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ABSTRACT 

In order to obtain the resonance parameters in a single energy range and the corresponding 
covariance matrix, a reevaluation of 239Pu was performed with the code SAMMY.  The most recent 
experimental data were analyzed or reanalyzed in the energy range thermal to 2.5 keV.  The 
normalization of the fission cross section data was reconsidered by taking into account the most 
recent measurements of Weston et al. and Wagemans et al.  A full resonance parameter covariance 
matrix was generated.  The method used to obtain realistic uncertainties on the average cross section 
calculated by SAMMY or other processing codes was examined. 
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1.  INTRODUCTION 

In the years 1985–1993, the SAMMY analysis of the 239Pu neutron transmission, fission cross 
section, and capture cross section experimental data was performed in the resolved resonance region 
up to 2500 eV neutron energy.1–5  The resonance parameters obtained in this analysis were adopted in 
1993 in the Evaluated Nuclear Data Library (ENDF)/B-VI.  The evaluation was performed in three 
separated and uncorrelated energy ranges: 0 to 1 keV, 1 keV to 2 keV, and 2 to 2.5 keV.  Due to the 
difficulties of handling large covariance matrices and inadequate format, the corresponding 
resonance parameter covariance file could not be used for ENDF/B-VI.  Furthermore, the 
discrepancy between the average experimental fission cross sections in the energy range 0.1 to 1 keV 
and the values obtained in the standard cross section evaluation6 was not solved before 1993.7,8  
Recently,9 advancements made at Oak Ridge National Laboratory (ORNL) allowed the treatment of 
large resonance parameter covariance matrices by faster and larger computers with an improved 
version of the computer code SAMMY.10  The aim of the present work is to analyze an updated and 
renormalized experimental data base in order to obtain the resonance parameter covariance matrix in 
a single energy range of 0 to 2.5 keV. 
 
 

2.  THE EXPERIMENTAL DATA BASE 

Most of the experimental data used in the present evaluation were taken at the Oak Ridge Electron 
Linear Accelerator (ORELA) between 1971 and 1993 by Gwin et al.11–13 for the fission and capture 
cross sections, by Weston et al.7,14–16 for the fission cross sections, and by Harvey et al.17,18 for the 
neutron transmissions.  These data cover the energy range 0.01 eV to 2.5 keV.  The high resolution 
of Harvey transmission data18 and of Weston 1988 fission data7 allowed the resonance analysis to be 
performed in the energy range up to 2.5 keV.  The fission cross section measurements performed by 
Wagemans et al.8,19 at Geel Linear Accelerator (GELINA) were used for normalization purpose.  The 
only total cross section data available for the analysis in the thermal energy range are those from the 
measurement performed by Bollinger20 in 1956.  The ORELA transmission data of Spencer et al.,21 
which were used in earlier evaluations, were not available for the present evaluation.  The main 
features of the experimental data are summarized in Table 1. 
 
 

Table 1.  Selected measurements of 239Pu neutron transmission and cross sections 

Reference 
Energy range 

(eV) 
Facility Measurement characteristics 

Bollinger et al. (1956)20 

Gwin et al. (1971)11 

Gwin et al. (1976)12 

Gwin et al. (1984)13 

Weston et al. (1984)15 

Weston et al. (1992)16 

Weston et al. (1993)7 

Wagemans et al. (1988)19 

Wagemans et al. (1993)8 

Harvey et al. (1985)17 

Harvey et al. (1988)18 

0.01 to 1.0 
0.01 to 0.5 
1.0 to 100. 
0.01 to 20.0 
9.0 to 2500. 
100.0 to 2500. 
0.02 to 40 
0.002 to 20.0 
0.01 to 1000.0 
0.7 to 30. 
30.0 to 2500.  

 
ORELA 
ORELA 
ORELA 
ORELA 
ORELA 
ORELA 
GELINA 
GELINA 
ORELA 
ORELA 

Total cross section; fast chopper 
Fission and absorption at 25.6 m 
Fission and absorption at 40 m 
Fission at 8 m 
Fission at 18.9 m 
Fission at 86 m 
Fission at 18.9 m 
Fission at 8 m 
Fission at 8 m 
Transmission at 18 m 
Transmission at 80 m 
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All data were retrieved from the Brookhaven National Laboratory EXFOR file.22  In the previous 
evaluation, the neutron energy scale was defined by the neutron time-of-flight (TOF) of the 80 m 
flight path Harvey transmission data.  All other TOF experiments were adjusted on this energy scale 
by a correction ΔE defined by the relation ΔE/E = a + bE1/2, E being the neutron energy.  This 
adjustment was kept in the present evaluation. 
 
Measurements that include the thermal energy range can be normalized on the standard cross 
sections at the neutron energy 0.0253 eV.  That is the case of Gwin 1971, 1976, and 1984 data, 
Wagemans 1988 and 1993 data, and Weston 1993 data.  The other measurements, Weston 1984 and 
Weston 1988, should be normalized in an energy range overlapping with measurement normalized at 
0.0253 eV. The normalization performed by Weston of his 1984 and 1988 data resulted in average 
fission cross sections 3 to 4% smaller than the values recommended by the ENDF/B-VI standard 
committee in the energy range 100 to 1000 eV.  The fission measurement performed by Weston in 
1993 was aimed at accurately determining the shape of the fission cross section down to 0.0253 eV 
for a more accurate normalization of previously reported ORELA fission cross section 
measurements.  The results indicate that 3% higher normalization should have been used for the 1984 
and 1988 fission data. At the same time, new measurements were also performed at GELINA by 
Wagemans et al.8 to address the ORELA data discrepancy; two different experiments were performed 
using different techniques.  Wagemans obtained the value of 9277 b.eV for the fission integral in the 
energy range 100 to 1000 eV, which confirmed the 1993 results of Weston. 
 
The problem of a normalization bias due to possible errors in the evaluation of the experimental 
background was not addressed by Weston, nor by Wagemans.  The Weston 1984 fission cross 
section was renormalized by 3% compared to its original value.  In the present work, a preliminary fit 
of the renormalized Weston 1984 data could be performed without background adjustment.  A 
background was needed to fit the re-normalized Weston 1988 data; this background was 1.5 b (8% of 
the average cross section) at 100 eV and about 0.3 b (7.5% of the average cross section) at 2.5 keV.  
Therefore, before re-normalizing Weston 1988 fission data one should perform a background 
correction correlated to the normalization correction.  These corrections were performed in the 
present evaluation prior to the final SAMMY fit of the data.  The need for a background correction in 
the Weston 1988 fission cross section was already stressed by Derrien and de Saussure in Ref. 2, but 
the experimental basis for this necessary correction is not fully understood. 
 
