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INTRODUCTION 

238 This report describes the evaluation of the Pu neutron 
— 5 

cross-sections in the energy range from 10 ev to 14 Mev. The 
experimental data base available for the evaluation has been 
reviewed. This data base is far from being complete, especially 
in the high energy region where only fission cross-sections have 
been measured. Therefore, optical model and statistical model 
calculations were performed in view of obtaining the unmeasured 
cross-sections. Some inconsistencies were found among the experi-
mental data when compared to the calculated cross-sections, and 
made the evaluation somewhat difficult. In particular, the calculated 
capture cross-sections are about 30 % smaller than those measured. 
Finally, our. evaluation was based on the experimental set of 
resonance parameters, on the optical model parameters available 
in the littérature and modified to reproduce the strength function 
at low energy and on the experimental, fission cross-sections. 

This evaluation has been performed under the CEA-IAEA Research 
Agreement n° 2663 CF. The results are available in ENDF/B-V format 
from IAEA Nuclear Data Section (TNDL/A library). 

THERMAL AND RESOLVED RESONANCES REGION 

The experimental data 

The experimental data available for the evaluation of the 
238 

Pu resonance parameters are the following : 
1) The fission area of 5 resonances obtained by GERASIMOV et 

al. /1/ from a fission cross-section measurement in the energy 
range 0.02 ev to 400 ev. 

2) The fission area of 16 resonances obtained by STUBBINS et 
al. /2/ from a fission cross-section measurement in the energy 
range 2 ev to 300 ev. 



3) The neutron widths of 14 resonances and the capture widths 
of 3 resonances obtained by YOUNG et al. /3/ from a shape and 
area analysis of transmission data in the energy range 0.01 ev to 
200 ev. The parameters of 2. negative resonances are also given, from 
a fit of the total, cross-section in the thermal region. 

4) The neutron widths and. the fission widths of 49 resonances 
obtained by SILBERT et al. /4,5/ from a combined area analysis of 
a simultaneous measurement of the fission and the capture cross-
sections in the energy range 20 ev to 500 ev. in this analysis, 
the capture width was kept constant for all the resonances and 
equal to the value of 34 mev obtained by YOUNG et al. 

The neutron widths 

The values of Г obtained by YOUNG et al. and by SILBERT et n 
al. are compared in Table 1. The small resonances were not seen 
in the total cross-section of YOUNG et al. (the thicknesses of the 
samples were too small : only 0.0023 at/barn for the- thickest one) . 
For the largs- the- agreement*/is rather good, bel osi ; 
150 ev neutroii-'ens:Egy...Ät'.:-hj.gheär energy,---tfter-Eesclution-- Л*.. 
in YOUNG et al. experiment was not sufficient for an accurate 
determination of Гп. Nevertheless, the overall agreement which 
is found between YOUNG data and SILBERT. data in the 20 ev to 
150 ev energy range is a good test for the validity of the rather 
complicated method used by SILBERT et al. to evaluate the Г and 
Г £ values from their measured capture and fission cross-sections. 

The fission widths 
s 

The fission areas are compared in Table 1. According to the 
authors, the measurement by STUBBINS et al. was not sensitive 
enough to observe the fission cross-section between the widely 
separated resonances ; the small resonances were not seen. Moreover, 
due to a xack of resolution above 100 ev neutron energy, it is 
obvious that the crQ Г^ of STUBBINS et al. should be compared to the 
summ of several SILBERT values ; then, there is a rather good 
agreement, as it is shown in Table 1. As for the values reported 
by GERASIMOV et al., they are much smaller than the other values. 



The discrepancy can be, hardly attributed to. the normalisation, for 
the. ratio to the other data is not constant (Table 1 ) . 

The capture widths 

The capture width can be assigned to 3 resonances only : 
36.8 mev, 30.3 mev and 35.2 mev, respectively to the resonances 
at 2.885 ev, 9.976 ev and 18.562 ev. These values are obtained 
by combining the data of YOUNG et al. and STUBBINS et al. The ave-
rage value is 34 mev which has been used by SILBERT et al. in 
their analysis. 

Thé recommended set of resonance parameters 

The list of the recommended resonance parameters is given in 
Table 2. This list has been established as follows : 

1 ) Two negative energy resonances from the. analysis of the. 
thermal total cross-sections by YOUNG et al. 

2) The parameters for the resonances at 2.885 ev, 9.976 ev 
and 18.562 ev from STUBBINS et al. and YOUNG et al. 

3) Above 20 ev SILBERT data have been kept in their totality, 
apart the Г° values of the resonance at 320 ev which has been taken n 
equal to (7 + 5) mev, instead of (10 + 10) mev given by SILBERT 
et al. 

The calculated data 

The cross-sections are calculated in the energy range from 
10 5 ev to 400 ev from the resonance parameters. The single level 
Breit-Wigner formalism is sufficient for the fission cross-section 
calculation, the extra-accuracy which could be obtained by a 
multilevel formalism being negligible compared to the inaccuracy 
of the experimental data. 

There ara two anomalies in the experimental data when com-
pared to the calculated cross-sections 
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1) YOUNG et al. used a potential scattering cross-section 
of 17 barns to.fit the. experimental total cross-section in the 
energy range 0.008 ev to 200 ev. This value is not realistic 
since one should expect a^ = (11 + 1) barns in the A = 238 mass 
region from systematics or model calculations. YOUNG et al. failed 
to explain this anomalous cr̂  value by a water contamination of 
the Pu02 sample, and they retained the value of 17 barns as the 
proper value of the non resonant part of the cross-section. But 
nothing has been said concerning a possible systematic error in 
the normalisation of the measured transmission : 1 % systematic 
error in the normalisation coefficient is equivalent to 5 barns 
absolute error in the total cross.-section obtained from the thickest 
sample used in YOUNG et al. experiment ; 

2) the resonance parameters cannot reproduce the high values 
of the cross-section observed between the resonances in the 
experimental capture cross-sections of SILBERT et al., as it is 
shown in Table 3 and Figure 1. One should be strongly tempted to 
interpret this non resonant part in the capture cross-section as 
equivalent to the one observed in YOUNG et al. data. But this 
effect, which seems to vanish only around 100 kev in the capture 
cross-section, cannot be explained by the contribution of negative 
levels. It is also too large, to be explained by any direct capture 
contribution. 

