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  fission	
  



r-­‐process:	
  nuclear	
  physics	
  
[Pfeiffer	
  et	
  al.	
  1997]	
  

•  r-process abundances from microscopic mass models with 
spherical shell gaps: troughs below main peaks 

•  calculations with shell quenching (e.g., N=82): improvement 

•  new measurements needed 





rare	
  isotopes	
  in	
  stars:	
  type	
  I	
  x-­‐ray	
  bursts	
  

•  model:	
  	
  	
  
•  binary	
  star	
  system	
  
•  accre-on	
  on	
  neutron	
  star	
  
•  thermonuclear	
  runaway	
  
	
  	
  

•  observa-ons:	
  	
  light	
  curves	
  

•  research	
  areas:	
  
•  Breakout	
  from	
  the	
  Hot-­‐CNO	
  cycles	
  
•  rp-­‐process:	
  	
  path,	
  endpoint,	
  synthesis	
  
•  αp-­‐process	
  	
  key	
  reac-ons	
  

	
  
	
  
•  experiments:	
  	
  proton-­‐rich	
  rare	
  isotopes	
  

•  (p,γ)	
  and	
  (α,p)	
  reac-ons	
  
•  mass	
  measurements	
  
	
  	
  
	
   	
  	
  

	
  	
  	
  

	
  
	
  
	
  



accre-ng	
  neutron	
  star:	
  x-­‐ray	
  bursts	
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rp-­‐process	
  on	
  accre-ng	
  neutron	
  stars	
  
[H.	
  Schatz,	
  NSCL]	
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thermonuclear	
  burning	
  (rp-­‐process):	
  
	
  burst	
  dura-on	
  (sec	
  –	
  min)	
  	
  
	
  nucleosynthesis	
  

deep	
  hydrogen	
  /	
  carbon	
  burning:	
  	
  superbursts	
  

electron	
  captures	
  /	
  pycnonuclear	
  reac-ons:	
  
	
  crust	
  hea-ng	
  	
  
	
  dissipa-on	
  of	
  neutron	
  star’s	
  B-­‐field	
  
	
  emission	
  of	
  gravita-onal	
  waves	
  



rp-­‐process:	
  beginnings	
  

explosive	
  hydrogen-­‐helium	
  burning	
  (T	
  >	
  0.5	
  GK)	
  	
  
	
   	
   	
   	
  	
  	
  breakout	
  from	
  the	
  Hot-­‐CNO	
  cycles	
  

15O(α,γ)19Ne	
  
19Ne(p,γ)20Na	
  
	
  
	
  
	
  
	
  
	
  

 

18Ne(α,p)21Na	
  
14O(α,p)17F	
  
17F(p,γ)18Ne	
  

[figure	
  adapted	
  from	
  C.	
  Iliadis	
  (2007)]	
  



rp-­‐process,	
  cont’d	
  

aoer	
  breakout	
  from	
  Hot-­‐CNO	
  cycles:	
  
	
  

• 	
  (α,p)	
  and	
  (p,γ)	
  on	
  proton-­‐rich	
  nuclei	
  	
  produc-on	
  of	
  heavier	
  elements	
  
	
  
• 	
  energy	
  genera-on	
  and	
  -mescale	
  set	
  by	
  “wai-ng-­‐point”	
  nuclei:	
  
	
  

e.g.,	
  30S,	
  56Ni,	
  64Ge,	
  68Se	
  	
  

	
  
• 	
  reac-on	
  flow:	
  compe--on	
  between	
  β-­‐decay	
  and	
  reac-ons	
  
	
  
• 	
  (α,p)	
  and	
  (p,γ)	
  reac-on	
  rates:	
  	
  

	
  ooen	
  calculated	
  with	
  sta-s-cal	
  models	
  (e.g.,	
  Hauser-­‐Feshbach)	
  	
  
	
  need	
  experimental	
  verifica-on	
  



rp-­‐process,	
  cont’d	
  
	
  [type	
  I	
  x-­‐ray	
  burst	
  	
  –	
  	
  neutron	
  star:	
  1.3Msun	
  ,	
  R	
  =	
  8	
  km,	
  Tpeak	
  =	
  1.4	
  GK,	
  τ	
  =	
  100	
  s]	
  
	
  
	
  

αp-­‐process	
  
	
  

WP:	
  	
  22Mg,	
  26Si,	
  30S,	
  34Ar	
  
	
  

(α,p)	
  cross	
  sec-ons	
  

rp-­‐process	
  
	
  

WP:	
  	
  56Ni,	
  64Ge,	
  68Se,	
  72Kr	
  
	
  

57Cu(p,γ)58Zn	
  
	
  

Q-­‐values	
  for	
  
64Ge(p,γ)65As	
  
68Se(p,γ)69Br	
  

	
  
[nucleosynthesis	
  study:	
  A.	
  Parikh	
  et	
  al.,	
  Ap.J.Supp.	
  Ser.	
  (2008);	
  PRC	
  (2009)]	
  



[H.	
  Schatz	
  (2012)]	
  

rp-­‐process:	
  experiments	
  






