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R-Matrix Evaluation of 10 Neutron Cross Sections up to 6.3 MeV
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We have evaluated 1°O neutron cross sections in the resolved resonance region with the multilevel Reich-Moore
code SAMMY. Resonance parameters were determined by a consistent analysis, including both Doppler and resolution
broadening effects. To properly treat the o particle exit channel, an algorithm to calculate charged particle penetrabili-

ties and shiftswas incorporated into SAMMY.
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I. Introduction

Over the years the nuclear community has devel oped a col -
lection of evaluated nuclear data for applications in thermal,
fast reactor, and fusion systems. In contrast to these systems,
typical neutron spectra in criticality safety applications peak
in the epithermal energy range. Because nuclear data play a
major role in the calculation of criticality safety margins, a
thorough examination of the behavior of present nuclear data
evaluations in criticality safety calculations is needed. For
oxygen, the existing ENDF/B-V1.5 evaluation is expressed in
terms of point-wise cross sections derived from the analysis
of G. Hale.) Unfortunately such an evaluation is not directly
useful for resonance analysis of data from samples in which
oxygen is combined with other elements; for that purpose, res-
onance parameters are needed. In this paper we describe a
resonance parameter evaluation of 160 neutron cross sections
in the resolved resonance region with the multilevel Reich-
Moore R-matrix formalism using the code SAMMY .2 A pre-
liminary report of this work has been given previously. 3

Il. Cross Section and Differential Elastic Data

A search of standard nuclear databases and the open liter-
ature led to selection of total, reaction, and angle differential
elastic cross section data sets for analysis; see Tables 1 and 2.

Table1l Cross Section Data Setsfor 160 Evaluation

Authors Facility Energy Range Atoms/barn
(MeV)

Johnson, et al.® ORELA 0.2-6.3 0.183

Cierjacks, et al.?  KFK cyclotron 3.14-6.3 1.201

Larson, et a.9 ORELA 20-6.3 0.549

Fowler, et al.” ORNL VDG 0.6-6.3 0.488

Johnson, et al.® ORELA 2.25-249 6.700

Ohkubo? Linac 0.01-0.9

Bair, Haas'9 ORNL VDG 3.2-6.3

Drotleff, et a1V Stuttgart 2.87 - 3.48

In the energy range of overlap, 0.6 - 4.3 MeV, the 0ot
values for Refs. 4, 6, and 7 agree, but the Cierjacks data®
are 3.5% lower. The Cierjacks data were normalized to the
ORELA data® by integrating between 3.45 and 3.72 MeV. A
neutron energy transformation was used to align the ORELA
peak energies with the higher resolution Cierjacks values.
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The 10(n, a)*3C channel opens at a laboratory neutron
energy E,, = 2.36 MeV and contributes about 9% t0 o444 at
E, =4.18 MeV and about 25% at 5.07 MeV. Therefore, o4, o
values deduced by reciprocity from 3C(a, n)'¢O measure-
ments by Bair and Haas'? and Drotleff, et a.1V) were fit to
obtain I', values for several resonances. The Bair-Haas data
exhibit good « energy resolution of 2 to 5 keV over the en-
ergy range of interest for this evaluation. Energy transforma-
tions were applied to align narrow resonances with the more
precise Cierjacks energies.

Table2 Angular Distribution Data Sets for 10 Evaluation

Authors Facility Energy Range Ocm
(Mev) (deg)
Okazaki®? Wisconsin 0.410-0.493 46- 133
Fowler, Cohn® ORNL VDG 0.73-2.15 32-138
Phillips'¥ LANL 3.0-6.0 22 -152
Martin, Zucker BNL 151-225 21-166
Hunzinger, Huber'®  Basel CW 200-4.11 41 - 147
Lister, Sayres™ ColumbiaVDG 31-47 Leg. Co.
Johnson, Fowler® ORNL VDG 3.266-4.200 20- 147
Fowler, Johnson'® ORNL VDG 1833-3441 20-146
Kinney, Perey® ORNL VDG 4.34-6.44 16 - 139
Drigo, et a.® Lignaro VDG 2.56 - 2.76 26 - 156

II1. ResonanceAnalysisand Results

In order to give a proper treatment for charged parti-
cles in an exit channel, an agorithm® to calculate charged
particle penetrabilities (CPP) and shifts was incorporated in
SAMMY. A dlightly modified version of the routine COULFG
of Barnett? is used to compute Coulomb wave functions and
derivatives. Routines based on the CPP algorithm have been
integrated into a prototype modification of the NJOY 22 code
and will be incorporated in the AMPX 2% code.

