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ABSTRACT 

A recent high-resolution measurement of the neutron fission cross section of 
239Pu has allowed the extension from 1 to 2 keV of a previously reported resonance 
analysis of the neutron cross sections, and an improvement of the previous analysis 
in the range 0.3 to 1 keV. Extensive tabular and graphical comparisons between 
results of measurements and calculations with the resonance parameters are given. 
The evaluation in ENDF-6 format is available at the nuclear data centers (NNDC 
at Brookhaven National Laboratory and NEADB at Saclay). 
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1. INTRODUCTION 

The results of the 239Pu fission cross-section measurement reported in 1984 by 
Weston and Todd' and recent transmission measurements of Harvey et a1.' were 
analyzed up to 1 keV.3 The 1984 fission cross-section measurement of Weston and 
Todd was done on a 20-m flight path and the instrumental resolution of the measure- 
ment was not sufficient to carry the resonance analysis beyond 1 keV. A new fission 
cross-section measurement on an 80-m flight path has recently been completed by 
Weston and Todd.4 The resolution of this new measurement is comparable to that 
of the transmission measurements of Harvey et al. (also done on a 80-m flight path) 
and permits extension of the resonance analysis to higher energies. The purpose of 
this report is to describe the results of a consistent multilevel resonance analysis, 
from 300 eV to 2 keV, of the new fission cross-section measurement of Weston and 
Todd and of the transmission measurements of Harvey et al. 

The results of the analysis in ENDF-6 are available at the nuclear data centers 
(NNDC at Brookhaven National Laboratory and NEADB at Saclay) and have been 
submitted for inclusion into JEF-2' and ENDF/B-VI.' 

1 



2. EXPERIMENTAL DATA BASE 
AND METHOD OF ANALYSIS 

The resonance analysis computer code SAMMY7 was utilised to perform the 
analysis, using the Reich-Moore multilevel R-matrix formalism.8 In the energy re- 
gion 300 to 1000 eV, a prior set of resonance parameters was available, obtained 
from the previous ana ly~ i s .~  The new fission cross-section measurement of Weston 
and Todd was added to the previously used data base. Because of the improvement 
in the resolution of the fission cross-section measurement, additional resonances had 
to be included and the process of analysis was repeated including the entire data 
base previously used. In the energy region 1 to 2 keV, no prior set of resonance 
parameters was available, and the initial input values to the SAMMY analysis were 
guessed from a graphical examination of the fission cross-section and transmission 
measurements. 

All the resonances were taken as s-wave resonances. The p-wave penetration 
factor is approximately 0.005 at 1 keV; therefore, some of the small resonances 
in the 1 to '2 keV energy range could, in fact, be p-wave resonances, but existing 
data do not permit discrimination between the smaller s-wave and the large p 
wave resonances. Spin assignments were made assuming that the resonances with a 
fission width larger than 300 meV were O+ resonances and that all others were 1'. 
At the higher energies, some very wide resonances are hidden by the contributions 
of smaller resonances and can hardly be detected: 45 wide resonances were observed 
in the interval 1 to 1.5 keV, and 24 in the interval 1.5 to 2 keV, while below 1 keV, 
more than 50 wide resonances were observed in each 0.5-keV interval. Above 1 keV, 
no attempt was made to search for capture widths: a value of 46 meV was used for 
all the resonances. This value is the average value obtained for all the resonances 
in the interval 0.5 to 1 keV in the previous ana ly~ i s .~  

The final set of resonance parameters results from a somewhat incomplete anal- 
ysis of the new fission cross-section measurement of Weston and Todd and of the 
thick sample (0.074 at/b) transmission measurement of Harvey et al. Lack of time 
has prevented the inclusion of the medium-thickness sample (0.018 at/b) transmis- 
sion measurement of Harvey et al. into the analysis. Inclusion of that measurement 
would have improved the accuracy of the neutron widths of the larger resonances. 
Nevertheless, the resonance parameters obtained in the 1 to 2 keV region repro- 
duce well the results of the fission cross section and transmission measurements 
and should provide a more accurate calculation of self-shielding factors than the 
alternative unresolved resonance formalism. 

The previous resonance analysis up to 1 keV3 indicated that the 1984 fission 
cross-section measurement of Weston and Todd was free of residual background. A 
consistent analysis of that fission measurement and of the transmission measure- 
ments of Harvey et d. did not require any renormalization or residual background 
adjustment. However, a consistent analysis of the transmission measurements and 
of the 1984 and 1988 fission cross-section measurements indicated the necessity of 
adding a smooth cross-section contribution to the resonance parameter contribu- 
tion. The need for this smooth contribution is not fully understood. Above 1 keV, 
a smooth cross section, given in the ENDF/B File 3 Format, should be added to 
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EXPERIMENTAL DATA BASE A N D  METHOD OF ANALYSIS 3 

the fission cross section obtained from the resonance parameters given here in order 
to match the evaluated fission cross section. 

