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Abstract. Sensitivity and uncertainty analysis in error propagation studies are carried out based on nuclear
data uncertainty information available in the basic nuclear data libraries such as ENDF, JEFF, JENDL and
others. The uncertainty files (covariance matrices) are generally obtained from analysis of experimental data. In
the resonance region, the computer code SAMMY is used for analyses of experimental data and generation of
resonance parameters. In addition to resonance parameters evaluation, SAMMY also generates resonance
parameter covariance matrices (RPCM). The intent of this paper is to discuss the use of the RPCM in contrast to
the use of a cross section covariance matrix (CSCM) representation. For so, the resonance evaluation for BT in
the resonance range from 107" eV to 400 keV is used. The RPCM is translated into two distinct CSCM by using a
coarser and a finer group structures. The results are presented and discussions of the feasibility of using these

covariance representations are depicted.

1 Introduction

The objective of a resolved resonance parameters evalua-
tion is to generate parameters which combined with a
resonance formalism, the R-matrix methodology for
instance, lead to a reasonable representation of the
experimental data such as the total, capture, fission cross
sections, and etc. Along with the resonance parameters
(RP), resonance parameter covariance matrices (RPCM)
are also obtained. For practical applications the RP
parameters are converted to the evaluated nuclear data file
format (ENDF) in the so-called FILE2 representations
whereas the RPCM is converted to the ENDF FILE32
representation. While the FILE32 representation is
preferred, however situations may arise whereby the use
of the cross section covariance matrix (CSCM) is
recommended which consists of translating FILE32 into
FILE33. For instance, if the RP evaluation results in a large
set of RP a drawback may be connected to computer’s disk
storage of the RPCM. Nevertheless, the process of
converting to FILE33 is carried out based on two
assumptions: a) the CSCM are provided in the energy-
multigroup form; b) a weighting spectrum is needed for the
cross-section averaging. The CSCM provides the variances
of the cross section within a specified energy region and
also the correlation between cross sections of nearby energy
regions. The objective of this paper is to examine the
use of the CSSM representation in lieu of the RPCM.
The studies are performed by way of using the RPCM
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generated on the basis of a resolved resonance evaluation
carried out for *®Ti. A brief description of the resonance of
87§ will be introduced prior to the discussion on the use of
the CSCM. The paper will examine whether the FILE32
and FILE33 conversion grants an alternative leading to
comparable calculated group covariance. The adequacy of
energy group choice for the CSCM representation in the
nuclear data library will be investigated.

2 “8Ti resolved resonance evaluation

In natural titanium the most abundant isotope is **Ti
which has an abundance of 73.72% in weight. Additionally,
“8Ti has the largest thermal capture cross section among
the natural titanium isotopes. In response to needs for
criticality safety applications, revision and evaluation of
nuclear systems in which titanium is present were
requested. It was identified that existing titanium evalua-
tion should be revised and a new evaluation should be put
in place. Hence, an R-matrix resonance evaluation based on
the code SAMMY [1] was performed [2] for **Ti in the
energy range from thermal to 400keV. In addition, the
uncertainty in the cross sections were derived from
resonance parameter covariance obtained in the evalua-
tion. Since no reaction other than total, scattering and
capture exists below 400 keV, the resonance parameters are
uniquely determined in the evaluation by the energy of the
resonance, the neutron width, the capture width, and the
resonance spin. Correspondingly to these parameters are
the associated variances as well as their correlations. For
instance, for two resonance parameters p; and p;, which can

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


mailto:luiz.leal@irsn.fr
https://www.edpsciences.org
https://doi.org/10.1051/epjn/2018039
https://www.epj-n.org
http://creativecommons.org/licenses/by/4.0

[\]

* *i Total Cross Sectionl

o By Capture Cross Section|

|
5 60 70 80 9 100 110 120 130 140 150
Energy (keV)

Fig. 1. SAMMY fit of the experimental differential total and
capture cross sections in the energy range 50 keV-150keV [3].

be energy or widths, their correlations leading to the
RPCM is referred to as (8pSpy). More on the practical
application of the RPCM will be seen in section 3. As an
example of the use the resonance parameter to reproduce
the experimental cross section, the fitting of the differential
total and capture cross sections in the energy range of
50-150keV is displayed in Figure 1.

