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Resumen

Una apropiada evaluacién de los margenes de seguridad de una instalaciéon nuclear, por ejem-
plo, una central nuclear, tiene en cuenta todas las incertidumbres que afectan a los calculos
de diseno, funcionanmiento y respuesta ante accidentes de dicha instalacién. Una fuente de
incertidumbre son los datos nucleares, que afectan a los calculos neutrénicos, de quemado de
combustible o activacién de materiales. Estos calculos permiten la evaluacién de las funciones
respuesta esenciales para el funcionamiento correcto durante operacion, y también durante
accidente. Ejemplos de esas respuestas son el factor de multiplicacién neutrénica o el calor
residual después del disparo del reactor. Por tanto, es necesario evaluar el impacto de dichas

incertidumbres en estos calculos.

Para poder realizar los cdlculos de propagacién de incertidumbres, es necesario implementar
metodologias que sean capaces de evaluar el impacto de las incertidumbres de estos datos
nucleares. Pero también es necesario conocer los datos de incertidumbres disponibles para
ser capaces de manejarlos.Actualmente, se estdn invirtiendo grandes esfuerzos en mejorar la
capacidad de analizar, manejar y producir datos de incertidumbres, en especial para isétopos
importantes en reactores avanzados. A su vez, nuevos programas/c6digos estdan siendo desa-
rrollados e implementados para poder usar dichos datos y analizar su impacto. Todos estos
puntos son parte de los objetivos del proyecto europeo ANDES, el cual ha dado el marco de

trabajo para el desarrollo de esta tesis doctoral.

Por tanto, primero se ha llevado acabo una revisiéon del estado del arte de los datos nucleares
y sus incertidumbres, centrandose en los tres tipos de datos: de decaimiento, de rendimientos
de fisién y de secciones eficaces. A su vez, se ha realizado una revisién del estado del arte de

las metodologias para la propagacién de incertidumbre de estos datos nucleares.

Dentro del Departamento de Ingenieria Nuclear (DIN) se propuso una metodologia para la
propagacion de incertidumbres en célculos de evolucion isotépica, el Método Hibrido. Esta
metodologia se ha tomado como punto de partida para esta tesis, implementando y desa-
rrollando dicha metodologia, asi como extendiendo sus capacidades. Se han analizado sus
ventajas, inconvenientes y limitaciones. El Método Hibrido se utiliza en conjunto con el cédi-

go de evolucién isotépica ACAB, y se basa en el muestreo por Monte Carlo de los datos



nucleares con incertidumbre. En esta metodologia, se presentan diferentes aproximaciones
segun la estructura de grupos de energia de las secciones eficaces: en un grupo, en un grupo
con muestreo correlacionado y en multigrupos. Se han desarrollado diferentes secuencias para
usar distintas librerfas de datos nucleares almacenadas en diferentes formatos: ENDF-6 (para
las librerfas evaluadas), COVERX (para las librerfas en multigrupos de SCALE) y EAF (para

las librerfas de activacion).

Gracias a la revision del estado del arte de los datos nucleares de los rendimientos de fisién se
ha identificado la falta de una informacion sobre sus incertidumbres, en concreto, de matrices
de covarianza completas. Ademas, visto el renovado interés por parte de la comunidad inter-
nacional, a través del grupo de trabajo internacional de co-operacién para evaluacion de datos
nucleares (WPEC) dedicado a la evaluacién de las necesidades de mejora de datos nucleares
mediante el subgrupo 37 (SG37), se ha llevado a cabo una revisién de las metodologias para
generar datos de covarianza. Se ha seleccionando la actualizacién Bayesiana/GLS para su
implementacién, y de esta forma, dar una respuesta a dicha falta de matrices completas para

rendimientos de fision.

Una vez que el Método Hibrido ha sido implementado, desarrollado y extendido, junto con la
capacidad de generar matrices de covarianza completas para los rendimientos de fisién, se han
estudiado diferentes aplicaciones nucleares. Primero, se estudia el calor residual tras un pulso
de fisién, debido a su importancia para cualquier evento después de la parada/disparo del
reactor. Ademads, se trata de un ejercicio claro para ver la importancia de las incertidumbres
de datos de decaimiento y de rendimientos de fisiéon junto con las nuevas matrices completas
de covarianza. Se han estudiado dos ciclos de combustible de reactores avanzados: el de la
instalacién europea para transmutacién industrial (EFIT) y el del reactor réapido de sodio
europeo (ESFR), en los cuales se han analizado el impacto de las incertidumbres de los
datos nucleares en la composicién isotépica, calor residual y radiotoxicidad. Se han utilizado
diferentes librerias de datos nucleares en los estudios antreriores, comparando de esta forma
el impacto de sus incertidumbres. A su vez, mediante dichos estudios, se han comparando
las distintas aproximaciones del Método Hibrido y otras metodologias para la porpagacion
de incertidumbres de datos nucleares: Total Monte Carlo (TMC), desarrollada en NRG por
A.J. Koning y D. Rochman, y NUDUNA, desarrollada en AREVA GmbH por O. Buss y A.
Hoefer. Estas comparaciones demostraran las ventajas del Método Hibrido, ademés de revelar

sus limitaciones y su rango de aplicacion.



Abstract

For an adequate assessment of safety margins of nuclear facilities, e.g. nuclear power plants,
it is necessary to consider all possible uncertainties that affect their design, performance and
possible accidents. Nuclear data are a source of uncertainty that are involved in neutronics,
fuel depletion and activation calculations. These calculations can predict critical response
functions during operation and in the event of accident, such as decay heat and neutron mul-
tiplication factor. Thus, the impact of nuclear data uncertainties on these response functions

needs to be addressed for a proper evaluation of the safety margins.

Methodologies for performing uncertainty propagation calculations need to be implemented
in order to analyse the impact of nuclear data uncertainties. Nevertheless, it is necessary
to understand the current status of nuclear data and their uncertainties, in order to be able
to handle this type of data. Great efforts are underway to enhance the European capability
to analyse/process/produce covariance data, especially for isotopes which are of importance
for advanced reactors. At the same time, new methodologies/codes are being developed
and implemented for using and evaluating the impact of uncertainty data. These were the
objectives of the European ANDES (Accurate Nuclear Data for nuclear Energy Sustainability)
project, which provided a framework for the development of this PhD Thesis.

Accordingly, first a review of the state-of-the-art of nuclear data and their uncertainties
is conducted, focusing on the three kinds of data: decay, fission yields and cross sections.
A review of the current methodologies for propagating nuclear data uncertainties is also

performed.

The Nuclear Engineering Department of UPM has proposed a methodology for propagating
uncertainties in depletion calculations, the Hybrid Method, which has been taken as the start-
ing point of this thesis. This methodology has been implemented, developed and extended,
and its advantages, drawbacks and limitations have been analysed. It is used in conjunction
with the ACAB depletion code, and is based on Monte Carlo sampling of variables with un-
certainties. Different approaches are presented depending on cross section energy-structure:
one-group, one-group with correlated sampling and multi-group. Differences and applicabil-

ity criteria are presented. Sequences have been developed for using different nuclear data

iii



libraries in different storing-formats: ENDF-6 (for evaluated libraries) and COVERX (for

multi-group libraries of SCALE), as well as EAF format (for activation libraries).

A revision of the state-of-the-art of fission yield data shows inconsistencies in uncertainty
data, specifically with regard to complete covariance matrices. Furthermore, the international
community has expressed a renewed interest in the issue through the Working Party on
International Nuclear Data Evaluation Co-operation (WPEC) with the Subgroup (SG37),
which is dedicated to assessing the need to have complete nuclear data. This gives rise to
this review of the state-of-the-art of methodologies for generating covariance data for fission
yields. Bayesian/generalised least square (GLS) updating sequence has been selected and

implemented to answer to this need.

Once the Hybrid Method has been implemented, developed and extended, along with fission
yield covariance generation capability, different applications are studied. The Fission Pulse
Decay Heat problem is tackled first because of its importance during events after shutdown
and because it is a clean exercise for showing the impact and importance of decay and fission
yield data uncertainties in conjunction with the new covariance data. Two fuel cycles of
advanced reactors are studied: the European Facility for Industrial Transmutation (EFIT)
and the European Sodium Fast Reactor (ESFR), and response function uncertainties such
as isotopic composition, decay heat and radiotoxicity are addressed. Different nuclear data
libraries are used and compared. These applications serve as frameworks for comparing the
different approaches of the Hybrid Method, and also for comparing with other methodolo-
gies: Total Monte Carlo (TMC), developed at NRG by A.J. Koning and D. Rochman, and
NUDUNA, developed at AREVA GmbH by O. Buss and A. Hoefer. These comparisons reveal
the advantages, limitations and the range of application of the Hybrid Method.
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Chapter 1

Introduction

1.1 Thesis origin

Safety margins guarantee the safe performance of nuclear facilities during operation and
after an event. These safety margins are designed to take into account all the uncertainties
introduced throughout the designing stage, such as uncertainties on the engineering designs,
model uncertainties, data uncertainties used on the design, build-up and operation, etc. The
impact of these uncertainties are analysed through Uncertainty Quantification (UQ) studies,
which yield a better understanding of uncertainties, identifying weak points that need to be
reinforced or reducing the need for very conservative safety assumptions. This produces more
realistic analyses and improvements in competitiveness. For these reasons, new methodologies
are constantly being developed to yield accurate estimations of safety margins including

uncertainties.

Nuclear data uncertainties have an impact on safety margins as they affect core neutronics,
fuel depletion and material activation calculations. They may arise from limited measurement
precision and/or modelling uncertainties, e.g. in regions where insufficient experimental data
are available. This translates into uncertainties in the results of nuclear transport/depletion

codes, which are thus only meaningful when being supplemented with uncertainty estimates.

Great efforts are underway to enhance the European capability to analyse/handle/produce

covariance data, especially for isotopes which are of importance for advanced reactors, but
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also for “the big three” — 235U, 228U and ?*Pu, and to address their impact in relevant perfor-
mance parameters such as the effective neutron multiplication coefficient (keg), fuel composi-
tion throughout depletion/burn-up, radiotoxicity and decay heat during cooling time. These
efforts have been translated into European Projects, first with EUROTRANS (EUROpean
Research Programme for the TRANSmutation of high level nuclear waste in an accelerator
driven system) from 2004 - 2009, followed by ANDES (Accurate Nuclear Data for nuclear
Energy Sustainability) between 2009 - 2013, and continuing with CHANDA (CHAllenges
in Nuclear DAta) from 2013 to 2016, with all of which Universidad Politécnica de Madrid
(UPM) is involved.

In these projects, to analyse the impact of nuclear data uncertainties on isotopic com-
position, uncertainty propagating methodologies — in particular the Hybrid Method (HM)
[Garcia-Herranz et al., 2008], based on Monte Carlo sampling — were initially implemented in
the ACAB depletion code [Sanz et al., 2008]. This led to preliminary Uncertainty Quantifica-
tion (UQ) studies on activation/transmutation/depletion calculations for advanced reactors
[Alvarez—Velarde et al., 2009, Garcia-Herranz et al., 2008], where the performance of different
nuclear data libraries and their uncertainties were also compared. Uncertainties from other
nuclear data apart from cross section: fission yields and decay data, began to be introduced
in UQ studies with HM [Cabellos et al., 2011b]. However, these implementations were at an
early stage of development, so new capabilities and improvements can be introduced. Further

investigations on the applicability of HM are also required.

Finally, in the international nuclear data community, more and more nuclear data libraries are
including uncertainty information, which is usually updated with new releases. Keeping track
of the content and state-of-the-art of nuclear data uncertainties is of importance, because
explanations of the different performance of such libraries and their uncertainties on UQ

studies rely on the underlying information.

1.2 Objectives and original contributions

The aim of this thesis is to develop and to improve the Hybrid Method, with the ACAB
depletion code, and to analyse its range of applicability and its limitations. This is done
by means of comparisons with other methodologies and UQ studies using HM on different

applications. In addition, different nuclear data libraries are studied, and their uncertainties
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compared, not only at origin but also in their impact on different applications. Lacks of
data or inconsistencies in nuclear data uncertainties are investigated, and whenever possible,

modifications or solutions are proposed with their corresponding application cases.

This study falls within the framework of the ANDES project, specifically Work Package (WP)

2, and the tasks, milestones, and especially the deliverables of the WP inform this work.

The original contributions of this thesis, with the references where they have been published,

are:

e Comparison between cross section uncertainties from EAF-2007, EAF-2010 and SCALEG6.0,
under different neutron spectra: PWR, ADS and DEMO. [Diez et al., 2012]
[Cabellos et al., 2011a]

e Development and implementation of a HM approach using correlated sampling with
one-group cross sections, after reviewing HM and identifying issues of applicability
to depletion problems with more-than-one depletion/burn-up steps [Diez et al., 2014b,
Mills et al., 2013]

e Development and implementation of a HM approach using multi-group cross sections

to tackle problems with more-than-one depletion/burn-up steps. [Diez et al., 2014c]

e Development and implementation of a sequence for using the COVERX nuclear data
format with HM/ACAB in one-group and in multi-group approaches with a review
of the sequences for generating cross section data for ACAB from EAF and ENDF-6
format. [Diez et al., 2013a, Diez et al., 2014c]

e Implementation of a Bayesian/GLS method for fission yield covariance generation, fol-
lowed by a review of methodologies suitable for generating fission yield data covariances.

[Fiorito et al., 2014, Cabellos et al., 2013]

e UQ studies with HM on Fission Pulse Decay Heat (FPDH) problems, propagating fission
yield and decay data uncertainties, analysing the major contributors, identifying areas of
missing nuclear data uncertainties in the JEFF-3.1.1 nuclear data library and assessing
their impact, comparing the performance of different nuclear data libraries: JEFF-3.1.1

and ENDF/B-VIIL.1. [Diez et al., 2011, Fiorito et al., 2014, Cabellos et al., 2013]

e Evaluation of the effect of fission yield covariance data generated with a Bayesian/GLS

method in FPDH calculations with HM. [Fiorito et al., 2014, Cabellos et al., 2013]
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e Comparison between the HM and the Total Monte Carlo (TMC) methods for propa-
gating cross section uncertainties in depletion calculations using uncertainties provided

within covariance data or uncertainties in nuclear data parameters. [Diez et al., 2013a,

Mills et al., 2013]

e Comparison between the HM and the NUDUNA methods, showing the importance of
uncertainties in isotopic concentrations in transport calculations and the limitations of

HM. [Diez et al., 2014a)

e Application of HM to a hypothetical burn-up case of a fuel pin-cell with large spectrum

variations between burn-up steps. [Diez et al., 2014c]

e UQ study with HM for European Facility for Industrial Transmutation (EFIT) fuel cycle
on isotopic composition, decay heat and radiotoxicity uncertainties due to cross section,
fission yield and decay data uncertainties. [Cabellos et al., 2011b, Diez et al., 2014b,
Cabellos et al., 2011a, Mills et al., 2013]

e UQ study with HM for European Sodium Fast Reactor (ESFR) fuel cycle on iso-
topic composition, due to cross section, fission yield and decay data uncertainties.

[Diez et al., 2014b, Mills et al., 2013]

1.3 Structure

Part I presents the state-of-the-art of nuclear data used throughout this thesis, and cur-
rent methodologies and codes/tools for propagating nuclear data uncertainties in activation/
transmutation/depletion/burn-up calculations. Within this part, Chapter 2 shows the dif-
ferent nuclear data used: decay data, fission yield and cross section; with reviews of their
state-of-the-art and comparisons between different nuclear libraries used in this thesis. The
different formats used for storing nuclear data are also presented. Meanwhile, Chapter 3
presents how nuclear data uncertainties should be considered in depletion calculations, re-
calling different methodologies for performing UQ studies. Furthermore, detailed descriptions

of the approaches applied are provided and compared later with the Hybrid Method.

Part II compiles the implementations and developments performed during this thesis. Chap-
ter 4 reviews the methodology selected for performing UQ studies on depletion calculations —

the Hybrid Method — and presents the implementations and developments carried out during

4
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this thesis. The complete HM application sequence is shown, from the processing of nuclear
data to the analysis of results, with a description of each stage. Chapter 5 provides a review
of different methodologies for generating fission yield covariance data, and justifies their need.
One methodology is selected and implemented to generate fission yield covariances, and its
applicability is shown by generating examples of covariance data. These examples are used

later in UQ studies.

Part III contains all the UQ studies and comparisons of methodologies with HM. Chapter 6
presents the UQ studies performed for: Fission Pulse Decay Heat (FPDH) calculations for
235U and 239Pu thermal fissions, European Facility for Industrial Transmutation (EFIT) fuel
cycle and European Sodium Fast Reactor (ESFR) fuel cycle. After presenting the applica-
tions, Chapter 7 then shows the comparisons of HM with other methodologies: Total Monte
Carlo under the EFIT framework, and NUDUNA under the framework of a typical PWR
pin-cell burn-up problem. In addition, an hypothetical burn-up case with large spectrum

variations between burn-up steps is studied in order to assess the limitations of HM.

Finally, Chapter 8 summarises the main achievements of this thesis and the main conclusions
obtained from the different UQ studies conducted, regarding not only the methodologies

applied but also the current status of uncertainty levels in the libraries used.
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Chapter 2

State-of-the-art of Nuclear Data

Uncertainties

Abstract - This Chapter presents the different nuclear data and storing formats addressed
and used throughout this thesis. Reviews of the state-of-the-art are performed for different
libraries, and comparisons are conducted between libraries to analyse their differences. First,
the content of the JEFF-3.1.1 library is reviewed concerning decay data and their uncertain-
ties, and fission yield data and their uncertainties are analysed for major evaluated nuclear
data libraries: ENDF/B-VII.1, JEFF-3.1.2 and JENDL-4.0. Finally, cross section data and
their uncertainties provided within EAF-2007, EAF-2010 and SCALEG6.0 are reviewed. Co-
variance data supplied within such libraries are processed and compared, and an additional
comparison is carried out to show differences between one-group cross sections collapsed with

different neutron spectra.
This chapter shows, partially or completely, works already presented in the following refer-
ences:

e ANDES Deliverable D2.1 [Cabellos et al., 2011a.

e ANDES Deliverable D2.6 [Cabellos et al., 2013].

e International Journal Article [Fiorito et al., 2014].

e Web Conference Journal Article [Diez et al., 2012]
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2.1 Introduction to nuclear data libraries

Nuclear data provide the information not only of how sub-atomic particles, for example
neutrons and protons, interact with nuclei, but also of how radioactive nuclei decay. All the

data involved in such interactions and in such decay processes are considered as nuclear data.

Such data are required, for example, to calculate the propagation of neutrons inside a nuclear
reactor through the Boltzmann equation. This equation needs, as problem parameters, cross
section data which measure the different interactions, such as scattering or capture, of sub-
atomic particles with nuclei. Also, nuclear data are used for calculating the evolution of
radioactive nuclei and other nuclei whose nature change due to interaction with sub-atomic
particles. This evolution can be solved through the Bateman equations, which requires how
nuclei change due to interactions with particles (cross section data) and how radioactive nuclei
decay in time and in which mode, given as decay data. When a fission event takes place,
because of an interaction between nucleus and particle or because it is the nucleus decay mode,
fission yield data supply the formation probability information of possible nuclei, known as

fission products.

Nuclear data libraries can store such data, and depending on the purpose of the library
or the nuclear data stored, different kinds can be found: general-purpose evaluated nuclear
data libraries, activation data libraries, transport data libraries, decay data libraries, etc;
which can also use different storing formats. Major general-purpose evaluated nuclear data
libraries are usually the most important because great efforts: economical, manpower and
time; are spent in order to generate the best evaluations, where the best-estimated values
are provided after reviewing experimental data, nuclear models, and the performance of such
values on nuclear applications (benchmarks). However, other specific-purpose libraries can
provide relevant data in the meantime, or specific for one kind of application, making use of

the best what we have until new releases are provided.

Nuclear data are not free of uncertainties, they are evaluated through experimental data
and nuclear models. So, therefore, they have a limited accuracy arsing from both limited
measurement precision and limited modelling capability. These uncertainties are analysed and
evaluated, and then, provided within the nuclear data. However, not always are uncertainty

information given within nuclear data libraries and even they could lack in completeness or

10
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provide inconsistent uncertainty data. Such issues can only be found once reviews of the

libraries are performed.

Thus, within this thesis the main nuclear data are presented: decay data, fission yield and
cross section; with reviews of nuclear data libraries from which data were retrieved during
this thesis. Because uncertainties will be later propagated, special emphasis has been on un-
certainties provided within libraries. Comparisons are carried out to find differences between

libraries, and for later discussions on the performance of the libraries used.

2.2 Nuclear data libraries used

The major general-purpose evaluated nuclear data libraries used throughout this thesis are:

e The JEFF (Joint Evaluated Fission and Fusion) nuclear data library is an evaluated
library which is produced by a coordinated group of the Nuclear Energy Agency (NEA)
Data Bank, that belongs the Organisation for Economic Co-operation and Develop-
ment (OECD). This library contains neutron and proton interaction data, radioac-
tive decay data, fission yields, and thermal scattering law data. Its latest update was
released in March 2014, with the JEFF-3.2 library [OECD/NEA Data Bank, 2014].
However, it is not included in this study. The JEFF library studied here is JEFF-
3.1.2 [OECD/NEA Data Bank, 2012]. The only changes in JEFF-3.1.2 from JEFF-
3.1.1 [Koning et al., 2011, Santamarina et al., 2009] are regarding cross section data,
so JEFF-3.1.2 keeps the same decay and fission yield data as JEFF-3.1.1. Therefore,
the JEFF-3.1.2 and JEFF-3.1.1 terms will be used indistinguishably when decay data

or fission yield data coming from JEFF libraries are referenced.

e The ENDF/B evaluated nuclear data libraries is the results of a cooperative effort of the
national laboratories, industry, and universities in the United States and Canada de-
nominated The Cross Section Evaluation Working Group (CSEWG).The latest release
was in December 2013 with the ENDF/B-VII.1 library [Chadwick et al., 2011}, and it
contains photonuclear, photo-atomic, radioactive decay, spontaneous fission yields, neu-
tron fission yields, atomic relaxation, thermal scattering, standards, neutron interaction,
electro-atomic interaction, proton interaction, deuteron interaction, triton interaction
and 3He interaction data. However, in this thesis, only decay, neutron fission yields and

neutron interaction data are of interest.

11



Chapter 2 State-of-the-art of Nuclear Data Uncertainties

e The JENDL (Japanese Evaluated Nuclear Data Library) nuclear data libraries are

produced by the Nuclear Data Centre at the Japan Atomic Energy Agency (JAEA)
with the aid of the Japanese Nuclear Data Committee (JNDC). The latest release is
the JENDL-4.0 library [Shibata et al., 2011], which contains neutron interaction, fission
yield, thermal scattering, photo-atomic and electro-atomic data. This latest release
was updated through JENDL-4.04, which does not exist any longer, and JENDL-
4.0u [JAERI, 2013], where JENDL-4.0u provides corrections after nuclear data were
partly revised from important and/or trivial error(s). JENDL-4.0 does not provide any
Radioactive Decay Data (RDD) by itself, but such data are supplied with the JENDL
Fission Product Decay Data File (JENDL/FPD), whose latest release is JENDL/FPD-
2011 [Katakura, 2012].

TENDL (TALYS-based Evaluated Nuclear Data Library) provides nuclear data based
on the output of the TALY'S nuclear model code system [Koning et al., 2013a] for direct
use in both basic physics and applications. The latest version available is TENDL-
2013 [Koning and Rochman, 2012, Koning et al., 2013b], the sixth release, which is
based mainly on both default and adjusted TALYS calculations. It contains evalua-
tions for seven types of incident particles, for all isotopes living longer than 1 second
(about 2600 isotopes), up to 200 MeV, with covariances. TENDL is not a default or

shadow library.

Other specific-purpose nuclear data libraries reviewed and used during this thesis are:

e SCALEG.0 cross section libraries, which are aimed to provide cross section data to

transport codes within the SCALE6.0 tool suite [ORNL, 2009]. Special interest is in
their covariance data, which supply covariance information between different cross sec-

tion reactions, later called cross-correlations. This information is stored in COVERX

format [ORNL, 2009, M18.A.6].

The ORIGEN decay data library for SCALE6.0 [ORNL, 2009, Vol.III, Sec.M6], which
contains nuclear decay data, neutron reaction cross sections, delayed photon yields and

neutron emission data for the SCALEG.0 depletion code ORIGEN-S.

12
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e The European Activation File (EAF) nuclear data library is a collection of nuclear
data aimed at nuclide inventory calculations due to neutron or charged particle activa-
tion. Their latest releases EAF-2007 [Forrest, 2007] and EAF-2010 [Sublet et al., 2010]

provide extensive uncertainty data for cross sections.

e The COMMARA-2.0 library [Herman et al., 2011] is aimed to provide cross section co-
variance data for advanced reactors. It has been developed by BNL-LANL collaboration
for Advanced Fuel Cycle Initiative applications over the period of three years, 2008-2010.
It contains cross section covariances for 110 materials relevant to fast reactor R&D. The
library is to be used together with the ENDF/B-VIL.0 [Chadwick et al., 2006] central
values. Covariance data are given in 33-energy groups, from 1075 eV to 19.6 MeV,
obtained by processing with the NJOY processing code [MacFarlane and Kahler, 2010]
using 1/E neutron spectrum. In addition to these 110 files, the library contains 20 files
with fission neutron emission 7 covariances, 3 files with covariances for prompt fission

238,239,240py), and 2 files with the average cosine of the elastic

neutron spectra (for
scattering angle 7i covariances (for 23Na and 56Fe). An important fact of this library is

that no covariance data between different cross section reactions are provided.

2.3 Formats for storing nuclear data

The main characteristics for translating tasks of nuclear data formats, used within this thesis,
are presented here. Because the COVERX format is converted into user-readable format
before being processed or being analysed, it is not described here, but a complete description

is provided in Ref. [ORNL, 2009, M18.A.6].

2.3.1 ENDF-6 format

Major evaluated nuclear data libraries supply their data in ENDF-6 format [CSEWG, 2012].
The structure of an ENDF-6 format tape/file is hierarchical and sketched in Fig. 2.1. Each
tape/file contains a library which may have several sections representing different materials
(MAT). The library type defines the incoming projectile, or if it is a decay data library. Each
material section is structured into several so-called files (MF). The most relevant files for the

applications studied during this thesis are files 1-8 and 31-35:

13
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e File 1 (MF1) contains general information and the multiplicities of neutrons for prompt

and delayed fission reactions, and other fission quantities.
e File 2 (MF2) contains resonance parameters.

e File 3 (MF3) contains background cross sections, which are cross section values that

should be added to those provided by the resonance parameters.

e Files 4-6 (MF4-6) are used to store energy and angular distributions of final state

particles.
e File 7 (MF7) contains thermal scattering data - S(«, ).
e File 8 (MF8) provides radioactive decay data and fission product yields.
e Files 31-35 (MF31-35) store the covariance information for MF1-5.

Each file contains sections (MT) providing information on a specific reaction type and the

sections themselves are structured in several records (MR).

Tape Ident First file First section First record
(TPID) (HEAD)
First Second file Second Second
material section record
L ] ] L i, Ny
iy L] T Ry
Material File (MF) Section Record
(MAT) (MT) (MR)
L ] ] L ] L ]
Last Last file Last section Last record
Material
Tape end Material File end Section end
(TEND) end (FEND (SEND)
(MEND)

FIGURE 2.1: Structure of an ENDF-6 type tape/file. (From [CSEWG, 2012])

2.3.2 EAF format

There are two types of EAF formats [Sublet et al., 2010] for storing cross section data: point-
wise and group-wise. Only the former is reviewed, because it is the only one used in this
thesis. It consists essentially of the MF3 file of ENDF-5 format [Kinsey, 1979] (which ENDF-

6 format is compatible with), with the following deviations:
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e Two comment lines have been added at an earlier stage, stating the origin of data.

e The material number MAT consists of Z and the two last digits of A. To describe

isomeric targets A has been increased by 50 or 70, first and second states, respectively.

e The identifiers LIS and LFS are used to indicate the (isomeric) states of the target
and final nucleus, respectively. The convention adopted is that LFS = 99 means total
production cross section; and LFS = 0, 1, or 2 means production of ground state, first

and second isomeric state, respectively.

e The reaction nomenclature is as defined by ENDF, except that reaction numbers leading
to isomeric states have been increased by 300 or 600 (again, for first and second isomeric
states, respectively). The cross sections for one material number are ordered according
to increasing MT numbers, except that cross sections leading to isomeric states follow

immediately after the cross section leading to the ground state.

2.4 Decay data

Radioactive Decay Data (RDD) libraries are needed for burn-up/inventory /transmutation/
depletion calculations, because they provide the parameters (decay constants — half-lives,
branching ratios, decay energies, etc) that drive the time evolution of radioactive isotopes

and their energy release.

Such data carry uncertainties, whose values are usually found in the form of standard devia-
tions (std.dev.) or relative standard deviations (rel.std.dev.). Major evaluated nuclear data

libraries usually provide a RDD sub-library, that in ENDF-6 format is referred with NSUB=4.

Because of the usage of JEFF-3.1.1 RDD [Kellet et al., 2009] along this work, a review is per-
formed in order to assess the decay data available. In addition, the uncertainty data included

in such a library are analysed for further Uncertainty Quantification (UQ) calculations.

Note that there was no update of decay data from JEFF-3.1.1 to JEFF-3.1.2, so both refer

to the same data.
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2.4.1 Review of JEFF-3.1.1 RDD and their uncertainties

2.4.1.1 Data summary

This decay library contains data for 3852 isotopes, stored in ENDF-6 format, from neutron
(*ng) to roentgenium (2"2Rgi11), where 226 isotopes are stable. Spectral data are provided
for 1521 nuclei. It collects every main possible decay mode: 87, 37, «, isomeric transition
(IT), p, n, 287, 287, 2p, 2n, spontaneous fission (SF), and also, all basic nuclear properties
of the stable isotopes (spin, parity, atomic weight), within their natural abundances. The
total number of neutrons per fission (Fyq;) — fission neutron emission — is included in this

library for the 27 major spontaneous fissioning systems.

This library includes total absorption gamma-ray spectrometry (TAGS) measurements which
try to avoid the “Pandemonium effect” [Hardy et al., 1977]. This effect provokes inaccu-
rate determinations of the gamma and beta decay components, that leads to differences
between simulations of decay heat and experimental data. However, not all decay energy
data have been updated with such experiments, and also, last TAGS experimental data avail-

able [Algora et al., 2010] have not been yet included in JEFF-3.1.1 RDD.

Concerning which information is provided, the half-life values are supplied with their mean
values and their relative uncertainties. Those marked with 100% uncertainty mean that no
uncertainty was given in previous versions, so i.e. were a zero value instead. Those marked
with “7” mean that their relative uncertainty is smaller than 0.01%. Decay energy values are

provided with their mean values and their relative uncertainties as well.

2.4.1.2 Processing decay data libraries

First, half-life uncertainty values in JEFF-3.1.1 are addressed. Differences have been found
between the content described in Ref. [Kellet et al., 2009] and the official ENDF-6 file for
JEFF-3.1.1 (“JEFF311RDD.out”, downloaded from www.oecd-nea.org). The origin of such
differences comes from the isotopes whose uncertainties in the former source are of 100% or
are not provided, because zero uncertainty is given for such isotopes in the latter source!
That provokes also an additional inconsistency problem: the isotopes whose uncertainties are

smaller than 0.01% in the former source have also zero uncertainty in the latter.

16
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2.4 Decay data

As mentioned previously, not all isotopes have an uncertainty for their decay energy. A study
of which isotopes have no uncertainty data is important because they may change the final
results of uncertainty propagation calculations. No uncertainty should be assumed as zero
uncertainty, and therefore, uncertainty values will be proposed as a first approximation to
quantify the importance of such isotopes. Such a suggestion can be based on the average

values found for the decay energy uncertainties of each decay mode.

Then, the first task is to identify which isotopes have no uncertainty for their decay en-
ergy. Using a home-made program to read ENDF-6 files, all the information is retrieved and

analysed.

Table 2.1 and Fig. 2.2 show the number of isotopes with no uncertainty for their decay
energy modes, classified according to their half-lives. The bulk of these isotopes have a half-
life between 103 s and 1072 s. So, most of them are isotopes with a short half-life. In order to
know which values of A and Z these isotopes have and their relationship with half-life values,
Fig. 2.3 is presented. It shows in the x-axis the asymmetry (A/Z — 1) and in the y-axis the
half-life. Most of isotopes are grouped between 1 and 1.65 of asymmetry and from 102 s to
1072 s of half-life. Hence, no uncertainties for decay energy are provided for neutron rich

isotopes, which mainly undergo 8~ decay.
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TABLE 2.1: Number of isotopes with no uncertainty in their decay energy grouped by half-life
bins. The upper limit of bins is in the left side, while the lower limit in the right side.

Group Tis; (s) Number of isotopes Ty (s)

1 a> 107 27 -

2 a< 107 7 a> 10°
3 a< 10° 18 a> 10°
4 a< 10° 55 a> 10*
5 a< 10* 113 a> 10°
6 a< 103 250 a> 102
7 a< 102 302 a> 10!
8 a< 10! 360 a> 10°
9 a< 10° 370 a> 107!
10 a< 1071 283 a> 1072
11 a< 1072 133 a> 1073
12 a< 1073 36 a> 1074
13 a< 107% 9 a>107°
14 a< 107° 8 a> 107"
15 a< 1076 22 a> 107"
16 a< 1077 78 -

Total 2071

400
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o
o

250
200

150
100

Number of isotopes

50 -

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16

Group number

FIGURE 2.2: Number of isotopes with no uncertainty in their decay energy, classified in the
groups given in Table 2.1.
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FI1GURE 2.3: Distribution of isotopes with no uncertainty in their decay energies, plotted by
half-life values and asymmetry (A/Z -1).

2.5 Fission yield data

Different sources/libraries can be used to retrieve fission yield data. Those sources can be
completed or not with uncertainty data. Because, later, burn-up/depletion calculations will
take place, fission yield data are going to be used. So, in order to understand differences be-
tween results from different libraries, comparisons among libraries are held before processing

data for depletion/burn-up codes.

This section aims at summarising the main characteristics of the latest release of following
main nuclear data libraries: ENDF/B-VIL.1, JEFF-3.1.1 (whose data are copied in JEFF-
3.1.2 and JEFF-3.2) and JENDL-4. A comparison of the data stored in such libraries, fission

yield values and their uncertainties, is performed in this section for the 23°U thermal fission.

2.5.1 Fission yield data libraries

Fission Yields (FYs) characterise the probability of a particular nuclide or mass to be formed
after fission. Accurate FY measurements and/or predictions, as well as the knowledge of
the carried uncertainties, are essential to many applications in nuclear technology, and here
in particular for depletion calculations. The most used general-purpose evaluated nuclear

data libraries: JEFF, ENDF/B and JENDL, provide these data in the ENDF-6 format along
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with their uncertainties as standard deviation. To date, no correlation between FYs is sup-
plied in such libraries, but several institutions/projects are putting a great effort to develop

methodologies to generate full covariance matrices.

Fission yield data from the latest release of the following libraries are compared:

e JEFF fission product yields data stored in the JEFF (and previously JEF) database
come from the United Kingdom experiments pioneered at Harwell and reported by
Crouch [Crouch, 1977]. His work was continued in the UKFY1 library and thus adopted
by the first stage of the Joint Evaluated File, JEF1 [James, 1987]. Later on, a new eval-
uation of independent and cumulative yields has been prepared by James, Mills and
Weaver which resulted in the new UKFY2 library, adopted for JEF2 [James et al., 1991].
Further on, in 2005, the completely revised third version JEFF-3.1 was made available
and then updated with: Radioactive Decay Data and Fission Yields sublibraries from
UKFY3, a database [Mills, 1995] of recent references produced after a thorough search
of recent literature, and the international database EXFOR [Otuka et al., 2011]. The
most recent release JEFF-3.1.2 (currently JEFF-3.2, but not released at the time when
this work was carried out) takes its FY data from the previous JEFF-3.1.1, which is
based upon the UKFY3.6A database.

e ENDF /B uses the 1989 LANL evaluation by England and Rider [England and Rider, 1994],
initially transmitted to the ENDF/B-VI library. England and B.F. Rider work has been
used later in ENDF/B-VIL.O (equal to ENDF/B-VI) [Chadwick et al., 2006]. In the
latest version ENDF/B-VIL.1, neutron fission yields were reevaluated for ?*Pu (fast
and 14 MeV) by LANL to correct some errors identified in the England and Rider
data [Chadwick et al., 2011]. The others were taken over from ENDF /B-VIL.0.

e JENDL decay data for fission products were initially stored in the JENDL Fission Prod-
uct Decay Data File 2000 (JENDL/FPD-2000) [Katakura et al., 2001]. From 2000 to
2011, the library has been renovated into JENDL/FPD-2011 [Katakura, 2012] with the
addition of new measurements. Eventually, fission product yields were revised introduc-
ing the ENDF/B-VI Fission Product Yields database into the new library JENDL/FPY-
2011 [Katakura, 2012], with modifications to have consistency with JENDL/FPD-2011,
and conveyed to the last version JENDL-4. In addition to the extension of the number

of independent yields, compared to the original ENDF /B version, to equal the amount
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of nuclides present in JENDL/FPD-2011, cumulative fission product yields were calcu-
lated as well according to the decay chain of JENDL/FPD-2011.

Table 2.2 lists the data stored in the three libraries according to the fissioning nuclide and
neutron energy. ENDF/B-VIL.1 includes 60 sets of neutron FY data and provides FYs for
heavy nuclides at different neutron energies. JENDL-4 resorts to the same evaluation as
ENDF/B-VII.1, covering the same 60 sets of FYs, but includes ternary fission products, not
handled in ENDF/B. JEFF-3.1.2 copies its data from JEFF-3.1.1, which stores 41 sets of

FYs and includes ternary yields as well.
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TABLE 2.2: Fission yield data available in ENDF/B-VIL1, JEFF-3.1.1 and JENDL-4 as
function of the incident neutron energy: Thermal (T) (0.0253 eV), Fast (F) (500 keV),
High-energy (H) (14 MeV) neutron fission and S for Spontaneous fission.

Nuclide ENDF/B-VIL1 JEFF-3.1.1 JENDL-4
27T T - T
229Th T - T
22T FH FH FH
231py F - F
232U T _ T
B3y TFH TFH TFH
By FH FH FH
357y TFH TFH TFH
By FH FH FH
237U F _ F
38U FHS FH FHS
BTNp TFH TF TFH
Z8Np F TF F
8py F TF F
29py TFH TF TFH
240py TFH F TFH
21py TF TF TF
242py TFH F TFH
241 Am TFH TF TFH
242m A T TF

243 Am F TF

22Cm F S F
243Cm TF TF TH
244Cm FS TFS FS
245Cm T TF T
246Cm FS - FS
248Cm FS - FS
219 Cf T - T
B0cf S - S
Blof T - T
B20f S S S
23Es S - S
S O T - T
254Fm S _ S
Z5Fm T - T
256Fm S _ S

22



2.5 Fission yield data

2.5.2 Modelling

There exist different definitions of FYs:

The Independent fission yield (IFY), y(A, Z, M), is defined as the number of atoms of nuclide
with mass A, charge Z, and isomeric state M produced directly from one fission, after the
emission of prompt neutrons, but before the emission of delayed neutrons. It can be written

as the product of three factors:
where:

e Y (A) represents the total mass fission yield (MFY), that is, the sum of independent
fission yields of all fission products with mass number A, before delayed neutron emis-

sion.
e f(A,Z) is the fractional independent yield of all isomers with mass A and charge Z.

e (A, Z, M) is called isomeric yield ratio and represents the fraction of fission products

(A,Z) generated as isomeric state M.

To calculate IFYs the said coefficients need to be known for each fission system, but even those
chains with the highest coverage of measured data do not provide values for all parameters.
It is indeed necessary to resort to semi-empirical models and interpolation/extrapolation

methods for both mass and fractional yields.

The cumulative fission yield (CFY) C(A, Z, M) is the total number of atoms of nuclide with
mass number A, charge Z and isomeric state M produced over all time after one single
fission. That is, the total number of atoms of that nuclide generated both through one single
direct fission and radioactive decay of all the precursors. CFYs have a strong relationship
with fission products decay chains, which means that they can be calculated from IFYs and
decay data branching fractions using what is so-called Q-matriz approach [James et al., 1991],

represented by Eq. 2.2:
Ci = Qi v, (2.2)
i
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where (); ; are the decay branching ratios from isotope ¢ to j and y; represents the IFY of
isotope 7 of for the fission system studied. Therefore, @), so-called also Q-matriz, is the matrix

of the decay branching ratios that steers fission products toward stable nuclides.

The chain fission yield (ChFY) Ch(A) is defined as the sum of cumulative yields of the
last stable or long-lived chain members with same mass A and is obtained in classical mass
spectrometric measurements of long lived and stable end products of mass chains. The term
chain yield has been commonly used to describe both the sum of cumulative yields of the
last stable or long-lived chain members, and the isobaric sum of independent yields (mass
yield). The two definitions, even if slightly, may differ by a few per cent as the second does

not include the contribution of delayed-neutron emission [Mills, 1995].

All the three evaluated libraries store the recommended independent and cumulative fission

yields with their uncertainties, whereas the chain yields are provided only in the literature.

Because of the lack of a full and complete database of measurements for IF'Ys, several models
and methodologies are used in order to supply such missing data. Empirical models have
been developed because predictions using purely theoretical models for the fission process are
not sufficiently accurate and reliable for applied purposes [TAEA, 2001]. Models are used in
evaluations to obtain numerical values where no yields have been measured, or to check and
adjust experimental data to the expected distribution of yields. Information on the models

used in the studied evaluations are reported in Table 2.3.

TABLE 2.3: Models and methodologies used in ENDF/B-VIL.1, JEFF-3.1.1 and JENDL-4
for generating independent fission yields.

ENDF/B-VII.1

JEFF-3.1.1

JENDL-4

f(A 2)

(A, Z, M)

Ternary yields

Summation of
Gaussian functions
Zp model by Wahl
+ odd/even effect

Madland & England
model + 50/50 split
Not treated

(Zp model corrected)

Summation of
Gaussian functions
Zp model by Wahl
+ odd/even effect

Madland & England
model
Serot, et. al

+ UKFY3.6A

Summation of
Gaussian functions
Zp model by Wahl
+ odd/even effect

Madland & England
model
England & Rider
-+ Mills
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2.5 Fission yield data

Model distribution for Y'(A) for MFYs can be fitted approximately by a summation of Gaus-
sian functions [Musgrove et al., 1973]. This technique resorts to the apparent similarity of
the mass yield distributions to Gaussian distributions and can be used to predict those fission
yields which do not have any experimental value. Good results have been obtained by sum-
ming up to a total of five Gaussian functions: two for each peak of probability plus one for the
near-symmetric fissions. The modelled functions were fitted to the chain yield experimental
values, after having reduced the 15 parameters representing the five Gaussians (strength,
mean and width for each Gaussian) to 8 by imposing a set of constraints [Katakura, 2003].
Under some circumstances, it has been demonstrated that this number of parameters can be

reduced to two [TAEA, 2001].

Fractional independent yields f(A, Z) are predicted by the empirical Zp Wahl model [Wahl, 1985,
Wahl, 1988], since only a small fraction of the yields have been measured and theoretical mod-
els are not sufficiently advanced to give reliable yield estimates [Wahl, 2002]. The model is
properly adjusted to take into account the odd-even effect in the fission product distribution,
since the yields of nuclides with even atomic and/or neutron number are enhanced. Frac-
tional yields are normalised such that ), f(A,Z) =1 for all A. In the ENDF/B library, the
said model was further modified because ternary fissions are not considered. Thus, the small
amount of charge carried away by the ternary products was reintegrated into the system for

a correct charge balance [England and Rider, 1994].

