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R-Matrix 
 

R-Matrix 

The 
experimentalist’s 
hope 

…but it’s never 
quite that easy… 



Some Theory… 



The R-Matrix Formalism 
•  “Bible”: Lane and Thomas, Rev. Mod. Phys. 30, 257 (1958)[1] 
•  Basics: split system into internal and external regions: 

Internal: 
Nuclear + 
Coulomb 

“R-matrix radius” 

External:  
Coulomb only 



The R-Matrix Formalism 
•  R-Matrix radius ~ nuclear radius, slightly larger 
•  Various incoming “channels” 

15O + α 19Ne 18F + p 



The R-Matrix Formalism 
•  Internal Region: 

–  Wavefunction not well understood, cannot obtain cross section… 
•  Radial and spherical contributions 
•  Set of orthonormal basis functions 

•  Calculating coefficients and solving Schrodinger equation: 

•  Purely radial 
•  All spherical dependence absorbed by γ 
•  Extract “R-matrix”: 
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The R-Matrix Formalism 
•  External Region: 

–  Purely Coulomb potential 
–  Radial wavefunction is well understood combination of well known 

Coulomb functions: 

•  Ucc’ = scattering matrix 
•  Substitution into internal wavefunction gives scattering matrix 

in terms of R-matrix: 
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The R-Matrix Formalism 
•  To cross section: 

–  One U for every Jπ group  

•  U ~ e2iδ, δ = total phase shift: 

•  δ = phase of U 
•  Cross section calculated either directly from U or from phase 

shifts 

dσ
dΩ

∝UJUJ '
*

dσ
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∝ cos 2 δJ −δJ '( )( )



R-Matrix Implementation 
•  Simplified multi channel code (P. Descouvemont): 

dσ
dΩ

∝ cos 2 δJ −δJ '( )( )



Experimental Work 



18F(p,α)15O 
Motivation 
•  18F is the dominant gamma-ray emitter in novae 
•  Abundance strongly dependent on rate of this reaction 
•  Reaction proceeds through poorly known resonances in 19Ne 
•  Theoretical expectation of additional states 

HST: Nova Cygni 

Need to find and characterise states in 19Ne 



Generic Set Up 

18F beam 
Detectors 

CH2 

Degrader 

§   Pure, intense 18F beam  
§   ‘Thick’ CH2 target 
§  18F stopped in target 
§   Adjust beam energy &target thickness for desired Ecm coverage 
§   Protons and alpha particles detected downstream in DSSDs 

Simultaneous excitations functions of  
18F(p,p)18F & 18F(p,α)15O 



Physics 

19Ne 

18F+p 

15O+a 
3529 keV 

6411 keV 2882 keV 

1+ ✕ 1/2+   

1/2- ✕ 0+   

Ecm 



Actual Set Up 





Thick Target Technique 



Experimental Data 

Protons 
Alpha particles 

Carbon ions 

Contaminant 
Time 
of 
Flight 

Elab 



Experimental Data 



Results 
	
  	
   Ecm	
  (MeV)	
   Jπ	
   Γp(keV)	
   Γα(keV)	
   Int	
  

A	
   0.665	
   3/2+	
   15	
   24	
   +	
  

B	
   0.759(20)	
   3/2+	
   1.6(5)	
   2.4(6)	
   	
  	
  

C	
   1.096(11)	
   5/2+	
   3(1)	
   54(12)	
   	
  	
  

D	
   1.160(34)	
   3/2+	
   2.3(6)	
   1.9(6)	
   	
  	
  

E	
   1.219(22)	
   3/2-­‐	
   21(3)	
   0.1(1)	
   	
  	
  

F	
   1.335(6)	
   3/2+	
   65(8)	
   26(4)	
   -­‐	
  

G	
   1.455(38)	
   1/2+	
   55(12)	
   347(92)	
   	
  	
  

H	
   1.571(13)	
   5/2+	
   1.7(4)	
   12(3)	
   	
  	
  

•  Mountford et al., Phys. 
Rev. C 85, 022801(R) 
(2012) 

•  Results of R Matrix 
analysis carried out using 
DREAM code from P. 
Descouvemont 



Preliminary Results (A) 
	
  	
   Ecm	
  (MeV)	
   Jπ	
   Γp(keV)	
   Γα(keV)	
   Int	
  

A	
   0.665	
   3/2+	
   15	
   24	
   +	
  

B	
   0.759(20)	
   3/2+	
   1.6(5)	
   2.4(6)	
   	
  	
  

C	
   1.096(11)	
   5/2+	
   3(1)	
   54(12)	
   	
  	
  

D	
   1.160(34)	
   3/2+	
   2.3(6)	
   1.9(6)	
   	
  	
  

E	
   1.219(22)	
   3/2-­‐	
   21(3)	
   0.1(1)	
   	
  	
  

