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Outline

•R-matrix formalism
•Neutron sublibrary: 17O system
− n+16O: focus on absorption by (𝑛, 𝛼!"!)
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11B (𝛼+7Li, 𝛼+7Li*, t+8Be, n+10B); 11C (𝛼+7Be, p+10B)
12C (𝛼+8Be, p+11B)
13C (n+12C, n+12C*)
14C (n+13C)
15N (p+14C, n+14N, 𝛼+11B)
16O (g+16O, 𝛼+12C)
17O (n+16O, 𝛼+13C)
18Ne (p+17F, p+17F*, 𝛼+14O)

LANL light-element program

• All compound systems A<20 (and a few above)
• Recent work in 2020:

LA-UR-20-26607
Sent to P. Talou, XCP-5

August 27, 2020
Page 30

Projectile\Target 1H 2H 3H 3He 4He 6Li 7Li

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

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

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

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

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

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

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

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

d)4He (spectra shown in Fig. 6) is
included in the CP2020 ENDF file, unchanged; and recent refinements to the CP2020 ENDF
file are included to account for 6Li ⇤ excited state contributions have been included in the

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA
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Neutron absorption
−mf3/mt800,…,803
−mt800 (𝑛, 𝛼#)
§ En~2.36 MeV
§ dominant until mt801

−mt801 (𝑛, 𝛼$)
§ En~5.64 MeV
§ exponential rise < 8 MeV
§ turn-over, dies

−mt802 (𝑛, 𝛼%)
§ En~6.27 MeV
§ Dominates > 8.5 MeV or so

−mt803 (𝑛, 𝛼&)
§ En~6.45 MeV
§ comparable to 𝑛, 𝛼! 10-15 MeV
§ dies > 15 MeV

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

Oxygen-16
ENDF/B-VIII.0 neutron sublibrary
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Figure 2: Comparison of 16O(n,↵0)13C data by Davis[1] to that of Bair[2], converted from the Bair
measurement of 13C(↵, n0)16O to the inverse reaction 16O(n,↵0)13C via Eq. (6) and compared to ENDF/B-
VIII.0.

2.2.3 Bair & Haas[2]: (↵, ntot) converted to (n0,↵0)

Bair & Haas is important data both for its high energy resolution and wide energy coverage, 1 MeV < E↵ <
5.4 MeV. This range of incident ↵ laboratory energies corresponds to incident neutron laboratory energies
in the range

1 MeV <E↵ < 5.4 MeV, (1)

l (2)

3.17 MeV <En < 6.75 MeV, (3)

but there is no (model independent) way to extract the neutron-induced ↵ production cross sections from the
↵ induced neutron production cross sections above the ↵ incident lab energy of E↵ ⇡ 5.015 MeV due to the
fact that the Bair data is the total neutron production cross section 13C(↵, ntot)16O. At E↵ ⇡ 5.015 MeV
the first 16O

1
excited state begins to be accessible. (If we take Fig. 1 seriously, we might extend this range a

bit higher since the 13C(n,↵1)16O1
cross section becomes appreciable only at about a hundred keV higher.)

The incident ↵ energy of 5.015 MeV is equivalent to an incident neutron energy of En ⇡ 6.4 MeV; note,
however, from Table 1 that the first excited state 13C

1
turns-on at 5.64 MeV and that the Seitz data only goes

to about 4.2 MeV neutron incident energy.
In terms of the partial wave transition matrix elements T J

nj`
0s0,↵i`s

, where the partition is deonoted by

subscripts nj $ n+ 16O
j

and ↵i $ ↵+ 13C
i
, `’s are the orbital angular momentum of the channel and s’s

are the channel spin, the Bair data probes ↵0 ! nj for j = 0, 1, 2. The cross section measured by Bair is
given as

�ntot,↵0(E↵) =
⇡

k2↵0

1

(2s↵ + 1)(2s13C + 1)

X

j,J`0`s0s

(2J + 1)
���T J

nj`
0s0,↵0`s

���
2

. (4)

Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼$
−Bair & Haas ’73
§ (𝛼, 𝑛#)
§ Time-reversal inv.

§ Applicable

§ cf. Davis, Bonner, 
Worley & Bass 1963

16O ENDF/B-VIII.1 update 5

Figure 3: Davis cross section data for 16O(n,↵1)13C compared to ENDF/B-VIII.0.

Time reversal invariance implies

���T J

nj`
0s0,↵0`s

���
2

=
���T J

↵0`s,nj`
0s0

���
2

, (5)

but j = 0 is the only process relevant for ↵0 production in 16O(n,↵0)13C and the exclusive ↵0 process
obtains only to En ⇡ 5.639 MeV since the 13C

1
(1
2

+
) state appears at an 13C excitation energy of about 3.09

MeV, as show in Table 1.

16O ENDF/B-VIII.1 update 4

Figure 2: Comparison of 16O(n,↵0)13C data by Davis[1] to that of Bair[2], converted from the Bair
measurement of 13C(↵, n0)16O to the inverse reaction 16O(n,↵0)13C via Eq. (6) and compared to ENDF/B-
VIII.0.

