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riical Reactions In fe-ourning

On helium fuel produced in preceding hydrogen burning
Helium-4

@\ /}Energy
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Hellum-4/
Oxygen-16 -12

Energy source in stellar He burnlng
Energy release determined by associated reaction rates
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Abundance evolution In stellar core
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Reaction rates determined by strong resonances and E2
direct capture contributions signifying strong alpha cluster
state configurations in the T=0 nuclei along the reaction path!
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The (aoat) Reaction as two step process

— N8Be foX i“ -NA<8Be(a,7/)12C>
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first step! T,»(3Be) = 9.7-10"7 s

[' =6.8 eV
pure a cluster configuration

Q=0.092 MeV / 8Be 0*
‘“He+a

fast capture = equilibrium between capture and decay

3/2 Q
Application of Saha Equation (®Be) = N2-7°. 27 -e( ij
For calculating 8Be equilibrium: ’ KT



!xamp|e |or I!e eqU|||!r|um a!un!ance:

Case of typical He-burning: T=0.1GK = T4=0.1; p=10° g/cm?
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second step!
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The Hoyle resonance!
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12C(a,y)1%0, the Holy Grail

Level and Interference Structure
between 1- levels (E1) and 2*

states and direct capture (E2).
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R-matrix analysis

Complex resonance structure, interfering broad resonances

Parameters from probing ®*O compound nucleus through

« elastic scattering 12C(a,0)12C (Bochum, ND)

* B-delayed o-decay BN(B,a)1%C (Yale, TRIUMF, ANL)

* resonant a capture 12C(al,y)1%0 (Caltech, Minster,
Queens, Stuttgart, Bochum)

* a-transfer reaction 12C(’Li,t)'°O (UM, TUNL)

 photo-dissociation 180(y,a)12C (HIyS)

http://www.jinaweb.org/html/jinaworkshops2.htmi#event11

http://www.jinaweb.org/events/caltech06/presentation.html
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R-matrix fit examples

E1-term

E.. (MeV)

Sg, (MeV b)

: \ E2-term
T
10'35— |
10‘4?....1...1.. L
0 1 2 3 4

SE1z80 keV barn, SE2z85 keV-barn ==

P i i B 1 1 L
20 40 60 80 100 120 140 160 180
Angle (deg)

From Kunz et al. PRL 86 (2004)

Counts

10*

..........




et reaction rate

3211

NA<GU> =6.9-10°.T,2%.5_. [MeV —b]-e i

Seff ~0.17 [Mev _b]

211 -

NA<GU> ~1.2.108 ‘T9_2/3 e T3

Only very crude estimate!
E-T dependency needs to be considered!




10O(a,v)?°Ne rate and ...
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Only a few single resonances, no strong non-resonant
term in the excitation curve observed! Non-resonant
direct capture E2 component expected. Non-resonant
M1 component most likely too weak to be of relevance?



Normalized Yield

Normalized Yield
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Appreciable non resonant component
which needs to be implemented as DC
reaction rate contribution.




Reaction Rates for 2C(a.,y)°0O & °0(a,y)?°Ne
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12C(a,y)1%0 rate dominates over the °O(a.,y)?°Ne rate
at the typical He-burning temperatures T~0.1-0.3 GK.



onsequences o oL,y
and %0O(o,y)?°Ne reaction rates!

 Late Stellar Evolution
determines Carbon
----------------- and/or Oxygen phase
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Reaction network for n-sources

—Yuy Yoy, PO NA<O'U>14
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= °2'n(ﬂ‘) _ZYX Yoo NA<O-U>X(n,7) +Y22Ne .Y“He P NA<GU>22N9(0!,H)

Neutron production through #?Ne(a,n)?°Mg
depends on reaction rates of this sequence
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The potential existence of low energy resonances
causes considerable uncertainty in reaction rate



Two channel problems!
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The 11.311 MeV state is a pronounced a cluster state in 26Mg!
1 Are there o unbound cluster states above the n threshold?
O Are there o unbound cluster states below the n-threshold?

2z 100 Niveaus

2938

-

809

B
_e_\_{g




Neutron production
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Neutron flux depends on N seed abundance from H burning and
reaction rate and branching conditions in alpha capture sequence!



Measurement with gas target

Low energy beam into extended %°Ne gas-target




Neutron Detector Array

*He Proportioral BF. Prcportional
Counters Counters

Gas-cell target

% o

Combination with underground muon shielding
necessary for reduction of muon induced neutrons



Complementary o-transfer studies in Mg
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Abundance evolution in weak s-process
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decayed production factor (solar)

Weak-s-process abundances
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Large uncertainties in the final weak s-procesé abundance distribution due -
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From s- to p-Process
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Possible impact on seed conditions in
next burning sequence

abundance

Nucleosynthesis for Z<12
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The low energy cross section of *C(a,n)’*O

Uncertainties: -3 keV 1/2+ subthreshold state
Direct measurement -490 keV 3/2+ subthreshold state
Brune et al. 1993
Drotleff et al. 1993 ' %

Strong indication of | \‘
subthreshold state! \ :

S (MeV-b)
—D:l
}_%'
ol
|

Indirect transfer
studies 3C(°Li,d)'"O

Kubono et al. 2003
Keeley et al. 2003
Johnson et al. 2007
Hamache et al 2008

First ANC results indicate a weaker
resonance strength as suggested by
direct (a,n) S-factor extrapolation,
second ANC study increases value!




Low-energy, low-background
Experiment with 41T BaF, y-array

B O

vy, 8- N A TN

Active shielding techniques;
Pulse shape analysis;

neutron background 0.014 n/s

Heil et al. 2008
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Fit predictions for 13C(a,,n) S-factor
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Low energy extrapolation in good
agreement with the ANC predictions!