Resonance parameters were determined by a consistent
analysis incorporating both Doppler and resolution broaden-
ing effects. Total and reaction data sets were analyzed se-
quentially so that each fit was connected to the previousfit by
the SAMMY parameter covariance matrix, thereby yielding
energies and widths for 37 resonances in therange 0 < E,,
< 6.3 MeV. Two negative-energy resonances were included
to account for bound levels and 13 high-energy resonances
were included to account for the effect of resonances above
6.3 MeV. Partial wavesss /, through gy /» wereincludedin the
analysis. The neutron channel radius, a,, , @ channel radius,
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a, , andtheo,, o normaizationfactor, F,, , werevaried; final
valueswerea,, = 3.80fm, a, = 6.7 fm, and F,,, = 1.00.
Figure 1 presents a global view of the fina SAMMY fits
to the total cross section data of Refs. 4-9. The (n, «) cross
sections obtained by reciprocity from the («, n) data of Ref.
10 and Ref. 11 are compared with the SAMMY fitsin Fig. 2.
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Fig. 1 Comparison of SAMMY predictions to 0 oot data*™®
Data and predictions have been scaled for visual separation.

A rather large a channd radius, 6.7 fm, was required in
order to fit the (n, ) datasince the 3291 keV d , resonance
(I',, =340keV, T', = 0.17 keV) introduces a significant back-
ground for E,, > 4.5 MeV. This is due to the exponentia in-
crease of the Coulomb penetrability, and henceT", , with E,,.

Spin-parity assignments were based on fits to o4, and
0n,o data and on comparison of predicted and experimental
do /dQ values. Where fits were inconsistent with the data,
several J© values were tried to improve the fits. Theoreti-
ca do/dS) values were energy-broadened by the appropriate
amount before comparison with the data. An example of the
effect of energy broadening is given in Fig. 3 for the data of
Fowler and Johnson® for the 1834 keV d; , resonance (AE
=13keV, I = 7.8 keV), the 3212 keV f; ;, resonance, and the
3442 keV f;, resonance. The finite angular size of detectors
was also taken into account in the SAMMY calculations.
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Fig. 2 Comparison of SAMMY predictionsto o, data deduced by
reciprocity from *C(a, n)'°0O data of Bair and Haas'® and
Drotleff et al.™)
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Fig. 3 Broadened (solid) and unbroadened (dashed) SAMMY pre-
dictions for do/dS2 data (points) of Fowler and Johnson.*?

Examples of do/dQ) data'® are compared with SAMMY
predictions in Fig. 4. Legendre coefficients given by Lister
and Sayres'”) are compared with predicted valuesin Fig. 5.

When uncertainties are taken into account, predicted and
experimental quantities arein satisfactory agreement.

Caro® has reported an evaluation of 0 using a reso-
nance plus potential well model which, unfortunately, does
not provide a Reich-Moore resonance parameter representa-
tion. For the four non-resonant energies given by Caro (1.50,
1.75, 2.56, and 2.76 MeV), the differences between our pre-
dicted do /d2 values and those of Caro are much smaller than
the experimental uncertainties.

The 170 level excitation energy E ., resonance energy Eg,
neutron width I",,, « width ', and J™ value arelisted in Ta-
ble 3 for resonances included in the present evaluation. The
resonance energies Er correspond to the eigenenergies de-
termined by the Reich-Moore analysis with SAMMY with
boundary conditions chosen so that the level shifts are zero.
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Fig. 4 Comparison of SAMMY predictions to selected differential
elastic data of Johnson and Fowler.X®
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Fig. 5 Comparison of SAMMY predictions to Legendre coefficients
of Lister and Sayres.*”

1. Individual Resonance Discussion

Selected individual resonances are discussed here. More
detailed comments are presented in Ref. 3.

For the 2377.9keV s, /, resonance, I',, and Ex, are primar-
ily determined by the high-precision data of Johnson, et al.®
corrected for 170 and '¥0. The predicted minimum o o¢ar,
0.1013 b, is consistent with the experimental value, 0.1028 +
0.0018 b. Asshownin Fig. 6, our evaluation fits the datamuch
better than does ENDF/B-VI.

The 3800-5300 keV region is characterized by several

Table3 Energies and Widths for Resonancesin 10 (n,X)

J E.(*70) Er T» Lo *
(keV) (keV) (keV) (keV)

