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MY BACKGROUND

ÅResearch faculty at the University of Notre Dame

ÅNuclear astrophysics

ÅEnergy and safeguards

ÅLow mass reactions with broad interfering resonances

ÅPhenomenological R-matrix and uncertainty quantification



THE UNIVERSITY OF NOTRE DAME NUCLEAR SCIENCE 
LABORATORY

ÅòMidscaleó nuclear physics laboratory

ÅLow energy nuclear reactions

ÅNuclear astrophysics

ÅNuclear Structure

ÅEnergy and Safeguards

ÅParticle accelerators

Å5MV single ended machine

Å10MV Tandem

Å3MV Tandem



WE DO LOTS OF MEASUREMENTS!



PEOPLE

ÅAround 30 graduate students

Å19 faculty

Å10 tenure track faculty

Å7 research faculty

Å2 theory



LECTURE OUTLINE

ÅLecture 1: Nuclear Models and Introduction to R-matrix theory

ÅLecture II: Phenomenological R-matrix and uncertainty quantification



LECTURE 1: NUCLEAR MODELS 
AND R-MATRIX THEORY



REACTION 
MECHANISMS

ÅVery fast --- time scale of 10-22 s

ÅNo intermediate state

Direct reaction

ÅSignificantly slower --- 10-15 to 
10-19 s

ÅIntermediate state that has time 
to thermally equilibrate

Compound Nucleus



THE 
COMPOUND 

NUCLEUS

ÅA nuclear system that has 

intrinsic properties that do 

not depend on how it was 

created

ÅLevel energies, decay widths

ÅDominates at low energies



DIRECT 
REACTION

ÅNo intermediate state

ÅDominates at high energy



THE EVOLVING RESONANCE REGION

Shamelessly stolen from a lecture by Gregory Potel



DIFFERENT THEORIES FOR DIFFERENT 
ENERGY RANGES

Shamelessly stolen from a lecture by Gregory Potel



NEAR THRESHOLD STATES ARE PARTICULARLY IMPORTANT 
FOR NUCLEAR ASTROPHYSICS

s

At the temperatures of stellar burning, the rates 

are often dominated by a few resonances



Shamelessly stolen from a lecture by Gregory Potel



THE COMPOUND NUCLEUS HAS 
INTRINSIC PROPERTIES

ÅEach level has a spin-parity (Jp), energy 

(Ex) and a set of partial decay widths 

(Gi)

ÅIt doesnõt matter what reaction is used 

to create the compound nucleus; these 

properties are always the same

ÅThat means that we can use many 

different types of reactions to learn 

about the properties of a compound 

system

ÅIt also means that any mathematical 

model must be self consistent when 

describing the cross section of the 

different reactions

16O*



CONNECTION BETWEEN THE ENERGIES OF 
REACTIONS AND THE LEVELS OF THE 

COMPOUND NUCLEUS

Ex = Ec.m. + Si

Ec.m. = Elab Ҏ MH  / (MH + ML)

(when ML is the beam particle)

Ml = mass of light particle

MH = mass of heavy particle

Elab = beam energy in the lab frame

Ec.m. = energy in the center of mass frame

Ex = excitation energy

Si = separation energy



ASTROPHYSICAL S-FACTOR

Approximately dividing out 

the s-wave Coulomb 

penetrability (visualization / 

computational reasons only)

Highlights the nuclear part of the 

cross section



SEPARATION ENERGIES

ÅHow much energy it takes to pull a nucleus apart into smaller 
pieces

ÅIts just the difference in mass between the two individual 
particles and the compound nucleus

ÅExample: 12C + a separation energy in 16O, 

ÅM(16O) = 15.994914619257(319) amu

ÅM(12C) = 12 amu

ÅM(4He) = 4.002603254130(158) amu

Å1 amu = 931.502 MeV/c2 

Å[ M(12C) + M(4He)] - M(16O) = 7.16198 MeV



ITS HARD TO MODEL THE NUCLEAR 
POTENTIAL

ÅMany-body interactions are very hard to model

ÅEssentially, if you have more than two interacting particles at 

the same time, the theory becomes extremely difficult

ÅModeling the nucleus is exactly this problem

ÅEach nucleon in the nucleus interacts with the others 

simultaneously

ÅThis is much different from, say, atomic physics, where the 

electrons are far from the nuclear core and their 

interactions can be treated independently (perturbatively)  

Atomic interactions

(long range)

Nuclear interactions

(short range)



AB INITIO 
MODELS

ÅModels that try to model nuclear interactions from 

as basic of a level as possible

ÅQuantum chromodynamics (QCD) (quarks and gluons) -

-- not yet

ÅNucleon-nucleon interactions, with the many-body 

problem solved numerically up to some controlled 

approximation

Å Its always improving and that is part of the definition of 

it. 

