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The parameters of the R-matrix are what we are normally 
varying as fit parameters to experimental data.

Reduced width amplitudes

Pole energies

Remember is the level index and  is the channel index.

Also,             can be positive or negative and its sign determines 
the interference pattern between multiple resonances!

Lane and Thomas, XII.5



MULTI-RESONANCE INTERFERENCE

Bardayan et al. (2019)

18F(p,α)15O



The AZURE2 code: an R-matrix code for 
nuclear astrophysics

• Originally developed by R.E. Azuma under the Joint 
Institute for Nuclear Astrophysics (JINA), published 
2010

• AZURE2 developed by Ethan Uberseder, made 
publically available in 2012

• azure.nd.edu

• Developed benchmark to increase the fidelity of 
R-matrix calculations in the community



ASTROPHYSICAL S-FACTOR

Approximately dividing out 
the s-wave Coulomb 
penetrability (visualization / 
computational reasons only)

Highlights the nuclear part of the 
cross section



10B(α,n)13N MEASUREMENT

Liu et al. (2020) PRC

Deuterated liquid scintillator

High Purity Germanium

He Beam

PhD project of Qian Liu



10B(α,d)12C AND 10B(α,p)13C

Lower energy 
measurements 
at LUNA?



Unknown level structure near the α-particle 
threshold.

Levels in the compilation come from 12C+d 
data, but the data is not fit well
How many resonances are there? 
How do they interfere?

Haven’t been successful in also fitting high energy 
12C+d and 13C+p data here yet



12C+d data

12C(d,p0)13C



6Li(α,γ)10B MEASUREMENT
PhD project of August Gula



R-matrix fitting
 Pretty simple, no other open particle channels

 One scattering measurement by Dearnaley et al. (1962)

 One other radiative capture data set from Sprenkel et al. (1961)



Improving uncertainty estimation 
for R-matrix fits

 Bayesian methods provide a way to improve and 
gain more detailed information

 See de Souza et al. (2020) for an application to 
3H(d,n)4He

 Computationally intensive, but probably doable

 Daniel Odell at Ohio University has developed 
the Bayesian R-matrix Inference Code Kit 
(BRICK) for use with the AZURE2 R-matrix code



Improvements

 Current R-matrix process

 Obtain experimental data

 Literature

 Databases (EXFOR)

 Obtain level structure information

 Literature

 Databases (NNDC, TUNL Nuclear Data Project (up to mass 20))

 Try to fit data using known level information

 If this doesn’t work, try to see if adding new levels can give better agreement

 Compile all data that populate the same compound system and try to fit that all 
together

 Perform all of these fits using χ2 fitting

 Perform refined uncertainty analysis using Bayesian uncertainty analysis using 
MCMC sampling



Improvements

 Recent improvements
 Angular distributions for secondary γ-rays following particle emission (still not 

implemented in a released version of the code)

 Bayesian uncertainty analysis using MCMC (BRICK)

 Energy dependent convolution for neutron time of flight type studies

 Various other small improvements that need to be incorporated into public version

 Wish list
 Potential model hybrid calculations

 Constrain background “potential” contribution to the low energy cross section

 Ethan did it for 12C(α,γ)16O but source code was lost

 Energy fitting

 χ2 in AZURE2

 Implemented in BRICK

 Make BRICK more user friendly, GUI if possible?

 Implement an electron screening term in AZURE2



Potential model / R-matrix hybrids



Potential model / R-matrix hybrids

 Sparenburg (2004) and previous

 Short conclusion, there is actually a lot more 
literature here than I thought and I think I’m 
starting to understand it more.



Energy adjustments

 We currently allow the cross section to have an 
adjustable scaling factor but all data sets also 
have an energy uncertainty as well

 This can be a linear shift or something more 
complicated depending on how the experiment 
was performed

 Again, Ethan had implemented this once but 
never shared the source code with me so it was 
lost

 In principle it should be so difficult to 
implement the linear shift. Others are a little 
more complicated

 This should be high priority however!



BRICK upgrades

 Energy variation like in AZURE2 itself (probably easier)

 Graphical User Interface

 Right now this is done through python input files or some python interface like 
Jupyter notebooks

 Jakub has been testing other uncertainty algorithms as well and has made 
some interesting finds



Native electron screening potential term 
in the code

 Should be pretty trivial

 This would just add an additional screening 
term to the cross section

 Also something that should be high priority
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