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Covariances of nuclear data have been estimated for 2 nuclides contained in
JENDL-3.2. The nuclides considered are Cr and Ni, which are regarded as important
for the nuclear design study of fast reactors. The physical quantities for which
covariances are deduced are cross sections and the first order Legendre-polynomial
coefficient for the angular distribution of elastically scattered neutrons. The
covariances were estimated by using the same methodology that had been used in the
JENDL-3.2 evaluation in order to keep a consistency between mean values and their
covariances. The least-squares fitting code GMA was used in estimating covariances
for reactions of which JENDL-3.2 cross sections had been evaluated by taking account
of measurements. Covariances of nuclear model calculations were deduced by using
the KALMAN system. The covariance data obtained were compiled in the ENDF-6
format, and will be put into the JENDL-3.2 Covariance File which is one of JENDL

special purpose files.
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1. Introduction

Uncertainties in nuclear data are needed not only to estimate margins in design
and safety of nuclear facilities, but also to adjust group constants by considering critical
experiments. The Nuclear Data Center of the Japan Atomic Energy Research Institute
(JAERI) has been involved in providing the covariances of the JENDL-3.2 data" to the
Japan Nuclear Cycle Development Institute (JNC), where the unified cross-section
library is being produced by considering various integral measurements and covariances
of evaluated data.

In the present work, we estimated the covariances of nuclear data for Cr and Ni
contained in JENDL-3.2. The physical quantities for which covariances were
estimated are cross sections and the 1% order Legendre-polynomial coefficient for the
elastic angular distributions of neutrons.

Covariances were estimated on the basis of the same methods that had been
taken in the JENDL-3.2 evaluation. The least-squares fitting code GMA?, which was
developed at the Argonne National Laboratory, was applied to estimate covariances
when the JENDL-3.2 data had been obtained by fitting to available experimental data.
In cases where the JENDL-3.2 data are based on nuclear model calculations, the code
system KALMAN?®, which was developed at Kyushu University, was used to deduce
uncertainties in model parameters. Then, the covariances of the model calculations
were obtained by using the law of error propagation. On the KALMAN system, one
can get covariances of cross sections and angular distributions of emitted neutrons
calculated from nuclear model codes.

In this report, we describe the methods of covariance estimation taken for each

nuclide together with the results obtained.
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2. Covariances of Cr Data

Covariances were estimated for the total, inelastic scattering, (n,2n), (n,no),
(n,np), (n,p), (n,a), and (n,y) reaction cross sections and for the 1* order Legendre
coefficient for the elastic angular distributions of neutrons. The covariances of the
elastic scattering cross section, which was evaluated by subtracting the non-elastic cross
section from the total cross section in JENDL-3.2, were constructed from those of other
cross sections. A covariance file for natural chromium was produced in the present
work. The JENDL-3.2 data for natural chromium were made from the isotopic data
except the total cross section which was obtained from experimental data on the natural
element. The contribution of minor isotopes (*°Cr, **Cr, and **Cr) to the covariance
for the natural element is quite small since the weight for each isotope is the square of
the isotopic abundance. Therefore, the covariances for the most abundant 2Cr

(abundance: 83.8%) were estimated except for the total cross section.

2.1 Total Cross Section
In the energy region above 300 keV, the GMA code was applied to the four
experimental data sets used in the JENDL-3.2 evaluation. Error information for each

experiment is given as follows:

Cierjacks et al.¥ E, = 500 keV - 32 MeV
Total errors are given in the data. A systematic error of 2.8% was deduced.
Foster, Jr. and Glasgow™ E,=23-15MeV

Total errors are given in the data. A systematic error of 0.5% was deduced.
Perey et al.” E, = 180 keV — 30 MeV

Statistical errors are given in the data. A systematic error of 4% was deduced.
Larson” E,=2-81 MeV

Statistical errors are given in the data. A systematic error of 4% was assumed.

The experimental data were averaged in the intervals of 200 keV to 1 MeV in order to
smooth the resonance structure seen below several MeV, and fed into the input to the

GMA code. Figure 1 shows the evaluated total cross section and its standard
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deviations. The square root of x2 per degrees of freedom, which is referred to as X
hereafter, was found to be 29.0 below 4.5 MeV and 6.2 above 4.5 MeV.