2.2.3 Bair & Haas[2]: (↵, ntot) converted to (n0,↵0)

Bair & Haas is important data both for its high energy resolution and wide energy coverage, 1 MeV < E↵ <
5.4 MeV. This range of incident ↵ laboratory energies corresponds to incident neutron laboratory energies
in the range

1 MeV <E↵ < 5.4 MeV, (1)

l (2)

3.17 MeV <En < 6.75 MeV, (3)

but there is no (model independent) way to extract the neutron-induced ↵ production cross sections from the
↵ induced neutron production cross sections above the ↵ incident lab energy of E↵ ⇡ 5.015 MeV due to the
fact that the Bair data is the total neutron production cross section 13C(↵, ntot)16O. At E↵ ⇡ 5.015 MeV
the first 16O

1
excited state begins to be accessible. (If we take Fig. 1 seriously, we might extend this range a

bit higher since the 13C(n,↵1)16O1
cross section becomes appreciable only at about a hundred keV higher.)

The incident ↵ energy of 5.015 MeV is equivalent to an incident neutron energy of En ⇡ 6.4 MeV; note,
however, from Table 1 that the first excited state 13C

1
turns-on at 5.64 MeV and that the Seitz data only goes

to about 4.2 MeV neutron incident energy.
In terms of the partial wave transition matrix elements T J

nj`
0s0,↵i`s

, where the partition is deonoted by

subscripts nj $ n+ 16O
j

and ↵i $ ↵+ 13C
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⇡
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2
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼$
−Seitz & Huber 1955
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼$
−Ratio of Bair & Haas 

to Seitz & Huber

16O ENDF/B-VIII.1 update 6

Figure 4: Comparison of data by Seitz and Huber[3] compared to ENDF/B-VIII.0.

Figure 5: Ratio (dimensionless) of 16O(n,↵0)13C data by Bair[2] to that of Seitz & Huber[3], converted from
the Bair measurement of 13C(↵, n0)16O to the inverse reaction 16O(n,↵0)13C via Eq. (6) and compared,
for purposes of resonance positions only, to the cross section in barns of ENDF/B-VIII.0. The ratio of these
cross sections has been interpolated to energies corresponding to the unionized grid of both experiments in
their region of overlap.
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼$
−Ratio of Bair & Haas 

to Davis et al.

16O ENDF/B-VIII.1 update 7

The inverse reaction 16O(n,↵0)13C is determined from Eq. (5) as

�nj ,↵i(E↵i)g
�1(↵, 13C)k2↵i

= �↵i,nj (Enj )g
�1(n, 16O)k2nj

, (6)

g(1, 2) =
1

(2s1 + 1)(2s2 + 1)
(7)

In Fig. 5 we compare the Bair data with that of Seitz & Huber. In the region of energies 3.6 MeV < En <
4.2 MeV where Seitz and Bair data sets overlap, it’s apparent from Fig. 5 that the overall normalizations of
16O(n,↵0)13C for Seitz is about 2/3 that of Bair.

The Bair and Davis data sets both go to high enough energy to begin to probe the inelastic contributions
from 13C

i>0
and 16O

i>0
. The region of overlap in energy in terms of Ex(17O) is from 4.14 MeV (n+ 16O

0

threshold) to 9.447 MeV (↵+ 13C
1

threshold). (The n+ 16O
1

threshold is Ex(17O) ⇡ 10.19 MeV.)

Figure 6: Ratio (dimensionless) of 16O(n,↵0)13C data by Bair[2] to that of Davis et al.[1], converted from
the Bair measurement of 13C(↵, n0)16Oto the inverse reaction 16O(n,↵0)13C via Eq. (6) and compared,
for purposes of resonance positions only, to the cross section in barns of ENDF/B-VIII.0. The ratio of these
cross sections has been interpolated to energies corresponding to the unionized grid of both experiments in
their region of overlap.
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼$
−Parnell, Dandy & 

Wankling 1968
§ 8.0 too large

16O ENDF/B-VIII.1 update 8

Figure 7: Comparison of 16O(n,↵0)13C data by Parnell et al.[4] compared to ENDF/B-VIII.0.

2.2.4 Parnell (n,↵0) and (n,↵tot)[4]

The purpose of this 1968 measurement, taken with the tandem Van de Gra� accelerator at AWRE Aldermas-
ton, was to fill-in the range 8 MeV < En 12 MeV, previously unmeasured (for dosimetry). Monoenergetic
neutrons were produced through 3H(p, n)3He (Q ⇡ �763.7545 keV); the detection system allowed sepa-
ration of the ↵0 from the other groups; (n,↵0) and (n,↵tot) were published. The normalization was not
determined in the measurement:

The data obtained were not absolute since the neutron flux at the gas cell was not known,
but instead the data were normalized to those of Davis, Bonner, Worley and Bass(1963) in the
energy range between 7 and 8.65 MeV.