We have assumed that this anomalous background in the measured 
total and capture cross-sections is due to unknown or unreported 
experimental effects for which the data must be corrected. 

The cross-sections calculated at 0.0253 ev from the set of 
recommended resonance parameters are the following : 

aT = (583.75 + 19.00) b 
a = (546.74 + 23.00) b n,Y 
a - = ( 17.15 + 1.70) b n,f 
a = ( 19. 86 + 1 .20) b n,n 

They are compared to KEDAK and ENDF/B-V in Table 4. 
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The calculated cross-sections in the thermal region are 
compared to the experimental data of YOUNG et al. and of GERASIMOV 
et al. in Figure 2. The calculated total cross-section is б barns 
lower than YOUNG data, since the potential scattering cross-section 
has been taken equal to 11 bams. 

THE AVERAGE RESONANCE PARAMETERS FOR THE UNRESOLVED REGION 

Leiveil spacing and strength function 

All the. resonances seen in the experimental cross-sections 
have been considered as s-wave resonances. The smallest measured 
Г ° value is about 6 times as large as the average value obtained П 

for the p-wave resonances by assuming Ŝ  = 2.0 x 10 and : 
= 3 ev. Therefore, the statistically overabundance of small 

neutron widths in the Г0 distribution (Figure. 3) , which was n 
already pointed out by SILBERT et al., is not due to the presence 
of p-wave levels. It is possible that the small values have been 
systematically underestimated. On the other hand, due to the bad 
experimental resolutions, it is highly probable that some of the 
large г® values correspond to multiplets of unresolved resonances. 
For these, reasons, it is not surprising to observe a reduced 
neutron width distribution somewhat distorted. (Figure 3). Therefore, 
any statistical method applied to this distribution for the 
determination of the number of missed levels should not work. As 
a matter of fact, all attempt in using the maximum likelihood 
method or the missing- level estimator method gave inconsistent 
results. 

Figure 4 shows the number of levels seen in the interval of 
energy 0 to E as a function of E. Up to 250 ev the staircase is 
roughly represented by a straight line. Above, the effect of the 
missed levels becomes important. In the first part of the. stair-
case, the observed mean level spacing is equal to 8.30 ev. We 
recommend the following value for the s-wave resonances : 
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<D>1=0 = (7.7 + О.б) ev, 
assuming that, about 10 % of levels could still be missed in the 
low energy part of the data. 

The s-wave. strengh frunction is calculated as follows : 

E 

S0 = (Ц Г°)/Е = (1.17 + 0.10) X 10*" 

in the entire energy range of the measurements. 

Thé fission channels 

The most striking feature of the fission widths is shown 
in Figure 5, due to SILBERT et al. /5/. The intermediate structure 
due to a double humped fission barrier is evident. It appears 
that there is one structure covering the energy range 0 ev to 
500 ev, corresponding to a class II state in the vicinity of 
285 ev neutron energy. All the fission widths in this energy range 
come under the influence of the class II state, modifying comple-
tely their statistical behaviour. Then, the interpretation of the 
fission width distribution, which isr shoaor in Figure 6, is difficult. 
Furthermore, this distribution shows two families corresponding to 
different average values, when one spin state is involved in the 
238 

Pu fission in the resonance region. SILBERT et al. have fitted 
the family of small values to a chi-square distribution of 7 degrees 
of freedom. Such large value of the degree of freedom has been 
interpreted as the proof of the (n,yf) process in the low energy 2 T Q 
induced fission of Pu (see also BOWMAN et al. /21/). LYNN /22/ 
has objected that the number of fission channels for the (n,yf) 
process should be much larger than 7 and that the average width 
proposed by SILBERT or BOWMAN is too large compared to the value 238 of 0.1 mev expected from the theory for the (n,yf) process in Pu. 

It is not the purpose of this evaluation to give an inter-
2 3 8 

precation of the apparent anomaly in the distribution of the Pu 
fission widths. We think that this distribution is too much affected 
by the class II state and all attempt of explanation without 
taking into account this effect is questionable. It is not possible 
from the existing sample of fission widths to obtain accurate 
average fission parameters which could be used in a statistical 

• • • ¡ • • • 



model calculation at higher energy. 

In summary, the average parameters available for the calcu-
lation in the unresolved region are the following : 

<D>1=0 = (7.7 + 0.6) ev 

S0 =(1.17+ 0.10) Ю-"* 

<Гу> = (34 + 6) mev 

R' = (9.36 + 0.50) fm. 

The S.j strength function should be obtained from the optical 
model calculations. 

THE OPTICAL MODEL PARAMETERS 

There is no experimental total cross-section or elastic 
cross-section available above several kev neutron energy. The 
evaluation must rely on optical model calculations. A set of 
optical model parameters has been proposed by C. LAGRANGE /6/ for 
the calculation of the even Pu isotope cross-sections. He used the 
deformation parameters of MOLLER /7/ and the optical potential 

232 238 
obtained by fitting the Th and U data /8/. These parameters 
are equivalent at low energy to the strength functions 
SQ = 0.944 x 10 4, S1 = 1.90 x 10-l+ and to the scattering radius 
R' = 9.26 fm. This SQ strength function is 20 % smaller than the 
one obtained in the previous section from the resonance parameters. 
We have obtained a better agreement by modifying slightly the 
LAGRANGE parameters. These modified optical model parameters are 
shown on Table 5. They correspond to SQ = 1.12 x Ю-** and 
R' = 0.931 . 



Selected, values of the. total and the compound nucleus 
formation cross.-sections obtained from the coupled channel code 
ECIS /9/ by using the LAGRANGE, parameters and our modified 
parameters are- compared on Table 6. Significant differences appear 
only on the compound nucleus formation cross-sections below 
several hundred kev neutron energy.. Some values obtained from the 
statistical model code FISINGA /10/ by using the average resonance 
parameters are also shown. An excellent agreement is found bet-
ween FISINGA and ECIS calculations below 40 kev. One should note 

-i» 
that the value of S^ = 2.00 x 10 has been used in FISINGA 
calculations. 

