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Outline: SBEND project overview
•Collaboration
•Collaborative work overview
•Recent results

The nuclear data cycle & SBEND
•Theory & evaluation (T&E) @ intersection
− Observed differential, basic physics data
− User needs/Applications

§ Basic science
§ Nuclear security
§ Nuclear energy

•T&E provides
− Overarching: Technical/physics guidance
− Concrete: Nuclear data parameters

§ Nuclear structure parameters
§ Smooth (differentiable) reaction cross section data
§ & these data should be consistent
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SBEND Collaboration 
Project Overview
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Collaboration
Key personnel
•M. Paris (PI, LANL)
− Staff scientist Theoretical Divison (T-2)

•D. Brown (co-PI, BNL)
− Staff scientist Nucl. Science & Technology Dept.

• I. Thompson (co-PI, LLNL, Fellow APS/IoP)
− Staff scientist Nuclear Data & Theory Group

•K. Kravvaris (co-PI, LLNL)
− Staff scientist Nuclear Data & Theory Group

•G. Hale (co-Inv, LANL, Fellow APS)
− Staff scientist T-Division (T-2)

•A. Lovell (co-Inv, LANL)
− Staff scientist T-Division (T-2)

•L. Hlophe (MSU/FRIB visiting asst. prof.)
− Joint position with LANL/T-2 (hired August ‘23)
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Collaboration
Synergistic activities
•Experimentalist collaborators
− Univ. Notre Dame: R.J. DeBoer, M. Wiescher, ...
− Ohio Univ: C. Brune
− LANL: M. Devlin, K. Kelly, S. Kuvin, H.Y. Lee, S. Paneru, ...

•Recent hires
− Linda Hlophe (MSU/FRIB + LANL/T-2 joint position)
− Hirokazu Sasaki (LANL/T-2 staff member)

•Graduate Student Employee
− Joshua Adeleke (Ill. Inst. Tech, Physics & Math)

§ DOE Sustainable Research Pathways Program to build lasting collaborations
§ Summer 2024 project: applications of deep neural networks to light-element evaluation

• Skills transfer (“training”) activities
− Evaluation & data generation – current efforts

§ Som Paneru (LANL/P-3; 8Be system evaluation)
§ Hirokazu Sasaki (LANL/T-2: 13C system evaluation)

− Theory
§ Linda Hlophe: breakup reactions in ab initio & Faddeev approaches
§ Hirokazu Sasaki: R-matrix methods

− Aim to expand these skills-transfer/training efforts
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Objectives
I.  Improve effectiveness of US Nuclear Data Program for 

broad community of ND users
− improved analysis & computational techniques
− identification of high-priority needs
− support for experiment design, analysis & interpretation
− improve availability of data

§ online & published
− dissemination of nuclear reaction & structure data

II. Multi-use and/or high-impact nuclear
− NP basic science users
− Nuclear energy
− Non-proliferation
− Radiation & criticality safety; planetary & space science

III. Support SC/NP funded research
− Prioritize ND experiments in 2015 LRP for Nuclear Science

§ QCD, Nuclear Astro, Fundamental Symmetries & 𝜈

•Elements of interest
− Material categories: structural, controlled, intervening, 

detector, source
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Selected publications
New/recent/upcoming SBEND and related work

•Resonant Faddeev-R-matrix theory for breakup 
reactions (LANL, Hale & Paris)
− PHYSICAL REVIEW C (in preparation)

•Deuterium-Tritium Fusion 𝛾 Ray Spectrum at MeV 
Energies with Application to Reaction-in-Flight 
Inertial Confinement Fusion Measurements (LANL 
P-Division, w/Hale & Paris)
− PHYSICAL REVIEW C (Accepted) (2024)

•Measurement 13C(⍺,n0)16O diff. cross section from 
0.8 MeV to 6.5 MeV (UND, w/Hale & Paris)
− PHYSICAL REVIEW LETTERS 132, 062702 (2024)

•Measurement Q=4.4 MeV 12C(n,n’𝛾) from threshold 
to 16.5 MeV (LANL P-Division, w/Paris)
− PHYSICAL REVIEW C 108, 014603 (2023)
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FIG. 3. DT fusion gamma ray spectrum as a function of incident deuteron energy, Ed, averaged over all angles. Figure 1a) on
left, shows the absolute di↵erential cross section. The large variations seen between Ed = 10 keV, 100 keV, and 1 MeV are
mainly due to the resonant nature of DT fusion cross section. Figure 1b) on the right, shows spectra normalized to unit area
to show the minor shape changes and shift in the ground-state peak energy.

deuteron energy. Note that this increase in the branching
ratio is outside the experimental uncertainty of the low-
energy measurement, 2.1± 0.4 [21], for Ed > 4.7 MeV.

The analysis Energy-Dependent Analysis (EDA) code
from which SPECT gets its resonance-parameter infor-
mation is a nuclear data evaluation code that does a
simultaneous fit of all reaction/scattering data in an R-
matrix framework [37]. The R-matrix formalism [41] pro-
vides a unified description of many reactions, ensures uni-
tarity (probability conservation), and produces a high-
fidelity chi-squared fit with covariances [42] The analysis
of reactions in the 5He system includes all available data
(cross sections and polarizations) on the 3H(d, n) and
3H(d, �) fusion reactions, as well as for d � t and n � ↵

elastic scattering. Both systematic and statistical errors
are taken into account, while (optionally) excluding data
points with chi-squared values greater than 10. Figure 4
shows the gamma ray-to-neutron ratio as a function of
incident deuteron energy with measured data [8] [20] [7]
[19] [5] [16] [15] [13] [18] [14] [17] plotted for comparison.
The gamma ray-to-neutron ratio includes both gamma
ray branching path ways (�0 and �1). Note that the
R-matrix calculation is extrapolated above 10 MeV, the
highest data point measured, and so has a higher level of
uncertainty.

