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ABSTRACT 

The report is a description of the analysis of the 241Pu neutron cross sections 
in the resolved resonance region at Oak Ridge National Laboratory (ORNL) using 
the multilevel-multichannel Reich-Moore code SAMMY. The resonance parameters 
were obtained in the energy range 0 to 300 eV. The table of the resonance parameters 
is given with some statistical properties of the parameters. Tabulated and graphical 
comparison between the experimental data and the calculated cross sections arc 
given. The results are available in ENDF/B-V format and will be proposed for the 
evaluated data library JEF2 and ENDF/B-VI. 
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1. INTRODUCTION 

The most recent complete review of the 241Pu resonance parameters is that given 
in Ref. 1. It was shown that a satisfactory set of resonance parameters describing 
with accuracy the cross sections in the resonance region had not yet been obtained. 
An attempt to improve the Reich-Moore type resonance parameters obtained at 
Saclay in 1976 has been made recently by H. Derrien e t  a2.' by using the Bayesian 
code SAMMY for the analysis of the total cross-section measurements of Kolar 
and Carraro3 and the fission cross-section measureinelits of B h s 4  and IVes ton 
and The problems encountered by Weston and Wright l2 when evaluating 
the 241Pu cross sections for ENDF/B-V were not solved. It, was concluded that 
a satisfactory evaluation of the 241Pu resonance region would require at least a 
precise transmission measurement with thicker samples than those used by Kolar 
and Carraro. Unfortunately, such transmission measurenmits are not foreseen for 
the moment and one should try to extract more information from existing data. 
Transmission measurements were performed in 1973 by Harvey and Simpson13 
on a 78-m flight path with samples cooled down at liquid nitrogen temperature; 
the thickest sample was 0.0114 at/b, seven times thicker tlran the one used by 
Kolar and Carraro. In the present paper, a new analysis of thc '*lPu resonance 
region is described. This new analysis is based on the 1973 Harvey and Simpson 
high resolution transmission data which allow the resolved resonance range to be 
extended up to 300 eV. 

The content of this paper is organized as follows. Section 2 describes tlie 
experimental data base analyzed. In Section 3 information on the methods and 
assumptions of the analysis are given. The properties of the resonance parameters 
obtained arc described in Section 4. The calculated average cross sections are 
shown in Section 5 and are compared to experimental data and to some previous 
evaluations. 
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2. THE EXPERIMENTAL DATA BASE 

At least eight sets of experimental fission cross sections are available in the 
resolved resonance A comparison of the average cross sections obtained 
from these experiments is found in Weston and Todd.' This comparison shows thah 
large discrepancies exist among the experimental data, even in the low energy range 
not far from the usual thermal normalization range. Thc reasons for such large 
discrepancies (as much as 20%) are not well known. It is not possible to include 
all the data in a SAMMY fit without having some information on the expcrirnental 
parameters which could be at the origin of the severe discrepancies. In the present 
work three sets of data have been chosen: Migneco e t  ~ t l . , ~  B l o n ~ , ~  and Weston and 
Todd.5 Thc measurements of Migneco e t  ad. (sample at room temperature) and 
of Blons (sa,mple at liquid nitrogen temperature) were performed with a resolution 
good enough for the separation of most of the resonances up to about 300 eV 
incident neutron energy. The data of Weston and Todd could be analyzed up 
to about 100 eV. Wagemans and Deruytter data6 have also been chosen for the 
analysis in the thermal energy range and for accurate normalization of other data. 
The experimental characteristics of the fission data are given in Table 1. 

The transinksion measurements performed by Harvey and Simpson in 197313 
have been recently reanalyzed and were available for the present work. Two series 
of measurements were performed with samples cooled down at liquid nitrogen 
temperature on a 78-m flight path, the first series in the energy range 0.3 to 312 eV 
and the second series in the energy range 10 eV to severil keV. The experimental 
conditions of the measurements are given in Table 1. The high quality of the 
resolution allows an accurate determination of the neutron widths at least up to 
300 eV. Young and Smith14 and Simpson and Shuman'' data are the only total cross 
sections available in the thermal energy range; they were included in the present 
fits for the thermal range. Kolar and Carraro3 total cross sections, which were used 
in a previous analysis,' were not inchided in the present fits. 

The only experimental capture cross sections available are those of Weston and 
Todd,5 obtained from a siniultancous measurement of the fission and the absorption. 
The fission cross sections were normalized on ENDF/D-IV in the energy range 0.02 
to 0.03 eV and the absorption cross sections were normalized to the absorption 
cross section inferred from Kolar and Carraro total cross-section data. It was 
expected when starting the present analysis that a more accurate normalization 
should be obtained by using Harvey and Simpson transmission data and that the 
inconsistencies mentioned by Weston and Wright'' should disappear. 

Finally, the resonance parameters were obtained in the energy ra,nge thermal to 
300 eV from the experimental data base shown in Table 5. 
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Table 1. Experimental characteristics of the data analyzed 

__...._.._._I 
References 

_............._I - 

Migneco e t  al. (1970) 

1 Blons (1973) 

I Blons e t  al. (1971) 

I 
I------ 

Wa,gei-nans and Deruyttl 
(1376) 

I Weston and Todd (1978 
I 

Harvey m d  Simpson 
(1 9‘72) 

Main characteristics and 
normalization method 

10 eV d E  of normalized to S,.,, eV af(E)-E- = 193.6 b 
( H e n n i e ~ ~ ~ ) ;  Linac measurement 30.617 m flight 
path; liquid scintillation detector uncorrected 
for 0.87% 23gPu contamination. 

a f  normalizcd to the values of aorf for the 15.95 
and 16.66 eV resonances given by Stehn e t  
Linac measurement, 10.89 m flight path; gaseous 
scintillator; uncorrected for 0.87% 239Pu 
contamination. 

70 eV 
a f  normalized to J2, eV af(E)dE’ = 2367.5 b. eV 
(James ’); Linac measurement 10.89 and 50.07 m 
flight path, gaseous scintillator, uncorrected 
for 0.87% 239Pu contribution. 

of normalized to a; = (1015 f 7) b by a linear 
least-squares fit of af&!? from 0.02481 to 
0.02586 eV; Linac measiirement, 8.1 m flight 
path; silicon surface-barrier detectors. 

a f  normalized betn-cen 0.02 and 0.03 eV to 
ENDF/Il-IV; Linac measurement, 20- and 85-Ii1 
flight path; liquid scintillator detector 

Transmission measurcmcnts of three sainples: 
5.19 x 10 -*, 2.27 x 
at liquid nitrogen temperature; Linac measinement ; 
78.30 m fliglit path; best noiiiinal resolution 0.40 ns/m 
Two series of measurement with different filters for 
low and high energy range. 

aiid 1.12 x lo-’ a t /h  
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3. METHOD OF ANALYSIS 

3.1 RESONANCE SPINS 

The Reich-Moore formalism and the method of analysis used in SAMMY are 
described elsewhere." A knowledge of the spin of each resonance arid the number of 
open fission channels in each spin state is required. All the resonances in the energy 
range analyzed were considered as s-wave resonances. The 243Pu nucleus spin and 
parity is 5/24 and the s-wave resonances are 2+ or 3+ resonanccs. One finds only 
one measurement for the determination of 241Pu resoriance spins in the literature. 
The measurement was pcrformed by Sauter e t  aZ.;I7 the spin was obtained for only 
three resonances: J=2+ at 13.4 eV and 17.8 eV, and J=3' at 14.7 eV. Nevertheless, 
some information on the average 2+ and 3+ fission widths could be obtained b 

channel pertains to the rotational band built on the fundamental of the 242Pu 
compound nucleus. This fission channel is completely open and the corresponding 
average fission width, < rf >=< D > / 2 ~ ,  could bc relatively important. Some 
other 2' channels could exist in the transition spectrum: y and double y vibrations 
or a conibination of bending and mass asymmetry modes;l8 the thresholds of these 
2+ fission channels axe not known, but they are probably above the neutron binding 
energy and the corresponding fission widths should be relatively small. Adding these 
contributions to the main open channel contribution results in a quite large total 
fission width for the 2' resonances; the 2+ average total fission width could be as 
large as 500 meV. The 3+ transition states are also present in the y vibration mode 
and in the combination of bending and niass asymmetry modes just above a %+ 
transition state. The 3' fission channels are not completely open. Therefore, one 
should assume that the average fission widths of the 241P~1 s-wavc resonances are 
characterized as follows: 

considering the thresholds of the corresponding fission channels. The lowest 2 J 

Onc 2'- open fission channel, and several 2+ partly open fission channels 
leading to a large average 2+ fission width; 

leading to a significantly smallcr average 3' fission width. 

Consequently, the 24' Pu mdtilevel-multichannel analysis could be started by 
considering two groups of resonances: one containing the wide resonances, another 
containing the narrower resonances. In the later stage of the analysis, some changes 
could be made in the groups to obtain the best fit to the cross sections. At the 
end of the analysis onc could expect that the majority of the resonances in the 
first group are 2' resonances (large average fission width) arid that the majority of 
the resonarices of the second group are 3' resonances (smaller value of the averagc 
fission width). This kind of analysis was already performed by Bloris arid Derrien19 
in 1976, leading to the values of 595 meV and 87 nieV for the avcrage fission width 
of the 2" and 3+ resonances, in the incident neutron energy range 5 to 105 eV. 
In the prescnt evaluation, the results obtained by BloIis and Derrien were used as 
prior information for SAMMY. In the energy rangc 100 to 300 eV the separation 

No 3+ open fission channel, and scveral 3' partly open fission channels 
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of the resonances in two groups is more difficult, because the number of multiplets 
increases with the incident neutron energy and there is little chance that the spin 
assignments should be correct. 

3.2 RENORMALIZATION ANXI RESIDUAL BACKGROUND 
CO ILRECTION PARAMETERS 

The  discrepancies found in the experimental cross sections particularly in the 
fission cross sections, could be due to a large number of expcrimental effects: 
normalization, background corrections, detector efficiency, et c. SAMMY allows 
a search on the normalization and background corrections; these correction 
parameters should account for all the experimental effects. They are needed 
to obtain a unique set of resonance parameters for the description of all the 
experimental data analyzed. The cross sections to be kept in the evaluated data 
files arc, those calculated from the resonance parameters with the corresponding 
covariance file. The covariance file contains all the inforniation for the calculation of 
the systematic errors due to the experimental effects in the measured cross sections. 

It is difficult to separate the systematic errors clue to the normalization and 
background corrections from those due to the choice of the scattering radius 
sild of the contribution of the resonances externa.1 to the energy range andyzed, 
particularly in the transmission data. Since Harvey and Simpson transmission data 
were taken with very small experimental background and a normalization accuracy 
probably better than 1%, very small variations were allowed on the transmission 
normalization and residual background correction parameters in the SAMMY fits; 
satisfactory fits were obtained with a scattering radius of 9.50 f and with nine 
fictitious resonances (four negative energy resonances arid five resonances above 
300 eV) for the contribution of the external range. For the fission cross sections large 
variations on the normalization and residual background corrections were needed, 
since the discrepancies among the input experimental data are important. Table 2 
shows an example of correction parameters obtained in a preliminary simultaneous 
fit of the transmission of Harvey and Simpson and the fission data of Weston a.nd 
Todd, Blons and Migneco e t  al. not renormalized, in the energy range 2 eV to 20 eV. 
The data of Weston and Todd needed a small residual background correction and 
a large normalization adjustment; Blons and Migneco e t  al. data needed a larger 
background correction varying strongly with energy. In the energy range 20 to 
300 eV, the cross sections obtained from a preliminary fit of Blons and Migneco 
e t  al. data with large normalization and backgroiirid corrections (Table 3) agree 
with Weston and Todd data within 1.5% or1 average (Table 4); that is a strong 
indication that Weston and Todd data are cleaner than Blons and Migneco e t  al. 
data at least above 20 eV incident neutron energy. 

