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Outline
• By “recent,” we mean ≳ 2020
• Overview of R-matrix evalution procedure
• Evaluation work [for testing see recent NCSP & CSEWG talks]
− n+6Li
− n+9Be
− n+16O

• Conclusion
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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.EDAf90 à ENDF-6 formatted ENDF/B libraries for processing to CE & MG libraries
5. Testing & evaluation by hand; future: automate
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n+6Li
R-matrix evaluation update/extension
• New evaluation highlights
− Upper energy of R-matrix evaluation increased to 𝐸! ≤	8.0 MeV
− Additional, inelastic channel 6Li(0+; 3.56 MeV)
− Includes new data in all channels
− Spectra 6Li(n,n’d)4He: corrected formatting error (LCT=1 à LCT=2)

MF MT Description Energy range [MeV]
3 Reaction cross sections

1 (n,total) ( 0.00, 20.00)
2 (z,z0) ( 0.00, 20.00)
4 (z,n) ( 1.75, 20.00)

24 (z,2n–) ( 4.32, 20.00)
51 (z,n1) ( 1.75, 20.00)
52 (z,n2) ( 2.34, 20.00)
· · · (z,ni) · · ·
81 (z,nn) ( 18.10, 20.00)

102 (z,“) ( 0.00, 20.00)
103 (z,p) ( 3.18, 20.00)
105 (z,t) ( 0.00, 20.00)

4 Angular distributions for emitted
particles

2 (z,z0)
24 (z,2n–)
51 (z,n1)
52 (z,n2)
· · · (z,ni)
81 (z,nn)

5 Energy distributions for emitted
particles

24 (z,2n–)
6 Energy-angle distributions for

emitted particles
105 (z,t)

12 Multiplicities for photon production
57 (z,nn)

102 (z,“)
14 Angular distributions for photon

production
57 (z,nn)

102 (z,“)
33 Data covariances for reaction cross

sections
2 (z,z0)

105 (z,t)
Table 1: Library: unknown library, file: n6li80.endf

1

MF MT Description Energy range [MeV]
3 Reaction cross sections

1 (n,total) ( 0.00, 20.00)
2 (z,z0) ( 0.00, 20.00)
4 (z,n) ( 4.16, 20.00)

32 (z,nd) ( 1.72, 20.00)
41 (z,2np) ( 4.32, 20.00)
52 (z,n2) ( 4.16, 20.00)

102 (z,“) ( 0.00, 20.00)
103 (z,p) ( 3.18, 20.00)
105 (z,t) ( 0.00, 20.00)

4 Angular distributions for emitted
particles

2 (z,z0)
6 Energy-angle distributions for

emitted particles
32 (z,nd)
41 (z,2np)
52 (z,n2)

103 (z,p)
105 (z,t)

12 Multiplicities for photon production
102 (z,“)

14 Angular distributions for photon
production

102 (z,“)
33 Data covariances for reaction cross

sections
2 (z,z0)

105 (z,t)
Table 1: Library: unknown library, file: n6li81.endf

1

NB: No change in standards region for 
6Li(n,t)4He
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n+6Li
R-matrix evaluation update/extension
• Previous evaluation ENDF/B-VII.1
− 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 total

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100 101

E (MeV)

10-1

100

101

102

103

σ
 (b

ar
ns

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 5 10 15 20

6Li(n,n')dα Cross Section

CP2020
CP2011
Batchelor `63
 Hopkins `68
Rosen `62
Chiba `85

σ
n,

n'
d α

 (
b)

E
n
 (MeV)

8.1
8.0



62024 Feb 20-22

n+6Li
R-matrix evaluation update/extension

8.0
8.1

8.0
8.1

• Previous evaluation ENDF/B-VII.1 
− 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

*8.1 corrects 
spurious resonance
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n+6Li
R-matrix evaluation update/extension

li6(n,n)li6* dσ/dΩ E=    5.150 MeV

0 30 60 90 120 150 180
θCM
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Ω

calculated at E= 5.150
li6(n,n1)li6*: Batchelor, NP 47,385 (1963) 5.15 MeV

li6(n,n)li6* dσ/dΩ E=    7.500 MeV
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dσ
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Ω

calculated at E= 7.500
li6(n,n1)li6*:J,NP/A,107,139,1968:J.C.Hopkins+

• Previous evaluation ENDF/B-VII.1 
− 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

li6(n,n)li6** integrated
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• Previous evaluation ENDF/B-VII.1
− 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

<latexit sha1_base64="W7AVpcUc+U2bjNDRdktbnzn03sk="></latexit>

6Li(n, n1)
6Li(3+; 2.186 MeV)

<latexit sha1_base64="lRoIADLkLGXUJ4tWc+af1E2uoMw="></latexit>

6Li(n, n2)
6Li(0+; 3.563 MeV)
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n+9Be
R-matrix evaluation update/extension
• New evaluation highlights
− Added 9Be(n,𝛾)10Be evaluation
− (new evaluation work on (n,el), (n,inl), (n,⍺) will 

hold for ENDF/B-IX.0 when (n,2n⍺) is re-evaluated)

• [75] Conneely (1986)
• [76] Shibata (1992)
• [77] Firestone (2016)
• [78] Wallner (2019)
• [79] Marin-Lambarri (2020)

Improved perf. on FLATTOP

ENDF/B VIII.0 VIII.1

C/E 0.134 0.919
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n+16O
Evaluation adjustment for 𝟏𝟔𝑶 𝒏, 𝜶𝒊 𝟏𝟑𝑪∗