III. ESTIMATED REACTION-IN-FLIGHT
SPECTRA

A 14.1 MeV DT fusion neutron has elastic scattering
cross sections of 0.92 barn for deuteron and for 0.62 for
triton. The number of energetically upscattered ’knock-
on’ deuterium and tritium particles, Q, in an 50/50 DT

FIG. 4. The DT gamma ray-to-neutron branching ratio as
a function of incident deuteron energy, Ed. Note that above
10 MeV the branching ratio is extrapolated and has a higher
level of uncertainty.

fuel mix can be estimated by: [43]

Q =
(⇢R)DT ⇤ Yn

5.4[ g
cm2 ]

(21)

where (⇢R)DT is the areal density of the DT fuel, mea-
sured with neutron time of flight diagnostics through the
downscattered neutron spectrum [44] and Yn is the total
number of DT fusions. For NIF implosions with fuel areal
densities ranging from 0.4 to 0.8 [ g

cm2 ], the knock-on deu-
terium and tritium are about 0.1 to 0.15 of the total DT
yield, spread over the birth knock-on spectra. A calcu-
lation of the birth spectra using Monte Carlo N Particle
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which is computationally more intensive than that re-
quired for the standard, two-body R-matrix calculations
but necessary to ensure that the constraint of three-body

unitarity is observed. The parameters of R(�,j)

L̄,s`s0`0
(E)

are determined in the standard, two-body R-matrix ap-
proach of Ref.[4], by using the stable two-body and
quasi-two-body channels. In the current example of the
3H(t, 2n)4He reaction, corresponding to the 6He system,
the stable two-body partition in our current evaluation[9]
is tt while the quasi-two-body channels are (nn)4He and
n5He. We consider the details of this evaluation in the
next section.

III. A = 6 SYSTEM

We apply a simplified approach of the methods de-
scribed in the previous section to the A = 6 isobaric
triplet 6He, 6Li, 6Be. The present results are updates of
previous evaluations that incorporate a least-squares fit
approach to the simplified version of the aforementioned
more complete theoretical approach. The 6He system
has been studied, the neutron (n) spectra particularly,
in Ref.[10] and more recently[2, 11, 12]. Spectra have
also been analyzed using simpler versions of the present
methods for the 6Li and 6Be [13]. The objective of the
present section is to give a concrete instance of the the-
oretical description in the previous section and provide
some of the details of the analyses, including parameter
values for the Los Alamos National Laboratory spectrum
analysis code (spect[? ]), that have not been published
elsewhere. The spectrum data that has been analyzed
in this section has been obtained from accelerator and
thermonuclear reaction sources.

A. Neutron and ↵ spectra for
6He

An R-matrix analysis of reactions in the 6He system
presently includes only t+t di↵erential elastic scattering
cross sections and integrated reaction cross sections at
triton energies below 2 MeV. Only S- waves are allowed,
and the three-body (n,n,a) rmal state is approximated as
an n+SHe channel. The calculated integrated reaction
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FIG. 1. Neutron spectrum (as a function of the outgoing
neutron energy in the center of mass frame, En,cm compo-
nents and total compared to the observed data (labeled Wong
(1965)[14]) for incident triton (laboratory) energy Et,lab = 0.5
MeV. The components include contributions to the ampli-
tudes corresponding to three arrangements: the lowest lying
resonance of the 5He system, n + 5He( 32

�
) (red curve), the

next higher in energy resonance n + 5He( 12
�
) (green curve),

and the di-neutron (nn) contribution (blue curve) (nn)+4He.

FIG. 2. The ↵-particle spectrum (as a function of the
outgoing ↵ energy in the center of mass frame, E

cross section is in good agreement with the measurement
of Serov, 6 as can be seen in Fig. 2.
The recently updated spectrum analysis code, spect-

fit performs a least-squares fit at a given incident en-
ergy (here Et) for the quantities RL̄ of Eq. (29) permits

a single-level description of the amplitudes c(i)
�

IV. CONCLUSION

ACKNOWLEDGMENTS

The authors thank A. Bacher, C. Brune, C. Forrest,
J. Frenje, M. Gatu Johnson, A. Hayes, H. Herrmann, Y.
Kim, J. Knauer, K. Meaney, D. Sayre, A. Zylstra and

MEASUREMENT OF THE CROSS SECTION OF … PHYSICAL REVIEW C 108, 014603 (2023)

FIG. 8. The present n-γ and γ -only cross section results are shown as the black and cyan data points, respectively, for the entire measured
energy range in panel (a), and from 4.80 to 6.50 MeV in panel (b), 6.5 to 8.25 MeV in panel (c), 8.25 to 12.0 MeV in panel (d), and 12.0 to
16.5 MeV in panel (e). The ENDF/B-VIII.0 evaluation is shown as the black, solid line with the gray shaded region representing the evaluation
uncertainties, and literature data are described in the legend, along with the type of measurement (either γ or n for literature data). The
preliminary data from Negret et al. [3,44] are shown here as the open, brown triangles in Fig. 8(b).
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angular distributions on the thick target plateau of the Eα ¼
1.05 MeV resonance [35] and angular distributions of
7Liðp; nÞ7Be reaction [36,37]. These corrections proved
to be the most significant source of systematic uncertainty
as summarized in Table I.
The main framework used for interpreting 13Cþ α and

16Oþ n data over the resolved resonance region has been
the R matrix [39,40]. A comprehensive analysis has been
developed by the Los Alamos National Laboratory group
for the ENDF=B evaluations [11,12] using the energy
dependant analysis (EDA) code [41] and several other
R-matrix studies have also been published [16,42–44].
The R-matrix parameters from the EDA fit were transformed
into the Brune parametrization [45] and used as initial fit
parameters for the AZURE2 [46,47] analysis described here.
These parameter conversions have been tested previously in
Thompson et al. [48].
Up to ≈2.6 MeV, the EDA parameters give a good

reproduction of the present measurements owing to the
previous measurements of Walton et al. [35], but at higher
energies, the agreement worsens considerably because of
the much more limited amount of data [49–51]. The recent
measurements of Prusachenko et al. [52] provide 36
additional angular distributions, which have not yet been
incorporated into the ENDF=B evaluation. The level of
agreement between the present data and the EDA calculation
is demonstrated by a comparison of the 0° cross section
and two representative angular distributions in Fig. 2. The
discrepancies highlight the improvement the present data
can have on future evaluations.
In Febbraro et al. [9], it was confirmed that above

≈5 MeV the transitions to the excited states in 16O quickly
become significant contributors to the total reaction cross
section. The present data give an improved mapping
of the high energy 13Cðα; n0Þ16O cross section up to
6.5 MeV. A Legendre fit was used to integrate the differ-
ential data to compare with the reaction cross section data
of Brandenburg et al. [53] as shown in Fig. 3. The
Brandenburg et al. [53] measurements should be more
accurate than previous measurements as the efficiency of
the detector was designed to minimize its sensitivity to
neutron energy and angular distribution. Over the region
where only the ground state transition is energetically
accessible, the present data are ≈15% higher than those

of Brandenburg et al. [53], 10% higher than those of
Febbraro et al. [9], and ≈15% lower than those of
Prusachenko et al. [52], in good agreement when these
systematic uncertainties are considered. The data of
Prusachenko et al. [52] do show some differences in their
energy dependence, but this is likely due to energy
resolution effects resulting from their thicker target.
Recently, measurements have been extended to lower

energies [54,55], now directly overlapping a portion of the
Gamow window for helium burning temperatures. Even so,
an extrapolation of the cross section is still required to cover
the full range of astrophysical interest. Using the R matrix,
the uncertainty can be more fully characterized as
the framework provides the means for combining direct
measurements with asymptotic normalization coefficients

TABLE I. Summary of systematic uncertainty estimates for the
present measurements of the 13Cðα; nÞ16O cross section.