F	
   1.335(6)	
   3/2+	
   65(8)	
   26(4)	
   -­‐	
  

G	
   1.455(38)	
   1/2+	
   55(12)	
   347(92)	
   	
  	
  

H	
   1.571(13)	
   5/2+	
   1.7(4)	
   12(3)	
   	
  	
  

•  Well known ‘665keV’ 
state 

•  Cross sections scaled to 
this state 



Preliminary Results (B) 
	
  	
   Ecm	
  (MeV)	
   Jπ	
   Γp(keV)	
   Γα(keV)	
   Int	
  

A	
   0.665	
   3/2+	
   15	
   24	
   +	
  

B	
   0.759(20)	
   3/2+	
   1.6(5)	
   2.4(6)	
   	
  	
  

C	
   1.096(11)	
   5/2+	
   3(1)	
   54(12)	
   	
  	
  

D	
   1.160(34)	
   3/2+	
   2.3(6)	
   1.9(6)	
   	
  	
  

E	
   1.219(22)	
   3/2-­‐	
   21(3)	
   0.1(1)	
   	
  	
  

F	
   1.335(6)	
   3/2+	
   65(8)	
   26(4)	
   -­‐	
  

G	
   1.455(38)	
   1/2+	
   55(12)	
   347(92)	
   	
  	
  

H	
   1.571(13)	
   5/2+	
   1.7(4)	
   12(3)	
   	
  	
  

•  Reported by Nesaraja/
Dalouzy 

•  Significantly weaker than 
Dalouzy 

•  Consistent in strength 
with Nesaraja 



Preliminary Results (C & D) 
	
  	
   Ecm	
  (MeV)	
   Jπ	
   Γp(keV)	
   Γα(keV)	
   Int	
  

A	
   0.665	
   3/2+	
   15	
   24	
   +	
  

B	
   0.759(20)	
   3/2+	
   1.6(5)	
   2.4(6)	
   	
  	
  

C	
   1.096(11)	
   5/2+	
   3(1)	
   54(12)	
   	
  	
  

D	
   1.160(34)	
   3/2+	
   2.3(6)	
   1.9(6)	
   	
  	
  

E	
   1.219(22)	
   3/2-­‐	
   21(3)	
   0.1(1)	
   	
  	
  

F	
   1.335(6)	
   3/2+	
   65(8)	
   26(4)	
   -­‐	
  

G	
   1.455(38)	
   1/2+	
   55(12)	
   347(92)	
   	
  	
  

H	
   1.571(13)	
   5/2+	
   1.7(4)	
   12(3)	
   	
  	
  

•  C reported by Murphy – 
narrower but current 
result relatively consistent 

•  C and D reported by 
Dalouzy/Nesaraja at 
different strengths 

•  C in good agreement in 
energy 



Preliminary Results (E) 
	
  	
   Ecm	
  (MeV)	
   Jπ	
   Γp(keV)	
   Γα(keV)	
   Int	
  

A	
   0.665	
   3/2+	
   15	
   24	
   +	
  

B	
   0.759(20)	
   3/2+	
   1.6(5)	
   2.4(6)	
   	
  	
  

C	
   1.096(11)	
   5/2+	
   3(1)	
   54(12)	
   	
  	
  

D	
   1.160(34)	
   3/2+	
   2.3(6)	
   1.9(6)	
   	
  	
  

E	
   1.219(22)	
   3/2-­‐	
   21(3)	
   0.1(1)	
   	
  	
  

F	
   1.335(6)	
   3/2+	
   65(8)	
   26(4)	
   -­‐	
  

G	
   1.455(38)	
   1/2+	
   55(12)	
   347(92)	
   	
  	
  

H	
   1.571(13)	
   5/2+	
   1.7(4)	
   12(3)	
   	
  	
  

•  Previously reported by 
Nesaraja and Murphy 

•  Agreement in spin with 
Murphy 

•  No agreement in strength 
•  Required to fit bottom of 

state F 



Preliminary Results (F) 
	
  	
   Ecm	
  (MeV)	
   Jπ	
   Γp(keV)	
   Γα(keV)	
   Int	
  

A	
   0.665	
   3/2+	
   15	
   24	
   +	
  

B	
   0.759(20)	
   3/2+	
   1.6(5)	
   2.4(6)	
   	
  	
  

C	
   1.096(11)	
   5/2+	
   3(1)	
   54(12)	
   	
  	
  

D	
   1.160(34)	
   3/2+	
   2.3(6)	
   1.9(6)	
   	
  	
  

E	
   1.219(22)	
   3/2-­‐	
   21(3)	
   0.1(1)	
   	
  	
  

F	
   1.335(6)	
   3/2+	
   65(8)	
   26(4)	
   -­‐	
  

G	
   1.455(38)	
   1/2+	
   55(12)	
   347(92)	
   	
  	
  

H	
   1.571(13)	
   5/2+	
   1.7(4)	
   12(3)	
   	