• Abbreviated history
− concern that 16𝑂 𝑛, 𝛼 13𝐶 absorption 

in ENDF/B-VIII.0 too large
− LANL/EDA R-matrix fit considers 
𝐸! ≤ 7.0 MeV

− Excited states 𝐸! > 5.6 MeV

• New data
− supports ENDF/B-VIII.0 to 7.0 MeV

§ Prusachenko et al. IPPE 2022
§ H.-Y. Lee, S. Kuvin, et al. 2023

• Implement reduction in (𝑛, 𝛼#)
− 𝑖 = 1,2,3 ↔ 𝑀𝑇 = 801,802,803
− reduced by factor of 2 to agree with 

Davis

Updated evaluation for 16
O neutron sublibrary for ENDF/B-VIII.1

Mark W. Paris

October 3, 2022

1 Introduction
Research notes on the update to the ENDF/B-VIII.1 evaluation.

1.1 Energetics
Table 1 gives the properties of (narrow) excited states of 16O and 13C; and Table 2 gives Q-values, thresholds
and excitation energies with respect to the 17O ground state of all accessible channels up to incident neutron
energy of 20 MeV on the 16O target.

AZi J⇡ Ex(16O) (MeV) Q↵ni (MeV) E↵ (MeV) Ex(17O) (MeV)
16O

0
0+ 0.0 2.215 0.0 6.3582

16O
1
0+ 6.0494 �3.835 5.015 10.1924

16O
2
3� 6.12989 �3.915 5.120 10.2727

16O
3
2+ 6.9171 �4.702 6.150 11.0601

16O
4
1� 7.11685 �4.902 6.411 11.2596

AZi J⇡ Ex(13C) (MeV) Qn↵i (MeV) En (MeV) Ex(17O) (MeV)
13C

0

1

2

�
0.0 �2.215 2.355 6.35871

13C
1

1

2

+
3.08944 �5.304 5.639 9.447

13C
2

3

2

�
3.68451 �5.899 6.271 10.041

13C
3

5

2

+
3.85381 �6.068 6.451 10.211

13C
4

5

2

+
6.864 �9.079 9.651 13.219

Table 1: Excited states of 16O and 13C, their J⇡, their excitiation energies with respect to the 16O ground
state (upper portion) and the 13C ground state (lower portion), Q values, Q↵ni = mC +m↵ �mOi �mn

and Qn↵i = mO+mn�mCi �m↵, and the incident particle lab energies. As the 16Oi (i = 1, . . . , 4) states
are populated in the (↵, ni) direction, the second-to-last column labels E↵, for the ↵ bombarding energy;
the 13C

i
are populated in the (n,↵i) direction. The final column is the excitation energy with respect to the

17O ground state, which is 5

2

+
at 16.9947453 u. 1This value di�ers from the top line of the upper portion

due to rounding error.

1
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n+16O
Evaluation adjustment for 𝟏𝟔𝑶 𝒏, 𝜶𝒊 𝟏𝟑𝑪∗

• Abbreviated history
− concern that 16𝑂 𝑛, 𝛼 13𝐶 absorption 

in ENDF/B-VIII.0 too large
− LANL/EDA R-matrix fit considers 
𝐸! ≤ 7.0 MeV

− Excited states 𝐸! > 5.6 MeV

• New data
− supports ENDF/B-VIII.0 to 7.0 MeV

§ Prusachenko et al. IPPE 2022
§ H.-Y. Lee, S. Kuvin, G. Hale, MP, ...

−PRC 109, 014601 (2024)

• Implement reduction in (𝑛, 𝛼#)
− 𝑖 = 1,2,3 ↔ 𝑀𝑇 = 801,802,803
− reduced by factor of 2 to agree with 

Davis

Updated evaluation for 16
O neutron sublibrary for ENDF/B-VIII.1

Mark W. Paris

October 3, 2022

1 Introduction
Research notes on the update to the ENDF/B-VIII.1 evaluation.

1.1 Energetics
Table 1 gives the properties of (narrow) excited states of 16O and 13C; and Table 2 gives Q-values, thresholds
and excitation energies with respect to the 17O ground state of all accessible channels up to incident neutron
energy of 20 MeV on the 16O target.

AZi J⇡ Ex(16O) (MeV) Q↵ni (MeV) E↵ (MeV) Ex(17O) (MeV)
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Table 1: Excited states of 16O and 13C, their J⇡, their excitiation energies with respect to the 16O ground
state (upper portion) and the 13C ground state (lower portion), Q values, Q↵ni = mC +m↵ �mOi �mn

and Qn↵i = mO+mn�mCi �m↵, and the incident particle lab energies. As the 16Oi (i = 1, . . . , 4) states
are populated in the (↵, ni) direction, the second-to-last column labels E↵, for the ↵ bombarding energy;
the 13C

i
are populated in the (n,↵i) direction. The final column is the excitation energy with respect to the

17O ground state, which is 5

2

+
at 16.9947453 u. 1This value di�ers from the top line of the upper portion
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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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Conclusion
• n+6Li: Accepted for ENDF/B-VIII.1
− reasonably good description of differential data up to 8.0 MeV

• n+9Be: Accepted for ENDF/B-VIII.1
− improved description of capture data

• n+16O: Accepted for ENDF/B-VIII.1
− Improved description of (n,⍺) production data
− reduced MT=801,802,803 by multiplicative factor of 0.5

• Aside:
− Resonance parameters (MF=2) will not be released for ENDF/B-VIII.1

§ Will be coordinated with new NJOY capabilities for ENDF/B-IX.0 
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END ENDF END
Thank you!
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R-matrix
Overview of evaluation framework
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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


