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We report here the results of an R-matrix resonance analysis of the 239Fpu neutron cross 
sections up to 1 keV. After a description of the method of analysis we list the nearly 1608 
resonance parameters obtained and present extensive graphical and numerical comparisons 
between calculated and measured cross-section and transmission data. 

The representation of the 239Pu 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. Salvatores3 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 Ihppler effect. The resolved resonance region 
extends to 3 0 0  eV in ENDF/B-V' and to 668 eV in JEFS6 JENDL,' KELBAK,~ and 
SOKRATOR.9 

In their recent "evaluation and testing of n f 239Pu nuclear data for revision 2 of 
ENDF/B-V," Arthur et al." summarize the ~ ~ p ~ ~ ~ e m e n t s  that should be considered in 
any future revisions of the ENDF/B 239Pu evaluation. The second item of that list is: 

"a new analysis of the resolved and uriresolved 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 239Pu cross sections by using a ~ u ~ t ~ ~ e ~ e ~  
formalism (which avoids the need for %he file-3 contributions) and to extend the resolved 
resonance range from 300 eV up to 1 keV, ''Vu neutron cross section measurements were 
analyzed with the resonance analysis Bayesian code SAMMY12 using the Reich-Moore 
multilevel formalism. l 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 158 
resonance parameters obtained; and to present detailed graphical and tabular comparisons 
between the cross sections obtained from the resonance analysis and several recent arid 
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. 
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The resonance analyses of the 239Pu neutron cross sections have been reviewed by 
Characteristics of some of Moore,14 Derrien," and more recently by Antsipov et d9 

these analyses are summarized in Table 1. 

Vogt's early R-matrix multilevel analysis extended over a very small energy range.I6 
Single-level analyses have been performed up to above 608 eV17 but, as is well known, the 
single-level formalism cannot properly represent the resonancc asymmetries due to 
multilevel interference in the fission channels.'* Some analyses are based on the Adler- 
Adler multilevel formalism. 19-22 However, the Reich-Moore R-matrix formalism i s  
preferable because it bas less flexibility than the tadler- 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 
p a r a n e t e r ~ , ~ ~  whereas the converse is not generally true.24 

R-matrix analyses of the 239Pu cross sections, covering a wide energy range, were 
performed by F a r ~ l l ~ ~  and by Derrien.26 Fartell's analysis extends from 14 to 90 eV, but 
it is based only on the fission measurement of Shunk et Q I , , ~ '  and an unambiguous 
determination of all the partial widths cannot be made by analyzing a single partial cross 

Derrien's analysis extends from 4 to 205 eV and is based on the high resolution, 
liquid-nitrogen temperature transmission measurement of Derrien26 and the fission 
measurement of Blons.28 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 Simpslo~i~~ for ENDF/B-111. Derrien3' 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 
attempts by Smith et al. (see discussion in Kef. 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 undoc~mented.~' 

The recent JEF evaluation6 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 eV, In the JENDL, KEDAK, and 
SOKRATOR evaluations the single-level resonance parameters of Ribon and LeCoq are 
used up to 660 eV. 

A previous analysis32 of the 239Pu neutron cross sections up to 30 eV 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?P~ cross sections 

Reference Formalism Energy Range Comment 

Vogt ( 1960)16 

Ignatev et ai. ( 1964)44 

Adler and Adler ( 1967)19 

Gwin et ai. ( 197 1 )20 

Ribon and LeCoq (1971)17 

Simpson and Simpson ( 197 1 )29 

Farrell (197 1)25 

Derrien (1 973)26 

Kolesov and Luk’yanov ( 1982)21 

Vogt R-matrix 

Multilevel 

Adler- Adler 

Ad1er- Adler 

Breit-Wigner 

Breit- Wigner 

Reich-Moore 

Reich-Moore 
Briet-Wigner 

Adler- Adler 

0.01 - 10 eV 

0.02 - 110 eV 

0.4 - 40 eV 

0.02 - 100 eV 

0 - 660 eV 

1 - 300 eV 

14 - 90 eV 

4 - 214 eV 
200 - 460 eV 

8 - 160 eV 

Consistent analysis of unT and unf 

Consistent analysis of q and 0.j 

Consistent analysis of gnf, a,T, and rl 

Simultaneous fit of and Q,? 

Consistent analysis of unr and gnf 

Consistent cnT, cnf , and r+. 

Analysis of trnf only 

Consistent unT and on/ 
Consistent oar and uflf 

Consistent unT and unf 

bJ 
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The computer codc SAMMY l 2  was used to perform a consistent resonance-parameter 
analysis of several 23’~u  neutron fission and capture cross-section and trans 
measurements. The program SAMMY uses the multilevel R-matrix Reich 
f o r n i a l i ~ m ” ~ ~ ~  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 011 sample thicknesses, effective sample temperature, and the parameters of the 
instrumental resolution function all consistent with prcdetermined uncertainty limits, leads 
to realistic parameter uncertainities and covariance matrices. l 2  

Most of the 239Pu neutron cross-section measurements on the CSISRS file34 or listed in 
CINP)A3’ were examined for possible inclusion in the consistent SAMMY analysis. Six 
sets of ramea~rnrernents~~.~*~~~-~~ were selected as listed in Table 2. These measurements 
were chosen because they had g o d  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 sample at liquid 
nitrogen temperature (73 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 he lpf~l  in 
resolving the structure of closely spaced resonacces. The recent fission measurement of 
Weston and ~ ~ d d ~ ~  was used between 9 and XOG, eV. This measurement has a poorer 
resolution hut a much better statistical accuracy and lower background than that of Blons. 
The recent fission measurement of  win et is particularly useful from 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 et al.36 and Weston and Todd37 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 al.39 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 eV. The transmission measurements of Spencer et ale3* 
were done with relatively thin samples, mostly to determine the resonance parameters of 
the 1.056 eV level in 240Pu, These measurements were used below 30 eV and proved 
particularly helpful in the range from 0.01 to 0.5 eV. 



Energy range used 
in the analysis Measurement characteristics ----.l_l_l_--_l. .--I_I_-__ __.l_._..l.l Reference 

Blons (1973) 

Gwin el ab. (1971) 

Gwin et al. (1984) 

Weston and Todd (1984) 

Spencer et ab. (1984) 

Harvey et d. (1985) 

Fission at 50 m; salnple cooled to 77 K 

Fission and absorption at 25.6 

Fission at 21.65 rn 

Fission at 18.9 M 

Transmission at 18 rn. Samples of 0.00180, 
O.QO117, 0.00062, 0. 

Transmission at 18 m. Samples cooled to 9'7 K, 

0.01 to 0.5 eV 

0.81 to 108 eV 

9 to IO00 eV 

0.01 to 30 eV 

0.7 to 30 eV 
.07375, 0.01802, 0.00638, 8. 

30 to 1000 eV Transmission at 80 m. Samples cooled at 97 K, 
Samples of 0.07375, 0.08802, 0.0 

Direct capture cross-section measurements have relatively large normalization 
uncertainties and large backgrounds. These measurements are also c o n ~ a ~ ~ ~ a t ~  with 
spurious resonances due to impurities in the sample or detector. The single capture 
measurement2' weighted in our resonance analysis was used only in the range 8.81 to 
0.5 eV. 

