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ABSTRACT 

Resonance analysis of high resolution neutron transmission data and of fission cross sections 
were performed in the neutron energy range from the thermal region to 5700 eV by using the 
Reich-Moore Bayesian code SAMMY. The experimental data base is described and the method 
of analysis is given. The experimental data were carefully examined in order to identify more 
resonances than those found in the current evaluated data files. The statistical properties of the 
resonance parameters are given. A new set of the average values of the parameters is proposed, 
which could be used for calculation of the average cross sections in the unresolved resonance 
region. The resonance parameters are available in ENDF-6 format at the national or international 
data centers. 
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INTRODUCTION 

The neutron cross-sections of 240Pu were re-examined both at thermal energy and in the re- 
solved resonance region, in order to eliminate the discrepancies revealed by the JEF-2 validation 
studies.' The results of this re-evaluation are compared with data from ENDFB-VI, JEF-2 and 
JENDL-3. The evaluations of the resonance parameters of these files were principally based on 
the work of Kolar et al.* who analyzed high resolution transmission measurements in order to 
obtain the energies and the neutron widths of the resonances in the energy range from 20 eV to 
5700 eV, and on the results of Weston et al.3 who obtained the fission widths from high resolu- 
tion measurements of the fission cross-section in the same energy range. The parameters of the 
resonance at 1.056 eV, which accounts for more than 90% of the capture resonance integral, were 
due to Spencer et a1.: except in the ENDL-3 file, where older values were used. 

As much information as possible was adopted from the available experimental data and ana- 
lyzed using the SAMMY' resonance analysis code which allows a correlated sequential fit of the 
experimental data. The first section of this paper gives a general description of the analysis. The 
experimental data base is described in Section 11. In Section 111, the results of the analysis are 
reviewed and compared with the data in the current files. In Section IV, the properties of the 
resonance parameters are examined. 

I. GENERAL DESCRIPTION OF THE ANALYSIS 

The computer code SAMMY uses the Reich-Moore approximation to the R matrix formal- 
ism6 for calculation of cross-sections in the resonance region. The calculated cross sections are 
fitted to the experimental data by solving Bayes equations for the variable parameter values. The 
analysis of a set of experimental data provides the values for the physical parameters pertaining 
to the formalism, the adjustable experimental parameters (background corrections, normalization, 
sample temperature etc.) and the covariance matrix corresponding to those parameters. These 
parameters and their covariance matrix can then be used as input to SAMMY for analyzing 
another set of experimental data. The inclusion of experimental parameters ensures the consis- 
tency of a data base containing several independent sets of experimental data. If the changes in 
the experimental parameters of a set of data are too large, one could suspect the corresponding 
measurement and remove it from the data base. 

The Reich-Moore formalism is most useful for the analysis of the cross sections of fissile 
nuclei because it can account for strong interferences between resonances in the fission channels. 
The multi-level Breit-Wigner formalism could be appropriate for the description of the 240Pu 
cross section, since the fission induced by neutrons in the resonances of 240Pu is a subthreshold 
fission and the fission widths are usually small. However, one fundamental aspect of the fission 
cross-section of 240Pu is the presence of an intermediate structure due to the coupling between the 
class I states (resonances) and the class I1 states of the second well of the double-humped fission 
barrier. In the vicinity of the class I1 states (clusters of fission resonances), the fission widths of 
the resonances could be large enough to create non-negligible interference effects. It is therefore 
important to use a more accurate formalism, such as Reich-Moore. The Reich-Moore formalism 

f 

2 



had already been used by Auchampaugh et al.’ for the description of the cross-sections in the 
fission clusters. The nature of the interferences (constructive or destructive) depends on the rela- 
tive sign of the fission width amplitudes. Usually the sign is determined from the shape of large 
interference effects. It is clear that the interferences in the fission cross section of 240Pu are imper- 
ceptible in the resonances located between the class I1 states. Therefore, at the beginning of the 
analysis, the sign of the fission widths must be assigned randomly, which also makes it possible 
to avoid an unrealistic accumulation of weak effects in the same direction. Some relative signs 
can be determined in the fission clusters, with good probability, from the shape of the fission 
cross-section. 

In general, the best experimental data for the identification of resonances are thick sample 
transmission data having good statistical accuracy. Very small resonances located between the 
largest resonances can be detected in this way. The transmission data available for the evaluation 
of 240Pu were obtained from relatively thin samples with rather poor counting statistics; neither 
the authors of the measurements nor the evaluators made any attempt to identify the small reso- 
nances in the high energy part of the experimental data. In the present work, the transmission 
measurements were carefully examined so as to identify a larger number of small resonances up 
to a neutron energy of 5700 eV. 

Before starting the analysis over an extended energy range, it is necessary to calculate the 
contribution of the negative energy resonances and of the resonances beyond the upper limit of 
the energy region being analyzed (the so-called external resonances). These Contributions could 
be obtained with good accuracy by using the resonance parameters of ENDFB-VI. The method 
involves applying an energy shift to all the ENDFB-VI resonances to bring them into the nega- 
tive region and applying another energy shift to bring them into the higher energy region. The 
contributions, in the energy range to be analyzed, of this sample of external resonances can then 
be calculated by using the SAMMY code with the two shifted sets of resonances. This calculated 
contribution could be directly introduced into file 3 of the ENDF-6 format. However, it is prefer- 
able to simulate the contributions with a limited number of resonances (four at negative energies 
and four in the higher region, in the present case) whose parameters are obtained using the 
SAMMY code to fit the calculated contributions. The results obtained for the total cross section 
of 240Pu are shown in Figure 1. It will be assumed that the contributions of the more remote reso- 
nances, and of resonances of angular momentum greater than 0, are smaller than the experimen- 
tal error in the data analyzed, and, therefore, negligible. In particular, the value R of the effective 
scattering radius should remain constant throughout the energy range analyzed. However the 
samples used in the transmission measurements were too thin to give a satisfactory accuracy for 
the potential scattering cross section. The value of R=9.42 fin used in the present work is that 
which was obtained for 239Pu by Derrien.8 

11. DESCRIPTION OF THE EXPERIMENTAL DATA BASE 

The most recent experimental data in the thermal region and over the 1 .OS6 eV resonance are 
the results of the transmission measurements performed by Harvey et al.9 and Spencer et al! 
Accurate values of the total cross section at 0.0253 eV and of the parameters of the 1.056 eV 
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resonance were obtained by Spencer et al., but their experimental transmission data were not 
available for the present evaluation. The transmission results of Harvey et al. were obtained using 
samples containing 99% of 239Pu and only 1 % of 240Pu, which nevertheless permit analysis of the 
240Pu resonance at 1.056 eV. These data were not analyzed by the authors but were available for 
the present evaluation. 

Most of the other experimental data available at low energy are very old and of little use for 
an accurate evaluation of the parameters of the resonance at 1.056 eV, owing to a lack of infor- 
mation on the experimental conditions. However, the total cross-section obtained by Block et 
al.'O can be used for the determination of the shape of the cross-section in the energy range from 
0.02 eV to 0.15 eV. The measurements at low energy of the fission cross-section performed by 
Leonard et al." are the only ones available for the evaluation of the fission width of the reso- 
nance at 1.056 eV. Besides the precise values for the total and absorption cross-sections at 
0.0253 eV obtained by Spencer et al., the values obtained by Block et al., Pattenden et al.'*, 
Tattersall et al.,13 Halperin et al.14 and Lounsbury et al.I5 were also considered. 

surements were available. The transmission measurements were performed by Kolar et aL2 for 
three samples of thicknesses, 0.000513 at/barn, 0.00166 at/barn, and 0.00416 at/barn, respec- 
tively. Only the total cross-sections obtained from the two thickest samples were published. 
Information about the experimental errors is vague, but had to be used to reconstruct the statisti- 
cal errors on each measured point. The measurements were performed in the energy range from 
20 eV to 700 eV for the medium sample and in the energy range from 20 eV to 5700 eV for the 
thickest sample. To facilitate the analysis by SAMMY, the total cross-sections were converted 
back to transmissions. Preliminary calculations using the ENDFB-VI resonance parameters 
showed that substantial corrections for normalization md background were needed to the trans- 
mission data of the thick sample in the lower energy range. The correction parameters were ob- 
tained from preliminary SAMMY fits in a few selected energy ranges. They are given in Table 1. 
Other preliminary fits were performed on major isolated resonances in order to obtain precise 
values for the parameters of the experimental resolution, particularly the contribution of the neu- 
tron moderator and of the exponential tail of the resolution function. The results are given in 
Table 2. 

authors: Byers et a1.,16 Migneco et al.,I7 Weigmann et a1.,18 Auchampaugh et al.7 and Weston 
et al.3, mainly for determining the parameters of the class I1 states and of the double-humped 
fission barrier. Only the measurements by Weston and Auchampaugh have the qualities of reso- 
lution and experimental statistics needed for the determination of the fission widths of a large 
number of class I states. A set of fission widths was obtained by Auchampaugh from a Breit- 
Wigner analysis of the resonances located in the energy ranges between the class I1 states and a 
Reich-Moore analysis of the resonances in the fission clusters. Unfortunately, the experimental 
fission cross-sections used in the analysis were not published. In the present work only the fis- 
sion cross-section measurements of Weston were analyzed. 

