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2023 R-matrix Workshop on Methods & Applications
Ohio University June 20-23

• Abstracts by May 7
• Support available,

esp. for
students/early-
career

• Not just R-matrix!
§ Nucl. Data
§ Nucl. Astro
§ Nucl. Reactions

§ Theory
§ Expt

§ Atomic systems
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Outline
•Evaluation updates: ENDF/B-VIII.1β1 à ENDF/B-VIII.1β2
− n+6Li
− n+9Be

•Caveat Emptor: beta version naming not same as NNDC’s git
− β0 = β1.0, β1 = β1.1 etc.
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Versions of n-003_Li_006.endf
•ENDF/B-VII.1 (2008-09)
− R-matrix to 4.0 MeV; Legendre above
− (n,n’d): not in MT=32 but

§ pseudo-level description: MT=51,52,54-56,58-81

•CP2011 (2011)
− R-matrix to 4.3 MeV
− (n,n’d): MT=32 in this version
− BUT: LCT=2 (LAB) (should have been → LCT=1 (CM))

•ENDF/B-VIII.0
− MT=105 (n,t) updated
− But MT=32 from CP2011 was not adopted

§ (n,n’d) from pseudo-level of ENDF/B-VII.1

•ENDF/B-VIII.1
− β1: CP2020

§ With corrections for MF=6 MT=32 for energy conservation
§ Higher energy R-matrix to 8.0 MeV

− Inelastic (n,n’) MT=52

− β2:
§ MF=6 MT=2 moved to MF=4 MT=2
§ Other incidental changes (see git.nndc)
§ (n,t) STANDARD restored to ENDF/B-VIII.0 

Neutron Data Standards . . . NUCLEAR DATA SHEETS A.D. Carlson et al.

reference cross sections for prompt gamma-ray produc-
tion; very high energy fission reference cross sections;
the 235U thermal neutron-induced prompt fission neutron
spectrum; and the 252Cf spontaneous prompt fission neu-
tron spectrum. The reference cross sections have the role
of standards but they are not as well known. They have
the same properties as the standards such as smooth cross
sections as a function of energy. The detailed documen-
tation in this report contains the numerical values and
uncertainties for these data. The standards and reference
data with their energy ranges are shown in Table I.

TABLE I. Cross section standards and reference data, release
2017.

Neutron cross section standards
Reaction Standards incident neutron energy range

H(n,n) 1 keV to 20 MeV
3He(n,p) 0.0253 eV to 50 keV
6Li(n,t) 0.0253 eV to 1 MeV
10B(n,α) 0.0253 eV to 1 MeV

10B(n,α1γ) 0.0253 eV to 1 MeV
C(n,n) 10 eV to 1.8 MeV
Au(n,γ) 0.0253 eV, 0.2 to 2.5 MeV, 30 keV MACS
235U(n,f) 0.0253 eV, 7.8-11 eV, 0.15 MeV to 200 MeV
238U(n,f) 2 MeV to 200 MeV

High energy reference fission cross sections
Reaction Reference incident neutron energy range

natPb(n,f) ≈ 20 MeV up to 1 GeV
209Bi(n,f) ≈ 20 MeV up to 1 GeV
235U(n,f) 200 MeV to 1 GeV
238U(n,f) 200 MeV to 1 GeV
239Pu(n,f) 200 MeV to 1 GeV

Prompt γ-ray production reference cross sections

Reaction Reference incident neutron energy range
10B(n,α1γ) 0.0253 eV to 1 MeV
7Li(n,n’γ) 0.8 MeV to 8 MeV
48Ti(n,n’γ) 3 MeV to 16 MeV

Thermal neutron constants
Prompt fission neutron spectra (PFNS)

Reaction Reference outgoing energy range
235U(nth,f) 0.00001 eV – 30 MeV
252Cf(sf) 0.00001 eV – 30 MeV

A. Neutron Cross Section Standards

Improvements have been made in the very large
database used for this standards evaluation. It includes
the standards and ratios among them that can lead to
improved evaluations of the standards. The cross sections
evaluated were H(n,n), 6Li(n,t), 10B(n,α1γ), 10B(n,α),
C(n,n), Au(n,γ), 235U(n,f) and 238U(n,f). Also included
in the evaluation process are the 238U(n,γ) and 239Pu(n,f)
cross sections. Those data were included since 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 Ref. [1] and the newer
ones are given in Sec. II.

The experiments included in the GMAP database since
the 2006 evaluation as direct input to GMAP are listed
in Table II. In the table, “Data set number” refers to
datasets in the GMA database. These data and those
shown in Table II of Ref. [1] define the entire database
used as direct input of experimental data to GMAP. In
Table III, experiments included in the R-matrix analyses
since the 2006 evaluation are listed. These data and those
shown in Tables III and IV of Ref. [1] define the entire
database used for the R-matrix analyses.
For details on the general evaluation process for the

cross sections reactions, see Ref. [1]. Basically the process
involved using the GMAP (GMA) code [7, 8] to com-
bine input from EDA [65] and RAC [66] R-matrix analy-
ses; also included are a thermal constants evaluation [67]
and direct experimental measurements as input data to
GMAP.
The procedure for evaluating the standards can be di-

vided into four stages.

1. R-matrix analysis of the hydrogen cross section
and subsequent renormalization of cross sections
measured relative to that standard in the GMA
database.