Experimental capture cross sections are available only from the Gwin et al.11,12 simultaneous fission 
and absorption measurements.  The absorption data were contaminated with spurious resonances due 
to impurities in the samples and in the detector.  The capture cross sections were obtained by the 
difference between the absorption and the fission cross sections and have large normalization and 
background uncertainties.  The point-wise cross sections in the energy range 0.02 eV to 2 keV, 
corresponding to the measurements available in Ref. 11 (1971 data), show a large gap in the energy 
range 1 to 7 eV.  Only average cross sections are available from the 1976 measurements.12   In the 
energy range above 1 eV, the point-wise capture data were not included in the sequential SAMMY 
fits of the present evaluation.  In general, the capture widths of the resonances could be obtained with 
good accuracy from analysis of the transmission and the fission experimental data.  The capture data 
were only used to check the values of the capture widths in some uncertain cases.  The contribution 
of the impurities in the energy range 0.02 to 1.0 eV was calculated by Gwin et al.11 by using the 
result of a multilevel fit of the resonance at 0.3 eV; in the present evaluation, the experimental data 
were corrected for this contribution and renormalized to the standard value at 0.0253 eV. 
 
Finally, after re-normalization, adjustment of the neutron energy on the same energy scale, and some 
background reevaluation, a consistent experimental data base was obtained that was suitable for a 
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sequential SAMMY analysis in the energy range 0.001 eV to 2.5 keV.  The other experimental 
parameters, such as the resolution and Doppler broadening parameters, were taken from the earlier 
evaluation.1–5  
 
 

3.  THE SAMMY ANALYSIS 

The three independent sets of resonance parameters of ENDF/B-VI were merged in a single set by 
suppressing the external resonances in the boundaries of the sets, keeping only the external negative 
resonances and the external resonances above 2.5 keV.  Since the three ENDF/B-VI parameter sets 
were obtained from uncorrelated evaluation, it was not expected that this single set could accurately 
fit the experimental data base.  Actually, the total and fission cross section at 0.0253 eV obtained 
with the single set was 1087 and 808 b, respectively, which is far from the standard values of 1027 
and 748 b.  Furthermore, the average neutron transmissions calculated with the single set deviated 
from the Harvey experimental values by 2 to 5% in some energy ranges, which is not consistent with 
the accuracy of less than 1% of Harvey experimental normalization.  A new set of external resonance 
parameters had to be evaluated.  From preliminary SAMMY fits, the parameters of two large 
fictitious negative energy resonances at –0.805 keV (0+ resonance) and –0.795 keV (1+ resonance), 
and of two large fictitious resonances above 2.5 keV, at 3.295 keV (1+ resonance) and at 3.305 keV 
(0+ resonance), were obtained that permitted reproduction of the Harvey transmission data within the 
experimental accuracy.  These fictitious resonances simulate the s-wave neutron strength function 
over an energy range of about 2.5 keV below 0 eV and above 2.5 keV.  The effective scattering 
radius R´ = 9.41 fm was kept from the previous evaluation. 
 
Three fictitious bound resonances in the energy range –5 to 0 eV were used to adjust the cross 
sections at 0.0253 eV.  The 0+ resonance at –4.4 eV can be used for small variation of the calculated 
capture and fission cross sections at 0.0253 eV.  A variation of 0.37% of the capture cross section is 
obtained by a variation of 3.4% of the capture width, with negligible effect on the fission cross 
section, and a variation of 0.13% of the fission cross section is obtained by a variation of 0.48% of 
the neutron width, with very little effect on the capture cross section.  The very small 1+ resonance at 
–0.1 eV can be used to modify the shape of the cross sections in the thermal range.  The capture 
widths of the resonances at –4.4 eV and –0.27 eV are 150.7 meV and 4.2 meV, respectively, which 
are not consistent with the average value.  Actually, due to the interference effect in the fission 
channels, the fission cross section in the thermal range is strongly correlated to the minimum of the 
cross sections at 7 eV.  The parameters of these fictitious resonances allow a good representation of 
the cross sections at thermal and at 7 eV. 
 
The SAMMY analysis was performed in three stages.  The first stage included Bollinger total cross 
section, Gwin 1971 fission and capture cross sections, Gwin 1984 fission cross section, Wagemans 
1988 fission cross section, and Weston 1993 fission cross section, in the energy range 0.01 to 7 eV, 
with the data normalized to the cross sections at 0.0253 eV.  The second stage was performed in the 
energy range 0.6 to 40 eV, including Harvey neutron transmission, Weston 1984 fission cross 
sections, Gwin 1984 fission cross sections, and Weston 1993 fission cross sections.  The third stage 
was performed in the energy range 30 to 2500 eV, including Harvey transmission data, Weston 1984 
fission cross section, and Weston 1988 fission cross section.  The experimental fission data were 
normalized to the integral value of 9277 b.eV recommended by Wagemans in the energy range 100 to 
1000 eV.  In each stage the cross section and transmission were calculated with the entire set of 
parameters.  The experimental data base contained a total number of 110,696 measured values.  The 
χ2 value corresponding to the final set of resonance parameters was 1.31 per data point. 
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Better fits of the fission cross sections were obtained with two 1+ fission channels, in the energy 
range below 30 eV where the interference effects between resonances are not washed out by the 
experimental resolution.  Only a single 1+ fission channel was used in the previous evaluations.  
Actually, there is no 1+ state in the simple collective bands of the deformed 240Pu nucleus.  As it was 
shown by Griffin,23 at least one 1+ state could be found by combination of two octopole vibration 
states, but it is also possible that another 1+ state could be found from other combinations. 
 
The new set of resonance parameters contains 1030 s-wave resonances for the description of the 
cross sections in the energy range 0 to 2.5 keV.  As for the previous evaluations, no attempt was 
made to identify possible p-wave resonances.  All the resonances for which the capture width could 
not be determined with good accuracy from the SAMMY analysis were assigned the value of 
39 meV, which is close to the average value, 40.6 meV, of the 152 values which were determined by 
the final SAMMY fits.  The statistical properties of the parameters are very close to those described 
in Refs. 1–5 and will not be examined in the present report. 
 
