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ABSTRACT

We report here the results of an R-matrix resonance analysis of the 2*°Pu neutron cross
sections up to 1 keV. After a description of the method of analysis we list the nearly 1600
resonance parameters obtained and present extensive graphical and numerical cgmparlsons
between calculated and measured cross-section and transmission data.

1. INTRODUCTION

The representation of the 23°Pu neutron cross sections in the resonance region in the
most important national or international evaluations is unsatisfactory; the single-level
formalism is used, necessitating a structured "smooth cross-section” contribution.!?
Furthermore, M. Salvatores’ and R. N. Hwang,"‘ among others, have stressed the need to
extend the resolved resonance region above the present limit of energy for the calculation
of self-shielded group cross sections and Doppler effect. The resolved resonance region
extends to 300 eV in ENDF/B-V> and to 660 eV in JEF,® JENDL,” KEDAK,® and
SOKRATOR.?

In their recent "evaluation and testing of n + 2*’Pu nuclear data for revision 2 of
ENDF/B-V," Arthur et al.'” summarize the improvements that should be considered in
any future revisions of the ENDF/B 3Py evaluation. The second item of that list is:

"a new analysis of the resolved and unresolved resonance regions that extends
the resolved resonance region to as high an energy as feasible, that utilizes a
multilevel formulation, and that includes the most recent experimental results.”

The purpose of the analysis reported here is to address this item.

In order to improve the representation of the >**Pu cross sections by using a multilevel
formalism (which avoids the need for the file-3 contributions) and to extend the resolved
resonance range from 300 eV up to 1 keV, ***Pu neutron cross section measurements were
analyzed with the resonance analysis Bayesian code SAMMY!? using the Reich-Moore
multilevel formalism. '3

The purpose of the present report is to outline the selection of experimental data which
were analyzed, the method of analysis, and the assumptions made; to list the nearly 1600
resonance parameters obtained; and to present detailed graphical and tabular comparisons
between the cross sections obtained from the resonance analysis and several recent and
older sets of experimental data and the ENDF/B-V evaluation.

A summary of the extensive results collected in this report, and a discussion of their
significance will be submitted for a journal publication.



2. PREVIOUS RESONANCE ANALYSES OF THE *°Py NEUTRON CROSS SECTIONS

The resonance analyses of the 2*Pu neutron cross sections have been reviewed by
Moore,'* Derrien,'> and more recently by Antsipov er al® Characteristics of some of
these analyses are summarized in Table 1.

Vogt’s early R-matrix multilevel analysis extended over a very small energy range.'®
Single-level analyses have been performed up to above 600 ¢V!7 but, as is well known, the
single-level formalism cannot properly represent the resonance asymmetries due to
multilevel interference in the fission channels.'® Some analyses are based on the Adler-
Adler multilevel formalism.!>??>  However, the Reich-Moore R-matrix formalism is
preferable because it has less flexibility than the Adler-Adler formalism, and hence it
constrains tighter consistency between the different partial cross sections. Furthermore,
Reich-Moore type resonance parameters can be converted into equivalent Adler-Adler type
parameters,?? whereas the converse is not generally true.?

R-matrix analyses of the 2*Pu cross sections, covering a wide energy range, were
performed by Farrell®® and by Derrien.?® Farrell’s analysis extends from 14 to 90 eV, but
it is based only on the fission measurement of Shunk e al.,?’ and an unambiguous
determination of all the partial widths cannot be made by analyzing a single partial cross
section.?* Derrien’s analysis extends from 4 to 205 ¢V and is based on the high resolution,
liquid-nitrogen temperature transmission measurement of Derrien?® and the fission
measurement of Blons.”® The resonance parameters from Derrien’s analysis were used as
prior information in the present analysis in the region up to 210 eV,

The ENDF/B-V evaluation is based on a single-level analysis done in 1971 by Simpson
and Simpson? for ENDF/B-III. Derrien®® pointed out that the analysis could not
correctly describe the cross sections because it did not contain the information about the
spin of the resonances and hence the spin-dependence of the statistical factors. Later
atternpts by Smith et al. (see discussion in Ref. 31) to include the spin information were
not successful in removing the inconsistency between partial cross-section measurements
and transmission measurements. In the end, the low-energy cross sections in the
ENDF/B-V evaluation were generated by adding to some parametric representation a
"smooth"” contribution forcing a fit to some selected measurements of Gwin et al. This
evaluation was left undocumented.’!

The recent JEF evaluation® is based on the multilevel resonance parameters of
Derrien! up to 200 eV and on the single-level resonance parameters evaluated by Ribon
and LeCoq'” in the energy range from 200 to 600 e¢V. In the JENDL, KEDAK, and
SOKRATOR evaluations the single-level resonance parameters of Ribon and LeCoq are
used up to 660 eV,

A previous analysis’? of the 23°Pu neutron cross sections up to 30 ¢V by some of the
same authors using also the computer program SAMMY, and some of the same
experimental data, is now superseded by the analysis presented here which extends over a
much greater energy range.



Table 1. Selected resonance analyses of the 23*Pu cross sections

Reference Formalism Energy Range Comment

Vogt (1960)1¢ Vogt R-matrix  0.01 — 10 eV Consistent analysis of o,y and o,

Ignatev et al. (1964)* Multilevel 0.02-110eV  Consistent analysis of 1 and g,y

Adler and Adler (1967)"° Adler-Adler 0.4-40eV Consistent analysis of ¢, 0,7, and 9

Gwin et al. (1971)% Adler-Adler 0.02 - 100 eV Simultaneous fit of o, and o,

Ribon and LeCoq (1971)"7 Breit-Wigner 0~ 660 ¢V  Consistent analysis of ¢,7 and o,

Simpson and Simpson (1971)®  Breit-Wigner 1 -300¢V  Consistent o,7, oy, and oy,

Farrell (1971)% Reich-Moore 14 -90 eV Analysis of g, only

Derrien (1973)%* Reich-Moore 4-214eV  Consistent o,y and o,
Briet-Wigner 200 — 660 eV Consistent o,r and o,y

Kolesov and Luk’yanov (1982)*!  Adler-Adler 0-160eV  Consistent o, and o,




3. THE RESONANCE ANALYSIS CODE SAMMY

The computer code SAMMY!? was used to perform a consistent resonance-paraimeter
analysis of several 2°Pu neutron fission and capture cross-section and transmission
measurements.  The program SAMMY uses the multilevel R-matrix Reich-Moore
formalism'>3? and leads to a physically sound representation of the neutron cross sections
in the resonance region. The Bayesian approach, which includes the direct introduction of
experimental uncertainties such as on sample thicknesses, broadening parameters etc.,
allows the successive incorporation of new data in a consistent manner. The option to
search on sample thicknesses, effective sample temperature, and the parameters of the
instrumental resolution function all consistent with predetermined uncertainty limits, leads
to realistic parameter uncertainities and covariance matrices.!?

4. SELECTION OF *®Pu NEUTRON CROSS-SECTION MEASUREMENTS

Most of the 2*°Pu neutron cross-section measurements on the CSISRS file* or listed in
CINDA> were examined for possible inclusion in the consistent SAMMY analysis. Six
sets of measurements?®?33%3% were selected as listed in Table 2. These measurements
were chosen because they had good energy resolution and relatively low background and
because detailed information on the experimental conditions and on the uncertainties were
readily accessible to the authors. Data from other measurements, evaluations, and
analyses were compared on a differential and integral basis with the data from the six
selected measurements in order to assess the consistency of the data and to study the
nature of discrepancies, as will be discussed below.

