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Comparisons of evaluated fission cross sections for 235U in JENDL-3,3 and ENDF/B-VI

are carried out. The comparisons are made for both the differential and integral data. The fission

cross sections as well as the fission ratios are compared with the experimental data in detail.

Spectrum averaged cross sections are calculated and compared with the measurements. The

employed spectra are the 23SU prompt fission neutron spectrum, the 252Cf spontaneous fission

neutron spectrum, and the neutron spectrum produced by a Be(d,xn) reaction. For ~'U prompt

fission neutron spectrum, the ENDF/B-VI evaluation reproduces experimental averaged cross

sections. For 252Cf and 9Be(d,xn) neutron spectra, the JENDL-3.3 evaluation gives better results

than ENDF/B-VI.
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1 INTRODUCTION

Since fission cross sections of 235U are probably the most important quantities for

applications of nuclear technology, special attention must be paid for their evaluation. At

the thermal energy or in the epithermal energy region, those cross sections are relatively

well-determined because precise resonance analyses are available]!, 2]. In the unresolved

energy region and the smooth region, each resonance cannot be resolved, and the reso-

nance analysis is no longer available. Therefore a least-squares 'fitting to experimental

data with simple functions has been adopted for the evaluations of fission cross sections.

With this technique the evaluated cross section can be obtained without any ambiguities

because this is a mere "averaged value" of the experimental data.

A simultaneous evaluation of fission cross sections of Uranium and Plutonium iso-

topes was carried out for JENDL-3.3[3, 4], and the fission cross sections for 235U were

determined in the energy range 30 keV - 20 MeV. A similar simultaneous evaluation[5]

combined with R-matrix evaluations was performed for ENDF/B-VI, and the fission

cross sections of 235U obtained were regarded -as a "standard cross section" in the ENDF

project. Although those two evaluations insist that their uncertainties are small, a. sys-

tematic difference can be seen in the energy range 1-4 MeV, and the difference is about

2-3% which is larger than the uncertainties accompanying those evaluations. A ratio of

the fission cross sections in JENDL-3.3 to ENDF/B-VI is shown in Fig. 1. In this figure

the cross sections are represented by a 640-group structure.

The difference in the fission cross sections in the MeV energy region is less important

for development of thermal reactors, but the cross sections there are essential in a more

general sense because most of the neutrons produced by a fission are in the MeV energy

region. In addition, inaccurate 235U fission cross sections may distort other cross sections

when one uses them as a standard.

In order to investigate the difference in the 235IJ fission cross sections between

JENDL-3.3 and ENDF/B-VI, we surveyed this issue from various aspects — a detailed

comparison with the experimental data, comparisons with integral quantities, etc. In

this report we do not intend to give the best values for the 236U fission cross sections,'

but to provide information on the accurate evaluation for the standards.

1 -
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2 COMPARISON WITH DIFFERENTIAL DATA

2.1 Magnified Plot near 2 MeV

Detailed comparisons of evaluated cross sections in the energy range of 1-4 MeV

with the experimental data are shown in Figs, 2-15. The comparison involves cross

sections of 233U, 236U, 238U, 239Pu, 240Pu, and 241Pu. In Figs. 2-7 absolute cross sections

are plotted, and the ratio measurements are in Figs. 8-15. The solid lines are the cross

sections in JENDL-3.3, and the dotted lines are those in ENDF/B-VI. The experimental

data which have been plotted are all shown by the same symbol (•) without error-bars.

It is difficult to conclude which evaluation is better from these drawings. Some figures

show that ENDF/B-VI gives a better fit to the data, and vice versa. An overestimation of

ENDF/B-VI is seen for the fission ratio of 240Pu to 235U in Fig. 12 (Fig. 13 for close-up),

although the absolute fission cross sections of 240Pu in the two evaluations are very close

as is seen in Fig. 6— the difference is less than 2% in this energy range[4]. Since the

JENDL-3.3 evaluation included 240Pu data but the ENDF/B-VI standards evaluation

did not, the consistency of JENDL-3.3 for 240Pu data are natural. It can be noted that

the consistency between 235U and 240Pu data in ENDF/B-VI should be improved.