 

4.  THE CALCULATED TRANSMISSIONS AND CROSS SECTIONS 

The cross sections at 0.0253 eV calculated with the resonance parameters are shown in Table 2 and 
compared to the standard values, to ENDF/B-VI, and to the most recent Mughabghab24 
recommendation.  Small variations of the thermal cross sections have a large impact on the 
calculation of keff of thermal assemblies.  From several benchmark calculations it is possible to adjust 
the thermal cross sections to the most recommendable values.  The values shown in the last column 
of Table 2 were adjusted from benchmark calculations of keff of several thermal assemblies. 
 
The average fission cross sections calculated with the present resonance parameters are displayed in 
Tables 3 and 4 in the energy ranges thermal to 100 eV and 100 to 2500 eV, respectively. The 
experimental data of Gwin, Weston, and Wagemans and the values calculated from ENDF/B-VI are 
also shown for comparison.  As expected, the differences between the present evaluation and 
ENDF/B-VI are small, less than 1% when averaged over wide energy ranges. 
 
 

Table 2.  239Pu cross section at 0.0253 eV 

 
Standard  

1992 
B-VI  
1993 

Mughabghab 
2005 

Present  
2007 

Total (b) 
Fission (b) 
Capture (b) 
Scattering (b) 

(1027.30) 
747.99 ± 0.25 
271.43 ± 0.79 

7.88 ± 12.30 

1026.30 
747.66 
270.65 

7.99 

1025.3 ± 2.9 
748.1 ± 2.0 
269.3 ± 2.9 

7.94 ± 0.4 

1027.30 
747.09 
271.40 

8.81 
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Table 3.  Average fission cross sections in selected low neutron energy ranges for the most recent 
experimental data, ENDF/B-6, and the present evaluationa   

Energy 
Range  
(eV) 

Weston 
1984 

Gwin  
1984 

Wagemans 
1988 

Weston 
1993 

ENDF/B-6 
1993 

Present 
2007  

Percent 
deviation 

0.01–0.02 
0.02–0.03 
0.03–0.04 
0.04–0.05 
0.05–0.10 
0.10–0.20 
0.20–0.30 
0.30–0.40 
0.40–0.50 
0.50–1.00 
1.00–6.00 
6.00–10.0 

 969.9 
752.5 
645.1 
578.4 
497.8 
582.8 

1995. 
1684. 

349.4 
76.3 
12.1 
46.2 

970.6 
754.4 
652.1 
584.9 
498.7 
586.7 

2030. 
1708. 

346.1 
77.9 
12.1 
47.8 

974.0 
756.0 
648.5 
581.7 
497.8 
588.2 

2035. 
1695. 

347.0 
75.1 
11.5 
46.7 

971.3 
755.5 
647.7 
582.4 
499.3 
586.1 

2015. 
1689. 

348.0 
77.4 
11.6 
46.3 

971.6 
755.0 
647.2 
582.4 
501.7 
594.8 
2009. 
1693. 
341.0 

76.2 
11.7 
47.9 

–0.3 
–0.0 
–0.1 

0.0 
+0.5 
+1.5 
–0.3 
+0.2 
–2.1 
–1.6 
+0.9 
+3.5 

0.01–10.0  79.93 81.31 80.34 80.10 80.73 +0.8 
10.0–12.6 
12.6–20.0 
21.0–24.7 
24.7–30.0 
30.0–55.0 
55.0–80.0 
80.0–100. 

188.8 
74.0 
48.2 
18.9 
17.5 
71.9 
48.8 

191.8 
74.7 
46.3 
18.6 

191.7 
74.0 

190.3 
73.7 
48.0 
18.7 
17.4 
72.3 
49.2 

191.5 
72.6 
46.8 
18.2 
17.7 
72.0 
48.9 

192.3 
73.9 
47.0 
18.0 
17.6 
71.0 
48.6 

+0.4 
+1.8 
+0.4 
–1.1 
+1.1 
–1.4 
–0.6 

0.01–100. 
10.0–100. 

 
50.86 

  53.9 
50.99 

53.7 
50.78 

53.6 
50.54 

–0.2 
–0.5 

aThe last column shows the percentage deviation between the present evaluation and ENDF/B-VI.  The cross sections are 
given in barns. The average cross sections were calculated with the code SAMMY. 
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Table 4.  Average fission cross sections in selected energy ranges for neutron energy  
between 0.1 keV and 2.5 keVa   

Energy 
range 
(keV) 

Weston 
1984 

Weston 
1988 

Standard 
1990 

ENDF/B-6 
1993 

Present 
2007 

Percent 
deviation 

0.10–0.20 
0.20–0.30 
0.30–0.40 
0.40–0.50 
0.50–0.60 
0.60–0.70 
0.70–0.80 
0.80–0.90 
0.90–1.00 

18.50 
17.82 

8.313 
9.546 

15.51 
4.285 
5.507 
4.872 
8.361 

19.00 
17.83 

8.203 
9.403 

15.31 
4.189 
5.502 
4.873 
8.437 

19.00 
17.83 

8.203 
9.403 

15.31 
4.189 
5.502 
4.873 
8.437 

18.69 
17.80 

8.301 
9.580 

15.40 
4.358 
5.509 
4.842 
8.436 

18.41 
17.67 

8.268 
9.447 

15.36 
4.278 
5.525 
4.877 
8.424 

–1.5 
–0.7 
–0.4 
–1.4 
–0.3 
–1.9 
+0.3 
+0.7 
–0.1 

0.10–1.00 10.30 10.31 10.37 10.32 10.25 –0.7 
1.00–1.10 
1.10–1.20 
1.20–1.30 
1.30–1.40 
1.40–1.50 
1.50–1.60 
1.60–1.70 
1.70–1.80 
1.80–1.90 
1.90–2.00 

5.657 
6.026 
4.466 
7.331 
3.943 
2.422 
3.830 
3.204 
5.315 
1.996 

5.564 
6.118 
4.684 
7.299 
4.130 
2.583 
4.075 
3.513 
5.448 
2.139 

 5.551 
5.975 
4.592 
6.980 
4.033 
2.555 
3.944 
3.387 
5.165 
2.155 

5.488 
5.960 
4.496 
7.253 
3.984 
2.435 
3.890 
3.340 
5.307 
1.960 

–1.1 
–0.3 
–2.1 
+3.9 
–1.2 
–4.9 
–1.4 
–1.4 
+2.7 
–9.9 

1.00–2.00 4.419 4.555 4.466 4.432 4.419 –0.3 
2.00–2.10 
2.10–2.20 
2.20–2.30 
2.30–2.40 
2.40–2.50 