The measurement of Blons?® is the only fission measurement done on a saraple at liquid
nitrogen temperature (77 K) and covering an extensive energy range. Blons’ data were
used in the range from 40 to 1000 eV. The reduced Doppler broadening is very helpful in
resolving the structure of closely spaced resonances. The recent fission measurement of
Weston and Todd?” was used between 9 and 1000 e¢V. This measurement has a poorer
resolution but a much better statistical accuracy and lower background than that of Blons.
The recent fission measurement of Gwin et al.3¢ is particularly useful frem 0.01 to 10 eV:
it has high accuracy and low background. In the overlap region between 9 and 100 eV
the measurements of Gwin ez al.3® and Weston and Todd?’ are consistent to within 2 to
4%.

Two series of transmission measurements with samples of several thicknesses cooled at
liquid nitrogen temperature were done by Harvey et 4l in conjunction with the present
resonance analysis. The high resolution measurements done on a flight path of 80 m were
used in the range 30 to 1000 eV. The low energy measurements done on a 18 m flight
path were used from 1.5 to 30 e€V. The transmission measurements of Spencer et al.3®
were done with relatively thin samples, mostly to determine the resonance parameters of
the 1.056 ¢V level in ?*Pu.  These measurements were used below 30 ¢V and proved
particularly helpful in the range from 0.01 to 0.5 ¢V.



Table 2. Selected measurements of the ©?Pu neutron cross sections

Energy range uscd

Reference in the analysis Measurement characteristics
Blons (1973) 40 to 1000 eV Fission at 50 m; sample cooled to 77 K
Gwin ef al. (1971) 0.01t0 0.5 eV Fission and absorption at 25.6 m
Gwin et al. (1934) 0.01 to 100 eV Fission at 21.65 m
Weston and Todd (1984) 9 to 1000 eV Fission at 18.9 m
Spencer et al. (1984) 0.01 to 30 eV Transmission at 18 m. Samples of 0.00180,

0.00117, 0.06062, 0.00058, and 0.00029 atom/b

Harvey et al. (1985) 0.7to 30 eV Transmission at 18 m. Samples cooled to 97 K.
Samples of 0.07375, 0.01802, 0.00638, 0.001815,
0.00058 atom/b

30 to 1000 eV Transmission at 80 m. Samples cooled at 97 K.
Samples of 0.07375, 0.01802, 0.00058 atom/b

Direct capture cross-section measurements have relatively large normalization
uncertainties and large backgrounds. These measurements are also contaminated with
spurious resonances due to impurities in the sample or detector. The single capture
measurement’® weighted in our resonance analysis was used only in the range 0.01 to
0.5 eV.

The selected measurements and other data sets used in comparisons, as stated above,
were first all precisely aligned on a common energy scale. The energy scale of the high
resolution transmission measurement of Harvey ef al¥® was chosen as a standard since
that measurement was done on the longest flight path, and since the length of that flight
path has recently been measured with great accuracy.®® Other ecnergy scales were
transformed by the relation:

E’ = aE — bEV? ,

where E’ is the new and £ the old energy of a channel. The relation is appropriate for
time-of-flight measurements;*! the paramecter a, nearly equal to unity, and b, very small
relative to unity, were obtained by a least-square fit of resonance centroids.



The partial cross-section measurements extending over the thermal region were also
renormalized to the latest 2200-m/s values evaluated by Divadeenam and Stchn'! of
1017.3 = 2.0 b, 748.1 = 2.0 b, and 269.3 + 2.2 b for the absorption, fission and capture
cross sections, respectively. These values are consistent with the values recently evaluated
by Axton'” of 1018.9667 + 2.8747 b, 747.6263 + 2.0105 b, and 271.343 + 2.1340 b,
respectively. Typical energy rescaling and renormalization factors are given in Table 3.

5. ASSUMPTIONS OF THE ANALYSIS

The neutron cross sections in the energy range considered, 0 to 1000 eV, are described
with 376 levels (see Table 4). Four of these levels are bound. The coniribution of bound
levels was found to be necessary to properly describe the neutron cross secticns at low
encrgy and in between resonances; however, the energy and widths of these levels were
adjusted somewhat arbiirarily and are by no means determined uniquely by the
measurements. In fact, the four bound levels are included to simulate the contributions of
a very large number of bound levels; the parameters of these levels should not be given any
physical interpretation.

Two levels with energies greater than 1000 eV are also included in the analysis. These
correspond in energy to resonances which are observed in the 2**Pu neutron cross-section
measurcments, but again these levels are intended to simulate the contribution of the
infinite number of levels above 1000 eV to the cross sections in the interval O to 1000 ¢V.
The parameters of the levels above 1000 eV were adjusted to optimize the cross-section
representation in the 0- to 1000-e¢V interval and hence should not be given further physical
interpretation; in particular, these parameters are not necessarily adequate to represent the
results of measurements above 1000 eV.

It is hoped that the parameters of these six fictitious outside resonances represent
correctly the contributions of the truncated external levels to the range of interest, 0 to
1000 ¢V. If these contributions are properly described, the cross sections in the range of
interest can be represeated without the need of a "smooth-file" contribution, and using a
constant effective radius a. An effective radius a = 0.946 f was used in the analysis; this
radius was obtained essentially from a fit in the 30 to 40 eV region of the thick sample
(0.0737 atom/b) transmission measurement of Harvey et al.

All the levels of Table 4 were treated as s-wave levels. The p-wave penetration factor

2
P is approximately 5 X 1077 at 1 keV so that some of the smaller levels, at the

energies near 1 keV, could in fact be p-wave levels. However, existing data do not allow
to distinguish between the smaller s-wave levels and large p-wave levels. The levels must
be partitioned between the two spin states accessible to the compound nucleus: J =0% and

=1% Up to 205 c¢V the spin assignment used here was mostly that of Derrien,!>2¢
which is mainly based on the work of Trochon,** who determined the spin statistical
factors g from neutron-scattering and transmission measurements.



Table 3. Energy rescaling and remormalization factors

Energy alignment

E' = gE — bE? Renormalization
(o = Ryoy)
Measurement a b(eV ™12 R,

Gwin et al. (1971) Not realignec R, = 1.0086, R, = 0.963
Blons (1973) 0.9963736 —0.000141  Not renormalized

Gwin et al. (1976) Not realigned 1.0086

Wagemans et al. (1980) Not realigned 1.0084

Gwin et al. (1984) 1.001650 +0.00048 1.0047

Weston and Todd (1984) 0.9988759 —0.000051 1.6086

“The ratio of the 2200 m/s fission cross section of Stehn ef al. to that of ENDF/B-V
is 1,0086.

For the level near 0.3 eV the original spin assignment 0% of Derrien was changed to
17 on the basis of the work of Weinstein et al.®? Two 07 levels, at 74.9 and 190.1 eV
were added to the Derrien set because this gave a better fit to the data. The two levels at
74.9 and 75.0 eV are poorly resolved, so that the direct experimental evidence concerning
the spin of these levels is ambiguous. Between 200 and 300 eV the spin attribution of
Trochon was followed except for two narrow resonances at 279.9 and 292.7 eV which were
changed from the original O attribution of Trochon to 17.

Above 300 eV there are many differences in the spin attribution of the resonances,
between the present analysis and Trochon’s work. As the energy increases the energy
resolution becomes broader and there is a greater proportion of unresolved multiplets. The
resonance parameters provide a good representation of the available cross-section data, but
this representation cannot be considered unique.

Again, following the work of Derrien,?® two fission channels were assumed to
contribute to the J=07 states and one fission channel to the J=17 states.

6. RESULTS OF THE ANALYSIS

The best resonance parameters obtained by a Bayesian analysis of the selected
measurements discussed in Section 4 are given in Table 4. The extent to which the
resonance parameters of Table 4 represent the experimental data is illustrated in the
figures and tables below. These resonance parameters are however not unique and are
strongly correlated. A description of the covariance matrix of these nearly 1600
parameters must await the implementation of more extensive computing facilities now
under development.



