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Resumen

Durante el funcionamiento de las instalaciones experimentales de fusion, se generan intensos
campos de neutrones que interactian con los distintos componentes de la instalacion. Esto
provoca que dichos componentes se vuelvan radiactivos, y por tanto, que emitan un campo de
fotones de decaimiento, incluso cuando la instalacion experimental esta apagada. La estimacion
de estos campos de fotones, asi como las funciones respuesta asociadas a estos campos, como
puede ser la dosis recivida en los componentes y/o trabajadores, es esencial en las fases de

disefio, ingenieria y licenciamiento de estas instalaciones de fusion.

Hoy en dia, una de las metodologias mas potentes para estimar los campos de fotones
residuales en parada es Rigorous 2 Steps (R2S). Esta metodologia acopla las salidas y entradas
de codigos de transporte y activacion para simular, paso a paso, todos los procesos fisicos
relevantes en el calculo de los campos de fotones residuales. Para ello, primero se realiza una
simulacion del transporte de neutrones, cuyo objetivo es calcular el flujo de neutrones en cada
region de la instalacién. Después se simula detalladamente la activacién de cada componente
debida a la interaccién de dichos neutrones con la materia, con lo que se consigue estimar la
distribucién de fotones que emite el material activado de la instalacion al tiempo de interés.
Finalmente, el Gltimo paso consiste en transportar dicha fuente de fotones por la instalacion,

calculando el campo de fotones residual y las funciones respuestas deseadas asociadas a este.

Los sistemas R2S mas avanzados empleados en el ambito de la fusion estan basados en
cédigos de transporte Monte Carlo (MC), debido a que este método de calculo es considerado
hoy en dia el mas preciso para simular el transporte de radiacion. Este método permite estimar
la incertidumbre estadistica del calculo durante el transporte de neutrones y de fotones de
decaimiento. Sin embargo, el método de acople empleado en la metodologia R2S no permite
transportar las incertidumbres a través del esquema de calculo. Por lo tanto, la metodologia R2S
basadas en cddigos de transporte MC no es capaz de considerar el error estadistico, introducido
durante el transporte de neutrones, en las funciones respuesta asociadas a los fotones de

decaimiento.

Este problema ha sido una linea de investigacion activa durante los Ultimos afios. Esto ha
dado como resultado la propuesta e implementacion de varios esquemas computacionales que
permiten considerar esta fuente de incertidumbre en los célculos de R2S. Sin embargo, estos
esquemas asumen simplificaciones durante el paso de activaciéon, las cuales limitan su

aplicabilidad.

Por ello, el objetivo de esta tesis es proponer e implementar un esquema computacional en

el cddigo R2S-UNED, el cual permita considerar esta fuente de incertidumbre sin introducir nuevas



asunciones que aquellas heredadas directamente de la metodologia R2S. Este esquema debe ser

aplicable a cualquier caso donde se pueda requerir el uso de R2S-UNED.

Esta tesis describe dicho esquema, asi como todas las nuevas capacidades de R2S-UNED

implementadas para poder aplicarlo. Estas capacidades son enumeradas a continuacion:

i. Calculo de la matriz de covarianza del flujo neutrénico (incertidumbre estadistica del
flujo neutrénico)

ii. Contribucion de cada radioisotopo a la dosis o funcion respuesta deseada

iii. Contribuciéon de cada camino que genera los radioistopos de interés durante la

activacion del material

iv. Estimacion de la derivada de la concentracion de isétopos respecto del ratio de
reaccion
V. Estimacion de la incertidumbre estadistica, debida al flujo neutronico, en las

diferentes cantidades calculadas durante un calculo de R2S (ratios de reaccion,

concentracion isotdpica, fuente de decaimiento y dosis o funcion respuesta deseada).

Cada una de estas capacidades fue implementada dentro del esquema de R2S-UNED y
verificada durante esta tesis. Entre todas estas capacidades, la capacidad de estimar la
incertidumbre estadistica del flujo neutrénico destaca por su importancia en el esquema de
calculo, dado que limita la aplicabilidad del esquema al no poder estimar la matriz de covarianza
del flujo neutrénico en muchos casos practicos, debido al tamafio de dicha matriz. Esta limitacion
es, hoy en dia, una de las mayores limitaciones para poder aplicar la metodologia propuesta en

esta tesis, asi como otras desarrolladas durante estos afios.

Por ello, durante esta tesis se ha desarrollado una guia de aplicaciéon que trata de dedicar los
recursos computacionales disponibles al calculo de la incertidumbre de las regiones mas
importantes que contribuyen a la dosis. Lo cual aumenta considerablemente el rango de
aplicabilidad de la nueva herramienta desarrollada para el calculo de incertidumbre estadistica en

célculos de R2S, sin ser aun de aplicacién general.

Esta guia ha sido clave para poder aplicar esta nueva herramienta a los dos casos practicos
considerados en esta tesis: El benchmarking computacional de ITER de calculo de dosis residual
y el célculo de air-kerma en el octante dos de JET. Ambas aplicaciones muestran la necesidad de
incluir la informacion precisa de la matriz de correlacion del flujo neutrdnico para estimar la
incertidumbre en la dosis, en vez de considerar estd completamente correlada o anticorrelada,
asunciones que estiman limites superiores e inferiores al valor de la incertidumbre estadistica en

la dosis sin necesidad de obtener la matriz de correlacion del flujo neutrénico completa.



Abstract

During the operation of experimental fusion facilities, intense neutron fields are generated,
which interact with the different components of the facility. Due to this, such components become
radioactive, and therefore, emit a decay gamma field even when the facility is not operating. The
estimation of these decay gamma fields, and the corresponding responses in the components
and/or workers is essential during the design, engineering, and licencing phases of the fusion
facilities.

Nowadays, one of the most powerful methodologies to estimate the decay gamma field and
its associated responses is the Rigorous 2 Steps (R2S). This methodology couples the input and
outputs of the transport and activation codes in order to simulate, step by step, the most relevant
physical processes to calculate the decay gamma field. In order to do that, three simulations are
sequentially carried out. The first one consists of a neutron transport where the neutron flux is
estimated in all regions of the facility. The second one is an activation simulation, which considers
the neutron reactions within the materials in order to estimate the radioactive isotopes at a
particular time; consequently, it computes the decay gamma source at that time. Finally, the last
simulation consists of a photon transport of this decay gamma source in order to compute the

decay gamma field and its associated responses, such as shutdown dose rate (SDR).

The most advanced R2S systems, applied in the fusion field, use Monte Carlo (MC) transport
codes, since currently they are considered the most accurate to perform the radiation transport
step. The MC method enables the assessment of the stochastic uncertainty caused by the
calculation method during the transport simulations. However, R2S coupling scheme does not
transport the neutron flux uncertainty to the SDR uncertainty. This means that MC R2S
simulations cannot provide the estimation of the stochastic uncertainty due to the calculation
method in the calculated response.

This issue has been an active research line during the last years. Consequently, several
schemes, which estimate the SDR uncertainty due to MC method in R2S calculations, have been
proposed. However, these schemes assume simple activation conditions that simplify the

activation calculation, while also limiting the application of these methodologies.

The aim of this thesis is to propose and to implement a computational scheme that calculates
the stochastic uncertainty of the SDR responses in R2S calculations. This scheme must not
introduce new assumptions that those inherit from R2S methodology. In addition, the scheme

must be applicable to any analysis where R2S is used.



This thesis describes this scheme, as well as all new R2S-UNED capabilities that were

implemented in order to apply this scheme. They are:

i Estimation of the covariance matrix of the neutron flux (stochastic uncertainty of the
neutron flux).

ii. Contribution of each radioisotope to the SDR response.

iii. Contribution of each pathway that produce the relevant radioisotopes during the
activation of the material.

iv. Estimation of the derivative of the isotopic concentration respect to the reaction rates

V. Estimation of the stochastic uncertainty, due to the neutron flux uncertainty, of the
different quantities estimated during the R2S simulation; those are the reaction rates,

the isotopic concentration, the decay gamma source, and the SDR response.

During this thesis, all these capabilities were implemented in R2S-UNED and verified. Among
all of them, the capability to estimate the stochastic uncertainty of the neutron flux stands out
due to its importance to the applicability of the developed tool. The methodology implemented
to estimate the neutron flux uncertainty cannot be applied in most of the practical cases where
R2S is applied, because the size of the correlation matrix of the neutron flux is usually too large.
Nowadays, this is the most relevant limitation to apply the methodology proposed in this thesis.
It is worth highlighing that this limitation also affects the other methodologies developed during

the last years.

For this reason, we also propose a guideline to improve the applicability of this tool. This is
based on the optimization of the computational resources, calculating only the stochastic
uncertainty due to the activated regions which contribute significantly to the SDR. It is worth
noting that although this guideline improves the applicability of the tool, its application is still not

universal.

This guideline was essential in order to apply the new tool to the two practical cases that
have been carried out during this thesis: The SDR computational benchmark of ITER and the
estimation of the air-kerma in the octant 2 of JET. Both applications show the importance of
estimating the correlation matrix of the neutron flux, instead of considering this matrix completely

correlated or uncorrelated (superior or inferior boundaries to the value of the SDR uncertainty).



Chapter 1.
Introduction

In fusion devices, high-energy neutrons are emitted from the plasma source, penetrating
deep into the fadility. One of the effects of the neutron radiation field is the activation of the
different components of the facility producing radioactive nuclides, which persist after the
shutdown of the facility. Consequently, decay gamma fields, which result from gamma emitted
by these radionuclides, are expected along the fusion facility even after its shutdown. Important
efforts are directed to the analysis of the effects of the decay gamma field, such as the shutdown

dose rate, due to their relevance to the licensing of the fusion facilities.

Nowadays, one of the most relevant methodologies to carry out these analyses is the
Rigorous-two-Step (R2S) method. This method estimates the decay gamma radiation field and
associate responses by coupling particle transport and activation calculations. However, one of
the weaknesses of this methodology is that the coupling scheme does not enable the transport
of the uncertainty of the different simulations to the response. The stochastic uncertainty due to

the MC calculation method used by the radiation transport codes is of special relevance.

The research topic of this thesis is the development and implementation of a methodology
that overcomes this open issue of the R2S methodology. This chapter aims to introducing the
R2S method to nuclear analysis in fusion facilities as well as to motivate the study of the
uncertainty transport of the MC uncertainty in R2S systems. In addition, this chapter also
summarizes the principal contributions of this thesis to the field of research and describes the

organization of this document.
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Chapter 1
Introduction

1.1 Radiation fields in fusion facilities

Several fusion facilities are being built as part of the roadmap to using nuclear fusion as a
commercial energy source [1]. In them, intense neutron fields are produced as a result of the
fusion reactions. Furthermore, each new proposed fusion facility increases the intensity of these
neutron fields and the neutron budget expected in the corresponding device. Table 1.1 presents
the quantitative example of the neutron sources of three relevant fusion experiments in order to

contextualize the expected neutron fields in fusion facilities.

Table 1.1 Neutron budget and power expected in JET ITER and DEMO [2] [3]

Neutron budget during the

Facility Maximum Power
facility lifetime
The Joint European Torus® [4]
16.1 MW (~10%*°n/s) ~10%
(JET)
("The way” in latin) ITER? [5] 500 MW (~10%°n/s) ~10%
The DEMOnstration reactor’ [6] 2000-5000MW
~10% - 10%°
(DEMO) (~10%'n/s)

The neutrons, produced in the fusion process, interact with the structure of the corresponding
facility producing the material activation %. As a consequence of the material activation along the
fusion facility, different radiation fields are produced. In practice, the most problematic one, from
the point of view of the nuclear analysis, is the decay gamma field. The principal reason being
that it is propagated along the whole facility. Consequently, it causes damage to electronic
systems and health problems in the workers, and therefore, drastically affects the licensing of the
whole fusion facility. Hence, the quantification of the radiation effects on both components and
workers is essential to the design of the facilities, and subsequently, it is also indispensable to

achieve the fusion as a viable energy source.

The computational neutronic field, which covers the general frame of this thesis, studies the
problems associated with the radiation fields produced by the neutron fields. The following
sections briefly describe the usual computational schemes applied in neutronic analysis of fusion

facilities, focusing on the decay gamma fields estimation.

"' JET is the largest tokamak in operation nowadays, and furthermore, one of the most relevant
experimental fusion facilities dedicated to test technologies for ITER

2 ITER will be the world’s largest experimental tokamak nuclear fusion reactor, whose main goal is to
demonstrate the scientific and technological of fusion energy for future electricity generation. It is currently
being built in France.

3 DEMO will be the ITER’s successor. DEMO is intended to demonstrate the large-scale production of
electrical power

4 Radioactive isotopes produced by the transmutations or excitations of the nuclei due to the neutron
Interaction
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1.2 Computational neutronic analyses to estimate decay gamma field

As previously commented, this section presents the typical scheme and computational tools
applied in common neutronic analyses, paying special attention to those aspects related to the
estimation of the decay gamma field in fusion facilities. A detailed state of art of the methods
and tools used for neutronic analyses of relevant fusion facilities can be found in references [7]
and [8].

CAD model Transport model

Stages to estimate ‘
detailed 3D decay y field [
in fusion facilities

Coupled n-y Activation+ Decay y
transport Decay y source transport

Monte Carlo Monte Carlo
Neutron field Decay vy field

Figure 1.1 Stages to estimate detailed 3D decay gamma field in fusion facilities

Figure 1.1 shows the general stages to estimate the responses associated to the decay
gamma field. The first two stages of the scheme[9]-[11], presented at the top of Figure 1.1,
correspond to the definition of the relevant fusion facility features. That is, the definition of the

physical problem to be analyzed?.

The following stages of the neutronic analysis correspond to the simulation of the most
relevant physical processes? to estimate the decay gamma field and its associated responses.
These physical processes can be broken down into three conceptual stages as indicated in Figure
1.1:

!'It is worth underlining that these steps are out of the frame of this thesis.
2 Section 1.1 provides a brief description of the physical processes involved in the decay gamma field
calculation.
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i The estimation of the neutron field.

ii. The activation of the materials of the facility.

iii. The estimation of the decay gamma field and the associated responses.

The first stage consists in transporting of the neutron radiation! from the source (usually the
neutron produced in the plasma) along the complete facility. This step aims to estimate the
neutron field which interacts with the materials and induces their activation. This stage is faced

using transport codes, which are summarized in section 1.2.1.

The following stage is the neutron activation of the material. This step follows the temporal
evolution of the isotopic inventory in each region in order to estimate the Decay Gamma Source
(DGS) that is emitted at the time of interest. The methodologies applied to carry out the activation

stage are briefly introduced in section 1.2.2.

The last stage is the photon transport, from the DGS, along the complete facility.
Consequently, it aims to estimate the decay gamma field and its associated responses. From the
computational point of view, this stage is analogous to the first one, because it also consists in
transporting the radiation along the geometry. Therefore, it is handled using the same transport

codes summarized in section 1.2.1.

Over the last decades, several methodologies, which combine the three stages, have been
developed in order to estimate the decay gamma field and its associated responses in the fusion
facilities. The most relevant ones are presented in section 1.2.3. It is worth highlighting that the

frame of this thesis is the development of new capabilities inside of one of these methodologies.

1.2.1 Transport codes

The transport codes aim to estimate the distribution of the radiation fields and their associated
responses. There are two main calculation methods to perform the radiation transport in fusion
energy systems [12]: The discrete ordinate [13] (Sn) method and the Monte Carlo [14] (MC)
method.

Concerning the Sy transport codes [13] [15], they discretize the space, direction, and energy
to solve the radiation transport. These codes provide responses in extended regions with high
spatial resolution. The calculation of these responses is fast; however, this method introduces a
systematic uncertainty? due to the discretization. Due to this weakness, nowadays the Sn

transport codes are not the reference codes in fusion facilities>.

! The particle transport also simulates the secondary particles

2 They calculate an approximate solution of the transport due to the energy and spatial discretization. In
addition, this approach can even lead to unphysical results such as the so-called “ray effect” [97].

3 They are still useful in nuclear analysis of fusion facilities to speed up MC transport simulations [98]
[99].
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Regarding the MC transport codes [16]-[18], they use a stochastic method based on the
simulation of the individual trajectories of a set of source particles and the secondary particles
produced by them. The expected radiation field or its effects are derived from the average

behaviour of this statistical sample.

The strong point of this calculation method is its capability to simulate high-fidelity 3D
geometries without discretizing the space or the energy. For this reason, MC transport codes are
considered the most accurate ones of those applied in nuclear analysis of fusion facilities, being
the reference codes to the analysis of most of these devices. Note that this thesis is focused on

methodologies to estimate the SDR! based on MC transport codes.

The MC method introduces a stochastic uncertainty? that can be estimated during the

1
simulation process. This uncertainty decreases as (NSP) 'z, where NPS is the number of source
particles simulated. This means that, ideally, we can achieve estimations with satisfactory low
(and known) stochastic uncertainty due to the calculation method. However, they can require

huge amounts of computational time.

In this sense, one of the worse scenarios to the MC transport code is to determine the
radiation field with high energy and spatial resolution in extended material regions. This is
because enough particles of different energies must arrive at each point of the region? to achieve
low stochastic uncertainty at all points. However, realistic estimations of the decay gamma field
can require this type of simulation* as section 1.2.3 explains. ANNEX A presents an MC neutron
transport in JET to contextualize the typical uncertainty level that the MC transport introduces in

a realistic case.

It is worth underlining that the stochastic uncertainty due to the MC calculation method is a

relevant topic in this thesis.

1.2.2 Activation codes

The activation codes or isotopic inventory codes estimate the temporal evolution of the
isotopic inventory of irradiated material. In general, there are two approaches to deal with

activation. These approaches or methods are:

i General-purpose methods that deal with the complete activation system. That is, this
approach considers all possible isotopes, reactions, and decay paths that could

happen.

! Representative response function associated to the decay gamma field

2 Hereinafter, stochastic uncertainty due to the MC method is directly called stochastic uncertainty

3 This requires huge amount of NPS; that is, huge amount of computational time

4Tt is worth to highlight again that despite of this weakness, MC transport code. are the reference codes
for the most relevant fusion projects like ITER[5].
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ii. Methods that consider only the most relevant features of the specific activation case.

That is, these methods consider only a few relevant isotopes reactions and decay
paths. In addition, they can take into account the specific physical features of the

activation case to simplify the mathematical model of the activation.

It is worth highlighting that, the activation step considers the temporal evolution of the
neutron flux spectrum as input data. In fusion devices, the neutron flux spectrum is usually
considered constant because generally the burn-up of the material and the production of new
isotopes is negligible with respect to the original material composition. Therefore, the temporal

evolution of the neutron flux only takes into account the intensity of the plasma pulses.

Chapter 3 describes in detail the activation codes and methodologies applied in this thesis.

1.2.3 Coupling transport and activation simulations to the estimation of decay gamma
fields and their associated responses

The estimation of the decay gamma fields and their associated responses, such as the SDR,
requires the combination of the methodologies presented in sections 1.2.1 and 1.2.2. In the
fusion field, the most relevant methodologies that combinates these points are Direct 1 Step
(D1S) [19] and Rigorous 2 Step (R2S) [20]. The computational steps of these methodologies are
described in Figure 1.2.

Neutron + Neutron
Decay gamma transport Activation
transport

Decay gamma
transport

D1S Calculation R2S Calculation

Figure 1.2 Simulation steps in D15 and R2S methodologies

Regarding the D1S methodology, it is an accurate and fast method that calculates the SDR,
assuming Single Neutron Interaction and Low Burn-up (SNILB) conditions during the material
activation. This hypothesis allows estimating the SDR in only one transport simulation, where the
activation is performed during the transport simulation. SNILB conditions, which are described in-
depth in section 3.4.2, are commonly met in many practical applications for current fusion
facilities. Therefore, D1S method is widely applied in most of the SDR calculations of fusion

facilities nowadays.
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With respect to the R2S methodology, it calculates the SDR by coupling two transport
simulations and one activation calculation, following the physical stages presented in Figure 1.2.
The coupling of the programs requires the spatial and energy discretization of the quantities
involved!. In this sense, R2S accuracy is lower than D1S one. In addition, R2S simulation
consumes more human and computational resources than D1S simulation. Hence, R2S is
generally not used when D1S method can be applied. However, despite this weakness, the
application range of R2S methodology is larger than D1S because SNILB hypotheses are not

considered during the activation step.

It is worth highlighting that SNILB conditions are not met when neutron fluence is high
enough. This is the scenario that is expected in future fusion facilities will be built in the roadmap
to the fusion as a commercial energy source (Table 1.1). Under these circumstances, R2S is still
the most relevant methodology to estimate the SDR in practical situations, such as nuclear

analyses in the first wall of DEMO [21], because D1S method cannot be applied.

In this situation, the development of MC R2S methodology is essential to improve the quality
of the neutronic analyses, and consequently the design of these fusion facilities. In this frame,
this thesis studies one of the MC R2S weaknesses, which is presented in the following two
sections: On one hand, section 1.3 performs a general description of the R2S methodology,
paying special attention to the advanced MC R2S. On the other hand, section 1.4 presents the
problems related to the calculation of the stochastic uncertainty of the SDR response estimated
by MC R2S, which is the main topic of this thesis.

1.3 R2S methodology?

The implementation of R2S methodology is a computational system3, which combines
activation and transport codes. The first R2S in the fusion field was introduced in [20] to estimate
the responses related to the decay gamma field in ITER. It is described as a coupling of MCNP5.1
[16], as MC transport code, and FISPACT [22], as activation code, following the stages detailed
in Figure 1.2. In this R2S, during the neutron transport, the neutron flux spectra are calculated
in each cell. Afterward, the activation in these cells is performed with FISPACT producing a decay

gamma source (DGS), which is transported to calculate the SDR.

During the development of R2S methodology, several codes have been considered as
transport or activation codes in these computational systems. This has resulted in the
implementation of MC-based R2S [23]-[25] and Sn-based R2S [26] [27]. As it was discussed in

section 1.2.1, the most relevant ones are the MC-based R2S, because they incorporate the most

! They are the neutron flux, the activation cross sections and the Decay Gamma Source (DGS)

2 Chapter 3 presents a more detailed description of advanced mesh-based MC R2S simulation

3 R2S implementations are computational systems that couple activation and transport code, but
hereinafter the R2S implementation will be called codes to simplify the lecture. In the same way, R2S
simulation refers to the simulation of the three stages of R2S.
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accurate methodology to perform the transport simulations. However, there are still factors that

limit the accurateness of these codes, introducing systematic or stochastic uncertainties!.

Regarding the systematic uncertainties, the most relevant ones are introduced by the spatial
and energy discretization, which are considered to couple the transport and activation

simulations:

Spatial discretization refers to the finite size where each individual activation simulation is
carried out. In the case of the R2S proposed in [20], this discretization is the size of the cells.
This method was improved in the so-called mesh-based R2S [23], where the neutron flux is
calculated in each element of a mesh superimposed to the geometry. Nowadays, the most
advanced R2S2 use unstructured meshes [25], or structured meshes with Cell-Under-Voxel (CuV)

methodology [24] to define its spatial resolution.

Otherwise, regarding the energy discretization, MC R2S usually requires the neutron flux with
fine energy resolution because this affects significatively to the accuracy of the activation step.
In addition, MC R2S generally uses energy group-wise to emit the DGS during the photon
transport3,

Concerning stochastic uncertainty, the most relevant one is that introduced by the MC
method used by the transport codes. This topic was introduced in section 1.2.1, where we argue
that this uncertainty can be significant. This is especially relevant in the case of neutron transport
because, as was previously commented, achieving good statistical results in extended regions

further from the neutron source can be challenging to an MC transport code.

Despite the fact that the MC transport codes can provide the stochastic uncertainty of their
responses, the coupling scheme of R2S methodology does not transport the uncertainty of the
neutron flux to the SDR [2] [28]. Consequently, the stochastic uncertainty associated with the
MC transport radiation* in R2S method is not taken into account in the neutronic analyses. This

issue, which is the general topic of this thesis, is discussed in depth in section 1.4.
1.4 The stochastic uncertainty in R2S simulations

The uncertainty of the measure is required to guarantee that, quantities as SDR, are inside
of the allowed range. When the SDR uncertainty is unknown, safety factors, which consider the
worse possible cases, are applied to ensure that the SDR is kept below a safety level. Options
such as additional shielding or remote handling could be considered in order to meet the

conditions to operate a nuclear fusion facility. This kind of options increases unnecessarily the

! Note that here we are not considering uncertainties due to external input data

2 Advanced R2S refers to mesh-based R2S that couples MC transport codes.

3 1t is worth noting that these two last discretizations are not intrinsically due to the R2S method, but
they are usually considered in most of them.

4 MC uncertainty of the photon transport is correctly considered, because it is the last step in R2S
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cost of the machine. Otherwise, if the safety conditions cannot be guaranteed, the whole system

could be canceled, reducing the scope of the fusion facility.

According to what has been explained in previous sections, MC transport codes, incorporated
in the most relevant R2S codes, introduce a stochastic uncertainty due to the calculation method.
Despite the fact that the MC codes can provide this uncertainty, the R2S coupling scheme does
not allow the neutron flux uncertainty to be transported to the SDR uncertainty. This means that
R2S assessments do not supply the uncertainty of the calculation method in the SDR response
due to the stochastic uncertainty of the neutron flux [2] [28]. Therefore, the negative effects of

the uncertainty are not known.