.THE ".CROSS-SECTIONS-'.IN THE UNRESOLVED RESONANCE REGION 

Two sets of experimental data are available in the unresolved 
region : the capture and the fission cross-sections from SILBERT 
et al. /4,5/. The intermediate structure seen in the resonance 
region in the fission data, is still apparent up to about 10 kev. 
The average spacing of the class II states is equal to about 
1 kev /4/. The other problem is the non resonant component which 
is seen in the capture data in the low energy range. This component 
exists also at the beginning of the unresolved region and at higher 
energy. In the purpose of evaluating its importance in this region, 
the partial cross-sections have been calculated with the statis-
tical code FISINGA, by enforcing- the calculated fission cross-
sections to be equal to the average experimental values in 5 
energy intervals, as it is shown in Table 3 and Figure 7. In each 
interval, the calculated capture cross-section is much, smaller 
than the average experimental value. The difference is approxima-
tive^ equal to 40 % of the measured cross-section. As in the 
resonance region, we. have considered this difference as an expe-
rimental effect for which the experimental data should be corrected. 

Therefore, the evaluation has been concluded in the following 
way : 
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1) Between 400 ev and 4 kev, YOUNG total cross-sections 
and. SILBERT fission and capture cross-sections have been averaged 
on 50 ev energy intervals (from 400 ev to 1000 ev) and on 200 ev 
energy intervals (from 1 kév to 4 kev). The total cross-sections 
of YOUNG have been normalized to obtain an agreement with the 
statistical model FISINGA calculations. The capture cross-sections 
of SILBERT have been, corrected for 2^10 b at. 400 ev and 1.15 b at 
4 kev and between these energies for a value obtained by log-log 
interpolation. The elastic scattering cross-sections were obtained 
by difference. 

2) Between 4 kev and 40 kev, SILBERT capture and fission data 
have been averaged on 1 kev energy intervals (from 4 kev to 10 kev) 
and on 2 kev energy intervals (from 10 kev to 40 kev) .. The correc-
tion to the SILBERT capture was still 1.15 b at 4 kev and 0.45 b 
at. 40 kev and log-log interpolation between these energies. The 
total and compound nucleus formation cross-sections were obtained 
from ECIS and the scattering cross-sections by difference between 
the calculated total and the sum of the fission and the capture 
cross-sections. 

The evaluated data in the unresolved region are shown in 
Figure 8. 

THE CRQSS-SECTIQNS IN THE ENERGY RANGE 40 KEV TO 4 MEV 

Evaluation of the experimental, data 

Apart from the capture cross-sections by SILBERT et al. 
which are available up to 200 kev, only fission cross-sections 
have been measured in the high energy range /4,5/, /11-17/, /26/. 
The data are shown on Figures 9 and 10. The measurements by 
V0R0TNIK0V et al. /12/ have been normalised to one absolute 
measurement at 720 kev with an accuracy not better than 20 %. 
BUTLER et al. /11/ have also normalised their results to several 
absolute measurements in the energy range 0.14 to 1.8 Mev, in 
excellent agreement with V0R0TNIK0V results. The other measurements 
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235 were performed, relatively to U fission cross.-sections and 
normalised to the standard of DAVEY /23/ or ENDF/B-V. Unfortu-
nately, above. 0.5 Mev, the. results of the absolute measurements 
are about 30 % higher than those from the measurements relative 

235 
to U fission cross-sections, as it is shown on Figure 9. On 
the other hand, the calculations based on the systematic by 
BEHRENS et al. /18/ or by LYNN /19/ confirm the data obtained from 
the relative measurements. For these reasons, we have excluded 
the VOROTNIKOV and BUTLER data. 

The results of our experimental evaluation are shown on 
Figure 9 and 10. They have been obtained by an averaging procedure 
from the selected experimental, data. Some selected values are 
also given in Table 7. 

The calculated cross-sections 

The procedure of the evaluation in. this energy range is 
237 

similar to the one used in ref. /25/ for Np. The neutron trans-
mission coefficients, the potential scattering and the direct 
inclastic cross-sections were obtained from the coupled channel 
optical model code ECIS with the parameters of Table 5. They were 
then used as input in the statistical model code FISINGA in order 
to obtain the capture, the fission, the compound elastic and 
inelastic cross-sections. The other parameters needed in FISINGA 
calculations - double humped fission barrier parameters, density 
of the fission channels, density of the inelastic channels, forma-
lism and method of calculation... - were taken from LYNN systematic 238 
/20/. The discrete low-lying levels of Pu were those from 
nuclear data sheets /24/ up to 1 Mev. Only the calculated fission 
cross-sections could be compared to experimental data. This 
comparaison is shown on fig. 10. The agreement is reasonably good 
and no attempt was made to improve the fit by modifying some 
input parameters. Nevertheless, as the evaluated experimental 
fission cross-sections were those to be kept as final values, the 
other calculated partial cross-sections, were adjusted in order 
to conserve the calculated total values. 
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THE GROSS-SECTIONS ABOVE. THE SECOND CHANCE FISSION TRESHQLD 

Between 4 Mev and 10 Mev, the only data available are the 
fission cross-sections from KNITTER et al. and BUDTZ-JORGENSEN et 
al. /26/. There is one fission measurement at 14.9 Mev from BARTON 
et al. /13/ normalized on DAVEY standard and 7 points between 
13 Mev and 17 Mev from ERMAGAMBETOV et al. /16/ normalized, on 
PARKER /27/ standard. The calculations were performed in the 
energy range 4 Mev to 14 Mev with the FISINGA and SI2N /28/ codes. 
The first and second chance fission cross-sections and the (n,2n) 
cross-sections, were obtained (figure 11). In the SI2N calculations 

238 
the fission probabilities of Pu compound nucleus, measured by 
WILHEMY /29/, were reproduced. (Figure 12). The calculated total 
fission cross-sections are in agreement with the experimental 
values (fig. 11) and have been kept as final evaluation in this 
energy range. 

The estimated uncertainties on the evaluated cross-sections 
are given in Table 8 in the energy range thermal to 14 Mev. 

COMPARISON WITH OTHER EVALUATIONS AND INTEGRAL DATA 

The results of the present evaluation are compared to 
ENOF/B-V and KEDAK on the Figure 13-17 in the energy range 1 kev. 
to 14 Mev. The most striking points arising from this comparison 
are the following : 

1) Capture cross-sections - Except in the hundred kev region, 
ENDF/B-V and KEDAK are very similar. In the unresolved region 
Cadarache data are about 30 % lower ; that is due to different 
way of interpreting the SILBERT et al. experimental data. The 
difference reaches a maximum of 200 % in the Mev region. 