Table 4. 2>°Pu resonance parameters

(eV) (meV) (meV) (meV) (meV) J

1 —150.0 42.00 700.6 226.2 1
2 —15.46 24.30 23.93 —~{0.2428E-02 1
3 —7.067 45.65 25.06 —419.7 344.5 0
4 —0.1156 28.13 0.1737E-01 ~73.33 —-466.0 0
5 0.2956 39.39 0.7962E-01 56.87 1
6 7.817 39.42 0.7945 —44.30 1
7 10.93 43.12 1.783 —143.9 1
8 11.90 38.99 0.9826 20.81 1
9 14.33 48.07 0.6506 63.05 1
10 14.68 44.85 1.961 33.32 1
11 15.44 63.75 1.840 —0.1957E-01 645.9 0
12 17.66 37.28 1.797 —34.91 1
13 22.27 42.74 2.612 —61.16 1
14 23.93 29.13 0.7311E-01 19.01 1
15 26.27 40.13 1.539 41.91 1
16 27.27 33.65 0.1337 3.437 1
17 32.32 42.87 0.8337 14.85 —111.1 0
18 35.48 41.04 0.2683 3.646 1
19 41.46 45.09 3.609 —4,957 1
20 41.73 40.28 0.9264 53.90 1
21 44.53 36.78 6.403 - 3.383 1
22 47.54 36.38 4,955 491.5 —0.1274E-03 O
23 49,59 42.00 3.957 —0985.9 8.563 0
24 50.14 42.03 2.563 —10.94 1
25 52.65 37.21 10.78 —6.371 1
26 55.70 36.96 1.607 17.83 1
27 56.94 42.00 10.90 —2105. 48.03 0
28 59.28 36.65 4.501 84.50 1
29 61.40 42.00 28.53 7143. 7.661 0
30 63.16 47.98 0.7065 99.63 1
31 65.44 51.00 3.726 506.5 —0.2117E-12 0
32 65.79 61.67 9.707 113.3 1
33 74.16 37.87 3.173 —34.54 1
34 74.88 42.00 8.022 1.264 —266.2 0
35 75.05 38.63 17.61 —88.88 1
36 79.08 42.00 0.4238E-01 6.000 1
37 80.96 42.00 5.513 1828. —1.512 0
38 82.77 47.00 0.3260 5.000 1
39 85.59 51.00 46.96 —1792. 2.226 0
40 85.61 27.22 8.284 5.603 1
41 90.84 38.20 11.77 6.852 1
42 93.07 40.51 0.6657 —2.518 1



Table 4. Continued

E, I, T, I'yy Try

(eV) {(meV) (meV) {meV) (meV) J
43 95.51 61.19 2.062 —27.43 1
44 96.61 42.00 8.611 1337. ~—59.06 0
45 99.74 42.00 25.33 —~27.37 9719. 0
46 103.1 35.31 1.612 6.480 1
47 105.4 44.75 4.637 4.529 i
48 106.8 39.49 9.749 —22.53 i
49 110.5 50.95 0.4882 2117 i
50 114.6 42.00 2.505 —1227. 416.1 0
51 115.3 42.00 0.2143 160.0 1
52 116.2 34.15 10.45 —-160.2 —23.83 0
53 119.0 42.27 17.52 —39.19 1
54 121.2 42,72 2.526 31.35 i
55 123.6 67.02 0.5822 —63.18 i
56 126.4 49.64 1.737 —10.93 1
57 127.7 42.58 0.5442 13.70 1
58 131.8 42.00 35.55 3909, —16.32 0
59 134.0 40.11 5.603 —3.719 1
60 136.9 32.16 11.04 —85.27 0
61 1394 42.00 0.8361E-D1 —19.30 1
62 143.2 36.16 3.334 78.92 i
63 143.7 33.64 4.502 18.44 1
64 146.5 38.10 7.287 7.025 1
65 147.4 42.00 4.987 2309. 2.037 0
66 148.4 47.00 0.3405 34.27 1
67 149.6 32.12 1.546 18.75 1
68 157.2 42.00 30.18 181.3 581.2 0
69 157.2 42.00 1.200 3.000 1
70 162.1 35.60 0.9590E-01 15.40 i
71 164.7 42.54 28.54 —7.024 1
72 167.3 41.91 6.091 64.08 1
73 170.1 42.00 0.1201 3.000 1
74 170.7 38.00 0.4393 80.00 1
75 170.9 42.00 3.549 —32.72 1846. 0
76 171.3 42.00 0.2500E-01 3.000 i
77 176.2 43.68 2.142 29.42 i
78 177.4 39.62 3.576 5.510 1
79 179.1 31.98 1.213 7.439 i
80 183.8 48.00 1.623 22.00 1
81 184.9 42.00 18.60 —1913. 376.9 0
82 188.5 39.50 0.6267 12.50 1
83 190.1 42.00 1.239 60.01 4165. 0
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Table 4. Continued

Eg T, r, Iy T2
(eV) (meV) (meV) (meVY) (meV) J
84 190.8 42.82 1.687 —11.45
85 195.4 22.49 52.05 —597.8 0.3931
86 196.9 53.70 4.001 24.30
87 199.6 52.33 9.072 76.52
88 203.6 42.00 1.789 36.00
89 204.1 57.66 61.06 29.02 4314
90 207.6 4393 7.160 4.842
91 211.1 42.00 4,064 ~-104.1 1246.
92 213.5 35.00 0.3607 27.70
93 215.5 42.00 0.4600E-01 34.00
94 216.0 42.00 7.479 8989. —172.4
95 216.8 37.25 6.104 4.447
926 219.7 39.90 3.608 17.60
97 220.5 35.55 7.743 —8.373
98 223.4 32.81 3.320 4,189
99 225.1 52.42 1.725 17.81
100 227.4 42.060 13.69 —1185. —4400.
101 228.1 39.71 1.756 —14.06
102 2306.3 42.00 4.144 3692. —30.59
103 231.6 35.78 12.69 5.228
104 232.8 42.00 0.3859 27.00
105 233.8 42.00 11.18 5639. —3532.1
106 234.6 35.49 10.24 6.038
107 2368.3 37.82 5.566 —9.109
108 240.8 42.00 0.3330E-01 34.00
109 243.1 39.16 6.487 —51.62
110 247.7 45.09 0.8267 179.3
111 249.1 33.06 15.48 —3.107
112 251.5 35.86 29.72 8.903
113 254.8 38.92 3.011 28.89
114 256.3 41.50 1.164 1069. 9975
115 256.4 55.61 6.005 —15.04
116 259.3 41.50 0.2640 ~-200.0
117 262.1 42.00 79.01 2665, 2561.
118 263.0 46.00 2.415 —10.00
119 264.5 41.50 0.1650 21.00
120 269.4 42.00 1.271 —86.00
121 269.8 40.00 4,165 23.65
122 272.9 41.43 25.45 —45.32
123 275.1 42.00 30.58 0.4886 886.6
124 2759 39.26 21.15 49.19
125 277.7 42.00 40.07 8970. —795.9

O O e @ @ = RO = O = O O O O O
—
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Table 4. Continued