2. Independent evaluation of the 6Li(n,t), 10B(n,α1γ)
and 10B(n,α) reactions using the R-matrix model
and experimental data available for all reactions
that create 7Li and 11B compound systems. These
data include various observables for all neutron- and
charged-particle-induced reactions (integral and dif-
ferential cross sections, and polarizations). Use of
different R-matrix codes to fit the same data fol-
lowed by analysis and minimization of the observed
differences between the fits increases the reliability
of the evaluation. Any differences in fits that cannot
be eliminated by this analysis are accommodated
when the R-matrix results are combined with the
remaining data by a least-squares fit to produce the
standards for the light and heavy nuclides.

3. Cross sections for the 6Li(n,t), 6Li(n,n), 6Li(n,tot),
10B(n,n), 10B(n,α1γ), 10B(n,α) and 10B(n,tot) reac-
tions and their covariance matrices (including cross-
reaction covariances) obtained in the R-matrix eval-
uation were used in the combined least-squares fit
with all other data from the GMAP database. These
data include reactions with heavy nuclides and ra-
tios between light and heavy nuclide cross sections.
Finally, the outlying experimental data were ana-
lyzed and additional components of uncertainty were
added to these data points to restore consistency
and to bring the general chi-square per degree of
freedom close to unity.

4. Refitting the derived GMAP fit for the lithium and
boron standards using the R-matrix EDA code. The
goal was to calculate standard cross sections for
those reactions in any energy grid and produce a

152

MT=105 standard region:

RESTORED in
ENDF/B-VIII.1β2
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n+6Li
R-matrix evaluation update/extension
ENDF/B-VIII.1β1
• Previous evaluation ENDF/B-VII.1 

(LANL internal “CP2011”)
− upper energy limit 𝐸! ≤ 4.3 MeV
− configuration: t+4He, n+6Li, 

n+6Li*(3+; 2.19 MeV), d+5He*(3/2–)
− ~3,800 data points; 𝜒"/𝑑𝑜𝑓 ≈ 1.36
− formatting changes: MF=4→MF=6; 

MT=24→41 (n,2np)
§ β2: AND BACK TO MF=4! (N. Gibson: 

“NJOY/ENDF-102 req’d”)

•Updated evaluation (submitted for 
ENDF/B-VIII.1𝛽1)
− upper energy limit 𝐸! ≤ 8.0 MeV
− new configuration = old config + 

inelastic: n2+6Li(0+; 3.56 MeV)
− new data covering all channels
− corrected 6Li(n,n’d)4He spectra
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n+6Li: β1
•Ratio comparison
− 8.1β1 (n-003_Li_006.endf) to ENDF/B-VIII.0 (std-003_Li_006.endf)
− Standard region (0, 1 MeV) was changed for β1 (for testing, looking ahead to 9.0)

NB: in β2 this will be reverted to ENDF/B-8.0 
in the standards region (0,1) MeV (see below)
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n+6Li: β1
•Absolute comparison
− 8.1β1 (n-003_Li_006.endf) to standards data
− Lower in 𝐽# = $

"

%
resonance at 245 keV (𝐸& ≈ 7.5 MeV) by ~ 1.5% 



82/8/21

n+6Li: β1
− 8.1β1 (n-003_Li_006.endf) to ENDF/B-VIII.0 (std-003_Li_006.endf)
− Full ENDF/B region (0, 20 MeV)

NB: in β2 the shaded region was kept at the 
β1 values
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n+6Li(β1) integral testing [preliminary]
Kleedtke (LANL/XCP-5)

•Bethe spheres
− Better for outer ampules
− Markedly worse (overshooting) 

for inner ampules
− Puzzle: no change for 8.1b1 

above 9 MeV

3
6
Li Evaluation

The latest 6Li evaluation was tested with criticality experiments and the Bethe sphere experiment.
The validation results for the set of criticality experiments chosen are shown in Table 3-1. The
calculated keff and H3 production is shown for four different scenarios: (1) ENDF/B-VIII.0 XS-
DIR + ENDF/B-VIII.0 - all ENDF/B-VIII.0 nuclear data files were used for this calculation, (2)
ENDF/B-VIII.0 XSDIR + New - ENDF/B-VIII.0 nuclear data files were used with the new 6Li
nuclear data file for this calculation, (3) ENDF/B-VIII.1 XSDIR + ENDF/B-VIII.0 - nuclear data
files from the second preliminary release of ENDF/B-VIII.1 were used with the ENDF/B-VIII.0 6Li
nuclear data file for this calculation, and (4) ENDF/B-VIII.1 XSDIR + New - nuclear data files
from the second preliminary release of ENDF/B-VIII.1 were used with the new 6Li nuclear data file
for this calculation.

Calculated keff Calculated keff
(ENDF/B-VIII.0 XSDIR) (ENDF/B-VIII.1 XSDIR)

Experiment Measured keff ENDF/B-VIII.0 New ENDF/B-VIII.0 New
HMF63, Case 1 0.99930(400) 1.00340(9) 1.00364(9) 1.00317(9) 1.00357(9)
HMF63, Case 2 0.99880(470) 1.00365(9) 1.00368(9) 1.00349(9) 1.00361(9)

PMF33 0.99670(260) 0.99505(10) 0.99529(10) 0.99538(10) 0.99535(10)

Table 3-1: Criticality validation of benchmarks containing 6Li

In Table 3-1, experiment name "HMF63" stands for HEU-MET-FAST-063, which is a series
of cylindrical experiments that contained HEU plates reflected by lithium deuteride. The second
case of the HEU-MET-FAST-063 series had a different lithium deuteride reflector than the first
case; the lithium deuteride reflector in the second case contained less 6Li (1 order of magnitude
less atomic number density). With the addition of the new 6Li nuclear data file, the criticality
results for the HEU-MET-FAST-063 series are driven away from a calculated/experimental value of
unity. Although the change in keff with the addition of the new 6Li evaluation is not in the desired
direction, the changes are small compared to the measured keff uncertainty. This trend in results
is also shown for experiment PMF33 in the same table. Experiment name "PMF33" stands for
PU-MET-FAST-033, which is a cylindrical assembly of plutonium metal reflected by graphite with
a lithium hydride neutron shield. Additional validation tests were performed for the 6Li nuclear
data file by comparing calculated tritium production to experimentally measured production in the
Bethe sphere experiment. The results of these tests are shown in Table 3-2 and Table 3-3.