There are no high resolution measurements of the capture cross-section in the resonance 
region. The only available results are those of Weston et al.I9 obtained from measurements of 

In the energy range up to 5700 eV, transmission measurements and fission cross-section mea- 

The fission cross-section in the region of resolved resonances has been measured by several 
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average cross-sections between 200 eV and 350 keV. These average values are compared with 
those calculated from the resonance parameters. 

Most of the experimental data were obtained by the neutron time-of-flight technique using an 
electron linear accelerator to provide a pulsed neutron source, or a neutron chopper on a neutron 
beam from a reactor. The accuracy of the determination of the neutron energy of a time-of-flight 
spectrum depends on the accurate knowledge of the neutron path length and of the time of flight 
of the neutrons. Before analyzing all the experimental data, each experiment must be calibrated 
by means of a selected experiment in order to obtain a consistent energy scale. In general the 
most precise energy is given by the longest flight path. One of the transmission measurements of 
Kolar et al. was selected for the energy scale determination, since these measurements were per- 
formed with a 100 m flight path. The deviation D(E) between two energy scales corresponding to 
two different time-of-flight experiments is given by the following equation: 

D(E) = aE + bE3/’ 

where the coefficient a is related to the error on the length L of the flight path and b to the error 
on the neutron flight time t. The energy E ( eV), the flight time t (ps) and the length L (m) of the 
flight path are related as follows: 

E = (72.3L)’h’ 

The coefficients a and b could be determined by measuring the energy difference for two 
well-defined resonances. But, in general, the deviation D(E) is evaluated over a large number of 
resonances and the coefficients a and b are then obtained by a least-square fit to the linear plot of 
D(E)/E as a function of E”’. It was not necessary to align the fission cross-section measurements 
of Weston on the transmission measurements of Kolar, since this was already done by the 
authors of the evaluation for ENDF/13-VI.20 On the other hand, the medium sample transmission 
measurements of Kolar had to be aligned on the thick sample measurements. A few adjustments 
had to be made also for the low energy measurements of the resonance at 1.056 eV. 

111. THE RESULTS OF THE ANALYSIS 

For the Doppler broadening of the resonances, an effective temperature of 296 K was used 
for all the experiments carried out at room temperature except for the analysis of the 1.056 eV 
resonance for which the temperature proposed by Spencer was adopted. 

A. The thermal cross-sections and the parameters of the resonance at 1.056 eV 

The absorption cross-section at 0.0253 eV obtained by Lounsbury with a quoted high accu- 
racy is not consistent with the value obtained by Spencer. The value obtained by Lounsbury is 
289.5h1.4 b which compares with the value of 282 f 3 b obtained by Spencer from the measure- 
ment of the total cross section and an estimated value of 2 b for the elastic scattering cross- 
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section. The result of Lounsbury was a by-product of the measurement of the ratio of the capture 
cross-section to the fission cross-section, and of the measurement of the fission cross-sections of 
233U, 235U and 239Pu. The error quoted by Lounsbury could be under-estimated compared with the 
more direct measurement of Spencer. It is also possible to infer the total cross-section at 0.0253 
eV from the measurements of Block in the energy range from 0.020 eV to 0.15 eV. One obtains a 
value of 29W8 b which is not in contradiction (in view of the large uncertainty) with the value of 
284*2 b proposed by Spencer. 

A SAMMY analysis was performed in the energy range from 0.020 eV to 1 S O  eV. The ex- 
perimental data base included the total cross-section data of Block between 0.020 eV and 0.15 
eV, the transmission data of Harvey between 0.20 eV and 1.5 eV (two sample thicknesses) and 
the fission cross-section measurements of Leonard between 0.30 eV and 1.3 eV. The input reso- 
nance parameters used in the SAMMY calculation include the fictitious external resonances, the 
resonances between 0 eV and 5700 eV, and the 239Pu resonances in ENDFB-VI needed for the 
exact representation of the transmission measurements of Harvey. The calculated cross-sections 
were fitted to the experimental data by varying the parameters of one negative energy resonance 
and the resonance at 1.056 eV. The cross-sections calculated at 0.0253 eV were as follows: 

total 

scattering 

fission 

288.5 b 

2.7 b 

0.059 b 

absorption 285.7 b 

The total cross-section at 0.0253 eV is a compromise between the ENDFB-VI value and that 
of Spencer. The parameters of the resonance at 1.056 eV are given in Table 3. They differ very 
little fkom those of Spencer. The results of the SAMMY fits are shown on Figures 2 and 3. 

€3. Energy range from 19 eV to 5700 eV 

The analysis was performed in the energy range 19 eV to 5700 eV using an experimental data 
base including the transmission data of Kolar and the fission cross section measurements of 
Weston. Between 19 eV and 700 eV the SAMMY fits were performed sequentially in the follow- 
ing order: medium sample transmission, thick sample transmission, fission cross-sections. Above 
the energy of 700 eV only the transmission data obtained using the thick sample were available 
together with the fission cross sections. A few examples of graphical comparisons between the 
experimental data and the corresponding data calculated from the resonance parameters obtained 
from the SAMMY fits are shown in Figures 4 to 10. The thick sample transmission data were 
first corrected for background and normalization obtained in the preliminary analyses. During the 
final fits, the background and the normalization parameters were still variable, but gave only 
small corrections which were within the values of the experimental errors. 
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The average values of the capture cross-section, calculated from the pointwise data generated 
from the resonance parameters using NJOY, are given in Table 4 and are compared with the 
values calculated from ENDFB-VI, JEF-2 and JENDL-3 and with the experimental values of 
Weston. In the energy range from 0.02 eV to 200 eV, where there are no experimental capture 
data, all the evaluations agree within 2%. In the energy range fiom 200 eV to 5000 eV, the JEF-2 
and JENDL-3 evaluations were probably normalized to the average value of Weston. The aver- 
age value of ENDFB-VI is 27% below that of Weston, which means that, in the evaluation for 
ENDFB-VI, Weston disregarded his own experimental values. No comment was made by 
Weston on this point. The results of the present evaluation agree with ENDFB-VI. They are, on 
the average, 25% below the values of JEF-2. The average values of the fission cross section are 
given in Table 5. The values of ENDFB-VI, JENDL-3 and of the present evaluation are similar. 
They are in good agreement with the experimental data of Weston analyzed in the present work. 
The values of JEF-2 are about four times higher in the energy range from 1 eV to 800 eV. 

The capture and fission resonance integrals are equal to 848 1 b and 3.16 b, respectively, com- 
pared with the values of 8494 b and 2.46 b of ENDFB-VI, 8445 b and 3.52 b of JEF-2, and 8102 
b and 2.29 b of JENDL-3. With regard to capture, the JENDL-3 value is 5% lower than the 
others; this is due mainly to the fact that in JENDL-3 the neutron width of the resonance at 1.056 
eV is 7% lower than the value in the other evaluations. 

The resonance parameters are given in the Appendix of this report. The number of resonances 
in the energy range from 0 eV to 5700 eV is 425. In ENDFB-VI, only 267 resonances were rep- 
resented in the same energy interval, more precisely 22% less in the energy range from 0 to 1.5 
keV and 44% less in the energy range from 1.5 keV to 5.7 keV. The 158 resonances which have 
been added to the new file have been identified by a careful examination of the experimental 
fission cross-section and transmission data. 

The experimental fission cross-section data of Weston were used to identify resonances 
which do not appear in the transmission data of Kolar, especially below 2 keV where the experi- 
mental resolution of Weston measurements is excellent. These resonances do not show up in the 
experimental transmission data if their neutron width is too small. They do not emerge above the 
potential scattering cross section and the large statistical fluctuations of the experimental trans- 
mission data. But they could be seen above a residual fission cross-section which is very close to 
zero. Authors of previous evaluations have not attempted to explain the presence of these reso- 
nances in the fission cross-section and simply retained only the resonances identified by Kolar. 
Figure 11 shows a typical example of this situation. Only the four large resonances identified by 
Kolar were used to represent the fission data. It is clear that three additional resonances, at ener- 
gies 1.529 keV, 1.555 keV and 1.582 keV, should be added. The resonances at 1.529 keV and 
1.582 keV have neutron widths of 5 meV and 3 meV, respectively, and are just observable in the 
statistical fluctuations of the transmission data; the resonance at 1.555 eV has a neutron width of 
about 2.5 meV and is not visible in the transmission data. 

