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239Pu TOTAL CROSS SECTIONS IN THE ENERGY RANGE 

1 KEY TO 500 KEY 

H. DERRIEN 

Les donnees experimentales de transmission neutroniques de 

trois epaisseurs d'echantillons de 239Pu obtenues a ORNL (1) ont et.6 

analysees dans le domaine d'energie 1 kev a 500 kev dans le but d'obtenir 

les sections efficaces totales moyennes. Les resultats ont et6 compares a 

d'autres valeurs experimentales et aux versions actuelles de ENDF/B-VI et 

JEF2. Quelques ajustements seraient necessaires sur ces deux fichiers. Le 

travail a et6 fait au tours d'une mission de collaboration entre ORNL et 

Cadarache a ORNL. 
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I INTRODUCTION 

The, 239Pu neutron transmissions were measured by J.A. HARVEY et 

al. (1) with samples cooled down to liquid nitrogen temperature on a 80 m 

flight path with a nominal resolution ranging from 1.6 ns/m to 0.1 ns/m in 

the energy range 0.5 ev to several hundred kev. Three sample thicknesses 

were used in the experiments : 0.07471 at/b, 0.01825 at/b and 0.00646 at/b. 

The low energy part of the data was analysed with the bayesian Reich-Moore 

code SAMMY (2) along with several experimental fission and capture data to 

obtain the resonance parameters in the energy range thermal to 2 kev (3,4). 

Due mainly to a small experimental background, the systematic errors on the 

transmissions are not more than 1 %, which was confirmed by the SAMMY 

resonance analysis on the three samples. Although important self-screening 

effects are to be expected in unresolved resonance energy range, the aim of 

the present paper is to show that accurate average total cross sections can 

be obtained from these transmission data in the energy range 2 kev to 

500 kev to be used for cross sections evaluation by statistical and optical 

model calculations. As a matter of fact, 239Pu total cross section data are 

scarce and not reliable in the range several kev to 100 kev in the EXFOR 

international data file (5) ; the cross sections from J.A. HARVEY et al. 

transmission data could be of great value to fill the gap of accurate data 

in this energy range. 

In the following sections we will present : 

1) the problems encountered when evaluating total cross sections 

from transmission measurements, 

2) the methods used for the self-screening corrections and the 

total cross sections obtained, 

3) the comparison with the current ENOF/B-VI evaluation and some 

other experimental results, 

4) the conclusions concerning further work to be performed to 

update ENDF/B-VI evaluation. 



3 

II TRANSMISSION AND TOTAL CROSS SECTION 

a 

The, neutron total cross section, u(E) at the energy E, is 

related to the neutron transmission by the equation : 

T (E) = exp(-no(E)) (1) 

n is the thickness of the sample in at/b when the cross section is 

expressed in barn. However, the transmission cannot be measured at the 

precise energy E of the neutron but is a value averaged over the 

experimental resolution in an energy interval E-DE to EtDE depending on the 

width of the resolution function. The quantity which is really measured is 

the following : 

Tr(E) = E/E2 exp(-na*(E'))*R(E-E')dE' 

R is the experimental resolution function ; the interval of integration El 

to E2 depends on the width of the. resolution function ; oA (E') is the 

Doppler broadened total cross section at energy E. Using the relation (I), 

one obtains the so-called effective cross sections : 

ueff(E) = -(l/n) log Tr(E) (III) 

ueff(E) is smaller than the true total cross section UA(E) of 

equation (II). The difference between the effective cross section and the 

true cross section is the so-called self-screening effect. This effect 

should be evaluated when deriving total cross sections from transmission 

measurements. However, the self-screening effect can be neglected in two 

cases : 

1) nuA(E) is small compared to 1 for each value of E in the 

interval El to E2, in such a way that exp(-nuA(E)) is very close to l- 
nuA(E) for each value of E. This condition can be realised by using thin 

samples in the transmission measurement ; but the experimental error on the 

effective cross section will increase since do = (-l/n) dTr/Tr and could 

reach values much larger than the self-screening effect in thicker samples. 
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For instance, to measure a total cross section of 20 barns with 1 % 

accuracy one needs a thickness of at least 0.05 at/b, if the transmission 

is measured with 1 % accuracy ; the corresponding noT value is 1 for which 

the self-screening effect would still be quite large, 

2) the fluctuations of the cross section are small in the energy 

range El to E2. In this case the average value of the cross section does 

not depend too much on the resolution function and the self-screening 

effect, which depends strongly on the variance of the cross section, should 

be very small. 