The dots are the experimental data whereas the solid
line going through the data represents the evaluation. The
fitting of the experimental data was done using the Reich-
Moore formalism included in the code SAMMY in
conjunction with the Bayes’ methodology. In addition to
the cross-section fitting the uncertainty in the nuclear data
can also be extracted from the evaluation process in which
resonance parameter covariance are obtained. The data
uncertainties are statistical and systematic. The latter is
the predominant data uncertainty. The uncertainties
information on the experimental data used in the resonance
evaluation are as follow: The observed total and capture
cross section systematic uncertainties are in between 1-4%
and 2-10%, respectively. These uncertainties are reflected
in the final RPCM and consequently in the cross sections.
Figure 2 illustrates the uncertainties and covariance for the
“8Tj evaluated capture cross section in the energy region
from 107°eV to 20MeV. The covariance information is
used in the analysis and design of nuclear systems. The
SAMMY generated **Ti RPCM were converted into the
ENDF format [4] on the basis of the LCOMP = 1 option.
This option requires that the entire covariance data are
given for the full RPCM covering the resolved resonance
region. Thermal values and capture resonance integral for
the *®Ti evaluation are compared with that included in the
ENDF/B-VIIL.0. The results shown in Table 1 include the
uncertainty in the cross sections that were calculated from
the covariance derived from the resonance evaluation as
indicated in the example shown in Figure 2. It should be
pointed out that the most recent releases of ENDF (ENDF/
B-VIIL.beta5) and JEFF (JEFF3.3T4) include the new

A8 .
T} resonance parameter evaluation.
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Fig. 2. Uncertainty and correlation cross

section using 44-energy groups.

in the Ti capture

3 Covariance generation
3.1 File32 into File33

For an energy-group with energy boundary E,and E, ; the
group cross section covariance for a reaction x as a function
of the resonance parameter covariance is given as

bYed Yo
(86 1980 ,y) = 2 (8p;0pg) <~
g %: Spj 7ok Opy,

(1)

The covariance of 7,4, the flux-weighted group cross
section for reaction z, is a function of the derivative of the
cross sections with respect to the parameters p;and py, that
is, the cross section sensitivity to the RP, and the RPCM
given as (8p,8px) which are quantities stored in FILE32. On
the other hand, if the CSCM listed in FILE33 is M(o), the
(604460 ¢ ) is obtained as
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Table 1. Cross section at thermal energy (0.0253eV) and capture resonance integral.

Quantity ENDF /B-VIL0 New “®Ti evaluation
oy 7.84 8.32+0.23

o, 4.36 4.04+0.23

o, 12.20 12.35+0.23

I, 3.68 3.784+0.23

Table 2. Computer storage size for covariance libraries.

Library Size
RPCM _LIB (resonance parameter covariance) 904 KB
CSM44 TIB (44-group covariance) 95 KB
CSCM _380LIB (380-group covariance) 72MB
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Fig. 3. Comparison of the 380 group (black line) and 44 group
(red line) structures.

Here ¢, is the energy-dependent neutron flux in the
energy group ¢. The results of equations (1) and (2) are
equivalent as long as the conversion of (§p8p;) into M(o) is
properly done [5]. The FILE33 CSCM representation is
intended to characterize the variances of the cross sections
within a specified energy region, and the correlation
between cross sections of adjacent energy regions. The
choice of CSCM over the RPCM is expected to lead to a
reduction in computer storage. However, a gain in
computer use, meaning data storage and perhaps computer
time, may not preserve the accuracy sought in practical
applications such as, for instance, the establishing of
criticality safety limits and their related uncertainties. The
issues, pros and cons, in connection with the conversion
from FILE32 to FILE33 representation is investigated in
the following sections.

3.3 File32 to File33 Conversion for **Ti
The conversion from the RPCM to the CSCM representation

has been investigated by means of using two energy group
configurations, a coarser and a finer energy group structures.
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Fig. 4. 27-group calculated covariance for the total cross section.

The finer group structure consists of an energy grid of 381
boundaries, i.e. 380 energy groups, whereas the coarse energy
group is rather composed of 44-energy groups chosen as a
subset of the 380-group structure. A graphically representa-
tion of these group structures is displayed in Figure 3. While
the 380-group representation is very detailed approaching to
asingle line in the picture (black line) the 44-group (red line)
clearly shows the effect of the coarse energy mesh. The
conversions were carried out with the AMPX code system [6]
using the modules, PRELL, PRILOSEC, PUFF, and
COVCONYV. The detailed information on how to use these
AMPX modules can be found in the AMPX manual. A
constant energy-dependent neutron flux, required for
weighing the covariance as indicated in equations (2) and
(3), were used in the conversion. It should be recalled that the
results presented here are for the energy region 10 °eV—
400 keV corresponding to the resolved resonance evaluation
of **Ti. For the 44-group structure 35-energy groups fall
under 400keV whereas 343-energy groups have energies
under 400 keV for the 380-group structure. The exercise led,
respectively, to two ENDF formatted cross-section libraries
including the 44-group and the 380-group covariance
generated in the conversion of the RPCM to the CSCM
representation. The data libraries used in the studies
presented in this work are identified as follows: a) the
covariance library based solely on the resonance parameter
representation will be referred to as the RPCM _ LIB; b) the
covariance library resulting from the conversion from the
RPCM to the CSCM using the 44-group structure is referred
to as the CSCM _ 44LIB; ¢) lastly, the 380-group library is
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Fig. 5. 27-group calculated covariance for the capture cross
section.
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Fig. 6. 238-group calculated covariance for the total cross
section.

named CSCM _380LIB. For the sake of information the
computer storage size of the covariance portion of these
libraries are listed in Table 2.