2) Fission cross-sections - ENDF/B-V and Cadarache agree 
fairly well. There is a.tendancy in KEDAK data to be lower, 
particularly around 30 kev where the difference reaches a value 
of 20 %. 
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3) Total inelastic cross-sections - The. spread of the 
evaluated data is rather large-. Above 200 kev the Cadarache. values 
are the largest, the difference being mainly due to the direct 
componant in the 2+ and 4+ channels which does not exist in 
ENDF/B-V and KEDAK. 

4) (n,2n.) cross-sections - As it is shown on Figure 11, the 
ENDF/B-V values are about 5 times larger than those from Cadarache. 
However both agree on the total, fission cross-section values in 
the corresponding energy range ; therefore,, the ENDF/B-V compound 
nucleus formation cross-section must be more than 1 barn larger 
than the Cadarache value obtained from a realistic coupled channel 
optical model calculation. 

The results of a optical model statistical model calculation 
performed by P. THOMET /31/ are also shown on fig. 14-16. 

Integral measurements of the fission and the capture rate 
were performed in ERMINE /32/ and PHENIX /33/ and were used to 
adjust the CARNAVAL IV /34/ data. The capture cross-section inte-
grated on a typical fast spectrum is equal to 0.410 barns when 
calculated from, the 25 groups cross-sections of CARNAVAL IV and 
to 0.424 barns from, the present evaluation, which is a quite good 
agreement. But for the fission cross-section the situation is 
different. One obtain an integrated value of 0.885 barns from 
CARNAVAL IV and 1.189 barns from the evaluation, i.e. a difference 
of 26 % which is not consistent with the 2 or 3 % accuracy claimed 
for CARNAVAL IV and the 6 or 7 % accuracy obtained in the evalua-
tion of the microscopic fission data in the significant part of 
the spectrum. 
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CONCLUSION 

The capture cross-section- accuracies requested in reactivity 
calculations are. 5 % for thermal reactors and 10 % for fast breeder 
reactors /35/. It has been shown in the present evaluation that the 
experimental data of SILBERT et al, which are the only data 
available, are not accurate enough to meet these requirements. 
More experimental data are needed. However, the results of.integral. 
measurements in fast assemblies, indicate that the capture cross-
section integrated over a typical fast reactor spectrum could be 
calculated from the preseat evaluation with better accuracy than 
we should expect from the uncertainties quoted on Table 3. As for 
the fission cross-sections, 3.5 % accuracy are requested for fast 
reactor calculations./35/. Although the uncertainties on the 
evaluated fission data are rather small (6 to 12 % as it is shown 
on Table 3) the requested accuracy is not obviously obtained. 
However one must realize, that the 3 or 4 % accuracy archieved on 

235 239 the fission cross-section of important material like U and Pu 
have been obtained after years and years of experiments.. One cannot 

238 
expect that such effort should be put on Pu fission experiments. 
The best that can be done at present is the recent measurement by 
KNITTER et al. who obtained, an accuracy not better than 5 %. On 
the other hand the severe discrepancy existing between the micros-
copic and integral fission data should be solved by new fission 
integral measurements. 
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110.1 1 12.7 - 1 22.3 - 1 •I 0.54- 1 0.50 1 
111.2 1 0.251 1 1 1 1 0.012. 1 * 1 
И З . 6 1 29.9 1»! 26.0 1*1 1 1.15 1 0.97 1 
113.6 1 15.9 1 1 23.9 1 1 1 2.33 1 2.93 1 
122.4 1 76.4 - 1 70.7 - 1 1 2.T1 ! 2.41 1 
129. 1 Q.13 1 1 0.019 1 ' 1 
132.4 1 2.22 1 1 0.074 1 1 
139.7 1 7.90 1 1 1 0.24- 1 1 
1S1.1 1 65.0 1 63.5 1 1 2.39 1 1 . 2 I 
165.0 1 0.33 1 1 1 0.017 1 1 
171.0 1 6.4 1 1 1 3.58 1 4.9 1 
176.3 1 21.7 1 91.4 1 1 0.20 1 1 
132.9 1 42.0 1 1 1 2.11 1 2.3 1 
192.5 1 152.9 I 1V1.3 1 1 1.12 1 3.3 1 
203. 1 3.4 - 1 1 1 1 1 
216. 1 65.6 1*1 33.6 1 1 1 1 
221. 1 3.9 - 1 1 1 1 1 
232. 1 0.19 1 1 1 1 I 
245. 1 27.4 - 1 1 ! 1 1 
2S2. 1 36.ó l»l 112.2. 1 1 1 1 
261. 1 0.45- 1 1 1 1 1 
285. 1 237.3 - i 295.6 1 1 1 1 
289. 1 34.7 _*| 1 ! 1 1 

* SUM TO 3E COMPARED IN STU88INS ANO SIL3ERT OATA 

TABLE 1 

COMPARISON OF EXPERIMENTAL RESONANCE OATA 



TABLE 2 - Resonance parameters in ENDF/B format (E, J, IV,.-Г , Г . Г,, M A T , MF, «т: 