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

where E' is the new and E the old energy of a channel. The relation is a ~ ~ r o ~ r ~ a t e  for 
time-of-flight the parameter 4, nearly equal to unity, and b, very small 
relative to unity, were obtained by a least-square fit of resonance centroids. 
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The partial cross-section measurements extending over the thermal region were also 
renormalized to the latest 2200-m/s values evaluated by Divadeenam and Stehn" of 
1017.3 k 2.0 b, 748.1 k 2.0 b, and 269.3 .t- 2.2 b for the absorption, fission and capture 
cross sections, respectively. These values are consistent with the values recently evaluated 
by Axton4' of 1018.9667 f 2.8747 b, 747.6263 It 2.01QS b, and 271.343 t 2.1340 b, 
respectively. Typical energy rescaling and renormalization factors are given in Table 3. 

5. A PTIONS OF THE ANALYSIS 

The neutron cross sections in the energy range considered, 0 to 100 eV, are described 
with 3'76 levels (see Table 4). Four of these levels are bound. The contribution of bound 
levels was found to be iiecessary to properly describe the neutron cross sections at low 
energy and in between resonances; however, the energy and widths of these levels were 
adjusted somewhat arbitrarily and are by no nzeaaas 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 239Pu neutron cross-section 
measurements, 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 8 to 1000 eV. 
The parameters of the levels above 1000 eV were adjusted to optimize the cross-section 
representation in the 0- to 1000-eV 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. 

d 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 eV. If these contributions are properly described, the cross sections in the range of 
interest can be represented without the need of a "smooth-file" contribution, and using a 
constant effective radius a. An effective radius a = 0.945 f was used in the analysis; this 
radius was obtained essen%ially 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 Fable 4 were treated as s-wave levels. The p-wave penetration factor 

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=O' and 
J-1'. Up to 205 eV the spin assignment used here was mostly that of Derriem,'S~M 
which is mainly based on the work of T r o c f i ~ n , ~ ~  who determined the spin statistical 
factors g from neutron-scattering and transmission measurements. 

p 2  is approximately 5 X 
1 +p2 
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Gwin et al. (197 1 ) Not realigned RJ == 1.0086, R, = 0.963 
Blons (1973) 0.9963736 -0.000141 Not renormalized 
Gwin et al. (1976) Not redigneci 1.0086 
Wagemans et al. (1980) Not realigned 1.0084 
Gwin et al. (1984) 1 .WI 650 f0.00048 1.0047 
Weston and Todd (1984) 0.9988759 - O.OOOO5 1 1.0886 

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

For the level near 8.3 eV the original spin assignment Of of Derrien was changed to 
1' on the basis of the work of Weinstein et a l j3  Two 0' 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 2 and 300 eV the spin attribution of 
Trwhon was followed except for two narrow resonances at 279.9 and 292.7 eV which were 
changed from the original 0' attribution of Trochon to 1 +. 

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

Again, following the work of Derrkn,26 two fission channels were assumed to 
contribute to the J=0+ states and one fissim channel to the J =  I +  states. 

6. RESUITS OF THE ANALYSIS 

The best resonance parameters obtained by a Bayessidn 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 i s  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 oE more extensive computing facilities now 
under development. 
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12 
13 
14 
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16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

. . . . . . . . .- 

Eo 
(ev) ........ 

- 150.0 
- 15.46 
- 7.067 
-0.1 156 

0.2956 
7.817 

10.93 
11.90 
14.33 
14.68 
15.44 
17.66 
22.27 
23.93 
26.27 
27.27 
32.32 
35.48 
41.46 
41.73 
44.53 
47.54 
49.59 
50.14 
52.65 
55.70 
56.94 
59.28 
61.40 
63.16 
65.44 
65.79 
74.16 
74.88 
75.05 
79.08 
80.96 
82.77 
85.59 
85.61 
90.84 
93.07 

J 
rn l r i 2  

(meV) (meV) 
r, 

42.00 
24.30 
45.65 
28. I3 
39.39 
39.42 
43.12 
38.99 
48.07 
44.85 
63.75 
37.28 
42.74 
29.13 
40.13 
33.65 
42.87 
41.04 
45.09 
40.28 
36.78 
36.38 
42.00 
42.03 
37.21 
36.96 
42.00 
36.65 
42.00 
47.98 
5 1 .OO 
61.67 
37.87 
42.00 
38.63 
42.00 
42.00 
47.00 
5 1 .OO 
27.22 
38.20 
40.5 1 

700.6 
23.93 
25.06 
0.1737E-01 
0.7 96 2 E-0 1 
0.7945 
1.783 
0.9824 
0.6506 
1.96 1 
1.840 
1.797 
2.6 12 
0.7311E-01 
1.539 
0.1337 
0.8337 
0.2683 
3.609 
0.9264 
6.403 
4.955 
3.957 
2.563 

1.607 

4.501 

0.7065 
3.726 
9.707 
3.173 
8.022 

10.78 

10.90 

28.53 

17.6 1 
0.42 3 8 E-0 1 
5.513 
0.3260 

8.284 

0.6657 

46.96 

11.77 

226.2 

-419.7 
-0.24288-02 

-73.33 
56.87 

- 44.30 
143.9 
20.8 I 
63.05 
33.32 

- 34.9 1 
-61.16 

19.0% 
41.91 

3.437 
14.85 
3.646 

.- 4.9 5 7 
53.90 

-3.383 
491.5 

.--. 985.9 
- 10.94 

-6.371 
17.83 

84.50 

99.63 

- 0.1 95 7 E 4  1 

-2105. 

7143. 

506.5 
113.3 
- 34.54 

-88.88 

1828. 

- 1792. 

1.264 

6.000 

5.000 

5.603 
6.852 

-2.518 

344.5 
- 466.0 

645.9 

-111.1 

-0.1274E-03 
8.563 

48.03 

7.661 

-0.21 17E-12 

- 266.2 

- 1.512 

2.226 

1 
1 
0 
0 
1 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
0 
0 
1 
1 
1 
0 
1 
0 
1 
0 
1 
1 
0 
1 
1 
0 
1 
0 
1 
1 
1 
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44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 

95.51 
96A 1 
99.74 

103.1 
105.4 
106.8 
110.5 
114.6 
115.3 
116.2 
119.0 
121.2 
123.6 
126.4 
127.7 
131.8 
134.0 
136.9 
139.4 
143.2 
143.7 
146.5 
147.4 
148.4 
149.6 
157.2 
157.2 
162.1 
164.7 
167.3 
170.1 
170.7 
170.9 
171.3 
176.2 
177.4 
179.1 
183.8 
184.9 
188.5 
190.1 

61.19 
42.00 
42.00 
35.31 
44.7 5 
39.49 
50.95 
42.00 
42.00 
34.15 
42.27 
42.72 
67.02 
49.64 
42.58 
42.00 
40.1 1 
32.16 
42.00 
36. I6 
33.64 
38-10 
42.00 
47.00 
32.12 
42.00 
42.00 
35.60 
42.54 
41.91 
42.00 
38.00 
42.00 
42.00 
43.68 
39.62 
3 1.98 
48.00 
42.00 
39.50 
42.00 

8.61 1 

1.612 
4.637 
9.749 
0.4882 
2.505 
0.2143 

25.33 

10.45 
17.52 
2.526 
0.5822 
1.737 
0.5442 

5.603 
35.55 

11.04 
0.8 36 1 1E-4 1 
3.334 
4.502 
7.287 
4.987 
0.3405 
1.546 

1.2m 
0.95 90E-O 1 

6.091 
8.1201 
0.4393 
3.549 
0.25OOE-91 
2.142 
3.576 
1.213 
1.623 

0.6267 
1.239 

30.18 

28.54 

18.60 

- 27.43 
1337. 
-27.37 

6.480 
4.529 

-22.53 
21.17 

- 1227. 
i 60.0 

- 160.2 
-39.19 

31.35 
-63.18 
- 10.93 

13.70 
3909. 