By a careful observation of the experimental transmission data it was also possible to identify 
other small resonances in the statistical fluctuations of the data, especially above 1.5 keV. Some 
of these resonances are obvious; others are probable. A typical example is given in Figure 12 in 
the energy range from 3.250 keV to 3.375 keV where 10 resonances should be identified, against 
only 2 in ENDFB-VI. The reduced neutron widths of these resonances are smaller than 0.25 
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meV, i.e., 20% of the average value. The eight additional resonances give a reasonable average 
spacing of 12.0 eV in this energy interval. 

IV. STATISTICAL PROPERTIES OF THE 
RESONANCE PARAMETERS 

The study of the statistical properties of the resonance parameters is needed for the evaluation 
of the average parameters used for the cross section calculations in the region of unresolved reso- 
nances and for the evaluation of the optical model parameters used for the cross section 
calculations at higher energy. Consideration of the statistical properties makes it possible to ver- 
ify the consistency of the parameters obtained in the analysis of the experimental data. All the 
resonances were regarded as belonging to s wave neutrons, Le., to a single population of spin 1/2. 
The ratio of the penetration factors of s- and p-waves is equal to about 0.005 at a neutron energy 
of 1 keV and to 0.02 at a neutron energy of 5 keV. Some small resonances might therefore be 
p-wave resonances. However, the existing experimental data do not allow the distinction between 
the smallest s-wave resonances and large p-wave resonances. The confision between the small 
s-wave resonances and the p-wave resonances should compensate to some extent for a shortage 
of detected small s-wave resonances and hence should not perturb the observed properties of the 
s-wave resonances. 

A. The average resonance spacing and the Wigner distribution 

The number of resonances identified in the energy interval from 0 eV to an energy of E eV is 
shown as a function of the energy E in Figure 13. The plot shows a linear behavior up to an en- 
ergy of 2750 eV, with an average spacing of 12.06 eV. Above 2750 eV the average spacing is 
16.10 eV, showing a 25% loss of resonances compared with the lower energy region. There is 
still a substantial lack of small resonances in the high energy region. This is due mainly to the 
rapid increase in the width of the resolution function which has the effect of increasingly flatten- 
ing the small resonances, causing them to disappear into the statistical fluctuations of the trans- 
mission. No resonance with a reduced neutron width smaller than 0.045 meV was identified in 
the energy range from 2750 eV to 5700 eV, while 40 resonances of this type were identified at 
energies below 2750 eV. These 40 resonances would be sufficient to restore the average spacing 
to about 12 eV over the entire energy range analyzed. One must conclude, therefore, that the 
sample of resonances which has most chance of being representative of 240Pu is that consisting of 
the resonances identified in the energy range from 0 eV to 2750 eV. 

The distribution of the spacings of resonances pertaining to a single spin state should obey 
the Wigner law. The experimental differential distribution of the resonance spacings in the en- 
ergy range from 0 eV to 2750 eV is given in Figure 14, with the Wigner distribution normalized 
to the total number of spacings. There is a good agreement between the experimental histogram 
and the theoretical law. 
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B. The reduced neutron widths, the strength function and the Porter-Thomas distribution 

The variation, as a function of the energy E, of the sum from 0 to E of the reduced neutron 
widths l?: = r, / &E is shown in Figure 15. This variation should be linear with a slope equal to 
the strength function so = r':)/E. Three slopes are observed in the experimental histogram, 
corresponding to the strength function 1.069 x 1 0-4 between 0 eV and 2800 eV; 0.696 x 1 0-4 
between 2800 eV and 3900 eV, and 1.158 x 1 0" between 3900 eV and 5700 eV. The second 
value is statistically incompatible with the others and might suggest a non-statistical effect in the 
entrance channel of the interaction of the s-wave neutron with the 240Pu nucleus. The local values 
of the strength function in energy intervals of 500 eV are also shown in Table 6. The sampling 
error (2/N)"2 is equal to about 22% in each interval. The values of 0.73 1 x 10" and 0.661 x 10" 
observed in the energy intervals 3 keV to 3.5 keV and 3.5 keV to 4.0 keV respectively are in fact 
incompatible with the other values. Such abnormal values of the local strength functions were 
also observed by Olsen et a1.21 for 238U, which is a nucleus similar to 240Pu. Table 6 shows also 
the values calculated from ENDFB-VI. There is an agreement within 2% at low energy. Above 2 
keV, the ENDFB-VI values are 16% lower on the average. This difference is due mainly to the 
large number of resonances which were added to the file in the present work. In the evaluation 
for ENDFB-VI, Weston added a smooth background in file 3 of the evaluation in order to com- 
pensate for the effect of unidentified resonances. This smooth background is not needed in the 
present evaluation since the very small resonances which are still missing at high energy contrib- 
ute less than 0.2% to the strength function (about 40 resonances with an average reduced neutron 
width smaller than 0.02 meV). 

The reduced neutron widths should be distributed according to the Porter-Thomas law, Le., a 
chi-square distribution with one degree of freedom. The differential distribution of the reduced 
neutron widths for the resonances in the energy range from 0 eV to 2750 eV is represented by the 
histogram in Figure 16, where the experimental distribution is compared with the Porter-Thomas 
law. There is good agreement between the experimental and the theoretical distributions. How- 
ever, one notes an unexpectedly high number of values of around 0.1 meV. This could be due 
to the resonances which were more or less guessed in the statistical fluctuations of the transmis- 
sion data and for which the neutron widths were probably overestimated, and also to the reso- 
nances that appear only in fission and which were attributed a value of I': corresponding to the 
detection threshold of small resonances in the transmission data. Some of these resonances might 
also be induced by the p-wave neutrons. 

C. The fission widths 

The compound nucleus, (240Pu + neutron), undergoes fission through a barrier which is about 
1 MeV above the neutron binding energy. This subthreshold fission shows an intermediate struc- 
ture in the fission cross section due to the coupling between the class I states (resonances) and 
the class I1 states of the second well of the double-humped fission barrier. The properties of this 
intermediate structure has been investigated by several authors7, 17, l8 in order to determine the 
properties of the fission barrier and of the class I1 states. The fission cross-section is enhanced in 
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the resonances in the vicinity of the class I1 states. These resonances constitute what is known as 
fission clusters. About 22 fission clusters have been observed in the energy range below 10 keV, 
giving an average spacing of the class 11 states of about 450 eV." The parameters of the interme- 
diate structure were not obtained in the present work, since the fission cross sections in the 
fission clusters could be calculated by SAMMY from the parameters of the resonances well re- 
solved in all the clusters in the energy range investigated. 

The average values of the fission widths of the resonances located in the energy ranges 
between the fission clusters are given in Table 7 and compared with the values calculated from 
ENDFB-VI. These values characterize the direct penetration of the two fission barriers. The 
average value of all these fission widths is 0.68 meV, which compares with 0.44 meV for 
ENDFB-VI. The fission widths are much higher in the fission clusters. The largest values are 
given in Table 8 together with those obtained by Auchampaugh and by Weston. Auchampaugh 
interpreted the resonance doublet at 1402.4 eV and 1408.5 eV as an example of degeneracy be- 
tween an unperturbed class I state and an unperturbed class I1 state, according to the theoretical 
studies of Lynn,22 and Bjornholm and Lynn.23 However, the fission width he obtained for the 
resonance at 1408.5 eV is much larger than that obtained in the present work and by Weston. 
That might cast doubt on the results obtained by Auchampaugh on the coupling parameters of the 
class I states and the class I1 states. The fission widths obtained in the present work in the fission 
clusters are in general in good agreement with the values proposed by Weston except for the 
resonance doublet at 2692.9 eV and 2696.4 eV, which was not resolved in Weston's data nor in 
those of Auchampaugh. 

In general, the fission widths of the resonances are distributed according to a chi-square dis- 
tribution in which the number of degrees of freedom is related to the number of open or partially 
open fission channels. In the case of the fission induced by neutrons on 240Pu, the presence of the 
intermediate structure prevents a conventional statistical treatment of the fission widths. The 
parameters of the structures should be determined by directly investigating the experimental 
fission cross-sections in an energy range extending up to a few hundreds of keV. This was not 
the purpose of the present work. 

