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Outline
•Review of R-matrix theory
− Theoretical overview

§ R-matrix theory; resonance parameters
− Evaluation pipeline

•New code implementation: 
− resonance parameters

§ par2ENDFtk.py

• 17O evaluation
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Light-element R-matrix evaluation
R-matrix formalism
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Evaluation pipeline

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: 17O) data simultaneously
3. Optimization over parameters simultaneously fits all the data with the same parameters
4.EDAf90à ENDF-6 formatted ENDF/B libraries for processing to CE & MG libraries
5. Testing & evaluation by hand; future: automate
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Resonance parameters
• Wigner-Eisenbud parameters
• Resolvents
− S-matrix/T-matrix/RL-matrix poles

− RS-matrix (AKA “Brune alternative”) poles

S matrix theory 10

FIG. 4: The function T (E) = |S(E)|2 on the second sheet of the complex energy plane. The value of the

function on the real E axis, though not visible on this scale, is shown in Fig.1. Poles in the region, =E < 0

on the second sheet, can be seen by round loci of points with large values of |S|2.

Toy model
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New ENDF/B MF=2 formatting
LRF=7 (R-matrix [un]Limited)

•CSEWG formats proposal
− provisionally approved
− R-Matrix Limited section 

§ MF=2, MT=151, LRU=1, LRF=7, KRM=4, KRL=1

•par2ENDFtk.py
− working with M. Lazaric (UNM, Perfetti group)
− enabled by Ian Thompson’s eda_parfile.py
− ENDFtk by LANL dev’s

Proposal to CSEWG
Clarification of R-Matrix Limited format
Relativistic flag KRL for LRF=7 formatting⇤

Wim Haeck, Gerry Hale, and Mark Paris
Los Alamos National Laboratory, T-2 Theoretical Division

Ian Thompson
Lawrence Livermore National Laboratory

(Dated: May 26, 2022)

I. SUMMARY & PURPOSE

The purpose of this proposal is to specify a clarification or extension of the resonance parameter
file MF=2, MT=151 for the R-Matrix Limited (RML) format, specified in Sec. (2.2.1.6) of the ENDF-6
manual.

In order to allow the direct distribution of R-Matrix parameters that have been generated
by evaluators at Los Alamos National Laboratory (using the evaluation code EDA), we must
specify a previously unused (but defined in the ENDF-6 manual) parameter, KRL in the RML for-
mat. These RML evaluations employ the following ENDF-6 specification: MF=2, MT=151, LRU=1,
LRF=7, KRM=4.1

Our understanding is that no previous evaluations, in either ENDF/B-VIII.0 or earlier ENDF/B
releases, employs KRL=1; all previous evaluations use KRL=0.

The following sections give the details of the specification.
We use natural units (~ = 1 = c) throughout.

II. KRL=1 RML R-MATRIX PARAMETRIZATION

This section specifies the parametrization of the R-Matrix; the next section will address kine-
matic variables.

The expression for the R-Matrix for a given spin group (J,⇡) is the usual one:

Rc0c =
N�X

�=1

��,c0��,c
E� � E(s)

, (2.1)

where c denotes the channel (↵, `, s, J ; ↵ is the particle-pair or partition). Here, E(s) is related to
the relativistic invariant Mandelstam variable s, described below.

The parameters E� (the level energies in eV units) and ��,c (the reduced widths in eV1/2 units)
are the resonance energies ER and reduced widths GAM taken directly from the MF=2, MT=151,
LRU=1, LRF=7, KRM=4, KRL=1 RML section

⇤ LA-UR-19-31084
1 Incidentally, we know of no evaluation that uses KRM=4. Even if this is not the case, the present proposal is
unchanged.
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Total cross section
Partial cross section decomposition: highlight ½+ background wave

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA

| Los  Alamos National Laboratory 

n+16O Total Cross Section

6/2/21 UNCLASSIFIED 9
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RL resonance parameters
En (MeV) E↵ (MeV) Ex (MeV) J⇡ � (keV) Ex (MeV) J⇡ � (keV)