3.4 Tests and results

For practical applications the covariance information in
the nuclear data libraries such as ENDF, JEFF, JENDL
and others must be processed in a form suitable for use in
sensitivity uncertainty (S/U) analysis. There are several
tools that can make use of the processed libraries for error
propagation studies. The most common processed form of
the covariance data these codes use can take either the
COVERX [7] or the BOXER format. The S/U code may
have been built to accept both forms. In the study carried
out here both forms of the processed covariance were
generated.
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Fig. 7. 238-group calculated covariance for the capture cross
section.

The impact of the covariance representation in the
resonance region of the **Ti evaluation was assessed by
processing the libraries RPCM _LIB, CSCM _44LIB, and
CSCM_380LIB on the basis of two energy group
structures. The energy groups chosen are those listed in
the SCALE code system, [6] namely the 27-group and the
238-group. The results were obtained by processing the
covariance information in the libraries using the ERRORR
module of the NJOY code system [8] with a constant
energy-dependent neutron flux. The reported results are for
the *°Ti total and capture cross sections. The results are
displayed in the graphical form. For each group structure
(27-group and 238-group) three calculations were carried
out corresponding to the three libraries. The results are
overlaid for a better visualization of the impact of using the
three covariance representations. The results for the total
and capture cross sections are shown in Figures 4 and 5,
respectively. The upper portion of each picture represents
the corresponding cross section whereas the bottom part is
the calculated uncertainty. It appears that for the 27-group
generated covariance the CSCM representation underesti-
mate the uncertainty compared to the RPCM for the total
cross section in the energy range where resonances exist.
The same trend is also observed for the capture cross
section but nevertheless the difference where the reso-
nances start are very small. The results based on the 238-
goup are shown in Figures 6 and 7 , respectively. The two
results for the total and the capture cross sections indicate
that in the energy region where no resonance is present
apparently the 44-group covariance representation seems
to be represented reasonably well. However, as the
resonances arise the results based on the 27-group
representation deteriorates showing large differences in
comparison with the RPCM calculations. On the other
hand the CSCM based on the 380-group is in very good
agreement with the RPCM. Nonetheless the improve-
ment on the results based on the 380-group are based on
a covariance matrix that requires a large computer
storage size as indicated in Table 2 and therefore not
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offering any advantage over the resonance parameter
representation. The results of these calculations lead to
some inferences:

— care must be taken when using few-group covariance
representations. It may be appropriate for the energy
range where the data are smooth and the resonances are
not present as for instance in the high energy region;

— for a detailed covariance results the use of the RPCM is
recommended;

— conversion of the RPCM to CSCM using a fine energy-
group structure must be examined so as to assure that the
computer allocation size is not overwhelming larger than
that of the RPCM,;

—in the resonance region few-group representation is
acceptable when a general overview of the impact of
covariance results is sought.

4 Conclusions

This paper presents, at a certain extent, a discussion on
the representation of the covariance data in the
evaluated nuclear data libraries. The resonance parame-
ter covariance for **Ti was used in the study. The impact
of using the RPCM as opposed to the CSCM representa-
tion and the results of calculations based on these
covariance representations are presented. Three covari-
ance representations were used in the study, namely, one
based on the resonance parameters, a coarser group
covariance using 44-group and a finer group covariance
using 380-energy groups. The results suggested that the
use of the RPCM is preferred over the CSCM
representation. However there are situation in which a
fine-group group structure may be advised as for instance
in the case where the RPCM lends itself to a huge
covariance matrix representation. Another alternative
could be to reduce the size of the RPCM by using a
compact representation of the covariance or another
preferred approach.

There are other issues that were not addressed in
this paper such as the impact of the weighting spectrum
in the covariance conversion from RPCM to CSCM.
While this issue may impact the results, the conversion
of the resonance parameter representation to cross
section representation of the covariance together
with the choice of the energy group structure is believed

to be a more dominant subject. However, work is
underway to understand the impact of the covariance
weighting in the conversion process. Other subjects
under examination are the impact of the cross section
energy self-shielding and the temperature effect in the
covariance. The results presented in this work were
obtained for room temperature and infinite diluted
cross sections. Also, no attempt has been made in this
paper to examine the implication of the RPCM and
CSCM representations in practical applications such
as the magnitude of the propagated uncertainty to key
for system sensitive to the **Ti.
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