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Effect of correlation between cross sections and angular
distributions in nuclear data of 3Cu on estimation of uncertainty
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Abstract. Uncertainty in neutron reaction rates after penetrating a 608mm-thick copper benchmark
experiment performed by the FNS facility of JAEA was estimated based on two different kinds of the Total
Monte Carlo methods under random sampling methodology. 500 random nuclear data files were generated
for ©*Cu by the T6 code system with perturbing underlying model parameters. In the first method, these files
were used directly to yield processed library preserving all the correlations among different physical
quantities. In the second method, the random files populated by T6 were used but the angular distribution
data were kept fixed to the non-perturbed nominal ones. It was found that the two methods gave the same
neutron reaction rate after the 608 mm penetration of a copper, however uncertainty of the second method
was larger than that of the first method. It shows that the correlation between total cross section and angular
distribution of elastic scattering at 0 degree, which stems from Wick’s inequality, affects uncertainty of the
calculated neutron reaction rate. The result is consistent with the case of 2*Si on deep penetration of thick
concrete problem previously reported by the authors. It could be concluded that the uncertainty obtained by
using the covariance files given in the ENDF-6 format may not give correct results for the uncertainty of

neutron penetration calculation.

1 Introduction

Accurate estimation of uncertainties in the neutron
transport calculation caused by nuclear data through
error propagation is quite important for Verification and
Validation (V&V) of design and safety analysis of
nuclear systems. Usually, such an error propagation is
carried out through the covariance files given in nuclear
data in the ENDF-6 format [1]. However, it is also
recognized that the ENDF-6 format cannot represent all
the correlation of nuclear data that might be present in
different kind of physical quantities. For example, the
uncertainty of the angular distribution of elastic
scattering is able to represent in the ENDF-6 format
(MF34, MT2), however it is only processed by that of
the average cosine of the angular distribution in the
nuclear data processing code, which may be reasonable
for application in design of nuclear reactors since the
energy of neutrons involved is usually small, so the
elastic scattering is quite close to be isotropic in the
center-of-mass framework. However, uncertainty of the
angular distribution and correlation of it to those of other
quantities such as total cross section might be
significantly important for systems where effects of the
angular anisotropy is more important. Correlation of
uncertainties of such different quantities, in this case
that of angular distribution of elastic scattering and that
of total cross section, is not represented properly in the
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ENDF-6 format, hence this correlation is normally
ignored. However, we know that there is a positive
correlation between these two quantities described by
Wick’s inequality [2], g,;(0) = (ﬁ at)z, where ag,,(0), o;
and k denote elastic scattering cross section at 0 degree,
total cross section and wave number of incident neutron,
respectively. The optical theorem of the quantum
scattering theory is the underlying physics of this
correlation. We have shown that the correlation of
different quantities of 28Si becomes significant on the
deep penetration of fission neutrons through a thick
concrete [3].

It is the purpose of this study to evaluate the
effects of the correlation between forward elastic
scattering and total cross section on the penetration of
D-T neutrons through a thick copper, via Total Monte
Carlo (TMC) method [4].

2 Method

We have done the following two calculations to prepare
random nuclear data files.

1. In the first method, we have calculated 500 random
nuclear data files for %Cu, which is one of the major
constituents in natural copper, by using T6 code system
[5]. In this calculation, underlying model parameters for
the resolved resonance and continuous region were
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perturbed with probability distributions determined
from a Bayesian Monte Carlo (BMC) method [6], and
500 ENDF-formatted random files were generated.
These random files were used for the subsequent
neutron transport calculations. This process will be
explained later in more details. By this process, we could
obtain the variance of the neutron reaction rates at each
point of the thick copper, especially after penetrating the
whole copper, and we could assign uncertainty of the
neutron transport calculation from the variance. In this
calculation, all the correlations of quantities present in
the nuclear cross section were taken into consideration
especially those between the angular distribution of
elastic scattering and the total cross section.