1 0.4344 -2.3618 4.5522 3/2� 41.12 4.5538 ± 1.6 3/2� 40 ± 5

2 0.9960 -1.6710 5.0805 3/2+ 89.64 5.0848 ± 0.9 3/2+ 96 ± 5

3 5.21577 ± 0.45 9/2� < 0.1

4 1.3122 -1.2821 5.3779 3/2� 39.28 5.3792 ± 1.4 3/2� 28 ± 7

5 1.6514 -0.8649 5.6969 7/2� 3.77 5.69726 ± 0.33 7/2� 3.4 ± 0.3

6 1.6902 -0.8172 5.7334 5/2� 0.160 5.73279 ± 0.52 (5/2�) < 1

7 1.8335 -0.6409 5.8682 3/2+ 6.730 5.86907 ± 0.55 3/2+ 6.6 ± 0.7

8 1.9050 -0.5529 5.9355 1/2� 29.74 5.939 ± 4 1/2� 32 ± 3

9 2.3486 -0.0072 6.3527 1/2+ 125.88 6.356 ± 8 1/2+ 124 ± 12

10 2.8902 0.6590 6.8621 3/2� 0.36 6.862 ± 2 (5/2+) < 1

11 3.0082 0.8041 6.9731 3/2+ 0.33 6.972 ± 2 (7/2�) < 1

12 3.2128 1.0558 7.1655 5/2� 1.67 7.1657 ± 0.8 5/2� 1.38 ± 0.05

13 3.2515 1.1034 7.2019 3/2+ 289.00 7.202 ± 10 3/2+ 280 ± 30

14 3.4400 1.3353 7.3792 5/2+ 0.56 7.3792 ± 1.0 5/2+ 0.64 ± 0.23

15 3.4427 1.3385 7.3817 5/2� 1.29 7.3822 ± 1.0 5/2� 0.96 ± 0.20

16 3.6434 1.5853 7.5704 7/2+ 0.260

17 3.6604 1.6063 7.5864 3/2� 575.16 7.559 ± 20 3/2� 500 ± 50

18 7.576 ± 2 (7/2+) < 0.1

19 3.7685 1.7393 7.6881 7/2� 17.150 7.6882 ± 0.9 7/2� 14.4 ± 0.3

20 4.0419 2.0755 7.9452 1/2� 320.35 7.956 ± 6 1/2+ 90 ± 9

21 4.0476 2.0826 7.9506 1/2+ 76.370 7.99 ± 50 1/2� 270 ± 30

22 4.1619 2.2232 8.0581 3/2+ 74.750 8.070 ± 10 3/2+ 85 ± 9

23 4.3031 2.3969 8.1909 1/2� 45.850

24 4.3125 2.4084 8.1997 3/2� 63.010 8.200 ± 7 3/2� 60

25 4.4648 2.5957 8.3429 1/2+ 13.280 8.3424 ± 0.9 1/2+ 11.4 ± 0.5

26 4.5284 2.6739 8.4027 5/2+ 5.3800 8.4023 ± 0.8 5/2+ 6.17 ± 0.13

27 4.5963 2.7575 8.4666 7/2� 1.2200 8.4660 ± 0.8 (9/2+) 2.13 ± 0.11

28 4.5967 2.7580 8.4670 7/2+ 7.9200

29 4.6331 2.8028 8.5012 5/2� 6.8300 8.5007 ± 0.8 5/2� 6.89 ± 0.22

30 4.8313 3.0466 8.6876 3/2� 53.540 8.6870 ± 1.0 3/2� 55.3 ± 0.6

31 5.0564 3.3235 8.8993 3/2+ 107.10 8.897 ± 8 3/2+ 101 ± 3

32 5.1264 3.4096 8.9651 7/2� 23.640 8.9672 ± 1.7 7/2� 26 ± 2

33 5.1468 3.4347 8.9843 1/2� 162.56 9.147 ± 4 1/2� 4 ± 3

34 5.3094 3.6347 9.1372 7/2� 1.0400 9.18 7/2� 3

35 5.3699 3.7091 9.1941 5/2+ 3.6900 9.1939 ± 0.8 5/2+ 3.53 ± 0.13

36 5.6477 4.0508 9.4553 1/2+ 59.190

37 5.6505 4.0542 9.4579 3/2� 158.70 9.42 3/2� 120

38 5.6789 4.0891 9.4846 5/2� 3.8400 9.492 ± 4 5/2� 15 ± 1

39 5.9203 4.3860 9.7116 7/2+ 24.320 9.7119 ± 0.9 7/2+ 23.1 ± 0.3

40 5.9241 4.3907 9.7152 3/2+ 306.44

41 5.9966 4.4799 9.7834 3/2� 13.780 9.7833 ± 0.9 3/2+ 11.7 ± 0.3

42 6.0772 4.5791 9.8592 9/2+ 4.6100 9.8589 ± 0.9 (5/2�) 4.01 ± 0.2

43 6.0931 4.5986 9.8741 1/2� 18.810 9.8765 ± 1.3 (1/2�) 16.7 ± 1.7

44 6.1608 4.6819 9.9378 7/2+ 96.220 9.976 ± 20 5/2+ 80

45 10.045 ± 20 100

46 6.4046 4.9817 10.167 5/2� 56.720 10.1678 ± 1.0 7/2� 49.1 ± 0.8

47 6.5460 5.1557 10.300 5/2+ 273.02 10.336 ± 15 5/2+,7/2� 150.00

48 6.5811 5.1989 10.333 7/2+ 559.73

49 6.6747 5.3140 10.421 5/2� 17.000 10.423 ± 3 14 ± 3

50 10.49 5/2+,7/2� 75 ± 30

51 6.8236 5.4971 10.561 7/2� 33.730 10.5591 ± 1. (7/2�) 42.5 ± 1.1

52 7.0427 5.7666 10.767 3/2+ 152.06 10.777 ± 3 1/2+,7/2� 74 ± 3

TABLE I: Resonance parameters given in terms of the complex values of the S matrix pole parameters.
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RL resonance parameters

