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R-Matrix Evaluation of '°O Neutron Cross Sections up to 6.3 MeV

R. O. Sayer, L. C. Leal, N. M. Larson, R. R. Spencer, and R. Q. Wright

1. Introduction

In this paper we describe an evaluation of '°0 neutron cross sections in the resolved
resonance region with the multilevel Reich-Moore R-matrix formalism. Resonance
analyses were performed with the computer code SAMMY [LA98] which utilizes
Bayes’ method, a generalized least squares technique.

Over the years the nuclear community has developed a collection of evaluated nuclear
data for applications in thermal, fast reactor, and fusion systems. However, typical
neutron spectra in criticality safety applications are different from the spectra relevant to
thermal, fast reactor, and fusion systems. In fact, the neutron spectra important for these
non-reactor systems appear to peak in the epithermal energy range. Nuclear data play a
major role in the calculation of the criticality safety margins for these systems. A
thorough examination of how the present collection of nuclear data evaluations behaves in
criticality safety calculations is needed. Many older evaluations will probably need to be
revised, and new evaluations will be needed.

Oxygen is an important element in criticality safety applications where oxides are
present in significant abundance. The existing ENDF/B-VIL.5"™" evaluation is expressed in
terms of point-wise cross sections derived from the analysis of G. Hale [HA91].
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, Reich-
Moore resonance parameters are needed. This paper addresses the task of providing
those parameters. In the following sections we discuss the data, resonance analysis
procedure, and results.

" ENDEF/B-VI Release 5 (September, 1998)



2. Total and Reaction Cross Section Data

An extensive search of standard nuclear databases and the open literature led to
selection of total, reaction, and angle differential elastic cross section data sets for the
analysis. Selected information about these data sets is listed in Table 1 for total and
reaction data and in Table 2 for differential elastic data.

The total cross section data include measurements by Johnson, et al. [JO74], on the
200-m flight path at the Oak Ridge Linear Accelerator (ORELA); Cierjacks, et al. [CI80],
on the 200-m flight path at the Karlsruhe Isochronous Cyclotron; Larson [LAS8O]
(ORELA 80 m flight path); Fowler, et al. [FJF73], who utilized a flight path of 47 m and
a pulsed van de Graaff accelerator to produce neutrons; and Johnson, et al. [JO80], who
made very accurate measurements in the 2.35 MeV window region.  In the energy range
of overlap, 600 - 4300 keV, the total cross section values for Refs [JO74, LA80, FIF73]
are in good agreement, but the data of Cierjacks, et al. [CI80] is about 3% lower. The
Cierjacks data were normalized to the data of Johnson, et al. [JO74], by integrating over
the energy range 3450 to 3720 keV. The normalization factor was 1.035. To make the
JO74 peak energies consistent with the higher resolution CI80 values, we applied the
following neutron energy transformation to the data of Johnson, et al. [JO74] :

0.5 .
E=E;-0.00462 E, +0.0000146 E,
This relation gives shifts of 0.3 keV at 1 MeV, 2.2 keV at 3 MeV, and 4.8 keV at 5 MeV.

The '°0 (n, oc)13 C channel opens at E;, = 2360 keV and contributes about 9% to Gyl
at E, = 4180 keV and about 25% at 5070 keV. Therefore, c,, values deduced by
reciprocity from '*C(a, n)'®*0O measurements by Bair and Haas [BH73] were fit to obtain
I, values for several resonances. These data exhibit good o energy resolution of 2 to 5
keV over the energy range corresponding to the neutron energies of interest for this

evaluation. Energy transformations were applied to the data of Bair and Haas to align the
narrow resonances with the more precise energies of Cierjacks, et al.

Although the absolute uncertainties are rather large (+20%), the BH73 *C(c, n) cross
section data are 40-50% larger than the *C(o, n) data of Sekharan, et al. [SE67] and
about 30% larger than the '°O(n, o) data of Walton, et al. [WCB57].  The reasons for
these large differences are not understood. However, the BH73 data agree to better than
10% with the recent high-precision measurements of Drotleff, et al. [DR93] in the region
of overlap, E, =3200 to 3480 keV. Therefore, we analyzed both the BH73 and DR93
data sets, applying a single normalization factor, F,, , that was varied in the SAMMY
fits. The analysis procedure is discussed further in section 4.



In order to give a proper treatment for charged particles in an exit channel, an
algorithm [SA0O0] to calculate charged particle penetrabilities (CPP) and shifts was
incorporated in the SAMMY code. A slightly modified version of the routine COULFG
of Barnett [BA91] is used to compute the Coulomb wave functions and their derivatives.
The methodology for CPP computation is presented in the Appendix. Routines based
on the CPP algorithm will be developed and proposed for incorporation in future versions
of the nuclear data processing codes AMPX [GR92] and NJOY [MA94].

