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Motivation & Outline

2020-12-01Los Alamos National Laboratory

• EDA evaluation pipeline
– Overview/reminder

• High-fidelity, unitary R-matrix approach
– Simultaneous evaluation of all data

• Evaluation reproduction
– Challenges in push-button/script-driven reproducibility for our approach

NB: our evaluation approach is currently heavily hand-spun
– Automation limited but under development
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• Updating evaluation sublibraries
– Neutron: n-001_H_001.endf,n-003_Li_006.endf,n-004_Be_009.endf
– Proton: p-001_H_001.endf,p-002_He_004.endf
– Deuteron: d-002_He_003.endf
– Triton: t-002_He_004.endf

• Motivation: improve fidelity of charged-particle and n-induced evaluations
• Validation: IAEA; NJOY; pencil-beam; quasi-int. (Danon); Faust (Herman)



Overview
Light-element evaluation
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• Data-cull: observables from single experiments are compiled
• Evaluation: one set of variational parameters for all data

– Unitary parametrization: highly constraining between different processes
• Elastic & reaction cross sections are coupled in complex ways

– Not simply drawing smooth curves
• Processing/Verfication/Validation
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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



Uncertainties from chi-squared minimization 

2020-12-01Los Alamos National LaboratoryParis & Hale (LANL)

χEDA
2 =

nXi (p)− Ri
ΔRi

#

$
%

&

'
(

i
∑

2

+
nS −1
ΔS / S
#

$%
&

'(

2

Ri, ΔRi  = relative measurement, uncertainty
S, ΔS  = experimental scale, uncertainty
Xi (p) = observable calc. from res. pars. p
n = normalization parameter

"

#
$
$

%
$
$

Near a minimum of the chi-squared function at p = p0:

χ 2 (p) = χ0
2 + (p−p0 )

Tg0 + 1
2 (p−p0 )

TG0 (p−p0 )
= χ0

2 +Δχ 2.

χ0
2 = χ 2 (p0 )

g0  = ∇pχ
2 (p) p=p0

≈ 0

G0 =∇pg(p) p=p0

#

$
%%

&
%
%

Conventions:

P(Δχ 2 k) = 2
k
2Γ( k2 )#

$
%
&
−1

t
k
2−1e−

t
2

0

Δχmax
2

∫ dt =CL (e.g. ~ 0.68 for 1-σ ),  0.95 for 2-σ , etc.

2) Δχ 2 = 1
2 Δp

TG0Δp ≤ Δχmax
2 ,

Δχmax
2 ≈ k = Δχ 2 .

1)

�pi ⇠ (NpC
0
ii)

1/2

��2 = 1 =) Very small uncertainties �pi = (C0
ii)

1/2
⇠ O(N�1/2

p )previous:

improved:

4



R-matrix evaluation
5Li system 
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Channel ac (fm) lmax

d +3He( 12
+
) 4.8 4

p +4He(0+ ) 2.9 4
p +4He⇤(0+; 20.2 MeV) 3.4 2

d0+3He( 12
+
) 5.1 0

Reaction Energy Range # Data Observables
(MeV) Points

3He(d, d)3He Ed = 0.32� 10.0 2,229
�(✓), Ai, Aii,

Ci,j , Cij,k,Ki,j0k0 ,Kij,k0l0

3He(d, p)4He Ed = 0.13� 10.0 3,839
�(E),�(✓), Ai, Aii,

Ci,j ,Kij,k0

3He(d, p)4He⇤ Ed = 3.70� 6.70 28 �(✓)
4He(p, p)4He Ep = 0.92� 34.3 867 �(E),�(✓), Ay, Py

Total: 6963

Table 1: Channel configuration (top) and data summary (bottom) for the 5Li
system analysis. The column labeled “Observables” indicates the following
data types: �(E), integrated cross section; �(✓), unpolarized angular distri-
butions (energy-dependence suppressed); A initial-state analyzing power; P
final-state polarization; C spin correlation coe�cients; K polarization trans-
fer coe�cients. (We have suppressed the indices i, j, . . . which take on values
x, y, z for spins/polarization directions in configuration space.) All polarization
and spin distributions are angular distributions, which depend on the angle of
the outgoing particle. Chi-squared per degree of freedom for the analysis is

�2/dof ' 2.7 over 7,178 data points, 215 of which were discarded by elimi-

nating individual data points which contribute to �2 > 40.
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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



5Li system evaluation
3He(d,d)3He
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5Li system evaluation
3He(d,p)4He

2020-12-01Los Alamos National Laboratory 7



5Li system evaluation
4He(p,p)4He
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NN evaluation: configuration & data

2020-12-01Los Alamos National Laboratory

• Neutron energies En≦ 50 MeV
• Charge-independent analysis

– T=1 (pp, np-isovector)
– T=0 (np-isoscalar)
– Coulomb energy-level shift

• Fit to 
– Predict nn scattering

• High-fidelity description

• Planned evaluation
– En≲ 250 MeV

ENDF/B-VIII.0 Library . . . NUCLEAR DATA SHEETS D.A. Brown et al.