1.983 
3.028 
2.399 
3.534 
4.118 

2.014 
3.029 
2.342 
3.715 
4.050 

 2.033 
2.942 
2.351 
3.637 
3.961 

1.947 
2.988 
2.242 
3.636 
4.034 

–4.4 
+1.6 
–4.9 
–0.0 
+1.8 

2.00–2.50 3.012 3.030  2.985 2.968 –0.6 
a Weston 1984 data and Weston 1988 data, ENDF/B-6, and the results of the present analysis are 
displayed in the table. Weston 1984 data and Weston 1988 data were normalized to the integral 
standard proposed by Wagemans in 1993.  The last column shows the percentage deviation between 
ENDF/B-6 and the present evaluation.  The cross sections are given in barns. The average cross 
sections were calculated with the code SAMMY. 

 
The average capture and absorption cross sections are displayed in Table 5 in the energy range 0.02 
to 100 eV, and in Table 6 in the energy range 0.05 to 2.5 keV, along with the data calculated with the 
present resonance parameters and those calculated from ENDF/B-VI.  In the thermal energy range, 
the experimental capture data and the calculated values agree in general within 1%.  In the energy 
range 7 to 100 eV, the evaluated data are significantly smaller than Gwin 1971.  The differences 
could be due to the uncertainties in background and impurities contribution corrections in the 
experimental data, as it is shown in Fig. 1.  In the energy range 0.10 to 1.0 keV, the calculated 
capture cross section is, on average, 7% smaller than Gwin 1976.  It is likely that the absorption cross 
sections inferred from the very accurate Harvey transmission measurements are more reliable than 
the Gwin measurements which needed important background and impurities corrections.  Note that 
the calculated capture data agree within 1.3%, on average, with Schomberg25 measured values in the 
energy range 0.10 to 1 keV.  In the energy range 1 to 2 keV, the calculated cross section is between 
the Schomberg and the Gwin values. 
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Table 5.  Average capture cross sections in selected energy ranges  
for neutron energy below 100 eVa 

Energy 
range  
(eV) 

Gwin 1971 Gwin 1976 
Gwin 

EXFOR 
ENDF/B-6 

1996 
Present 

2007  
Percent 

deviation 

0.02–0.03 
0.03–0.04 
0.04–0.05 
0.05–0.06 
0.06–0.07 
0.07–0.08 
0.08–0.09 
0.10–0.20 
0.20–0.30 
0.30–0.40 
0.40–0.50 
0.50–0.60 
0.60–0.70 

273. 
244. 
231. 
226. 
223. 
226. 
230. 
236. 
350. 

1363. 
1152. 

203. 
69. 
33. 

282. 
246. 
227. 
226. 
222. 
213. 
227. 
236. 
347. 

1359. 
1139. 

204. 
68. 
34. 

267. 
238. 
226. 
222. 
218. 
221. 
225. 
231. 
346. 

1354. 
1089. 

191. 
65. 
33. 

272.9 
245.1 
230.7 
233.5 
221.1 
222.1 
226.1 
232.7 
347.6 

1362.6 
1090.0 

190.0 
66.4 
33.8 

273.7 
245.3 
230.5 
223.0 
220.2 
221.0 
224.7 
231.1 
343.4 
1342.8 
1105.2 
192.2 

66.8 
33.9 

+0.3 
+0.2 
–0.1 
–0.2 
–0.4 
–0.5 
–0.6 
–0.7 
–1.2 
–1.5 
+1.4 
+1.2 
+0.6 
+0.3 

0.02–0.70 493.9 491.0 479.9 482.8 481.1 –0.4 

0.70–7.30 
7.30–16.0 
16.0–37.5 
37.5–50.0 
50.0–100. 

 
88.5 ± 15. 
22.0 ± 4.0 
62.4 ± 6.0 
37.3 ± 6.0 

  3.12 
76.4 
20.5 
48.6 
33.6 

2.91 
74.3 
20.7 
49.7 
34.5 

–7.2 
–3.0 
+1.0 
+2.3 
+2.7 

aThe last column shows the percentage deviation between ENDF/B-6 and the present evaluation.  The data 
labeled Gwin EXFOR come from the only Gwin experimental data compiled in the CSISRS library, 
corrected for the impurity contributions in the energy range below 0.7 eV in the present evaluation.  The 
data labeled Gwin 1971 and Gwin 1976 are those of Refs. 11 and 12 renormalized at 0.0253 eV.  In the 
energy range above 7.3 eV, the differences between the experimental data and the evaluated data are due to 
an important remaining background in the experimental data (Fig. 3). The cross sections are given in barns.  
The average cross sections were calculated with the code SAMMY. 
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Table 6.  Average absorption and capture cross sections in selected energy ranges  
for neutron energy between 50 and 2500 eVa   

Energy 
range 
(keV) 

Gwin 
Abs. 

(1976) 

ENDF/B-6 
Abs. 

Present 
Abs. 

Shomberg 
Capt. 
(1970) 

Gwin 
Capt. 
(1976) 

ENDF/B-6 
Capt. 

Present 
Capt. 

Percent 
difference 

0.05–0.10 
0.10–0.20 
0.20–0.30 
0.30–0.40 
0.40–0.50 
0.50–0.60 
0.60–0.70 
0.70–0.80 
0.80–0.90 
0.90–1.00 

92.84 
33.66 
34.69 
18.31 
13.56 
26.54 
11.57 
10.52 

9.30 
13.23 

 
34.22 
35.59 
17.95 
13.52 
26.23 
10.86 
10.43 

8.47 
13.48 

92.35 
33.59 
32.70 
17.36 
13.30 
25.95 
10.85 
10.23 

8.56 
13.55 

 
17.81 
14.86 

9.90 
4.29 
9.88 
6.91 
5.16 
2.85 
4.42 

35.88 
15.70 
16.79 

9.83 
4.16 

11.08 
7.02 
5.18 
4.20 
5.40 

33.60 
15.53 
15.74 

9.65 
3.94 

10.83 
6.50 
4.92 
3.63 
5.04 

34.00 
15.18 
15.02 

9.10 
3.85 

10.59 
6.57 
4.71 
3.69 
5.12 

+1.2 
–2.3 
–4.8 
–6.0 
–2.3 
–2.3 
+1.1 
–4.5 
+1.3 
+1.6 

0.10–1.00 19.04 18.75 18.42 8.31 8.81 8.43 8.20 –2.8 
1.00–1.10 
1.10–1.20 
1.20–1.30 
1.30–1.40 
1.40–1.50 
1.50–1.60 
1.60–1.70 
1.70–1.80 
1.80–1.90 
1.90–2.00 