In the energy region below 300 keV, the relative standard deviation was set to be
2% by considering the thermal cross section and its uncertainty recommended by

Mughabghab et al.®

2.2 (n,2n) Reaction Cross Section
The covariances were obtained by applying the GMA code to the following

experimental data sets:

Wenusch and Vonachg), Bormann et al.'O), Sailer et al.”), Molla et al.'z),

Ribansky et al. '3’, Ghorai et al.'¥ , Ikeda et al.’® ) Liskien et al.]6), Wagner et al.'”?

The y value obtained is 1.0. The cross sections and standard deviations of **Cr and
natural Cr are shown in Figs. 2 and 3, respectively. It is found from the figures that
the JENDL-3.2 evaluation of **Cr is based on the measurement of Bormann et al.'? in
the high energy region, and therefore the evaluation of the natural element is

inconsistent with the data of Auchampaugh et al.'¥

2.3 Inelastic Scattering and (n,y) Reaction Cross Sections

The covariances of the parameters required as input to the statistical model code
CASTHY'? were estimated on the KALMAN system3 ). Then, the uncertainties in the
calculated cross sections were obtained by the law of error propagation. The

measurements considered are given as follows:

Inelastic scattering

Voss et al.>?, Van Patter et al.>”, Degtjarev and Protopopovzz), Pasechnik et al.*”,

] 25) 26)

Degtjarev and Protopopov24), Korzh et al.””’, Kramarovsky

(n,y) reaction

Frenes et al.27), Kenny et al.?®

The calculated 7 values are 12.1 for the inelastic scattering and 0.8 for the (n,Y) reaction.
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The (n,y) reaction cross section in JENDL-3.2 was obtained by normalizing nuclear
model calculations to 10 mb at 50 keV. The relative uncertainty in this value is
expected to be 20%. Therefore, the standard deviations calculated by the KALMAN
system were scaled up so as to yield a relative uncertainty of 20% at 50 keV. Figures
4-6 show the cross sections and standard deviations for the 1.43-, 2.37-, and 2.96-MeV
levels of **Cr, respectively. The (n,y) reaction cross sections and standard deviations
for *2Cr and the natural element are shown in Figs. 7 and 8, respectively.
| Above 10 MeV, the (n,y) reaction cross sections were underestimated in
JENDL-3.2, because the direct and semi-direct processes were not taken into account.
Thus, the differences between the JENDL-3.2 cross sections and those calculated from a
systematicszg), which reasonably reproduces measured data, were given as the
uncertainties in the energy region above 10 MeV.
Below 300 keV, the uncertainties in the (n,y) cross section was set to be 10% by

considering the recommendation of Mughabghab et al.¥ and the measurements of Le

Rigoleur et al.>”

2.4 (n,p), (n,0), (n,np), and (n,nct) Reaction Cross Sections

The statistical model code EGNASH>" was applied to estimate the covariances
by using the KALMAN system. The covariances of model parameters were obtained
by considering experimental data on the (n,2n) and (n,p) reactions. The experimental
data on the (n,2n) reaction were mentioned in Sect. 2.2, while those on the (n,p) reaction

are given as follows:

Paul and Clarke®?, Kern et al.*¥ Chittenden and Gardner34), Mitra and Ghose”),
Clator®®, Prasad and Sarkar’”, Dresler et al.’®, Valkonen®, Qaim and Molla*?,
Gupta et al.‘“), Ribansky et al.m, Hong Dac Luc et al.‘m, Ghorai et al.M), Ikeda et

al.'"”, Kawade et al.®? ) Viennot et al.*¥

The x value obtained is 1.84. Figures 9 and 10 show the (n,p) and (n,0) cross sections
of **Cr and their uncertainties, respectively. The cross sections and standard deviations

for the natural element are illustrated in Figs. 11-14.
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2.5 Angular Distributions of Elastically Scattered Neutrons

The optical model code ELIESE-3*" was used to estimate the covariance of the
1* order Legendre coefficient for the elastic angular distribution.  The uncertainties in
the optical model parameters were obtained by considering the experimental data on the
total cross section mentioned in Sect. 2.1., and the ) value was found to be 1.4.  Figure

15 shows the relative standard deviation.