TABLE II. Channel configuration (top) and data summary
(bottom) for the charge-independent N − N analysis up to
50 MeV. Since the number of free parameters is 43 resonance
parameters + 83 normalizations, the chi-squared per degree
of freedom for the analysis is 0.90.

Channel ac (fm) lmax

p+ p 3.26 3
n+ p 3.26 3
γ + d 84.6 1
n+ n 3.26 3

Reaction # Pts. χ2 Observable Types

p(p, p)p 675 951 σ(θ), Ay(p), Cx,x′ , Cy,y′ ,Kx′
x ,Ky′

y ,Kx′
z

p(n, n)p 4815 3764 σT,σ(θ), Ay(n), Cy,y′ ,Ky′
y

p(n, γ)d 86 179 σint,σ(θ), Ay(n)
d(γ, n)p 88 77 σint,σ(θ),Σ(γ), Py(n)
n(n, n)n 1 0 a0

Norms. 80 86
Total: 5745 5057 20

eigenenergies E(1)
λ are shifted by a Coulomb energy dif-

ference, ∆Z , that depends only on the total charge of the
system (Z = 0 for n− n, and Z = 1 for n− p).
This simple, Coulomb-corrected, CI model appears to

work well for describing all the N − N data up to 50
MeV, obtaining a chi-square per degree of freedom of 0.90.
Figure 2 shows the fit to selected n− p total cross section
measurements. The fits to some of the n− p differential
cross sections and polarizations are shown in Figs. 3 and 4,
respectively. It should be remembered that many other
measurements not shown, for example, for p−p scattering,
and for n−p capture, are also fit quite well by this analysis,
and they further constrain the results for n− p scattering.
The new analysis preserves the values of the low-

energy n− p scattering lengths, a0 = −23.719(5) fm and
a1 = 5.414(1) fm obtained in an earlier analysis that went
up to 30 MeV, which formed the basis for the ENDF/B
VII.1 hydrogen evaluation. The changes from that ear-
lier analysis remain small at higher energies, as shown
in Fig. 5 [10], which plots the ratios of ENDF/B-VIII.0
to ENDF/B-VII.1 for the total cross section and for the
zero-degree proton laboratory differential cross section. A
small change in the thermal capture cross section, from
332.00 mb to 332.58 mb, now agrees better with one of
the most precise experimental values [27].
Although the analysis goes to 50 MeV, we provided

cross sections for ENDF/B-VIII.0 only up to 20 MeV.
This is because the analysis will eventually be extended to
200 MeV (a preliminary version already exists for energies
up to 100 MeV).

3. 2H

During post-release testing of the final version of
ENDF/B-VI (ENDF/B-VI.8), it was discovered [55] that
calculated eigenvalues (keff) for a set of D2O solution
benchmarks from the ICSBEP project [56] had decreased
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FIG. 2. (Color online) The n− p total cross section between
100 eV and 50 MeV. The red curve is ENDF/B-VIII.0, and
the colored symbols are from various measurements [28– 35].

substantially (by about 1000 pcm) relative to an earlier
version, ENDF/B-VI.4. The cause was traced to modifica-
tions made to the deuterium cross sections in ENDF/B-
VI.5 and retained through ENDF/B-VII.0 and VII.1.
In the ENDF/B-VI.5 evaluation, σs(E) and Ps(E, µ)
below E ≃ 4 MeV were compared to results of a
coupled-channels R-matrix analysis [57]. The σs(E) from
ENDF/B-VI.4 was found to be consistent with this R-
matrix analysis and was retained. However, the Ps(E, µ)
data below E = 3.2 MeV were replaced with new tabu-
lated distributions from the R-matrix analysis [57], and
a sparse energy grid Ei was chosen for the tabular data
Ps(Ei, µj) at 0.01 - 0.1MeV < E < 1 - 10 MeV.
It was also noticed [58] that the existing experimental