-3.719 

- 19.30 
78.92 
18.44 
7.025 

2309. 
34.27 
18.75 

181.3 
3. 

15.40 
- 7.024 
64.08 

3.000 
80.00 

- 32.72 

29.42 
3.500 

5.510 
7.439 

22.00 

12.50 
60.01 

- 1913. 

- 59.06 
9719. 

416.1 

-23.83 

- 16.32 

-85.27 

2.037 

581.2 

1846. 

376.9 

4165. 

1 
0 
0 
1 
1 
1 
1 

1 
0 
1 
1 
1 
1 
1 
0 
1 
0 
1 
1 
1 
1 
0 
1 
1 
0 
1 
1 
1 
1 
]I 
1 
0 
1 
1 
1 
1 
1 
0 
1 
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42.00 
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52.42 
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35.49 
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39.16 
45.09 
33.06 
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40.00 
4 1.43 
42.00 
39.26 
42.08 

1.687 

4.00 1 
9.072 
1.789 

7.160 
4.064 
0.3607 
0.46OOE-o 1 
7.479 
6.104 
3.608 
7.743 
3.326 
1.725 

1.756 
4.144 

0.3859 

52.05 

6 1.06 

13.69 

12.69 

11.18 
10.24 
5.566 

6.487 
0.8267 

0.3330E-03 

15.48 
29.72 

3.01 1 
1.164 
6.005 
0.2640 

2.4 15 
0.1650 
1.27 1 
4.165 

79.01 

25.45 
30.58 
21.15 
40.07 

- 11.45 

24.30 
76.52 
36.00 
29.02 

.-_- 5 97.8 

4.842 
104.1 
27-70 
34.00 

8989. 
4.447 

17.60 
-8.373 

4.189 
17.8 1 

- 1185. 
- 14.06 
3692. 

5.228 
27.00 

5639. 
6.038 

-9.109 
34.00 
5 1.62 

179.3 
-3.107 

8.903 
28.89 

1069. 
- 15.04 
200.0 

- 10.00 
2 1.00 

- 86.00 
23.45 

- 45.32 

49.19 

-244.5. 

0.4886 

8970. 

0.3931 

431.4 

1246. 

- 172.4 

-4400. 

- 30.59 

- 532.1 

9.975 

2561. 

886.6 

-795.9 

1 
0 
1 
1 
1 
0 
1 
0 
1 
1 
0 
1 
1 
1 
1 
1 
0 
1 
0 
1 
1 
0 
1 
1 
1 
1 
1 
1 
1 
1 
0 
1 
1 
0 
1 
1 
1 
1 
1 
0 
1 
0 



1 26 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
I50 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 

279.9 
283.2 
286.0 
288.3 
291.9 
292.7 
292.9 
296.8 
298.9 
302.2 
308.6 
309.4 
31 1.6 
3 14.0 
3 17.0 
323.7 
324.6 
325.7 
329.4 
334.3 
336.3 
338.3 
339.6 
343.6 
346.8 
350.7 
353.2 
355.3 
360.4 
361.7 
364.6 
369.1 
3 70.8 
373.1 
375.5 
377.5 
378.5 
382.8 
384.7 
388. 1 
390.0 
392.0 
394.9 

32.58 
37.07 
41.50 
41.50 
42.00 
29.06 
42.00 
44.96 
36.87 
38.40 
32.40 
46.69 
43.97 
40.5 3 
36.54 
77.83 
42.00 
35.68 
42.00 
36.29 
38.17 
35.83 
37.56 
34.65 
42.00 
32.82 
29.45 
25.58 
50.00 
35.00 
42.00 
41.50 
49.13 

29 .OO 
18.04 
54.00 
43.00 
28.00 
42.00 
51.00 
55.00 
51.96 

42 .~0  

7.742 - 19.87 
27.74 4.7 I6 
0. 2000 10.00 
0.93 30E-4 1 - 34.Q0 

28.73 
3.692 
0.4500 
3.382 

10.89 
18.89 

14.16 

14.74 

19.48 
21.01 

3.316 

0.3632 

5.713 

8.1 14 
5.065 
5.621 

8.153 
3.487 

15.55 

16.72 
11.63 
22.52 
3.667 
0.271 1 
1.120 
0.2047 

1.383 
2.819 
8.149 
2.448 
1.590 
0.9528 
0.3694 
6.002 
3.192 
1.554 
1.053 
7.153 

53.37 

-5829. 
19.63 

- 10.87 
-29.85 

15.63 
- 35.39 
118.1 

18.47 
- 24.90 
-9.532 
17.39 

-25.22 
- 444.3 
- 16.78 
1308. 

-11.41 

- 15.42 
17.33 

- 17.80 
21.15 
10.79 
15.20 

- 26.92 
-0.6864 
- 0.26.13Ef05 

6.163 

6.068 

- 1845. 
18.73 

681.1 

-7.314 
7.627 

12.12 
-23.15 
6012. 
- 19.39 

46.74 
-38.60 

0.3047E--Q 1 

592.3 

-793.0 

-6349. 

- 680.0 

- 1522. 

1188. 

2049. 

-2311. 

1 
1 
1 
1 
0 
1 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
1 
0 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
1 
0 
1 
1 
0 
1 
1 
1 
1 
1 
0 
1 
1 
1 
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Table 4. Continued 

169 
1 IO 
171 
112 
173 
174 
175 
176 
1 I7  
118 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
137 
198 
199 
200 
20 1 
202 
20 3 
204 
205 
204 
207 
208 
209 

397.4 
402.1 
404.7 
406.5 
407.5 
409.2 
412.8 
416.2 
41 8. I 
419.8 
420.4 
426.1 
426. I 
430.0 
433.4 
433.4 
438.3 
439.3 
440.9 
443.0 
450.4 
45 1.9 
455.4 
456.3 
457.9 
459.4 
461.9 
463.1 
466.1 
469.1 
473.7 
475.1 
476.1 
478.9 
479.5 
484.7 
488.0 
489.0 
491.7 
494.7 
496.2 

44.00 
46.00 
56.00 
41.50 
30.00 
55.00 
46.00 
50.00 
50.00 
42.00 
45.00 
41.50 
42.00 
41.50 
41.50 
41.50 
49.00 
55.00 
46.00 
44.00 
46.00 
20.01 
20.75 
46.00 
44.00 
25.25 
46.00 
24.00 
24.00 
44.00 
25.00 
46.00 
46.00 
46.00 
46.00 
26.24 
46.00 
46.00 
46.00 
35.57 
39.49 

2.044 
18.95 
22.07 
1.205 
0.9290 
1.169 
8.777 
2.994 
1.241 
3.444 
6.110 
0.5164 
9.727 
3.345 
0.607 1 

2.935 
3.229 
0.2565 

23.08 

20.40 

14.05 

78.22 

0.9535 

0.6306 

8.047 
5.155 
2.447 
0.5778 
0.5442E-01 

4.424 
2.476 

0.2 3 9 2E-0 1 
0.1087 
2.477 
5.243 
0.7143 

5,683 

10.10 

25.68 

39.96 

5 1.08 

-74.87 
-21.14 
148.1 
-42.34 
38.69 
- 7.044 

-- 19.32 
226.6 
-29.43 
22-72 
164.1 
725.1 
- 4.309 

-8.552 
3.849 

- 174.5 

- 3616. 