2. In the second one, which is similar to that of the 1%
method but all the angular distribution data (MF4, MT2)
were kept fixed to the non-perturbed nominal ones,
hence it ignores the uncertainty of the angular
distribution of elastic scattering cross sections only. The
500 random files keeping all the angular distribution
data to be the same were used for the subsequent neutron
transport calculations.

The variances of the neutron reaction rates after
complete penetration obtained by these two methods,
that are the indicators of the uncertainty of neutron
transport calculation, were compared, and we have
elucidated the importance of the correlation of different
quantities in nuclear data libraries.

-

The covariance of ®*Cu neutron cross sections, which is
only evaluated for resonance parameters in ENDF/B-
VIIL.O [7], was estimated using T6 as shown in the upper
part of Fig. 1. The nominal parameters of the calculation
were adjusted to reproduce neutron cross sections stored
in ENDF/B-VIIL.0O. To estimate covariance matrices,
firstly a distribution of parameters in the continuous
region was calculated with the BMC method. Secondly,
Monte Carlo calculation was performed based on the
errors of resolved resonance parameters and the
parameter distribution in the continuous region obtained
from BMC as above. If the cross section errors in the
resonance region were experimentally known, the
uncertainties of the resonance parameters were carefully
adjusted to reproduce those errors and all the resonance
energies and widths were perturbed independently
within the assigned errors. In the same way, all the
parameters in the continuous region, which consist of
more than 200 parameters including those of optical
model potential, level densities, were perturbed as well
as pre-equilibrium model parameters. All these
perturbation calculations were conducted based on the
parameter distributions which were obtained starting
from a non-informative prior distribution using the
BMC method, to produce 500 random files. Finally, a
covariance file was generated by statistical processing
of the results for these random files.
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Fig. 1. Calculation scheme of cross section and associated covariance (T6, upper part), and the Total Monte Carlo (TMC)
method (lower part). TANES and TAFIS in T6 were not used in the present work.
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Figures 2 and 3 show the comparison of **Cu total cross
sections and elastic cross sections between 500 random
data calculated by T6 and ENDF/B-VIILO, respectively.
The cross sections in the resonance and the continuous
regions calculated by T6 are consistent with those given
in ENDF/B-VIIL0. The information on the correlation
among the different reactions is used in the random files
produced by T6.

To estimate the uncertainty of the neutron
reaction rates, the TMC scheme was applied as shown
in the lower part of Fig. 1. As it shows, a random file in
the ENDF-6 format produced by T6 was processed
using NJOY-2016 [8], and the ACE file was generated.
When using NJOY, the total cross section is
reconstructed from all the partial cross sections.

Then, a neutron transport calculation using MCNP6.2
[9] was performed to compute the 608 mm-thick copper
benchmark experiment conducted by FNS of JAEA for
which a D-T neutron source is located at 200 mm
distance from the front surface of the copper slab [10].
The energy spectra of the D-T neutrons were also
estimated by JAEA [10]. The two steps described above
were repeated 500 times for each random file generated
by T6, and the standard deviations of the calculated
reaction rates were obtained by statistical processing
using each of these 500 results. The computational
model of the neutron transport calculation is shown in
Fig. 4 and the other conditions relating to the transport
calculation are the same during repeated TMC runs,
therefore, these uncertainties can be ignored.
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Fig. 2. %Cu neutron total cross sections estimated by T6 system (gray lines) compared with ENDF/B-VIILO (red line) and

experimental data and the errors [12-17].
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Fig. 3. ©Cu neutron elastic cross sections estimated by T6 system (gray lines) compared with ENDF/B-VIILO (red line) and

experimental data [18-21].
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The fractional standard deviation of 2’Al(n,a)**Na
reaction rate at the 608 mm copper transmission
obtained by random files generated by those ignoring
the perturbation of the angular distribution was 18.3%,
whereas 14.5% obtained by those generated by T6 as
shown in Fig. 7.
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Fig. 8. Comparison of '*In(n,n’)!'>™In reaction rate
distribution and the standard deviation between T6 and
the result ignoring perturbation of angular distribution.