Calculated H3 Production
(ENDF/B-VIII.0 XSDIR)

Bethe Sphere Measured H3

Ampule Number Production ENDF/B-VIII.0 New
137 2.4317(1459)E-29 2.34223(5621)E-29 2.34626(5866)E-29
139 1.5917(955)E-28 1.58785(1524)E-28 1.59146(1512)E-28
141 3.9896(2394)E-28 3.96243(3051)E-28 4.07348(3096)E-28
111 6.9235(4154)E-28 6.88907(7165)E-28 7.33917(7266)E-28

Table 3-2: Validation of tritium production in multiple Li6H ampules in the Bethe sphere experiment

ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1
ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1
ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1

3
6
Li Evaluation

The latest 6Li evaluation was tested with criticality experiments and the Bethe sphere experiment.
The validation results for the set of criticality experiments chosen are shown in Table 3-1. The
calculated keff and H3 production is shown for four different scenarios: (1) ENDF/B-VIII.0 XS-
DIR + ENDF/B-VIII.0 - all ENDF/B-VIII.0 nuclear data files were used for this calculation, (2)
ENDF/B-VIII.0 XSDIR + New - ENDF/B-VIII.0 nuclear data files were used with the new 6Li
nuclear data file for this calculation, (3) ENDF/B-VIII.1 XSDIR + ENDF/B-VIII.0 - nuclear data
files from the second preliminary release of ENDF/B-VIII.1 were used with the ENDF/B-VIII.0 6Li
nuclear data file for this calculation, and (4) ENDF/B-VIII.1 XSDIR + New - nuclear data files
from the second preliminary release of ENDF/B-VIII.1 were used with the new 6Li nuclear data file
for this calculation.

Calculated keff Calculated keff
(ENDF/B-VIII.0 XSDIR) (ENDF/B-VIII.1 XSDIR)

Experiment Measured keff ENDF/B-VIII.0 New ENDF/B-VIII.0 New
HMF63, Case 1 0.99930(400) 1.00340(9) 1.00364(9) 1.00317(9) 1.00357(9)
HMF63, Case 2 0.99880(470) 1.00365(9) 1.00368(9) 1.00349(9) 1.00361(9)

PMF33 0.99670(260) 0.99505(10) 0.99529(10) 0.99538(10) 0.99535(10)

Table 3-1: Criticality validation of benchmarks containing 6Li

In Table 3-1, experiment name "HMF63" stands for HEU-MET-FAST-063, which is a series
of cylindrical experiments that contained HEU plates reflected by lithium deuteride. The second
case of the HEU-MET-FAST-063 series had a different lithium deuteride reflector than the first
case; the lithium deuteride reflector in the second case contained less 6Li (1 order of magnitude
less atomic number density). With the addition of the new 6Li nuclear data file, the criticality
results for the HEU-MET-FAST-063 series are driven away from a calculated/experimental value of
unity. Although the change in keff with the addition of the new 6Li evaluation is not in the desired
direction, the changes are small compared to the measured keff uncertainty. This trend in results
is also shown for experiment PMF33 in the same table. Experiment name "PMF33" stands for
PU-MET-FAST-033, which is a cylindrical assembly of plutonium metal reflected by graphite with
a lithium hydride neutron shield. Additional validation tests were performed for the 6Li nuclear
data file by comparing calculated tritium production to experimentally measured production in the
Bethe sphere experiment. The results of these tests are shown in Table 3-2 and Table 3-3.

Calculated H3 Production
(ENDF/B-VIII.0 XSDIR)

Bethe Sphere Measured H3

Ampule Number Production ENDF/B-VIII.0 New
137 2.4317(1459)E-29 2.34223(5621)E-29 2.34626(5866)E-29
139 1.5917(955)E-28 1.58785(1524)E-28 1.59146(1512)E-28
141 3.9896(2394)E-28 3.96243(3051)E-28 4.07348(3096)E-28
111 6.9235(4154)E-28 6.88907(7165)E-28 7.33917(7266)E-28

Table 3-2: Validation of tritium production in multiple Li6H ampules in the Bethe sphere experiment

ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1
ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1
ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1

6
Li Evaluation

Calculated H3 Production
(ENDF/B-VIII.1 XSDIR)

Bethe Sphere Measured H3

Ampule Number Production ENDF/B-VIII.1 New
137 2.4317(1459)E-29 2.31806(5401)E-29 2.33955(5662)E-29
139 1.5917(955)E-28 1.58332(1536)E-28 1.58512(1506)E-28
141 3.9896(2394)E-28 3.96881(3056)E-28 4.06523(3090)E-28
111 6.9235(4154)E-28 6.92023(7197)E-28 7.36749(7367)E-28

Table 3-3: Validation of tritium production in multiple Li6H ampules in the Bethe sphere experiment

The Bethe sphere experiment consisted of tritium production measurements in 6Li and 7Li at
14-MeV in a 60 cm diameter sphere of 6LiD. In Table 3-2 and Table 3-3, Bethe sphere test samples,
or ampules, that contained 6Li are listed. Ampule numbers are listed in order of distance from the
center of the sphere (e.g., ampule number 137 was the furthest ampule from the middle of the sphere
and ampule number 111 was the closest to the middle of the sphere). The four ampule numbers
shown were down selected from a set of 13 ampules based on a previous study that showed these
four ampules had a calculated/experimental value closest to unity when using the ENDF/B-VIII.0
nuclear data library. The results in Table 3-2 and Table 3-3 show that the new 6Li evaluation should
be used for calculation of the tritium production in the two outermost ampules. More testing would
need to be performed to make a conclusive statement as to whether or not this new 6Li evaluation
is good or bad for predictive simulation of tritium production in LiH ampules.