ÅExamples for light mass reactions: Faddeev-Yakubovsky, 

hyperspherical harmonics, no-core shell model and 

quantum Monte Carlo lead to òexactó solutions to the 

many-body Schrödinger equation



EXAMPLE: d(t,n)3He

ÅHupin et al., Nature Communications 
(2019), https://doi.org/10.1038/s41467-
018-08052-6

ÅAb initio no-core shell model with 
continuum to solve the five nucleon 
problem and chiral effective field theory to 
make approximations that streamline the 
computations

ÅA small phenomenological correction still 
had to be applied to the resonance energy



WHY PHENOMENOLOGICAL MODELS?

ÅWe want to use nuclear cross sections as inputs for other applications

ÅNuclear astrophysics --- modeling energy production and nucleosynthesis in stellar 

environments

ÅApplied physics --- modeling nuclear reactors, nuclear fuel storage and nuclear 

weapons

ÅWe need a model that is flexible enough that it can both very accurately 

describe data but have enough physical constraint so that it can be used for 

extrapolation to unmeasured regions

match 

experimental 

data

fundamental 

physics 

constraint



EXAMPLE PHENOMENOLOGICAL MODELS

ÅR-matrix models

Å No specific potential is defined

Å Allows for maximum flexibility to 
fit data

Å In the ideal case, all channels are 
modeled data from each is fit and 
unitarity is conserved

Å All resonances are added ad hoc

Å Resonance interference is 
accurately modeled

Å Background terms need to be 
included to model direct reaction 
part

Å Each resonance has a tunable energy 
(E), reduced width amplitude (gi) and 
each channel has a radius parameter 
(ac)

ÅPotential models

Å Different (simple) functional forms for the 
potential are used

Å Often uses a Coulomb part plus Woods-Saxon 
potential and a surface absorption term

Å Reproduces many resonances and direct 
part of the cross section directly from the 
potential 

Å Additional resonances may have to be 
added ad hoc using individual Breit -
Wigner functions

ÅIf an absorption term is used, it doesnõt 
conserve unitarity. Usually just fits one 
reaction at a time.

Å Tunable parameters: potential strengths (Vi), 
radii (r i) and diffuseness (ai) and possibly BR 
parameters as well

ÅEffective field theory

ÅDerived as an expansion of 
momentum, where the momentum 
is small compared to the binding 
energies of the interacting particles

ÅModel accuracy (uncertainty) 
in the calculation can be 
estimated from the number of 
terms used in the expansion

ÅFit parameters are the effective 
range parameters (ERP). Some of 
these ERPs, can be related to 
fit parameters of other 
theories, such as level energies 
and asymptotic normalization 
coefficients (ANCs) 

ÅStill under development

Ando (2020)N
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GOAL: SOLVE THE NUCLEAR 
SCATTERING PROBLEM

Shamelessly stolen from a talk by Gregory Potel



òSTANDARD SCATTERING THEORYó

Shamelessly stolen from a talk by Gregory Potel

Å R-matrix, DWBA, 

whatever, this is the 

problem we are trying to 

solve

Å The difference is how we 

handle V(r)



THE GENERAL ABSTRACT SOLUTION



Å No matter the assumptions, we 

can start with a general solution 

based on Greenõs function 

method

THE GENERAL ABSTRACT SOLUTION



DIFFERENT ASSUMPTIONS FOR 
DIFFERENT PROBLEMS

ÅCompound nucleus, R-matrix

ÅThere are a complete set of orthonormal internal wave functions , which can be associated with 

intermediate states in the compound nucleus

Å Incoming plane waves, outgoing spherical waves

ÅLimited by truncation of infinite expansions: momentum, levels, channels

ÅDirect reactions, Distorted wave born approximation

ÅThe scattering is weak, incoming plane wave is not significantly altered by the potential