. 



3. RESULTS OF THE ANALYSIS 

Two sets of resonance parameters were obtained: one describes the energy range 
up to 1 keV, the other describes the range 1 to 2 keV. The parameters describing the 
range up to 1 keV have been updated from the previous evaluation3 in the thermal 
range and above 300 eV, based on the analysis of the new high resolution fission 
cross-section measurement of Weston and Todd.' The scattering radius has been 
reduced from 9.46 fm in the previous evaluation to 9.41 fxn in the present evaluation 
as a consequence of a small renormalization of the transmission data of Harvey et 
a1.2 resulting from a reevaluation of the amount of aluminum in the 239Pu samples 
used in the measurements. The values obtained for the 2200 m/s cross sections and 
for the Westcott g-factors with the new resonance parameters are compared to the 
values recommended by the ENDF/B-VI standards committeeg in Table 1. 

Table 1. 2200 m/s values of cross sections 

Cross section 

Fission 747.08 747.99 f 1.87 
Capture 271.39 271.43 f 2.14 
Scattering 8.00 7.88 f 0.97 

Total 1027.47 1027.30 

This work END F / B - VI S t andar dsg 
(b) (b) 

1.0555 
1.0794 

1.0563 f .0022 
1.0782 f .0024 

Above 300 eV, more resonances have been identified and the fission widths are 
more accurate than in the previous e~a lua t ion .~  The average fission and capture 
widths and the local strength functions from the two evaluations are compared in 
Table 2. As can be seen from the table, the main effect of the inclusion of the 
new high-resolution fission cross-section measurement of Weston and Todd in the 
analysis has been to reduce the value of the fission widths, particularly in the ranges 
600 to 700 and 800 to 900 eV. In these regions the accuracy of the fission widths 
has much improved. 

In the energy range 1 to 2 keV, 364 resonances have been identified, versus 
396 below 1 keV. Therefore, the number of missed resonances above 1 keV can be 
expected to be of the order of 10% and the values of the resonance parameters are 
probably not much distorted by unobserved or unresolved resonances. 

As previously explained, some wide resonances were probably not detected at 
the higher energies. The contribution of these undetected resonances may explain 
part of the smooth contribution, increasing with energy, required in the analysis of 
the fission cross section. Additional wide resonances could be identified with further 
work. 

4 



RESULTS OF THE ANALYSIS 5 

Table 2. 
capture widths and local strength functions 

Comparison of average fission and 

Energy range Fission width Capture width Strength function 
(keV) (meV> ( m W  ( X i o - 4 )  

1987 1989 1987 1989 1987 1989 
0.3-0.4 23.4 22.1 44.6 46.1 0.912 0.922 
0.4-0.5 52.5 49.2 41 .O 44.9 0.723 0.731 
0.5-0.6 31.2 32.2 48.1 46.6 1.992 1.991 
0.6-0.7 25.4 17.4 43.7 43.4 0.807 0.814 
0.7-0.8 25.5 24.4 46.3 46.4 0.786 0.800 
0.8-0.9 75.3 50.2 45.6 47.1 0.794 0.505 
0.9-1.0 68.4 64.2 45.1 41.4 1.290 1.343 

0.3-1.0 43.1 37.1 44.4 45.1 1.043 1.058 

As stated before, all the resonances observed were assumed to be excited by 
s-waves. The effect of possibly including some p-wave resonances in the calculation 
of the s-wave strength function is negligible compared to the effect of missing small 
s-wave resonances. The local strength functions, obtained by summing the reduced 
neutron widths gl'O,, are listed in Table 3. The s-wave strength function over the 
interval 1 to 2 keV, (0.935 f 0.090) x is smaller than the value, (1.145 Ir: 
0.082) x obtained in the previous analysis3 for the region up to 1 keV. This 
difference may be due to the missing contribution of unidentified wide resonances. 
The strength function obtained over the interval 0 to 2 keV is (1.040f0.060) x low4. 