2.2 Energy Grid Setting

In Fig. 3 a systematic difference can be seen in the energy range 1-4 MeV. This

difference continues up to 6 MeV — ENDF/B-VI is lower than JENDL-3.3 about 2-3%,

and at 1.2 MeV it is about 3.2%[3, 4]. One of the reasons for this large difference at

1.2 MeV is energy grid used for the evaluation. In the JENDL-3.3 evaluation the energy

grid includes points at 1.0 MeV and 1.5 MeV, and linear interpolation was used between

those two energy points. After that, new energy points were re-defined by means of

cubic-spline interpolation in order to obtain a smooth curve. The spline interpolation

gives a convex curve near 1.2 MeV, and this results in somewhat higher cross sections

between these two energy points. If the energy grids are linear-interpolated the difference

becomes smaller (2.8%) but still remains.

It is interesting to see what happens if one adds a new energy point between LO and

1.5 MeV. We repeated the simultaneous evaluation for JENDL-3.3, but a new energy

grid was set including 1.25 MeV. The 235U cross sections obtained are shown in Table 1.

The cross section for JENDL was lowered by 24 mb (1.9%) at 1.25 MeV and became

closer to ENDF, while at 1.0 and 1.5 MeV the differences became larger. It can be noted

that the higher cross sections in JENDL-3.3 due to the cubic-spline interpolation near

1.2 MeV should be corrected.

n
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2.3 Comparisons with Recent Measurements

To make comparisons with the experimental data in detail, some selected data (rel-

atively new ones) are plotted. The experimental data are Johnson et al.[6], Lisowski et

al.[7], Kalinin et al.[8], and Staples et al.[9]

Comparisons of 235U fission cross sections with the data of Johnson et al.[6], Lisowski

et al.[7], and Kalinin et al.[8] are shown in Figs. 16 and 17. These two plots are the same

but have different scales. One can clearly see In Fig. 17 that ENDF/B-VI gives an

excellent fit to Johnson's data from 1 to 2 MeV, while ENDF seems to underestimate

above 2 MeV. JENDL gives opposite tendency. In the energy range 1-2 MeV the cross

sections in JENDL-3.3 overestimate the measurements, but JENDL-3.3 gives a better fit

than ENDF/B-VI above 2 MeV.

Comparisons with the Staples' data are shown in Figs. 18-21. Figures 18, 19 are for

the fission ratio of 239Pu to 235U, and Figs. 20, 21 are for 240Pu, respectively. A tendency

of overestirnation can be seen for ENDF in Figs. 19 and 21.

- 3 -
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3 COMPARISON WITH INTEGRAL DATA

3.1 235U Prompt Fission Neutron Spectrum Averaged Cross
Section

An averaged cross section in a well-determined neutron field provides a. good integral

test of cross sections. The 235U prompt fission neutron spectrum at thermal energy is

often used for this purpose. This integral test is suitable for threshold reactions since

contributions from low energy neutrons are cut off. In the case of the 235IJ fission cross

section, neutrons for the entire energy range contribute to the averaged cross sections.

Contributions from the resolved/unresolved resonance regions should be examined first.

We calculate a fractional contribution of the a fx values to the averaged cross section.

This is expressed as

f(E) = ±-J* <rf{t)X(e)de, (1)

where x(e) "1S the fission neutron spectrum. The fission cross sections in JENDL-3.3 and

ENDF/B-VI are expressed in the 640-group structure, as shown in Fig. 1. The calculated

fractional contribution f(E) is shown in Fig. 22 as a function of upper-limit integration

energy E. The upper border of the unresolved resonance region in JENDL-3.3 is 30 keV,

and from Fig. 22 the fractional contribution below 30 keV is less than 1%. Therefore

the influence of the resonance, region is negligible.

A calculation of the averaged cross section also depends on the fission spectrum

used. The prompt fission neutron spectrum was re-evaluated for JENDL-3.3 by Ohsawa

et al.[10, 11] with multi-modal fission analysis. We employ the spectrum by Ohsawa et

al. for the calculation of averaged cross sections. The difference between the Ohsawa

et al. spectrum, and that in ENDF/B-VI at thermal energy is very small. The neutron

spectra in the two evaluations are compared in Fig. 23. The solid line is the. evaluated

spectrum in JENDL-3.3, and the dashed line is that of ENDF/B-VI.

A quantity xa which represents a. fractional contribution to the averaged cross section

is plotted as a function of energy in Fig. 24. As can be seen from this figure, the fission

cross sections near 1.5 MeV dominate the averaged values.