Å Incoming plane waves, outgoing plane waves



PHENOMENOLOGICAL R-MATRIX

ÅIncludes òfundamentaló quantum mechanics 

information

R-matrix bible

Descouvemont and Baye (2010)

deBoer et al. (2017), R-matrix theory section by Carl Brune



What is R -matrix used for?
ÅItõs a nuclear reaction theory framework , primarily suited for resonance 

dominated cross sections

¶That usually means, low energy nuclear reactions, but can extend high up in mass

ÅParameterize and evaluate nuclear data to determine cross sections

Brown et al . (2018), ENDF/B VIII.0
de Souza et al . (2024)



NNDC.BNL.GOV

What is it used to for?
ÅNuclear resonance parameters

¶Nuclear structure

ÅEvaluated cross sections

¶ENDF/B

¶Nuclear reaction particle transport codes (e.g. scale, 
GEANT4, MCNP, etc.)

ÅExtrapolate cross sections to near -threshold values

¶Stellar reaction rates



NUCLEAR DATA END USES

Astrophysics

Nuclear Energy

Nuclear 

Medicine

Nuclear 

Safeguards



A bit of history

ÅVery early nuclear theory was constructed in an ad hoc fashion with 
the assumption that the reactions proceeded by the compound 
nucleus mechanism first described by Bohr and Bethe around 1937

¶The only theory at that time that seemed relevant was Weisskopf and 
Wignerõs theory for an atomic system 

¶In 1938 Kapur  and Peierls  developed a rigorous nuclear theory 
(perturbation theory) that did not depend on an assumed underlying 
reaction mechanism

¶It can be easily associated with the compound nucleus theory if states 
that are far away in energy are ignored

ÅIn the 1940õs Wigner and Eisenbud  then reworked Kapur  and Peierls  
theory to make the energy dependence of different quantities more 
explicit, and this became R -matrix theory.

ÅIn 1958 Lane and Thomas wrote the òbibleó of R-matrix theory by 
pulling together all of this previous work. This is largely what is still 
used today.

Weisskopf

Wigner

Peierls



The nucleus

rc = ac

Outside: two particle clusters 

that do not interact except 

through the Coulomb 

force

Inside: Complex 

Many-body nuclear 

interactions

CLASSIC BOUNDARY VALUE 
PROBLEM

At rc > ac

     V = VCoulomb

At rc < ac

     V = V?



CHANNELS

C*a+A asl = c

c Ą cõ



TIME REVERSAL SYMMETRY

C*b+B asl = c

cõ Ą c



UNITARITY: CONSERVATION OF PROBABILITY
TWO BODY REACTIONS ONLY

C* 2 go out Ą2 go in Ą

No imaginary 

potential terms



LOTS OF 
DEFINITIONS



VECTOR (SPIN-ORBIT) COUPLING

hyperPhysics.phys-astr.gsu.edu



TERMINOLOGY

ÅPartition (a) --- group of two particles that the system can be decomposed into (ex. 12C+a). Outside of R-
matrix theory, a partition is often called a channel, which can lead to some confusion.

ÅChannel (c = asl) --- a partition with a specific channel spin and angular momentum

ÅChannel spin (s) --- s = s1+s2

ÅRelative orbital angular momentum (l) --- the relative angular momentum of a channel

ÅChannel radius (ac) --- phenomenological parameter, somewhat arbitrary division of the internal and external 
space, does NOT  correspond to a real nuclear radius

Åreduced width amplitude (gc) --- phenomenological parameter related to the width of a level (gc
2 is the 

reduced width)

Åresonance pole energy (El) --- parameter associated with the energy of a level (does not necessarily 
correspond to the observed energy of a level in the formal theory)

ÅBoundary condition (Bc) --- phenomenological parameter, can be eliminated using the alternative Brune 
parameterization



OUTLINE OF THE R-MATRIX METHOD

ÅThe problem assumes

ÅPoint like particles, 3D

ÅTwo particles in, two particles out (unitarity)

ÅAngular momentum and parity conservation

ÅLong-range Coulomb interaction

ÅTime-reversal invariance 

ÅNo potential specified!