E, Ly Ly Yy Ly

(eV) {meV) (meV) (meV) {meV) J
126 279.9 32.58 7.742 —19.87 1
127 283.2 37.07 27.74 4,716 1
128 286.0 41.50 0.2000 10.00 1
129 288.3 41.50 0.9330E-01 —34.00 1
130 291.9 42.00 20.73 —5829. 592.3 0
131 292.7 29.06 3.692 19.63 1
132 2929 42.00 0.4500 —10.87 —~793.0 0
133 296.8 44.96 3.382 —29.85 1
134 298.9 36.87 10.89 15.63 i
135 302.2 38.40 18.89 —35.39 1
136 308.6 32.40 3.316 118.1 1
137 309.4 46.69 14.16 18.47 1
138 311.6 43.97 0.3632 —24.90 1
139 314.0 40.53 14.74 —9.532 1
140 317.0 36.54 5.713 17.39 1
141 323.7 77.83 19.48 —25.22 1
142 324.6 42.00 21.01 —444.3 —~6349, 0
143 325.7 35.68 8.114 —16.78 1
144 3294 42.00 5.065 1308. -—630.0 0
145 3343 36.29 5.621 6.163 1
146 336.3 38.17 15.55 —11.41 1
147 338.3 35.83 8.153 6.068 1
148 339.6 37.56 3.487 —15.42 1
149 343.6 34.65 16.72 17.33 1
150 346.8 42.00 11.63 —17.80 —1522. 0
151 350.7 32.82 22.52 21.15 1
152 353.2 29.45 3.667 10.79 1
153 355.3 25.58 0.2711 15.20 1
154 360.4 50.00 1.120 —26.92 1
155 361.7 35.00 0.2047 —0.6864 1
156 364.6 42.00 53.37 —0.2643E+05 1188. 0
157 369.1 41.50 1.383 — 1945, 1
158 370.8 49.13 2.819 18.73 1
159 373.1 42.00 8.149 681.1 2049, 0
160 375.5 26.00 2.448 0.3047E-01 1
161 3717.5 18.04 1.590 —7.314 1
162 378.5 54.00 0.9528 7.627 1
163 382.8 43.00 0.3694 12.12 1
164 384.7 28.00 6.002 —23.15 1
165 388.1 42.00 3.192 6012. —2311. 0
166 390.0 51.00 1.554 —19.39 1
167 392.0 55.00 1.053 46.74 1
168 394.9 51.96 7.153 —38.60 1



12

Table 4. Continued

Eg I, r, Ty Ty

(eV) (meV) (meV) (meV) (meV) J
169 397.4 44.00 2.044 51.08 1
170 402.1 46.00 18.95 ~174.5 1
171 404.7 56.00 22.07 —74.87 1
172 406.5 41.50 1.205 ~-21.14 1
173 407.5 30.00 0.9290 148.1 1
174 409.2 55.00 1.169 ~42.34 1
175 412.8 46.00 8.777 38.69 1
176 416.2 50.00 2.994 —7.044 1
177 418.1 50.00 1.241 --19.32 1
178 419.8 42.00 3.444 226.6 3042. 0
179 420.4 45.00 6.110 —29.43 1
180 426.1 41.50 0.5164 22.72 1
181 426.1 42.00 9.727 164.1 8535. 0
182 430.0 41.50 3.345 725.1 1
183 433.4 41.50 0.6071 —4.309 1
184 433.4 41.50 23.08 3616. —2815. 0
185 438.3 49.60 2.935 —8.552 1
186 439.3 55.00 3.229 3.849 1
187 440.9 46.00 0.2565 -133.1 1
188 443.0 44.00 20.40 —87.40 274.9 0
189 450.4 46.00 0.9335 —35.48 1
190 451.9 20.01 14.05 1.419 1
191 455.4 20.75 0.6306 —70.18 1
192 456.3 46.00 78.22 202.6 ~56.73 0
193 457.9 46.00 8.047 —204.2 1
194 459.4 25.25 5.155 20.49 1
195 461.9 46.00 2.447 —103.4 1
196 463.1 24.00 0.5778 35.36 1
197 466.1 24.00 0.5442F-01 36.13 1
198 469.1 46.00 10.10 —3366. 1
199 473.7 25.00 4,424 —2.157 1
200 475.1 46.00 2.476 1759. 3355. 0
201 476.1 46.00 25.68 3.689 2810. 0
202 478.9 46.00 0.2392E-01 —4390, —507.1 0
203 479.6 46.60 0.1087 20.85 1
204 484.7 26.24 2.477 —5.334 1
205 488.0 46.00 5.243 688.0 1
206 489.0 46.00 0.7143 —473.3 1
207 491.7 46.00 39.96 614.7 1853. 0
208 494.7 35.57 5.683 —45.64 1
209 496.2 39.49 0.6675 16.62 1
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Table 4. Continued

E, T, T, Ty Ty

(eV) (meV) {meV) {(meV) (meV) J
210 501.1 46.00 4.117 42.36 1
211 503.5 56.09 12.39 48.49 1
212 506.4 46.00 0.3426 —123.2 1
213 510.3 46.00 38.69 —130.1 1
214 510.5 46.00 0.5942}-01 508.6 3945. 0
215 510.5 46.00 131.4 479.0 2657. 0
216 515.7 46.00 0.4109 —12.26 1
217 517.2 46.00 0.63461E-01 59.30 1
218 518.7 46.00 0.6430 —110.8 1
219 520.9 46.00 15.80 —28.16 1
220 524.6 46.00 231.2 9807. —1641. 0
221 524.9 27.93 37.46 —8.743 1
222 526.7 46.00 0.7444 2.485 1
223 528.1 46.00 0.8335 19.86 1
224 531.2 23.13 59.66 —21.18 1
225 531.4 46.00 0.1255 — 1829, 4309 O
226 5399 46.00 12.00 3.507 1
227 541.3 46.00 1.777 ~37.62 1
228 542.2 46.00 4.778 426.8 1
229 543.8 46.00 11.69 ~7.543 1
230 546.5 46.00 35.77 —25.94 1239. 0
231 550.4 46.60 11.48 6.401 1
232 554.3 46.00 16.62 10.84 1
233 554.8 46.00 101.2 796.3 —823.3 0
234 556.1 46.00 0.7124 ~20.78 1
235 559.9 46.00 29.16 8.394 1
236 563.5 46.00 29.75 ~512.7 1
237 564.7 46.00 9.080 —0.1287E-01 1
238 566.5 46.00 8.794 —{.8242 1
236 571.8 46.00 9.207 —31.04 1
240 574.7 46.00 157.0 60.04 B285 O
241 576.6 46.00 39.06 8.023 1
242 578.6 46.00 1.489 0.3641 1
243 579.8 46.00 7.101 4.656 1
244 585.4 46.00 0.4516 —29.79 1
245 588.8 46.00 11.21 6.866 1
246 594.4 46.00 1.938 12.37 1
247 596.0 46.00 21.21 —7283. 2107. 0
248 598.1 46.00 8.071 —1.890 1
249 604.8 24.17 22.87 —2.472 1
250 608.4 21.30 9.072 —4,589 1
251 610.0 17.19 14.69 —2.696 1
252 613.6 31.93 5.183 —7.501 1
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Table 4. Continued
Eo Ty T T W

(eV) (meV) (meV) (meV) {meV) J
253 616.0 46.00 13.90 0.4844E+405 —2737. 0
254 621.6 25.70 10.47 —3.532 1
255 623.3 35.50 8.534 5.485 1
256 625.9 23.98 7.102 —35.316 1
257 629.0 40.30 1.578 9.277 1
258 634.6 46.00 78.71 2177. —4050. 0
259 637.3 52.19 4.664 14.43 1
260 640.0 24.46 8.438 15.89 1
261 641.6 46.35 1.770 3000. 1
262 645.7 32.39 5.047 1.720 1
263 647.5 47.74 1.416 2132. 1
264 658.6 46.00 32.39 ~—30.63 31.04 0
265 659.3 73.37 57.62 —12.78 1
266 662.4 45.92 0.3722 2.431 1
267 667.2 42.78 1.819 —5.419 1
268 669.2 35.90 3.334 4.519 1
269 672.1 29.10 15.87 3.304 1
270 675.1 49.17 2.155 25.54 1
274 676.4 43.16 0.8599 161.0 1
272 681.3 46.00 5.323 0.6470E-01 —798.0 0
273 682.1 49,93 3.078 —116.4 1
274 684.1 46.00 38.71 4,991 —3072. 0
275 684.7 40.26 7.414 2.951 1
276 686.5 40.26 0.4759 1.173 1
277 688.5 24.46 13.05 5.448 1
278 692.7 48.01 5.080 53.63 1
279 693.7 49.87 3.676 742.0 1
280 701.4 46.00 10.45 14.85 —5269. 0
281 707.6 81.93 12.47 19.70 1
282 713.2 36.02 9.033 11.61 1
283 714.0 46.00 6.818 13.06 1
284 717.5 26.77 10.31 3.937 1
285 718.9 46.00 7.833 1.900 1
286 720.9 4596 0.2273E-01 0.1643 1
287 727.8 42.30 2.676 —12.57 1
288 733.3 52.21 9.616 13.52 1
289 734.7 49.48 22.47 —221.3 —2353. 0
290 738.1 46.00 8.201 665.7 1
201 739.5 76.67 6.027 73.36 1
292 7447 27.02 11.06 10.65 1
293 747.1 26.33 13.22 4.121 1
294 749.4 47.41 1.221 10.23 1
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Table 4. Centinued
E, T, T, Ty Tf