--133.1 
- 87.40 
- 35.48 

-70.18 
202.6 

- 204.2 

- 103.4 

1.419 

20.49 

35.36 
36.13 

-2.157 

3.689 

- 3366. 

1759. 

- 4390. 
20,85 
-5.334 
688.0 

-473.3 
614.7 
-45,64 

3042. 

8535. 

2815. 

274.9 

-56.73 

3355. 
28 10. 
- 507.1 

1853. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
1 
1 
0 
1 
1 
0 
1 
1 
1 
0 
1 
1 
1 
0 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
1 
1 
1 
1 
0 
1 

0.6675 16.62 1 
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210 
21 1 
212 
213 
214 
215 
216 
217 
218 
219 
220 
22 1 
222 
223 
224 
225 
226 
227 
228 
229 
230 
23 1 
232 
233 
234 
235 
236 
237 
238 
239 
240 
24 1 
242 
243 
244 
245 
246 
247 
248 
249 
250 
25 1 
252 

501.1 
503.5 
506.4 
510.3 
510.5 
510.5 
515.7 
517.2 
518.7 
520.9 
524.6 
524.9 
526.7 
528.1 
531.2 
531.4 
539.9 
541.3 
542.2 
543.8 
546.5 
550.4 
554.3 
554.8 
556.1 
559.9 
563.5 
564.7 
566.5 
571.8 
514.7 
576.6 
578.6 
579.8 
585.4 
588.8 
594.4 
596.0 
598.1 
604.8 
608.4 
610.0 
613.6 

46.00 
56.09 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46-00 
46.00 
27.93 
46.00 
46.00 
23.13 
46.00 
46.00 
46.00 
46.00 
46,OO 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
24.17 
21.30 
17.19 
31.93 

4.117 

0.3426 

0.59421241 

0.4109 
0.6346E-O P 
0.6430 

12.39 

38.69 

131.4 

15.80 

37.46 
231.2 

0.7444 
0.8335 

0.1255 

1.777 
4.778 

59.66 

12.00 

11.69 
35.77 
11.48 
16.62 

101.2 
0.7124 

29.16 
29.75 
9.080 
8.794 
9.207 

157.0 
39.06 

1.489 
7.101 
0.45 16 

1.938 

8.87 1 

9.072 

11.21 

21.21 

22.87 

14.59 

42.36 
48.49 

- 123.2 
- 130.1 

508.6 3945. 
479.0 2657. 
- 12.26 

59.30 

-28.16 
9807. -1641. 

- 110.8 

- 8.743 
2.485 

19.86 
-21.18 

- 1829. 43.09 
3.507 

- 3'7.62 
426.8 
-7.543 

6.401 
-25.94 1239. 

10.84 

- 20.78 
196.3 -823.3 

8.394 
-512.7 

-0.1287E-0 1 
-0.8242 

-31.04 
60.04 82.85 

8.023 
0.3941 
4.656 

6.866 
- 29.79 

12.37 

- 1.890 
- 2.472 
-4.589 
-2.696 

- 7283. 2107. 

1 
1 
1 
1 
0 
0 
1 
1 
1 
1 
0 
1 
1 
1 
1 
0 
1 
1 
1 
1 
0 
1 
1 
0 
1 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 

5.383 -7.501 1 
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Table 4. Cormtinued 

253 
254 
255 
256 
257 
258 
259 
260 
26 B 
262 
263 
264 
265 
266 
267 
268 
269 
270 
27 I 
272 
273 
274 
275 
276 
277 
278 
279 
280 
28 1 
282 
283 
284 
285 
286 
287 
288 
289 
290 
29 1 
292 
29 3 
294 

616.0 
621.6 
623.3 
625.9 
629.0 
634.6 
637.3 
640.0 
641.5 
645.7 
647.5 
658.6 
659.3 
662.4 
667.2 
669.9 
672.1 
675.1 
676.4 
681.3 
682.1 
684.1 
584.7 
686.5 
6S8.5 
692.7 
693.7 
701.4 
707.6 
713.2 
7 14.0 

718.9 
720.9 
727.8 
733.3 
734.7 
738.1 
739.5 
744.7 
747.1 
749.4 

717.5 

46.00 
25.70 
35.50 
23.98 
40.30 
46.00 
52.19 
24.46 
46.35 
32.39 
47.44 
46.00 
73.37 
45.92 
42.7 8 
35.90 
29.10 
49.17 
43.16 
46.00 
49.93 
46.00 
40.26 
40.26 
24.46 
48.01 
49.87 
46.00 
81.93 
36.02 
46.00 
26.77 
46.00 
45.96 
42.30 
52,2 1 
49.48 
46.00 
76.67 
27.02 
26.33 
47.4 I 

13.90 
10.47 
8.534 
7.102 
1.578 

4.664 
8.438 
1.770 
5.047 
1.416 

78.71 

32.39 
57.62 
0.3722 
1.819 
3.334 

2.155 
0.8599 
5.323 
3.078 

7.414 
0.4759 

5.080 
3.676 

15.87 

38.71 

13.05 

10.45 
12.47 
9.033 
6.8 18 

7.833 
0.2273E41 
2.676 
9.616 

8.201 
6.027 

10.31 

22.47 

11.06 
13.22 
1.221 

... 

0.48448 + 05 
-3.532 

5.485 
-5.316 

9.277 
2 177. 

14.43 
15.89 

3000. 

2132. 
- 30.63 
- 12.78 

1.720 

2.43 1 
-5.419 

4.519 
3.304 

25.54 
161.0 

- 116.4 
0.64708--01 

4.99 1 
2.95 1 
1.173 
5.448 

53.63 

14.85 
19.70 
11.61 
13.06 

742.0 

3.937 
1.900 
0.1643 

- 12.57 
13.52 

-221.3 
665.7 

73.36 
10.65 

10.23 
4.121 

- 5269. 

- 2353. 