Systematic uncertainty contribution %

Charge collection 3
Stopping power [38] 5
Intrinsic efficiency 5
MCNP/Geometric efficiency 10

Total 13
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FIG. 2. Comparison of the present measurements with those
of Refs. [35,49–52] and the R-matrix cross section from the
ENDF/B VIII.0 evaluation [12] at θlab ¼ 0° and two example
angular distributions from this work.
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FIG. 3. Comparison of the present 13Cðα; n0Þ16O data and that
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The data above Eα ≈ 5 MeV indicate strong contributions from
excited state transitions.
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Caveats
R-matrix Evaluations compared to ENDF/B files

Long version
•This talk is focused on the (LANL) R-matrix evaluation capability
•These evaluations are (should be) consistent with ENDF/B library files
− Up to the maximum energies in the R-matrix evaluation 

§ Which may be less than 20 MeV (the ENDF mandated minimum highest energy)
− With the MT (scattering or reaction designator)

§ There may be other final states/reactions/scatterings/processes in the ENDF/B files that did not come 
from our R-matrix evaluation

Short version
•ENDF/B can (and usually does) contain scattering and reaction cross section data 

whose origin is not from the R-matrix analysis methodology
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Collaborative Work Overview
i) Data efforts

ii) Light-element evaluation updates
Compound systems 

7Li, 8Be, 10Be, 13C, 15N, 17O



102/26/2024

Collaborative work
Broad overview

Category Material SBEND Elements

Structural Al, steel, AM material H, C, N, O

Controlled substances Conventional explosives, 
pharmaceuticals, chemical  agents, 
SNM

H, C, N, O, F, P

Intervening (shielding) Poly, H2O, n abs, Pb, W H, Li, Be, B, C, O

Detector Org & inorg scint, semicon, housings, 
PMT

He, He, C, O

Source Detector housing, source reactions Li, Be

•Materials of interest
− First priority

§ H, C, N, O
− Follow-up

§ He, Li, Be, B

•Elemental processes of 
interest
− SBEND initial 

prioritization
§ subject to need

− DOE/SC & NNSA 
motivation

Modern Structure-based Nuclear Data Evaluations for Basic Science, Nuclear Safety & Security P.I.: M. Paris

this proposal. The tasking described in this section is primarily organized around the generation, production
and distribution for specific evaluations with primacy on the production of the nuclear data files. Concurrent
with this production of the evaluated nuclear data files, produced in various formats of relevance to nuclear
structure, decay, and reactions, is the theoretical analysis and numerical implementation of improvements to
the code tools, some of which were described in the previous section.

In the following subsections, we will detail the proposed research, which addresses the three focus areas
(FI, FII, & FIII) described above, in terms of tasks: T1) the production of nuclear data files from new evalu-
ations; T2) theoretical analysis to ensure consistent evaluations; and T3) numerical code implementations to
improve e�ciency and automation of the evaluation pipeline in Fig. 3.

Priority evaluations DOE-SC user interest NNSA user interest
1H(n, n)1H; 1H(n, �)2H;
2H(�, n)1H

Reference/monitor cross section;
BBN

Reference/monitor for various
actinides, e.g.235U(n, f);
Non-proliferation/interrogation

6Li(d,↵)4He; 7Li(p, �/�⇤)8Be BSM physics; BBN Nuclear security
12C(n, n0

�)12C; 12C(↵, �)16O;
12C(↵,↵0

�)12C
Stellar nucleosynthesis; nuclear
structure

Secondary �-rays
non-proliferation/interrogation

13C(↵, �)17O; 13C(↵, �)16O;
13C(↵,↵0

�)13C
Stellar nucleosynthesis; nuclear
structure; Neutrino-detection
backgrounds

Secondary �-rays
non-proliferation/interrogation

14N(n, n)14N; 14N(n, p)14C;
14N(n,↵)11B; 14N(n, n0

�)14N
Stellar nucleosynthesis; nuclear
structure

Secondary �-rays
non-proliferation/interrogation

15N(n, n0
�)15N;

15N(p,↵0
�)12C;

Stellar nucleosynthesis; nuclear
structure

Secondary �-rays
non-proliferation/interrogation

16O(n,↵)13C; 16O(�⇤,↵)12C;
16O(n, n0)16O⇤;
16O(n, n0

�)16O;

Stellar nucleosynthesis; nuclear
structure; Neutrino-detection
backgrounds

Secondary �-rays
non-proliferation/interrogation

Table 1: Evaluations of priority for the proposed work.
T1) New evaluation work

Exploiting the long history and experience represented by the collaboration members, with our current,
stable existing code infrastructure, will allow us to make rapid progress (see the Timeline in the next section)
on providing evaluated nuclear data files. It’s perhaps important to point out that a significant number
of light-element evaluations in the current evaluated nuclear data library, ENDF/B-VIII.0[15], are based
on evaluations carried out by the members of the proposal collaboration. Extending and refining these
evaluations is a central focus of this proposed work.

The evaluations in Table 1 are encompassed by the following compound systems:

NN ⇠ (� ⌦ 2H)� (n⌦ p)� (p⌦ p)� (n⌦ n), (14)
8Be ⇠ (�/�⇤ ⌦ 8Be)� (n⌦ 7Be)� (p⌦ 7Li)� (d⌦ 6Li), (15)
13C ⇠ (� ⌦ 13C)� (n⌦ 12C)� (n⌦ 12C

⇤
(Ej)� (↵⌦ 9Be)� (p⌦ 12B)� (d⌦ 11B), (16)

15N ⇠ (� ⌦ 15N)� (n⌦ 14N)� (p⌦ 14C)� (n⌦ 14N
⇤
(Ek))� (↵⌦ 11B)� (d⌦ 13C), (17)

17O ⇠ (� ⌦ 17O)� (n⌦ 16O)� (↵⌦ 13C)� (n⌦ 16O
⇤
(El))� (↵⌦ 13C

⇤
(Em))

� (p⌦ 16N)� (d⌦ 15N), (18)

where we have included channels of relevance for incident neutron laboratory energies En . 15 MeV
with residuals (the heavier member of the channel). We do not explicitly indicate the channels relevant for

19
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Data effort: planned improvements to x4i 
EXFOR interface; python (https://github.com/brown170/x4i.git)

•Developed at LLNL by D. Brown as 
a lightweight API for EXFOR. 
•GPL release in 2010 when D. 