It is worth highlighting that the uncertainty associated with the MC neutron transport can be
relevant due to the features of the neutron transport simulation in R2S!. Consequently, this
problem is considered one of the most relevant issues in R2S methodology. And therefore,
important efforts have been dedicated in order to overcome this R2S weakness, developing

several methodologies to transport the neutron uncertainty until the SDR response?.

The easiest approach considered to estimate the SDR uncertainty due to the MC calculation
method was the brute force method?. This method uses the information of a set of R2S clone
simulations to estimate the uncertainty. However, it is impractical to estimate the uncertainty in

fusion facilities, because each R2S calculation spends a large amount of computational time.

Another approach to estimating the SDR uncertainty in complex R2S simulations was
proposed recently. This approach is based on the application of the uncertainty propagation
law[29] to the different steps of the R2S simulation. Table 1.2 presents a brief summary of the
advantages and weaknesses of the two groups of methodologies, which are briefly described
below. The details of these methodologies are presented in Chapter 2.

Table 1.2 Principal advantages and weaknesses of the current methodologies that estimate the MC SDR
uncertainty in R2S simulations

Advantages Weaknesses
e Use of external Sn codes
Adjoint based e Suitable in advanced mesh-
e Require SNILB conditions are
method based R2S

met

e Suitable in cell-based R2S
e Do not require extra codes
"On fly” method e Require SNILB conditions are

met

!'Section 1.2.1 explains these circumstances, while ANNEX A presents a realistic example of a neutron
transport simulation in R2S, including the presentation of the neutron flux uncertainty.

2 Chapter 2 provides a more detailed state of art of these methodologies

3 This method is also known as the Total Monte Carlo (TMC).
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The methodologies based on Multi-Group Consistent Adjoint-Driven Importance Sampling

(MS-CADIS) method [30] [31] requires the estimation of the adjoint of the SDR. The estimation
of the adjoint, using CADIS methodologies, requires S transport codes. Consequently, MC R2S
must couple a new code to estimate the uncertainty. In order to improve this weakness, G. Young
et al [32] propose an “on-fly” methodology to perform an accurate estimation of the MC
uncertainty in R2S calculations using only MC codes!. However, the methodology is based on cell-
based MCNP[16] capabilities. Consequently, it is not suitable for mesh-based R2S where better

spatial discretization of the neutron flux is more easily achieved.

In any case, the most important disadvantage of both methods is that they require that SNILB
conditions are met in order to transport the uncertainty during the activation step. These
assumptions are not inherited from R2S methodology; hence, the estimation of the SDR stochastic
uncertainty is more limited than the calculation method. That is, there are practical cases where
the SDR uncertainty of the R2S simulation is miscalculated using these existent methods. It is
important to highlight again that R2S method is more relevant when SNILB conditions are not
met since D1S methods, which are faster and more accurate, cannot be applied. These conditions
are expected in the future fusion facilities in the roadmap to commercial plants (see Table 1.1).
In fact, these conditions are not met in some specific applications on current fusion facilities in
the design phase. For example, the first wall of DEMO already shows applications where these

conditions are not met [21].
1.5 Motivation and scope of the thesis

As this chapter explained previously, the estimation of the SDR is vital to the licensing and
design of the fusion facilities. Nowadays, this is principally calculated using D1S or R2S

computational methodologies based on MC codes.

It is worth highlighting that MC transport codes coupled in D1S or R2S introduce a stochastic
uncertainty, which can be estimated. According to the previous chapters, this is one of the most

relevant uncertainties in the SDR response due to the calculation method of advanced R2S.

Despite the fact that the MC method allows estimating this uncertainty, the coupling scheme
of the R2S codes does usually not propagate the uncertainty of the first MC simulation (neutron
transport) to the SDR response. This means that R2S codes do not provide the uncertainty
associated with the MC calculation method, which has an important effect on the design of the
fusion facility. For this reason, during the last decade, several schemes have been proposed to

overcome this issue.

The review of the existing methodologies shows that the current approaches require that

SNILB conditions are met to estimate correctly the SDR uncertainty. But precisely when these

!'It is worth noting that MC methodology is considered more accurate than Sy methodology

27



Chapter 1

Introduction
conditions are met, the R2S applicability is reduced, because D1S! method can be applied. This
means that no method can estimate the SDR uncertainty simulated by an R2S code in applications

where R2S method is relevant.

In this frame, this thesis aims to develop a methodology that allows estimating the SDR
uncertainty due to the stochastic uncertainty from the MC calculation method in R2S. In addition,

the methodology proposed in this thesis must achieve the following milestones:

i The methodology must be suitable to advance mesh-based R2S like R2S-UNED

ii. The methodology must not have extra limitations than those inherited from R2S method

iii. The computational requirements to perform the estimation of the SDR stochastic
uncertainty? must be affordable for those cases where R2S-UNED can be applied.

Although it requires the use of current supercomputers such as MARCONI[33].

1.6 Outline of the thesis

The last section of this chapter is dedicated to describing the structure followed in this thesis

and the chapter’s fragmentation.

First of all, Chapter 2 is devoted to presenting the overview of the current methodologies that
have been developed to calculate the SDR uncertainty in R2S. That is the current state of the

topic on which this thesis is focused.

Afterwards, two chapters are dedicated to describing the methodology implemented in this
work: Chapter 3 presents the basis of an MC R2S simulation, focusing on the key points to develop
the methodology to transport the neutron uncertainty in R2S. This chapter can be considered an
annex if the reader is familiar with R2S. Otherwise, Chapter 4 presents the methodology to

transport the neutron uncertainty from a theoretical point of view3,

Chapter 5 describes the implementation of this methodology in R2S-UNED. This chapter also
includes the description of the algorithms that have been developed to estimate those inputs
required to evaluate the SDR uncertainty due to the MC neutron uncertainty. While Chapter 6
deals with the verification of these algorithms or computational capabilities implemented in R2S-
UNED.

Chapter 7 presents the application of the uncertainty module to the ITER benchmark and to

the estimation of the air-kerma in the octant 2 of JET. The application of the developed tool

' D18 is faster and more accurate than R2S

2 Hereinafter the stochastic uncertainty is understood as the stochastic uncertainty due to the MC
calculation method applied in R2S

3 Chapter 4 presents the equations that must be evaluated to estimate the SDR uncertainty due to the
neutron flux uncertainty in R2S calculations.
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required establishing a guideline to apply the methodology. Primarily, this guideline tries to

overcome the difficulties related to the estimation of the neutron flux covariance matrix!, which
limits the application range of this methodology. In addition, this chapter also presents the result
of the tool application, which allows studying some features of the correlation matrix of the

neutron flux.

After that, Chapter 8 presents the summary and conclusions of the thesis. And finally, Chapter
9 describes the ongoing and future work.

! The neutron flux covariance matrix is the quantity that represents the neutron flux uncertainty[29]
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Review of the methodologies to

assess the stochastic uncertainty
in R2S simulations

This chapter supplies a summary of the state of art of the currently implemented
methodologies that can calculate the SDR stochastic uncertainty due to the MC calculation method

in R2S simulations. These methodologies can be classified into two different branches:

The first one, described in section 2.1, is the brute force method'. This method, based on the
direct application of MC techniques, is a simple one and consumes a lot of computational
resources. Therefore, it does not apply to R2S simulations of fusion facilities due to it requires

too much large computational time.

On the other hand, we can find the newest methodologies, which have been proposed to
assess the SDR uncertainty, evaluate analytical expressions of this uncertainty. These
methodologies, based on the uncertainty propagation law [29], are explained in sections 2.2 and
2.3. These methodologies are suitable only to estimate the stochastic uncertainty of individual
tallies, due to the among of data that must be managed. It is worth noting that the methodology
proposed in this thesis belongs to this class.

One of their weak points is that they require the correlation matrix of the neutron flux as
input data. But this matrix cannot be calculated in most of the R2S applications in fusion facilities
due to its size; therefore, their application range is limited. Nowadays, most of these methods
directly assume conservative approximations of this matrix in order to estimate conservative
values of SDR uncertainties. However, important efforts are being currently made in order to
develop computational methodologies that enable the estimation of this matrix [31], therefore

increasing the applicability of all these methods.

Finally, section 2.4 presents a summary and conclusions of the ideas of this chapter.

! The brute force method is also called Total Monte Carlo (TMC) method
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2.1 Brute force method

This technique consists in simulating a set of clone cases of the complete problem?, where
each clone case is simulated using a different set of random numbers in the MC simulations. The
uncertainty of the variable is directly obtained from the set of results, applying the numerical
estimator of the standard deviation in the sample of results.

First step MC simulation i Second step MC simulation

1
2 ! ;
Random Simulated | Random  Simulated Statistical
input output |  input output analysis
1
Input o Output - Input g Output
1 MC1 1 Source strength 1* mMcC 2 1*
Simulation 1 o Simulation 1
Input Output ‘ Input Output
2 m 2 Source strength 2* m 2* \
Simulation 2 2 Simulation 2
. . ° .
O ° . ] /
. . . ° I :
eee Output .. Output Output 44
Input Output Input - Output gl EC
301 Mc1 301 source strength 301~ MC 2 301* Sample True
Simulation 301 301 Simulation 301 csitandard » stochastic
eviation :
of outputs uncertainty

Figure 2.1 Schematic representation of the brute force method for 2MC step simulation [32]

Figure 2.1 shows the scheme of application of the brute force method to estimate the
stochastic uncertainty of 2 steps MC simulation like in the case of R2S. This scheme is easily
implemented and very accurate, but it spends a large computational time since many clone cases

are often needed to obtain an accurate estimation of the uncertainty.

In the particular case of the R2S simulations applied in SDR analysis of fusion facilitates, each
R2S simulation spends a huge amount of computational time. This means that it is not possible
simulating a high nhumber of clone cases. Consequently, this method is not suitable to calculate

the uncertainty of the R2S simulations of fusion facilities.

On the contrary, this method can be applied to cases that require low computational time.
This is the case of the exercises designed to validate the scheme implemented in this thesis.
Therefore, brute force is applied in Chapter 6 and in ANNEX E to validate the method developed

in this thesis to calculate the SDR uncertainty in R2S simulations.

' In the case of R2S simulation, the complete problem includes the three stages: neutron transport

(MC1), activation, and photon transport (MC2)
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2.2 Adjoint based Methods

The uncertainty of the SDR estimated with R2S can be expressed according to the uncertainty
of each MC simulation, as shown in Equation 2.1. Note that all R2S codes calculate the photon

contribution to the uncertainty.

2 2 2
O$pR = OspRmneutron t OSDR photon
Equation 2.1

The adjoint based method expresses the SDR as a function of the neutron flux and its adjoint,
in one (explicit) or two (implicit) steps. Both implicit and explicit methods use Multy-Step
Consistent Adjoint Driven Importance Sampling® (MS-CADIS [34]) methodology to estimate the
adjoint of the neutron flux. This methodology needs the SNILB conditions to be met during the

activation step [35].

2.2.1 Explicit adjoint-based method

The explicit implementation, which is presented in [30], expresses the SDR according to

Equation 2.2, where R ; is the adjoint of the neutron flux to the SDR2.

sor =Y o R,
ie
Equation 2.2

The neutron flux adjoint is obtained by MS-CADIS method implemented inside of the SCALE

[36] package of codes. Using the adjoint of the neutron flux evaluating Equation 2.3.

O'SZDR,neutron = Z Z (a;DgR> (%) cov (¢iev ¢ie’l)

3 n i
ie i'e’ l

Equation 2.3

It is worth noting that the current implementation of this method does not enable the real
correlation matrix of the neutron flux to be considered. Instead of this, only superior or inferior

limits of the SDR uncertainty can be calculated assuming that the case is completely correlated

(cor (q;f, q;f,') = 1)or anticorrelated (cor (q;f, q;f,') = —1)_

I MS-CADIS is a methodology which calculates the adjoint of the SDR to estimate VR techniques to
MC transport codes. However, in this case, MS-CADIS are understood as the calculation method of the
adjoint of the SDR.

2 Note that the adjoint operator can be also interpreted as the contribution of the “source” per source unit.
In this case, the contribution of the neutron flux per unit of neutron flux; that is, the response of one neutron.
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2.2.2 Implicit adjoint-based method

The implicit method, implemented in [31], calculates the SDR uncertainty in two steps. The
first of them consists in calculating the DGS intensity uncertainty. In order to do that, the

uncertainty propagation is applied to Equation 2.4.

19 =) Th¢¢
e

Equation 2.4

where the coefficient Tii (neutron flux adjoint of the DGS intensity I7) is calculated using the

implementation Group-wise Transmutation Consistent Adjoint Driven Importance Sampling® (GT-
CADIS [35]), where g refers to the energy of the photon. Afterward, the law of uncertainty

propagation is applied, enabling the calculation of the DGS uncertainty as shown in Equation 2.5.

cov Ig Ig ZZTIZTl,e,cov qbl,qbf,’)

lElE

Equation 2.5

Finally, this uncertainty is propagated to the SDR considering the equation of the DGS
intensity adjoint and the law of uncertainty propagation. Both equations are presented in Equation
2.6.

SDR = Z Rglllg - O-SZDR.neutron = Z Z Rg Rg /COU I‘q Ig )
L ig i'g’
Equation 2.6

where RY is the DGS intensity adjoint? (17).

The estimation of the adjoint R is not explicitly performed; instead, the DGS is emitted
modifying3 properly the photon weight. This way the result of the photon transport simulation is
directly the uncertainty of the SDR.

' GT-CADIS is a specific implementation of MS-CADIS, which uses group-wise activation cross section
(like most of R2S codes).

2 For the thesis, the adjoint of the DGS intensity is called the photon response function. In addition, the
subindex p is omitted Ry = Ry,

3 The MC photon transport directly evaluates Equation 2.6, consequently the adjoint Rig is implicitly
evaluated. It is worth to highlight that the implemented methodology does not consider the correlation

between the DGS intensity. This means that cov (1{", Iﬂ’) =O0wheni#i'org#g'.
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2.3 On-Fly method

In this methodology, presented in [32], the DGS and its uncertainty is directly obtained from
the first MC simulation. For that, it is assumed that the DGS is proportional to the neutron flux.

Consequently, this method is limited to cases where SNILB conditions are met.

Under these conditions, the SDR uncertainty is calculated according to Equation 2.7. Where
the photon response, as well as its uncertainty, are calculated “On-Fly” during the MC photon

simulation.

! !
SDR = Z RIIS > 62p ~ Z Z 1£19 cov(R, RY) + R{RGcov (19,19)
ig Lg i'g'

Equation 2.7

It is worth noting that this methodology was implemented using cell-based features of R2S.

Then, it is not compatible with advanced mesh-based R2S.

2.4  Summary and Conclusions

Currently, the R2S methodologies applied in SDR analysis of the fusion facilities are the MC
mesh-based R2S. These R2S couples MC transport codes to calculate the spatial distribution of
the neutron field or the decay gamma field. Consequently, the responses estimated by these MC
R2S codes have associated an uncertainty due to the stochastic nature of the MC calculation

method.

The R2S coupling scheme does not consider the uncertainty of each simulation step. This
means that the stochastic uncertainty associated with the neutron flux transport (first MC
simulation) is not transported to the SDR uncertainty in R2S simulations. Nowadays, this is one
of the most relevant concerns regarding the MC R2S methodology; for this reason, during the
last years, several methodologies have been proposed to assess the stochastic uncertainty of the
MC R2S simulation. This chapter presents a brief review of the literature of these methodologies

in order to contextualize the advances of this thesis:

The most advanced methodologies evaluate analytical expressions of the SDR uncertainty.
One common weakness of these methodologies is that they require that SNILB! conditions are
met during the activation step. Although these conditions are met in many practical cases, the
restriction imposed by these conditions to estimate the SDR stochastic uncertainty of the R2S

simulation is not inherited from the R2S methodology. In fact, it is important to highlight again

! SNILB conditions are explained in section 3.4.2
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that R2S method is more relevant when SNILB! conditions are not met since D152 methods,
which are faster and more accurate, cannot be applied. These conditions are expected in the

future fusion facilities in the roadmap to commercial plants.

The principal topic of this thesis is the development of a methodology that overcomes this
difficulty. This topic will be developed in the next chapters according to the outline presented in
section 1.6. In particular, the motivation and scope of this thesis are deeply presented in section
1.5.

It is worth underlining that the relevance of these conditions refers at cooling times where the SDR
analysis is performed. This depends on the planning of the different fusion facilities.

2D1S is a more accurate and faster methodology than R2S to estimate the SDR that can be applied only
if SNILB conditions are met.
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This chapter presents the background' required to develop the scheme to propagate the
neutron flux uncertainty to the SDR in the R2S method. This background deals with three points.

The first one is a detailed description of the advanced mesh-based R2S computational
systems, focusing on the equations that describe the different steps of the simulation. These

equations are broken down into five calculation steps that are presented in Figure 3.1.

Neutron ‘ Neutron flux |
transport (b7}
simulation —

o i ) ( Decaygamma |
Activation = Reaction rate I:co:i:il\: ‘ SZ ugrce
simulation gy—d

o T G
Decay gamma —_—
transport ‘ SDR
simulation

Figure 3.1 Relevant quantities calculated during R2S simulation

Where:

o &F is the spatial distribution (i index) of the neutron flux spectra (e index)

o (od)™9 /s the reaction rate per target isotope?, where f is the (target) father isotope
and d is the (produced) daughter isotope.

o A} /s the activity of radioisotoper, which is relevant to the SDR.

o 1%/s the number of gammas emittec® with energy g and in position i.

e SDR is the shutdown dose rate response at a specific point®, which is considered

during this thesis as the desired response of the R2S simulation.

!If the reader is familiar with R2S method, he can skip this chapter

2 Hereinafter the reaction rate per target isotope are called reaction rates.

3 Hereinafter the quantity Iig is also called DGS intensity

4 Actually, the point-like SDR tallies in MC R2S are a mean of the SDR in a small surface or volume
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These quantities, shown in Figure 3.1, are presented in three sections, corresponding to each
simulation step of R2S-UNED [24].

I. Neutron transport: the neutron flux is presented in section 3.1

i, Activation: The equations which describe the activation process are described in
section 3.2.

7/ Photon transport: The SDR is expressed as a function of the DGS intensity in section
33

Concerning the second point of the background, this chapter presents the methods, used in
this thesis, to solve the activation step in section 3.4. It is worth noting that they are widely used
in several steps during the thesis.

Regarding the last point, section 3.5 presents the derivative of the isotopic activity to the
reaction rates'. According to the proposed methodology to estimate the stochastic uncertainty of
the SDR, presented in Chapter 4, these derivatives are required to transport the stochastic

uncertainty during the activation step.

Finally, section 3.6 summarizes the content of this chapter.

1 __0Af

a(op)i—d

During this thesis, they are also called sensitivity coefficients
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3.1 Spatial distribution of the neutron flux

The first step of the R2S methodology consists in estimating the spatial distribution of the
neutron flux spectra. According to Chapter 1, MC R2S methods discretize both, spatial and energy
dimensions of the neutron flux. This means that the neutron flux supplied by MC transport codes
is @ mean value of the neutron flux inside of the region, and with energy inside of the energy

group. This section describes briefly the neutron flux calculated by R2S-UNED [24].

R2S-UNED uses cartesian or cylindrical superimposed structured meshes to perform spatial
discretization. The MC transport codes calculate the average of the neutron flux inside of each

mesh element!.

The spectrum of the neutron flux in each mesh element is calculated discretizing the energy.
That is, the transport code calculates the average neutron flux in each energy range (bin) used

to discretize the energy.

Hereinafter, we refer to the distribution of the neutron flux spectra (set of average neutron
flux calculated in each mesh element and inside of the energy range) obtained from the transport
code as “neutron flux. These codes calculated the neutron flux ¢{ already integrated into the

energy range. Therefore, the units of the neutron flux aren - cm™2 - s71,

It is worth highlighting that the transport code of R2S-UNED? calculates the stochastic
uncertainty associated to each ¢¢ variable. However, they do not calculate the complete
uncertainty of the neutron flux, which is the correlation matrix3 of the neutron flux. This capability,

described in section 5.1, was introduced in the transport code of R2S-UNED during this thesis.

3.2 Activation step in R2S-UNED

The second computational step in the R2S methodology is the material activation of the facility
components. This step calculates the temporal evolution of the isotopic inventory in order to
estimate the DGS intensity in each region (defined as a mesh element) at the interest cooling
time. Section 3.2.1 presents the first order, linear, Ordinary Differential Equations (ODE) system

which describes the material activation.

Otherwise, R2S system requires the discretization of these equations in order to couple the

different inputs and outputs of the activation step with the MC transport code. The discretization

! R2S-UNED has the Cell-under-Voxel[24] [100] (CuV) capability which improves the spatial
resolution. For the purposes of Chapter 3 and Chapter 4, CuV can be considered as a finer mesh.

2 The transport code of R2S-UNED is MCNP-R2S, which is a MCNP5 modification. In addition to the
R2S required, these modifications includes improvements such as memory optimization[93] among others.

3 The correlation matrix describes the dispersion of the distribution of the quantities, which is usually
understood as the uncertainty of these quantities [29] [52]
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of these equations is presented in section 3.2.2, according to the R2S-UNED workflow. It is worth
mentioning that the resolution of the ODEs system is not presented in this section. This topic will

be described in section 3.4.

Before these sections, it is important to introduce the following concepts related to the

activation system:

i Pathway or chain: Set of isotopes that are connected by reaction or decay paths
ii. Loop: a subset of isotopes, reactions, and decay paths that connect an isotope with
itself

iii. Linear chain: a pathway that does not contain loops

3.2.1 Mathematical description of the activation step

This section presents the estimation of the DGS intensity during the activation step, following
the steps presented in Figure 3.1. That is, calculating the reaction rates, the isotopic activity, and

the DGS intensity in consecutive steps.

First, Equation 3.1 defines the reaction rates (first step of the activation stage in Figure 3.1)
as a function of two quantities. The first one is the neutron flux density by energy unit (¢;(E)).
The second one is the pointwise cross section (0({ (E)) of all the reactions that connects the

isotope f with the isotope d.
(o)™ = [ 9iB) - o/ B) dE
E

Equation 3.1

Afterwards, the temporal evolution of the isotopic inventory is solved, considering the
production and burn up of the isotopes by neutron interaction as well as by the disintegration of
themself. Equation 3.2 describes this temporal evolution in region i, as a first order linear Ordinary

Differential Equation (ODE) system

dNf -
0 Z(«fm{ K= b, N/ ) - ) (zk + 2(@%“’)

Equation 3.2

where 4y is the decay constant of the isotope f and bK is the branching ratio! of isotopes that
decay from isotope f to the isotope k. The solution of this activation ODE, presented in Equation
3.2, is the concertation of the isotope k at any time t (Nik(t)), which is expressed in Equation 3.3

as a matrix system.

! Hereinafter the branching ratio will be included in the index of the decay constant as b]f‘lf =Af.

39



Chapter 3
Transport and activation steps in R2S

dN;(t)
dt

= AN(t) => N;(t) = exp(At) N;(0)

Equation 3.3

where A is a matrix containing the production and disintegration rates of the isotopes, and
N;(t) is the vector containing the concentration of all k isotopes in the region i NX(t). From this
quantity, the isotopic activity, which is the second step of the activation stage in Figure 3.1, is

estimated by multiplying by the decay constant.

Finally, the DGS intensity is calculated as shown in Equation 3.4.
Ii(Eg' t) = z Yr(Eg) : )lr ’ Nir(t) = z y‘r(Eg) : A{(t)

Equation 3.4

where yr(Eg) is the number of gammas of energy E,, emitted by each isotope disintegration®.
It is worth underlining that the equations of this section were expressed using general energy-
dependent functions. The next section introduces the energy discretization which R2S-UNED

considers.

3.2.2 Discrete activation equations applied in R2S-UNED

Equation 3.2 describes a first order, linear, ODEs system that depends on the reaction rates

presented in Equation 3.1.

The MC transport codes can calculate the reaction rates with point-wise energy resolution, as
Equation 3.1. These reaction rates can be read by the activation codes and used to solve the
material activation. However, the number of reaction rates that must be calculated to consider
all possible paths in the activation case is huge (there are over 33.000 reactions in the EAF
library). Consequently, the memory consumption of the simulation avoids performing the MC

neutron transport.

A different option to estimate the reaction rates, considered by most of R2S codes?, consists
in calculating the reaction rate using group-wise cross-sections as shown in Equation 3.5, where

o/ ™% is the group-wise cross section of the neutron reaction from the isotope f to the isotope d>.

! The index k (generic isotope) is changed by the index r (relevant radioisotope, subset of the generic
isotopes which emits gamma radiation).

2 Including R2S-UNED

3 aef ~? is the mean of the point-wise cross section in the energy bin e assuming a determinate function
to weight the cross section.
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(poy| ™" = f o) o[ (BYAE ~ ) pial ™
E e

Equation 3.5
This energy discretization of the neutron flux and cross-sections enables all possible activation

paths to be considered, although this calculation method is less accurate than using a point-wise

cross-section.