Based on all results presented in Table 3-1, Table 3-2, and Table 3-3, there is no strong evidence
not to include this evaluation in the next preliminary release of ENDF/B-VIII.1.

ENDF/B-VIII.1 Validation
3-2 Page Los Alamos National Laboratory

ENDF/B-VIII.1 Validation
3-2 Page Los Alamos National Laboratory

ENDF/B-VIII.1 Validation
3-2 Page Los Alamos National Laboratory

•Nominally worse on HMF/PMF
− HMF/PMF config: cyl. assy. of U5 & P9 with LiD
− HEU-MET-FAST-063 driven away from a calculated/experimental value of unity; changes 

are small compared to the measured keff uncertainty

Evaluated Iridium, Yttrium, and . . . NUCLEAR DATA SHEETS M.B. Chadwick et al.

spherical shells surrounding the 14 MeV source neutrons
(see Fig. 1), and small cavities at the shell interfaces
contained ampules of material that were then analyzed.
Frankle and Harp described in Ref. [17] and Ref. [19] the
use of these assemblies to test tritium production cross
sections from lithium isotopes. Radiochemistry foils were
also placed at various radii throughout the sphere. Ad-
ditionally, another experiment (LiD-U) was performed
with the same setup except the first 7.6 cm was 93% en-
riched uranium instead of LiD, the remainder being LiD.
In these experiments the inner radii near the center had a
large fission neutron spectrum component, with the rela-
tive contribution of the fission neutrons becoming smaller
for outer radius locations.

FIG. 1: Photograph of the 1970s Bethe sphere LANL exper-
iment, showing a partially completed concentric LiD hemi-
spherical assembly of shells with an outer diameter of 60 cm.
The three tubes are for the accelerator deuteron beam pro-
viding the 14 MeV neutron source at the center, for target
cooling, and for an alpha-particle monitor.
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FIG. 2: The calculated neutron fluence energy dependence at
various locations in the LiD sphere. Note the strong compo-
nent of 14 MeV neutrons, especially at the inner-most loca-
tions. The overall fluence decreases with increasing distance
from the center.

In Figs. 2,3 and 4,5 we show calculated neutron flux
energy spectra at different locations in the LiD and LiD-
U spheres, on logarithmic and linear energy scales. In
the LiD sphere, there is a strong component of 14 MeV
neutrons, although there is also a significant component
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FIG. 3: As in Fig. 2, but here the neutron spectra in the LiD
sphere are shown on a linear scale.
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FIG. 4: The calculated neutron fluence energy dependence at
various locations in the LiD-U sphere. Note the large com-
ponent of fission spectrum neutrons as well as the 14 MeV
neutron component. The overall fluence decreases with in-
creasing distance from the center.

of lower energy neutrons that are generated via neutron
scattering reactions. In Figs. 4,5 the fission neutrons
created in the central region of the LiD-U sphere can
be seen. In the LiD regions of both the LiD and LiD-
U spheres, the effect of the 240 keV tritium production
resonance is evident (Figs. 2,4).

In Ref. [19] Frankle described refined MCNP simula-
tions of these Bethe spheres. Improvements in the MCNP
models included careful attention to modeling the con-
crete floor for room return neutrons, the quartz container
in the ampule geometry, and the beam cooling and al-
pha monitor tubes. In Frankle’s work, various nuclear
data libraries were used to model the uranium, lithium,
and deuterium: ENDF66 which was based on ENDF/B-
VI release 6; ENDF60 which was based on the first re-
lease of B/VI; and T16 2003 which is an internal Los
Alamos precursor to the ENDF/B-VII library. Three
radchem libraries were tested, the Livermore LLLDOS
library, the LANL SUPER library (which is the collec-
tion of legacy data from the Chemistry Division and from
Ed. Arthur), and the T16 RC 2004 library described in
this paper. The data testing described in this paper fol-

2719
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n+6Li(β1) integral testing [preliminary]
Kleedtke (LANL/XCP-5)

•Bethe spheres
− ~same for middle ampules
− Markedly worse (overshooting) 

for inner ampules
− Puzzle: no change for 8.1b1 

above 9 MeV

3
6
Li Evaluation

The latest 6Li evaluation was tested with criticality experiments and the Bethe sphere experiment.
The validation results for the set of criticality experiments chosen are shown in Table 3-1. The
calculated keff and H3 production is shown for four different scenarios: (1) ENDF/B-VIII.0 XS-
DIR + ENDF/B-VIII.0 - all ENDF/B-VIII.0 nuclear data files were used for this calculation, (2)
ENDF/B-VIII.0 XSDIR + New - ENDF/B-VIII.0 nuclear data files were used with the new 6Li
nuclear data file for this calculation, (3) ENDF/B-VIII.1 XSDIR + ENDF/B-VIII.0 - nuclear data
files from the second preliminary release of ENDF/B-VIII.1 were used with the ENDF/B-VIII.0 6Li
nuclear data file for this calculation, and (4) ENDF/B-VIII.1 XSDIR + New - nuclear data files
from the second preliminary release of ENDF/B-VIII.1 were used with the new 6Li nuclear data file
for this calculation.

