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For a For a givengiven blobblob of matter of matter behindbehind thethe shockshock front front 
aboveabove thethe protoneutronprotoneutron starstar ::

definedefine threethree parametersparameters::
ElectronElectron abundanceabundance: Y: Yee=Y=Ypp=1=1--YYnn (p/(p/nn--ratioratio))

For For exampleexample: Ye=0.45 : Ye=0.45 --> 55% > 55% neutronsneutrons & 45% & 45% protonsprotons

RadiationRadiation entropyentropy: : SSradrad ~ T~ T33//ρρ
Expansion Expansion speedspeed VVexpexp wich wich determinesdetermines thethe
processprocess durationsdurations τταα and and ττrprp ::

ExampleExample: : VVexpexp= 7500 km/s, R= 7500 km/s, R00= 130 km= 130 km τταα = = 35,35, ττrprp= = 450 ms450 ms
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Time dependence of the density and temperatureTime dependence of the density and temperature

Time (s)

Relative ρ and T
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TheThe αα--processprocess 3<T3<T99<6<6
NSENSE: : All All nuclearnuclear reactionsreactions via via strongstrong and and electroelectro--magneticmagnetic

interactionsinteractions areare veryvery fast fast whenwhen comparedcompared withwith dynamicaldynamical
timescalestimescales..

At  TAt  T99 ~~6, 6, αα--particlesparticles becomebecome thethe dominant dominant constituentconstituent of of thethe hot hot bubblebubble!!

RecombinationRecombination of of thethe αα--particlesparticles isis possiblepossible via:via:

1.1. 33αα→→ 1212CC andand
2.2. αα++αα+n +n →→ 99BeBe, , followedfollowed byby 99Be(Be(αα,n) ,n) 1212CC

ChargedCharged--particleparticle freezefreeze--outout at Tat T99 ~ 3 with~ 3 with::

–– Dominant part of Dominant part of αα--particles ~ 80%particles ~ 80%

–– Some heavy nuclei beyond iron (80 <A< 110)Some heavy nuclei beyond iron (80 <A< 110)

–– Probably a little bit of free neutronsProbably a little bit of free neutrons

SeedSeed compositioncomposition forfor a a subsequentsubsequent rr--processprocess..
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SeedSeed nucleinuclei afterafter an an αα--richrich freezeoutfreezeout
S=200, VS=200, Vexpexp=7500 km/s=7500 km/s

Neutron-rich seed beyond N=50 
difference to „classical“ r-process with 56Fe seed

avoid N=50 r-process bottle-neck
seed nuclei: 94Kr, 100Sr  (87Se, 103Y, 89Br, 84Ge, 95Kr, 76Ni, 95Rb below 5%)
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Parameter combinations allowing a subsequent r-process

(1<Yn/Yseed<150)
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rr--ProcessProcess strengthstrength formulaformula
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Synthesizing the A=130 peakSynthesizing the A=130 peak

S=196

Process duration: 146 ms

YYee Entropy SEntropy S rr--process duration process duration 
ττ [ms][ms]

nnnn [cm[cm--33]]
at freeze outat freeze out

TT99 [10[1099 K]K]
at freeze outat freeze out

0.490.49 230230 234234 1.9 x101.9 x102020 0.530.53

0.450.45 190190 146146 8.1 x108.1 x102121 0.790.79

0.410.41 160160 109109 9.0 x109.0 x102121 0.770.77
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S=261

Pb

Th

U

not yet enough Process duration: 327 ms

YYee Entropy SEntropy S rr--process duration process duration 
ττ [ms][ms]

nnnn [cm[cm--33]]
at freeze outat freeze out

TT99 [10[1099 K]K]
at freeze outat freeze out

0.490.49 290290 412412 2.0 x102.0 x102121 0.330.33

0.450.45 260260 327327 1.5 x101.5 x102222 0.410.41

0.410.41 235235 213213 2.9 x102.9 x102222 0.420.42

Synthesizing the A=195 peakSynthesizing the A=195 peak
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The role of β-delayed neutrons in the r-process at A=130 and 195

red: no re-captured β-delayed neutrons
blue: β-delayed neutrons re-captured

red: no β-delayed neutrons emitted
„progenitor“ abundances

blue: β-delayed neutrons emitted and re-captured
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• The waiting-point approximation“ seems to hold for expansion velocities 
slower than 4500 km/s. However at higher velocities like 7500 km/s 
the mass region beyond A=140 only the peak regions are stil in
chemical equilibrium.

• The hydrodynamical simualtions of type II SNe predict entropies up to 80 
and Ye-values between 0.52 and 0.49! Under those conditions it is
impossible to make an r-process.  However, wind termination shock
(Munich group) could lead to a sudden increase of the entropy up to
280 kb/baryon!

Summary
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