Therefore, R2S-UNED solves Equation 3.2 using the reaction rates calculated according to
Equation 3.5. In fact, the activation module of R2S-UNED (ACAB) directly supplies the DGS

intensity builds as shown in Equation 3.6.
9= ¥ A NL®
r

Equation 3.6

where yJ ! is the number of gammas emitted by the isotope r whose energy is inside of the
energy group g. Consequently, the DGS is defined (and emitted during the photon transport)
using energy groups. This approach is found in most of the R2S implementations (as R2S-UNED)
because it saves memory describing the DGS [37], in comparison with a DGS described using

energy line resolution?.

3.3 Photon transport to estimate the SDR

The last step in the common R2S scheme (Figure 3.1) is the transport of the DGS to calculate
the SDR. Since the SDR is proportional to the number of photons emitted, the SDR can be

expressed as shown in Equation 3.7:
SDR(x,y,z) = ZZ I7RY (x,y,2)
i g

Equation 3.7

Where the variable R{ is the response on the SDR of a photon emitted from position i and
energy E, where E is inside of the range of the energy bin g. Hereinafter this quantity is called
photon response. The variables x,y,z refer to the point where the SDR is estimated. They remark

that the SDR is the estimation in an individual tally.

! Actually, ACAB modifies the value y;? in order to keep the energy emitted by the isotopes in the group
g instead of the number of emitted photons.

2 Chapter 4 of this thesis describes the uncertainty propagation considering group-wise energy
discretization in both steps (estimation of the reaction rates and DGS emission). However, R2S may be
implemented without this energy discretization. The methodology can be easily adapted to this kind of R2S.

41



Chapter 3
Transport and activation steps in R2S

Once the mesh! where the DGS is calculated, is defined, the photon response is independent
of the DGS definition. It only depends on the system configuration during the photon transport

(geometry, material composition, etc).

Common R2S implementations do not calculate the photon response since the SDR estimation
does not require storing these values. However, they are needed to estimate the SDR uncertainty
following the scheme proposed in Chapter 4. Therefore, R2S-UNED was modified to evaluate the
contribution to the SDR of all photons emitted from each specific (i,g) Phase Space (PS). From
now on, this quantity will be called DGS contribution (¢7). The DGS contribution depends on the
DGS definition and the system configuration. It is related to the photon response according to

Equation 3.8.

RY 19
g_2i, g i
i =—g; b I

i T

Equation 3.8

where p! is the probability that the photon was emitted from the position i and energy bin g,

and I is the total number of photons emitted by the whole DGS.

Although the photon response function is defined over the whole geometry and for all photon
energies, the methodology implemented in R2S can only evaluate it on the DGS source PS points
where source intensity is not zero. This is not a limitation for the uncertainty evaluation since the

methodology only requires the DGS contribution from the regions where the intensity is not zero.

The implementation in R2S-UNED of the calculation of the DGS contribution is briefly
described in Chapter 5. It is worth noting that the ¢ variables are calculated “on-fly” during the
MC photon transport; therefore, the uncertainty of this MC transport is associated to these
variables. The uncertainty propagation from these variables to the SDR coincides with the SDR

uncertainty due to the MC stochastic uncertainty of the photon transport calculation.

3.4 Solving the temporal evolution of the isotopic inventory ODEs system

The first order, linear ODEs system, which represents the activation (see section 3.2), is stiff
and sparse [38]; consequently, its resolution can be challenging. For that reason, many numerical
solvers were developed to estimate the isotopic inventory of activated materials [22] [39]-[41].
During this thesis, we focused on ACAB [41], which is presented in section 3.4.1. It is worth

highlighting that ACAB subroutines are widely used during the thesis.

! The spatial and energy discretization
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An alternative option to deal with the ODEs system is to simplify the equations. In this regard,

SNILB conditions are of especial interest since they are often met in most fusion facilities [42]-

[45] and enable the simplification of the ODEs system!. The assumptions performed when SNILB

conditions are met, and the equations that solve the activation step, are presented in section
3.4.2.

3.4.1 ACAB code and solver algorithm

ACAB[41] is the inventory code, used in the UNED, to simulate the inventory temporal
evolution of irradiated materials in fusion facilities. In this framework, ACAB has been validated
in calculation benchmarks such as the International Atomic Energy Agency (IAEA) Second
International Activation Calculation Benchmark Comparison Study [46], where it was considered
“suitable and satisfactory” for detailed fusion calculations; and in experimental benchmarks, such
as [46] [47].

The ACAB algorithm is based on that of the ORIGEN [48] code. This algorithm consists in

solving an ODEs system with constant coefficients for each time step?.

In ACAB (and ORIGEN), the ODEs system with constant coefficient is solved in three

sequential steps as follows:

i The isotopes are classified as long or short according to the rate with which the
isotope disappears (diagonal term of the matrix). Afterward, the contribution of
short-live isotopes to short or long-live is solved by evaluating the Bateman equations
[49].

ii. The code solves the contribution from long-live isotopes to long-live isotopes by
applying the exponential matrix method. The total contribution from short-live to
long-live isotopes is properly distributed between the long-live isotopes.

iii. The algorithm calculates the contribution from long-live isotopes to short-live isotopes

considering the last ones in secular equilibrium.

These three steps are carried out in dedicated subroutines in the ACAB code. In this thesis,
these subroutines were extracted from ACAB and employed in different parts of the developed

programs3.

3.4.2 Single Neutron Interaction and Low Burn-Up (SNILB) conditions

If only single neutron interaction and low burnup conditions are considered, the pathways

can be expressed as linear chains according to the ODE Equation 3.9.

! The resulting ODESs system is practically uncoupled.

2 Note the irradiation scenario introduce temporal dependence in the reaction rates.

3 Hereinafter ACAB solver is understood as the use of these three subroutines, which were originally
implemented in ORIGEN[48].
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O (o962 + 2_IN™10) — 2,87 (0

Equation 3.9
The only single neutron interaction means that only the reaction (od)'~? is relevant to the
pathway, while the low burnup condition implies that the concentration of the isotope 1 is

practically constant (e‘<0¢>“2tirr ~ 1).

The solution of this equation is called the Bateman equation [49]. This solution is presented

in Equation 3.10.

r—1 -1 a r-1 e~dit — g=drt r-1 d
N’(t)=NT-e—drf+sz(0)-<n "C'in_1>' Z A 'ﬂ(d fd)
k=1 n=k " =k T Y n=k N

n#j
Equation 3.10

Where d; is the i*" diagonal value of the matrix A (Equation 3.3), and a,, ,,_, is the no-diagonal

value of the row n.

The reaction rate only appears in the equation when k=1, since the neutron collisions with
the stable isotope. In addition, the low burning condition means that the reaction rate is small.

Consequently, Equation 3.10 is linear with the reaction rate when the SNILB conditions are met.

Commonly, the most relevant isotopes to the study of the SDR in the current fusion facilities
are produced by one-step pathways. In addition, another important feature of the activation step
is that the intensity of the neutron fluxes variates according to the irradiation scenario. In order
to take it into account, the irradiation scenario is discretized in time steps where the neutron
power is constant. Afterwards, the ODEs system is solved time step by time step, exactly as ACAB
does.

Considering these conditions, the evolution of the concentration of the isotope 2 during the
irradiation pulse t cab be expressed with Equation 3.11.

(1 — e_lz(tr_tr—l))

No(t) = Np(te-y) - e72Crte0) 4 Ny (o) 2P (0)
2

Equation 3.11

where (o$)'~? is the reaction rate during the first pulse, and P(t) is the relative increment of
the neutron source intensity during the pulse 7. If the whole irradiation scenario is taken into

account, the concentration can be expressed as in Equation 3.12.

0]

Ny (£) = Ny (0) - et + N1(U¢>1_)2 7l
2

Equation 3.12
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3.5 Derivative of the isotopic concentration to the reaction rates

This section presents the derivative of the isotopic concentration to the reaction rates. They
are also called sensitivity coefficients of the isotopic concentration to the reaction rates per target
isotope. But hereinafter, they will be referred to as sensitivity coefficients since there are no more

explicit derivatives in the equations used in this thesis.

The estimation of the sensitivity coefficients is a required step for the estimation of the SDR
uncertainty. Although some activation codes include the capability to calculate them, this is not

the case for ACAB?; therefore, this capability was implemented in ACAB during the thesis.

The bibliography [50]-[53] contains several useful approaches to calculate the sensitivity
coefficients. In this thesis, they are calculated using a direct method [53]. That is, solving the
ODEs system that describes the temporal evolution of the sensitivity coefficients. This ODEs
system, which can be obtained performing the appropriate derivative to Equation 3.2, is

expressed in Equation 3.13.

4 @ _ ot oy 0N k) on; e O
R _Z(W)] e (“Z(M >a<¢a>f”"+Z6" o Z6i o

Equation 3.13

The ODEs system of the sensitivity coefficients and isotopic concentration is also stiff and
spare due to the similarity to the activation system. Consequently, the same solvers used to
calculate the activation may be also applied to estimate the sensitivity coefficients; in our case,

using ACAB subroutines as explained in section 5.5.

In addition, when the SNILB conditions are considered, Equation 3.13 can be also simplified.
The sensitivity coefficient of the second isotope is expressed as shown in Equation 3.14. This

solution was also implemented as seen in section 5.5.

EI S A

Equation 3.14

I Activation module of R2S-UNED
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3.6 Summary and Conclusions

This section presents the background required to derive and implement the equations to

estimate the SDR uncertainty in MC R2S simulations, which will be depicted in Chapter 4.

This background includes three topics: Firstly, a detailed description of the MC mesh-based
R2S method. Secondly, the methods used to solve the activation step. And thirdly, the definition

of the sensitivity coefficients.

Regarding the activation step of the R2S method, it is presented using two procedures. Both

of them were considered during the implementation of the algorithm in Chapter 5.

L. The ODEs activation system is presented without the assumption of any hypothesis
in the ODEs activation system. This option describes the activation ODEs system just
like R2S method deals with it.

IL. The ODEs activation system is presented assuming that SINLB conditions are met.
This hypothesis simplifies the ODEs system, and consequently, the different activation

simulations are speed up.
Consequently, for each type (I or II) of ODEs system, a specific solver was developed:

L. The first one is a general-purpose solver, based on the isolated subroutines used by
ACAB and ORIGEN, to deal with the same type of ODEs systems. This solver is called
ACAB solver during the following chapters.

IL. The second one is a specific solver valid only when SNILB conditions are met. This

solver is faster than the general-purpose solver.
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Analytical expressions to assess
the stochastic uncertainty in
R2S simulations

This chapter presents the equations that allow propagating' the stochastic uncertainty of
the MC calculation method used in R25-UNED until the SDR response. Principally, the propagation
process consists in to apply the uncertainty propagation law, presented in section 5.1, to the
equations that describe the R2S simulation (presented in Chapter 3). The propagation process is

divided into three stages:

I The neutron flux uncertainty is transported to the DGS intensity. This stage, which is
described in section 4.2, considers only the stochastic uncertainty from the neutron
transport simulation.

/A The uncertainty of the DGS contribution is transported to the photon response. This
stage, which is described in section 4.3, considers only the stochastic uncertainty
from the photon transport simulation.

i/ The uncertainties of the DGS intensity and photon response are combined to estimate
the stochastic uncertainty of the SDR due to both MC simulations performed in the

R2S calculation. This stage is explained in section 4.4.

Finally, section 4.5 presents the summary and conclusions of this chapter.

!'It is worth underlining that the uncertainty to be propagated is assumed known in this chapter
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4.1 Uncertainty propagation law

The uncertainty propagation law [29] enables the covariance® of a set of functions? {y,},
which depends on a set of variables {x,}, to be obtained as a function of the covariance of the

variables {x,}. Equation 4.1 presents this law.

dy, 0
cov(Yg, Vp) = Ya Op cov(xv,x )
dx, 0x °
v ou v H

Equation 4.1

This law is based on a first order Taylor series of the functions {y,} and on the covariance
definition. This implies that the uncertainty of the {y,} variables, calculated using Equation 4.1,
is only an approximation when {y,} are not linear functions of {x,}. Note that this approach is

valid only when the propagated uncertainty, represented by cov(x,, x#), is small enough3.

4.2 Uncertainty of the Decay Gamma Source intensity

This section aims to derive the equations that calculate the DGS intensity uncertainty due to
the neutron flux uncertainty. These equations were obtained applying the uncertainty propagation

law (Equation 4.1) to the equations presented in 3.2.24,

The first equation from section 3.2.2 is Equation 3.5, which describes the reaction rates.
Identifying the variables of this equation with those of the expression Equation 4.1, we have:
Ya = {{(¢0)! ™%}, where i is the position and f-d is father-daughter isotopes, and x, = {$¢}*, where
e is the neutron energy bin. Therefore, the derivative required in Equation 4.1 to estimate the

uncertainty of the reaction rate is shown in Equation 4.2

—d
6ya:6(¢o—)if _ 0 Zaf—d¢§:zaf—d6ezo_f—d
axv a(ple a(ple - & L - & & e

Equation 4.2

Hence, the uncertainty of the reaction rates can be estimated using Equation 4.3°.

!'Note that the covariance matrix, which represents the uncertainty of the quantities, is considered known
during this chaper.

2 Note that a function that depends on a random variable is also a random variable

3 This condition is usually met

4 Consequently, the equations presented in this chapter can be used to transport any neutron uncertainty,
independently of its origin (nuclear data, neutron source definition, etc).

5> Note that, therefore, the index a and b represent the pair of indexes (f — d, i) and (e, i) respectively

6 If the reaction rates are directly calculated using MC codes, the input uncertainty is the result of this
step, instead of the covariance matrix of the neutron flux (see section 3.2.2)

48



Chapter 4
Analytical expressions to assess the stochastic uncertainty in R2S

cov (o)~ (po), ™) = Z Z ol el cov (95, 9%

Equation 4.3

Following section 3.2.2, the next quantity to estimate the DGS intensity is the isotopic
concentration. In this case, the variable identification, in Equation 4.1, is:y, = {N/}, and

x, = {{¢o)! "%}, where r is the relevant radioisotope contributing to the SDR.

In this case, we did not find simple analytical expressions that define the isotopic
concentration as a function of the reaction rates. However, they can be calculated, as section 3.5
shows. Therefore, the isotopic concentration uncertainty is presented in Equation 4.4, as a
function of the sensitivity coefficients, which are considered known or calculable?.

oNy N}

)= /’Z;if’—a/ el G

Equation 4.4

Finally, the last step of section 3.2.2 to estimate the DGS intensity is the evaluation of
Equation 3.6. In this case, the identification of the variables, in Equation 4.1, is: y, = {I’}, and
x, = {N}}, where k is a generic isotope, and g is the photon energy group? Thus, the
corresponding derivative required in Equation 4.1 to estimate the uncertainty of the DGS intensity

is presented in Equation 4.5.

63’a allg d . . . ) ,
0x, ON/ aNirZykAkNi B Zk:y" NS =yr Ay

Equation 4.5

Then, Equation 4.6 expresses the uncertainty of the DGS intensity as a result of the

application of the law of uncertainty propagation.
cov (Iig, Iﬁ’) = Z Z ykgry]f,llkr/lk;cov (Nir, N;;’)
kr kb

Equation 4.6

As a summary of this section, the uncertainty of the neutron flux can be transported up to

the uncertainty of the DGS intensity3 using Equation 4.3, Equation 4.4, and Equation 4.6.

! The implemented method to calculate the sensitivity coefficients is presented in section 5.5

2 The meaning of g changes if the DGS is emitted with point-wise resolution (section 3.2.2)

3 All quantities resulting from the activation step are also functions of the isotopic concentration.
Therefore, we can estimate their uncertainty applying the uncertainty propagation law, just like this section.
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As commented previously, this section considers that the uncertainty is only associated to the
neutron flux. However, the same method can be used to consider the uncertainty in the cross-

sections?.

When neutron flux and cross-section are considered not correlated, the uncertainty of the

reaction rates can be expressed as in Equation 4.7:
—d r_q’ —d r_q’ ! ! —d r_q’
cov (00~ (901 ) = 3" > ol ol cov (95,95 ) + 9t 5 cov (oL 0l )
e e

Equation 4.7

In cases where the correlation between flux and cross-section can exist, as when the burn
up is considered during the neutron transport [54], this must be also considered when the
uncertainty propagation law is applied. However, this example is not an application case of R2S
methodology, because common R2S simulation does not consider changes in the material

composition during irradiation which can affect the neutron flux.

4.3 Uncertainty of the photon response

This section aims to assess the uncertainty of the photon response defined, in Equation 4.8

Equation 4.8

where p/” is the probability that a photon was emitted from a position i and an energy group

As commented in section 3.3, the photon response does not depend on the photon source.
This means that any arbitrary DGS can be used to calculate these coefficients. This is remarked
using the symbol *. Consequently, the photon response function does not introduce uncertainty
related to the DGS. The photon response uncertainty is associated only with the MC uncertainty

introduced by the photon transport simulation, via the DGS contribution (t7).

Concerning the diagonal terms of the DGS contribution covariance matrix, they can be
evaluated using the numerical estimator of the covariance matrix[29] shown in Equation 4.9. It
is worth noting that the MC transport codes evaluate this expression to estimate the MC
uncertainty of their responses. Therefore, these terms of the DGS contribution covariance matrix

can be directly evaluated during the photon transport simulation.

"'t is worth to underline that the cross section uncertainty can be as important or more than the stochastic
uncertainty due to the calculation methods of the neutron flux [101].
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var(ty) = —(t ) — (&)

NPS
Equation 4.9

Regarding the no diagonal terms of the DGS contribution covariance matrix can be directly
calculated using the output of the photon transport, that is, using the mean value of each DGS

contribution. This is because only one photon is emitted from each photon history. Hence, one

photon history cannot contribute from to different phase space. Therefore?, t;‘flt;‘f, =0, and
subsequently, the covariance[29] between each two different DGS contributions can be computed

as Equation 4.10 shows.

g g 9 9 g
/ gt —t t Tt
hi”nt! hi"“ni’ . ./ '
cov(tt",ttq) = Vi#i'Ug=+
e NPS " NPS 9739

Equation 4.10

This uncertainty is propagated to the photon response applying the uncertainty propagation
law (Equation 4.1) to Equation 4.8, considering p/* as constants. In this case, the variable
assignation is {y,} = {R7} and {x,} = {t/}. In consequence, the stochastic uncertainty of the

photon response is estimated as shown in Equation 4.11. This equation considers the definition

Equation 4.11

4.4 Uncertainty of the SDR

Finally, the last step is to propagate the uncertainty from the DGS intensity and the photon
response to the SDR uncertainty. Instead of applying the uncertainty propagation law to calculate

the SDR uncertainty, it is calculated using the definition of variance presented in Equation 4.12.

var(SDR) = SDRZ — (SDR)? = ZZIQRQIQ RY ZZI;"R;" 19'RY

ig i'g' igi'g’

_ZZ (19919 RS —17RT1S'RY)

igi'g’

Equation 4.12

! Notice that the subindex h refers to the variable of the DGS contribution of one history, while tlfq is the
numeric mean of the DGS contribution calculated with NPS histories.
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This expression is manipulated considering that photon simulation is independent of the

neutron simulation. That is, considering the condition is expressed in Equation 4.13.
cov (Rig,lig,’) =0= R;"Iﬂ’ —R_Lg.lﬂ’ vigi,g

Equation 4.13

The SDR uncertainty can be expressed as Equation 4.14 shows, combining Equation 4.12,

Equation 4.13 as well as the definition of correlation[29].

var(SDR) = Z Z (119" - RORY —R7-17- RY -19)

L
igi'g’

! ! i ! ! !
= ZZ I715 cov (Rig,Rig, ) +R{RY cov(lig,lig, ) + COU(Il-g,ILfg, )cov (Rig,Rig, )
ii" g9’
Equation 4.14

The evaluation of Equation 4.14 requires that the DGS intensity and photon response
covariance matrixes are known. These quantities can be assessed following the equations detailed

in section 4.2 and section 4.3 respectively.

Regarding the different terms of Equation 4.14, it is worth underlining that:

i. Theterm ¥,/ ¥, 4/ If’]ﬁ' cov (R;", Rﬂ’) is the uncertainty supplied by the MC transport
code during the photon transport, as said in section 4.3.
i The terms cov ( If’,]{‘?’) cov (R;",th",’) can usually be considered negligible with

respect to the terms where the photon response or the DGS intensity appears. This
is because this term is a correction?® of the uncertainty propagation law (see section

4.1), which is relevant only when the propagated uncertainties are huge.

! Superior order of the Taylor series.
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4.5 Summary and Conclusions

This section presents the equations that can be evaluated to calculate the SDR uncertainty of
individual tallies in R2S calculations. That is, this chapter provides the theoretical basis to calculate

the SDR uncertainty in R2S. They are divided into three conceptual steps:

L. The first step propagates the uncertainty from the neutron flux to the DGS intensity.
It is worth highlighting that the covariance of the neutron flux can represent any kind
of neutron uncertainty!. During this thesis, it represents the stochastic uncertainty of
the MC neutron transport.

II. The second step propagates the photon transport uncertainty from the DGS
contribution to the photon response. In this step, the DGS contribution uncertainty is
directly obtained from the output of the photon transport simulation.

I1I. Finally, the thirds step combinates the uncertainties of the DGS intensity and the

photon response in order to get the SDR uncertainty of the R2S calculation.

It is worth highlighting that this scheme is suitable to estimate the uncertainty of SDR
individual tallies. That is, to the SDR estimated in a point2. However, it cannot apply to the
estimation of SDR maps (a great number of SDR tallies) because the evaluation of each SDR
uncertainty requires the management of a huge amount of data. Therefore it is not viable to
provide all the data required to estimate the uncertainty of an SDR map in the same calculation.

This point is also discussed in Chapter 5.

! For example, it can represent the uncertainty due to the transport cross-section uncertainty, neutron
source definition uncertainty

2 Actually, the point-like SDR tallies in MC R2S are a mean of the SDR in a surface or volume defined
by the user
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to estimate the SDR uncertainty in
R2S-UNED

Chapter 3 and Chapter 4 established the theoretical basis to calculate the MC uncertainty of
an individual SDR tally. In this section, we present the computational implementation of this
theory in R2S5-UNED. The practical implementation of any computational algorithm requires

answering two questions, which in this case are:

A Is all input data required to evaluate the SDR uncertainty available?
/A Can the evaluation of the SDR uncertainty be performed in an acceptable time, taking

into account the currently available computational resources?

With respect to the first question, a review of the equations presented in Chapter 4 shows
that the evaluation of the SDR uncertainty requires additional data to those calculated in a
common R2S-UNED simulation. Specifically, R25-UNED does not provide the covariance matrix
of the neutron flux, the DGS contribution, and the sensitivity coefficients, which are required to

estimate the SDR uncertainty.

Consequently, the implementation of the methodology to estimate the SDR uncertainty must

also include the required modifications of R25-UNED in order to calculate these input data.

Concerning the second question, the number of operations required to evaluate the SDR

uncertainty, and consequently, the time spent in to do it. is influenced principally by*:

A The number of mesh elements (~1(°)
/A The number of radioisotopes (~1000)
fil. The number of reactions considered in the activation step (~33000)

iv. The number of group-wise energy groups (neutron (~100) and photon (~20))

These numbers suggest that the calculation can require a lot of time. However, most of these
variables (regions, isotopes, reactions) do practically not affect the SDR estimated in the desired

point. Therefore, they can also be neglected during the estimation of stochastic uncertainty.

! The estimated number of these quantities is based on the experience of the common R2S calculation
carried out in UNED. But it depends on the application and the user
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In this sense, we implemented filters of the most relevant quantities (regions, radioisotopes,

and reactions) according to their contribution to the SDR. This way, we reduce the time required

to estimate the SDR uncertainty.

Table 5.1 Computational stages in an R2S simulation including the uncertainty estimation. The table
highlights: ) * Mandatory new input data to estimate the SDR uncertainty. if) ** Optional new input data
to estimate the SDR uncertainty

Computational
Step

1. MCNP-R2S

2. Activation

module

3. MCNP-R2S

4. Uncertainty

module

Input data

MCNP input data'

Material definition
Activation libraries
Neutron flux
Irradiation scenario
MCNP input data
DGS intensity

DGS intensity
DGS contribution®

Activation summary™*

Irradiation scenario
Relevant positions,
isotopes, and
reactions”

Activation summary™*

Neutron flux

DGS intensity
DGS contribution®
The covariance

matrix of the neutron

flux™

Process/stages

Neutron transport

Material Activation

Photon transport

Filtering

Estimation of the
sensitivity

coefficients

Estimation of the

Uncertainty

Output data

Neutron flux
The covariance
matrix of the
neutron flux

DGS intensity
Activation
summary

SDR

DGS contribution
Relevant
positions
Relevant
isotopes
Relevant
reactions

Sensitivity
coefficients

Reaction rate
uncertainty
Isotopic activity
uncertainty
DGS intensity
uncertainty
SDR uncertainty

Taking into account these points and the scheme presented in Chapter 4, we ampliate the

computational steps of the R2S simulation. Table 5.1 presents a detailed scheme of the workflow

implemented to estimate the SDR uncertainty with R2S5-UNED. The newly implemented features

in R25-UNED are described below. Note that they are classified by the computational step.

