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Connecting Quarks to the Cosmos 



seminal	  paper	  B2FH	  (1957)	  

What	  about	  the	  nucleosynthe3c	  origin	  of	  the	  35	  trans-‐iron	  nuclides	  ,	  	  
all	  on	  the	  proton-‐rich	  side	  of	  the	  valley	  of	  stability	  –	  the	  so	  called	  p-‐nuclei?	  

‘nuclear	  astrophysics	  p-‐nuts’	  

Arnould,	  Goriely	  
(2003)	  

“The	  first	  remarkable	  feature	  of	  this	  process	  (p-‐process)	  is	  the	  scarcity	  
of	   the	   efforts	   devoted	   to	   its	   understanding.	   ALer	   about	   50	   years	   of	  
nuclear	  astrophysics	  research,	  the	  number	  of	  arMcles	  devoted	  to	  it	  sMll	  
remains	   inferior	   to	   the	   35	   nuclides	   tradiMonally	   classified	   as	   p-‐
nuclides.”	  (Arnould	  and	  Goriely	  (2003))	  
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“P-‐process	  studies	  are	  among	  the	  most	  complicated	  nucleosynthesis	  
	  processes.”	  (Iliadis,	  Nuclear	  Physics	  of	  Stars	  (2007))	  

• 	  an	  extended	  network	  of	  some	  20000	  reacMons	  linking	  about	  2000	  
	  	  	  nuclei	  must	  be	  followed	  by	  an	  explicit	  computaMon	  
• 	  	  p-‐process	  operates	  far	  from	  equilibrium	  	  
• 	  	  concepts	  of	  steady	  flows	  or	  reacMon	  rate	  equilibria	  cannot	  be	  used	  	  
Peak	  temperature,	  3mescale,	  proton	  density,	  seed	  abundances!	  
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B2FH+Cameron (1957)  
 
 
H-rich layers of SNII 
(p,γ) and (γ,n) reactions operating on 

preexisting s- and r-seed nuclei 
Cameron called them ‘excluded isotopes’ 
Because of the dominant role of played by 

proton reactions, named these  
   ‘p-process’ nuclei 
They suggested temperature of the order 

of 2.5 109 K for as high densities as 100 g/
cm3, and timescale of 10-100 s  
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Arnould (1976)  
 
 
Synthesis of p-nuclei during hydrostatic oxygen 

burning in the deep O-Ne-rich layers of 
massive stars in their pre-supernova or 
supernova phases 

 
A large enhancement of heavy elements, 

presumably by prior s-processing is required. 
Only s-seed nuclei should be enhanced 
and not r-process seeds (recognized to be 
not important seeds).  
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Woosley & Howard (1978)  
They found that the (p,γ) 

chain may require physical 
conditions that cannot be 
easily realized in nature. 
(p,γ) and (p,n) play no role.  
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AlternaMvely,	  they	  proposed	  γ-‐process.	  A	  distribuMon	  of	  
heavy	  elements	  subjected	  to	  a	  ‘hot	  photon	  bath’	  ((γ,	  
n),	  (γ,	  p),	  (γ,	  α))	  will	  be	  transformed	  on	  a	  Mmescale	  of	  
1s	  into	  a	  distribuMon	  of	  nuclei	  close	  to	  the	  solar	  
distribuMon	  of	  p-‐nuclei	  	  

T	  opMmum	  condiMons	  for	  the	  synthesis	  of	  p-‐nuclei	  in	  
explosive	  events:	  2	  -‐	  3.2	  109	  K	  
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Howard, Meyer &  

Woosley (1991)  
 
A new site for the gamma-process: Type 

Ia supernovae. CO-WD that explodes 
by deflagration or detonation. 

