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Uncertainty	  in	  Reac2on	  Rate	  

•  Resonances	  form	  important	  
contribu2on	  to	  excita2on	  
func2on	  

•  Resonance	  structure	  
con2nues	  to	  lowest	  energies	  

•  Current	  rate	  cannot	  account	  
for	  resonances	  

Typical	  C-‐shell	  burning	  

• 	  Becker	  et	  al.	  1981	  
• 	  Spillane	  et	  al.	  2007	  

Low	  E	  resonances	  measured	  in	  total	  fusion	  x-‐sec2on	  

12C(12C,n)23Mg	  
Q	  =	  -‐2.6	  MeV	  

12C+12C	  



Effect	  on	  Carbon-‐Shell	  Yields	  
(1st	  example)	  

Pignatari,	  Priv.	  Comm.	  

12C(12C,n)	  rate	  varied	  by	  factors	  2,	  5,	  10	  

•  T9=1.1	  
•  Loss	  of	  convec2on	  

rela2vely	  early	  



•  Late	  C	  shell—convec2ve	  un2l	  SN	  explosion	  
•  Low	  ini2al	  C	  due	  to	  mixing	  with	  previous	  C-‐shells	  
•  Ini2al	  T9	  ~	  1.0	  peaking	  to	  1.36	  near	  end	  
•  2,	  5	  factor	  increase	  over	  Dayras	  rate	  

Pignatari,	  Priv.	  Comm.	  

(2nd	  Example)	  

We	  need	  to	  understand	  all	  known	  processes	  which	  
contribute	  to	  the	  abundances	  in	  this	  region	  of	  nuclides!	  



Measuring	  12C(12C,n)23Mg	  
•  Pa`erson	  et	  al.	  1969:	  thin	  target,	  

count	  β+	  
•  Dayras	  et	  al.	  1977:	  thin	  target,	  count	  
γ	  440	  &	  511	  keV	  

•  Notre	  Dame	  2011:	  thin	  &	  thick	  
targets,	  count	  β+	  

Online	  γ-‐rays	  for	  p	  &	  α	  
channel	  

Our	  Setup	  



Experiment	  at	  Notre	  Dame	  

Beam	  

Beam	  

β	  Counter	  Ge	  Detector	  

Catcher	  Wheel	  



Experimental	  Results	  

•  Measured	  finer	  step	  size	  
over	  large	  energy	  range	  

•  Consistent	  with	  others	  

Note	  consistent	  resonance	  energies	  

Low	  Energy	  DifficulLes	  
•  Low	  cross-‐sec2on!	  

•  100	  nb	  @	  3.5	  MeV	  
•  	  	  10	  nb	  @	  3.2	  MeV	  
•  	  	  	  	  1	  nb	  @	  3.0	  MeV	  

•  Yield	  =	  10-‐15	  events/12C	  @	  1nb	  
•  At	  ND,	  beam	  intensity	  =	  1013	  	  12C/s	  

•  Cosmic	  background	  &	  13C	  
events	  

•  Hydrogen	  build-‐up	  on	  targets	  
•  Large	  x.s.	  → p, n,13N (β+ 

emitter)	  

Background	  
PRELIMINARY���



Mirror	  Symmetry:	  A	  New	  Way	  to	  Extrapolate	  

•  Extrapola2on	  based	  on	  mirror	  
system	  12C(12C,p)	  
–  Lower	  energy	  measurements	  

(Q=+2.2MeV)	  
–  Structure	  effects	  should	  be	  

same	  for	  both	  

•  Use	  sta2s2cal	  model	  to	  
calculate	  ra2o	  σ(ni)/σ(pi)	  

Neutron to proton ratio predictions from EMPIRE
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12C(12C,pi)	  Measurements!	  
•  Use	  Becker	  et	  al.	  1981	  measurements	  for	  extrapola2on	  
•  Recent	  measurements	  at	  ND	  to	  provide	  check	  for	  Becker	  et	  al.	  

Becker	  et	  al.	  1981	  

YY1	  Si	  strip	  
detectors	  

Detector	  
chamber	  at	  
ND	  



New	  Extrapola2on	  

•  Number	  of	  resonances	  reproduced,	  but	  strength	  &	  posi2on	  needs	  
improvement	  

•  Preliminary	  ND	  results	  provide	  be`er	  match	  to	  resonance	  energies	  

Target effect! Thick target for low E 
measurement 

Low E resonance! 

PRELIMINARY���

•  Results normalized to 
Becker et al. 

•  Still need angular 
distribution correction! 



Rate Calculations! 

Rate sensitive to resonance energy. 

New	  Rate/Dayras	  Rate
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Previously we 
shifted Becker et al. 
results to match 
neutron data….. 

12C(12C,n)	  Modified	  S-‐Factor	  (MeV	  b)
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p1	  S*	  (MeV	  b)
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Most recent results (a few days ago) indicate there is no 3.1 
MeV resonance in p1 channel ! Need more work on 
normalization and energy correction.  

Preliminary 

60 nb 



But the results do indicate the existence of the 3.1 MeV 
resonance in p0 channel!  

Preliminary 
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p0+p1 S* (MeV b)
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More resonances…. 

Resonance parameters extracted 
from thick target yield. 

Resonance energies match 
well, but strengths differ. 

1.  Do lower-energy 
resonances exist? 

2.  If so, are they strong 
enough to have an 
impact? 



Conclusions	  

•  Resonant	  structure	  of	  12C+12C	  likely	  plays	  a	  role	  in	  
astrophysical	  reac2on	  rates	  making	  reliable	  
extrapola2ons	  difficult	  

•  Direct	  measurements	  are	  hindered	  by	  low	  x.s.	  and	  
high	  background	  

•  Isospin	  symmetry	  can	  be	  used	  to	  predict	  resonant	  
structure	  in	  12C(12C,n)	  

•  Preliminary	  results	  indicate	  low-‐energy	  resonance(s)	  
may	  marginally	  enhance	  rate,	  but	  more	  analysis	  and	  
experiment(s)	  are	  s2ll	  needed	  
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But	  Wait!	  
•  Funny Behavior @ T9 = 1.5   
•  Dayras low T parameters wrong 
•  Must re-fit data to get correct 

parameters 
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