Wave functions of relative motion

At rc > ac

We need to derive the radial wave function uasl

Solve the radial Schrödinger equation



INCOMING AND OUTGOING PARTIAL WAVE 
EXPANSION IN THE EXTERNAL REGION

ÅThe solution to the Schrödinger equation in the 

external  region

ÅAt positive energies in a Coulomb field

wc are the nuclear phase shifts.

where Gc and Fc are the irregular and 

regular Coulomb functions , 

respectively, and

Remember a square well potential? The solution to the wave 

functions in the box are sin and cos, which are just another pair 

of special functions

hyperPhysics.phys-astr.gsu.edu



ÅThe solution to the Schrödinger equation in the 

external region

ÅAt negative energies in a Coulomb field

ÅNow we can write down the complete external 

(channel) wave functions

where W is the Whittaker function ,  

and

hyperPhysics.phys-astr.gsu.edu

Remember a square well potential? The solution to the wave 

functions outside the box is an exponential function, which is 

just another special function

INCOMING AND OUTGOING PARTIAL WAVE 
EXPANSION IN THE EXTERNAL REGION



INTERNAL WAVE FUNCTIONS

ÅWe make very few assumptions about the internal wave functions

ÅThey satisfy the wave equation

ÅThey can be expanded in mutually orthogonal eigenfunctions (level wave functions)

ÅWe will end up associating this l index with a level in the compound nucleus

ÅWe donõt know               and will never actually define them further



FUNCTIONS AT THE CHANNEL SURFACE RC = AC

external functions

(more definitions)

Shift 

function

Coulomb

Penetrability 

function

Hard sphere phase shifts



MATCHING WAVE FUNCTIONS AT THE 
BOUNDARY SURFACE

ÅWe match the wave functions and their derivatives at the boundary surface

ÅTo solve for         analytically we would have to know the form of the internal 

wave functions            

ÅInstead, the         and      become parameters that are obtained by fitting to data. 

They are just numbers after all (reduced width amplitudes and pole energies).

ÅThere is a         for each possible decay channel for each level, which can lead to 

quite a lot of fit parameters depending on our specific problem

Å The         are the reduced width amplitudes

ÅThe           are the reduced widths 

Convolution of the surface wave 

function (external) and the internal 

wave function, which we canõt solve!

By taking the 

logarithmic derivative 

at the channel surface



ASIDE: REDUCED WIDTH AMPLITUDE

How much do the two particles fusing together look like an internal state?

Å Kind of like a s pectroscopic factor

ÅWigner limit:

Å Normalized reduced width



GREENõS THEOREM

Greenõs theorem, single channel

Boundary condition

The Greenõs function that relates the value of the 

wave function to its derivative on the surface.

The R-function
This R-matrix is essentially the 

result of these boundary 

conditions



RELATION TO THE COLLION FUNCTION

ÅMatching the internal and external wave functions at the surface

ÅThe collision matrix can also be expressed as a phase shift

Nuclear phase shift



CONNECTION WITH GENERAL REACTION THEORY OR 
THE COLLISION MATRIX (U)

Generalized to the multichannel case,

The R-matrix

Connection to the collision matrix

All these other matrices besides R 

can be calculated from special 

functions
Transition Matrix (T-matrix)



ÅThe mathematics is 

similar to that of wave 

guides in E&M

Channel  Surfaces

De Saint Jean et al . (2021)



THERE ARE A LOT OF DIFFERENT 
METHODS TO DERIVE THIS

ÅDescouvemont and Baye (2010)

ÅB is the boundary parameter (an arbitrary constant)

ÅInhomogeneous Block-Schrödinger equation

THE BLOCK OPERATOR

Single channel case

Greenõs 

function 

solution



MAIN TAKE-AWAYS

ÅThe cross section is derived in terms of a partial wave expansion

ÅThe solution is a series of poles: 

ÅThe square is proportional to observables like the cross section

ÅWe have a much more physically constrained fit function than the Briet-Wigner approximation



TRUNCATION OF MANY THINGS

ÅTheory has infinite sums over Jp, levels (for each Jp), channels, and angular momentum

ÅDrastic truncations are often made, how can this approach still work?