The ratio of isomeric yield r(A, Z, M) is modelled with the main predictive model available in
[Madland and England, 1976], or its further development in [Rudstam, 1992], which gives the
yield of each isomer as a non-linear function of its angular momentum. ENDF/B-VII.1 uses
this latter model, except when direct measurements are provided or the angular momentum
is not known. In the last case, IFYs are arbitrarily divided equally between the ground state
and short half-life metastable states: in several measured cases like 133Xe, 135Xe and 133 Te,

the short half-life metastable state is favored [England and Rider, 1994].

Only JENDL-4 and JEFF-3.1.1 libraries cover ternary fission product yields. JENDL-4 pro-
vides them by consulting the England and Rider compilation [England and Rider, 1994] and
Mills’ one [Mills, 1995]. The element yields are taken from those of England and Rider com-
pilation and the mass distribution of the element is calculated using the Mills compilation,
as stated in [Katakura, 2012]. Meanwhile, JEFF-3.1.1 uses Serot work [Serot et al., 2005] for

the evaluation of the principal ternary product yields “He and *H, and extends to the other
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nuclides including evaluated files from UKFY3.6A database [Kellet et al., 2009]. ENDF/B

does not handle the ternary fission and the Wahl Zp model is corrected accordingly.

2.5.3 Fission yield data comparison

IFYs are provided by every studied library, after measurements and corrections or predic-
tions through models, as recommended values, along with their uncertainties. ENDF/B,
JEFF and JENDL nuclear data come from different experimental databases and/or models
and approximations, therefore whether the libraries are consistent, or discrepancies occur, is
analysed. Here only thermal neutron induced fission yields are studied, referring them with

the “thermal fission” term.

For the 23U thermal fission, JENDL-4 and JEFF-3.1.1 IFYs greater than 1% have an average
of ~10% discrepancy between libraries, while for those between 0.5 and 1% the difference (on
average) increases up to ~20%. Lower yields show even higher discrepancies. FPs, which have
large fission yield values and large discrepancies between libraries, either have extremely long
half-life values, such that in practical applications it is reasonable to discard them, or give a
negligible contribution in terms of nuclear operations and computations, e.g. low decay heat
or radiotoxicity. Similar conclusions come out when comparing JEFF-3.1.1 and ENDF/B-
VII.1, while the latter and the JENDL-4 library generally present a good agreement as they
mainly originate from the same source. The average discrepancy between ENDF /B-VIIL.1 and
JENDL-4 IFYs is < 1%, but it increases significantly for FPs with one or more metastable
states because of the different methodologies of evaluation. Analogous behaviours arise when

comparing IFYs for other fissioning systems or energies.

CFYs in JEFF-3.1.1 are copied from UKFY3.6A, which uses Eq. 2.2 to calculate CFYs from
IFYs with decay branching ratios processed from JEFF-3.1.1 RDD [Kellet et al., 2009]. Sim-
ilarly, CFYs in JENDL-4 are the sum of IFYs and all the precursor nuclides, with branching
ratios taken from the JENDL/FPD-2011 file [Katakura, 2012]. ENDF/B calculates CFYs
from IFYs by tracing the decay chain of each isotope toward the stable nucleus with consis-
tent decay constants and half-life values as described in [England and Rider, 1994]. However,
ENDF/B-VIL1 updated FYs for 23?Pu fast and high energy fissions [Chadwick et al., 2011]

using a bayesian approach (presented in Chapter 5).
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The comparison of IFYs and CFYs, reported in Table 2.4 for a selection of FPs of importance
for the standard fission reaction of 23U [TAEA, 2001], shows an example of the differences
between evaluations. JENDL and ENDF /B agree for the most of CFYs: large discrepancies
occur only in correspondence of isotopes with metastable states. On the contrary, these
reference yields show extremely large differences between JEFF-3.1.1 and ENDF/B-VII.1
(or JENDL-4), with two thirds of all the selected yields carrying a relative difference higher
than 1%, and relative differences higher than 10% are found for a third. However, the
largest discrepancies generally appear for nuclides with very small fission yields. Therefore a
good agreement between libraries is reached for largest fission yield values. Meanwhile, for
small fission yield values, large differences appear because of the discrepancies between the
different experimental data used in each library. Such discrepancies come from the difficulties

of measuring very small fission yield values.

TABLE 2.4: Comparison of reference IFYs and CFYs of 23°U thermal fission for ENDF /B-

VIL.1, JEFF-3.1.1 and JENDL-4. Values are reported as relative differences in absolute

values. IFYs of 1291, 105Pd, 107Pd, 47Sm are zeros in all the libraries. Only ENDF /B-VII.1
and JENDL-4 provide non-null IFYs for 3Nd.

ENDF/B-VIIL.1 differences (%)
fission yields (%) ”JEEN‘DEE}QI]/ Bl ”JE“l]‘;;‘D%IjBD“F/ Bl
Nuclide IFY CFY IFY CFY IFY CFY
109 g - 0.03 - 7.87 - 0.31
85 As 0.12 0.22 15.98 34.69 0.16 6.44
88Br 1.39 1.78 6.31 212 0.15 2.23
89Br 1.04 1.09 24.55 25.11  0.15 0.17
90Br 0.55 0.56 13.84 13.79  0.16 0.12
91 Br 0.22 0.22 32.45 32.38  0.13 0.13
9"Br 3.44E-10 3.44E-10 10829 108.29 0.15 0.15
M40 0.03 5.50 0.44 0.46  0.15 0.15
133Cs 7.92E-07 6.70  78.87 1.53  0.15 0.14
1340s 3.85E-06 7.71E-06  33.53  57.35 15.02 0.15
135Cs 2.45E-04 6.54 24.6 1.27 24.01 0.24
136Cs 2.77E-03 0.01 63.08 5.43 25.81 0.15
137Cs 0.06 6.19 20.42 0.53 0.15 0.21
153y 2.33E-07 0.16 94.14 6.7 0.15 0.19
5By 9.70E-08 1.94E-07 5.91 0.66  5.04 0.15
15imEy  9.70E-08 1.94E-07 4.59 481 5.34 5.34
5Fu  2.63E-06 0.03 11.84 4 015 0.18
156Ey 1.62E-05 0.01 1.14 10.2  0.15 0.15
155Gd  4.08E-10 0.03 60.52 4 015 0.18

Continued on next page
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Table 2.4 — continued from previous page

ENDF/B-VIIL.1
fission yields (%)

differences (%)

|JEFF—ENDF/B]

|JENDL—ENDF/B]

TENDF/B] TENDF/E]
Nuclide IFY CFY IFY CFY IFY CFY
1297 - 0.54 - 29.97 - 0.02
1371 2.62 3.07 18.12 16.37  0.15 0.2
1381 1.42 1.49 2.98 1.12  0.15 0.17
1391 0.77 0.78 23.59 23.1  0.14 0.03
10 5 0.01 6.22 90.12 1.53  0.15 0.18
%Mo 4.94E-10 6.50 66.2 0.02 0.15 0.1
9"Mo 2.49E-06 6.00  39.66 0.05 0.15 0.8
M3Nd  4.80E-12 5.96 100 0 0.15 0.13
M5Nd  5.55E-08 3.93 32.23 0.27  0.15 0.16
105pq - 0.96 - 1.94 - 0.62
107pq - 0.15 - 4.72 - 0.27
MTPm  2.49E-09 2.25 39.36 0.65 0.15 0.19
M8pm  4.45E-09 4.82E-09  898.52  929.84 15.8 13.88
18mpyy  8.10E-09 8.10E-09 1184.91 1184.91  8.45 8.45
“Rb 3.07 3.55 0.72 0.25 0.15 0.15
%Rb 1.57 1.65 10.74 0 0.15 0.13
9%Rb 0.76 0.77  15.11 14.57  0.16 0.35
103Rh  6.38E-11 3.03  217.59 2,39  2.16 0.07
IRy 1.62E-08 517  75.03  81.72 0.15 0.05
12Ru  9.76E-07 430  43.34 0.29 0.15 0.52
03Ru  2.36E-05 3.03  57.87 239 0.15 0.07
4Ry 3.27E-04 1.88 24.43 0.23 0.15 0.05
W6Ru  9.07E-07 0.40  205.7 219  0.15 0.15
1358 0.15 0.15 22.67 22.43  0.14 0.21
Se 1.10E-05 0.04  35.58 8.78  0.45 0.13
1479m - 2.25 - 0.65 - 0.19
M99m  1.71E-10 1.08 41.76 2.67 0.15 0.17
1509m  1.22E-08 3.00E-05 34.39 10425 0.15 0.11
151Sm  4.75E-07 0.42 9.75 0.38 0.15 0.17
1529m  9.65E-06 0.27 3.93 536  0.15 0.15
1269 0.04 0.06 11.09 5.76  0.15 0.57
92Gr 1.08 5.94 7.4 1.62  0.15 0.1
M7c 1.23E-07 6.11  138.67 0.37  0.13 0.49
131Xe 1.42E-07 2.89 4.73 0.43 095 0.01
135Xe 0.08 6.54 11.97 1.15  4.37 0.24
98my 1.11 1.11 57.56 78.44 69.35 69.35
9y 1.95 2.08 1.29 9.67 0.15 0.05

Continued on next page
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Table 2.4 — continued from previous page

ENDF/B-VII.1 differences (%)

fission yields (%) ”"Efgggﬁ/gﬂ /5| HJEJ{,J,;;’;;@;V;{ /5|
Nuclide IFY CFY IFY CFY IFY CFY
N 7Zr 4.42FE-08 5.83 32.84 0.36  0.15 0.21
9B7r 1.37E-04 6.35 74.85 1.4 015 0.1
97 0.13 6.50 72.21 0.01  0.08 0.1

2.5.4 Uncertainty data

MFYs from different libraries, intended as sums of independent yields with the same mass
number, are in good agreement (Fig. 2.4), but the associated uncertainties show different
behaviours. Uncertainties on the total MFYs are calculated by means of simple propagation
through the sum of IFYs, assuming no correlation between different IFYs belonging to the

same chain:

Y(4) = Y ulA) (2.3

AY (A) = ) (Ayi(4))2. (2.4)

1

The uncertainty in IFYs is a function of the chain yield and the fractional independent yields
uncertainties. The small uncertainties assigned by ENDF /B-VII.1 are claimed to be the result
of many determinations [England and Rider, 1994]. Meanwhile, for modelled IFYs in any
fission system, large uncertainty values are suggested based on the IFY value: 32% uncertainty
for IFY values greater than 1%, 64% for those between 0.5% and 1.0%, 100% uncertainty for
those<0.5% [England and Rider, 1994]. These small yields (with large uncertainties) occur
more frequently in correspondence of the tails and the central valley of the FY distribution,
as shown in Fig. 2.4. In contrast, uncertainties in JEFF-3.1.1 are less jagged throughout
the whole mass range. JEFF evaluators assessed that for chain yields generated using model
parameters a 30% estimate of uncertainty was justified [Mills, 1995]. Fractional independent
yield modelling was assumed to have an uncertainty of 30% as well. These uncertainties were

subsequently used to calculate uncertainties of the derived parameters [Mills, 1995].
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FIGURE 2.4: Mass-Yields distribution and uncertainties for 23°U thermal fission products
from ENDF/B-VIL.1 and JEFF-3.1.1 libraries. (From [Fiorito et al., 2014])

From Fig. 2.4, very different uncertainty values for MFYs are obtained from JEFF-3.1.1
and ENDF/B-VIL.1. ENDF/B-VIIL.1 provides much lower uncertainty values, for the well-
determined sets of fission product yields belonging to those reactions regarded as important
for nuclear purposes (e.g. 23°U and 23°Pu thermal fission), than JEFF-3.1.1 in the peaks’
regions. However, ENDF /B-VII.1 supplies very large uncertainties for those fissioning systems
which give a smaller contribution in terms of maximum fraction of fission rate (e.g. 22’ Th and
245Cm), when compared with JEFF-3.1.1. The comparison of data stored in ENDF /B-VIIL.1
and JENDL-4, performed here, shows that JENDL-4 takes its uncertainties for IFYs directly
from the ENDF/B-VI database and gives a standard deviation of 80% to those yields that
do not belong to ENDF/B-VII.1, but are present in the JENDL Decay Data library.

The uncertainty estimation on the evaluated chain yields (ChFYs) results from Wahl’s method

upon an empirical exponential function [Wahl, 2002]:

PER =25exp (—0.25InY (A)), (2.5)

30



2.5 Fission yield data

where PER is the percentage uncertainty in terms of 100 times the standard deviation divided
by the yield. Most experimental chain yields fall within the estimated range of uncertainties,
which suggests that most estimated chain yields, calculated from the previous equations,
should be reliable to within the estimated uncertainties. Evaluated chain yield uncertainties
are compared with their corresponding values calculated with Eq. 2.4. Discrepancies between
such uncertainty values show an inconsistency in the evaluation of uncertainties and that

suggests the presence of correlations between IFYs.

The uncertainties on cumulative yields AC; provided in JEFF-3.1.1 were determined from
the uncertainties on both the adjusted independent yields Ay; and the experimentally based

chain yields ACh through a least squares approach [Kellet et al., 2009]:

C; e ’
AC; - ((1_02);@,#%) +(Gracn). 26)

In contrast, the uncertainty on CFYs can be calculated resorting to the Q-matrix formula

with the assumption that the matrix ) does not carry any uncertainty:

AC; = \/Z Q?’ivar(yj) + Z Z Qj.icovar(y;, yr)Qr.i- (2.7)
J J k#j
The uncertainties provided in JEFF-3.1.1 through Eq. 2.6 are compared with the result of
applying Eq. 2.7 to the JEFF-3.1.1 data. The comparison reveals that uncertainties provided
with the former equation are much smaller that the ones coming from the latter equation since
there is no correlation data between IFYs currently provided within JEFF-3.1.1. Therefore,
this difference suggests that negative correlations exist between FYs which are related through
decay chains or have the same mass number, which have not been yet addressed in the current

major evaluated nuclear data libraries.
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2.6 Cross section data

As presented in Sec. 2.1, cross section data are of importance not only for transport calcu-
lations, but also for depletion/burn-up calculations. In particular, criticality calculations are
very sensitivity to cross section data and they guarantee the safety performance, shutdown
and operations of nuclear reactors. Furthermore, for radiation shielding, response function
variables, such as radiation doses, depend directly on cross section data through transport
calculations. Such reasons make cross section data the core of evaluated nuclear data libraries,

and also justify the great efforts committed in order to improve them.

Works have been conducted in the framework of this thesis which were aimed to review the
state-of-the-art of cross section data. For example, the sensitivity analysis of most important
cross sections for the ADS-like reactor MYRRHA with the comparison of different library per-
formances [Stankovskiy et al., 2014, Diez et al., 2014d] motivated the comparison of the ma-
jor evaluated nuclear data libraries: ENDF/B-VII.1, JENDL-4.0 and JEFF-3.1.2. In addition,
the review of the state-of-the-art of the "®C thermal capture cross section [Diez et al., 2013c]
led to the re-evaluation of such cross section data and the acceptation of the proposed "3'C

ENDF-6 format file by the author of this thesis for the JEFF-3.2 library.

More cross section libraries have been reviewed, as shown in Sec. 2.1. However only three
are going to be more extensively described, focusing mainly on their uncertainty information.
EAF libraries have been selected because of their completeness: their spectrum of reactions
covered is one of the largest compared with any other cross section library. They are extensive
not only in providing reaction cross sections, but also in supplying uncertainties: all the cross
section data provided within such libraries come with uncertainty estimations. Also, such
a choice has been based on its usage in previous UQ studies [Alvarez—Velarde et al., 2009].
In contrast, the SCALEG6.0 library has been chosen because it is one of the most complete
cross section library concerning covariance data: it provides covariance data between different
reactions, even between different isotopes. Furthermore, much of the covariance information
given in SCALEG6.0 has been already included in ENDF/B-VIIL.1. The last library described
is TENDL-2010, because the later comparison done in this thesis between two Monte Carlo
sampling methodologies for cross section data propagation: the Hybrid Method and Total
Monte Carlo.
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2.6.1 EAF-2007 and EAF-2007/UN Nuclear data libraries

EAF-2007 [Forrest, 2007] collects neutron cross sections from low energies (107> eV) to high
energies (60 MeV) for nuclides from Hydrogen (*H) to Fermium (**"Fm). There are a total
of 816 possible isotopes, including ground states and isomeric states, giving a total of 65565
reaction channels. Within EAF-2007 comes its uncertainty library EAF-2007/UN which
provides uncertainties data for all cross sections in EAF-2007. Both libraries are provided in

EAF format.

The uncertainty information is provided in the following structure:

e For threshold reactions, there are two energy groups for uncertainties: one from the

threshold energy to 20 MeV and another from 20 MeV to 60 MeV.

e For non-threshold reactions, there are four energy groups: the first one from 10=%eV to
the end of thermal region E,, the second one from FE, to the end of resonance region
Ey, the third one from Eg to 20 MeV, and the last one from 20 MeV to 60 MeV. E,
is usually determined by the first resonance of the isotope. Meanwhile, the Fr value is

100 keV, but depends on the isotope as well.

The emphasis for EAF-2007 uncertainties has been to include as much experimental infor-
mation as possible. For threshold reactions, experimental variance information at 14 MeV is
available for 1085 reactions. These uncertainties have been estimated from the data scatter
around the library excitation curve in EXFOR [Otuka et al., 2011] plots or from the now
growing data base of experimental validation (see [Forrest, 2007]). These 14 MeV experi-
mental variances are used for the energy range of the excitation function up to 20 MeV, and
because there is no information on uncertainties at other energies, an uncertainty value of
three times the experimental uncertainty has been adopted, Ao = 3A0¢;p. The same un-
certainty is used for the next energy group (from 20 MeV to 60 MeV), however, this can be

changed for particular reactions if experimental data exist or systematics are provided.

For non-threshold reactions, for the first two groups (thermal and resonances), available
experimental information is used. The third group uses experimental information if available,

and the last group assumes the same uncertainty as the third group.
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The uncertainty is stored as the squared relative standard deviation (rel.std.dev.) (A?2), which

is calculated using an error factor, f, defined in Eq. 2.8:

f=1+A. (2.8)

If a scatter plot is used to determine the uncertainty of a cross section, the error factor should
satisfy Eq. 2.9, covering all experimental data:

g

f<a<f-a. (2.9)

When there is no information available (experimental, plots, etc), then, estimations for the

error factor are suggested.

Depending on the reaction type, data origin and energy range, uncertainties may vary from
less than a few percent to a factor of five in exceptional cases. However, the bulk of uncer-

tainties range from a few percent to a factor of two.

There is no correlations between cross sections from different energy-groups of the energy-
group structure provided within EAF-2007/UN and no correlations between different cross
section reactions. However, because EAF-2007 provides cross section data in a broader
energy-group structure, a 100% correlation have to be assumed for those cross section groups
provided in EAF-2007 that lay in the same energy-group given in EAF-2007/UN. This in-
formation is very important when uncertainty data are collapsed to a different energy-group

structure.

2.6.2 EAF-2010 and EAF-2010/UN Nuclear data libraries

EAF-2010 [Sublet et al., 2010] is the latest release of the EAF libraries. It keeps the amount of
targets, 816, but increases the number of excitation functions up to 66256. It has also gained
considerably in quality and completeness if compared with EAF-2007 [Sublet et al., 2010].
The wide range of available integral data has been used to improve the library. As EAF-
2007, it ranges from low energies (107°eV) to high energies (60 MeV) for nuclides from
hydrogen (‘H) to fermium (?"Fm). EAF-2010/UN is its uncertainty library, which has the
same energy-group structure as EAF-2007/UN for threshold and non-threshold reactions.

Experimental data information and information from TALYS [Koning et al., 2009] nuclear
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model calculations have been included as much as possible in order to fulfil such completeness,

in addition to some normalisation factors.

As in EAF-2007/UN;, in cases where no experimental information is available, the uncertainty
is extracted from systematics, results of graphical information or from estimates. The new
estimations of the error factors show that the error factors adopted in EAF-2007/UN were,
for some reactions, unnecessarily conservative and new more realistic values are proposed for

important major reactions, as shown in Table 2.5.

TABLE 2.5: Changes in EAF-2010/UN error factors from EAF-2007/UN derived from sys-
tematics or estimates based on EAF validations. (From [Sublet et al., 2010])

Reaction Systematic Error factor (f)
(n,n") Vonach 2.0

(n,2n) Badikov 1.4

(n.3n) Estimate 302>18°
(n,4n) Estimate 3.0=220°
(n.nor) Estimate 3.022.0°
(n,d) Forrest 3.022.0°
(n,n'p) Kopecky 2.0
(n,t)+(n,n"d) Forrest 1.6

(n.n't) Estimate 5.0230°
(n.n'h) Estimate 5.023.0°
(n,f) Estimate 2.0

(n,y) Kopecky 20215¢
(n,p) Forrest L5

(n,h) Lishan 1.9

@ Neutron emission channels have been shown to be in good agreement with the experimental data and therefore more
accurate estimates are proposed for (n,xn) reactions.

b For (n,d) reactions with targets where asymmetry, s < 0.1, the results are in reasonable agreement with experiments
with a well defined systematic formula. For heavier targets (s > 0.1) the accuracy is less good. However, the (n,n'p)
reaction becomes dominant and (n,n’p)+(n,d) can be used as an additional check.

¢ This is extensively discussed in Ref. [Forrest et al., 2008].

Also, a review of the uncertainty assignments for total and partial threshold cross sections,
total cross sections and non-threshold cross sections has been performed in EAF-2010/UN.

New assignment rules were implemented based on such a review [Sublet et al., 2010].
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2.6.3 SCALE 6.0 covariance data

The SCALEG6.0 covariance library [ORNL, 2009, Vol.III, Sec.M19] were the most complete
and updated compilation, in conjunction with COMMARA-2.0, until the release of ENDF /B-
VII.1 and JENDL-4.0. This library is based on several different uncertainty approximations
with varying degrees of “fidelity” to the actual nuclear data evaluation. Then, there are two

types of uncertainty information:

e “High-fidelity” covariances: These covariances come from evaluated nuclear data li-
braries: ENDF/B-VL.8 [McLane and CSEWG, 1996], ENDF /B-VIIL.0 [Chadwick et al., 2006],
a pre-release of ENDF/B-VIIL.1 and JENDL-3.3 [Shibata et al., 2002] for more than 50
nuclides, including the most important ones for LWR applications. In these 50 nuclides,

one can find uncertainty data for 233,235:2387) 239,240,241,242py; - and 241 Am.

o “Low-fidelity covariances”: These covariances are defined to be those that are esti-
mated independently of a specific data evaluation. They come from a project run by
BNL, LANL and ORNL, where ORNL used uncertainties in integral experiment mea-
surements of thermal cross sections, resonance integrals and potential cross sections to
approximate the standard deviations of capture, fission and elastic scattering reactions
for thermal (<0.5 eV) and resonance ranges (0.5 eV - 5 keV). Full energy correlation
was assumed for the covariances within each of these respective ranges. BNL and LANL
provided estimates in the fast energy range from 5 keV - 20 MeV for covariances of cap-
ture, fission, elastic, inelastic, (n,2n) cross sections and prompt 7, using optical model
and empirical estimates of nuclear reaction models. The uncertainty data out of the
scope of the previous project is approximated by different approaches. These data were

so-called the “BLO” [BNL-LANL-ORNL] uncertainty data [Little et al., 2008].

It provides uncertainties for a total of 401 nuclides in the form of covariance matrices for
cross sections, fission neutron emission 7 and fission neutron spectrum Yy, even covariance

data between reactions of different isotopes. The energy-group structure used is in 44-groups.

Much of the approximate uncertainty data in this library is based on simplifying approxima-
tions that do not depend on any specific ENDF evaluations, and thus the relative uncertainties
can be applied to all cross section libraries within the limitations of the assumed method-

ology. This assumption is partially justified by the fact that different evaluations often use
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many of the same experimental measurements. Furthermore, nuclear data evaluations from
ENDF/B-VII, ENDF/B-VI and JENDL-3.3 tend to agree rather well for many types of cross
sections, so it seems reasonable to assume that the uncertainties in these data are similar.
In general, the SCALE covariance library should be viewed as a best-estimate assessment of

data uncertainties.

2.6.4 TENDL-2010 nuclear data library

TENDL-2010 [Rochman and Koning, 2010, Koning and Rochman, 2010] is the third version
of the TENDL libraries, which is based on both default and adjusted TALYS calculations and
data from other sources (previous releases such as TENDL-2009 [Koning and Rochman, 2009a,
Koning and Rochman, 2009b] and TENDL-2008 [Koning and Rochman, 2008a]
[Koning and Rochman, 2008b]). Currently, the latest release is TENDL-2013, however TENDL-

2010 was the one available when part of this work was performed.

This library, TENDL-2010, provides a complete set of neutron reaction data from thermal
energies up to 200 MeV from all isotopes from SLi to ?8'Ds. All data are completely and
consistently evaluated using the TALYS-1.2 [Koning et al., 2009] nuclear reaction code, in
combination with resonance data, experimental data and data from existing evaluations,

using the ENDF-6 format.

Complete covariance files for resonance parameters, cross sections and angular distributions
are provided, stored in MF31-34 of the ENDF-6 format, and also there are covariance data
processed in multi-group structure: 15, 30, 33, 44 and 187 groups.

This version of TENDL provides random ENDF files to propagate uncertainties. They are
generated using TALY'S by running a Monte Carlo technique, denominated Total Monte Carlo
(TMC), described later in Chapter 3, Sec. 3.4. Because TALYS is a nuclear model code, its
nuclear parameters could be modified in order to introduce variations on the output data. If
these parameters are randomised using probability density functions, then random libraries
are obtained. Also, after performing statistical analysis, final covariance information could

be obtained.
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2.6.5 Processing nuclear data libraries and their uncertainties

This section is aimed at processing nuclear data libraries, studying their uncertainties and
showing the differences between each other, but only concerning cross section data. Then,

EAF-2007/UN, EAF-2010/UN and SCALE6.0 are compared, using EAF-2010 as reference.

There are different ways to compare these libraries, choosing the following two because of

their easy implementation and direct extraction of conclusions:

1. EAF-2007/UN and EAF-2010/UN are expanded to SCALEG6.0 energy-group structure

(44-groups) and their covariances matrices are compared.

2. EAF-2007/UN, EAF-2010/UN and SCALEG.0 are collapsed to one-group, using neutron

spectra from different nuclear systems.

2.6.5.1 Comparison of covariance matrices in 44-groups

Due to the large amount of information provided within these libraries, here only 23°U and
239Pu isotopes are compared for (n,y) and (n, fission) reactions. More comparisons of covari-
ance matrices between EAF-2007, EAF-2010 and SCALE6.0, for more reactions and isotopes,
can be found in [Cabellos et al., 2011a).

To expand from EAF-2007/EAF-2010 3/4-groups structure to the SCALE6.0 44-groups,
100% correlation is assumed between cross sections that lay in the same energy-group de-
fined in their corresponding uncertainty library, as stated in Sec. 2.6.1. Therefore, the
uncertainties in the EAF files take the form of block matrices, where the unity blocks
represent the full correlation between energy-groups. When the edge of an energy region
in EAF files falls inside a SCALE6.0 energy-group, a weighted average of the cross sec-
tion and its uncertainty are calculated. These calculations are carried out with NJOY

(v99.393) [MacFarlane and Kahler, 2010].

Fig. 2.5 and Fig. 2.6 show the differences between EAF-2010/UN and SCALEG.0 for (n,fission)

reaction, while Fig. 2.7 and Fig. 2.8 present (n,7y) covariance matrices.

For the 23°U (n,fission) cross section, EAF-2010 provides uncertainties in three energy regions
that represent thermal, epithermal and fast energies, while in SCALEG6.0 only two regions are

presented: thermal-epithermal and fast energies. The energy regions defined in EAF-2010
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and SCALE are not the same. Also, at least the uncertainties in EAF-2010 are one order of
magnitude higher than SCALE6.0 ones for high energies. In the case of 23Pu, differences are

similar to the 23°U case, except that EAF uncertainties are 6 times higher the SCALE ones

in the fast region.

For the 2%5U (n,y) cross sections, differences between EAF-2007 and EAF-2010 are observed
only in the epithermal region, which has increased its upper limit in EAF-2010. Whereas
SCALEG6.0 has only two regions, thermal and fast. Relative uncertainties are quite similar

between SCALE6.0 and EAF libraries.

For 239Pu reactions, same differences as in 23°U are found.
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FIGURE 2.5: EAF-2010 (left) and SCALE6.0 (right) covariance matrices for the 235U

(n,fission) cross section.
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FIGURE 2.6:
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An important feature of SCALEG6.0 is that it provides covariance matrices between different

cross section reactions of one isotope, and even different isotopes. Usually, the main reactions,

such as (n,fission) and (n,7y), are correlated. But also, there exist other cross-correlations that

relate (n,elastic) to (n,y) and to (n,fission). Examples are presented in Fig. 2.9. More cross-

correlations have been processed, which can be found in [Cabellos et al., 2011a]. Usually,

non-zero values appear at low energies (below 10 keV), while at high energies there are no

correlations (negligible correlations or zero values are found).
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2.6.5.2 Comparison of uncertainties in one-group

Using the collapsing method described in Chapter 4, Sec. 4.2.1, three different neutron spectra

are used to compare uncertainties of cross section reactions in one-group.

These spectra are presented in Fig. 2.10 for each application. The ADS spectrum is taken
from the EFIT facility design [Artioli, 2006], while the PWR [ORNL, 2009] and the DEMO
(fusion application) [Wong et al., 2005] spectra are standard.
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FIGURE 2.10: Normalised neutron spectra for different nuclear applications.

Using ADS neutron spectrum For the ADS spectrum, main transuranic isotopes are
studied for (n,fission), (n,y) and (n,y-M) reactions: 23%:235,236,2387y 237Ny, = 238,239,240, 241 py;
241,242m,248 p ) - 242,243,244,245,246 247,248 Cypyy - 2498 249,250.251.252Cf, The (n,y-M) reaction cor-
responds to the neutron capture reaction that leaves the nucleus in its first isomeric state

(M). Their collapsed uncertainty values are compared with target accuracies provided in

[Garcia-Herranz et al., 2010].

Table 2.6 shows one-group uncertainties of the mentioned reactions corresponding to each li-
brary. Cells in red mean that there is a target accuracy proposed for the isotope-reaction that
such cells represent. If any of the uncertainty values is less than twice the target value, they
are written in bold blue while the others in non-bold. These results reveal that SCALE6.0
has not uncertainty information for (n,7-M) reactions for any isotope. In contrast, it gives
the lowest uncertainty values for most of the most important isotopes, such as 235233U and
239.241py. On the contrary, EAF-2010 does not reach such an accuracy level. EAF-2010

shows a trend of reducing uncertainties when compared with EAF-2007. Also, it provides
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lower uncertainty values than SCALE-6.0 for heavier isotopes than ?43Cm, such as ?43246Cm

and 2%Cf. Regarding target accuracies for (n,fission) reactions, EAF-2010 achieves two tar-
gets: for 23°U and ?'Pu, while SCALEG6.0 fulfils these two and also for 23°Pu. For (n,y),
SCALES6.0 is close to achieve eight targets while EAF-2010 is close to achieve 11 targets. In
the case of SCALEG.0, targets for U, Np, Pu and two Cm are achieved, while EAF-2010 fulfils
requirements for Pu, Cm and Cf. For (n,7-M) reactions, uncertainties are only supplied by
EAF files. Only EAF-2010 achieves one of the target values for such reactions, specifically

for 243Cm.

Fig. 2.11 presents one-group cross section uncertainty values for (n,y) reactions of EAF-
2007 and SCALEG.0 divided by EAF-2010 values for all the isotopes in each libraries. For
most of isotopes, EAF-2010 has reduced their uncertainty values when compared with EAF-
2007. SCALEG6.0 provides higher uncertainties than EAF-2010 for light isotopes, but as
the ZZAAAM number increases, the number of isotopes with high uncertainties and with
low uncertainties become similar. Values at 0.01 indicate that SCALEG6.0 does not supply

uncertainties for these isotopes.

TABLE 2.6: Comparison of one-group cross section uncertainties (%) among EAF-2007, EAF-

2010 and SCALEG.0 libraries for (n,fission), (n,y) and (n,7-M) reactions of main transuranic

isotopes, collapsed with an ADS spectrum (from the EFIT facility). Cells in red mean that

there is a target accuracy proposed for the isotope-reaction that such cells represent. If any

of the uncertainty values is less than twice the target value, they are written in bold blue
while the others in non-bold.

(n.fission) (n,y) (ny-M)

Isotope |EAF2007 |EAF2010 [SCALE6.0 [ TARGET |EAF2007 |EAF2010 |SCALE6.0 | TARGET |EAF2007 [EAF2010 [SCALEG6.0 |TARGET
234U 16.5 16.5 30.0 38.9 26.0 6.9 7.1 38.9 26.0 = 7.1
235U 12.9 5.5 0.4] 4.2 11.3 3.2 21.8 - -
236U 15.9 15.3 27.2 8.9 3.2 3.1
238U 16.6 16.6 0.5 6.7 3.2 14
237Np 16.7 16.4] 6.6 14.3 9.1 3:3; 2.8
238Pu 12.4 10.1 10.6 6.4 145 3.7 6.6 5.2
239Pu 9.6 78 0.4 3.4 125 4.2 4.8
240Pu 15.8 14.7 0.6 9.3 3.6 12 4.8
241Pu 15.6 5.6 12 4.2 15.4 5.2 4.0
242Pu 16.5 16.5 3.4 12.6 3.5 5.0 5.3
244Pu 16.5 16.5 19.0 30.4 7.4 24.9 - - -
241Am 16.6 16.6 2.2 15.8 16.7 4.7 2.8 15.8 16.7 - 2.9

242MAmM 16.5 5.6 9.8 2.4 32.8 13.2 14.5 6.2 - - -

243Am 16.6 16.0 5.8 15.3 5.0 4.5 15.3 3.8 = 4.1
242Cm 16.5 16.5 31.9 30.0 12.9 10.8 3.4 -
243Cm 16.0 5.9 19.7 3.2 32.0 5.2 14.2 7.4
244Cm 16.4 14.8 37.0 24.6 3.7 7.7 4.6
245Cm 9.8 113 20.2 4.1 32.8 4.1 9.8 5.5
246Cm 16.6 15.2 8.0 28.2 3.7 20.3 4.3
247Cm 16.5 16.5] il g 4.0 32518 7.7 20.6 5.0
248Cm 16.2 15.3 16.2 19.2 3.8 16.9 2.5
249Bk 16.6 16.6 22.5 31.7 8.8 23.7 3.2
249Cf 16.3 5.8 19.3 32.4 4.8 24.5 4.3
250Cf 33.0 33.0 133 6.9 29.3 9.0 16.0 2.6
251Cf; 31.6 12.9 21.9 3.7 30.0 3.9 16.6 2.4
252Cf’ 15.0 10.7 6.1 31.2 4.0 18.1
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FIGURE 2.11: Ratio of one-group cross section uncertainty values from EAF-2007 and
SCALE6.0 to EAF-2010 for (n,y) reactions, collapsed with an ADS spectrum (from EFIT
facility).

Fig. 2.12 shows the ratio of dividing EAF-2007 and SCALE6.0 by EAF-2010 for (n,fission)
reaction. EAF-2010 has reduced their uncertainty values, if compared with EAF-2007, ex-
cept for 22Am. SCALEG6.0 has no uncertainties for some isotopes that EAF-2010 provides
uncertainties for. In contrast, SCALEG6.0 gives lower uncertainty values than EAF-2010, es-
pecially for 233U and 29240Pu. The isotopes with ratios values of 0.01 are again those which

SCALES6.0 does not provide uncertainty data for.

Using PWR neutron spectrum For high burn-up PWRs (up to 100 GWd/tU), different
response functions are studied in [Salvatores et al., 2008] concerning neutronics calculations.
Desired maximum uncertainty values, or target accuracies, were provided in order to establish

a framework for nuclear data requirements. Such target accuracies are presented in Table 2.7.

TABLE 2.7: General target accuracies for high burn-up PWRs.

Kes Doppler reactivity coefficient Burn-up (Ap) Transmutation
0.5% 10% 500 pcm 5%

The current state of such general target accuracies is addressed by using the BOLNA cross
section covariance data [Salvatores et al., 2008]. Once response function uncertainties are

evaluated, a study of how to improve cross section uncertainties in order to satisfy such general
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FIGURE 2.12: Ratio of one-group cross section uncertainty values from EAF-2007 and
SCALEG6.0 to EAF-2010 for (n,fission) reactions, collapsed with an ADS spectrum (from
EFIT facility).

target accuracies is performed under two hypothesis: the efforts to improve the uncertainties
of one cross section reaction or other are the same (A = 1), and the efforts depend on the cross
section addressed (A # 1) [Salvatores et al., 2008]. This provides a set of target accuracies
for cross section data that could fulfil the general target accuracies for different neutronics

response functions.

These target accuracies for 2352387y, 239,240,241,242py; and Oxygen are compared with the infor-
mation in EAF-2007 and EAF-2010 through Table 2.8. Again, it is observed that EAF-2010
has reduced its uncertainties, but this time such a reduction is appreciated at energy-group
level. Whether EAF files fulfil or not target accuracies has been marked using a colour leg-
end, where green means the target is achieved, yellow means that not all the energy-group
cross sections reach their targets, and, finally, red means that none of the energy-group cross
sections achieve any target. For the (n,y) reactions of 23°U and 240-41Pu, requirements are

fulfilled with EAF-2010.
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Chapter 2 State-of-the-art of Nuclear Data Uncertainties

TABLE 2.8: Nuclear data uncertainties and target accuracies (%) for U, Pu and O isotopes
in high burn-up PWRs.

Using BOLNA covariance matrices

Uncertainty
- EAF - 2007 EAF-2010
Isotpe Cross-section| Energyrange Initial Required
A=1 A1 EnergyRange |Uncertainty| EnergyRange [Uncertainty|

67.4-24.8keV 32.9 19.9 18.5

235 (n,y) 24.8-9.12 keV 43 17.8 16.2 2.25keV-20MeV| 16.67 |0.10eV-0.10 MeV 3.33
9.12-2.03 keV 33.9 11.5 10.3

y 24.8-9.12 keV 9.4 4.6 4
238 (n,y) 9.12-2.03keV 3.1 3.1 2.9
454-2.6eV 1.7 1.4 1.3
%0 (n,y) 0.54-0.10eV 14 1 0.9
(n,fission) 0.54-0.10eV 0.9 0.9 0.8
0 () 0.54-0.10eV 3.2 3.1 3.2 0.10eV - 0.10 MeV

0.10eV - thermal 4.8 3.1 4 Thermal-0.10 eV 3.43 Thermal-0.10 eV 3.33
22.6-4.00eV 8.4 7.3 8.4

(n,y) 0.10eV - 0.30 keV 6.27 0.10eV -0.10 MeV 3.33
0.54-0.10eV 6.8 3 3.8
Pu 2.03- 0.454 keV 12.7 11.2 12.7
241 454-22.6 eV 19.4 4.7 5.9

(n,fission) 421202: 322 ZX 246..28 33 ;; Thermal - 30 keV 3.33 Therr:ﬂe:\;o.lo 3.33
0.54-0.10eV 2.9 1.7 2.2
0.10eV - thermal 3.3 1.9 2.4

242 (n,y) 4.00- 0.54eV 3.8 3.4 3.8 0.50eV -0.10 MeV
19.6- 6.07 MeV 100 12.1 10.9
o (n,y)

6.07-2.23 MeV 100 9.9 8.9

When main transuranic isotopes are observed using one-group uncertainties for (n,fission)
and (n,y) reaction, as shown in Table 2.9, it can be seen that SCALE6.0 gives the lowest
uncertainties for 17 isotopes while EAF-2010 only for 12. In spite of that, uncertainty values

for 242 Am, 243Cm and 2*?Cf are very similar using either EAF-2010 or SCALE-6.0.
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2.6 Cross section data

TABLE 2.9: One-group uncertainties (%) for main transuranic isotopes collapsing EAF-2007,
EAF-2010 and SCALE6.0 data for (n,y) and (n,fission) reactions with a PWR spectrum.

(n,fission) (n,y)
ISOTOPE EAF-2007 EAF-2010 SCALE 6.0 EAF-2007 EAF-2010 SCALE 6.0

234 15.86 15.84 24.82 38.87 26.03 5.73

235 2.39 2.39 0.33 2.64 2.35 1.35

v 236 11.67 12.16 19.5 3.85 3.1 2.99
238 16.65 16.65 0.52 3.15 3.17 1.38

Np 237 16.5 16.41 7 5.72 7.58 2.68
238 7.23 4.86 6.01 3.73 3.07 1.79

239 3.32 3.2 0.78 8.21 3.55 1.17

Pu 240 14.94 14.27 2.7 3.3 3.09 1.23
241 3.3 3.32 0.87 3.9 2.39 0.94

242 15.81 15.77 4.53 8.51 3.31 9.76
244 16.56 16.56 21.32 23.48 4.87 35.39

241 21.34 12.44 1.66 6.38 3.89 2.5

Am 242M 3.31 3.33 3.05 22.36 10.19 23.2
243 15 14.62 5.12 3.72 4.44 2.41
242 16.6 10.79 32.83 19.29 9.42 12.05

243 3.94 2.56 2.71 5.94 2.35 5.58

244 13.36 12.22 25.8 6.93 3.01 9.99

Cm 245 3.65 5.03 2.45 14.68 2.67 4.28
246 14.6 13.67 8.37 7.99 3.15 5.63

247 4.96 5.25 13.04 16.51 7.63 6.33

248 12.91 13.36 16.33 10.48 3.57 5.5

Bk 249 28.84 14.56 6.47 9.52 7.74 4.96
249 7.3 2.6 1.76 3.94 2.51 4.39

cf 250 13.81 41.36 0.6 4.85 5.93 5.91
251 8.74 5.7 4.37 5.95 2.88 4.73

252 11.69 4.84 11.5 12.14 2.65 5.13

Fig. 2.13 shows the differences of EAF-2007 and SCALE6.0 to EAF-2010 for the (n,7y) reac-
tion. For a large number of isotopes EAF-2010 has reduced their uncertainties from EAF-
2007. For SCALEG6.0, the same trend as using an ADS spectrum is observed when it is
compared with EAF-2010: it does not give uncertainty values for 54% of the isotopes in-
135]

cluded in EAF-2010. However, again it provides very low uncertainty values, such as for

and "Se.

Fig 2.14 presents EAF-2007 and SCALE6.0 one-group uncertainty values divided by EAF-
2010 for the (n,fission) reaction. At least for 55% of the isotopes in EAF-2007, their un-
certainties have been reduced in EAF-2010, except for 2°°Cf. SCALEG6.0 does not provide
uncertainties for 42% of the isotopes included in EAF-2010, but 36% of the isotopes have
lower uncertainties in SCALEG.0 than in EAF-2010. In addition, very low uncertainty values
are provided with SCALE-6.0, for e.g. 238U and ?°°Cf.
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FicUure 2.13: Ratio of one-group uncertainty values of EAF-2007 and SCALEG6.0 divided
by EAF-2010 ones for the (n,y) reaction, collapsed with a PWR spectrum.
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FIGURE 2.14: Ratio of one-group uncertainty values of EAF-2007 and SCALEG6.0 divided
by EAF-2010 ones for the (n,fission) reaction, collapsed with a PWR spectrum.

Using DEMO neutron spectrum For the DEMO application [Wong et al., 2005], in
which a fusion spectrum is obtained, Fig. 2.15 presents (n,y) one-group cross section uncer-
tainty values for all isotopes included in EAF-2007, EAF-2010 and SCALE6.0. The bulk of
uncertainties lay between between 3% and 40%. Although SCALEG6.0 provides the lowest

uncertainty values, it des not give uncertainties for 54% of the isotopes included in EAF files.
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FIGURE 2.15: One-group cross section uncertainties (%) for every isotope included in EAF-
2007, EAF-2010 and SCALE6.0 for (n,y) reactions, collapsed with the DEMO spectrum.

For the (n,y) reaction, a comparison between libraries is performed and presented in Fig 2.16.
The ratios between one-group cross section uncertainty values from EAF-2007 and SCALEG6.0
to EAF-2010 are calculated. The same trends are observed as using PWR or ADS spectra:
EAF-2007 provides, in general, higher uncertainty values than EAF-2010; SCALEG6.0 uncer-
tainties are mainly smaller than EAF-2010 but for large number of isotopes uncertainties are

not supplied.