! MCNP input data includes geometry, material definition, nuclear data and neutron source when the

DGS is not available.
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i.  Neutron flux transport:

%  MCNP-R2S code was modified to estimate the correlation matrix of the neutron
flux. The implemented calculation method of this matrix is presented in section
5.1.

fi. Activation step:

s The future estimation of the sensitivity coefficients and the filters will require the
use of data calculated during the activation step. This step can write a summary
of the activation in order to avoid the repetition of this computational step.
However, writing this file requires more time than the repetition of the activation
calculation. Therefore, this step is optional. The content and purpose of this
optional file' are presented in section 5.2.

fii. Photon transport:

%  MCNP-R2S code was modified to get the DGS contribution. The modification is

explained in section 5.3
iv. Uncertainty module of R25-UNED:

< This module calculates the contribution of the regions, radioisotopes, or
pathways to the SDR. These contributions are used to filter the regions,
radioisotopes, and pathways considered to estimate the SDR uncertainty, saving
computational time. These filtering steps are explained in section 5.4.

< Estimation of the sensitivity coefficients: The implementation included in R2S-
UNED to calculate them is presented in section 5.5

< Estimation of the uncertainty in the different steps: reaction rates, activity, DGS,
and SDR. The implementation of the calculation scheme in the R2S-UNED

workflow is explained in sections 5.6 and 5.7
Finally, a summary and conclusions of this chapter are presented in section 5.8.

It is worth commenting that all steps of the workflow presented in Table 5.1 support MPI in
order to reduce the time required to perform the calculation, including the implementation of the

evaluation of the SDR uncertainty.

!'It is worth noting that writing the file requires more time than simulate the activation. Therefore, the
use of the file is optional
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5.1 Estimation of the stochastic neutron uncertainty due to the MC transport

code

The numerical estimation of the neutron flux covariance [29] is performed by computing its

numerical definition inside of the MC transport code. This definition is presented in Equation 5.1.

1 1 NPS 1 NPS 1 NPS
e 4e'\ _ e ge' e |. e’
cov (7.8 ) = 7p5 | s Zh_l Phi®ni = Nps (hz_l ‘ph*) NPS <hz—1 ¢hi’>

Equation 5.1

where ¢7 is the neutron flux in the region i and energy bin e, NPS is the number of simulated
histories during the neutron transport to estimate ¢, and ¢;,; is the neutron flux in the region i

and energy bin e of the neutron history h.

Concerning the method applicability, typical R2S simulations® usually consider about 175
groups of energy and meshes with around ~ 105 spatial elements. According to Equation 5.22,
the size of this matrix would be 1225 TB. Consequently, the covariance matrix of the neutron flux

cannot be directly calculated by this methodology in most of the common applications.

2 .42
energy grous #regions #energy grous ’ #regions>

#
RAM = elemet size - #,joments = €lemet size - ( > >

Equation 5.2

It is worth highlighting that the tool implemented during the thesis requires the neutron flux
covariance matrix to estimate the actual® stochastic SDR uncertainty. Consequently, this issue,

related to the neutron flux covariance estimation, limits the tool's applicability.
In this sense, three possible options can be studied in order to overcome this issue.

i At this time, teams are studying the features of the covariance matrix [31]. These
studios aim to develop a methodology to estimate the neutron correlation using the
currently available computational resources.

ii. R2S-UNED new features, which will be presented during this chapter, provide data
useful to optimize or redefine the simulation. Thus, the R2S calculation can be
adapted to the RAM computational requirements imposed by the size of the neutron

flux covariance estimation. It is worth mentioning that this thesis studies the option

! Common R2S applications in neutronic analysis of fusion facilities (see ANNEX A)

2 Equation 5.2 estimates the size required to store the covariance matrix of the neutron flux, where # is
“number of” and elemet size is 8 Byte.

3 If the neutron flux covariance matrix is not available, the tool can still estimate an approach of the
uncertainty (see section 5.7).

41t is worth underlining that this problem is common to most sophisticated methodologies to estimate
the SDR uncertainty.
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to redefine the R2S simulation, obtaining different guidelines or methodologies to
calculate the SDR uncertainty using R2S-UNED. More details of these methodologies
and the results obtained applying them are presented in Chapter 7.

iii. The SDR uncertainty can be estimated during the neutron transport simulation
without the need of storing the neutron flux covariance matrix. Otherwise, this
method will increase the computational time of the neutron transport simulation. The

study of this method is one of the future works proposed after this thesis.

Regarding the details of the implementation in R2S-UNED of the estimation of the covariance

matrix of the neutron flux, it is worth mentioning how the spatial discretization is considered:

According to Chapter 3, R2S-UNED uses the CuV method to discretize the geometry during
the neutron transport. However, this method increases the number of regions used to discretize

the space?, and consequently the size of the neutron flux covariance matrix.

On the contrary, other mesh-based R2S methodologies calculate the mean flux in the whole
mesh element. This method uses less RAM than CuV method. Otherwise, it can miscalculate the
SDR when the mesh element lies over void and material, where unrealistic increased neutron

fluxes can be associated to the neighbouring material regions.

Considering these points, we decided to use a mixed approach. The neutron flux is estimated
in the whole mesh element. But only the contribution from the relevant material regions is taken
into account. That is, the contributions to the neutron flux are filtered by material, avoiding
contributions from the void or no activated cells. Although it is an approximation to the actual
calculation uncertainty, this approach is enough, considering the accuracy required to estimate
the SDR uncertainty?.

5.2 Activation summary

The activation summary file, whose content is explained in section 5.2.1, is an optional file
that contains data calculated during the activation step. This file aims to speed up the execution
of the uncertainty module of R2S-UNED.

Despite the usage of this data actually speeds up the uncertainty module simulation, the time
spent in the complete R2S simulation? is increased. This is because the time spent building the
file is greater than the time required to repeat the activation step. The performance analysis of

the activation step presented in 5.2.2 demonstrates this conclusion. Due to this result, the

! The method divides the mesh element in the cells inside of the voxel, increasing the number of regions
2 One example of this is presented in ANNEX E.
3 Neutron transport, activation, photon transport, and uncertainty estimation
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activation process can be repeated during the execution of the uncertainty module of R2S-UNED

instead of reading the data of this file.

5.2.1 Contents of the activation summary file

This file contains three types of data required to speed up the execution of the uncertainty
module of R2S-UNED. These quantities, and their usage in the uncertainty module of R2S-UNED,

are described below.

I. Isotopic concentration at the interest time

The isotopic concentration at the interest time is required data to estimate the most relevant

isotopes. This filter is described in 5.4.1.

II. Activation matrix of the ODEs system

The activation matrix of the ODEs system contains the reaction rates' and decay constants
of the isotopes. They are required for estimating the relevant reactions, which produce the
isotopes and the sensitivity coefficients. The description of the calculation of these quantities is

detailed in sections 5.4.3 and 5.5, respectively.

III. Existent isotopes during the activation step

This information contains those isotopes whose concentration was nonzero during, at least,
one of the times of the irradiation scenario. This means that this array contains all the isotopes

that are produced during the material activation.

This information is useful to speed up the definition of reduced activation systems? [41]. This
definition process is carried out to perform two different tasks: i) The estimation of the relevance
of the reaction rates and ii) the estimation of the sensitivity coefficients. The description of the

calculation of these quantities is detailed in sections 5.4.3 and 5.5, respectively.

It is worth highlighting that if the activation summary file is not used, the activation step is
repeated before performing these two tasks. Consequently, the array of the existent isotopes is

re-estimated and therefore is still used, saving the computational time in any case.

5.2.2 Consuming time during the activation step

The R2S-UNED version at the beginning of the thesis was based on distributing ACAB[41]
activation cases in the different CPUs. That means that an ACAB simulation (with the
corresponding library data lecture and preprocessing) is executed by the activation of each

material region, and afterwards, the outputs of all ACAB simulations are merged to produce the

! Note that the reaction rates depend on the time. The file contains the reaction rates of the first temporal
step. During the next time steps, they are rescaled according to the irradiation scenario.

2 A reduced activation system is defined as the ODE system that describes only the activation of a small
set of elements and pathways.
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DGS. Therefore, it was not optimized to perform the activation step of the R2S simulation and
neither to estimate the new required quantities, such as the sensitivity coefficients or the
relevance of the reaction rates. For that reason, the activation module of R2S was re-programmed
during the thesis.

The new version was verified by comparing the results obtained in JET [55] with those
calculated using the old version. The results show an excellent agreement between them,
validating the new R2S-UNED version. However, this section is focused on the comparison of the
performance of the different activation versions. Their execution time was measured in the
activation of the mesh 3 in JET simulation described in section 7.2. This mesh contains 48.856
voxels, which were activated using the same 200 CPUs of our cluster'. The results are presented
in Table 5.2.

Table 5.2 Time consumption of the different versions of the activation module of R25-UNED

Code version Output data Time (h:min:s)
Old version DGS 3:58:57

DGS and summary activation file 4:41:44
New version DGS 0:16:23

DGS and summary activation file 2:27:50

The results of Table 5.2 show that the time required to compute and store the summary (~40
minutes in the best implementation) file is greater than the time spent performing the material
activation (~15 minutes?). Consequently, the activation step was also implemented in the
uncertainty module of R2S-UNED.

5.3 Estimation of the DGS contribution during the photon transport

A new capability was implemented in R2S-UNED in order to evaluate the DGS contribution3.
This capability calculates the DGS contribution to the SDR of the regions of the DGS (defined by
a superimposed mesh over the geometry) with energy resolution (defined by an energy group-

wise structure, i.e. energy bins).

The implemented method to estimate the DGS contribution is as follows. When a photon is

emitted from the DGS, its position and energy are stored. Then, if this photon history contributes

! Our cluster is currently composed by 1000 processor Intel(R) Xeon(R) Silver 4210 CPU @ 2.20GHz

2 It is worth underlining that this time is also representative of the worst time spent repeating the
activation calculation in the uncertainty module of R2S-UNED. Because it uses the same code, but most
cases are not repeated.

3 This capability was already implemented in MCNP-R2S before the begin of the thesis
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to the SDR tally, its contribution is scored in the contribution mesh-tally, in the position and

energy bin corresponding to the position and energy of the emitted photon.

It is worth highlighting that the application of the uncertainty module of R2S-UNED requires
the use of the same spatial and energy binning for the estimation of both the DGS and the DGS
contribution. In addition, the implementation of the DGS contribution does not support the CuV

format. This means that the CuV capability cannot be used to estimate the SDR uncertainty.

5.4  Filtering steps applied to speed up the estimation of the SDR uncertainty

Three filters were implemented in order to reduce the computational time spent in estimating
the SDR uncertainty. These filters define the regions, isotopes, and reactions considered in the
R2S-UNED calculation to estimate the SDR uncertainty. This means that they define the ranges
of the sums in Equation 4.3, Equation 4.4, Equation 4.6, and Equation 4.14, implemented in the
uncertainty module of R2S-UNED.

The spatial filter is presented in section 5.4.1, the radioactive isotope filter is shown in 5.4.2,

while the filters of the reactions, which produce these radioactive isotopes, are described in 5.4.3.

5.4.1 Spatial contribution of the DGS to the SDR

The spatial contribution is estimated by summing the contributions of all energy bins of the
DGS contribution. It is defined from the definition of the SDR in Equation 5.3.

SDR = ") RIS = Crogion®) = Y RIS = Y ¢
i g g

g
Equation 5.3

Where C represents the contribution, the index i refers to the region, and the index g refers

to the photon energy group.

The filtering, in the uncertainty module of R2S-UNED, is applied as follows: i) The contribution
of each region C,.g;0, (i) is estimated. ii) The regions are sorted according to this quantity. iii)

The regions are considered until the filter condition is overcome.

5.4.2 lIsotopic contribution to the SDR

The isotopic contribution (C;s,(r, 1)) from a radioisotope r in a region i to the SDR is derived
from the definition of SDR. The SDR mathematical expression, which depends on the isotopic
contribution, can be deduced from Equation 3.6 and Equation 3.7. It is expressed in Equation
5.4,
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DR ="' D REyIa, N =YD N =T o,
i r g r r

i i
Equation 5.4

Consequently, the isotopic contribution of the isotope r can be obtained from Equation 5.4 as

Equation 5.5 shows.

Clsot(r' i) = Z Ri'gy'}gl‘rNir
g

Equation 5.5

This filtering, in the uncertainty module of R2S-UNED, is applied as follows: i) For each
relevant region (see section 5.4.1), the isotopic contribution Cj,.(r,i) is estimated. ii) In each
region, the isotopes are sorted according to this contribution. iii) In each region, the isotopes are

considered until the filter condition is overcome.

5.4.3 Pathway contribution to the production of the relevant isotopes

The contribution of a reaction rate to the SDR cannot be defined [35]. For this reason, we
can define the pathway! contribution to the production of a radioisotope, because we can

estimate the concentration of the isotope r according to Equation 5.62.

Nlr = Z P;,i

pathways

Equation 5.6

where Py, is the contribution of the pathway p to the isotope r in the region i.

Once the relevant pathways are filtered? according to their contribution, the relevant reaction

rates are defined as those reactions which belong to some of these pathways.

This approach to filtering the relevant reactions is not directly applicable in R2S-UNED
because ACAB code cannot estimate the pathway contribution to the isotope production.
Therefore, two different approaches were implemented during the thesis in order to identify the

pathways and quantify their contribution to the isotopic contribution.

The simplest one considers that the activation system meets the SNILB conditions, simplifying

the activation ODEs system. In particular, we consider that the pathways are linear chains of one

! The pathway is a set of isotopes, reactions, and decay paths. It was defined in section 3.2

2 Note that the contribution of a pathway does not affect the other contributions

31t is the last filter applied in the uncertainty module of R2S-UNED. Therefore, it is only applied to find
the pathways (reactions) contributing to the most relevant isotopes in the most relevant positions.
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step!. Consequently, the pathways are directly identified from the activation ODEs system, as

section 5.4.3.1 shows.

The other one considers the complete activation system. Hence, more complete types of
pathways can be detected and analyzed. The methodology implemented to detect the pathways
and quantify their contribution to the isotopic concentration, in general activation systems, is

presented in section 5.4.3.2.

5.4.3.1  SNILB approach
According to the explained in section 3.4.2, the concentration of an isotope produced by one-
step reaction can be expressed as shown in Equation 5.7 when the initial concentration of this

isotope is zero.

Ay

l(t)z Nf(d)o-)f_)r
T

N, =

Equation 5.7

Therefore, the pathways that produce the relevant isotopes are directly identified from the
isotope fathers in the initial material (Nf # 0). These pathways are sorted according to their
contribution to the r isotope concentration (proportional to Ny(¢a)/ 7). Afterwards, the pathways

(reactions) are considered, in order, until the filter condition is overcome.

It is worth underlining that our experience in important fusion facilities, such as JET and ITER
[56], shows that two-step chains where the second step is produced by decay are also relevant
in these installations. Most of them meet the condition of Equation 5.8, which means that the
excited state of the isotope r decays almost immediately compared with the lifetime of the isotope

r, in a linear chain of isotopes f - r* - r

r

<1
A

Equation 5.8

According to the Bateman equations (Equation 3.10), the concentration of the isotope r of

this chain can be expressed as Equation 5.9 shows.

—r* — f_’T'* —
(o)™ (e G e M) Ay Ao(e7Art — e~ M) (o) A
/17' - <¢O-)f_>r* A‘r* - A‘r Ar - Ar* ((po')f_’/lr* —_ Ar*

Equation 5.9

' Our experience in fusion facilities shows that these chains are most relevant in most of the SDR
analyses.
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If Jow burning conditions® and Equation 5.8 are considered in Equation 5.9, the concentration
of the isotope r can be expressed according to Equation 5.10

Np{pa) ="
N, = f<¢j) (1—e~#r)
T

Equation 5.10

Note that this is the same expression that those used to estimate the concentration of rin a
linear chain f — r when SNILB conditions are met, but produced by the reaction rate (¢pa)™"" .
Consequently, in order to consider these two-step chains, the reaction rate (¢po)/ " is assigned

to produce the isotope r instead of r*.

Note that, due to this approach, the isotope r* is not produced. Therefore, isotopes r and r*
cannot be relevant at the same time. Nevertheless?, the contribution of this isotope is expected
small, since its concentration is always insignificant in these circumstances compared with the

relevant isotope r, as Equation 5.11 shows.

(pa)/ ="

Nr > NT* = Nf /,{
r*

(1 _ e_AT*t)

Equation 5.11

5432 General activation
In the case of general activation, we can define different methodologies to detect and quantify

the pathways:

parents N,
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Figure 5.1 Independent linear chain decomposition in solvers based on linear chain solvers [35]

! They were introduced in section 3.4.2
2 Even if both isotopes were relevant, we can use the general mode instead of SNILB approach
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The first one, which is depicted in Figure 5.1, consists in to break down the activation case in
linear chains, including the loops. Afterwards, they solve each pathway to estimate their
contribution to producing the isotope. It is worth noting that codes, such as Alara or Actys-Go
[39] [40], directly use this workflow to estimate the isotopic inventory. That is, they estimate

the pathway contribution while they estimate the isotopic concentration.

The second methodology is as follows: They define the possible (more generic) pathway to
evaluate, which connects an existent isotope with the relevant isotope. Afterwards, they estimate

the contribution of this pathway! (evaluating the reduced activation system).

In the last years, FISPACT [40] has incorporated the capability to perform this pathway
evaluation. In this thesis, we implemented a similar methodology to that used by FISPACT [57]
[58].

In our implementation, the user must define that type of pathways are considered. The

considered pathway definitions are presented below.

i. Linear chains
ii. Linear chains with loops
o Only loops with metastable states
o General loops
iii. General contribution from the nonzero initial concentration isotope (not implemented,

since it considers so many reactions)

Note that this development aims to filter the relevant pathways to the relevant isotope.
Consequently, the definition must be the simplest one that detects all relevant reactions that
produce the isotope. For example; the pathways do not include loops if they do significantly not
affect to the concentration of the isotope.

In cases where the loops are considered, no relevant reactions can be included because the
contribution of the loop itself is not quantified. The evaluation of the pathway removing the loop
would indicate if it is worth considering the reactions of the loop in the calculation. However, it is
worth underlining the activation of SDR analysis usually can be described by linear chains with
very few exceptions? named in the literature [59]-[61]. For this reason, this improvement of the

filter process was not implemented.

! Note that the loops are inside of the pathway instead of being detailed in several pathways.
Consequently, this approach provides less information. Nevertheless, this application does not require this
level of detail.

2 Usually, loops with metastable (decay) isotope. Pathways with loops were added to cover these
exceptions.
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Concerning the implementation of the algorithm, the implemented scheme can be depicted

as Figure 5.2 shows. The scheme includes the introduction of loops since it is the most complete

workflow.
Last
Initial empty Define next ?l??tehn: Evaluate
hai ible chai
chain possible chain initial pathway
ateria

The
contribution
is completed

Last
element
isin the

chain

Evaluateall
previous
detected
pathways
including
loop

Define chain
as loop

Figure 5.2 Algorithm scheme used to find the contributing pathways to the relevant isotope

The initial possible chain is the relevant isotope its-self. Afterwards, the possible chains are
built following all the father isotopes until i) the incorporated isotope is an initial material or ii)

the incorporated isotope defines a loop.

As mentioned above, the pathway contribution is evaluated from the concentration of the
relevant isotope in the reduced system. Specifically, the relative contribution is defined as %;

where N/, ....q 1S the isotopic concentration of the r isotope estimated in the reduced system,

while N7 is the concentration of the r isotope in the complete activation system.

Regarding the scheme to define the possible chains, they are built following all the fathers of
the isotope. The order to build these chains is to try all possible chains of a determinate length
before trying possible larger chains. Thus, short-length pathways, like those expected in the

fusion facilities, are found first.

Figure 5.3 presents an example of the algorithm. In this example, we are looking for the
relevant pathways contributing to the production of isotope 1. In addition, the initial material is

composed by the isotopes 2, 3, 6, and 8.

! Note that the loop is described in the scheme as a linear chain. Similar to the case of Figure 5.1
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The first possible chain is isotope 1. But as it is not part of the initial material, this pathway

is not evaluated. Afterwards, the algorithm looks for inside the fathers of the isotope 1.

The next possible chain is the 2-1. As 2 is part of the initial material, the contribution of the
pathway 2-1 is evaluated. Afterwards, the algorithm looks for the next chain. It is the 3-1, which
is the same as the case 2-1. The next possible chain is 4-1, but 4 is not part of the initial material

(no evaluated).
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Figure 5.3 Visual tree for the nuclei 1. Points represent the isotope while the lines joint the father with
the daughter isotope (the arrow indicates the daughter isotope).

Since there are no more fathers of the isotope 1, grandfathers of 1 are considered. Then, the
next possible chain is 1-2-1. This chain is a loop. Consequently, the algorithm also re-evaluates
the previous pathways that contain one of the loop isotopes?. In this case, as isotope 1 is in all

pathways, all they are re-evaluated.

3 2 Q
e: e 47 e

: )

T 1 +/ 1 +/ 1 T 1

Figure 5.4 Detected pathways in the example of Figure 5.3

!'It is worth highlighting again that the user chooses if the algorithm considers the loops or not.
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According to this scheme, the subsequent chains are 6-2-1, 7-2-1,7-3-1, and 8-3-1. Where
the contribution of the chains 6-2-1 and 8-3-1' are evaluated considering the loop 1-2-1. The
chain 9-3-1 is not evaluated since the total contribution to the isotope 1 was already detected.

Figure 5.4 summarizes the detected pathways.

If these contributions do not complete the concentration of the isotope 1, the algorithm
continues searching. In this example, the algorithm tries the fathers of isotopes 6, 7, 8, and 9.

The fathers of isotope 1 are not considered because it is a loop.

5.5 Estimation of the sensitivity coefficients

The sensitivity coefficients, in this thesis, are the derivatives of the concentration to the
reaction rates. The equations, which describe these coefficients (Equation 5.12), can be obtained

by performing the proper derivative to Equation 3.2.

d N (®) chy N i f f
dt ()2 ZW’ e ”)a«p e (A +Z(¢"> k>a<¢ W*Z‘S 81Ny - 25 5N,

Equation 5.12

ACAB code does not directly estimate these coefficients. For that, we develop two different
methods? to evaluate them. The first implemented method simplifies the activation system, but
it is useful only when SNILB conditions are met. The second method can deal with general
activation systems. Note that the election of the solver is related to the method chosen to filter
the isotopes (see section 5.4.3). These two methods implemented to estimate the sensitivity

coefficients are described in sections 5.5.1 and 5.5.2.

5.5.1 SNILB method

This solver estimates the sensitivity coefficients of one-step linear chains where the SNILB
conditions are met. According to the explained in section 3.5, we can evaluate the sensitivity

coefficients when the SNILB conditions are met using Equation 5.13.

ON;. a,(t)

o™ T A

Equation 5.13

! Note that in these evaluations, the initial concentration of isotopes 2 and 3 is zero since there are not
detected as initial materials. The contribution of materials 2 and 3 was already evaluated in the chains 2-1
and 3-1

2 A general review of methodologies to estimate the sensitivity coefficients can be found in [50].
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It is worth highlighting that several two steps pathways, where the second step is a decay
path, are also relevant, and the algorithm can consider them[56]. The conditions met to consider

these pathways were already presented in section 5.4.3.1.

5.5.2 General activation system

The method implemented to deal with the general activation system, hereafter called general
solver, consists in solving the ODEs system presented in Equation 5.12. In this thesis, we use the
ACAB solver to solve this system. Note that ACAB was widely tested solving activation ODE

systems (see section 3.4.1).

It is worth highlighting that the subroutines of ACAB solver have an outset to the
concentration. Thus, ACAB guarantees that the isotopic concentration is not negative, avoiding
numerical errors. For the sensitivity coefficients calculation, these outsets were removed since

the sensitivity coefficients can be negatives.

The review performed to ACAB code [62] indicates that the different subroutines should work
properly. However, the ACAB solver has not been deeply tested for these conditions. In addition,
the modification can affect to ACAB solver's accuracy, as shown during the validation of the tool,

presented in Chapter 6.

Regarding the practical application of the method, it solves the ODEs system that contains all
sensitivity coefficients related to the production of each radioisotope at only one simulation. Note
that the filter information is already used to reduce the ODEs system only to the contributing
pathways. Therefore, the ODEs system (Equation 5.12) usually contains around no more than 10

equations.

5.6 Saving format of the sensitivity coefficient data. “P1C” coefficients

Chapter 4 shows how the SDR statistical uncertainty in R2S can be estimated. Especially,
Equation 4.3, Equation 4.4, Equation 4.6, and Equation 4.14 show how the neutron flux
uncertainty can be considered in the SDR uncertainty. These equations, which require the
sensitivity coefficients to be evaluated, can be manipulated affecting the possible relevant output

as well as the calculation time used to estimate the SDR uncertainty.

The sequential evaluation of these equations, which only needs the sensitivity coefficients,
enables the evaluation of the uncertainty of the reaction rates, isotopic concentration, DGS
intensity, and SDR response. However, each one of the evaluations has a double summation over

each variable of the equation. Therefore, this implementation can be relatively slow.

If Equation 4.3 is introduced in Equation 4.4, the uncertainty of the isotopic concentration

can be calculated according to Equation 5.14.