3.3 DOPPLER AND RESOLUTION PAFLLZMETERS 

Dlons data were obtained with a sample cooled down at liquid iiitrogeii 
temperature. The effective temperature of 102 I< and the resolution parameters 
are found in Ref. 4. The data of Migncco e t  al. and of Weston and Todd were taken 
at room temperature aid the Corresponding effective temperature is about 300 I<; 
the resolution parametcrs are found in Ref. 5 and Ref. 7. 
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Normalization 
correct ion 

1.000 f 0.001 
Thick sample 1.005 f 0.001 
Thin sample 1.001 k 0.001 
Weston and Todd 1.057 f 0.004 

Migneco e t  al. 1.037 & 0.002 

M edi uIri sample 

Blons 1.013 f 0.003 

aExample of normalization and background corrections obtained in a SAMMY 
correlated fit of the Harvey and Simpson transnlissions and the unrenornialized 
Weston and Todd, Blons, and Migneco ef al. fission data in the energy range 2 to 
20 eV. The 5.7% correction in the Weston and Todd data should decrease to less 
than 3% after a correct normalization of the data at thermal energy. The corrections 
should be applied to the experimental data in the following way: 

I_.___ 

Background correction at 

3 eV 9 eV 20 eV 

0.0012 
0.0018 
(3.0030 

-0.42 1-> -0.25 b 0.27 b 

-0.49 h -1.41 b 2.26 b 

-- 

-3.32 1-, -1.08 b -0.07 h 

'J,,, = (crexp. - Bsckground)/normalization 

Table 3. Local normalization and background corrections 
between 20 and 300 eV" 

i Blons 

20 - 40 
45 - 100 

100 200 
200 - 300 0.922 -1.11 0.852 2.58 

a Normalization corrections (NORfcI) and average lmckgroiind COT- 

rections in ljariis (DACIc) obtained in it correlated SA;'cli'vIY fit of 
Blons arid Xligneco et  al. fission data in the energy ranges 20 to 
300 eV. The corrections sliould br: appl id  to the experimental data 
iii the following u7ay: (oeXp - I3,4CIc)/NORM. 
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The transmission data of Harvey and Simpson were taken with samples cooled 
down at  liquid nitrogen temperature. Little information is available on the 
temperature of the samples. The best way to find the effective tcmperature 
corresponding to each sample was to pcrform a shape analysis on some isolated 
resonances or group of resonanccs at various energy ranges. For the thin and the 
medium samples reasonable fits were obtained with an effective temperature of 
101 20 K. But the resolution of the thick sample transmission data appcared 
to be worse. The experimental conditions being the same for all the sa,mples, the 
difference in the resolution should be due to different temperatures of tlie samples. 
As a matter of fact, the shape analysis of the isolated resonarices in the thick 
sample gave T e ~  = 272 E(. Such differences in the saniple temperature have not been 
explained since the experiments were performed in thc same runs by translating the 
sample in the same cryostat. Nevertheless, using T,R = 101 K for the thin and 
medium samples arid Teff = 272 I< for the thick sample give consistent results from 
separate analyses of the data. 

One other important parameter for the analysis of the transnlission data is the 
shape of the resolution function. The lithium glass of tlie detector iised in the 
transmission measurements produces an exponential t a i l  in the rwolution function 
by scattering a large fraction of the incident neutrons.2" The expoiieritial tail is 
characterized by a half-life r varying with the energy of the neutron iricident. The 
parameter T was also checked by a shape analysis of some isolated resonances; the 
value of ~ ( p )  = 1.5/dm was found, corresponding to 150 ns at 100 eV and 
47 ns at 1 keV. 

3.4 SCHEMA OF THE ANALYSIS 

The analysis was performed separately in the six energy ranges given in Table 5. 
The totality of the resonances were used in each energy interval, but the Baycs 
equations were solved only for the resonance parameters of the energy range 
analyzed. The correlation matrices were obtained in each energy range. Table 5 
shows the experimental data analyzed in each energy range. The energy range 0.001 
to 3 eV was carefully treated to obtain calculated 2200 In/s cross-section values in 
agreement with t lie proposed END F/B-VI standard values. 21 
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Table S .  Experimental data used as in ut in SAMMY 
in the six energy ranges ana P yzed 

Energy range 

0.001 - 3 eV 

0.3 -.- 20 eV 

20 - 4.3 eV 
45 - -  100 eV 

100 - -  200 eV 
200 - 300 eV 

Extxrimental data 

Young and Smith totalI4 
Simpson a,nd Sliuman total15 
Seppi e t  al. fission 24 

Wagemans and Deruytter fission' 
Weston and Todd fission and canture5 

Harvey and Simpson transmi~sionsl~ 
Blons fission4 
Migneco e t  nZ. fission7 
Weston and Todd fission and c a ~ t u r e ~  

H srve y and Si m pson t ra,nsmissionsl 
Bloiis fission4 
Migneco e t  aZ. fission7 
Weston and Todd fission5 

Harvey a i d  Simpson transmis~ionsl~ 
Bhns fission4 
Migneco e t  aZ. fission7 
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4. THE PROPERTIES OF THE 
RESONANCE PARAMETERS 

A number of 245 resonances were used for the description of the cross sections in 
the energy range thermal to 300 eV including four bound levels and five resoirariccs 
in the energy range above 300 eV. The parameters of the nine resonances external 
to the range analyzed have no other physical meaning tha,n to represent the tail 
contribution of all the bound levels and of all the resonances above the incident 
neutron energy of 300 eV, in such a way that no file 3 contribution is needed in the 
evaluated data file. The resonance parameters are listed in Table 6. In the following 
some statistical properties of the parameters are presented. 

4.1 THE LEVEL SPACING 

Due to the small value of the average level spacing and to a quite large value of 
the average total width (< r > / < D > larger than 0.4), the resonance overlapping 
is important. Therefore, one should expect that a large number of small resonances 
may not be seen in the expcriInental data and that some of the large cross section 
peaks may correspond to unresolved multiplets, both effects increasing with the 
incident neutron energy when the resolution width increases. The spacing stairstep 
histogram is shown in Fig. 1. The obscrved average level spacing is 1.15 cTIT, 1.25 eV, 
and 1.45 eV in the energy range 0 to 100 eV, 100 to 200 eV, and 200 to 300 eV 
respectively, showing a loss of 25% of the levels in the energy range 200 to 300 eV 
compared to the energy range 0 to 100 eV. The number of multiplets is increasing 
rapidly above 200 eV incident neutron energy. For this reason, the evaluation of the 
statistical properties of the parameters from the set of identified resonances shodd 
be limited to tlie energy range up to 200 eV. 

One should note that an abnormal large spacing of 5.5 eV WZB observed in the 
set of resonance parameters of Blons and Derrien.” This anomaly disappears in the 
prcsent set of parameters since two small resonances were identified at 54.27 and 
55.90 eV in transmission data of Harvey and Simpson. 

4.2 THE NEUTRON WIDTHS AND THE S-WAVE STRENGTH 
FUNCTION 

The integral distribution of the reduced neutron widths, 2yry!, of the 167 
resonances identified in the energy range 0 to 200 cV is shown in Fig. 2. The 
distribution could not be represented by a Porter-Thornas distribution without 
assuming that an important fraction of resoriances with small 2yr;  values were 
not detected. The Porter-Thomas distribution displayed on the figure was 
normalized to 220 resonances, assliming that 53 resonances with 2gr;  values smaller 
than 0.10 x (eV1I2) were missing ill the set of identified resonaiices; thc 
corresponding average reduced neutron width is 0.216 x I 0-3 (eV1/2) giving a11 s- 
wave strength function value of 1.188 x and a correctcd average level spacing 
of 0.91 eV, which is 24% srnallcr than the one obscrved in tlie low-energy range of 
the transmission data. The agreement between the distribution of observed I educed 

11 



Table 6. 
width, 

Energy, angular momentum, neutron width, capture 
fission width (channel l), fission width (channel 2) 
of Pu-241 resonances in ENDF/B-V format. 

9.42410+ G 2.38986+ 2 0 0 1 
9.42410+ 4 1.00000+ 0 0 1 1 
1.00000- 5 3.00000t- 2 1 3 0 
2.50000+ 0 9.54000- 1 0 0 1 
2.38986+ 2 0.00000+ 0 0 0 1470 
-5.9534E+01 2.0000E+00 5.9613E-01 4.4501E-02 4.1526E-01 
-5.5795Et-00 3.0000E+00 2.2888E-03 3.6438E-02 1.6481E+00 
-1.4048E+00 3.0000E+00 1.5130E-06 1.9251E-02-1.8713E-02 
-1.2249E-01 3.0000E+00 1.3973E-05 5.1072E-02 1.5468E-02 
2.6639E-01 3.0000Et-00 4.3713E-05 3.2555E-02-7.8042E-02 
1.7350E+00 2.0000E+00 2.0798E-06 4.0000E-02 6.8219E-02 
4.2819E+OO 3.0000E+00 5.7561E-04 3.0731E-02 2.6803E-02 
4.5823E+00 2.0000Et-00 4.7835E-04 3.1280E-02-1.9686E-02 
5.8107E+00 2.0000Et00 2.7728E-03 6.3570E-O2-1.1390E+OO 
6.9322E+00 3.0000E+00 6.1947E-04 3.0250E-02-1.0042E-01 
8.6145E+00 3.0000E+00 7.7938E-04 2.9325E-02 8.1770E-04 
9.6208E+00 2.0000E+00 5.9155E-04 3.9289E-02 2.0009E-01 
9.9226E+00 2.0000E+00 1.8935E-03 8.8500E-02 8.6900E-01 
1.2793E+Ol 2.0000E-iOO 8.7576E-04 3.0553E-02-2.3286E-01 
1.3430E+01 3.0000E+00 2.3820E-03 3.3765E-02 3.6897E-07 
1.4754E+01 2.0000E+00 7.6085E-03 2.8977E-02 7.3749E-02 
1.5987E+01 2.0000E+00 1.7456E-03 4.0000E-02-4.3441E-01 
1.6674E+01 3.0000€+00 1.0735E-03 2.4641E-02 2.0644E-01 
1.7853E+01 3.0000E+00 2.8250E-03 3.604l.E-02 5.9507E-04 
1.8269E+01 3.0000E+00 1.3010E-04 4.0000E-02-3.2455E-02 
2.0720E+01 3.0000E+00 3.4529E-04 3.8056E-02 1.2483E-02 
2.1921E+01 3.0000E+00 9.9690E-05 3.2884E-02-1.2066E-02 
2.2995E+01 3.0000E+00 8.0627E-04 4.4463E-02 2.1114E-01 

09441 2151 78 
09441 2151 79 
09441 2151 80 
09441 2151 81 

2459441 2151 82 
4.2980E-0294Gl 2151 
1.5760E-029441 2151 
3.6942E-049441 2151 
5.0123E-049441 2151 
4.8130E-049441 2151 
2.7418E-019441 2151 
0.0000E+009441 2151 
1.2489E-019441 2151 
2.1007E-019441 2151 
4.5173E-049641 2151 
6.0040s-029441 2151 
1.7131E-039441 2151 
2.9278E-049441 2151 
4.4892E-049441 2151 
2.2959E-029441 2151 
2.8291E-029441 2151 
8.3513E-039441 2151 
1.544OE-039441 2151 
1.873l.E-029441 2151 
1.5573E-049441 2151 
4.5453E-029441 2151 
0.0000E+009441 2151 
3.2203E-029441 2151 