En (MeV) E↵ (MeV) Ex (MeV) J⇡ � (keV) Ex (MeV) J⇡ � (keV)

1 0.4344 -2.3618 4.5522 3/2� 41.12 4.5538 ± 1.6 3/2� 40 ± 5

2 0.9960 -1.6710 5.0805 3/2+ 89.64 5.0848 ± 0.9 3/2+ 96 ± 5

3 5.21577 ± 0.45 9/2� < 0.1

4 1.3122 -1.2821 5.3779 3/2� 39.28 5.3792 ± 1.4 3/2� 28 ± 7

5 1.6514 -0.8649 5.6969 7/2� 3.77 5.69726 ± 0.33 7/2� 3.4 ± 0.3

6 1.6902 -0.8172 5.7334 5/2� 0.160 5.73279 ± 0.52 (5/2�) < 1

7 1.8335 -0.6409 5.8682 3/2+ 6.730 5.86907 ± 0.55 3/2+ 6.6 ± 0.7

8 1.9050 -0.5529 5.9355 1/2� 29.74 5.939 ± 4 1/2� 32 ± 3

9 2.3486 -0.0072 6.3527 1/2+ 125.88 6.356 ± 8 1/2+ 124 ± 12

10 2.8902 0.6590 6.8621 3/2� 0.36 6.862 ± 2 (5/2+) < 1

11 3.0082 0.8041 6.9731 3/2+ 0.33 6.972 ± 2 (7/2�) < 1

12 3.2128 1.0558 7.1655 5/2� 1.67 7.1657 ± 0.8 5/2� 1.38 ± 0.05

13 3.2515 1.1034 7.2019 3/2+ 289.00 7.202 ± 10 3/2+ 280 ± 30

14 3.4400 1.3353 7.3792 5/2+ 0.56 7.3792 ± 1.0 5/2+ 0.64 ± 0.23

15 3.4427 1.3385 7.3817 5/2� 1.29 7.3822 ± 1.0 5/2� 0.96 ± 0.20

16 3.6434 1.5853 7.5704 7/2+ 0.260

17 3.6604 1.6063 7.5864 3/2� 575.16 7.559 ± 20 3/2� 500 ± 50

18 7.576 ± 2 (7/2+) < 0.1

19 3.7685 1.7393 7.6881 7/2� 17.150 7.6882 ± 0.9 7/2� 14.4 ± 0.3

20 4.0419 2.0755 7.9452 1/2� 320.35 7.956 ± 6 1/2+ 90 ± 9

21 4.0476 2.0826 7.9506 1/2+ 76.370 7.99 ± 50 1/2� 270 ± 30

22 4.1619 2.2232 8.0581 3/2+ 74.750 8.070 ± 10 3/2+ 85 ± 9

23 4.3031 2.3969 8.1909 1/2� 45.850

24 4.3125 2.4084 8.1997 3/2� 63.010 8.200 ± 7 3/2� 60

25 4.4648 2.5957 8.3429 1/2+ 13.280 8.3424 ± 0.9 1/2+ 11.4 ± 0.5

26 4.5284 2.6739 8.4027 5/2+ 5.3800 8.4023 ± 0.8 5/2+ 6.17 ± 0.13

27 4.5963 2.7575 8.4666 7/2� 1.2200 8.4660 ± 0.8 (9/2+) 2.13 ± 0.11

28 4.5967 2.7580 8.4670 7/2+ 7.9200

29 4.6331 2.8028 8.5012 5/2� 6.8300 8.5007 ± 0.8 5/2� 6.89 ± 0.22

30 4.8313 3.0466 8.6876 3/2� 53.540 8.6870 ± 1.0 3/2� 55.3 ± 0.6

31 5.0564 3.3235 8.8993 3/2+ 107.10 8.897 ± 8 3/2+ 101 ± 3

32 5.1264 3.4096 8.9651 7/2� 23.640 8.9672 ± 1.7 7/2� 26 ± 2

33 5.1468 3.4347 8.9843 1/2� 162.56 9.147 ± 4 1/2� 4 ± 3

34 5.3094 3.6347 9.1372 7/2� 1.0400 9.18 7/2� 3

35 5.3699 3.7091 9.1941 5/2+ 3.6900 9.1939 ± 0.8 5/2+ 3.53 ± 0.13

36 5.6477 4.0508 9.4553 1/2+ 59.190

37 5.6505 4.0542 9.4579 3/2� 158.70 9.42 3/2� 120

38 5.6789 4.0891 9.4846 5/2� 3.8400 9.492 ± 4 5/2� 15 ± 1

39 5.9203 4.3860 9.7116 7/2+ 24.320 9.7119 ± 0.9 7/2+ 23.1 ± 0.3

40 5.9241 4.3907 9.7152 3/2+ 306.44

41 5.9966 4.4799 9.7834 3/2� 13.780 9.7833 ± 0.9 3/2+ 11.7 ± 0.3