Calculated keff Calculated keff
(ENDF/B-VIII.0 XSDIR) (ENDF/B-VIII.1 XSDIR)

Experiment Measured keff ENDF/B-VIII.0 New ENDF/B-VIII.0 New
HMF63, Case 1 0.99930(400) 1.00340(9) 1.00364(9) 1.00317(9) 1.00357(9)
HMF63, Case 2 0.99880(470) 1.00365(9) 1.00368(9) 1.00349(9) 1.00361(9)

PMF33 0.99670(260) 0.99505(10) 0.99529(10) 0.99538(10) 0.99535(10)

Table 3-1: Criticality validation of benchmarks containing 6Li

In Table 3-1, experiment name "HMF63" stands for HEU-MET-FAST-063, which is a series
of cylindrical experiments that contained HEU plates reflected by lithium deuteride. The second
case of the HEU-MET-FAST-063 series had a different lithium deuteride reflector than the first
case; the lithium deuteride reflector in the second case contained less 6Li (1 order of magnitude
less atomic number density). With the addition of the new 6Li nuclear data file, the criticality
results for the HEU-MET-FAST-063 series are driven away from a calculated/experimental value of
unity. Although the change in keff with the addition of the new 6Li evaluation is not in the desired
direction, the changes are small compared to the measured keff uncertainty. This trend in results
is also shown for experiment PMF33 in the same table. Experiment name "PMF33" stands for
PU-MET-FAST-033, which is a cylindrical assembly of plutonium metal reflected by graphite with
a lithium hydride neutron shield. Additional validation tests were performed for the 6Li nuclear
data file by comparing calculated tritium production to experimentally measured production in the
Bethe sphere experiment. The results of these tests are shown in Table 3-2 and Table 3-3.

Calculated H3 Production
(ENDF/B-VIII.0 XSDIR)

Bethe Sphere Measured H3

Ampule Number Production ENDF/B-VIII.0 New
137 2.4317(1459)E-29 2.34223(5621)E-29 2.34626(5866)E-29
139 1.5917(955)E-28 1.58785(1524)E-28 1.59146(1512)E-28
141 3.9896(2394)E-28 3.96243(3051)E-28 4.07348(3096)E-28
111 6.9235(4154)E-28 6.88907(7165)E-28 7.33917(7266)E-28

Table 3-2: Validation of tritium production in multiple Li6H ampules in the Bethe sphere experiment

ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1
ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1
ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 3-1

•Nominally worse on HMF/PMF
− HMF/PMF config: cyl. assy. of U5 & P9 with LiD
− HEU-MET-FAST-063 driven away from a calculated/experimental value of unity; changes 

are small compared to the measured keff uncertainty

Evaluated Iridium, Yttrium, and . . . NUCLEAR DATA SHEETS M.B. Chadwick et al.

spherical shells surrounding the 14 MeV source neutrons
(see Fig. 1), and small cavities at the shell interfaces
contained ampules of material that were then analyzed.
Frankle and Harp described in Ref. [17] and Ref. [19] the
use of these assemblies to test tritium production cross
sections from lithium isotopes. Radiochemistry foils were
also placed at various radii throughout the sphere. Ad-
ditionally, another experiment (LiD-U) was performed
with the same setup except the first 7.6 cm was 93% en-
riched uranium instead of LiD, the remainder being LiD.
In these experiments the inner radii near the center had a
large fission neutron spectrum component, with the rela-
tive contribution of the fission neutrons becoming smaller
for outer radius locations.

FIG. 1: Photograph of the 1970s Bethe sphere LANL exper-
iment, showing a partially completed concentric LiD hemi-
spherical assembly of shells with an outer diameter of 60 cm.
The three tubes are for the accelerator deuteron beam pro-
viding the 14 MeV neutron source at the center, for target
cooling, and for an alpha-particle monitor.
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FIG. 2: The calculated neutron fluence energy dependence at
various locations in the LiD sphere. Note the strong compo-
nent of 14 MeV neutrons, especially at the inner-most loca-
tions. The overall fluence decreases with increasing distance
from the center.

In Figs. 2,3 and 4,5 we show calculated neutron flux
energy spectra at different locations in the LiD and LiD-
U spheres, on logarithmic and linear energy scales. In
the LiD sphere, there is a strong component of 14 MeV
neutrons, although there is also a significant component
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FIG. 3: As in Fig. 2, but here the neutron spectra in the LiD
sphere are shown on a linear scale.
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FIG. 4: The calculated neutron fluence energy dependence at
various locations in the LiD-U sphere. Note the large com-
ponent of fission spectrum neutrons as well as the 14 MeV
neutron component. The overall fluence decreases with in-
creasing distance from the center.

of lower energy neutrons that are generated via neutron
scattering reactions. In Figs. 4,5 the fission neutrons
created in the central region of the LiD-U sphere can
be seen. In the LiD regions of both the LiD and LiD-
U spheres, the effect of the 240 keV tritium production
resonance is evident (Figs. 2,4).