Fig. 1 presents a global view of the final SAMMY fits to the reaction data of BH73
and the total cross section data of FIF73, JO74, CI80, JO80, LA80, and OH&4.

3. Angle Differential Elastic Data

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 distribution data [Refs OKS55, FC58,
PH60, MZ62, HH62, JF67, FJ70, KP72, and DR76] in order to confirm angular
momentum values for several resonances. Predicted Legendre coefficients were
compared with the corresponding experimental values of Lister and Sayres [LS66] . Fig.
2 depicts the energies for which angle differential data were available on a plot of total
cross section vs. neutron energy.

4. Resonance Analysis

Resonance parameters were determined by a consistent analysis in which both
Doppler and resolution broadening effects were incorporated. Results from a preliminary
10 evaluation have been reported previously [LE98].

Total and reaction data sets listed in Table 1 were analyzed sequentially with the
SAMMY code so that each fit was connected to the previous fit by the parameter
covariance matrix [LA98] . In this manner energies and widths were determined for 37
resonances in the range 0.2 < 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 waves sy, through go, were
included in the analysis. The neutron channel radius, a,,, o channel radius, a, , and the
O, normalization factor, F,, , were varied to improve the agreement between theory and

experiment. Final values were a, =3.80 fm, a, = 6.7 fm, and F,, = 1.00.

Spin-parity assignments were based on fits to total and reaction cross section data and
on comparison of predicted and experimental do/dQ2 values. In cases where fits were



inconsistent with the data, several J* values were tried to improve the fits. For most
resonances our J " values are identical to those reported in the compilation by Tilley, et al.
[TI93]. Exceptions are discussed in the following section.

As indicated in Table 2, the experimental energy resolution values for the differential
elastic data vary over a wide range. Predicted do/d€2 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 FJ70 for the 1834 keV d;, resonance
(AE = 13 keV, I' = 7.8 keV), and for the 3211- and 3443-keV resonances. Solid and
dashed curves represent the broadened and unbroadened predictions, respectively.

5. Results

Examples of SAMMY fits to the total cross section data of JO74, JO80, and CI80 are
presented in Figs. 4, 5, and 6, respectively.

The o, cross sections obtained by reciprocity from the Bair and Haas [BH73] (c,
n) data and the SAMMY fit are shown in Fig. 7. Similarly, the data of Drotleff, et al.
[DR93], also deduced from reciprocity, and the SAMMY fit are shown in Fig. 8.

A rather large o channel radius, 6.7 fm, was required in order to fit the (n, o) data
because the 3291 keV d;, resonance (I, = 340 keV, I, = 0.17 keV) introduces a
significant “background” for E, > 4.5 MeV.  This is due to the exponential increase of
the Coulomb penetrability, and hence I', , WithE, .  As can be been from Figs. 7 and 8,
the agreement between predicted and experimental (n, o) values is quite satisfactory over
the fit range 3100 to 6300 keV. At lower energies, where the cross section is orders of
magnitude smaller, the prediction underestimates Gy, .

Angle differential elastic data from Refs. [ OK55, FC58, PH60, MZ62, JF67, FJ70,
KP72, and DR76] are compared with SAMMY predictions in Figs. 9, 10, 11, 12, and 13.
In general there is good agreement between experiment and predictions. Legendre
coefficients given by LS66 are compared with predicted values in Fig. 14. When
uncertainties are taken into account, predicted and experimental coefficients are in
satisfactory agreement.

Below 3500 keV the contribution to G, from the o channel is less than 0.01 b.

However, Op,g, 1s about 9% of Oy at E, = 4180 keV and about 25% at E, = 5070 keV.
It is assumed that the extraction of do/d{2 (nn) and Legendre coefficients from the
experimental measurements was not affected by competition from the o channel.

4



Caro [CA98] has reported an evaluation of '°O using a resonance plus potential well
model which, unfortunately, does not provide a resonance parameter representation. In
Fig. 15, we compare our predicted do/dQ2 values with Caro and ENDF/B-VL.5 for four
non-resonant energies: 1.50, 1.75, 2.56, and 2.76 MeV. At these energies the differences
in predicted values are small except at forward angles, where the two recent evaluations
give better agreement with experiment than does ENDF/B-VL.S5.

In Table 4 we list the level number, the 'O level excitation energy E,, peak energy
Epeak, resonance energy E,, neutron width I',, alpha width T", and J* value for resonances
included in the present evaluation. An asterisk denotes a J* value that is different from
the assignment of TI93. A negative sign for I', indicates that the product of reduced
widths v,Y,, 1s negative. For a particular partial wave, e.g., d3;, peak energies are defined
as those energies corresponding to maxima in the unbroadened partial cross section for
that partial wave. For the sy, partial wave, the Epeak values correspond to minima in the
unbroadened s-wave partial cross section. Excitation energies are computed from the
separation energy and nuclear masses A, and Agi¢ according to:

Ex =4143.36 keV + E; * Ag16/(Ao16 + An)

The resonance energies E, in Table 4 correspond to the eigenenergies determined by the
Reich-Moore analysis with SAMMY with boundary conditions chosen so that the level
shifts are zero.