42 6.0772 4.5791 9.8592 9/2+ 4.6100 9.8589 ± 0.9 (5/2�) 4.01 ± 0.2

43 6.0931 4.5986 9.8741 1/2� 18.810 9.8765 ± 1.3 (1/2�) 16.7 ± 1.7

44 6.1608 4.6819 9.9378 7/2+ 96.220 9.976 ± 20 5/2+ 80

45 10.045 ± 20 100

46 6.4046 4.9817 10.167 5/2� 56.720 10.1678 ± 1.0 7/2� 49.1 ± 0.8

47 6.5460 5.1557 10.300 5/2+ 273.02 10.336 ± 15 5/2+,7/2� 150.00

48 6.5811 5.1989 10.333 7/2+ 559.73

49 6.6747 5.3140 10.421 5/2� 17.000 10.423 ± 3 14 ± 3

50 10.49 5/2+,7/2� 75 ± 30

51 6.8236 5.4971 10.561 7/2� 33.730 10.5591 ± 1. (7/2�) 42.5 ± 1.1

52 7.0427 5.7666 10.767 3/2+ 152.06 10.777 ± 3 1/2+,7/2� 74 ± 3

TABLE I: Resonance parameters given in terms of the complex values of the S matrix pole parameters.
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ENDF/B history
6.8, 7.1, 8.0
•ENDF/B-VI.8 (2001 April): LANL(Chadwick, Hale, Young), KAPL(Caro, Lubitz)
− Below 3.4 MeV*: R-function + optical model (OPTIC code; Caro)
− 3.4 < En < 6.25 MeV: LANL R-matrix (multichannel; EDA)

§ Data: n+16O (total) [Johnson75, Larson80], 16O(n,el) ang.[Lane60,…], 
16O(n,𝛼0) [inverse Walton et al.], 13C(𝛼,n), 13C(𝛼,el) excit. fn

− En > 6.25
§ 6.25 à 20: subtraction of non-elastic (MT=3) from total
§ Inelastic (MT51, …, 57)

− 16O(n,x𝛾) Nelson, Chadwick, Michaudon & Young NSE99

− MT800: Bair&Haas73 without renormalization
§ 6.2à20: factor of 1.5 “bring into rough agreement” (n,𝛼0) of Davis ‘63

− MT801-803: inferred from (n,𝛼𝛾) [Nelson99]

•ENDF/B-VII.1 (2005 Dec.): VI.8+Page+Kawano+Young
− MT=800: 32% reduction (n,𝛼0) 2.4à8.9 MeV

§ “assuming Harissopulos05 are definitive”; “Ha05 is 100% correct, BH73 100% wrong norm”

•ENDF/B-VIII.0 (2016 Dec.): VII.1+Hale+Kawano+MWP
− Re-evaluation of Ha05 by Giorginis et al. (CIELO)

• JENDL-4.0 (2010)
− 16O(n,𝛼tot) < 6.5 MeV ~ ENDF/B-VII.0

*all incident neutron lab energies [MeV]
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ENDF/B comparisons 16O(n,𝛼0)13C [MT=800]
6.8, 7.1, 8.0

•Three regions
I. < 5.2 MeV
II. 5.2 à 6 MeV
III. > 6 MeV

•Trends
I. 7.1 < 6.8/8.0
II.~Equivalent
III.7.1 < 6.8 < 8.0
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17O Preliminary evaluation
Preliminary results

•Configuration: channels, R-matrix parameters
•Observed data in data deck
− Channels: (n,n0), (n,n2), (𝜶,n0), (𝜶,n1), (𝜶,n)
− Types: total, integrated, differential, polarization [Ay, Pn]

•New data
− Ciani et al. (2021) (𝜶,n0)
− Brandenburg & Meisel (2021) (𝜶,n)
− Febbraro, DeBoer et al. (2020) (𝜶,n0), (𝜶,n1)