(eV) (meV) {meV) (meV) {(meV) J
295 750.9 48.38 2.527 15.32 |
296 753.5 31.08 45.64 6.567 1
297 758.0 46.00 70.05 —164.3 1707. 0
298 764.8 49.77 7.040 — 7,268 1
299 767.1 42.62 2.937 19.68 1
300 773.8 46.00 6.400 9.727 1
301 777.6 48.97 10.57 42.67 1
302 781.6 60.00 6.896 260.0 1
303 782.0 60.00 10.60 21.66 1
304 784.8 48.54 2.606 9.901 1
305 787.1 45.43 9.798 15.15 1
306 790.5 49.44 1.491 83.38 1
307 795.8 49.44 8.375 27.88 1
308 798.3 46.00 99.95 —5220. 2384. 0
309 800.9 60.00 3.957 31.46 1
310 805.2 46.00 16.24 —628.9 0.1340E+05 O
311 807.0 60.00 7.893 24.11 1
3i2 8i1.1 46.00 3.474 321.6 169.1 0
313 816.7 28.00 12.10 6916 1
314 820.7 28.16 5.164 4918 1
315 823.9 46.00 2.621 —391.4 1
316 825.2 46.00 7.266 —64.00 1
317 829.3 46.00 1.968 1179. 1111. G
318 829.8 53.09 29.46 40.32 1
319 833.1 46.00 1.203 163.0 1
320 836.2 46.00 2.078 —{.9384E-02 1
321 843.3 46.00 110.0 1984. 6013. 0
322 843.8 46.00 1.414 48.75 1
323 845.6 46.00 5.679 ~39.90 1
324 848.3 46.00 6.063 32.54 1
325 854.0 46.00 1.727 91.37 1
326 856.0 46.00 4,902 838.3 1
327 858.7 46.00 5.857 1095. 1
328 861.5 46.00 4.263 616.7 1
329 865.8 46.00 1.727 86.01 1
330 867.5 46.00 4.487 68.26 1
331 870.2 28.55 4.283 10.98 1
332 874.4 46.00 17.68 16.30 1
333 875.7 46.00 13.50 17.88 1
334 878.2 46.00 3,704 9131. —0.6275 0
335 878.6 46.00 3.583 0.5440 1
336 885.6 46.00 11.34 8.920 1
337 892.0 46.00 69.14 4,937 1
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Table 4. Continued

(eV) (meV) {meV) (meV) (meV) J
338 895.8 46.00 7.007 252.5 1
339 896.0 46.00 1.507 1863. —4206 0
340 897.1 46.00 6.827 53.79 1
341 903.8 46.00 10.38 —19.31 1
342 905.9 46.00 20.55 —3364. 716.1 0
343 906.1 46.00 4.706 —10.30 1
344 908.5 46.00 10.03 —917.4 1
345 913.1 46.00 29.89 —909.3 1385. 0
346 916.2 46.00 6.733 604.2 1
347 920.3 46.00 16.45 —194.4 1
348 923.2 46.00 23.74 4,765 1
349 926.0 46.00 2.825 184.2 1
350 928.0 46.00 3.730 36.26 1
351 929.8 46.00 8.379 969.3 907.5 0
352 933.0 46.00 11.96 —8.703 1
353 937.5 46.00 0.2961 16.73 1
354 937.7 46.00 27.31 1621. —828.8 0
355 939.8 46.00 12.31 179.3 1
356 941.2 46.00 9.165 20.69 1
357 944.1 46.00 7.870 16.34 1
358 946.4 46.00 6.942 —3.440 1
359 951.7 46.00 5.280 13.39 1
360 955.0 46.00 8.049 49.34 1
361 958.9 46.00 41.65 24.17 1
362 966.4 46.00 30.55 47.90 1
363 972.0 46.00 18.77 636.7 1
364 974.4 46.00 56.44 35.38 1
365 978.0 46.00 2.072 4.950 1
366 980.7 46.00 80.81 —1664. 225.5 0
367 985.4 46.00 82.33 —20.29 1
368 987.1 46.00 0.2530E-02 827.3 756.9 0
369 989.7 46.00 1.753 5.009 1
370 990.8 46.00 6.234 118.1 1
371 994.3 46.00 19.92 28.44 1
372 987.9 46.00 36.25 —204.2 1
373 698.7 46.00 37.22 —26.14 1
374 1605. 46.00 160.4 1.179 1
375 1010. 46.00 97.90 —A4884, 2085 O
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Figures 1 to 43 provide a detailed graphical comparison between the results of several
measurements and the corresponding quantitiecs as computed from the resonance
parameters of Table 4. In Tables 5 to 8 we give numerical comparisons of measured cross
sections, integrated or averaged over selected energy intervals, with cross sections
computed from our analysis and from the ENDF/B-V evaluation. In Figs. 1 to 3 the
fission and capture cross sections obtained from the parameters of Table 4 are compared
with ENDF/B-V and with available low encrgy data for energies up to 0.5 eV.

In Fig. 4 the capture cross section obtained from the parameters of Table 4 is
compared to the capture data from the 1971 Oak Ridge National Laboratory/Rensselaer
Polytechnic Institute measurement.?® Note that the experimental data are not corrected
for the contributions of the 24°Pu isotopic contaminant at 1.056 eV and of tungsten, a
chemical impurity with large resonances at 18.84, 21.2, and 27.05 ¢V. In Fig. 5 the
fission cross section obtained from our parameters is compared with the data from the
measurements of Gwin ef al. (1984)3 anc of Wagemans er al. (1980).% For clarity of
display the data of Wagemans et al, and the corresponding calculation have been
multiplied by a factor of 10. In the valleys between resonances our calculation is more
consistent with the data of Gwin et al., suggesting a residual background of approximately
15 b in the data of Wagemans ef al. In Fig. 6 the fission cross section is compared with
the high accuracy data of Weston and Todd®' in the range 10 to 50 eV.

In Figs. 7 to 18 we compare measured and computed cross sections between 30 and
1000 eV. The measurement of Blons?® was done on a 50 m flight path with a sample
effective temperature of 101 K, and hence has a better resolution than the measurement of
Weston and Todd done on a 19 m flight path with a room temperature sample. Note that
for clarity of display the data of Blons and the corresponding calculation were multiplied
by a factor of 10. In some energy ranges the data of Blons have large statistical
uncertainties and, again for clarity, have been averaged over three successive channels to
reduce these uncertainties.

In Figs. 19 to 24 we compare the measured fission cross section of Weston and Todd
with both the calculation made with our resonance parameters and ENDF/B-V. The
ENDF/B-V calculation and corresponding data set have been multiplied by a factor of 10
for clarity of display. Note that our parameters provide a better representation of the
experimient than does ENDF/B-V, particularly in the valley between resonances, and at
the higher energies.