51. 0<En<3100 keV

Resonance energies E; and neutron widths I', were determined for 10 levels in the

energy range 0 < En <3100 keV, where the contribution to Gy from o, is completely
negligible (see Fig. 8). Below the first unbound level at 434 keV we obtained excellent
fits to both the ORELA 200-m data [JO74] and the data of Ohkubo [OH84] as shown in

Fig. 1. In the following discussion a resonance is denoted by the level number, J* value,

and resonance energy E, . Levels 1 and 2 are fictitious resonances to account for the
effect of bound levels.

Levels 3, 4, and 5 are based primarily on fits to the ORELA 200-m data [JO74].
Parameters for Levels 6, 8, and 9 were obtained by fitting the ORELA data and the data
of FJF73, who used a Van de Graaff accelerator to produce neutrons via the (p, n)

reaction.  Our energies, widths, and J* values for these six levels are consistent with

TI93. For levels 3, 4, and 8, our predicted do/dC2 values are in good agreement with the
data of OK55, FC58, and FJ70, respectively.



Level 7. (5/2), 1689 keV. Assuming J* = 5/2°, we obtain a neutron width of 0.27
keV from fits to the JO74 6,1 data, which has an energy resolution of 1.7 keV at 1689
keV. This level is also observed by FJF73 but with poorer energy resolution. J* is not

172" since that would produce a dip, not a peak, in Gy . TI93 gives I" = (5/2). On
the basis of their (e, e') measurements, Manley, et al. [MA87] conclude that this level has

negative parity and spin between 1/2 and 11/2. They suggest J* = 5/2° because the

B(E3) value of 134 ezfm6 is large. For J = 1/2, 3/2, 5/2, 7/2, and 9/2, our fits give I',=
0.56, 0.36, 0.27, 0.22, and 0.18 keV, respectively.

Level 10. 1/2°, 2377.9 keV. The width and energy are primarily determined by the
high-precision JO80 data corrected for '’O and '*0.  The predicted minimum total cross
section, 0.1013 b, agrees with the experimental value of 0.1028 = 0.018 b. As shown in
Fig. 5, our evaluation fits this "window" data much better than ENDF/B-VLS5. The
present evaluation should give more reliable results than ENDF/B-VL.5 for applications
that are very sensitive t0 Gy 1n the "window" region. Finally, we note the good
agreement between predicted and experimental do/d€2 values at 2240 keV [MZ62] and
2560 keV [DR76].

Levels 11 and 12. (5/2"), 2889 keV; (7/2)), 3007 keV. Energies and approximate
neutron widths of 0.22 keV for level 11 and 0.16 keV for level 12 are based on analysis of
the FIF73 G, data. Their resolution at these energies is better than that of JO74 but

inadequate for determination of accurate widths or J* values. FJF73 point out that J™ is

not 1/2+ since weak peaks, not dips, in G are observed.  We assumed J™ = (5/2") for
level 11 and J* = (7/2") for level 12 as tentatively assigned by TI93 on the basis of data
from the reactions '"O(e, ¢'), "*C(°Li, p)'’0, >’N(*He, p)'’0 and '*0(d, t)'"0O.

5.2. 3100 <E.<6300 keV: Narrow Resonances

We discuss in this section our determination of E, Iy, and I', for 15 narrow
resonances. Nine of these resonances are summarized in Table 3, where total widths
from the present evaluation are compared with widths given by FJ70, FJF73, and CI80.
Energies were determined by fits to the very high resolution G,,; data of CI80.

Levels 13, 15, and 16.  5/2°, 3211 keV; 5/2°, 3438 keV; and 5/2°, 3441 keV

Neutron widths, as determined by fits to the G, data of FJF73, are in good
agreement with values quoted by FJ70 and CI80. However, these widths do not give

6



good fits to the CI80 data near the maxima of these resonances. The CI80 cross sections
at the maxima are significantly larger (~15%) than theoretical values based on widths
quoted by CI80. The 3438- and 3441-keV peaks are well-resolved in the CI80 data.
The discrepancies in peak maxima are not due to variations in the time channel width,
Atcy, since Atcy is constant over the energy range of interest. However, there can be
significant experimental uncertainties associated with measurement of small transmission
values. For example, small background errors at transmission minima can produce large
errors in Gy, maxima . For the thick (1.201 atoms/b) sample of CI80, transmissions at
the maxima are about 0.0013, 0.0022, and 0.0007 for levels 13, 15, and 16, respectively.
It may be that CI80 used data from a thin sample measurement to determine widths.
CI80 normalized their thick sample data to data from a previous thin sample measurement
[C174] having poorer time resolution (0.02 ns/m). Unfortunately, the thin sample data is
not available; only a plot is given in Ref [CI74]. However, resonance maxima read from
this plot are more consistent with our theoretical values than with the CI80 thick sample
data.