69



Chapter 5
Implementation of the uncertainty module of R2S-UNED

ONT 11 aN'T’ 4
cov NLT,NLT ZZ Z ef - Z ol 7 ————— | cov (¢, ¢4
o) R 10 e (s2.07)

f=a

cov (N7, N} —ZZle” PLC1E" cov (95,95 )

Equation 5.14

Notice that the calculation of the coefficients! P,C1¢ requires only one sum over its variables
to be assessed. On the contrary, the covariance of the concentrations is estimated without
calculating the covariance of the reaction rates. Then, the calculation of the SDR uncertainty is
speeded up at the expense of obtaining less useful information during the uncertainty module

application.

This can be repeated by introducing Equation 5.14 in Equation 4.6

cov (19,15 ZZ (Z P,C1ET y¢ )(Z PC15" yf,’/lrf> cov (7,95
.r’
cov (19,19 ZZPlcz  PC25 cov (95,98

Equation 5.15

In this case, presented in Equation 5.15, the uncertainty of the isotopic concentration cannot
be obtained, since the DGS intensity uncertainty is calculated directly from the neutron flux

uncertainty.

Again, we can introduce Equation 5.15 in Equation 4.14. We present the expression of the

SDR uncertainty in Equation 5.16, where the last term, which is negligible, is eliminated.

e =) Y | D PC2ORS |-( > P2l RY | cov (48,68 ) + Onoton + 0(2)
e e g g’

Equation 5.16

The simulation time of the cases where the uncertainty module was applied was not
excessively high. Consequently, some of the PiC were not implemented. Table 5.3 summarizes
the coefficients that can be stored during phase 1 in order to evaluate the SDR uncertainty during

phase 2 of the uncertainty module of R2S-UNED.

! This name means Phase 1 Coefficients The notation is related to the subroutine names and the work-
flow of them in the specific implementation of the uncertainty module of R2S-UNED.
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Table 5.3 Definition of the phase 1 coefficients (P;C)

PiC Term Enables the uncertainty calculation Implemented

e Reaction rate
ONT

P1CO W * Activity Yes
o), e DGS
e SDR
o Activity
PiCI Z p,coT 45l Yes
1607 e e DGS
f-d
¢ SDR
PiC2 (z P,C1" y;q/lr> e DGS No
T e SDR
PC3 () PC2MORY . SoR No
g

5.7  Estimation of the stochastic uncertainty in R2S-UNED

The uncertainty module of R2S-UNED calculates the stochastic uncertainty of the relevant
reaction rates, isotopic activity, DGS, and SDR, as section 5.6 explains. The accurate estimation
of these uncertainties requires the covariance matrix of the neutron flux. However, the estimation
of this matrix is limited by the size of the matrix, as remarked in section 5.1. That is, by the

number of spatial regions and the number of energy groups used to describe the neutron flux.

For these cases, where the covariance matrix of the neutron flux cannot be estimated, the
uncertainty module of R2S-UNED presupposes the correlation matrix! of the neutron flux.
Therefore, three additional calculation methods were implemented, according to the assumptions

considered with respect to the correlation matrix of the neutron flux.

i Completely correlated: The correlation of the neutron flux is considered 1 between
all pairs of elements. Consequently, this option is a superior limit of the uncertainty.

ii. Completely anticorrelated: The correlation of the neutron flux is considered -1
between all pairs of different elements. Consequently, this option is an inferior limit
of the uncertainty.

iii. Uncorrelated: All no diagonal elements of the neutron flux correlation matrix are 0.

This option only is adequate when the neutron flux is actually uncorrelated.

cov(a,b)

! The correlation of the variables a and b is defined as p, , = [29]

0q0p
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When the SDR uncertainty is calculated?, the result is split in six different terms, expressed

from Equation 5.17 to Equation 5.22.

2
O e
g

i

Equation 5.17
! !
TTNodiag=zzlf’Iﬁ cov(R;".R;‘i) Vii'nvg#g
ii’ g9
Equation 5.18
2
SSaag = ). ) RE*0%
i g
Equation 5.19
_ apg’ g 19 . ,
SSNodmg = R/R; cov (I, 1; Vi+i'nVg+g
ii" g9’
Equation 5.20
STaiag = Z Z 0490,
L L
i g
Equation 5.21
! !
STNodiag=chov(1f,1ﬁ)cov(Rf,Rﬂ) Vizi'nVg#yg'
ii" g9
Equation 5.22

The term TT refers to the uncertainty due to photon transport. That is; the stochastic

uncertainty introduced during the MC photon simulation.

The SS terms describe the contribution of the DGS intensity uncertainty to the SDR
uncertainty, where the DGS intensity uncertainty comes from the neutron flux uncertainty; that

is, from the MC neutron transport simulation.

Finally, the ST term is a second-order term, which takes into account both uncertainties. In

most cases, this term is negligible, as shown in Chapter 4.

In addition, these terms are also divided into i) The contribution of the diagonal terms of the
correlation matrixes of the photon response and DGS intensity, and ii) The contribution of the no

diagonal terms of the correlation matrices of the photon response and DGS intensity.

! Using any of these assumptions or the actual covariance matrix of the neutron flux.
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5.8 Summary and conclusions

This section presents the implementation in R2S-UNED of the computational scheme!® to
estimate the SDR uncertainty. This implementation required introducing new features to R2S-

UNED, which can be divided into three groups:
L. Estimation of the input data

R2S-UNED common workflow cannot provide all input data required to estimate the SDR
stochastic uncertainty. Consequently, it was modified to calculate: i) the covariance matrix of the
neutron flux, ii) the derivate of the isotopic concentration to the reaction rates (sensitivity
coefficients) iii) the DGS contribution to the SDR2.

It is worth highlighting that the estimation of the covariance matrix is limited to cases where
the superimposed mesh is relatively small. Otherwise, the size of this matrix is excessively high

to be computed.
II. The filtering of relevant quantities according to their contribution to the SDR

The computational time required to estimate the SDR stochastic uncertainty depends on the
number of regions, radioisotopes, and reactions considered during the R2S calculation.
Consequently, to optimize the simulation, the calculation is reduced to estimate the uncertainty

of the SDR coming from the most contributing regions, radioisotopes, and reactions.

It is worth underlining that this information is valuable itself to the analysis of the fusion
facilities. Because during this process, the contribution of the different regions and radioisotopes
to the SDR is computed. In addition, the reactions are filtered based on the production pathways
of the relevant radioisotopes. Consequently, we also developed an algorithm that i) finds the

pathways producing the relevant radioisotopes and ii) quantifies their relevance to the SDR.
I1I. Estimation of the SDR uncertainty

The last implemented feature is the evaluation of the SDR uncertainty. From this point, it is
worth mentioning that different calculation modes were implemented in order to provide useful
information when the covariance matrix of the neutron flux cannot be obtained. That is; when

the actual uncertainty of the R2S calculation cannot be estimated.

These calculation modes are based on assuming the neutron flux is completely correlated,
uncorrelated, or anti-correlated. The most relevant one is the completely correlated assumption

since it is a superior limit of the SDR uncertainty. That is, it is the most conservative assumption.

I All the steps of the scheme are summarized in Table 5.1.
2 This work was already implemented in R2S-UNED before the thesis
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The previous chapter details the implementation of the uncertainty module of R2S-UNED and
those modiifications of R25-UNED needed to obtain all data used to calculate the SDR uncertainty.
This chapter presents the verification of all these new steps, summarized in Table 5.1. Below we

briefly describe the verification exercises carried out with this purpose for each developed step.
I. Correlation matrix of the neutron flux (section 5.1):

The neutron flux correlation matrix estimated using the developed methodology is compared
with those processed by NumPy class of python. Section 6.1 presents a comparison of the results
of both methods.

. Isotopic contribution to the tally (section 5.4.2):

Section 6.2 presents an R2S simulation whose photon transport is carried out in a complete
void material geometry. Consequently, the photon flux in the tally is proportional to the source
activity. The verification exercise consisted in comparing the isotopic contribution of the R2S
simulation with the activation calculation (calculated with ACAB). The results are also presented

in section 6.2.
i, The most relevant pathways (section 5.4.3):

Two exercises were performed to verify this algorithm. The first one is the detailed analysis
of a random small ODE. This exercise aimed to verify that all pathways are detected according to
the expected working of the code. The second exercise was a comparison of the pathway
contribution calculated by the new and the previous methodology. Both exercises are presented
in section 6.3.

v. Derivative of the isotopic concentration with respect to the reaction rate per target

[sotope (section 5.5):

R2S-UNED uncertainty module includes two solvers to calculate the sensitivity coefficients.
Section 6.4 presents the exercises used to verify each solver. For that, the values provided by
them were compared with those calculated with other methods based on activation solvers or
python libraries.
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V. Stochastic uncertainty of the SDR calculated with R2S method (Chapter 5):

R2S-UNED calculates the uncertainty of the reaction rates, isotopic activity, DGS, and the SDR
uncertainty due to the MC calculation method. The exercise used to validate all these estimations
s presented in Section 6.5. This exercise consists in comparing the uncertainty calculated with
R2S-UNED with the uncertainty calculated using the Brute Force method (see Chapter 2). Part of
this validation was published in [63].

Finally, section 6.6 presents a summary of the results obtained in this chapter.
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6.1 Verification of the algorithm that calculates the neutron flux correlation

matrix in R2S-UNED

This section aimed to verify the implementation of the estimation of the correlation matrix of

the neutron flux.

The verification of this capability consisted in comparing the results calculated by i) the
algorithm implemented in MCNP-R2S, and ii) an algorithm that uses the NumPy class [64] of
python [65] to process the neutron flux of each history, which was obtained from MCNP-R2S.
Note that we assume that the python algorithm works properly since NumPy class has been
widely tested.

Table 6.1 Definition of SS316LN-IG

Natural element Weight (%) Natural element Weight (%)

B 0.001 Mn 1.8

C 0.0297 Fe 64.8643

N 0.07 Co 0.03

Si 0.5 Ni 12.25

P 0.025 Cu 0.3
0.01 Nb 0.01

Ti 0.1 Mo 2.5

The neutron simulation consisted in a box of 1x1x2cm3 of SS316LN-IG steel (Table 6.1). The
spatial discretization divides the space in a homogeneous 2x2x2 mesh. The boundaries of the
energy resolution of the neutron flux are 0, 0.1, 1.0, and 2.0 MeV. The neutron flux source is
uniformly emitted in Z-axis over the 1cm? face. The energy spectrum is sampled with the same
probability in each energy bin of the neutron flux (corresponding to the VITAMINI[66] energy
structure, where the group width is not homogeneous), and inside of each bin, the energy is

sampled uniformly. The sampled spectrum correspond to those presented in Figure 6.1.
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Figure 6.1 Neutron source spectrum

Figure 6.2 presents the relative difference of the correlation of the neutron flux, where the X-
axis is a dummy index that represents each pair of neutron flux variables (pair of positions and

energy bins). This figure shows that the differences are negligible.
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Figure 6.2 Relative difference of the correlation (Cor) calculated using NumPy library (n) or the solver
of the transport code (t) of R2S-UNED
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6.2 Verification of the algorithm that calculates the isotopic contribution in R2S-

UNED

This exercise aims to verify that the isotopic contribution to the SDR, calculated with R2S-
UNED uncertainty module, is correct. For that, this section presents an exercise whose response
from the R2S simulation is proportional to the number of gamma emitted by the DGS. Therefore
we can the isotopic contribution from the material activation (relative number of gamma emitted
by each isotope) with isotopic contribution calculated by R2S-UNED transporting the DGS (see
section 5.4.2).

The exercise consists in the irradiation of a SS316LN-IG steel (Table 6.1) slab whose
dimensions are 1x1x0.1 cm3. The steel slab is wrapped by a void spherical cell. The neutron
source is uniformly emitted in Z-axis over the 1cm? face. The neutron source spectrum is sampled
with the same probability in each group of the Vitamin] structure [66]. That is, it is sampled
according to the spectrum shown in Figure 6.1. The irradiation scenario consists in 107 seconds

of irradiation and 10° seconds of cooling time with a intensity of 1 neutron per second.

The DGS generated in the slab is transported in the same geometry, but removing the
material of the slab?. In this exercise, the photon flux is measured in the void spherical cell. Due
to the fact of there are not any attenuation between the source and the response, the photon

flux is proportional to the number of gammas emitted by the DGS.

This exercise was performed using R2S-UNED. 108 neutron histories were run during the
neutron transport, and 10° photon histories were run during the photon transport. It is worth to
noting that the neutron uncertainty does not affect to the comparison, because exactly the same
uncertainty is introduced in both estimations (activation step and R2S-UNED). However, the
schotastic uncertainty of the photon transport only affects to the R2S-UNED estimation, and
therefore it must be taken into account. In this case, the uncertainty is small enough to be
negligible (<0.5%). During the R2S activation step the library containing the photon spectrum
was modified deleting all low-energy photons. This way, we guarantee that the energy cut-uff of

the MCNP-R2S does not kill any photon, which was taken into account during the activation step.

Table 6.2 shows the comparison of the isotopic contribution, calculated from the complete
R2S simulation or from the activation step. The results of both estimations are in excellent
agreement. Consequently, the R2S-UNED estimation of the isotopic contribution to the tally is

adequate.

! This means that the photon simulation is performed in a void geometry.
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Table 6.2 Contribution to the photon flux calculated from the isotopic activity using R2S-UNED
activation solver or from R2S-UNED uncertainty module

Activity Yield Contribution calcuated from  Contribution calculated from

fsotope (Bg) (yBq™) the activation step (%) R2S-UNED simulation (%)
Co*® | 456105 1.5692 68.32 68.32
Mn** | 8.48:10% 1.2545 9.71 9.71
o 7.896.'10' 1.6270 661 661
7a'%2 | 2.25°10¢ 3.7848 5.84 5.84
c*! | 4,06°105 0.3251 4,53 4,53
co® | 3.87-107 1.9986 0.98 0.98
Fe*® | 5.82:107 1.0406 0.74 0.74
7c¢#m | 396107 0.9688 0.45 0.45
NpP2m | 1.44-107 1.7163 0.31 0.31
Mo” | 4,09:107 0.3344 0.18 0.18
NPt | 136107 0.6975 0.10 0.10
Np%” | 7.06107  0.9996 0.10 0.10
Sc*% | 1.95108 1.9997 0.05 0.05
NF7 | 7.74'10° 2.2286 0.02 0.02

6.3 Verification and validation of the algorithm that calculates the contributing

production pathways in R2S-UNED

This section aims to verify the implementation of the method to evaluate the importance of

the pathways that produce the relevant isotopes?. For that, two exercises were performed:

The first one consists in analyzing a simple matrix to follow systematically the algorithm which
detects the pathways. This exercise aims to verify that the pathways are found according to the

expected working of the algorithm. The results of this exercise are presented in section 6.3.1.

n”

The second exercise compares the method depicted in section 5.4.3.2 with a “hand-made
methodology used to calculate the contribution of the pathways with ACAB. This comparison,

described in section 6.3.2, is carried out in a ITER exercise analyzed in previous works [67] [68].

!'We refer to the method, introduced in section 5.4.3.2, that deals with general activation systems.
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In addition to its application during the thesis, the method was also successfully applied to
find the most relevant chains in ITER [56] [69].

It is worth highlighting that in all its practical applications of JET, ITER, and DEMO, no relevant
loops were found in the pathways that produce the most relevant isotopes. This suggests that
the implemented method is enough for most of the practical applications where R2S-UNED is
used. Other studies also support this idea [59]-[61], with very few exceptions named in them.

Nevertheless, the implemented module can consider them when they are relevant.

6.3.1 Estimation of the pathway contributions in a simple matrix

This study aims to show that the different pathways are correctly detected, and the
contribution is always less or equal to 100%. During this exercise, we consider that the ACAB

evaluation is correct. Therefore, the estimation of the pathway contribution is also correct.

b4 |
Isotope A pemeemmmmyg SOtOpEe B pummemmmmmg [Sotope C
4
A 4
s [SOtOpe D Isotope F

A
Figure 6.3 Scheme of the activation case for verifying the algorithm to look for the relevant pathways

The studied case is shown in Figure 6.3, where the isotope C is the relevant isotope to our
“activation system”. The transition matrix, which represents the activation system of Figure 6.3,
was generated randomly. This matrix is shown in Equation 6.1, where the order of the isotopes
was assigned according to the alphabetic order.

—1.532  0.000 0.522  0.000 0.000
i 0.839 —0.780 0.000 0.710  0.000
General case: A = 0.693 0.409 —0.522 0.000 0.000

0.000 0.371 0.000 -—1.298 0.980
0.000 0.000 0.000 0.588 —0.980

Equation 6.1

This case was analyzed using the three different pathway definitions, which are:

i. Linear chains
ii. Linear chains with loops!
o Only loops with metastable estates

o General loops

! The algorithm only considers the loops if it contains an isotope which belongs to the considered linear
chain between the relevant isotope and the initial material isotope.
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iii. General contribution from the nonzero initial concentration isotope?!

For the linear chain mode, the found pathways are the linear chains A-C and A-B-C. The

matrix of the ODEs system that represents these pathways are presented in Equation 6.2

—1.532 0 )

Linear chain 1: 4 = (0693 —0.522

~/-1532 0 0
Linear chain 2: A = (0.839 —0.780 0 )
0 0.409 —0.522

Equation 6.2

The linear chains and loops mode found two linear chains and the correspondent loops. That
is the loops that contain at least one isotope of the linear chain. These systems are represented

in Equation 6.3

—1.532 0.522 )

Linear chain and loops 1: A = ( 0693 —0.522

—1.532 0 0.522 0
0.839 —-0.780 0 0.710
0 0.409 —0.522 0

0 0.371 0 —-1.298

Linear chain and loops 2: A =

Equation 6.3

Finally, the last mode found the matrix of Equation 6.4.

—1.532 0 0.522 0
0.839 —-0.780 0 0.710
0.693 0409 —0.522 0

0 0.371 0 —1.298

Contribution case: A =

Equation 6.4

The contribution of the different presented pathways and the loops found is presented in
Table 6.3.

This table shows that the algorithm finds the corresponding pathways. Only the loop which
contains the isotope F was not found due to the loop definition?. In addition, when a new loop is
considered, the pathway contribution is increased, as expected (missing isotopes are re-
incorporated via the loop). The results of this exercise indicate that the algorithm finds the

possible pathways properly.

! This method was not included in the module of uncertainty of R2S-UNED developed in the thesis,
since it considers excessive reactions. Consequently, it does not filter the most important reactions.

2 Note that the loop D-F is not taken into account since any of these isotopes belongs to the principal
chain
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Table 6.3 Pathways detected by the method according to the search option

Mode Loops Principal path Contribution (%)
Path1l: A-C 75.529
Linear Chains - Path2: A-B->C 21.805
Total 94.334
Path1l: A->C 76.907
i i .C- A
Linear Chains and Path2: A—B-C 21.870
loops B<D
Total 98.777
. . .C- A A-C 99.998
All contribution BoD AsBoC .

6.3.2 \Verification and Validation of the pathway contribution calculation method in
ITER

This section compares the contribution of the pathways calculated using the developed
method?, with a previous method (hereinafter it will be called elimination method) used at UNED

to quantify the pathway. The methods are compared in ITER activation environment? [67] [68].
The elimination method works as follow:

i The complete ODE* system is solved. This result is the reference isotopic
concentration

ii. The studied reaction is deleted from the activation library

iii. The new ODEs system is solved.

iv. The relative loss of concentration is associated to the importance of the reaction.

The method described in section 5.4.3.2 estimates the importance of the pathways in the
production of a radioisotope. However, the elimination method directly gets the importance of
the different reactions. The pathway contribution is derived from the importance of the reactions

which compose the pathway.

It is worth noting that the total importance defined by this method can be different to one”
(even higher than one) due to the influence of a reaction in the rest of the pathways.

Consequently, this method has some limitations to its general application:

! Due to the features of the proposed ODEs system, ACAB code guarantee the error of the isotopic
concentration is about 107 the result [102].

2 We refer to the method, introduced in section 5.4.3.2, which deals with general activation systems.

3 These works were performed, using the previous algorithm, before this thesis.

4 These activation ODEs systems were solved using ACAB code

5> As section 5.4.3.2 comments, the reaction contribution cannot be defined.
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i The burn-up cannot be considered: Since the reaction is deleted before the
calculation, the loss of isotope due to the reaction is not properly considered during
the temporal evolution of the isotopic inventory.
ii. One reaction can belong to more than one pathway, then, careful analysis must be

done to determine the contribution of the rest of the reactions.

In this thesis, we take advantage of the works [67] [68], which use the elimination method
methodology to detect the most relevant reactions in SDR analysis performed in ITER enviroment,
in order to a future investigation of the quality of these cross-sections. For that, they evaluate
the activation of common materials located in the port interspace (PI) and port cell (PC) at the
relevant times to the maintenance activities in both areas (at 1 day in the PI and 12 days in the

PC). These regions are shown in Figure 6.4.

T Port Cell
Port,Duct
%

- o

Figure 6.4 ITER Port Cell (PC) and Port Interspace (PI) areas [67].

Interspace

The neutron flux calculated in both regions are shown in Figure 6.5, and the SA-2 irradiation

scenario was considered to perform the material activation [70].
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Figure 6.5 Neutron flux used for activation calculation [67]
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Since this ITER application meets SNILB conditions, the elimination method is suitable for this

specific application. Consequently, we can use this exercise, presented in [67] [68], to validate

our implementation.

The results calculated applying the elimination method! were obtained from the literature[67]

[68]. Tables from Table 6.4 to Table 6.8 present those calculated obtained from the elimination

method and the new method (implemented in Achains program?). All results provided by Achains

are in excellent agreement with the results obtained from the literature.

Table 6.4 Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for

conventional concrete.
Major Cooling time Relevant pathways and contribution (%)
radionuclide (days) Literature Achains
ZNa(n, y) *Na (70.5)
%Na 1 ZNa(n,g)**Na (99.6)

3Na(n, yM) *™Na(y) *Na (29.1)

Table 6.5 Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for barite

concrete.
Major Cooling time Relevant pathways and contribution (%)
radionuclide (days) Literature Achains

2Mg(n,p)**Na (23.3)
N . 2Mg(n,p)**Na (33.6) 2Mg(n,p_s) *™Na (y)**Na (10.4)
27Al(n,a)*Na (66.3) ZAl(n, )**Na (45.8)
27Al(n,a_s) 2*™Na (y) **Na (20.5)
Mn 1 54Fe(n,p)>*Mn (100) 4Fe(n,p)>*Mn (100)
Fe 1 8Fe(n,g) >°Fe (100) 8Fe(n, y) *°Fe (100)
130Ba(n, y)!3'Ba (74.9)

131Bg 1 130Ba(n,g)*'Ba (99.9)
130Ba(n, yM)*3'mBa (y)'3'Ba (25.0)
132Ba(n, y)'*Ba (89.3)
54 . 132B3(n,g)'*Ba (97.1) 132B3(n,g) **™Ba (y)'*Ba (7.8)
134Ba(n,2n)***Ba (2.7) 134Ba(n,2n)'*Ba (1.5)
134Ba(n,2n) '*mBa (y)*Ba (1.4)
134Ba(n,g)**>mBa (58.6) 134Ba(n, y)*mBa (58.6)
135mBg 1 135Ba(n,n”)!mBa (32.5) 135Ba(n,n")!MmBa (32.5)

136Ba(n,2n)3>mBa (8.9)

136Ba(n,2n)3>mBa (8.9)

!'In the results of the elimination method, two-step pathways, which meet the conditions presented in
section 5.4.3.1, were considered inside of the direct pathway. In Achains, these details are depicted.
2 The methodology proposed to detect pathways and quantify their contribution was implemented was
also implemented to individual activation calculations. In this framework, out of R2S method, the code
where this methodology was implemented is called Achains.
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Table 6.6 Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for L2N
concrete.

Relevant pathways and contribution (%)

Major radionuclide Cooling time (days)
Literature Achains
o *Fe (n,p)>**Mn (94.3) *Fe (n,p)>**Mn (94.3)
Mn 12
5Mn (n,2n)*Mn (5.7) 5Mn (n,2n)**Mn (5.7)
. 8Fe(n,g)>°Fe (98.8) 8Fe(n, y)>°Fe (98.8)
Fe 12
Co(n,p)>°Fe (1.2) Co(n,p)>°Fe (1.2)
%Co(n, y)%°Co (55.6)
%0Co 12 %Co(n,g)®°Co (100)
$Co(n,g_m) ®™Co(y) ®°Co (44.4)
133Cs(n, y)*3'Cs (90.9)
134Cs 12 133Cs(n,g)*3*Cs (100) s, g) PHMCs(y)1Cs (9.1)
s(n,g) B*™Cs(y s (9.
152Ey 12 151Eu(n,g)*>2Eu (100) 51Eu(n, y)™2Eu (99.9)
153Ey(n, y)>*Eu (98.4)
154Ey 12 153Eu(n,g)*>*Eu (100)
153Eu(n, ]/) 154mEU(]/)154EU (16)
160Th 12 159Th(n,g)'*Tb (100) 19Th(n, y)%°Tb (100)

Table 6.7 Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for Cu.

Major Cooling time Relevant pathways and contribution (%)

radionuclide (days) Literature Achains
%4Cu 1 8Cu(n,g)**Cu (100) 8Cu(n, y)**Cu (100)
8Cu(n, ¥)®°Co (74.3)

%0Co 12 83Cu(n,a)*°Co (100)
83Cu(n, yM)®mCo(y) ¥Co (25.7)
1°9Ag(n,g)11°”‘Ag

110mp 12 109Ag(n, yM)11OmAG(100
g (100) g(n, yM)*"Ag(100)
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Table 6.8 Pathways for radionuclides of interest from ACAB+EAF-2007 activation simulation for W.