31.04 

-798.0 

- 3072. 

rf2 
(mew J 

- 2737. 0 
1 
1 
1 
1 

-4050. 0 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
1 
1 
1 
0 
1 
0 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
1 
1 
1 
1 
0 
1 
1 
1 
1 
1 
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29 5 
296 
297 
298 
299 
300 
301 
302 
303 
304 
305 
306 
307 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
32 1 
322 
323 
324 
325 
326 
327 
328 
3 29 
3 30 
331 
332 
333 
334 
335 
336 
337 

750.9 
753.5 
758.0 
764.8 
767.1 
773.8 
777.6 
78 1.6 
782.0 
784.8 
787.1 
790.5 
795.8 
798.3 
800.9 
805.2 
807.0 
811.1 
816.7 
820.7 
823.9 
825.2 
829.3 
829.8 
833.1 
836.2 
843.3 
843.8 
845.6 
848.3 
854.0 
856.0 
858.7 
861.5 
865.8 
867.5 
870.2 
874.4 
875.7 
878.2 
878.4 
885.6 
892.0 

48.38 
31.08 
46.064 
49.77 
42.62 
46.00 
48.97 
60.08 
60.00 
48.54 
45.43 
49.44 
49.44 
46.00 
60.00 
46.0 
60.0 
46.00 
28.00 
28.16 
46. 
46. 
46.00 
53.09 
46. 
46. 
46. 
46.00 
46.00 
44.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
28.55 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 

2.527 
45.64 
70.85 

7.040 
2.937 
6.400 

6.896 

2.606 
9.798 
1.49 1 
9.375 

3.957 

7.893 
3.474 

5.164 
2.621 
7.266 
I .968 

1.203 
2.878 

1.414 
5.679 
6.063 
1.727 
4.902 
5.857 
4.263 
1.727 
4.487 
4.283 

10.57 

10.60 

99.95 

14.24 

12.18 

29.46 

110.8 

17.68 
13.90 
3.704 
%583 

11.34 
69.14 

15.32 
6.567 

-- 7.268 
19.68 
9.727 

42.67 

21.66 

15.15 
83.38 
27.88 

3 li .46 

24.131 

- 164.3 

260.0 

9.901 

- 5220. 

-628.9 

321.6 
6.916 
4.918 

-391.4 
- 64.00 
1179. 

40.32 
163.0 
-0.9384B--102 

19x4. 
48.75 

- 39.90 
32.54 
91.37 

838.3 

616.7 
1095. 

86.01 
68.26 
10.98 
16.30 
17.88 

9131. 
0.5440 
8.920 
4.937 

1 
1 

1787. 0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2384. 0 
1 

0.134QE-l-05 0 
1 

169.1 0 
1 
1 
1 
1 

11 111. 0 
1 
1 
1 

601 3. 0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

- (3.6275 0 
1 
1 
1 
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338 
339 
340 
34 1 
342 
343 
344 
345 
346 
347 
348 
349 
3 50 
351 
352 
353 
354 
355 
356 
357 
358 
359 
360 
36 1 
362 
363 
364 
365 
366 
367 
368 
369 
370 
37 1 
372 
373 
374 
375 

895.8 
896.0 
897.1 
903.8 
905.9 
904.1 
908.5 
913.1 
9 16.2 
920.3 
923.2 
926.0 
928.0 
929.8 
933.0 
937.5 
937.7 
939.8 
941.2 
944.1 
946.4 
95 1.7 
955.0 
958.9 
966.4 
972.0 
974.4 
978.0 
980.7 
985.4 
987.1 
989.7 
990.8 
994.3 
997.9 
998.7 

100.5. 
1010” 

46.00 
46.00 
46.00 
44.00 
46.0 
46.00 
46.00 
46. 
46. 
44.00 
46.00 
44.00 
46. 
44. 
46.00 
46.00 
44.00 
46.00 
46.00 
46.00 
46.0 
44.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
46.00 
44.00 
46.00 
46.00 
46.00 
44.00 

7.007 
1.507 
6.827 

10.38 
20.5 5 

10.03 
29.89 

16.45 
23.74 

4.706 

6.733 

2.825 
3.730 
8.379 

0.296 1 
11.96 

27.31 
12.31 
9.165 
7.870 
6.942 
5.280 
8.049 

41.65 
30.55 
18.77 
56.44 

80.8 1 
82.33 

2.072 

0.2530E-02 
1.753 
6.234 

19.92 
36.25 
37.22 

97.90 
160.4 

252.5 
1863. 

53.79 
- 19.3 l 

- 10.30 
- 3364. 

-917.4 
-909.3 

604.2 
- 194.4 

184.2 
36.26 

969.3 
- 8.703 
16.73 

4.765 

1421. 
179.3 
20.69 
16.34 
- 3.440 
13.39 
49.34 
24.17 
47.90 

35.38 
636.7 

4.950 
- 1664. 
- 20.29 
827.3 

118.1 

- 204.2 

5.009 

28.44 

- 26.14 
1.179 

-4884. 

-42.06 

716.1 

1385. 

907.5 

-828.8 

225.5 

756.9 

20.85 

1 
0 
1 
1 
0 
1 
1 
0 
1 
1 
1 
1 
1 
0 
1 
1 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
1 
0 
1 
1 
1 
1 
1 
1 
0 
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Figures 1 to 43 provide a detailed graphical comparison between the results of several 
measurements and the corresponding c ~ u ~ n ~ ~ ~ ~ ~ s  as computed from the resonance 
parameters of Table 4. In Tables 5 to 8 w e  give numerical comparisons of measured cross 
sections, integrated or averaged over selected energy intervals, with cross sections 
computed from our analysis and from the EWDE;/IB-V evaluation. In Figs. 1 to 3 the 
fission and capture cross sections obtained from the parameters 01 Table 4 are compared 
with ENDF/B-V and with available low entxgy data for energies up to 0.5 eV. 

In Fig. 4 the capture cross section obtained from the parameters of 'Fable 4 is 
compared to the capture data from the 1971 Oak idge National LaboratorydRensselaer 
Polytechnic Institute Notc that the experimental data are not corrected 
for the contributions of the 2@Pm isotopic contaminant at 1.056 eV and of tungsten, a 
chemical impurity with large resonances It  18.84, 21.2, and 27.05 eV. In Fig 5 the 
fission cross section obtained from our parameters is compared with the data from the 
measurements of Gwin et al. (1984)36 anc of Wagemans et aP. (1980).45 For clarity of 
display the data of Wagemans et a!., and the corresponding calculation have been 
multiplied by a factor of IO. In the valleys between resonances our calculation is more 
consistent with the data of Gwin et al., suggesting a residual background of approx~mately 
15 b in the data of Wagemans et al. In F'ig. 6 the fission cross section is compared with 
the high accuracy data of Weston and Todd37 in the range 10 to 50 eV. 

In Figs. 7 to 18 we compare measured and computed cross sections between 30 and 
IO00 eV. The measurement of Blons2* was done on a 50 rn 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 rn flight path with a room temperature sample Note that 
for clarity af 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 PO 
for clarity of display. Note that our parameters provide a better representation of the 
experiment than does ENDF/B-V, particullarly in the valley between resonances, an 
the higher energies. 

In Fig. 25 we compare transmission ratios computed with our resonance parameters, 
with measurements of Spencer et 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 et al., Fig. 26, were at room 
temperature; the five samples of Harvey et ul., Figs. 27 and 28 were at liquid nitrogen 
temperature. The data of the thinner sampm were displaced by 0.25 and 0.5, respectively, 
for clarity of display. 



18 

OKNL-DLIC 86- 11910 

R-MRTRIX RNALTSIS OF THE Pi<-?39 CROSS SECTIONS 
--7 7 1 

5 

Fig. 1. Comparisorn of cross sections computed with our resonance parameters 
(solid line) with data from the measurement ob Cwin et al. (1971) (error bars), oyer 
the incident ~ ~ ~ t r ~ ~  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. 