In Ref. [19] Frankle described refined MCNP simula-
tions of these Bethe spheres. Improvements in the MCNP
models included careful attention to modeling the con-
crete floor for room return neutrons, the quartz container
in the ampule geometry, and the beam cooling and al-
pha monitor tubes. In Frankle’s work, various nuclear
data libraries were used to model the uranium, lithium,
and deuterium: ENDF66 which was based on ENDF/B-
VI release 6; ENDF60 which was based on the first re-
lease of B/VI; and T16 2003 which is an internal Los
Alamos precursor to the ENDF/B-VII library. Three
radchem libraries were tested, the Livermore LLLDOS
library, the LANL SUPER library (which is the collec-
tion of legacy data from the Chemistry Division and from
Ed. Arthur), and the T16 RC 2004 library described in
this paper. The data testing described in this paper fol-

2719

ENDF/B-VIII.0 XSDIR ENDF/B-VIII.1 XSDIR
Ampule ENDF/B-VIII.0 new 6Li ENDF/B-VIII.1 new 6Li
111 0.99503 1.06004 0.99953 1.06413
137 0.96321 0.96486 0.95327 0.96210
139 0.99758 0.99985 0.99474 0.99587
141 0.99319 1.02102 0.99479 1.01896

1
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6Li(n,n’d)4He laboratory spectra
Correction of error in CP2011: LAB→CM (LCT=1 →2)

CP2020 ≡ ENDF/B-VIII.1β1
Panels
−Upper-left: incident n low-

energy (4.83 MeV) neutron 
spectrum
−Upper-right: 14.1 MeV 

neutron spectrum
−Lower-left: 14.1 MeV 

deuteron spectrum
−Lower-right: 14.1 MeV 4He 

spectrum

*Note the significant 
“heating” of 14.1 MeV 
spectra
*Perhaps explains 
significant effect on Bethe 
and pulsed spheres (if 8.0 is 
“like” LCT=1 in CP2011)
*No other change from 8.0 is 
significant enough to cause
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n+6Li(β1) integral testing [preliminary]
LLNL pulsed spheres—Neudecker (LANL)

6Li, 0.5 mfp, NE213-A, 117
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New n+6Li (β2)
•Ratio comparison
− 8.1β2 (n-003_Li_006.endf) to ENDF/B-VIII.0 (std-003_Li_006.endf)
− Standard region unchanged from ENDF/B-VIII.0
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New n+6Li (β2)
•Absolute comparison
− 8.1β2 (n-003_Li_006.endf) to world data
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6li-n-t-int-viewd.txt
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n+9Be
R-matrix configuration

• Added data: elastic, (n,𝛼), (n,n1)
• Extended upper energy from 1.6 MeV to 5.0 MeV

LANL
10
Be evaluation 4

En ' 1.75 MeV, challenges the conventional R-matrix approach. We approximate the effect of
this channel through two quasi-two-body resonant partitions:

n⌦ n⌦ 4
He⌦ 4

He ' 4
He⌦ 6

He + (nn)0 ⌦ 8
Be. (1)

Here the ⌦ symbol indicates the tensor product in the quantum mechanical Hilbert space, (nn)0
denotes the scalar (spin-0) di-neutron whose mass is taken to be twice the neutron mass; 8

Be(0+; 0)
is a J⇡

= 0
+ isospin T = 0 narrow resonance with mass set at 2m↵; the 6

He(0+; 1) isovector (T = 1)
strong-interaction stable nuclide with mass 0.9725 MeV below the threshold for 4

He+2n breakup.
This new R-matrix evaluation includes the inelastic scattering process 9

Be(n, n1)9Be⇤(52
+
; 2.4924

MeV) for the first time. Processes for which experimental data is available for the 10
Be system

is shown in lower portion of Table 3. The reaction process 9
Be(n, t)7Li, which has threshold

En,thr = 11.6 MeV is not included here, but should be in future work.

Channel ac(fm) `max

n+9
Be(32

�) 4.67 3
4
He+6

He(0+) 5.00 4
(nn)0+8

Be(2
+
) 5.20 3

n +9
Be

⇤
(
5
2

�
) 5.20 1

Process En range Observables Ndat �2/Ndat
9
Be(n, n0)9Be (1.25 eV, 15.4 MeV) �tot, �, �(✓), Ay(✓) 5782 1.65

9
Be(n, 4He)6He (0.63, 8.5) MeV �, �(✓) 178 1.40
9
Be(n, 2n)8Be (1.8, 14.7) MeV � 40 13.95

9
Be(n, n1)9Be⇤ (2.7, 5.0) MeV �(✓) 83 1.65

Total 6083 1.75

Table 3: (Top) Partition configuration for the 10
Be compound system. (Bottom) Scattering and

reaction observables: number of data points Ndat, energy range covered, quality of fit in �2/Ndat,
and observables. Rows 2–4 (highlighted) of the upper portion of the table represent new contri-
butions to the 10

Be evaluation; the previous R-matrix evaluation[2] included data only from the
elastic process 9

Be(n, n)9Be.

The top portion of Table 3 shows the channels along with the channel-radius parameters ac of
the R-matrix parametrization and the maximum value of the orbital angular momentum `max for
the channel. The scattering and reaction processes (collectively “Process”) of the 10

Be compound
system are shown in the left column of the lower portion of the table. Energy ranges, numbers of
data points and types of observables are shown in the remaining columns of the lower portion.

The R-matrix approach is a phenomenological model, parametrized by the channel-radii, ac, the
level � energies and reduced widths, E� and ��,c, respectively.1 (See Fig. 3.) Given the data and

1We avoid a description of some technical details of the R-matrix approach such as the boundary condition
parameters, bc.[5].