Note also that our resonance parameters give differential elastic cross sections in good
agreement with the data of FJ70 as shown in Fig 13.  Our J* values agree with FJ70,
FJF73, and TI93.

Level 18. 7/2" . 3767 keV

The neutron width was determined by sequential fits to FJF73, JO74, and CI80 Gy
data. Good fits were obtained for the FJF73 and JO74 data, but the CI80 resonance
maximum is about 5% higher than our predicted value. As is the case for the 3211, 3438,
and 3441 keV resonances, the transmission at the resonance maximum is rather small,
about 0.0006 for the CI80 thick sample data. In addition, our predicted maximum for
this resonance is consistent with the CI74 thin sample plot.

FJF73 revised their earlier [JF70] angular distribution analysis in the 3767 keV region
with the result that a single 7/2" resonance of width 19 keV gave satisfactory fits to the
data. We also have good agreement ( see Figs. 12 and 14) with the data with a neutron
width, I';= 18.5 keV. The alpha width, I', = 0.026 keV, was determined by fits to the
BH73 data.

Levels 24 - 27. 1/2", 4467 keV; 5/2", 4527 keV; 7/2", 4594 keV; and 5/2°, 4631 keV.
Neutron and alpha widths for these levels were determined by sequential fits to CI80 Gy

and BH73 6, , data. Total widths and J* values are in good agreement with values quoted
by CI80 and TI93. However, for level 27 our I', of 3.9 keV is significantly larger than the

value of 2.0 keV given in TI93. As shown in Fig. 7, the data in this energy region is well
represented by the SAMMY fit. The 4467-keV s-wave resonance is responsible for the

sharp dip in Oy, (Fig. 6) and an isolated peak in o, , (Fig. 7).



Level 30. 7/2°, 5124 keV. Our total width, 26.1 keV, agrees with TI93. The good fit
to total and reaction data supports the assignment of J = 7/2 by TI93. Our peak energy,
5124.0 = 0.3 keV, is significantly smaller than the TI93 value of 5127.0 + 1.6 keV, which
is identical to the value obtained from a resonance analysis by CI80 (see Table 5a).
However, CI80 quote 5124.55 + 0.25 keV in their Table 3. The two CI80 values are
clearly inconsistent since the peak is nearly symmetric (¢ = 1.2°).

Level 31. (1/27), 5311keV.  On the basis of fits to their (o, o) angular distribution
measurements, Kerr, et al. [KMR68] deduced J* = 1/2-and T" = 8 keV for a level at E,, =
5312 keV. Our fit to the BH73 data with a single J* =1/2" level yields I, = 0.5 keV and
I', =4 keV with an upper limit of 8 keV for the total width.  Although this weak peak

o

is clearly visible only in the (n, o) data, the fit to the CI80 Gy, data does improve
slightly upon inclusion of this p-wave resonance. An s-wave dip in Gy, at this energy is
not consistent with the CI80 data.

Level 32. 5/2°, 5369 keV. Our total width of 4.03 keV is consistent with the value
3.75 £ 0.14 keV given by CI&0. The good fits to both the total and reaction data
support the 5/2" assignment by TI93.

Level 34. 5/2°, 5672 keV. This resonance is very weak in Gy, but relatively strong in
(n, o). TI93 have a level near this energy with " =52 and T' = 16 = 1 keV. We
obtain a good fit to the BH73 ¢, , data with I', = 15.6 keV, T',=0.6 keV,I" =16.2 keV.

Level 36.  3/2°, 5993 keV. On the basis of better fits to Gy, and o, data, we
conclude that J® = 3/2 rather than 3/2" as given by TI93 and CI80. Our total width is
15.0 keV as compared with 12.4 + 0.3 keV by CI80. Our peak energy, 5998.9 + 0.5 keV,
is not in agreement with CI80 (5995.68 £ 0.15 keV). Some of this difference is probably
due to the large difference in phase shifts between p3, (¢ = 48°) and ds, (¢ = 14°).

Level 37. 9/2°, 6076 keV. We find that J® = 9/2" gives a much better fit to both the
CI80 Gy and BH73 o, , data than does J* = (5/2°) as assigned by TI93 and CI80. On
the basis of their (o, n) angular distributions, Kerr, et al. [KMR68] assigned J* = 9/2"

although they did not resolve the adjacent, weaker 6087 keV (1/2°) level. Our total
width is 5.64 keV as compared with 4.26 = 0.24 keV by CI80.