The calculated fission spectrum averaged cross sections are compared with the eval-

uated value by Mannhart[12] in Table 2. The ratios of the evaluations to the evaluated

experimental data by Mannhart are, 0.997 for ENDF/B-VI and 1.015 for JENDL-3.3.

- 4 -
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3.2 252Cf Spontaneous Fission Neutron Spectrum Averaged Cross
Section

The 252Cf spontaneous fission spectrum is often used for integral tests of cross sections

since the spectrum Is well-determined[13]. In Fig. 23 the evaluated 252Cf spectrum is

compared with the 235U prompt fission neutron spectra. The 252Cf spectrum is harder

than the 235U spectrum.

There exist several experimental data for the 235U(n,/) cross section averaged over

the 252Cf spectrum[14, 15, 16, 17, 18], and their uncertainties are relatively small. The

experimental data are mainly from the National Bureau of Standards (NBS), and are

listed in Table 3. Those integral data were included in the ENDF/B-VI evaluation[5],

except for Grundl et al.[14]

Calculated averaged cross sections are, 1.217 b for ENDF/B-VI and 1:238 b for

JENDL-3.3. Comparison of the calculated cross sections with the experimental data is

shown in Fig, 25. The ENDF/B-VI value is close to the measured value of Heaton et

al.[15] and Davis et al.[16], while the value for JENDL-3.3 is consistent with the data of

Schroder et al.[17]. The newest data among them is that of Schroder et al.[17], which is

higher than that of Grundl et al. and Heaton et al. although those measurements were

carried out at the same institute. However the difference is still within the size of the

error-bars.

The mean value of the experimental data is L233±0.009 b, and the C/E values for

this value are, 0.987 for ENDF/B-VI and 1.004 for JENDL-3.3.

3.3 9Be(<i, xn) Neutron Spectrum Averaged Cross Section

Averaged cross sections in a 9Be(rf, xn) neutron field were measured by Watanabe

et al.[19] at ANL. This neutron spectrum has an interesting feature — most of the

neutrons have energies between 1 and 6 MeV. So that the averaged cross sections give us

some criteria for the fission cross sections in the energy range of interest. The neutron

spectrum[20] is shown in Fig. 26.

Since the calculated averaged cross section depends both on the cross section and

the spectrum, uncertainties in the spectrum cause some errors in the calculation. The

authors in Ref. [19] investigated this by testing several neutron spectra which were mea-

sured by an independent method, and concluded that the averaged values may have

uncertainties of < 1%.

With the neutron spectrum reported by the ANL group[19, 20], we calculated the

averaged fission cross sections for JENDL-3.3 and ENDF/B-VI. Calculated values are,

1.203 b for ENDF/B-VI and 1.225 b for JENDL-3.3. The experimental data of Watanabe

- 5 -
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et al. is 1.217 b. The C/E values are 0.988 and 1.007 for ENDF/B-VI and JENDL-3.3,

respectively.

3.4 GODIVA Benchmark Test

A criticality benchmark test was carried out by Takano et al.[21] at JAERI. The

continuous energy Monte Carlo code MVP was used. To investigate the fission cross

sections of 235U in the fast neutron energy region, calculations for a small-size fast neutron

core are examined. The fast neutron core GODIVA is a bare sphere of highly enriched

U, therefore differences in the fission cross sections directly affect the keff value. The

C/E value for JENDL-3.3 is 1.0032, while ENDF/B-VI is 0.9965. Note that this value

depends not only on the fission cross sections but also on the other nuclear data such

as prompt neutron fission spectra, inelastic scattering cross sections, etc. The fission

spectra for JENDL-3.3 and ENDF/B-VI are very similar, but the inelastic scattering

cross sections are different.

- 6 -
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4 RESULTS AND DISCUSSIONS

We have shown the difference in the 235U fission cross sections in the JENDL-3.3 and

ENDF/B-VI evaluations from two aspects, the differential and integral data. Spectrum

averaged cross sections in several neutron fields were calculated and compared with the

experimental data. The C/E values for those integral data are summarized in Table 4.

Results of a criticality benchmark test[21] for GODIVA are also shown in Table 4.