Brown transitioned to BNL; pip 
install and Python3 update in 2022
•Used by FUDGE & ADVANCE for 

ENDF V&V
•Modest use in SG-30 for checking 

EXFOR
•Used in two papers

More updates needed:
• New EXFOR coding (e.g. “PAR”)
• Ensure levels in EXFOR match RIPL
• Sync with new EXFOR Master file 

locations, new EXFOR Dicts
• Implement EXFOR checking
• Compatibility with PANDAS 

DataFrames
• Improve database indexing

Help EXFOR modernization 
project and NRDC 

Enable SBEND data 
extraction
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Evaluation pipeline
EDA R-matrix procedure

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

(𝛾,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.EDAf90 à ENDF-6 formatted ENDF/B libraries for processing to CE & MG libraries
5. Testing & evaluation by hand; future: automate

Observation
 Single experiment 

observations
 of yield

 Unpolarized: 
 Polarization:

e.g. 

Nuclear Data Evaluation 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

Data Formatting &
Processing

 ENDF/B encoding of "basic
physics''

 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
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Evaluation updates/publications
*Accepted ENDF/B-VIII.1

*7Li system: n+6Li, t+4He, n1+6Li*, n2+6Li**

* To appear Nucl. Data Sheets ENDF/B-VIII.1

• 8Be system: ⍺+4He, p+7Li, p1+7Li*, n+7Be, n1+7Be*, d+6Li
− Work with Som Paneru & Hye Young Lee

§ Include inelastic channels
− Improve 8Be system evaluation

§ Include electromagnetic channels: 𝛾+8Be
− Follow-up work on "X17” anomaly

§ Hayes, Friar, Hale & Garvey PRC105, 2023

*10Be system: n+9Be, ⍺+6He, (nn)+8Be*, n1+9Be*, 𝛾+10Be
* To appear Nucl. Data Sheets ENDF/B-VIII.1

8.0
8.1

ANGULAR CORRELATIONS IN THE e+e− … PHYSICAL REVIEW C 105, 055502 (2022)

produce

T 00 ∼=
q4S
36

+ q2D
3

+ q4T
225

. (9)

The terms on the right-hand side of (9) determine the C0
(0+), E1 (1−), and E2 (2+) transition rates via three nuclear-
structure constants, S, D, and T , which are the squared
reduced monopole, dipole, and quadrupole matrix elements,
respectively.

The transverse-current structure function, T ⊥⊥, can be de-
termined in a similar fashion. Expanding the spherical Bessel
functions in Eq. (4) results in magnetic dipole (M), electric
dipole (D), and electric quadrupole (T ) contributions:

T ⊥⊥ ∼=
2q2M

3
+ 2Q2D

3
+ q2Q2T

150
. (10)

The structure constant M is the square of the reduced magnetic
dipole matrix element. The proportionality of the OJ−1

JM and the
CJM for small q (viz., Siegert’s theorem) was used to obtain
the D and T terms. Of the four terms that remain (proportional
to S, D, M, T ), we keep the two (D and M) that have kinematic
coefficients that are dimensionally equivalent to (energy)2,
and ignore the higher order terms, in common with other
discussions. Note that in Eq. (6) magnetic multipoles occur
only in T ⊥⊥, which then has the simple form given in Rose,
but electric and Coulomb multipoles there are mixed between
T ⊥⊥ and T 00 in a most nonobvious (but correct) way.

B. Relation to the photon decay rate

The e+e− transition strength from the resonances of 8Be
to the ground state can be constrained by the corresponding
photon transition strength, as was done by Rose [4], who
calculated the leading-order e+e− decay rate “per photon.”
We have verified his results. In the case of γ decay with an
outgoing photon of momentum q in the final state, the decay
rate, ωγ , is given by

ωγ = 2αQT ⊥⊥(−q). (11)

Thus the squared matrix elements M, D, and T entering the
e+e− rates can, in principle, be extracted from measured γ -
decay rates. Combining Eqs. (10) and (11) gives

ωγ
∼=

4α

3

(
Q3M + Q3D + Q5T

100

)
. (12)

The squared E0 matrix element, S, must be determined by
other means, if needed [5]. We will require only D and
M, corresponding to electric dipole and magnetic dipole
transitions.

III. ANALYSIS OF THE PHOTON DECAY DATA FOR 8Be
FROM THE 7Li(p, γ ) REACTION

The γ decays of the 8Be resonances of interest have been
measured via the analogous 7Li(p, γ ) reaction; the integrated
cross section has been measured by Zahnow et al. [6] and
the 90◦ excitation function by Fisher et al. [7]. The angular
distributions for the emitted photons have been measured by
Mainsbridge [8] and by Schlueter et al. [9]. The resonance

FIG. 1. The total integrated cross sections for the 7Li(p, γ )8Be
reaction from Ref. [6]. The red curve is the result of our R-matrix fit
to all of the available cross section and angular distribution data for
the reaction. The blue and green curves show the M1 and E1 contri-
butions to the cross section, respectively. The small peak centered at
Ep ≈ 1 MeV is the 18.15 MeV (1+ T = 0) resonance, and the sharp
peak at 0.4414 MeV is the 17.64 1+ T = 1 resonance in 8Be. From
the R-matrix analysis, as well as from general arguments, the ratio of
the magnetic to electric photon-decay strength varies strongly over
the 18.15-MeV resonance.

energy range of interest is entirely dominated by M1 and E1
photon decay, and we used the measured cross sections and
shape of the angular distributions in an R-matrix analysis to
determine the magnitude of the M1 and E1 contributions to
the cross section as a function of energy.

The R-matrix analysis contained two 1+ (M1) levels, a very
narrow one located at Ex = 17.64 MeV and a broader one
at 18.15 MeV. In addition, there was a broad E1 (1−) state
located at Ex = 22.0 MeV that gives the tail of the giant dipole
resonance, and fixed background poles located 10.63 MeV
above and 3.0 MeV below the p +7 Li threshold to mock up
the effect of direct S-wave capture. All together, this gave
17 adjustable parameters to fit 279 data points, with χ2 per
degree of freedom of 3.18.