Practically, three energy ranges of the cross section should be 

considered : 

e 
1) the well resolved resonance region where the fluctuations of 

the cross section are very large, the values ranging from several barns 

between resonances to several thousands of barns at the peak of 

resonances ; several sample thicknesses are needed to have good accuracy 

over all the ranges of the cross section values. In this energy region the 

transmissions are analysed in terms of resonance parameters using least 

square fitting codes with adequate nuclear reaction formalisms and taking 

into account all the experimental effects of the transmission measurements. 

The true values of the Doppler broadened cross sections can then be 

calculated by the resonance parameters. The self-screening has no effect on 

the results. Moreover, the self screening can be calculated with good 

e accuracy because the true values of the cross section are known from the 

resonance parameters, 

2) * the unresolved resonance region where the resonances are not 

well resolved. Strong fluctuations still exist in the cross section due to 

unresolved multiplets of resonances which cannot be analysed in terms of 

resonance parameters. In this region, one tries to obtain average values of 

the cross sections to be interpreted by average resonance parameters with 

statistical model or optical model codes. The self-screening effects are 

very important and should be evaluated with good accuracy to obtain 

reliable values of the average total cross sections and, consequently, of 

the statistical or optical model parameters ; 
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31 the higher energy range where the resonances overlap so much 

that there are no strong fluctuations in the cross section. The cross 

section is quite smooth and varies very little over an energy range 

equivalent to the width of the experimental resolution function. In this 

energy region the self-screening effect is negligible ; the effective cross 

section is equal to the true cross section averaged over the width of the 

resolution function and does not depend on the thickness of the samples 

used for the transmission measurements. 

How can one evaluate with a reasonable accuracy the self- 

screening effect in the intermediate energy range where it is needed ? 

Since this effect increases smoothly with the thickness of the sample, the 

true cross section could be obtained by extrapolation from the effective 

cross sections obtained by using several sample thicknesses, bearing in 

mind that too thin samples cannot be used due to poor accuracy on the 

corresponding effective cross section. In some cases, when the self- 

screening effect is important, the accuracy achieved on the extrapolated 

cross section cannot be better than the accuracy on the thiner sample 

effective cross section. Another way of evaluating the self-screening 

correction is to calculate all the quantities involved by using resonance 

parameters obtained the by Monte-Carlo method or directly inferred from the 

set of resonance parameters known in the resolved range region, taking into 

account all the experimental effects ; this method will be used below in 

the energy range above 10 kev. 
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III THE 239PU TOTAL CROSS SECTION IN THE ENERGY RANGE 1 KEV TO 500 KEV 

Ave,rage effective cross section values, the values corrected 

for self screening effects and ENDF/B-VI evaluated data are given in 

Table 1 in the energy range 1 kev to 10 kev. The experimental data are 

averaged values ; for instance, the value given at 1.025 kev is the cross 

section averaged in the energy range 1.000 kev to 1.050 kev ; the value 

given at 1.075 kev is the cross section averaged in the energy range 

1.050 kev to 2.000 kev, etc... The effective cross section obtained from 

the 0.07471 at/b, 0.01825 at/b and 0.00646 at/b sample transmissions are 

given in column (l), (2), (3) respectively. In general (1) is smaller than 

(2) and (2) is smaller than (3), the differences being much larger than the 

errors corresponding to the expected 1 % experimental errors on the 

transmissions and are mainly due to the self-screening effect with is seen 

to be as large as 35 % of'the thick sample effective cross section in the 

low energy part of the data. The values in column (4) are any estimate of 

the true average cross section obtained by extrapolation from the three 

effective cross sections. To find the best extrapolation schema to be used 

with the three experimental effective cross sections, the resonance 

parameters obtained in ref. 3 were used to calculate the average effective 

cross sections in 8 energy intervals in the energy range 0.8 kev to 1 kev, 
and the corresponding average Doppler broadened cross sections. The results 

of the calculations are shown on Table 2; the effective cross sections are 

in column (l), (2) and (3) and the true total cross section is in column 

(4). Column (5) is the result of a graphical linear extrapolation using the 

effective cross sections versus the square root of the sample thickness. 