3/27 4551.9+15 43431 444415
3/2t 50842+ 25 100022 10045
3/27 53751+20 130938 434417
7/27 5696.7+20 165138 4.10+0.40
5/2- 57323+19 1689.10 0274005
3/2% 5868.7+20 183409 7.79+0.70
1/2- 59320423 190144 335+25
1/2T 63802433 237788 162+5
5/2% 6860.7+20 2888.70 0.2240.08
7/2~ 69719420 3006.90 0.16+0.04
5/2° 71646+04 321176 150+0.15 0.009 + 0.003
3/2% 72391480 329101 340+ 30 0.17 £ 0.03
5/2% 73782+ 04 343880 0.60+0.20 0.020 £ 0.007
5/2° 73808+ 04 344155 130+£025 0.007 + 0.005
3/27 74469+200 351191 660+ 60 ~ 0.03
7/2- 76869+04 376700 185+12  0.026 4 0.008
1/2- 78963460 398964 276+ 25 19.0 + 3.0
1/2% 79633+ 22 4060.82 106+ 10 52415
3/2t 80754+21 418004 924+6.0 9.8+ 18
3/27 8190.9+25 430279 54346.0 58+ 1.0
1/27 8199.3+45 431170 435490 -04+£03
1/2T 83457406 4467.36 169+ 25 37+07
5/2t 84022+02 452736 499+030 086+0.20
7/2% 84656+ 02 459483 139+014 044£0.10
5/27 84998+ 03 463121 3.20+0.20 39+04
3/2- 8677.7+15 482033 584435 27+05
3/2% 8909.1+40 506630 945+120 -344+6.0
7/27 89632+ 05 512374 234+22 28+05
1/2- 9139.3+6.0 531100 ~05 ~40
5/2t 91941+04 536927 278+018 12540.30
3/2~ 9387.5+140 557484 1914+ 14 0.42 + 0.15
5/2° 94795+ 4.1 567262 0.6+03 156+ 3.0
7/2% 97109+ 05 591863 205+ 1.0 42406
3/2~ 9781.1+05 5993.29 148412 ~-02
9/2t 9859.1+02 607619 3.13+£020 2514040
1/2~ 9869.7+08 608744 160+ 18 19+09
5/2% 9983.0 6207.95 50420 109 + 40

Channel radii: a, =3.80fm, a, =6.7 fm
I, =2.7 ¢V for 434 keV resonance, 0.25 eV otherwise.
E, =4143.36 keV + Er * Ao16/(Ao1s + An)
J* valuesin italics are tentative assignments.
* Minus sigh means the reduced amplitude product +, 7o < O.
Tilley, et a.?® assign[3/2%,(5/27)] for [9781,9859] keV levels.

broad overlapping resonances. In companion papers, John-
son?” and Fowler, et al.”) reported R-matrix analyses leading
to J© assignments and interference patterns for pairs of p, /,
and d/» resonances. Using the more recent Cierjacks data as
well as the older data,* 719 we confirmed the J* assignments
and interference signs of Johnson. For example, for the 3990-
4312 keV p, /, pair and the 4180-5066 keV ds, pair, the sign
of 5, 7o Must be negativeto fit o¢otq; and oy, o -

On the basis of better fitsto 04tq; aNd 74, o , We EsSign J*
=[3/27,9/2%] for levels with Ez=[5993, 6076] keV, rather
than J* = [3/2%, 5/27] asgiven by Tilley, et a.?®
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Fig. 6 Comparison of o¢.:4; predictions to ENDF/B-VI.5 and data
of Johnson et al.?

2. Thermal Cross Sections and Reactor Benchmarks

Free atom total and capture cross sections for E,, = 0.0253
eV and T = 300K agree with the ENDF/B-V1 values:

Cross Section ENDF/B-VI.5 Present Evaluation Ratio
Total 4.0138b 4.0297 b 1.004
Capture 0.190 mb 0.196 mb 1.032

Point-wise cross sections generated from our Reich-Moore
resonance parameter representation were used for five thermal
reactor benchmarks?® consisting of three reflected and two
bare spheres of highly enriched uranium as aqueous solutions
of uranyl fluoride. These benchmarks are useful for testing
fast scattering by H,O as well as 235U fission and capture in
the thermal range. As shown below, our K., values agree
with values based on ENDF/B-V1 point-wise cross sections.

Benchmark ENDF/B-VI.5 Present Evaluation  Akcss
L-7 1.0006 0.9995 -0.0011
L-8 1.0050 1.0047 -0.0003
L-9 1.0020 1.0021 0.0001
L-10 0.9986 0.9974 -0.0012
L-11 0.9997 0.9996 -0.0001

IV. Summary and Conclusions

We have evaluated °O neutron cross sections in the re-
solved resonance region with the multilevel Reich-Moore R-
matrix formalism. To giveaproper treatment for the « particle
exit channel, an algorithm to calculate charged particle pene-
trabilities and shifts was incorporated into the SAMMY code.
Routines based on the CPP algorithm have been integrated
into a prototype modification of NJOY. An ENDF format re-
vision will be proposed to accommodate this new feature.

Within uncertainties, theory and experiment are in agree-
ment for o4ot41 , On,a » @Nd do /dQ upto 6.3 MeV. New J™ as-
signmentsare proposed for levelswith Ep =5993keV [3/27]
and 6076 keV [9/27]. Point-wise cross section values based
on our resonance parameter representation have been used for
five thermal reactor benchmarks; predicted k. s valuesarein

excellent agreement with values based on ENDF/B-VI point-
wise cross sections. Thermal values of o4, and o, agree
with the corresponding ENDF/B-V1 values.

For '®O neutron cross section data, our evaluation gives
an accurate, few-parameter representation that should be ex-
tremely useful for radiation transport calculations in critical-
ity safety analyses. Since our evaluation fits the 2.35 MeV
window data much better than does ENDF/B-VI, it should
give more reliable results for applications that are sensitive
t0 040tqr N this energy region.
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