(n,y) EAF-07/EAF-10

0 200000 400000 600000 800000 1000000
ZZAAAM

(n,y) SCALE-6.0/EAF-10

10 (o *
* * G *
L 1% e S o2 wl %]
*® * -

01 1-* MITIRT P T o TRT B ¢ i

: *—% ¢ ° e
0.01 oo O ¢ ¢ g *

0 200000 400000 600000 800000 1000000

ZZAAAM

FIGURE 2.16: Ratio of one-group uncertainty values of EAF-2007 and SCALEG6.0 divided
by EAF-2010 ones for (n,y) reactions, collapsed with the DEMO spectrum.
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Because of the fast neutron spectrum of DEMO, threshold reactions start to be of interest.
For such a reason the (n,p) reactions are analysed, comparing the uncertainties provided
within the mentioned libraries in Fig. 2.17. In contrast with previous studied reactions, here
EAF-2010 has larger uncertainties than EAF-2007. This fact is also observed when other
spectra (ADS and PWR) are applied. Here, SCALEG.0 stops to give the lowest uncertainty
values, being substituted with EAF-2010.
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FIGURE 2.17: Ratio of one-group uncertainty values of EAF-2007 and SCALEG.0 divided
by EAF-2010 ones for (n,p) reactions, collapsed with the DEMO spectrum.

Analysis of the effect of neutron spectra Table 2.10 and 2.11 are aimed at comparing
uncertainties from each library when different neutron spectra are used. Then, only (n,y) and
(n,fission) are studied, and their uncertainty values collapsed into one-group are compared.
The colour legend means: green for the lowest uncertainty values among neutron spectra,

yellow for the middle values and red for the highest.

For (n,y) reactions, Table 2.10, EAF-2010 gives the lowest values when the PWR neutron
spectrum is used, while the ADS spectrum provokes the highest uncertainties. The DEMO
spectrum gives lower uncertainties than the ADS spectrum, but not as small as with the
PWR spectrum. SCALE-6.0 gives the highest uncertainty values with the ADS spectrum,
while with the PWR and DEMO spectra the lowest values are obtained (more green cells are
obtained with the PWR spectrum than with DEMO, although differences between them are

rather small). Note that when SCALEG.0 is used for (n,y) reactions, one-group uncertainty
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2.6 Cross section data

values obtained for some of the main transuranic isotopes (heavier than ?43Cm) with the ADS

spectrum can double, or even more, the values obtained with the PWR or DEMO spectra.

TABLE 2.10: Comparison of one-group cross section uncertainties (%) for (n,y) reactions
of main transuranic isotopes among EAF-2007, EAF-2010 and SCALE-6.0 libraries, using
PWR, ADS and DEMO spectra.

(n,y) EAF-2007 EAF-2010 SCALE 6.0
ISOTOPE PWR ADS DEMO PWR ADS DEMO PWR ADS DEMO
234 38.87 38.87 38.87 26.03 26.03 26.03 5.73 6.93 4.95
235 2.64 11.28 4.75 2.35 3.23 3.2 1.35 21.8 7.32
2 236 3.85 8.9 4.11 3.1 3.2 3.24 2.99 3.11 2.07
238 3.15 6.67 3.27 3.17 3.17 3.27 1.38 1.44 1.49
Np 237 5.72 14.33 7.63 7.58 9.13 9.79 2.68 33 2.21
238 3.73 14.46 9.99 3.07 3.69 3.27 1.79 6.63 3.84
239 8.21 12.48 8.64 3.55 421 4.18 1.17 4.86 1.59
240 33 9.26 3.52 3.09 3.62 3.28 1.23 1.2 0.96
B 241 3.9 15.37 7.99 2.39 522 3.27 0.94 4 1.9
242 8.51 12.62 8.01 3.31 3.51 3.27 9.76 5 6.36
244 23.48 30.44 23.86 4.87 7.36 5.64 35.39 24.88 35.87
241 6.38 15.81 9.72 3.89 16.65 16.55 2.5 4.67 4.08
Am 242M 22.36 32.77 27.78 10.19 13.18 10.48 23.2 14.66 12.4
243 3.72 15.34 7.28 4.44 4.98 471 2.41 4.48 2.71
242 19.29 30.01 24.25 9.42 12.86 13.65 12.05 10.8 6.25
243 5.94 31.97 20.18 2.35 5.21 3.56 5.58 14.24 10.39
244 6.93 24.56 8.47 3.01 3.72 3.27 9.99 7.72 7.18
cm 245 14.68 32.75 25.83 2.67 413 3.35 4.28 9.83 8.35
246 7.99 28.21 13.82 3.15 3.7 3.29 5.63 20.32 8.11
247 16.51 32.12 23.03 7.63 7.67 8.17 6.33 20.59 7.13
248 10.48 19.19 10.57 3.57 3.79 3.68 5.5 16.85 5.79
Bk 249 9.52 31.73 20.56 7.74 8.82 8.86 4.96 23.99 9.49
249 3.94 32.39 23.13 2.51 4.8 3.73 4.39 24.59 13.35
250 4.85 29.33 8.72 5.93 8.97 9.72 5.91 16.06 4.65
Gi 251 5.95 29.95 12.72 2.88 3.85 3.22 4.73 16.89 3.99
252 12.14 31.22 23.64 2.65 4.03 3.8 5.13 18.11 8.01

For (n,fission) reactions, Table 2.11, EAF-2010 provides the lowest uncertainties when the
PWR spectrum is used, while the highest values are reached with the ADS spectrum. With
EAF-2010, the DEMO spectrum does not provide uncertainty values as low as for (n,y)
reactions. Furthermore, the uncertainties obtained with the DEMO spectrum can be as high
as with the ADS spectrum for some isotopes such as 236U, when EAF-2010 is used. SCALE-
6.0 follows the same trend as for (n,y) reactions: their highest values are reached when the
ADS spectrum is applied. However, with PWR or DEMO spectra same amount of highest
21243 A 1

values are reached. In particular, the DEMO spectrum gives the highest values for

while the highest uncertainties for 2”Np are obtained with the PWR spectrum.

With the ADS spectrum, the highest uncertainties for main transuranic isotopes are reached
when (n,y) and (n,fission) reactions are addressed. The PWR spectrum provokes the lowest
uncertainties when EAF-2010 is used. However, with SCALEG.0, it is not easy to distinguish

with which spectrum are obtained the lowest uncertainties: DEMO or PWR.

Although one-group uncertainty cross section values from EAF-2007 are presented in Ta-

ble 2.10 and 2.11, only statements about comparisons between EAF-2010 and SCALEG6.0
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Chapter 2 State-of-the-art of Nuclear Data Uncertainties

were made. The reason is the overall performance of EAF-2007 is to carry higher uncertainty

values than EAF-2010, except for (n,p) reactions which are only of interest for fast spectra.

Between EAF-2010 and SCALEG.0, one can observe that uncertainty levels for isotopes lighter
than 242Pu, SCALEG.0 provides lower uncertainty levels, while EAF-2010 gives lower uncer-

tainties for heavier isotopes than 243Cm.

TABLE 2.11: Comparison of one-group cross section uncertainties (%) for (n,fission) reactions
of main transuranic isotopes among EAF-2007, EAF-2010 and SCALE-6.0 libraries, using
PWR, ADS and DEMO spectra.

(n,fission) EAF-2007 EAF-2010 SCALE 6.0
ISOTOPE PWR ADS DEMO PWR ADS DEMO PWR ADS DEMO
234 15.86 16.47 16.43 15.84 16.47 16.43 24.82 29.99 15.37
U 235 2.39 12.86 6.99 2.39 55 4.7 0.33 0.41 0.3
236 11.67 15.88 15.68 12.16 15.31 15.63 19.5 27.16 11.42
238 16.65 16.61 16.66 16.65 16.61 16.66 0.52 0.54 0.55
Np 237 16.5 16.66 16.64 16.41 16.39 16.55 7 6.55 3.81
238 7.23 12.35 12.5 4.86 10.09 11.21 6.01 10.55 10.75
239 3.32 9.59 6.02 3.2 7.87 6.48 0.78 0.4 0.58
240 14.94 15.84 16.16 14.27 14.68 15.87 2.7 0.57 0.59
A 241 3.3 15.58 8.79 3.32 5.64 43 0.87 1.23 0.75
242 15.81 16.46 16.52 15.77 16.46 16.52 4.53 3.43 3.61
244 16.56 16.48 16.6 16.56 16.47 16.59 21.32 18.96 17.29
241 21.34 16.62 16.4 12.44 16.62 16.4 1.66 2.19 2.71
Am 242mMm 3.31 16.48 15.1 3.33 5.59 4.28 3.05 9.88 7.28
243 15 16.61 16.48 14.62 15.95 16.29 5.12 5.76 9.67
242 16.6 16.52 16.17 10.79 16.51 15.66 32.83 31.85 24.37
243 3.94 16 10.64 2.56 5.91 4.68 2.71 19.72 9.03
244 13.36 16.42 15.93 12.22 14.82 15.39 25.8 37.01 21.33
Cm 245 3.65 9.75 7.3 5.03 11.33 12.56 2.45 20.18 9.45
246 14.6 16.59 16.41 13.67 15.24 15.99 8.37 8.01 8.58
247 4.96 16.46 14.43 5.25 16.46 14.44 13.04 11.3 11.42
248 12.91 16.19 15.41 13.36 15.28 15.33 16.33 16.17 16.11
Bk 249 28.84 16.61 16.44 14.56 16.61 16.44 6.47 22.5 20.02
249 7.3 16.28 12.85 2.6 5.83 4.79 1.76 19.35 7.31
o 250 13.81 32.97 29.36 41.36 32.98 30.73 0.6 13.32 12.85
251 8.74 31.57 17.82 57 12.92 9.5 4.37 22.02 9.23
252 11.69 14.95 14.72 4.84 10.68 9.74 11.5 6.11 12.54
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Chapter 3

Uncertainty Quantification in

depletion calculations

Abstract - This Chapter discusses briefly different methodologies to propagate uncertainties,
focusing on what has been done for uncertainty quantification studies of nuclear data uncer-
tainties on transport/depletion/burn-up problems. A summary of methodologies/codes/tools
available is shown, highlighting their capabilities to propagate nuclear data uncertainties in
burn-up/depletion calculations. For methodologies/codes/tools applied during this thesis, a

more extensive description is provided.

This chapter shows, partially or completely, works already presented in the following refer-

ences:

International Conference Proceeding [Diez et al., 2011].

ANDES Deliverable D2.1 [Cabellos et al., 2011a).

International Journal Article [Diez et al., 2013b].

International Journal Article [Diez et al., 2013a].

International Journal Article [Diez et al., 2014a].
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Chapter 3 Uncertainty Quantification in depletion calculations

3.1 Introduction to burn-up/depletion calculations and Un-

certainty Quantification studies

Transport codes describe the propagation of sub-atomic particles, e.g. neutrons, in matter
by solving the Boltzmann equation which includes both the flow and the interaction of the
particles with the surrounding material. The interaction rates are usually determined from
microscopic cross sections with nuclei. These interactions modify the nature of nuclides, by
e.g. adding more neutrons to the nucleus or fissioning the nucleus, so nuclide concentrations
change throughout the time. Radioactive nucleus can be obtained through such interactions,
or being present at the beginning of the study, and their natures change also throughout the

time because they are radioactive.

The material composition time evolution can be tackled by solving the Bateman equation

(Eq. 3.1) with depletion codes:

_)\iNi + Zj )\jﬂjiNj-i- (decay)
= + 22 Nj ([ 54(E)oj s (E)p(E)E) + (fission yield) (3.1)
+22 Nj ([ 0ji(E)¢(E)AE) — N; [ 0;(E)¢(E)dE, (cross sections)

dN;
dt

where V; is the concentration of the isotope 7, A; is its decay constant, §j; is the branching
ratio of the isotope j decay mode to the isotope i, v;;(£) is the fission yield of the isotope j
which produces the isotope i, 0 f(E) is the fission cross section as a function of the incident
neutron energy E, 0;;(E) is the sum of cross sections of the isotope j that generate directly
the isotope i, and o;(E) is the sum of cross sections that transmute the isotope i. The integrals
are over the energy of the neutron spectrum ¢(F), normalised this to the neutron flux level.
If the neutron spectrum is normalised to 1, as done commonly, ¢ should be multiplied by the

neutron flux level.

Such an equation requires not only interaction rates, neutron flux and spectrum in con-
junction with cross section data, but also the decay data which determine how radioactive
nuclides decay: mainly to which nuclide and how frequent. Then, nuclide concentrations un-
der an irradiation field can be followed. If nuclide concentrations evolve throughout time, the
neutron spectrum and flux (radiation field) have to be re-calculated under new conditions
of concentrations. Therefore, transport and depletion calculations are coupled in order to

evaluate properly the nuclide concentration and neutron field throughout time. Once these
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variables are calculated, other derived functions, such as neutron multiplication factor keg,
power generation or radiation emission, can be addressed. This type of problems are so-called

burn-up problems.

As seen in Chapter 2, the required data for such calculations, the nuclear data, are provided
with nuclear data libraries, e.g. ENDF/B-VII.1, JEFF-3.1.1 or JENDL-4.0. Nuclear data are
then processed in order to serve as input for specific nuclear transport/depletion codes (e.g.
SCALE [ORNL, 2009], MCNP [X-5 Monte Carlo Team, 2003], ACAB [Sanz et al., 2008],
FISPACT-II [Sublet et al., 2012]). These input data have uncertainties which are translated

into uncertainties for the results of nuclear transport/depletion codes.

Fig. 3.1 shows a typical scheme of a burn-up problem, where the coupling between transport
and depletion parts is depicted. Transport calculations provide neutron flux level (¢) and its
energy distribution (spectrum), apart from other responses e.g. keg, based on the material
(isotopic) composition at a given time. Neutron flux and spectrum are fed (blue arrows)
to depletion calculations which use such data to calculate interaction rates, and then, the
new composition at the end of that burn-up step (N; — N;y1) can be determined. The new
composition is given to transport (red arrows), in which the same calculations are repeated,
providing again new neutron flux level and spectrum to depletion. This iteration of trans-
port/depletion calculations is thus repeated until e.g. a desired irradiation time is achieved

or a burn-up (energy extracted from nuclear fuel) is reached.

1 Transport .
. ;. keff,O e, keﬁ,l ®,. keff,z .
: B W W :

Isotopic Neutron Isotopic Neutron Isotopic Neutron
composition flux/spectrum composition flux/spectrum composition flux/spectrum

_>

FiGure 3.1: Typical burn-up scheme, coupling transport and depletion calculations.

Focusing only on nuclear data uncertainties, they affect both parts of a burn-up calculation:

transport and depletion, because cross sections data are required by both parts. As stated
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before, cross sections provide information how nucleus interact with neutrons and how the nu-
cleus nature changes due to such interactions. Therefore, their uncertainties have to be taken
into account in both parts. They first will induce uncertainties on transport calculations,
which are then propagated to the depletion part through neutron flux and spectrum. Cross
section uncertainties appear again in the depletion part explicitly, apart from being indirectly
in neutron flux and spectrum, and affect the evolution of material compositions. In addition,
decay data and fission yield data uncertainties have to be taken into account in depletion.
After a burn-up step, the new composition carries an uncertainty which is propagated to

transport, closing the loop described before for burn-up calculations.

When there is no material irradiation, or there is no relevant neutron field distribution to be
calculated, the transport part is omitted from the scheme, and only depletion calculations
are addressed. However, the propagation of the uncertainties remains the same, just without

transport feedback.

3.2 Uncertainty Quantification general methodologies

An Uncertainty Quantification (UQ) study tries to determine how likely certain outcomes
are if some aspects of the system are not exactly known. In other way, an UQ study assesses
how uncertainties in input parameters of a model or problem affect the outputs, and tries to

quantify the uncertainties on such outputs.

There are several methods to perform a UQ study:

e Local expansion-based methods, like propagation of moments [Cacuci, 2003] which is
based on First Order Perturbation theory. With sensitivity coefficients of system re-
sponses to the system parameters and uncertainty data on such system parameters,

uncertainties on system responses can be estimated.

e Simulation based methods — or Monte Carlo sampling [Gentle, 2003], which considers
the system parameters with uncertainties as random variables. Then, after selecting
probability density functions (PDFs) for these variables, they are sampled using the
uncertainty data available. They are applied to the system model, obtaining random
system responses. The uncertainties on system responses are then estimated with an

statistical analysis.
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e Functional expansion-based methods, like polynomial chaos expansion (PCE)
[Ghanem and Red-Horse, 1999], where random quantities are represented by an expan-
sion consisting of functions of random variables multiplied by deterministic coefficients.
On these expansions, model functions are applied in order to obtain the dependency
of the system responses as functions of such expansions. With the properties of the

expansions, the uncertainty on responses can be addressed.

e Most probable point (MPP)-based methods [Haldar and Mahadevan, 2000] — or relia-
bility methods, which are based on probabilistic approaches that compute approximate
response function of the system, obtaining distributions of these functions based on
specified uncertain variable distributions. These methods are usually applied to es-
timate uncertainties in the tails of the response distributions, because they are more

efficient than sampling based approaches when assessing events with low probability.

Up to now, local expansion-based methods (First Order Perturbation Theory) and simu-
lation based methods (Monte Carlo sampling) are being broadly applied to perform UQ
studies of nuclear data uncertainties, but also other methodologies start to be introduced
as e.g. PCE [Gilli, 2013, Dossantos-Uzarralde, 2008]. Therefore, only the first two men-
tioned methodologies are described on the following. These two methodologies are ob-
served in methodologies/tools/codes aimed to perform such studies, such as TSUNAMI-
SCALEG6.0 [ORNL, 2009], MCNP code series like MCNP5 [X-5 Monte Carlo Team, 2003,
ERANOS [Rimpault et al., 2002], Total Monte Carlo (TMC) [Koning and Rochman, 2008c]|,
XSUSA [Zwermann et al., 2009], NUDUNA [Buss et al., 2011], Kiwi [Mattoon et al., 2012]
and PSI-NUSS [Wieselquist et al., 2013, Zhu et al., 2014].

3.2.1 First Order Perturbation Theory / Propagation of moments

The propagation of moments [Cacuci, 2003] is a deterministic methodology for uncertainty
propagation of uncertainties in system parameters on system responses based on sensitivity
analysis, using First Order Perturbation theory. The sensitivity analysis studies the varia-
tion of system responses when system parameters change. With such information and the
uncertainties in system parameters, given as covariance matrices, the uncertainties on system
responses can be calculated. The development of the equations that lead to such result is

described on the following.
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Let R be the response function of a system that satisfies R = f(«a1,aq,...,ax), where the
system parameters are (ai,qo,...,ax). If these parameters are defined with a mean value
a? and its uncertainty o given as std.dev., a; can be represented as a linear function of o?

and day:

(1, az,...,04) = (a¥,09,...,0) + (b, bca, ..., day) = a® + dav. (3.2)

If the response function is applied to Eq. 3.2, and it is expanded using a Taylor series around
the mean value o, retaining only the terms up to the second order in the variations of

Sa; = (o — af), Eq. 3.3 is obtained:

R(ai,a0,...,a5) = R(a),a3,...a9) + Zle [(gi) . (5041} (first order)

(3.3)
+ ij:l [(&327(;2]) , 0 - (50@} . (second order)
I 1 o

Considering the system parameters (aq, aa, . .., i) as random variables distributed according

to a Gaussian PDF p(aq, o, ..., o), the next properties can be described:
E[oy) =a, (3.4)

. N O 2

var [ag, ;] = (al 0%') plag, ag, ..., ap)darday . .. day, = o} (3.5)

If only the first terms of the approximation are taken, the results of calculating the mean

value and the variance are obtained through Eq. 3.6 and Eq. 3.7, respectively:

R(a?,.. )+ Z (8%) (50@] plad,...,ap)day ...doy = R (), (3.6)

var (R) = [(R Ry) } fS [ (851) . '50‘1]2]9(@1’ coag)day . .odag =
(3.7)

=Y [SPvar(aq)] + 3F i, [SiS;covar(ai, o))

where S; = <%) , are the sensitivity coefficients of the response function to system parame-
"o

ters «;. Also, Eq. 3.7 can be written in matrix form, resulting in Eq. 3.8, which is colloquially

known as the “sandwich rule”:

var (R) = SV, S7T. (3.8)
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3.2 Uncertainty Quantification general methodologies

In Eq. 3.8, S is a column vector that contains S = (51, ..., Sk), and V,, denotes the covariance

matrix for the system parameters.

With the described method above, nuclear data uncertainties can be propagated to response
functions. However, the main issue is to calculate the sensitivity coefficients to each parameter
of the problem. Different methodologies can be used to obtain such sensitivity coefficients,
such as the Forward Sensitivity Analysis Procedure (FSAP) [Cacuci, 2003] or the Adjoint
Sensitivity Analysis Procedure (ASAP) [Cacuci, 2003]. Further descriptions are not provided

because their are not in the scope of this work.

This approach has some drawbacks, especially the first order — linear — approximation applied.
If variations of the parameters are too big, equivalent to high uncertainties, or response
functions are non-linear, then, the perturbed system response obtained with a sensitivity
methodology differs from the real value obtained by applying the perturbed parameters.
This issue is illustrated in Fig. 3.2. To overcome such a limitation, it is necessary to use
higher order approximations. When they are used, deviations between the mean value and

reference value are found, so the propagation of uncertainties becomes more complex.

Rl

Tn v EXACT RESPONSE -
LINEAR PERTURBATION THEORY

EXACT
LINgAR| AR
AR

4 N

FIRST ~ORDER ESTIMATE OF R’

>
3

FicURE 3.2: Differences between actual uncertainty and calculated uncertainty using a
First-order approximation.
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3.2.2 Monte Carlo sampling

Monte Carlo sampling is an stochastic methodology where mathematical expressions are
evaluated using random numbers [Gentle, 2003]. These mathematical expressions can be
definite integrals, systems of equations, or more complicated mathematical models. In this
case, system parameters are treated as random variables, and the objective is to evaluate

their impact on response functions.

Variables with uncertainties, which will be propagated, are considered as random variables.
They are sampled using mean values and covariance matrices with an associated PDF. Then,
the random draws are fed into the mathematical model or code that will provide the response
functions to study. In this way, the uncertainties are propagated to response functions due

to the variation of system parameters.

Each sampling of the system parameters provides new values, with which response functions
are calculated. Each time this step is performed, a new result — history — is obtained. So
when an large enough number of histories is reached, a statistical study can be done on the
histories obtained. The effect of the uncertainties on response functions can thus be analysed.

Fig. 3.3 represents the scheme of Monte Carlo sampling.

Parameters of Sampling Response function
PDF
the system

(alr (47T ak)l = R[(alr Az, ) ak)l]

Meanvalue  a!
i (g, ay, .., @) = R[(a1, @y, ..., ag) ;]

Variance of

(@1, @z, ., ) = R[(a1, @, ., @i )]

F1GURE 3.3: Scheme of Monte Carlo sampling

In order to know if it is necessary to increase the number of histories, a study of the different
statistical moments of the response function is performed, observing the convergence of these
values. Here, the convergence of the relative standard deviation (second moment) is followed.
Also, statistics of such variables can be evaluated in order to know their confidence intervals,
but here the convergence is addressed only by following the statistical moment mentioned

before.

This technique also allows to study partially the individual effect of each system parameter,

their relevance and contributions the total uncertainty on response functions, and the possible
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correlations between parameters due to system equations and response functions. This is
achieved by sampling one-by-one the parameters to study, and then, a statistical analysis
is performed on the response function. This is equivalent to a First Order approach, where
sensitivity coefficients are calculated in such a way. However, the limitation of the linear

approximation is avoided.

There are other approaches that try to use the results from sampling all the system parameters
to assess their individual relevance, such as Sobol’s variance decomposition [Sobol, 2001,

Arwade et al., 2010].

3.3 Methodologies/codes/tools for nuclear data uncertainty

propagation

Nowadays, there are several codes/tools that can carry out UQ studies of nuclear data for
nuclear applications. However, there also exist other tools, more general, that can perform UQ
studies independently of the source of uncertainty. Depending on the methodology/code/tool,

either transport or depletion of both (burn-up) problems can be addressed.

As stated before, there are two main trends for UQ codes/tools which propagate nuclear data
uncertainties: the ones that use First Order Perturbation Theory, and the others which use
Monte Carlo sampling. Grouping in these two methods, the most relevant codes/tools are

presented:

Based on First Order Perturbation Theory:

e SCALE6.0 [ORNL, 2009], thanks to its TSUNAMI sequence, UQ studies on criticality
calculations (transport calculations) can be carried out. It implements the First Order
Perturbation Theory with the Adjoint-Weighted Technique (described in [ORNL, 2009,
Sect.F22]). That means adjoint solutions of the transport problem are evaluated, ob-
taining sensitivity coefficients of response functions to cross section data. Only uncer-
tainties from cross sections, fission neutron emission and fission neutron spectra are
propagated. Uncertainties are taken from the SCALEG.0 uncertainty library (already
presented in Chapter 2, Sec. 2.6.3).
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e MCNPX-2.7e [Pelowitz, 2008] and MCNP5 [X-5 Monte Carlo Team, 2003] can calcu-
late sensitivity coefficients to cross sections for criticality calculations (transport cal-
culations), once an energy-group structure is defined for them. It makes use of the
Differential Operator Technique, which applies the First Order Perturbation Theory. It
performs perturbations on the cross section values for which their sensitivity coefficients
are required. To obtain uncertainty values, the sandwich formula and data handling

should be implemented by the user, as done e.g. in [Diez et al., 2013b].

e SUSD3D [Kodeli, 2008] calculates sensitivity coeflicients and standard deviation in the
calculated detector responses or design parameters of interest due to input cross sections
and their uncertainties. That means only criticality calculations (transport calculations)
can be addressed. Several types of uncertainties can be considered, i.e. those due
to: neutron/gamma multigroup cross sections, energy-dependent response functions,
secondary angular distribution or secondary energy distribution (SED) uncertainties.
Direct and adjoint solutions for the neutron flux should be provided, in conjunction

with nuclear data covariances processed with NJOY, to estimate uncertainties.

e ERANOS [Rimpault et al., 2002] stands for European Reactor ANalysis Optimized cal-
culation System. It consists of data libraries, deterministic codes and calculation pro-
cedures capable of solving transport, depletion and burn-up calculations. Sensitivity
analysis based on First Order Perturbation Theory has been implemented, performing
adjoint calculations. In combination with the RIB tool [Venard et al., 2009], uncertain-
ties on transport calculations can be estimated for neutron multiplication factor keg,

ratios of linear or bilinear integrals and reactivity effects.

TSUNAMI-SCALEG6.0 and MCNPX-2.7e/MCNP5 techniques have been compared for crit-
icality calculations [Diez et al., 2013b], giving a better understanding of how to apply the
First Order Perturbation Theory. All the previous tools are limited to criticality (transport)
calculations. Although, as shown in [Cabellos, 2013], results from such codes/tools can be
used also for burn-up calculations if estimations of the depletion part are provided. So, de-
pletion effect on transport are assessed with sensitivity coefficients to isotopic concentrations.
It is summed up with the transport effect in order to provide an estimation of both sources.
However, also in [Cabellos, 2013], joint effects are observed as important, therefore, it is nec-

essary for burn-up problems to overcome the uncertainty propagation in both parts at the
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3.3 Methodologies/codes/tools for nuclear data uncertainty propagation

same time. Up to now, there is no implementation of the First Order Perturbation theory

that tackles uncertainty propagation in burn-up problems as one unique entity.

Based on Monte Carlo sampling:

e Hybrid Method [Garcia-Herranz et al., 2008], which performs UQ studies only in de-
pletion calculations, decoupling the depletion part from transport when burn-up calcu-

lations are addressed. It is described later in Chapter 4.

e Kiwi [Mattoon et al., 2012], is a LLNL’s application designed to be an interface between
nuclear data covariances and UQ studies. It can be used to produce random draws of
nuclear data, varying them accordingly to their covariances. The sampling is performed
by obtaining the Single Value Decomposition (SVD) of the covariance matrix, and it
keeps the total cross section values as being an energy conservation constraint. Up to
now, it has been only applied to criticality calculations. However, if random draws of
nuclear data are also applied in depletion calculations, it is possible to carry out UQ

studies also on burn-up problems.

e NUDUNA [Buss et al., 2011] carries out UQ studies on transport, depletion and burn-
up calculations based on variations of nuclear data according to their uncertainty in-

formation, given in ENDF-6 format files. Further description is given in Sec. 3.5.

e Total Monte Carlo (TMC) [Koning and Rochman, 2008¢c|, as NUDUNA, can perform
UQ studies on transport, depletion and burn-up problems, thanks to the generation of
random nuclear data through nuclear model codes. It is based on experimental and

evaluated data. A complete description is provided in Sec. 3.4.

e XSUSA [Zwermann et al., 2009] can propagate nuclear data uncertainties by means,
again, of sampling the nuclear data based on their uncertainties. Up to now, it can be
only used with SCALE, providing random realisations of cross section, decay data and
fission yields. So not only transport and depletion calculations can be tackled, but also

burn-up problems. For cross sections, it is limited to multi-group cross section data.

Apart from above mentioned codes, which are specifically developed for propagating nuclear
data uncertainties, there are tools such as DAKOTA [Adams et al., 2009], which provides
general-purpose uncertainty quantification modules. In this case, DAKOTA can apply Monte

Carlo sampling (with different sampling schemes e.g. Latin Hypercube Sampling — LHS),
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Chapter 3 Uncertainty Quantification in depletion calculations

reliability methods like mapping method, or stochastic expansion methods like PCE. The

only requirement for users is to create the interface between DAKOTA and the simulation

code/s to transmit the inputs/outputs between them. DAKOTA also performs the analysis

of outcomes.

3.4 Total Monte Carlo — TMC

The main aim of the TMC approach is to simulate consequences of uncertainties in mi-

croscopic nuclear physics on nuclear designs without any limitation in between. Then,

nuclear data uncertainties can be propagated in any kind of calculation without any ap-

proximation. This approach is based on the TALYS software package [Koning et al., 2009,

Koning et al., 2013a], but TMC makes use of other different codes. A flowchart of the codes

used by TMC is presented in Fig.3.4. It shows that by looping over the entire process of basic

nuclear physics, data file production, data file processing and applied calculations, a natural

statistical approach towards uncertainty propagation can be obtained. The codes are briefly

explained as followed:

e TALYS is the nuclear reaction code that simulates reactions that involve neutrons,

gamma-rays from thermal to 200 MeV energy range. With a single run, cross-sections,
energy spectra, angular distributions for all open channels over the whole incident
energy range are predicted. These nuclear models are driven by a restricted set of

parameters that can be varied in each TALYS input file.

TARES is the code that generates the resonance information in the ENDF-6 format,
including covariance information. It uses the resonance parameter databases such as
EXFOR database [Otuka et al., 2011], resonance parameters from other libraries or

compilations.

TEFAL is the computer code for the translation of the nuclear reaction results from
TALYS, and data from other sources if TALY'S is not adequate, into ENDF-6 formatted
nuclear data libraries. Then, the results of TALYS can be used directly on processing

codes and application codes.

TANES is a simple program to calculate fission neutron spectrum based on the Los

Alamos model [Talou, 2007]. The original Madland-Nix [Madland and Nix, 1982] for
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the calculation of prompt fission neutrons characteristics (spectra and multiplicity) has
been implemented in a stand-alone module. The TANES code uses this stand-alone
module, combined with parameter uncertainties (on the total kinetic energy, released
energy and multi-chance fission probabilities) to repeat and randomise the fission neu-
tron spectrum. The output of this program are central values for the fission neutron

spectra at different incident energies and random fission neutron spectra.

TAFIS is used to calculate both fission yields, prompt neutron emission from fission
and necessary fission quantities (kinetic energy of the fission products, kinetic energy of
the prompt and delayed fission neutrons, total energy released by prompt and delayed
gamma rays and beta). It calculates the independent and cumulative fission yields at
any incident energy up to 200 MeV and for different incident particles (spontaneous,
neutrons, protons, deuterons...). The output of this program is a fission yield file with
uncertainties, prompt neutron emission files for central and random values and a list of

central and random fission quantities.

TASMAN is a computer code for the production of random nuclear data files and
the production of covariance data using results of the nuclear model code TALYS and
TARES, and for automatic optimization of the TALYS/TARES results with respect to
experimental data. The essential idea is to assume that each nuclear model parameter
has its own uncertainty. Then, this parameter should follow a PDF that is assumed
to be a Gaussian. Running TALY'S many times, whereby each time all parameters are
randomly sampled from a Normal PDF, provides all needed statistical information to

produce a full covariance matrix.

TASMAN uses central value parameters obtained from a best fit to experimental cross-

sections and angular distributions. The uncertainties on these parameters are obtained after

randomly sampling the parameters and checking which ones are inside the experimental data

uncertainties (i.e. retrieved from EXFOR database). This approach tends to reproduce the

experimental uncertainties. Then, the process of assigning uncertainties to the nuclear data

parameters consists in two steps. First, suggested parameter uncertainties are used to start

the sampling of cross-sections. Using these results, it is checked which ones are inside the

experimental data. Second, this information is fed back to reduce or increase the parameter

uncertainty, producing uncertainties that properly reproduce the experimental data and their
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FIGURE 3.4: Flowchart of Total Monte Carlo (TMC) calculations, involving the four
codes from the TALYS code system, processing codes and transport/reactor codes. (From
[Diez et al., 2013al)

dispersions. The PDF can be chosen among uniform, Normal or other. In principle, with the

least information available, the uniform is chosen; otherwise, the Normal PDF is selected.

There are differences between how thermal, resonance and fast cross-sections are randomly
generated. In the thermal region, there is no a prior: randomising process. The thermal
cross-section values come from integral measurements, which have uncertainties. Then, in
the resonance region, using TARES, each resonance is randomised using all parameters ex-
cept the energy positions (the energy, Ey, at which resonance takes place). After sampling
all resonances, it is checked if the thermal tail of the resonance region is within the un-
certainty range of the thermal cross-section. If not, uncertainties in resonance parameters
should be reduced. Therefore, thermal cross-sections are randomised a posteriori through the
randomising of resonances. In the fast region (TALYS), all differential data are randomised.
That means, cross-sections which are the sum of other cross-sections are not randomised, and
their uncertainties are mathematically calculated. So, there is no normalisation factors in the

fast region.

As presented above, the cross-section generation is split into two regions, so the covariance

generation is also split in these two regions. Because two different methods are used, no
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correlations are assumed between the thermal and the fast region. Correlation discontinuities
could appear in the resonance-fast connection point. But it does not mean that cross-sections

have also a discontinuity between these two regions.

Note that nuclear model parameters are independently randomised. However, because there
are several constraints on the variation between different cross-sections inside the nuclear
models, different cross-sections are highly correlated. The main constraint is the total cross-
section. This magnitude is calculated using one nuclear model, and then, it is fed to the
other nuclear models that calculate differential cross-sections such as (n, ), (n,2n) or (n,inel)
reactions. That means the sum of all these differential cross-sections cannot exceed the total
cross-section value. So, if one of them increases, the others will decrease. That provokes high
correlation factors between cross-sections such as (n, fission) and (n,). Also, there are high
correlation factors between different energies (within the same energy region, thermal or fast)
because of the nuclear model stiffness. That means the shapes of the cross-sections could be
almost always the same whichever parameter or set of parameters are modified, depending

on the reaction.

If these uncertainty results are compared with experimental uncertainties, it can be seen that
they are different because experimental values have low correlation. In order to reduce the
correlations between different energies and to reproduce better the experimental uncertainties,
these experimental uncertainties could be introduced also in the nuclear model. However, such

a development has not been implemented yet.

The amount of parameters for nuclear models used on TALYS is rather high (from 50 to
80) and TARES needs at least two parameters per resonance for each non-actinide isotopes
while it needs three per resonance for each actinide isotopes. Then, different techniques to
sample the phase-space of parameters could be used, but here the Sobol quasi-random number

generator is used.

As presented for MC approaches, the convergence of the problem should be checked in order
to get reliable results after the statistical analysis. For TMC calculations, the convergence is
checked in two ways. The first one is the convergence of the cross section: its mean value and
its relative standard deviation are followed as convergence indicators, but also the structure
of the covariance matrix should not change even if the amount of histories increases after
convergence is reached. The second one is the convergence of application calculations, which

is checked using the mean and relative standard deviation values of the calculated variables.
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3.5 The NUDUNA tool

The NUDUNA (NUclear Data UNcertainty Analysis) program package [Buss et al., 2011] has
been developed by AREVA GmbH. Here, it will be used as the main code to assess different

approximations for UQ studies on burn-up problems, in conjunction with SCALE6.0.

It aims to provide full Monte Carlo sampling of the nuclear data inputs of nuclear transport/
depletion/burn-up code calculations. Given such a tool, one can sample a finite number of
input files, and perform for each input file a separate calculation. Then, the scattering of the
individual results due to the different inputs leads to uncertainty estimation for the response
function/observable by means of an statistical analysis. The flowchart of the NUDUNA

random sampling procedure is depicted in Fig. 3.5.
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F1cURE 3.5: Flowchart of the NUDUNA procedure for sampling nuclear data input libraries.

NUDUNA retrieves the necessary nuclear data information from nuclear data evaluations

which provide their results in the standardised ENDF-6 format and is capable of sampling

68



3.5 The NUDUNA tool

the data stored in the ENDF-6 formatted files based on the given covariance data.

Currently, NUDUNA is providing support for the MCNP5 code and the SCALEG6.0 tool suite
(for the TRITON depletion sequence).

3.5.1 Generation of random nuclear data

NUDUNA is capable of retrieving and handling nuclear data from ENDF-6 formatted files. At
present, the following data are included in the random sampling process, generating random
ENDF-6 formatted files:

e fission neutron emission 7 - MF1,

e resonance parameters - MF2,

cross sections - MF3,

angular distributions - MF4,

decay data - MF8 MT457.

The next sections summarise how the nuclear data are randomised. The user can always

choose between using normal or log-normal probability distributions.

3.5.1.1 Fission neutron emission 7 - MF1

Fission neutron emission 7 is the average number of neutrons emitted per fission. They are
stored in MF1, accounting for total, prompt and delayed fission neutron emissions. They

obey the sum rule

ftotal(-E) - ﬁdelayed(E) + vprompt(E)v (39)

where Tyotq(E) is the total fission neutron emission, while Ugeqyeq(E) the delayed and Tpyompi (E)

the prompt fission neutron emission.

The data are sampled according to their covariances, provided in MF31. Next, the sum
rule given in Eq. 3.9 is checked and, if necessary, restored. If the ENDF-6 file provides no
information on how this rule should be restored, by default total data will be discarded, and

it is re-calculated by the sum of prompt and delayed.
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3.5.1.2 Resonance Parameters - MF2

The resonance region is divided into the so-called Resolved Resonance Region (RRR) and
Unresolved Resonance Region (URR). The parameters that describe the resonances in both

sub-regions are given in MF2, whose uncertainties given in MF32.

Due to an ambiguity in the ENDF-6 format for the definition of the URR parameter covari-
ances, they are at present not sampled. This does not create an issue for ENDF /B-VII.1, since

it does not include URR covariance parameters for any isotope relevant to LWR analyses.

The RRR parameters are randomised, but only the most important formalisms have been
considered: Reich-Moore, Single-level Breit-Wigner and Multi-level Breit-Wigner. For the

Breit-Wigner formalisms, the identity

Lot =1y +1I'n + 'y + I'x, (3.10)

which relates the different reaction-channel widths of the resonances, should be fulfilled. How-
ever, I'x is not given explicitly in MF2, so it is reconstructed by the nuclear data processing

codes.

3.5.1.3 Cross sections - MF3

Cross section data are stored in MF3, and their uncertainties in MF33. These data have to

be added to the resonance cross sections defined by RRR and URR parameters.

As stated in the ENDF-6 format manual, the covariance information provided in the cross
section covariance files (File 33) is related to the sum of non-resonant and resonant contri-
bution. Thus first the resonance cross sections have to be reconstructed and added to MF3,

and only then the random sampling can be performed.

The covariance data are given in energy ranges, and it is assumed that all points defined in
the same energy range are completely correlated. Finally, sum rules have to be fulfilled and
the following procedure is applied if the ENDF-6 file does not provide complete data on how

to restore the sum rule:

e If a cross section is given by the sum of others, e.g. the total cross section, and has no

uncertainty information, then this cross section is calculated using its sum rule.
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e If there is covariance information for the sum and at least for one of the addends, then
the sum is evaluated as sum of the random draws of all addends. So, the covariance

information on the sum is neglected.

e If there is uncertainty information for the sum but for none of the addends, then the

addends are re-scaled in order to fulfil the sum rule.

There are nuclear data evaluations that provide covariance information between different

nuclides. However, such correlations are not yet implemented in NUDUNA.

3.5.1.4 Angular distributions - MF4

Angular distributions of the final state particles are stored in MF4, while their uncertainties
are in MF34. Usually, they are expressed as normalised probability distributions given in Leg-
endre representation. All, except the 0! term of the expansion, are randomised accordingly
to their covariances (the 0" term remains unchanged because it defines the normalisation
factor). The distribution must be always positive. If the random draws lead to negative

distributions, then they are rejected and additional random draws are performed.

3.5.1.5 Decay data - MF8 MT457

The decay data in ENDF-6 format are stored in the radioactive decay data sub-library 4
(NSUB=4), File (MF8), Section 457 (MT457). Randomise decay data is a new feature
implemented in NUDUNA, where random draws of half-life and branching ratio values can

be generated. They are sampled from uncertainty data stored in ENDF-6 formatted files.

Generating random decay data is very simple for half-life values: because there is no existing
correlation with any other magnitude, it is just enough to choose a PDF to sample from.
Meanwhile, the sampling of the branching ratios is not straightforward, and the following

scheme is applied, for two or more decay modes. For two decay modes:

e Whose both standard deviations of the branching ratios are identical: it is assumed
that the uncertainty values have been evaluated by taking into account that the sum
over all the branching ratios is constrained to one. Therefore, both variables are fully
correlated, so the sampling is performed only for one of the variables and the other is

calculated according to the constraint.
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e Whose both standard deviation values are given, but are not identical: it is assumed that

the constraint on the sum of the branching ratios was not yet taken into account. Here
the constraint is enforced by updating the covariance matrix according to a Generalised
Least Square (GLS) update. The result yields identical standard deviation values for
both decay modes and the sampling is again performed only for one of the variables,

calculating the other according to the constraint.

If only one uncertainty value is given (so for the other, the ENDF-6 file just provides 0.0
as value), then it is assumed that both branching ratios have the non-zero uncertainty

value. So that, the case of identical standard deviation values is again applied.

e No uncertainty values are given: No sampling is performed.

For more than two decay modes:

e At least uncertainty for one branching ratio is provided: the branching ratios, for which

uncertainties are given, are sampled independently. For the other branching ratios
without uncertainty information, a normalisation factor f is applied to the nominal

values which is calculated according to

1 =3 ieabBi

/= ZieB Bi 7

(3.11)

where 5 are the branching ratios, A is the group of branching ratios with uncertainties,
and B is the group without uncertainties. So the non-randomised part is re-adjusted in

order to fulfil the constraint.

All branching ratios have uncertainties: again, it is assumed that the constraint of the
branching ratios was not yet taken into account. The constraint is enforced by updating
the covariance matrix with a GLS procedure, and the branching ratios are sampled from

the updated covariance matrix.

e No uncertainty values are given: no sampling is performed.

The sampled decay data are checked for validity: branching ratios and half-lives have to be

positive, and the formers cannot get larger than one (1).

72



3.5 The NUDUNA tool

By default, NUDUNA assigns 100% uncertainty to every decay data that has no uncertainty
information. This assumption is implemented before the the sampling procedure. That

means, by default, the case where all the branching ratios have uncertainties will occur.

3.5.2 Converting ENDF-6 files into code-dependent format

NUDUNA provides also the capability of generating cross section libraries for MCNP and
SCALE, and decay data libraries for ORIGEN-SCALES6.0.