The R-matrix fit to the (p, γ ) cross section data of Zahnow
et al. is shown in Fig. 1. We find that over the resonance
centered at 18.15 MeV (Ep = 0.8–1.2 MeV) the combination
of M1 and E1 multipole strengths contributing to the (p, γ )
reaction, and hence to the (p, e+e−) reaction, varies strongly
with energy. This is because the M1 strength corresponds to
a narrow (138 ± 6 keV) resonance centered at Ex = 18.15
(Ep = 1.03) MeV, whereas the E1 strength comes from the
tail of the broad electric dipole structure centered close to
Ep = 5 MeV. This E1 structure is evident in the data of
Fisher et al., Fig. 2. The prediction of a significant and broad
direct s-wave E1 capture to the 7Li(p, γ ) and 7Li(p, e+e−)
reactions near Ep = 5 MeV is consistent with the analysis of
Barker [10]. The ratio of M1 to E1 strength, together with its
(shaded) 1-σ uncertainty, is shown in Fig. 3. That uncertainty
was obtained by scaling the χ2 from the R-matrix analysis
to 1.0 while increasing error bars appropriately. Our analysis
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FIG. 13. Angular distributions of 16O(n,↵0)
13C from the 2021

LENZ data are compared with Robb et al. and ENDF/B-
VIII.0 at similar neutron energies

could be made to ENDF/B-VIII.0 at energies above 6
MeV to better constrain the resonance parameters and
obtain more accurate angular distributions using avail-
able experimental data.

FIG. 14 (top) shows summed partial di↵erential cross
sections from populating the first three excited states in
13C at two di↵erent angles. The di↵erent shapes between
the two angles indicate that the angular distributions are
typically not consistent with an isotropic distribution.
In addition, the di↵erential cross section at 57� shows
better agreement with the trend of the (n,↵2) cross sec-
tion, whereas the more forward angle data are in slightly
better agreement with the trend of the (n,↵3) cross sec-
tion, indicating the potential di↵erences in their relative
contributions. The bottom panel of FIG. 14 reflects an
average of the two di↵erential cross sections, multiplied
by 4⇡. The results show good agreement in comparison
to ENDF/B-VIII.0 for which the partial cross sections
are derived from the integrated cross sections of (n,↵�1),
(n,↵�2) and (n,↵�3) by Nelson et al. [53]. For (n,↵0) at
En > 9 MeV, there is no significant di↵erence between
the di↵erent releases of ENDF so the trend that we ob-
serve is in good agreement with all of them.

FIG. 15 presents the angle integrated partial cross sec-
tions derived from the di↵erential cross sections in this

FIG. 14. (top) Partial di↵erential cross sections of 16O(n,↵1+
↵2+↵3) measured at the average angles of 15.5� and 57� in the
laboratory system. (bottom) Total cross sections populating
for the ground state and the first three excited states in 13C,
after being multiplied by 4⇡, are compared with ENDF/B-
VIII.0. The experimental data from EXFOR for (n,a0) that
defines the trend of ENDF at these energies are from Refs.
[54–59]

work, where the shapes of the angular distributions have
been constrained by the high resolution (↵,n0) angular
distributions from Walton (filled circles, up to 5.2 MeV)
[14], Prusachenko (inverted triangles, up to 7.2 MeV)
[60], and deBoer (open circles, up to 6.8 MeV) [61]. The
various ENDF evaluations, smeared using the energy res-
olution function in Fig 10 were compared with the par-
tial cross section data. We find that the overall scale
of our data is in better agreement with ENDF/B-VIII.0
than ENDF/B-VII.1 below 5.5 MeV, however, the re-
sults are also in good agreement with that of the original
ENDF/B-VI.0 for which the inverse (↵,n0) cross section
in JENDL/AN-2005 [62] was derived.

IV. SUMMARY AND OUTLOOK

This work presents the direct measurement of di↵er-
ential cross sections from the 16O(n,↵) reaction over a
broad range of incident neutron energy from 3.8 MeV to
15 MeV at multiple angles, using solid oxygen targets and
the LENZ instrument. Experiments performed in 2016
and 2017 were used to validate the development of the
MCNP and GEANT4 simulations of LENZ and the new
postprocessing tool for the Forward Propagation Analy-
sis using di↵erent evaluation libraries. The 2021 LENZ
data demonstrated drastic improvement on reducing sys-
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where it is understood that, in the above expression,
i 6= j 6= k. We note that H = H0 + Vi + Vj + Vk for any
i, j, k such that i 6= j 6= k. As mentioned in the introduc-
tion [Sec.Section I], the interaction potentials are to be
replaced by the transition matrices of the two-body sub-
systems. They are introduced here, however, as a tempo-
rary device for the purpose of analyzing the structure of
the resonant-Faddeev equations. We should probably re-
iterate that the methods developed here may be applied
either in ab initio or phenomenological approaches. In
particular, given a many-body Hamiltonian, the deter-
mination of the spectral representation of its resolvent
(Green function) in the interior regions is su�cient to
determine the three-body (and higher-body) scattering
and reaction observables. We will address these points
further in Sec.IV.

Our objective is to develop an expression for the three-
body T matrix

T (3) = �⇡h�(3)|V | +

k0
i, (4)

where V is given in Eq. (2), in terms of the quasi-two-
body o↵-energy-shell amplitudes, defined as

T̃ (2)

qikik0
= �⇡h��qi

�ki |Ti| +

k0
i, (5)

where the interacting, relative state vector �±qi
of the ith

two-body subsystem is given as

|�±q i = |�qi �G±
0,i
Vi|�±q i. (6)

in terms of the exact two-body T matrices:

T̂i = Vi + ViG
+

0,i
Vi. (7)

We first consider the dynamics of the initial state, tt in
our archetypal 6He example. The Lippmann-Schwinger
equation for the exact scattering state vector | +

k0
i of the

inital state of relative momentum k0 obtains as

| +

k0
i = |�k0i+G+

i
H 0

i
| +

k0
i, (8)

where (G+

i
)�1 = E�Hi+ i✏ and we note that this equa-

tion holds for any i. The free-particle, homogeneous so-
lution �k of (Ek�Hi)�k = 0, is defined with momentum
normalization as

�k(r) =

✓
µk

(2⇡)3~2

◆1/2

eik·r. (9)

In order to make a connection between T (3) [Eq. (4)]
and the quasi-two-body amplitudes, Eq. (5), we consider
the ith partition of the exact three-body Green function:

G+

i
=

⇣
E �Hi + i✏

⌘�1

, (10)

and decompose the i-partition Hamiltonian Hi as

Hi = H0 + Vi = T (x)

i
+ T (r)

i
+ Vi ⌘ h(x)

i
+ h(r)

i
, (11)

where h(x)

i
= T (x)

i
+ Vi and h(r)

i
= T (r)

i
. The spectra of

h(x) and h(r) are completely characterized (in the energy
plane) by the bound, resonant, and continuum states of
h(x) and the free-particle continuum states of h(r). We
may then use a well known theorem[3] to produce an
expression for G+

i
in terms of the convolution of Green

functions corresponding to h(x) and h(r):