2.3679E+01 2.0000E+00 5.7370E-04 4.1864E-02 4.0304E-01-5.7001E-039441 2151 
2.4103E+01 3.0000E+00 1.1466E-03 4.2440E-02-3.3662E-02-5.977lE-029441 2151 
2.4529E+Ol 2.0000E+00 2.0506E-04 4.0000E-02 4.4557E-01 0.0000E+009441 2151 
2.6429Et01 2.0000E+00 5.4046E-03 3.4507E-02 1.1160E-02 2.6810E-019441 2151 
2.7437E+Ol 2.0000E+00 2.0992B-04 4.0000E-02-4.9285E-01 0.0000E+009441 2151 
2.8857E+01 2.0000E+00 5.5605E-03 4.023OE-02 4.9228E-01 1.2118E-019441 2151 
2.9567E+01 2.0000E+00 7.2007E-04 3.8537E-02-1.8319E-03-1.6947E-019h41 2151 
3.1021E+01 3.0000E+00 2.1206E-03 3.7298E-02 0.0000E+00-2.6136E-019441 2151 
3.3403EcOJ 3.0000E+00 1.8527E-04 4.3736E-02 7.3123E-02 6.4594E-029441 2151 
3.3813E+01 3.0000E+00 3.1847E-04 4.2121E-02 O.OOOOE+OO 1.0133E-019441 2151 
3.4932E+Ol 2.0000E+00 3.1106E-03 3.9298E-O2-1.1177E+OO 3.2651E-019441 2151 
3.5049E+01 3.0000E+00 3.3368E-04 4.0000E-02 8.9681E-03 9.6819E-039441 2151 
3.6287E+01 3.0000E+00 6.115l.E-05 4.0000E-02 4.7236E-03 3.1157E-029441 2151 
3.7637Et01 2.0000E+00 4.4292E-04 3.9666E-02 2.2375E-02 8.5867E-019441 2151 
3.8173Ei-01 3.0000E+00 3.1090E-04 3.6798E-02-1.3385E-02 7.0306E-029441 2151 
3.8480E+01 3.0000E+00 3.0000E-05 4.0000E-02 O.OOOOE+OO 1.0000E-029441 2151 
3.9404E+Ol 3.0000E+00 1.3803E-03 3.9435s-0’2 6.2841E-02 1.1612E-019441 2151 
3.9909E+01 3.0000Et-00 1.4842E-03 4.7948E-02 8.9779E-02 0.0000E+009441 2151 
4.0807E+Ol 2.0000E+00 2.6427s-03 4.0752E-02-9.9627E-01-1.6643E-029441 2151 
4.2818E+01 3.0000E+00 2.324OE-04 4.0000E-02 1.8520E-01 0.0000E+009441 2151 
4.3478E+01 3.0000E+00 2.3072E-04 3.0000E-02 O.OOOOE+OO 2.932l.E-029441 2151 
4.6570Bt01 3.0000E+00 1.2538E-03 3.8523E-02 0.0000E+00-2.4613E-019441 2151 
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4.7348E+01 3.0000E+00 1.2233E-04 3.9219E-02 8.1896E-02 1.3750E-019441 2151 
4.8103E+01 2.0000E+00 7.2587E-03 4.2366E-02-2.7692E-01 2.0683E-019441 2151 
5.0405E+01 3.0000E+00 5.2617E-04 4.034l.E-02 1.5884E-02 3.1031E-019441 2151 
5.2343E+01 2.0000E+OO 5.3285E-05 4.0000E-02 3.2000E-02 0.0000E+009441 2151 
5.427OE+Ol 3.0000E+00 3.0000E-05 4.0000E-02-1.5000E-02 0.0000E+009041 2151 
5.5900E+01 3.0000E+00 3.5491E-05 4.0000E-02 O.OOOOE+OO 1.5000E-029441 2151 
5.7230E+01 3.0000E+00 3.2OOOE-05 L.OOOOE-02 5.0000E-03 0.0000E+00944l 2151 
5.7950E+01 2.0000E+00 2.1600E-04 4.0000E-02 1.5000E-01 0.0000E+0094hl 2151 
5.8137E+01 2.0000E+00 1.23886-03 4.OOOOE-02 1.5410E-01-3.5723E-019441 2151 
5,9459Et01 2.0000E+00 2.5839E-03 4.0000E-02-6.5939E-02 4.4740E-019441 2151 
6.0559E+OL 3.0000E+00 3,63768-03 4.0000E-02 1.2963E-01-5.6766E-039441 2151 
6.0831E+01 2.0000E+00 1.30G2E-03 lr.0000E-02 4.1309E-03 4.5689E-019441 2151 
6.2258E+01 2.0000E+00 7.1471E-03 4.0000E-02-5.3532E-01 1.4106E-019G41 2151 
6.4430E+01 3.0000E+00 8.5714E-05 4.0000E-02 O.OOOOE+OO 3.1000E-029441 2151 
6.5729E+01 3.0000E+00 4.5506E-03 4.0000E-02 2.4073E-01 5.2475E-0394GL 2151 
6.6615E+01 3.0000E+00 2.5477E-03 4.OOOOE-02-3.5949E-03-1.336lE-019441 2151 
6.8283E+01 3.0000E+00 1.0944E-03 4.OOOOE-02 4.3959E-02 0.0000E+009461 2151 
6.9249E+01 3.0000E+00 9.3420E-04 4.0000E-02 O,OOOOE+OO 2.2164E-029441 2151 
7.1670E+01 3.0000E+OO 8.4000E-05 4.0050E-02-4.7000E-02 0.0000E+009441 2151 
7.2279E+01 2.0000E+00 2.00506-03 G.00OOE-02 1.1556E-01 2.7032E-0194Ll 2151 
7.3937E+01 3.0000E+00 4.4904E-04 4.0000E-02 1.326SE-02 0.0000E+009441 2151 
7.5869E+01 3.0000E+00 4.0815E-03 4.0000E-02 7.9636E-02 0.0000E+009441 2151 
7.7127E+01 3.0000E~00 3.2346E-03 4.0000E-02 0.0000E+00-1.1319E-0294~1 2151 
7.7323E+01 2.0000E+OO 3.1427E-03 4.0000E-02 6,5172E-01 1.1852E+009441 2151 
8.0205E+Ol 3.0000Ei-00 4.3212E-03 8.0000E-02 0.0000E+00 6.2625E-029441 2151 
8.1212€+01 2.0000€+00 8.4689E-05 4.0000E-02 1.5058E+00 0.0000E+009441 2151 
8.1564E+01 2.0000E+00 1.5229E-02 4.00OOE-02 8.1160E-01-2.3493E-019441 2151 
8.32178+01 2.0000E+00 5.5179E-03 4.0000E-02-7.6190E-05 4.9530E-029441 2151 
8.4201E+01 3.0000E+00 2.8134E-04 4.0000E-02 4.2938E-01 0.0000E+009441 2151 
8.5401E+01 3.0000€+00 2.0586E-03 4.0000E-02 0.0000E+00 1.0335E-019441 2151 
8.5688E+01 3.0000E+00 1.9746E-03 4.0000E-02 1.2737E-01 0.0000E+009441 2151 
8.5867E+01 2.OOOOE+OO 4.9733E-03 4.0000E-02-1.0254E+O0-3.0069E-029441 2151 
8.6975E+01 3.0000E+00 5.4234E-03 4.0000E-02 O.OOOOE+OO 6.1435E-029441 2151 
8.8036E+Ol 2.0000E+00 1.9548E-03 4.0000E-02 2.28496-01 1.1789E-029441 2151 
8.8854E+01 3.0000E+00 4.7336E-04 4.0000E-02 0.0000E+00-1.5825E+OO9~41 2151 
8.9283E+01 2.0000E+00 3.7873E-03 4.0000E-02 2.7846E-03 1,0072E+009441 2151 
9.0713E+01 3.0000E+00 1.4123E-03 4.0000E-02-2.6697E-03-2.8258E-019441 2151 
9.1600E+01 2.0000E+00 8.0000E-05 4.0000E-02 O.OOOOE+OO 2.5OOOE-029441 2151 
9.2542&+01 2.0000E+00 2.2525E-04 4.0000E-02 2.50OOE-03 0.0000E+009441 2151 
9.3739E+01 3.0000E+00 2.8811E-04 4.0000E-02-6.7650E-02 0.0000E+009441 2151 
9.5470Ec01 2.0000E+00 1.2900E-03 4.0000E-02 9,11738-03 4.1516E-019441 2151 
9.6028E+01 3.0000E+00 4.4058E-04 4.0000E-02-1.0173E-02 1.5109E-029441 2151 
9.6599E+01 2.0000E+00 4.7422E-04 4.0000E-02 3.3492E-01 4.5966E-039441 2151 
9.7569E+01 3.000OE+00 5.1160E-04 4.0000E-02 1.1193E-02-2.5946E-019441 2151 
9.83588+01 3.0000E+00 7.3385E-03 4.0000E-02 1.9618E-01-7.6655E-039441 2151 
9.9732E+01 3.0000E+00 2.3423E-03 4.0000E-02 4.2738E-01 2.0478E-029441 2151 
1.0082E+02 2.0000E+00 1.4256E-03 4.0000E-02 5.2731E-01 2.8381s-019441 2151 
1.0152E+02 3.0000E+00 1.1372E-03 4.0000E-02-6.2843E-02-3.166ZE-039441 2151 
1.0243E+02 2.0000E+00 2.8914E-03 4.0000E-02 1.2112E+00 6.0862E-039441 2151 
1.0362E+02 3.0000E+00 1.1056E-03 4.OOOOE-02 2.3548E-03 3.0330E-029441 2151 
1.0798Ec02 3.0000E+00 1.2657E-03 4.0000E-02 7.5649E-02 1.07576-029441 2151 
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1.0912E+02 3.0000E+~00 1.9443E-03 4.0000E-02 2.8649E-01-1.2439E-019441 2151 
1,0984E+02 2.0000E+00 4.4820E-04 4.0000E-02 3.5218E-01 9.0786E-029441 2151 
1.1045E+02 3.0000E+00 3.7lOOE-04 4.0000E-02 5.2537s-01 1.8330E-019G41 2151 
1.1319E+02 2.0000E4-00 8.7137E-04 4.0000E-02-6.1756E-02 1.6912E-029441 2151 
1.1494E+02 3.0000E+00 2.6339E-04 4.0000E-02 5.0000E-02 5.0000E-029441 2151 
1.1560Et02 3.0000E+00 2.1531E-04 4.0000E-02 1.5400E-01 1.0000E-019441 2151 
1.1722E+02 2.0000E+00 5,16376-03 4.OOOOE-02 2.5929E-01 1.6009E-019441 2151 
1.1906E+02 3.0000E+00 1.6670E-04 4.0000E-02 6.9615E-02 4.8592E-029441 2151 
1.2025E+02 3.0000E+00 2.6024B-04 4.0000E-02 1.7975E-03-3.7160E-019441 2151 
1.2143E+02 2.0000E4-00 6.3661E-05 4.0000E-02 8.7585E-01 1.3526E-019441 2151 
1.2226Ec02 3.0000E+00 5.2394E-03 4.0000E-02 3.7832E-01 1.7741E-019441 2151 
1.2230E+02 2.0000E+00 1.5836E-03 4.0000E-02 1.6197s-01 1.0611E-029441 2151 
1.2339E+02 2.000OE+00 3.9375E-03 4.0000E-02 4.7987E-02 1,8204E-029441 2151 
1.2396E+02 2.0000E+00 1.7372E-03 4.0000E-02 4.7723s-01 8.0775E-019441 2151 
1.2596E+02 3.00006+00 1.80816-04 4.0000E-02 4.9801E-01 0.0000E+009441 2151 
1.2616E+02 3.0000E+00 2.8372E-04 4.0000E-02 2.5413E-01 5.92636-029441 2151 
1.2816E+02 2.0000E+00 2.2034E-03 4.0000E-02 1.1490E+00 3.7038E-049441 2151 
1.2855E+02 2.0000E-+-OO 6.0649E-03 4.0000E-02 2.0143E-03 4.9997E-029441 2151 
1.3010E+02 3.0000E+00 1.6507E-03 4,0000E-02 3.0803E-01 6.5995E-039441 2151 
1.3077E+02 2.0000E+00 1.2913E-02 4.0000E-02 7.0941E-02-1.1799E-039441 2151 
1.3308E+02 3.0000Et-00 2.7208E-03 4.0000E-02 7.8552E-01 5.0340E-039441 2151 
1.3370E+02 2.0000E+00 6.644l.E-03 4.0000E-02 4.6527E-02 1.7265E-039441 2151 
1.3474E+02 3.0000E+00 4.0375E-03 4.0000E-02 1.8336E+00 3.0693E-039441 2151 
1.3664E+02 2.0000E+00 1.5053E-03 4.0000E-02-2.3982E-02 1.0011E-039441 2151 
1,3832E+02 3.0000E+00 3.4896E-03 4.0000E-02 3.0101E-01 8.0574E-029441 2151 
l.b024E+02 2.0000E+00 7.6890E-03 4.0000E-02 1.0061E-01 5.6752E-039441 2151 
1.4217E+02 2.0000E+00 1.7303E-02 4.0000E-02 1.2835E-02 1.7691E-019441 2151 
1.4505E+02 3.0000E+00 1.4398E-03 4.0000E-02 1.7109E-01 2.8130E-019441 2151 
1.4616E+02 2.0000E+00 8.6744E-03 4.0000E-02 5.0221E-02 1.5393E-019441 2151 
1.4692€+02 3.0000Et-00 1.6647E-03 4.0000E-02 9.8021E-01 1.1126E-029441 2151 
1.4896E+02 2.0000E+00 2.8809E-03 4.0000E-02 7.2015E-02 4.6803E-029441 2151 
1.5010E+02 2.0000E+00 6.85636-03 4.0000E-02 4.2378E-01 1.2693E-019441 2151 
1.5020E+02 3.0000E+00 7.5566E-05 4.0000E-02 5.0599E-02 9.8585E-049441 2151 
1.5104E+02 2.0000E+00 4.5720E-03 4.0000E-02 3.0008E-01 1.7820E-019441 2151 
1.5245E+02 3.0000E+00 1.3232E-03 4.OOOOE-02 5.8656E-01 2.0632E-019441 2151 
1.5368E+02 3.0000E+00 7.4159E-03 4.0000E-02 3.8502E-03 3.5159E-019441 2151 
1.5548E+02 2.0000E+00 2.5802E-03 4.0000E-02 1.4707E-01 1.7139E-029441 2151 
1.5633E+02 3.0000E+00 3.5000E-04 4.0000E-02 1.0000E-01 0.0000E+009441 2151 
1.5733E+02 2.0000E+00 4.8068E-04 4.0000E-02 4.5000E-01 0.0000E+009441 2151 
1.5898E+02 2.0000E+00 6.2255E-03 4.0000E-02 2.1704E-01-3.1068E-029441 2151 
1.5952E+02 2.0000E+00 1.7138E-03 4.0000E-02 4.9276E-02 2.3035E-039441 2151 
1.6066E+02 3.0000E+00 2.6504E-03 4.0000E-02 7.7059E-03 2.2788E-019441 2151 
1.6168E+02 3.0000E+00 2.0000E-04 4.0000E-02 2.5000E-02 2.5000E-029441 2151 
1.6276E+02 2.0000E+00 2.8032E-03 4.0000E-02-4.2467E-01 8.5067E-019441 2151 
1.64616+02 3.0000E+00 3.1649E-03 4.0000E-02-4.0013E-04 6.4431E-019441 2151 
1.6558E+02 2.0000E+00 8.3658E-04 4.0000E-02 2.7757E-01-1.5348E-019441 2151 
1.6612E+02 3.0000E+00 2.0000E-04 4.OOOOE-02 5.0000E-02 5.0000E-029441 2151 
1.6716E+02 3.0000E+00 6.7970E-04 4.OOOOE-02 1.5734E-02 1.6961E-029441 2151 
1.6784E+02 2.0000E+00 4.7387E-04 4.0000E-02 5.0000E-02 5.OOOOE-029441 2151 
1.6869E+02 2.0000Ei-00 3.87658-03 4.0000E-02 4.3959E-03 2.1910E-019441 2151 
1.6974E+02 3.0000E+00 1.4105E-03 4.0000E-02 3.6234E-02 4.9283E-019441 2151 
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1.7136E+02 3.0OOOE+00 2.0000E-04 4.0000E-02 2.0000E-02 0.0000E+009441 2151 
1.7299E+02 3.0000E+00 4.4415E-04 4.0000E-02 1.3555E-01 3.5761E-029441 2151 
1.7422E+02 3.0000E+00 1.0856E-02 4.0000E-02 6.4361E-03 1.1686E-019441 2151 
1.75003+02 3.0000E+00 8.13286-03 4.0000E-02 5.6939E-02-5.5989E-039441 2151 
1.7584E+02 2.0000E+00 1.7095E-02 4.0000E-02 1.34538-01 1.8729E+009441 2151 
1.7714E+02 3.0000E+00 1.3381E-03 4.0000E-02 2.5837E-02-9.2249E-029441 2151 
1.7782E+02 3.0000E+00 1.5000E-04 4.0000E-02 1.0000E-01 0.0000E+009441 2151 
1.7884E+02 2.0000E+00 1.4265E-03 4.0000E-02-1.7506E-01 1.9770E-019441 2151 
1.8000E+02 2.00OOE+OO 1.2920E-03 4.OOOOE-02 1.3070E-01 3.8897E-019441 2151 
1.8287E+02 3.0OOOE+00 8.2870E-03 4.0000E-02 1.1810E-01 6.5557E-039441 2151 
1.8355E+02 2.0000E+00 3.4837E-03 4.OOOOE-02 2.6199E-01 1.1563E-019441 2151 
1.8473E+02 3.0000E+00 2.0000E-04 &.OOOOE-02 1.0000E-01 0.0000E+009441 2151 
1.87326+02 2.0000E+00 9 7768E-04 4.0000E-02-1.4690E-02 7.3512E-029441 2151 
1.8900E+02 3.0000E+00 1.9952E-03 4.OOOOE-02 7.8556E-02 1.5114E-029441 2151 
1.89716+02 3.0000E+00 2.4772E-03 4.0000E-02 1.1120E-01 1.0164E-029441 21.51 
1.9038E+02 2.0000E+00 1.1078E-02 4.0000E-02 4.2572E-02 L,2724E+009441 2151 
1.92788+02 3.0000E+00 7.9878E-04 4.0000E-02 8.2345E-01 3.9803E-029441 2151 
1.9292E+02 2.0000E+00 1.1354E-02 4.0000E-02 8.1468E-01-1.8484E-029441 2151 
1.95556+02 3.0000E+00 1 8876E-04 &.OOOOE-02 1.3777E-01 0.0000E+009441 2151 
1.9590E+02 3.0000E+00 1.4506E-02 0.0000E-02 1.2913E-01-4.1114E-019441 2151 
1.9700E+02 3.0000E+00 9.1076E-04 4.0000E-02 5.00OOE-03 O.O000E+OO9441 2151 
1.9746E+02 2.000QE+00 1.1808E-02 3.9434E-02 1.8511E+00 3.6SOSE-029441 2151 
1.9800E+02 3.0000E+00 3.7072E-03 L.2316E-02 2.1625E-01-1.5672E-029441 2151 
1.9940E+02 2.0000E+00 1.91416-02 6.OOOOE-02 1.6373E+00-2.1571E-059441 2151 
2.0078E+02 3.0000E+00 7.59006-04 4.0000E-02 8.1824E-02-5.L259E-039441 2151 
2.0274E+02 2.0000E+00 3.1325E-02 4.0000E-02-1.4006E-01 2.8345E-029441 2151 
2.0593E+02 3.0000E+00 6.5802E-03 4.OOOOE-02 3.1079E-02-1.3208E-019441 2151 
2.0751E+02 3.0000E+00 2.7030E-03 4.0000E-02-2.0037E-02 6.8618E-049441 2151 
2.0945E+02 2.0000E+00 6.4392E-03 4.0000E-02 1.2927E40 4.9384E-039441 2151 
2.1044E+02 3.0000E+00 1.8372E-03 4.0000E-02 1.800&E-Ol 6.1036E-029441 2151 
2.11946+02 2.0000E+00 8.2147E-03 4.0000E-02 6.1583E-01 3.4417E-019441 2151 
2.1334E+02 3.0000E+00 1.3325E-04 4.OOOOE-02 3.5000E-03 0.0000E+009441 2151 
2.1459E+02 3.0000E+00 5.8856E-03 4.0000E-02-3.0443E-01 5.8292E-049441 2151 
2.1755E+02 2.0000E+00 2.4803E-02 4.OOOOE-02 2.6702E+00-3.8419E-039441 2151 
2.1760E+02 3.0OOOE+00 1.7257E-02 4.0000E-02 1.6619E+00 5.4582E-039441 2151 
2,1914E+02 2.0000E+OO 5.3684E-03 4.0000E-02 1.0209E-01-2.1049E-019441 2151 
2.1945E+02 2.0000E+00 6.1298E-03 4.0000E-02 9.0942E+00 1.4436E-029441 2151 
2.2126E+02 3.0000E+00 5.0155E-04 4.0000E-02 5.1336E-02 0.0000E+009441 2151 
2,2190Et02 2.0000E+00 4.1998E-03 4.0000E-02 5.2700E-01 6.4328E-019441 2151 
2.2455Ec02 2.0000E+00 3.9955E-03 4.0000E-02 1.6487E-01-1.4004E+009441 2151 
2.2468E+02 3.0000E+00 4.0000E-04 4.OOOOE-02-7.10DOE-03 0.0000E+009441 2151 
2.2588E+02 3.0000E+00 4.1518E-03 4.0000E-02 2.4026E-01-2.1505E-019441 2151 
2.2715E+02 2.0000E+00 8.3502E-05 4.0000E-02-1.2168E-01 8.30573-029441 2151 
2.2807E+02 2.0000E+00 1.5925E-02 lr.0000E-02 6.7704E-03 1.0237E-029441 2151 
2.2903E+02 3.0000E+00 2.0158E-03 4.0000E-02 6.5542E-01 1.8034E-029441 2151 
2.2987E+02 2.0000E+00 1.3577E-02 4.0000E-02 4.6828E-01 7.7497E-039441 2151 
2.3075E+02 3.0000E+00 1.8668E-03 4.000OE-02 6.133lE-01-1.0465E-049441 2151 
2.3157E+02 2.0OOOE+00 6.7338E-03 4.0000E-02 5.9989E-01 2.2897E-019441 2151 
2.3326E+02 3.0000E+00 3.07206-02 4.0000E-02 1.5563E-05 1.526OE-029441 2151 
2.3463~+02 ~.OOOOE+OO 3.17026-03 ~ . o o o o E - o ~ - ~ . o ~ ~ ~ E - o ~  2.9788~-029.~41 2151 
2.3599E+02 2.0000E+00 4.1112E-03 4.OOOOE-02 1.7782E-02 2.3740E-019441 2151 
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Table 6. Cont’d 