3. Covariances of Ni Data

Covariances were estimated for the total, inelastic scattering, (n,2n), (n,nc),
(n,np), (n,p), (n,d), (n,t), (n,00), and (n, ) reaction cross sections and for the 1*" order
Legendre coefficient for the elastic angular distributions of neutrons. The covariances
of the elastic scattering cross section, which was evaluated by subtracting the
non-elastic cross section from the total cross section in JENDL-3.2, were constructed
from those of other cross sections. A covariance file for natural nickel was produced
in the present work. The JENDL-3.2 data for natural nickel were made from the
isotopic data except the total cross section which was obtained from experimental data
on the natural element. The contribution of minor isotopes (G'Ni, ®2N3i, and 64Ni) to the
covariance for the natural element is quite small since the weight for each isotope is the
square of the isotopic abundance. Therefore, the covariances for the two abundant
isotopes *Ni (68.1%) and ONi (26.2%) were estimated except for the total cross

section.

3.1 Total Cross Section
In the energy region above 557 keV, the GMA code was applied to estimate the
covariances from two experimental data sets. Error information for each experiment is

given as follows:

Larson et al.*® E,=2.2keV -20MeV

Total errors are given in the data. A systematic error of 0.61% was deduced.
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Larson” E, =2 - 80 MeV

Statistical errors are given in the data. A systematic error of 5% was deduced.

The experimental data were averaged in the intervals of 200 keV to 1 MeV in order to
smooth the resonance structure seen below several MeV, and fed into the input to the
GMA code. Figure 16 shows the total cross section and its standard deviations. The
x value obtained from the GMA analysis was found to be 2.99.

In the energy region below 557 keV, a relative standard deviation of 2% was
obtained by considering the thermal cross section and its uncertainty recommended by

Mughabghab et al.®’ and the average cross sections measured by James et al.¥”

3.2 *Ni(n,2n), **Ni(n,p), and *Ni(n,p) Reaction Cross Sections
The following experimental data sets was taken into account in the GMA

analyses:

**Ni(n.2n)

Prestwood and Bayhurst48), Glover and Weig01d49), Pavlik et al.so), Ikeda et al.ls),
Yuan Junggian et al.”"

> 8Nign,pz

Konijin and Lauber’?, Bormann et al.>?, Temperley54’, Paulsen and Widera®”,
Smith and Meadows” 6), Wu and Chou®”, Husain and Hunt’?, Pavlik et al.’ 0),
Vonach et al.’”, Ikeda et al.60), Smith et al.?"”, Viennot et a1.44), Liet al.®?
Ni(n,p)

Paulsen®®, Vonach et al.>”, Wang et al.%, Wagner et al.®”, Viennot et al.*¥

The  values were found to be 0.8 for the 58Ni(n,2n) reaction, 8.5 for the 58Ni(n,p)
reaction and 3.2 for the 6ONi(n,p) reaction. Figure 17 shows the cross section for the
58Ni(n,2n) reaction and its standard deviations. The cross section and standard
deviations for the (n,2n) reaction on the natural element are illustrated in Fig. 18, where
the contributions from °Ni, which will be described later, are included. The (n,p)

reaction cross sections and their uncertainties are shown in Figs. 19-21.
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3.3 Inelastic Scattering and (n,y) Reaction Cross Sections

The covariances of the parameters required as input to the statistical model code
CASTHY'” were estimated on the KALMAN system. Then, the uncertainties in the
calculated cross sections were obtained by the law of error propagation in the energy

region above 557 keV. The measurements considered are given as follows:

Inelastic scattering for BNi

Voss et al.zo), Rogers et al.66), Bazakvov et al.67), Sokolov et al.68), Korzh et al.™

Inelastic scattering for ONi

Nishimura et al.*”, Broder et al.””, Rogers et al.%®, Korzh et al.*>

(n.y) reaction on *°Ni

Perey et al.”V

There are no experimental data available for the (n,y) reaction on 3¥Ni. Thus, the
JENDL-3.2 data with 30% relative uncertainties were regarded as experimental values
in the analyses. The ¥ values were found to be 10.9 for 8Ni inelastic scattering, 3.1
for ®°Ni inelastic scattering, 0.2 for the (n,y) reaction on *®Ni, and 0.8 for the (n,y)
reaction on *°Ni.