This method was found to be the best to obtain corrected cross section 

values in reasonable agreement with the true values of the cross sections. 

However, there is a tendancy to overestimate the cross sections by a 
few %. Therefore, the error on the corrected cross-sections of column (4) 

of Table 1 could be as large as 4 %, which is much larger than the 

statistical accuracy achieved on the experimental effective cross sections. 
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l ~t**t*.*t*t**~t..~********.*****.~*.***~ ~~t**t*.*t*t**~t..~********.*****.~*.**************.*~ 

::z: ::z: 
TOTAL CROSS SCCTION CnARNS> TOTAL CROSS SCCTION CnARNS> 

Cl) Cl) (2) (2) (3) (3) (4) (4) (5) (5) 
l *.*.tt.tLIC***,**.t*t”*.t~~*.*~..*.~*.LIH* ~*.*.tt.tLIC***,**.t*t”*.t~~*.*~.,*.~*.LIH***~**.*t*.~* ,*****.*t*ttt* 

1.025 

1.025 20.369 20.369 22.9at 22.981 2b.024 Lb.024 25.50 25.50 21.105 . 21.105 . 

7.075 
7.075 

::-:i: 
18.767 22.269 25.083 22.269 25.083 25.69 25.69 23.935 23.935 

1.125 1.125 22.203 
171936 

26.505 21.786 26.505 21.786 24.2s 26.25 25.240 25.240 
1.175 1.175 17.936 19.633 19.656 19.633 19.656 20.95 20.95 20.9a2 20.9a2 

:*::: :*::: w: 17.154 20.762 
1.5.098 18.387 

C:325 C:325 20:?54 
1.5.098 26.3‘7 18.387 25.1126 

19.02 
26.347 25.826 19.02 27.73 

(8.953 
27.78 (8.953 27.325 27.325 

20.751 22.472 22.859 22.472 22.859 24.17 24.17 23.142 23.142 
1.275 1.275 19.198 19.198 20.958 20.958 20.500 20.500 21.73 21.73 22.19T 22.19T 
1.625 1.625 la.173 la.173 19.97* 19.978 20.707 20.707 21 .n 21 .n 20.909 20.909 
1.475 1.475 18.576 18.576 19.543 19.543 13.1a7 13.1a7 20.05 20.05 19.973 19.973 

:*::: . :*::: . 16.148 16.596 16.148 16.596 17.036 98.J96 17.036 98.J96 17.351 19.&29 17.351 19.&29 

::-‘,: ::-‘,: . 
19.1195 . 19.1195 19.193 19.193 

1.625 1.625 19.142 19.142 21.617 21.617 22.39‘ 22.39‘ 23.58 23.58 22.870 22.870 
3.675 3.675 17.224 17.224 19.531 19.531 20.027 20.027 20.6JO 20.630 
1.725 1.725 18.358 18.358 20.532 20.532 22.112 22.112 ::::: ::*i: 

. ~~~~~ 21.206 21.206 
lb.575 16.575 19.113 (9.113 20.456 20.4S6 21.52 21.52 23.315 23.315 

23.370 23.370 25.239 25.239 26.178 26.178 28.40 

TABLE 1 

15.,090 15.575 15.797 
15.735 15.963 16.292 
15.852 lb.277 lb.815 
15.164 15.&?8 16.3&l 
15.554 15.771 15.658 
15.355 15.729 15.813 
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TABLE 2 

.to**~et*ttt2t*tt~t~e~~~*eeeee~~*e*e*~~~~~ee~e~~*~~~~~~~~... 
EAERCY TOTAL CROSS SECTION(barnsI 