The AMPX format is the input format for the SCALE transport codes KENO and NEWT
[ORNL, 2009]. This format can contain so-called multi-group cross sections, where the orig-
inal data have been collapsed to an energy group-wise structure representative for the ap-
plication. Continuous-energy (CE) libraries can be read also by KENO, but NUDUNA does

not provide the option to generate such CE libraries yet.

The multi-group cross section AMPX libraries are compiled with the help of the NJOY
[MacFarlane and Kahler, 2010] and PUFF [Wiarda and Dunn, 2008] codes, as presented in
Fig. 3.5. NJOY converts ENDF-6 files to group-wise ENDF-6 formatted tapes (called GENDF
tapes), and then PUFF converts them into AMPX files.

As stated in Sec. 3.5.1, the cross section uncertainties have to be applied to the sum of
resonance contributions (MF2) and background cross sections (MF3). So NJOY is eventually
called twice in the process of generating random ENDF-6 files, first after sampling MF1, MF2

and MF4 in order to perform the resonance reconstruction, and then after sampling MF3.

The GENDF tapes are created based on the 238-groups structure and collapsing spectra of
SCALE [ORNL, 2009] (which is suitable for typical PWR reactors). Once the GENDF file
is created, PUFF is applied and the AMPX file is obtained. With the usage of the AJAX

module of SCALE, these random libraries can be used in calculations.

Since ORIGEN is responsible of carrying out the depletion part of a burn-up problem, it has
to be fed with the previous random cross section data. Thanks to the updating scheme of
the cross section data in the TRITON sequence (which solves burn-up problems), the cross
sections used by ORIGEN are updated automatically with the ones used in the transport part.
However, this updating is not performed for all isotopes, just only for those ones specified by

different input options. Furthermore, random cross sections cannot be used for all isotopes
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treated by ORIGEN (in the depletion part), just for those relevant for transport calculations

(which are the ones that can be selected through input parameters).

In order to generate random/nominal decay data libraries for SCALEG6.0, the scheme pre-

sented in Fig. 3.5 is followed. It is necessary to translate ENDF-6 files into the ORIGEN for-

mat, so several considerations have to be taken into account when performing such translation:

e The ENDF-6 format can handle multiple particle emission decay modes, while the

ORIGEN format can store only S~ +4n. Therefore, branching ratios of any multiple
particle emission decay mode that involves at least a 8~ +n, are added to the 8~ +n

decay mode.

The ENDF-6 format can provide branching ratios to daughters in excited levels higher
than the first, while the ORIGEN format can only handle decay modes to the first
excited (metastable) state. So, branching ratios to higher excited states than the
first excited (metastable) state are added to the branching ratio to the first excited

(metastable) state.

The ENDF-6 format provides neutron emission decay modes (not related to 8~ +n),
while the ORIGEN format cannot handle. This decay mode is omitted in the transla-

tion.

After the conversion between formats, checks on the sum of branching ratios are performed.

Finally, with the COUPLE module of SCALE6.0, random decay libraries can be used in

depletion calculations with ORIGEN.
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Chapter 4

Developments with Hybrid Method

Abstract - This Chapter describes the Hybrid Method, aimed at propagating nuclear data
uncertainties on isotopic evolution calculations, performing UQ studies of nuclear data uncer-
tainties on depletion calculations. Two different approaches for its application are presented,
depending on which cross section group-structure is used. Surrounding tools/sequences for
nuclear data processing, routines for sampling, the ACAB depletion code and statistical anal-

ysis procedures are explained here together with how to use.

This chapter shows, partially or completely, works already presented in the following refer-

e1ces:

International Conference Proceeding [Diez et al., 2011].

e ANDES Deliverable D2.1 [Cabellos et al., 2011al.

ANDES Deliverable D2.5 [Mills et al., 2013].

ANDES Deliverable D2.6 [Cabellos et al., 2013].

International Journal Article [Diez et al., 2013a].

International Journal Article [Diez et al., 2014b].

International Journal Article [Diez et al., 2014c].
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Motivation

The impact of nuclear data uncertainties in depletion calculations is investigated in this thesis.
A methodology denominated as “Hybrid Monte Carlo method” or Hybrid Method (HM) is
developed by UPM. In [Garcia-Herranz et al., 2008], its first implementation and application

were presented, and this reference is selected as the starting point for further developments.

Then, the main tasks are, first, to review the initial implementation of HM and the method-
ology applied. That means not only going through theoretical research, but also reading
hundreds of Fortran 77 code lines. No comparisons were made against other Monte Carlo
sampling methodologies, only with First Order Perturbation approaches, so further investiga-
tions are required. HM has to be fed with nuclear data and uncertainties, requiring to perform
a set of tasks such as processing data or collapsing data. Such tasks are carried out with
sequences of codes/tools. These tools/codes are reviewed and updated in order to e.g. make
HM capable of using new covariance data provided in different storing formats not already
implemented. Additionally, the sampling stage needs to be reviewed for implementing the
multi-covariate normal variables sampling. Finally, the different tools/sequences developed
to read and analyse different response functions are merged, so only one sequence/tool is

used.

All statements mentioned above motivates the realisation of a PhD Thesis, in addition to
the state-of-the-art study performed previously. It departs from the first implementation of
HM, reviewing its methodologies and others similar, comparing with different methodolo-
gies, implementing new sequences for handling new formats, improving the sampling state,

translating code from Fortran 77 to Fortran 90 with a more modular implementation, etc.

The main achievements, described also later, are:

e Improvement of UQ studies with HM when using one-group cross sections in depletion

problems with different depletion steps by implementing correlated sampling.

Implementation of the multi-group cross section approach for addressing depletion prob-

lems with different depletion steps.

Review and enhancement of tools/sequences to use ENDF-6 format data.

Implementation of tools/sequence to read and use COVERX format data.
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e Improvement of the sampling stage, with proper multi-covariate normal sampling.

Translation from Fortran 77 code to Fortran 90, with a modular implementation to

make easier their reuse, application and further developments.

Unification of tools/sequence for the statistical analysis of response functions.

Implementation of analysis of most important contributor.

4.1 Description of the Hybrid Method

This method proposes to perform the uncertainty propagation of nuclear data based on Monte
Carlo sampling, decoupling the depletion part from the transport calculation. That means
uncertainties are only propagated to response functions that come from the depletion problem,
i.e. from solving the Bateman equation for the temporal evolution of isotopic concentrations
presented in Eq. 3.1. Then, the response functions derived from isotopic concentrations can

be addressed, such as decay heat and radiotoxicity.

With this method, neither uncertainties on the neutron spectrum nor the feedback of un-
certainties in isotopic composition to neutron spectrum are taken into account. That means
possible effects of coupling with transport calculations are assumed to be smaller compared
with the explicit effect of nuclear data uncertainties on isotopic compositions. Indeed, the
effect of statistical uncertainties in neutron spectrum due to usage of Monte Carlo transport
solvers has been addressed already in [Garcia-Herranz et al., 2008], showing that its impact

is negligible when large enough amount of transport histories are run.

The main advantage of decoupling depletion from transport is that transport calculations
are not required to be performed between two different burn-up points. A real improvement
can be obtained since the transport part is usually the bottleneck of burn-up calculations
regarding CPU-time performance, even more if a Monte Carlo sampling scheme is selected
for transport. Although, new developments are currently reducing such a CPU-time de-

mand [Zwermann et al., 2012, Rochman et al., 2014].
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4.2 Working flowcharts/schemes

There are two approaches about how to apply the Hybrid Method to depletion calculations.
One was initially proposed in [Garcia-Herranz et al., 2008], based on the usage of one-group
effective cross sections. However, an approach using multi-group cross sections can be used

too, which is more general.

4.2.1 Using one-group cross sections

For depletion calculations, only collapsed one-group cross sections are required as input. So,
uncertainties collapsed in one-group can be used instead of the multi-group, reducing the

amount of variables to sample.

In the same way as the multi-group cross sections (o;, where i refers to the energy group) are
collapsed to one-group value (o14) with Eq. 4.1 using the multi-group neutron spectrum (¢;),
their uncertainties can be collapsed as well with Eq. 4.2. It is derived from the Taylor series
and propagation of moments, where V is the covariance matrix in which the uncertainties
of multi-group cross section data are represented. Then, the one-group cross sections can be

treated as random variables, and can be sampled using these means and covariance matrices.

Olg = <j))71“’ ’Z’) (o1, 7Un)T:wT07 (4.1)
_.T , _ 9

var(oyg) =w' Vw ; w; = -—. (4.2)
o

Under the assumption of keeping the neutron spectrum invariant in every burn-up step, and
considering that only depletion equations are being solved, Eq. 4.2 conserves reaction rate

uncertainties independently whether one-group or multi-group cross sections are used.

As shown before, for depletion calculations, reaction rates (R) only depend on one-group

cross sections and neutron flux level (¢7):

R = QZ)T *O1g- (4.3)

Therefore, if the neutron spectrum and flux are assumed to be constant during the burn-up

time analysed, cross sections are the unique source of uncertainty. No uncertainty can come
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through the spectrum or flux after under this assumption. Then, the uncertainty on such
reaction rates can be calculated through the propagation of moments method (see Chapter 3,

Sec. 3.2.1):

var(R) = ¢7 - var(o1y), (4.4)
var(oy,) = <‘ZZ§>T 1% (Ci;:g> : (4.5)
(&)~ (2)-~

where the sensitivity coefficients of 014 have been already defined as the w vector in Eq. 4.1.

From these equations, one can observe that it is completely equivalent to use one- or multi-

group cross section uncertainties under such assumptions.

Finally, the scheme to follow when using one-group cross section uncertainties is presented in

Fig. 4.1, and explained below:

1. A single complete coupled transport-depletion problem is performed, from which the

spectrum in every depletion step is retrieved. No uncertainties are propagated.

2. Collapse the multi-group cross section library and their uncertainties to one-group for
every burn-up step, using the neutron spectrum obtained in the best-estimated calcu-

lation.
3. Sample the one-group cross sections accordingly to their collapsed covariance matrix.

4. After a large enough set of histories are carried out, the uncertainties on the cross
section data are propagated, and their effects are assessed with a statistical analysis of

the response functions.

4.2.1.1 The need of correlated sampling

Burn-up calculations are split into several burn-up steps in order to update the neutron flux
and spectrum used in the depletion part. So variations in the spectrum modify the cross-
section mean values, 014, and their variance-covariances. That means PDF parameters (mean
values and covariance matrices), different from the previous burn-up steps, will be used in
the burn-up step being calculated. However, the original random variables were the multi-

group cross sections, o;, and they do not change between burn-up steps. If the multi-group
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FIGURE 4.1: Scheme of the Hybrid Method using one-group cross section uncertainties.

cross-sections were sampled instead, the random cross section would be determined from the
very beginning because in each step the random one-group cross-section would be calculated
collapsing the random multi-group cross section with the neutron spectrum corresponding
to its burn-up step. Hence, if one-group random cross-sections are used, that implies a
relationship between one-group random cross section values of each burn-up step for a given

history.

Therefore, sampling one-group cross sections of different burn-up steps cannot be done inde-
pendently. Statistically, the random one-group cross section of two different burn-up steps
(e.g j and k) are correlated, as given in Eq. 4.7:

Var(oigj, o1gk) = Var(w;‘-ra, wlio) = w;‘-FVwk. (4.7)
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If spectrum variations between burn-up steps are small, correlations between the same reac-
tion cross section of two different burn-up steps are close to one. Also, if relevant group cross
sections of different burn-up steps (because of the high values of their spectrum group) are

highly correlated through V', correlations close to one will be obtained.

In such cases, when variations of the spectrum take place between burn-up steps or depletion
steps, correlated sampling is implemented in order to keep a Monte Carlo scheme and to
avoid the introduction of spectrum variation terms into Eq. 4.2. As represented in Fig. 4.2,
correlated sampling uses the same random vector drawn from the selected PDF, e.g. Gaussian
PDF N(0,1), for calculating the random one-group cross sections in every burn-up steps
(for the same history). In this way, all the one-group cross sections in every burn-up step
are determined with such a vector for this draw/history, and the correlation between cross

sections of different burn-up steps is kept to one.
One-group ('9c) cross section k

step 1 .
A P A step |

Random number >, >
history i

Random number . .
history m s > >
1
90 90, ; 90,m "0

FIGURE 4.2: Relationship of one-group random cross sections between different burn-up
steps when correlated sampling is performed.

4.2.2 Using multi-group cross sections

The scheme of work is presented in Fig. 4.3, and explained below, when multi-group cross

section uncertainties are used:

1. (Idem as using one-group cross sections) A single complete coupled transport-depletion
problem is performed, from which the spectrum in every depletion step is retrieved. No

uncertainties are propagated.
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2. Random multi-group cross section are drawn by sampling appropriate probability den-
sity functions (PDFs), — Normal or Lognormal — , accordingly to the covariance data

used.

3. With one sample of the multi-group cross section, a complete depletion calculation is
performed, obtaining one history. In every burn-up step, the random multi-group cross
sections are collapsed with the neutron spectrum of the burn-up step to one-group, as

required for depletion calculations.

4. (Idem as using one-group cross sections) After a large enough set of histories are carried
out, the uncertainties on the cross section data are propagated, and their effects are

assessed with a statistical analysis of the response functions.

As shown before, using multi-group cross sections avoids the problem of approximating the
correlations of the same cross section between different burn-up steps because the multi-
group cross sections are the origin of such correlations. So, if multi-group cross sections are
used, the correlation issue does not appear. Indeed, burn-up/depletion problems with large
spectrum/flux variations can be tackled properly, even if there are no correlations between

relevant energy-groups for the application studied.

4.3 Application of the Hybrid Method — Implementation

In order to apply and carry out any of the two approaches described before, using one- or

multi-group uncertainties, the next steps have to be completed:

e Processing and collapsing nuclear data and their uncertainties.
e Sampling nuclear data.
e Running the ACAB depletion code.

e Calculating response function uncertainties.

4.3.1 Processing and collapsing nuclear data and their uncertainties

Nuclear data information is not always stored using the same format, as shown in Chapter 2,

and these formats do not correspond to the one used by the ACAB depletion code. In
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FIGURE 4.3: Scheme of the Hybrid Method using multi-group cross section uncertainties.

addition, most of the times such formats are not suitable for sampling, especially in the case

of cross section data, where for example:

e In the ENDF-6 format, uncertainty data can only be applied to restored cross sections

after combining resonance data and background cross sections.

e The amount of cross section points could be very large, so the amount of random
variables to randomise is excessive and the size required to store those random files is

unmanageable.

Thus, the nuclear data are processed to a format easy to read and to randomise, and then,

they are fed to ACAB.

As presented in Chapter 2, the three types of nuclear data presented there are required for
depletion calculations: decay, fission yield and cross section data. Each one has their own

tools or sequences to process and collapse them:
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e For decay data, the PROCDECAY tool is developed to translate ENDF-6 formatted
data into the ACAB decay format.

e For fission yield data, the COLLAPS tool is used, which generates collapsed fission
yield values using cross section data and spectrum information. Currently, fission yield
data can only be provided in the ENDF-6 format, while cross section data should be
provided in the EAF format if COLLAPS is used.

e For cross section data, different tools or sequences can be used, depending on the original
data format. With COLLAPS, the EAF format have to be used. ENDF-6 formatted
files are converted into the EAF format thanks to a sequence of codes which includes the
NJOY processing code. Also, COVERX formatted files can be also used by converting
them into the ENDF-6 format, or by feeding them into the sampling tool (explained
later).

One-group approach can be used within all data format mentioned above: EAF, ENDF-6
and COVERX, while multi-group approach can only be applied within COVERX.

4.3.1.1 PROCDECAY

It reads decay data libraries in the ENDF-6 format and processes them into the ACAB decay

format. Two input files are necessary:
e DBL.dat, which is the decay data library in the ENDF-6 format.
e Natural.dat, in which the natural abundances are stored. By default, this provides

the tool with information from Nuclear Wallet Cards (July 1995) [Tuli, 1995].

With just these two input files, PROCDECAY can be run and the following output files are

obtained:

e DECAY.dat, which is the decay data library after processing, converted into the ACAB

decay format.

e UNDECAY.dat, which stores the uncertainty decay data. It has the same format as
DECAY.dat, however instead of mean values, here standard deviation values are stored.

Here, information regarding stable isotopes is not recorded.
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An example of DECAY.dat and UNDECAY.datare showed in Fig. 4.4 in order to explain which
information is included in these files. There, 19'Nb, identified with the ZZAAAM code (where
M refers to the isomeric state, being the ground state equal to 0), has a half-life of 7.1 s with
a rel.std.dev. of 4.225%, and the total sum of its decay energies (a+£+7) is 2.236 MeV with
a rel.std.dev. of 63.13%.

Decay.dat
1 411010 1 7.100E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1 1.000E+00 0.000E+00 0.000E+00 2.236E+00  0.000000 1.000E+00 1.000E+00

Undecay -dat

1 411010 1 4.225E-02 0.000E+00 0.000E+00 0.000E+00 0.00OE+00 0.000E+00
1 0.000E+00 0.000E+00 0.000E+00 6.313E-01

FIGURE 4.4: Example of DECAY.dat and UNDECAY.dat files for ''Nb after running
PROCDECAY.

4.3.1.2 COLLAPS

The COLLAPS tool is used to read the cross section data in the EAF format and the fission
yield data in ENDF-6 format, and process them. In conjunction with the neutron spectrum

data, one-group cross section and fission yield data are generated.
The main features of this module are:
e To collapse cross section data libraries and their uncertainties, in the EAF format, into
one-energy group.

e To collapse fission yield data libraries and their uncertainties, in the ENDF-6 format,

into one-energy group. Fission yield data are weighted with fission cross sections.
e To choose between different neutron spectrum to collapse the above data, or to collapse
with a user-given spectrum.
Fig. 4.5 presents the input/output files required/provided by COLLAPS, described below.
Input files:
e COLL.inp, where input parameters for COLLAPS are provided. Also, the neutron

spectrum used to collapse the cross section library and fission yield library is defined in

this file.
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e XSBL.dat is the cross section data library in the EAF format.

e UNCBL.dat is the uncertainty cross section data library in the EAF format, which is

provided in a different file from where mean values are stored.
e FYBL.dat is the fission yield data library in the ENDF-6 format.

e caf_asscfy.dat is the file in which information of fissile isotopes are. In case fission
yield data are not provided for fissionable isotopes for which fission cross sections are

provided, this file gives the information of which isotope fission yields will be used.

Output files:

e XSECTION.dat is the file which contains the cross section data in one-energy group. It

has a different format from EAF, and it is ready to be read with ACAB.

e FLUX.inf, where neutron flux information and and the spectrum in one-energy group
can be found. Also, it stores some information about how COLLAPS performed the

processing and collapsing, as a log file.

e REACTIONS.dat contains the information about the nuclear reactions that take place
using the above cross section library. It is used by ACAB to identify the different

reaction chains to take into account.

e XSUNC_1G.dat provides collapsed one-group cross section uncertainties. The values

stored are given as squared relative standard deviations.

e FY.dat contains collapsed one-group fission yield data. To create this file, eaf _asscfy.dat
was used for providing fission yield data to those isotopes which have no fission yield

data provided in FYBL.dat.

e UNFY.dat stores collapsed one-group uncertainty data for fission yields.

COLLAPS g

| colLinp |

| uNcBLdat |

UNFY.dat

| FvBLdat |

¥

FIGURE 4.5: Flowchart input/output files for COLLAPS.
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How to collapse cross section data and their uncertainties to one-group has been already
presented with Eq. 4.1 and 4.2, respectively. Usually, spectrum and cross section data are

not provided with the same energy structure, so a common energy grid is generated.

For fission yield data, as stated in the COLLAPS manual, two possible values can be provided,
but only the one obtained through Eq. 4.8 is used for UQ studies. There, o ; refers to the
fission cross section of the energy-group ¢, while ¢; energy-group 7 spectrum. Its collapsed one-

group uncertainty is calculated by means of Eq. 4.9, where V,, is the fission yield covariance

matrix:
> i Vi0f,ibi
= 2ii97i% 4.8
fylg ZZ O—f,i¢i ( )
o) =T = (T Caan )T (1.9)
I ! ’ i0pidi’ Y0y

In such a collapsing process, the contribution of fission cross section uncertainties is not taken
into account because the fission cross section uncertainties will be included later due to the
subsequent multiplication of the one-energy group fission yield 1, value by the one-group

fission cross section o1y, ;.

4.3.1.3 Using ENDF-6 formatted files

Cross section data provided within ENDF-6 formatted files can be processed for their use

with ACAB, and their uncertainties can thus be included in UQ studies.

This task is carried out with the module gen-lib-zs, which makes use of different codes in
order to generate an equivalent file to XSUNC_1G.dat. If covariance data between different
reactions are also given in the ENDF-6 files, an equivalent file to covariance.dat (described
in Sec. 4.3.2) could be generated, but this feature is not already implemented and should be
added manually by the user.

The processing sequence is provided in Fig. 4.6, where the main tasks are:
e Read the information stored in the ENDF-6 file and prepared it to be processed. This
is carried out with the MERGER [Cullen, 2012] and LISTEF [Dunford, 2008] codes.

e Generate input files for NJOY), setting the output group structure (one-group) and the
neutron spectrum used in the collapsing stage. Once these inputs are ready, NJOY is

run.
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e Convert the NJOY output into ACAB readable cross section files, equivalent to XSUNC_1G.dat.

ENDF6 format file

0

| MERGER&LISTEF |

Content information

| Internal subroutine

.ﬁf

i

oy

4

| Internal subroutine |

|§4

FIGURE 4.6: Flowchart of the processing sequence for using ENDF-6 formatted files within
the Hybrid Method.

4.3.1.4 Using COVERX formatted files

As described in Chapter 2, the COVERX format is aimed to be used within SCALE6.0. Being
able to use such data stored in those files opens the door to analyse the impact of covariance

data between different reactions, even between different isotopes.

Two tools/codes are capable of reading such a format and converting it into user read-
able files: ANGELO [Kodeli, 2010] and VIEWCVX (provided as a module of the ERRORJ
code [Chiba, 2007]). The former was initially used, however it was discarded due to a bug

found [Ceresio et al., 2011]. Thus, the latter is used instead for reading COVERX files.

One specific tool has been developed in order to process such a format and to get an equivalent
file to XSUNC_1G.dat, where one-group cross section values and uncertainties are stored.
Additionally, another file is produced where covariance data in one-group are stored. This
latter file is analogue to covariance.dat (described in Sec. 4.3.2). Because one-group cross
section and uncertainty values are the outputs, the neutron spectrum to collapse with has to
be provided. This tool has to change also the identifier numbers of isotopes in COVERX to
their identifiers in the ACAB nomenclature. Cross section data not required by ACAB are
not included in the output, such are the cases of total, elastic and inelastic reactions, and

average fission neutron emission and spectra.
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So, the input files are the COVERX files to be processed, and the neutron spectrum in the
44-group SCALE structure. As outputs, a file containing cross section values in one-group
with the same format as XSUNC_1G.dat is provided, with another file which contains the
covariance data information between reactions and isotopes (with the same format as the

covariance.dat file).

4.3.2 Sampling

Once the libraries are processed, and collapsed for cross sections and fission yields, the input
files for ACAB are ready. But in order to propagate the uncertainties by means of Monte

Carlo sampling, it is necessary to sample the nuclear data before launching ACAB.

The sampling sequence makes use of the following subroutines:

e genera_decay, which generates random decay data using Normal or Log-normal PDF's
with the information of decay uncertainties. Both files generated with PROCDECAY,
DECAY.dat and UNDECAY.dat are required, and the outcome are random DECAY.dat
files. Half-life, branching ratio and decay energy values are randomised according to

their uncertainty data.

e genera_zs generates random cross section files, XSECTION.dat, using Normal or Log-
normal PDFs, with the information of cross section uncertainties. T'wo files are required
as input: XSECTION.dat and XSUNC_1G.dat, both generated with COLLAPS. This
module can only handle correlations between reactions, if they are included manually

by the user in the covariance matrix used to sample.

e cholesky, this subroutine is analogue to genera_zs, but it can handle covariances between
different reactions, even isotopes, and take them into account in the sampling. Only
one additional file is required: covariance.dat (that can be named in a different way),
apart from the ones necessary for genera_zs. The format of this new file is presented in
Fig.4.7, and is equivalent to the format of XSUNC_1G.dat with the following differences:
the first line defines the reaction cross sections for which covariance data are provided,
while in the fourth line, one-group cross section values are given (in the same order as
the reactions are given) followed by the covariance value, given as squared covariance,

between the reaction cross section stated in the first line.

91



Chapter 4 Developments with Hybrid Method

e genera_yields produces random fission yield files, FY.dat, using data provided within

FY.dat and UNFY.dat ,generated with COLLAPS. Normal PDFs are used for sampling.

922330 180 922330 1020 1

cvx.mat92233 v7rec ornl-10/2008

COVARIANCE - Processed with PROCESA_SCALE-6.0
2.66640E+00 3.23315E-01 1.55001E-04

FIGURE 4.7: Example of the covariance.dat file format for providing covariance data
between different reaction cross sections.

With these three modules, a flowchart of work for propagating uncertainties is given in
Fig. 4.8. There, genera_xzs can be substituted with cholesky, with their corresponding in-
put files.

Random files

XSECTION.dat
genera_xs XSECTION.dat
XSUNC_1g.dat
J

FY.dat
genera_yields FY.dat
UNFY.dat

J

DECAY.dat
genera_decay DECAY.dat
UNDECAY.dat
\/_

FIGURE 4.8: Flowchart of sampling modules.

avov

Random cross sections can be generated from COVERX files using multi-group uncertainties,
but other tool has to be used: random-44g-cvz. This tool can retrieve data already in the
COVERX format by wrapping VIEWCVX. As inputs are: a file with the list of the COVERX
files to process, and a file with the neutron spectrum already collapsed to the 44-energy
groups defined for COVERX files. Random cross sections in 44-groups are generated, and
then, collapsed to one-group using the given neutron spectrum. Random XSECTION.dat files

are obtained as output.

The sampling process itself is the same for all modules. Non-correlated variables are sampled,

one-by-one, using Eq. 4.10:

2, (4.10)
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where z is the non-correlated variable (e.g. half-life), p is its mean value, o is its std.dev.
and « is the multiplication factor which is randomised using e.g. a Gaussian PDF with the

relative standard deviation value as the PDF standard deviation parameter.

For correlated variables, the full relative covariance matrix is created, including all random
variables. Sampling correlated variables with multivariate normal distributions can be per-

formed using Cholesky decomposition and Single Value Decomposition (SVD) [Gentle, 2003].

Here, Cholesky decomposition on the relative covariance matrix V is performed, saving the
lower triangular part L. The symmetry and positive-definite properties of V' are checked,
because they are requirements for the Cholesky decomposition. If V' is not found as positive
definite, diagonal terms are increased by 0.01% (up to a max of 10%) for making the matrix
positive. If neither symmetry is proved nor positive-definite is achieved, the sampling process
is stopped (that happened rarely with the SCALEG6.0 covariance data, when full complete
matrices, including total reaction, are used). Next, n values (equal to the amount of correlated
variables) are sampled from Gaussian N(0,1) PDFs independently, and stored in the column
vector z. With Eq. 4.11, n random variables designated as the x column vector are obtained.
These follows a multivariate normal distributions, with the corresponding mean values p (as
a column vector) and the covariance matrix V. Remember that in Eq. 4.11, “” is the dot

multiplication, and 1 refers to a column vector of ones.

x=p-(1+Lz). (4.11)

All the final variables, = as a vector or scalar value, have to be positive by definition of
the represented physical magnitudes. So any negative random draw found in x is set to zero.
Such approximation, leads to small bias for the mean value and relative standard deviation to
be reproduced. Different techniques/truncations can be carried out to avoid negative values
instead of setting it to zero. However, the selected truncation introduces the smallest bias in
the relative standard deviation (but not in mean). Such a bias can be of importance when

large uncertainty values are treated, because the sampled PDF is largely truncated.

For generating random numbers from Gaussian PDFs N(0,1), two different routines can be
used: KISS (Keep It Simple Stupid) [Marsaglia and Tsang, 2004] and an adaptation of the
proposed one in [Dagpunar, 1988] by Alan Miller. Thanks to the KISS random number
generator, correlated sampling is possible and easy to implement. It provides subroutines to

save and load random seeds, which determine the random numbers generated.
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As presented in Sec. 4.2.1.1, correlated sampling is achieved by using the same random
draw from N(0,1) for generating random variables in different burn-up steps which have to
be correlated. Such a task is achieved by using the same random seed for every burn-up
step. That means if cross sections are randomised, the same random seed used to generated
one-group cross section values in the first burn-up step is used for the rest of burn-up steps.
Caution should be taken for XSUNC_1G and covariance.dat files from different burn-up steps,
because they can have different amount of reactions, since different spectra have been used to
collapse and COLLAPS can ignore reactions with negligible cross section values. Such files
have to have the same order for the cross section descriptions, and the same amount of cross

sections and correlations.

4.3.3 Depletion code ACAB

The ACAB code [Sanz et al., 2008] is a computer program designed to perform activation and
transmutation calculations for nuclear applications. It solves the Bateman equation with the
ORIGEN algorithm [Gauld et al., 2010, Isotalo and Aarnio, 2011], which uses a truncated
Taylor series expansion of the exponential matrix, from which all the short-lived nuclides are
removed and handled separately with Gauss—Seidel iterative method under the assumption

of secular equilibrium.

ACAB is able to perform space-dependent inventory calculations allowing for a very flexible
geometry and neutron flux description. The code solves the general nuclear transmutation
chains for multidimensional neutron flux distributions. 1-D and 2-D multi-group neutron
fluxes generated by discrete ordinates transport codes can be used. Also, a 3-D neutron
fluxes generated by Monte Carlo neutron transport codes can be used, allowing inventory
calculations to be performed for complex geometries. The multi-group neutron fluxes may

be given in an arbitrary group structure, thanks to its collapsing tool COLLAPS.

This code considers decay transitions that proceed from the ground, first and second isomeric
states. All the neutron reactions that may occur in the different components of a nuclear
facility are treated in the code. The energies range from thermal region up to 20 MeV, and

it is updated to predict transmutation calculations with neutron energies above 20 MeV.

One capability of ACAB is to deal with all nuclides (including actinides), all nuclear processes

(including fission) and all the products of the nuclear reactions (including fission products).

94



4.3 Application of the Hybrid Method — Implementation

The main result obtained by ACAB is the isotopic composition in each time step by a defined
geometry of the system. With this result, other derived response functions can be calculated
such as isotopic activity, decay heat, decay gamma spectrum, contact dose, radiotoxicity,

neutron emission source, etc.

The major part of its input files have been described already: DECAY.dat, REACTION.dat,
XSECTION.dat, FY.dat. Only inp.5 is still not described. It contains the input data regarding
cells/material composition to be depleted, the neutron flux and the burn-up/depletion steps.

All the output information is given with fort.#6 file.

Running ACAB with random input files like XSECTION.dat, generates random outputs, that
are saved in the form of fort.6.ih, where ih denotes the history number (corresponding to
the random file XSECTION.dat.ih). Different types of random input files can be included at

the same time in order to see joint effects, e.g. random fission yield and cross section data.

4.3.4 Statistical analysis of response functions

Once all random output files are generated, a statistical analysis of the response functions

can be performed.

The first response function calculated is the nuclide composition in each time step. Then,

other derived response functions are calculated, such as decay heat and radiotoxicity.

One tool performs the statistical analysis for the following response functions:

Concentration given in (atoms), (atoms-gr) or (gr)

Activity (Bq).

Decay Heat (W).

Inhalation and Ingestion dose.

They can be followed throughout burn-up/depletion time and cooling time. For all isotopes
(and their individual contribution to previous response functions), the following statistical
values are provided as function of number history for every studied burn-up steps: mean value,
variance and relative standard deviation. These files are named as variable.xmed.ih.it.step,

variable.desv.ih.it.step, variable.erro.ih.it.step, correspondingly. A summary
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of the mean, covariance and relative standard deviation after running the total amount
of histories is provided as a function of time (burn-up/depletion time or cooling time).
This information is saved in the next files: variable.xmed.out, variable.desv.out and

variable.erro.out.

It is possible to follow the convergence of variables on the fly, following Eq. 4.12 for the mean,

and Eq. 4.13 for the variance:

Tn = : (4.12)

. ) _
2 i=1 Sn—1+ Ty — N Tp
= = , 4.13
n n—1 n—1 (4.13)
n—1
where n refers to the current history calculated and S,_; is equal to > (m?) Therefore,
i=1

only tracking the mean value T and the sum of the squared values S, is enough to calculate

the standard deviation after a new history is run.

4.3.4.1 Analysis for determining the maximum contributor to variance

Analysis of contributors for any response function which is a linear function of individual
contributions, like decay heat, can be performed easily because every single contribution is
recorded and analysed statistically for each time step. In these cases, the relative contribution
can be calculated, and also the relative contribution to the response function variance. Hence,
the maximum contributors to mean and to variance can be detected. However, this analysis
can not identify generation/depletion pathways or main cross-section reactions that causes

such contributions, just only the isotopes involved.

To perform this analysis, the next mathematical development is followed. Eq. 4.14 presents
the variance of a response function z as a sum of two term: sum of individual contributions

y; and sum of covariances between individual contributions:

N N N
var(z) = var <2y1> = Zvar (yi) + Zcov (Vi y5) - (4.14)
i=1 i=1

1=l
i#]
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Then, if the covariance contribution term is negligible compared to the sum of variances, the

response function variance can be approximated by the latter, as shown in Eq. 4.15:

N N N N
Zvar (yi) >> Zcov (vi,y;) =  wvar(x)~ Zvar (y;) & 02 ~ ZO‘;. (4.15)
i=1 i=1 i=1

i,7=1
i#]
Now, if the variance of the response function is divided by its mean value, the squared relative

standard deviation is obtained, as seen in Eq. 4.16:

Q
< N

[rel.std.dev.(z)])* = s (4.16)

-2

=1

8|
to

RS

Multiplying and diving every individual variance o,, by the mean value of the individual con-
tribution ¥;, the response function variance becomes a sum of relative standard deviations of

individual contributions multiplied by their relative contribution %, as presented in Eq. 4.17:

N 0_2 Fz N gg
[rel.std.dev.(z)]* = nyyé . é = Z [rel.std.dev.(y;)]* - ?12 (4.17)
i=17" i=1

Accordingly with Eq. 4.17, the individual contribution to the response function relative stan-
dard deviation can be analysed. Because two terms are involved in every contribution,
whether the uncertainty in the contribution or the contribution itself is more important

can be determined. With this information, contributors can be sorted by importance.

Since the covariance term in Eq. 4.14 has been neglected, such a hypothesis has to be checked.
This check can be performed, because the variance of response function is also calculated. So
comparing it with the sum of individual contributions enables the assessment of the impor-

tance of the covariance term.
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Chapter 5

Generation of fission yield

covariance data

Abstract - This Chapter summarises different methodologies proposed for generating co-
variance data for fission yield. They are briefly described and discussed in regard to their
applicability. An small exercise shows the need of covariance data for fission yields, where in-
consistencies are revealed between independent and cumulative fission yield covariance data.
Finally, the Bayesian/GLS updating procedure is selected and implemented for generating
covariance data for thermal neutron induced fission yields of 23U and ?3Pu, which will be

used later in UQ studies.

This chapter shows, partially or completely, works already presented in the following refer-

ences:

e International Journal Article [Fiorito et al., 2014].

Motivation

Fission yield uncertainties have been often neglected or partially treated, because their ef-
fects were considered of second order compared to cross-sections [Garcia-Herranz et al., 2010].
However, the Working Party on International Nuclear Data Evaluation Co-operation (WPEC)
— group dedicated to assess the needs of nuclear data improvement — shows a new interest

on fission yield data within its Subgroup 37 (SG37), with the goal to develop “Improved
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Fission Product Yield evaluation methodologies” [Mills, 2013], not only in order to quantify
the impact of such uncertainties, but also to provide a proper set of variances and correlation
matrices. Great efforts are being committed to develop methodologies for generating such
covariance data for FYs, and several methodologies were proposed at the kick-off meeting of

WPEC-37, based mainly on:

Using the Q-matrix approach for generating covariances for IFYs from CFYs, proposed

in [Mills, 2013].

e Applying perturbation theory to the “Five Gaussians and Wahl’s models”, proposed
in [Pigni et al., 2013].

e Performing Monte Carlo parameter perturbation using the GEF code, presented

in [Schmidt, 2013].

e Updating data with the Bayesian/General Least-Squares (GLS) method, where the
IFY covariance matrix is updated with information on the chain yields, as proposed
in [Kawano and Chadwick, 2013] and previously applied in [Katakura, 2012]. A varia-
tion of this proposal is described and reported in this work, updating IFY covariance

matrix with CFY data.

These proposed methodologies are reviewed and discussed. The last one is then selected and
applied to generate covariance data for thermal fission yields of 23°U and 23°Pu, which will be
used in Chapter 6. It is selected because it has been applied previously and is easy to imple-
ment. Not only are the updating schemes implemented, but also the capability of sampling
fission yield data based on these new covariances. Thanks to the modular implementation
carried out in the sampling stage (Chapter 4, Sec. 4.3.2), the same procedure can be used.

Only new small subroutines to handle fission yield data are required.

5.1 Methodologies for generating fission yield covariances

5.1.1 Using Q-matrix approach

This approach is proposed in [Mills, 2013] and intends to generate covariances between IFY's

using CFY uncertainties by means of the Q-matrix.
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The Q-matrix relates the Independent Fission Yields (IFYs) to the Cumulative Fission Yields
(CFYs) by means of the decay paths, as seen in Chapter 2, Sec.2.5. Recalling Eq. 2.2, the

complete definition of the Q; ; terms is provided:

Qij = Y | I BinBisrgro---Bimri | 4 (5.1)

allpaths \ j—i
where 3; ;11 is the fraction of isotope j that decays to isotope j + 1, both being in the decay
path from isotope j to i. When j =1, Q);; = 1, and @} ; = 0 when isotope k does not decay
into isotope 4. If the variance of the CFYs is calculated with Eq. 2.2, a relationship appears

between variance/covariances of IFYs and variances of CFYs:
var(C;) = var(z Q;,iYi)- (5.2)
J

Departing from the assumption that @);; values have no uncertainty (which is not true,
because the branching ratios are involved in the decay paths and have uncertainty), the

previous equation can be converted into

var(Ci) = Y QFvar(y;) + > Y Qjucovar(ys, yr) Qi (5.3)
J J k#j
where the covariance terms covar(y;, yx) among IFYs show up, which are the ones unknown

and to be determined.

In that system, the amount of unknown variables are (n—1)n/2, while the number of equations
is n, then the number of degrees of freedom is (n — 3)n/2. In order to make the system
determined, it is necessary to establish a set of constrains or hypothesis to deal with such a

non-determined system.

As presented in [Cabellos et al., 2013, Appendix E], O. Cabellos proposed a way to determine

the covariance terms of Eq. 5.3. A minimisation problem of the following error function,
F(i) = var(Cy) — | > Q3var(y;) + > Qjuicovar(y;, yr)Qua) |, (5.4)
J J k#j

should be overcome. But the system still remains non-determined, so only one possible

solution after one iteration of the minimisation problem is provided.
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In conclusion, this approach tries to relate uncertainties in CFYs to uncertainties in IFYs.
However, this approach is incomplete because constrains should be established on the previous

systems to make it determined in order to establish IFYs uncertainties.

5.1.2 Perturbation theory applied to “Five Gaussians and Wahl’s models”

Using the Five Gaussians model [Musgrove et al., 1973] for the total mass yields Y (A4; ),
Wahl’s model [Wahl, 1985, Wahl, 1988] for the fractional yields f(A, Z; X) and Madland and
England functions [Madland and England, 1976] for the isomeric yield ratio (A, Z, M), the

IFYs can be calculated by recalling Eq. 2.1:

y(A, Z, M) = Y(A; @) f(A, Z; (A, Z, M), (5.5)

where ji and X group the independent parameters of the five gaussians model (means, stan-
dard deviations,etc) and the Wahl’s model, respectively. In order to generate a covariance
matrix for IFYs, Eq. 5.5 is linearised with a first order Taylor series expansion for the model
parameters [ and X. Such parameters are then taken as random variables with given uncer-
tainties, so that variance/covariance matrices for IFYs can be calculated with the moment
propagation equation (sandwich formula), which takes the form of Eq. 5.6:

0y (A, Z)
oxp

Oy;(A, Z)

COU(?Jiayj) = Z aﬂfl )

kil

(0xb) (5.6)

where 8%(22) are the sensitivity coefficients of IFYs to the model parameters i and X, and

(0xk0x;) are the covariance terms between parameters (xp and z; represents any parame-
ter). In [Pigni et al., 2013], no correlations amongst the parameters of different models are

assumed.

5.1.3 Monte Carlo sampling on parameters of the GEF code

The GEF code [Schmidt and Jurado, 2010, Schmidt and Jurado, 2012] implements a semi-
empirical model of the fission process, which covers most of the properties of the fission frag-
ments and the emitted neutrons and photons in a global and consistent way. The model is
based on fragment shells that are deduced from measured fission-fragment mass distributions,

assuming that the macroscopic contribution of the compound nucleus and the microscopic

102



5.1 Methodologies for generating fission yield covariances

contributions of the nascent fragments in the potential-energy surface are separable. It re-
produces all measured fission yields and neutron data rather well with a unique set and a
relatively small number of free parameters. These free parameters are mainly 13, related to
the fission channels (constant position of the fission valleys in Z, depth and curvature), the
dissipated energy fraction in intrinsic and normal modes, the neck distance, the additional

shift of the charge polarisation and the parameters of the even-odd effect.

Then, for the generation of random fission yield data with GEF, these free parameters are
perturbed: those related to the fission channels and charge polarisation, the width in N/Z
of the fission fragment distribution, and the weakening due to the distance from the value of
1328n (for further information about the range of variation, check the GEF code source). They
are taken as random variables, and are sampled using Gaussian distributions independently
from each other. The range of fluctuation has been established from a fitting procedure to
the experimental data. Therefore, complete sets of perturbed FYs are generated through
Monte Carlo sampling of the model parameters. Covariance calculations with perturbed
model parameters reveal correlations between any two yield values. So, the analysis of all
the correlations between all the fission yields produces the desired covariance matrix. Indeed,

this capability is already available in GEF.

5.1.4 Bayesian/General Least-Squares Method

The Bayesian/General Least-Squares (GLS) method is an adjustment technique which states
that the information on some prior system parameters can be improved with the addition
of new knowledge — new data e.g. experimental or evaluated response values 7, for which
relationships between data and parameters are established (see Eq. 5.7). These relationships

or constraints must be linearised in the form of:

Y = Ya = S(G_ga)v (57)

where 6 are the parameters of the system, 6, the prior estimates of 6, iy the responses of the
constraining equation, ¥y, the responses of the constraining equation to the prior estimates

0., and S are the sensitivity coefficients of the response y — y, to the parameters 6 — 0,,.

Then, further information 7 could be introduced in order to derive refined values for the

parameters 0, with all the available uncertainty information properly incorporated into the
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formalism. The least-squares condition can be written in a general form, namely

T —1
0—0, V. H 0 — 0,

X = = minimum, (5.8)
U HT Vv 1~ Ya

where H represents the correlation that exists between the prior and new information. For the

purpose of this work H is assumed to be a zero matrix. The updating process is represented

by Eq. 5.9 and 5.10:

0 — 0o = VoST(SVLST + V) — va), (5.9)

Ve = Vo — VST (SV,8T +v)~Lsv,, (5.10)

where V, is the variance matrix of prior estimates of the parameters (6,), V is the variance
matrix of the introduced data fitting the constraining system (7)), and V; is the updated
covariance matrix of the system parameters (). Superscript T refers to the transpose of a

matrix.