2.3749E+02 3.0000E+00 5.2508E-04 4.0000E-02 7.5958E-03-1.1423E-029441 2151 
2.3836E+02 2.0000E+00 3.5856E-03 4.0000E-02 7.742OE-03 2.5877E-019441 2151 
2.4096E+02 2.0000E+00 1.1184E-02 4.0000E-02 8.8259E-O3-4.6808E-019/+41 2151 
2.4342E+02 3.0000E+00 1.0177E-02 4.0000E-02 9.9553E-01 6.0045E-019441 2151 
2.4386E+02 2.0000E+00 1.2067E-02 4.0000E-02 1.0064B-03 1.7569E-019441 2151 
2.4488E+02 3.0000E+00 5.4886E-03 4.0000E-02 2.0351E-02-4.0455E-019441 2151 
2.4678E+02 2.0000E+00 2.1153E-03 4.0000E-02 2.0142E-01 3.3081E-029441 2151 
2.4858E+02 3.0000E+00 1.4269E-02 4.0000E-02 5.6023E-04 5,0571E-029441 2151 
2.4959E+02 2.0000E+00 5.7276E-03 4.0000E-02 3.326OE-04 1.8284E-029441 2151 
2.5051E+02 3.0000E+00 8.3271E-04 4.0000E-02 2 .2018E-01-9 .2669E-029441  2151 
2.5300E+02 2.0000E+00 2.0166E-04 4.0000E-02 1.0259E-01-3.9122E-019441 2151 
2.5519E+02 3.0000E+00 4.4357B-03 4.0000E-02 3.2262E-02 4.2125E-019441 2151 
2.5655E+02 2.0000E+00 2.6472E-03 4.0000E-02 4.1521E-01-7.2855E-029441 2151 
2.5835E+02 3.OOOOE+OO 2.1040E-02 4.0000E-02-9.9422E-03 1.4325E-019441 2151 
2.5983E+02 2.0000E+00 7.0023E-03 4.0000E-02 1.7373E-02-4.6547E-019441 2151 
2.6355E-1-02 2.0000E+00 5.7017E-04 4.000OE-02-2.5962E+OO 1.52296-019441 2151 
2.6378E+02 3.0000E+00 2.0185E-03 4.0000E-02 6.0852E-02 7.6374E-019441 2151 
2.6405E+02 2.0000E+00 3.3482E-04 4.0000E-02 8.0143E-02-2.1985E-019441 2151 
2.6646E+02 3.0000E+00 2.2616E-03 4.0000E-02-2.6796E-02 1.3773E-019441 2151 
2.6813E+02 2.0000E+00 2.9280E-03 4.0000E-02 1.2988E-01 9,30126-019441 2151 
2.6948E+02 3.0000E-to0 4.2666E-04 4.0000E-02 5.0000E-03 0.0000E+009441 2151 
2.7012E+02 2.0000E+00 1.3153E-02 4.0000E-02-4.6590E-02-2.4461E+009441 2151 
2.7160E+02 3.0000E+00 1.0613E-02 4.0000E-02-3.8025E-01-3.9369E-029441 2151 
.2.7402E+02 3.0000E+00 1.8432E-03 4.0000E-02 7.7295E-03 2.7628E-019441 2151 
2.7586Ec02 2.0000E+00 3.3789E-03 4.0000E-02-5.7250E-02 2.9239E-019441 2151 
2.77056+02 3.0000E+00 1.3844E-02 4.0000E-02 7.5966E-02-7.7794E-019441 2151 
2.7844E+02 2.0000E+00 6.6870E-03 4.0000E-02 1.1167E+00 1.0374E-019441 2151 
2.8006E+02 3.0000E1-00 1.6970E-03 4.OOOOE-02 1.6760E-01-1.1074E-019441 2151 
2.8150E+02 3.0000E+00 7.5812E-04 4.0000E-02 1.5898E-01 1.49706-019441 2151 
2.8400Et02 3.0000E+00 5.9322E-03 4.0000E-02 3.8351E-02-1.8106E+O09441 2151 
2.8432E402 2.0000E+00 1.4899E-02 4.0000E-02-6.0205E-01 1.3075E-029441 2151 
2.8550E+02 3.0000E+00 4.0623E-03 4.0000E-02-7.2513E-03-7.943lE-029441 2151 
2.8713E+02 2.0000E+00 4.8746E-03 4.0000E-02 7.4873E-03 1.0631E-019441 2151 
2.8840E+02 3.0000E+00 2.4185E-04 4.0000E-02 1.2687E-03-1.0028E-029441 2151 
2.9029E+02 2.0000€+00 9.7975E-03 4.0000E-02-9.4840E-01 4.7285E-019441 2151 
2.9094E+02 3.0000E+00 1.1631E-03 4.0000E-02 2.2146E-01-1.8034E-019441 2151 
2.9345E+02 3.0000E+00 2.1988E-03 4.0000E-02-3.1367E-01 1.3776B-019441 2151 
2.9434E+02 3.0000E-to0 3.1056E-03 4.0000E-02 5.9747E-02-1.8142E-019441 2151 
2.9688E+02 2.00OOE+OO 3.8605E-03 4.0000E-02-3.4673E-02 2.1220E-029441 2151 
2.9751E+02 3.0000E+00 1.3565E-02 4.0000E-02-1.5275E-01 9.7854E-029441 2151 
2.9784E+02 2.0000Et00 4.1098E-03 4.0000E-02 2.1183E-02-7.792l.E-029441 2151 
2.9912E+02 2.0000E+00 7.4800E-03 4.0000E-02 1.6999E-01 1.7695E-019k41 2151 
3.0017E+02 3.0000E+00 3.6539E-03 4.0000E-02-3.8442E-01 9.9195E-029441 2151 
3.0178E+02 2.0000E+00 1.7654E-02 4.0000E-02 2.9913E-01 7.2215E-029441 2151 
3.0411E+02 3.0000E+00 8.8321E-04 4.0000E-02 3.105l.E-01 4.6242E-019441 2151 
3.2000E+02 3.0000E+00 1.8786E-02 4.0000E-02 2.8127E-01 3.5850E-019441 2151 
4.0000E+O? 2.0000Et00 4.3967E-01 4.0000E-02 6.4308E-01 5.4664E-019441 2151 
0. 0. 0. 0.  0. 
0 .  0. 0. 0 .  0 .  