More important, however, is their statement that:

To calculate the cross-sections we have assumed that the angular distribution of the particles
does not vary with neutron energy. This is necessary because the hemispherical geometry used
is not ideal but tends to over-emphasize particles emitted at 90�.

We can see from Figs. 7 and 8 that despite these considerations the shape of the Parnell data appears to be
consistent with ENDF/B-VIII.0.

2.2.5 Giorginis IRMM data: 2007 and revised 2014

Exclusive (n,↵0) integrated data on 16O was measured at the Institute for Reference Materials and Mea-
surements (IRMM) in Geel, Belgium by Giorginis et al.[5]. As detailed in Appendix D.2, correspondence
with Georgios Giorginis led to his doing a re-evaluation of the data. This work spanned the years from
2010–2014.
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼$
−Giorginis re-

evaluation
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼$
−Khryachov updated

16O ENDF/B-VIII.1 update 10

2.2.6 Khryachkov IPPE data 2012

Exclusive (n,↵0) integrated data on 16O was measured at the Institute of Nuclear Physics Problems in
Nuclear Engineering (IPPE) in Obninsket al.[6]. This is not the original data in Fig.3 of [khryachkov].
Cryptic notation in the EXFOR x4 file says:

(20181001A) Subents 008,011 superseded

(20210401R) Data were received from T.Khromyleva and

(20210401A) added in Subents 005, 006, 007.

Figure 10: Comparison of 16O(n,↵0)13C 2014 revised data by Giorginis compared to ENDF/B-VIII.0.



142022/11/1-4

Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼$
−Prusachenko 2022 

updated16O ENDF/B-VIII.1 update 13

Figure 13: Comparison of 16O(n,↵0) 2022 data by Prusachenko et al.[9] compared to ENDF/B-VIII.0.

The conclusion of these experimenters is: “The obtained results support the ENDF-B/VIII.0 evaluation.”

2.2.10 X data
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼%
−Davis et al. 1963
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝛼%
−Borman et al. 1963

16O ENDF/B-VIII.1 update 12

2.2.8 Bormann (n,↵tot) from 12–20 MeV 1963

Figure 12: Comparison of 16O(n,↵tot) 1963 data by Borman[8] compared to ENDF/B-VIII.0.

2.2.9 Prusachenko IPPE 2022 (n,↵0) from 4–7.3 MeV

This data was taken in the (↵, n0) direction but has been converted to the (n,↵0) reaction and recorded in
EXFOR.
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Oxygen-16
ENDF/B-VIII.0 neutron sublibrary

𝑛, 𝑛&'&
−Cierjacks 1980
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Oxygen-16 Update for ENDF/B-VIII.1𝛽0
• Bair & Haas / ENDF/B-VI.8 (pre-Harissopulos) scale is correct for (𝑛, 𝛼$)
• Scale mt=801,802,803 (𝑛, 𝛼() 𝑥 = 1,2,3 by factor 0.5
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Oxygen-16 Update for ENDF/B-VIII.1𝛽0
• Bair & Haas / ENDF/B-VI.8 (pre-Harissopulos) scale is correct for (𝑛, 𝛼$)
• Scale mt=801,802,803 (𝑛, 𝛼() 𝑥 = 1,2,3 by factor 0.5
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Oxygen-16 Update for ENDF/B-VIII.1𝛽0
• Bair & Haas / ENDF/B-VI.8 (pre-Harissopulos) scale is correct for (𝑛, 𝛼$)
• Scale mt=801,802,803 (𝑛, 𝛼() 𝑥 = 1,2,3 by factor 0.5
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Preliminary n+16O testing
XCP-5 LANL
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Preliminary n+16O testing
XCP-5 LANL
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Preliminary n+16O testing
IAEA/NDS
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Preliminary n+16O testing
IAEA/NDS
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Charged-particle sublibraries
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Outline

•R-matrix formalism
•Charged particle sublibrary
− 5Li system

•MF2 resonance parameters
− 5He test
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R-matrix formalism
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11B (𝛼+7Li, 𝛼+7Li*, t+8Be, n+10B); 11C (𝛼+7Be, p+10B)
12C (𝛼+8Be, p+11B)
13C (n+12C, n+12C*)
14C (n+13C)
15N (p+14C, n+14N, 𝛼+11B)
16O (g+16O, 𝛼+12C)
17O (n+16O, 𝛼+13C)
18Ne (p+17F, p+17F*, 𝛼+14O)

LANL light-element program

• All compound systems A<20 (and a few above)
• Recent work in 2020:

LA-UR-20-26607
Sent to P. Talou, XCP-5

August 27, 2020
Page 30

Projectile\Target 1H 2H 3H 3He 4He 6Li 7Li

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

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

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

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

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

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

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

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

d)4He (spectra shown in Fig. 6) is
included in the CP2020 ENDF file, unchanged; and recent refinements to the CP2020 ENDF
file are included to account for 6Li ⇤ excited state contributions have been included in the