In Fig. 25 we compare transmission ratios computed with our resonance parameters,
with measurements of Spencer ef al., in the region 0.01 to 0.7 eV. In Figs. 26 to 28 we
compare transmission ratios computed with our resonance parameters with measurements
for eight sample thicknesses, over the range 0.7 to 30 eV. These measurements were done
on a flight path of 18 m. The three samples of Spencer er al., Fig. 26, were at room
temperature; the five samples of Harvey er al, Figs. 27 and 28 were at liquid nitrogen
temperature. The data of the thinner sampies were displaced by 0.25 and 0.5, respectively,
for clarity of display.
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Fig. 1. Comparison of cross sections computed with our resonance parameters
(solid line) with data from the measurement of Gwin et al. (1971) (error bars), over
the incident neutron energy range from 0.01 to 0.5 eV. The upper curves represent
the fission cross sections, the lower curves the capture cross section. The
experimental data were renormalized to the current 0.0253 eV values of 748.1 and
269.3 b, respectively.
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Fig. 2. Comparison of the cross sections computed with ENDF/B-V (solid line)

with the data of Gwin er al. (1971) also shown on Fig. 1.
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Fig. 3. Comparison of the cross sections computed with our resonance
parameters (solid line) with ENDF/B-V (crosses) over the incident enmergy range
from 0.01 to 0.5 eV. The upper curves represent the fission cross sections, the
lower curves the capture cross sections.




CAPTURE CROSS SECTION ib)

103

10!

wn

21

ORNL-DWG 86-11913

R-MATRIX ANALYSIS OF THE Pu-239 CROSS SECTIONS
1 T

¥ T T

v

YT

T

o —T

T

T

T T TV

| 1 1

oot " v sad

L

it

i2 18
INCIDENY NEUTRON ENERGY (eV)

Fig. 4. Comparison of the capture cross sections computed from our resonance
parameters (solid line) with the data from the measurement of Gwin ef al. (1971)
(error bars), over the incident nmeutron emergy range from 0.01 to 30 eV. The
resonance at 1.056 ¢V is a 2*Pu resonance from an isotopic impurity. No data
were taken in the interval 5 to 7 eV where a 8 Au background filter distorted the
incident neutron spectrum. The experimental data were renormalized as in Fig. 1.
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Fig. 5. Comparison of the fission cross sections computed with our resonance
parameters (solid line) with the data from the measurement of Gwin et al. (1976) and
Wagemans et al. over the incident neutron emergy ramge from 0.01 to 10 eV. The
data of Wagemans et al. and the corresponding fit have been displaced up by a
factor of ten for clarity.



}

tb

FISSION CROSS SECTION

23

ORNL-DWG 86-11915

R-MATRIX ANALYSIS OF THE Pu-239 CROSS SECTIONS
T B T

3

Lo aaal

wn
T

T

1 & . - i 1 |
16 24 32 40 ug
INCIDENT NEUTRON ENERGY (aV

Fig. 6. Comparison of the fission cross sections computed with our resonance
parameters (solid line) with the data from the measurements of Weston and Todd
(1984), error bars, over the incident neutron energy range from 10 to 50 eV.
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Fig. 7. Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 50 to 100 ¢V. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 8. Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident meutron
energy range from 100 to 150 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.

150



FISSION CRGSS SECTION (b}

26

ORNL-DWG 86-11918

A-MATRIX ANALYSIS OF THE Pu-239 CROSS SECTIONS ,
SOTTRIRSE TR 575

T

{ ( I

1

1

sl

1
150 160 170 180
INCIDENT NEUTRON ENERGY (eV}

Fig. 9. Comparison of the fission cross sections computed with onr resonamce
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 150 to 260 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 10 Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 200 to 250 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 11. Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 250 to 300 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 12. Comparison of the fission cross sections computed with cur resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 300 to 400 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 13. Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 400 to 500 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 14. Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident meutron
energy range from 500 to 600 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 15. Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 600 to 700 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of S0 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 16. Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 700 to 800 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calcuiation
are displaced up by one decade, for clarity.
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Fig. 17. Comparison of the fission cross sections computed with our resenance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neutron
energy range from 800 to 900 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 18. Comparison of the fission cross sections computed with our resonance
parameters (solid lines) with the data from the measurements of Weston and Todd
(1984), error bars, and Blons (1973), error bars with cross, over the incident neuiron
energy range from 900 to 1000 eV. The measurements of Weston and Todd, and
calculation, correspond to a temperature of 300 K and a flight path of 19 m. The
measurements of Blons and calculation, correspond to a sample temperature of
77 K and a flight path of 50 m. The data of Blons and corresponding calculation
are displaced up by one decade, for clarity.
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Fig. 19. Comparison of the fission cross sections computed with our resonance
parameters, lower solid line, and with ENDF/B-V, upper solid line, with the data
from Weston and Todd (1984), over the incident neutron emergy ramge from 30 to
58 e¢V. The ENDF/B-V calculation and corresponding set of data were displaced
up by one decade for clarity. Both calculations are Doppler broadened to 300 K
the ENDF /B-V calculation is not resolution broadened.
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Fig. 20. Comparison of the fission cross sections computed with our resonance
parameters, lower solid line, and with ENDF/B-V, upper solid line, with the data
from Weston and Todd (1984), over the incident nmeutron emergy range from 50 to
100 eV. The ENDF/B-V calculation and corresponding set of data were displaced
up by one decade for clarity. '
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Fig. 21. Comparison of the fission cross sections computed with our resenance
parameters, lower solid line, and with ENDF/B-V, upper solid line, with the data
from Weston and Todd (1984), over the incident neutron emergy range from 100 to
150 eV. The ENDF/B-V calculation and corresponding set of data were displaced
up by one decade for clarity.
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Fig. 22. Comparison of the fission cross sections computed with our resonance
parameters, lower solid line, and with ENDF/B-V, upper solid line, with the data
from Weston and Todd (1984), over the incident neutron energy range from 150 to
200 eV. The ENDF/B-V calculation and corresponding set of data were displaced
up by one decade for clarity.
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Fig. 23. Comparison of the fission cross sections computed with our resonance
parameters, lower solid line, and with ENDF/B-V, upper solid line, with the data
from Weston and Todd (1984), over the incident neutron enmergy range from 200 to
250 eV. The ENDF/B-V calculation and corresponding set of data were displaced
up by one decade for clarity.
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Fig. 24. Comparison of the fission cross sections computed with our resonance
parameters, lower solid line, and with ENDF/B-V, upper solid line, with the data
from Weston and Todd (1984), over the incident neutron energy range from 250 to
300 eV. The ENDF/B-V calculation and corresponding set of data were displaced
up by one decade for clarity.
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Fig. 25. Comparison of transmission ratios as computed with our resonance
parameters, solid line, and as measured by Spencer er al. (1984), for thicknesses of
0.00180 and 0.00058 at/b, respectively, over the incident neutron emergy region from
0.01 to 0.7 eV.
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Fig. 26. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Spencer et al. (1984), for thicknesses of
0.001167, 0.000616, and 0.000291 atom/b, over the incident neutron energy region
from 0.7 to 30 eV. The transmission ratios for the two thinner samples have been
displaced up by 0.25 and 0.5, respectively for clarity of display. The resonance at
1.056 eV seen in the data but not in the calculation is due to a **°Pu isotopic
impurity.
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Fig. 27. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey et al. (1984), on an 18 m flight
path, with samples at liquid nitrogen temperature of 0.01802 and 0.00058 atom/b,
over the incident neutron emergy range from 0.7 to 30 ¢V. The transmission ratios
for the thinner sample have been displaced up by 0.25 for clarity of display. Small
resonances near 1.056 and 2.676 ¢V are due to 2*°Pu and 2*?Pu isotopic impurities.
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Fig. 28. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey ef al. (1984) on an 18 m flight
path, with samples at liquid nitrogen temperature, of 0.07375, 0.00638, and
0.001815 atom/b, over the incident neutron energy range from 0.7 to 30 eV. The
transmission ratio for the two thinner samples have been displaced up by 0.25 and
0.5, respectively, for clarity of display. Small resonances near 1.056 and 2.676 eV
are due to 2*Pu and 2*?Pu isotopic impurities.
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Fig. 29. Compariscn of transmission ratios as computed with our rescnance
parameters, solid lines, and as measured by Harvey e7 al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutron emergy ramge from 30 to 50 V. The
transmission ratio for the 0.0180 at/b was displaced up by 0.25, that of the 0.0064
at/b sample was displaced up by 0.5 for clarity of display. The small level at
38.82 eV is due to a 2*°Pu impurity and has been included in the calculation.
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Fig. 30. Comparison of transmissjon ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey ef al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutron energy range from 50 to 100 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displaced up by 0.5 for clarity of display.
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Fig. 31. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey et al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutron energy range from 100 to 150 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displaced up by 0.5 for clarity of display.
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Fig. 32. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey et al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutron emergy range from 150 to 200 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displaced up by 0.5 for clarity of display.

