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The Problem:The Problem:

Red Giant

T=(1-3)x108 K

• cross section is abnormally small (E1 is isospin-forbidden)
• subthreshold resonances



OutlineOutline

• Status of present data

• R-Matrix Analysis

• New Experimental Approaches

• Present Status and Prospects



1212C(C(αα,,γγ))1616O  Cross SectionO  Cross Section

12C(α,γ) - extrapolation to helium burning 
energies E0≈300 keV

12C(α,γ) cross 
section

E1, E2 g.s. transitions
thought to be largest

cascade transitions
Up to 30% contribution



Data Relevant to Data Relevant to 1212C(C(α,γα,γ))1616OO

− 12C(α,γ)16O cross section data (required!)
− 12C(α,α) elastic scattering data
− 16N β-delayed α spectrum
− Bound-state spectroscopy (Ex, Γx,…)
− Transfer reactions

This case is ideally suited for R-matrix analysis:

• There are relatively few levels to be considered
• 12C and α are spin-0 nuclei



E2 GroundE2 Ground--State Cross SectionState Cross Section

Measurements at higher energies would be helpful-
TRIUMF (Dragon), Bochum (ERNA)



RR--Matrix MethodMatrix Method

• Exact implimentaton of quantum-mechanical symmetries 
and conservation laws (Unitarity)

• Treats long-ranged Coulomb potential explicitly
• Wavefunctions are expanded in terms of unknown basis 

functions
• Energy eigenvalues and the matrix elements of basis 

functions are adjustable parameters
• A wide range of physical observables can be fitted (e.g. 

cross sections, Ex, Γx,…)
• The fit can then be used to determine unmeasured 

observables
• Major Approximation: TRUNCATION (levels / channels)



Two ExtensionsTwo Extensions

• The external contribution to capture reactions, which 
depends of the reduced width of the final state, can be 
included. Very important for E2 captures.
- essentially “direct capture”
- F.C. Barker and T. Kajino, Aus. J. Phys. 44, 369 (1991)

- R.J. Holt et al., Phys. Rev. C 18, 1962 (1978)

• A mathematically-equivalent formulation is also available 
which eliminates Bc and the level shift.
- C.R. Brune, Phys. Rev. C 66, 044611 (2002)
- C. Angulo and P. Descouvemont, Phys. Rev. C 61, 064611 (2000)



ββ--Delayed ParticlesDelayed Particles
AA a+b+e+a+b+e+νν

• Can supply information about reactions between nuclei a
and b (the relative energy spectrum is especially useful)

• But how does one do the analysis?
• Barker has proposed:

• Are the “feeding factors” Bλ real?



Return to First PrinciplesReturn to First Principles
(with G.M. Hale)(with G.M. Hale)

An R-matrix expression can be used for the a+b wavefunction!



Summary of FindingsSummary of Findings

• Barker’s formula for the particle energy spectrum is 
verified (in the “allowed approximation” and ignoring e-ν
recoil effects).

• The feeding factors Bλ are related to matrix elements of 
the R-matrix eigenfunctions.

• The Bλ are real provided that time-reversal invariance 
holds.

• The framework for calculating higher-order corrections is 
supplied (e.g. recoil, forbidden transitions).



1616N(N(βαβα) Spectrum) Spectrum

3- strength?

What fills in the interference minimum?



How Reliable are RHow Reliable are R--Matrix Methods?Matrix Methods?

• Are the channel radii used in phenomenological analyses 
(5-7 fm) reasonable?

• What about effects of higher-energy levels (truncation)?
• Phase-equivalent potentials with different bound-state 

properties have recently been studied: J.-M. Sparenberg, 
Phys. Rev. C 69, 034601 (2004).

It may be possible to address these questions by applying
a phenomenological to cross sections etc… generated
by a model.



Summary of Recent DeterminationsSummary of Recent Determinations

Result @ E=300 keVResult @ E=300 keV sourcesource

SSE1E1=79(21) keV=79(21) keV--bb 1616N(N(βαβα), ), BuchmannBuchmann et al. (1994)et al. (1994)

SSE1E1=99(44) keV=99(44) keV--bb direct measurement, direct measurement, RotersRoters et al. (1999)et al. (1999)

SSE1E1=101(17) keV=101(17) keV--bb subsub--Coulomb Coulomb αα transfer, Brune et al. transfer, Brune et al. 
(1999)(1999)

SSE2E2=120(60) keV=120(60) keV--bb compilation, NACRE (1999)compilation, NACRE (1999)

SSE2E2=42=42+16+16
--2323 keVkeV--bb subsub--Coulomb Coulomb αα transfer, Brune et al. transfer, Brune et al. 

(1999)(1999)
SSE2E2=85(30) keV=85(30) keV--bb direct measurement, Kunz et al. (2001)direct measurement, Kunz et al. (2001)

SSE2E2=53=53+13+13
--1818 keVkeV--bb 1212C(C(α,α), α,α), TischhauserTischhauser et al. (2002) et al. (2002) 

SSCC=16 keV=16 keV--bb theoretical, Barker and theoretical, Barker and KajinoKajino (91)(91)

SSCC=4(4) keV=4(4) keV--bb direct measurement, Kunz et al. (2001)direct measurement, Kunz et al. (2001)

Stot.160 keV-b



New Total Cross Section MeasurementNew Total Cross Section Measurement

ERNA/Bochum/Napoli (D. Schürmann et al.), using a
Recoil separator and inverse kinematics – all final states





Other Ongoing or Unpublished WorkOther Ongoing or Unpublished Work

• Measurement of β-delayed α spectrum of 16N at Argonne 
National Lab (X.D. Tang et al.)

• Branching-ratio measurements for bound states at Ohio 
University (C.M. Matei et al.)

• 12C(α,γ) measurements: Karlsruhe, Stuttgart (?)



Conclusions and Outlook

My take on S(300 keV):

• S(E1-g.s.) = 80(20) keV-b

• S(E2-g.s.) = 45(25) keV-b

• S(Cascade) = 35(20) keV-b

• S(total) = 160 (40) keV-b

• Improvements in low-energy capture measurements are difficult
• The time is right for a new global analysis
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