Fig. 2. Comparison of the cross sections computed with ENDF/B-V (soilid h e )  
with the data of Gwin et a!. (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 energy range 
from 0.01 to 0.5 eV. The upper curves represent the fission cross sections, the 
lower curves the capture cross sections. 
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Fig. 4. Comparison of the caphare cross sections computed from our resonance 
parameters (solid line) with the data from the measurement of Gwin et al. (1971) 
(error bars), over the incident wutran elaergy range from 0.01 to 30 eV. The 
resonance at 1.056 eV is a resonance from an isotopic impurity. No data 
were taken in the interval 5 to 7 eV where a "'Au background filter distorted the 
incident neutron spectrum. The experimental data were renormalized as in Fig. 1. 
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Fig. S. 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 ~ l .  over the incident neutron energy range from 0.01 to 14) eV. The 
data of Wagemans et al. and the corresponding fit have been displaced up by a 
factor of ten for clarity. 
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Fige 6. Comparison of the fission cross sections computed with our resonance 
parameters ( d i d  line) with the data from the measurements of Weston and Todd 
(1984), error bars, over the incident neutron energy range from 10 to SO eV. 



24 

ORNL-DWG 86-11916 

A MRTRLX ANRLYSIS OF THE Pc-239 CROSS SECTIONJp 

1 -1 - r -7 - T  - - ~  

h 3 

Fig. 7. Comparison of the fission cross sections computed with our re so man^^ 

parameters (solid lines) with the data from the measurements of Weston and Tod 
(19841, error bars, and Blons (1973), error bars with cross, over the incident neutron 
energy range from 58 to 108 eV. The measurements of Weston and Todd, and 
calculation, correspond to a temperature of 300 K and a flight path of 19 rn. The 
measurements of Blons and calculation, correspond to a sample temperature of 
77 K and a flight path of 50 rn. 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 reswamce 
parameters (solid lies) with the data from the measurements sf Westun and Todd 
(1984), error bars, and Blms (1973), error bars with cross, over the incident neutron 
energy range from 100 to 150 eV. The measurements of Weston and Todd, and 
calculation, correspond to a temperature of 380 K and a flight path of 19 m. The 
measurements of Blons and calculation, correspond to a sample temperature uf 
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. 9. Comparison of the fission cross sections computed with OW r ~ ~ ~ ~ n ~ e  
parameters (solid lines) with the data from the measurements of Weston and Todd 
(1984), error bars, and B1 
energy range from 150 t 
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 M and a flight path of 50 m. The data of Blons and corresponding calculation 
are displaced up by one decade, for clarity. 

9731, error bars with cross, over the incident neutr 
eV. The measurements of Weston and Todd, an 
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Fig. 10 Comparison of the fwion cross sections computed with our resmance 
parameters (solid lines) with the data from the measureme& of Weston and T 
(1984), error bars, and BIons (1973), error bars with cross, over the incident neutron 
energy range from 208 to 250 eV. The measurements of Weston and Tdd,  and 
cakulation, correspond to a temperature of 300K and a flight path of I9 m. The 
measurements of Blons and calculation, correspond to a sample temperature of 
77 K and a flight path of 50 rn. The data of Blons and corresponding calculation 
are displaced up by one decade, for clarity. 
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Pig. 11. Comparison of the fission cross sections computed with our r e ~ ~ ~ ~ c e  
parameters (solid lines) with the data from the measurements of Weston and 
(198.41), error bars, and Mons (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 rn. 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 oar r e $ Q ~ ~ ~ c ~  
parameters (solid lines) with the data from the measurements of Weston and Todd 
(1984), m o r  bars, and Bions (19731, error bars with cross, aver the incident matron 
energy range from 300 to 400 eV. The measurements of Weston and Todd, an 
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. Thz data of Blons and corresponding calculation 
are displaced up by one decade, for clarity. 
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Fig. 13. Cornparison of the fission cross sections computed with ow r ~ s o ~ ~ ~ c ~  
parameters (solid lines) with the data from the measurements of Weston land Todd 
(1984), error bars, and Blons (19731, error bars with cross, over the incident neutro 
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 rn. The 
measurements of Bllons and calculation, correspond to a sample temperature of 
77 K and a flight path of 50 rn. The data of Blons and corresponding calculation 
are displaced up by one decade, for clarity. 
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Fig. 14. Cornpansun of the fission cross sections computed with ow resouance 
parameters (solid lines) with the data from the meassuements of Weston and Todd 
(1984), error bars, and Blons (1973), emor bars with cross, over the incident matron 
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 Mons 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 CFQSS S ~ C ~ ~ C B ~ S  computed with QUE resonance 
parameters (sokid lines) with the data from the measurements of Weston and 
(19841, error bars, and Blons (19731, error bars with cross, over the incident ne 
ener~y range from 6 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 50 m. The data of Blons and corresponding calculation 
are displaced up by one decade, for clarity. 
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Fie. 16. Comparison of the fission cross sections computed with our resonance 
parameters (solid lines) with the data from the measurements of Weston amd T d d  
(1984), error bars, and Mons (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 calculation 
are displaced up by one decade, far c1ari:y. 
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Fig. 17. Comparison of the fission cross sections computed with ow reso 
eters (solid lines) with the data from the measurements of Weston 

(1984), error bars, and Blons (1973), error bars with cross, over the incide 
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 rn. The 
measurements of Blons and calculation, correspond to a sample temperature of 
77 K and a flight path of 50 111. 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 rmuance 
parameters (solid lines) with the data from the m~aswemente of Weston and Todd 
(1984), error bars, and Blons (1973X error bars with cross, over the incident neutron 
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 rn. 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 resona 
parameters, lower sotid line, and with ENDF/B-V, upper solid tine, with the data 