200



TRANSMISSION

o]
[o2]

50

ORNL-DWG 86-11942

R-MATRIX ANALYSIS OF THE Pu-2338 CROSS SECTIONS
T o I -

. A

{ 1 i J

200 210 220 230 240
INCIDENT NEUTRAON ENERGY (eV)

Fig. 33. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey ez al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident necutron energy range from 200 to 250 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom /b sample was displaced up by 0.5 for clarity of display.
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Fig. 34. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey et al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutron ewergy ramge from 250 to 300 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom /b sample was displaced up by 0.5 for clarity of display.
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Fig. 35. Comparison of transmission ratios as computed with our resomance
parameters, solid lines, and as measured by Harvey er al. (1984) on an 80 m flight
path, with samples at liquid mitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutron emergy range from 300 to 400 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displaced up by 0.5 for clarity of display.
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Fig. 36. Comparison of itransmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey er al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident meutron emergy range from 400 to 500 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displaced up by 0.5 for clarity of display.
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Fig. 37. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey ez al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.6054
atom/b, over the incident neutron energy range from 500 to 600 ¢V. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displaced up by 0.5 for clarity of display.
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~ Fig. 38. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey et al. (1984) on an 80 m flight
path, with samples at liquid nitroger temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutron emergy range from 600 to 700 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displaced up by 0.5 for clarity of display.
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Fig. 39. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey ef al. (1584) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutrom energy ranmge from 700 to 800 e¢V. The
transmission ratio for the 0.018C atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displaced up by 0.5 for clarity of display.
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Fig. 40. Comparison of (ransmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey et al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutror energy range from 800 to 900 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom/b sample was displacec up by 0.5 for clarity of display.
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Fig. 41. Comparison of transmission ratios as computed with our resonance
parameters, solid lines, and as measured by Harvey et al. (1984) on an 80 m flight
path, with samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064
atom/b, over the incident neutrom emergy range frem %00 to 1000 eV. The
transmission ratio for the 0.0180 atom/b was displaced up by 0.25, that of the
0.0064 atom /b sample was displaced up by 0.5 for clarity of display.
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Fig. 42. Comparison of the capture cross section computed with our resonance
parameters, solid line, with ENDF/B-V, crosses, over the neutron energy range 0 to

50 eV.
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Fig. 43. Comparison of the capture cross section computed with our resonance

parameters, solid line, with ENDF/B-V, crosses, over the neutron energy range 50
to 100 eV,
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Table 5. Comparison of average fission cross section values over the
10- to 1000-eV energy range

i9

E,
1
————— [oE)E
By foAEHE ©
E;, Low limit Weston®
of energy band and Todd Blons Gwin  Wagemans et al.  Shunk et al.

(eV) This work ENDF/B-V (1984) (1973)  etal® (1980) (1966)

10 98.761 . 104.148 100.620 - 105.13 103.79 -
20 31.398 32.496 31.525 + 0.160 - 31.59 32.23 42.07
30 3.094 3.421 3.053 + 0.040 - 3.09 2.58 2.16
40 24.717 25.883 25,617 £ 0.100  28.61 25.67 25.36 24.62
50 71.978 72.968 72757 £ 0.220 76.81 71.05 73.45 72.32
60 54.718 52.990 53.711 £ 0.210  56.41 55.71 56.28 54.92
70 62.485 62.083 61.565 = 0.350  64.67 62.88 63.92 59.54
80 64.822 65.844 65.589 + 0.200  68.04 64.6 67.39 61.49
90 28.149 30.386 29.148 + 0.100  31.28 28.54 30.28 26.10
100 17.953 18.375 17.976 £ 0.030  18.93 17.96 18.31 17.82
200 17.367 17.651 17.231 £ 0.040 17.79 17.90 17.67 18.26
300 7.912 §.298 8.064 + 0.022 8.91 8.48 8.56 8.35
400 9.192 9.407 9.254 + 0.028 9.71 9.40 9.60 9.11
500 15.003 15.373 15.037 + 0.040  15.51 15.46 15.14 14.65
600 4.105 4.569 4.138 = 0.017 4.63 4.55 4.26 3.94
700 5.190 5.351 5.386 = 0.021 5.94 5.34 5.50 5.19
800 4.614 5.073 4,690 = 0.020 5.11 5.1 . 4.76 4.37
900 8.069 7.818 8.175 = 0.032 8.57 7.83 8.14 8.28
40-1000 12.510 12.805 12.582  13.30 12.80 12.88 12.49

“Statistical uncertainty only. The normalization uncertainty is 1.9%
bGwin et al. (1984) for 10 < E < 100; Gwin er al. (1976) for 100 < E < 1000 eV.



Table 6. Comparison of energy integrals of the 2>?Pu fission cross
section over the energy range 0.01 to 30 eV

E,
[ o:(E)dE (b-eV)
£,
Energy
interval Present Gwin et al.® Weston and Todd Wagemansetal. Gwinetal Gwin et al
(V) analysis ENDF/B-V (1984) (1984) (1980) {(1976) (1971)
0.01 — 0.02 9.68 9.66 9.70 = 0.08
0.02 - 0.03 7.56 7.52 7.53 + 0.04 7.49
0.03 - 0.04 6.49 6.43 6.45 + 0.04 6.46 6.44
0.04 — 0.05 5.83 577 5.78 + 0.04 5.79 5.80
0.05 - 0.1 24.99 24.79 24.89 + 0.07 25.08 24.90
0.1 -0.2 57.63 58.34 58.29 + 0.23 59.92 57.87
0.2-03 199.9 198.9 199.5 + 1.18 205.97 197.0
0.3-04 168.6 168.0 168.4 + 1.08 173.7 174.2
0.4-0.5 35.55 35.78 3508 = 0.5 36.03 36.4
0.5 - 1. 39.90 38.21 38.13 = 0.5 39.29 38.93
1.-6. 59.35 63.67 60.28 £ 2.66 66.83 68.90 65.18
6. -9, 174.2 182.7 178.7 £ 1.79 181.7 181.7 181.7
9.-12.6 476.3 503.4 504.4 + 4.69 498.1 497.9 495.2
12.6 - 20. 516.0 547.3 552.8 = 5.03 530.4 546. 543.2 3547.2
20, — 24,7 216.7 224.3 217.1 £ 291 219.7 223.3 2229 225.1
24.7 - 30. 98.12 100.7 98.78 + 1.87 96.97 99.18 100.6 100.8
Thermal value (b)  748.4 741.7 741.7 741.9 741.6 741.6

4Normalized to 25.15 b-eV over the interval 0.02001 to 0.06001 eV.
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Table 7. Comparison of energy integrals of the Py capture
cross section over the energy range 0.01 to 30 eV

El

l;[ oay(E)IE (beV)

Energy Interval  Present Gwin et al.
(eV) Analysis ENDF/B-V (1971)
0.01 - 0.02 3.34 3.32 -
0.02 - 0.1 18.59 18.4 18.9
0.1-05 299.50 302. 301.
0.5-08 11.5 12.9 12.7
0.8-7.0 13.22 17.4 -8
7.0 - 16.0 7220 694. 710.
16.0 - 30.0 415.0 416. -

Intervals from 0.8 to 7.0 eV and from 16.0 to 30.0 eV
are obscured by chemical and isotopic contaminants.