D. Radiative capture widths 

The radiative capture width l?, was obtained for 78 prominent resonances in the energy range 
from 0 to 2 keV. For the small resonances below 2 keV and for all the resonances above 2 keV, 
the capture width was kept constant in the SAMMY fits at a value very close to the average 
value. The statistical error on r, obtained by the SAMMY fits was about 3% at low energy and 
about 10% towards 2 keV. The average values in 250 eV energy intervals are given in Table 9. 
The average value in the energy range from 0 eV to 2 keV is 3 1.92 meV with a statistical error of 
0.34 meV and a systematic error of about 1.50 meV. This value is 4% higher than the average 
value of 30.6 meV used in ENDFB-VI. The fluctuations of the radiative capture widths from 
resonance to resonance should theoretically be small since the number of channels in the capture 
process is very high. The large fluctuations of 20 to 25% observed in the present results are 
mainly due to the experimental and the analysis errors. 
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E. Recommended average values of the s-wave resonance parameters. 

The average values are the following: 

Present results BNL24 

Resonance spacing 12.06 f 0.60 eV 13.6 f 0.7 eV 

Strength Function (1.032 f 0.071)x104 (0.93 f0.08)xl O4 

Capture Width 31.92 f 1.60 meV 31 f 2 meV 

The average resonance spacing is that obtained in the energy interval from 0 eV to 2750 eV 
where the resonance parameters have the expected statistical properties. The strength function is 
obtained in the energy ranges from 0 eV to 5700 eV; the effect on the strength function of reso- 
nances not identified in the high energy regions is negligible, since these resonances have very 
small reduced neutron widths. 

V. CONCLUSIONS 

A new set of resonance parameters suitable for the representation of the neutron cross-sec- 
tions of 240Pu in the energy range from 0 eV to 5700 eV has been obtained by a consistent 
SAMMY analysis of experimental transmission and fission data of high resolution. A special 
effort was made to identify the small resonances in the transmission and fission data. A much 
more comprehensive set of resonances has been obtained. The resonance parameters were ob- 
tained with improved accuracy by using a method of analysis much more efficient than the 
method used in older work. However, the parameters of the resonance at 1.056 eV differ very 
little from the accurate values obtained by Spencer et al., also from a SAMMY analysis of exper- 
imental transmission data. The resonance capture integral is changed very little when compared 
with JEF-2 and ENDFB-VI , since more than 90% of it is due to the first resonance. 

In the energy range from 200 eV to 5000 eV, the average capture cross section is 27% lower 
than the values of EF-2 and JENDL-3. The average experimental values of Weston, which were 
used as a basis for the JEF-2 and JENDL-3 evaluations, should be renormalized. This 
renormalization should also result in the revision of the evaluated data files at energies above 
5700 eV. The average values of the fission cross section are in good agreement with ENDFB- 
VI, JENDL-3 and with the experimental data of Weston. However, the average fission cross- 
section of JEF-2 is about 4 times too high in the energy range from 1 eV to 800 eV. 
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Table 1. Renormalization coefficients and 
residual backgrounds obtained in preliminary 
SAMMY analyses of the thick sample 
transmission measurements Kolar et al." 

Energyb Normalization Background 
(ev) 

20 0.770 0.0330 

38 0.880 0.0246 

70 0.92 1 0.0157 

90 0.938 0.0097 

97 0.944 0.0099 

152 0.958 0.0090 

287 0.963 0.0 104 

566 0.969 0.0081 

805 0.977 0.0085 

1190 0.976 0.0104 

0.983 0.008 1 

0.984 0.0081 

2230 0.976 0.0103 

2640 0.982 0.0082 

4100 0.977 0.0102 
~ 

" W. Kolar and K. H. Bockhoff, Nucl. Energy, 
22,299 (1968). 
'Average energy of the range where the 
adjustments were performed. 

Table 2. Results of the adjustment of the 
resolution parameters from a preliminary 
SAMMY analysis of isolated resonances in the 
transmission measurements of Kolar et al." A L 
corresponds to the uncertainty on the length of 
the flight path due mainly to the slowing down 
of the neutrons in the moderator. A Texp is the 
pararheter of the exponential tail of the 
resolution function, as defined in SAMMY.b 

92.0 3.69 29.0 

28.0 3.73 29.1 

56.0 3.13 26.9 

81.0 3.12 29.5 

1190.0 3.26 25.7 

1570.0 3.21 24.0 

1650.0 3.23 22.4 

1770.0 3.18 24.3 

2280.0 3.21 24.4 

2640.0 3.25 25.2 

' W. Kolar and K. H. Bockhoff, Nucl. Energy, 
22,299 (1968). 
N. M. Larson, User's Guide for S A M :  

Multilevel R-matrix Fits to Neutron Data 
Using Bayes ' Equations, Oak Ridge National 
Laboratory report ORNL/TM-9 179 (August 

ORNL/TM-9179/R2 (June 1989), and 
ORNL/TM-9 179/R3 (Sept 1996). 
'Average energy of the range where the 
adjustments were performed. The average 
values of A L = 3.3 1 cm and of ATexp=25.91 
were used in the final SAMMY fits. 

1984), ORNL/TM-9179/RI (July 1985), 
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Table 3. Parameters of the resonance at 1.056 eV. 
This work Spencer et al" 

E eV 1.0564 1.0564 

I I r, meV I 2.45 f 0.02 I 2.45 f 0.02 

r meV 29.15*0.06 30.3 f 0.3 

rr meV 0.0081 f 0.0015 
Y 

I I 

" R. Spencer et al., Nucl. Sci Eng., 96,3 18 (1986). 

Table 4. Average values of the capture cross-sections calculated using NJOY. The values 
obtained in the present work are compared with those obtained from other evaluated data 
files, and with the experimental values of Weston et a]." 

"L. W. Weston and J. H. Todd, Nucl. Sei. Eng., 63, 143 (1977). 
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Energy range 
(eV> 

0.02-1.5 

1.5-50 

50-100 

100-200 

200-300 

1 300-400 

Fission cross sections (mb) 

ENDF/B-VI EF-2 ENDL 
This work 

1649 1170 1140 1048 

91 94 381 94 

74 76 346 76 

46 50 337 50 

52 53 222 53 

15 1.8 228 18 

400-500 

500-600 

600-700 

700-800 

I 1000-1500 I 206 I 199 I 257 I 147 

47 49 188 49 

20 23 185 21 

54 54 208 66 

879 905 1020 93 8 

800-900 

900- 1000 

698 615 693 613 

86 80 155 75 

1500-2000 

2000-3000 

The ENDL average value between 1.5 eV and 5700 eV takes into ' 

account the correction of the abnormal value of the energy range 3000 eV 
to 4000 eV. 

3 16 297 422 3 12 

210 181 332 242 

16 

3000-4000 

4000-5000 

75 74 116 6 

60 50 88 67 

5000-5700 

1.5-5700 

150 145 91 124 

159.5 148.7 227.9 157.6 



Table 6. Local values of the strength function obtained in the present work 
compared with those calculated from ENDFB-VI. Large differences are 
observed above 1.5 keV, due mainly to a significant number of missing 
resonances in ENDFB-VI . 

Energy range 
This work ENDF/B-VI 

Strength Number of Strength Number of 
Function x lo4 resonances Function x lo4 resonances (ev) 

0-500 1 .OS9 42 1.102(- 1.2%) 36 
1500-2000 1.22 1 39 1.167(+4.6%) 26 
2000-2500 0.993 40 0.9 I I (+9.0%) 25 
2500-3000 1.041 36 0.948(+9.8%) 21 
3000-3500 0.73 1 37 0.628(+16 %) 17 
3500-4000 0.661 34 0.539(+23 %) 16 
4000-4500 1.215 35 0.952(+28 %) 18 
4500-5000 1.032 31 0.896(+15 %) 18 

500- 1000 1.049 42 1.027(+2.1%) 33 
1000-1500 . 1.021 45 1 .OO8(+1.3%) 32 
5000-5700 1.206 44 I 1.047(+15 'Yo) 25 

The relative deviations between this work and ENDFB-VI are given in brackets. 

Table 7. Average fission widths of the 
resonances between the class I1 states. The 
differences between the present values and 
those obtained from ENDFB-VI could be 
due to the larger number of resonances 
identified in the present work. 

Energy range 

1000- 1300 
1500- 1800 0.54( 14) 0.90(24) 
2 100-2500 0.30(20) 0.32(32) 
2800-3000 0.61(11) 0.53(12) 
3500-3900 0.72( 11) 0.65(28) 
4000-4400 0.43(15) I 1.16(28) 

The number of resonances in each sample is 
given in brackets. 
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Table 8. Fission widths of the resonances in the fission clusters. One notes large 
differences at 1408 eV and 2693 eV with the Auchampaugh et al." and the Weston 
et al.b results. 