Major Cooling time Relevant pathways and contribution (%)

radionuclide (days) Literature Achains

B2W(n,p) ¥2Ta(92.7)

182w(n,p N) 1825Ta(.y) 182rnTa(.y)

182T3(2.9)
B W(n,p)  (98.3)

18274 12 18273

182\W(n,p_M) 82" Ta(y) ¥2Ta(2.7)
WD) (12) T 183W(n,D) *"Ta(y) ¥2Ta(0.6)

n, . a
18W(n,np) ¥mTa(y) ¥2Ta(0.3)
183W(n,D) 82Ta(0.6)

18W(n,np) ¥2Ta(0.1)

180W(n,g) ¥'W (50.6

) 180W(n, y) #*W (50.6)
181W 12
182\(n,2n81W) 182\/(n,2n) E1W (49.4)
(49.4)
1 186\(n,g) W (100) 185\W(n, y) 17W (100)
187W
12 185W(n,g) 1¥7W (100) 185\\(n, y) W (100)

6.4 Verification of the algorithm that calculates the derivatives of the

concentration to the reaction rates per target isotope in R2S-UNED

This section is divided into two subsections; each one deals with the verification of one of the
solvers, implemented in the uncertainty module of R2S-UNED, to calculate the sensitivity
coefficients (see section 5.5). Section 6.4.1 verifies the appropriate working of the solvers when
SNILB conditions are met, while section 6.4.2 deals with the verification of the general-purpose

solver.

6.4.1 Verification of the algorithm when SNILB conditions are met
This section verifies the specific solver to SNILB conditions as well as the general-purpose
solver when SNILB conditions are met. For that, the results of the implemented solvers! are

compared with those derived from the activation calculation of two verified activation codes:

! Note that the approach to consider 2 step pathways (see section 5.4.3.1) using the SNILB solver, was
also considered during the application of the general-purpose solver. This way, both codes detect exactly
the same pathways
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i. dilstime.py: Itis a verified python script that calculates the correction factor (associated

with the irradiation scenario) in D1S-UNED simulations. This coefficient allows directly
evaluating the sensitivity coefficient (see Equation 3.14)

ii. ACAB solver!: It is used to calculate the isotopic concentration at the time of interest.

Assuming no initial concentration of the relevant radioisotope N,(0) = 0, the sensitivity

coefficient (Equation 3.14) can be calculated by dividing the isotopic concentration

calculated by ACAB (Equation 3.12) by the corresponding reaction rate.

Table 6.9 Mixture material

Isotope Atoms (%) Isotope Atoms (%)
Cus3 25 Mn55 25
Co>® 25 Cr32 25

The activation case, where these methods were compared, consists in the irradiation of 2:1022
atoms of the material described in Table 6.9. The neutron spectrum was sampled according to
Figure 6.1. The irradiation scenario used was the SA-22 [70], which is commonly assumed in ITER
analyses.

Table 6.10 Derivative of the isotopic concentration with respect to the reaction rate per target isotope

(at’s)

Reaction D1S-time.py ACAB solver SNILB solver General solver
Co”?-Co”’ 8.20649-10% 8.20649-10% 8.2066210%° 8.2066210%°
Co*-Co*® 6.07310-10%° 6.07310-10%° 6.07320-10%° 6.07320-10%°
Ccri?-Cr*! 2.01288:10% 2.01288-10% 2.01292-10% 2.01292-10%
as3-cuf? 1.58515-102 1.58515°102 1.58517-10% 1.58521-10%
M3 -Mn*? 2.23108:10% 2.23108-10% 2.23111-10% 2.23111-10%

Table 6.10 shows the results of the four methods are in excellent agreement. The difference
is due to the decay constant value. In the case of D1S-time.py and ACAB solver, the decay
constants are read directly from the EAF decay library. However, the uncertainty module of R2S
read this data from the DECAY.dat? library (specific library used by ACAB code [41]).

I ACAB solver refers to the three subroutines used in ACAB to solve the ODEs system, which were
originally implemented in ORIGEN[48]. See section3.4.1

2 The scenario is complicated enough because this has several sets of pulses of different intensities. Then
it can be considered as representative of any other scenario used.

3 DECAY .dat library contains also EAF data but with fewer significant digits than the EAF decay library.

87



Chapter 6
Verification of the developments in R2S-UNED

6.4.2 Verification of the general-purpose algorithm

This section verifies the estimation of the derivatives of the isotopic concentration to the
reaction rates when the SNILB conditions are not met. For that, two different cases are
performed. The first one consists in a two-isotope case where the burn-up is important. The
second case verifies the derivatives of several reactions of pathways where the Single Neutron
Interaction is not met.

The verification consists in the comparison of numerical derivatives, with the results obtained
by the general-purpose solver of R2S-UNED uncertainty module. The numerical derivative! code
couples the ScyPy [71] python library with the ACAB and Euler ODEs solvers to calculate linear
chains.

It is worth highlighting that Euler solver was also implemented as the ODEs solver of the
general-purpose algorithm?. Thus, we can distinguish if the possible differences are due to the
implemented methodology, or to the accuracy of the ODEs solver used to carry out the estimation

of the sensitivity coefficients.

6.4.2.1 Verification of the estimation of the sensitivity coefficients when the burn up is relevant

This case consists in the activation of the chain A-B where the initial concentration of A is 1010
isotopes and there is no initial concentration of B. B is an unstable isotope whose decay constant
is 10 s1. The reaction rate between A-B is 2:10° reaction's*at!, and the irradiation scenario
consisted in an irradiation of 107 seconds and a cooling time of 10° seconds.

Table 6.11 Derivatives of the concentration with respect to the reaction rate (at's) when the burn up is
extremely important

Numerical Numerical Complete ODEs Complete ODEs
derivative (Euler) derivative (ACAB) system (ACAB) system (EULER)
-1.666°10*! -1.669-10% -1.622-10% -1.669-10%

The results of the case, presented in Table 6.11, show an excellent agreement between all
the methodologies and the analytical solution (-1.669-10!! at's). The complete ODEs system
solved by ACAB shows a slight difference from the other solutions. However, the difference is
small enough to its effect in the SDR uncertainty was negligible if this kind of error would happen
using the uncertainty module of R2S-UNED. Nevertheless, it suggests that ACAB solver
performance must be evaluated. This error can be due to the detected problems of ACAB [62] or
to ACAB maodification (see section 5.5).

! This method was not used to estimate the sensitivity coefficient in R2S-UNED because it is slower
than implemented one calculating all the required derivatives.

2 The final implementation of the general-purpose solver in R2S-UNED does not consider Euler since it
is slower and requires the election of the time step in order to control the accuracy of the solver.
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6.4.2.2 Verification of the estimation of the sensitivity coefficients when the pathways are linear chains
of more than one reaction

This exercise evaluates the derivatives of the most important reactions that produce Ta'2

from pure tungsten?! in the activation exercise described in Table 6.12. Where the irradiation

scenario consisted in an irradiation of 107 seconds and a cooling time of 10° seconds.

Table 6.12 Relevant data to define the activation system to produce 1%2Ta

Variable

Value

182 jnitial concentration
180y jnjtial concentration
183 jnitial concentration
182y - 18274 reaction rate
182y- 181/ reaction rate
180y - 181y reaction rate
183 y- 182m T4 reaction rate
183 /- 181/ reaction rate
182|y- 182574 reaction rate

1815 - 18275 reaction rate

1.649-10%! Atoms

7.469°10'8 Atoms

8.909°10%° Atoms
3.609-101* reactions/s/atoms
1.771:10reactions/s/atoms
7.426°10 %reactions/s/atoms
3.514'10'°reactions/s/atoms
1.677-102reactions/s/atoms
1.133:10 '°reactions/s/atoms

1.474+10°reactions/s/atoms

The exercise was solved with the numerical and general solvers. Table 6.132 presents the

results of this exercise.

It is worth highlighting that the implementation of the numerical derivative only enables
linear chains to be solved. Then, if one reaction belongs to more than one pathway, the derivative
of the concentration due to this reaction is the sum of the derivative of each pathway3. On the
contrary, the general-purpose solver implemented in R2S-UNED uncertainty module solves all the
system that produces the relevant isotope in only one calculation. Consequently, its results are
directly the complete derivative of the isotopic concertation with respect to the corresponding

reaction rate per target isotope.

! This activation exercise contains one of the most common pathway of more than one step found in
SDR analysis of fusion facilities [21].

2 Despite of the ODEs system was also solved using Euler solver, only ACAB solver results are presented
because both solvers provides exactly the same result.

3 This is due to the isotope concentration can be expressed as the sum of the isotopic concentrations of

all the pathways that produce this isotope.
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Table 6.13 Derivatives of the Isotopic concentration of tantalum 182 with respect to the reactions.
The reactions are represented in bold font.

Chain and reaction Numeric derivative (at's) complete system (at's)

182 w- 182 Ta
182 w- 181 w- 181 Ta- 1827'a
180 w- 181 w- 181 Ta- 1827'a
183 w- 182m T3 - 182 1E]
183W_ 181 w- 181 73 - 1827'a
182 w- 182s Ta_ 182m Ta- 182 Ta
182w_ 181 W- 181 Ta- 182 Ta
130W_ 181 w- 181 Ta- 182 Ta
183w_ 181 w- 181 Ta - 182 Ta

Suma.181Ta - 18273

1.10618°10%8
1.7960510%°
8.10221-10%
5.97549-10%
9.70292-10*
1.10629-10%8
2.14880°10%
4.07374°10%
1.09925°10%

2.66609°10%

1.10606°10%8
1.79581-10%
8.10221-10%
5.97543-10%
9.70280°10%

1.10612°10%8

2.66609°10%

The results calculated by both methods present an excellent agreement. Consequently, the

implementation of the ACAB solver to calculate the derivatives can be considered correct.

6.5 Verification of the algorithm that transports the stochastic uncertainty in the

neutron flux until the SDR uncertainty

The exercise aims to validate each step of the SDR uncertainty calculation in a simple R2S
example in order to make all the steps involved traceable. This R2S simulation must be suitable
to calculate the stochastic SDR uncertainty using the R2S-UNED uncertainty module. In addition,
the R2S simulation must allow applying the brute force method in order to compare the results

of both approaches. This means that:

i R2S simulation must be fast to run a high enough number of clone cases to estimate
the SDR uncertainty using the brute force method.
ii. The number of mesh elements must be small enough to estimate the correlation

matrix.

In addition, the exercise must verify both calculation modes of the uncertainty module of
R2S-UNED. They are the faster and simpler mode which is useful when SNILB conditions are met
(sections 5.4.3.1 and 5.5.1), and the more complete method to deal with a general activation
case (sections 5.4.3.2 and 5.5.2).

Considering these points, we define an R2S exercise to validate the algorithms. It consisted

in the activation of a small slab in order to measure the photon flux in the surrounding of the
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slab?. The dimensions of the slab are 1 cm? of surface and 0.1 cm of thickness. Neutrons uniformly
irradiated this slab? for 107 seconds, followed by 108 seconds of cooling time. The source energy
spectrum was defined according to the Vitamin-J group structure with equal emission probability

for each group. This spectrum is shown in Figure 6.1.

Concerning the library data used in the R2S transport simulations, the neutron transport used
FENDL3.1 [72] library while the photon transport used MCPLIB04[73] library. Regarding the
activation, the EAF2007 [74] library with Vitamin-J [66] group structure and flat weighting
function were considered to estimate the reaction rates3. The DGS was described in three energy

groups, whose boundaries are 0.0, 1.0, 5.0 and 20.0 MeV.

About the material and irradiation scenario, they change between the simulation where

SNILB* conditions are met or the general activation case as follows:

For the SNILB case, the material was natural nickel, while the irradiation scenario consisted
in 107 seconds of irradiation and 10® seconds of cooling time with an intensity of 1n/s. These

conditions guarantee that SNILB conditions are met. This case is detailed in section 6.5.1.

For the general activation case, the material was natural tungsten, which was irradiated with
an intensity of 104 n/s. The irradiation scenario consisted in 107 seconds of irradiation and 10°
seconds of cooling time. These conditions are enough to produce relevant isotopes by pathways

that do not meet SNILB conditions. The results of this exercise are presented in section 6.5.2.

It is worth noticing that the general activation case was repeated, considering only the
pathways producing Ta!®2. This way, the relevance of the pathways, which do not meet SNILB

conditions, is increased®.

6.5.1 Verification of the uncertainty estimation when SNILB conditions are met

This section describes the uncertainty of the R2S simulation of the nickel slab. The R2S-UNED
simulation was completely run®, including the uncertainty module, according to the earlier R2S
simulation description. The relevant input parameters of R2S-UNED uncertainty module are
detailed in Table 6.14.

! The proposed exercise is similar to the exercise described in section 6.1.

2 The slab is irradiated according to the Z-axis, perpendicular to the face of 1cm?

3 Therefore, the neutron flux was also calculated using Vitamin-J energy group structure.

4 The results of this verification case of the tool were published in [63].

3 It is worth highlighting that the estimation of the stochastic R2S uncertainty, without any additional
limitation during the activation step, was one of the aims of the thesis.

¢ Neutron and photon transport were run up to 10°source histories were simulated
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Table 6.14 Relevant parameters of the R2S-UNED uncertainty module in the nickel slab simulation

Parameters Value
Spatial filter 100%
Isotopic Filter 99.8%
Reaction Filter 99.9%
Solver SNILB
Ni*’-Co”’
Two step chains by immediately decay Co®8m-Co>8
CO60m_CO60

The R2S simulation was carried out to estimate the most relevant isotopes and reactions. The
brute force simulation calculates only the most relevant isotopes and reactions previously
detected. The results of the most relevant isotopes and reactions are presented in Table 6.15.

Table 6.15 Isotope contribution to the photon flux and pathways that produce them

Isotope Photon flux contribution Pathway Contribution to the isotope production

Ni60-C0®0 99.24%
0 (o)
o e Ni61-Co60 0.74%
Co™® 97.50% Ni58-Co58 99.99%
Co” 2.20% Ni58-Co57 100%

Consequently, the covariance matrix of the reaction rates, activity, DGS intensity, and photon
flux were calculated considering only these relevant pathways. The estimation was carried out
using R2S-UNED and the brute force method (1000 R2S cases).

The uncertainty of these quantities was calculated using two different spatial discretizations;
1 mesh element and 6 mesh elements. The 1 mesh element allows following each detail of the
calculation, while the 6 mesh elements case allows verifying the correlation between different

regions!. Subsections 6.5.1.1 and 6.5.1.2 present these cases.

6.5.1.1 1-Voxel case

The correlation of the neutron flux is presented in Figure 6.6. In this figure, all the correlations
below 0.01 are printed in white colour. The figure shows that the neutron flux is almost not
correlated, as it was expected because the slab is small, and the neutrons do almost not suffer
interactions with the material. The standard deviation of the neutron flux is close to 1.5% in

each bin.

! The code uses different subroutines to deal with the uncertainty of a mesh than to deal with the
uncertainty between two correlated regions
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Figure 6.6 Neutron flux correlation

The uncertainty!? of the reaction rates, which is the first step, is presented in Table 6.16 and

Figure 6.7.

Table 6.16 Reaction rate and its uncertainty estimated using the brute force of a set of cases or the
R2S-UNED uncertainty module in a particular case

React Mean reaction Brute force Particular reaction Estimated
eaction
rate (s™1) uncertainty (s~1) rate (s™1) uncertainty (s™1)
NFP8-Co*® 1.095°10% 2.07°1028 1.097-10% 2.09:1028
NF3-Co” 4.703-10% 1.70°10%8 4.718:10% 1741038
NPFO-Co?? 1.623-10% 4.10°10% 1.634-10% 4.12°10%
NP1-Co?0 2.823:10% 1.46°10% 2.836°10% 1.51-10%
1.0 0.270 0.705 0.089 1.0 0.250 0.719 0.068

0.270 1.0 0.723 0.842 0.250 1.0 0.692 0.844

0.705 0.723 1.0 0.362 0.719 0.692 1.0 0.350

0.089 0.842 0.362 1.0 0.068 0.844 0350 1.0

Figure 6.7 Correlation of the reaction rate calculated by brute force (left) or by R2S-UNED uncertainty
moaule (right)

! During this section, the different quantities uncertainty is represented by the standard deviation of the
quantities and the correlation matrix.
2 R2S-UNED uses the calculated covariance matrix of the neutron flux.
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The next calculation step of R2S-UNED uncertainty module is to estimate the uncertainty of

the isotopic activity. For that, the covariance matrix of the reaction rates is properly multiplied by

the sensitivity coefficients, which are presented in Table 6.17.
Table 6.17 Sensitivity coefficients of the most relevant reactions in the activation of the Nickel

Acoss - ANCo*® Acos7 - aNCo”’ Agp60 aNCco® Acp60 ANC®
a<o_¢)Ni58_6058 a<o_¢)Ni58_COS7 a(a¢)Ni60—C060 a<a_¢)Ni61_C060

3.761845-10% 1.542852°10% 9.734889-10%° 4.232077°10®  Bqg's‘reaction’

Table 6.18 and Figure 6.8 show the values of the activity and its uncertainty calculated using

the brute force method or the R2S-UNED uncertainty module.

Table 6.18 Isotopic activity and its uncertainty estimated using the brute force of a set of cases or the
R2S-UNED uncertainty module in a particular case

Activity Mean activity Brute force Particular case Estimated
(Bq) uncertainty (Bq) activity (Bq) uncertainty (Bq)

Co*® ‘ 4.169-10* 7.86°107 4.176:10* 7.84:107

co”’ ‘ 7.280°10° 2.62:107 7.303-10° 2.67-107

Co? ‘ 1.596°10°6 4.01-10° 1,601°10° 4.01-10°

0.250 1.0 0.702

0271 1.0 0.714
0.717 0.702 1.0

(1.0 0.271 0.721)
0.721 0.714 1.0

( 1.0 0.250 0.717>

Figure 6.8 Correlation of the isotopic activity calculated by brute force (left) or by R2S-UNED uncertainty
moaule (right)

According to the scheme of uncertainty propagation presented in Chapter 4, the next
calculated quantity is the intensity of the DGS. This calculation is performed by multiplying
properly the covariance of the isotopic activity by the number of gammas produced by the isotope

in each energy group, which are supplied in Table 6.19.

Table 6.19 Gammas per disintegration emitted in the Nickel slab by the relevant isotopes to the photon
flux?

Photon energy group co57 Co58 Co60
0-1 MeV 0.2504 (y - Bq™) 1.934(y - Bq™1) 1.793-10*(y - Bq™Y)
1-5 MeV 0.0000(y - Bq™Y) 2.898°103(y - Bq™1) 0.8345(y - Bq™1)

! Note that R2S modifies the number of gammas in order to emit the same energy.
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Table 6.20 and Figure 6.9 present the DGS intensity and its uncertainty.

Table 6.20 DGS intensity and its uncertainty estimated using the brute force method or the R25-UNED
uncertainty module

Mean gamma Brute force Estimated
Energy bin ] ) ] Particular case )
source intensity uncertainty uncertainty
0-1 MeV ‘ 8.253°10%(s™1) 1.54:105(s™1) 8.267:10%(s™1) 1.54-10%(s™1)
1-5 MeV ‘ 2.773°10%(s™1) 5.76°10°(s™1) 2.779°10%(s™1) 5.22:10°(s™)
( 1.0 0.882) ( 1.0 0.908)
0.882 1.0 0.908 1.0

Figure 6.9 Correlation matrix of the DGS intensity

In order to estimate the R2S response uncertainty, we require the DGS contribution presented
in Table 6.21.

Table 6.21 Contribution of the DGS intensity to the photon flux emitted from the Nickel slab and its
uncertainty, where y;1 is per photon source

Energy bin  PS element contribution MC Uncertainty

0-1 MeV 8.79(y-cm™2-y3h) 0.03 (y-cm™2-y3h)

1-5MeV | 2.86°102 (y -cm™2-y;Y) 5104 (y-cm™2-y3h)

Table 6.22 presents the uncertainty of the total DGS and the photon flux, which is the last
step of the uncertainty propagation scheme implemented in the R2S-UNED uncertainty module.
It is worth noting that the SDR relative uncertainty (0.2%) is almost 10 times lower than the
uncertainty of each neuron flux (1.5%).

Table 6.22 Total source factor and photon flux emitted from the Nickel slab and its uncertainties
estimated using the brute force of a set of cases or the R2S-UNED uncertainty module in a particular case

Mean Brute force Particular Estimated
magnitude uncertainty case uncertainty
Total source factor
» 8.281:10 1.54:10% 8.295-10 1.54:10%
y-s™)
Photon flux

1 —2)

e ‘ 7.568:102 1.42-10* 7.554-107? 1.42-10*
y-st-cm

As a summary of the results presented during this section, they show the correct data
operation step by step, according to the equations presented in Chapter 4. In addition, these
results also show the correct prediction of the uncertainty of the R2S simulation, because they
are in good agreement with the results of the brute force method.
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6.5.1.2  6-Voxels case

The neutron flux uncertainty was calculated using MCNP-R2S in a rectangular mesh of 1x2x3!?
covering the slab. The standard deviation of the neutron flux is close to 1.5% in each energy bin
of each position. The correlation of the neutron flux is presented in Figure 6.10. In this figure,
the increasing of the voxel index corresponds, first at moving in Z-axis, and afterwards in Y-axes.

Note that the Z-axis was the irradiation direction.
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Figure 6.10 Correlation of the 6-voxel neutron flux

As expected, the voxels connected according to z-direction are correlated. According to the
voxels are further away, the correlation decreases. In addition, the correlation between the voxels
according to the y-direction also exists. Principally this is seen at low energy, possibly because
there are more interactions. These interactions stray from the neutron trajectory and weakly
correlate the nearest voxels. This correlation also decreases with the distance. Equivalent and

more detailed results? were obtained in [31].

Due to the size of the correlation matrix of the different quantities, only the uncertainty of
the activity, DGS intensity3, and photon flux are calculated and compared with the brute force
results. The uncertainty of the uncorrelated case is also calculated. The estimation aims to show

how the correlation of the case affects the uncertainty in this case®.

1

2 More materials with different thinness and structured meshes were studied.
3 The activity and DGS intensity results provided are integrated over all the slabs.
4 Note that the neutron flux is almost uncorrelated, as shown in Figure 6.9.
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Table 6.23 presents the uncertainty of the activity in the whole nickel slab.

Table 6.23 Isotopic activity in the nickel slab and its uncertainty estimated using the brute force of a
set of cases or the R25-UNED uncertainty module in a particular case

Mean Brute force Estimated Uncertainty
Particular
Activity activity uncertainty o uncertainty uncorrelated
activity (Bq)
(Bq) (Bq) (Bg) neutron flux (Bq)
o | 4.169°10* 8.07-107 4.161-10* 7.79:107 5.11-107
Co” | 7.281'10° 2.60°107 7.227°10° 2.65°107 1.59-107
Co? 1.597-10° 3.98'10° 1.587°10° 3.98'10° 2.48'10°

Table 6.24 shows the uncertainty of the total photons per second emitted by the source and

the uncertainty of the photon flux.

Table 6.24 Total source factor and photon flux and its uncertainties estimated using the brute force of
a set of cases or the R25-UNED uncertainty module in a particular case

Uncertainty
Mean Brute force Particular Estimated
uncorrelated
magnitude  uncertainty case uncertainty
neutron flux
Total source
factor 8.281:10* 1.58:10° 8.264'10* 1.53:10° 1.005°10%
(r-s™
Photon flux
(y-st 7.574-102 1.48:-10* 7.557:102 1.42-10% 9.536°10°
-cm™?)

The results show a good agreement between both methodologies. The uncertainty of the R2S
cases presented in this section and section 6.5.1.1 are practically the same!. Consequently, in
this case, the uncertainty of the individual elements of the neutron flux (1.5%) is notably superior

to the response uncertainty (0.2%).

Regarding the comparison between the uncorrelated case and the real correlated case, it
shows that the effects of the correlation are small but appreciable and are correctly taken into

account.

! Note that the simulations are practically the same. The uncertainty due to the spatial discretization is
negligible in this simulation.
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6.5.2 Verification of the uncertainty estimation using the general-purpose method

This section aims to demonstrate that the uncertainty of the quantities is correctly estimated
when the SNILB conditions are not met. For that, the material and irradiation conditions were
changed. The new conditions consist in irradiating natural tungsten with the same spectrum
(Figure 6.1) and a neutron intensity of 10'* n's'. The irradiation scenario also consists in 107
seconds of irradiation and 10° seconds of cooling. The mesh covering the slab has only one mesh

element?.

The most relevant pathways, which produce the most relevant isotopes, were calculated in

order to verify that the SNILB conditions are not met. These results are presented in? Table 6.25.