RANGE(W) (1) (2) (3) (4) (51 " 
ttt*ttt*t~*tt*tt**~te~e~eee~ee*~ee~~*~*~~~~~~~~~~~.~~~~~~~..~ 

800-625 17.62 ta.77 19.01 19.10( 7.7%) 19.80(+3.7%3 
025-a50 20.96 22.72 23.38 23.93(14.1X) 24.40(+2.1X) 
am-875 17.0s 17.94 18.2f 1a.26c 7.1%) 1.3.69w2.4.n 
875-900 19.30 23.34 25.92 28.16(45.9%) 28.21(*0.2X) 
900-925 21.41 25.66 24.37 2La1(15,9%~ 25.80(+4.0X1 
925-950 19.56 20.81 21.12 27.32( 9.0%) 21.78(+2.2%) 
950'975 19.96 25.53 28.36 30.40~52.3%~ ?1.30(+3.0%) 
950-999 26.35 32.79 36.34 3B.37(45.6%1 37.90(-1.2%) 

t***t~Ctt***tt***~t******~**.******************************** 
800-999 20.27 23.18 26.55 25.54(26.0X) 25.99(+1.7X1 

*t**t****tt*tt*t*tt******************~***+******.************ 
(l)r(Z)rC3) the calculated l ftectiv, cross sections, 
(4) the caleulat*d tru. cros, rection;th, figwar betmoeo 
parenthesas are the rolf screenin aftact in-the thick sample. 
(5) the rxtrrno1at.d C~QSS s.ctionrith* figurer between 
Parenthea8t l r, the deviation betaeon the results of the 
extrapolation and the true cress sstionr- 

tt**f.C**f*tt**ftttt**ff*+Ct********t***t********~****~*.**** 

Above 9.5 kev the self-screening effect is, on average, smaller 

than 4 % of the thick sample effective cross section, which is 0.6 b for a 

cross section of 15 b. That is equivalent to an error of 4 %, 1 % and 0.4 % 

on the experimental transmission of the thick, medium and thin sample 

respectively. Therefore the method of extrapolation can hardly been used 

for the self screening correction from the three sample effective cross 

sections. The correction becomes smaller than the experimental error on the 

effective cross section obtained from the medium and the thin sample. 

Moreover, the medium and thin sample effective cross sections become 

smaller than the thick sample effective cross section, as is shown on 

Table 3 where the data are averaged on wide energy ranges. The differences 

could be due to small systematic errors in the medium and thin sample 

transmissions. An error of 0.3 % on the medium sample transmission and of 

0.2 % on the thin sample transmission could be at the origin of the 

differences. However, these figures show that the 3 sample transmissions 

are consistent to better than 1 %. 
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TABLE 3 

t~**t*~Clt*tt*ttt*t**tt*t,t~~t*t*t*HtZ***~*t*t,t~~Clt*tt+t~~t*t*~~ 

ENERGY RANGE K n N K-It 01/f K-N OflT 
Ke,v barn barn barn x x 

tt.+*tt*tttt*tt*,,.**~.~~~~~.~.~~~.~.~...*~~~~~~~.*~~~~*~~~~~*~~~~ 
400 .- .- 30, 201 14.503 13.758 14.624 13.808 15.534 13.159 -0.12 -0.05 0.1 0.2 -1.03 0.20 0.1 0.7 

EG,',": 12.190 13.008 12.02C 12.789 12.506 11.881 0.x 0.17 o.+ 0.3 0.31 0.50 0.2 0.3 

100 .-too* 11.169 10.915 10.783 0.22 0.4 0.39 0.3 
tOO.-300. 

'y's; . 
10.010 9.7s3 0.11 0.2 0.37 0.3 

300.-400. 9.oac 9.022 0.20 0.4 0.26 0.2 
400.-500. 0.670 a. 683. a.509 0.00 0.0 0.18 0.1 
5.00.~565. 8.200 9.259 7.927 0.25.. 0.5 0.27 0.2 

**.~**tt**....f21~..~~~...~*~~*,~.*~*.~~~~.**~...*~.~.~*~.~..~~*~~ 
Krf41A are the otfoctLv* total cross roctlonsrin barnsr 
obtained from the thick,tho medium and the thin sample 
transmissions respetively.K-H and K-N are the cross 
Section diff~ronces.OT/T •~. the corresponding deviations 
in % on the transmission of the medium and thin sample 
reso*ctiv*1y. 