Resonance energy 
(eV> 

782.44 

~ ~~~ ~ 

This work Auchampaugh" Westonh r: 
(meV> (mew (meV> (mev) 

1859*36 1450*400 1486*40 0.14 

993 .OO 

1402.44 

1408.50 

~ ~~ ~ 

SOOW2000 0.01 

2086*61 200o=t200 21 39*68 0.260 

85*3 1500k200 86*1000 0.260 

1937.00 

2692.93 

" G. F. Auchampaugh and L. W. Weston, Phys. Rev, C12, 1850 (1975). 
L. W. Weston and J. H. Todd, Nucl. Sci. Eng. 88,567 (1984). 

181W156 2200*600 0.045 

1114=1 164*18 1313*41 6.280 

Table 9. Average values of the radiative capture widths in 
energy intervals of 250 eV. The average value of all the 78 
values obtained in the SAMMY fits is 3 1.9 meV. 

2696.40 

3382 

58*4 0.290 

2265*169 3923*249 0.270 

Energy range 
(ev) 

500-750 33.2( 13) 

750-1000 31.8(14) 

1000-1250 3 1.3( 10) 

Absolute error (meV) (r,) 
(mev) Statistical I Systematic 

0-250 

250-500 

30.0( 13) 0.8 0.7 

34.4( 1 1) 0.9 0.8 

18 

1250-1 500 

1500- 1750 

3 1.1(5) 1.3 1.7 

3 1.6(6) 1.2 1.5 

1750-2000 3 1.1(6) 1.2 1.5 
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Figure 1- Contriiution of e x t e d  resonances to the total cross s t i o n  in the energy range 
h m  0 eV ton5700 eV. The vertical lines represent the cross sections calculated by a complete set 
of external resonance parameters. The solid line is the result of a S A M M Y  fit with only 4 fictitious 
negative energy resonances and 4 fictitious resonances at energies above 5700 eV. 
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Figure 2- Transmission data in the resonance at 1.056 eV (two sample thicknesses). The 
crosses are the results of the measurements by Harvey et al.9 The dotted curves were calculated 
with the resonance parameters. 
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Figure 3- The fission cross-section of the resonance at 1.056 eV.The crosses represent the 
experimental data of Leonard et al. (1 1). The solid line represents the cross section calculated with 
the resonance parameters. 
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Figure 4- Transmission data in the energy interval from 36 ev to 44 eV.The crosses represent 
the experimental data of Kola et al. (2). The solid line represents the values calculated with the 
resonance parameters.The transmission data of the thin sample were displaced by 0.5 for clarity of 
display. 
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Figure 5- Transmission data in the energy interval from 653 eV to 685 eV.The crosses 
represent the experimental data of Kolar et al. (2). The solid line represents the data calculated with 
the resonance parameters. The transmission data of the thin sample were displaced by 0.5 for clarity 
of the display. 
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Figure 4- Transmission data in .the energy interval from 1.20 keV to k.35 keV. The crosses 
represent the experimental data of Kolar et al. (2). The solid line represents the data calculated with 
the resonance parameters. 

24 



I 

0. 

0: 

0. E 

I f I 1 

+ 

+ 
+ 

1 

+ 

4 

I I I I 
5.04 5.10 5.16 II. 98 

Neutron Energy keV . 

Figure 7- Transmission data in the energy interval from 4.95 keV to 5.20 keV. The crosses 
are the experimental data of Kola et ai. (2). The solid line represents the data caiculated with the 
resonance parameters. 
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Figure 8- The fission cross-section in the energy interval fiom 63 eV to 65 eV. The crosses 
represent the experimental data of Weston et al. (3). The solid line represents the data calculated 
with the resonance parameters. 
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Figure 9- The fission cross section in the energy interval fiom 0.6 keV to 1.0 keV. The crosses 
represent the experimentat data of Weston et al. (3). The solid line represents the cross section 
calculated with the resonance parameters. 
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Figure 10- The fission cross section in the energy interval Erom 4.7 keV to 5.2 keV.The crosses 
represent the experimental data of Weston et ai.(3).The solid line represents the cross section 
calculated with the resonance parameters. 
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Figure 1 1- The fission cross-section in the energy interval h m  1.50 keV to 1.60 keV. The 
crosses represent the experimental data of Weston et al. (3). The solid line represents the data 
calculated with the resonance parameters of ENDFIB-VI. The 4 resonances of the theoretical curve 
correspond to those identified by Kolar et al. (2) from transmission measurements. 
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- Figure 12- Transmission data in the energy interval fkom 3.250 keV to 3.375 keV. The crosses 
represent the experimental data of Kolar et al. (2).The solid line represents the data calculated with 
the resonance parameters-Only the resonances at 3268.5 eV and 3332.0 eV were identified by Kolar 
et al. (2) and used for ENDF/B-V1.h the present work, 8 additional resonances are proposed, giving 
a realistic average spacing of 12 eV in the corresponding energy interval. 
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Figure 13- The number N of resonances identified in the energy range tiom 0 eV to E eV as a 
function of E.On the average,the variation of N is linear in the energy range fiom 0 eV to about 
2750 eV with an average spacing of 12.06 eV.Beyond this energy, a large number of small 
resonances is still missing. 
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Figure 14- Differentid distribution of the spacings of the resonances. The solid line represents 
the histogram of the experimental &&The dotted line is the Wiper theoretical distribution. 
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Neutron Energy eV 

Figure 15- Variation of the sum of the reduced neutron widths as a function of energy.The 
experimental histogram shows three parts with different slopes.The parts AB, BC, and CD 
correspond to the strength functions 1 -069 x 1 04, 0.696 x 104 and 1.158 x 104 respectively. 
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Figure 16- Differentid distribution of the reduced neutron widths of the 
resonances at energies below 2750 eV. The solid line corresponds to the experimental 
histogram and the dotted line shows the corresponding PorterThomas distribution. 
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APPENDIX 

I 240-Pu Resonance Parameters I 

~ ~~ ~ ~ 

0.4071E+04 0.3 180E+02 0.355 1E+05 0.33 72E-02 

0.1305E+04 0.3 180E+02 0.3522E04 -0.4305E-01 

0.3051E+03 0.3180E+02 0.2142E+03 0.4000E-0 1 

0.7006E+02 0.3 180E+02 0.3091E+03 -0.4000E-0 1 

0.5794E+04 0.3 180E+02 0.3342E+04 0.4OOOE-01 

0.6002E+04 0.3 180E+02 0.1272E+04 0.4000E-0 1 

0.6986E+04 0.3 18OE+O2 0.1 100E+05 0.4000E-01 

0.9901E+04 0.3 180E+02 0.4825E+05 0.4OOOE-01 
~~ ~ ~~ ~~ ~ 

O.l445E+O2 0.3 100E+02 0.4586E+O1 0.9OOOE-02 

0.105 6E+O 1 0.3 060E+02 0.245 OE+O 1 0.850 1 E-02 

-0.3372E-02 

0.6662E+02 0.3 3 02E+02 0.5 549E+02 0.2585E-01 

0.7279E+02 0.2639E+02 0.2173E+02 0.9000E-0 1 

0.9078E+02 0.3079E+02 0.1327E+02 -0.1012E-01 

0.9249E+02 0.2826E+02 0.3004E+Ol -0.63 17E-01 

0.1050E+03 0.2855E+02 0.4621E+02 -0.5097E-02 

0.12 1 6E+03 0.33 5 6E+02 O.l493E+O2 0.4300E-01 
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240-Pu Resonance Parameters (Contd.) 

0.1627E+03 

0.1701E+03 

0.291 1E+02 0.8484Et-01 -0.5208E-02 

0.3104E+02 0.1325E+02 -0.1349E+00 

0.8954E-02 

.1974E+03 

.1997E+03 

0.3 1 80E+02 0.1600E+00 -0.1200E+00 

0.2860E+02 0.9700E+00 0.13 73E+00 

.2391E+O3 I 0.2873E+02 I 0.1191E+02 I 0.4086E-01 

.2603E+O3 

.287OE+O3 

0.3278E+02 0.2225E+02 -0.91 13E-01 

0.3204E+02 0.1346E+03 -0.3772E+00 

0.6924E-0 1 

0.14OOE+OO 

0.3459E+03 

0.3637E+03 

-0.5570E-0 1 

-0.5 842E-02 

0.3392E+02 0.1590E+02 0.1386E+00 

0.3883E+02 0.3 163E+02 0.2447E-0 1 

0.3930E+03 

0.4049E+03 

0.4 1 89E+03 

0.4457E+03 

0.3 180E+02 O.l500E+00 -0.2000E-01 

0.3241E+02 0.1033E+03 -0.47 17E+00 

0.3 09 1 E+02 0.5 769E+O 1 0.7077E-01 

0.3 137E+02 0.1845E+01 -0.2210E-t-00 

0.4497E+03 

0.4665E+03 

0.3 2 1 8E+02 0.1 6 1 OE+02 0.43 16E-0 1 

0.3290E+02 0.265 1E+01 0.3438E+00 



240-Pu Resonance Parameters (Contd.) 