In [Kawano and Chadwick, 2013], updating IF'Ys and CFYs is proposed by using information
on experimental MFY data which constraints > MZ y(A,Z, M) =Y (A) for all A, followed by
the application of normalisation (E azm YA Z M) = 2), charge and mass conservation
equations. In such case, S becomes the array of sensitivity coefficients of MFYs to IFYs,
the evaluated MFYs introduced into the system and y, the MFYs calculated with the prior
IFYs (0,) in Eq. 5.7, that is, summing up all the yields belonging to the same chain. Vj is
the variance matrix of 8, and V is the variance matrix of the experimental MFYs. Evaluated
ChFY are used as MFYs in the updating process, because chain yields and total mass yields

differ only slightly from each other [James et al., 1991].

A similar procedure with a single constraint on the chain yields is applied in [Katakura, 2012],
where V and V, are diagonal matrices as no correlation is initially provided for either IFYs or
MFYs. Simple equations to generate the updated covariance matrix for IFYs can be derived
from Eq. 5.10, resulting in Eq. 5.11 and 5.12, which represent the diagonal and off-diagonal

terms, respectively:

2 o}
—— . v , 5.11
MZZ Uz 0_2 + Z] 0_]2 ( )

2 2
0,075

j
A 5.12
Hij o2+ jajz ( )
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where o; is the standard deviation of the i-th IFY and o is the standard deviation of evaluated

MFY. Sum j 0]2 includes all the isotopes in the same mass chain as it relates MFYs to IFYs.

A new proposal introduced in this current work is to use the CFY evaluated data to update
the variance matrix of the IFYs. Then, n becomes the evaluated CFYs with variance matrix
V', yq is the array of CFYs calculated with Eq. 5.7, where 6, is the vector of prior IFYs and V,
its variance matrix. Here, the Q-matrix equation (Eq. 2.2) is the linear constraining system

and S are the sensitivity coefficients of IFYs to CFYs.

5.2 Justification of F'Y covariance generation methodologies

FY covariance generation may have a strong impact on several aspects of standard nuclear
operations and design, like burn-up calculations. A way to measure the level of burn-up
in a nuclear system is a direct quantification of the Neodymium generated by fission, as
it is a stable FP with a very low capture cross-section and a very low migration in the
UO9 matrix of the fuel: its concentration is therefore an accurate indicator of the local or
averaged burn-up [Suyama and Mochizuki, 2005]. In particular, 4¥Nd is very sensitive to
burn-up variations, so accurate calculations of its concentration are often a critical target
for depletion problems. The nuclear density of “®Nd can be retrieved analytically along

irradiation time from the equation system in Eq. 5.13:

AN (t
0 _ (=7 + 0ld) N7 + Sy Cr

dz\ft(t) (5.13)
dst = —03¢Ng + 0l N7 + S ¢Cs,

where N are the isotopic concentrations, ¥; the macroscopic fission cross section, ¢ the
neutron flux, o, the microscopic capture cross section and C; the CFY. Subscripts and su-
perscripts 7 and 8 refer respectively to 4"Nd and '“8Nd. Evaluated burn-up values and the
density of "8Nd are also affected by the neutron capture reaction of 147Nd, although this effect
is small for low fluence values [Suyama and Mochizuki, 2005]. Neglecting this contribution,

Eq. 5.14 gives the concentration of ®¥Nd as a function of irradiation time t:

2 ¢C s
Ni(t) ~ £f¢8(1—e—%¢t). (5.14)
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CFYs are inherently related to IFY through the Q-matrix equation (Eq. 2.2),therefore any
correlation between IFY's can substantially affect the uncertainty and safety margins on burn-
up evaluations. The Q-matrix equation guarantees full consistency between IFYs and CFYs,

but it does not work the same for their uncertainties. IFY uncertainties are propagated

through Eq. 2.2 as described in Eq. 5.3.

Information about the contributors to the cumulative yield of "*®Nd, using Eq. 5.3, is reported
in Table 5.1 for JEFF-3.1.2, and in Table 5.2 for ENDF/B-VIL.1. The comparison between

calculated and evaluated uncertainties for the 23°U thermal fission is reported in Table 5.3.

TABLE 5.1: Information on the IFY contributors to the *¥Nd CFY and (Cg) its uncertainty
according to JEFF-3.1.2 data for the 233U thermal fission. (From [Fiorito et al., 2014])

Isotope  Qij Vi Ay; Ay;/y; contrib. to Cs contrib. to Cg unc.
(%) (%) (%)
M8Cs  0.75 1.6E-7 5.9E-8 37.5 0.0 0.0
49cs  0.02 3.5E-9 1.3E-9 36.8 0.0 0.0
48B4, 1 2.1E-4 8.0E-5 37.2 1.3 0.2
M9Ba  0.02 1.3E-5 4.8E-6 36.7 0.0 0.0
1481, 1 3.3E-3 1.0E-3 31.8 19.9 42.8
4975 0.01 9.4E-4 3.3E-4 34.7 0.1 0.0
148Ce 1 1.2E-2 1.2E-3 9.7 73.7 54.7
148py 1 1.6E-4 5.7E-5 35.3 1.0 0.1
148mpy. 1 6.8E-4 2.4E-4 35.3 4.1 2.2
148Nd 1 1.1E-5 4.1E-6 37.5 0.1 0.0

TABLE 5.2: Information on the IFY contributors to the 8Nd CFY (Cg) and its uncertainty
according to ENDF/B-VIL.1 data for the 23U thermal fission. (From [Fiorito et al., 2014])

Isotope  Qij Vi Ay; yi/Ay; contrib. to Cg contrib. to Cg unc.
(%) (%) (%)
M8Cs  0.75 1.3E-7 8.4E-8 64.0 0.0 0.0
M9Cs  0.02 3.6E-9 2.3E-9 64.0 0.0 0.0
48B4 1 2.2E-4 1.4E-4 64.0 1.3 0.2
19Ba  0.02 1.0E-5 6.6E-6 64.0 0.0 0.0
1481.a 1 3.4E-3 2.2E-3 64.0 20.1 36.0
M9Ta  0.01 8.0E4 5.1E-4  64.0 0.0 0.0
148Ce 1 1.2E-2 2.8E-3 23.0 73.8 62.8
148py 1 3.9E-4 2.5E4 64.0 2.3 0.5
48mpy g 3.9E-4 2.5E-4  64.0 2.3 0.5
8N 1 9.9E-6 6.4E-6 64.0 0.1 0.0

The total variance calculated for ®Nd CFY is relatively large, as IFY uncertainties are
directly propagated without any correlation term, and disagrees in at least one order of
magnitude with the evaluated CFY uncertainty stored in the libraries. Then, a smaller version
of the IFY covariance matrix, which includes only the chains of cumulative M®Nd yield, is
created by means of the Bayesian/GLS technique extensively described in Sec. 5.1.4. The

purpose is to assess the influence of correlation terms and justify the covariance generation
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methodology. Then, the new covariance information is propagated with Eq. 5.3 and results

are reported in Table 5.3.

CFY evaluated uncertainties show a good agreement with those obtained propagating corre-
lated IFYs, due to negative correlations generated through Bayesian technique. The inconsis-
tency assessed when no correlation is taken into account influences the uncertainty of 1“8Nd

density and burn-up, that could lead to a overestimation of the uncertainties.

The need of optimal agreement between evaluated data as well as uncertainties justifies
the efforts spent on covariance generation for fission product yields. Within this practical
application, the requirement of accurate ranges of uncertainties for practical applications is

highlighted.

5.3 FY covariance data generated

IFY covariance matrices are generated using the Bayesian/GLS method (Sec. 5.1.4). The ap-
proach described in [Katakura, 2012] is used to create a covariance matrix with experimental

chain yield data updating the prior IFY variance.

Uncertainties of IFYs, reported in Eq. 5.11 and 5.12, are provided by ENDF/B-VII.1 and
JEFF-3.1.2. Evaluated chain yield uncertainties are taken from [England and Rider, 1994]
for ENDF/B-VIL1 and from [IAEA, 1974] for JEFF-3.1.2.

TABLE 5.3: Comparison between the 8Nd CFY uncertainty value in the libraries (eval-

uated), uncertainties calculated without correlations between IFYs (no corr.) and uncer-

tainties calculated with correlations between IFYs, generated with Bayesian/GLS technique

using introducing evaluated CFY data (corr. CFY) or evaluated MFY data (corr. MFY) for
the 23°U thermal fission. (From [Fiorito et al., 2014])

JEFF-3.1.2 Uncertainty (%)
Evaluated ACNdMS 0.70
Calculated ACng14s (no corr.) 9.67
Calculated ACngi14s (corr. CFY) 1.01
Calculated ACng148 (corr. MFY) 1.76
ENDF/B-VIIL.1 Uncertainty (%)
Evaluated ACpng148 0.35
Calculated ACngq14s (no corr.) 21.42
Calculated ACng148 (corr. MFY) 0.35
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FIGURE 5.1: Section of the IFY correlation matrix for the 2*°U thermal fission obtained
by updating ENDF/B-VIIL.1 data with MFY uncertainties. Each matrix index refers to one
fission product (FP), once the FPs are sorted by ZZZAAAM (Z, charge; A, mass; M, isomeric

state) in increasing order. (From [Fiorito et al., 2014])

Fig. 5.1 presents a zoom-in of the correlation matrix obtained with the approach described
above, where red dots are positive correlations and black dots are negative correlations,
otherwise no correlation exists. Each matrix index refers to one fission product (FP), once
the FPs are sorted by ZZZAAAM (Z, charge; A, mass; M, isomeric state) in increasing order.
(e.g. index 1 refers to the lowest ZZZAAAM value). FY data are taken from the ENDF/B-
VII.1 library, although one could obtain a similar plot using JEFF-3.1.2. The nature of the
covariance generation technique and the imposed constraint make the matrix very sparse,
with only negative correlations. Off-diagonal terms lay very close to the main diagonal as

correlations appear only between FPs belonging to the same mass chain. Correlations range

from -0.99 to -0.1, and those whose absolute values are below 0.1 are neglected.
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5.3 FY covariance data generated

Another correlation matrix is generated for JEFF-3.1.2 IFY data based on Eq. 5.10, shown
in Fig. 5.2. The updating process resorts to the relationship between IFYs and CFYs, thus
the Q-matrix needs to be calculated. Then, the IFY covariance matrix is updated with the
CFY uncertainties stored in JEFF-3.1.2. As the previous matrix, this one is also sparse with
non-zero negative values close to the diagonal. Again, correlations whose absolute values are

below 0.1 are neglected.

When the same update is applied to ENDF/B-VIIL.1, an inconsistency halts the process
because inconsistencies between the decay library and the fission yield library are found:
isotopes defined in one are not found in the other and vice versa. That makes the Q-matrix
impossible to calculate without a deep study of both libraries and restoring the consistency

between libraries.
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FIGURE 5.2: Section of the IFY correlation matrix for the 235U thermal fission obtained by

updating JEFF-3.1.2 data with CFY uncertainties in JEFF-3.1.2. Each matrix index refers

to one fission product (FP), once the FPs are sorted by ZZZAAAM (Z, charge; A, mass; M,
isomeric state) in increasing order. (From [Fiorito et al., 2014])

Introducing fission yield information, such as mass or cumulative fission yields, has a great
impact on the prior covariance data. Strong variance reductions occur when the uncertainty

of a single parameter (IFY) has a very high sensitivity to the constrained system in Eq. 5.7.
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Most of the uncertainty is removed from the variance (diagonal values of the covariance
matrix) to be reintroduced as negative correlations between IFYs. Fig. 5.3 shows the ratio
of the adjusted to prior variance data for all the IFYs in the system. A glance at Eq. 5.11
and Eq. 5.12 immediately explains this behaviour. Evaluated chain yield uncertainties in the
right-hand term of the equation cut down the diagonal terms of the FY covariance matrix.
This effect is more significant when the new data introduced in the system carry uncertainties

smaller than the prior parameters.
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FIGURE 5.3: Ratio of updated to original variance terms of JEFF-3.1.2 when using Mass
Fission Yields (MFY) or Cumulative Fission Yields (CFY) for the 23*U thermal fission yields.
(From [Fiorito et al., 2014])

Updated data have sharply-reduced variances in correspondence of the two peaks of MFYs,
due to the likeness of a greater database of measurements and the consequently more precise
values, as seen in Fig. 2.4. Bayesian/GLS technique introduces more information (in the
sense that new data have a higher influence on the system) by updating with CFYs than

with MFYs, as the ratios obtained from the former are smaller than the latter.
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Chapter 6

Uncertainty Quantification studies

Abstract - All the UQ studies performed with the Hybrid Method during this thesis are
compiled here. The first application studied is the Fission Pulse Decay Heat (FPDH) for
2357 and #°Pu thermal fission, where the impact of fission yield covariance data generated
in Chapter 5 is also assessed. Next, the European Facility for Industrial Transmutation
(EFIT) fuel cycle is analysed, focusing on isotopic composition, decay heat and radiotox-
icity uncertainties due to decay, fission yield and cross section uncertainties. Finally, the
European Sodium Fast Reactor (ESFR) fuel cycle is investigated. Only isotopic composition
uncertainties are addressed, because different approaches of the Hybrid Method are used and
compared: one-group with and without correlated sampling, and multi-group. Target un-
certainties suggested in [Salvatores et al., 2008] are checked, assessing the uncertainty levels

obtained with each library used.

This chapter shows, partially or completely, works already presented in the following refer-

ences:

International Conference Proceeding [Diez et al., 2011].

ANDES Deliverable D2.1 [Cabellos et al., 2011a).

ANDES Deliverable D2.5 [Mills et al., 2013].

ANDES Deliverable D2.6 [Cabellos et al., 2013].

International Journal Article [Fiorito et al., 2014].

International Journal Article [Diez et al., 2014b].
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e International Journal Article [Cabellos et al., 2014].

e International Journal Article [Diez et al., 2014c].

6.1 UQ study on Fission Pulse Decay Heat calculations

6.1.1 Description of calculations

The Fission Pulse Decay Heat (FPDH) is the heat generated by radioactive decay after
that a single atom of a specific material undergoes fission. Accurate calculations of such
values assume a crucial importance in reactor operation strategies as the residual heat, which
inevitably follows the reactor shutdown, is one of the most important parameters for reactor

safety.

In FPDH calculations, radioactive decay and fission yield data are taken from the libraries,
whereas cross sections do no take part in this kind of calculation. The time evolution of
radioactive material subject to pure decay is described by the system of Ordinary Differential
Equations (ODEs) in Eq. 6.1, which is a simplification of the Bateman equation (see Eq. 3.1)

where only decay sources are considered:

dN; .
7t =—-\N; + ;)\jﬂji]\rj 1=1,....M; (6.1)

where A are the decay constants, N are the concentrations of isotopes involved in the calcu-
lation, (3j; is the branching ratio which indicates the decay mode and the fraction of decays
that converts isotope j into 7, and M is a finite integer, that is, the size of the system. The
initial composition, N(t = 0), is the same as the FY distribution given in the library for the

fissioning system studied, in this case 23°U and 2*Pu thermal fission.

The decay heat is calculated with Eq. 6.2, after calculating the isotopic inventory throughout

the whole cooling time:

DH =3 DHi=Y) X\Ni|> BiEj|, (6:2)
i i 7

where, E; is the average released energy for the corresponding decay mode given by the 3;;

branching ratio.
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6.1 UQ study on Fission Pulse Decay Heat calculations

6.1.2 The UQ study

As observed in Eq. 6.2, the nuclear data involved are decay constants (or half-life values),
branching ratios, decay energy release and fission yield data. Thus, it is a perfect framework
to show the impact and the importance of decay and fission yield data. Additionally, since
it is only a depletion calculation, there are no uncertainties from transport calculations as
in burn-up problems. So that, no approximation is assumed in that sense. Finally, the
application of the Hybrid Method is straight forward thanks to the absence of irradiation and

cross sections, so only decay and fission yield data have to be processed.

Here, UQ studies are performed for FPDH of two different isotopes: 23?Pu and 23°U, due to
thermal incident neutrons. For the former, different sources of uncertainties are taken into
account: decay data — decay constants, branching ratios and decay energies — and fission yield
data; retrieved from evaluated libraries. Whereas for the latter, fission yield data uncertainties
are propagated: not only the uncertainties stored in the nuclear data libraries, but also the

covariance data generated in Chap. 5.

Two different nuclear data libraries are in use: JEFF-3.1.1 and ENDF/B-VII.1, from which
decay and fission yield data are retrieved. The main method applied for these UQ studies
is Monte Carlo sampling, by means of the Hybrid Method. However, for 23U case, the

propagation of moments — perturbation theory — is applied as well. For all these calculations,

as part of the Hybrid Method, the depletion code ACAB is used.

6.1.3 Setting up the problem

Only one fission event is desired to happen, then the ACAB input file should contain the
right information to achieve it. But also the cross section library and decay library should

be modified.

The decay library is modified because no decay event of either 23°Pu or 23U are desired, so
their decay constants have to become zero. The way to implement that in ACAB is to modify
the decay data library by changing DECAY.dat file. There, 23°Pu and 235U are set as stable

isotopes. The change for *Pu is shown in Fig. 6.1.
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unmodified DECAY.dat

1 942390 1 7.606E+11 0.000E+00 0.000E+00 0.000E+00 1.000E+00 0.000E+00
1 0.000E+00 0.000E+00 0.000E+00 5.244E+00 0.000000 1.000E+00 1.000E+00

modified DECAY .dat

1 942390 6 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.000E+00 0.000E+00
1 0.000E+00 0.000E+00 0.000E+00 5.246E+00 0.000000 1.000E+00 1.000E+00

FIGURE 6.1: Changes in the DECAY.dat file for 23?Pu thermal FPDH calculations in order
to avoid 23°Pu decay.

Only one fission event is desired for obtaining only a single fission pulse, so it is necessary to
establish the right values of the fission cross section, neutron flux and isotopic concentration.

With Eq. 6.3, parameters can be fixed:

Rfission =N O fission Qb t, (63)

where Rfission ( fissions/cm?) is the amount of fission events that occur throughout the
burn-up time, ¢ (s); N is the density of 23?Pu or 23U in atoms/(barn - cm?), O fission 15 the
fission cross section of 23?Pu or ?**U in one energy group given in barn, and ¢ is the total
neutron flux in n/(cm? - s). These parameters are set to the values given in Table 6.1 to

obtain only one fission event.

TABLE 6.1: Parameters for Fission Pulse Decay Heat calculation.

Parameter Value
N 10™* atoms/(barn - cm)

O fission 1 barn
10) 10™ neutrons/(cm? - s)

t 1071

All the other neutron cross sections are removed from XSECTION.dat, so any other neutron
reaction different from the fission of 239Pu or ?*U is avoided. The rest of the parameters

presented before are included in the ACAB input file (Fig. 6.3).

Since only FPDH due to thermal incident neutrons is calculated, fission yield data should be
collapsed using only thermal neutron spectrum. Then, a simplified input for COLLAPS is
used as presented in Fig 6.2. There, five energy groups are defined within the neutron flux:

irrelevant groups are set to 1072, while the thermal group (from 10~'' MeV to 10~ MeV)
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is set to 1019, Then, after running COLLAPS, FY.dat and UNFY.dat store fission yield data
and their uncertainties only for thermal incident neutrons.

12 5
16
1 0 1 1
5.000E+06  2.000E+05
5 0

1.00000E-11 1.00000E-07 1.00190E-01 2.00000E-01 5.00000E+00 6.00000E+01
1.00000E+10 1.00000E-20 1.00000E-20 1.00000E-20 1.00000E-20
0

0

FIGURE 6.2: COLLAPS input for thermal incident neutron FPDH calculations.

Caso EFIT

<Bl ock #1, card #2

0 | UNC
3849 900000 0 1 1 0 2 2 024 1 0 4 1 1 0 1 0 0 1 O
1. 000000E+00 1. OE+00
1

1
2. 00E+01 1.40E+01 1.20E+01 1.00E+01 8.00E+00 6.50E+00 5.00E+00
4. 00E+00
3.00E+00 2.50E+00 2.00E+00 1.70E+00 1.40E+00 1.20E+00 1.00E+00
8. 00E- 01
6. 00E-01 4.00E-01 3.00E-01 2.00E-01 1.00E-01 b5.00E-02 2.00E-02
1. 00E- 02
0. 00E+00
0. 00E+00 0. 00E+00 0. 00E+00
10 01 0 0 1 0 O 1
1. E+14
< No hay Restart
0
< | sotopia
942390
1. 0E- 04
< 1 otro bl oque
11 10 10 o00O0
1. 000E- 10
< Bl oque. DECAY
0 10 1 1 10 00O
1. 00E-01 1.00E+00 2. 00E+00 4.00E+00 6. 00E+00
8. 00E+00 1.00E+01 2.00E+01 4.00E+01 6.00E+01
< Bl oque. DECAY
0O 10 1 10 10 OO
8. 00E+01 1.00E+02 2.00E+02 4.00E+02 6. 00E+02
8. 00E+02 1. 00E+03 2.00E+03 4.00E+03 6. 00E+03
< Bl oque. DECAY
0O 10 0 10 10 ©O0O
8. 00E+03 1. 00E+04 2.00E+04 4.00E+04 6.00E+04
8. 00E+04 1. 00E+05 2.00E+05 6.00E+05 1. 00E+06
1. 0000000E- 25 1. 000000
<Bl ock #10 Fi ssion product inventory
110 | GFP | WFYD | FORT96
1000010100 IWP(1) I MIX(2) |WDR(3) | DOSE(4) | PHCUT(5) | DHEAT(6)
| OFFSD(7) | DCEDE(8) | NEM SS(9) | DAMGE( 10)
0040 NOPUL NTSEQ NOTTS  NVFL
0 NMULT
0 1 NCYO | FSO
1 1 1 1 (1TSI),1=1,NOTTS)

. 00E+00 0. 00E+00 0. 00E+00
0 0 0 0O 0 0 O

oo

FIGURE 6.3: ACAB input file for performing 22Pu thermal FPDH calculations. For the
2351 case, only the concentration changes from 23?Pu to 23°U.

6.1.4 2Pu thermal FPDH

An extensive study is carried out here, using the JEFF-3.1.1 library for decay and fission
yield data. The different sources of decay heat: beta and gamma, are analysed separately,
and also its total sum. The contributions of the isotopes which have or not uncertainty in

their decay energy are assessed. These isotopes have been identified already in Chapter 2,
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Sec. 2.4. Finally, all these results are compared with the experimental data provided by

Tobias [Tobias, 1980, Tobias, 1989].

Table 6.2 shows the uncertainties given to those isotopes which have no uncertainty for their
decay energy. Other source [Katakura, 2013] proposes to add 100% uncertainty instead,
however such an assumption seems to be very conservative. In spite of that, a comparison

between both assumptions can show their impact.

Therefore, UQ studies are performed on six different calculations for the FPDH of 2*Pu

thermal fission:

e Total, beta and gamma decay heat produced by all isotopes when all of them have

uncertainty in their decay energies provided either with JEFF-3.1.1 or in Table 6.2.

e Total, beta and gamma decay heat produced by all isotopes, using only the uncertainties

given in JEFF-3.1.1.

Regarding the uncertainties propagated in these calculations for 23°Pu, only the ones of
fission yields and decay data (energy, half-life and branching ratios) are considered. Random

variables are sampled using a log-normal distribution.

TABLE 6.2: Decay energy uncertainties given to those isotopes for which JEFF-3.1.1 provides
no uncertainty in their decay energy. These values are only used for 23°Pu FPDH calculations.

Decay Mode  Uncertainty

o 10%
153 15%
~ 15%

6.1.4.1 Convergence study

In order to assure the convergence of the results, due to the usage of a Monte Carlo sampling
scheme, two estimators are followed as a function of the number of histories: the mean and
the relative standard deviation (rel.std.dev.). Fig 6.4 shows the evolution of rel.std.dev. for
different time steps of cooling time for FPDH, when all uncertainties are propagated together.
Convergence is achieved with only 300 histories. This analysis has been performed for all the

calculations stated in the previous section, obtaining the same convergence results.
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FIGURE 6.4: Relative standard deviation versus number of histories run for total FPDH of
the 239Pu thermal fission in a selected set of time steps during cooling time.

6.1.4.2 Reference calculations

The so-called reference calculations are obtained with the reference (best-estimated) values
stored in the nuclear data libraries. They are calculated for being compared later with the

mean values obtained from uncertainty propagation calculations.

Fig 6.5 presents FPDH reference calculations. The calculations presented are: considering
only the isotopes with decay energy uncertainty data in JEFF-3.1.1 (dashed-lines empty
markers) and when all isotopes carry uncertainties (solid-line filled markers). Also, the dif-
ferent contributions, gamma decay heat (black lines) and beta decay heat (red lines), to the

total decay heat (blue line) are shown.

Contributions of those isotopes that have no uncertainties is only relevant for the first time
interval, up to 2 x 103 seconds. Without their contributions, up to a 15% of the FPDH could

be missed during the considered cooling time.
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—a— Total DH all isotopes --g+--Total DH known uncertainty
—— Beta DH all isotopes --=---Beta DH known uncertainty
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FIGURE 6.5: Reference calculation for FPDH of the 239Pu thermal fission using JEFF-3.1.1,
differencing between gamma and beta contribution, and between the contribution of isotopes
which have decay energy uncertainties stored in JEFF-3.1.1 and when all carry uncertainties.

6.1.4.3 Total FPDH

Here, the results of propagating uncertainties on the Total FPDH of ?*Pu thermal fission
are described. Fig 6.6 shows the reference value (green), the mean value with its uncertainty
band (as one std.dev.) when all isotopes have decay energy uncertainties (blue), and the
mean value with its uncertainty band (as one std.dev.) when only the isotopes with decay
energy uncertainty stored in JEFF-3.1.1 are taken into account (red). Also, the results of

Tobias experimental data are plotted (black square markers).
Several results can be extracted from this figure:
e A positive bias appears between the mean value obtained from the uncertainty propa-
gation calculation and the reference value.

e The contribution of the isotopes with no uncertainty on their decay energies is of rele-

vance up to 2 x 10% seconds.

e The uncertainty on FPDH obtained from all isotopes and only from the ones that have

decay energy uncertainties are similar.
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FIGURE 6.6: Total FPDH for the 23°Pu thermal fission as a function of cooling time for the

reference calculation, mean values from UQ calculations and experimental data. Uncertainty

bands (dashed lines) represents one standard deviation, obtained from UQ calculations. Used
data are retrieved from JEFF-3.1.1.

The comparison between reference results and mean values of the uncertainty propagation
calculations is presented in Fig. 6.7. Both values are divided by the Tobias’s experimental
data, showing whether calculated values are within the experimental uncertainty (blue line).
The positive bias seen before, from the reference value to the mean values obtained from the
uncertainty propagation, is again observed. The origin of this bias comes from the usage of
log-normal distribution for sampling, because log-normal distributions induces a positive bias

in the sampled mean value which lead to higher values of decay energy.

Each source of uncertainty is propagated individually, showing their results in Fig. 6.8. Here,
the uncertainty due to fission yield is presented in red, due to half-lives in green and due to
decay energy in pink. The result when all of them are propagated together is also shown, in
blue. Experimental uncertainty is plotted in grey. The most important contributors are the
fission yield uncertainties, followed by the decay energy uncertainties and, finally, the half-life

uncertainties. The total uncertainty never exceeds 4%.
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FIGURE 6.7: Calculated values (reference and mean values) divided by Tobias’ experimental
data, and the experimental uncertainty band, for the Total FPDH of 23°Pu thermal fission
using JEFF-3.1.1.
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FIGURE 6.8: Relative uncertainty on the Total FPDH of 23°Pu thermal fission, calculated
with JEFF-3.1.1, given its upper limit as a factor of the C/E value, due to fission yield, decay
energy and half-life uncertainties, propagated individually and all together.
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6.1.4.4 Beta FPDH

The same study done for Total FPDH is repeated for Beta FPDH. In Figs. 6.9, 6.10 and 6.11
the results for beta FPDH are presented.

In these figures, the same results as in Total FPDH are observed: the positive bias from the
reference value to the mean value obtained from uncertainty propagation calculations, the
importance of the isotopes without decay energy uncertainties goes up to 2 x 10% seconds,
and the main contribution to the total uncertainty is due to fission yield uncertainties. The
uncertainty obtained is always smaller than the experimental. Only at very short cooling
times, its goes slightly above 4%. An important results to highlight is that Beta FPDH is

overestimated compared with the experimental data.
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FIGURE 6.9: Beta FPDH values for ?3°Pu thermal fission, calculated with JEFF-3.1.1, as

a function of cooling time for the reference calculation, mean values from UQ calculations

and experimental data. Uncertainty bands (dashed lines) represents one standard deviation,
obtained from UQ calculations.
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FIGURE 6.10: Calculated values (reference and mean values) divided by experimental data,
and the experimental uncertainty band for the Beta FPDH of 23°Pu thermal fission, calcu-
lated with JEFF-3.1.1.
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FIGURE 6.11: Relative uncertainty on the Beta FPDH of 239Pu thermal fission, calculated
with JEFF-3.1.1, given its upper limit as a factor of the C/E value, due to fission yield, decay
energy and half-life uncertainties, propagated individually and all together.
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6.1.4.5 Gamma FPDH

An analysis for Gamma FPDH is carried out, following the study done for Total FPDH and
Beta FPDH for the 23Pu thermal fission. The results are given in Figs. 6.12, 6.13, 6.14.

Again, the results obtained are similar to the previous ones: the positive bias from the refer-
ence value to the mean value obtained from the uncertainty propagation, and the importance
of the isotopes without decay energy uncertainties goes up to 2 x 10% seconds. The main
source of uncertainty is the fission yields, but in this case, the calculated uncertainty is larger
than the experimental for the time interval between 2 x 10% s and 8 x 10* s. Also, during
such time, the uncertainty surpasses 4%. When the C/E value is observed, both reference
and mean value are always outside the experimental uncertainty band. In contrast to Beta

FPDH, Gamma FPDH is underestimated compared with the experimental data.
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FIGURE 6.12: Gamma FPDH values for 2*°Pu thermal fission, calculated with JEFF-3.1.1,

as a function of cooling time for the reference calculation, mean values from UQ calculations

and experimental data. Uncertainty bands (dashed lines) represents one standard deviation,
obtained from UQ calculations.
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FIGURE 6.13: Calculated values (reference and mean values) divided by experimental data,
and the experimental uncertainty band for the Gamma FPDH of 23°Pu thermal fission,
calculated with JEFF-3.1.1.
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FIGURE 6.14: Relative uncertainty on the Gamma FPDH of 23°Pu thermal fission, calculated
with JEFF-3.1.1, given its upper limit as a factor of the C/E value, due to fission yield, decay
energy and half-life uncertainties, propagated individually and all together.
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6.1.4.6 Contributor analysis

The decay heat contributions of every isotope involved in FPDH are calculated, performing
also statistical analyses on them. Because the total, beta and gamma decay heats are sum of

individual contributions, the development presented in Chapter 4, Sec. 4.3.4.1 is applied.

The maximum contributors to FPDH and their uncertainties are calculated for all the cases
presented before: total, beta and gamma; distinguishing also between when only the uncer-
tainties of decay energies provided within JEFF-3.1.1 are propagated, and when all decay
energies have uncertainties. In all these cases, all the uncertainty sources: half-lives, branch-

ing ratios and fission yields; are propagated together.

Only main results are provided here. The complete study can be found in [Cabellos et al., 2013].

Total FPDH

The analysis of the main contributors for total FPDH, when only the isotopes with decay
energy uncertainties provided in JEFF-3.1.1 are taken into account, is shown in Fig. 6.15.
Whereas, the results when all isotopes have uncertainties in their decay energies are presented
in Fig. 6.16. In both plots, the most important contributors to the total FPDH uncertainty

throughout cooling time are drawn with the total decay heat uncertainty.

Many contributors with similar contributions are observed. For short cooling times (from
0.1 s to 20 s): Nb, Zr and Y isotopes are the main contributors. Then, Tc¢ and Cs isotopes
become the main contributors until 2000 s of cooling time. Above 2000 s, Y, La, Xe and
I isotopes are the main contributors up to the end of the studied cooling time. More than
20 contributors should be taken into account in order to obtain at least a contribution, by
summing the squared individual contributions, larger than the actual total uncertainty at
the beginning of cooling time. While at the end of the cooling time studied, 341351 contri-
butions provide at least the half of the total uncertainty. When decay energy uncertainties
are suggested to isotopes without uncertainty, 19%103Nb, 136™] and 139Xe become the most

important contributors during their period of relevance.
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FIGURE 6.15: Main uncertainty contributors to the total FPDH of 23°Pu thermal fission
when only isotopes with decay energy uncertainties provided in JEFF-3.1.1 are considered.
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FIGURE 6.16: Main uncertainty contributors to the total FPDH of 23Pu thermal fission
when all isotopes have decay energy uncertainties. JEFF-3.1.1 is used in these calculations.
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Beta FPDH
The same analysis is performed for beta contribution, showing in Fig. 6.17 the results when
only the decay energy uncertainties provided in JEFF-3.1.1 are propagated, and in Fig. 6.18

when all decay energies have uncertainty.

Again, it is observed that there are many contributors with similar contributions. More than
20 contributors should be taken into account in order to obtain at least a total contribution
larger than the actual total uncertainty. Both cases, when all decay energies have uncertainties
and when only the ones in JEFF-3.1.1 are propagated, present the same tendency as in Total
FPDH, with some minor differences in the order of main contributors, except for 192103 Np
and 97 Sr that appear as main contributors when decay energy uncertainties are suggested for

them. That means the isotopes with unknown uncertainties are of importance for beta FPDH

calculations, and for its uncertainty, throughout short cooling time periods (t < 2 x 103 s).
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FIGURE 6.17: Main uncertainty contributors to the beta FPDH of 239Pu thermal fission
when only isotopes with decay energy uncertainties provided in JEFF-3.1.1 are considered.
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FIGURE 6.18: Main uncertainty contributors to the beta FPDH of 23°Pu thermal fission
when all isotopes have decay energy uncertainties. JEFF-3.1.1 is used in these calculations.

Gamma FPDH
Finally, gamma FPDH is addressed, showing its contributors when only the isotopes with
decay energy uncertainties provided in JEFF-3.1.1 are taken into account in Fig. 6.19, and

when all decay energies have uncertainties in Fig. 6.20.

The results for both cases show again that there are a lot of main contributors for short
cooling times, up to 20 seconds, e.g. Nb, Rb and Y isotopes. After that time, La and Cs
isotopes become the main contributors until 1000 seconds. The most important contributors
above 1000 seconds are I, La, Te and Sb. Indeed, '3%!351 appear as the most important

contributors, supplying at least 50% of the total uncertainty.

When all isotopes have decay energy uncertainties, 102193 Nb, 978y and 35 ] appear as main
contributors. That means the isotopes with unknown uncertainties do play an important role
in gamma FPDH calculations and its uncertainty for short cooling time periods (t < 2x10% s),

as they do in beta FPDH.
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FIGURE 6.19: Main uncertainty contributors to the gamma FPDH of 23°Pu thermal fission
when only isotopes with decay energy uncertainties provided in JEFF-3.1.1 are considered.
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FIGURE 6.20: Main uncertainty contributors to the gamma FPDH of 23°Pu thermal fission
when all isotopes have decay energy uncertainties. JEFF-3.1.1 is used in these calculations.
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6.1.4.7 Including latest TAGS experimental values in JEFF-3.1.1

As already mentioned in Chapter 2, decay energy coming from gamma rays is underestimated,
while decay energy from beta decay particles is overestimated, this is know as “Pandemonium
effect” [Hardy et al., 1977]. New experiments are aimed to overcome this issue by means
of the use of TAGS (Total Absorption Gamma Spectrometer) experiments. As explained
in [Algora et al., 2010], new values for decay energies are proposed for various isotopes, which
are presented in Table 6.3. An increase of gamma decay energies and a decrease of beta decay
energies are observed. Large changes are proposed for one isotope: ' Nb, whose uncertainty
for the gamma decay energy has increased from 9% to 62.7%, while its uncertainty for the

beta decay energy has decreased from 16.5% to 7.4%.

TABLE 6.3: Comparison between mean values and uncertainties for beta and gamma
decay energies included in the JEFF-3.1.1 library and new TAGS experimental
data [Algora et al., 2010].

Decay energy (keV)

Nuclide Ty (s) E. JEFF Ey rtacs Eg JEFF Egracs
101 Npy 7.1+0.3 244.46 422 4454 279 1863 £307 1797 £133
0500 356+ 1.6 551.5 4 24 2407493 1922 +£122.5 1049444
1027¢ 5284015 80.8+4.6 106 + 23 1945+ 15.5 1935+ 11
1047e 1098 +18 18904+ 30.7 3229424 15956 + 75 931410
1057 456 + 6 668.4+19 1825+ 174 13104 173.2 764 + 81
1067¢ 3641 21914+51.2 3132470  1943+£68.7 1457+ 30
1077¢ 21.24£0.2 514.84+10.9 18224450 2056 £254.1 1263 £ 212

Analysis of the impact of these new decay energy values is performed for reference calculations,
showing these results in Figs. 6.21, 6.22 and 6.23. The usage of new TAGS data improves
the agreement between simulations and experimental data. For total FPDH, there are some
cooling times where simulations still underestimate the total FPDH. For beta FPDH, there
is still an underestimation between 2 s and 20 s, while after 20 s it is always overestimated.
And for gamma FPDH, almost at any cooling time FPDH is still underestimated, excepts
between 20 s and 100 s when it is overestimated. In general, the new TAGS data improve
the agreement between experimental data and calculations, but there is still discrepancies to

be resolved.
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FIGURE 6.21: Total FPDH for the 23°Pu thermal fission using JEFF-3.1.1 compared with
the inclusion of new TAGS data into JEFF-3.1.1.
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FIGURE 6.22: Beta FPDH for the 2*°Pu thermal fission using JEFF-3.1.1 compared with
the inclusion of new TAGS data into JEFF-3.1.1.
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FIGURE 6.23: Gamma FPDH for the 23°Pu thermal fission using JEFF-3.1.1 compared with
the inclusion of new TAGS data into JEFF-3.1.1.

The impact of these new values on previous UQ studies are only addressed for the case in
which all isotopes have decay energy uncertainties. Results for Beta and Gamma FPDH of

the 239Pu thermal fission are shown in Fig. 6.24 and Fig. 6.25, respectively.

For Beta FPDH, negligible differences arise between using or not new TAGS data. In contrast,
for Gamma FPDH, an increase of the uncertainty appears from 2 s to 60 s, and from 400 s
to 2000 s. The effect on Total FPDH is the same as on Beta FPDH, the usage of new TAGS

data has no impact.

Analysis of the contributors has been performed, revealing that the main contributors to
Total FPDH are 98:99:100,101,103 pyp, -96,97my~ 99,100 7. 140015 and 193 Mo, If they are compared
with previous results without using new TAGS data, same main contributors, only 3°Te and

137T become slightly more relevant.
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FIGURE 6.24: Beta FPDH uncertainty for the 23°Pu thermal fission, obtained with JEFF-
3.1.1 by adding or not the new TAGS data, compared with Tobias’ experimental uncertainty

data.
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FIGURE 6.25: Gamma FPDH uncertainty for the 239Pu thermal fission, obtained with JEFF-
3.1.1 by adding or not the new TAGS data, compared with Tobias’ experimental uncertainty
data.

135



Chapter 6 Uncertainty Quantification studies

6.1.4.8 Comparison with ENDF /B-VII.1 results

Calculations for the 2*?Pu thermal FPDH with the ENDF/B-VII.1 library are carried out in
order to compare with the JEFF-3.1.1 results. Then, the uncertainty propagation on total
FPDH is repeated with ENDF/B-VIL.1. The uncertainty sources, decay data (half-life and
decay energy values) and fission yield data, are propagated, first all at the same time, and
after, individually, as done before with JEFF-3.1.1. The results are presented in Figs. 6.26
and 6.27.

Fig. 6.26 shows the total FPDH resulting from both libraries, ENDF/B-VIL.1 and JEFF-
3.1.1, and the experimental data from Tobias [Tobias, 1980, Tobias, 1989] and other measure-
ments [Dickens et al., 1981, Akiyama et al., 1982b, Akiyama et al., 1982a]
[Schier and Couchell, 1997] used in ENDF/B-VII.1 evaluations. ENDF/B-VII.1 results are
in good agreement with all the experimental data mentioned above, except for Lowell’s
data [Schier and Couchell, 1997]. JEFF-3.1.1 results fail to simulate such data as well. How-
ever, these experimental data have large discrepancies with the rest, so they seem not to be
reliable. For short cooling times (below 20 s), simulations with JEFF-3.1.1 and ENDF/B-
VII.1 reproduce better other experimental data than Tobias’ ones.In addition, calculations
performed with the ORIGEN-S depletion code [Gauld et al., 2010] by ORNL are also shown,

observing a good agreement between ACAB and ORIGEN-S calculations.
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FIGURE 6.26: Comparison of simulated total FPDH for the 23°Pu thermal fission with differ-

ent experimental data, Simulations performed with ACAB using JEFF-3.1.1 (with/without

new TAGS data [Algora et al., 2010]) and ENDF/B-VIL.1. Results from ORIGEN-S with
ENDF/B-VIIL.1 are also presented. (From [Cabellos et al., 2013])

When decay energy uncertainties are propagated, the same assumption is taken into account
as done before for the previous calculations: decay energies without uncertainty values, or
zero values, are assumed to have an uncertainty as provided in Table 6.2. As shown before in
Fig. 6.6, the contribution of those nuclides can account up to 15% of total FPDH for cooling

times smaller than 2000 s.

The uncertainty propagation results are presented in Fig. 6.27. The ENDF/B-VIL.1 calcu-
lations have been carried out with the Hybrid Method, as done before for JEFF-3.1.1. The
performances of both libraries are plotted there, showing the uncertainty due to every source
when treated individually and when all are propagated together at the same time. Similar
results are obtained with both libraries for decay energy and decay constant uncertainties.
However, large differences are found for fission yield uncertainties. ENDF/B-VIIL.1 provokes
a final uncertainty larger than with JEFF-3.1.1 throughout the whole cooling time. In spite
of that fact, both libraries present that fission yield uncertainties are the most relevant con-

tributors.
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FIGURE 6.27: Uncertainties in the 23°Pu total FPDH due to all nuclear data uncertainty
sources, propagated together and individually, using the ENDF/B-VIL.1 and JEFF-3.1.1.
They are compared with experimental uncertainties [Tobias, 1980, Tobias, 1989].

In Table 6.4, a list of the most important contributors at 1000 s after the fission burst is
shown. Nuclides measured in [Algora et al., 2010] are marked with . Same contributors are
observed with ENDF/B-VII.1 and JEFF-3.1.1, although the order differs. The use of new
TAGS data in ENDF/B-VIIL.1, and not in JEFF-3.1.1 is the origin of such a difference.

TABLE 6.4: List of the major contributors to Total FPDH for 23Pu thermal fission after
1000 s from the fission burst. Nuclides measured in [Algora et al., 2010] are marked with a.

JEFF-3.1.1 (%) ENDF/B-VIL1 (%)
Total: 0.87 MeV /fission Total: 0.91 MeV /fission

104 8.6 104 9.9

9%y 5.3 108 e 5.7

102pca 5.2 %y 5.1

101Mo 5.1 102 5.1

139Cs 4.9 101Mo 4.7

105 e 4.6 139Cs 4.4
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6.1.5 2%U thermal FPDH

After addressing the 23°Pu FPDH, here a UQ study on the ?*>U FPDH calculation induced
by thermal neutrons is performed using ENDF/B-VII.1 and JEFF-3.1.2. that the fission yield
and decay data in JEFF-3.1.2 is identical to that in JEFF-3.1.1. In spite of the propagation of
all possible nuclear data uncertainty sources as done for the 23*Pu FPDH, only Fission Yield
(FY) uncertainties are propagated here. Same methodology for propagating uncertainties is
used as in the 23Pu FPDH study. More over, the Monte Carlo sampling methodology is
also compared with the First Order Perturbation Theory — Propagation of moments, and the

impact of the covariance matrices generated for IFYs in Chapter 5 is analysed.

The list of performed calculations is presented in the following. All the simulated values have

been compared again with Tobias’ compiled data [Tobias, 1980, Tobias, 1989].

Calculations using the ENDF/B-VIL.1 library:

I Total FPDH calculation using only best-estimated values (ENDF /B-VIL.1).