-0 • Ю00Е*02 0 •5000Е*00 0 •5960Е-01 0 .1580Е-01 0 •3400Е' -01 0 •9800Е-024381 2151 
-0 •4000Е+00 0 •5000Е+00 0 .4534Е-01 0 .3415Е-03 0 .4380Е' -01 0 .1200C' -024381 2151 
0 .2885001 а .5000£*аа 0 •3478Е-01 0 .7474Е-0'4 0 .3&70Е' -01 1 •21ООЕ' -034381 2151 
0 •9976С*01 а •5000Е+00 0 .3701Е-01 0 .2085Е-03 0 .3010Е-01 0 •6700Е' -024381 2151 
0 •1805Е*02 0 •5ОО0Е*ОО 0 •4003Е-01 0 •3Ö00E-04 0 .4000Е-01 0 .7000Е—024381 2151 
а •1856Е+02 0 •5000Е*00. 0 .4466Е-01 0 •3060Е-02 0 .3400Е' -01 0 • 1470Е' -024381 2151 
0 •3220Е+02 о •5000E+00 0 .3837Е-01 0 •6809Е-04 0 .3400Е' -01 0 •4800Е-024381 2151 
0 •3660Е*02 0 .5000Е*00 а .3992Е-01 0 •2420Е-04 0 .3400Е-01 0 •5900Е-024381 2151 
0 •5980Е*02 0 •5000Е+00 0 .3S98E-01 0 •1315Е-02 0 «3400Е-01 0 •670ОЕ—034381 2151 
0 •7010Е*02 0 •5000Е+00 0 •4391Е-01 0 •2512Е-02 0 ,3400Е' -01 0 •7400Е-024381 2151 
0 •7770Е*02 0 .5000Е*00 Q »4343E-01 0 .2644Е-04 0 • 3400Е' -01 0 •9*00Е' -024381 2151 
0 •8300Е*02 0 .5000Е+00 0 .5809Е-01 0 .2059Е-01 0 • 34Û0E' -01 0 • 3S00E' -024381 2151 
0 • 9620Е«-02 0 •5000Е+00 0 .3886Е-01 0 •5885E-04 0 .3400Е--01 0 •4800Е' -024381 2151 
0 .9960Е+02 0 .5000Е+00 0 .3936Е-01 0 •2595Е-03 0 .3400.Е' -01 0 •51Ó0E' -024381 2151 
0 •1101Е+03 0 .5000Е»00 0 •4377Е-01 0 .5666Е-•02 0 .3400Е-01 0 • 41 ООЕ' -024381 2151 
0 .1112Е*03 0 .5000Е*90 0 .3723Е-01 0 .1265Е-•03 0 .3400Е' -01 0 • 31 ООЕ' -024381 2151 
0 •1136Е+03 0 .5000Е»00 0 .5166Е-01 0 Л226Е-•01 0 .3400Е' -01 0 • 5400Е1 -024381 2151 
0 .1186Е+03 0 •5000Е+00 0 .6642Е-01 0 »3082E- 01 0 .3400Е' -01 0 • 1600Е' -024381 2151 
0 •1224Е*03 0 .SO00E+OO 0 .7248Е-01 0 .2998Е-•01 0 .3400Е' -01 0 •8500Е -024381 2151 
0 •1290Е*03 0 •5000Е*00 0 .3522E-0I 0 .2158Е-•03 0 .3400Е -01 0 • 1000Е' -024381 2151 
0 •1324Е*03 0 •5000Е*00 0 .4015Е-01 0 .851SE-'03 0 .3400Е -01 0 • 5300Е' -024381 2151 
0 •1397Е*03 0 •5QQQE+QQ а .4314Е-01 0 .2837Е-•02 0 .3400Е -01 0 • 6300с -024381 2151 
0 .1511Е*03 0 •5000Е+00 0 .7258Е-01 0 •2938Е-•01 0 .3400Е -01 0 •9200Е -024381 2151 
0 •1650Е+03 0 •5000Е»00 0 •4492Е-01 0 .2134Е-•03 0 .3400Е -01 0 •1070Е -014381 2151 
э •1710Е*03 0 •5000Е»00 0 .31S3E-01 0 .4681Е-01 0 .3400Е -01 0 •7200Е -034381 2151 
0 .17&8Е*03 0 •5000Е*00 0 .8066Е-01 0 .2659Е-02 0 .3400Е -01 0 •4400Е -014381 2151 
0 • 1829Е*03 0 •5000Е*00 о .6964Е-01 0 .2854Е-•01 0 .3400Е -01 0 • 7Ю0Е' -024381 2151 
0 •1925Е*03 0 ,5000Е*00 а •1795Е*00 0 .1554Е-'01 0 .3400Е -01 0 •1300Е •004381 2151 
0 .2030Е-03 0 •5000Е+03 0 ,41 19Е-01 0 .4987Е-•02 0 .3400Е -01 0 •2200Е -024381 2151 
0 •2160Е»03 0 •5000Е*00 о .7464Е-01 0 .17Ó4E-•01 0 .3400Е' -01 0 •2300Е -014381 2151 
0 •2210Е*03 0 •5000Е*00 0 .9422Е-01 0 •5902Е-•01 0 • 3400Е' -01 0 • 1200Е' -024381 2151 
0 •2320Е+03 0 •50ООЕ*00 0 .3556Е-01 0 .7159Е-•03 0 .3400Е' -01 0 • 3400Е' -034381 2151 
а •2450Е+03 0 • 5000Е*-00 0 •6573Е-01 0 .6731Е-•02 0 •3400Е -01 0 .2S00E -014381 2151 
0 •2520Е+03 0 •5000Е*00 0 •1066Е*0 0 а .1556Е-•01 0 «34Q0E -01 0 •5700Е -014381 2151 
0 • 26ЮЕ+03 0 •5000Е*00 0 .4126Е-01 0 •2585Е-•03 0 .3400Е -01 0 •7000Е -024381 2151 
0 •2850Е»03 0 •5000Е*00 0 .3560Е*01 0 .2600Е-0 L 0 •3400Е -01 0 •3500Е+014381 2151 
0 •2890Е*03 Q •5000Е*00 0 .9557Е-01 0 .3757Е-01 0 •3400Е -01 0 .2400Е -014381 2151 
0 •3000Е*03 0 .5000Е*00 0 .1914EJ-00 Q «5543Е-01 0 »3400E -01 0 • 1020Е •004381 2151 
0 »3050E+03 0 .50Q0E-00 0 .11ООЕ»00 а .6034Е-02 0 •3400Е -01 0 •Ó800E -014381 2151 
0 .3200Е*03 0 .5000Е«-00 0 • 218 4с•0 0 Q .1789Е* •00 0 •3400Е ~<и 0 .550 ОЕ -02*381 2151 
о .3270Е-03 0 •5000Е+00 'а .7667Е-01 0 .2767Е-•01 0 •3400Е -01 0 •1S00E -014381 2151 
0 •3370Е*03 а . 50 ООЕ*00 0 .5782Е-01 а •15»2Е-01 0 .3400Е -01 а •840 0Е -024381 2151 
0 •3610Е*03 0 .50Û0E-00 0 .4130Е-01 0 .7980Е-03 0 .340 ОЕ -01 0 .7000Е -024381 2151 
0 ,зб8ое*оз Q .5000Е-00 0 .5566Е-01 0 .1726Е-01 0 .34С0Е -01 0 .4400Е -024381 21S1 
0 •332СЕ*03 0 •5000Е*00 0 .5139Е-01 0 .39Q9E-03 0 .34Q0E -01 0 •1700Е -014381 2151 
0 •3910Е*03 0 •5000Е*00 0 •4935Е-01 0 .1305Е-01 0 .3400Е -01 0 •280ОЕ -024381 2151 
0 •4080Е»03 0 .5000Е*00 0 .5508Е-01 а .1858Е-01 0 •3400Е -01 0 »250ОЕ -024381 2151 
0 •4190Е*03 а .5QOQE+OQ 0 .11Ó2E+00 0 .5322Е-01 0 •3400Е -01 0 .2900Е -014381 2151 
0 •4260Е*03 0 .50Q0E»00 0 »9298E-01 0 .4768Е-01. 0 .3400Е -01 0 .1130Е -014381 2151 
0 .4480Е*03 0 •5000Е*00 а .1116Е*00 0 .6561Е-02. . 0 .3400Е -01 0 •7100Е -014381 2151 
0 .4610Е+03 0 •50С0Е*00 0 •9030Е-01 0 .4960Е-01 0 .340 ОЕ -01 0 •Ó700E -024381 2151 
0 •4650Е*03 0 ,5000Е*00 0 .1263E+0Q " 0 .3561Е-01 0 .3400Е -01 0 •6700Е -024381 2151 
0 .4730Е+03 0 .5000Е*00 0 .593SE-01 0 .2305Е-01 0 .3400Е -01 0 •2300Е -024381 2151 
0 .4960Е*03 0 •5000Е-00 а .5015Е-01 0 .9354Е-02 0 •3400Е -01 0 •6800Е -024381 2151 