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

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
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17O Preliminary evaluation
Normalizations
0normalizations
 index epower  ident     weight    exp norm    normalization         chi−square
   480    0.0           0.0000E+00     1.000 0.10000000E+01f   fx     0.00000000
   481    0.0  droteng  0.0000E+00     1.000 0.99713533E+00f   fx     0.00000000
   482    0.0  Walt57en 0.0000E+00     1.000 0.99071799E+00f   fx     0.00000000
   483    0.5  B&Heng   0.0000E+00     1.000 0.99523830E+00f   fx     0.00000000
   484                  0.0000E+00     1.000 0.10000000E+01f   fx     0.00000000
   485         txs0     0.0000E+00     1.000 0.97076952E+00f   fx     0.00000000
   486         RDA1.260 0.0000E+00     1.000 0.11668606E+01f   fx     0.00000000
   487         RDA1.660 0.0000E+00     1.000 0.84211924E+00f   fx     0.00000000
   488         n1xs     1.1111E+01     1.000 0.78497423E+00f   fx     0.51373424
   489         n2xs     0.0000E+00     1.000 0.98117188E+00f   fx     0.00000000
   490         n3xs     0.0000E+00     1.000 0.97082431E+00f   fx     0.00000000
   491         n4xs     0.0000E+00     1.000 0.92638971E+00f   fx     0.00000000
   492         txs1     0.0000E+00     1.000 0.10723449E+01f   fx     0.00000000
   493         hun2.34  0.0000E+00     1.000 0.12868156E+01f   fx     0.00000000
   494         drigxs   0.0000E+00     1.000 0.10115165E+01f   fx     0.00000000
   495         phi6.0   0.0000E+00     1.000 0.10707884E+01f   fx     0.00000000
   496         kin6.0   0.0000E+00     1.000 0.10487797E+01f   fx     0.00000000
   497         cha6.0   0.0000E+00     1.000 0.11072945E+01f   fx     0.00000000
   498         boerker  0.0000E+00     1.000 0.72644225E+00f   fx     0.00000000
   499         kin6.4   0.0000E+00     1.000 0.11005954E+01f   fx     0.00000000
   500         cha6.5   0.0000E+00     1.000 0.11632047E+01f   fx     0.00000000
   501         phi7.0   0.0000E+00     1.000 0.13307655E+01f   fx     0.00000000
   502         kin7.0   0.0000E+00     1.000 0.12513925E+01f   fx     0.00000000
   503         ohkubo   0.0000E+00     1.000 0.97473205E+00f   fx     0.00000000
   504         johnson  0.0000E+00     1.000 0.99929878E+00f   fx     0.00000000
   505         txs2     0.0000E+00     1.000 0.10151521E+01f   fx     0.00000000
   506         cierjack 2.5000E+03     1.000 0.97067022E+00f   fx     2.15058999
   507         nel99n2x 0.0000E+00     1.000 0.17721340E+00f   fx     0.00000000
   508         luna2021 0.0000E+00     1.000 0.80145634E+02f   fx     0.00000000
   509         drotleff 1.0000E+02     1.000 0.84350979E+00f   fx     2.44891858
   510         heilan   0.0000E+00     1.000 0.77664452E+00f   fx     0.00000000
   511         kellogg  1.0000E+01     0.855 0.52194563E+00f   fx     1.10925213
   512         w57−1057 1.0000E+01     1.000 0.24749883E+01f   fx    21.75590485
   513         w57−1209 1.0000E+01     1.000 0.84253264E+00f   fx     0.24795969
   514         w57−1333 1.0000E+01     1.000 0.50756554E+01f   fx   166.10966940
   515         w57−1392 1.0000E+01     1.000 0.75526063E+00f   fx     0.59897359
   516         w57−1519 1.0000E+01     1.000 0.78349184E+00f   fx     0.46875783
   517         w57−1591 1.0000E+01     1.000 0.10957400E+01f   fx     0.09166148
   518         w57−1672 1.0000E+01     1.000 0.91772116E+00f   fx     0.06769808
   519         w57−1719 1.0000E+01     1.000 0.96762929E+00f   fx     0.01047863
   520         w57−1737 1.0000E+01     1.000 0.10125578E+01f   fx     0.00157698
   521         w57−1779 1.0000E+01     1.000 0.91743128E+00f   fx     0.06817594
   522         w57−1890 1.0000E+01     1.000 0.98732093E+00f   fx     0.00160759
   523         w57−2000 1.0000E+01     1.000 0.98281839E+00f   fx     0.00295208
   524         w57−2060 1.0000E+01     1.000 0.96406423E+00f   fx     0.01291380
   525         w57−2095 1.0000E+01     1.000 0.90090276E+00f   fx     0.09820263
   526         w57−2170 1.0000E+01     1.000 0.10666192E+01f   fx     0.04438118
   527         w57−2245 1.0000E+01     1.000 0.90107457E+00f   fx     0.09786241
   528         w57−2282 1.0000E+01     1.000 0.89429291E+00f   fx     0.11173989
   529         w57−2330 1.0000E+01     1.000 0.91678420E+00f   fx     0.06924869
   530         w57−2379 1.0000E+01     1.000 0.98559352E+00f   fx     0.00207547
   531         schoel   0.0000E+00     1.000 0.37904989E+00f   fx     0.00000000
   532         F0699004 0.0000E+00     1.000 0.62748919E+00f   fx     0.00000000
   533         w57−2419 1.0000E+03     1.000 0.91057153E+00f   fx     7.99745125
   534         w57−2446 1.0000E+03     1.000 0.92550589E+00f   fx     5.54937242
   535         w57−2494 1.0000E+03     1.000 0.10020386E+01f   fx     0.00415589
   536         w57−2572 1.0000E+03     1.000 0.10013329E+01f   fx     0.00177662
   537         w57−2597 1.0000E+03     1.000 0.10122454E+01f   fx     0.14994982
   538         w57−2616 1.0000E+03     1.000 0.74873544E+00f   fx    63.13387911
   539         w57−2645 1.0000E+03     1.000 0.10028465E+01f   fx     0.00810256