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA
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Overview
Proposed additions/revisions to ENDF/B library

• Tapes – all extended energy/better agreement with more data;
Covariances planned
− p-001_H_001.endf [EDA->ENDF]
− p-002_He_004.endf [ready]
− d-002_H_003.endf [EDA->ENDF]
− d-002_He_003.endf [submitted]
− d-003_Li_006.endf [ready]
− n-003_Li_006.endf [submitted]
− t-002_He_004.endf [ready]
− a-006_C_013.endf [EDA->ENDF]

• Testing
− NJOY
− IAEA/Dunford codes [checkr, stanef, fizcon, psyche, inter]
− ENDF > ACE

§ checkace [LANL ACE format checking tool]
§ mcnp6.1 pencil beam (d+3He only)

• Comparisons
− with ENDF/B-VII.1 (aka, “CP2011”), VIII.0
− with LLNL Evaluated Charged Particle Library (ECPL-2018)
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Changes
d-002_He_003.endf

LA-UR-20-26607
Sent to P. Talou, XCP-5

April 13, 2021
Page 86

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

2 (z,z0) ( 0.01, 1.40)
600 (z,p0) ( 0.00, 1.40)

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

600 (z,p0)
Table 24: ENDF/B-VII.1 library, file:
d-002 He 003.endf

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

2 (z,z0) ( 0.01, 1.40)
600 (z,p0) ( 0.00, 1.40)

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

600 (z,p0)
Table 25: CP2011 library, file: d-002 He 003.endf

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

2 (z,z0) ( 0.01, 1.40)
600 (z,p0) ( 0.00, 1.40)

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

600 (z,p0)
Table 26: ENDF/B-VIII.0 library, file:
d-002 He 003.endf

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA
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MF MT Description Energy range [MeV]
3 Reaction cross sections

2 (z,z0) ( 0.01, 20.00)
600 (z,p0) ( 0.01, 20.00)

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

600 (z,p0)
Table 27: CP2020 library new evaluation, file:
d-002 He 003.endf

An Equal Opportunity Employer / Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA
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Changes
p-002_He_004.endf

LA-UR-20-26607
Sent to P. Talou, XCP-5

April 13, 2021
Page 120

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

2 (z,z0) ( 0.02, 20.00)
6 Energy-angle distributions for emitted particles

2 (z,z0)
Table 85: CP2011 library, file: p-002 He 004.endf

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

2 (z,z0) ( 0.11, 20.00)
6 Energy-angle distributions for emitted particles

2 (z,z0)
Table 86: ENDF/B-VIII.0 library, file:
p-002 He 004.endf

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

2 (z,z0) ( 0.02, 34.30)
650 (z,d0) ( 23.02, 34.30)

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

650 (z,d0)
Table 87: CP2020 library new evaluation, file:
p-002 He 004.endf
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MF MT Description Energy range [MeV]
3 Reaction cross sections

2 (z,z0) ( 0.02, 20.00)
6 Energy-angle distributions for emitted particles

2 (z,z0)
Table 85: CP2011 library, file: p-002 He 004.endf

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

2 (z,z0) ( 0.11, 20.00)
6 Energy-angle distributions for emitted particles

2 (z,z0)
Table 86: ENDF/B-VIII.0 library, file:
p-002 He 004.endf

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

2 (z,z0) ( 0.02, 34.30)
650 (z,d0) ( 23.02, 34.30)

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

650 (z,d0)
Table 87: CP2020 library new evaluation, file:
p-002 He 004.endf
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Changes
t-002_He_004.endf

LA-UR-20-26607
Sent to P. Talou, XCP-5

April 13, 2021
Page 138

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

2 (z,z0) ( 0.10, 14.00)
50 (z,n0) ( 8.39, 14.00)
51 (z,n1) ( 12.23, 14.00)

6 Energy-angle distributions for emitted particles
2 (z,z0)
50 (z,n0)
51 (z,n1)

Table 119: CP2011 library, file: t-002 He 004.endf

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

2 (z,z0) ( 0.14, 20.00)
6 Energy-angle distributions for emitted particles

2 (z,z0)
Table 120: ENDF/B-VIII.0 library, file:
t-002 He 004.endf

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

2 (z,z0) ( 0.10, 20.00)
50 (z,n0) ( 8.39, 20.00)
51 (z,n1) ( 12.28, 20.00)
52 (z,n2) ( 14.65, 20.00)
600 (z,p0) ( 13.18, 20.00)
650 (z,d0) ( 10.98, 20.00)

6 Energy-angle distributions for emitted particles
2 (z,z0)
50 (z,n0)
51 (z,n1)
52 (z,n2)
600 (z,p0)
650 (z,d0)

Table 121: CP2020 library new evaluation, file:
t-002 He 004.endf
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MF MT Description Energy range [MeV]
3 Reaction cross sections

