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•  Formalism 
– Multipartite, multichannel, unitary R-matrix approach 

•  Uncertainty quantification 
– parameter uncertainty 
– observable covariance 

•  New/updated evaluations with covariance information 
– n-001_H_001
– n-003_Li_006
– n-005_B_010
– n-006_C_012
– n-008_O_016
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•  À la Wigner & Eisenbud 
– Multipartite [ e.g. 7Li (t+4He, n+6Li, …) ] 
– Multichannel [ Jπ = L+S, …, |L-S| ] 
– Ensures unitarity [ essential for correct normalizations ] 

•  Parametrization form 
– R-matrix parameters: pole positions, residues [ per partition & channel ] 
– Relativistic [ important for narrow resonances, esp. near-threshold ] 

•  Observables 
– Partition type 

•  2è2 only 
•  spectra 2è3, 2è4, etc handled by auxiliary code 
•  particle channels [ n, p, D, T, 3He, α, ... ] 
•  electromagnetic [ e.g. p(n,γ)d ] 

– Any/all polarization/unpolarized observables 
•  total, angle-integrated, angular distribution, excitation functions, single-spin asymmetries, spin 

rotations, spin correlation functions, … 

•  Fit quality 
–  typical χ2/dof ~ 1.2 – 1.5 

522 X. Formal Theory of Nuclear Reactions 

(the compound nucleus). The length of this wave train is La = VaT, 

where Va is the in channel a. 1 

N ow consider a later time, after the reaction has already taken 
place. The wave function is then as shown in Fig. 2.1 b: there are 
outgoing (finite) wave trains in all channels, including channel a 
(re-emitted wave). The length of the outgoing wave train in channel 
B is L{J = v{JT, since the time T during which the reaction products 
pass into a stationary detector in one of the channels is approximatelyl 

-a ___ ___ 

(b) 
-y 

FIG. 2.l. Picture of a three-channel junction. (a) (Before) There is a wave train 
moving toward the junction (compound nucleus) in channel a, none in the other 
channels. (b) (After) There are outgoing wave trains in all the channels. The 
amplitudes of these outgoing waves are determined by the scattering matrix Sa{J. 

equal to the time T during which the incoming spherical wave had 
been switched on earlier. 

Since we now have finite wave trains, the wave function can be 
normalized to unit total probability: 

f'lt*'lt dr = 1 (2.1) 

Consider first the normalization integral for Fig. 2.1a, before the 

I Strictly speaking, it is not possible to have a wave train of finite length L, with 
sharp boundaries. Even if the edges are sharp at some initial time, as time goes 
on the edge becomes less sharp; the effective length L of the wave train increases 
as time goes on. We can estimate the magnitude of this boundary region: it is 
of the order of a few de Broglie wavelengths, and it increases by that order of 
magnitude as the wave train passes through the compound nucleus region and 
re-emerges in another channel. Thus, if we make the length L of the wave train 
large compared to a de Broglie wavelcngth ,,=h/Mv, we can neglect these edge 
effects altogether. We shall do so in the remainder of the discussion. 
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Near a minimum of the chi-squared function at p = p0: 
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cov[σ i (E)σ j ( !E )]= ∇pσ i (E)!" #$
T
C0 ∇pσ j( !E )"# $%

p=p0

= Δσ i (E)Δσ j( !E )ρij (E, !E ).

The parameter covariance matrix is                 , and so first-order error 
propagation gives for the cross-section covariances                   

C0 = 2G0
−1

observable uncertainties 

correlation coefficient 
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Fig. 2. Ratio of the preliminary results of the present 
work to the previous standards evaluation for the 
6Li(n,t) cross section.
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Fig. 3. Ratio of the present evaluation of the Au(n,γ) cross
section with the previous standards evaluation. 
evaluation.
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there are many ratio measurements of those cross 
sections with the standards, and absolute data are 
available for them. The older measurements are given in 
 [1] and the newer ones are shown in [2].  

For details for the evaluation process for all the
cross sections except those for the H(n,n) and C(n,n) 
reactions, see [1]. Basically the process involves using  
the GMAP (GMA) code to combine input from EDA 
and RAC R-matrix analyses; a thermal constants 
evaluation and direct experimental data to GMAP. The 
H(n,n) and C(n,n) evaluations are done separately as R-
matrix analyses by Hale and Paris. The evaluation of the
hydrogen standard is complete to 20 MeV. Efforts are 
underway to extend it to 200 MeV. The C(n,n) 
evaluation, composed of separate 12C(n,n) and 13C(n,n) 
R-matrix evaluations, is given in a paper [3] at this
conference. The energy ranges of the standards can be 
found in [1]. In figs. 1-7 comparisons are made of the
results of the new evaluation with those of the previous 
evaluation. For many of the cross sections, only small 
changes occurred due to the consistency of the new data
with the previous standards.