They investigate chains to produce the 
light-p, and found that  

86Kr(p,γ) … 90Zr(p,γ)91Nb(p,γ)92Mo 
 is responsible for half of 92Mo (and 

important for 90Zr as well) and (p,γ) 
reactions produce also 96Ru. The other 
half of 92Mo, and 94Mo, come from (γ,n) 
reaction sequence 



•  impossible to reproduce the solar abundances of all p-isotopes using a 
single process 

•  several different sites and (independently operating) processes seem to 
be required 

•   largest fraction of p-isotopes is created by sequences of 
photodisintegrations and β+ decays (the γ-process) 

•  generally accepted that the γ-process occurs mainly in explosive O/Ne 
burning during supernova Type II explosions at temperatures in the range 
of T ≈ 2-3 GK, but supernovae Type Ia and Ib/c have also been considered 

•  calculations based on the γ-process concept can produce the bulk of 
the p-nuclei within a factor of ≈ 3 of their solar system (SS) values 

•  BUT, the most abundant p-isotopes, 92,94Mo and 96,98Ru are notoriously 
underproduced, making their nucleosynthesis one of the great 
outstanding mysteries in nuclear astrophysics 

A process designed to synthesize p-nuclei should surely 
account for the most abundant of these nuclides !!! 



A remarkable breakthrough for the endemic problem: 

For the first time,  
a stellar source has been shown to produce both, 

light and heavy p-nuclei, at the same level as 56Fe, 
including the very abundant Mo and Ru p-isotopes!!! 
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94Mo(ɣ,n)93Mo    

30%	  

Looking deeper into p-nuts  



Looking deeper into p-nuts: 
94Mo mistery 
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Looking deeper into p-nuts: 
94Mo mistery fixed, maybe ! 



P-process nucleosynthesis:  
An experimental approach for studying 
                                     key photonuclear reactions  

ReacMons	  of	  interest:	  

( ) MonMo 9394 ,γ

( ) KrnKr 7980 ,γ
Rauscher	  (PRC	  73,	  2006)	  

-‐	  Key	  branching	  point	  in	  the	  γ-‐process	  path	  

Experiments with real photons: 
              Laser Compton Backscattering technique 
              Bremsstrahlung-induced activation 

74Se(γ,n),	  78Kr(γ,n),	  84Sr(γ,n)	  	  



P.	  Mohr	  et	  al.	  (PLB	  488,	  (2000))	  

( ) γγ n
eff QkTlE ++= 21

Gamow	  window:	  

Photonuclear	  Reac3on	  Rates	  



• Example:	  Elaser	  =	  3.3	  eV,	  Eelectron	  =	  450	  MeV	  (γ	  =	  882)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  →	  Eγ	  =	  10	  MeV	  

relaMvisMc	  
electron	   laser	  beam	  (eV)	   γ-‐ray	  (MeV)	  

Compton	  
	  
	  

scaaering	  

    

€ 

Eγ =
ω ⋅ 1−β ⋅ cosθi( )

1−β ⋅ cosθf +
ω

Eelectron

1− cosθphoton( )
≈ 4γ2 ⋅Elaser

Experimental method: Laser Compton Backscattering (LCB) 





Photoneutron	  cross	  sec3on	  measurements	  

( )
nt

n

NN
NE
ε

σ
γ

γ =

Nn	  –	  number	  of	  neutrons	  detected	  using	  3He	  counters	  
Nγ	  -‐	  number	  of	  incident	  photons	  
Nt	  –	  number	  of	  target	  atoms	  per	  unit	  area	  (enriched	  target)	  
εn	  –	  neutron	  detecMon	  efficiency	  



Cross section measurements for 94Mo(γ,n)93Mo @ HIGS 

The	  only	  way	  to	  study	  experimentally	  the	  cross	  sec3on	  
	  for	  94Mo(γ,n)	  in	  the	  ground	  state	  is	  by	  direct	  neutron	  
	  coun3ng!!!	  	  