Level 38. (1/2), 6087 keV.  Poorer fits with J > 1/2 lead us to prefer J* = 1/2" in
agreement with TI93 and CI80.  Our total width is 18.0 keV as compared with 17.8 *
1.8 keV by CI80. The resonant energy for this level is 7 keV less than the peak energy.




5.3. 3100 <En.<6300 keV: Broad Resonances

Level 14, 3/2°, 3291 keV: and Level 17, 3/2°, 3512 keV. These broad resonances are
the primary components of the total cross section for 3200 < E,; <3700 keV.  Each has

a small alpha width whose value is determined by the low-energy (n, o) data. The alpha
widths are rather sensitive to the o channel radius.

The 3800-5300 keV region is characterized by several broad overlapping resonances. In
companion papers, Johnson [JO73] and Fowler, et al. [FJF73] have reported R-matrix
analyses of total [FJF73] and reaction [BH73] cross sections leading to J* assignments
and interference patterns for pairs of py, and ds, resonances. Using the more recent
CI80 higher-resolution data in addition to the FJF73, BH73, and JO74 data, we have
confirmed the J* assignments and interference signs of JO73.  Some of our I';, and I,

values are quite different from those of JO73 as would be expected since our formalism
(Reich-Moore) is different from that of JO73.

Level 19. 1/2°, 4061 keV. This s-wave resonance produces a dip in Gy, and a peak in
Oy, as indicated in Figs. 6 and 7. Both the dip and peak are affected by the presence of
the 3990-keV p-wave resonance that populates Level 20.

Levels 20 and 22. 1/2°, 3990 and 4312 keV. Acceptable fits to G , On,, , and do/dQ2
can obtained for this p-wave resonance pair only if the sign of the interference term, Yy, ,

is negative.

Level 23.  3/2°, 4303 keV. At this energy, both oy, and ©,, contain significant
contributions from the 4180- and 4312-keV resonances. There is also an s-wave

"background" of about 0.4 b in G,y .  However, the 4303-keV resonance provides the
dominant partial cross section.

Levels 21 and 29. 3/2", 4180 and 5066 keV. Good fits t0 Gy » Op,, » and do/dQ are
obtained for the strong 4180-keV resonance. The partial cross section due to this dsp
pair is quite large for 4200 < E;,; <5000 keV. We find, as did Johnson (see Figs. 11-12 of
JO73) that the sign of the interference term, ¥,Y, , must be negative in order to fit the total

and (n, o) cross sections between these resonances. If vy, is positive, the dj; partial
cross section between resonances vanishes, and the theory underpredicts the data.



Level 28. 3/2°, 4820keV. This rather asymmetric resonance (¢ = 39.2°) is relatively

isolated in Oy, but appears on the tail of the 5066 keV dj;, resonance in ©,, . There
is a large difference in our peak energy, 4839.1 = 1.5 keV, and the CI80 value of 4829.0 +
0.4 keV. Our total width, 61.1 keV, is consistent with CI80 (58.8 keV).

Level 33. 3/2°, 5575 keV. Good fits to both the JO74 and CI80 G, data were
obtained for this broad ps;, resonance. The peak asymmetry is reduced owing to
interference with the 5993 keV p3, resonance. Our peak energy, 5637 keV, agrees with
the value given by Johnson [JO73]. CI80 do not report an energy or width for this level.

Level 35.  7/2%, 5919 keV. This level is well separated from its neighbors, and the fit
for g;,, is excellent. Our peak energy, 5919.1 = 0.5 keV, is consistent with the value of
5919.67 £ 0.14 keV quoted by CI80. Our total width is 24.7 keV as compared with 24.6
+ 0.3 keV by CI80.

Level 39. 5/2°, 6208 keV. A broad resonance with large T', and small I, is required
to fit the BH73 reaction data and the CI80 G, data for 6100 < E, < 6300 keV.

5.4. Thermal and Integral Quantities

Total and capture cross sections for E, = 0.0253 eV and T = 300°K are in good
agreement with the ENDF/B-VL.5 values as shown in the following tabulation.