For the 6Li(n,t) cross section, there were 
differences in the fits for the EDA and RAC R-Matrix 
analyses, so the simple averages of the two fits with 
increased uncertainties were used in the combined GMA 
fit with the other data. An additional component of 
uncertainty equal to the difference between the two fits 
was used in the GMAP analysis. Large uncertainty is 
observed in the region of the resonance at about 0.245 

The increase above 0.5 MeV was present in both 
fits above 20 MeV will have some changes 

2.2 Thermal constants 

These data are particularly important in the 
determination of the neutron economy in thermal 
reactors. Since thermal data are included in the standards
evaluation, the thermal constants will have an impact on
the results of the evaluation. Also the thermal constants 
themselves will be affected by the other data in the 
evaluation. 
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Fig. 4. Comparison of the 235U(n,f) cross section from this
evaluation with the previous standards evaluation. 
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Fig. 5. Comparison of the 238U(n,f) cross section from this 
evaluation with the previous standards evaluation.
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• Changes from VII.1 for 0 ≤ En ≤ 
20 MeV are within uncertainties

• New data are fit well
• Small change in thermal capture 

cross section had large effect on 
solution criticals

• R-matrix analysis presently goes 
to 100 MeV

• Still to do:  Covariances on 
differential cross sections (c.m. 
and lab); Extend analysis to at 
least 200 MeV

ENDF/B-VIII.0b5 

Partitions:

pp(`  3);np(`  3);

�d(`  1);nn(`  3)

�2/dof ' 0.9

36 channels (J⇡LS)
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Partitions :

t4He(`  5);n6Li(`  3);

n6Li⇤(`  1); d5He(` = 0)
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�2/dof = 1.36
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Partitions :

n10
B(`  1);↵7

Li(`  3);

↵7
Li

⇤
(`  1); t8Be(`  2)

32 channels (J⇡LS)

�2/dof = 1.14
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n+12,13C:
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• n+C elastic cross section 
about 2% higher than VII.1 
near 2 MeV

• Seems to have little effect on 
benchmarks

• Still to do:
o Covariances
o Improve 13C(n,g) xs
o Add 13C(n,n’g) files 
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• n+C elastic cross section 
about 2% higher than VII.1 
near 2 MeV

• Seems to have little effect on 
benchmarks

• Still to do:
o Covariances
o Improve 13C(n,g) xs
o Add 13C(n,n’g) files 

ENDF/B-VII.1 

ENDF/B-VIII.0b5 

ENDF/B-VIII.0b5 NOTE: 
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color 
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Analysis of Reactions in the 13C System 

Sli
de 
11 

Reaction Energies 
(MeV) 

# data 
points 

Data types 

12C(n,n)12C En = 0 – 6.45   6940 σT, σ(θ), An(θ) 
12C(n,n’)12C* En = 5.3 – 6.45     443 σint, σ(θ) 
12C(n,γ)13C En = 0 – 0.199         7 σint 

total 4994   7390 5 

χ2 per degree of freedom = 1.54 

channel ac (fm) lmax 

n+12C(0+) 4.6 4 

n+12C*(2+) 5.0 1 

γ+13C 50 1 
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ENDF/B-VII.1 

ENDF/B-VIII.0b5 

NOTE: 
This is 
the lab 

color 
palette. 

R-Matrix Analysis of Reactions in the  
17O System 

Sli
de 
4 

channel ac (fm) lmax 

n+16O 4.4 4 
α+13C 5.4 5 

Reaction Energies 
(MeV) 

# data 
points 

Data types 

16O(n,n)16O En = 0 – 7   2540 σT, σ(θ), Pn(θ) 
16O(n,α)13C En = 2.35 – 5     672 σint, σ(θ), An(θ) 
13C(α,n)16O Eα = 0 – 5.4     870 σint
13C(α,α)13C Eα = 2 – 5.7    1168 σ(θ) 
total   5250 8 

χ2 per degree of freedom = 1.68 



NOTE: 
This is 
the lab 

color 
palette. Outlook   
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•  Short term 
– publish existing evaluations (including, of course, charged-particle) absent from 

ENDF/B 
•  including all R-matrix & normalization parameters (Ian T.’s talk) 
•  Caveat Emptor: EDA5 & 6 – relativistic parametrization 

– use existing EDA5 
•  Medium term 

– continue development on EDA6 (modern-language successor to EDA5) 
•  primary objectives: 

–  extend light-element analyses/covariance to En ≤ 20 MeV 
–  charged particles 
–  spectra 

– Likelihood-based fitting with Bayesian approach 
•  Long term 

– modern-language modular/OO structure will allow 
•  experimental acceptance, efficiency, general IRF capabilities (comparable to SAMMY) 
•  integrated, homogeneous optimization with integral benchmarks & other evaluation codes 

–  avoids ‘optimization via email’ situation that currently obtains 



NOTE: 
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the lab 

color 
palette. 

Thank you! 
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NOTE: 
This is 
the lab 

color 
palette. 

NJOY covariance output 
courtesy of D. Brown 
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∆σ/σ vs. E for 1H(n,tot.)
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    σ vs. E for 1H(n,el.)
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    σ vs. E for 1H(n,γ)
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    σ vs. E for 6Li(n,el.)
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    σ vs. E for 6Li(n,t)
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    σ vs. E for 10B(n,tot.)
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∆σ/σ vs. E for 10B(n,tot.)
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    σ vs. E for 10B(n,el.)
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∆σ/σ vs. E for 10B(n,el.)
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    σ vs. E for 10B(n,inel.)
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∆σ/σ vs. E for 10B(n,inel.)
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∆σ/σ vs. E for 10B(n,inel.)
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∆σ/σ vs. E for 10B(n,inel.)
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∆σ/σ vs. E for 10B(n,inel.)
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∆σ/σ vs. E for 10B(n,inel.)
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    σ vs. E for 10B(n,γ)
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    σ vs. E for 10B(n,p)
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    σ vs. E for 10B(n,α)
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∆σ/σ vs. E for 10B(n,α)
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∆σ/σ vs. E for 10B(n,α)
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    σ vs. E for 10B(mt113)
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    σ vs. E for 10B(n,a)
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    σ vs. E for 12C(n,n1)
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    σ vs. E for 16O(n,a)
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