1 ENERGY 
1 (KEV) 
I 

33333333333333 
AVERAGE 

FISSION (EXP.) 
REF.(5) 

33333333333 33 
1 AVERAGE 
1 CAPTURE (EXP 
1 REF.(5) 

3333333333 333333333 
1 AVERAGE 1 

. ) 1 CAPTURE (CALC.) 1 
1 t 

DIFFERENCE 1 
CAPTURE 1 

1 
1 0.050- 0.300 1 23.43 

I 
1 18.80 
1 

(1) 1 4.62 1 
1 
1 0.060- 1.000 3.98 1 12.11 1 7.75 

i 
(2) 1 4.86 1 

1 
1 1.00 - 4.00 1.22 1 3.97 1 2.67 

i 
(2) 1 1.30 1 

1 4.00 -10.00 0.90 1 2.25 1 1.35 j (2) 1 0.90 1 
1 
1 10.00 -20.00 0.752 1 1.744 1 0.950 

i 
(2) 1 0.79 1 

1 
1 20.00 -40.00 • 0.803 1 1.152 1 0.675 

i 
(2) 1 0.48 1 

I3S33333333333333S (333333 33333333 3333393333333 
• • 3333333333333333331 333333333333331 

(1) CALCULATED FROM RESONANCE PARAMETERS 
(2) STATISTICAL MODEL CALCULATIONS REPRODUCING THE AVERAGE 

EXPERIMENTAL FISSION VALUES 

TABLE 3 

333S3S3S33S3S 

THIS WORK 

TOTAL I 533.75 I 590.Q | 575.55 

CAPTURE I 546.74 I S52.4 I 541.5 

FISSION I 17.15 I 17.0 I 17.02 

SCATTERING I ' 19.36 I 20.60 I 17.03 

TA3LE 4 

CROSS-SECTION (8ARNS) AT 0.0253 EV 

ENDF/8-3 KEDAK 

POTENTIAL I OEPTH (MEV) I RAOIUS (FM) 

REAL 

SURFACE 
IMAGINARY 

REAL SPIN 
0R3IT 

47.2-0.3E 

2.7*0.4E 

7.5 

1.244 

1.230 

1.240 

OIFFUSENESS (FH) 

0.62 

0 . 5 8 

0.Ó2 

133333333333333333333333333 

DEFORMATION PARAMETERS 82 з 0.2X9 B4 з 0.039 I I 

TABLE 5 

OPTICAL MODEL PARAMETERS 



.Sz«ssas33ass33ssssss33s3«3sa«s3as3s33sss3ass3ssss3as3sxsssassss33sss33s333sasas' 
>1 

ENERGY II 
MEV 11 

II 

ECIS 
LAGRANGE OPTMOL 1 

TOTAL 1 COMPOUNO 1 

0*01 II 15.35 1 4.58 1 

0.04 1 1 I I 
J 

13.14 1 
1 

11.73 1 
1 

8.87 1 
1 

7.60 1 

3.14 1 

0.10 II 
1 1 

J 
13.14 1 

1 
11.73 1 

1 
8.87 1 

1 
7.60 1 

2.97 1 

0.4Ф 11 1 Í 

J 
13.14 1 

1 
11.73 1 

1 
8.87 1 

1 
7.60 1 

3.19 1 

0.70 (1 
11 

J 
13.14 1 

1 
11.73 1 

1 
8.87 1 

1 
7.60 1 3.28 1 

i.00 II 
j 

7.12 1 3.32 1 

2.00 11 « t 

j 
7.54 1 3*40 . 1 

4.00 II 
j 

7.95 1 2.98 1 

6.00 II 
1 1 

j 
7.21 1 

1 
6.43 1 

1 
6.09 1 

1 
5.89 1 

1 

2.93 1 

8.00 II 1 « 

j 
7.21 1 

1 
6.43 1 

1 
6.09 1 

1 
5.89 1 

1 

2.97 1 

10.00 H 1 1 

j 
7.21 1 

1 
6.43 1 

1 
6.09 1 

1 
5.89 1 

1 

3.07 1 
1 1 

14.00 11 
11 

j 
7.21 1 

1 
6.43 1 

1 
6.09 1 

1 
5.89 1 

1 
2.83 1 

ECIS 
LAGRANGE 

MOOIFIED OPTMOL 

TOTAL I COMPOUNO 

15.63 I 
I 

13.21 I 
I 

11.92 I 
I 

9.06 I 
I 

7.70 I 
I 

7.10 t 
I 

7.4* I 
I 

7.81 I 
I 

7.11 i 
I 

6.33 I 
f 

5.39 I 
f 

5.36 I 
I 

5.20 

3.57 

3.37 

3.47 

3.37 

3.29 

3.34 

2.90 

2.87 

2.90 

2.91 

2.79 

FISENGA (1) 
STATMÓL 

TOTAL I COMPOUNO 

15.88 I 
I 

13.30 J 

5.34 

3.52 

(1) FROM THE 
FOLLOWINS 

PARAMETERS : 