Cross Section ENDEF/B-VL.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 radiation width, 2.7 + 0.5 eV, for the 434 keV resonance
and I', = 0.25 eV for all other resonances to compute the resonance capture integral, L.
Our value, I, = 0.24 mb, is in good agreement with the value of 0.27 + 0.03 mb given by

Mughabghab and Garber [MU73] but is significantly lower than the more recent value of
0.36 mb given by Mughabghab, et al. [MUS81].
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5.5 Integral Test: Thermal Reactor Benchmarks

Point-wise cross sections generated from our Reich-Moore resonance parameter
representation were used for five thermal reactor benchmarks [FO58] 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 25U
fission and capture in the thermal range.  Calculated multiplication factors, ke, were
obtained with the BONAMI-NITAWL-XSDRNPM sequence of the SCALE-4.3 system
[SC95] using the 199-group VITAMIN-B6 cross section data library [WH95], which is
based on the ENDF/B-VL.5 evaluation. As indicated in the following table, the k. values
based on the present evaluation are in excellent agreement with kegr values computed with
ENDEF/B-VL.5 point-wise cross sections. The largest |Akegr | value is 0.0012.

Benchmark  ENDF/B-VL5 Present Evaluation — Akg¢r

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

5.6 Integral Calculation of Neutron Flux for Broomstick Experiment

Point-wise cross section values based on our resonance parameter representation have
been used to compute transmitted neutron flux for comparison with the "broomstick"
experiment [MA72]. This experiment was designed to test neutron total cross sections
for oxygen in the 2 - 8§ MeV range. The liquid oxygen sample was a cylinder
approximately 10 cm in diameter located so that its axis was coincident with the axis of
the neutron beam produced by the ORNL Tower Shielding Reactor. Fig. 16 shows the
variation with energy of the experimental flux and calculated flux based on point-wise
cross sections from ENDF/B-VI.5 and the present evaluation. The error bars include a
10% contribution due to power calibration uncertainties.  Calculated values were
broadened to account for the detector resolution and corrected for fine structure in the
incident beam due to passage through 5 cm of water. Unfortunately, the fine structure
corrections may be subject to sizeable error since the corrections were based on out-of-
date total cross sections. Both calculations reproduce the general trend of the data.
Where the flux is very small (4-7 MeV), ENDF/B-VL.5 gives slightly better agreement
with experiment although the difference in the two evaluations is of the order of the
experimental uncertainties. In the region of peak flux, the present evaluation gives
somewhat better agreement with experiment. However, difficulties in the unfolding of
the experimental data and possible error in the incident beam fine structure corrections
preclude more definite conclusions about the quality of agreement of experimental and
calculated flux values.

11



6. Summary and Conclusions

We have evaluated '°O neutron cross sections in the resolved resonance region with
the multilevel Reich-Moore R-matrix formalism. In order to give a proper treatment for
the alpha particle exit channel, an algorithm to calculate charged particle penetrabilities
and shifts was incorporated in the SAMMY code.  When uncertainties are taken into
account, there is good agreement between theory and experiment for '°O total, reaction,

and differential elastic cross sections up to E, = 6300keV. New J* assignments have
been proposed for levels with Er = 5993 keV [3/2-] and 6076 keV [9/2+].

Point-wise cross section values generated from our Reich-Moore resonance parameter
representation have been used for several thermal reactor benchmark calculations. The
kerr values based on the present evaluation are in excellent agreement with values
computed using ENDF/B-VI.5 point-wise cross sections. Thermal values of total and
capture cross sections agree well with the corresponding ENDF/B-VL.5 values.  For the
"broomstick" experiment, our calculated values at the peak of transmitted flux, 2.2 to 2.5
MeV, are in somewhat better agreement with the data than ENDF/B-VLS5 values. Our
evaluation fits the 2.35 MeV "window" data much better than does ENDF/B-VL.5.

The present Reich-Moore resonance parameter evaluation gives an accurate, few-
parameter representation of the *°O neutron cross section data.  This representation
should prove to be extremely useful for radiation transport calculations that are utilized
for criticality safety applications. For applications that are sensitive to Gy, in the 2.35

MeV "window" region, the present evaluation should give more reliable results than
ENDF/B-VLS5.

Inclusion of resonance parameters for outgoing charged particle channels would
require modification of cross section processing codes such as AMPX and NJOY. In
addition, a revision to the ENDF format will be proposed to accommodate this new
feature.
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Appendix. Computation of Charged Particle Penetrabilities

PSPHICOUL is a routine for computation of Coulomb penetrability P, shift S, and phase
0 as a function of incident neutron laboratory energy E;, for the reactionn + A, — A; + Ay, A

slightly modified version of the routine COULFG of Barnett [BA81] is used to compute the
Coulomb wave functions and their derivatives. =~ PSPHICOUL has been adapted for use in

SAMMY [LA9S].
Input quantities for PSPHICOUL are charges, masses, reaction Q value, channel radius a,

Ep(min), Ej(max), Ej(increment). Quantities computed are Ep, k, p,m, and P, ..., P, , where

n=4n273Z4e2M/h2 k
k=21 [2M (B¢ -Q)10-5 /h
p=kac
M= A3A4/ (As+ Ay)
P =p/ (FL2 + GL2) = penetrability for angular momentum L

F, and G, are the regular and irregular Coulomb wave functions, respectively, as defined by