Table 3. Average fission width of 1+ 
levels and local strength functions 

Energy range Fission width Strength Function 
(keV) (meV> ( ~ 1 0 - 4 )  
1 .o- 1.1 47.26 1.115 
1.1-1.2 37.50 0.972 
1.2- 1.3 55.00 0.976 
1.3-1.4 69.14 1.055 
1.4- 1.5 32.60 0.751 
1.5-1.6 15.19 0.636 
1.6-1.7 65.33 0.955 
1.7- 1.8 48.93 1.066 
1 .s- 1.9 57.30 1.094 
1.9-2.0 44.56 0.724 

1.0-2.0 47.29 0.934 



6 RESULTS OF THE ANALYSIS 

The average fission widths in the interval 1 to 2 keV of the narrower resonances 
assumed to be 1'- levels are listed in Table 3. On the average, these fission widths 
are larger than those of the range below 1 keV listed in Table 2. The fission widths 
above 1 keV may be overestimated because of the uncertainties due to the large 
value of the experimental resolution width, and because the narrower O+ levels 
could not been identified. Typical values of the instrumental and Doppler widths 
are 655 meV and 600 meV, respectively, at 1 keV. These values are large compared 
to the average total width of about 80 meV of the 1+ resonances. 

The average fission width in the interval 1.5 to 1.6 keV is particularly small, 
as is the case in the interval 0.55 to 0.65 keV. These minima in the average fission 
cross section may be evidence for a double humped 1+ fission barrier." 



4. COMPARISON OF THE 
EVALUATION WITH MEASUREMENTS 

The average cross sections calculated with the resonance parameters, in the 
interval 300 to 1000 eV, are compared with experimental data in Table 4. The 
1976 absorption cross section and alpha measurements of Gwin et al." were not 
used in the resonance parameter analysis, the average values obtained from these 
measurements agree to within a few percent with the values computed with the 
resonance parameters. 

Table 4. Comparison of average cross sections (b) 

Fission Capture Absorption Alpha Energy range 
(keV) calc' Ref 1 taka Galea Ref 11 calc" Ref 11 

0.3-0.4 8.12 8.13 9.83 
0.4-0.5 9.32 9.34 4.07 
0.5-0.6 14.94 15.17 11.12 
0.6-0.7 4.34 4.19 6.51 
0.7-0.8 5.34 5.38 5.01 
0 A 8-0.9 4.64 4.76 3.78 
0.9-1.0 8.05 8.16 5.39 
0.3-1.0 7.82 7.88 6.53 

a Calculated from the resonance parameters. 

17.95 
13.39 
26.06 
10.85 
10.35 
8.42 

13.44 
14.35 

16.31 
13.56 
26.54 
11.57 
10.52 
9.30 

13.23 
14.72 

1.21 
0 .J4 
0.74 
1.50 
0.93 
0.81 
0.67 
0.84 

1.16 
0.44 
0.72 
1.54 
0.97 
0.82 
0.70 
0.83 

The average fission and capture cross sections in the range 1 to 2 keV are 
compared to experimental data in Table 5. As previously explained, a smooth 
background has to be added to the resonance parameter contribution to obtain 
the evaluated fission cross section. The evaluated and experimental fission cross 
sections agree within 1 or 2 percent. The measured and computed capture cross 
sections averaged over the 1 to 2 keV range agree to better than 2%; however, over 
100-eV intervals there are differences as large as 30%. 

Figures 1 to 8 provide a detailed graphical comparison between the cross sections 
computed from the resonance parameters (solid lines) and the results of measure- 
ments. Comparison in the ranges 450 to 500 and 600 to 650 eV are shown in Figs. 
1 and 2 respectively. The lowest curve in these figures shows the result of the 
1984 fission cross section measurement of Weston and Todd, the curve just above 
shows the fission cross section from the 1988 measurement. The two upper curves 
in these figures show the effective total cross sections obtained from the thick and 
medium sample transmission measurements of Harvey et al. These figures illustrate 
the great improvement in instrumental resolution of the 1988 fission cross-section 
measurement of Weston and Todd over their 1984 measurement: almost all the 
resonances seen in the total cross-section measurement can also be seen in the 1988 
fission cross-section measurement. 
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8 COMPARISON O F  THE EVALUATION WITH MEASUREMENTS 

Table 5. Comparison of average cross sections (b) 

Energy range Fission Capture 

5.67 
6.08 
4.59 
6.70 
3.60 
2.16 
3.48 
2.89 
4.43 

1.9-2.0 1.75 2.26 2.24 3.33 4.06 
1.0-2.0 4.14 4.49 4.49 3.83 3.79 

Values calculated from the resonance parameters only. 
'Values calculated from the resonance parameters and the smooth 

'The values of ref 19 have been renormalized to the values of ref 
background file (File 3). 