  	
  

•  Observed by Murphy 
with less strength 

•  New strength due to 
strong correlation with 
state G  



Preliminary Results (G) 
	
  	
   Ecm	
  (MeV)	
   Jπ	
   Γp(keV)	
   Γα(keV)	
   Int	
  

A	
   0.665	
   3/2+	
   15	
   24	
   +	
  

B	
   0.759(20)	
   3/2+	
   1.6(5)	
   2.4(6)	
   	
  	
  

C	
   1.096(11)	
   5/2+	
   3(1)	
   54(12)	
   	
  	
  

D	
   1.160(34)	
   3/2+	
   2.3(6)	
   1.9(6)	
   	
  	
  

E	
   1.219(22)	
   3/2-­‐	
   21(3)	
   0.1(1)	
   	
  	
  

F	
   1.335(6)	
   3/2+	
   65(8)	
   26(4)	
   -­‐	
  

G	
   1.455(38)	
   1/2+	
   55(12)	
   347(92)	
   	
  	
  

H	
   1.571(13)	
   5/2+	
   1.7(4)	
   12(3)	
   	
  	
  

•  Descouvemont state? 
•  Stay tuned… 



Preliminary Results (H) 
	
  	
   Ecm	
  (MeV)	
   Jπ	
   Γp(keV)	
   Γα(keV)	
   Int	
  

A	
   0.665	
   3/2+	
   15	
   24	
   +	
  

B	
   0.759(20)	
   3/2+	
   1.6(5)	
   2.4(6)	
   	
  	
  

C	
   1.096(11)	
   5/2+	
   3(1)	
   54(12)	
   	
  	
  

D	
   1.160(34)	
   3/2+	
   2.3(6)	
   1.9(6)	
   	
  	
  

E	
   1.219(22)	
   3/2-­‐	
   21(3)	
   0.1(1)	
   	
  	
  

F	
   1.335(6)	
   3/2+	
   65(8)	
   26(4)	
   -­‐	
  

G	
   1.455(38)	
   1/2+	
   55(12)	
   347(92)	
   	
  	
  

H	
   1.571(13)	
   5/2+	
   1.7(4)	
   12(3)	
   	
  	
  

•  Observed by Dalouzy 
(alternative π) and 
Murphy (alternative J) 

•  Dalouzy J unambiguous 
but π inferred 

•  Current data strongly 
favours Jπ=5/2+ at 
consistent strengths 



Dufour/Descouvemont State?? 
•  Candidate state observed at 

ECM=1.455MeV (G) 
•  More than a factor of 2 

narrower than predicted in 
proton channel 

•  More than a factor of 2 
broader than predicted in 
alpha channel 

•  But consistent in total width 
(402(93)keV) with Dalouzy 
(292(107)keV 

•  Broad state is required to 
fit to data 



Impact: Enhanced S-Factor 
•  Low energy and sub-threshold parameters as in [3] 
•  Enhanced by prediction of [2]  

[2] Dufour/Descouvemont, Nucl. Phys. A 785 (2007) 
[3] Iliadis et al., Nucl. Phys. A 841, 251 (2010) 



A bit more about the fitting… 

Problems 

•  Many parameter fit 

•  10 x statistics in (p,p) 
channel compared to 
(p,α) 

•  Changing energy 
resolution 



Solutions… 
Energy 
Resolution 

•  Monte Carlo to estimate energy resolution 
•  dE(E) in (some) R-Matrix code  

Complexity 

Statistics 

•  Iterative analysis 
–  Literature values 
–  Trial and error (by eye adjustments) 
–  Fitting single resonances 
–  Fitting multiple resonances 
–  Fitting multiple channels 
–  Fitting entire data set 

•  Play God 
–  Initially adjust error bars to change weightings 
–  Make active use of error matrix (covariance) 



Co-variance 



Alternative R-Matrix 
Implementation: AZURE 

•  Generally available code from JINA 
•  No limit to number of channels 

dσ
dΩ

∝UJUJ '
*



R-Matrix Comparison 
•  Same parameters in each code: 



R-Matrix Comparison 
•  Same parameters in each code: 



R-Matrix Comparison 
•  Individual Jπ groups: 



R-Matrix Comparison 
•  Combining 1/2+ and 5/2+: 

•  Opposite interference between groups 
•  Discrepancy is not in angular coupling coefficients  



R-Matrix Comparison 
•  Discrepancy arises in use of arctan to calculate δ’s, alternative 

interference: 



R-Matrix Comparison 



Conclusions 

Enhanced rate of 18F destruction à less 18F 
à detectability distance reduced 

 

•  R-matrix formalism extremely useful for extracting 
resonance parameters for astrophysical reactions 

•  New data obtained in study of astrophysically 
important 18F(p,α)15O reaction 

•  Analysis, aided by R-Matrix calculations, finds 
candidate for newly proposed s-wave state 
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