In Figs. 29 to 41 we compare the high resolution transmission measurements of Harvey
et al.*® with corresponding computed transmissions, in the range 30 to 1000 eV. The
transmissions were measured on a flight path of 80 m, with samples at the effective
temperature of 97 K, and with three thicknesses: 0.0737, 0.0180, and 0.0064 atom/b,
respectively. The data of the last two samples were displaced by 0.25 and 0.5, respectively
to improve the clarity of the figures.

Because of the poor statistical accuracy, large statistical uncertainties and
contamination by chemical and isotopic impurities of the direct capture measurements, the
best estimate of the structure of the capture cross section can probably be obtained from a
calculation based on the resonance parameters of a consistent analysis of fission and
transmission measurements. In Figs. 42 to 47 we compare the capture cross section
obtained with our resonance parameters with ENDF/B-V. The two calculations are
usually consistent near the peak of the resonances, where the single level Breit-Wigner
formalism is a good approximation to the capture cross section. In the valleys between
resonances there are large differences between the two calculations; the ENDF/B-V
representation often results in an unphysical structure (near 30 or 70 eV) as would be
expected because of the nonphysical formalism used: between resonances the cross sections
are mostly determined by the "smooth background” File 3.!



Table 8. Average absorption cross section and alpha values for 23%Pu over the 7.3 to 100 eV energy range

Ey
1
o 1{ o.(E)dE (b) <g,>/<os>
Gwin (1971) Gwin (1971)
E;, low limit
of energy band Ionization Ionization
(eV) This work ENDF/B-V 11-g foil chamber This work ENDF/B-V 11-g foil chamber
7.3 196.1 199.7 209.0 = 13 207.0 £ 9.0 0.73 0.66 0.76 = 0.1 0.73 + 0.07
16.0 44.7 45.5 46.5 = 3.0 61.2 £ (a) 0.86 0.84 0.89 + 0.11 -
37.5 72.0 76.8 80.5 £ 5.2 85.8 =+ 4.8 2.57 2.66 2.82 + 0.21 3.1 £ 0.19
50 90.3 93.2 93.4 £ 6.0 94.3 + 4.3 0.60 0.64 0.64 + 0.1 0.68 + 0.10
100 34.13 35.5 354 = 2.3 36.4 =+ 1.8 0.90 0.93 0.96 + 0.12 1.0 = 0.15
200 35.19 35.2 353 £ 23 356 £ 1.8 1.03 0.99 1.06 + 0.12 1.05 = 0.15
300 18.44 17.6 18.6 = 1.2 187 = 1.3 1.33 1.12 1.34 = 0.14 1.25 + 0.18
400 13.9 13.54 13.95 + 0.9 144 + 1.3 0.51 0.44 048 + 0.09 0.52 + 0.10
500 27.5 26.5 276 + 1.8 273 + 1.7 0.83 0.72 0.78 = 0.11  0.78 £+ 0.13
600 11.9 1L.6 11.8 + 0.76 129 £ 1.4 1.90 1.53 1.87 = 0.18 193 + 0.24
700 11.9 10.6 11.2 £ 0.72 123 + 1.8 1.30 0.98 1.00 = 0.12 1.16 £ 0.17
800 10.1 9.25 9.61 + 0.62 104 + 1.3 1.18 0.82 1.07 £ 0.14 1.06 £ 0.16
900 15.5 13.3 145 + 0.93 16.0 + 1.4 0.92 0.70 0.77 £ 0.1 0.88 = 0.14

“Not corrected for the contribution of the tungsten to the neutron capture cross section.

¥9
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Below 0.5 eV, the R-matrix analysis is mostly constrained by the transmission
measurements of Spencer et al.>® (Fig. 25), by the 1971 capture measurement of Gwin ef
al.,”® renormalized to the thermal value of 269.3 b, and by the 1984 fission measurement
of Gwin et al., normalized to the therma: value of 748.1 b (Fig. 1). From 0.5 to 30 eV
the analysis is mostly constrained by the "low resolution” transmission data of Harvey et
al.¥ (Figs. 27 and 28), and by the high accuracy fission data of Gwin et al.3® (Fig. 5),
and Weston and Todd> (Fig. 6). Above 50 eV the analysis is mostly constrained by the
high resolution transmission data of Harvey et al®® (Figs. 29 to 41), and the high
accuracy fission data of Weston and Todd® (Figs. 7 to 18). The structure of the fission
cross sections from the measurements of Blons,”® and of Weston and Todd,? are quite
consistent; however, there are 5% to 10% systematic differences in magnitude of the
average fission cross section between the two measurements, as can be seen in Table 5.
The difference between the fission of Blons and that of Weston and Todd varies smoothly
from about 3 b near 50 eV to 0.4 b near 1 keV, suggesting an error in estimation of the
background per unit time in one of the measurements. Since the measurement of Weston
and Todd has much better statistical accuracy and appears to have less background, it was
given most of the weight in the analysis.

Fission cross sections averaged over decimal intervals, from 10 to 1000 eV, from
several measurements and evaluations are compared in Table 5. The fission cross section
computed with our resonance parameters is generally consistent to within 2% with that of
Weston and Todd.3” The measurements of Blons,”® Wagemans et al.,* and above 300 eV
of Gwin et al.,* are generally 2% to 5% higher than Weston and Todd and our evaluation.
We believe these differences to be partly due to a remaining background component in
these measurements.

Fission integrals over selected small energy intervals below 30 eV are compared in
Table 6. In the important region below €.5 eV both our evaluation and ENDF/B-V are
consistent with the recent measurement of Gwin et al.,® within the experimental errors of
the measurement. Above 1.0 eV our evaluation yields fission integrals a few percent lower
than ENDF/B-V but agrees well with the rore recent experimental data.

The capture cross sections obtained from our analysis, from ENDF/B-V and from the
1971 Oak Ridge National Laboratory/Rensselaer Polytechnic Institute measurement®® are
compared in Table 7. Several energy regions of the measurements are obscured by the
large *Pu resonance at 1.056 eV and by resonances in the tungsten chemical impurity of
the sample (see Fig. 4). Both evaluations are reasonably consistent with the measurement.

Average absorption cross sections from our analysis, from ENDF/B-V, and from the
1976 measurement of Gwin et al.% are compared in Table 8 over the energy range 7.3 to
1000 €V. The calculations from our resonance parameters and from ENDF/B-V are
generally consistent with the experimental values. Ratios of the average capture to the
average fission are also compared in Table 8. Again, both our values and ENDF/B-V are
generally consistent with the experimental data.
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SUMMARY AND CONCLUSIONS

Several sets of 23°Pu neutron cross-section data, both recent and old, have been
analyzed using R-matrix theory combined with Bayesian equations, a technique which
provides a powerful tool for cross-section evaluation procedures. This analysis provides a
consistent and precise description of various sets of fission, capture, and transmission data.
The evaluation also provides an accurate method for cross-section interpolation at the
valleys between resonances where the capture and fission cross sections are exceedingly
small, making accurate measurements difficult, and where the single-level formalisms
grossly misrepresent the data. In some energy regions the representation of the cross
sections could probably be further improved by the addition of more levels and by refitting.
The analysis could also be extended to higher energies. The excellent resolution of the
transmission ratios measured by Harvey et al, permit the identification of the most
important levels to several keV.

As it stands the present analysis is a great improvement over previous evaluations in
that it provides a good and consistent representation of the high resolution transmission
ratios of Harvey et al. and the high accuracy recent fission measurement of Weston and
Todd and Gwin er al. It also extends the resolved energy region well above previous
evaluations.
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