A main reason for the difference in the two evaluations — JENDL-3.3 and ENDF/B-

VI — is the experimental databases used in the evaluations. For example any integral-

type data were not included in the JENDL-3.3 evaluation, while 252Cf spectrum averaged

data for the 2 3 5U(n,/) and 2 3 9Pu(n,/) cross sections were included in •the ENDF/B-VI

standards evaluation. These data may act as a normalization for the evaluations.

There are some other quantities those were included in the ENDF/B-VI evalua-

tion but not used in the JENDL-3.3 evaluation. Those are cross section data (and ra-

tios) for 2 3 8U(n,7), 197Au(n,7), 10B(n,a), 1 0B(n,ai7) , 10B(n,n), 10B(n, total), 6Li(n,f),
6Li(n, n), 6Li(n, total) and the thermal constants. The impact of those quantities on the

calculated results is not clear at this moment, but we do not expect that the ratios to the
197Au, 10B, and 6Li cross sections will have a big impact on the calculated results because

the number of data points are less than those in the fission cross section measurements.

Anyway the effect of those data should be examined in detail.

In the JENDL-3.3 evaluation, cross sections for 233U(«, / ) , 24OPu(n, / ) and 241Pu(n, / )

were included, but those were not used in the ENDF/B-VI evaluation. In addition some

new measurements were included in the JENDL-3.3 evaluation, namely, 233 |j/235U fission

ratio data by Shcherbakov[22], 239Pu/235U and 24OPu/235U fission ratio data by Staples

and Morley[9]. For older measurements, some cross section data were excluded in the

JENDL-3.3 evaluation because they are inconsistent. While in the ENDF/B-VI evalua-

tion, the effect of such inconsistent data was handled in GMA by down-weighting them if

they were more than 3 standard deviations away from the output results. These different

treatments for such data could produce some differences in the two evaluations.

In the JENDL-3.3 evaluation the thermal constants would not have an effect and

was not included. On the other hand, the ENDF/B-VI evaluation made use of data

sets which extended to thermal energies. Also there were cases where a number of sets

would overlap and their full range extended from very high energies to thermal energies.

Thus the thermal constant data had an impact on that evaluation in that they helped

to define the normalization of high energy data (as well as low energy data). Since the

JENDL-3.3 evaluation did not use the thermal constant data, in principle, this could

lead to differences in the two evaluations.

- 7 -
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It is probably worth recalling the different treatment of experimental data in the

JENDL-3.3 and ENDF/B-VI evaluations. In the simultaneous evaluation which was

carried out by the JENDL project[3, 4], all the measuremenr.s were categorized into two

groups — the absolute measurements and the relative me.nsu cements. The uncertainties

in the experimental data were carefully re-evaluated 'i. -imei .o reduce discrepancies in

experiments. For the cross sections, the reported values /were used without any normal-

izations. In the ENDF/B-VI simultaneous evaluation:5,. -«>mt- data sets were treated as

a "shape measurement," for which a normalization consi.am >•. was included as a fitting

parameter. Therefore, even though the two evaluations -Mtipmy the same experimental

database, the mean values obtained could be different.

The impact of the inclusion of 252Cf spectrum averaged cross section can. be checked

in a simple way. The fission cross sections in JENDL-3.3 were updated so as to reproduce

the 252Cf data by means of a data adjustment technique based on the Bayes' theorem.

The results indicated that changes in the fission cross sections were very small. This

can be interpreted as follows: the uncertainties of the evaluated fission cross sections are

small, and the number of integral measurements is less than the differential data. So

that the relative weight of the differential data is larger than that of the integral data.

One can also see the impact of 252Cf data for the simultaneous evaluation in Fig. 25.

Though the ENDF/B-VI evaluation uses most of those integral data, its calculated

averaged-cross section is lower than, the mean-value of the measurements which is shown

by the dot-dashed line. Thus the differential data play an important role in the simul-

taneous evaluation.

We calculated the C/E values for the 252Cf averaged cross section, however, this

value strongly depends on the choice of measurements. For example, if one ignores

the measurements of Adamov et al.[18] and Schroder et al.[17], the mean value of the

experimental data becomes very close to the calculated value when the ENDF/B-VI

evaluation is used. Indeed such a choice is artificial, but one must realize that it is

quite dangerous to judge from only one. integral test. Nevertheless, a comparison of the
252Cf spectrum averaged cross sections may provide a, good criterion for our study. A

new measurement with modern experimental technique should be done to investigate

the 235U fission cross sections.

