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R-Matrix Evaluation of 10 Neutron Cross Sections up to 6.3 MeV

R. O. Sayer*, L. C. Leal, N. M. Larson, R. R. Spencer, and R. Q. Wright
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

We have evaluated 1O 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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. 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 ap-
pear to peak in the epithermal energy range. Because nuclear
data play a mgjor 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-VI.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 sam-
ples in which oxygen is combined with other elements; for
that purpose, resonance parameters are needed. In this pa-
per we describe a resonance parameter eval uation of 160 neu-
tron cross sections in the resolved resonance region with the
multilevel Reich-Moore R-matrix formalism using the code
SAMMY .2 A preliminary report of this work has been given
previously.®

Il. Cross Section and Differential Elastic Data

An extensive search of standard nuclear databases and the
open literatureled to selection of total, reaction, and angle dif-
ferential elastic cross section data sets for analysis; see Tables
1and 2. The 0,4 datainclude measurements by Johnson, et
a.,¥ on the 200-m flight path at the Oak Ridge Electron Lin-
ear Accelerator (ORELA); Cierjacks, et a.,% on the 200-m
flight path at the Karlsruhe cyclotron; Larson® (ORELA 80
m flight path); Fowler, et al.,” who utilized a47-m flight path
and a pulsed van de Graaff accelerator to produce neutrons,
and Johnson, et a.,% who made accurate measurementsin the
2.35MeV window region. In the energy range of overlap, 0.6
- 4.3 MeV, the o4, valuesfor Refs 4,6,7 arein good agree-
ment, but the data of Cierjacks, et a.® is about 3.5% lower.
The Cierjacks data were normalized to the data of Johnson,
et a.,* by integrating between 3.45 and 3.72 MeV. A neutron
energy transformation was applied to align the peak energies
of Johnson, et al. with the higher resolution Cierjacks values.

The 160(n, a)3C channel opens at a laboratory neutron
energy E,, = 2.36 MeV and contributes about 9% t0 oota:
a E, = 4.18 MeV and about 25% at 5.07 MeV. Therefore,
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Table1l Cross Section Data Setsfor 10 Evauation

Authors Facility Energy Range  Atoms/barn
(MeV)

Johnson, etal.¥  ORELA 0.2-6.3 0.183

Cierjacks, etal.y  KFK cyclotron 3.14-6.3 1.201

Larson® ORELA 20-6.3 0.549

Fowler, et a.” ORNL VDG 0.6-6.3 0.488

Johnson, et a.® ORELA 2.25-249 6.700

Ohkubo? Linac 0.01-0.9

Bair, Haas!? ORNL VDG 32-6.3

Drotleff, et a.®b  Stuttgart 2.87-3.48

Table 2 Angular Distribution Data Sets for *®O 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 151-2.25 21- 166
Hunzinger, Huber®  Basel CW 2.00-4.11 41 - 147
Lister, Sayres™ ColumbiaVDG 31-47 Leg. Coef.
Johnson, Fowler® ORNL VDG 3.266 - 4.200 20 - 147
Fowler, Johnson® ORNL VDG 1.833-3.441 20 - 146
Kinney, Perey® ORNL VDG 4.34-6.44 16 - 139
Drigo, et a.? Lignaro VDG 2.56-2.76 26 - 156

o, Vaues deduced by reciprocity from 3C(a, n)'*O mea-
surements by Bair and Haas!? were fit to obtain I',, values
for several resonances. These data exhibit good « energy res-
olution of 2 to 5 keV over the energy range of interest for
this evaluation. Energy transformations were applied to align
narrow resonances with the more precise Cierjacks energies.
Since the Bair-Haas data agree to better than 10% with the re-
cent high-precision measurements of Drotleff, et a.' in the
region of overlap (3.20-3.48 MeV), we analyzed both data sets
with asingle normalization that was varied in the analysis.

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.
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Angle differential elastic cross sections were computed
with SAMMY using the set of resonance parameters obtained
from analysis of the total and reaction cross section data.
These predicted values were compared with angular distribu-
tion datat?~16.18-21) to confirm J values for several resonances.
Predicted Legendre coefficients were compared with the cor-
responding experimental values of Lister and Sayres. "

1. ResonanceAnalysisand Results

Resonance parameters were determined by a consistent
analysis in which both Doppler and resolution broadening ef-
fects were incorporated. Results from apreliminary 60 eval-
uation have been reported previously. 32> Total and reaction
data sets were analyzed sequentially so that each fit was con-
nected to the previous fit by the SAMMY parameter covari-
ance matrix, thereby yielding energies and widths for 37 reso-
nancesin 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 ef-
fect of resonances above 6.3 MeV. Partial waves s, /, through
gy/2 Were included in the analysis. The neutron channel ra-
dius, ay, , « channel radius, a,, , and the o, , Nnormalization
factor, F,. , were varied; final valueswerea, = 3.80fm, a,
=6.7fm, and F,,, = 1.00.