 10.26 
9.71 
8.86 
9.98 
7.46 
6.05 
7.75 
7.45 
8.78 
5.39 

9.83 
9.58 
8.56 
9.92 
7.36 
5.90 
7.61 
7.30 
8.76 
5.22 

  4.71 
3.74 
4.26 
3.00 
3.43 
3.50 
3.81 
4.07 
3.62 
3.23 

4.34 
3.62 
4.06 
2.67 
3.38 
3.47 
3.72 
3.96 
3.46 
3.25 

–8.5 
–3.5 
–4.9 

–12. 
–1.5 
–0.9 
–2.4 
–2.8 
–4.6 
+0.6 

1.00–2.00 8.31 8.18 8.00 3.25 3.79 3.74 3.59 –4.2 
2.00–2.50  6.44 6.13   3.46 3.16 –9.5 
aData from Gwin 1976 are given and compared to ENDF/B-6 and the present evaluation.  The last column shows the 
percentage difference between ENDF/B-6 and the present evaluation.  The average capture cross sections in the present 
evaluation are generally lower than those calculated from ENDF/B-6 and significantly lower than Gwin 1976 values.  The 
difference between the present values and Gwin values are mainly due to different absorption cross sections. 

 
 
 
The dilute capture resonance integral values of ENDF/B-VI and of the present evaluation are 
displayed in Table 7 in several energy ranges.  By adding the contribution of ENDF/B-VI in the 
energy range 2.5 keV to 20 MeV, one obtains, in the energy range 0.5 eV to 20 MeV, the value of 
179.74 b for the present evaluation compared to the value of 181.54 b for ENDF/B-VI and 180 ± 20 b 
from Mughabghab24 recommendations. 
 
The averaged experimental neutron transmissions of Harvey are compared to the values calculated 
with the resonance parameters in Table 8.  The difference of 0.5% over the energy range 0.030 to 
2.5 keV between the thick sample experimental data and the calculated values corresponds to 0.07 b 
of the total cross section, which is 0.6% of the potential scattering cross section. 
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Table 7.  Capture resonance integral in selected energy range 

Energy range  
(eV) 

ENDF/B-VI 
(barn) 

Present 
(barn) 

Percentage 
difference 

(%) 

0.01–0.10 
0.10–0.30 
0.30–0.50 

626.7 
777.9 
371.1 

627.7 
767.5 
376.1 

+0.2 
–1.4 
+1.3 

0.01–0.50 1775.7 1771.3 –0.2 
0.50–0.70 
0.70–7.00 
7.00–100. 
100.–1000. 
1000.–2000. 
2000.–2500. 

17.58 
11.82 

118.26 
26.09 

2.62 
0.77 

17.67 
11.32 

117.91 
25.26 

2.51 
0.71 

+0.5 
–4.4 
–0.3 
–3.3 
–4.4 
–8.5 

0.5–2500. 177.09 175.29 –1.0 

 
 
 
 

 
Table 8.  J. A. Harvey18 average 239Pu neutron transmissions for three sample thicknessesa 

Energy range 
(keV) 

0.074 at/b 0.018 at/b 0.0064 at/b 

exp. Theory (%) exp. Theory (%) exp. Theory (%) 

0.006–0.030 
0.030–0.100 
0.100–0.200 
0.200–0.400 
0.400–0.600 
0.600–0.800 
0.800–1.000 
1.000–1.200 
1.200–1.400 
1.400–1.600 
1.600–1.800 
1.800–2.000 
2.000–2.250 
2.250–2.500 

0.1760 
0.1511 
0.2047 
0.2132 
0.2162 
0.2639 
0.2669 
0.2691 
0.2655 
0.2928 
0.2902 
0.2794 
0.2986 
0.2842 

0.1790  
0.1523  
0.2075 
0.2122 
0.2154  
0.2641  
0.2669  
0.2675  
0.2636  
0.2918  
0.2901  
0.2781  
0.2974  
0.2786  

+1.7 
+0.8 
+1.4 
–0.5 
–0.4 
+0.1 
–0.0 
–0.6 
–0.7 
–0.3 
–0.0 
–0.5 
–0.4 
–2.0 

0.5240 
0.4990 
0.6027 
0.6183 
0.6265 
0.6838 
0.6836 
0.6831 
0.6886 
0.7164 
0.7038 
0.7000 
0.7261 
0.7058 

0.5240  
0.4960  
0.6004  
0.6160  
0.6241  
0.6826  
0.6828 
0.6838 
0.6890 
0.7168 
0.7045 
0.7007 
0.7226 
0.7045 

–0.0 
–0.6 
–0.4 
–0.4 
–0.4 
–0.6 
–0.1 
+0.1 
+0.1 
+0.1 
+0.1 
+0.1 
–0.5 
–0.2 

0.7200 
0.7240 
0.8042 
0.8149 
0.8263 
0.8643 
0.8632 
0.8656 
0.8712 
0.8852 
0.8753 
0.8766 
0.8925 
0.8784 

0.7190  
0.7200  
0.8001  
0.8136  
0.8248  
0.8637  
0.8625  
0.8657  
0.8702  
0.8853  
0.8765  
0.8464  
0.8886  
0.8792  

–0.1 
–0.6 
–0.6 
–0.5 
–0.2 
–0.1 
–0.1 
+0.0 
–0.1 
+0.0 
+0.1 
–0.0 
–0.4 
+0.3 