Lane and Thomas [LT58] for example. The shift and phase are computed from:

SL =(p/ AL) d AL /dp
and
cosd, =G, /A
where

2_F2 2
Af=F2+G

The code has been tested against the published F0 , G0 , F’O , and G’O values of

Abramowitz [AB64] for therange 0.5 <1 < 10; 1<p <5 Forn<65 (F > 106), the
region of practica interest for nuclear reactions, the agreement for FO , G0 , and PO is better than 1

partin 104. For 0.5<m < 6.5, the agreement for S, is better than 4 parts in 104. However,
note that for n < 0.5, SO\ <0.2

Calculated values for L = 1, 2, 3, 4 are in good agreement with the tabulated values of
Bloch, et a. [BL51]. The correct asymptotic behavior is exhibited as n — O: P0 —=p; S0 —

0; and(boep.
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Table 1. Total and Reaction Cross Section Data Sets for '°0 Evaluation

Energy
Type Authors Facility Analysis | Atoms/barn | Normalization*
(Flight path) Range
(MeV)
Total Johnson, et al ORELA 02-6.3 0.183 (1.000)
[JO74] 198.731 m
Total Larson [LAS8O] ORELA 20-63 0.5485 0.9998
79.46 m
Total Cierjacks, et al KFK cyclotron 3.14-6.3 1.201 0.9663
[CI80] 189.25 m
Total Fowler, ORNL Van de 0.6-4.3 0.488 0.9997
Johnson, and Graaff
Feezel [FIF73] 41 and 47 m
Total Johnson, et al ORELA 2.25-249 6.7
(2.35 MeV) [JO80] 198.731 m
(n, o) Bair and Haas ORNL Van de 32-63
[ from (o,n) ] [BH73] Graaff
(n, o) Drotleff, et al Stuttgart 2.87-3.48
[ from (o,n) ] [DRI3] Dynamitron

* Normalization obtained by integrating the total cross section from 3.45 to 3.72 MeV.
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Table 2. Angular Distribution Data Sets for '°0O Cross Section Evaluation

Authors Facility Energies FWHM CM Angles
(MeV) AE (degrees)
(keV)
Okazaki University of 410 - .493 16 46 - 133
1955 Wisconsin
Fowler and Cohn ORNL Van de Graaff | 0.73 -2.15 50 32-138
1958
Phillips 1960 LANL 3.0-6.0 30 22-152
Martin and Zucker 1962 BNL 1.51-2.25 33-63 21 - 166
Hunzinger and Huber University of Basel 2.00-4.11 10 -51 41 - 147
1962 Cockceroft-Walton
Lister and Sayres Columbia University 3.1-47 18 -25 Legendre
1966 Van de Graaff Coefficients
Johnson and Fowler ORNL Van de Graaff | 3.266 —-4.200 | 14-33 20 - 147
1967
Fowler and Johnson ORNL Van de Graaff | 1.833-3441 | 5-13 20 - 146
1970
Kinney and Perey 1972 [ ORNL Van de Graaff | 4.34 - 6.44 60 — 80 16 - 139
L. Drigo, et al. Lignaro 2.56, 2.76 30 26 - 156
1976 Van de Graaff
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Table 3. Total Widths for Selected Narrow Resonances in '°O (n, x)

FY = (.25 eV for all resonances

J” Ey Total Width
(keV) (keV)
Fowler Fowler, Cierjacks, Present
and Johnson, and et al. Evaluation
Johnson Feezel [FJF73] [CI80]
[FJ70]
512 3211.76 1.4 1.45 1.51
5/2° 3438.80 0.5 0.68 0.62
512 3441.55 1.1 1.02 1.31
7/2° 3767.00 18. 15.4 18.6
5/2° 4527.36 6.56 5.85
7/2° 4594.83 2.26 1.83
512 4631.21 7.33 7.08
5/2° 5369.27 3.75 4.03
9/2" * 6076.19 4.26 5.64

* CI80 assigns 5/2" to the 6076 keV resonance.
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Table 4. Energies and Widths for Resonances in '°O (n, x)