.t~*tt~t~tt*~tt~t.~t~*.~~~***.~*~~~~~*~*~~~~~~~~~~*~*~~*~~~~~~*.~ 

For the purpose of obtaining the self-screening corrections in 

the energy ranges above 10 kev, the following method have been used at 

10 kev, 20 kev, 30 kev and 60 kev : 

1) The sample of known 'resonances in the resolved energy 

range 0 kev to 1 kev (ref. 3) was used to obtain a set of s wave resonance 

parameters in a 150 ev energy interval at 10 kev, 20 kev, 30 kev and 

60 kev. An equivalent set of p wave resonances was also obtained. 

2) These sets of parameters were used to calculate the Doppler 

broadened cross sections at liquid nitrogen temperature, the corresponding 

resolution broadened transmissions and the effective cross sections for the 

three samples in an 100 ev interval at 10 kev, 20 kev, 30 kev and 60 kev. 

Fig. 1 and 2 show the calculated data at 10 kev and 60 kev. 

3) Estimation of the self-screening corrections were obtained from 

the three sample calculated effective cross sections. Fig. 3 shows the 

variations of the self-screening corrections from 1 kev to 60 kev. The 

values in the energy range 1 kev to 9 kev are those obtained by 

extrapolation from the three sample experimental data as explained above. 

The self-screening effect appears to vary linearly in log-log scale and is 

quite well represented by the following relation : 

Scr = 35.0*exp(-0.945LogE) (IV) 
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Scr is the correction in % to be applied to the thick sample 

effective cross section and E is the neutron energy in kev. Above 50 kev 

the correction is smaller than 1 %. The uncertainty on Scr is about 20 % in 

the energy range 10 kev to 100 kev. The correction is less than 0.5 % Above 

100 kev. The above relationship was applied to the thick sample effective 

cross sections, which are shown in column (1) in Table 4, to obtain the 

values shown in column (2) in Table 4. 

14120148 
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TABLE 4 

L50.000 
‘75.000 XI :-:: :-::: 
500.000 8’526 0’55 8.571 .*.tt..*.*.....:*.......L~.....:.**.*.* 
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VI CSWITH . 

The total cross section in the current version of ENDF/B-VI is 

shown in column (5) of Table 1 and in column (3) of Table 4. The present 

results and ENDF/B-VI are averaged over wider energy range in Table 5. 

Below 4 kev, ENDF/B-VI is lower by about 2 %. In the energy range 1 kev to 

4 kev, ENDF/B-VI evaluation (6) was performed by using average total cross 

sections obtained from Saclay experimental transmission data of two sample 

thicknesses (7). The self-screening correction on Saclay effective cross 

sections could have been underestimated. On the other hand, the present 

results could have been overestimated by the extrapolation procedure (4 % 

accuracy as mentioned above). Therefore, the accuracy of the ENDF/B-VI 

total cross section cannot be better than 4 % in this energy range. 

In the energy range 4 kev to 30 kev, ENDF/B-VI is about 2 % 

larger on average. The experimental total cross section data available for 

the ENDF/B-VI evaluation (6) were scarce and not reliable ; the basis for 

the total cross section evaluation was a statistical model calculation with 

statistical parameters inferred from the resolved resonance region and from 

an optical model calculation at higher energy. However, the differences 

between the present results and ENDF/B-VI would disappear by using a 

nuclear radius about 1.3 % smaller in the ENDF/B-VI calculations (9.34 f 

instead of 9.46 f). 