IT Total FPDH calculation with variance matrix without correlations (ENDF/B-VIIL.1 +

no COIT.).

IIT Total FPDH calculation with the correlation matrix generated with Bayesian/GLS method
and mass chain yield information (ENDF/B-VIL.1 + COV(MFY)).

Calculations using the JEFF-3.1.2 library:

V Total FPDH calculation using only best-estimated values (JEFF-3.1.2).

VI Total FPDH calculation with variance matrix without correlations (JEFF-3.1.2 + no

COIT.).

VII Total FPDH calculation with correlation matrix generated with Bayesian/GLS method
and mass chain yield information (JEFF-3.1.2 + COV(MFY)).

VIII Total FPDH calculation with correlation matrix generated with Bayesian/GLS method
and cumulative yield information (JEFF-3.1.2 + COV(CFY)).

Reference FPDH results obtained with calculations I (blue lines) and V (red lines) in Fig. 6.28
(top) approach Tobias’ compiled data (black) along the whole decay process. Fig. 6.28 (bot-

tom) shows the ratio of calculated to experimental values (C/E), with Tobias’ experimental
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uncertainty bars reported in black. Both libraries, JEFF-3.1.2 and ENDF /B-VII.1, underes-
timate the decay heat for times shorter than 2000 seconds. The ENDF/B-VIIL.1 decay library
has been extended including new TAGS experimental data [Algora et al., 2010], improving
the accuracy of the calculations for 22U and 23?Pu FPDH thermal fission [Chadwick et al., 2011],
as seen here and previously for the 23Pu thermal FPDH when such data are included. How-

ever, here JEFF-3.1.2 does not included such new TAGS data.

1.6
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FIGURE 6.28: Thermal neutron induced FPDH calculations with ENDF/B-VIIL.1 and JEFF-
3.1.2 for 235U (top) and C/E ratio with experimental uncertainty bars (bottom).

6.1.5.1 Results with ENDF/B-VII.1 uncertainties

Uncertainties in the thermal FPDH of 23°U, measured as relative standard deviations (%),
due to ENDF/B-VII.1 uncertainties are presented in Fig. 6.29 as a function of cooling time.
The uncertainties presented are the ones from the calculations II and III. Again, they are

compared with the experimental uncertainty coming from Tobias’ work.

For calculation II, the IFY uncertainties stored in the library have been taken as the di-
agonal coefficients of the IFY covariance matrix. While for calculation III, the covari-
ance matrix generated with the introduction of the evaluated chain yield information from
[England and Rider, 1994] is used, shown such a matrix in Fig. 5.1. The full covariance ma-
trix for IF'Y's contributes to strongly reduce the uncertainty on decay heat. The small updated
uncertainties of IF'Ys, as seen in Chapter 5, inevitably contribute to reduce the uncertainty

on decay heat. However, reduced IFY variances are not the only contributors to this effect.
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—— Tobias(1989)
6 —— (II) ENDF/B-VII.1 + no corr. 7
—— (lll) ENDF/B-VII.1 + COV(MFY)

--------- (1) ENDF/B-VII.1 + COV(MFY),only diag.

Uncertainty (%)
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FIGURE 6.29: Uncertainty (%) of thermal FPDH for 23°U calculated with ENDF/B-VII.1

An additional calculation is presented in Fig. 6.29. It has been obtained using only the
diagonal terms of the covariance matrix generated for calculation III. Its objective is to
present the effect of neglecting off-diagonal terms that have appeared after including chain
yield information. As a result, a larger final uncertainty is reached if compared with when the
full covariance matrix is used. However, less uncertainty is obtained than in calculation II as
a results of reducing the values of the diagonal terms. Then, the importance of correlations

between IFYs is highlighted, and they should be always considered.

6.1.5.2 Results with JEFF-3.1.2 uncertainties

Results obtained with the JEFF-3.1.2 data library are reported in Fig. 6.30. Uncertainties,
in the form of relative standard deviations, are plotted as a function of the decay/cooling

time and compared with Tobias’ experimental uncertainties (black line).

The red curve is calculated using non-correlated fission yields (VI). The green curve corre-
sponds to calculation VII, where information on evaluated mass fission yields [IAEA, 1974]
is introduced. The blue solid line shows the results for calculation VIII in which the IFY

covariance matrix has been updated with the CFY covariance data.
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FIGURE 6.30: Uncertainty (%) of thermal FPDH for 235U calculated with JEFF-3.1.2.

For calculation VIII, lower FPDH uncertainty values than those for calculation VII are ob-
served. For the same reasons already explained in Chapter 5, the calculated covariance
matrices introduce high negative correlations that affect the outcomes significantly as the
variance on decay heat is strongly reduced. Part of this effect is lost when computing FPDH
uncertainty by keeping only the variance (diagonal) data, as shown when the extra calcula-
tion (only diag., blue dashed line) in Fig. 6.30 is compared with the outcome uncertainty for
calculation VII. Therefore, it is important to include such IFY correlations in UQ studies for

FPDH problems.

6.1.5.3 Comparison between Monte Carlo sampling and First Order Perturba-

tion

To complete the study, a further perturbation analysis is performed. All the calculations
done with Monte Carlo sampling using the JEFF-3.1.2 library are recalculated again, but
this time using a linear perturbation technique. For every IFY involved in the problem, a
FPDH simulation is performed introducing a perturbation on the same yield. With perturbed
calculations, sensitivity coefficients are calculated. Then, they are used in conjunction with
the same covariance data used before in the moment propagation equation, Eq. 3.8, to get the
variance on the decay heat response. That leads to a comparison of methodologies: Monte

Carlo sampling and First Order Perturbation.
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Results for JEFF-3.1.2, plotted in Fig. 6.31, show that linear perturbation (PERT) and
Monte Carlo sampling (MC) account for the same effects on the decay heat uncertainty. The
linearity of the problem and the small perturbations allow the perturbation technique to
perform as well as Monte Carlo sampling, even though it is presumable that the introduction
of higher perturbations in the same system, combined with non-linear effects, will highlight

the superiority of the latter for uncertainty propagation problems.

6 T T T T T T
—— Tobias(1989)
JEFF-3.1.2 + no corr. - MC
° JEFF-3.1.2 + no corr. - PERT

Sr JEFF-3.1.2 + COV(MFY) - MC 7
JEFF-3.1.2 + COV(MFY) - PERT
JEFF-3.1.2 + COV(CFY) - MC

4 - o JEFF-3.1.2 + COV(CFY) - PERT .

Uncertainty (%)

0 1 1 1 1 1 1
10° 10 102 10° 10* 10°
Cooling time (s)

FIGURE 6.31: Comparison of thermal FPDH uncertainties for 23U obtained using Monte
Carlo sampling (MC) and linear perturbation (PERT) with JEFF-3.1.2.

6.1.5.4 Comparison between libraries

Fig. 6.32 plots the uncertainties of total FPDH for non-correlated IFY uncertainties (red)
from JEFF-3.1.2 (dashed) and ENDF/B-VIIL.1 (solid). Blue solid and dashed lines are the
results obtained for calculations III and VII, respectively. Results obtained with ENDF/B-
VIIL.1 data have lower uncertainties than those calculated with JEFF-3.1.2. This can be
inferred from the low uncertainties provided by ENDF/B-VIIL.1 to those nuclides with high
IFY (Fig. 2.4), as stated in Chapter 2, Sec. 2.5.3.
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FIGURE 6.32: Comparison of uncertainties in thermal FPDH for 23U calculated with both
JEFF-3.1.2 and ENDF/B-VIIL.1.

A sorted list of 39 nuclides, with their sensitivity coefficients (%/%) calculated with JEFF-
3.1.2, is presented in Table 6.5 for whose IF'Ys contribute the most to thermal FPDH calcula-
tions of 23°U at any decay time. If these results are compared with the ones in [Katakura, 2013,
a perfect agreement is observed. As expected, most of the nuclides with the largest sensitiv-
ities to FPDH in terms of IFYs belong to the peaks of the thermal fission yield distribution
(see Fig. 2.4). The temporal evolution of the effect of each FY to FPDH can be followed in
this table.

TABLE 6.5: List of the 39 most important nuclides, with their sensitivity coefficients as
(%/%), to the total FPDH of 23°U thermal fission. Sensitivity coefficients values below 1072
are not presented, while the rest are multiplied by 102.

Decay time (s)
Nuclide  10° 10! 10? 103 10* 10°

88Br - 1.58 - - 4.43 -
88Kr - - - - 516 -
89Kr - - 220 5.66 - -
OKr - 171 682 194 - -
Kr 1.30 3.76  4.49 - 1.52  5.85
92Ky 2.88 3.55 - - 295 1.08
92Rb 2.41 3.08 - - 4.35  1.60

9Rb 2.09 373 1.02 3.59 1.09 4.18

Sensitivity coefficients multiplied by 102

Continued on next page
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Table 6.5 — continued from previous page

Decay time (s)
Nuclide  10° 10! 102 10® 10* 10°

9%Rb 1.51 - - - - -
948 - - 341 478 - -
98r - 265 3.07 4.94 - -
963y 6.21  3.99 - - - -
97Sr 515 1.33 - - - 6.42
My 4.20 - - - - 8.09
9Ty 1.33 - - - - 217

98my 4.06 162 1.30 - - -
99y 334 1.61 - - - -

97y 3.07 1.94 - - - 221
1007y 1.66  6.97 - - - -
1017y 2.84 3.11 - 3.27 - -
1027y 203  2.86 - 173 - -
1329} - - - - - 286
132mgy, - - - - - 211
1338h - - 158 224 - 342
132 - - - - - 377
133m e - - - 126 357 4.29
134 e - - - 251 1844 -
135 e - 185 - - 294 845
136 e - 139 338 - - -
1351 - - - - 204 584
1381 - 146 - 177 1.50 -
138Xe - - - 6.62  5.68 -
139Xe - 160 437 4.25 2.85 -
10%e - 261 524 - - 1.36
10Cs - - 221 - - -
M2cs 321 - - 2.04 5.08 -
142B4 - - - 242 6.02 -
113Ba - 212 - 270 - 3.62
144y - 2552 584 - - -

Sensitivity coefficients multiplied by 10?

6.1.6 Conclusions of FPDH calculations

The results of 23Pu FPDH shows that the contribution to the decay heat of the isotopes

without decay energy uncertainties could go up to a 15% of the contribution. However, they
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are only of relevance for cooling time periods smaller than 2x 103 s. When difference sources of
uncertainties are compared, F'Y uncertainties are the most relevant, followed first by the decay
energy uncertainties, and then by decay constants and branching ratios. This could change if a
different assumption is made for the uncertainty values suggested for those isotopes which has
no uncertainty for their decay energies, as seen if compared with [Katakura, 2013] where decay
energy uncertainties become the most important contributor. When the gamma and beta
contributions of the FPDH are analysed, same results are extracted concerning the relevance
of the uncertainty sources. The analysis of isotope contributors reveals that their results
can be affected by the uncertainty suggested for such isotopes without a given uncertainty
in JEFF-3.1.2. The comparison against experimental data shows that beta contribution
is overestimated, while gamma one is underestimated. However, this could be improved
with the inclusion of new TAGS experimental data, as provided in [Algora et al., 2010], in
JEFF-3.1.2. The JEFF-3.1.2 results are compared with the ENDF/B-VII.1 ones, showing
that a better agreement with experimental data is obtained for decay times above 10 s with
ENDF /B-VII.1. However, the final uncertainty obtained with ENDF/B-VII.1 is always larger
than the obtained with JEFF-3.1.2. Although, the importance of the uncertainty sources for
ENDF/B-VII.1 is the same as for JEFF-3.1.2.

The UQ study on the 23°U FPDH reveals the importance of providing full covariance matrix
for FY data. If no correlations among FY are assumed, large uncertainty values are obtained
if compared with the cases where full covariance matrix are used. In any of the studied
cases, the uncertainties on IFY are reduced when uncertainty data from CFY or Mass FY
(MFY) are taken into account with a Bayesian/GLS updating scheme. However, the amount
of uncertainty that is subtracted from the diagonal terms is converted into correlations. The
effect of using solely the new diagonal values is compared against the usage of the full co-
variance, showing that the effect of the generated correlations (negative always) is to reduce
even further the final uncertainty. In addition, the comparison of Monte Carlo sampling and
linear perturbation shows that both approaches provide the same results. Then, it is proved
that the latter can be also applied without any drawback when only one source of uncer-
tainty is applied for this kind of problem, and the uncertainties considered are rather small.
Moreover, thanks to the sensitivity analysis, the most important contributors to the final un-
certainty at any decay time of interest can be studied. The performance comparison between
JEFF-3.1.2 and ENDF/B-VII.1 shows that ENDF/B-VIIL.1 induces smaller uncertainties than
JEFF-3.1.2, even after updating IFY with Mass FYs.
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6.2 UQ study on the European Facility for Industrial Trans-

mutation fuel cycle

UQ studies are performed on the European Facility for Industrial Transmutation (EFIT)
fuel cycle, analysing uncertainties on the isotopic composition and two derived magnitudes:
decay heat and radiotoxicity. Also, this calculation serves as a framework for comparing two
different UQ methods performed later: Total Monte Carlo and the Hybrid Method, applying

both only to depletion calculations.

6.2.1 Description of EFIT fuel cycle depletion calculations

The basic characteristics of the industrial-scale transmutation facility EFIT [Artioli, 2006,
Alvarez-Velarde et al., 2009] are:

e core cooled by pure lead,
e 400 MW of thermal power,

e initial total mass of actinides 2.074 tones (21.7%MA).

Two burn-up discharges are studied here, 150 GWd/THM (equivalent to 778 days of irradi-
ation) and 500 GWd/THM (3250 days of irradiation).

The composition of actinides in the EFIT fuel is given in Table 6.6, being the main transuranic

isotopes loaded in fuel 233Pu, 239Pu, 240Py, 241Puy, ?42Pu, **'Am, ?*Am and ?*4Cm.

The EFIT fuel cycle is studied through a depletion calculation of a representative pin-cell of
the core in one burn-up step. That means, a constant neutron environment representative
of the equilibrium cycle is assumed for all the irradiation period, with an average energy
spectrum of 0.375 MeV and a flux intensity of 3.12x10'® n/cm?s for the 150 GWd/THM
burn-up case. The assumed neutron flux and spectrum, presented in Fig. 6.33, have been
taken from fully detailed 3D burn-up calculations performed with the EVOLCODE2 code
[Alvarez—Velarde et al., 2007], and correspond to a representative cell in the inner part of the
core at mid-burn-up after 400 days. For 500 GWd/THM, the same neutron flux and spectrum
are taken, because of the study of fuel multi-recycling in the same reactor. Such a process

is characterised for having the same neutron flux since the initial isotopic fuel composition
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is the same for each equilibrium cycle. Then, the thermal power will decrease and the fissile

isotope inventory will be also largely reduced.
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FI1GURE 6.33: The EFIT neutron spectrum corresponding to a representative cell in the
inner part of the core at mid-burn-up, i.e. after 400 days of irradiation.

Both depletion calculations, 150 GWd/THM and 500 GWd/THM, are addressed with ACAB,

with the following details:

e For 150 GWd/THM: There are 30 time steps for depletion and 30 time steps for cooling.
The depletion period starts at 1 second and ends after 778 days (6.721920x 107 s), and

the cooling period starts 10™3 seconds after shutdown and ends after 10° years.

e For 500 GWd/THM: There are 40 time steps for depletion and 30 time steps for cooling.
The depletion period starts at 1 second and ends after 3250 days, and for the cooling
is the same as for 150 GWd/THM.

With this information, the ACAB input files can be written, showing the one for 150 GWd/THM
in Fig. 6.34 and for 500 GWd/THM in Fig. 6.35. In these inputs, the isotope composition
is omitted, because they have been already presented. For preparing cross section and fis-
sion yield files and their uncertainties, the neutron spectrum given in Fig. 6.33 is used for

collapsing.
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FIGURE 6.34: ACAB input file for the EFIT calculation with a burn-up of 150 GWd/THM.
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FIGURE 6.35: ACAB input file for the EFIT calculation with a burn-up of 500 GWd/THM.
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6.2.2 UQ study on isotopic composition

Uncertainties on isotopic composition due to cross section, fission yield and decay data were
calculated in [Cabellos et al., 2011b], using the Hybrid Method. The sources of uncertainties
were: EAF-2007 for cross section data, and JEFF-3.1.1 for fission yield and decay data. Only
the burn-up case of 150 GWd/THM was studied, addressing uncertainties on concentrations
of light isotopes, actinides and fission products designated as the most relevant either due to
transmutation or due to their importance on the response functions (e.g. decay heat, neutron
emission, public dose), or both. The results of such a UQ study are presented in Table 6.6 for
uranic and transuranic isotopes, and in Table 6.7 for fission products. Initial composition and
nominal variation (without uncertainties) of actinide concentrations at the end of irradiation
are shown, while for fission product concentrations only the final concentration. Uncertainty

values always refer to concentrations at the end of burn-up.

Decay data uncertainties (A\) have a negligible effect on the isotopic prediction for both
actinides and fission products, except for 126Sb and '*'Eu. For ®'Eu, its uncertainty comes
from the 6.67% uncertainty on the 1°'Sm decay constant, because the decay of 1Sm is the
main production source of "> Eu. However, the removal of *!Sm is governed by cross sections
not by decay, so that, its decay uncertainty has no effect on its concentration uncertainty.
The uncertainty in 126Sb is due to the uncertainty of 28.6% for 126™Sb branching ratio which

leads to 125Sb, and because '2Sb has a slightly higher fission yield value than 26Sb.

Uncertainties of the rest of fission products due to fission yields () remain below 10%, while

larger uncertainties were found due to cross section uncertainties.

Regarding uncertainty data for cross sections, EAF-2007 (ocp4r) seems to be very con-
servative, because very large uncertainty values are obtained if compared with SCALE6.0
(0scare). In some cases, uncertainties obtained with EAF-2007 can go up to 10 times the

uncertainties obtaiend with SCALESG.0.

Results are updated using EAF-2010 uncertainties [Diez et al., 2014b]. Table 6.8 shows those
isotopes whose uncertainties have changed because of using EAF-2010 instead of EAF-2007.
There, the uncertainties on concentrations at the end of burn-up are shown for each source
of uncertainty. In general, the uncertainties on almost every isotope concentration decrease,

while those for 240Pu and 242Cm increase.
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TABLE 6.6: Uranic and transuranic initial compositions (V;), nominal variations (N; — N;)

and their uncertainties at the end of burn-up for 150 GWd/THM due to different nuclear

sources: decay data (\), cross sections from EAF-2010 (cgpar) and cross sections from
SCALEG6.0 (O'SCALE).

Uncertainty (%) due to

Nuclide N; Ny — N; Decay Cross sections
(atoms/cm3)  (atoms/cm3) JEFF-3.1.1 EAF-2007 SCALE6.0
232y - 4.37E+20 5.2 9.8 1.0
233y - 1.57E4+21 0.1 12.6 14.9
234y 7.6TE+25 6.79E+25 0.0 4.6 1.9
235Uy 1.84E+25 1.83E+25 0.0 13.2 3.0
236U 2.54E+25 2.46E+25 0.0 1.8 2.3
237y 2.33E+18 4.07TE+22 0.1 7.9 3.5
238Uy 1.30E+23 1.27E4-23 0.0 1.3 2.2
23TNp 2.25FE+26 1.39E+26 0.0 6.1 1.4
238Np 6.07TE+18 2.40E+23 0.1 7.8 1.8
239Np 2.75E+20 5.67E+20 0.2 16.3 15.9
238py 4.26E+26 3.99E+26 0.0 4.3 2.5
239py 5.21E+26 3.50E+26 0.0 4.8 1.3
240py 1.73E+27 1.44E+27 0.0 1.9 0.3
241py 3.13E4-26 3.01E426 0.0 8.3 0.9
242py 7.50E4-26 6.77E426 0.0 2.2 0.7
244py 1.55E+23 1.83E+23 0.0 4.0 2.2
241 Am 3.50E+26 2.25E+26 0.0 7.0 2.0
242 Am 3.81E+20 1.31E+423 0.2 8.6 2.6
242m Am 2.96E-+25 1.81E+25 0.0 12.8 6.4
243 Am 3.14E+26 2.78E+26 0.0 6.1 1.4
242Cm 3.17E+23 2.64E+25 0.1 10.4 3.4
243Cm 3.10E+24 3.64E+24 0.2 23.4 11.7
244Cm 2.67E+26 2.92E+26 0.0 6.2 3.1
245Cm 7.82E+425 7.57TE+25 0.0 13.2 9.7
246Cm 5.20E+25 5.19E+25 0.0 7.3 3.5
247Cm 1.12E425 1.11E+25 0.0 15.7 11.0
248Cm 8.33E4-24 8.79E4-24 0.0 6.6 4.3
249Bk - 3.28E+23 1.0 20.2 17.3
249¢f - 2.72E+23 1.1 20.4 17.9
250f - 8.42E+22 0.4 30.6 24.2
251cf - 5.03E+21 0.3 44.0 30.3
252¢f - 1.03E+20 0.3 56.4 35.6
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TABLE 6.7: Fission product concentrations at the end of burn-up for 150 GWd/THM (Ny)
with their uncertainties due to different nuclear data sources.

Uncertainty (%) due to

Nuclide Ny Decay FYs Cross sections
(atoms/cm3®)  JEFF-3.1.1  EAF-2007 SCALE6.0

Se 2.25E+23 0.00 5.9 4.3 1.6
93mNb 1.81E+19 6.19 2.9 3.5 1.3
94Nb 1.39E+20 0.03 5.9 17.6 4.6
93Mo 1.45E+18 0.01 2.7 82.6 1.2
103Rh 5.52E+25 0.00 3.7 5.2 1.7
107pg 3.52E+25 0.01 4.0 4.9 2.3
109Ag 2.09E+25 0.02 3.9 5.4 2.7
1268 2.02E+24 0.00 7.2 4.8 2.1
1268h 2.90E+21 5.21 9.2 9.0 3.3
126mgt, 4.43E+18 1.05 7.5 16.4 1.9
1291 1.06E+25 0.07 4.1 4.7 2.1
1499m 9.68E+24 0.00 3.6 6. 8 4.5
150Sm 4.57E+24 0.01 3.0 11.0 7.7
1519m 5.11E+24 0.05 4.2 10.9 6.7
1529m 8.94E+24 0.01 3.1 6.6 4.0
151Ey 3.74E+22 6.66 3.8 9.8 6.5
153 Fu 3.65E+24 0.01 4.4 14.6 5.2
155Gd 2.87E+23 0.26 7.1 7.8 3.8

153



Chapter 6 Uncertainty Quantification studies

TABLE 6.8: Uncertainties on concentrations for those isotopes whose concentration uncer-
tainties have changed because of using EAF-2010 instead of EAF-2007 at the discharge
burn-up of 150 GWd/THM for EFIT.

Uncertainty (%) due to

Nuclide Decay FYs Cross sections
JEFF-3.1.1 EAF-2007 SCALE EAF-2010
B5U 0 - 13.2 3.0 3.6
BTNp 0 - 6.1 1.4 3.0
240py 0 - 1.9 0.3 3.2
21py 0 - 8.3 0.9 2.9
21 Am 0 - 7.0 2.0 3.5
243 Am 0 - 6.1 1.4 2.7
22Cm 0.1 - 10.4 3.4 14.0
243Cm 0.2 - 23.4 11.7 3.7
245Cm 0 - 13.2 9.7 3.4
27Cm 0 - 15.7 11.0 6.3
2498k 1 - 20.2 17.3 7.4
B20f 0.3 - 56.4 35.6 15.4
94Nb 0.03 5.9 17.6 4.6 4.3
%Mo 0.01 2.7 82.6 1.2 35.7
12681, 521 9.2 9.0 3.3 2.9
126Mgy 1,05 7.5 16.4 1.9 6.6
150G9m 0.01 3.0 11.0 7.7 5.2
1519m 0.05 4.2 10.9 6.7 3.1

6.2.3 UQ study on EFIT decay heat

Once uncertainties on isotopic concentrations are calculated, it is straight forward to assess
uncertainties on derived response functions. In this case, the decay heat during cooling time
is followed. Then, uncertainties on decay energies are included in the calculations. The
sources of uncertainties are JEFF-3.1.1 for fission yield and decay data, and EAF-2007 for

cross section data.

Individual uncertainty propagation of the uncertainty sources are performed, as well as the
joint calculation with all of them propagated at the same time. In addition, the most impor-

tant contributors to final uncertainties are studied.

Results for 150 GWd/THM are presented in Fig. 6.36, while for 500 GWd/THM in Fig. 6.37.

In these plots, the reference calculation (black solid line) and the mean value (red line with
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cross marks) obtained with the Hybrid Method are completely the same. The uncertainties
due to all nuclear data uncertainties propagated together (solid blue line), and due to the
individual propagation of cross sections (red dashed line), fission yields (pink dashed line)

and decay data (green dashed line) are provided.
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FIGURE 6.36: Decay heat and its uncertainty as a function of cooling time for a EFIT fuel

pin-cell burned up to 150 GWd/THM, comparing the reference calculation (DH ref) and

the mean value (DH Mean) obtained with the Hybrid Method, and showing the total and

individual uncertainty contributions of different nuclear data sources: cross sections (XS),
fission yields (FY) and decay data (decay).

For 150 GWd/THM, when all uncertainties are propagated, decay heat uncertainty never ex-
ceeds 10%. After 90 days (0.245 years) of cooling time, the decay heat uncertainty reaches its
maximum of 6.67%, when the fission products have started to disappear. For 500 GWd/THM,
similar trend is observed, reaching the decay heat uncertainty its maximum of 9.83% after 10
years of cooling time. In both cases, the main source of uncertainty is cross section uncer-
tainties. The other two sources, fission yield and decay data uncertainties, are not relevant
throughout the cooling time period studied except for the 150 GWd/THM case between 103
and 3x10* years, when decay data uncertainties become relevant with a similar impact as for

cross section uncertainties.
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FIGURE 6.37: Decay heat and its uncertainty as a function of cooling time for a EFIT fuel

pin-cell burned up to 500 GWd/THM, comparing the reference calculation (DH ref) and

the mean value (DH Mean) obtained with the Hybrid Method, and showing the total and

individual uncertainty contributions of different nuclear data sources: cross sections (XS),
fission yields (FY) and decay data (decay).

Analysis of the main contributors to decay heat uncertainty is carried out, using again the
development in Chapter 4, Sec. 4.3.4.1. Presented in Fig. 6.38 for 150 GWd/THM, the most
important contributors are in order of appearance: 2*2Cm, 2**Cm, 2**Pu, 24'Am, ?‘Puy,
239Py, 214Po and 2'3Po. The importance of Po isotopes is really small if compared with the
others, because there are a lot of contributors after 10° years, and most of them provide small

contributions as Po ones.

If the variance of total decay heat is compared against the sum of variances of all the individual
contributions (> var(i)/var(}_)), the contributors analysis can be checked for validity. Such
a check is presented with Fig. 6.39, where the ratios of previous values are presented (also
the complementary, > cov(i, j)/var(>])). Between 1072 and 10° years, almost all the total
uncertainty comes from few individual contributions. But outside such a period, it cannot be
stated which are the most relevant uncertainty contributors. That is the case at the beginning
of cooling time and at the end of the studied cooling time period, when there are a lot of

radionuclides with small contributions.
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FIGURE 6.38: Total uncertainty and main uncertainty contributors to decay heat as a func-
tion of cooling time, when all nuclear data sources are propagated throughout burn-up and
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cooling time for a EFIT fuel pin-cell burned up to 150 GWd/THM.
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FIGURE 6.39: Ratio of the sum of individual contribution variances to the total variance
of decay heat as a function of cooling time, when all nuclear data sources are propagated
throughout burn-up and cooling time for a EFIT fuel pin-cell burned up to 150 GWd/THM.
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The analysis of most important contributors for the 500 GWd/THM burn-up case is presented
in Fig. 6.40. They are in order of appearance: 2*Cm, 238Pu, ?*'Am, ?40Pu, ?3°Pu, 2Po
and 213Po. Again Po isotopes are of low importance compared with others. Only 242Cm are
missed from the 150 GWd/THM case. In addition, the same result as 150 GWd/THM is
obtained when comparing variances of the individual contributions with the total variance:

only up to 10° years the contributor analysis is valid.
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FIGURE 6.40: Total uncertainty and main uncertainty contributors to decay heat as a func-
tion of cooling time, when all nuclear data sources are propagated throughout burn-up and
cooling time for a EFIT fuel pin-cell burned up to 500 GWd/THM.

Note that in both cases, 150 GWd/THM and 500 GWd/THM, the main uncertainty con-

tributors are almost the same as the main contributors to decay heat. So, the way that they

contribute to the uncertainty is by means of their large relative contribution to decay heat.

Thus, there is not any nuclide with large uncertainty but with low contribution that has a
relevant impact.
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6.2.4 UQ study on EFIT Radiotoxicity: Inhalation and Ingestion doses

The same UQ study as on for the EFIT decay heat is performed for radiotoxicity (Inhalation
and Ingestion doses), analysing both burn-ups (150 GWd/THM and 500 GWd/THM), the
different nuclear data uncertainty sources and most important contributors. The sources of
uncertainties are JEFF-3.1.1 for fission yield and decay data, and EAF-2007 for cross section

data.

These doses are referred as the dose received by a man over his lifetime (50 years) following
the ingestion or inhalation of 1 Bq of activity of a particular radionuclide. They are calculated
with dose coefficients, so-called Committed Effective Dose Equivalent (or CEDE), provided
within the activation nuclear data libraries. Here, EAF-2007 has been selected to supply these
coefficients. These coefficients are treated without uncertainties, even if their uncertainties

are likely to surpass the ones obtained due to nuclear data uncertainties.

Results for 150 GWd/THM are presented in Fig. 6.41, while for 500 GWd/THM in Fig. 6.42.
In both cases, inhalation (blue) and ingestion (red) dose reference values and their uncertain-
ties are given. For both burn-ups, 150 GWd/THM and 500 GWd/THM, the inhalation dose
is larger than ingestion, and for the former burn-up higher values are obtained for both doses.
But the behaviour of their uncertainties is different: higher uncertainty values for both doses
are obtained for 500 GWd/THM whose uncertainties do not surpass 9%, while uncertainties
scarcely goes beyond 4% for 150 GWd/THM. For 150 GWd/THM, uncertainties values for
inhalation and ingestion are quite similar throughout the whole cooling time period studied.
Only at few points, the ingestion uncertainty is higher than the inhalation one. Meanwhile
for 500 GWd/THM, inhalation dose uncertainties are higher until after 500 years of cooling

time, above such time the trend switches.
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FIGURE 6.41: Radiotoxicity due to inhalation and ingestion doses and their uncertainties as

a function of cooling time, when all nuclear data sources are propagated throughout burn-up
and cooling time for a EFIT fuel pin-cell burned up to 150 GWd/THM.
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FIGURE 6.42: Radiotoxicity due to inhalation and ingestion doses and their uncertainties as
a function of cooling time, when all nuclear data sources are propagated throughout burn-up
and cooling time for a EFIT fuel pin-cell burned up to 500 GWd/THM.

Nuclear data uncertainty sources are propagated individually, presenting the results in Figs. 6.43

(inhalation) and 6.44 (ingestion) for 150 GWd/THM, and in Figs. 6.45 (inhalation) and 6.46
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(ingestion) for 500 GWd/THM. For both burn-up cases, the inhalation dose uncertainty comes
from cross section uncertainties. However, for the ingestion uncertainty, cross sections are the
main source of uncertainty, with an important contribution from fission yield uncertainties

up to 2x1072 years after shutdown.
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FIGURE 6.43: Inhalation dose uncertainty as a function of cooling time due to different

nuclear data uncertainties: cross sections (XS), fission yields (FY) and decay data (Decay),

which are propagated throughout burn-up and cooling time for a EFIT fuel pin-cell burned
up to 150 GWd/THM.
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FIGURE 6.44: Ingestion dose uncertainty as a function of cooling time due to different nuclear

data uncertainties: cross sections (XS), fission yields (FY) and decay data (Decay), which

are propagated throughout burn-up and cooling time for a EFIT fuel pin-cell burned up to
150 GWd/THM.
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FIGURE 6.45: Inhalation dose uncertainty as a function of cooling time due to different

nuclear data uncertainties: cross sections (XS), fission yields (FY) and decay data (Decay),

which are propagated throughout burn-up and cooling time for a EFIT fuel pin-cell burned
up to 500 GWd/THM.
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FIGURE 6.46: Ingestion dose uncertainty as a function of cooling time due to different nuclear

data uncertainties: cross sections (XS), fission yields (FY) and decay data (Decay), which

are propagated throughout burn-up and cooling time for a EFIT fuel pin-cell burned up to
500 GWd/THM.

Most important contributors for each type of dose are assessed, for the two discharge burn-ups
studied. For 150 GWd/THM, Fig. 6.47 presents the contributors for inhalation, and Fig. 6.48
for ingestion. Meanwhile, for 500 GWd/THM, Figs. 6.49 and 6.50 show the contributors for

inhalation and ingestion, respectively.

For both burn-ups, the main contributors to inhalation uncertainties are 244Cm, 23¥Pu, 24! Am,
240Py and ?2?Rn, whereas for ingestion uncertainties are 33Xe, ?44Cm, 238Pu, 2! Am and
22Rn. 24Py does not appear as a main contributor to ingestion because its contribution
could have been covered by ' Am and ?>Rn between 103 and 10* years. Highlight that there
is only one fission product marked as main contributor for ingestion uncertainty: *3Xe. This
is the reason why fission yield uncertainties play an important role, as seen in Figs. 6.44 and
6.46, for short cooling time periods: uncertainty on the !33Xe concentration comes mainly

from fission cross sections and fission yields.
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FIGURE 6.47: Total inhalation dose uncertainty and its main uncertainty contributors as a
function of cooling time when all nuclear data sources are propagated throughout burn-up
and cooling time for a EFIT fuel pin-cell burned up to 150 GWd/THM.
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FIGURE 6.48: Total ingestion dose uncertainty and its main uncertainty contributors as a

function of cooling time when all nuclear data sources are propagated throughout burn-up
and cooling time for a EFIT fuel pin-cell burned up to 150 GWd/THM.
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FIGURE 6.49: Total inhalation dose uncertainty and its main uncertainty contributors as a
function of cooling time when all nuclear data sources are propagated throughout burn-up
and cooling time for a EFIT fuel pin-cell burned up to 500 GWd/THM.
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FIGURE 6.50: Total ingestion dose uncertainty and its main uncertainty contributors as a
function of cooling time when all nuclear data sources are propagated throughout burn-up
and cooling time for a EFIT fuel pin-cell burned up to 500 GWd/THM.

Again, the ratio of the sum of individual contribution variances to the total variance is

analysed in order to assess the validity of the contributor analyses. Figs. 6.51 and 6.52
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present the evolution of the ratio (and its complementary) as a function of cooling time for

150 GWd/THM. The sum of variances is observed to be quite similar to the total variance

for the whole cooling time period studied, proving that the total uncertainty comes mainly

from few contributors, or even just one. For 500 GWd/THM, the same results are obtained,

with a ratio even closer to one.
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FIGURE 6.51: Ratio of the sum of individual contribution variances to the total variance of
inhalation dose as a function of cooling time when all nuclear data sources are propagated
throughout burn-up and cooling time for a EFIT fuel pin-cell burned up to 150 GWd/THM.
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FIGURE 6.52: Ratio of the sum of individual contribution variances to the total variance
of ingestion dose as a function of cooling time when all nuclear data sources are propagated
throughout burn-up and cooling time for a EFIT fuel pin-cell burned up to 150 GWd/THM.

6.2.5 Conclusions of the UQ studies

Three UQ studies have been performed for the EFIT fuel cycle, in which the Hybrid Method
has been used to propagate uncertainties in: decay, fission yield and cross section data. The
first one is aimed to assess uncertainties on isotopic composition for a discharge burn-up
of 150 GWd/THM, and compares the performance of different cross section data libraries:
EAF-2007, EAF-2010 and SCALEG6.0. For decay and fission yield data, JEFF-3.1.1 is used.
The two others focus on response functions: decay heat and radiotoxicity (inhalation and
ingestion doses), for two different burn-ups: 150 GWd/THM and 500 GWd/THM. For these
latter studies, the propagated uncertainties come from EAF-2007 for cross sections, and from
JEFF-3.1.1 for decay and fission yield data. Main contributor analyses have been carried out
only for uncertainties in response functions, meanwhile analyses of the impact of the different

nuclear data uncertainties have been performed for the three studies.

The UQ study that quantifies uncertainties on the EFIT fuel isotopic concentrations shows
that uncertainties in decay data are negligible. So, the most relevant source of uncertainty
comes from cross section data. EAF-2007 provokes the largest uncertainties, followed by

EAF-2010, and then by SCALE6.0. However, with EAF-2010 lower uncertainties are reached
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than with SCALE6.0 for a group of minor actinides (MA): 243:244:245.247Cpyy  249B)¢ and 252Cf.
The results are in agreement with the comparisons done in Chapter 2, especially through
Table 2.6, where one-group cross section uncertainties were compared. Such a comparison
shows that SCALEG6.0 provides higher uncertainties for the mentioned isotope cross sections
than EAF-2010, and EAF-2007 gives the highest uncertainty values. The uncertainty levels
reached by uranic and transuranic isotopes does not surpass 5%, except for isotopes heavier
than 242™Am whose uncertainties can go up to 35% if SCALE6.0 is used (15% with EAF-
2010). Fission product concentrations, uncertainties from cross section and fission yield data
have to be propagated together in order to account for possible joint effects. Although, from

the obtained results it can be stated that their uncertainties will barely exceed 10%.

From the results on EFIT response function uncertainties (decay heat and radiotoxicity), the
impact of decay and fission yield data uncertainties is very small, even negligible. There are
only two exceptions: one for the decay heat after 10* years from shutdown for 150 GWd/THM,
in which decay uncertainties provoke a contribution as important as cross section uncertain-
ties; the second for the ingestion dose during cooling time obtained with both burn-ups. This
latter exception is explained through '33Xe, which is an important contributor to ingestion
dose uncertainty due to uncertainties in fission yield and cross section data. The maximum
uncertainty values reached throughout the whole cooling time for each response function
are presented in Table 6.9. Note that maximum values increase as discharge burn-up does,

however, the cooling time at which these maximums are reached is completely different.

The main contributors to decay heat and radiotoxicity uncertainties are shown in Table 6.10.
The main contributors are the same for both discharge burn-ups, with only one exception:
242Cm, which is the most important contributor for decay heat at the beginning of cooling
time only for 150 GWd/THM. Contributor analysis assumptions are valid: for the whole

cooling period studied for radiotoxicity, and between 10~2 to 10° years for decay heat.

TABLE 6.9: Maximum uncertainty values reached by response functions during cooling time
for different discharge burn-ups of a EFIT fuel pin-cell, 150 GWd/THM and 500 GWd/THM,
when all nuclear data sources are propagated throughout burn-up and cooling time.

Decay Heat  Inhalation Dose Ingestion Dose
150 GWd/THM 6.67 % 3.70 % 4.33 %
500 GWd/THM 9.83 % 9.04 % 9.45 %
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TABLE 6.10: Most relevant contributors to EFIT response functions for different discharge
burn-ups of a EFIT fuel pin-cell, 150 GWd/THM and 500 GWd/THM, when all nuclear
data sources are propagated throughout burn-up and cooling time.

Relevance
Isotope 150 GWd/THM 500 GWd/THM
133Xe Ing Ing
222Rn Inh, Ing Inh, Ing
238py DH, Inh, Ing DH, Inh, Ing
239Py DH DH
240py DH, Inh DH, Inh
241 A DH, Inh, Ing DH, Inh, Ing
242Cm DH -
244Cm DH, Inh, Ing DH, Inh, Ing
DH: Decay Heat Inh: Inhalation dose Ing: Ingestion dose

For ADS systems, like EFIT, there are target accuracies proposed in [Salvatores et al., 2008,

Alvarez-Velarde et al., 2009, Garcia-Herranz et al., 2010] for different response functions or

system variables:

e Major nuclide isotope concentrations at the end of burn-up: 2% [Salvatores et al., 2008]

- 5% [Alvarez-Velarde et al., 2009, Garcia-Herranz et al., 2010].

e Other nuclide isotope concentrations at the end of burn-up: 5% [Alvarez—Velarde et al., 2009]

- 10% [Salvatores et al., 2008, Garcia-Herranz et al., 2010].

e Response functions, such as decay heat and radiotoxicity: 10% [Alvarez—Velarde et al., 2009,

Garcia-Herranz et al., 2010]

For isotopic concentrations, the 2% requirement is still very tough to achieve, even selecting
SCALES6.0 as source of cross section uncertainties. However, with the 5% target, EAF-2010
and SCALEG6.0 can fulfil it, if fission products are not considered. Only isotopes heavier than
242m Am do not fulfil such target. Looking at decay heat and radiotoxicity, such responses

satisfy they targets, although for 500 GWd/THM they are close to the maximum allowed.
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6.3 UQ study on the European Sodium Fast Reactor fuel cycle

Impact of nuclear data uncertainties on the European Sodium Fast Reactor (ESFR) fuel cy-
cle are analysed in this section. Uncertainties on isotopic composition will be addressed and
followed throughout the whole cycle. This exercise will also serve as a framework for compar-
ing different approaches of the Hybrid Method: using one-group cross section uncertainties

with/without correlated sampling and multi-group cross section uncertainties.

6.3.1 Description of ESFR. calculations

The European Sodium Fast Reactor is a 3600 MWth Sodium-cooled Fast Reactor, which
includes two separated driver fuel regions, as shown in Fig. 6.53, of 225 inner Fuel Assemblies
(FAs) (full blue hexagons) and 228 outer fuel assemblies (full orange hexagons) respectively,
with 271 fuel pins/FA. The FAs are loaded with MOX fuel. The inner and outer regions
have different Pu contents (14.76 wt% and 17.15 wt%, respectively) in order to reduce lo-
cal power peaks. The core is completed radially with some reflector assemblies made of
steel. The specifications of the analysed core here have been taken from the EU Project CP-
ESFR [Rineiski, 2011, Fiorini and Vasile, 2011].

FIGURE 6.53: Radial view of the ESFR core including inner core (blue assemblies), outer
core (orange) and reflector (green). The control and shutdown systems are also shown as 9
red-orange assemblies and 24 yellow-orange assemblies, respectively.
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The axial layout of the optimised core includes a large sodium plenum above the active region.
Further above in the axial direction, there is a layer of boron carbide and then another layer
of steel reflector. Below the active region, a fertile layer of depleted uranium and then a lower

gas plenum are included.

The core definition also includes the Control Rod System and the Control and Shutdown
Device. The first system is formed by 9 assemblies (1B, 90 wt%) and is located in the second
control ring as shown in Fig 6.53 in red-orange. The second system is formed by 24 assemblies
and it is shown in the same figure as yellow-orange assemblies. Other characteristics of the

ESFR reactor are provided in Table 6.11.

TABLE 6.11: Main characteristics of the ESFR reactor, extracted from [Rineiski, 2011,
Fiorini and Vasile, 2011].

Parameter Value
Burn-up 99 GWd/THM

Fuel Residence Time 2050 days
Cycle Length 410 days
Average Plant Lifetime 60 yr
Net thermodynamic yield 42%
Sub-assemblies pitch 210.8 mm
Outer clad diameter 10.73 mm
Fuel pellet diameter 9.43 mm
Inner clad diameter 9.73 mm
Cladding material ODS steel

One configuration of the core is studied: a MA-enriched configuration so-called HOM4, where
the MOX fuel has 4% of MA homogeneously distributed. The isotopic composition is shown

in Table 6.12, averaging every reactor fuel zone.

TABLE 6.12: Initial composition of the ESFR characteristic fuel pin-cell for the HOM4
configuration.