NA
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β1

9Be(n,2n)
(n,2n) changes: MT=16 VII.1 à MT=24 VIII.1β2

MT=16 (n,2n):
• Residual = 8Be
MT=24 (n,2n⍺):
• Residual = 4He

‘1st Gibson hypothesis’:
§ more rapid rise causes “heating” 
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n+9Be integral testing [preliminary]
Kleedtke (LANL/XCP-5)

•Nominally worse on HMF/MMF
− HMF/MMF/PMF config: cyl. assys. of U5 or P9+HEU hemishells & P9 with 9Be reflectors
− Generally hotter by 100-200 pcm
− 𝜷2 will explore reversion to ENDF/B-VIII.0 (n,2n) (but in MT=24)

§ This should reduce/cool keff

4
9
Be Evaluation

The latest 9Be evaluation was tested with criticality experiments. The validation results for the set of
criticality experiments chosen are shown in Table 4-1. The calculated keff is shown for four different
scenarios: (1) ENDF/B-VIII.0 XSDIR + ENDF/B-VIII.0 - all ENDF/B-VIII.0 nuclear data files
were used for this calculation, (2) ENDF/B-VIII.0 XSDIR + New - ENDF/B-VIII.0 nuclear data
files were used with the new 9Be nuclear data file for this calculation, (3) ENDF/B-VIII.1 XSDIR
+ ENDF/B-VIII.0 - nuclear data files from the second preliminary release of ENDF/B-VIII.1 were
used with the ENDF/B-VIII.0 9Be nuclear data file for this calculation, and (4) ENDF/B-VIII.1
XSDIR + New - nuclear data files from the second preliminary release of ENDF/B-VIII.1 were used
with the new 9Be nuclear data file for this calculation.

Calculated keff Calculated keff
(ENDF/B-VIII.0 XSDIR) (ENDF/B-VIII.1 XSDIR)

Experiment Measured keff ENDF/B-VIII.0 New ENDF/B-VIII.0 New
HMF75 0.9985(27) 1.00172(9) 1.00229(9) 1.00107(9) 1.00164(9)

HMF101, Case 1 1.00065(+78/-62) 1.00036(4) 1.00231(4) 1.00012(5) 1.00203(5)
HMF101, Case 2 1.00345(+79/-62) 1.00321(5) 1.00514(5) 1.00282(5) 1.00488(5)
HMF101, Case 3 1.00017(+81/-62) 1.00028(4) 1.00217(5) 0.99990(5) 1.00174(4)
HMF101, Case 4 1.00048(+76/-60) 1.00030(5) 1.00215(5) 0.99999(5) 1.00183(5)
HMF101, Case 5 1.00189(+76/-59) 1.00181(5) 1.00372(5) 1.00139(4) 1.00329(5)
MMF7, Case 1 1.0000(45) 1.00094(11) 1.00301(11) 1.00088(11) 1.00318(11)
MMF7, Case 2 1.0000(23) 1.00566(11) 1.00734(11) 1.00580(11) 1.00732(11)
MMF7, Case 3 1.0000(28) 1.00414(10) 1.00464(10) 1.00442(10) 1.00450(10)
MMF7, Case 4 1.0000(28) 1.00339(10) 1.00308(10) 1.00339(10) 1.00320(10)

PMF38 1.0007(19) 1.00092(10) 1.00186(10) 1.00054(10) 1.00173(10)

Table 4-1: Criticality validation of benchmarks containing 9Be

In Table 4-1, experiment name "HMF75" stands for HEU-MET-FAST-075. The HEU-MET-
FAST-075 experiment is a cylindrical assembly of uranium metal reflected by beryllium oxide. The
calculated keff increased by about 60 pcm with the addition of the new 9Be nuclear data file.
This change is small when compared to the uncertainty in the measured keff. The experiment
name "HMF101" stands for HEU-MET-FAST-101. The HEU-MET-FAST-101 experiment series
goes by the name of "KRUSTY", which stands for Kilowatt Reactor Using Stirling TechnologY.
This newly performed experimental series includes a beryllium-oxide and stainless-steel reflected
cylinder of HEU metal. Important information regarding sequential operations for each case: (1)
Case 1: baseline initial critical, (2) Case 2: added 1/8" BeO, (3) Case 3: removed source and
source holder, (4) Case 4: replaced upper bottom axial BeO reflector plug with Al plug, (5) Case 5:
added 1/8" BeO and replaced both bottom BeO axial reflector plugs with Al plugs. The calculated
keff increases by about 200 pcm with the addition of the new 9Be nuclear data file. This is a
pretty significant change when comparing this change with uncertainties of the measured keff.
Mixed (HEU and Pu) systems and plutonium systems were also considered in this analysis. The
experiment "MMF7" stands for MIX-MET-FAST-007, which is a series of criticality experiments
performed using spherical composite cores (Pu sphere with HEU hemishells) reflected by beryllium.
The results of this experiment series are very similar to the results for the HEU-MET-FAST-101

ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 4-1
ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 4-1
ENDF/B-VIII.1 Validation
Los Alamos National Laboratory Page 4-1
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MMF7 Sensitivies
N. Kleedtke’s KSEN runs

•Decreasing sensitivity from left → right, top → bottom
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MMF7 Sensitivies
N. Kleedtke’s KSEN runs (n,2n) MT=16 (left) MT=24 (right)

•Opposite sign – why? 
• Size – factor of 2 larger magnitude in MT=16 
• ‘2nd Gibson Hypothesis’:
− NJOY is MT16/24 agnostic
− What about MCNP? (ACE and/or KSEN?)
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n+9Be integral testing [preliminary]
LLNL Pulsed spheres—Neudecker (LANL)

Be, 0.8 mfp, Pilot-B, 39
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New 9Be(n,2n)
MT=24 VIII.1β2 from MT=16 VIII.0

= ENDF/B-VIII.0
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Further testing
• 6Li
− Change LCT=1 (LAB) → LCT=2 (CM) in CP2011 and re-run Bethe Sphere, MMF7 et al.
− Others?
− Evaluation check

§ How did (n,n’) spectra change between 8.0 and 8.1?
− Plot pseudo-level (MT=51, …) representation against MT=32
−…

• 9Be
− Change ENDF/B-VIII.0 MT=16 to MT=24 (no other change)
− Check the 2nd Gibson Hypothesis

§ For ACE (NJOY16): processing agnostic
§ For crits (MCNP): transport agnostic

− Evaluation checks
§ Can this all be angular distribution changes?