The fractional standard deviation of !'SIn(n,n’)''*™In
reaction rate at the 608 mm copper transmission
obtained by random files generated by those ignoring
the perturbation of the angular distribution was 15.1%,
whereas 12.2% obtained by those generated by T6 as
shown in Fig. 8.

The standard deviation of the latter, which
provides for uncertainties of the angular distributions
and energy distributions of secondary neutrons as well
as cross sections, is smaller than the former which
includes only uncertainties of the cross sections
primarily. The other threshold reactions showed similar
trends.

Neutron reaction rates for (n,y) reactions in the
copper slab and their standard deviations are also shown
in Figs. 9 and 10. The fractional standard deviations for
(n,y) reactions showed different trends compared with
the threshold reactions. The standard deviations for the
(n,y) reactions were almost the same between the two
methods.

The random files shown as “MF4 no perturbed”
were created that the angular distribution data (MF4,
MT?2) were kept fixed to the non-perturbed nominal
ones where the perturbation of the elastic scattering
angular distribution was ignored, so its correlation to the
total cross section was also ignored. On the other hand,
the random files generated by T6 includes perturbations
of the angular distribution of secondary neutrons and
correlation to other quantities.
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Fig. 9. Comparison of %Cu(n,y)**Cu reaction rate
distribution and the standard deviation between T6 and
the result ignoring perturbation of angular distribution.
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Fig. 10. Comparison of >Mn(n,y)**Mn reaction rate
distribution and the standard deviation between T6 and
the result ignoring perturbation of angular distribution.

The statistical error of estimated uncertainty (fsd) for the
TMC method (N=500) was estimated to be about 3%
based on the y-distribution [11] for the **Ni(n,2n)*’Ni
reaction rate at the 608 mm transmission.

Figures 11(a) and (b) show the correlations
between the total cross section and the elastic scattering
cross section at 0 degree in the 1,000 random files
generated by T6 at the incident neutron energy of 14
MeV and 2.2 MeV, respectively.
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In these figures, red points indicate that the angular
distribution data (MF4, MT2) were kept fixed to the
non-perturbed nominal ones. It is clear that there is a
positive correlation between the total cross section and
the forward elastic scattering cross section, which is
consistent with Wick’s inequality derived from the

optical theorem.
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must also be considered properly, and 3) if the items 1)
and 2) were ignored, the uncertainty of the neutron
threshold reaction rates are overestimated. These
conclusions give an important warning to the
interpretation of the neutron transport calculations
which were thoroughly based on the ENDF-formatted
files, where items 1) and 2) are not fulfilled in general.
It has to be noticed at the same time that these
conclusions are applicable to cases where the anisotropy
of neutron scattering is highly important for the results
like the neutron penetration problems considered in this
work.

4 Conclusion

The effect of uncertainty in nuclear data on the neutron
penetration of copper slab was estimated with the TMC
method based on nuclear data generated by T6. The
average threshold reaction rates obtained with random
files generated by T6 and those ignoring the correlation
between the angular distribution of elastic scattering and
the total cross sections were equivalent. However, the
standard deviation of ®Ni(n,2n)’’Ni reaction rate
obtained with those ignoring the correlation between the
angular distribution of elastic scattering and the total
cross sections at the 608 mm copper transmission was
18.4%, which is larger than 14.3% obtained with T6 data.
The cause of difference was attributed to that the
correction of the angular distribution of elastic
scattering and total cross section could not be considered
in calculations with the ENDF-6 format. It has been
concluded that the correlation of angular distribution of
secondary neutrons to other quantities, especially to
total cross section, needs to be dealt with correctly in the
neutron deep penetration where angular anisotropy is
important.
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