data on the angular distributions of out-scattered neu-
trons in the 2H(n, n) reaction were old, sparse, and even
inconsistent, and it was recommended [58] that new mea-
surements and theoretical study [59, 60] to be undertaken.
Although the ENDF/B-VII.1 evaluation of 2H performs
reasonably well in comparison with the new neutron scat-
tering measurements at E < 2 MeV [61] and in modelling
heavy water reactor benchmarks [62, 63], the recent exper-
imental results [64] on backward-to-forward ratio in the
neutron angular distributions at 0.2MeV < E < 2 MeV
favour the evaluations of Ps(E, µ) based on the three-
body theory (Faddeev [65] or Alt-Grassberger-Sandhas
(AGS) [66] equations) and the modern nucleon-nucleon
(NN) potentials [67] rather than the evaluations based on
R-matrix analysis.
In the nuclear data releases world-wide, some evalua-

tions of MF=4, MT=2 data for 2H(n, n) are based on
the three-body theory, such as, in CENDL-3.1, JENDL-3.3
and -4.0, and in JEFF-3.2. The JEFF-3.2 evaluation of
both σs(E) and Ps(E, µ) of the 2H(n, n) reaction is based
on the solution of the three-body Faddeev equations with
the INOY03 NN potentials [68]. The trial evaluations of
neutron scattering data based on different choices for the
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• Reflectors: Revised Be and BeO

• Natural materials: New ice and SiO2

• Cladding: New SiC

There were also many updates to other libraries:

• Light Charged Particles: New alpha sublibrary,
p,d,t on 7Li and 3He on 3He

• Decay sublibrary: Improved beta intensities for
some fission products; modified K X-ray energies
for selected actinides

• Atomic sublibraries: Minor fixes and reformat-
ting resulting in a update of all three atomic subli-
braries

All these changes were performed in an environment
of dramatically improved quality assurance enabled by
computational advances. Much of the ENDF/B workflow
has been automated now. This process started with the
introduction of the GForge collaboration environment in-
stalled at the National Nuclear Data Center which in-
cludes both revision control, library release management
and bug tracking. GForge has now been connected to
the ADVANCE continuous integration system [25]. AD-
VANCE runs a battery of physics and format checks on
every changed evaluation of every commit. This checking
with ADVANCE completely automates the traditional
ENDF/B Phase I testing. ADVANCE also benefits from
the code modernization push that led to both the devel-
opment of the FUDGE and NJOY2016 processing codes.
These processing improvements in turn led to new tests
and identification of issues in various evaluations. The
processing code modernization efforts in the US, Europe
and Asia are in large part a result of the roll out of the
new GNDS formatting option discussed in Section XIII.

III. NEUTRON CROSS SECTION SUBLIBRARY

A. Z=0-20

1. n, the Neutron

A new evaluation of the n− n scattering cross section
is available at energies up to 50 MeV in ENDF/B VIII.0.
It uses essentially the same R-matrix parameters as the
N − N analysis1 described in the next section. That is,
the isospin-1 parameters used to describe p− p scattering
are also used to predict values of the n − n scattering
cross section. This charge-symmetric model is modified by
allowing a single energy shift of all the p−p (T = 1) energy

1 In subsections IIIA 1 and IIIA 2, ‘N ’ refers to ‘nucleon’ and not
to ‘nitrogen’ as is used elsewhere in this paper.
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FIG. 1. (Color online) The elastic cross sections for n − n
(blue curve) and n − p (red curve) scattering calculated at
energies below 20 MeV from the charge-independent N−N R-
matrix analysis. They are similar below about 600 keV, with
the differences above that energy coming from the T = 0
contributions to n− p scattering.

levels to account for the Coulomb difference between the
di-neutron and di-proton systems. The value of this energy
shift is determined by fitting the experimental value of the
singlet n−n scattering length, a0 =-18.5 fm [26]. The n−n
scattering cross section resulting from this calculation is
shown in Fig. 1, compared to the n − p scattering cross
section from the same analysis. They are similar below
about 600 keV, but above that energy the contributions
from the T = 0 states make the n− p cross section cross
over and become larger than the n−n cross section. Note
that the n − n scattering cross section shown in Fig. 1
is half the integrated differential elastic scattering cross
section, as is appropriate for identical particles, whereas
the n − p scattering cross section is equal to the angle-
integrated differential elastic scattering cross section.