−Restore MF=4 MT=2 from ENDF/B-III.0
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Thank you!
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Evaluation pipeline
EDA R-matrix procedure

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

1.EDAf90 code handles all types of data [EXFOR/CSISRS; publications; priv. comm.]
− total, integrated, diff’l, polarized, unpolarized; neutron- and CP-induced: (n,X), (p,X), (d,X), (t,X),...

2.EDAf90 handles all the compound system (here: 10Be) data simultaneously
3. Optimization over parameters simultaneously fits all the data with the same parameters
4.EDAf90à ENDF-6 formatted ENDF/B libraries for processing to CE & MG libraries
5. Testing & evaluation by hand; future: automate
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R-matrix
Overview of evaluation framework

Interior region 
 

Channel surface 
 

Exterior region 
 

 
 

Text

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 
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n+6Li
R-matrix evaluation update/extension
• Previous evaluation ENDF/B-VII.1 

(LANL internal “CP2011”)
− upper energy limit 𝐸! ≤ 4.3 MeV
− configuration: t+4He, n+6Li, 

n+6Li*(3+; 2.19 MeV), d+5He*(3/2–)
− ~3,800 data points; 𝜒"/𝑑𝑜𝑓 ≈ 1.36
− formatting changes: MF=4→MF=6; 

MT=24→41 (n,2np)

•Updated evaluation (submitted for 
ENDF/B-VIII.1𝛽1)
− upper energy limit 𝐸! ≤ 8.0 MeV
− new configuration = old config + 

inelastic: n2+6Li(0+; 3.56 MeV)
− new data covering all channels
− corrected 6Li(n,n’d)4He spectra
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n+6Li
R-matrix evaluation update/extension
• Previous evaluation ENDF/B-VII.1 

(LANL internal “CP2011”)
− upper energy limit 𝐸! ≤ 4.3 MeV
− configuration: t+4He, n+6Li, 

n+6Li*(3+; 2.19 MeV), d+5He*(3/2–)
− ~3,800 data points; 𝜒"/𝑑𝑜𝑓 ≈ 1.36
− formatting changes: MF=4→MF=6; 

MT=24→41 (n,2np)

•Updated evaluation (submitted for 
ENDF/B-VIII.1𝛽1)
− upper energy limit 𝐸! ≤ 8.0 MeV
− new configuration = old config + 

inelastic: n2+6Li(0+; 3.56 MeV)
− new data covering all channels
− corrected 6Li(n,n’d)4He spectra

li6(n,n)li6* dσ/dΩ E=    5.150 MeV
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θCM
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n+6Li
R-matrix evaluation update/extension
• Previous evaluation ENDF/B-VII.1 

(LANL internal “CP2011”)
− upper energy limit 𝐸! ≤ 4.3 MeV
− configuration: t+4He, n+6Li, 

n+6Li*(3+; 2.19 MeV), d+5He*(3/2–)
− ~3,800 data points; 𝜒"/𝑑𝑜𝑓 ≈ 1.36
− formatting changes: MF=4→MF=6; 

MT=24→41 (n,2np)

•Updated evaluation (submitted for 
ENDF/B-VIII.1𝛽1)
− upper energy limit 𝐸! ≤ 8.0 MeV
− new configuration = old config + 

inelastic: n2+6Li(0+; 3.56 MeV)
− new data covering all channels
− corrected 6Li(n,n’d)4He spectra
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n+6Li
R-matrix evaluation update/extension
• Previous evaluation ENDF/B-VII.1 

(LANL internal “CP2011”)
− upper energy limit 𝐸! ≤ 4.3 MeV
− configuration: t+4He, n+6Li, 

n+6Li*(3+; 2.19 MeV), d+5He*(3/2–)
− ~3,800 data points; 𝜒"/𝑑𝑜𝑓 ≈ 1.36
− formatting changes: MF=4→MF=6; 

MT=24→41 (n,2np)

•Updated evaluation (submitted for 
ENDF/B-VIII.1𝛽1)
− upper energy limit 𝐸! ≤ 8.0 MeV
− new configuration = old config + 

inelastic: n2+6Li(0+; 3.56 MeV)
− new data covering all channels
− corrected 6Li(n,n’d)4He spectra
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n+9Be
Integrated cross sections
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n+9Be
Differential cross sections 9Be(n,n0)9Be
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0 30 60 90 120 150 180
θCM

150

200

250

300

350

400

450

500

550
*10-3

dσ
/d
Ω

 90% confidence range
calculated at E= 1.000
9Be(n,n) dxs at 1.00 MeV Fowler ‘59

9be(n,n)9be dσ/dΩ E=    5.000 MeV

0 30 60 90 120 150 180
θCM

10-2

10-1

100

dσ
/d
Ω

 90% confidence range
calculated at E= 5.000
be9(n,n)be9:J,NSE,103,37,198909:M.Sugimoto+
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n+9Be
Differential cross sections 9Be(n,n1)9Be*
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New Evaluation 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).

§ Testing/benchmarking (on slides following n+16O)