0. 9441 2 0 
0. 9441 0 0 

0 0  0 
-1 0 0 
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Fig. 1. Pu-241 spacing stairstep histogram. Thc dashed straight 
line corresponds to an average level spacing of 1.15 eV. The solid straight line 
corresporids to an average level spacing of 0.83 eV obtained in Rcf. 19 by the 
Monte Carlo method showing that, even at 100 eV incident neutron energy, 27% 
of levels could be missed. At 300 eV, 34% of the levels could be missed. 

neutron widths and the Porter-Thomas distribution for large values of 2gr0, is poor, 
suggesting that the iiiirriber of unresolved multiplets could be large even in the low 
energy part of the cross sections, and the correct value of the average level spacing 
could be lower than 0.90 eV. 

Figure 3 shows the cumnulative stairstep histogram of the rediiced neutron 
widths. One observes strong fluctuations in the slope of the histogram corresponding 
to strong fluctuations in the local values of the strength function. The strength 
function values calculated in six energy intervrtls are given in Table 7. A particidarly 
large value is observed in the energy range 200 to 250 cV which is about twice the 
valiie observed in the energy range 100 to 150 eV. Not niore than a. 40% diff'erence 
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Fig. 2. Pu-241 integral distribution of the reduced neutron widths 
2gr; for the resonances identified in the energy range 0 to 200 eV. The 
curve is a Porter-Thornas distribution norrtialized to 220 resonances and to an 
average value of 0.216 x 10-3 ev'J2. 

could b t :  expected from the usual Porter-Thomas fluctuations of the neutron widths. 
Comparisons with other r e s ~ l t s ~ ~ ~ ~ ~ ~  obtained froin the analysis of the Kolar and 
Chrraro3 total cross sections are also shown in Table 7 ;  the strength function 
obtained by Bloiis e t  d.*' from a single level analysis in tlic energy range thermal 
to 150 eV is 5% smaller than the valuc obtained in the present work, while the value 
obtained by Kolar and Carraro3 is 7% larger in the energy range 10 to 50 ell. 

The s-wave strength function calculated from the neutron widths of the 236 
resonances ideritifiecl in tlie energy range 0 to 300 eV is (1.23 f 0.11) x The 
error indicated here is the sampling error. This value should not be affected by the 
existence of a large number of unresolved multiplets, since the parameters obtained 
by the SAMMY shape analysis are representative of the total area of the multiplets. 

18 



Table 7. The s-wave strength function in 
several energy rangesa 

Blons e t  nZ.22 

1.282 
1.059 
0.850 

1.312 
50 --- 100 1.117 

100 ~ 150 0.913 

Kolar and 

Carrro3 ___I-- 

0 - 300 1.232 

1.304 

Previous 
O R N L ~  

1.354 
1.043 

_cI_ 

1.441 1.339 

“The values are multiplied by 10” 

4.3 THE FISSION WIDTHS 

The integral distribution of the total fission widths of the 236 resonances 
identified in the energy range 0 to 300 eV is given in Fig. 4. The theoretical 
distribution drawn on the figure is a x2 distribution, P(v , z ) ,  with v = 1 and 
normalized to 270 values. There is no evidence, from the shape of the distribution, 
of two families of rcsonances with very different average fission widths. The average 
total fission width of the 236 resonances is 460.4 meV. The spin 2+ was assigned 
to 129 resonances and the spin 3+ to 107 resonances with average fission widths 
of 690 and 270 meV, respectively. The corresponding effective number of fission 
channels is 2.0 for the Z+ states and 1.2 for the 3+ states, in agreement with the 
assumption made above on the number of open or partially open fission channels. 
But, at least above 100 eV incident neutron energy, these results could not be taken 
too seriously, sincc there is very little chance that the spin assignments could be 
correct. 

In the 0 to 100 eV encrgy range the results obtained by the Reicli-Moore analysis 
of Blons and Derrien’’ of the total cross section of Kolar and Carraro and Blons 
fission cross sections were used as input in the present SAMMY analysis. Only 
few modifications were rnade and the average fission widths are the same as those 
obtained by Blons and Derricn. A n  attempt was made by Bloiis and Dcrric.11 to 
obtain the parameters of the 2+ and 3+ fission channels. Their results shoidd 
bc used for the evaluation of thc statistical properties of thc fission channels (see 
Ref. 19). 
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Pig. 3. Pu-241 curriiilative stairstep histogram of the reduced 
neutron widths 2grz. 

4.4 THE: CAPTTJRE WIDTH§ 

The capture widths have been obtained for 33 resonances in the energy range 
0 to 50 eV. The average value, evaluated from the isolated narrow resoiiances, is 
34.90 meV, in agreement with the value of 36rt 1 meV ca,lculated by M. S. Moore.23 
One should note that the capture widths obtained in the energy range 0 to 20 eV 
(30.08 meV on average) are significantly smaller than those obtained in the energy 
range 20 to 50 eV (40.1 meV on average). This could be due tu  an experimental 
eEwA related to the saiiiple temperature in the low-energy and/or the high-energy 
transmission runs; the difficulties for the evaluation of an accurate Doppler width 
could he the origin of large errors in the determination of the total width of the 
resonances. 

20 



Fig. 4. Pu-241 integral distribution of the total fission widths for 
the resonances identified in the energy range 0 to 300 eV. The theoretical 
curve corresponds to a x2 distribution, P(v ,  z), with v = 1 and normalized to 270 
resonances and to an average fission width of 400 meV. The good agreement 
between the experimental distribution and the theoretical one is spiirious, since 
the experimental distribution could be strongly distorted by the important number 
of missed levels and unresolved multiplets. 

A comparison between the capture widths obtained in this work arid thosc given 
by Blons and Derrien” in the energy range 17 to 34 CV is shown in Table 8. The 
Blons and Derrieri vsliies were obtained from a multilevel Breit-Wigner analysis of 
the total cross sections of Icolar and Carraro and the fission cross sectioIt of Blons. 
The capture widths were also obtaincd by Kolar and Carraro froin a Breit-Wigner 
analysis of Gee1 transmission aiid fission d a h 3  Some of the values arc shotvu in 
Table 8. They are much larger than those obtained in the present work and in 
Blons’ analysis. 
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Table 8. Capture widths (iiieV) for some 
we 11 is o la t e d res o nanc e s 

Resonance energy 
(e171 

0.26 
4.28 
4.58 
6.93 
3.61 

12.79 
13.G3 
14.75 
16.G7 
17.85 
20. '72 
22.99 
24.10 
26.43 
31.02 
38.17 
39.40 
39.90 

.-.... 