50 « 1.17E10-4 
51 a 2.00E13-4 
<0>L«0 a 7.7EV 
Я* a- 0.936 
Я 00 s- -0.198 

TABLE 6 

COMPARISON OF CALCULATED TOTAL ANO COMPOUNO NUCLEUS FORMATION CROSS-SECTION 



E N E R G Y 
t o t a l (Harnsi fission (BARMS) 

(I1EV) 1 THIS WORK ENDF/Ö-5 1 KEDAK 1 THIS WOKK EMDF/0-5 1 KEDAK 1 1 ThIS ЫОНК ËHDF/b-5 1 KEDAK 

0.040 1 13.217 13.55 1 0.708 0.663 1 0.570 I 1 0,660 0.765 1 0.766 
O.ObO 1 12.911 14.31 1 13.27 1 Û.67Q 0.638 1 0.540 i 1 0.603 0.715 1 0,681 
o.oeo 1 12.250 12.52 1 12.72 i Ö.607 Ö.601 1 0.523 1 1 0,458 0.610 1 0.463 
0.100 1 11.915 12.33 1 12.39 1 Ó.613 Ô.658 1 0.532 1 1 0,397 0.565 I 0,401 
0 .200 1 10.680 11.13 1 10.83 1 Ô.776 Ó.72B 1 0.704 1 1 0.264 0.410 i 0.262 
0.275 1 9.983 9.90 1 10.23 I Ó.916 0.932 1 0.860 1 1 0.224 0.365 1 0.232 
0.350 1 9.400 9.10 1 9.79 1 1.060 1.061 1 0.959 1 1 0,199 0.325 1 0.211 
0.450 l Ü.759 a . 4 6 1 9.11 1 1.297 i.286 1 1,220 I t 0.173 0.275 1 0.196 
0.550 1 ß.263 7.90 1 6.67 1 Í.570 1 t 5 2 4 1 1,410 1 1 0 . 1 4 9 0,259 1 0.190 
0.700 1 7.699 6.07 1 a . 1 4 1 1.840 1.781 1 1.694 1 1 0 . 1 0 4 0.210 1 0.167 
0.000 1 7.431 6.74 1 7.89 1 1.915 1.953 i 1.U50 J 1 0 . 0 8 4 0.196 1 0.157 
0.900 1 7.237 6.67 I 7.68 1 1.990 2.0Q2 i 1.9U0 1 1 0 , 0 7 2 0.190 1 0 . 1 5 4 
0.985 1 7.121 6.64 1 7.47 1 2.040 2 . 0 4 4 1 2.030 1 i 0,061 0.167 1 0.153 
I. 100 1 7.032 6.61 1 7.40 1 2.092 2,066 1 2.060 1 j 0,052 0.175 1 0,152 
1.300 1 7.003 6.59 1 7.20 1 2.1ÜÜ 2.095 ¡ 2,111 1 1 0 . 0 4 4 0.149 1 0.150 
1.500 1 7.079 6.80 1 7.11 1 2.1Q9 2.120 t 2,131 1 1 0.042 0.122 1 0. ISO 
2.000 1 7.454 7.46 1 7.08 1 2.250 2.180 1 2.180 1 1 0.038 0*087 1 0.087 
2.500 1 7.727 7.60 i 7.20 1 2.280 2 , 2 2 5 1 2.228 1 1 0.033 0.065 1 0,073 
3.0Û0 1 7.857 7.77 1 7.40 1 2.210 2.255 1 2,222 1 1 0,029 0 . 0 4 4 1 0,057 
4.000 1 7.814. 7.55 1 7.56 1 2.082 2.336 1 2,120 1 1 0 , 0 2 4 0.025 1 0.026 
5.000 1 7.522 7.10 1 7.40 1 2.032 2.170 I 2,033 1 j 0,018 0.020 
6 . 0 0 0 1 7.111 7.00 1 7.05 1 2.283 2,366 t 2.176 1 1 0.013 0 . 0 1 9 1 0,014 
7.000 1 6.692 6.76 I 6.70 1 2.725 2.577 1 2.546 1 ( 0.009 0.012 
Û.0Û0 1 6.331 6.73 1 6 . 3 1 1 2.823 2.605 1 2,680 1 1 0-.007 0.020 1 0.010 
9 . 0 0 0 t 6.074 6 . 8 0 1 5.98 1 2.789 2.703 1 2,680 1 1 0.005 0.009 

10.000 1 5.865 6.07 1 5.78 1 2.722 2 . 7 2 1 I 2.660 1 1 0.004 0.008 
11.000 1 5.774 6.92 1 5 . 6 6 1 2.660 2.680 1 1 0.003 0.007 
12.ООО 1 5.751 6.97 1 5.57 1 2.626 2.680 1 1 0,003 0.006 
13.000 1 5.787 7.02 1 5 . 5 1 1 2 . 6 5 4 2.660 1 1 0 . 0 0 2 0.005 
14.000 1 5.865 7 . 0 Û 1 5 . 5 1 I 2.702 2.668 ( 2.680 1 t 0 . 0 0 2 0.010 1 0.005 

CAPTURE (ÖARNS) 