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   540         w57−2670 1.0000E+03     1.000 0.11700587E+01f   fx    28.9199
   541         w57−2710 1.0000E+03     1.000 0.11292116E+01f   fx    16.6956
   542         w57−2731 1.0000E+03     1.000 0.92043716E+00f   fx     6.3302
   543         w57−2750 1.0000E+03     1.000 0.11865078E+01f   fx    34.7851
   544         w57−2760 1.0000E+03     1.000 0.10831210E+01f   fx     6.9091
   545         w57−2780 1.0000E+03     1.000 0.10716020E+01f   fx     5.1268
   546         w57−2799 1.0000E+03     1.000 0.95711809E+00f   fx     1.8388
   547         w57−2860 1.0000E+03     1.000 0.10398547E+01f   fx     1.5883
   548         w57−2923 1.0000E+03     1.000 0.96702010E+00f   fx     1.0876
   549         w57−3036 1.0000E+03     1.000 0.99897016E+00f   fx     0.0010
   550         w57−3071 1.0000E+03     1.000 0.94150652E+00f   fx     3.4214
   551         w57−3143 1.0000E+03     1.000 0.93821440E+00f   fx     3.8174
   552         w57−3234 1.0000E+03     1.000 0.97804556E+00f   fx     0.4819
   553         F0699005 0.0000E+00     1.000 0.93127494E+00f   fx     0.0000
   554         w57−3314 1.0000E+03     1.000 0.96656605E+00f   fx     1.1178
   555         w57−3375 1.0000E+03     1.000 0.94332494E+00f   fx     3.2120
   556         w57−3393 1.0000E+03     1.000 0.97669423E+00f   fx     0.5431
   557         w57−3408 1.0000E+03     1.000 0.97614134E+00f   fx     0.5692
   558         w57−3416 1.0000E+03     1.000 0.93774942E+00f   fx     3.8751
   559         k68−3.64 1.0000E+03     1.000 0.93247346E+00f   fx     4.5598
   560         kerr68−1 1.0000E+03     1.000 0.97962010E+00f   fx     0.4153
   561         k68−4.18 1.0000E+03     1.000 0.82616452E+00f   fx    30.2187
   562         kerr68−2 1.0000E+03     1.000 0.13027543E+00f   fx   756.4208
   563         k68−4.45 1.0000E+03     1.000 0.10258947E+01f   fx     0.6705
   564         k68−4.52 1.0000E+03     1.000 0.10040513E+01f   fx     0.0164
   565         kerr68−3 1.0000E+03     1.000 0.42545750E−01f   fx   916.7186
   566         kerr68−4 1.0000E+03     1.000 0.75217452E−01f   fx   855.2227
   567         k68−4.81 1.0000E+03     1.000 0.78215768E+00f   fx    47.4552
   568         k68−4.92 1.0000E+03     1.000 0.82642296E+00f   fx    30.1289
   569         k68−4.98 1.0000E+03     1.000 0.89091743E+00f   fx    11.8990
   570         k68−5.05 1.0000E+03     1.000 0.12629805E+01f   fx    69.1587
   571         k68−5.10 1.0000E+03     1.000 0.12052862E+01f   fx    42.1424
   572         k68−5.18 1.0000E+03     1.000 0.12170599E+01f   fx    47.1150
   573         k68−5.25 1.0000E+03     1.000 0.12471186E+01f   fx    61.0676
   574         k68−5.36 1.0000E+03     1.000 0.13577596E+01f   fx   127.9919
   575         k68−5.41 1.0000E+03     1.000 0.11342498E+01f   fx    18.0230
   576         k68−5.46 1.0000E+03     1.000 0.13681795E+01f   fx   135.5561
   577         k68−5.53 1.0000E+03     1.000 0.14634950E+01f   fx   214.8276
   578         k68−5.58 0.0000E+00     1.000 0.11960167E+01f   fx     0.0000
   579         k68−5.63 0.0000E+00     1.000 0.19708576E+01f   fx     0.0000
   580         k68−5.70 0.0000E+00     1.000 0.16981211E+01f   fx     0.0000
   581         nd205274 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   582         nd205283 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   583         nd205288 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   584         nd205292 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   585         nd205298 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   586         nd205302 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   587         nd205307 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   588         nd205312 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   589         nd205317 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   590         nd205322 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   591         nd205326 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   592         nd205331 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   593         nd205336 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   594         nd205341 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   595         nd205346 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   596         nd205351 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   597         nd205362 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   598         nd205376 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   599         nd205396 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   600         nd205414 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
   601         nd205435 0.0000E+00     1.000 0.10000000E+01f   fx     0.0000
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17O Preliminary evaluation scope
Preliminary results
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13c + 4he reaction
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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,n)16o1 dσ/dΩ E=    5.454 MeV
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17O Preliminary evaluation
Preliminary results: (𝜶,n1)