2 (z,z0) ( 0.10, 14.00)
50 (z,n0) ( 8.39, 14.00)
51 (z,n1) ( 12.23, 14.00)

6 Energy-angle distributions for emitted particles
2 (z,z0)
50 (z,n0)
51 (z,n1)

Table 119: CP2011 library, file: t-002 He 004.endf

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

2 (z,z0) ( 0.14, 20.00)
6 Energy-angle distributions for emitted particles

2 (z,z0)
Table 120: ENDF/B-VIII.0 library, file:
t-002 He 004.endf

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

2 (z,z0) ( 0.10, 20.00)
50 (z,n0) ( 8.39, 20.00)
51 (z,n1) ( 12.28, 20.00)
52 (z,n2) ( 14.65, 20.00)
600 (z,p0) ( 13.18, 20.00)
650 (z,d0) ( 10.98, 20.00)

6 Energy-angle distributions for emitted particles
2 (z,z0)
50 (z,n0)
51 (z,n1)
52 (z,n2)
600 (z,p0)
650 (z,d0)

Table 121: CP2020 library new evaluation, file:
t-002 He 004.endf
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5Li system evaluation
3He(d,d)3He
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5Li system evaluation
3He(d,p)4He
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5Li system evaluation
4He(p,p)4He
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MF2 resonance parameters

• “Full” evaluation
•NJOY test buggy
− We think we know why…

§ formatting

Manual update: beginning of revisions for resonance parameters sections
• https://git.nndc.bnl.gov/endf/format/endf6man.git
− SHA: 56da8d2b