Nuclide Mass (g) | Nuclide Mass (g) | Nuclide Mass (g)
250 2.04x10° TPy 9.83x10° | Cm  2.70x10°
238y 8.05x107 | 2*?Pu  1.24x10° | ?**Cm  1.98x10°
BNp  6.50x10° | 2*'Am  2.34x10° | ?**Cm  4.86x10%
28py 4.27x10° | 2M™Am 9.25%x10% | *Cm  3.47x10°
Z9puy 5.66x10° | 2*3Am  6.05x10° Total (g)
240py  3.54x10° | %2Cm  7.71x102 9.64x10"

Based on the above description, the depletion of an equivalent fuel pin-cell is calculated for the

HOM4 configuration, taking the initial composition from Table 6.12. The parameters needed
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for the burn-up calculation are retrieved from Table 6.11. Then, a burn-up of 9 GWd/THM is
achieved within 2050 days, divided in 5 cycles of 410 days. For this purpose, the EVOLCODE2
system [Alvarez-Velarde et al., 2007], which integrates the ACAB code [Sanz et al., 2008] as
the depletion solver, has been used for simulating the isotopic composition, neutron spectrum

and neutron flux intensity throughout the burn-up.

Only five (5) burn steps are considered for the depletion calculations because there are only
small variations of the neutron spectrum during the burn-up. That means the neutron spec-
trum and neutron flux intensity are kept as constants along these burn-up steps. Indeed, the
burn-up steps are the same as the burn-up cycles, so the “burn-up step” and “burn-up cycle”
terms will be treated indistinguishably. Table 6.13 provides the neutron flux intensity values
in each burn-up step, whereas Fig. 6.54 presents the neutron spectra at the Beginning of Life
(BOL) and at the End of Life (EOL). Small, even negligible, differences are found between
BOL and EOL spectra.

TABLE 6.13: ESFR neutron flux intensity in each burn-up cycle (given in time).

Time (days) Flux intensity (n/cm?s)
410 3.1637x10'°
820 2.9798x10*°
1230 2.8168x10%°
1640 2.5980x10*°
2050 2.4464x10%°
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FIGURE 6.54: ESFR neutron spectra at Beginning of Life (BOL) and End of Life (EOL).
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6.3.2 UQ study on isotopic composition for the HOM4 configuration

A UQ study is carried out on the depletion calculations described before using different Hybrid
Method approaches. First, a comparison for the one-group cross section approach between
using or not correlated sampling and assuming constant neutron spectrum is performed.
Then after, a comparison between the one-group approach with correlated sampling and
multi-group approach is carried out to validate previous results. In these two comparisons,
the uncertainty on isotopic composition of the equivalent fuel pin-cell described previously for
the HOM4 configuration is assessed, and the performance of different cross section uncertainty

libraries are studied.

6.3.2.1 Comparison between different one-group approaches

Because the burn-up is split into five burn-up steps, one can selected between different ap-

proaches of Hybrid Method:

e Use correlated sampling for random cross sections between burn-up steps (Case A).
e Not correlate random cross section between burn-up steps for a given history (Case B).

e Using the random cross sections sampled in the first step for every step (Case C).

Case A and Case C are expected to provide very similar values because the neutron spectrum
almost does not change from BOL to EOL. Meanwhile, Case B approximation is not fully
consistent since the isotopic composition should be sampled after every burn-up step if random
cross sections are not correlated between steps. These approaches are applied only when

propagating cross section uncertainties.

Additionally to cross sections, fission yields and decay data uncertainties are also prop-
agated. Decay nuclear data and fission yield data are retrieved from the JEFF-3.1.1 li-
brary [Kellet et al., 2009], while the EAF-2010 library is used for the cross section reference
values. For the cross section data uncertainties, three different sources are used: EAF-
2010 [Sublet et al., 2010}, SCALE6.0 [ORNL, 2009] and COMMARA-2.0 [Herman et al., 2011].
That means, if SCALEG6.0 or COMMARA-2.0 provide cross sections or uncertainty data, they
are merged with the EAF-2010 data, and thus used in the calculations.
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Results are compiled in Table 6.14 and 6.15, where the initial composition, its variation from
BOL to EOL, and uncertainties on the number of atoms at EOL due to cross sections, decay
data and fission yields (FYs) are shown. As expected, a good agreement between Case A
and Case C is observed, because the differences between the neutron spectra in each burn-
up steps/cycles are really small, even negligible, to produce large differences on the isotopic
composition. Meanwhile, Case B provides a completely random behaviour that provokes an

underestimation of the uncertainties except for 242Cm, 26Sb and 26™Sb.
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A thorough comparison of the three cases of using Hybrid Method is done in Fig. 6.55, where
the evolutions of the number of atoms of 239Pu and its uncertainty are followed. For the three
cases, the number of atoms are equivalent. However, when the uncertainties are observed,
Case B presents an odd behaviour, definitely different from Case A and C, because in every
burn-up step/cycle the cross sections are sampled without taking any correlation with the
samples of previous burn-up steps. Thus, an oscillatory behaviour appears, and each burn-up
steps/cycle can be distinguished among the others. Again, Case A and C are in a very good
agreement along the whole burn-up, since only small/negligible changes in the spectra occur

during burn-up.

Number of Atoms (x 1028)

Rel.std.dev. (%)

10° 107 108

Time (s)

FIGURE 6.55: Number of atoms of 23?Pu and its uncertainty as a function of burn-up time
of a ESFR characteristic fuel cell up to 99 GWd/THM, using different approaches of the
Hybrid Method: one-group cross section uncertainties with correlated sampling (Case A)
and without correlate sampling (Case B), and using the random one-group cross section in
the first step for every other burn-up step (Case C). SCALEG.0 uncertainties are applied.

Conclusions regarding uncertainty sources and library performance can be drawn from Ta-
ble 6.14 and 6.15. Decay data uncertainties are only of relevance for two fission products:'26Sh
and 'Eu. Both cases haven been identified already in Sec. 6.2, and their origins are the
same. Large differences are found between using different cross section libraries. EAF-2010
produces higher uncertainties than SCALE and COMMARA-2.0 except for isotopes heavier
than 2*2Cm. The fission yield uncertainties are of importance for Fission Products (FPs) like
9Bm94Np, 126Qn and 126:126mSh | since their impact is similar or even higher than the impact
of any cross section library used. Only for **Mo, its uncertainty due to FYs is still small

compared with the estimation from cross section data.
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Examples of the evolution of the uncertainty on the number of atoms throughout burn-up
due to each cross section library are presented in Fig. 6.56 for 23U, in Fig. 6.57 for 23"Np
and in Fig. 6.56 for 235U. For all nuclides presented in Table 6.14 and 6.15, the evolution of
their uncertainties due to each library can be found in [Mills et al., 2013, Appendix B|.
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FIGURE 6.56: Number of atoms of 233U and its uncertainty as a function of burn-up time

for a ESFR characteristic fuel cell up to 99 GWd/THM, using the Hybrid Method with one-

group cross section uncertainties with correlated sampling and comparing the performance
of different cross section libraries.

For 233U, COMMARA-2.0 and EAF-2010 provide the same evolution for the number of
atoms, while SCALE gives a slightly larger value due to differences with the EAF cross
section values. This difference between SCALE and COMMARA-2.0/EAF-2010 increases as
the burn-up increases. For uncertainties, COMMARA-2.0 induces the highest uncertainty,
followed by SCALE and finally by EAF-2010. Although, their trends during the whole burn-

up are similar.

For 2"Np, a difference between the number of atoms arises after long irradiation times, when
SCALE result starts to depart from the others, reducing the amount of ?*"Np faster. The
evolution of the uncertainties shows that SCALE and COMMARA-2.0 provide very similar
results, while EAF-2010 induces larger uncertainties. Again, the same trend is observed for

the three libraries.
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FIGURE 6.57: Number of atoms of 23”Np and its uncertainty as a function of burn-up time

for a ESFR characteristic fuel cell up to 99 GWd/THM, using the Hybrid Method with one-

group cross section uncertainties with correlated sampling and comparing the performance
of different cross section libraries.
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FIGURE 6.58: Number of atoms of 233U and its uncertainty as a function of burn-up time

for a ESFR characteristic fuel cell up to 99 GWd/THM, using the Hybrid Method with one-

group cross section uncertainties with correlated sampling and comparing the performance
of different cross section libraries.

For 235U, no difference between the number of atoms is appreciable among the cross section
libraries. However, larger uncertainties are reached with EAF-2010 and SCALE-6.0 than
with COMMARA-2.0. Comparing SCALE and EAF-2010, the former provokes a slightly
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smaller uncertainty than the latter. Their trend are completely similar, with the increase of

the uncertainty as the burn-up increases.

6.3.2.2 Comparison between Hybrid Method approaches: one-group with cor-

related sampling and multi-group

Two approaches of the Hybrid Method, depending on how uncertainties on cross section data

are treated and sampled, are compared:

e Sampling the cross sections in multi-group structure, and then, collapsing the random

sample to one-group.

e Sampling the cross sections in one-group with correlated sampling, relating the random

cross section samples in each burn-up step by using the same random number.

Two different cross section libraries are used in these calculations:

e EAF-2010, which provides cross section data in a 211-group structure, while their un-
certainties are given only in 3-4 groups. In addition, no correlation between energies,
nor reactions, are given. 100% correlation is assumed for the cross section groups that

lay in the same uncertainty group.

e SCALESG.0, which supplies cross section data in a 44-group structure, using the same en-
ergy structure for their uncertainties. It provides correlations between different reaction

channels of the same nuclide, even between different nuclides.

Once the random cross sections in one-group are obtained, the nominal EAF-2010 cross

section values are replaced by the random ones.

The results are compiled in Table 6.16 and 6.17, where the initial composition and its variation
between the beginning and the end of burn-up, and the uncertainties on the number of atoms
obtained from the different approaches are shown. Very similar uncertainties are reached at
the EOC using both approaches: one-group (1g) or multi-group (211g for EAF-2010, 44g for
SCALEG6.0). Meanwhile for nominal values of concentrations, negligible differences are found.
The cells of those nuclides, which have differences between using one-group or multi-group

cross sections, are coloured in grey. When EAF-2010 is used, with multi-group uncertainties,
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fission products reach higher uncertainties than using one-group, such are the cases of 197Pd
and '%Ag. Truncating the sampled PDF to avoid negative values, by setting them to zero,
seems to be the issue. While using SCALE6.0, only a relevant difference appears for 236U,

but the source of such a difference is explained later.

TABLE 6.16: Uncertainties due to different cross section libraries on the atomic composition

of heavy isotopes for a ESFR characteristic fuel cell after 99 GWd/THM burn-up, comparing

two Hybrid Method approaches: using one-group cross section uncertainties with correlated
sampling (1g) and using multi-group cross section uncertainties (211g/44g).

EAF-2010 SCALE6.0

Nuclide N; Ny - N;  Uncertainty (%) Ny - N;  Uncertainty (%)

(atoms) (atoms) 1g 211g (atoms) 1g 44g
232y - 2.20x10%2  9.41 9.70  2.08x10%2  4.38 4.63
233y - 4.63x10%"  8.44 8.46  5.91x10%t 12.16 11.45
234y - 7.45%x10%%  6.92 6.98  7.13x10%® 3.63 3.84
235U 5.24x10%6  -3.52x10%6  6.56 6.18 -3.55x10%6 6.44 6.08
236y - 7.31x10%°  3.90 3.84  7.43x10%° 21.29 19.67
237y - 6.96x10%3 3.14 3.09  7.32x10%%  12.13 12.18
238y 2.04x10%°  -3.28x10%®  0.64 0.65 -3.51x10%8 0.24 0.22
237Np 1.65%x1027  -8.29x 1026 6.32 6.25 -8.80x1026 3.07 3.10
238Np - 7.72x1023 4.07 4.01  7.90x1023 2.41 2.38
239Np - 3.75x102%° 2.89 3.03  4.03x10%° 1.20 1.13
238py 1.08x10%7  1.35x10%7  7.62 771 1.34x10%7  4.22 4.29
239py 1.43x10%%  7.65x10%7  5.29 5.27  8.63x102%7 1.31 1.25
240py 8.89x10%27  6.52x10%6 3.22 3.14  9.23x10%6 2.23 2.18
241py 2.46x10%7  -7.78x10%6 5.75 5.88  -7.55x10%6 1.45 1.39
242py 3.09x10%7  -3.75x10%6 2.84 2.90 -3.56x10%6 1.29 1.24
244py - 3.24x10%% 358 3.58  2.61x102%3 2.93 2.99
241 Am 5.84x10%7  -3.38x10%7  12.39 12.68 -3.46x1027  3.63 3.61
242 Am - 8.07x10%3 5.50 5.84  8.13x102%3 1.25 1.21
242mAm 230102 7.60x10%°  18.69 18.86  8.28x10%° 7.86 8.03
243 Am 1.50x10%7  -4.04x10%6 3.19 3.36 -8.50x10%6 3.32 3.35
242Cm 1.92x10%*  1.67x10%6  6.42 6.82  1.76x10%6 1.63 1.60
243Cm 6.69x10%*  2.05x10%°  16.00 15.49  1.37x10%® 1891 19.36
244Cm 4.89x10%6  3.98x10%%  3.09 3.14  6.50x10%6 5.68 5.62
245Cm 1.19x10%6  3.80x10%5  6.99 7.26  7.93x10%5  16.20 16.24
246Cm 8.49%10%*  2.49x102%° 5.99 597  2.99x10%° 13.24 12.96
247Cm - 3.11x10%*  8.55 8.26  3.37x10%*  24.57 25.13
248Cm - 3.46x10%%  10.07 9.76  3.69x10%3  34.02 33.01
249Bk - 5.27x10%1  10.72 10.35  5.28x10%1 4241 42.24
249Cf - 5.54x10%2!  10.58 10.25  5.44x10%21  42.89 42.48
250Cf - 1.04x10%1  12.28 12.07  1.10x10%2!  48.44 48.05
251t - 5.23x1019  14.88 14.67  3.87x10'  53.23 52.40
252¢Cf - 1.00x10'®  15.65 15.56  7.95x10'7  57.86 57.94
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TABLE 6.17: Uncertainties due to different cross section libraries on the atomic composition

of fission products for a ESFR characteristic fuel cell after 99 GWd/THM burn-up, comparing

two Hybrid Method approaches: using one-group cross section uncertainties with correlated
sampling (1g) and using multi-group cross section uncertainties (211g/44g).

EAF-2010 SCALES6.0

Nuclide N; N - N;  Uncertainty (%) Ny - N;  Uncertainty (%)

(atoms) (atoms) 1g 211g (atoms) 1g 44g
93mNb - 1.27x10%1 5.66 596 1.31x102! 0.64 0.63
94Nb - 7.34x10%1  12.58 12.87  8.86x102! 4.93 4.97
93Mo - 8.91x10'8  30.22 31.28 9.67x10'8 2.35 2.26
103Rh - 1.64x10%7 5.08 5.31  1.69x10%7 1.13 1.07
107pq - 7.80x10%26 458 6.75 8.09x1026  2.31 2.26
109Ag - 4.08x10%6  5.51 8.14 4.23x10%6 2.18 2.16
1269p - 6.24x102° 4.80 4.95  6.47x10% 0.79 0.80
1268 - 3.51x10%2  4.80 5.92 6.17x102%2 6.98 7.00
126mgy, - 6.13x10Y°  6.17 6.85  6.40x10'° 1.08 1.06
1291 - 3.36x1026 479 5.29  3.32x1026 1.41 1.38
1498m - 2.68x10%26  5.47 6.63 2.82x1026 5.20 5.22
1508m - 1.31x10%6 7.06 7.70  1.32x10%6  10.38 10.24
1519m - 1.46x10%6  5.08 7.19 1.43x10%6 8.81 8.95
1528m - 2.46x 1026 4.97 7.54 2.61x10%6 4.64 4.72
151 Ey - 2.19x10%*  6.70 8.27 1.97x10%*  10.02 10.36
153y - 8.48x10%%  12.08 13.00 8.65x10%® 6.37 6.77
155Gd - 1.30x10%>  6.53 8.78 1.39x10%°>  4.37 4.36

The evolution of the number of atoms and its uncertainty as a function of burn-up is presented
for 235U, 236U, 239Py, 240Py, 242 Am and ?*3Cm in Fig. 6.59, while for '°7Pd, 199Ag, 151Sm,
1529m, 1 Eu and '%°Gd in Fig. 6.60. There, the outcomes of using EAF-2010 and SCALEG6.0,

with one-group uncertainties (1g) or multi-group uncertainties (211g/44g), are shown.

When using SCALE6.0, only 235U presents a non-negligible difference between using 1g- or
44g- approaches. It comes from the fact that its uncertainty is mainly dominated by the
capture reaction of 23U, whose uncertainty reached with the 1g-approach has a positive bias
of 3.66% from the reference value, while this bias with the 44g-approach is negative and of
4.29%. Therefore, the difference between uncertainties reached with each approach for the

same cross section is large enough to drive the observed difference.

For EAF-2010, the differences arisen in FPs between the 1g-approach and the 211g-approach
are due to differences between the cross section uncertainties for fission reactions reached with
each approach, as already explained for the 226U case. In addition, the effect of truncating

the PDF is also involved. For the rest of the nuclides not presented, the same uncertainty
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values are reached using one-group or multi-group. This was expected because the spectrum

changes are almost negligible throughout the whole burn-up.
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FIGURE 6.59: Evolution of the number of atoms and their uncertainties of the main

transuranic nuclides as a function of burn-up time for a ESFR fuel cell up to 99 GWd/THM.

Results with EAF-2010 and SCALEG6.0 libraries, in one-group (lg) and in multi-group
(211g/44g) are presented.
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FIGURE 6.60: Evolution of the number of atoms and their uncertainties of a set of fission

products (FP) as a function of burn-up time for a ESFR fuel cell up to 99 GWd/THM. Results

with EAF-2010 and SCALEG.0 libraries, in one-group (1g) and in multi-group (211g/44g)
are presented.
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6.3.3 Conclusions from the UQ study on ESFR

A UQ study on the isotopic composition of a characteristic pin-cell of the ESFR fuel cy-
cle has been carried out, making use of the Hybrid Method and propagating nuclear data

uncertainties in decay data, fission yields and cross sections.

Because the depletion calculations consists in five (5) burn-up steps, different approaches
of the Hybrid Method have be applied. First, the one-group cross section approach is used,
showing the need of performing correlated sampling. Then, results from using correlated sam-
pling are validated by comparing with the multi-group approach. Only differences between
one-group with correlated sampling and multi-group approaches are found for fission product
when EAF-2010 is used, such as the cases of 197Pd and '“Ag. The truncation of PDFs to
avoid negative values (due to the usage of Gaussian PDFs), by setting them to zero, seems to
be the issue, in addition to differences obtained between the sampled cross section uncertain-
ties using one-group and multi-group approaches. Only for 236U, differences between 1g- and
44¢g- approaches using SCALEG6.0 have been found, whose origin is again the differences in the

sampled cross section uncertainties between using one-group and multi-group approaches.

Regarding the uncertainty values obtained for the isotopic composition, cross sections are
again the most importance source of uncertainty for uranic and transuranic isotopes. How-
ever, fission yields are of importance for several fission products: ?™Nb, %4Nb, **Mo, 126Sb
and 26Sb, whose induced uncertainty exceeds 10%, being even higher than the contribution
due to cross sections. Decay data uncertainties are only of importance again for only two
fission products: 126Sb and '®'Eu. Both of them have been already identified also in the UQ
study for EFIT (Sec. 6.2).

The performance of the different cross section libraries are studied, where COMMARAZ2.0
yields very similar results to SCALEG.0. There are exceptions for heavier isotopes than 248Cm,
where COMMARAZ2.0 provides smaller values than SCALE6.0. The same results as for EFIT
are extracted here when SCALE6.0 and EAF-2010 are compared: the propagation of EAF-
2010 uncertainties results into higher uncertainty values than when propagating SCALEG.0

uncertainties, except for isotopes heavier than 244Cm.

Finally, the target accuracies given in [Salvatores et al., 2008] for advanced reactors are

checked. The same uncertainty limits are for ESFR as for EFIT:

e Major nuclide isotope concentrations at the end of burn-up: 2%.
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e Other nuclide isotope concentrations at the end of burn-up: 10%.

Neither 2% nor 5% limits are fulfilled for major isotopes. Only the following isotopic concen-

tration uncertainties are within the target accuracies:

e When using SCALE6.0: 232U, 234U, 238U, 23"TNp, 238Np, 23Np, 238Pu, 23Pu, 24Py,

241Pu 242Pu 244Pu 241AIH 242Am 243Am 242CIH
) ) ) ) ) ) *

e When using EAF-2010: 236U, 237U, 238U, 238Np, 23Np, 240pu, 242Py, 24Py, 243 Am,

244Cm

However, for uranic and transuranic isotopes, uncertainties are in almost every cases below
10%. Concerning fission product concentrations of those isotopes mentioned before, since the
fission yield uncertainty contribution is equal or even larger than the cross section one, their

final uncertainties will surpass such limits.
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Chapter 7

Comparing methodologies with the
Hybrid Method

Abstract - This Chapter collects the comparisons performed between other methodologies
and the Hybrid Method. The aim is to show a comparison between approaches and to as-
sess the limitations of the Hybrid Method due to its implementation and assumptions. Since
comparisons with First Order Perturbation theory were already shown, only Monte Carlo sam-
pling approaches are compared. Two methodologies are chosen: Total Monte Carlo (TMC)
and NUDUNA, both already described in Chapter 3, Sec. 3.4 and Sec. 3.5, respectively.
Equivalent working frameworks for the Hybrid Method and the compared methodology are
used in order to analyse properly their differences/equivalences. An additional exercise is

carried out for assessing the limitations of the one-group with correlated sampling approach.

This chapter shows, partially or completely, works already presented in the following refer-

ences:

ANDES Deliverable D2.5 [Mills et al., 2013].

International Journal Article [Diez et al., 2013a].

International Journal Article [Diez et al., 2014c].

International Journal Article [Diez et al., 2014a].
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7.1 Comparison of methodologies: TMC vs Hybrid Method

7.1.1 Differences between methodologies

Differences between TMC and HM are investigated based on their descriptions given in Chap-

ter 3 and 4, respectively.

The first one is related to which variables are treated as random, and thus sampled. In TMC,
the nuclear model parameters are sampled, meanwhile in HM, the cross-sections are directly
sampled from the covariance information provided by nuclear data libraries after processing.
Both of them have the same objective of producing random nuclear data libraries to perform

uncertainty propagation calculations by means of Monte Carlo sampling.

The next difference is which uncertainty values are being propagated for each cross-section.
The TMC approach can use different sources of information to calculate their random files,
such as the EXFOR database (experimental data), nuclear data libraries or/and other com-
pilations. These sources can be mixed or used individually. Meanwhile, HM only propagates

the uncertainty information, given as covariance matrices, of the nuclear data library used.

The third difference is that TMC does not need the neutron spectrum of the application for
generating random cross-section libraries, while HM needs first to process the nuclear data,

and that means the neutron spectrum is needed before new random libraries are generated.

Covariance data used in HM and TMC can be completely equivalent if uncertainty data
provided with TMC through random files are condensed into covariance matrices. This con-
densation is performed with an statistical analysis of the data provided within TMC random
files. The output of the statistical analysis are the mean values and covariance matrices re-
quired for HM. In this way, uncertainties propagated with HM and TMC are expected to be
the same. Fig.7.1 presents the flowchart of using TMC as a source of uncertainty information

for HM.

More differences can be found between TMC and HM since there is at least one assumption
in HM not found in TMC: the chosen PDF to sample cross-section information. Thus, HM
can be partially/totally based on the TMC approach. However, the equivalence between
approaches has to be checked, apart from the assessment of which information has been lost
during the condensation process. These issues are addressed by applying both methodologies

to the same problem under the basis proposed before, and represented in Fig. 7.1.
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FI1GURE 7.1: Flowchart of TMC, and HM based on TMC covariance data, applied to deple-
tion calculations performed with the ACAB depletion code.

7.1.2 TMC and HM applied to a depletion calculation

The purpose of applying TMC and HM to a depletion calculation is to address the previous
issues about differences between both approaches, and to check the equivalence of both ap-
proaches in uncertainty propagation calculations under the proposed framework: depletion

calculations where HM uses the covariance data provided by TMC.

In order to take advantage of previous works, the EFIT fuel cycle depletion problem for
150 GWd/THM discharge burn-up is recalled (see Chapter 6, Sec. 6.2). The impact of using
one or the other approach will be analysed with the propagation of cross section uncertainties,
applying random libraries and covariance information retrieved from TENDL-2010. The one-
group approach without correlated sampling will be used for HM as the depletion problem
consists in only one depletion step. TMC can also generate one-group cross section random

files, just the random files need to be collapsed to one-group cross section.

The depletion code used is ACAB, so only nuclear data processed for ACAB have to be
prepared. Fission yield and decay data are taken from JEFF-3.1.1, while cross section data
(from TENDL-2010) have be processed from ENDF-6 format into ACAB format. Such a task
can be carried out thanks to the sequence described in Chapter 4. Random data obtained
from sampling covariance information or from random ENDF-6 format files are merged with
the complete library of EAF-2010, from which only reference cross section values are used,

not uncertainties.

Uncertainties in concentrations of those isotopes, whose uncertainties are propagated, are

analysed: four heavy isotopes — 239U, 238U, 239Pu, 21 Pu; and one medium mass range isotope:
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%Mo. Only results for 23°Pu and ?*!'Pu are presented here, as done in [Diez et al., 2013a],

whereas the rest can be found in [Mills et al., 2013, Appendix A].

Note that the equivalent working framework used here for HM and TMC is based on two

assumptions:

1. The covariance information has to come from the random cross-sections files generated
with TMC. For this reason, TENDL-2010 is chosen as the source of random libraries.
It includes the covariance information obtained from the random files. The condensing
stage is thus supposed to be checked and well done. The number of random files used
for each isotope is enough to achieve the convergence of cross sections and depletion

results.

2. The chosen PDF for sampling cross sections have to be the same for HM and TMC.
As mentioned in Chapter 3, Sec. 3.4, TASMAN can use uniform or Normal PDFs to
sample the nuclear data parameters. For TENDL-2010, the Normal PDF was used.
Therefore assuming Normal PDF's for HM seems reasonable. Nevertheless, it should be

checked whether TMC and HM one-group random cross sections follow the same PDF.

7.1.2.1 Application of TMC

The application of TMC to this problem can be split into four stages. The first one is the
generation of random cross section libraries, where TASMAN is used. The second one is
to process and collapse the random libraries using NJOY. The third stage is to translate
from ENDF-6 format to ACAB format. The last stage is to feed ACAB with these random
libraries and perform a statistical analysis on concentrations. These stages are represented

in Fig. 7.2(a).

7.1.2.2 Application of HM

The scheme of application of HM, given in Fig. 7.2(b), is quite similar to the TMC one.
The first stage is to process the nominal cross section data libraries with their uncertainty
information and to collapse them into one-group. Then, the second stage is to convert the
nominal libraries in one-group from ENDF-6 format to ACAB format. The third stage

consists in the generation of random libraries in ACAB format. After sampling cross section
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7.1 Comparison of methodologies: TMC vs Hybrid Method

libraries, the final stage is to feed ACAB with the random libraries and perform a statistical

analysis to calculate the uncertainty on concentrations.

The Hybrid Method is referred in [Diez et al., 2013a] as the Covariance Uncertainty Propa-
gation (CUP), because with HM covariance uncertainty data generated with TMC are prop-
agated. So any reference to CUP, from now onwards, means that the Hybrid Method is

applied.

TENDL-2010.1000 NJOY

NJOY TENDL-2010 library with covariance
{ 1g TENDL-2010.1 } PARSER

{ TENDL-2010.1 } TENDL-2010 library with CO@

e

o XSECTION.dat
1g TENDL-2010.1000

' UNCOLI1gb.dat
v
PARSER SAMPLING
XSECTION.dat.1 XSECTION.dat.1
XSECTION.dat.1000 XSECTIO..l\.I.dat.l()OO

ACAB

I+

fort.6.1 fort.6.1
fort.6..1000 fort.6.1000
'
| STATISTICAL ANALYSIS | [ STATISTICAL ANALYSIS ]

S
o <
=

(a). TMC

FicURE 7.2: Flowcharts of both approaches applied to depletion calculations using the
ACAB code, where the different modules/codes used with their corresponding input/output
files are depicted.

7.1.3 Results and data analysis

The results for each studied isotope is presented by means of a consistent comparison between
TMC and HM approaches. For all figures, blue colour refers to the TMC approach while red
refers to HM, with the only exception of the ratios between TMC and HM that are presented

in red.
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7.1.3.1 29Pu

For 23Pu, 700 random files (TMC) from TENDL-2010 are used, and then the same amount
is generated with HM.

After processing all random files, the main reaction cross sections, (n,fission) and (n,7y),
are compared and shown in Fig.7.3. There, the mean and relative standard deviation
(rel.std.dev.) obtained from sampling with TMC and collapsed to one-group, and the mean
and rel.std.dev. values of one-group cross sections sampled with HM, are compared with the
one group cross section mean and rel.std.dev. values obtained from processing the TENDL-
2010 nominal library with covariances. These nominal/reference values can be read in the
labels of y-axes. Since HM uses Normal PDFs based on reference values and nominal values
are based on TMC random values, the ratios of mean and rel.std.dev. values from the ones
obtained with TMC and HM to reference values should be close to one. However, deviations

could appear because of the statistics and truncation effects.

When the cross sections for TMC are analysed, one can observe:

e In Fig. 7.3(a), the largest 239Pu cross section, (n,fission), is presented. Its cross section
value is 1.912 barns with a rel.std.dev. of 1.0043%. Both TMC and HM mean values
are close to the reference (less than 0.3% difference). The TMC rel.std.dev. is around

7.5% greater than the reference while the HM rel.std.dev. is close to the reference.

e In Fig. 7.3(b), the second largest cross section, (n,y), is shown, and it is equal to
6.550 x 10! barns with an uncertainty of 3.269%. The HM mean value is close to
the reference, while the TMC mean value is 1.2% smaller. In contrast, both sampled

rel.std.dev. are close to each other, approx. 2% smaller than the reference.
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FI1GURE 7.3: Comparison of TMC and HM one-group cross section values and their relative
standard deviation (rel.std.dev.) as a function of the number of random files for 239Pu.

For both main reactions presented, (n,fission) and (n,y), random files from TMC and HM are
in close agreement with each other and with the reference values. All other reactions have a

nominal mean value less than 1073 barns, not being considered of relevance for the analysis.

To check that both approaches give the same PDFs, Fig.7.4 is presented. The black line is
the Normal PDF which the random cross section values obtained with HM should follow.
In Fig.7.4(a), a good agreement among PDFs (from TMC, HM and ideal Normal PDF) is
observed for the (n,fission) reaction. Fig.7.4(b) shows the (n,y) reaction, where the PDF of
TMC differs from the Normal PDF. Consequently, it will lead to different results when the

number of atoms’ PDF is analysed.
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FIGURE 7.4: One-group cross section histograms from HM and TMC random files for 23°Pu
reactions, and the Normal PDF generated with the nominal covariance information.

Cross-correlations are not important is this calculation, because the covariance matrix be-
tween the main reactions (n,fission) and (n,y), presented in Fig.7.5(b), shows that there are
only small correlations. When this correlation is collapsed to one-group, a value of 3 x 1073

is obtained. Thus its effect is negligible, as seen in Fig.7.5(a), where each point represents a
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pair of (n,fission) and (n,7y) cross sections of the same random library.
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FIGURE 7.5: Comparison of the pair (n,fission)-(n,y) cross section values of TMC and HM,
and the correlation matrix in multi-group provided with TENDL-2010 for 23°Pu.

All these random files generated with TMC and HM are used for the EFIT fuel cycle calcula-
tions with ACAB. Only the atomic concentrations throughout the burn-up are analysed and

presented in Fig.7.6.

The ratio of mean values of HM/TMC shows that both values are close to each other and its
difference is less than 0.3% at the end of burn-up. The rel.std.dev. is only appreciated above
107 s of burn-up for both approaches. The ratio HM/TMC shows that the HM rel.std.dev. is
4.8% higher than TMC. Below 10° s, results are meaningless because the precision used for
storing numbers was not enough to appreciate variations on the rel.std.dev. The histogram

of the number of atoms of 23?Pu at the end of burn-up is presented in Fig. 7.7. The percentile
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95 for TMC is greater than for HM, so that the tail of TMC provides greater values than
HM, even though HM provides a slightly higher rel.std.dev. than TMC.
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FIGURE 7.6: TMC and HM statistics of the number of 23°Pu atoms during burn-up.
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FIGURE 7.7: Histogram of the number of 23°Pu atoms at the end of burn-up for results from
TMC and HM.

The convergence is checked for all time steps as done for the last burn-up step (at the end

of burn-up) shown in Fig. 7.8. Increasing the number of histories above 500 changes neither

mean values nor rel.std.dev.
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FIGURE 7.8: Mean value, its rel.std.dev. and the ratio HM/TMC for the number of 23Pu
atoms as a function of the number of histories at the end of burn-up.

The 4.8% difference between the rel.std.dev. of TMC and HM for the atomic density of 23°Pu

comes from:

e The bias between mean and reference values obtained for each approach. However, the
most important reactions are in close agreement between each other. Only for (n,y)

reaction, TMC provides a mean value 1.2% smaller than the one provided by HM.
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e The bias between rel.std.dev. from samples and the reference one for each approach,
especially for the (n,fission) reaction, where the TMC rel.std.dev. is about 8% higher
than the HM one.

e The assumption of Normal PDF for the HM approach, because it does not yield a

completely equivalent PDF for (n,7y) cross sections as given by TMC.

e The cross-correlations between reactions are not taken into account in the HM approach.
However, as stated previously, the TMC approach does not exhibit cross-correlations

among the most important reactions.

e Differences during the condensation process for covariance information generation from
the random files of TMC. Instead of using the mean value (the mean value obtained
from all random libraries) for calculating the covariance terms, the best-estimated value
(which fits best the experimental data) is used instead. Therefore, a small bias between

the HM mean value and the TMC mean value appears.

7.1.3.2 24Py

For 241Pu, the implementation of TMC and HM uses, as done for 22°Pu, an amount of 700

random libraries for each approach.

After processing all random files and generating 700 random files with the HM approach, the
main reaction cross sections, (n,fission) and (n,y), are compared and shown in Fig. 7.9 as a
function of the number of random libraries. The statistical values presented are the ratios
of the sampled mean and sampled rel.stad.dev. to the reference values provided with the

nominal TENDL-2010 file, reading such reference values in the y-axis label.

In Fig. 7.9, differences are found between HM and TMC:

e In Fig. 7.9(a), the most important reaction of ?*!Pu, (n,fission), with a cross section of
1.53 barns and a rel.std.dev. of 3.291x1072, is presented. For this reaction, TMC and
HM provide mean values which are 1% smaller than the reference. Their rel.std.dev.
values reach a good agreement with the reference, with TMC providing a rel.std.dev.

value 4% smaller than reference and HM giving a rel.std.dev. 2% higher.

e In Fig. 7.9(b), the second largest cross section, (n,y), is presented, with a cross section

value of 3.648x10~! barns and a rel.std.dev. of 1.393x107!'. Here, TMC provides
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a mean value 2.5% greater than reference while HM provides a mean value with a
difference smaller than 0.5% to the reference. The rel.std.dev. provided by TMC is 4%
greater than the reference, while the HM rel.std.dev. is less than 1% smaller than the

reference.

Therefore, for these two reactions, the random files of TMC and HM do not present relevant

differences between each other.

1.004 |+ ‘ R
v 2 1.002 | CUP —— |
o= 1L N A TMC
o g . v S o N
'S 0998 [ My g
B 099 | -
o 099 | ]
S — 0992 E
20 0991 .
~z o  0.988 i
55 : ‘
=] ‘M\‘ A N P S
22105 PN e e
EROR SRS
(&)
S 095 ]
§ "‘% 09 C I I I I I ]
100 200 300 400 500 600 700
Number of histories
(a). (n,fission) cross section
w £ 107
X E 106
== 1.05
°T 104
T2 1.03
Sy 102
S LOLE
= 1R
Mg 099 1
i
>5 T T
RS
=Sl AN N R N
ZQ AR 4 N
2& 098 | LVIW, 1
£ 096 { N i
5 \
~ L‘é L L L L L
100 200 300 400 500 600 700
Number of histories
(b). (n,y) cross section
FiGURE 7.9: Comparison of TMC and HM one-group cross-section values and their

rel.std.dev. as a function of the number of random files for 24! Pu.

Histograms for (n,fission) and (n,7y) reactions from each approach are presented in Fig. 7.10.
The black solid line represents the Normal PDF with the nominal cross section values that the
HM should follow. For the (n,fission) reaction, PDF's are in close agreement with each other,

with both shapes following the shape of a Normal PDF. Meanwhile, for the (n,y) reaction,
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the TMC PDF does not follow a Normal PDF, becoming a source for later differences in the

results of depletion calculations.
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FIGURE 7.10: One-group cross section histograms from HM and TMC random files for 24! Pu
reactions, and the Normal PDF generated with the nominal covariance information.

For ?*'Pu, the cross-correlation matrix for (n,fission)-(n,y) cross sections provided with
TENDL-2010, presented in Fig. 7.11(b), shows an anti-correlation between reactions. This
correlation has to be taken into account if equivalent results from TMC and HM are desired.
The correlation factor provided with the TENDL file for 24'Pu is -0.8370, while the corre-
lation extracted from the TMC random one-group cross sections is -0.81792, so there is a

good agreement between nominal and sampled values. The former value is included in the
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sampling stage of HM, obtaining a sampled correlation factor of -0.83414. The scatter plot
of both approaches can be observed in Fig. 7.11(a), where linear least-squared fittings have
been performed and shown with linear functions for both sets of random values. Again, both

random sets are in close agreement to each other.
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FIGURE 7.11: Comparison of the pair (n,f)-(n,y) one-group cross sections values of TMC
and HM and the correlation matrix in multi-group provided in TENDL-2010 for 24! Pu.

After analysing the differences for the main cross sections, ACAB is fed with them. Only the
number of atoms during burn-up is followed through Fig. 7.12(a). The ratio of mean values
of HM/TMC shows that both values are the same throughout the whole burn-up. When the

rel.std.dev. values are observed in Fig. 7.12(b), differences become relevant after 1.05x10° s

201



Chapter 7 Comparing methodologies with the Hybrid Method

of burn-up for both approaches. As for 23*Pu, below 10% s results are meaningless due to the
same reason. The ratio HM/TMC for rel.std.dev. shows that HM is 0.95 times the TMC
value, so a qualitative agreement is reached. When the percentiles 95 are compared, both
of them are close to each other, and their histograms show that both approaches yield very

similar PDF's.

Again, the convergence is checked by following the mean value and the rel.std.dev. as a

function of number of histories, observing that it is guaranteed with 700 random files.
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FIGURE 7.12: Statistics for number of 24!Pu atoms during burn-up.

With Table 7.1, the effect of including or not the correlation between (n,fission) and (n,y)
reaction is addressed. When (n,fission) and (n,7y) uncertainties are propagated together con-
sidering the cross-correlation (“All reactions” row), a smaller rel.std.dev. is obtained than
when these uncertainties are propagated individually (rows “a. (n,fission)” and “b. (n,y)”).
So it reveals the importance of such a negative cross-correlation, which has thus to be taken
into account in order to make the HM approach equivalent to TMC. If not included, the HM

result goes up to 2.5 times the TMC rel.std.dev. value.

TABLE 7.1: rel.std.dev. values of the number of 24! Pu atoms at the end of burn-up.

rel.std.dev. TMC HM HM without

cross-correlation

All reactions  0.48%  0.46% 1.14%
a. (n,fission) 0.73% 0.81%
b. (n,7) 0.77%  0.75%
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Finally, the sources of differences for the atomic density of ?'Pu between the rel.std.dev. of

TMC and HM are analysed:

e The bias between mean values of the sampled cross sections from each approach, but

as observed before, its effect should be small.

e The bias between rel.std.dev. of the sampled cross sections from each approach, however
this effect is negligible since the difference between them does not go above 3% for the

most important cross sections.

e The cross-correlations between (n,fission) and (n,y) reactions have to be taken into
account in the HM approach in order to obtain equivalent results to TMC. Once such

a correlation is included, it is no longer a source of difference.

e The usage of a different nominal/mean value for the nominal file with covariances from

the one obtained from the random files, as described for 239Pu.

7.1.4 Conclusions of the comparison

The comparison of two different Monte Carlo sampling approaches, Total Monte Carlo and
Hybrid Method, for nuclear data uncertainty propagation applied to depletion calculations
has been performed. For this purpose, the TENDL-2010 library has been used, because it
provides random cross-section files and nominal cross section data with covariances based on
the random files. With this library, an equivalent working framework is set for comparing

TMC and HM.

This comparison has been presented for cross sections of two isotopes: 239Pu and 24'Pu, whose
uncertainties have been propagated separately using TMC and HM approaches in the EFIT
fuel cycle depletion calculation, already addressed in Chapter 6, Sec. 6.2. Differences between
HM and TMC random cross section mean values and rel.std.dev. provoke a deviation for the
number of atoms during burn-up of the TMC rel.std.dev. from the HM ones. However, such
a deviation does not go above 5%. For the case of 23?Pu, the histogram obtained from TMC
results presents a percentile 95 value higher than the HM one, whereas the rel.std.dev. of
HM is greater than of TMC. A large difference between approaches, up to 2.5 times, would
be found in 24'Pu if cross-correlation between the main reactions, (n,fission) and (n,y), was

not taken into account.
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Thus, regarding the issues presented at the beginning of this methodology comparison, the
Hybrid Method is almost equivalent to the Total Monte Carlo approach under the proper
assumptions: use of the cross section library with covariance information obtained from the
random cross section files; and choosing a PDF for sampling cross sections that represents
the PDF generated with TMC. However, the Normal PDF is not always the best represen-
tation of the TMC approach, and such an assumption could play an important roll in other
frameworks such as safety analysis, where the PDF tails of actinides distributions are im-
portant for reactivity coefficients or neutron multiplication factor keg. Therefore, in further
studies, different PDFs should be studied and their effects compared, and also in different
frameworks in order to check the relevance of choosing one PDF or another. It will be useful
to suggest which PDF's should be used to represent the uncertainties of cross section data.

Such suggestions could be implemented in the ENDF-6 format.
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7.2 Comparison of methodologies: NUDUNA vs Hybrid Method

This comparison allows to assess the importance of taking into account uncertainties in iso-
topic concentrations, coming mainly from the depletion part, on the transport calculations in
burn-up problems. As presented in Chapter 4, the Hybrid Method departs from the assump-
tion of neglecting neutron flux/spectrum uncertainties, taking flux and spectrum as constant
in every burn-up step. So, the validity and applicability of such an assumption in burn-up
calculations with constant power is also addressed with this comparison. This latter issue
can be studied thanks to the NUDUNA capability of including nuclear data uncertainties in

both parts, depletion and transport, of a burn-up calculation.

Therefore, both methodologies, NUDUNA and the Hybrid Method, are applied to the same

burn-up problem in order to carry out such assessments.

7.2.1 Description of the burn-up problem

The exercise selected is the UAM Benchmark Exercise I-1b TMI-1, described in [Ivanov et al., 2013,
Appendix VIII]. It consists in a UQ study on the burn-up problem of a typical PWR pin-cell,
whose main specifications are summarised in Fig. 7.13. Here, only Hot Full Power (HFP) con-
ditions are addressed, where the average power density is 33.58 W/gU, and is kept constant
during the whole burn-up period of 1825 days. Thus a final burn-up of 61.28 GWd/MTU
is achieved. The cross section uncertainties considered in the UQ study are retrieved from

SCALEG.0, only for 23U, 233U and 23Pu.

This pin-cell is modelled in SCALE6.0 with HFP conditions, and the burn-up calculation is
carried out using the TRITON sequence of SCALEG.0 tool suit with the following parameters:
NITAWL,ADDNUX=2. Cross section data are retrieved from the nominal ENDF/B-V library of
SCALESG.0, since the NITAWL option should be switched in order to use NUDUNA random
cross section files (see Chapter 3, Section 3.5). The reference calculation with these options
for the neutron multiplication factor keg is presented in Fig. 7.14 which shows the typical

PWR pin-cell behaviour.