13c(4he,n)16o1 dσ/dΩ E=    5.135 MeV
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ENDF/B-VIII.0 16O(n,𝛼0)13C [MT=800] 
Comparison with New Evaluation “8.1”
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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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Comparison LENZ(2017) data vs. ENDF/B-VIII.0
16O(n,𝛼0)13C excitation functions
S. Kuvin & H.Y. Lee (LANL)
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FIG. 14. Di↵erential cross sections of the 2021 LENZ data are compared with energy-averaged ENDF/B-VIII.0 using the
energy resolution function shown in Fig. 12.

reduction was also demonstrated in LENZ simulations in
Fig. 13 (left) and can be directly compared with Fig. 9
(bottom) for the 2016 LENZ configuration.

Two di↵erent, solid oxygen targets and and three dif-
ferent thicknesses were used to obtain the 2021 data. As
shown in Fig. 13 (middle), the data with the mylar tar-
get show prominent kinematic curves from 1H(n,p) and
12C(n,↵0) reactions, which were used to estimate a neu-
tron flux at the neutron energy range of 2.5 - 6 MeV.
Fig. 13 (right) shows the data with the 350-nm Ta2O5

target on the 3 µm thick Ta backing substrate, mak-
ing large reduction on the ambient background compared
with Fig. 9 (top). The kinematic curve from the 1H(n,p)
reaction could be due to moisture on an aluminum target
frame. During the 2021 measurement, the 238U fission
counter was used to monitor the overall beam flux over
runs with di↵erent oxygen targets.

G. Uncertainties

The uncertainties for determining the reaction cross
section in this work are itemized in Table III, separated

for systematic uncertainties and statistical uncertainties.
Most systematic uncertainties were discussed in detail in
the previous LENZ measurements [45, 46]. Regarding
the systematic uncertainty in this work, contributions
are from the estimation of the target amount and the
neutron flux, and the determination of the detector’s an-
gular and energy resolutions. The statistical uncertainty
is mainly counting statistics on both oxygen target- and
background- measurements. The final cross sections re-
ported in this work, based on the data recorded in 2021,
use the 1H(n,el) reaction channel as a reference.

III. RESULTS AND DISCUSSIONS

After reconstructing the reaction q-value and inte-
grating the yield corresponding to the (n,↵0) peak, we
obtain a partial di↵erential cross sections as shown in
Fig. 14. Here we report the 2021 run-cycle results
which benefitted from improved statistical uncertainties,
energy/angular resolution, and are derived relative to
1H(n,el) which is considered a neutron standard at these
energies. However, the results from 2016/2017 are con-
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FIG. 15. Angular distributions of the 2021 LENZ data are
compared with energy-averaged ENDF/B-VIII.0 using the en-
ergy resolution function shown in Figure 12.

sistent with the 2021 results presented here.
Since the observed resonances are typically narrower

than our experimental resolution, the cross sections de-
picted in Fig. 14 represent an average cross section over
the neutron energy bin width and the energy resolution
of the detection system given in Fig. 12. For simplicity,
we make comparisons with calculated di↵erential cross
sections by smearing the calculation as shown by the
solid red lines in each panel of Fig. 14. The calcula-
tion shown in blue and brown in the top two panels are
an R-matrix calculation using the code EA90 based on
the resonance parameters used to produce the ENDF/B-
VIII.0 evaluation. In the bottom panel, the ENDF/B-
VIII.0 evaluated total (n,↵0) cross section, divided by 4⇡,
is shown to elucidate the prominent resonance contribu-
tions at backward angles that are not being reproduced
by the calculated angular distributions. In all panels it
is clear that the calculated angular distribution above 6
MeV do not reflect the experimental cross sections, how-
ever, ENDF/B-VIII.0 did not include any experimental
angular distribution information at these energies. In-
stead, only the scale of the total cross section was con-
strained by recent and past data. Below 6 MeV, the data
is in good agreement with the calculation and ENDF/B-
VIII.0 for which the angular distributions were derived
primarily from the work of Walton et al..