Present 
work 

32.6 
30.7 
31.3 
30.2 
29.3 
30.6 
33.8 
29.0 
24.6 
36.0 
38.1 
44.5 
42.4 
34.5 
37.3 
36.7 
39.4 
47.9 

-. . ........ . . 

......... 

Bloiis 
~ ......... ~ 

45 
33 
46 
41 
38 
54 

_I 

Iiolar and 
Carraso 

43 
46 
66 
51 
50 
54 

A constant value of 40 meV was used for all the resoriances in the energy rmge 
above 50 eV. 

4.5 THE COVARIANCE MATRICES 

Partial correlation iriatrices were obtained for the six eiierey raiigcs analyzed. 
Tables 9 and 10 show parts of the covariance matrices obtained in the energy range 
0.4 to 20 eV and 200 to 300 eV. From these examples one sees that only the short 
range correlatioris from resonance to resonance are iiiiportant. Conseqiiently a 
reasonably accurate full correlation matrix could be obtained by assembling the six 
partial matrices. If the resonances are sorted by increasing energy, only the elements 
near the diagorlal should be kept. 

4.6 CONCLUSIONS ON THE -4VER.AGE RESONANCE 
PARA METERS 

The important number of missed levels renders difficult the determination of 
accurate values of the average resonance parameters. However, the following values 
could be iised as starting values for statistical model calculations in  the unresolved 
region: 
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Table 9a. Partial correlation matrix of 241Pu resonance parameters" 

(see Table 9b). 





Table loa. Partial correlation matrix of '*lPu resonance parametersa 

I I 6  7 1  ?8 7 V  80 81 8 2  I3  8 4  85 86 8 1  I 8  8 9  90 9 1  V 1  9 5  V C  9 1  ?D 97 Vd P 9  100 
1 7 7  - 1 7 2  -12 100 

78 1.74?dE-C2 -000 -6  11 100 

80 2.760 . a 2 1  - 1  1 20 10 100 

8 2  V . V 3 b O f - O J  .OOO 12 -10 - 2 2  -6 - 5  20 100 

111 13.61 .187 -Q 10 2 2  6 -8  b -23 2 2  100 
6 5  4 6 . 6 7  .071 i -6 - 2 Q  - 2 9  b -14 23 I V  - 5 0  100 
66 2.296lE-02 .000 ? -1 -1 6 0 5 4 - 2 1  -11 -11  100 
(I? V . l ? V S E - 0 2  .Os? 0 1 -b -13 - 2  - 2  2 1  20 -1 9 - 8  1 0 0  
8 8  28.44 .ZOO -1 2 0 -6 -1 0 b 6 -6 8 -29 JO 100 
8 9  Zf.77 . l V 5  -1 -1 -1 -? 0 0 -6 -1 4 -6 8 29 -12  100 
P O  6.bblbE-02 . O n ?  2 2 - 3  -1 0 - 3  2 1  1 7  - 9  17 0 5 1  - 3  1 3  100 
91 6 . 8 5 6 9 6 - 0 2  -000 1 - 3  - 2  1 0 6 - ?  -15 0 - 1 2  0 -20 - 6  - 8  -21 100 
92 0.1651 -111  2 -1 - b  - ?  0 -1 14 - 6  - 6  1 2 5  1 9  b 6 18 9 100 
V I  10.58 -211 -1 1 1 -1 -1 2 - 5  -4 - 2  - 2  8 0 1 - 2  1 0  -18 1 100 
Ob 129.0 .088 2 0 -10 -18 0 - I  - 9  P -10 12 6 6 -4 10 - 2 4  4 S  6 J 100 
95 I . 6 6 S 8 f - 0 2  -000 - 1  1 f 2 1 2 - 6  f 9 - I  :lb - C  1 - 2  -6 -4 -27 13 8 100 
9b  0.1679 -036  I - 2  - 2  b 1 1 2 - ?  -4 - 3  -1 - 7  -9 -1 - 5  -21) - b ?  - 1 1  -28 - 1 8  100 
91 11-47  . 2 2 0  1 -1 0 2 1 -1 -1 3 2 2 -6 2 1 S -1 - 2 s  - 6  -1 - 3  IS 12 

IC I . O ~ S ~ L - O Z  . o n  16 I ?  Z G  100 

a i  2 6 . b 6  . i > 7  i s  z -49 15 Q 130 

8s a . s v 6 z  .010 - 2  - i t  - 2 8  o - i s  1 2  too 

V8 J J . 0 8  .113 2 -1 1 4 0 z 4 - 5  2 -6 - I  - I  -1 -6 - 2  -17  - 6 z  -1 - 3 7  - 3 4  7 9  -17 100 
PO 4.s224€-02 ,178 0 0 0 0 0 0 t 0 0 0 0 1 0 0 1 1 - G  -1 1 4 1 J 1 100 

100 4.0681E-02 -000 1 -1 0 1 0 2 3 -f  - 2  - 2  0 - 5  - 2  - 2  - 2  - 3  - 4  - 2  - 6  I 2 8 - 2  - 2  1 0 0  

101 3 S . 1 1  .178 0 0 0 0 -1 1 0 - I  - 3  0 f - 2  -1 -1  0 1 1 - 2  0 - 2  7 3 2 1 - 3 a  
103  11.51 .186 0 -1 - 2  -2 0 0 - 2  - 2  -1 0 2 -1 -1 0 -1  2 1 U - I  1 I 1 1 1 - 1 c  
1Ob 3.1115t-02 .OOO -1 1 0 - 3  0 - 2  - %  7 f 2 - 2  1 J 1 1 7 0 10 - b  - d  - 0  - I  1 -2t3 
1 0 1  9.3b39E-02 , 0 4 3  0 - 1  0 b 1 1 - 5  0 -1 t - 1  0 -1  0 2 - 6  4 -2  -1 0 0 1 0 2 - 1 9  
106 6b.31 .14Q 0 -1 0 2 1 0 - 4  % 3 -1 - 2  1 1 1 0 -1 2 1 - 1  3 - 2  - 2  1 1 - 2 s  
107 Z l . 8 6  -189  0 0 1 0 0 0 -6 1 0 1 -1 0 0 0 2 -6 1 -1 1 -& - 5  1 - 1  0 -11 
108 l . 6 l i l F - 0 2  .OOO 0 -1 1 2 0 1 - 6  1 2 -1 - 3  I) 1 0 1 - 4  -1 1 1 2 - 6  0 - 1  0 -17  

1 1 0  10.62 .16Z 0 0 0 1 0 t -1 - 2  - 2  0 0 -1 -1 -1 0 -1 -1 -1 C 0 2 2 0 0 1 
111 2 3 - 4 7  . l b 1  1 -1 - 2  0 0 1 -1 -Z -1  -1 1 - 2  -1 0 - 2  1 - 2  0 -6 J 1 2 2 0 1 
112 l.Zb1bE-02 .OOO - 2  1 0 -3  0 -1 - 2  4 '1 1 -1 2 2 2 0 1 G b 5 - 5  - &  - 3  - 1  0 - 3  
l t S O . 1 6 1 7  . 0 4 S  -1 0 0 1 0 0 -1 1 0 0 -2 -1 0 -1 0 - 2  0 U -1 0 0 t -1 0 0 
114 19.31 .120 0 -1 -1 ? 1 0 -1 0 4 - 3  - 2  0 1 0 -1 1 -1 2 - b  I 1 - 1  2 0 -6 
113 15.98 .166 1 0 1 2 0 1 -4 -1 - 5  1 -1 -1 -1 -1 2 -7 -1 - t  3 - J  - 3  I - b  0 - 1  
1 1 6 S . b 7 Z l t - 0 2 . 0 0 0  0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0  0 0 0 0 0 0 0 

7 1 8  103.4 .OS6 - 1  0 0 0 0 0 -1 3 1 0 0 - 2  0 0 - 2  2 1 1 -1  -1 1 0 0 0 1 

120 'I.5919E-02 ,000 1 -1 0 1 0 1 t - 2  0 -t 1 2 t 0 2 - 2  1 0 0 0 3 1 0 1 0 
1 2 1 0 . 4 0 0 1  .018 a 0 - 1  0 a - t  0 5 0 1 1 1 0 I) 1 0 4 0 c - z  3 0 o 0 1 

101 a . izs i  . i t 1  i -1 - 2  1 o 1 t -I - z  a i o  1 i 1 2 i s  1 5 - 4  7 o 5 P - 2 4  

I09 I .vJ28E-02  ,025 0 -1 - ?  1 0 1 J -1  - 3  1 4 -1 -1 0 -1 3 2 -1 -1 0 0 J 2 1 10 

i i r o . 4 p t . s  . 0 6 2 - i  i o o 0 - 1 - 1  J o t 0 - 2  o 0 - 1  L 2 1 0 - 1  2 o o o i 

l l P 6 . ] 0 8  .233 1 0  0 0 0 0 0 0 0 0 0 1 0  0 b 0 0 0 1 0  9 0 0 0 0 

'Part of the correlation matrix obtained in the energy range 200 to 300 eV SAkfMY 
fit. The stand-3rd deviations on parameters are also given in column 2 and 3 of the table 
(absolute and relative values). The parameter numbers are given in column 1 and line 1 u 

(sce Table lob.) 



Table lob. Partial list of '*'Pu iiiput resonance parameters' 

ENERGY 

2.00765C'C2 
Z.CS9OCE'OZ 

2.1 OLSOE*O2 
2 . 1  4551 E.02 
2.175SbE'CZ 
2.25877€*02 
2.112 63E' 02 
2.34b2LE.62 
Z . L S ~ S S € * O Z  
2.trPlvE*o2 
2 . r C S b B E ' C Z  
2. S S l C j € * C Z  
2.S3IL7i*C2 
2.b376LE'CZ 
2.6t4 67 E* 02 
2 .  694 B C f * O Z  
2.715vGE+oZ 
2.74071E*02 
2.77GLOE'02 

z.o749e~-oi 

4.0000€*01 
L . O O O O E  401 
A.OOOOE+Ol 
b . 0000 E 601 
&.0003E'C1 
L.0000E-01 
L .0000t'CI 
4.3DGOf'Cl 
~ . s o o o E * o 1  
4.000OL.Cl 4 6 )  7.P8VZF*02 

SO) 2.2056E'Sl 
5 1 )  2.B3022*DC 

L.OOOOE'C1 
L.OOODE'C1 
4.CDOOE*01 
L.0000E.C1 
L.O30OE'01 

. .  
L .72Gl E 'OO 
1.1~?5E.C1 
L.L7!2f*00 S C )  3.396LE*01( 5V) L.L677(*02 

6 2 )  -7.7728€*30( 6 3 )  l.LbOSC*OZ 
66) 5.536bE*01( 67) 5.8E31F+D2 
70) -3.0270E+31 ( 71) 1 .3SBVL*C2 
73) 5.0000E+00 0.0000E*00 

L .0000L*Gl 
4.0000E+Cl 
L .  OOOOE*C1 
4 . O O O O E - 0 1  
4.0000~*01 
L .0000L+Cl 
4.000CE'cl 
L.0000€*01 

1.0096L+01 
1.8ZCBE*CO 
1.31 L l  Z+Cl 
1 . 6 ? 5 V Z * O C  
7.LOCIE-01 
S.L7S6L+OC 

E ? )  1.6235€+02( E 6 )  -1.3201E*02 
90) l.I898f*O2 l.L970L+02 
92) S.OOIIE*01( 9 3 )  -l.L606€+03( 9 0  

L .000CE+Cl 6.6969E+OO( 96) -7.9397€*01( 97) -2.??03€*02( 98) 
L . c5oc E'C1 Z.L324€-01( 99) 1.2687E*OO -1.OOZEL*01 
4.0OOOE*Ol 1.125&€*00(1Cl > 1 .VP~OE*Oi(lO2) -1.6Vi6E*O2 (1  03) 
L . C O O O E ' C 1  2.18t75+00(1051 -2.V736€+32(106) 1.3716!+02(107) 
L . 0 0 t 0 : + 0 1  1.1 ZL2E+OO(lOV) 5.8127€*01 ( 1  10) -1.6747€*02 (1 1 1  ) 
L.OOO0E.Ol 1.2996E*C1(113) -1.6237f+OZ(ll&) V.6391~*01(11Sl 