Beam	  3me	  already	  approved	  at	  HIGS	  facility!	  
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HIPS with max. energy = 9950 keV

• ProducMon	  by	  stopping	  of	  electron	  	  
	  	  beam	  with	  energy	  E0	  
• ConMnuous-‐energy	  photon	  spectrum	  
	  	  with	  max.	  energy	  E0	  

E0	  =	  10000	  keV	  



P.	  Mohr	  et	  al.	  (PLB	  488,	  (2000))	  

( ) ∗− XnX AA 1,γ

‘superposi8on	  method’	  



Photoneutron reaction rate measurements at astrophysical 
energies @ JMU - Madison Radiation Facility 

74Se(γ,n),	  78,80Kr(γ,n),	  84Sr(γ,n)	  	  with	  Sn	  =	  ~	  12	  MeV	  

ReacMons	  of	  interest:	  

Experimental	  method:	  	  
Bremsstrahlung-‐induced	  acMvaMon	  

Facility	  available:	  	  
Medical	  linear	  electron	  accelerator	  manufactured	  
by	  Siemens	  to	  provide	  X-‐ray	  beam	  energies	  up	  to	  	  
15	  MeV	  	  



Co-‐producMon	  of	  historical	  	  
p-‐,	  s-‐	  and	  r-‐process	  isotopes	  of	  Zr,	  Mo	  and	  Ru	  	  

in	  the	  neutrino-‐wind	  of	  core-‐collapse	  supernovae	  

Oliver	  Hallmann	  and	  Karl-‐Ludwig	  Kratz	  
Max-‐Planck-‐InsMtute	  for	  Chemistry,	  Mainz	  



The	  neutrino-‐driven	  wind	  starts	  from	  	  
the	  surface	  of	  the	  proto-‐neutron	  star	  
with	  a	  flux	  of	  neutrons	  and	  protons.	  
	  
As	  the	  nucleons	  cool	  (≈10	  ≥	  T9	  ≥	  6),	  	  
they	  combine	  to	  α-‐parMcles	  +	  an	  	  
excess	  of	  unbound	  neutrons.	  
	  
Further	  cooling	  (6	  ≥	  T9	  ≥	  3)	  leads	  to	  the	  	  
formaMon	  of	  a	  few	  Fe-‐group	  "seed"	  
nuclei	  in	  the	  so-‐called	  α-‐rich	  freezeout.	  
	  
SMll	  further	  cooling	  (3	  ≥	  T9	  ≥	  1)	  leads	  to	  	  
neutron	  captures	  on	  this	  seed	  compo-‐	  
siMon,	  making	  the	  heavy	  r-‐process	  	  
nuclei.	  	   (Woosley	  &	  Janka,	  Nature,	  2005)	  

The	  high-‐entropy	  /	  neutrino-‐driven	  wind	  model	  

Core-‐collapse	  SN	  “HEW”	  …s3ll	  one	  of	  the	  presently	  favoured	  scenarios	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  for	  a	  rapid	  neutron-‐capture	  nucleosynthesis	  process	  



Historical	  nucleosynthesis	  processes	  vs.	  HEW	  

Historical	   HEW	  

p	   p-‐captures	  (rp),	  photodesintegraMon	   Charged-‐parMcle	  reacMons	  (CPR)	  

s	   n-‐captures	  at	  stability,	  	  Yn/Yseed	  ≈	  2	  (Gallino)	   CPR,	  late	  n-‐captures	  

r	   n-‐rich	  isotopes	  far	  off	  stability	  	   CPR	  +	  subsequent	  n-‐captures	  

Historical	  =	  M.	  Burbidge,	  G.	  Burbidge,	  W.	  Fowler,	  F.	  Hoyle	  (1957)	  unMl	  end	  of	  ´90s	  
	  →	  Wallerstein	  et	  al.	  (1997)	  

Two	  conundrums:	  
	  
-‐ 	  The	  SS	  puzzle: 	   	  RaMo	  of	  the	  overabundant	  p-‐only	  isotopes	  92Mo	  &	  94Mo	  	  
-‐ 	  SiC	  grain	  puzzle:	   	  all	  7	  Mo	  isotopes	  with	  non-‐SS	  peculiar	  paaern	  