- 8 -
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5 CONCLUSION

The 235U fission cross sections in the JENDL-3.3 and ENDF/B-VI evaluations and

their databases were investigated in order to help to reconcile the difference between

them. Various comparisons of the cross sections yielded some features of those evalua-

tions near 2 MeV, though we were not able to judge definitely which one is superior.

Comparisons were made for the differential and integral data.' The evaluated fission

cross sections as well as the fission ratios of uranium and plutonium isotopes were com-

pared with the experimental data in the energy range 1-4: MeV. Since the experimental

data are scattered there, both the evaluations reproduce a trend of the measured values.

We found that the JENDL-3.3 evaluation had an "overshoot" problem because of the use

of the cubic-spline interpolation. We also noted that there was an inconsistency between
240Pu fission ratio to 235U data in ENDF/B-VI.

Spectrum averaged cross sections were calculated with the evaluated fission cross

sections, and comparisons with the measured values were made. The spectra used were,

the 235U prompt fission neutron spectrum at thermal energy, the 252Cf spontaneous

fission neutron spectrum, and the neutron spectrum produced by the 9Be(c£, xn) reaction.

For the 235U prompt fission neutron spectrum, the ENDF/B-VI evaluation reproduces

the experimental data. For the 252Cf and 9Be(d,xn) neutron spectra, the JENDL-3.3

evaluation gives better results than ENDF/B-VI.

- 9 -



JAERI-Research 2001-058

REFERENCES

[1] L.C. Leal, G. de Saussure, and R.B. Perez, Nucí. Sei. Eng., 109, 1 (1991).

[2] L.C. Leal, H. Derrien, N.M. Larson, and R.Q. Wright, ORNL/TM-13516 (1997);

Nucí. Sei. Eng., 131, 230 (1999).

[3] T. Kawano, H. Matsunobu, T. Murata, A. Zukeran, Y. Nakajima, M. Kawai,

0 . Iwamoto, K. Shibata, T. Nakagawa, T. Ohsawa, M. Baba, and T. Yoshida,

"Evaluation of Fission Cross Sections and Covariances for 233U, 235U, 238U, 239Pu,
240Pu, and 241Pu," JAERI-Research 2000-004 (2000).

[4] T. Kawano, H. Matsunobu, T. Murata, A. Zukeran, Y. Nakajima, M. Kawai,

0 . Iwamoto, K. Shibata, and T. Nakagawa, T. Ohsawa, M. Baba, and T. Yoshida,

J. Nucl. Sei. TechnoL, 37, No.4, 327 (2000).

[5] W.P. Poenitz and S.E. Aumeier, "The Simultaneous Evaluation of the Standards

and Other Cross Sections of Importance for Technology," ANL/NDM-139 (1997).

[6] R.G. Johnson, M.S. Dias, A.D. Carlson, and O.A. Wasson, "The 235U Standard

Neutron Cross Section. II Measurements from 1.0 to 6.0 MeV using the Dual Thin

Scintillator," (1991), unpublished, Data taken from EXFOR.

[7] P.W. Lisowski, A. Gavron, W.E. Parker, J.L. Ullmann, S.J. Balestrini, A.D. Carlson,

O.A. Wasson, and N.W. Hill, Proc. Specialists' Meeting on Neutron Cross Section

Standards above 20 MeV, Uppsala, Sweden, 21-23 May 1991, p.177 (1991), Data

Private Communication by Lisowski (1997).

[8] V.A. Kalinin, V.N. Kuz'min, L.M. Solin, V.l. Shpakov, and K. Merla, Atomnaya

Énergiya, 71, 181 (1991).

[9] P. Staples and K. Morley, Nucl. Sei. Eng., 129, 149 (1998).

[10] T. Ohsawa, T. Horiguchi, and H. Hayashi, Nucl. Phys. A, 665, 3 (2000).

[11] T. Ohsawa, "New Evaluation of Prompt Neutron Spectra of U-235 and Pu-239 for

JENDL-3.3," Proc. the 2000 Symposium on Nuclear Data, JAERI, Tokai, Japan,

16-17 Nov. 2000, (Eds. N. Yamano and T. Fukahori) JAERI-Conf 2001-006, p.157

(2001).

[12] W. Mannhart, Data Private Communication (1999).

- 1 0 -