Ex(''0) Epeak Er I'n Lo **
Level J"
(keV) (keV) (keV) (keV) (keV)
1 1/2+ -12010.00 9075.00 -—--
2 1/2+ -4469.10 5410.00 -—--
3 3/2- 45519+ 1.5 434.60 43431 44 .41 -—--
4 3/2+ 5084.2 +£2.5 999.30 1000.22 100.36 -—--
5 3/2- 5375.1+2.0 1312.70 1309.38 4343 -——-
6 7/2- 5696.7 +£2.0 1651.38 1651.38 4.10 -—-
7 (5/2-) 57323 +1.9 1689.15 1689.10 0.27 ----
8 3/2+ 5868.7 £ 2.0 1834.18 1834.09 7.79 ———-
9 1/2- 5932.0+2.3 1905.78 1901.44 33.50 -—--
10 172+ 6380.2+33 2351.09 2377.88 162.37 -—--
11 (5/2+) 6860.7 £ 2.0 2888.87 2888.70 0.22 ———
12 (7/2-) 69719 +2.0 3007.08 3006.90 0.16 -—--
13 5/2- 7164.6 £ 0.4 3211.76 3211.76 1.50 0.009
14 3/2+ 7239.1 £8.0 3299.68 3291.01 339.63 0.17
15 5/2+ 73782+ 04 3438.83 3438.80 0.60 0.020
16 5/2- 7380.8 £ 0.4 3441.56 3441.55 1.30 0.007
17 3/2- 7446.9 £20.0 3654.25 3511.91 660.21 0.026
18 7/2- 76869 + 0.4 3767.08 3767.00 18.53 0.026
19 172+ 79633 +2.2 4062.70 4060.82 105.58 5.23
20 1/2- 7896.3 £ 6.0 4059.82 3989.64 276.19 19.15
21 3/2+ 80754 £ 2.1 4187.67 4180.04 92.38 9.80
22 1/2- 8199.3 £4.5 4327.90 4311.70 43.52 -044
23 3/2- 81909 £2.5 4321.36 4302.79 54.30 5.77
24 12+ 8345.7+0.6 4469.48 4467.36 16.89 3.72
25 5/2+ 8402.2 £0.2 4527.78 4527.36 4.99 0.86
26 7/2+ 8465.6 £ 0.2 4594.83 4594.83 1.39 0.44
27 5/2- 8499.8 £ 0.3 4631.26 4631.21 3.20 3.88
28 3/2- 8677.7+1.5 4839.10 4820.33 58.40 2.74
29 3/2+ 8909.1 £4.0 5087.80 5066.30 94.50 -34.36
30 7/2- 8963.2 +£0.5 5123.98 5123.74 23.35 2.75

[,=27eV for 434 keV resonance; [,=025eV for all other resonances

** Minus sign means the reduced amplitude product vy, is negative

Ex =4143.36 keV + E; * Ag16/(Aois + Ap)
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Table 4, cont. Energies and Widths for Resonances in '°O (n, x)

Level J Ex(''0) Epeak Er I'n Lo **
(keV) (keV) (keV) (keV) (keV)
31 a) (1/2-) 9139.3+6.0 5312.80 5311.00 = 0.50 = 4.00
32 5/2+ 9194.1 £ 0.4 5369.72 5369.27 2.78 1.25
33 b) 3/2- 9387.5 +£14.0 5637.20 5574.84 191.17 0.42
34 5/2- 9479.5 £ 4.1 5672.84 5672.62 0.59 15.63
35 72+ 97109 £ 0.5 5919.05 5918.63 20.50 4.19
36 3/2- % 9781.1 £0.5 5998.90 5993.29 14.78 -0.21
37 9/2+ * 9859.1 £ 0.2 6076.20 6076.19 3.13 2.51
38 (1/2-) 9869.7 £ 0.8 6094.20 6087.44 16.04 1.92
39 5/2+ 9983.0 6220.60 6207.95 4.97 109.23
40 72+ 10100.0 6343.10 6332.24 3.40 181.48
41 (7/2-) 10164.0 6402.00 6400.26 26.54 29.38
42 3/2+ * 10331.2 6602.25 6578.03 90.64 87.94
43 5/2- 10420.3 6673.19 6672.73 1.86 19.06
44 5/2+ 10526.9 6824.90 6786.12 10.57 232.54
45 (7/2-) 10554.2 6816.27 6815.17 18.94 28.36
46 7/2- 10886.8 7175.09 7168.68 129.69 223.85
47 (5/2+) 10914.7 7202.83 7198.37 7.86 19.70
48 1/2- 11004.9 7318.38 7294.22 26.16 5.39
49 1/2- 11079.3 7374.79 7373.31 1.89 -—
50 3/2- 11131.72 15115.00 -—
51 1/2- 19026.72 25755.00 ——
52 3/2+ 17223.85 772.36 -—-

[,=27eV for 434 keV resonance; [,=025eV for all other resonances

* TI93 assigns 3/2+, (5/2-), (5/2+,7/2-), respectively, to Levels 36, 37, 42. See discussion in text.
** Minus sign means the reduced amplitude product vy, is negative

Ex =4143.36 keV + E; * Ag16/(Aois + Ap)

a) This resonance does not appear in T193.
b) TI93 : E;=5610keV,T'=120keV; J"=3/2-
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Fig. 10. Comparison of SAMMY predictionsto differential elastic

data of Fowler and Cohn [FC58].
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