The cross section for the (n,y) reaction on ®Ni was measured by Wisshak et al.”?
at 30 keV, and its uncertainty was deduced to be 7%.  As for the (n,y) reaction on 60Ni,
the JENDL-3.2 data were normalized to the data measured by Perey et al.”" at 700 keV,
and the relative uncertainty in the measurement is 1%. The standard deviations of the
(n,y) cross sections obtained from the KALMAN system were modified so as to be
consistent with these experimental uncertainties. In the energy region below 557 keV,
the relative uncertainties in the (n,y) cross section were determined by considering the
thermal cross sections and uncertainties recommended by Mughabghab et al.® and
average cross sections and errors measured by Perey et al.”V: 2% in the region from 10°
eV to 1 keV, and 5% in the region form 1| keV to 557 keV. - Above 10 MeV, the
difference between JENDL-3.2 and the systematicszg) were regarded as the uncertainty
in the (n,y) cross section, as in the case of Cr.

The inelastic scattering cross sections and standard deviations are shown in Figs.
22-25, and the (n,y) reaction cross sections and standard deviations are shown in Figs.

26-28.
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3.4  *Ni(n,2n), *%Ni(n,d), **Ni(n,t), **Ni(n,0), **Ni(n,np), and ***Ni(n,nc)
Reaction Cross Sections
The EGNASH code was used on the KALMAN system to estimate the
covariances of the model parameters. We took account of the experimental data on
the > 8Ni(n,2n), 5 8'(’ONi(n,p), 5 8’60Ni(n,d), 5 8Ni(n,t), and ® 8Ni(n,ot) reactions. Concerning
the ° 8Ni(n,2n) and 58’c’ONi(n,p) reactions, the data sets mentioned in Sect. 3.2 were
employed. As for the other reactions, the measurements considered are given as

follows:

¥Ni(n,d) reaction

Cross et al.” ) Hemingway et al.74), Pavlik et al.>”

3Ni(n,t) reaction

Qaim and Stoecklin”, Woo and Salaita’®

5 8Ni(n,oc) reaction

Seebeck and Bormann'”, Dolja et al.”®, Qaim and Molla*”, Qaim et al.”®

%0Ni(n.d) reaction

Allan®®, March and Morton®"

The % values were found to be 2.67 for ®Ni and 3.96 for ®Ni.  The cross sections and

standard deviations are shown in Figs.29-44.

3.5 Angular Distributions of Elastically Scattered Neutrons

The optical model code ELIESE-3 was used to estimate the covariance of the 1
order Legendre coefficient for the elastic angular distribution.  The uncertainties in the
optical model parameters were obtained by considering the experimental data on the
total cross section mentioned in Sect. 3.1., and the ) value was found to be 0.84.

Figure 45 shows the relative standard deviation.
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4. Concluding Remarks

Covariances of nuclear data were estimated for Cr and Ni contained in
JENDL-3.2. The quantities of which covariances were obtained are cross sections and
the 1% order Legendre coefficient for the elastic scattering. The uncertainty in the
Legendre coefficient was estimated in order to calculate an uncertainty in an average
cosine of elastic-scattering angles.

In covariance estimation, we used the same methodology that had been taken in
the JENDL-3.2 evaluation in order to keep a consistency between mean values and their
covariances.

The results obtained were compiled in the ENDF-6 format, and will be put into
the JENDL-3.2 Covariance File which is one of the JENDL special purpose files
managed by the JAERI Nuclear Data Center. The data are also used in making the
unified cross-section library at JNC.
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ESTIMATION OF COVARIANCES OF CR AND NI NEUTRON NUCLEAR DATA IN JENDL-3.2




