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Comparisons of evaluated fission cross sections for **U 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 caiculated and compared with the measurements. The
employed specira are the >°U prompt fission neutron spectrum, the *’Cf spontaneous fission
neutron specirum, and the neutron spectrum produced by a *Be(d,xn) reaction. For ***U prompt
fission neuiron specirum, the ENDF/B-VI evaluation reproduces experimental averaged cross
sections. For **Cf and °*Be(d,xn) neutron spectra, the JENDI-3.3 evaluation gives better results

than ENDF/B-VI.

Keywords: Fission Cross Section, Standard Cross Section, Spectrum Averaged Cross Section,
Uranium 233, Uranium 235, Uranium 238, Plutonium 239, Plutonium 240,

Piutonium 241

*1 Kyushu University

*2 National Institute of Standards and Technology
*3 Data Engineering, Inc.

*4 Los Alamos National Laboratory



JAERI-Research 2001058

JENDL-3.3 & ENDF/B-VI O 235U ¥ 52 W& O i

HAREF ISR Rt e = 4 v F — ¥ A 7 A WF5EE0
B #£Z" - Allan D. CARLSON™ - &% g™
Ml R - e B
Patrick TALOU™ - Philip G. YOUNG™ - Mark B. CHADWICK"™

(2001 £ 12 A 6 BZH)

JENDL-3.3 & ENDF/B-VI @ 25U B3R EH OB E | W57 — 5 BT %
DM aF L TIT ) o B RTHE & ORI T — 5 & EBT — 5 el gy
bo Tz, AN MVEHMEELZEEL, EREL BT L, B x~7 Pvid,
25U BB DR BT A7 b v, 220f BEBDGREF AT P b, 9Be(d,xn) UG
T ANRS PV TH L, U BHRANXS P VIC L 2 EHWTHEIRE Tz, ENDF/B-VI
DI EDEER T — 5 2 BT 5, —F. 220f HEHS R & 9Beld,xn) Uit O % 2
~NZ PV TCIE, JENDL-3.3 D735 ENDF/B-VI £ 1) b B LR+ 52 %,

BHERTFERT | T319-1195 KB ABHER R A H O HAR 2-4
*1 JUN KR ‘

*2 [E 7 B ERANRT FERT

*3  (BR) T— 5 1EF

*4 T AT TEXENHER



JAERI-Research 2001-058

Contents
1 .' INEEOQUCHION  +wrererrrrssmsrssssrssessssesesssessstessss s b sa s bbb st be b bbb bbb bbb asn e s b b 1
2. Comparison with Differential Data  «ssssersesssssssessssssssssssssesssininss T 2
2.1 Magnified Plot near 2 MEV  «sssreessessssssesssssissssissssssisssssssssssssssssisionns e 2
2.2 Eergy Grid Seftilug  -r-ssseesesssssssssssssssessssssssssssissins st issss s )
2.3 Comparisons with Recent Measurements - s 3
3. Comparison with Integral Data  ---ssssererssssssssssssmssssissssssssssssssss st 4
3.1 U Prompt Fission Neutron Spectrum Averaged Cross Section — --weeweseeseees 4
3.2 ZXCf Spontaneous Fission Neutron Spectrum Averaged Cross Section ~ «++-++-+ 5
3.3 °Be(d,xn) Neutron Spectrum Averaged Cross Section  «-er-swsswereseeses e 5
3.4 GODIVA Benchmark Test  «-e-esreeereeseseesressessesiimniiinninissinstetsissstsesisessesessesanens 6
4. Results and DISCUSSIONS  ++ewrerrrersrersssssmrnmiii ittt 7
5. COMOIUSION  w+swerererrsrsrmrereressssssessssssesissessbassebas s st e b st s bbb s ben bbb s et bbb b e s bbb tane 9
REFEIEICES  ++ovevereesererresrssestasssesesestotsieststeseststtstos et s sttt s b e et sa st abs et e sttt s bbb e s e be s esesenses 10
H X
L HE S e s R bbb 1
2. BT B L D HEL  crerreereeserererssssiss et 2
21 2MeVIEETOH R T Y b o e e s 2
22 IARINFE—REF-DERIE o TSR, eevenneens 2
23 BIEDEERT — & L DOHEL et 3
3 BT — & L DIHEE oo s 4
3.1 U BB BT ANRY FVEGRITERE oo 4
32 PO BB AEMET ANRYT FVEBRTEITE e, 5
33 Be(dxn)RIGHHEF A7 b VTEIGUFTERR  wovvrrorerrresrrrrssssssssssssssssssssssnne 5
3.4 GODIVA Ry F T =2 T A R corcerrommninsenieneninnnnsninsessssassssessessssessense 6
B, FER L BEL ot 7
5. fE BN e s e 9
BREETHR  coovrerersserssssssessssssses s sssss s a eSS 10



JAERI-Research 2001-058

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(1, 2]. In the unresolved
energy region and the smooth region, each resonance cannot be resolved, and the reso-
nance analysis 1s 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-
235U

topes was carried out for JENDL-3.3[3, 4], and the fission cross sections for 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 ?**U 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 evalnations. 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. k

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
235U

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

when one uses them as a standard.