0.030–2.500 0.2624 0.2612  –0.5 0.6775 0.6788  +0.1 0.8580 0.8581  –0.0 
aThe experimental values (exp.) are compared to the values calculated with the resonance parameters (theory). An error 
of 1% on the thick sample transmission corresponds to 0.135 b in the total cross section, which is about 1% of the 
potential scattering cross section. The percentage deviations between the experimental values and the theoretical 
values are also given. 
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Examples of SAMMY fits are given in Figs. 1 to 10.  The experimental data and the corresponding 
values calculated with the resonance parameters are displayed.  The results of η = υσa/σf 
measurements26–32 are given in Fig. 2; the experimental data were normalized to the area of the curve 
calculated with the resonance parameters and the values of υ (average number of neutron emitted by 
fission) taken in JEF/DOC-1158.33  The fits of the thermal data and of the resonance at 0.3 eV are 
shown in Fig. 3.  Gwin 1971 capture cross sections are shown in Fig. 1 in the energy range 7 to 
40 eV.  The experimental data were not corrected for the tungsten isotope resonance contributions.  
The discrepancy between the resonances is likely due to an important residual background in the 
experimental data.  Figures 4 and 5 show the most recent experimental fission cross sections in the 
energy range up to 100 eV.  The low values of the experimental cross sections near 30 eV and near 
38 eV are not well represented by the resonance parameters.  The errors on these measured low cross 
sections could be important due the uncertainties on the background evaluation.  Examples of fits of 
Weston 84 and Weston 88 fission data are given in Figs. 6 and 7 in the energy range 300 to 400 eV 
and 2.0 to 2.5 keV, respectively. Figures 8 to 10 show the fits to Harvey transmission data in the 
energy ranges 30 to 100 eV, 750 to 1000 eV, and 2.0 keV to 2.5 keV, respectively. 
 
 

 

Fig. 1.  239Pu capture cross section in the energy range 6 to 40 eV.  The 
experimental data are those of Gwin 1971 not corrected for the impurities 
contribution.  The dashed line represents the cross section calculated by the resonance 
parameters.  The solid line represent the resonance contribution plus a background. 
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Fig. 2.  239Pu eta = ν σf/σa in the thermal energy range.  The experimental data were 
normalized to the area of the calculated value curve (solid line on the figure).  

 
 
 

 

Fig. 3.  239Pu neutron cross sections in the thermal energy range.  The solid lines 
represent the values of the cross sections calculated from the resonance parameters. 
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Fig. 4.  239Pu fission cross sections in the energy range 1 to 50 eV.  The solid lines represent the cross 
sections calculated by the resonance parameters. 

 
 
 

 

Fig. 5.  239Pu fission cross sections in the energy range 30 to 100 eV.  The solid lines represent the cross 
section calculated with the resonance parameters. 
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Fig. 6.  239Pu fission cross sections in the energy range 300 to 400 eV.  The solid 
lines represent the cross sections calculated with the resonance parameters.  

 

 

Fig. 7.  239Pu fission cross sections in the energy range 2000 to 2500 eV.  The solid lines represent 
the cross sections calculated with the resonance parameters.  
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Fig. 8.  J. A. Harvey (ref. 18) 239Pu neutron transmission in the energy range 30 to 
100 eV.  The solid lines represent the corresponding data calculated with the resonance 
parameters. 

 
 

 

Fig. 9.  J. A. Harvey (ref. 18) 239Pu neutron transmissions in the energy range 0.75 to 
1.0 keV. The solid lines represent the corresponding data calculated with the resonance 
parameters.  
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Fig. 10.  J. A. Harvey (ref. 18) 239Pu neutron transmission in the energy range 2.0 to 
2.5 keV.  The solid lines represent the corresponding data calculated with the resonance 
parameters.  

 
 

5.  THE RESONANCE PARAMETER COVARIANCE MATRIX 

The calculation of the resonance parameter covariance matrix was performed by a single SAMMY 
run in the energy range 0.01 eV to 2.5 keV, including sequentially all the experimental data, with 
variation of all the resonance parameters.  The experimental data base contains experimental data in 
partial energy ranges; there is no experimental data set covering the entire energy range of the 
resonances.  To alleviate this difficulty for the calculation of a full resonance parameter covariance 
matrix, “fictive experimental” fission and capture cross sections were generated over the energy 
range 0 to 2500 eV from the resonance parameters with a resolution at least equivalent to the best 
experimental resolution.  These data were added to the experimental data base at the end of the 
SAMMY sequences with appropriate normalization and background uncertainties.  The analysis was 
performed with the PUP option of SAMMY.  The calculation needed large memory space, due to the 
handling of matrices of about 106 elements.  The resulting resonance parameter covariance file was 
used to calculated the covariance matrix of group cross sections with the PUFF34 and ERRORJ35 
processing codes.  Although the PUP version of SAMMY allows the systematic uncertainties of the 
experimental data to be taken into account, the uncertainties of the calculated group cross sections 
are still small.  Another option of SAMMY allows to multiply, in chosen energy ranges, the errors on 
the resonance parameters by a suitable coefficient, in order to enhance the uncertainties on the 
average cross sections.  This method does not work for small cross sections between resonances, 
where the systematic uncertainties, mainly due to the uncertainties in the experimental background 
evaluation, are important compared to the calculated cross sections.  An example of calculated group 
cross sections and uncertainties is given  in  Table 9.   In  the  energy range  1  to 7 eV, the calculated 
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Table 9.  Group cross sections (b) and uncertainties calculated by PUFF-IV  

in the energy range of 0.01 eV to 2.5 keV 

E1 E2 σγ Δ σγ σf Δσf 

0.01 
0.02 
0.03 
0.04 
0.05 
0.10 
0.20 
0.30 
1.00 
7.00 

10.00 
12.00 
18.00 
21.00 
28.00 
31.00 
36.00 
40.00 

100.00 
200.00 
500.00 

1000.00 
1500.00 
2000.00 

0.02 
0.03 
0.04 
0.05 
0.10 
0.20 
0.30 
1.00 
7.00 

10.00 
12.00 
18.00 
21.00 
28.00 
31.00 
36.00 
40.00 

100.00 
200.00 
500.00 

1000.00 
1500.00 
2000.00 
2500.00 

336.35 
273.35 
244.76 
229.77 
222.89 
342.95 

1353.61 
201.01 

1.31 
47.66 

117.61 
73.51 

2.37 
32.50 

0.34 
5.90 
0.54 

37.34 
15.23 

9.34 
6.15 
3.62 
3.59 
3.20 

5.81 
5.33 
3.95 
3.48 
2.99 
4.24 

19.13 
4.74 
0.02 
0.69 
0.75 
0.58 
0.33 
0.62 
0.01 
0.18 
0.07 
0.80 
0.25 
0.16 
0.09 
0.06 
0.06 
0.06 