Weston and Todd (198% over the incident neutron energy range from 30 to 
. 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 sotid line, and with ENDF/B-V, upper solid tine, with the data 
from Weston and Todd (1984), over the incident neutron energy range from 54) to 
100 eV. The ENDFIB-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 resonsp 
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 100 t 
150 eV. The ENDFIB-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 ow resonance 
parameters, lower d i d  line, d with ENDF/B-V, upper solid liae, with the data 
from Weston and Todd (1984h 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 resona 
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 2UO 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 flission cross sections computed with our resonance 
parmeteis, tower solid line, and with ENDF/B-V, upper solid line, with the data 
from Weston sad 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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25. Comparison of transmission ratios as computed with our ~ e ~ Q ~ ~ ~ c e  
s, solid line, and as measured by Spencer et a!. (1984), for thicknesses 
nd 0.00058 at/lb, respectively, over the incident neutron energy region fr 
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Fig. 26. Comparison of transmission ratios 8s computed with our resonance 
parameters, solid lines, and as measured by Spencer et ul. (1%4), for thicknesses of 
0.001167, 0.000616, and 0.080291 atom/b, over the iacident 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 240pu isotopic 
impurity. 
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Fig. 27. C O Q ~ ~ ~ S O Q  of transmission ratios as ~ o ~ p ~ ~ ~  with our resonance 
parameters, solid lines, and as measured by Harvey et al. (1984), on an 18 m fli 
path, with samples at liquid nitrogen temperature of 0.01802 and 8. 
over the incident neutron energy range from 0.7 to 3 eV. 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 eV are due to 240E8u and 242Pu isotopic impurities. 
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Flg. 28. Compluison of &.ansmissiOn ratios as computed with our resonance 
parameters, d i d  lines, a d  as measured by Harvey et al. (1984) an am 18 m flight 
path, with samples at liquid nitrogem temperature, of 0.07375, 0. 
0.001815 atomjb, over tbe incident mutsm energy rflnge 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?u and 242Pu isotopic impurities. 
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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 240Pu impurity and has been included in the calculation. 
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Fig. 30. Comparison of transmission ratios as computed with our resonance 
prmeters, solid lines, and as measured by Harvey et el. (1984) on an $0 m flight 
path, with samples at liquid nitrogm temperature, of 0.0737, 0.0180, and 0.0064 
etm/b, over the incident neutron energy range from 5(B to 100 eV. The 
transmission ratio for the 0.8188 atornib was displaced up by 0.25, that of the 
0.0064 atam/b sample was displaced up by 0.5 for clarity of display. 
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Fig. 32. Comparison of tramsdsghn ratios as computed with ouf remance 
parameters, solid tines, and as measured by Harvey et ai. (1984) on an 80 m flight 
path, witb samples at liquid nitrogen temperature, of 0.0737, 0.0180, and 0.0064 
atom/b, over the inci$ent neutron energy range from 158 to 200 eV. The 
transmission ratio for the 0.0180 atorn/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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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 transmissian taltias as wmpuded with oar resonance 
puameters, solid lines, and as measured by Harvey et al. (1984) on 
path, with samples at liquid ftrogen temperature, of 0.0737, 0.01 
atom/b, over the incident neutron emergy range from 250 to 
transmission ratio for the 0.0180 ataw/b was displaced up by 0.25, that of the 
0.0064 atam/b sample was displaced up by 0.5 for clarity of display. 
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Fig. 36. Comparison of tratnsmission ratios as computed with our resonance 
parameters, solid lines, a d  as mmswd by Harvey et sl. (19SQ) on an $0 m Mght 
path, with samples at liquid mitmgen temperature, of 0.0737, Q.O18Q), and 8. 
atain/b, over the incident neutron energy range from QOO to 500 eV. The 
transmission ratio for the 0.0180 atorn/b was displaced up by 0.25, that of the 
0.0064 atom/b sample was displaced ap by 0.5 for clarity of display. 
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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. Cornparism of trmsmission ratios as comp~~ted with our remaace 
parameters, solid l i e s ,  and as measured by Harvey et ul. (1984) on an 80 m flight 
path, with samples at liquid nitrogem temperature, of 0.0737, 0.0180, and 0. 
atom/b, over the incident neutron energy rrulge from 600 to 700 eV. The 
transmission ratio for the 0.0180 atorn/b was displaced up by 0.25, that of the 
0.0064 atorn/b sample was displaced up by 0.5 for clarity of display. 
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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. 40. Comparison of tranmissh ratios as computed with our resonance 
parameters, solid kes, and as measured by Harvey et al. (1984) OB an 80 m flight 
path, with samples at liqmid nitrogen temperature, of 0.0737, 0.0180, and 0,0064 
atom/b, over the incident neutrom 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 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 
pameters, solid line, with ENDF/B-V, crosses, over the neutron energy range 0 to 
50 eV. 
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Table 5. Comparison of average fission cross section values over the 
10- to 1OOO-eV energy range 

EL, Low limit Weston" 
of energy band and Todd Blons Gwin Wagernans et al. Shunk et ai. 

(eV> This work ENDF/B-V ( 1984) (1973) et al.' (1980) ( 1966) 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
200 
300 
400 
500 
600 
700 
800 
900 

98.76 1 
31.398 
3.094 
24.7 17 
7 1 . O B  
54,718 
62.485 
64.822 
28.149 
17.953 
17.367 
7.9 12 
9.192 
15.003 
4.105 
5.190 
4.614 
8,069 

104.148 
32.496 
3.421 
25.883 
72 968 
52.990 
62.083 
65.844 
30.386 
18.375 
17.65 1 
8.298 
9.407 
15.373 
4.569 
5.351 
5,073 
7.818 

100.620 
31.525 f 0.160 
3.053 f 0.040 
25.617 k 0.100 
72757 zk 0.220 
53.711 -+ 0.210 
61.565 f 0.350 
65.589 0.200 
29.148 k 0.100 
17.976 f 0.030 
17.231 +: 0.040 
8.064 k 0.022 
9,254 k 0.028 
15.037 f 0,040 
4.138 f 0.017 
5.386 k 0.021 
4.690 .+ 0.020 
8.175 -t 0.032 

- 
- 
- 

28.61 
76.8 1 
56.41 
64.67 
68.04 
31.28 
18.93 
17.79 
8.91 
9.7 1 
15.5 1 
4.63 
5.94 
5.1 1 
8.57 

105.13 
31.59 
3.09 
25.67 
71.05 
55.71 
62.88 
64.6 
28.54 
17.96 
17.90 
8.48 
9-40 
15.46 
4.55 
5.34 
5.1 
7,83 

103.79 
32.23 
2.58 
25.36 
73.45 
56.28 
63.92 
67.39 
30.28 
18.31 
17.67 
8.56 
9.60 
15.14 
4.26 
5.50 
4.76 
8.14 

- 
42.07 
2.16 
24.62 
72.32 
54.92 
59.54 
51.49 
26.10 
17.82 
18.26 
8.35 
9.1 1 
14.65 
3.84 
5-19 
4.37 
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% 
"win et a/. (1984) for 10 G E d 100; Gwin et LIE. (1976) for 100 < E B 1008 eV. 



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

Energy 
interval Present 

(eV) analysis 

0.01 - 0.02 
0.02 - 0.03 
0.03 - 0.04 
0.04 - 8.05 
0.05 - 0.1 
0.1 - 0.2 
0.2 - 0.3 
0.3 - 8.4 
0.4 - 0.5 
0.5 - 1. 

1. - 6. 
6. - 9. 
9. - 12.6 

12.6 - 20. 
20. - 24.7 

24.7 - 30. 

Thermal value (b) 

9.68 
7.56 
6.49 
5.83 

24.99 
57.63 

199.9 
168.6 
35.55 
39.90 
59.35 

174.2 
476.3 
516.0 
216.7 
98.12 

748.4 

Gwin et ai.’ Weston and Todd Wagemans et ai. Gwin et d. Gwin et al. 
ENDF/B-V (1984) ( 1984) (1980) ( 1976) (1971) 

9.66 
7.52 
6.43 
5.77 

24.79 
58.34 

198.9 
168.0 
35.78 
38.21 
63.67 

182.7 
503.4 
547.3 
224.3 
100.7 

9.70 2 0.08 
7.53 f 0.04 
6.45 f 0.04 
5.78 f 0.04 

24.89 f 0.07 
58.29 f 0.23 
199.5 f 1.18 
168.4 f 1.08 
35.08 f 0.5 
38.13 k 0.5 
60.28 f 2.66 
178.7 2 1.79 
504.4 A 4.69 
552.8 A 5.03 
217.1 2 2.91 
98.78 zk 1.87 

6.46 
5.79 

25.08 
59.92 

205.97 
173.7 
36.03 
39.29 
66.83 

181.7 
498.1 

530.4 546. 
219.7 223.3 
96.97 99.18 

7.49 
6.44 
5.80 

24.90 
57.87 

197.0 
174.2 
36.4 
38.93 

68.90 55.18 
181.7 1181.7 
497.9 495.2 
543.2 547.2 
222.9 225.1 
160.6 180.8 

741.7 741.7 741.9 741.6 741.5 

‘Worrnalized to 25.15 beV over the in tend  0.02001 to 0.06001 eV. 