Table 6.25 Pathways produced in the tungsten slab

Ioot Contribution to the ath Contribution to the
'sotope athways
photon flux (%) production (%)
187y 17.97 186\W(n,G) 187W 100%
182\\/(n,P) 182Tq 45.63%
182W(n,2n) BW(ET) 81Ta (n,y) 1¥2Ta 37.90%
BOW(n,y) B'W(B*) ®'Ta (n,y)
o
1627 7.07%
183W(n,D'm) 182mTa (n,}/) 182Ta 2 400/
. (0]
18275 2.70 BW(n,nP-m) 1¥MTa (n,y) *Ta
18W(n,3n) BW(ET) 81Ta (n,y) 1¥2Ta 1.94%
182\ (n,P-s) 18Ta(y) 18mTa (y) 1¥%Ta 1.43%
183W(n,D) 182Ta 1 340/
. (0]
183W(n,nP) 182T3
182\\/(n,P-m) 182MTa (y)182Ta 1.32%
182\)/(n,2n) 181W 80.73%
181y 75.34 180W(n, y) 181W 15.08%
183W(n,3n) 81w 4.13%
188Rea 1.52 186\W(n,3 y) B7W(n, y) 188W(B~) 188Re 99.96%
181HF 0.60 184 (n,A) 181HF 99.63%

! The 6 mesh element case (presented in section 6.5.1.2) was also performed, but they do not provide
additional valuable information. For that reason, these results are not detailed in this thesis.
2 Isotopes that contribute less than 0.5% are not presented
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Due to the high number of reactions and isotopes, the complete correlation matrix of the
different quantities is not presented. Therefore, this section only compares the uncertainty of the
activity, DGS intensity, and photon flux?.

The R2S-UNED uncertainty simulation is carried out considering the input parameters

presented in Table 6.26. Where both, the general purpose? and the SNILB solvers, are used.

Table 6.26 Input parameter of uncertainty module of R25-UNED considered running the uncertainty
module of R2S-UNED in the tungsten slab simulation

Parameters Value
Spatial filter 100%
Isotopic Filter 99.0%
Reaction Filter 99.9%
Solver General-purpose and SNILB
Max number of elements in the chain 7
Two-step chains by immediately decay None

The results are presented in Table 6.27 and Table 6.28. Only the activity of Ta!®2 and Re!®
shows differences between SNILB or not SNILB conditions as was expected according to the
production pathways presented in Table 6.25. The difference in the uncertainty of the photon
flux is small because the importance of these isotopes in the photon flux is not excessively large.
However, the difference is enough to show the correct working.

Table 6.27 Isotopic activity and its uncertainty estimated using the brute force of a set of cases or the
R2S-UNED uncertainty module in a particular case

SNILB General Brute force Brute force
Isotope  Activity
uncertainty uncertainty activity uncertainty
Wi181 | 1.625-10% 4.79-107 4.73-107 1.63-10%0 4.66°107
w187 | 3.616°108 4.78:10° 4.74-10° 3.65°108 4.80°10°
7a182 | 5.654°107 1.32°10° 2.81°10° 5.71-107 2.80°10°
Rel88 | 2.563-108 0.00 4.79°10° 2.64°108 4.96°10°
Hf181 | 1.011-107 4.45-10* 4.42-10* 1.02-107 4.37-10*

! Note that the neutron flux uncertainty and the propagation to this uncertainty to the reaction rates is
similar to those presented in section 6.5.1
2 Note that the development and validation of this calculation mode was one of the aims of this thesis
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Table 6.28 Total source factor and photon flux and its uncertainties estimated using the brute force of
a set of cases or the R2S-UNED uncertainty module in a particular case

Mean Brute force Particular Estimated SNILB
magnitude  uncertainty case uncertainty  uncertainty
Total source factor
L 1.776°10° 6.38:10° 1.767:10° 6.26°10° 5.99-10°
(r-s™)
Photon flux
1.247-10%t 4.57-108 1.241-10 4.47-108 4.27-108

(y-s7t-cm™2)

In order to increase the importance of the no SNILB pathways, this exercise was repeated
modifying the libraries! used by R2S-UNED. Thus, only the Ta!®? contributes to the photon flux,
and consequently, the relative contribution of the no SNILB pathways is increased. The
uncertainty of this R2S simulation was also calculated using R2S-UNED and the brute force
method. The uncertainty of the Ta'8? activity is the same as in the complete R2S simulation. The
uncertainty of the DGS and the photon flux are presented in Table 6.29. In this case, and the
previous ones, the uncertainty calculated by both methodologies is in excellent agreement.

Table 6.29 Total source factor and photon flux and its uncertainties estimated using the brute force of

a set of cases or the R25-UNED uncertainty module in a particular case of the R2S simulation where only
tantalum 182 is considered

Mean Brute force Particular Estimated SNILB
magnitude  uncertainty case uncertainty uncertainty
Total source factor
» 3.791-107 1.89-10° 3.751-107 1.85-10° 5.99-10%
r-s™)

Photon flux
3.365°10° 1.68-107 3.328-10° 1.65-107 7.92-106

(y-s™t-cm™?)

! The photon spectrum of the other isotopes was deleted from data of the library file
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6.6 Summary and conclusions

The implementation of the scheme to propagate the stochastic neutron flux uncertainty to
the SDR required the development of new capabilities in R2S-UNED, as Chapter 5 presents. This
chapter includes the verification exercises that were performed to certify the correct working of

these capabilities, one by one:

L. Correlation matrix of the neutron flux

I1. Isotopic contribution

I1I. The most relevant pathways

Iv. Derivative of the isotopic concentration with respect to the reaction rates

V. Uncertainty calculation of the isotopic activity, DGS, and SDR uncertainty due to the

neutron flux uncertainty in an R2S simulation

In general, the verification of each step consisted in comparing the results obtained by the
developed method with those obtained with alternative validated methods or programs. The
results show that all the capabilities were correctly implemented. Consequently, R2S-UNED can
estimate the SDR uncertainty due to the MC calculation method used during the transport

simulation.

It is especially remarkable the verification of the SDR uncertainty estimation when SINBL
conditions are not met because it was one of the aims of this thesis. It is worth underlining that
this capability distinguishes the uncertainty module of R2S-UNED from the other methodologies

already implemented.

Otherwise, it is worth highlighting the discrepancy found validating the estimation of the
sensitivity coefficients. These discrepancies were found when the burn-up is extremely important.
Therefore, the solver properly works in the relevant activation conditions to the R2S-UNED
application. The discrepancies were identified as a miscalculation of ACAB solver. This result could
motivate the research of the adequate use of ACAB? to estimate the derivatives or the search for
a better ODE solver. Nevertheless, the error introduced in the calculated cases has almost no

effect on the SDR uncertainty in any case calculated during the thesis.

! A review of these methodologies was presented in Chapter 2
2 Definition of adequate time step in order to the resulting ODEs to the time step was correctly solved.
Or other techniques that guarantee the accuracy of ACAB solver.
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One of the thesis aims was that the developed methodology can be used in general R2S-
UNED applications. This chapter deals with this aim by applying the new R2S-UNED features in
relevant computational examples. Specifically, R2S-UNED was used to estimate the SDR
uncertainty in the SDR computational benchmark of ITER and the air-kerma estimation in the
detector of the JET octant 2. As we comment below, each application has a different degree of

realism and difficulty’.

The ITER benchmark was designed to reproduce the relevant features of an ITER port to the
computational estimation of the SDR. This means that the model includes radiation streaming
and realistic materials but using extremely simple geometry. This simple geometry makes the
exercise highly traceable. Therefore, neutronic teams use this benchmark as a touchstone for any
computational advance in computation methodologies to estimate SDR in fusion applications. This
fact enables the actual uncertainty of the R2S simulation to be estimated using R2S-UNED. This

application, which is presented in section 7.1, was also published in [75].

Regarding JET[4], it is the largest tokamak in operation nowadays and one of the most
relevant experimental fusion facilities dedicated to testing technologies for ITER. Among the
different projects carried out in this facility, UNED participates in the WPJET3 DT technological
exploitation of DT operation project within the EUROfusion Consortium program{76]. Specifically,

Inside of the subproject "NEXP shutdown dose rate experiments”.

The principal aim of NEXP project is to provide experimental data to validate the codes
dedicated to the SDR estimation in ITER. Specifically, UNED participates in order to verify R2S-
UNED and D1S-UNED codes, which are applied in ITER neutronic analyses.

The work performed in this thesis allows assessing the uncertainty in the R2S-UNED
estimation due to the numerical calculation method. Consequently, it enables a better comparison

of the calculation method R2S with the experimental data, and therefore, a better code validation.

! The principal difficulty in estimating the SDR stochastic uncertainty using R2S is to calculate the
neutron flux stochastic uncertainty. See section 5.1. This section proposes different methodologies to
overcome this issue.
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Section 7.2 presents the uncertainty estimation of the air-kerma in the detector of the octant 2

at 6 hours of cooling time after the DD campaign of 2016".

Finally, the conclusions about the applicability of the tool are presented in section 7.3.

! This campaign aims to minimize the experimental and computational uncertainties in order to prepare
the next DT campaign.
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7.1 ITER benchmark exercise

This section describes the R2S-UNED application to the ITER benchmark exercise. This
exercise, described in section 7.1.1, is a widespread computational benchmarking where the
developments of the codes used for the estimation of the SDR are usually tested. In addition, this
exercise was chosen because there are few contributing regions® to the SDR. This fact allows

calculating the stochastic SDR uncertainty of the neutron flux.

The goals of this section were the following:

i.  To present the guideline developed to estimate the actual SDR uncertainty of the R2S
calculation. This guideline is described in section 7.1.2.

ii. To show the analysis of the R2S relevant output, such as the estimation of the DGS
contribution, the isotopic contribution, or the stochastic SDR uncertainty. These results
are detailed in section 7.1.3

ii. To analyze the possible use of the assumptions? of the neutron flux covariance to
estimate the SDR uncertainty in realistic cases.

iv. To analyze the effect of relevant variance reduction techniques, as the GVR, in the

correlation of the neutron flux and in the SDR uncertainty.

Section 7.1.4 describes both analyses.

7.1.1 Computational assumptions
Isotropic

Neutron source cell
Steel Plate  30cm

P

\ \
— e 100cm

Steel and water

/
Tally cells

Figure 7.1 ITER benchmark scheme

! The regions are defined as the mesh element of the superimposed mesh

2 R2S-UNED allows assuming that the neutron flux covariance matrix is completely correlated,
uncorrelated or decorrelated, in order to provide an approximate estimation when this matrix cannot be
calculated.
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Figure 7.1 shows the geometry of the ITER benchmark exercise. This exercise represents, in

a very schematic way, the typical characteristics (dimensions, materials, and shape) of an ITER

equatorial port.

An external, 550 cm long, hollowed steel cylinder compounds the geometry of this exercise.
The internal and external radii are 50 and 100 cm respectively. A steel disk occupies the last 15
cm of the inner of the cylinder. Between the two steel pieces, there is a 2 cm gap. Another 210
cm long cylinder of a water-steel mixture, with 7.5 and 48 cm internal and external radii, fills the

inner front part of the cylinder respectively.

This geometry is irradiated by an isotopic 14 MeV neutron source, uniformly emitted from the
front of the geometry. The material activation is calculated considering the SA-2 [70] irradiation

scenario given in Table 7.1.

Table 7.1 SA-2 irradiation scenario

Source strength

(n/s) Duration Repetitions

1.0714 x 107 2 years 1
8.25 x 107 10 years 1
0 0.667 years 1
1.6607x10'3 1.33 years 1
0 3920 seconds 17

2.0 x 10¥ 400 seconds
0 3920 seconds 4

2.8 x 10" 400 seconds

The SDR produced by the decay gammas is measured in a cylindrical slab of 15cm radius
located at 30 cm from the rear face of the cylinder. The cooling time considered is 106 seconds

after shutdown.

7.1.2 Guideline to estimate the SDR stochastic uncertainty of the R2S-UNED calculation

In general, the R2S simulations use meshes with a high number of mesh elements in order
to achieve a fine spatial resolution. In fact, in the most challenging applications, several
simulations are needed to calculate the DGS of the facility [77]. This problem is due to the RAM

limitation of the current computers.

This fact is even more problematic to estimate the SDR uncertainty, because the covariance
matrix of the neutron flux, associated with these meshes, cannot be calculated!. However, in
many practical applications, most of the activated regions? do not contribute to the specific SDR
tallies. Thus, the spatial discretization can be reduced to a mesh covering only the regions

contributing to the SDR tally. Therefore, we can obtain the neutron flux covariance if the number

! The size of the covariance matrix is prohibitive, as section 5.1 shows.
2 Note that region is understood as mesh element
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of DGS contributing regions is not excessively large. Hence, in these cases, we can calculate the

stochastic uncertainty of the SDR in the R2S simulation.

This section proposes a guideline, presented in Figure 7.2, to estimate the SDR stochastic
uncertainty in these cases. Its application requires two R2S simulations®: The first simulation aims
to define the so-called reduced mesh, which covers the most relevant regions to the SDR2. This
mesh is defined based on the DGS contribution obtained during this R2S simulation, which is

performed with a so-called complete mesh covering the complete geometry.

s - I

Neutron transport 1 o Activation1 - Photon transport 1
(complete mesh) (complete mesh) (complete mesh)

/ i\ } \ /

Definition of the reduced mesh based on the DGS contribution (photon transport 1)

‘ Neutron transport 2 .{ Activation 2 }_{ Photon transport 2

Uncertaint dul
(Reduced mesh) (Reduced mesh) (Reduced mesh) + neertainty modute

/

Figure 7.2 Computational scheme of the guideline applied in the ITER benchmark

The second R2S simulation is carried out using this reduced mesh. During the neutron
transport of this simulation, the covariance matrix of the neutron flux is estimated. In addition,
this R2S simulation includes the execution of the R2S-UNED uncertainty module, calculating the

stochastic SDR uncertainty.

The application of this guideline is described in sections 7.1.2.1 (definition of the reduced

mesh) and 7.1.2.2 (R2S simulation using the reduced mesh).

7.1.2.1  Estimation of the reduced mesh
This section presents the analysis performed to define the reduced mesh3. For that, we
compute the DGS intensity contribution to the SDR tally (defined in section 5.3) in order to filter

the most important regions contributing to the SDR.

In this R2S simulation, we consider the spatial and energy discretization defined in [24]. This

complete mesh covers all the geometry. In addition, it guarantees an appropriate result because

! Neutron transport, activation, and photon transport

2 Other alternatives, such as the adjoint neutron flux calculated by deterministic codes by MS-
CADIS[30] or GT-CADIS[35] methodologies, can be used to estimate the reduced mesh. However, these
Sy codes are not available in R2S-UNED, and they are less accurate than MC codes.

3 Mesh, which covers the contributing regions to the SDR, small enough to be able to compute the
covariance matrix of the neutron flux.
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it is in good agreement with the benchmark result. The definition of this complete mesh is
described below and shown in Figure 7.3.

e The Z-axis was divided into 5 cm intervals from 0 to 545 cm, 2 cm intervals to 549 cm,
and the last interval of 1 cm.

e The R-axis was divided into 2 intervals from 0 to 7.5cm, 8 intervals from 7.5 to 48 cm, 1
interval from 48 to 50 cm, and 10 intervals from 50 to 100 cm.

e Only one bin from 0 to 2r was considered for the 6 angle.

Figure 7.3 Complete mesh superimposed to the ITER benchmark geometry

The neutron flux was estimated simulating 10'° histories using the Vitamin] [66] energy group
structure. The statistical uncertainty of most energy groups of all material regions was good
(<10%). Only the stochastic uncertainty of the upper right region overcomes the 20%. The
neutron flux and its uncertainty Figure 7.4.

Neutron flux (n/cmz2/s)
6.3e+07 le+10 le+11 le+12 le+13 2.6e+14

MIIIIIIIH LLEm lw

Radis (cm)

Z(cm)

Uncertainty
0.0e+00 0.02 0.04 0.06 0.08 0.1 0.12 1.5e-01

Zcm)

Figure 7.4 Neutron flux at power of 2:10° n's! and its uncertainty (represented in 2D using axial
symmetry around the Z-axis)
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The DGS was built using the 24 energy groups recommended in FISPACT [22] and presented
in ANNEX C. Afterwards, 108 photon histories were simulated using this DGS in order to estimate

the DGS contribution.

Figure 7.5 presents the DGS contribution (the importance of each region) and its uncertainty.
This figure shows that the last 15 cm of the activated cylinder is the most contributing region to

the SDR. Consequently, the reduced mesh was defined, based on Figure 7.5, as follows:

e The Z-axis was divided into 2 cm intervals from 545 to 549 cm and a last interval of 1
cm.

e The R-axis was divided into 2 intervals from 0 to 7.5cm, 8 intervals from 7.5 to 48 cm, 1
interval from 48 to 50 cm, and 10 intervals from 50 to 100 cm.

e Only one bin from 0 to 2x for 9.

Importance
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Figure 7.5 DGS contribution to the SDR (represented in 2D using cylindrical symmetry around the Z-
axis)
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The size of the neutron flux covariance matrix (Equation 7.1) for both (complete and reduced)
meshes is compared in Table 7.2. The estimation of the reduced mesh requires 600 times less
computational memory. It is worth noticing that the size of the neutron flux covariance matrix of
the reduced mesh size can be handled by Marconi' supercomputer [33]. Therefore, we can

estimate the uncertainty of the SDR using this mesh.

energy mesh~2 energy mesh
# - # # . - #
. voxel voxel
size ( bins bins

2 2
Equation 7.1
Table 7.2 Size of the defined meshes and the covariance matrix of the neutron flux
Mesh Complete mesh Reduced mesh
Energy resolution 175 bins 175 bins
Spatial resolution 2252 regions 105 regions
Size of the covariance matrix (number of elements) 8.47:10% 1.69-108

Size of the covariance matrix (GB) 677.7 1.35

7.1.2.2  Application of the uncertainty module of R2S-UNED using a reduced mesh in the ITER benchmark
This section details the second R2S simulation of the guideline depicted in Figure 7.2, where

the reduced mesh is used to estimate the SDR and its uncertainty.

The first stage of this R2S simulation is the neutron flux simulation. This simulation includes
the estimation of the neutron flux covariance, using the reduced mesh. The rest of the parameters

are the same as those applied in section 7.1.2.1.

The next steps are the activation and photon transport, which were also carried out just like
in section 7.1.2.1.

The last step corresponds to the execution of the uncertainty module of R2S-UNED. The
simulation took into account 99.5% of the relevant quantities (region, isotopes, and reaction rate
filters described in Chapter 5). The output of the R2S-UNED uncertainty module will be presented
in section 7.1.3.

7.1.3 Stochastic uncertainty estimated with R2S-UNED

This section presents the results? of the simulation described in section 7.1.2. They are divided

in two groups:

! Marconi is one of the most relevant supercomputers in Europe for fusion applications. Their cores have
4.1 GB of RAM currently.

2 Only the results related to the uncertainty of the different quantities due to the MC calculation method
are presented in this section.
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i The uncertainty of the activity, which is presented in section 7.1.3.1.
ii. The uncertainty of the SDR, which is presented in section 7.1.3.2

7.1.3.1 Uncertainty of the isotopic activity
This section shows the uncertainty of the activity of the most contributing radioisotopes to
the SDR in the ITER benchmark (presented in section 7.1.4.2). Table 7.3 presents these

uncertainties calculated using the SNJLB solver! or the general solver (see Chapter 5).

Table 7.3 Statistical uncertainty of the isotopic activity calculated with R25-UNED

sotopes  activity B0) gt TNEL 8L ShiLB Approach
%6Co 1.24 - 1011 1.07 - 10° 1.07 - 10%°
4Mn 7.62 - 10%° 6.64 - 10° 6.64 - 10°
0Co 8.65 - 10° 6.61-10° 6.63 - 108
57Co 2.93-10%° 3.52-10° 3.52-10°
s1cr 4.61-10° 4.32-10° 4.32-10°
182Ta 1.30 - 10° 9.68 - 107 9.69 - 107
59Fe 6.58 - 108 4.45-10° 4.45 - 10°
2Nb 2.83 - 107 3.81-10° 2.48 - 10°

The results of Table 7.3 show an excellent agreement between both solvers2. Only relevant
differences are seen in the uncertainty of the **Nb activity.

Table 7.4 >Nb production pathways found in the relevant regions of the reduced mesh

Number Pathway Contribution
1 »Mo-*>Nb 61.87%
2 %Mo-5Zr(5~) — *Nb 18.76%
3 %Mo-"Nb(IT) - *>Nb 14.75%
4 %Mo—*>Nb 2.88%
5 %Mo—>"Nb(IT) »*Nb 0.79%
6 %Mo—Zr(g~) -»°°Nb 0.51%

! The first step to use this solver is to guarantee that SNILB conditions are met. However, this has been
proved previously in this [79] exercise and other similar ITER analyses.
2 It was expected because both solvers were already verified in Chapter 6
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Table 7.4 shows the relevant pathways that produce °>Nb. SNILB solver cannot deal with all
these pathways. Four of them? contain an intermediate decay nucleus that is >™Nb or °*Zr. The

contribution of these pathways explains the differences between both solvers.

It is worth underlining that the pathways, which contain >™Nb, could be considered using the
SNILB solver2. Because the ratio between decay constants of ®>™Nb and 95Nb is small (about ~
0.1). However, the general solver must be used in order to consider the contribution to the SDR
uncertainty to those pathways containing °*Zr. Note that, in this case, the ratio of the decay

constants of %Zr and 95Nb elements is about 1.8.

7.1.3.2  Uncertainty of the air-kerma

The estimation of the SDR in the ITER benchmark with R2S-UNED is 16.3 + 0.16 mSv - h™™.
The uncertainty module also shows the uncertainty due to each R2S MC transport simulation. In
this R2S simulation, 0.12 mSv - k=1 is the statistical uncertainty due to the neutron transport and
0.10 mSv-h™! is the stochastic uncertainty of the photon transport. Consequently, the

distribution of the computational resources between both transport simulations is appropriate.

7.1.4 Comparison between D1S-UNED and R2S-UNED results of the ITER benchmark
This section presents a comparison of D1S-UNED and R2S-UNED results of the ITER

benchmark exercise. It is worth underlining that both methodologies should estimate equivalent

SDR results3. The results are presented in two sections:

The first one presents the comparison between the isotopic contributions to the SDR. This
exercise allows validating the new R2S-UNED capability to estimate the isotopic contribution in a

realistic application®. This comparison is presented in section 7.1.4.2.

The second one shows the importance of the SDR uncertainty estimations in the verification
or validation exercise. As it was said, both methodologies are adequate for the estimation of the
SDR in this exercise. Therefore, both estimations should be equivalents, although both
methodologies have their own assumptions, which can introduce small differences between the
results. Since we can estimate the difference due to the calculation method®, we can analyze the
effect of the different assumptions or calculation methods in the results. This comparison is

presented in section 7.1.4.3.

! Any of these two-step pathways were detected solving the ITER benchmark using D1S-UNED [79],
because the Nb% was considered negligible respect to the SDR tally.

2 Sections 5.4.3.1 and 5.5.1 details the implementation and hypothesis of the SNILB solver. These
assumptions are more than those imposed only by the SNILB conditions.

3 The R2S simulation was described in section 7.1.2, while the D1S simulation is described in 7.1.4.1.

4 It is worth noticing that D1S-UNED capabilities have been deeply tested[42].

> Both DIS-UNED and R2S-UNED can estimate their stochastic uncertainty due to the calculation
method
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7.1.4.1 Computational assumptions of the D1S-UNED simulation of the ITER benchmark

D1S simulation used the same input as R2S neutron simulation but including the needed D1S
parameters described in this section. In addition, this simulation also used a weight windows
map, based on GVR [78], to speed up the calculation.

Table 7.5 D1S reaction data included in the simulation

Father Daughter Father Daughter
) Reaction ) Reaction
isotope Isotope isotope Isotope
9Co (n,2n)+(n,2n)* 58Co S8 j (n,d) 57Co
8Ni (n,p)+(n,p)* 58Co 50Cr50 (n,y) sicr
5Mn (n,2n) 4Mn Hr (n,2n) i
“Fe (n,p) 54 Mn S4Fe (n,a) S1cr
(ny)+
SFe (n,t) 4Mn 18175 18275
(ny)*+(n,y)**
. . (n,p)+ ,
BN (n,pa) 54Mn 182y 16275
(n,p)*+(n,p)**
(n,np)+
59Co (n,y)+ (n,y)* 60C0 183W 1827'3
(n,np)*+(n,np)**
60N/' (n,p)+(n,p)* 60C0 184W (n,a) 1827'6
o1 j (n,np)+(n,np)* 50Co 58Fe (n,y) 9Fe
SINf (n,d)+(n,d)* 60Co 59Co (n,p) 59Fe
E(y (n, @)+ (n,a)* 60Co 62 \jj (n,a) 59Fe
SN (n,np) 57Co

The reactions considered in the D1S simulation are listed in Table 7.5. This list was obtained
adding to those reactions used in the D1S verification exercise [79], all available reactions[56]

that produce the relevant isotopes detected in R2S-UNED simulation®.

Table 7.6 presents the D1S time factors of the SA-2 [70] irradiation scenario (Table 7.1),
normalized to 1.0714-10*” n*st. The SDR was calculated at 106 seconds of cooling time, running

the D1S simulation until 2:10° neutron histories were done.