23517 fission cross sections between

In order to investigate the difference in the
JENDL-3.3 and ENDF/B-VI, we surveyed this issue from various aspects — a detailed
comparison with the experimental data, comparisons with integral guantities, etc. In
this report we do not intend to give the best values for the ?*U fission cross sections,

but to provide information on the accurate evaluation for the standards.
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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, 235, 238(J, 239Py, 40Py, and 2*'Pu. In Figs. 2-7 absolute cross sections
are plotied, 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-V]. The experimental
data which have been plotted are all shown by the same symbol (e} 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-V1is seen for the fission ratio of *°Pu to **U in Fig. 12 (Fig. 13 for close-up),
although the absolute fission cross sections of 2#°Pu 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 ?*°Pu data but the ENDF/B-VI standards evaluation
did not, the consistency of JENDI-3.3 for 2#°Pu data are natural. It can be noted that
the consistency between ?**U and ?*°Pu 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-VI1is 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 JENDI-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 1.0 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 ?**U 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.
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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 2°U 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 kENDF/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 29Pu to 2%°U, and Figs. 20, 21 are for ?°Pu, respectively. A tendency

of overestimation can be seen for ENDF in Figs. 19 and 21.
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3 COMPARISON WITH INTEGRAL DATA

3.1 2%U 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 ?**U prompt fission neutron spectrum at thermal energy is
often used for this purpose. This integral test 1s suitable for threshold reactions since

23517 figsion cross

contributions from low energy neutrons are cut off. In the case of the
section, nentrons 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 oy values to the averaged cross section.
This is expressed as

E
F(B) = - [ ofex(ene (1)

where x(€) 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(#) is shown in Fig. 22 as a function of upper-limit integration
energy K. 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 alsc 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 specirum 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 JENDI-3.3, and the dashed line is that of ENDF/B-VIL.

A quantity xo which represents a fractional contribution to the averaged cross section
1s plotied 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 caiculated fission specirum averaged cross sections are compared with the eval-
uated value by Mannhart[12] in Table 2. The ratios of the evaluations to the evalnated

experimental data by Mannhart are, 0.997 for ENDF/B-VI and 1.015 for JENDL-3.3.
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3.2 %2Cf Spontaneous Fission Neutron Spectrum Averaged Cross
Section

The ?°2Cf spontaneous fission spectrum is often used for integral tests of cross sections
since the spectrum is well-determined[13]. In Fig. 23 the evaluated 2*2Cf spectrum is
compared with the ?**U prompt fission neutron spectra. The °2Cf spectrumn is harder
than the 2%U spectrum. -

There exist several experimental data for the **U(n, f) eross section averaged over
the **2Cf 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 Grund! 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 1.23340.009 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 °Be(d,zn) Neutron Spectrum Averaged Cross Section

Averaged cross sections in a ?Be(d, zn) 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 caiculation. 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-VIand 1.225 b for JENDL-3.3. The experimental data of Watanabe
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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 22U 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 k.g 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.
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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 JENDI-3.3 evaluation, while ?2Cf spectrum averaged
data for the 2**U(n, f) and ***Pu(n, f) 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 #8U(n,v), ' Au(n,v), B(n, a), 1°B(n, a17), 1°B(n,n), °B(n, total), ®Li(n, t),
®Li(n,n), °Li(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
197 Au, 9B, and ®Li 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 2**U(n, f), 2*°Pu(n, f) and **'Pu(n, f)
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, 33U /23U fission
" ratio data by Shcherbakov{22], ?**Pu/?3®U and 24°Pu/?*U fission ratio data by Staples
and Morley[9]. For older measurements, some cross section data were excluded in the
JENDI-3.3 evaluation because they are inconsistent. While in the ENDF/B-V1 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 evalnation 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.
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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 project3, 4], all the measurements were categorized into two
~ groups — the absolute measurements and the relative measurements. The uncertainties
in the experimental data were carefully re-evaluated in order to reduce discrepancies in
experiments. For the cross sections, the reported values were used without any normal-
izations. In the ENDF/B-VI simultaneous evaluation[h], some data sets were treated as
a “shape measurement,” for which a normalization constant ¢ was included as a fitting
parameter. Therefore, even though the two evaluations empioy the same experimental
database, the mean values obtained could be different.

The impact of the inclusion of **Cf 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 52Cf 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 ?2Cf data for the simultaneous evalnation in Fig. 25.
Though the ENDF/B-VI evaluation uses most of those infegral 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 22Cf 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 caiculated 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
#2Cf 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 22*U fission cross sections.
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5 CONCLUSION

The 23%U 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 experumental
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
40Py, fission ratio to 2*°U data in ENDF/B-VI. , -

Spectrum averaged cross sections were calculated with the evaluated fission cross
sections, and-compa,risons with the measured values were made. The spectra used were,
the 23U prompt fission neutron spectrum at thermal energy, the ?*2Cf spontaneous
fission neutron spectrum, and the neutron spectrum produced by the Be(d, zn) reaction.
For the U prompt fission neutron spectrum, the ENDF/B-VI evaluation reproduces
the experimental data. For the »%Cf and ?Be(d, zn) neutron spectra, the JENDL-3.3
evaluation gives better results than ENDF/B-VI. 4