 1.003000+3 2.98959578          0          0          1          0 128 2151     
 1.003000+3 1.000000+0          0          0          1          0 128 2151     
 1.000000+0 2.000000+7          1          7          0          1 128 2151     
 0.000000+0 0.000000+0          1          4         13          0 128 2151     
 0.000000+0 0.000000+0          3          0         36          6 128 2151     
 1.99625581 2.98959578 1.000000+0 1.000000+0 1.000000+0 5.000000−1 128 2151     
 4.172509−7 1.000000+0 1.000000+0 2.000000+0 1.000000+0 0.000000+0 128 2151     
 1.000000+0 3.96713130 0.000000+0 2.000000+0 5.000000−1 0.000000+0 128 2151     
 17588938.2 1.000000+0 1.000000+0 5.000000+1 1.000000+0 1.000000+0 128 2151     
 1.000000+0 3.98821926 0.000000+0 2.000000+0 5.000000−1 0.000000+0 128 2151     
−2224575.58 1.000000+0 1.000000+0 5.100000+1 1.000000+0 1.000000+0 128 2151     
 1.500000+0 0.000000+0          0          0          6          1 128 2151     
 1.000000+0 0.000000+0 1.500000+0−3.700000−1 5.100000+0 5.100000+0 128 2151     
 0.000000+0 0.000000+0          0          4         24          4 128 2151     
 154389.922−1207.42647−84.7282663−12.5755660−379.896791 0.000000+0 128 2151     
 24025435.2 595.728894−1855.95536−558.678031−949.504553 0.000000+0 128 2151     
 13219863.4 274.125714−606.067903 1075.57431−227.461704 0.000000+0 128 2151     
 48703152.9−610.462073−1512.12218−325.197899 3042.22955 0.000000+0 128 2151     
 5.000000−1 0.000000+0          0          0          6          1 128 2151     
 1.000000+0 1.000000+0 1.500000+0−3.000000+0 5.100000+0 5.100000+0 128 2151     
 0.000000+0 0.000000+0          0          3         18          3 128 2151     
 15132068.0−954.248566 61.1518592−204.578201−126.149686 0.000000+0 128 2151     
  166773435 803.380352 69.1628993−4577.73718 2603.55979 0.000000+0 128 2151     
  166773435 799.264407 474.608977−2095.27865−3568.63138 0.000000+0 128 2151     
 2.500000+0 0.000000+0          0          0          6          1 128 2151     
 1.000000+0 1.000000+0 1.500000+0−1.000000+0 5.100000+0 5.100000+0 128 2151     
 0.000000+0 0.000000+0          0          5         30          5 128 2151     
−37941817.8 0.000000+0 0.000000+0 0.000000+0−3480.84374 0.000000+0 128 2151     
  166773435 318.099760 55.6858763−1417.80043−5645.23792 0.000000+0 128 2151     
  283514840 887.314189 887.725962−6937.97393 2545.49572 7304.64606 128 2151     
  100064061−3.609298+3 0.000000+0 0.000000+0 0.000000+0 0.000000+0 128 2151     
 7305954.43 0.000000+0 0.000000+0 831.697695−192.163647 807.893837 128 2151     
 3.500000+0 0.000000+0          0          0          6          1 128 2151     
 1.000000+0 2.000000+0 1.500000+0−1.000000+0 5.100000+0 5.100000+0 128 2151     
 0.000000+0 0.000000+0          0          4         24          4 128 2151     
−20386206.3 0.000000+0 0.000000+0 3727.85952 0.000000+0 0.000000+0 128 2151     
  166773435 205.057440 726.008895 6620.12115 0.000000+0 0.000000+0 128 2151     
 52947509.2 232.686503 3983.56130 101.953115 3040.81151 0.000000+0 128 2151     
  100064061 2478.06533 0.000000+0 0.000000+0 0.000000+0 0.000000+0 128 2151     
 4.500000+0 0.000000+0          0          0          6          1 128 2151     
 1.000000+0 3.000000+0 1.500000+0−4.000000+0 5.100000+0 5.100000+0 128 2151     
 0.000000+0 0.000000+0          0          4         24          4 128 2151     
 9551542.26−816.982289−216.457250 94.9440699−276.989684 0.000000+0 128 2151     
  166773435 5758.88845 0.000000+0 0.000000+0 1379.30918 0.000000+0 128 2151     
  108402733 0.000000+0 2792.20267 0.000000+0 0.000000+0 0.000000+0 128 2151     
  108402733 0.000000+0 0.000000+0 4146.70347−256.963135 0.000000+0 128 2151     
 5.500000+0 0.000000+0          0          0          6          1 128 2151     
 1.000000+0 4.000000+0 1.500000+0 0.000000+0 5.100000+0 5.100000+0 128 2151     
 0.000000+0 0.000000+0          0          3         18          3 128 2151     
 29621902.9 2585.02451 0.000000+0−695.261104−13.5481368 0.000000+0 128 2151     
 27246938.2 0.000000+0−67.4329371 0.000000+0 3014.46349 0.000000+0 128 2151     
 12481883.5 474.192736−9.52835849 1011.55494−288.903406 0.000000+0 128 2151     
 6.500000+0 0.000000+0          0          0          6          1 128 2151     
 1.000000+0 5.000000+0 1.500000+0−5.000000+0 5.100000+0 5.100000+0 128 2151     
 0.000000+0 0.000000+0          0          4         24          4 128 2151     
  166773435 3417.80541 5258.80719 1993.90371 0.000000+0 0.000000+0 128 2151     
 27331468.4−611.494641−759.261260 2205.57006 0.000000+0 0.000000+0 128 2151     
 6524919.14−199.872389−890.034133 189.489225−705.036275 0.000000+0 128 2151     
 83386717.8 3862.34384−1489.84784−193.622296 0.000000+0 0.000000+0 128 2151     
 5.000000−1 1.000000+0          0          0          6          1 128 2151     
 2.000000+0 0.000000+0 5.000000−1−5.000000+0 5.100000+0 5.100000+0 128 2151     
 0.000000+0 0.000000+0          0          2         12          2 128 2151     
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  166773435 0.000000+0 7059.41796−1199.43194−2382.28054 0.000000+0 128 2151 
  166773435 0.000000+0 0.000000+0 2535.65005−402.971353 0.000000+0 128 2151 
 1.500000+0−1.000000+0          0          0          6          1 128 2151 
 2.000000+0 1.000000+0 5.000000−1−3.000000+0 5.100000+0 5.100000+0 128 2151 
 0.000000+0 0.000000+0          0          3         18          3 128 2151 
  166773435 1191.27998 0.000000+0−4306.02084−990.111260 0.000000+0 128 2151 
  166773435 0.000000+0−348.944568 1899.13509−5177.89453 0.000000+0 128 2151 
  166773435 0.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+0 128 2151 
 5.000000−1−1.000000+0          0          0          6          1 128 2151 
 2.000000+0 1.000000+0 5.000000−1−3.000000+0 5.100000+0 5.100000+0 128 2151 
 0.000000+0 0.000000+0          0          1          6          1 128 2151 
  108402733 1841.99648 0.000000+0 0.000000+0 0.000000+0 0.000000+0 128 2151 
 2.500000+0 1.000000+0          0          0          6          1 128 2151 
 2.000000+0 2.000000+0 5.000000−1−4.000000+0 5.100000+0 5.100000+0 128 2151 
 0.000000+0 0.000000+0          0          1          6          1 128 2151 
  273508434 702.456765−796.536764 7130.37593 0.000000+0 0.000000+0 128 2151 
 1.500000+0 1.000000+0          0          0          6          1 128 2151 
 2.000000+0 2.000000+0 5.000000−1−4.000000+0 5.100000+0 5.100000+0 128 2151 
 0.000000+0 0.000000+0          0          1          6          1 128 2151 
  166773435 0.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+0 128 2151 
 3.500000+0−1.000000+0          0          0          6          1 128 2151 
 2.000000+0 3.000000+0 5.000000−1−4.000000+0 5.100000+0 5.100000+0 128 2151 
 0.000000+0 0.000000+0          0          2         12          2 128 2151 
  166773435 1446.56765−1719.61635 4402.83582 0.000000+0 0.000000+0 128 2151 
  166773435 0.000000+0−810.458679 6021.31807 0.000000+0 0.000000+0 128 2151 
                                                                   128 2  0 