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. For most res-
onances our J* values are identical to those reported in the
compilation by Tilley, et a.?® Exceptions are resonances at
5993 and 6076 keV. Energy resolution valuesfor the differen-
tial elastic data vary over a wide range. Theoretical do/dS}
values were energy-broadened by the appropriate amount be-
fore comparison with the data. An example of the effect of
energy broadening is given in Fig. 1 for the data of Fowler
and Johnson™® for the 1834 keV dj,» resonance (AE = 13
keV,T'=7.8keV), the 3211 keV f; , resonance, and the 3442
keV f;,, resonance.
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Fig. 1 Broadened (solid) and unbroadened (dashed) SAMMY pre-
dictions for do /dS data (points) of Fowler and Johnson.*?

Figure 2 presents a global view of the final SAMMY fits
to the total cross section data of Refs. 4-9.
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Fig. 2 Comparison of SAMMY predictions to %0 oot data*®
Data and predictions have been scaled for visual separation.

The (n, «) cross sections obtained by reciprocity from the
(o, n) dataof Bair and Haas'® and Drotleff, et al.? are com-
pared withthe SAMMY fitsin Fig. 3. A rather large « channel
radius, 6.7 fm, was reguired in order to fit the (n, o)) databe-
cause the 3291 keV ds /, resonance (', = 340 keV, T',, = 0.17
keV) introduces a significant background for E,, > 4.5 MeV.
This is due to the exponential increase of the Coulomb pen-
etrability, and hence I', , with E,,. The agreement between
predicted and experimental o,, , values is quite satisfactory
over the fit range, 3.1 to 6.3 MeV. At lower energies, where
the cross section is orders of magnitude smaller, the predic-
tion underestimates o, ¢ .

Examples of angle differential elastic datal® are compared
with SAMMY predictions in Fig. 4. Legendre coefficients
given by Lister and Sayres'”) are compared with predicted val-
uesin Fig. 5. When uncertainties are taken into account, pre-
dicted and experimental coefficients are in satisfactory agree-
ment. It is assumed that the extraction of do /d€)(nn) and Leg-
endre coefficients from the experimental measurements was
not affected by competition from the o channel.
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Fig. 3 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. 4 Comparison of SAMMY predictions to differentia elastic
data of Johnson and Fowler*®

Caro?”) has reported an evaluation of 50 using a reso-
nance plus potential well model which, unfortunately, does
not provide a Reich-Moore resonance parameter representa-
tion. In Fig. 6, we compare our predicted do/dS) with Caro
and ENDF/B-VI for four non-resonant energies. 1.50, 1.75,
2.56, and 2.76 MeV. At these energies the differencesin pre-
dicted values are small except at forward angles, where the
two recent evaluations give better agreement with experiment
than does ENDF/B-V1.
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MeV.

resonance energy Eg, neutron width I",,, o width T',,, and
J* value are listed in Table 3 for resonances included in the
present evaluation. For a particular partial wave, e.g., ds /2,
peak energies are defined as those energies corresponding to
maxima (I > 0) or minima (I = 0) in the unbroadened par-
tial cross section for that partial wave. Excitation energiesare
computed from the separation energy and nuclear masses A4 ,,
and Api6 according to therelation: E, = 4143.36 keV + Ep
* Ao1s/(Ao1s + Ay). Theresonance energies Er correspond
to the eigenenergies determined by the Reich-Moore analysis
with SAMMY with boundary conditions chosen so that the
level shifts are zero.

1. Individual Resonance Discussion

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

For the 10 levelsin the energy range 0 < E,, < 3100 keV,
the contribution to o¢4t4; from o, o is completely negligible.
Parameters for resonances at 434, 999, 1312, 1651, 1834, and



Table3 Energies and Widths for Resonancesin *°0 (n,X)

