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• Overview
• Bloch-Green formalism
• Application to 7Li compound system
• Uncertainty quantification
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LANL light-element program
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• All compound systems A<20 (and a few above)
• Recent work in 2020:
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Projectile\Target 1H 2H 3H 3He 4He 6Li 7Li

n 2020 VIII.0 VIII.0 VIII.0 VIII.0 2020 VIII.0

p 2020 VIII.0 VIII.0 VIII.0 2020 VIII.0 VIII.0
d VIII.0 VIII.0 2020 VIII.0a VIII.0 VIII.0
t VIII.0 VIII.0 2020 VIII.0 TENDL09

h(3He) VIII.0 VIII.0 VIII.0 TENDL09
↵ VIII.0 TENDL09 TENDL09

Table 3.1: Updated CP2020 NCS evaluated data entries show designations for evaluated nuclear
cross section data for scattering and reactions of neutron projectiles and CP projectiles (shown in
rows) on light-element isotopes (columns). The entries ENDF/B-VIII.0 indicate the latest, release
version of the NNDC evaluated NCS library. Local, updated versions are designated ‘2020’ and
described in the text.a) Phase space spectra added to this evaluation for CP2020.

3. 3H: The neutron-triton (n+3 H) CP2020 evaluation, taken from ENDF/B-VIII.0 (see Table
A.49), is part of the A = 4 compound system evaluation, a simultaneous analysis of 4H ⇠
n +3 H and 4Li ⇠ p +3 He, its isospin partner, which is driven by the R-matrix analysis of
the p+3He data. The (Coulomb-shifted) parameters of the 4Li fit have been used to predict
total and elastic cross sections and angular distributions of 3H(n, n)3H from En sub-thermal
to 20 MeV. The (n, 2n) threshold, En ⇡ 8.4 MeV has been taken into account approximately
in the R-matrix fit through quasi-two-body coupling to the nn+ d and nn+ d0 channels.

4. 3He† : The n +3 He ⇠4 He evaluation, last updated in 2011 April, taken from ENDF/B-
VIII.0 (see the summary in Table A.61), includes total (up to 20 MeV), elastic (to 200
keV), capture, and charged-particle production reaction data, ((n, p) to ⇠ 10 MeV and
(n, d), integrated cross section to ⇠ 10 MeV). The IAEA-Standards reaction 3He(n, p)3H,
in the energy range 0.0025 eV < En < 50 keV, with few cross section measurements, is
an infrequently used reference cross section. Significant amounts of data in the Coulomb
dominated p +3 H channel does not tightly constrain the evaluation. Future work should
propose measurements to account for this deficiency.

5. 4He: The n+4He evaluation in ENDF/B-VIII.0 (Table A.69), being a component of the 5He
compound system, which includes the important 3H(d, n)4He fusion reaction, has received
much attention over decades and is well constrained by the data. It contains neutron total
and elastic cross section and covariance information and currently goes to 20 MeV. The
CP2020 library is based upon the ENDF/B-VIII.0 evaluated data file with MF=4, MT=2
angular data migrated to MF=6 format .

6. 6Li†: New evaluation for CP2020. As previously mentioned, the n+6Li⇠7Li system R-matrix
evaluation was fairly well-developed at energies En . 4.3 MeV for the ENDF/B-VIII.0 evalu-
ated library. The evaluation work from CP2011 for 6Li(n, n0

d)4He (spectra shown in Fig. 6) is
included in the CP2020 ENDF file, unchanged; and recent refinements to the CP2020 ENDF
file are included to account for 6Li ⇤ excited state contributions have been included in the
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11B (a+7Li, a+7Li*, 8Be+t, n+10B); 11C (a+7Be, p+10B)
12C (8Be+a, p+11B)
13C (n+12C, n+12C*)
14C (n+13C)
15N (p+14C, n+14N, a+11B)
16O (g+16O, a+12C)
17O (n+16O, a+13C)
18Ne (p+17F, p+17F*, a+14O)



Bloch-Green formalism
Reaction theory
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• Solve Schrodinger given external solution (‘a’ chan. rad.)