Above 30 kev, the ENDF/B-VI values were obtained from a coupled 

channel optical model fit of the available experimental data above 50 kev 

(8). The present results are in the lowest part of the experimental data 

base used for ENDF/B-VI evaluation. However, in the energy range 40 kev to 

500 kev, the most accurate total cross section data in the ENDF/B-VI 

experimental data base are those of POENITZ et al. (9). The fig. 4 shows 

the data of POENITZ et- al and the present results compared to ENDF/B-VI. 

The present results are, on average, 1.2 % lower than the data of POENITZ 

et al. and 2.0 % lower than ENDF/B-VI. Including them in the ENDF/B-VI 

experimental data base will improve the accuracy of the evaluation by 

lowering the results to values closer to the data of POENITZ et al. and to 

the present data. 



. . 

13 

TABLE 5 

**tt*t**t****ttt**tt*******+t************************ 
ENERGY RANGE THIS WRK ENJFIS-VI DIFFERENCES 

KOV aARNS BARNS ABSOLUTS, RELATIVE 
ttt***********.*tt**t******************************************* 

2:: 1 5. 2. 19.70 22.4s 19.43 21.94 -0. -0.27 Sl -2.3% -1.4% 
c.- 10. 16.71 17.Ol 

:: .- .- 30. 20. 14.91 13.99 14.29 15.29 i-:: 0.30 ' :=z 2:1x 
30.- 50 13.21 13.63 0.52 3.2% 
50.-100. 12.34 12.60 0.26 2.1% 

lOO.-200. 11.26 11.60 0.34 3.02 
200.-300. lo.18 10.48 0.30 2.9% 
300s400. 9.40 9.62 0.22 2.3x 
300.-500. 8.75 8.85 0.18 2.1% 

ttt*ttt*tt*t*ttttttt******************************************* 

V CONCLUSION 

The high resolution transmission data of HARVEY et al. were 

used to obtain the 239Pu average total neutron cross sections in the energy 

range 1 kev to 500 kev. The effective cross sections were corrected for 

self-screening effects in the samples used in the transmission 

measurements. 

The results have been compared to the total cross section in 

the current version of ENDF/B-VI. Apart from the energy range 1 kev to 

4 kev, where the accuracy of the present data depends strongly on the 

accuracy on very large self screening corrections, ENDF/B-VI values are on 

average larger than the present results by 2 % to 3 % which is at the limit 

of the accuracy achieved on the present data. In the energy range above 

40 kev, the present results are in good agreement with the data of POENITZ 

et al. At least above 10 kev, the accuracy of ENDF/B-VI evaluation could be 

improved by including the present results to the experimental total cross 

section data base. 
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FIG.1 - The line with wall resolved stuctures represents 
the Doppler broadened cross sections calculated from a set of 
resonance paraeeters.The two other lines represent the 
corresponding effective cross sections obtained from the 
transmission broadened by the experimental resolution for two 
sample thicknesses(D.01825 at/b and 0.07471 at/b) .The differences 
between the effective cross sections are due to the self-screening 
effect in the samples. 
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FIG.2 -The line eith resolved structures represents the 
Doppler broadened cross sections calculated from a set of 
resonance parametert.The line without structure represents the 
corresponding effective cross sections obtained from the 
transmission broadened by the experisiental resolution for tuo 
samples thieknesses(O.OlE25 at/b and 0.07471 at/b).The 
differences between the effective cross sections of the tllro 
samples are less than 1% at all energies and do not apooar on 
the ffgure.Ln this energy range the self-screening ,effect is 
,small. 
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NEUTRON ENERCYtKev) 

FI6.3-Self-screening effects in the 0.07471.at/b sample. 
Tha values (+I obtained by extrapolation from the effective 
experimental CPOSS sections in the energy range 1 kev to 10 kev 
and the values (01 obtained by calculation in the energy range 
above 1C kev are shown.The variation of the self-screening effect 
versue energy is lineac in log-log scale and be represented by 
the relation: 

scr(%)~35.0exp(-C.94~logE) with E in kev 
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FIG-C- 239Pu total cross sections in the onorgy range 
45 kev to 500 kov.lhe values obtained in the present sot-k(+) 
are shown with POENITZ et al. values(x) and ENDFl3-YI(solid line). 
The accuracy on the present results is about 2%. 
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