2. 1H

The n − p scattering cross sections used in this new
version (VIII.0) of the ENDF/B file came from a charge-
independent (CI) analysis of the N−N system at energies
up to 50 MeV, part of the IAEA standards. The channels,
reactions, and data included in the analysis are summa-
rized in Table II. The CI R matrix has the form

R(E) =
∑

λ,T

γ(T )
λ γ̃(T )

λ

E(T )
λ − E

, (1)

where T = 1 for ℓ+s even, and T = 0 for ℓ+s odd. The rel-
ativistic energy is given in terms of the total 4-momentum
squared, Mandelstam’s s-variable, and the total p+p chan-
nel mass M , by E = (s −M 2 )/2M . The same isospin-1

reduced widths γ(1)
λ are used to describe p− p and n− n

scattering, as well as the T = 1 part of n − p scatter-
ing (making it a CI model), but the corresponding p− p
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E(T=1)
� = E(T=0) +�Z
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Integrated cross sections
Comparison with ENDF/B-VIII.0
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calculated at E= 2.390
polarized gamma asymmetry (SY2-SX2) for d(gamma,n) TUN
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d(gamma,n)p T22(gamma) E= 2.480 MeV

0 30 60 90 120 150 180

θ
CM

0.0

0.2

0.4

0.6

0.8

1.0

T
2
2
(g

a
m

m
a
)

 5σ confidence range
calculated at E= 2.480
polarized gamma asymmetry (SY2-SX2) for d(gamma,n) TUN

d(gamma,n)p T22(gamma) E= 2.600 MeV

0 30 60 90 120 150 180

θ
CM

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T
2
2
(g

a
m

m
a
)

 5σ confidence range
calculated at E= 2.600
polarized gamma asymmetry (SY2-SX2) for d(gamma,n) TUN

d(gamma,n)p T22(gamma) E= 3.020 MeV

0 30 60 90 120 150 180

θ
CM

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T
2
2
(g

a
m

m
a
)

 5σ confidence range
calculated at E= 3.020
polarized gamma asymmetry (SY2-SX2) for d(gamma,n) TUN

d(gamma,n)p T22(gamma) E= 3.220 MeV

0 30 60 90 120 150 180

θ
CM

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T
2
2
(g

a
m

m
a
)

 5σ confidence range
calculated at E= 3.220
polarized gamma asymmetry (SY2-SX2) for d(gamma,n) TUN

d(gamma,n)p T22(gamma) E= 3.520 MeV

0 30 60 90 120 150 180

θ
CM

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T
2
2
(g

a
m

m
a
)

 5σ confidence range
calculated at E= 3.520
polarized gamma asymmetry (SY2-SX2) for d(gamma,n) TUN

d(gamma,n)p T22(gamma) E= 4.050 MeV

0 30 60 90 120 150 180

θ
CM

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T
2
2
(g

a
m

m
a
)

 5σ confidence range
calculated at E= 4.050
polarized gamma asymmetry (SY2-SX2) for d(gamma,n) TUN

d(gamma,n)p dσ/dΩ E= 2.750 MeV

0 30 60 90 120 150 180

θ
CM

10-5

10-4

d
σ

/d
Ω

 5σ confidence range
calculated at E= 2.750
diff. x-sect. d(gamma,n)p  En= 2.75 MeV

d(gamma,n)p  Py(n) E= 5.850 MeV

0 30 60 90 120 150 180

θ
CM

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0.0

0.1

0.2

0.3

 P
y(

n
)

 5σ confidence range
calculated at E= 5.850
Py(n) at 90 deg. for d(gamma,n)p  Holt 83

n+p Capture and g+d Photodisintegration Data
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n+9Be Integrated Cross Sections
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9Be(n,n)9Be Differential Cross Sections
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9Be(n,n2)9Be** Differential Cross Sections
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9be(n,n)9be* dσ/dΩ E=    5.000 MeV
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SUMMARY:
§ 10Be analysis has produced a consistent set of cross sections and angular 

distributions that are in agreement with most of the experimental data at 
energies up to 5 MeV.  Extensions above that energy were based on the 
experimental data alone.

§ Level assignments for the overlapping resonances near En=2.7 MeV have the 
opposite parity (4-,3+ → 4+,3-).

§ Excited states of 9Be make important contributions to the (n,2n) cross section 
(MT=16 → 24 in the new evaluation).

§ We are making comparisons of the new evaluation to integral benchmarks (M. 
Herman, LANL) and thick-target angular neutron yields (Y. Danon, RPI).
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