S P I N  G P O U P  NUM8ER 2 
ENERGY 

L*O S P I h m 2 . 0  
( P  I L L I ' E  V )  

l.lVC5€+C1(117) 
2.2235€+01 ( 1 2 0  
Y.O1C3E+Cl(lZS~ 
C 66C OE'OO 1 1  2V) 

G O O 3 1 * C  1 
coo0 E + o  1 

L . 0000 E c 1  
L.O3OO:*G1 
L.')003E'51 
L.OOOCE*Cl 
&.000CE*Cl 

7.672bE*00(133) 
1 .V&71€*01(137) 
4.CVCLf+PO(l&O 

4.OOCOE*Ol 
L.OOOC~'C1 
& .  0 DOC I * c 1  
4. COOC E * c  1 

3.0blbI+02(167) 
2.2391 f * 0 2 ( 1 7 O  

~ . 0 0 0 0 ~ 4 ~ 1  
L.O30c:',l 
L.CIOCE'C1 
L .  0300i431 
~.OOOOE'Cl 
b.00JCE'Cl 
L.OODO€*Cl 
L.OOOCi.'il 
L.00COE+Cl 
L . 0 3 t t  L'Cl 
4. c35; E ' C I  
L . C ~ C G I * : ~  
L.C3CCE*il 
L.O003E*:l 
4.000:F-Cl 
L . G 350 E 'C  1 

'Identification of the variable parameters in the energy range 200 
to 300 CV SAMMY fit; to be used for the interpretation of Table loa. 
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s-wave level spacing 
s-ivme strength function 
radiative width 
total fission width 

< D > = 0.83 f 0.08 eV 
So = (1.23 f 0.09) x lo-* 
< rr > = (36 f 6) meV 
< l?f >2+ = (600 f 100) meV 
< I'f >3+ = (100 f 20) nieV 

The proposed level spacing is 9% lower than the lowest estimate of 0.90 eV 
obtained from the examination of the neutron width distribution in the energy 
range 0 to 200 eV. This correction of 9% is meant to take into account the effect of 
the unresolvcd multiplets and was given by Blons and Dcrrien in Ref. 19. 
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5 .  THE CROSS SECTIONS 

5.1 THE THERMAL RANGE 

Special care was taken for the analysis of the thermal range. First, one shoiild 
reproduce by the resonance parameters the 2200 m/s cross sections proposed b y  
the ENDF/B-VI standard evaluation group;" second, one slioi~ld try to explain the 
discrepancy on the 0.26-eV resonance capture cross-section found by Westori and 
Wright12 For this purpose, a consistent SAMMY fit was performed in the energy 
range 0.001 to 3 eV, using as input all the parameters obtained by fitting the higher 
energy ranges and by varying only the parameters of the 0.26-eV resonance and 
the parameters of the bound levels. The experirnerital data base (see Table 5) 'LWM 

renormalized in the energy range 0.02 to 0.03 eV to be consistciit with the new 
standard values at 0.0253 eV. 

A preliminary fit, including all the selected eqxrimental data, has shown some 
inconsistencies between Wagemans and Deruytter and Wes tori and Todd fission 
data. When Wagemaxis and Deruytter and Weston and Todd data are noririalized 
to the same valuc in the energy range 0.02 to 0.03 eV, there is it disagreement of 
2.5% ovm the energy range 0.02 to 0.45 eV (326.0 b.eV for Wagemans and Deruytter 
and 33 1.2 1 3 . ~ 6 1  for Weston and Todd). The origin of this discrepancy can be s e w  
in Fig j. The shape of the Weston and Todd data deviates from the shape of tlic 
WagcmaIis and Dcruytter data in the energy range below 0.03 eV and a consistent 
normalization cannot be obtained by using the energy range 0.02 to 0.03 eV. Tlic 
TVagemans and Deruytter data have the expected l / v  shape; this is not the case for 
the Weston and Todd data. The Weston and Todd data should be normalized on 
the Wagemans and Dcruytter data in the energy range above 0.05 eV; the Weston 
and Todd data shoiild not be takcn into account in the energy range below 0.05 eV 
(set3 'Table 12). 

The final SAMMY fit included only Young and Smith' * and Sinipwn a i d  
Shuman' ' total cross sections aid Wagemans and Deriiyt tcr fission cross scctions. 
Tlic rcsults of the fit arc shown in Fig. 8. The 2'200 m/s c r o s  sections obtainccl are 
Riven in Table 11. They are in agrcemcnt with the proposed standard values. Tlic 
calculated capture cross sections are shown in Figs. 6 arid 7; the same deviation in 
shapc noted above is observed for the Mieston and Todd evperirncrital captuie ditta; 
like the fission data, they should be normalized over the 0.26-eV rmonarice ancl not 
in the c n c ~ g y  rang? 0.02 to 0.03 eV. Tlie renormalized fission C ~ O S S  sections of Scypi 
e t  aZ.24 are also shown in Fig. 8. They agree yiiitc .cz.ell with the calculated cross 
sec tioiis I 

Tlie cross-section values integrated over t2iv cncrgy ranges 0.02 t u  0.03 e?' and 
0.02 to 0.45 eV are shown in Table 12. Renormalizing thc Wmton and Todd 
absorption data to the absorption inferred from the Simpsoii and Shuman total 
cross section in the energy range 0.05 to 0.45 eV and the Weston and Todd fissiori 
to the Wagemans and Deruytter fission in the same energy range, rcsults 111 captme 
crabs sections in agreement with the calculated values. This rcnonnalization process 
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Fig. 5 .  Pu-241 fission cross sections in the energy range 0.01 t o  0.07 eV. The solid 
line represents the cross sections calculated from the resonance parameters obtained by fitting 
the data of Wageinans and Deruytter (x). ‘l’he data of Weston and Todd (-+ ), normalized to the 
Wageinans and Deruytter data in the energy range 0.05 to 0.45 eV, deviate strongly from the 
calculated values below 0.03 eV. 

leads to a 1.6% decrease in the 1978 Weston and Todd fission a,nd to a 10% decrease 
in the 1978 Wesiori and Todd capture over the 0.26-eV resonance. 

Tlie dip in the fission cross section observed at 2 eV in thc Weston and Todd 
experimental data (Figs. 6 and 10 is due to a strong interference effect between a 

1.735 eV was not given in previous resonance parameter sets. 
small resonance at 1.735 eV and t i le large resonance at 5.81 eV. The resonance at 



Table 11. Pu-241 thermal cross sectionsa 

Fission 
Capture 
Scattering 
Total 

Standard at 
0.0253 eVb 

(barn) 

1012.68 f 6.58 
361.29 f 4.95 

12.17 f 2.62 
1386.14 f 8.64 

Energy range 
0.02 to 0.03 eV 

(barn) 

1023.9 
366.0 

12.2 
1402.1 

Calculated at 
0.0253 eV 

(barn) 

1011.88 (-0.1%) 
362.95 (+0.5%) 

11.16 (-9.1%) 
1386.0 (-0.0%) 

aColiimn 2 gives the average values in the encrgy mnge 0.02 to 0.03 eV 
corresponding to the standard values at 0.0253 eV. The calculated vducs are 
obtained from the resonance parameters at 0°K. The figures between parenthe- 
ses are the percentage deviation from the standard vali.les. 

bSee Ref. 21. 

5.2 THE RESOLVED RESONANCE REGION 

Table 13, taken from Weston and TcdcSS is an illustration of the largc 
discrepancies existing in the 241Pu cxperimerital fission data. Therefore, a, consistent 
fit of the data could not be obtained without allowing large local renormalization or 
residual background corrections in most of the experimental data. The problem of 
the renormalization of the data was also considered by Wagemans and Deruytter' 
who have shown (Table 14) that a good agreement can be obtained, in the 
energy range below 50 eV, between the fission cross-section data of Wag 0 enians 
and Deruytter, Blons, arid Migneco et al. if the norrnalization is performed in the 
energy range 12 to 20 eV assuming an integral value of 1350 b.eV corresponding 
to an average cross section of 1024 b in the 0.02- to 0.03-eV thermal iiorii~dixation 
range (Le, 1012.7 b at 0.0253 eV). The Weston and Todd data renormalized to 
the Wagemans and Deruytter data over the 0.26-eV resonance, as stated above, 
gives 1349 b-eV in the 12- to 20-eV energy range. The value calculated from the 
resonance parameters is 1342 b.eV only 0.5% below the Wagemans and Deruytter 
normalization value. 

Table 15 shows the average fission cross sections in 17 energy intervals in the 
incident neutron energy range 3 to 300 eV. The Weston and Todd data renormalized 
to the Wagemans and Deruytter data are compascd to the values calculated from 
the resonance parameters. The agreement is excellent. 

Table 16 shows the capture cIoss sections and the CI! values in the neutron 
energy range 10 to 300 eV. The a values calculated from the resonance pararncters 
are compared to the Weston and Todd experimental values. The calculated values 
are on average 14.3% smallcr; the discrepancies are veIy large (20% to 60%) in the 
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Fig. 6. Yii-241 fission and capture cross sections in the energy range 0.01 to 
3 eV. The curves represent the cross sections calculated from the resonance parameters obtained 
by fitting the fission data of Wagemaits and Deruytter, the total cross-section data of Simpson and 
Shurnan and Young and Smith The experimental data are Weston and Todd fission cross sections 
normalized to Wagenians arid Deruytter fission in the energy range 0.05 to 0.45 eV, and Weston 
and Todd capture normalized via the absorption croscs sections inferred from Simpson and Shuman 
total cross section in the energy range 0.05 to 0.45 eV. 

regions wliere Ihe capture cross sections are sniall. The experiirieiital capture data 
were included in the SAMMY fits only in the energy range 3 to 20 eV (Fig. 11) 
and a corrrction of 15% to the normalization was obtained. The large l', values 
obtained for the broad resonances at 5.81 and 9.62 eV suggest that an important 
experimental background could also remain in the experimental capture data. The 
absorption cross sections were normalized by Weston and Todd to values inferred 
fioiii tlic Kolar and Carraro total cross sections in the energy range 5 to 50 cV. It has 
been shown' that the I M a r  and Carraro total cross section.: could be too large and 
therefore thp VG'cston and Todd absorptions could also be too large. Renormalizing 
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Fig. 7.  Pu-241 fission and capture cross sections in the energy range 0.01 to 
3 eV. The curves represent the cross sections calculated from the resonance parameters obtained 
by fitting Wagemans and Deruytter fission, Young and Smith total and Sinipson and Shuman total. 
The experimental data are Weston and Todd data normalized on the standard values between 0.02 
and 0.03 eV. Note the dip in Weston and Todd fission cross section at 2 eV which is well represented 
by a strong interference effect between a small resonance at 1.735 eV and the broad resonance itt 
5.810 eV. 

the Weston and Todd absorptions to the absorptions inferrcd from the Harvey and 
Sinipson transmission data should remove the discrepancy with the capture and a 
values. 

Figures 9 to 15 provide a detailed graphical comparison between the results 
of several measurements and the corresponding quantities as computed froIri the 
rcsonance parameters. The curves rppresent the calculated data; the crosses or thc 
vertical bars (error bars) represent the experimcntal values. Figure 10 shows the 
Weston and Todd, Blons, and Migneco e t  ak. fission cross sections in the energy 
range 0.3 to 20 eV; the Weston and Todd and the Blons data wme displaced by 2 
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Fig. 8 .  Pu-241 fission and total cross sections ill tlie energy range 0.001 to 
3 eV. The curves represent the cross sections calculated from the resonance parameters. The 
experimental data arc‘ the Simpson and Shuman total cross sections in the energy range 0.02 to 
0.5 eV (displaced by a factor os three), the Young and Smith total cross sections in the energy 
range 0.001 to 3 eV, the Wagemans and Deruytter fission cross sections in tlie energy range 0.02 
to 0.5 eV and the renormalized Seppi fission data in the energy range 0.002 to 0.006 eV. 

and 1 decades respectively for clarity of the display. Figure 3 shows the Harvey and 
Simpson transmission data in the same energy range; the medium and thin sample 
dat,a were displaced by 0.25 and 0.5, respectively. 