975.22 
755.99 
646.25 
579.67 
495.26 
585.66 

2014.47 
337.12 

13.46 
61.16 

249.20 
90.72 

1.73 
44.21 

1.44 
5.67 
1.73 

52.73 
18.44 
11.81 

7.69 
5.63 
3.95 
2.94 

10.13 
9.42 
7.54 
6.96 
6.07 
5.42 

20.05 
4.91 
0.31 
0.66 
1.06 
0.56 
0.31 
0.66 
0.07 
0.20 
0.07 
0.07 
0.26 
0.18 
0.09 
0.08 
0.04 
0.04 

 
capture cross section uncertainty of 0.02 b is very small compared to estimated systematic 
uncertainty of about 0.5 b.  Due to the interference effects in the fission channels, the cross sections 
calculated in this energy range depend strongly on the parameters of the bound levels.  Differences as 
large as 0.5 b are found in cross sections calculated with sets of bound levels fitting accurately the 
cross sections at 0.0253 eV.  Since the capture cross sections were not measured in this energy range, 
the average cross section value remains ambiguous. 
 
In general, a sequential SAMMY analysis of an experimental data base is performed in two stages.  
In the first stage, an experimental data base is created by taking the data in the EXFOR library or/and 
directly from the authors of the measurements.  This data base could be inconsistent due to large 
experimental uncertainties.  During the SAMMY analysis of this original data base, experimental 
parameters (normalization corrections, background corrections etc.) are varied.  The output of such 
an analysis then contains fitted values and uncertainties for those experimental parameters.  In the 
second stage, renormalization and background corrections are applied to the experimental data using 
the information obtained in the first stage; an estimation of the systematic uncertainties can also be 
made for each data set.  The corrected experimental data constitute a consistent data base which can 
then be represented by a single set of resonance parameters.  The SAMMY analysis of this consistent 
data base will generate a pure Resonance Parameter Covariance Matrix (RPCM).  In this case only 
the statistical uncertainties of the experimental data are propagated in the process of the analysis; 
systematic uncertainties are ignored.  The calculated uncertainties of the average cross sections are 
statistical uncertainties and are generally small.  The analysis of the consistent data base could also 
be performed by using the PUP option in SAMMY, the systematic uncertainties being introduced on 
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“pupped” experimental parameters.  The pupped parameters allow SAMMY to calculate the 
experimental covariance matrix prior to the Bayes analysis.  The corresponding RPCM is expected to 
give larger uncertainties on the average cross sections, because taking into account, in a certain way, 
the systematic uncertainties of the experimental data. 

 
Tables 10 and Table 11 show examples of different ways of calculating the uncertainties on fission 
and capture group cross sections in the energy range 0.01 eV to 2.5 keV.  The “pupped” experimental 
parameters were the normalization coefficient k , and the  background adjustment parameters a and b; 
the background being defined as a + b/E1/2, E is the neutron energy, with the uncertainties Δk, Δa, 
and Δb, respectively.  In the tables, E1 and E2 are the energy limits of the groups, σf and σγ are the 
average fission and capture cross sections in each group.  The column with the label Stat, contains the 
uncertainties calculated from the fit of the consistent experimental data base using the current version 
of SAMMY; they are small and reflect only the experimental statistical uncertainties.  The column 
with the label Pup, contains the uncertainties calculated from the fit with the PUP option in SAMMY.  
The Pup uncertainties are in general larger than the Stat uncertainties, but are still much smaller than 
the expected systematic uncertainties.  The column with the label Expv contains the uncertainties 
obtained from a fit using the current version of SAMMY with variation of the experimental 
parameters.  The Expv uncertainties are much larger than the Stat or the Pup uncertainties.  They are 
compatible with the systematic experimental uncertainties.  For comparison with what is expected to 
be realistic uncertainties, the uncertainties were also estimated from the crude relation: 
 

[(Δkσx)2 + (Δa}2 + (Δb)2/E]1/2  , 
 

Table 10.  239Pu average fission cross section (b) in energy ranges E1 to E2 (eV) 
and associated uncertainties 

E1 E2 σf Uin Uout Expv Pup Stat 
0.01 
0.02 
0.03 
0.04 
0.05 
0.10 
0.20 
0.30 
1.00 
7.00 

10.00 
12.00 
18.00 
21.00 
28.00 
31.00 
36.00 
40.00 

100.0 
200.0 
500.0 

1000.0 
1500.0 
2000.0 

0.02 
0.03 
0.04 
0.05 
0.10 
0.20 
0.30 
1.00 
7.00 

10.00 
12.00 
18.00 
21.00 
28.00 
31.00 
36.00 
40.00 

100.0 
200.0 
500.0 

1000.0 
1500.0 
2000.0 
2500.0 

975.22 
155.99 
646.25 
579.67 
495.26 
585.66 

2014.47 
337.12 

13.46 
61.15 

249.20 
90.72 

1.73 
44.21 

1.44 
5.67 
1.73 

52.73 
18.44 
11.81 

7.69 
5.63 
3.95 
2.94 

5.58 
4.35 
3.72 
3.34 
2.82 
3.12 

10.07 
1.80 
0.27 
0.37 
1.25 
0.49 
0.18 
0.28 
0.16 
0.16 
0.15 
0.30 
0.16 
0.13 
0.12 
0.11 
0.11 
0.11 

3.90 
3.06 
2.61 
2.34 
1.96 
2.17 
7.17 
1.23 
0.15 
0.24 
0.89 
0.33 
0.09 
0.18 
0.08 
0.08 
0.08 
0.20 
0.10 
0.08 
0.09 
0.07 
0.07 
0.07 

4.00 
3.10 
2.64 
2.37 
2.00 
2.21 
7.15 
1.27 
0.15 
0.24 
0.88 
0.35 
0.09 
0.18 
0.08 
0.09 
0.08 
0.21 
0.10 
0.08 
0.08 
0.07 
0.07 
0.07 

0.5090 
0.3840 
0.3190 
0.2770 
0.2090 
0.1360 
0.0952 
0.0510 
0.0143 
0.0082 
0.0092 
0.0544 
0.0068 
0.0041 
0.0042 
0.0175 
0.0034 
0.0322 
0.0113 
0.0063 
0.0049 
0.0046 
0.0030 
0.0033 