0.4733E+03 I 0.3070E+02 I 0.41 13E+01 I 0.0000E+OO 

0.12 19E+00 

-0.5000E-0 1 

0.5 142E+03 0.3360E+02 0.2085E+02 -0.7429E-01 

0.5263E+03 0.3 180E+02 0.9607E+00 0.0000E+OO 

0.4800E+OO 

0.2 168E+00 

0.4478E-01 

-0.2107E-01 

-0.509 1 E-0 1 

O.l700E+O 1 

-0.8989E-t-00 

0.137OE+Ol 

-0.1 132E+02 

0.7783E+03 0.3 180E+02 0.1 120E+Ol 0.5700E+00 

0.7824E+03 0.3 123E+02 0.3832E+01 -0.1859E+04 



Energy 
(eV) 

0.7908E+03 

0.8 105E+03 

Width 

Capture Neutron Fission 
(mev) (mew (mew 

0.23 17E+02 0.2524E+02 -0.1399E+02 

0.3 728E+02 0.2 197E+03 0.1 3 98E+02 

0.8199E+03 

0.8333E+03 

0.2981E+02 0.1 106E+03 O.l008E+O 1 

0.3 180E+02 0.1020E+Ol -0.3 000E+O 1 

0.845 6E+03 

0.8548E+03 

0.8680E+03 

0.33 5 6E+02 0.9483E+0 1 0.2999E+00 

0.3467E+02 0.4710E+02 -0.2401E+00 

0.3180E+02 0.102OE+Ol 0.3 000E+O 1 

~~ ~~~~~ 

0.6005E-0 1 

0.8764E+03 

0.891 5E+03 

~ ~ ~~ 

0.3286E+02 0.1452E+02 0.8688E+00 

0.3226E+02 0.9468E+02 -0.1275E+O 1 

0.9040E+03 

0.9089E+03 

0.9 152E+03 

0.3477E+02 0.2208E+02 -0.73 22E+00 

0.3220E+02 0.7787E+02 0.3237E-0 1 

0.3483E+02 0.3588E+02 -0.3398E+00 

0.9435E+03 

0.9584E+03 

0.9700E+03 

0.3274E+02 0.1228E+03 -0.2977E+00 

0.3098E+02 0.7392E+02 0.7036E-01 

0.3 180E+02 O.lOOOE+Ol 0.50OOE+Ol 

O.l029E+O4 

0.1037E+04 

0.3 1 80Et-02 0.2000E+O 1 0.6534E+01 

0.3 180E+02 0.2000E+O1 -0.3366E+O 1 



240-Pu Resonance Parameters (Contd.) 
~ 

Width 
Energy 

(ev) Capture Neutron Fission 
(mew (mew (mew 

0.1042E+04 0.2974E+02 0.1214E+02 -0.1599E+00 

0.1046E+04 0.3 180E+02 0.3939E+Ol 0.1085E+O 1 

0.1051E+04 0.3180E+02 0.20OOE+Ol 0.1284E+02 

0.1086E+04 0.3 180E+02 0.2000E+Ol 0.2122E+Ol 

0.1 100E+04 0.3408E+02 0.8003E+02 -0.2770E+00 

0.1 116E+04 0.3180E+02 0.2571E+Ol -0.34OOE+OO 

0.1 129E+04 0.3095E+02 0.4979E+02 0.6977E+00 

0.1 134E+04 0.3180E+02 0.6965E+01 0.2397E+OO 

0.1 143E+04 0.3098E+02 0.4220E+02 -0.12 14E+OO 

0.1 160E+04 0.3286E+02 0.2379E+02 -0.3076E+00 

0.1 176E+04 0.3 1 80E+02 O.l5OOE+O 1 0.277OE+O 1 

0.1 186E+04 0.3212E+02 0.1588E+03 O.l237E+OO 

0.1191E+04 0.3183E+02 0.1141E+03 -0.1786E+00 

0.1201E+04 0.3 180E+02 0.20OOE+Ol 0.212OE+Ol 

0.1209E+04 0.3 170E+02 0.6254E+02 -0.1 160E+00 

0.1228E+04 0.3 180E+02 0.1039E+02 0.4000E+00 

0.1237E+04 0.3180E+02 0.1 118E+02 0.4 150E+00 

0.1255E+04 0.31 19E+02 0.7985E+02 -0.1624E+O1 

0.1281E+04 0.3 180E+02 0.4201E+Ol -0.41OOE+OO 

0.1300E+04 0.3065E+02 0.2491E+03 -0.91 5OE+OO 
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240-Pu Resonance Parameters (Contd.) 

Capture 

Width 

Neutron Fission . ,  

0.13 63E+04 

(mew (meV (mew 

0.3 1 80E+02 0.73 12E+O 1 0.1262E+Ol 

0.1377E+04 

0.1389E+04 

0.3123E+02 0.6614E+02 -0.9683E+OO 

0.3 180E+02 0.1467E+02 0.6296E+O 1 

0.1402E+04 

0.1408E+O4 

0.1426E+04 

0.3 180E+02 0.983OE+Ol -0.2086E+04 

0.3 180E+02 0.991OE+Ol -0.8520E+02 

0.2987E+02 0.3908E+02 0.5485E+Ol 

0.1429E+04 0.3 180E+02 O.l569E+02 -0.2226E+01 

0.1450E+04 

0.1451E+O4 

0.1463E+04 

0.3180E+02 0.2691E+02 -0.2028E+0 1 

0.3 152E+02 0.2741E+02 -0.2 1 8 1 E+O 1 

0.3 180E+02 0.2 180E+02 O.l070E+O 1 

0.1466E+04 

0.1475E+04 

40 

0.3 180E+02 0.2000E+Ol -0.1 170E+02 

0.3 180E+02 0.2000E+Ol -0.9000E+O1 

0.1481E+04 

0.1498E+04 

0.3180E+02 0.9762E+Ol 0.1241E+01 

0.3 180E+02 0.2000E+Ol 0.25OOE+O 1 

0.1541E+04 

0.1549E+04 

0.1555E+04 

0.3231E+02 0.1025E+03 -0.2800E+00 

0.3 171E+02 0.1617E+03 O.l509E+OO 

0.3 180E+02 0.2500E+Ol -0.4649E+O 1 

O.l564E+O4 

0.1575E+04 

0.1582E+04 

0.3044E+02 0.1 180E+03 -O.l000E+00 

0.3164E+02 0.1265E003 -0.3460E+00 

0.3180E+02 0.3000E+Ol O.l000E+00 

O.l60OE+04 

0.1610E+04 

0.3 180E+02 0.20OOE+O 1 -0.1 OOOE+OO 

0.3 180E+02 0.3599E+02 0.6809E+OO 



240-Pu Resonance Parameters (Contd.) 

0.1622E+04 0.3 180E+02 0.2796E+02 -0.2900E+00 

O.l629E+O4 0.3 180E+02 OSOOOE+Ol 0.901 8E+00 
~~ ~~ ~ 

0.1643E+04 0.3166E+02 0.1 110E+03 0.16 1 OE+OO 

O.l663E+O4 0.32 18E+02 0.69 12E+02 -0.3779E+OO 

0.1667E+04 0.3 180E+02 0.6000E+O 1 0.1 OOOE+OO 
~~~~~ 

0.1688E+04 0.3 180E+02 0.3526E+02 -0.6553E+00 

0.1707E+04 0.3 180E+02 0.45OOE+Ol O.l000E+O 1 

0.1724E+04 0.3 144E+02 0.8441E+02 0.2 140E+O 1 

O.l749E+O4 0.3180E+02 0.3000E+Ol -O.l000E+00 

~~~ ~~~ 

O.l764E+O4 0.3 180E+02 0.5549E+02 -0.5780E+00 

0.1771E+04 0.3180E+02 0.973OE+Ol 0.1 100E+00 

O.l779E+O4 0.3065E+02 0.4871E+03 -0.8529E-01 - 
O.l789E+O4 0.3180E+02 OSOOOE+Ol 0.1657E+01 

0.181 1E+04 0.3 180E+02 0.5000E+O 1 0.1755E+01 

0.1842E+04 0.3306E+02 0.1282E+03 -0.1035E+02 

0.1 853E+04 0.3 180E+02 0.3392E+02 -0.364OE+O 1 

0.1862E+O4 0.3 180E+02 0.40OOE+Ol -O.l005E+00 

O.l873E+O4 0.3074E+02 0.8065E+02 0.4163E+Ol 

0.1886E+04 0.3 180E+02 0.5000E+Ol -O.l396E+Ol 

0.1902E+04 0.3063E+02 0.2180E+03 0.3296E+0 1 

-0.18 10E+04 
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240-Pu Resonance Parameters (Contd.) 