g E.("0) Epear Ex T, IL.-*
(keV) (keV)  (keV) (keV)  (keV)
3/2- 45519+ 15 43460 43431 4441
3/2 50842425 99930 100022 100.36
3/2 53751420 131270 1309.38  43.43
7/27  5696.7+20 165138 165138  4.10
(5/27) 57323+19 1689.15 168910 027
3/2%  58687+20 183418 183409  7.79
1/2~ 59320+23 190578 190144 3350
1/2t  63802+33 235100 2377.88 162.37
(5/27) 6860720 288887 288870  0.22
(7/27) 6971.9+20 3007.08 300690  0.16
5/2~ 71646404 321176 321176 150  0.009
3/2% 72391480 329968 320101 33963 017
5/2F  73782+£04 343883 343880 060  0.020
5/2~ 73808404 344156 344155 130  0.007
3/2° 744694200 365425 351191 66021  0.026
7/2= 76869404 3767.08 376700 1853 0026
12t  79633+22 406270 4060.82 10558 523
1/2= 78963+ 60 405982 398964 27619  19.15
3/2% 80754421 4187.67 418004 9238  9.80
1/2- 81993+45 432790 431170 4352 -0.44
3/2~ 81909425 4321.36 430279 5430 577
1/2% 83457+ 06 446948 446736 1689  3.72
5/2F  84022+02 452778 452736 499  0.86
7/2T 84656+ 02 450483 459483 139 044
5/2~ 84998403 463126 463121 320 388
3/2 86777+ 15 483910 482033 5840 274
3/2% 89091440 5087.80 506630 9450 -34.36
7/2~ 89632405 512398 512374 2335 275
(1/27) 91393+60 531280 5311.00 050  4.00
5/2F  91941+04 536072 536927 278 125
3/2~a 93875+140 5637.20 557484 19117  0.42
5/27 94795+ 41 567284 567262 059 1563
7/2F 97109+ 05 591905 591863 2050  4.19
3/2~b 97811+05 599890 599329 1478 -021
9/2t ¢ 9859.1+02 607620 607619 313 251
(1/27) 9869.7+08 609420 6087.44 1604  1.92
5/2F 9983.0 622060 6207.95 497 109.23

I’y = 2.7 eV for 434 keV resonance;

I, =0.25 eV for dl other resonances.

E, =414336 keV + Eg * Ao16/(Ao1s + An)

* Minus sign means the reduced amplitude product ~,, v, < O.
a Tilley, eta.® : Ep =5610keV, ' = 120 keV; J* =3/2" .
b. Tilley, et a. assign 3/27.

c. Tilley, et a. assign (5/27).

1905 keV were based mainly on fits to data of Refs. 4, 7.
OurEg, T, ,and J* valuesare consistent with Tilley, et al.?)
Predicted do /dS2 values agree with the data. %1319

For the 1/2%, 2377.9 keV resonance, I',, and Eg are pri-
marily determined by the high-precision data of Johnson,
et a.® corrected for 17O and 0. The predicted minimum
Ototal» 0.1013 b, agrees with the experimental value, 0.1028
+ 0.018 b. As shown in Fig. 7, our evaluation fits the data
much better than does ENDF/B-V1.

The broad d3/» [3291 keV] and p3/» [3512 keV] reso-
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Fig. 7 Comparison of o¢0:4; predictions to ENDF/B-VI.5 and data
of Johnson et al.?

nances are the primary components of o, for 3200 < E,,
< 3700 keV. Each has asmall T',, that is determined by the
low-energy (n, «) data. TheT',, arerather sensitiveto a,.

The 3800-5300 keV region is characterized by several
broad overlapping resonances. In companion papers, John-
son®® and Fowler, et a.”) have reported R-matrix analyses
of total” and reaction'® cross sections leading to J* assign-
ments and interference patternsfor pairsof p, /, and ds/, res-
onances. Using the morerecent Cierjacks high-resolution data
in addition to the data of Refs. 4,7,10, we have confirmed the
J* assignments and interference signs of Johnson. Some of
our I',, and T',, values differ from those of Johnson since our
formalism (Reich-Moore) is different from that of Johnson.

Acceptable fits t0 g4ot01 + Tn,a ,» @d do/dQ) can be ob-
tained for the 3990-4312keV p, /, pair only if the sign of the
interferenceterm, v,,7v, , 1S negative.

Good fits to ototar + On,a » aNd do/dS) were obtained for
the strong 4180 keV resonance. The partial cross section due
to the 4180-5066 keV d3,, pair is quite large for 4200 < E,,
< 5000 keV. The sign of the interference term, ~,,7y, , must
be negative in order to fit ootq @Nd oy o -

Good agreement with the o4, data®® was found in the
region of the broad 5575 keV, p /, resonance. The peak asym-
metry is reduced owing to interference with the 5993 keV,
P3 /> resonance.

Table 4 compares our total widths with widths given by
Refs. 19, 7, and 5 for 10 selected narrow resonances.