Nov 03, 22 7:22 Pagemf2.txt

Printed by Mark

Thursday November 03, 2022 mf2.txt

https://git.nndc.bnl.gov/endf/format/endf6man.git
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MF2 resonance parameters
• “Test” evaluation
− single channel, single resonance

he4(n,n)he4 integrated
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Thank you!
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17O R-matrix evaluation [NEW]

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 
 

Initial guess: 

T-matrix 
 

Observables 
 

Channel ac(fm) `max

n+16
O(0

+
;gs) 4.40 4

↵+13
C(

1
2

�
; gs) 5.40 5

n1+
16
O(0

+
; 6.05 MeV) 5.00 3

n2+
16
O(3

�
; 6.13 MeV) 5.00 2

Reaction Range En,

E↵ (MeV)

Ndat Observables

16
O(n, n)16O (0.0, 7.0) 2,909 �tot,�,

�(✓), Ay(✓)
16
O(n, n2)

16
O(3

�
; 6.13 MeV) (6.6, 8.8) 45 �(✓)

13
C(↵,↵)13C (2.0, 5.7) 1,397 �(✓)

13
C(↵, n)16O (.23, 8.0) 1,054 �r

13
C(↵, n0)

16
O(0

+
; gs ) (1.0, 6.5) 3,116 �,�(✓)

13
C(↵, n1)

16
O(0

+
; 6.05 MeV) (5.1, 5.6) 113 �,�(✓)

Total 8,634 5 types

1

17O system channel/pars
• # channels: 45
• J𝝅=1/2±, ..., 11/2±

• # parameters
• E𝜆: 81 level energies
• 𝛾𝜆,c: 322 reduced widths

• # Normalizations
• nM: 95 norm scales
• 𝛥EM: 4 shift factors
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17O Preliminary evaluation
Preliminary results: (𝜶,n0)

13c(4he,n)16o dσ/dΩ E=    5.275 MeV
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13c(4he,n)16o dσ/dΩ E=    6.504 MeV
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13c(4he,n)16o dσ/dΩ E=    5.895 MeV
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13c + 4he reaction

0 1 2 3 4 5 6 7 8
E (MeV)

0

50

100

150

200

250

300

350

400
*10-3

σ
 (b

ar
ns

)



412022/11/1-4

17O Preliminary evaluation
Preliminary results: (𝜶,n1)

13c(4he,n)16o1 dσ/dΩ E=    5.466 MeV
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13c(4he,n)16o1 dσ/dΩ E=    5.135 MeV
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13c(4he,n)16o1 dσ/dΩ E=    5.466 MeV
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17O Preliminary evaluation
Preliminary results: low energy

EDA 81

http://calteches.library.caltech.edu/3616/1/Fusion.pdf

There is a nice photo of Steve, Charlie Barnes, TR Wang, and the polycube detector. Steve finished his
postdoc without writing up the 13C(↵, n) and left the field for a computer job. Not long after, I started
working on the 13C(d, n) [and 14C(d, n)] with Ralph Kavanagh. As part of this project, we made a
careful measurement of the 13C(↵, n) cross section with the same targets. The idea was that this would
also be helpful for Steve K, since he had not done a careful normalization yet. This work is described in
Brune & Kavanagh, PRC 45, 1382 (1992).

MWP comment: Brune & Kavanagh give �(13C(↵, n); E↵ ' 1.000 MeV) = 146(7) µb.
Compare this with the following table of values:

Experiment E↵ [MeV] �(↵,n) [µb] 1.000 MeV
KRL (Brune 1992) 1.0000 146(7) 146(7)
ORNL (Bair 1973) 1.0033 198(3) 179(4)
Stuttgart (Drotle� 1993) 0.9939 169(2) 187(3)
Bochum (Harissopulos 2005) 0.994 116(5) 136(7)
Bochum (Harissopulos 2005) 1.005 152(6) �
KRL (Kellogg 1989) 0.9998 125(6) 126(8)

Measurements of �(↵,n)(E↵ = 1.0 MeV) for laboratory incident energies given in the first
column, the value quoted in the second column, and the values linearly interpolated from the
tabular data in the experiment’s publication in the right-most column. No re-normalization
factors have been applied to these values. In particular, the ORNL value of Bair & Haas[37]is
quoted as originally presented without the 0.8 factor mentioned in their Note added in proof.

In March/April 1991, the lab had a visitor, Isabelle Licot, a graduate student from Belgium. We did a
project to measure the (↵, n) and (↵, �) for two known narrow states in 17O. We succeeded with the
(↵, n), but only set limits for (↵, �). We also confirmed the normalization in Brune/Kavanagh (1992).
Isabelle was supposed to write this up, but that didn’t happen, so Kavanagh wrote the paper. Also, it
was clear by this time the Steve Kellogg was never going to publish his data. So we put that in as well,
in sort of a sneaky way. We referred to his BAPS abstract and private communication, and put the data
in, normalizing it to our cross section scale. Not great, but better than nothing. We also dropped the
lowest couple of data points, since for those the analyses of background and target deterioration were
more subtle and we were not in a position to vouch for that. This work is published in Brune, Licot, and
Kavanagh, PRC 48, 3119 (1993)[38].