FIG. 16. Di↵erential cross sections of the 2021 LENZ data
are compared with energy-averaged ENDF/B-VIII.0 using the
energy resolution function shown in Figure 12.

The resonances that we observe are in good agreement
with those previously reported by Davis et al and Robb
et al.. The former directly measured (n,↵0) total cross
sections and reported excitation energies in 17O, whereas
Robb reported potential spin-parity assignments using a
two-level analysis based on their 13C(↵,n0) angular dis-
tributions. For example, the 7.2 MeV resonance that
represents a prominent peak in the total cross section is
most apparent at backward angles, while the weaker res-
onance around 7.0 MeV is observed at forward angles.
Figure 15 shows some of the partial di↵erential cross sec-
tions, with respect to lab angle, in comparison with Robb
at high energies. The overall scale of our cross sections
are slightly larger but in relatively good agreement with
the Robb data. The trends of the angular distributions
are also in good agreement which further supports some
of the resonance analysis discussed in that work. A more
complete R-matrix treatment of the 17O system at higher
energies is discussed in the work of Heil et al. whereas the
R-matrix analysis incorporated into ENDF/B-VIII.0 was
limited up to only 6.5 MeV. The bottom three panels of
Figure 15 once again demonstrate the potential improve-
ments that could be made to ENDF/B-VIII.0 at energies
above 6 MeV to better constrain the resonance parame-
ters and obtain more accurate angular distributions.
Finally, Fig. 16 presents angle integrated partial cross

sections obtained by performing a Legendre polynomial
fit of the experimental data at energies above 5.2 MeV for
which we report di↵erential cross sections at both forward
and backward angles. Below this energy the angular dis-
tributions from ENDF/B-VIII.0 and ENDF/B-VII.0 are
adopted and scaled to best fit the forward angle data
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FIG. 16. Di↵erential cross sections of the 2021 LENZ data
are compared with energy-averaged ENDF/B-VIII.0 using the
energy resolution function shown in Figure 12.

The resonances that we observe are in good agreement
with those previously reported by Davis et al and Robb
et al.. The former directly measured (n,↵0) total cross
sections and reported excitation energies in 17O, whereas
Robb reported potential spin-parity assignments using a
two-level analysis based on their 13C(↵,n0) angular dis-
tributions. For example, the 7.2 MeV resonance that
represents a prominent peak in the total cross section is
most apparent at backward angles, while the weaker res-
onance around 7.0 MeV is observed at forward angles.
Figure 15 shows some of the partial di↵erential cross sec-
tions, with respect to lab angle, in comparison with Robb
at high energies. The overall scale of our cross sections
are slightly larger but in relatively good agreement with
the Robb data. The trends of the angular distributions
are also in good agreement which further supports some
of the resonance analysis discussed in that work. A more
complete R-matrix treatment of the 17O system at higher
energies is discussed in the work of Heil et al. whereas the
R-matrix analysis incorporated into ENDF/B-VIII.0 was
limited up to only 6.5 MeV. The bottom three panels of
Figure 15 once again demonstrate the potential improve-
ments that could be made to ENDF/B-VIII.0 at energies
above 6 MeV to better constrain the resonance parame-
ters and obtain more accurate angular distributions.
Finally, Fig. 16 presents angle integrated partial cross

sections obtained by performing a Legendre polynomial
fit of the experimental data at energies above 5.2 MeV for
which we report di↵erential cross sections at both forward
and backward angles. Below this energy the angular dis-
tributions from ENDF/B-VIII.0 and ENDF/B-VII.0 are
adopted and scaled to best fit the forward angle data
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ENDF/B-VIII.0
vs. new data

•Data from JUNA collaboration, courtesy of James deBoer
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13C(𝛼,n0)16O Angular distributions
IPPE Prusachenko et al. PRC105, 024612 (2022)

•Energies measured: 2.1 MeV < E𝛼 < 6.2 MeV
•Energies shown here: 2.1 MeV < E𝛼 < 3.4 MeV
•ENDF/B-VIII.0 was fit with data from Roddy Walton
− reversed from (𝛼,n0) to (n,𝛼0) by Graham Foster
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ENDF/B-VIII.0 16O(n,𝛼0)13C [MT=800] 
Ratio of New Evaluation to ENDF/B-VIII.0
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Preliminary new evaluation with fit errors
vs. OU(2021) & Bair & Haas(1973)
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Outlook

• n+16O
− Complete the evaluation to En ~ 9 MeV (optimistically to 10 MeV)

§ add missing data
§ Investigate normalization of the (n,ntot) Cierjacks’ ‘68 & ‘83 datasets

− 13C(𝛼,n0)16O is currently too high everywhere
§ Note that (n,ntot) and (n,𝛼x) are tightly correlated by unitarity

− Perform a complete normalization/covariance study