G+

i
(E) =

1

2⇡i

Z

C

dz G(x)+

i
(z)G(r)+

0,i
(E � z), (12)

where C is the curve in the complex-z (energy) plane
which runs (+1, ia) ! (�1, ia) where 0 < a < Re (E).
We may deform the contour to avoid non-analytic points
associated with the spectrum of either h(x) or h(r).
Choosing the former, we obtain

G+

i
(E) =

X

bi

|�biih�bi |G
(r)+

0,i
(E + Ebi)

+
1

2⇡i

Z

�

dz G(x)+

i
(z)G(r)+

0,i
(E � z), (13)

where the sum in the first term is over bound-state poles
bi and the second term is the continuum contribution
with the curve � taken counter-clockwise around the ori-
gin z = 0: � = (+1,+i✏) ! (0, 0) ! (+1,�i✏). The
continuum contribution may be written as an integral
“over the cut” from x = 0 ! 1 as:

1

⇡

Z 1

0

dx Im [G(x)�
i

(x)]G(r)

0,i
(E � x), (14)

where we have used the fact thatG0,i(E�x) is continuous
for E, x > 0. Recalling the momentum variables

q2
i
= 2µiEqi , k2

i
= 2µ̄i(E � Eqi), (15)

we use the residues from a spectral representation for the
Green function to write

ImG�
i
(qi) = ⇡|��qi

ih��qi
|, (16)

to obtain the expression

G+

i
(E) =

X

bi

|�biih�bi |G
(r)+

0,i
(E + Ebi)

+

Z 1

0

dEqi |��qi
ih��qi

|G(r)

0,i
(E � Eqi), (17)

which expresses the partition-i Green function G+

i
(E) in

terms of known quantities: the bound-state wave func-
tions �bi , the ingoing exact wave function ��qi

of the res-
onant state, and the free-particle Green function for the
relative motion of the third particle (coordinate ri) with
respect to the resonance (xi):

(ri|G(r)

0
(ki)|r0i) = � µ̄i

2⇡

eiki·(ri�r0i)

|ri � r0
i
| , (18)

using momentum-normalized plane waves.
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which defines the continuum-averaged outgoing-wave log-
arithmic derivative:

L
(�)

i
(E) =

Z
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dEqi
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(Eqi)
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Li(E � Eqi)
���
ri=ai

, (30)

which is computationally more intensive than that re-
quired for the standard, two-body R-matrix calculations
but necessary to ensure that the constraint of three-body

unitarity is observed. The parameters of R(�,j)

L̄,s`s0`0
(E)

are determined in the standard, two-body R-matrix ap-
proach of Ref.[4], by using the stable two-body and
quasi-two-body channels. In the current example of the
3H(t, 2n)4He reaction, corresponding to the 6He system,
the stable two-body partition in our current evaluation[9]
is tt while the quasi-two-body channels are (nn)4He and
n5He. We consider the details of this evaluation in the
next section.

III. A = 6 SYSTEM

We apply a simplified approach of the methods de-
scribed in the previous section to the A = 6 isobaric
triplet 6He, 6Li, 6Be. The present results are updates of
previous evaluations that incorporate a least-squares fit
approach to the simplified version of the aforementioned
more complete theoretical approach. The 6He system
has been studied, the neutron (n) spectra particularly,
in Ref.[10] and more recently[2, 11, 12]. Spectra have
also been analyzed using simpler versions of the present
methods for the 6Li and 6Be [13]. The objective of the
present section is to give a concrete instance of the the-
oretical description in the previous section and provide
some of the details of the analyses, including parameter
values for the Los Alamos National Laboratory spectrum
analysis code (spect[? ]), that have not been published
elsewhere. The spectrum data that has been analyzed
in this section has been obtained from accelerator and
thermonuclear reaction sources.

A. Neutron and ↵ spectra for
6He

An R-matrix analysis of reactions in the 6He system
presently includes only t+t di↵erential elastic scattering
cross sections and integrated reaction cross sections at
triton energies below 2 MeV. Only S- waves are allowed,
and the three-body (n,n,a) rmal state is approximated as
an n+SHe channel. The calculated integrated reaction
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which is computationally more intensive than that re-
quired for the standard, two-body R-matrix calculations
but necessary to ensure that the constraint of three-body

unitarity is observed. The parameters of R(�,j)

L̄,s`s0`0
(E)

are determined in the standard, two-body R-matrix ap-
proach of Ref.[4], by using the stable two-body and
quasi-two-body channels. In the current example of the
3H(t, 2n)4He reaction, corresponding to the 6He system,
the stable two-body partition in our current evaluation[9]
is tt while the quasi-two-body channels are (nn)4He and
n5He. We consider the details of this evaluation in the
next section.
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−  3𝐻 𝑑, 𝑛𝛾 4𝐻𝑒
− 3𝐻 𝑡, 2𝑛 4𝐻𝑒
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SBEND collaboration
Conclusion & Outlook
• Sustaining current momentum
− Close collaboration and interface with experimentalist colleagues
− New personnel represents a significant expansion of our efforts

§ Hlophe, Sasaki, summer GRA 
§ Skills transfer/training efforts 

− New work on data management and handling
§ x4i/EXFOR
§ Clarification of inelastic observed data (PAR)

•Maintain new initiatives
− Experimental database
− Evaluations (to higher energy)
− Theory
− Algorithms (ML, TensorFlow)
− Data generation

•Address data needs
− Fusion energy, nuclear safety, security & basic science
− Source priority needs list from these communities

Tell us what your needs are!
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Thanks in advance for your questions
& support
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Collaboration work: methods & approach
•Multi-channel R-matrix
•Coupled-channel approach
•Machine learning algos
− BRR, MDN, QUILTR
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FIG. 5. A plot of a decision tree using our guess to the 5 most relevant features. The more solid the color, the more pure
the sample. If the box is white, it means there is an even split in purity. The number of splits the tree makes down one path
defines its depth. The goal in the decision tree algorithm is to have only solid colored boxes in the deepest nodes (i.e. perfectly
pure samples that have minimized the entropy of the set).

end of RRR (a common evaluation problem that really is
a miss-assigned resonance problem) and enables a better
determination of URR average parameters. For practi-
cal applications, correct spin group assignments will also
improve the prediction of angular distributions from the
RRR and thus improve calculations of neutron leakage.
Our algorithm allows the development of automated cor-
rections to the Atlas of Neutron Resonances and thus
enables the development of systematics by L with a pos-
sibility to determine average spacings and widths by both
L and J . Finally, this system may allow some basic
physics checks, namely validating the channel theory of
fission with robust ⌫f extraction, valence neutron capture
predictions, and can provide fundamental tests of Ran-
dom Matrix Theory upon which our scheme is based.