~ 

0.2033E+04 

0.2038E+04 

Width 
Energy 

Fission (eV> Capture Neutron 
(mew (meV> (meV) 

0.1956E+04 0.3084E+02 0.2762E+03 -0.243 7E+02 

0.3230E+02 0.1 112E+03 0.9078E+O1 

0.3 180E+02 OSOOOE+Ol O.l000E+00 

0.1973E+04 0.3 1 80E+02 0.7 159E+02 O.l898E+O 1 

0.1991E+04 0.3067E+02 0.1 176E+03 -0.5576B-0 1 

~ 

0.2061E+04 

0.2083E+04 

0.2097E+04 

I O.l999E+O4 I0.3180E+02 I0.5398E+01 I0.4983E-01 1 

0.3 100E+02 OSOOOE+Ol O.lOOOE+OO 

0.3088E+02 0.9914E+02 -0.9000E-01 

0.3 180E+02 O.lOOOE+O2 0.90OOE+OO 

0.211 1E+04 

0.2127E+04 

0.3180E+02 0.1388E+02 -O.l040E+O 1 

0.3 180E+02 0.60OOE+Ol -0.70OOE+OO 

0.2142E+04 

0.2155E+04 

0.2 177E+04 

0.3180E+02 0.8000E+Ol -0.9000E+00 

0.3180E+02 0.1405E+02 0.1 164E+O 1 

0.3 180E+02 O.l000E+02 O.l000E+01 

0.2182E+04 

0.2198E+04 

0.2223E+04 

0.3006E+02 0.8963E+02 0.9940E-0 1 

0.3067E+02 0.1398E+03 -0.1400E+00 

0.3 180E+02 0.1200E+02 -O.lOOOE+OO 
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0.2241E+04 

0.2257E+04 

0.2263E+04 

0.2268E+04 

~ ~~ 

0.3 180E+02 0.3412E+02 -0.2200E+00 

0.3099E+02 0.1367E+03 0.19OOE+OO 

0.3180E+02 O.lOOOE+O2 -0.1 OOOE+OO 

0.3 180E+02 O.SOOOE+Ol 0.1 OOOE+OO 



240-Pu Resonance Parameters (Contd.) 

Width 
Energy 
(eV) Capture Neutron Fission 

(mew (meV) (mew 

0.2278E+04 0.3 160E+02 0.3983E+03 0.24OOE+OO 

0.2283E+04 0.3 100E+02 0.2793E+02 0.40OOE+OO 

0.2291E+04 0.3088E+02 0.21 83E+03 -0.1 100E+00 

0.2303E+04 0.3180E+02 0.1695E+02 -0.8000E-01 

0.23 18E+04 0.3 180E+02 0.1000E+02 -0.140OE+Ol 

0.2334E+04 0.3 180E+02 0.3784E+02 0.2 600E+00 

0.2351E+04 0.3180E+02 0.3854E+02 0.1000E+00 

0.2360E+04 0.3 180E+02 0.1200E+02 -O.l000E+00 

0.23 66E+04 0.3 048E+02 0.2429E+03 0.1500E+00 

0.2373E+04 0.3 180E+02 0.9655E+O1 -0.9OOOE-01 

0.2386Et-04 0.3180E+02 0.1835E+02 0.55OOE+OO 

0.2405E+04 0.3 180E+02 0.2502E+02 -0.5000E-01 

0.2416E+04 0.3 180E+02 0.6835E+02 0.19OOE+OO 

0.2425E+04 0.3 180E+02 0.50OOE+Ol O.lOOOE+OO 

0.2459E+04 0.3 180E+02 0.2634E+02 -0.20OOE+OO 

0.2470E+04 0.3 180E+02 0.4895E+02 -0.1200E+00 
~~~~~ ~ ~ ~ 

0.2477E+04 0.3 180E+02 O.lOOOE+O2 -0.12OOE+Ol 

0.2484E+04 0.3 180E+02 0.2145E+02 0.25OOE+OO 

0.25 12E+04 0.3 180E+02 0.1000E+02 -O.lOOOE+OO 

0.2521E+04 0.3380E+02 0.1 142E+03 0.28OOE+OO 

0.2531E+04 0.3180E+02 0.1500E+02 -O.lOOOE+OO 

~~~~ ~ 

0.2543E+04 0.3 180E+02 0.70OOE+OO O.lOOOE+OO 

0.2549E+04 0.3258E+02 0.8559E+02 -0.5200E+00 



240-Pu Resonance Parameters (Contd.) 

Width 
Energy 
(eV> Capture Neutron Fission 

(meV> (meV> (meV) 

0.2563E+04 0.3 180E+02 0.70OOE+OO -O.l000E+00 

0.2575E+04 0.3 63 8E+02 0.4677E+02 -0.5924E+00 
~ ~~ 

0.2578E+04 0.3 180E+02 0.1000E+02 0.1 OOOE+OO 

0.2596E+04 0.3180E+02 0.1000E+02 -0.1 OOOE+O 1 
~~ ~~ 

0.2602E+04 0.3 180E+02 O.lOOOE+O2 0.5 03 9E+O 1 

0.2626E+04 0.3 180E+02 O.l500E+02 -O.l000E+00 

O.l000E+00 

0.153 7E+02 
~~ 

0.2670E+04 0.3 180E+02 0.1 OOOE+02 -0.3933E+Ol 

0.2693E+04 0.3 180E+02 0.3261E+03 0.1 107E+03 

-O.l000E+00 

0.2739E+04 0.3 180E+02 0.1817E+03 O.l020E+O 1 

0.2749E+04 0.2913E+02 0.1 135E+03 0.1 143E+02 

-0.3 500E+00 

0.2924E+04 0.3 180E+02 0.1 800E+02 -O.l000E+00 
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240-Pu Resonance Parameters (Contd.) 

Energy 
(eV> Capture Neutron Fission 

(meV) (mew 

0.2938E+04 0.3180E+02 0.1532E+03 -0.4000E+00 

0.2969Et-04 0.3 180E+02 0.9873E+02 -0.360OE+OO 

0.2980E+04 0.3 180E+02 0.1 125E+03 0.5000E-0 1 

0.3018E+04 0.3 180E+02 0.1267E+03 -0.32OOE+OO 

0.3030E+04 0.3 180E+02 0.2013Ei-02 0.13 1 OE+O 1 

O.l089E+02 

0.83 86E+02 0.3 900E+OO 

0.3 346E+02 -0.19 14E+O 1 

0.3092E+04 0.3 180E+02 

0.3 106E+04 0.3 180E+02 

0.3 1 13E+04 0.3 180E+02 

0.3 140E+04 0.3 180E+02 

0.3 173E+04 0.3 180E+02 

0.3 185E+04 0.3 180E+02 

0.4000E+O 1 

0.8000E+O 1 

-0.1002E+02 

-0.1085E+02 

0,70OOE+OO 

-0.3500E+Ol 

0.1 190E+01 

-0.3 OOOE+OO 

0.4000E+00 

0.3258E+04 I 0.3 180E+02 

0.1500E+02 0.3000E+00 

0.7396E+02 -0.64OOE+OO * 0.6000E+Ol -0.3000E+00 
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240-Pu Resonance Parameters (Contd.) 

