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 Introduction: indirect techniques in nuclear astrophysics

 The 22Ne(α,n) conundrum 

 Hassle around the triple-alpha reaction

 Radiative width of the Hoyle state 


 Neutrons assisted carbon nucleosynthesis
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Indirect methods

Indirect method: when the reaction of interest (1) 
for astrophysics is too difficult or impossible to 
measure directly, use a different (“easier”) reaction 
(2) that informs the reaction of interest.

Application of a model to go from (2) to (1) is often 

required.

The less model-dependent the technique, the 

better. 
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Indirect methods
Constraints on (p,γ), (α,γ), (n,γ), pycnonuclear fusion, 

(α,p), and many others can be obtained indirectly

 Incomplete list of indirect methods

 Transfer or inelastic scattering reactions


 Spectroscopic factors / ANCs

 Trojan Horse Method

 surrogate

 Oslo

 Branching ratios


 Coulomb dissociation

 Time-reverse reactions

 β-delayed charge particle spectroscopy / β-Oslo



The 22Ne(α,n) conundrum
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22Ne(α,n) - neutron source for s-process
• 22Ne(α,n) is the neutron source for the weak branch of 

the s-process

• final abundances of some s-process elements 

depend on this reaction rate (NIC, Section 1.2 and 2)

• One 26Mg resonance dominates the 22Ne(α,n) at T9 > 

0.2, the 11.32 MeV
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11.32 MeV resonance in 26Mg

So, one only needs to measure the γ/n BR 
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11.32 MeV γ/n BR

Γn/Γγ = 1.14(26)

if 0+

S. Ota, et al., PLB, 802 (2020)



sub-Coulomb 6Li(22Ne,d)
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Perform (6Li,d) α-transfer reaction at sub-Coulomb

Extract ANC instead of SF factors

Almost independent of the result on optical model 
parameters of the DWBA calculations, the number 
of nodes in the cluster wave function or the shape 
of the form factor

The angular distribution is flat. 

BR gives 79(13) μeV
H. Jayatissa, et al., PLB, 802 (2020)



Indirect 

ANC BR

11.32 MeV in 26Mg ωγ(α,n)  

Direct 

measurements 

Harms, et al.,

PRC 43 (1991).

Jaeger, et al.,

PRL 87 (2001).

Geisen, et al.,

NPA 561 (1993).

NIC, 

Shahina’s talk
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Zr isotopic ratios from premolar SiC grains

MESA

NEWTON
P. Adsley, et al., 

PRC 103, 015805 (2021) 



Radiative width of the Hoyle state
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Radiative width of the Hoyle state

[1] M. Freer, et al., Prog. Part. Nucl. Phys. 78, 1 (2014).
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Γrad / Γ branching ratio for the Hoyle
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Γrad / Γ branching ratio for the Hoyle

Kibedi, et al., 

PRL (2020)
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Hoyle Γrad / Γ BR experiment
• Populate Hoyle using 12C(α,α’)12C(Hoyle) reaction

• Use Si to count the Hoyles populated

• Use MDM spectrometer to count surviving 12C 

12C

α
• 12C energy very low ~1.2 MeV/u

• TexPPACs - new focal plane det.

• Used 12C 5+ charge state 

• 12C charged state fractions were 

accurately measured Used highly enriched 

12C target (<0.1% 13C)
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Hoyle Γrad / Γ BR results

12C in MDM + α-particle in Si

α-particle in Si

Zifeng Luo

TAMU graduate student
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Γrad / Γ branching ratio for the Hoyle
Kibedi, et al., 

PRL (2020)

4.23 +/- 0.29(stat) +/- 0.18(sys) x10-4
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Γrad / Γ branching ratio for the Hoyle
Kibedi, et al., 

PRL (2020)

M. Tsumura, et al., 

PLB (2021)



The role of neutrons in carbon 
nucleosynthesis 
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Triple-alpha reaction and neutron upscattering
• three alphas produce Hoyle state in 12C (through 8Be(g.s.))

• Hoyle state can be de-excited by:


• gamma cascade

• electron-positron pair

• neutrons + Hoyle scattering

• protons + Hoyle scattering    OR    decay back to 3α
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Measuring time-reversed reaction
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E. Koshchiy
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TPCs and neutron beams

J. Bishop

C. Parker

S. (Tony) Ahn

E. Koshchiy
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12C(n,n2)Hoyle reaction XS
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R-matrix analysis
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M. Beard, et al., PRL (2017)
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Summary
Indirect methods are essential in nuclear 
astrophysics
Major discrepancy between direct and indirect 
methods for the 22Ne(α,n) reaction 
The radiative width of the Hoyle state is well 
constrained - no problem there.
Neutron upscattering on Hoyle is well-constrained 
now and is not as important in carbon 
nucleosynthesis as was suggested previously.
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Hoyle Γrad / Γ BR experiment

12C(g.s.)

13C(g.s.) 12C(2+)

16O*

12C(Hoyle)

α from Hoyle

Zifeng Luo

TAMU graduate student
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Recommended paper 

on the topic:
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TPCs and neutron beams
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ANCs for 12C(α,γ) reaction
Spectrum of deuterons from 
sub-Coulomb 6Li(12C,d) 
reaction. The total energy of 
the 12C beam is 9 MeV.

Angular distributions

M.L. Avila, GVR, E. Koshchiy, et al., Phys. Rev. Lett. 114, 071101 (2015).



ANCs for 12C(α,γ) reaction

ANC of all sub-threshold states in 16O
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The 6Li(13C,d) reaction at sub-
Coulomb energy

Spectrum of deuterons from 
6Li(13C,d) reaction. Total 
energy of the 13C beam is 8 
MeV.

Angular distribution

M.L. Avila, GVR, E. Koshchiy, et al., Phys. Rev. C 91, 048801 (2015).



The s-factor for the 13C(α,n)

Gamow 

window

13C+α energy in c.m. [MeV]

s-factor [eV b]

1/2+ 3/2+

13C(1/2-) + α 

   with L=1



α - ANC for the 1/2+ state at 

6.356 MeV in 17O.

E.D. Johnson, GVR, A.M. Mukhamedzhanov, et al., Phys. Rev. Lett. 97, 192701 (2006).

M.G. Pellegriti, F. Hammache, P. Roussel, et al., Phys. Rev. C 77, 042801 (2008).

M. LaGognata, C. Spitaleri, O. Trippella, et al., Phys. Rev. Lett. 109, 232701 (2012).

B. Guo, Z.H. Li, M. Lugaro, et al., Astrophys. J 756, 193 (2012).    