Only uncertainties in 23°U, 22*U and 2*Pu cross sections are considered for simpleness to
assess the different approximations studied here and for being one of the most relevant for

burn-up calculations [Ivanov et al., 2013]. Their impact is calculated on keg and on the
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isotopic concentrations of those isotopes given in Table 7.2. They are followed throughout

the whole burn-up.

moderator - cladding Parameter Value
i~ ettt T Unit cell pitch, [mm] 14.427
: ) B Fuel pellet diameter, [mm)] 9.391
i el oin ! Fuel pellet material UuoO,
! P ! Fuel density, [g/cm’] 10.283
i 5 E Fuel enrichment, w/o 4.85
! ! Cladding outside diameter, [mm] 10.928
| | Cladding thickness, [mm] 0.673
i : Cladding material Zircaloy-4
e ! Cladding density, [g/cm’] 6.55
— pitch of the unit cell Gap material He
PP Moderator material H,0
Parameter / Reactor Condition HZP HFP
Fuel Temperature, [K] 551 900
Cladding Temperature, [K] 551 600
Moderator (Coolant) Temperature, [K] 551 562
Moderator (Coolant) Density, [kg/m’] 766 748.4
Reactor Power ,[MWt] 2.772 2772

FIGURE 7.13: Specifications of the UAM Exercise I-1b TMI-1 modelling a PWR pin-cell.
(From [Ivanov et al., 2013])
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FIGURE 7.14: Evolution of keg as a function of burn-up, for the UAM Benchmark Exercise I-
1b TMI-1 pin-cell. The default ENDF/B-V SCALE6.0 multi-group cross section library is
used.
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TABLE 7.2: List of isotopes whose concentrations are followed throughout the burn-up pro-
cess of the UAM Benchmark Exercise I-1b TMI-1 pin-cell.

Light isotopes 160, 908y 95\ o, 99T, 109Ag7 103RL
106Ry,, 1330, 134, 137, 1357, 135X
1897,y 1olgy 183gy, 15igy, 155g, 155Gq
15614, 13Nd, 44Nd, “5Nd, 5Nd, 1Nd
WUTgy 1U9gy 151G 147ppy,
Heavy isotopes 234U, 235y, 236U, 238U, 237Np, 238py

239Pu 240Pu 241Pu 242Pu 243Am 244Cm
’ ’ ) ’ )

7.2.2 Application of the methodologies

7.2.2.1 Application of NUDUNA

As described in Chapter 3, NUDUNA is able to propagate nuclear data uncertainties through
complete burn-up problems, taking into account both parts, transport and depletion, at the
same time. That is because NUDUNA can generate random cross section data, provided in

COVERKX files, which are used in both parts of the calculation.

With the TRITON sequence of SCALEG.0, burn-up problems can be tackled, and it can
make use of NUDUNA random files. So, random COVERX files are generated for 2°U,
28U and 239Pu, and the reference burn-up calculation, described before, is again calculated
with every set of random files. For 23°U, 238U and ?3°Pu files, cross section data and fission
neutron emission are randomised independently, giving two sets of 200 random files for each
isotope. Then, the impact of both parameters in the whole burn-up problem is addressed,

and uncertainties on keg and on isotopic composition are calculated.

Also, NUDUNA can be applied only to the transport part of a burn-up calculation, thanks
to one option of the TRITON sequence: t-newt; in which transport calculations are per-
formed for a given composition of the fuel. Then, the random files can also be used there
for estimating uncertainties only on transport. The composition is extracted from the ref-
erence calculation, and again, the same sets of random files are applied at different burn-up
points. In this way, uncertainties on isotopic composition are neglected, because no depletion

calculation is carried out. Only uncertainty in keg is thus analysed.

SCALES6.0 uncertainties in COVERX files have been converted into ENDF-6 format, using
the nominal values of ENDF /B-VII.1, in order to propagate them with NUDUNA. The usage
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of ENDF/B-VII.1 nominal cross section values could lead to differences if compared with the
results using ENDF/B-V, however same multi-group cross section values are obtained once
ENDF/B-VII.1 is processed to AMPX format. Checks have been carried out to ensure a

proper translation between formats.

7.2.2.2 Application of Hybrid Method

The Hybrid Method can only be applied to the depletion part of a burn-up problem, so
by default, uncertainties coming from the transport part are not included. This method is
used in conjunction with the ACAB depletion code, which requires an specific format for the
nuclear data input, different from COVERX. Nevertheless, proper tools/sequences have been

developed to use uncertainties in COVERX files (as described in Chapter 4, Sec. 4.3.1.4).

To apply HM to this burn-up problem, using the same input data as NUDUNA, the next

points are followed:

1. The same initial composition used in SCALEG.0 is used with ACAB.

2. The same burn-up steps (in which the neutron spectrum is recalculated with the up-
dated composition) and the same sub-steps (divisions of the burn-up step, in which

only depletion calculations take place) are used in ACAB as in SCALEG.0.

3. From the SCALEG.0 reference calculation, the neutron spectra in every burn-up step,
with their corresponding neutron flux level, are extracted and applied to HM calcula-

tions.

4. The same cross section uncertainties are used, using the multi-group approach of HM
to generate 500 random cross section files from SCALE6.0 COVERX files. These multi-
group cross sections are then collapsed into one-group using the neutron spectra pro-

vided with the reference SCALEG6.0 calculation for every burn-up step.

Then, once the random one-group cross section files for ACAB have been generated, the
depletion calculations can be carried out, and the uncertainty on isotopic compositions is

analysed.
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7.2 Comparison of methodologies: NUDUNA vs Hybrid Method

7.2.2.3 Differences between applications

No difference has been found between the two different approaches of using NUDUNA to
assess the impact of neglecting isotopic composition uncertainties in the transport part of
burn-up calculations, since the same code is used and the same sequence, TRITON, is used
too. So, the same data processing is performed in both cases. Therefore, it will be a clean

assessment of the importance of isotopic composition uncertainties on transport calculations.

Differences between how NUDUNA and HM are applied are investigated. The same cross
section data are used and the same uncertainties are propagated, so they are not a source for
differences. However, HM uses an already collapsed cross section library processed at a pre-
defined temperature of 300K, while NUDUNA provides random cross section data processed

at the problem temperature.

Another difference between NUDUNA and HM is that the power of the pin-cell is normalised
during SCALEG6.0 depletion calculations, that means, the neutron flux level seen by the
pin-cell is calculated according to the power normalisation equation. Such a normalisation,
given in a general form in Eq. 7.1, states that the power of a system, such as reactor core,
fuel assembly or pin-cell, is proportional to the sum of every energy release £; ; due to the
different neutron interactions j, calculated by multiplying one-group cross sections ailg of the

isotope 7, INV; concentrations and total neutron flux ¢:
Power = ¢ZNiZa;§EZ~7j. (7.1)
( J

In addition, not only between burn-up steps (where transport calculations provide a different
neutron spectrum), but also in every sub-step in TRITON sequence (where only depletion
calculations take place), the flux is updated with the composition of the pin-cell through the
power normalisation constraint. Such a constraint is not implemented in ACAB, where the
flux is kept constant within the same burn-up step. However, HM applies the same neutron

flux calculated for each burn-up step given by SCALEG.O0.

Therefore, such differences between how NUDUNA and HM are applied to the same problem

can disrupt the analysis of the impact of neglecting transport uncertainties.
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7.2.3 Neglecting the isotopic concentration uncertainties

NUDUNA is capable of propagating uncertainties in the complete burn-up problem, since
the random nuclear data generated are applied to the whole problem. However, one can also
perform a limited analysis where the isotopic concentration uncertainties are neglected, that
means, only uncertainties on the transport part are addressed. Such an approximation is
then studied by applying NUDUNA as described in the previous section, with special focus

on the uncertainty contributions coming from cross section and neutron multiplicity data.

7.2.3.1 Propagating cross section uncertainties

The propagated cross sections uncertainties for 23°U and 23Pu consist in covariances for
total, elastic, (n,y), (n,2n), fission and inelastic cross sections, plus correlations between
elastic-fission, elastic-(n,y) and (n,y)-fission reactions. Correlations between cross section
reactions of different isotopes are not included, because they have been found of being irrel-

evant [Cabellos, 2013].

Results of propagating such cross section uncertainties are presented in Fig. 7.15 for 23°U,
and in Fig. 7.16 for 23?Pu. They show uncertainties in keg and in the isotopic concentrations
of 235U and 239Pu induced by 23°U and 239Pu cross section uncertainties, respectively. The
right panels show the isotopic concentrations and their uncertainties as obtained with the
full NUDUNA analyzes. The left panels compare the uncertainty estimates obtained with
and without including isotopic concentration uncertainties induced by the depletion step. As
can be seen, neglecting the uncertainties of isotopic concentrations leads to a considerable

underestimation of the overall uncertainty.

When propagating 23°U uncertainties, the impact of isotopic concentration uncertainties be-
comes relevant above 10 GWd/MTU, and increases with increasing 23°U concentration un-
certainty. When propagating 23°Pu uncertainties, the omission of isotopic concentration
uncertainties shows an effect already at the very beginning and reaches a maximum between

20 and 50 GWd/MTU.

The right panels of Fig. 7.15 and 7.16 also show that 23°U data uncertainties induce isotopic
concentration uncertainties on 23Pu, and vice versa. The reason is that a change in the

cross section of one isotope induces changes in neutron flux and spectrum, which modifies
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FIGURE 7.15: Uncertainties due to 23°U cross section uncertainties: the right panel shows
concentrations and uncertainties obtained by a complete NUDUNA analysis; the left panel
shows a comparison of keg uncertainties for a complete analysis and for an analysis that
neglects isotopic concentration uncertainties.
0.4 . . . . . i 102 Py
3 L
------ LI %y - 3
o3p T T < T T B
s = @ E -
L N e E 5[/
= L c 107 7
» 0.2 L 1 T T T T T T
3 S04 g
0.1 4 s 03 i
i B2 o2} T ]
— with concentration unc. % ’ -
--- without concentration unc. g orr - ]
0 1 1 1 1 1 1 0 4 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Burnup time (GWd/MTU) Burnup time (GWd/MTU)
(a). kes uncertainty (b). Concentrations and their uncertainties

FIGURE 7.16: Uncertainties due to 23°Pu cross section uncertainties: the right panel shows

concentrations and uncertainties obtained by a complete NUDUNA analysis; the left panel

shows a comparison of keg uncertainties for a complete analysis and for an analysis that
neglects isotopic concentration uncertainties.

the reaction rates of the other isotope whose nuclear data are not modified. Such induc-
tion of uncertainties on other isotope concentrations is provoked mainly through the power

normalisation constraint.

7.2.3.2 Impact of fission neutron multiplicities

Fig. 7.17 presents uncertainties induced by fission neutron multiplicity (7) uncertainties. Each
panel shows a curve obtained by propagating uncertainties in the whole burn-up problem and

a curve obtained by neglecting isotopic number density uncertainties.
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A very good agreement between the two approximations for keg uncertainties is observed.
In fact, it shows that 7 uncertainties have no impact on the depletion step, and also the
implicit impact of 7 uncertainties on isotopic compositions via the induced flux uncertainty is
negligible. Also, the same result is obtained for 238U ¥ uncertainties coming from ENDF /B-

VIIL.1.
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FIGURE 7.17: Uncertainties on keg of the UAM Exercise I-1b TMI-1 benchmark pin-cell
induced by fission neutron multiplicity 7 uncertainties with and without consideration of
concentration uncertainties.

7.2.4 Neglecting neutron flux and spectrum uncertainties

Here, the effect of estimating the uncertainties on isotopic concentrations neglecting neutron

flux and spectrum uncertainties, as done by the Hybrid Method, is addressed.

NUDUNA is applied to provide the full uncertainty, HM is used to propagate nuclear data
uncertainties only in the depletion step. HM is based on Monte Carlo sampling of nuclear
data uncertainties, and for each random draw a complete depletion calculation is performed.
However, the flux input is kept at its nominal value, and so no additional transport calcula-
tions have to be carried out. Consequently, neutron flux and spectrum uncertainties are not
taken into account. Hence, comparing both results the effect of neglecting neutron flux and

spectrum uncertainties is assessed.

Neglecting neutron flux and spectrum uncertainties implies that the concentration uncer-
tainty of a given isotope is only influenced by its own cross section uncertainty and by those

of isotopes that are part of a transmutation chain that results in the given isotope. Fig. 7.18
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presents the dominant contributions to the 23°U and 236U concentration uncertainties. In-
deed, the 235U concentration addressed in the left panel is not affected by 238U or 23°Pu data
uncertainties within the HM framework. Propagating also flux uncertainties, as NUDUNA
does, leads to sizable contributions of 238U and 239Pu data uncertainties to the 235U concen-
tration uncertainty, as shown by the dashed and dashed-dotted curves in the left panel of
Fig. 7.18. So the HM method is not capable to predict the 23U concentration uncertainty
since it provides uncertainty estimations much lower than actual ones. The combined effect
of propagating at the same time the uncertainties in 23°U, 238U and 23?Pu cross sections has
been also addressed, showing that the total uncertainty on the 23°U concentration is a sum of
contributions with no counteracting effects. The right panel of Fig. 7.18 shows the 230U con-
centration uncertainty. This isotopic concentration depends via the 2*U(n,y)?*¢U reaction
directly on the 235U cross sections, and HM yields a good result for the contribution of 235U
data uncertainties to the 235U concentration uncertainty. Since there are no other isotopes
with relevant impact on the 235U concentration uncertainty, it also gives a good result for the

total uncertainty of the 236U concentration.

HM is at present not considering in its random sampling the fact that the reactor/fuel as-
sembly/ pin-cell power is fixed. Constraining the flux level to this fixed power after random
sampling of the cross sections will induce a variation on the flux level. The implementation
of such constraint could possibility lead to an improved HM uncertainty estimate, and future

studies should address this topic.
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FIGURE 7.18: Uncertainties of 235U and 235U isotopic concentrations due to 23°U, 238U, and

239Py cross section uncertainties considering or not neutron flux and spectrum uncertain-

ties, obtained with NUDUNA and the Hybrid Method for the UAM Exercise I-1b TMI-1
benchmark pin-cell.
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7.2.5 Conclusions

NUDUNA and Hybrid Method have been compared by applying both to a UQ study of a
PWR typical pin-cell burn-up problem. Differences between how they are applied to the
same problem are found: different cross section structures are used with each method, HM
can currently used only a pre-defined SCALEG.0 cross section library processed at a given
temperature while NUDUNA provides temperature-dependent random libraries. However,
the most important difference is the application of the power normalisation constraint by
NUDUNA through the usage of SCALE6.0 TRITON sequence, while HM with ACAB does

not.

With NUDUNA, the importance of taking uncertainties on concentrations in transport cal-
culations of burn-up problems is remarked, by comparing the application of NUDUNA to
the whole burn-up problem with the application to only the transport part. Without them,

underestimations of uncertainties on k.g are observed.

Neglecting neutron flux/spectrum uncertainties, as HM does, may lead to considerable un-
derestimation of the overall concentration uncertainty. However, there are cases where such
an approximation is giving good results. Given the gains in computing time by the HM
approximation in burn-up problems, future studies might also address applicability criteria

of HM such that HM could at least be used to study a limited set of isotopes.

After identifying the power normalisation constraint as an important difference between ap-
proaches, its implementation could lead to great improvements of the Hybrid Method. With
the power normalisation equation, given in Eq. 7.1, variations of neutron flux will be obtained
due to changes in fission cross sections of different isotopes, so the neutron flux will transport
fission cross section uncertainties to other isotope concentrations not related by transmuta-
tion chains. Therefore, effects of similar order as obtained with NUDUNA can be expected

if the power normalisation constraint is implemented in the Hybrid Method.
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7.3 Limitations of the Hybrid Method under large spectrum variations

7.3 Limitations of the Hybrid Method under large spectrum

variations

As presented in Chapter 4, Sec. 4.2.1.1 | for the Hybrid Method, one-group cross section
uncertainties can only be used when variations of the spectrum between burn-up steps are
small enough to maintain a high correlation between one-group cross sections. Additionally, it
can be applied even when large variations of the spectrum take place if high correlations exist
between cross sections of the energy regions of relevance for the application. This limitation
is proved here with the comparison of the one-group cross approach with the multi-group

approach, applying both to two hypothetical depletion cases.

These depletion cases consist in the burn-up of the characteristic fuel pin-cell studied in the
ESFR fuel cycle (See Chapter 6, Sec. 6.3) in three burn-up steps where the spectrum changes

abruptly from one step to the others. Further details are as follow:

e For the first case, the depletion in three burn-up steps uses the neutron flux intensity of
the first three ESFR burn-up steps. However, the neutron spectra seen by the fuel cell
in each burn-up step are the ones provided in Fig. 7.19. That means first a fast, next
an epi-thermal, and finally a thermal spectrum are applied. These results are referred

as FS-EPI-TH.

e For the second case, the depletion is as before, but the order of application of spectra
is inverted: First a thermal, next an epithermal, and finally a fast spectrum. This case

is referred as TH-EPI-FS.

The uncertainties provoked with cross section uncertainties, given in SCALE6.0, on isotopic
compositions are analysed. In Table 7.3 and 7.4, uncertainties reached at the end of burn-up
are presented for heavy isotopes and fission products, respectively. There, the uncertainty
values obtained with the one-group cross section (1g) and multi-group cross section (44g)
approaches are very similar, for both depletion cases. Few exceptions arise whose differences
are not negligible, and are highlighted in grey: 232U (FS-EPI-TH), ?*4Pu (TH-EPI-FS), ?**Cm
(both), 248Cm (FS-EPI-TH), 4Bk (TH-EPI-FS) and ?*Cf (TH-EPI-FS).

However, obtaining the same uncertainty at the end of burn-up does not mean that the
temporal evolution is the same. For this reason, Fig. 7.20 shows the uncertainty evolution

throughout burn-up for a selected set of isotopes. For 2*°U and 238U, there is almost no
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FIGURE 7.19: Neutron spectra seen by the fuel cell for an hypothetical case with large
spectrum variations.

differences throughout the whole burn-up. For 24Pu, which has been highlighted before,
the differences at the end of burn-up for the TH-EPI-FS case come from a deviation that
starts when the spectrum changes from thermal (TH) to epithermal (EPI), and then, such
trend continues until the end of burn-up. A singular case occurs for 243Cm, in which large
differences are found in the TH-EPI-FS when the spectrum changes from TH to EPI, but
the uncertainty reached by both approaches is almost the same at the end of burn-up. The
same behaviour of 243Cm is observed also for ?4Cm and ?*°Cm. In the case of 24*Cm, the
differences at the end of burn-up obtained for FS-EPI-TH are due to the change from EPI
to TH spectrum, while for TH-EPI-FS the differences start when the spectrum changes from
TH to EPL The case of 2Bk is very similar to 2*¥Cm, and its behaviour is found also in Cf

isotopes: 249Cf, 250Cf, 251Cf and 2°2Cf.
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TABLE 7.3: Uncertainties on the atomic composition of heavy isotopes for the ESFR charac-
teristic fuel cell which sees large neutron spectrum variations between burn-up steps. Cross

section uncertainties stored in SCALEG.0 are the only ones propagated.

FS-EPI-TH TH-EPI-FS

Nuclide N; Ny - N; 1g 44g Ny - N; 1g 44g

(atoms) (atoms) (%) (%) (atoms) (%) (%)
2y - 7.70x10'®  16.47 13.69 1.44x10° 847 8.34
233y - 1.26x10'"  1.74  1.66  8.94x10™ 18.99 19.32
iy - 3.17x10%%  14.43 14.05 6.56x10**  4.76  3.99
2357 5.24x10%°  -5.23x10%° 14.06 13.59 -5.23x10*® 595  5.27
=5y - 5.34x10** 897  7.87  1.88x10** 12.06 10.51
By - 2.75x10%%  18.69 18.95 3.77x10** 13.55 13.38
28y 2.04x10%° -1.23x10%°  1.52  1.28 -1.25x10*  1.61  1.29
2TNp 1.65x10%"  -1.65x10%*7 19.82 19.98 -1.64x10%*" 11.73 11.57
238Np - 4.00x10*'  19.53 19.82  1.94x10%?> 12.00 11.99
239Np - 1.22x10%¢  0.67 1.67 2.15x10*® 0.19  1.59
238py 1.08x10%"  -1.06x10*" 15.32 14.96 -1.75x10%®  4.30  3.60
239py 1.43x10%®  -1.41x10*®  1.20 1.85 -9.75x10*" 045 0.80
240py 8.89x10%7 -8.66x10%" 298  3.19 -8.66x10*"  4.33  4.11
241py 2.46x10%7  3.69x10*®  1.35 1.12 3.01x10*® 1.38 1.18
212py 3.09x10%7  -2.54x10%" 834 845 -2.40x10*"  1.50  1.30
244py - 2.41x10%°  13.45 1249 = 2.28x10%° 13.14 10.60
2Am  5.84x10%7  -5.80x10%7 294 273 -3.94x10%7 147 124
242Am - 3.50x10%*  3.10 3.02 7.31x10%®  4.64  4.55
22mAm 2.30x10%°  -2.30x10% 549 528 -961x10** 193  1.70
23Am  1.50x10%7  -1.37x10*"  7.13  7.37 -147x10*"  3.53  3.48
22Cm 1.92x10%*  4.56x10%¢ 15.29 14.88  2.04x10*® 328  2.84
#3Cm 6.69x10%*  3.16x10** 20.72 20.33  6.49x10** 1242 10.31
24Cm 4.89x10%°  -1.08x10%¢ 11.80 9.43 -2.66x10%° 20.71 17.71
245Cm 1.19x10%¢  -1.17x10%® 719  9.05 -6.29x10%° 10.33 10.16
25Cm 8.49x10%*  3.89x10*®  7.63  6.94 3.57x10*®  7.84  6.49
247Cm - 3.17x10%*  17.09 17.75  1.94x10%° 18.48 20.23
248Cm - 5.80x10%° 16.50 13.93 6.45x10*® 15.59 14.59
2498k - 8.66x10% 18.84 17.10 = 1.67x10%* 21.90 19.31
29¢f - 5.38x10%°  18.88 17.29 = 1.28x10** 20.04 17.36
20t - 8.32x10%%  21.92 20.62  3.82x10%® 20.96 21.20
BLof - 1.71x10%* 1843 16.79  1.97x10** 19.65 16.35
220Cf - 9.60x10* 21.30 19.79  6.05x10** 17.47 15.37
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TABLE 7.4: Uncertainties on the atomic composition of fission products for the ESFR char-
acteristic fuel cell which sees large neutron spectrum variations between burn-up steps. Cross
section uncertainties stored in SCALEG.0 are the only ones propagated.

FS-EPI-TH TH-EPI-FS

Nuclide N; Ny - N; 1g 44g Ny - N; 1g 44g

(atoms) (atoms) (%) (%) (atoms) (%) (%)
93mNb - 3.06x10** 175 1.66 3.98x10** 197  1.79
94Nb - 6.78x10*"  6.92  6.16 1.78x10*2 284  2.77
%Mo - 2.28x10"  1.59  1.28 1.96x10°  1.56  1.20
103Rh - 2.14x10%%  1.76  1.68 1.25x10%" 1.49 1.34
107pq - 3.99x10*"  1.91  1.69 4.13x10*" 196 1.38
1097g - 2.72x10%°  3.23  3.10 4.46x10*® 227  2.08
1268 - 3.13x10%  0.83  0.73 3.25x10*®  0.84  0.69
12681, - 1.49%x10%*  4.97 547 225x10*® 1225 13.62
126mgt, - 2.92x10%°  0.98  1.00 1.54x10*® 1.29 091
1297 - 1.87x10%¢  6.43 584 7.33x10*® 223 1.75
1499m - 1.41x10%% 1024 11.50 2.01x10*®  3.31  3.00
1509m - 1.92x10% 817 949 855x10*® 11.82 11.00
1519m - 1.93x10%* 621  7.38 1.33x10*® 430  4.31
1529m - 1.21x10%  6.24 7.24 1.87x10*®  4.53  4.28
B O - 3.10x10'°  6.28  7.52 5.85x10%® 471  4.54
153Fn - 7.30x10%°  5.89  6.83 9.76x10*®> 942 842
155Gd - 7.97x10*° 810 829 5.30x10* 520  6.10

Since a strange behaviour is observed in ?43Cm for the TH-EPI-FS case, such a case is studied
in more detail. 2*3Cm is obtained from the neutron capture of 2#2Cm, and it disappears due
to fission and capture reactions mainly. Then, the uncertainty in 243Cm should come from one
of these two reactions. The neutron capture of 2#2Cm carries a large uncertainty, around 30%
and 15% in one-group if collapsed with thermal and epithermal spectra, correspondingly.
Meanwhile, capture and fission reactions of 243Cm uncertainties are below 7% under both
spectra. Furthermore, no differences between the sampled one-group uncertainties obtained
from random one-group cross sections and the ones from random multi-group cross sections
are found after performing an statistical analysis. So that, this latter issue is discarded as a

possible origin for the behaviour of 243Cm in TH-EPI-FS.
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FIGURE 7.20: Evolution of the number of atoms and their uncertainties of a set of selected

nuclides due to the usage of one-group (1g) and multi-group (44g) cross section uncertainties

with the Hybrid Method for the ESFR characteristic fuel cell which see large neutron spec-

trum variations between burn-up steps. Uncertainties stored in SCALE6.0 are the only ones
propagated.

An extra case for TH-EPI-FS is performed in order to clarify the issue with 243Cm. The same
problem is carried out, however, without uncertainties in ?*2Cm cross sections. The results
are shown in Fig. 7.21, observing first that the uncertainty on 2*3Cm decreases sharply when

242Cm does not carry any uncertainty. Additionally, the strange evolution when the spectrum
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changes from thermal to epithermal disappears. However, the trend obtained when switching
from epithermal to fast spectrum is again observed, but smaller uncertainties are reached.
That means the 243Cm uncertainty is driven by 242Cm, and therefore, the strange behaviour
observed in the epithermal step should come from an issue with the neutron capture cross

section of 2#2Cm.
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FIGURE 7.21: Evolution of the number of atoms and their uncertainties for 242Cm and

243Cm using one-group (1g) and multi-group (44g) approaches for TH-EPI-FS, comparing

with the case in which 242Cm has carries no uncertainties on its cross sections. Uncertainties
stored in SCALE6.0 are the only ones propagated.

Using the Hybrid Method with one-group uncertainties with the correlated sampling approach
means that cross sections between burn-up steps are completely correlated. However, it
could occur that one-group cross sections are not completely correlated when the multi-
group approach is used, so it has to be checked in order to prove the equivalence between
approaches. Therefore, the one-group cross sections obtained from sampling one-group or
multi-group cross sections are compared. Such a comparison is presented in Fig. 7.22, which
shows a correlation between TH (thermal) and EPI (epithermal) for cross sections sampled
from multi-group uncertainties that does not exist when comparing TH and FS spectra.
Hence, one-group uncertainties with correlated sampling will not yield the same results as

the multi-group uncertainties for variations of the spectrum from or to TH, or from or to FS.
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7.3 Limitations of the Hybrid Method under large spectrum variations
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FIGURE 7.22: Scatter plot of random (n,y) cross sections in 44-groups of 242Cm collapsed
into one-group for the different neutron spectra used in TH-EPI-FS case.
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Chapter 8

Conclusions and future works

8.1 Conclusions

This thesis presents a methodology for propagating nuclear data uncertainties in depletion
calculations, the Hybrid Method, in conjunction with a review of the state-of-the-art of

nuclear data and their uncertainties, and uncertainty propagation methodologies.

The Hybrid Method is based on Monte Carlo sampling of nuclear data and its implementation
is completely described: from the processing of nuclear data to statistical analysis. Different
approaches of the Hybrid Method are presented, depending on which cross section uncer-
tainties are propagated, one-group or multi-group. Improvements have been made to the
methodology, such as the use of one-group cross section uncertainties in depletion problems

with few/several burn-up steps.

Inconsistencies between independent and cumulative fission yield uncertainties and the lack of
covariance (off-diagonal terms) for both gave rise to another development, the implementation
of fission yield covariance data generation capability based on a Bayesian/GLS updating

scheme, after reviewing the state of the art of methodologies.

Comparisons between other methodologies have been performed in order to analyse the ad-
vantages/drawbacks and limitations of the Hybrid method for propagating uncertainties in
depletion problems. In particular, the usage of covariance data for propagating uncertainties
has been studied, comparing it with the Total Monte Carlo method. The applicability of the
Hybrid Method to burn-up problems, which apply the constant power constraint, is studied
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in comparison with NUDUNA due to the assumption of neglecting neutron flux/spectrum
uncertainties derived from the transport part of burn-up problems. Moreover, the importance

of concentration uncertainties in burn-up problems is highlighted.

Once these developments for the Hybrid Method and the generation capability of complete
covariance data for fission yield are implemented, they are applied to decay problems and to

different advanced reactor fuel cycles.

State-of-the-art of nuclear data and their uncertainties

Nuclear data used in depletion calculations have been reviewed: decay data, fission yields

and cross section. The main conclusions regarding uncertainties are presented here.

The revision of decay data is centred on the JEFF-3.1.1 decay library (which is the same
data used in JEFF-3.1.2 and JEFF-3.2). It is found that for many isotopes, uncertainties on
their decay energies are lacking. This lack has an impact on decay heat calculations related
to fission products. Also, uncertainties on branching ratios are not always consistent with
a proper update of the uncertainties using the normalisation constraint to one (the sum of

branching ratios have to be equal to 1).

The review of fission yield data compiled in JEFF-3.1.1, ENDF/B-VII.1 and JENDL-4.0 re-
veals that a proper procedure has not yet been developed to assess the uncertainty of fission
yields for isotopes with different isomeric states. Furthermore, uncertainties in cumulative
and independent fission yields are unrelated by a proper approach such as a Bayesian update
scheme (only for 239Pu fission yields in ENDF/B-VII.1), which leads to very large uncer-
tainty values for independent fission yields. Finally, neither of the libraries studied provides

covariance data for fission yields, even when important relationships exist between them.

Cross section data uncertainties from EAF libraries (EAF-2007 and EAF-2010) and from
SCALES6.0 are analysed, showing two different ways to provide uncertainties: wide energy-
groups with no correlations between them, and narrower energy-groups with correlations
between them and between reaction cross sections. The latter is the one currently used in
major evaluated nuclear data libraries. However, given the lack of data, EAF libraries provide
estimations for reaction cross sections that major libraries do not. Comparing cross section
uncertainties under different neutron spectra reveals that high energy applications such as

ADS-like make use of cross sections with larger uncertainties than other applications such
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as Light Water or fusion-type reactors. In fusion applications, even though they are high
energy applications, lower uncertainties are found since larger experimental datasets exist in

this energy range.

State-of-the-art of methodologies for propagating nuclear data uncertainties

A review of the main codes/tools used for propagating nuclear data uncertainties shows that
two main methodologies are applied when transport, depletion or burn-up calculations are
tackled: First Order Perturbation theory and Monte Carlo sampling. The former has been
implemented and validated for transport calculations, where e.g. criticality is assessed. How-
ever, depletion or burn-up problems are not completely well addressed with this methodology
because transport and depletion are treated as two problems. Instead, Monte Carlo sam-
pling seems to be the easiest and fastest solution thanks to its easy implementation (use
transport/depletion /burn-up codes as black-boxes) and due to its less stringent assumptions,

e.g. being able to overcome non-linear effects.

A deep review of two methodologies based on Monte Carlo sampling, Total Monte Carlo and
NUDUNA, shows that different sources of nuclear data uncertainties can be used: directly
as proposed by evaluators in nuclear data libraries or using experimental data and their
uncertainties to generate evaluated nuclear data libraries and basing their uncertainties upon
the experimental data and their scattering. Currently, the first approach (using evaluated

uncertainties) is the most used, and more implementations are constantly being developed.

Developments with/in the Hybrid Method

The Hybrid Method was the methodology chosen for development and improvement. A
review of the first implementation was performed, showing the points to work on. Two
approaches have been developed in order to tackle problems with more than one burn-up
step: one-group cross section approach with correlated sampling and multi-group cross section
approach. Both increase the applicability range of the Hybrid Method to such kinds of
problems. Additionally, implementation of tools/sequences for processing different nuclear
data formats: COVERX and ENDF6 has been developed. Finally, routines for analysing and
post-processing output have been implemented, such as the analysis of the major uncertainty

contributors for response functions which are linear combination of others.
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Generation of covariance data for fission yields

The generation and use of fission yield covariance data is justified on several grounds: first of
all, nuclear data libraries do not provide the uncertainty of such data; secondly, independent
and cumulative fission yield are usually inconsistent; and thirdly, in the case of burn-up tracker
isotopes, high uncertainty values are obtained if independent fission yield uncertainties are
used. This last statement goes against experimental observation of burn-up trackers, which

usually carry low uncertainties.

A review of the state-of-the-art of proposed methodologies for generating fission yield covari-
ance data shows that the use of a Bayesian/GLS updating scheme can easily response to such

a need. Therefore, it is also implemented within the framework of the Hybrid Method.

Examples of usage are presented for fission yields of thermal ?*°U and 23?Pu fission. Covari-
ance data are generated by updating independent fission yield with data regarding cumulative
and mass fission yield. Their impact is later assessed, not only here but also in other works

presented within the UAM framework.

Uncertainty Quantification studies

Three different applications are studied with the Hybrid Method.

The first one, the thermal Fission Pulse Decay Heat of 235U and ?*Pu, shows the importance
of providing decay energy uncertainties for those isotopes of importance for short cooling
times. The hypothesis on such uncertainties can completely change results: decay energy
uncertainties become more important than fission yield uncertainties. The major contributors
are identified, and it is also observed that JEFF-3.1.1 does not have the latest experimental
results for decay energy. Fission yield covariance effects are here addressed, showing a sharp
reduction in response function uncertainty, not only because of the reduction of the variance
values but also because of the negative correlations obtained in the covariance matrices. A
comparison with First Order Perturbation theory shows that same results are reached by

both methodologies.

In the UQ study on the advanced reactor fuel cycle of EFIT, different response functions are
analysed: isotopic composition, decay heat and radiotoxicity. Decay data, fission yield and

cross section uncertainties are propagated on all the response functions. Decay uncertainties
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have a negligible impact in all response functions, except for very few isotopic concentrations:
126Gh and '"'Eu. Meanwhile, fission yield uncertainties are of importance for some fission
product concentrations and for ingestion dose (due to !*3Xe). Cross section uncertainties are
the most relevant source of uncertainty for all the response functions tackled. Uncertainty
levels fall within the target accuracies (10%) for decay heat and radiotoxicity whichever library
is used (among EAF-2007, EAF-2010 and SCALE6.0). However, for isotopic concentrations
of most relevant isotopes, uncertainties fulfil the requirements (5%) only when SCALEG6.0 is
used. Studying higher burn-ups shows that higher uncertainties are reached, although they

remain within target accuracies.

The last UQ study is performed on the ESFR fuel cycle. Only the isotopic composition is
analysed, because this exercise is also used for comparing different approaches of the Hy-
brid Method. It consists in a depletion problem with different burn-up steps where neutron
spectrum and flux level change. It reveals the need to use correlated sampling for tackling sim-
ilar problems, and the same results are obtained when the multi-group approach is applied.
Regarding uncertainty values obtained, cross section uncertainties are the most important
uncertainty source for isotopic concentrations. Only decay data have an impact, again as in
EFIT, on '?6Sb and " Eu. An additional library is used: COMMARA-2.0, its performance
being compared with EAF-2010 and SCALEG6.0. It yields uncertainties similar to SCALEG.0.
Target accuracies (5%) are only achieved with SCALE6.0 and COMMARA-2.0 for major

uranic and transuranic.

Comparisons with other methodologies

Comparisons with other methodologies have been carried out in order to evaluate the lim-
itations and assumptions of the Hybrid Method, and also to validate sequences/tools for

different nuclear data formats and sampling routines.

The comparison with Total Monte Carlo (TMC) aims to show the equivalence between prop-
agating uncertainties using covariance data and using random files generated by means of
TMC. Good agreement is obtained, although different probability density functions for iso-
topic composition are observed that can change results based on the study of percentiles, such
as the case of order statistics. The importance of using covariance data between different reac-

tion cross sections is highlighted: neglecting them leads to overestimations/underestimations.
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To assess the limitations of the one-group approach, apart from the UQ study done for ESFR,
an additional exercise is proposed. Large spectrum variations take place between different
burn-up steps, showing that the one-group approach, even with correlated sampling, cannot
yield the same results as the multi-group approach. However, when correlations exist for the
relevant cross sections between the different energy regions which are of importance in the

application, the one-group approach with correlated sampling can still be applied.

The NUDUNA tool is applied to highlight the importance of taking into account uncertainties
in isotopic composition on transport calculations when burn-up problems are overcome. If
these uncertainties are neglected, the keg uncertainty may be underestimated. It is observed
that cross section uncertainties can affect other isotope concentrations unrelated with the
cross section uncertainties of the isotope treated or through a transmutation chain. Mean-
while, the fission neutron emission does not induce any uncertainty on isotopic concentrations.
When NUDUNA results are compared with Hybrid Method results, the effect of neglecting
neutron flux/spectrum uncertainties is addressed. Underestimations in concentration uncer-
tainties are obtained for some isotopes, while for others, the Hybrid Method provides a good
approximation. Therefore, applicability criteria for applying the Hybrid Method are required

when burn-up problems with power constant assumption are tackled.
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8.2 Future works

As presented in the previous section, there are several points where further investigations can

be carried out.

Regarding the state-of-the-art for nuclear data uncertainties, the performance of major eval-
uated nuclear data libraries can be compared. It is also important to keep track of new
projects regarding nuclear data such as CIELO [Chadwick et al., 2014], which aims to get
the best of the major evaluated nuclear data libraries into one evaluation, including covari-
ance information. New libraries with cross section covariances are under development, e.g.
new COMMARA versions and the SCALEG.2 covariance library. For UQ tools, new tools or
new releases can be investigated, such as SCALE6.2 with SAMPLER, which will be capa-
ble of propagating not only cross section uncertainties, but also decay data and fission yield

uncertainties.

There is plenty of room for improvements and implementations within the Hybrid Method:

Implementation of the power normalisation constraint, which will lead to a partial
inclusion of neutron flux uncertainties required for a better approximation of burn-up

problems with power constant assumption.

e Implementation of sampling multi-group cross sections in arbitrary structure, or the one
defined by the structure of the covariance information, in any of the possible formats

(mainly ENDF6 or COVERX).

e Research of a methodology to include Hybrid Method results into transport calcula-
tions, departing from e.g. the usage of sensitivity coefficients of transport variables to

concentrations, as done in [Cabellos, 2013], but accounting for the coupling effect.

e For the sampling sequence, implementation of the sampling of normal and log-normal
PDFs correlated variables in order to avoid truncation effects, as proposed in

[Zerovnik et al., 2012, Zerovnik et al., 2013].

e Implementation of processing routines which include or modify the temperature ef-
fects on cross sections, which could provoke deviation or yield non-precise uncertainty

estimations.
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For generating fission yield covariance data, comparisons with other methodologies may be
performed. However, the main objectives, which were to show evaluators the importance of
fission yield covariance data and the current status of inconsistencies between cumulative and
independent fission yield uncertainties, have been achieved. Accordingly, it is important to
keep track of which methodologies are selected to generate covariance data, and to assess
the impact of new evaluations. The impact of fission yield covariance data is currently being
assessed in burn-up calculations related to PWR, applications, as already mention. Fission
yield covariance data are to be used in the new release of SCALE, so comparisons could be

carried out.

Comparisons with other methodologies could be made, for example, as done under the UAM
framework, in which the Hybrid Method was compared with NUDUNA. However, any fur-
ther development/implementation in the Hybrid Method should aim to couple transport and
depletion parts of burn-up problems. Since CPU-power is becoming cheaper and easier to
access, the advantage offered by the Hybrid Method of a faster assessment of the impact of
nuclear data uncertainties on depletion calculations when addressing a burn-up problem, is
becoming less relevant. Accordingly, it is better to tackle burn-up problems as one entity

without any approximation than to assess only one part of it.
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Stays abroad

¢ AREVA GmbH, Offenbach, Germany
Duration: January 13, 2014 - April 30, 2014

Supervisor: Axel Hoefer and Oliver Buss (PEPA1-G Radiology & Criticality depart-

ment)

Achievements: NUDUNA is a tool for propagating nuclear data uncertainties in

transport/depletion /burn-up calculations. The stay in AREVA GmbH was aimed to
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NUDUNA were also performed, specifically the application to burn-up problems. Fi-

nally, limitations of the Hybrid Method and other approximations were studied.
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Duration: August 5, 2012 - November 16, 2012

Supervisor: Gert Van den Eynde (Head of The Nuclear Systems Physics expert group)
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Supervisor: Prof. Peter Schillebeeckx (Nuclear Physics Unit) - EC-JRC-IRMM
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form sensitivity analysis of nuclear data for the MYRRHA design (Accelerator Driven
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between the major evaluated nuclear data libraries (JEFF, ENDF/B and JENDL) are
carried out. Their performance for MYRRHA criticality calculations are analysed and
compared. Then, the differences between libraries are studied regarding their perfor-
mance the previous criticality calculations. Moreover, investigations of the impact of
natural carbon thermal capture cross section in graphite-type thermal reactors were
conducted. It was found that latest experimental data, already included in ENDF/B-
VII.1, provide a significant improvement for the agreement between reactor experimen-
tal data and simulations for different benchmarks. Then, it was proposed and accepted

a modification of the natural carbon file for the JEFF-3.2 library.

NRG (Nuclear Research and consultancy Group), Petten, The Netherlands
Duration: September 5, 2011 - December 16, 2011

Supervisor: Arjan Koning (Senior Consultant).
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was aimed to learn the Total Monte Carlo method for propagating nuclear data uncer-
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for ACAB 7, D2.6 Deliverable, ANDES project, Grant Agreement no.: FP7-249671.
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Publications, conferences, reports and other works conducted during this thesis

Participation in Conferences, Workshops, Seminars, ...

e 8th OECD LWR UAM Workshop (UAM-8), GRS, Garching (Germany), May
14-16, 2014
With the presentation: “NUDUNA applied to a pin-cell burn-up calculation: UAM

Exercise I-1b”

e International Workshop of Nuclear Data Covariances (CW2014), Santa Fe,
NM (USA), April 28 - May 1, 2014
With the presentation: “Impact on Advanced Fuel Cycle and its Irradiated Fuel due to

Nuclear Data Uncertainties and Comparison Between Libraries”

e International Conference on Nuclear Data for Science and Technology (ND2013),
New York (USA), March 4-8, 2013
With the presentation: “Impact on Advanced Fuel Cycle and its Irradiated Fuel due to
Nuclear Data Uncertainties and Comparison Between Libraries” and with the poster:

“Analysis of the Quality of Evaluated Data for Most Relevant Reactions of MYRRHA”

e 6th OECD LWR UAM Workshop (UAM-6), KIT, Karlsruhe (Germany), May
9-11, 2012
With the presentation: “UPM results on PWR, Exercise [-2 using MCNPx 2.7e”

e Workshop on Nuclear Data and Uncertainty Quantification (NDUQ), CCFE,
Oxfordshire (UK), January 24-25, 2012
With the presentation: “Comparison of Monte Carlo Uncertainty Propagation Ap-

proaches in Activation Calculations”

e Workshop on Neutron Cross Section Covariances (NCSC2), Vienna (Austria),
September 14-16, 2011
With the presentation: “Analysis of Different Uncertainty Activation Cross Section

Data Libraries For LWR, ADS and DEMO Neutron Spectra”

e Workshop on Activation Data EAF 2011, Prague (Czech Republic), June 01-03,
2011
With the presentation: “A Comparison of different Uncertainty Activation Cross-

Section Data Libraries and collapsed values for different neutron spectra: ADS, FIS-

SION and FUSION”
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Publications, conferences, reports and other works conducted during this thesis

e International Conference on Mathematics and Computational Methods ap-
plied to Nuclear Science and Engineering (M&C2011), Rio de Janeiro (Brazil),
May 08-12, 2011
With the presentation: “Propagation of Nuclear Data Uncertainties in Fuel Cycle Cal-

culations using Monte-Carlo Technique”
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