Mo	  isotopic	  abundances	  in	  the	  SS	  

Mo	  isotopes	  “shielded”	  from	  both	  sides:	  
β–	  	  	  	  	  	  92,94,96Zr	  	  	  (Z=40)	  
β+	  	  	  	  	  96,98-‐100Ru	  (Z=44)	  	  

92,94Mo	  p-‐only;	  96Mo	  s-‐only	  
95,97,98Mo	  s+r,	  100Mo	  r-‐only	  

7	  stable	  isotopes:	  

ParMcularly	  “hot	  topic”	  	  
	  	  	  	  	  	  	  
	  
The	  two	  most	  abundant	  p-‐nuclei	  in	  the	  SS	  
	  
…despite	  all	  aaempts	  /	  scenarios	  studied	  up	  to	  now,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  92Mo/94Mo	  has	  remained	  an	  “unsolved	  problem”	  

92Mo/94Mo	  

Lodders (2003) De Laeter (2008) 
92Mo 14.836 14.525 
94Mo 9.247 9.151 

92Mo/94Mo 1.605 1.587 



Mo	  isotope	  distribu3on	  in	  presolar	  X-‐grains	  

M.J.	  Pellin	  et	  al.,	  Lunar	  and	  Planetary	  Science	  XXXVII	  (2006)	  2041:	  
	  
Presolar	  SiC	  grains,	  isolated	  from	  primiMve	  meteorites,	  are	  ejecta	  of	  stars	  that	  contributed	  
to	  the	  protosolar	  nebula.	  Among	  these	  grains	  are	  a	  rare	  fracMon,	  called	  Type-‐X,	  which	  are	  believed	  to	  have	  
	  formed	  in	  the	  stellar	  ou}lows	  of	  SN	  II	  explosions.	  

δ notation: deviation in permil from SS 	  

XMo	  deviaMon	  ploaed	  relaMve	  to	  96Mo,	  which	  is	  
taken	  as	  pure	  s-‐process	  isotope	  	  	  [	  
„unusual	  isotopic	  pakern“	  
significant	  enrichment	  in	  95Mo,	  97Mo;	  
smaller	  enrichment	  in	  98Mo;	  
no	  clear	  signature	  of	  100Mo	  enhancement.	  



HEW	  	  Mo	  isotopic	  abundances	  

All	  7	  isotopes	  are	  co-‐produced	  !	  



Zr	  isotopic	  abundances	  in	  the	  HEW	  

All	  5	  stable	  Zr	  isotopes	  are	  co-‐produced	  !	  



Ru	  isotopic	  abundances	  in	  the	  HEW	  

Again:	  	  All	  7	  stable	  Ru	  isotopes	  are	  co-‐produced	  !	  



Summary	  

• 	  The	  HEW	  co-‐produces	  the	  historical	  p-‐,	  s-‐	  and	  r-‐isotopes	  of	  Zr,	  Mo	  and	  Ru	  	  
	  	  	  (in	  fact:	  from	  Zn	  to	  Ru)	  within	  its	  charged-‐parMcle	  component	  
	  	  	  	  →	  no	  classical	  n-‐capture	  process	  required	  !	  
	  
• 	  The	  HEW	  charged-‐parMcle	  component	  can	  obviously	  also	  explain	  the	  isotopic	  
	  	  	  anomalies	  of	  Zr,	  Mo	  and	  Ru	  measured	  so	  far	  in	  presolar	  dust	  grains	  

• 	  More	  heavy	  element	  measurements	  of	  stardust	  samples	  are	  needed	  !	  

• 	  Finally:	  The	  HEW	  is	  the	  only	  scenario	  which	  can	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  co-‐produce	  all	  Zr,	  Mo	  and	  Ru	  isotopes	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  &&	  reproduce	  the	  measured	  isotopic	  ra3os	  from	  SiC-‐X	  grains	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  &&	  also	  reproduce	  the	  SS	  value	  92Mo/94Mo	  	  
	  
	  (also	  see	  Farouqi	  et	  al.,	  PASA	  26	  (2009)	  194	  –	  202)	  


