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Primordiale Nukleosynthese 
Urknall 

 
Universum ist soweit abgekühlt,dass sich 
die Nukleonen gebildet haben. 
 
Wegen der unterschiedlichen Masse δm=0.8 MeV 
mehr Protonen als Neutronen  

    6/1)/exp()(
)( ≈−= kTmpH

nH δ  

außerdem  ν++→ −epn
  τ = 900s 

 
keine Fusion  n+n  oder  p+p  möglich !!! 
 
solange T > 0.5 MeV  keine Fusion  n + p � d + γ    
da   nur   Q = 2.2MeV , wird d wieder zerlegt durch γ 

 
Erst ab kT ≈  0.4 MeV   n + p � d + γ    
 
dann sofort    d + p � 3He + γ  

      d + n � 3H + γ 

 

 und       3He + n � 4He + γ  

        3H  + p � 4He + γ  

 
=> Massenverhältnis:       76%  H 
        24%  He 
      <0.1% “Metalle” 
 



Solare Häufigkeiten



Urknall Nukleosynthese



Bindungs-Energie pro Nukleon



Proton-Proton Kette
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Figure 1: The solar neutrino spectrum pre-
dicted by the standard solar model. The neu-
trino fluxes from continuum sources are given
in units of number cm−2s−1MeV−1 at one as-
tronomical unit, and the line fluxes are given
in number cm−2s−1. Spectra for the pp chain,
shown by the solid curves, are courtesy of J.N.
Bahcall (2001). Spectra for the CNO chain are
shown by the dotted curves, and are also cour-
tesy of J.N. Bahcall (1995).

The Homestake chlorine experiment in USA uses the reac-

tion
37Cl + νe → 37Ar + e− (threshold 814 keV). (3)

Three gallium experiments (GALLEX and GNO at Gran Sasso

in Italy and SAGE at Baksan in Russia) use the reaction

71Ga + νe → 71Ge + e− (threshold 233 keV). (4)

The produced 37Ar and 71Ge atoms are both radioactive, with

half lives (τ1/2) of 34.8 days and 11.43 days, respectively. After

an exposure of the detector for two to three times τ1/2, the
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FIG. 6: Excluded regions of neutrino oscillation parameters
for the rate analysis and allowed regions for the combined
rate and shape analysis from KamLAND at 95% C.L. At the
top are the 95% C.L. excluded region from CHOOZ [15] and
Palo Verde [16] experiments, respectively. The 95% C.L. al-
lowed region of the ‘Large Mixing Angle’ (LMA) solution of
solar neutrino experiments [13] is also shown. The thick dot
indicates the best fit to the KamLAND data in the physical
region: sin2 2θ = 1.0 and ∆m2 = 6.9 × 10−5eV2. All regions
look identical under θ ↔ (π/2−θ) except for the LMA region.

are still allowed at 95% C.L. with the same oscillation
parameters.

If three neutrino generations are considered, the ν̄e sur-
vival probability depends on two mixing angles θ12 and

θ13. In the region close to the best fit KamLAND solution
the survival probability is, to a very good approximation,
given by

P (ν̄e → ν̄e) ∼= cos4 θ13

[

1− sin2 2θ12 sin2 ∆m2
12L

4Eν

]

,

with ∆m12
∼= ∆m2 from the 2-flavor analysis above.

The CHOOZ experiment [15] established an upper limit
of sin2 2θ13 < 0.15, or cos4 θ13 ≥ 0.92. The best fit
KamLAND result would correspond approximately to
0.86 < sin2 2θ12 < 1.0.

In summary KamLAND has used measurements at
large distances (∼180 km) to demonstrate, for the first
time, reactor ν̄e disappearance at a high confidence level
(99.95%). Since one expects a negligible reduction of ν̄e

flux from the SMA, LOW and VAC solar neutrino solu-
tions, the LMA region is the only remaining oscillation
solution consistent with the KamLAND result and CPT
invariance. The allowed LMA region is further reduced
by these results. Future measurements with greater sta-
tistical precision and reduced systematic errors will en-
able KamLAND to provide a high-precision measurement
of the neutrino oscillation parameters.

The KamLAND experiment is supported by the COE
program of Japanese Ministry of Education, Culture,
Sports, Science and Technology, and funding from the
United States Department of Energy. The reactor data
are provided by courtesy of the following electric asso-
ciations in Japan; Hokkaido, Tohoku, Tokyo, Hokuriku,
Chubu, Kansai, Chugoku, Shikoku and Kyushu Electric
Power Companies, Japan Atomic Power Co. and Japan
Nuclear Cycle Development Institute. Kamioka Mining
and Smelting Company has provided service for activities
in the mine.
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CNO Zyklus



NeNa und Mg Al Zyklus



SN Überrest CAS A (x-rays)
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Neutron-Einfangsprozesse 
 

s-Prozess   (slow neutron capture) 
 
 erzeugt Kerne bis 209Bi 
 niedrige Neutronendichte 
 He-Brennen (α,n) 
 sukzessiver Einfang, bis β--Zerfall 
 Zeitskala Jahre 
  aus Verzweigungen, wo τ(β) ≈ τ(Einfang) 
 Isotopenverhältnisse aus Gleichgewicht der Häufigkeiten 
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� diese lassen sich aus experimentellen σ(n,γ)    
berechnen und abziehen                                            
übrig bleiben Nuklide des 

 
r- Prozess (rapid neutron capture) 
 
 erzeugt Kerne bis A≈250, die dann spalten 
 explosiver Prozess 
 hohe Neutronendichte 
 hohe Temperatur 
 
 Zeitskala Sekunden 
 wahrscheinlich bei Supernovae  (Kollaps schwerer Sterne) 
 wahrscheinlich verschiedene Prozesse 
  einer bis A≈130 
  einer bis A≈250 
vom Experiment:  T1/2   Qβ  σ(n,γ)     
     direkt kaum zugänglich 
    =>  besseres Verständnis der Kernstruktur 



Neutron-Einfang: s-Prozess und r-Prozess
slow rapid



Neutron-Einfang: s-Prozess
slow



r-Prozess und Theorie



rp-Prozess 
 
 
Schnelle Folge von (p,γ) Reaktionen 
  bis zur p-dripline (~ N=Z) 
    dort (γ,p) Reaktionen und β+- Zerfälle 
 
Wartepunkte an gg-Kernen (N=Z) mit großem T1/2 
 
hohe Temperaturen   kT ~ 150 keV 
und Dichten   ρ ~ 106 g/cm3 
 
Zeitskala    ~ 100 s 
 
wahrscheinlich bei 
 x-ray bursts  n-Stern akkretiert H vom Nachbarn 
 Novae   Weißer Zwerg mit H vom Nachbarn 
 
 

 
vom Experiment 
    Lage der p drip-line 
    p Bindungsenergie 
    T1/2 an Wartepunkten 
 
 
 
 



H. Schatz et al.

PRL (2001) 347186

N=Z

rp-process

rapid proton capture process:

successive (p,gamma) reactions

up to the

beta-decay at waiting points

determines “speed”

==>

abundance of p-nuclei

is the result

proton drip line

halflives
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Identified Nuclides

observed with halflives
longer than 100ns:
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 Measured half-lives
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