ÅLevels have a local  (energy) effect on the cross section

Å If resonances have larger widths, data should cover a wider energy range

ÅCan sometimes get by with just the levels in the energy range covered by your data

ÅSometimes need subthreshold states and/or background states

ÅAt low energies, low angular momenta dominate

ÅPenetrability, both orbital and Coulomb

ÅClosed channels usually donõt have much of an effect except near (above) thresholds

ÅCan cause trouble for data sets that end at a particle threshold

ÅDonõt expect a good fit at the highest energies of your data

l = level index



THE (UNPOLARIZED) DIFFERENTIAL) 
CROSS SECTION

Coulomb term

Resonance term

Interference term



ADSIDE: 
WOLFENSTEIN 

TRACE 
FORMALISM

ÅGeneral formalism to 

calculate any observable

ÅLincoln Wolfenstein

ÅMSW  effect

ÅNeutrino oscillations in 

matter

ÅPolarization observables give 

us constraints on each 

element of the T-matrix, but 

they are hard to measure 

experimentally

https://www-nds.iaea.org/index-meeting-crp/CM-R-matrix-2016/docs/Paris_2016.pdf

Talk by Mark Paris (LANL)



WHY THE BOTHER?

ÅReduced width amplitudes are real, but can be positive or 

negative in sign

++

or

--

+-

or

-+



THE CLASSIC EXAMPLE: 
THE DOUBLE SLIT EXPERIMENT

ÅClassically, the two signals would just add 

together (incoherently)

ÅIn the quantum world, (indistinguishable) 

things add together coherently 



ASTROPHYSICAL S-FACTOR

Approximately dividing out 

the s-wave Coulomb 

penetrability (visualization / 

computational reasons only)

Highlights the nuclear part of the 

cross section



INTERFERENCE

ÅIncluded in the SHAPE of the cross 

section, is the correct modeling of the 

interference between resonances, which 

is very important for EXTRAPOLATING 

the cross section to low energy



MULTI-RESONANCE INTERFERENCE

Bardayan et al. (2019)

18F(p,a)15O



l = 0,

1

2

3



BACKGROUND POLES (BGP)

ÅSince there is a different R-matrix for each Jp, one should consider at least one BGP for each

ÅCan represent two (or maybe even more distinct physical things)

ÅA real level at an energy just higher than the data

ÅThe sum of all levels at higher energy

ÅThe òpotentialó contribution to the cross section (non-resonant)

ÅIn practice you want your data to extend to an energy range where the cross section is weaker 

at higher energy



BGPS CONTINUED

ÅA good situation

ÅBGP is at 40 MeV

ÅContribution is relatively flat as a 

function of S-factor

ÅHigher energy resonances are 

weak

ÅHigh energy data constrains the 

magnitude of the BGP 

contribution well



BGPS CONTINUED

ÅA bad situation

ÅBroad, strong, resonances are present 

at these higher energies

ÅCould the tails of these broad, higher 

energy resonances contribute to the 

low energy cross section?

ÅFit to the high energy data not 

accomplished satisfactorily 

ÅBGPs definitely needed, but not 

constrained so well



Transformations from R-matrix to observable 
parameters



Special conditions

Observable energy

Observable width

Observable condition

άƻƴ-ǊŜǎƻƴŀƴŎŜέ ŎƻƴŘƛǘƛƻƴ



Careful to note!

observable

formal



BRUNE PARAMETERIZATION

ÅCan do fits in terms of òobservableó energies and reduced widths (Er, gi)

Unbound state Bound state



PRIMARY g-RAY TRANSITIONS

ÅOften implemented using perturbation 

theory

ÅWorks in cases where the electromagnetic part 

of the interaction is small compared to the 

hadronic part

ÅAlternative approaches include Reich -

Moore and relativistic wave functions

ÅCan include a direct capture model

ÅExternal Capture

ÅFirst used by Holt et al. (1978) 

to fit 17O(n,g)16O data

ÅUsed by Barker and Kajino 

(1991) to fit 12C(a,g)16O

ÅUsed by Angulo and 

Descouvemont (2001) to fit 
14N(p,g)15O

ÅDetailed description in deBoer 

et al. (2017) by Carl Brune

ÅMathematic 

implementation is rather 

cumbersome 



WHY R-MATRIX?

ÅAssumption: the data is correct

ÅMaximum flexibility Ą can most accurately reproduce 
experimental data

ÅMaximum flexibility Ą easiest to mess up / most influenced 
by incorrect data

ÅTrack record is pretty good

ÅIt's been used for a long time, a lot of the details of the 
formalism have been derived and are accessible in the 
literature

ÅComputer codes are available and accessible



LECTURE 2: PHENOMENOLOGICAL 
APPLICATION OF R-MATRIX



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

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

ÅAZURE2 developed by Ethan Uberseder, made 
publically available in 2012

Åazure.nd.edu

ÅJakub Skowronski is working on many upgrades!