0.0685 
0.0517 
0.0429 
0.0374 
0.0284 
0.0188 
0.0133 
0.0070 
0.0023 
0.0033 
0.0055 
0.0516 
0.0050 
0.0026 
0.0030 
0.0170 
0.0020 
0.0279 
0.0150 
0.0055 
0.0041 
0.0041 
0.0027 
0.0030 
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Table 11.  239Pu average capture cross section (b) in energy ranges E1 to E2 (eV) 

and associated uncertainties  

E1 E2 σf Uin Uout Expv Pup Stat 

0.01 
0.02 
0.03 
0.04 
0.05 
0.10 
0.20 
0.30 
1.00 
7.00 

10.00 
12.00 
18.00 
21.00 
28.00 
31.00 
36.00 
40.00 

100.0 
200.0 
500.0 

1000.0 
1500.0 
2000.0 

0.02 
0.03 
0.04 
0.05 
0.10 
0.20 
0.30 
1.00 
7.00 

10.00 
12.00 
18.00 
21.00 
28.00 
31.00 
36.00 
40.00 

100.0 
200.0 
500.0 

1000.0 
1500.0 
2000.0 
2500.0 

336.35 
273.36 
244.76 
229.77 
222.89 
342.95 

1353.61 
201.01 

1.31 
47.66 

117.61 
73.51 

2.37 
32.50 

0.34 
5.90 
0.54 

37.34 
15.23 

9.34 
6.15 
3.62 
3.59 
3.20 

6.65 
5.27 
4.57 
4.13 
3.53 
3.98 

13.52 
2.35 
0.62 
0.69 
1.25 
0.86 
0.44 
0.55 
0.41 
0.41 
0.40 
0.54 
0.37 
0.34 
0.32 
0.31 
0.31 
0.30 

4.68 
3.71 
3.22 
2.91 
2.48 
2.79 
9.47 
1.65 
0.44 
0.49 
0.87 
0.60 
0.31 
0.39 
0.29 
0.29 
0.28 
0.38 
0.26 
0.24 
0.22 
0.22 
0.22 
0.21 

4.58 
3.57 
3.07 
2.77 
2.37 
2.73 
9.54 
1.60 
0.33 
0.42 
0.85 
0.56 
0.23 
0.34 
0.22 
0.22 
0.22 
0.35 
0.23 
0.22 
0.21 
0.20 
0.20 
0.20 

0.00770 
0.00568 
0.00461 
0.00393 
0.00281 
0.00164 
0.00103 
0.00044 
0.00007 
0.00007 
0.00015 
0.00318 
0.00016 
0.00004 
0.00015 
0.00756 
0.00005 
0.00259 
0.00186 
0.00056 
0.00086 
0.00044 
0.00027 
0.00064 

0.00180 
0.00133 
0.00109 
0.00092 
0.00066 
0.00038 
0.00024 
0.00011 
0.00004 
0.00007 
0.00014 
0.00300 
0.00015 
0.00004 
0.00015 
0.00750 
0.00004 
0.00237 
0.00184 
0.00055 
0.00086 
0.00044 
0.00027 
0.00064 

 
 
which is a quadratic combination of the uncertainties on the cross sections due to the uncertainties on 
k, a, and b.  The column with the label Uin contains these estimated uncertainties corresponding to 
the input values of k, a, and b in the corresponding SAMMY sequence, and the column with the label 
Uout contains the estimated uncertainties corresponding to the output values, i.e., those that are in 
the covariance matrix.  The conclusion is straightforward: only the Expv uncertainties are realistic: 
they are practically the same than the Uout values. 
 
In SAMMY, the calculation of the uncertainties or variances of group or averaged cross sections is 
performed according to the relations (V C1.9) and (V C1.10) of the SAMMY manual,10 which are 
summations of quantities including all the elements of the non diagonal RPCM.  In the PUP option of 
SAMMY the “pupped” experimental parameters are not in the RPCM.  Therefore the corresponding 
uncertainties and correlations are not explicitly taken into account in the calculation of the variance 
and covariance of the average cross sections.  Among the data shown in Tables 10 and 11, only the 
Expv uncertainties are calculated with a RPCM including explicitly variances and co-variances 
related to experimental parameters.  Unfortunately such covariance matrices cannot be used in the 
ENDF format.  The uncertainties shown in Table 9 is the result of a make-shift to alleviate the 
deficiencies of the ENDF formats. 
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6.  CONCLUSIONS 

The 239Pu resonance parameters have been reevaluated in the energy range thermal to 2500 eV.  The 
three uncorrelated energy ranges of the previous evaluations were merged in a single range.  The most 
recent fission cross section measurements of Weston et al. and of Wagemans et al. were added to the 
experimental data base, allowing a more accurate normalization of the experimental fission data.  A 
complete resonance parameter covariance matrix was obtained in the energy range 0 to 2500 eV.  
This large covariance matrix was processed with the code PUFF-IV and allowed the calculation of 
reasonable uncertainties of the group averaged cross sections. 
 
Propagating the systematic uncertainties in all stages of the evaluation was not straightforward.  In 
addition to the variances and co-variances of the resonance parameters the RPCM should also contain 
the variances and co-variances related to the experimental parameters, needed for a realistic 
calculation of the systematic uncertainties of the average cross sections.  The RPCM including such 
parameters is not provided in the ENDF format.  Palliative methods have to be used to compensate 
the lack of adequate format.  In the present evaluation, the uncertainties in the RPCM were multiplied 
by suitable coefficients in order to enhance the uncertainties on the group cross sections.  The result is 
not satisfactory in some energy ranges.  The RPCM is stored in file 32 of the ENDF format.  In 
general the resolved resonance energy range of the file 3 contains no cross section values, or the 
values needed to represent the part of the cross sections that could not be described by the resonance 
parameters (direct capture, contribution of the missed p- or d-wave resonances etc...).  The covariance 
matrix associated to file 3 is stored in the file 33 and contains the variances and co-variances of the 
cross sections in the energy range above the resolved energy range.  A file 33 could also be generated 
in the resolved resonance range, that contains the variances and co-variances associated to the 
experimental systematic uncertainties lacking in the RPCM.  The processing of two covariance 
matrices in the resolved energy range by ERRORJ or PUFF IV, is possible without additional 
computation capability in these codes.  The feasibility of this method has already been tested in the 
evaluation of the 55Mn resonance parameters.36 
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