Starting perhaps in late 1991, a project to measure 9Be(↵, n) was begun, led by Kavanagh’s other
student, Pat Wrean. One thing that was realized right away is that the previous low-energy measurement,
Davids, NP A110, 619 (1968) (also done at Caltech), had a major energy calibration problem, a 15- or
20-keV o�set in the position of a narrow resonance. Davids also reported 13C(↵, n) in the same paper
from the same setup, and those data must su�er from the same problem. So I think there is a good reason
to be suspicious (shall we say) of the Davids data. The 9Be(↵, n) work is published in Wrean, Brune,
and Kavanagh, PRC 49, 1205 (1994)[39].

Another thing that we began to understand at this time was that energy dependence of the e�ciency
of the polycube was not a trivial matter. Although the neutrons produced by 13C(↵, n) are similar
(depending on ↵ energy) to those from 252Cf , they are not the same. Over the next several years, Pat,
Ralph, and I worked pretty hard in the lab and on the computer to understand this. As far as neutron
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Charged-particle covariances
MF=30(!)

•Discussion at Monday’s covariance session
− MF=6 is required for CP induced tapes
− there is no MF=36

•MF=30, however, admits covariance 
information for any MF>2
− ENDF-6 format requirements

§ provide Covij for any parameters
§ provide sensitivities for MF parameters

− Advantages
§ Covij can be diagonal (with eigenvector sensititivies)
§ MF=32 parameter covariances requires sensitivities 

(NJOY/ERRORR provides unc. for MF=3,4,5 
only?)

− Disadvantages
§ NJOY2016 doesn’t process MF=30

0.3. GENERAL DESCRIPTION OF THE ENDF SYSTEM

neous fission (NSUB=5), neutron-induced fission product yields (NSUB=11), photo-induced
fission product yields (NSUB=1), proton-induced fission product yields (NSUB=10011) and
other charged-particle induced fission product yields, where the NSUB value is defined as
described in Section 0.3.2. Each material starts with a descriptive data and directory file
(see Section 1.1). The remaining data is given in File 8, which contains two sections: inde-
pendent yields, and cumulative yields. As described in Section 8.3, the format for these two
sections is identical. Uncertainty data are self-contained in File 8.

0.3.2.4 Radioactive Decay Data (NSUB=4)

Evaluations of decay data for radioactive nuclides are grouped together into a sub-library.
This sub-library contains decay data for all radioactive products (e.g., fission products and
activation products). Fission product yields and activation cross sections will be found
elsewhere. Each material contains two, three, or four files, and starts with a descriptive
data and directory file (see Section 1.1). For materials undergoing spontaneous fission,
additional sections in File 1 give the total, delayed, and prompt fission neutron yields. In
addition, the spectra of the delayed and prompt neutrons from spontaneous fission are given
in File 5. The File 5 formats are the same as for particle-induced fission (see Section 5),
and the distributions are assumed to be isotropic in the laboratory system. File 8 contains
half-lives, decay modes, decay energies, and radiation spectra (see Section 8.4). Finally,
covariance data for the spectra in File 5 may be given in File 35; covariance data of other
parameters are self-contained in File 8.

0.3.2.5 Charged-Particle (NSUB≥10010) and
Photo-Nuclear (NSUB=0) Sub-libraries

Evaluations for incident charged-particle and photo-nuclear reactions are grouped together
into sub-libraries by projectile. As usual, each evaluation starts with a descriptive data and
directory file (see Section 1.1). For particle-induced fission or photo-fission, File 1 can also
contain sections giving the total, delayed, and prompt number of neutrons per fission, and
the energy released in fission. Resonance parameter data (File 2) may be omitted entirely
(see LRP=-1 in Section 1.1).

Cross sections are given in File 3. The MT numbers used are based upon the particles
emitted in the reaction as described in Section 0.4.3. A special case is the elastic scattering
of charged particles, which is discussed separately in Section 0.4.3.1. Explicit yields for
all products (including photons) must be given in File 6. In addition, the charged-particle
stopping power should be given. If any of the products described by a section of File 6
are radioactive, they should be described further in a corresponding section of File 8. This
section gives the half-life, minimum information about the decay chain, and decay energies
for the radioactive product. Further details, if required, can be found in the decay data
sub-library.

Angular distributions or correlated energy-angle distributions can be given for all par-
ticles, recoil nuclei, and photons in File 6. It is also possible to give only the average
particle energy for less important reactions, or even to mark the distribution “unknown”
(see Section 6.2.2).

9

Explicit yields for all products (including 
photons) must be given in File 6.

Please correct me on 

any of this.