For the 3211, 3438, 3441, and 3767 keV resonances, we
predict differential elastic cross sections in good agreement
with the data (see Figs. 1, 4, and 5). Our J™ values agree
with those of Refs 19, 7,and 26. Our I',, , as determined by
fits to the o401, data,® " agree with values quoted by Fowler
and Johnson'? and Cierjacks, et a.Y However, the Cierjacks
datanear the resonance maximaare 5 to 15% larger than theo-
retical values based on widths quoted by Cierjacks. The 3438
and 3441 keV peaks are well-resolved. The discrepanciesin
maxima are not due to variations in the time channel width.
However, small background errorsat transmission minimacan



Table 4 Total Widths for Selected Narrow Resonancesin °0 (n,X)
Total Width (kev)

J Er Fowlerand Cierjacks, et a.y Present
(keV) Johnsont®) Evauation
5/2~ 3211.76 14 145 151
5/2t  3438.80 0.5 0.68 0.62
5/2~ 3441.55 11 1.02 131
7/2” 3767.00 18.0* 154 18.6
5/2t  4527.36 6.56 5.85
7/2t  4594.83 2.26 183
5/2~ 4631.21 7.33 7.08
5/2t  5369.27 3.75 4.03
3/27# 5993.29 124 15.0
9/2t$ 6076.19 4.26 5.64

* Fowler, et al.”
# Cierjacks, et .9 assign J* = 3/2+
$ Cierjacks, et al.® assign J* =5/2~

producelargeerrorsino;.;,; maxima. For the Cierjacksthick
(1.201 atoms/b) sample, transmission minima for these four
resonances range from 0.0006 to 0.0022. Since Cierjacks, et
al. normalized their thick sample datato a previous thin sam-
ple measurement,?® they may have deduced widths from their
thin sample data. Unfortunately, the thin sample data is not
available; only a plot is given.?® We note that o;,:q; Max-
imaread from this plot are more consistent with our predicted
val ues than with the thick sample data.”)

Onthebasis of better fitsto gyt and o, , WeaESSIgNJ™ =
3/2 rather than 3/2+ asgiven by Tilley, et a.? for the 5993
keV resonance. Our total width is 15.0 keV as compared with
12.4 + 0.3 keV by Cierjacks. Our peak energy, 5998.9 + 0.5
keV, is not in agreement with Cierjacks (5995.68 + 0.15keV).
Some of this differenceis probably due to the large difference
in phase shifts between p3/, and ds /.

For the 6076 keV resonance, J™ = 9/2* gives a much bet-
ter fit to the o404, and o,, o, datathan does 5/2~ as assigned
by Tilley, et a.?® From («,n) angular distributions, Kerr, et
a3 assigned J* = 9/2F , athough they did not resolve the
adjacent 6087 keV (1/27) resonance.

2. Thermal and Integral Quantities

Total and capture cross sections for E,, = 0.0253 eV and T
= 300K are in agreement with the ENDF/B-VI 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

We used the experimental I',, , 2.7 = 0.5 eV, for the 434
keV resonance and ', = 0.25 eV for al other resonances to
compute the resonance capture integral, 7.,. Our value, I,
= 0.24 mb, agrees with the value of 0.27 £+ 0.03 mb given by
Mughabghab and Garber 3 but is smaller than the more recent
value of 0.36 mb given by Mughabghab, et al. 32

3. Integral Test: Thermal Reactor Benchmarks
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 225U fission and capture in
the thermal range. Calculated multiplication factors, K¢y |
were obtained with the BONAMI-NITAWL-XSDRNPM se-
quence of the SCALE-4.3 system® using the 199-group
VITAMIN-B6 cross section data library.3® As shown below,
Kess values based on the present evaluation agree with ks
values computed with ENDF/B-V | 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

V. 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 o particle
exit channel, an algorithm to calculate charged particle pene-
trabilities and shifts was incorporated into the SAMMY code.
Routines based on the CPP agorithm have been integrated
into a prototype modification of NJOY. An ENDF format re-
vision will be proposed to accommodate this new feature.

When uncertainties are considered, there is good agree-
ment between theory and experiment for 1°Ototal, (n, ) and
differential elastic cross sections up to E,, = 6.3 MeV. New
J* assignments are proposed for levels with Eg = 5993 keV
[3/27] and 6076 keV [9/27]. Point-wise cross section val-
ues based on our Reich-Moore resonance parameter represen-
tation have been used for several thermal reactor benchmark
calculations; the predicted k. ¢ values are in excellent agree-
ment with values computed using ENDF/B-V1.5 point-wise
cross sections. Thermal values of total and capture cross sec-
tions agree with the corresponding ENDF/B-V I values.

For '®0O neutron cross section data, the present Reich-
Moore evaluation gives an accurate, few-parameter represen-
tation that should be extremely useful for radiation transport
calculations in criticality safety analyses. Since the present
evauation fits the 2.35 MeV "window” data much better than
does ENDF/B-VI, it should give more reliable results for ap-
plicationsthat are sensitive to o;,;4; in this energy region.
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