TABLE 7 

SELECTED VALUES OF EVALUATED TOTAL » FISSION AND CAPTURE CROSS-SECTIQUS COMPARED TO 
EMDF/B-V AMD KEDAK 3 



TAULE в 

I 1 TOTAL ELASTIC FISSION 1 CAPTURE INELASTIC 1 
1 1 SCATTERING 1 SCATTERING I 

6R0UP 1 1 ENERGY 6R0UP 1 1 ENERGY 
1 1 BARMS 1 ERR. % BARMS 1 ERR. % I BAUMS ERR. % 1 BARNS 1 ERR. * BARNS ERR % 1 

SSSSSSI 1 = = = = = = = = = 5 = = =5 J======= I ======== =======1= ======= ======== 1 = = = = === 1 ======== ======= = = = = = = = 1 
1 1 1 14.5 - 3.68 MEV 1 7.45 1 в 4.14 1 10 i 2.20 9 1 0 , 0 2 1 200 1.09 30 1 
2 1 1 3.6a - 2.23 • t 1 7.79 1 8 4,15 1 10 1 2.14 7. 1 0.03 1 200 1,46 30 1 
3 1 1 2.23 - 1.35 • • 1 7.25 1 в 3.47 1 10 1 2.1H 7 1 0.04 1 200 1.56 30 1 
4 1 1 1.35 - 0.82 » • 1 7.13 1 8 3.70 1 10 1 2.13 7 1 0,06 1 1Ú0 1.24 30 1 
5 1 1 Ö2U - 498. KEV 1 7.97 1 8 5.17 1 10 1 1.74 12 1 0,12 1 50 0.93 4 0 1 
6 1 I 498. - 302. • « 1 9.oa 1 в б.па i 10 i 1.17 12 1 0,19 1 50 0.ti4 40 1 
7 1 1 302. - 183. • • 1 10.33 1 8 8.51 1 10 1 o.as 12 1 0,24 1 50 0.72 50 1 
в 1 1 183. - 111. < t 1 11.34 1 в 9.8» 1 10 1 0.60 12 1 0,32 1 30 0.52 60 1 
9 1 1 111. - 67.4 i i 1 12.13 1 8 10.00 1 lo 1 0.61 12 1 0,44 1 30 0.20 100 1 

10 1 1 67.4 - 40.9 • t 1 12.85 1 13 11.54 1 10 I 0.66 6 1 0,59 1 25 0.Ü6 100 1 
U 1 1 40.9 - 24.8 • i I 13.54 j 12 12.11 1 12 1 0.7в 6 I 0,65 1 25 1 
12 1 1 24.в - 15.0 • î 1 14.37 1 12 J2.82 1 11 1 0.81 6 ! 0 . 7 5 1 22 1 
13 1 1 15.Ó - 9.12 « i 1 15.37 1 12 13.31 i И 1 0,77 6 1 1.29 t 22 1 
И 1 1 9.Í2 - 5.53 i î 1 16.63 1 12 14.55 1 12 i 0,97 6 1 1.11 1 22 1 
15 1 1 5.53 - 3.36 « t 1 16.78 1 13 13.06 1 11 i 1.00 6 1 1.92 1 10 1 
16 1 1 3.36 - 2.04 • i 1 22.63 1 13 18.67 j 13 1 1.41 6 1 2.55 1 18 » 
17 1 1 2.04 - 1.23 • t 1 25.61 1 13 22.35 1 13 i 1.23 6 1 2,03 1 18 1 
18 1 1 1.23 - 0.75 a î 1 25.30 1 15 19.72 1 13 1 1.93 6 1 3.66 t IB 1 
19 1 1 748. - 454. EV 1 31.13 ( 15 22.52 j 13 I 2.46 15 1 6.15 1 10 1 
20 1 1 454. - 275. i • 1 44.34 1 i 5 27.84 j 14 J 7.30 10 Í 9,19 1 15 1 
21 1 1 275. - 101. » • 1 54.87 1 14 28.31 j 14 i 5.77 9 ¡ 20.77 1 13 1 
22 i 1 loi. - 22.6 i î 1 25.68 1 14 13.95 в 11 1 1,19 9 1 10,53 1 13 1 
23 1 1 22.6 - 3.06 • i 1 65.34 1 14 14.69 1 П 1 2.67 9 1 47,95 1 13 1 
24 1 1 3.Û6 - 0.414 » » 1 81.48 ) i 4 »2.74 i 10 1 2.36 9 1 66,32 1 13 1 
25 1 1 ГН 1501.93 1 4 19.41 1 6 1 14.75 ! 10 1467.77 1 5 1 



238 
Fig. 1 - Pu total and capture cross-sections from BNL-325. 

The curves show the cross-sections calculated from the 
resonance parameters. 



Fig. 2 - The evaluated data compared to the experimental cross 
sections in the thermal region. 



Fig. 3 - Distribution of the reduced neutron widths. 

4 - Number of levels as a function of energy. 



200 300 
e„(ev) 400 300 

Fig. 5 - The fission widths fro 
SILBERT et al. (4), (5 

Fi9- 6 - Distribution of the fission widths from SILBERT et al. 
(4), (5). 
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Fig• 7 " Statistical model calculations in the unresolved region, 



2 3 4 5 в 7 S 9 г 2 4 5 8 7 8 9 
40 , YOÖ 

Емеяву (K2V) 
N- 15* 

Fig. 8 - The evaluated cross-sections in the unresolved region. 



Fig. 9 - The fission cross-sections in the energy range 0,1 MeV 
to 3 MeV. 



Fig. 10 - The fission cross-sections in the energy range 0,1 MeV 
to 14 MeV. 

X X KNITTER AND BÜDT2-JORGENSEN data 
_-0_j-o— SILBERT et al. data 

Statistical model calculations 
Evaluated data 
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1 1 - Evaluated data in the 5 MeV to 14 MeV energy range. 
The dashed itotal fission and the dashed (n, 2n) cross-
sections are from ENDF/B-V. 



At* 6.998 Mav 

сГ ^Pu (Mqv) 

238 .12 - Fission probability of Pu compound nuclens. 

X X Experimental values (référence 29) 
Calculated values 



i i i i i i i 11 j 1—i—¡—i i и i i г i I i II i "" i i i—I i||i 

238 Pu TOTALE 

CAD 
+ k£DAK 
a ENOf/B-J 
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Fig. 13 - Evaluated total cross-sections. 
CAD corresponds to the present evaluation. 

Fig. 14 Evaluated elastic scattering cross-sections. 
CAD corresponds to the present evaluation. 
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Flg» 15 - Evaluated fission cross-sections. 
CAD corresponds to the present evaluation. 
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Fig. 16 - Evaluated capture cross-sections. 
CAD corresponds to the present evaluation. 



Fig. 17 - Inelastic scattering evaluated data. 
CAD corresponds to the present evaluation. 