VI. ACKNOWLEDGEMENTS

Work at Brookhaven National Laboratory was spon-
sored by the O�ce of Nuclear Physics, O�ce of Science of
the U.S. Department of Energy under Contract No. DE-
AC02-98CH10886 with Brookhaven Science Associates,
LLC. ORNL is managed by UT-Battelle, LLC, for the
U.S. Department of Energy under Contract No. DE-
AC05-00OR22725. The U.S. Department of Energy Nu-

clear Criticality Safety Program sponsored the work pre-
sented in this report. This project was supported in part
by the Brookhaven National Laboratory (BNL), National
Nuclear Data Center under the BNL Supplemental Un-
dergraduate Research Program (SURP) and by the U.S.
Department of Energy, O�ce of Science, O�ce of Work-
force Development for Teachers and Scientists (WDTS)
under the Science Undergraduate Laboratory Internships
Program (SULI).

Appendix A: Generating training data

Supervised machine learning algorithms, such as those
used in this work, rely on having a large amount of la-
beled data for training purposes. In contrast to tradi-
tional methods where the solution physics needs to be
well understood and hand-coded into a program, the
power of machine learning algorithms is that if enough
labeled experimental data is provided, the machine learn-
ing algorithm will learn the solution physics from the
training data, without a need for an explicit solution
formulation. In our case synthetic training data, indis-
tinguishable from real data, can be generated from the
well understood statistical properties of nuclear scatter-
ing physics described in section II B 2. This makes it

R-matrix

Coupled-channel methods

Machine learning

Decision tree @ 5 nodes

EDAf90 
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Deliverables: Tasking

•T1: New evaluation work

sgn
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Figure 1: Timeline for main tasks (T1, T2, T3) described in the section on Proposed Research &
Methods. The designations for subtasks of each main task are given for T1 evaluations in terms of

the compound system; the theoretical e↵ort encompassed by T2 are designated by the secondary �
process development (z, z0�), the connection between the low-energy R matrixand coupled-channel

approach via the Feshbach-Reich-Moore (FRM), and the HE allows for additional theoretical e↵ort

on determining the high-energy evaluations and their consistency with the low-energy. The coding

task, T3, are subtasked according to the designations on the previous page.

1

<latexit sha1_base64="9Kya1ZDjMHCHq+0p/jnT6hXTluk="></latexit>

NN ⇠ (� + 2H) + (n+ p) + (p+ p) + (n+ n),
8
Be ⇠ (�/�⇤ + 8Be) + (n+ 7Be) + (p+ 7Li) + (d+ 6Li),
13
C ⇠ (� + 13C) + (n+ 12C) + (n+ 12C

⇤
(Ej) + (↵+ 9Be) + (p+ 12B) + (d+ 11B),

15
N ⇠ (� + 15N) + (n+ 14N) + (p+ 14C) + (n+ 14N

⇤
(Ek)) + (↵+ 11B) + (d+ 13C),

17
O ⇠ (� + 17O) + (n+ 16O) + (↵+ 13C) + (n+ 16O

⇤
(El)) + (↵+ 13C

⇤
(Em))

+ (p+ 16N) + (d+ 15N),
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Deliverables: Tasking
T2: Improved physics modeling and theoretical work

• 𝑧, 𝑧!𝛾 , 	 𝑧, 𝑧′ = 𝑛, 𝑝, 𝑑, 𝑡, 𝛼
− Rapid progress in basic theory; implementation needs more effort

• FRM: Feshbach-Reich-Moore
•HE: High-energy evaluations
− Theoretical framework to join the R-matrix approach with Coupled-Channel methods
− Continuous effort on these exploratory works
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the compound system; the theoretical e↵ort encompassed by T2 are designated by the secondary �
process development (z, z0�), the connection between the low-energy R matrixand coupled-channel

approach via the Feshbach-Reich-Moore (FRM), and the HE allows for additional theoretical e↵ort

on determining the high-energy evaluations and their consistency with the low-energy. The coding

task, T3, are subtasked according to the designations on the previous page.
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Deliverables: Tasking
T3: Numerical code development and implementation

•C1: Data formatting, storage, and transmission
•ML1:  Extend BRR code to address optimization of spin-group parameters
•ML2: Bayesian optimization to improve search algo
•C2: Backend code development for generating data in GNDS & ENDF-6 formats 
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on determining the high-energy evaluations and their consistency with the low-energy. The coding
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Deliverables: Code development 
FIII. Data formatting, storage, and transmission

•Code capabilities & development driven by
− FOA objectives
− Evaluation needs: higher 𝐴, 𝐸 (number of nucleons, reaction energies)

Code name Purpose Language Improvements

EDAf90 R-matrix calc/fitting Fortran90/95 Full (𝑧, 𝑧’γ); integration

RESPAR Resonance parameters Fortran77 Python/ENDFtk/FERDINAND

FRESCO Coupled-channel/R-matrix Fortran90/95 GPU

RFLOW GPU/fast optimization R-matrix Python/TensorFlow Multi-GPU

FERDINAND R-matrix parameter handler Python Concurrent covariance matrix

SPECT (𝑧, 𝑧’γ) Fortran77 Full theory; Fortran2008 

STEEP ⟨𝜎𝑣⟩ Fortran77 NJOY module/Python

NDIOUT Multigroup 𝜎 Fortran77 NJOY module/Python

COVAR/ANGCOV ⟨𝜌! 𝐸 𝜌" 𝐸# ⟩ Fortran77 NJOY module/Python

QUILTR MCMC parameter optimization Python Integration with R-matrix

BRR [scikit-learn] Resonance classification and 
optimization

Python Integration with R-matrix, CC, 
for global optimization
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Collaborative work targeting objectives
I. Effectiveness USNDP
II.Multi-user
III.SC/NP support

•T1: Evaluations
•T2: Theory
•T3: Codes
− analysis
− development
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Collaboration work
Recent evaluations

•Neutrino detection: 13C(𝛼,nx)16O     x = 0,…,3
− KamLAND detector neutrino spectrum

§ Phys. Rev. Lett. 125, 062501 (2020) [Febbraro et al.]
− agrees well with ENDF/B-VII.1 & ENDF/B-VIII.0 based on LANL R-matrix evaluations

§ “we encourage the KamLAND collaboration to assess the impact of these new results.”