Figure 11 shows Weston and Todd fission and capture in the energy range 0.3 
to 20 ev. 

Figures 12 and 13 show the data in the energy range 45 to 73 eV arid 73 to 
100 eV. The upper part of the figure represents the total cross sections obtained 
from IIarvey and Sinipsori thick sample transmission displaced by three decades. 
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Table 12. Pu-241 cross sections in the energy 
range below 0.45 eV" 

326.03 
334.18 
137.43 
453.77 
471.61 

References 

Young and Smith total 
Sirnpson and Shuman total 
Wagemans and Deruytter fission 
Weston and Todd fission 
Westori and Todd capture 
Simpson and Shuman absorption 
Weston and Todd absorption 
Scattering 

326.03 
127,74 

453.77 

Energy range 
0.02 to 0.03 eV 

(b: 

EXP 1 

1401.8 
1401.9 
1024.3 
1024.9 
366.2 

1389.7 
1391.1 

:I>- 
EXP 2 

999.9 
338.8 

1338.7 

Energy range 
0.02 to 0.45 eV 

(barn - eV 

455.01 
458.97 

I 

THE 

456.19 
459.12 
327.74 
327.80 
126.49 
453.92 
454.29 

5.20 

"EXP 1 are the average experimental values (or the integrrtl values) obtained when 
the data are normalized at 0.0253 eV on thc standard data.21 EXP 2 are tlic experi- 
mental values obtained when Weston and Todd fission and Weston and Todd absorption 
are normalized to Wagemans and Deruytter fission and Simpson and Shuman absorption 
respectively, in the energy range 0.02 to 0.45 eV. Simpson and Sliurrian absorption was 
obtained by substracting the calculated scattering value to the total value. THE are the 
values calculated from the resonance parameters. They are in excellent agreement with 
EXP 2. 
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Table 14. Comparison of 241P~~ fission integrals (b.eV)a 

Energy int erval 

3.0 - 8.0 
8.0 -- 9.0 
9.0 -- 12.0 

12.0 - 14.0 
14.0 - 17.4 
17.4 - 20.0 
20.0 -- 25.0 
25.0 - 27.2 
27.2 -- 30.0 
30.0 -- 36.1 
36.1 - 44.0 
44.0 - 52.0 

12 - -  20 

(eV> 
Wagemans and 

Deruyt ter 

1216.3 
236.7 
307.2 
286.1 
929.4 
134.5 
231.4 
282.1 
319.7 
330.8 
269.0 
328.8 

1350.0 

Blons 

1243.7 
238.5 
306.7 
276.6 
938.3 
135.2 
245.1 
275.2 
317.9 
324.0 
255.9 
310.8 

1350.0 

Migneco et al. 

1276.4 
240.6 
325.2 
291.3 
916.7 
142.1 
242.4 
277.0 
321.8 
327.5 
246. G 

1350.0 

Ca.lculat ed 
valise 

1196.9 
234.4 
292.0 
279.4 
922.2 
139.8 

__ 

1.341.0 

'The 241Pu fission integrals (b.eV) renornializcd at uf (2200 m/s) = 1012.7 1) 
via the Wagemans and Deruytter integral of 1350.0 b.eV in the energy range 12 to 
20 eV. These data were taken from Ref. 6 with 1% correction for normaliz&ion on 
the ENDF/B-VI standard at 2200 m/s. The values calculated from the resonaiice 
parameters are also given in the energy range 3 to 20 eV. 
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'Fable 15. Coiiiparison of 241Pu iiitegral fission 
cross sections (b.eV)" 

Energy range 
........ . .. . . . .. .. CeV) .. . .. . __. 

3.0 4.9 
4.9 8.0 
8.0 - 9.0 
9.0 12.0 

12.0 - 14.0 
14.0 17.4 

20.0 30.0 
17.4 - 20,O 

30.0 - 40.0 
40.0 - 50.0 
50.0 60.0 
60.0 70.0 
70.0 80.0 
80.0 - 90.0 
90.0 - 100.0 

100.0 - 200.0 
200.0 - 300.0 

3.0 300.0 

____. Average 

350.8 
876.8 
237.6 
311.1 
284.8 
928.0 
143.8 
795.3 
452.0 
390.9 
173.1 
559.1 
278.3 
685.9 
279.2 

2660.0 
2780.0 

12166.7 

Weston and 
Todd 

361.6 
870.0 
237.9 
313.6 
279.3 
929.9 
142.6 
845.0 
480.7 
426.0 
171.8 
576.7 
263. 8 
715.2 
271.7 

2621.0 
2791.3 

12298.1 

Calciilated .- 

359.2 (-0.7%) 

234.4 (-1.5%) 
836,7 (-4.3%) 

292.0 (-7.4%) 

922.2 (-0.8%) 

842.9 (-0.2%) 
485.9 ( + L O % )  

279.4 (+-0.0%) 

139.8 (-2.0%) 

408.9 (-4.1%) 
175.5 (-t-2.2%) 
570.4 (-1.1%) 

722.0 (-+-1.0%) 
282.7 ( t-4.0%) 

2636.0 (-+-0.2%) 

267.6 (+1.4%) 

2828.0 (+1.3%) 

12273.5 (----0.2%) 

"Pu-241 integral fission cross sections calciilated from the resonance 
parameters and compared to J7eston and Todd experimental data normali;.cd 
to M'agemans and Dcriiytter data in thc ciiergy range 0.02 to 0.45 eT7. The 
pcrccntage deviations between Weston and Todd and the calciilated values 
arc given. Tlie average values are those obtained from all the experiilieiital 
data appearing in Table 13. 

38 



Table 16. average capture cross sections 
and alpha valuesn 

Energy range 
(eV) 

10 --- 20 
20 - 30 
30 - 40 
40 - 50 
50 - 60 
GO - 70 
70 - 80 
80 --- 90 
90 --- 100 

100 --- 200 
200 - 300 

10 --- 300 

Calculated 
capture 
(barn) 

74.72 
15.46 
9.75 
5.45 
2.16 

12.90 
14.62 
22.89 
5.75 
5.87 
6.62 

Calculated 
alpha 

0.509 
0.183 
0.201 
0.133 
0.123 
0.226 
0.546 
0.317 
0.203 
0.226 
0.237 

0.244 

~ _ I _ _ _ -  

Experiment d 
alpha 

0.559 
0.213 
0.216 
0.184 
0.198 
0.279 
0.572 
0.337 
0.207 
0.268 
0.264 

0.279 
- 

Deviation 
% 

10.0 
16.4 
7.5 

38.0 
61.0 
23.0 

4.8 
6.3  
2.0 

18.6 
11.4 

14.3 

aPu-241 capture cross sections and Q values in the energy range 10 to 300 eV. 
The percentage deviations between the cv values calculated frorn the resonance pa- 
rameters and Weston and Todd experimental values are givcn. 

The other curves represent Migneco e t  ai. fission multiplied by 10, Weston and 
Todd fission, and Blons fission multiplied by 0.1. 

Figures 14 and 15 show the data in the energy range 200 to 250 eY and 250 
to 300 eV. The upper part of the figure represents the total cross sections obtained 
from Harvey and Sixnpson thick sample transmission displaced by three decades. 
The other curves represent Blons fission multiplied by 10, Migneco e t  al. fission, 
and Weston and Todd fission multiplied by 0.1. 

The resonances of the isotope impurities (23gPu, 240P~1, 2-12Pu, 2'11Am) werc not 
removed from the figures. 
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Fig. 9. Pu-241 transmission ratio in the energy range 0.3 to 20 eV. The experimental 
data (crosses) are the results of Harvey arid Simpson measurements of 5.19 x lo-* at/b, 2.27 x 

at/b samples. The solid lines represent the values calcula.ted frorn the 
resonance parameters. The data for the thin and medium samples are displaced by 0.25 and 0.5, 
respectively for clarity of the display. The resonances of the isotopes 239Pu, 240Pu, 242Pu, 2 4 1 A ~ n  
were not removed from the data and were included in the fit. 

a t /b  and 1.12 x 
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Fig. 10. Pu-241 fission cross sections in the energy range 0.3 to 20 eV. The 
experimental data (crosses) are from Weston and Todd (multiplied by l o ) ,  Blons, and Migrieco 
et uI. (multiplied by 0.1). The solid lines represent the cross sections calculated from the rt'soniince 
parameters including residual background and renorrrialization pa;rarnc)ters. 
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Fig. 11. Pu-241 fission and capture cross sections in the energy range 0.3 to 
20 eV. The experimental data are from Weston and Todd. The solid lines represent 
the cross sections calculated from the resonance parameters including residual background and 
renornialization parameters. The fission data were displaced by one decade €or clarity of the display. 
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Fig. 12. Pu-241 cross sections in the energy range 45 to 73 eV. The upper. ciirve 
represents the total cross sections obtained from Harvey arid Sinipson thick sample transinission 
displaced by three decades. The other curves are Migrieco et  nl. fission multiplied by 10, Westori 
and Todd fission and Blons fission multiplied by 0.1. The solid lines represent the cross sections 
calculated from the resonance parameters including residual baclcgroiind and renorinalization 
parameters. 
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Fig. 13. Pu-241 cross sections in the energy range 73 to 100 eV. The upper curve 
represents the total cross sections obtained from Harvey and Simpson thick sample transmission 
data displaced by three decades. The other curves are Migneco et al. fission multiplied by 10 ,  
Weston and Todd fission, Rlons fission multiplied by 0.1. The solid lines represent the cross sections 
calculated from the resonance paramrters including residual background and renormalization 
parameters . 
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Fig. 14. Pu-241 cross sections in the energy range 200 to 250 eV. The upper ~11rve 
is the total cross sections obtained from Harvey and Simpson thick sample transrnisioa data 
displaced by three decades. The other curves are Blo~is fission multiplied by 10, Migneco el al 
fission and Weston and Todd fission multiplied by 0.1. The solid lines represent the cross sections 
calculated from the resonance parameters including residual background and renormalization 
parameters. 
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Fig. 15. Pu-241 cross sections in the energy range 250 to 300 eV. The upper curve 
is the total cross sections obtained from Harvey arid Simpson thick sample transmission data 
displacrd by three decades. The other curves are Rlons fission multiplied by 10, Migneco et a l .  
fission and Weston and Todd fission multiplied by 0.1. The solid lines are the cross sections 
calculated from the resonance parameters including residual background and renormalization 
parameters . 
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6. CONCLUSIONS 

As it stands the present andysis is a great improvement over previous 
evaluations in that it includes Harvey and Simpson high resolution transmission data 
which were not available before. A consistent representation of the transrrkion 
and of Migneco et  al., Blons, and Weston and Todd fission cross sections was 
obtained by allowing local renormalization and residual background corrections to  
the experimental fission cross sections. Except in the thermal region, Weston and 
Todd fission data has proved to be more reliable than Migncco et  nl. and Blons 
data, particularly for the experimental background corrections. Similar conclusioiis 
were also obtained in 239Pu and 235U  evaluation^.^^,^^ A careful cxamination of 
Weston and Todd capture and fission data in the thermal region below 0.05 eV 
has shown that a past of the difficulties encountered by Weston and Wright in a 
previous evaluation'' 'was due to the deviation of the cross sections of Weston and 
Todd from those of Wdgemans and Deruytter. It has also been shown that Wcston 
and Todd absorption data should be renormalized to the absorption inferred from 
Harvey and Simpson transmission data. 
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