• External (Coulomb) wave function relations
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Bloch-Green formalism
S-matrix unitarity
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Unitarity implications

2020-12-08Los Alamos National Laboratory 6

Tfi � T †
fi = 2i

X

n

T †
fn⇢nTni

�fi =
P

n S
†
fnSni

Sfi = �fi + 2i⇢f Tfi

⇢n = �(H0 � En)

9
=

;

n Implications of unitarity constraint on transition matrix
1. Doesn’t uniquely determine Tij; highly restrictive, however

Elastic:                                        (assuming T & P invariance)
Multichannel:

2. Unitarity violating transformations
• Scaling single ampl: 
• Phase x-form:
« consequence of linear ‘LHS’     quadratic ‘RHS’

3. Unitary parametrizations of data provide constraints that experiment may violate
« normalization, in particular
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R-matrix evaluation for light nuclear systems
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• Cross section evaluation for light-elements 
(A≦20)
– Quantum mechanical R-matrix (Wigner)
– Correlates all experimental data 

simultaneously
• pol/unpol; neutrons/charged-particles
• Elastic/inel/transfer/reaction/break-up
• Upper energy-limit restricted (break-up) < 20 

MeV

Observation
 Single experiment 

observations
 of yield

 Unpolarized: 
 Polarization: 

e.g. 

Nuclear Data Pipeline 
EDA cross section evaluation

Compilation
 Combination of single-

experiment differential data
(EXFOR/CSISRS)

 Compound-system data
deck

e.g.: =

RULE: Include all data

Evaluation
 Determination of initial

parameters ( ) from
known/guessed resonance
structure (ENSDF, TUNL-

NDEP)
 Optimization of 

Processing
 Continuous-energy (ACE) &
multigroup (NDI) formatted

cross section libraries (NJOY)

Optimize (currently via email )

Testing & Evaluation
 Integral benchmark testing

(ICSBEP/IRPhEP/etc)
 Other applications codes



EDA evaluation procedure
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Optimize

Solution/Postprocessing
1) Construct ENDF-6

formatted evaluated data file
2) Covariance data

3) Post-process break-up
spectra with SPECT code

Data
e.g. EXFOR/CSIRS

Processes: elastic, inelastic,
transfer, break-up*,...

Unpolarized: 

Polarized: 

EDA R-matrix
evaluation
procedure

YES

NO

R-matrix

T-matrix

Observables



Channel lmax ac (fm)
t+4He 5 4.0

n+6Li 3 5.0

d+5He 1 7.5

n+6Li* 1 5.0

p+6He 1 5.0

n+6Li** 1 5.5

Reaction Energy range Observables # data points c2/point
4He(t,t)4He Et = 3-17 MeV s(q), Ay(q) 1689 1.03
4He(t,n)6Li Et = 8.75-14.4 MeV s(q) 39 1.14

4He(t,n)6Li* Et = 8.75-14.4 MeV s(q) 3 0.42

6Li(n,t)4He En = 0-8 MeV sint , s(q) 2840 1.44
6Li(n,n0) 6Li En = 0-8 MeV sint , sT, s(q), Py(q) 1451 1.36
6Li(n,d) 6Li En = 0-8 MeV sint , s(q) 28 11.9
6Li(n,n1) 6Li* En = 0-8 MeV sint , s(q) 175  2.11

6Li(n,p) 6He En = 0-8 MeV sint , s(q) 92 1.58

6Li(n,n2) 6Li** En = 0-8 MeV sint 41 0.30

Totals 17 6358 1.39*

*For 170 free parameters, c2/n = 1.43

Summary of 7Li R-matrix Analysis
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Cross Sections for the n+6Li Reactions
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6Li(n,n’)d𝛼
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It is somewhat lower in the peak than the previous evaluation because the total cross section is 
lower for En > 5 MeV (Abfalterer data), and the elastic cross section is higher.  

�n,n0d↵ = �n,T � (�n,t + �n,� + �n,n0 + �n,n2 + �n,p + �n,2n)

<latexit sha1_base64="wkDweLS0KkZ7vsiduV6kXRMoKsQ="></latexit>



Covariance matrix
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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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2 +Δχ 2.
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Parameter variance
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• Consider variations near solution

• How does 𝜒2 change when {p2} move and re-optimize ∆𝜒2 via {p1}?

• is the restriction of the inverse of        to p2 subspace; let N2=1

• NB: larger dimensional parameter spaces give smaller 
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Uncertainties from chi-squared minimization 

2020-12-08Los Alamos National LaboratoryParis & Hale (LANL)
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Application to NN system
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Covariance matrix

Partitions:

pp(`  3);np(`  3);

�d(`  1);nn(`  3)

�2/dof ' 0.9

36 channels (J⇡LS)
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Conclusions & Outlook
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• R-matrix
– Correlates all processes associated with a given compound system
– Enforces

• Causality; proper complex-analytic properties; multichannel/multiprocess unitarity
– Single-observable fits? Caveat Emptor.

• Systematic improvement
– More data

• Polarized observables
• Higher-energy data

• Uncertainty quantification
– Currently

• 𝝌2 minimization with per-experimental setup normalization
• Appears sufficient for 2⟼2 body scattering/reactions, single compound system

– Planned
• Bayesian statistical methods

– Data covariances
– Several compound systems concurrently
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