Åhttps://github.com/rdeboer1/AZURE2/



WHAT ARE AZURE2õS MAIN CAPABILITIES?

ÅDesigned originally for charged particle reactions 

and for extrapolations to low energy

Å 12C(a,g)16O was the benchmark reaction

ÅRadiative capture

ÅSimultaneous multiple exit and entrance channel 

fits (AZURE2)

ÅLots of active development

ÅNeutron resolution / experimental routines

ÅThick-target yields

Å Improved Coulomb functions / error handling

ÅSecondary gamma-ray angular distributions after 

particle emission

Graphical user interface (Qt)



WHAT FIT PARAMETERS DOES AZURE2 
USE?

ÅWe use the alternative parameterization of Brune (2002) to replace formal R-matrix parameters (pole energies, 

reduced widths) with observable level parameters (Level energies, partial widths, asymptotic normalization coefficients)

ÅThis alternative parameterization was a real improvement in accessibility for the R-matrix technique, because the 

formal parameters have no intuitive meaning, so they are more difficult to work with.

ÅAlso, by using observable parameters it means that there are no large databases where parameter values are already 

cataloged that can be used as initial starting values for a fit.

We can use the parameters listed in 

compilations like NNDC directly.



THE IMPORTANCE OF ADDITIONAL 
CONSTRAINTS

ÅThe phenomenological R-matrix theory only has limited (but sometimes powerful) 

physical constraints

ÅMomentum conservation (resonance interference)

ÅConservation of probability flux (unitarity)

ÅTime reversal symmetry

ÅSince limited nuclear physics constraint is present, we need to be very careful

ÅLegitimate R-matrix criticism: you can fit any cross section you want to arbitrary precision if 

you use an arbitrarily large number of levels

Å It is therefore very important to have either a well -known level structure or a 

LOT of constraining data

ÅIf you donõt have either of these things, e.g. few data with poorly understood level structure, 

then you need to be very careful about your claims (uncertainties)

ÅòMore carefuló usually equals òMany more calculations to test different assumptionsó.

ÅThe inclusion of additional information from nuclear structure / theory helps a lot, if it 

is available.



WHAT KIND OF REACTIONS ARE APPLICABLE 
FOR R-MATRIX?

ÅUsually Compound Nucleus

ÅTwo step reactions (a+A Ą C* Ą b+B)

ÅNo three body yeté

ÅUsually nucleon ð nucleon reactions

ÅBut can also be extended to capture (a+A Ą C* + g)

ÅAnd even (C* + b Ą b+B)

ÅUsually low energy

ÅLow angular momentum dominates

ÅUsually low level density

ÅPractical limitations

ÅUseful when broad resonances are present in the cross section



RADIATIVE CAPTURE

ÅWe very often need to analyze radiative capture data

ÅBecause this is an E&M interaction, it is not a viable 

channel for standard R-matrix

ÅLane and Thomas give a perturbative approach for 

resonance (internal) radiative capture

ÅUnlike particle interactions, a direct mechanism is 

very significant for many radiative capture reactions 

even at low energies (external radiative capture)

ÅHolt et al. (1978), Barker and Kajino (1991),  Angulo and 

Descouvemont (2001)

ÅAsymptotic Normalization Coefficient (ANC) gives the 

magnitude of the direct capture

ÅSee the many works by Akram Mukhamedzhanov

Acharya et al. (2025), Solar Fusion III



RADIATIVE DIRECT OR COMPOUND 
CAPTURE?

ÅCoulomb 

penetrability 

energy 

dependance

Rolfs (1973), DC model

16O(p,g)17F

ÅCharacteristic 

angular 

distributions



A COMMON CASE: NARROW RESONANCE 
SUPERIMPOSED ON A DC BACKGROUND

Rolfs (1973)



The ANC connection

Scattering: this work

Capture: Imbriani et al. (2005), 
Runkle et al. (2005), 
Schroeder et al. (1987)

ER = -0.51 MeV
      Jp = 3/2+

Subthreshold 
Width ANCp

Height Gg0

3/2+

R-matrix Contributions to the 
cross section
ÅResonances (Gp, Gg, E)
ÅSubthreshold states 

(ANCs, g-decays)
ÅDirect Capture (ANCs)

Mukhamedzhanov 
and Tribble (1999)

Strength of the 
Direct Capture 
ANCp

Subthreshold 
Width ANCp