•Beyond standard-model (BSM) physics
− putative BSM candidate X17

§ 7Li(p,e+e−)αα
§ require better determinations of isovector & isoscalar M1 transitions 8Be system

− Sterile neutrinos and other exotica
§ use Big Bang nucleosynthesis as precision probe [PRD 93, 083522 (2016)]
§ requires ~ 1% accuracy in light-element cross sections

•Nuclear science & engineering
− Traditional reactors – BW, PWR, CANDU, …

§ H, C, N & O neutron moderators
− Next generation reactors

§ Coolant: FLiBe
§ Molten salt: F, Cl, Na
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Overlap with other NDIAWG funded work

•AIACHNE (PI: Denise Neudecker LANL)
− Explore systematic bias in differential ND databases; design 

experiments (252Cf(sf))
− Use ML methods to search large number of differential data 

features
§ We, too, are interested in systematics in differential data for light 

elements
− Light-elements are often monitor reactions for relative 

measurements

•White-Source n-γ Coincidence Measurements (PI: Keegan 
Kelly LANL)
− Non-destructive active interrogation for non-proliferation
− M. Paris co-investigator
− 16𝑂 𝑛, 𝑛%𝛾 16𝑂

•GRIN [next slide]

White-Source n-� Coincidence Measurements of �-Production Cross Sections ... P.I.: Keegan J. Kelly

Background/Introduction

n

Unknown Container

Detector

Neutron 
source

g-rays

Figure 1: Schematic of an active interrogation of the
containment of an unknown object.

Nondestructive active interrogation of sensitive
objects or materials is essential for the enforcement
of nuclear nonproliferation. Typically, these mea-
surements involve exposure of an unknown object
to an incident neutron beam of some chosen energy,
commonly 14 MeV, though with potentially variable
energy. A rough schematic of such an interrogation
is shown in Fig. 1. The goal of active interrogation
is to then detect � rays from inelastic neutron scatter-
ing, charged particle emissions, and other reactions that can be used to identify isotopes of specific elements.
However, while the � rays and therefore the �-production cross sections appear to be of primary interest,
neutron transport within the interrogated materials is just as, if not more, important than the � production.
If the neutron angular distributions, transport, and � correlations are incorrect, then the corresponding �
production will also be incorrect, even if the �-production cross sections are known. Thus knowledge of
correlated n-� cross sections and distributions, not just the �-production cross sections, are essential to the
accurate interpretation of active interrogation measurements.

While the identification of any particular element may be informative but not immediately indicative
of a potentially threatening substance, the collective presence of these elements could be used to infer the
presence of specific chemicals and compounds. These collective identifications are interpreted using modern
nuclear data measurements and evaluations, and thus the interpretation of the observed �-ray yields from an
active interrogation is only as reliable as the underlying nuclear data for n-� emission reactions. Of particular
interest for this is the fact that neutron inelastic scattering cross sections and both n and � angular distributions
are generally so poorly constrained that they are varied as tuning parameters to match evaluation benchmark
measurements in the process of compensating errors [1]. These quantities have even been referred to as
the “trash bin” of nuclear data by prominent members of the evaluation community [2], owing to the fact
that assumed errors in the default evaluated nuclear data library are e�ectively removed by varying inelastic
scattering cross sections and angular distributions such that they match desired criticality or other benchmark
measurements. These scattering cross sections dominate the �-production cross sections for a wide range of
target nuclei, and thus measurements of �-production cross sections can typically focus on these reactions.

Structural materials, neutron moderators, and semiconductors represent three of the most common
focuses for active interrogation studies. Aluminum and iron are among the most common structural materials
to be studied. Additionally, water is a common and inexpensive neutron moderator, and thus oxygen is an
element of interest for moderator identification, and the presence of semiconductor devices very commonly
implies the presence of silicon. As the proposed experimental team has already completed high-quality
measurements of iron and carbon �-production cross sections following the experimental methods proposed
in this work, we propose an experimental campaign to measure the �-production cross sections for the
primary isotopes of aluminum (27Al), oxygen (16O), and silicon (28Si) in high-resolution, correlated n-�
benchmark experiments that will provide an unprecedented level of detail, precision, and completeness for
nuclear data relating to these reactions.

Three important points need to be made regarding measurements of �-production cross sections for the
proposed isotopes: (1) Inelastic scattering cross sections make up the majority of the �-production cross
sections in all cases, (2) none of the evaluations of the inelastic scattering neutron or �-ray cross sections or
angular distributions have been updated since ENDF/B-VI [3] (in other words, the modern ENDF/B-VIII.0
[4] evaluation is identical to ENDF/B-VI for these isotopes), and (3) the correlated n-� distributions from
inelastic scattering have never been measured for any of these isotopes. The ENDF/B-VI evaluation of
27Al inelastic scattering cross sections was based on, "a combination of experimental results, especially"
the � yields of Refs. [5, 6, 7] and the inelastic neutron yield of Ref. [8]. For 16O inelastic scattering,

3
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Gamma-rays Induced by Neutrons (GRIN) to address 
(n,n’𝛾) and (n,𝛾) gamma data deficiencies [PI: D. Brown]

• Outgoing gamma data needed for active 
interrogation applications in 
non-proliferation, safeguards, space 
exploration, soil science, etc.

• Worlds most reliable source of gamma 
branching ratios, primary gammas is 
ENSDF
− This data not reflected in ENDF
− GRIN project will fix!
− ENSDF is only experiment, so must “complete” 

with simulations
− Leverage modernized ENSDF format & API 

(SC NP funded)
• Enable event-by-event gamma cascades
• Funded by NDWIAG process (NA-22)
• Gamma data needed also by SBEND evaluations, is out of scope of conventional R-

matrix approaches
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Collaboration work: Machine Learning
Address task of determining resonance parameters (spin, parity, couplings)

• BRR simple and robust method
− Resonance spin group assignment is label
− Use out-of-distribution metrics as ML features 
− Train on high-fidelity evaluations
− extend other compound systems, higher energies

• MDN (Mixture Density Network)
− probabistic ML for uncertainty quantification

• QUILTR (Quantified Uncertainties in Low-energy 
Theory for Reactions)
− Bayesian Markov Chain Monte Carlo for FRESCO
− quantifies parametric uncertainties on model 

parameters

• Resonance classification problem
- spin, parity, other quantum 
numbers

- expert knowledge reliant
• The Atlas Neutron Res has many 
misclassified resonances!

• Classification well suited for ML

* Fig. taken from K.M. Mendez et al. Metabolomics 15, 142 (2019) https://doi.org/10.1007/s11306-019-1608-0

BRR uses a Machine Learning approach

Employ lightweight 
scikit-learn classifiers 
and clever problem 
design

BRR reclassified 17% 
of 52Cr resonances

ML-algo code tools