0.3269E+04 0.3 180E+02 0.1091E+03 0.1600E+00 

0.3291Et-04 0.3 180E+02 0.1000E+02 -0.1500E+01 

0.3306E+04 0.3180E+02 0.1200E+02 -0.1 100E+01 

0.33 17E+04 0.3 180E+02 0.1500E+02 0.3000E+00 

0.3332E+04 0.3 180E+02 0.1476E+02 -0.1 42 8E+O 1 

0.3340E+04 0.3 180E+02 0.1400E+02 0.2497E+0 1 

0.3346E+04 0.3 180E+02 0.5000E+Ol 0.9805E+0 1 

0.3360E+04 0.3 180E+02 0.1300E+02 -0.840 1 E+O 1 

0.3500E+04 0.3 180E+02 0.1000E+02 0.5000E+00 

0.35 14E+04 0.3 180E+02 O.lOOOE+O2 -0.5000E+00 

0.3539E+04 0.3 180E+02 0.1000E+02 0.5 000E+00 

0.3555E+04 I 0.3 180E+02 I 0.9063E+02 I O.OOOOE+OO 

-0.256 1E+00 

0.3610Et-04 I 0.3 180E+02 I 0.7567E+02 I 0.3024E+00 
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240-Pu Resonance Parameters (Contd. j 

Width 

Capture Neutron Fission 
Energy 

(eV) 
(mew (mew (meV) 

0.3614E+04 0.3 180E+02 0.3800E+02 0.365OE+OO 

0.3648E+04 0.3 180E+02 O.lOOOE+O2 0.2800E+00 

0.3657E+04 0.3 180E+02 0.2737E+03 -0.7984E-01 

0.3665E+04 0.3 180E+02 0.5414E+02 0.2833E+OO 

-0.90 1 OE+OO 

~~ ~ ~ 

0.3723E+04 0.3 180E+02 0.5576E+02 0.9400E+00 

0.3743E+04 0.3 180E+02 0.8OOOE+01 0.5000E+00 
~ 

0.3765Et-04 0.3 180E+02 0.5000E+O1 -0.5000E+00 

0.3777E+04 0.3 180E+02 0.5000E+Ol -0.3245E+O 1 

0.3800E+04 0.3180E+02 0.1079E+03 0.1 144E+01 

0.3844Et-04 I 0.3 180E+02 

0.3853E+04 I 0.3 180E+02 

0.1 OOOE+02 

-0.9974E-0 1 

0.3946Et-00 

47 



240-Pu Resonance Parameters (Contd.) 

Energy 
(eV) 

0.3990E+04 

Width 

Capture Neutron Fission 
(meV> (mew 

0.3 180E+02 0.2900E+02 0.9020E-01 

0.4002E+04 

0.4022E+04 

0.3 180E+02 0.2500E+02 -0.9962E+O 1 

0.3 180E+02 0.3547E+03 0.1 112E+01 

0.4055E+04 

0.4073E+04 

0.15 73E+OO 

-0.3 OOOE+OO 

0.3 180E+02 0.2900E+02 0.3000E+00 

0.3 180E+02 0.7500E+01 0.3 000E+00 

0.41 70E+04 0.3 180E+02 0.2400E+02 0.3000E+00 

0.4203E+04 0.3 180E+02 0.4608E+03 -0.3308E+OO 

0.4221E+04 0.3 180E+02 0.6891E+02 0.5839E+OO 

0.4084E+04 

0.4 1 OOE+04 

0.4 1 1 OE+04 

0.4241E+04 0.3 180E+02 0.6000E+O1 -0.5800E+Ol 

0.4260E+04 0.3 180E+02 0.8000E+O1 0.783 9E+O 1 

0.4271E+04 0.3180E+02 0.1593E+03 0.1927E+00 

0.3180E+02 0.1352E+03 -0.3 lOOE+OO 

0.3 180E+02 0.2900E+03 0.4687E+00 

0.3 180E+02 0.900OE+O 1 0.3000E+00 

0.4288E+04 0.3 180E+02 0.3230E+03 0.15 19E+OO 

0.43 15E+04 0.3 180E+02 0.3500E+02 -0.2983E+00 

0.4329E+04 0.3 180E+02 0.3 189E+03 -0.3957E-0 1 

0.4338E+04 0.3 180E+02 0.7500E+Ol 0.3000E+00 
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240-Pu Resonance Parameters (Contd.) 

Width 
Energy 

(eV> Capture Neutron Fission 
(mew (meV> 

0.4363E+04 0.3 180Et-02 0.2000E+02 0.5865E+OO 

0.4376E+04 0.3 180E+02 0.8200E+02 0.0000E+OO 
~ ~~ 

0.4386E+04 0.3 180E+02 0.3200E+02 -0.63 64E+OO 

0.4398E+04 0.3 180E+02 0.7800E+02 -0.1036E+Ol 

~~ ~~ ~~ ~ 

0.3 180E+02 O.l80OE+02 -0.3600E+00 

0.3 180E+02 0.1028E+03 0.6744E+00 

0.3 000E+00 

0.3 180E+02 0.2600E+02 0.30OOE+OO 

0.3 180E+02 0.2000E+02 0.3 OOOE+OO 

~~~ ~ 

0.45 88E+04 

-0.3 596E+OO 

-0.3 602E+00 

~ ~~ ~~ ~~~~ 

0.4646E+04 0.3180E+02 0.1521E+03 0.541 6E+00 

0.4664E+04 0.3 180E+02 0.80OOE+Ol -0.3 000E+00 

, 
0.5 OOOE+OO 
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240-Pu Resonance Parameters (Contd.) 

Energy 
(eW 

0.4755E+04 

~ ~ ~~~~ 

Width 

Capture Neutron Fission 
(meV> (mew (meV) 

0.3 180E+02 0.5469E+02 -0.1979E+01 

0.4769E+04 

0.4778E+04 

____ 

0.3 180E+02 0.3726E+02 0.1593E+Ol 

0.3 180E+02 0.3421E+02 O.l420E+O 1 

0.4792E+04 

0.4800E+04 

0.3180E+02 0.1370E+03 O.l571E+01 

0.3 180E+02 0.2000E+02 -0.5000E+00 

0.4823E+04 

0.4843E+04 

~~~ ~ 

0.3 180E+02 0.6338E+02 0.3 645E-tO 1 

0.3 180E+02 0.1802E+02 0.5382E+Ol 

0.5047E+04 0.3 180E+02 0.1000E+02 -0.2952E+01 

0.5073E+04 0.3 180E+02 0.5655E+03 -0.7727E+01 

0.4868E+04 

0.4894E+04 

0.491 1E+04 

0.5097E+04 0.3 180E+02 0.3601E+02 0.3349E+01 

0.5 112E+04 0.3 180E+02 0.8608E+02 0.3853E+02 

0.5120E+04 0.3180E+02 0.1950E+02 -0.5000E+00 

0.5 134E+04 0.3 180E+02 0.4365E+02 -O.l832E+02 

0.3 18OE+O2 0.1300E+02 -0.7874E+O1 

0.3 180E+02 0.6281E+02 -0.2464E+01 

0.3180E+02 0.1500E+02 -0.49 1 OE+02 

0.5 148E+04 0.3 180E+02 0.5000E+02 0.0000E+OO 

0.4933E+04 

0.4948E+04 

0.4958E+04 
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0.3 180E+02 0.2000E+02 0.2014E+02 

0.3 180E+02 0.5 168E+02 -0.1990E+02 

0.3 180E+02 0.3 197E+03 O.l229E+Ol 

0.4969E+04 

0.4975E+04 

0.3 180E+02 0.1537E+03 0.1 298E+O 1 

0.3 180E+02 0.7500E+02 -0.50OOE+OO 



240-Pu Resonance Parameters (Contd.) 

J 

0.5162E+04 0.3 180E+02 0.4000E+02 0.402OE+Ol 

0.5175E+04 0.3180E+02 0.8000E+OI -0.5000E+O 1 

0.5194E+04 0.3 180E+02 0.3455E+03 0.9789E+00 

0.52 16E+04 0.3 180E+02 0.1624E+03 -0.1691E+01 

0.5286E+04 0.3 180E+02 0.5300E+02 0.5032E+OO 

0.5299E+04 0.3 180E+02 0.2826E+03 O.l728E+02 

-0.3 188E+02 

-0.4 8 8 7E+00 

0.4246E+OO 

0.5418E+04 I 0.3 180E+02 I 0.2642E+03 I 0.2029E+00 
~~~~~~~~~ ~~ ~ 

0.5440E+04 0.3 180E+02 0.1200E+02 -0.6335E+Ol 

0.5456E+04 0.3 180E+02 0.8OOOE+01 -0.5041E+OO 

~ ~~ ~ ~ ~ ~ ~~~ r 

0.5483E+04 0.3 180E+02 0.8875E+02 -0.4205E+O 1 

0.5498E+04 0.3 180E+02 0.9920E+02 0.503 6E+OO 

0.551 lE+04 I 0.3180E+02 1 0.3581E+03 I -0.7952E+OO 
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240-Pu Resonance Parameters (Contd.) 

~ ~~ 

0.5644E+04 

0.5667E+04 

0.5600E+04 0.3 180E+02 0.1408E+03 -0.2462E+OO 

0.56 15E+04 0.3 180E+02 0.6200E+02 0.697 1 E+OO 

~~ ~ ~~ 

0.3 180E+02 0.5500E+02 0.4972E+00 

0.3 180E+02 0.4500E+02 -0.5064E+OO 

0.5629E+04 I 0.3 180Et-02 I 0.2000E+02 I -0.4887E+OO 

0.568 1E+04 

0.5692E+04 

0.3 180E+02 0.1054E+03 -0.8942E+OO 

0.3 180E+02 0.9100E-tO2 0.0000E+OO 
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