Table 7. Comparison of energy integrafs of the m%% capture 
cross section over the energy m g e  0.01 to 38 t?V 

E, $1 u,,(E)dE (b*eV) 

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 - 0.5 299.50 302. 301. 
0.5 - 0.8 11.5 12.9 12.7 
0.8 - 7.9 13.22 17.4 - 
7.0 - 16.0 722.0 694. 710. 

16.0 - 30.0 415.0 416. - 

a 

0 

ahternah from 0.8 to 7.0 e'br and from 16.0 to 30.Q eV 
are obscured by chemical and isotopic contaminants. 

In Figs. 29 to 41 we compare the high rcsolution transmission measurements of Harvey 
et with corresponding computed transmissions, in the range 30 to loo0 eV. The 
transmissions were measured on a flight path of 80 m, with samples at the effective 
temperature of 97 K, and with three thic'meses: 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 vdleys between 
resonances there are large differences between the two calculations; the ENDFIB-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 ?Pu over the 7.3 to 100 eV energy range 

Gwin (1971) Gwin (1971) 
EL, low limit 

of energy band Ionization Ionization 
(eV) This work ENDF/B-V 1 1-n foil chamber This work ENDF/B-V 11-$2 foil chamber 

7.3 
16.0 
37.5 
50 
100 
200 
300 
400 
500 
600 
700 
800 
900 

196.1 
44.7 
72.0 
90.3 
34.13 
35.19 
18.44 
13.9 
27.5 
11.9 
11.9 
10.1 
9 5.5 

199.7 
45.5 
76.8 
93.2 
35.5 
35.2 
17.6 
13.54 
26.5 
11.6 
10.6 

13.3 
9.25 

209.0 f 13 207.0 k 9.0 0.73 
46.5 f 3.0 61.2 2 (a) 0.86 
80.5 f 5.2 85.8 f 4.8 2.57 
93.4 f 6.0 94.3 f 4.3 0.60 
35.4 f 2.3 36.4 k 1.8 0.90 
35.3 f 2.3 35.6 f 1.8 1.03 
18.4 f 1.2 18.7 k 1.3 1.33 
13.95 2 0.9 14.4 f 1.3 0.5 1 
27.6 f 1.8 27.3 k 1.7 0.83 
11.8 f 0.76 12.9 f 1.4 1.90 
11.2 f 0.72 12.3 f 1.8 1.30 
9.61 f 0.62 10.4 f 1.3 1.18 
14.5 k 0.93 16.0 f 1.4 0.92 

0.66 
0.84 
2.66 
0.64 
0.93 
0.99 
1.12 
0.44 
0.72 
1.53 
0.98 
0.82 
0.70 

0.76 f 0.1 0.73 f 0.07 
0.89 f 0.11 
2.82 f 0.21 3.1 2 0.19 
0.64 k 0.1 0.68 2 0.10 
0.96 f 0.12 1.0 f 0.15 
1.06 f 0.12 1.05 k 0.15 
1.34 f 0.14 1.25 2 0.18 
0.48 f 0.09 8.52 2 0.10 
0.78 k 0.11 0.78 2 0.13 
1.87 k 0.18 1.93 f 0.24 
1.00 k 0.12 1.16 f 0.17 
1.07 f 0.14 1.06 5 0.16 
0.77 f 0.1 0.88 f 0.14 

Wot  corrected for the contribution of the tungsten to the neutron capture cross section. 
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Fig. 44. Comparison of the capture cross section compputed with our resoI1spmcc 
parameters, soiid Ime, with ENDF/B-V, crosses, over the neutron energy range 1 
to 150 eV. 
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Fig. 46. Comparison of the capture CFQSS W C ~ ~ Q I I  comlputerll with om res 
parameters, solid line, with ENDF/H-V, crosses, over the neutron energy range 2 
to 250 ev. 
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Fig. 47. Comparison of the capture cross section computed with QUI resonance 
parameters, solid l i e ,  with ENDF/B-V, crosses, over the neutron energy range 250 
to 300 ev. 
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Below 0.5 eV, the R-matrix analysis is mostly constrained by the t r~nsm~ss~on  
measurements of Spencer et (Fig. 25), by the 1971 capture measurement of Gwin et 

renormalized to the thermal value of 269.3 b, and by the 1984 fission ~ e a ~ u ~ e ~ e ~ t  
of Gwin et al.,j6 normalized to the therma'. value of 74KB b (Fig. 1) .  From 0.5 to 30 eV 
the analysis is mostly constrained by the "8w resolution" transmission data of Harvey et 

(Figs. 27 and 281, and by the high accuracy fission data of Gwin et (Fig. 51, 
and Weston and Todd3' (Fig. 6). Above 50 eV the analysis is mostly constrained by the 
high resolution transmission data of Harvey et (Figs. 29 to 411, and the high 
accuracy fission data of Weston and Todd37 (Figs. 7 to 18). The structure of the fission 
cross sections from the measurements of B h s , 2 *  and of Weston and Todd,37 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 I 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 agpars  to haw 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.37 The measurements of' Blons,*' Wagemans et al.,4s and above 380 eV 
of Gwin et a!.,% 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 0.5 eV both our evaluation and ENDF/B-V are 
consistent with the recent measurement of @win et ~ l . , ~ ~  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 rnore recent experimental data. 

The capture cross sections obtained from our analysis, from ENDF/B-V and from the 
197 1 Oak Ridge National Laboratory/Rensselaer Palytechnic Institute measurement2' are 
compared in Table 7. Several energy regions of the measurements are obscured by the 
large 249?u resonance at 1.056 eV and by resonances in the tungsten chemical impurity of 
the sample (we Fig. 4). Both evaluations are reasonably consistent with the; measurement. 

Average absorption cross sections from1 our analysis, from ENDh;/ -V, and from the: 
1976 measurement of Gwin et are compared in Table 8 over the energy range 7.3 to 
1000 eV. The calculations from our resonance parameters and from ~ ~ ~ F ~ ~ - ~  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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Several sets of 239Pu 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 i s  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 et al. It also extends the resolved energy region well above previous 
evaluations. 

We received many helpful suggestions from F. 6. Perey and C. M. Perey concerning 
the Bayesian methodology for cross-section analysis. We are indebted to R. Gwin, J. A. 
Harvey, R. R. Spencer, and L. W. Weston for letting us use their data prior to 
publication and for a careful description of the experimental conditions of the 
measurements. G. L. Tweed contributed to the transmission-ratio data reduction. R. Q. 
Wright performed all the ENDF/B-V calculations. We are grateful to S. A. Raby for 
guiding the preparation of the manuscript through its numerous drafts. Two of the 
authors (R. B. Perez and R. L. Macklin) were also sponsored by DOE grant DE- 
FG05-85ER40188. 
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