11. 

5.04 
2.95 
4.00 
2.52 
3.57 
3.89 
4.36 
4.37 
3.14 

(keV) calca Ref 6 Evalb calc' Ref 19' 

1 .o-1.1 
1 .l-1.2 
1.2-1.3 
1.3-1.4 
1.4-1.5 
1.5-1.6 
1.6-1.7 
1.7-1.8 
1.8-1.9 

5.54 
5.95 
4.69 
6.89 
4.12 
2.77 
4.03 
3.52 
5.09 

5.60 
5.98 
4.70 
7.05 
4.07 
2.72 
4.06 
3.48 
4.98 

5.20 
4.02 
4.25 
3.25 
3.24 
3.29 
3.61 
4.35 
3.80 

Figures 3 to 8 show detailed comparisons in the range 1 to 2 keV. In these figures 
the lower curve represents the 1988 fission cross-section measurement of Weston and 
Todd, and the upper curve represents the effective total cross section obtained from 
the thick sample transmission measurement of Harvey et al. The vertical lines in 
the experimental data indicate the statistical standard deviations, the computed 
curves include the smooth contribution previously discussed. 

An examination of the figures suggests that although the main features of the 
cross sections are well reproduced by the resonance parameters, considerable im- 
provement in the fits to the measurements could be achieved with further work. 
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Fig. 2. Comparison of computed and measured 239Pu cross sections between 600 and 650 eV. The solid lines 
were computed from tlie resonance parameters and broadened to correspond to tlie measurement conditions. The lower curve 
shows the result of the 1984 fission cross-section measurement of Weston and Todd. The curve just above shows the result of their 
1988 measurement. The two upper curves show the effective total cross section as obtained from the thick sample (upper curve) 
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Fig. 3. Comparison of computed and measured 239Pu cross sections. The neutron 
energy scale is indicated on the figure. The solid lines were computed from the resonance param- 
eters including smooth contribution discussed in the text. The lower curve represent the result 
of the 1988 measurement of Westan and Todd. The upper curve shows the effective total cross 
section obtained from the thick sample transmission rqeasurement of Harvey et al. The vertical 
lines of the data represent one statistical standard deviation. 
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Fig. 4. Comparison of computed and measured 239Pu cross sections. The neutron 
energy scale is indicated on the figure. The solid lines were computed from the resonance param- 
eters including smooth contribution discussed in the text. The lower curve represent the result 
of the 1988 measurement of Weston and Todd. The upper curve shows the effective total cross 
section obtained from the thick sample transmission measurement of Harvey et al. The vertical 
lines of the data represent one statistical standard deviation. 
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5 .  CONCLUSION 

The good instrumental resolution of the 1988 fission cross-section measurement 
of Weston and Todd has allowed the extension of the resonance analysis of the 239Pu 
neutron cross sections from 1 to 2 keV and a significant improvement of the analysis 
in the region 0.3 to 1 keV. Lack of time has prevented us from carrying the analysis 
as far as would have been desirable. In particular, the inclusion of the results of the 
medium thickness transmission measurement of Harvey et al. in the resonance anal- 
ysis above 1 keV would have yielded more accurate values of the neutron widths 
of the large resonances; a more systematic search for hidden wide resonances at 
the upper energy end of the analysis might have helped clarify some apparent in- 
consistencies between the fission cross section and transmission measurements and 
might have eliminated the need to introduce a smooth background component in 
the evaluation; a more thorough search for the resonance parameters would have 
improved the agreement between the calculated and measured cross sections above 
1 keV. An extensive use of the Dyson-Metha A3 statistic12 to assign the spin of the 
resonances and to determine where small resonances should be added to help the 
fit might have improved the quality of the analysis. Indeed several authors have 
observed that the A, statistic is very sensitive to missing levels;13J4 this statistic 
has proven very helpful in a similar analysis of the 23sU neutron cross  section^.'^ 

In spite of the shortcoming just discussed, we feel that the present analysis 
is a significant improvement over the previous one3 in the energy region below 1 
keV, and that in the range 1 to 2 keV the resonance parameters obtained provide a 
better estimate of resonance self-shielding than the unresolved resonance formalism. 
Indeed several recent studies have demonstrated that the use of the unresolved 
resonance formalism cam lead to significant errors in the calculation of resonance 
~ e l f s h i e l d i n g ; ’ ~ ~ ~ ~ ~ ’ ~  this is particularly true in the keV resonance range where self- 
shielding is most important. 
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