! The contribution of these reactions can be considered negligible with respect to the SDR, but it could
be useful to compare the isotopic contribution between D1S and R2S simulations.
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Table 7.6 D1S time factor normalized to 1.0714:10% n/s

Isotope Decay constant (s!) D1S Time factor
58Co 1.132-107 13.76
54Mn 2.570°10°8 11.47
60Co 4.167°10° 6.843
57Co 2.952:108 11.87
51Cr 2.896°107 11.66
18275 6.994:108 13.80
59Fe 1.803-107 12.98

7.1.4.2  Comparison of the isotopic contribution calculated with D1S-UNED and R25-UNED

This section presents the isotopic contribution to the SDR in the ITER benchmark calculated
with R2S-UNED and D1S-UNED. The results of both simulations, previously described, are
presented in Table 7.7. This table shows that, in general, there is a good agreement between
both methodologies.

Table 7.7 Radlioisotope contributions to the SDR calculated by R2S and D1S methodologies

Isotopes SDESIU{ZS R_ZS . SD::S:?IS D.ls . Relati_ve
(T) contribution (T) contribution uncertainty?

*8Co 9.15 56.25% 8.59 56.34% 0.018
**Mn 4.77 29.34% 4.67 30.66% 0.03
¢0Co 1.72 10.56% 1.57 10.34% 0.04
7Co 0.240 1.48% 0.154 1.01% 0.04
Icr 0.140 0.86% 0.117 0.77% 0.06
8274 0.098 0.60% 0.093 0.61% 0.014
*Fe 0.061 0.37% 0.042 0.27% 0.07
Nb 0.007 0.04% 0.0 0.0% 0.0

Total 16.3 100% 15.3 100% 0.016

Despite the good agreement, D1S-UNED results are systematically smaller than R2S ones. In
this simulation, we cannot discern if the discrepancy can be due to the calculation method, or

due to the assumptions of the methodology because, for that, we must take into account the R2S

! Actually, this is the uncertainty of the SDR produced by each isotope provided by D1S-UNED, not the
relative contribution.

113



Chapter 7

Application of the uncertainty module of R2S-UNED
stochastic uncertainty in the isotopic contribution calculated by R2S. Despite this uncertainty can
be estimated by combining appropriately the uncertainties of the isotopic activities and the DGS

contributions, this capability is not currently available in R2S-UNED.

Otherwise, anticipating the conclusions of section 7.1.4.3, where the SDR results of D1S and
R2S are compared?, the MC uncertainty is enough to consider different the D1S and R2S results.
This means that there are appreciable differences due to the different assumptions of both

methodologies?.

7.1.4.3 Uncertainty of the SDR response: Comparison of equivalent results of D1S and R2S

This section presents the statistical uncertainty of the SDR in both, D1S and R2S simulations
of the ITER benchmark described in section 7.1. The results of both simulations and the difference
of them are presented in Table 7.8. This result takes into account the independence between the
R2S and D1S simulations3.

Table 7.8 SDR and its statistical uncertainty (one standard deviation) of R2S and D1S simulations of
ITER benchmark exercise

D1S(mSv-h™1) R2S(mSv -h™1) Ratio R2S/D1S
SDR and uncertainty 15.3 + 0.24 16.3 + 0.16 1.06 + 0.02

The ratio is different from one by three standards deviations. Consequently, the D1S-UNED
result is different from the R2S-UNED result?®. Since both simulations consider the same data
libraries, the reason for the difference must be the different assumptions of the methodologies
such as the energy discretization during the estimation of the reaction rates or the homogeneous
emission inside of the voxel in R2S. Nevertheless, the difference is small, and both methodologies

are appropriate to assess the SDR in this exercise.

7.1.5 Effect of the GVR on the correlation of the neutron flux in the ITER benchmark

This section aims to study the impact of the correlation of the neutron flux on the SDR
uncertainty. It is worth underlining again that the estimation of this quantity is currently the most

limiting issue for the estimation of the stochastic uncertainty of the R2S calculations.

! Note that those comparison takes into account the MC uncertainty of each simulation

2 Examples of these assumptions would be the spatial and energy discretization of R2S, or the SNILB
assumption in the activation step of D1S

3 Note that the seed of the random number generator of MCNP was changed in D1S-UNED simulation

4 Or, at least, it is very probable that both results are different
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For that, we estimated the actual statistical uncertainty calculated considering the evaluated
correlations of the neutron flux!. Then, this uncertainty is compared with those obtained assuming

the neutron flux is fully correlated, or uncorrelated?.

This study was carried out in two different R2S simulations solving the ITER benchmark: The
first simulation does not use a GVR for the neutron transport simulation (case described in section
7.1.2). The second one is the same simulation but using GVR? during the neutron transport*,

The SDR and its uncertainty of all these cases are shown in Table 7.9.

Table 7.9 Uncertainty of the ITER benchmark exercise calculated in different R2S-UNED simulations

Case SDR("‘TS”) Uncertainty("’TS”)
Correlated assumption 4
GVR Calculated case 16.6 1.6
Uncorrelated assumption 0.4
Correlated assumption 1.6
No GVR Calculated case 16.32 0.16
Uncorrelated assumption 0.12

The uncertainties between the two cases, presented in Table 7.9, cannot be directly compared
since the number of neutron histories are different for each simulation. However, we can resalt

two results:

In the first place, we can see that the difference between the no correlated assumption and
the calculated case is greater when the GVR is used. These differences are because the GVR
induces a strong correlation in the neutron flux due to the splitting of the neutron particles. In
order to understand this result, we must consider Equation 7.2, which describes the neutron flux

correlation.

) _ ¢h1¢h1 _Ed)—h]
- NPS

cov(qbld)j

Equation 7.2

! Hereafter called calculated case when no hypothesis is assumed in the correlation matrix of the neutron
flux

2 These are two of the hypotheses that the uncertainty module of R2S-UNED can always consider

3 The GVR simulation is included to highlight the effect of the splitting techniques, which are commonly
used in transport simulations to save computational time. Note that the effect of the GVR in the simulation
depends on the method used to produce the weight windows map[103].

4 The number of neutron histories was reduced to 10?
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In this equation, the mean values of the neutron flux ¢,, ‘do not depend on the simulation
parameters, but they depend on the physical problem simulated. On the contrary, ¢,,¢,, depends
on that the same neutron history can contribute to both regions. Consequently, splitting
techniques such as GVR, increase the probability that the same neutron history contributes to

two different regions in the simulation, increasing the correlation of the neutron flux?.

The second result presented in Table 7.9 shows that the estimated uncertainty of the no GVR
case is pretty like the uncertainty of the no correlated assumption. However, this does not mean
that the no correlated assumption was a good estimation. Note that the estimated uncertainty
contains two terms related to the MC neutron transport and the MC photon transport,
respectively. The uncorrelated approach can be a sub-estimation of the real uncertainty. In
addition, it can be also negligible compared with the MC photon transport. This motivates a

deeper analysis of the uncertainty origin.

In order to perform this analysis, the different contributions of the uncertainty of Table 7.9
are detailed in Table 7.10.

Before presenting the analysis, it is worth remarking below three features, which were

expected according to Chapter 4.

i TT term does not depend on the correlation of the neutron flux, because this term is
only related to the gamma transport. In fact, this term is the uncertainty provided by
the photon transport simulation, as expected.

ii. ST term is negligible, as expected. Note that this term is directly ignored if the
uncertainty propagation law is taken into account? [29].

iii. SS term contains the SDR uncertainty due to the neutron uncertainty. If the neutron
flux is correlated, the SS is the most contributing term. In fact, it is the no diagonal
SS term because there are more elements* than the diagonal one. On the contrary,
when the neutron flux is not correlated, the importance of this term is like the

diagonal term, but not zero>.

Analyzing the uncertainty from the neutron flux more in detail (SS term), we can see that

both approaches miscalculate the uncertainty® in the SDR. Note that the SS term of the

! Where the index h indicates the neutron flux of an individual history

2 [28] describes the relation between the neutron flux correlation and the distance. [31] proves this
description.

3 Note that the estimation of the SDR uncertainty does not require extremely high precision. It is enough
to know the first significant figure

4 We refer to the number of elements in the sum of the Equation 5.19 and Equation 5.20. Note that
diagonal TT sum only the terms which contains the diagonal values of the covariance matrix of the DGS
intensity. While the no diagonal TT sums the rest of them.

51t is highlight that, despite of the neutron flux is not correlated, the DGS can be significantly correlated
as equations of Chapter 4 predict

6 It was expected that the neutron flux was not completely correlated or uncorrelated
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calculated! case is: 1.5mSv - k=t in the GVR case, and 0.12 mSv - h=! in the no GVR case. While,
the correlated case, which is the conservative hypothesis?, are 4mSv-h~! and 1.6 mSv - h™}
respectively. This means that the neutron simulation must be run until the NPS was 10 times
higher in the GVR case, and more than 100 times in the no GVR to guarantee the same uncertainty

in these example cases?.

Otherwise, the SS term of the uncorrelated case is: 0.4 mSv - h™! in the GVR case, while the
uncertainty in the no GVR case* is 0.06 mSv - h~1. This means that there is a factor 4 and 2
respectively. Despite this could be a better estimation, it is worth noticing that this option
underestimates the uncertainty in both cases. From the point of view of the fusion facility
analyses, the underestimation of the uncertainty is a risk. Consequently, this option must be

considered only when we can assure that the neutron flux is not correlated.
As a summary of this section, the results of the analysis of the ITER benchmark show that®:

i The assumption considered in the correlation matrix of the neutron flux can lead to
important misestimation of the SDR uncertainty.

ii. Variance reduction techniques, such as the GVR, have a high influence on the correlation
matrix of the neutron flux, and therefore in the final uncertainty. It is worth highlighting
that the influence of the GVR comes from particle splitting. The splitting ratio due to the
GVR depends on the way the GVR is carried out; that is, it depends on the weight

windows map.

! Best estimation of the actual uncertainty

2 Note that the completely correlated case was the superior boundary of the SDR stochastic uncertainty
due to the neutron flux uncertainty

3 The difference between the ratio of the correlated and realistic estimation of the SDR uncertainty
between the GVR or no GVR supports again the effect of the GVR technique in the neutron flux covariance

4 It is worth to highlight again that the difference is greater than Table 7.9 shows due to the photon
transport uncertainty of the no GVR simulation is notable.

5> Note that this is a particular case, and the conclusion may be not generals
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Table 7.10 SDR and its uncertainty calculated with different correlation matrixes of the neutron flux,
divided in different contributions

Term

SDR covariance
TT Diag.
IT No Diag.
SS Diag.
SS No Diag.
ST Diag.

ST No Diag.

SDR covariance
TT Diag.
TT No Diag.
SS Diag.
SS No Diag.
ST Diag.

ST No Diag.

No correlated
assumption

7

1.9-107t
1.2-1072
—2.7-107°
1.1-1071
6.5-1072
39-107*

—6.5-10710

1.4-1072
1.0-1072
-2.6-107°
25-1073
1.4-1073
48-10°°

—1.4-10711

Completely Correlated Calculated
assumption case
(%) )
h h
GVR CASE
17 2.4
1.2-1072 1.2-107
-2.7-107° —2.7-107°
34-107t 2.0-1071
17 2.2
1.0-1073 6.3-107*
-1.7-1077 -2.2-1078
NO GVR CASE
2.4 24-1072
1.0-1072 1.0-1072
-2.6-107° -2.6-107°
5.1-1072 28-1073
2.4 1.1-1072
8.0-107° 5.6-107°
—-24-1078 1.2-1071°

7.2 Application of the R2S-UNED uncertainty module in 2016 DD campaign of

JET

This section presents the application of R2S-UNED to estimate the SDR uncertainty in JET

reactor within the project “WP3JET: NEXP shutdown dose rate experiments{76] under the

EUROfusion program. This project is dedicated to exploit the JET results to validate the codes
used to estimate the SDR and applied in ITER[80] [81]. Specifically, UNED activities are focused
on R2S-UNED and D1S-UNED codes validation for the SDR estimation in fusion reactors

environments.
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Inside of NEXP project, R2S-UNED was applied to estimate the air-kerma (SDR) in a detector
located in the octant 2 of JET at 6 hours after of 2016DD campaign® shutdown. There are two

main reasons to apply the tool in this context.

The first one is to evaluate the applicability of the tool in a real scenario. Note that, nowadays,

the campaign of JET is the most representative case of fusion environments.

The second one is to use the new capabilities implemented in R2S-UNED to improve the
quality of the R2S-UNED code validation?.

With respect to the capability to estimate the MC uncertainty of the R2S simulation, the
estimation of the air-kerma uncertainty in this framework allows a better comparison with the
JET results. In addition, it also improves the comparison with other D1S and R2S tools? validated

in the same framework.

Furthermore, the new capabilities implemented in R2S-UNED such as the estimation of
contributing regions, isotopes, and reactions enable a better compression of JET campaign results
as well as the R2S method. It is worth highlighting that these capabilities have helped in the

detection of R2S miscalculations in the air-kerma in JET [82].

Concerning the R2S-UNED application in JET to estimate the air-kerma uncertainty, the initial
approach consisted in the application of the previous guideline, which was presented in section
7.1.2. However, the number of contributing regions to the air-kerma is too high; therefore, this

guideline cannot be applied®.

In this situation, a new computational scheme was developed to overcome this difficulty. This
scheme is based on dividing the R2S simulation into a set of R2S simulations. Each one of them
calculates the contribution of a specific region to the SDR. This division enables the SDR
contributions and their stochastic uncertainties were calculated with the developed tool.

Afterwards, the contributions are summed to estimate the SDR and the associated uncertainty.

The raw application of this strategy could increase the computational time to estimate the
uncertainty if there are too many contributing regions, making the simulation unviable. For that

reason, the division process of the R2S simulation was automatized and optimized to define the

! This campaign aimed to reduce experimental and computational uncertainties as preparation for the
DTE2 campaign. This includes reducing the calculation uncertainty of the computational tools.

2 This point is out of the scope of the thesis. Therefore, this thesis does not provide the details of this
topic

3 The utility of this information was also shown in section 7.1.2

4 The raw application of the developed tool to estimate the air-kerma uncertainty still allows calculating
the air kerma uncertainty considering the completely correlated or the uncorrelated approaches. See section
7.1.5
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smallest number of regions. Despite the optimization scheme, there are still cases where the

number of contributing regions can be prohibitive.

The presentation of the estimation of the air-kerma uncertainty in the JET detector of the

octant 2 is presented in the next section as follows:

Section 7.2.1 presents the general computational assumptions, such as the model or the

irradiation scenario.

Section 7.2.2 describes the estimation of the range of the air-kerma uncertainty calculated
with R2S-UNED. That is, the estimation considering the complete correlated or uncorrelated
approaches. In addition, this section also details the analysis of the DGS contribution to the air-

kerma tally, because it is part of the application scheme.

Section 7.2.3 depicts this new computational scheme as well as its application to estimate the

air-kerma and its MC uncertainty.

7.2.1 General computational assumptions of R2S air kerma estimation in octant 2 of
JET

The experimental assembly and measurements analyses performed in the last 2016 DD
benchmark are described in [83]. The MCNP model® of the octant 2 of this experiment was
provided by EUROfusion [84]. The model, plotted in Figure 7.6, represents 45° of the tokamak.
Reflective boundary condition on the lateral sides is applied to simulate a 3600 reactor. Regarding
the material described in the MCNP model, it includes impurities based on available chemical

certificates.

Concerning the neutron irradiation scenario, the whole JET irradiation scenario (from 1983)
was considered to activate the JET materials. A description of the DD and DT irradiation scenario?
can be found in [85].

! The detail level of the MCNP model is high enough to obtain good agreement between experimental
and simulated results.
2 The TT neutron budget is negligible and therefore, it is not considered to the JET analysis thus far.
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Detector

ILA

Figure 7.6 CAD model of principal regions of the octant 2 of JET

Because of the huge number of pulses, the irradiation history of JET is conveniently divided
into some equivalent irradiation periods with a constant neutron emission rate averaged over
their time duration. The early JET campaigns up to 2010 are represented as multiannual
irradiation periods, while 2011-2016 JET campaigns are extracted from a detailed daily database.

The neutron budget of these last years is presented in Table 7.11.

Table 7.11 2011-2016 yearly DD and DT neutron budgef{85]

Year DD DT

2011 2.05-10" 2.13-10%
2012 7.47-10'8 3.21-10'°
2013 7.67-10'% 3.68:10'°
2014 1.07-10%° 8.49-10'°
2015 4.07-10'8 1.66-10'°
2016 1.72-10"° 2.27-10"7

It is worth underlining that the DD and DT neutron activation are considered individually in
the R2S simulations. The fact to be able to consider this approach! implies that the activation is

linear to the neutron flux. This means that SNILB conditions are assumed during JET analyses.

Regarding the nuclear data, R2S-UNED[24] simulations carried out in section 7.2 considered
Fendl2.1 and 3.1 [86] library data to the neutron transport and MCPIib84 [73] to the photon

transport. The activation was performed using EAF2007 [74] activation cross-section library.

! This hypothesis has also been verified.
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With respect to the energy discretization, the neutron flux estimation is performed with CuV!
capability and Vitamin] energy group structure [66]. While the decay gamma energy resolution

was the usual recommended by FISPACT [22], which is described in annex A.

Concerning the spatial discretization, this will be described to each specific simulation in the
following sections. In addition, it is also worth mentioning that GVR was used during the neutron

transport (see section 7.1.5).

7.2.2 Estimation of the air-kerma and the bounding limits of its uncertainty using R2S-
UNED

This section describes the application of the guideline presented in section 7.1.2 in order to
estimate the MC air kerma uncertainty of the R2S simulation presented in NEXP project [55] [82].
As was commented, the number of contributing regions (which is calculated as part of the
guideline application) is extremely high. Consequently, only the estimation of the uncertainty

considering the neutron completely correlated or uncorrelated was performed.

Initially, we try to apply the guideline presented in section 7.1.2 in order to estimate the MC
air kerma uncertainty of the R2S simulation presented in NEXP project [55] [82]. For that, the
DGS contribution of the complete mesh must be analyzed to define an adequate reduced mesh,

where the covariance matrix of the neutron flux can be estimated.

Regarding the organization of this section, section 7.2.2.1 presents the computation and
analysis of the DGS contribution to the air kerma. Noting that the general mesh of this simulation
consists in 8 meshes covering the whole MCNP model. The size of each mesh element is 10cm x
10cm x 10cm. Otherwise, section 7.2.2.2 presents the estimation of the uncertainty range of the

air-kerma.

7.2.2.1  Air kerma estimation and DGS contribution
The R2S simulation was carried out according to the previous description. The neutron
transport was run up to 4-108 histories. Figure 7.7 shows the neutron flux and its uncertainty in

the DD simulation?.

!t is worth noting that the estimation of the uncertainty does not consider the CuV. Nevertheless, this
has no practical influence on the MC uncertainty estimation of the SDR as ANNEX D shows.

2 DT neutrons are not presented because they are not relevant to the estimation of the air-kerma, as will
be presented in this section
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Figure 7.7 PZ=100 of the neutron flux uncertainty over the whole JET geometry

Decay gamma transport calculations were run up to 10*° photon source histories were tracked
for the DGS produced by the DD neutrons, while 4:10° photon source histories were simulated
for the DGS produced by the DT activation. The air kerma and the DGS contribution of each mesh
(ANNEX B) are presented in Table 7.12.

The results presented in Table 7.12 shows that 96.73% of the response is due to the DD
neutrons. Therefore, we can focus only in this neutron simulation to estimate the uncertainty of
the case!l.

Table 7.12 Contribution to the air kerma tally

Mesh DD (uSv/h) Contribution (%) DT (uSv/h) Contribution (%)
1 2.35°10* 0.01 1.00-10* 0.004
2 8.30°103 0.39 2.15-10* 0.01
3 1.22 57.54 2.25°107? 1.06
4 0.78 37.00 4.44:102 2.10
5 1.52°107 0.72 9.37°10* 0.04
6 2.12-103 0.10 2.2510* 0.01
7 0.0 0.00 9.06°10° 0.004
8 2.02:107 0.96 7.24°10* 0.03

Total 2.05 96.73 6.92:107 3.27

DD+DT 2.12 uSv/h

! Note that the estimation of the uncertainty does not require an extremely high accuracy
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Figure 7.8 DGS contribution to the air-kerma in the detector (yellow sphere) due to the DD neutron
activation

The DGS contribution due to the activation of the DD neutrons is detailed in Figure 7.8. This
figure, and the results of Table 7.12, show that the contribution to the air kerma comes principally
from meshes 3 and 4. However, the nhumber of elements, which contribute to the air-kerma, are
excessively high. Therefore, the guideline proposed to estimate the uncertainty in section 7.1

cannot be applied.

Poloidal Coil Detector

ILA
Figure 7.9 Contributing regions to the Air-Kerma [87].
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The contributing regions, in the MCNP model, correspond to the poloidal coil (mesh 3) and

the ILA (mesh 4). These regions are shown in Figure 7.9.

7.2.2.2  Estimation of the correlated or uncorrelated assumption bounding of the air kerma uncertainty

This section presents the estimation of the SDR uncertainty of the R2S simulation shown in
section 7.2.2.1; that is, the R2S simulation considering the DD neutron activation from meshes 3
and 4. In addition, due to the high number of contributing elements, the uncertainty is estimated

assuming correlated and uncorrelated approaches!.

Neutron transport and activation step of the R2S simulation performed in 7.2.2.1 were reused
to estimate the air-kerma uncertainty. However, the photon simulations of meshes 3 and 4 were
run up to 10'° photons in order to reduce the stochastic uncertainty in this step. These new
calculated DGS contributions were considered to perform the uncertainty calculation with the
uncertainty module of R2S-UNED. Table 7.13 shows the superior boundary of the air kerma
uncertainty due to meshes 3 and 4. These results show that the uncertainty of the air-kerma of
this R2S-UNED simulation is smaller than 5%?2.

Table 7.13 Uncertainty estimation of the air-kerma contribution of mesh 3 and 4. Correlated neutron
flux approach.

Mesh 3 Mesh 4
Air-kerma (uSv/h) 1.29 0.771
Opir—kerma(SV/) 0.05 0.011
SSY2 (uSv/h) 0.048 0.011
TTY2 (uSv/h) 0.017 0.0019

Regarding the uncorrelated case, the values of the uncertainty are presented in Table 7.14.

In this case, the uncertainty is close to 1%.

Table 7.14 Uncertainty estimation of the air-kerma contribution of mesh 3 and 4. Uncorrelated neutron
flux approach.

Mesh 3 Mesh 4
K, (uSv/h) 1.286 0.771
oy, (uSv/h) 0.017 0.002
SSY2 (uSv/h) 0.0017 0.0003
TTY2 (uSv/h) 0.017 0.0019

! The correlated approach is a superior boundary, while the uncorrelated approach may be a more
realistic inferior boundary. See 7.1.5.

2 The neutron flux of both meshes was calculated at the same time. Therefore, the uncertainties of both
simulations were combined also assuming that they are also correlated
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Therefore, the results of this section show that the air-kerma was calculated with a good
stochastic uncertainty (between 5% and 1%). In the worst case, the uncertainty is principally
due to the neutron transport simulation, while in the uncorrelated case, the uncertainty from the

photon transport is worse than the neutron transport uncertainty?.

7.2.3 Estimation of the air-kerma and its actual stochastic uncertainty using R2S-UNED

This section calculates the uncertainty of the air-kerma in the octant 2 of JET. In this
assessment, the air kerma is defined as the sum of a set of contributions. For that, the simulation
is divided into a set of R2S cases. Each one of them allows calculating the correlation matrix of
the neutron flux. It is worth highlighting that each R2S case calculates the contribution of a

specific region to the air-kerma.

According to the results of section 7.2.2.1, the air kerma in the detector is practically those
due to the activation of meshes 3 and 4 (hereafter called general meshes) in the DD neutron

source calculation.

Considering this result, the estimation of the air-kerma uncertainty is reduced to estimate the
uncertainty from the DD neutron contribution of each one of these meshes (97% of the air-kerma

response).

The computational scheme followed to estimate the uncertainty in each general mesh is

divided into 3 steps presented below:

I. Optimization of the definition of the set of R2S cases:

This step consists in defining a set of meshes (hereinafter called relevant meshes), which
cover all contributing regions (considering the previous region filter). Each relevant mesh must

be small enough to estimate the correlation matrix of the neutron flux.

II. Estimation of the air-kerma and its uncertainty of each R2S case:

This step consists in the estimation of the air-kerma contribution of each relevant mesh, as
well as assessing its uncertainty using R2S-UNED. It is worth remarking that this step requires
independent R2S simulations, which are achieved using different random seeds in each R2S

simulation.

III. Combination of the uncertainties of the different R2S simulations:

Finally, the air kerma contributions and their associated uncertainties are combined. The

result is the total SDR and the associated stochastic uncertainty of the complete calculation.

Concerning the application of these steps in the simulation of the air-kerma in JET: The

definition of the relevant meshes is presented in section 7.2.3.1. The estimation of the stochastic

! This suggests a good distribution of the computational time spent in the neutron and photon transport
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uncertainty of each air-kerma contribution is detailed in section 7.2.3.2. Finally, the combination

of the results to estimate the total air kerma and its uncertainty is described in 7.2.3.3.

7.2.3.1  Optimization of the mesh definition to calculate the Air-kerma uncertainty

Figure 7.10 shows the element of the general meshes that contributes to the air kerma'. The
picture shows that the number of elements is extremely high to define the relevant meshes
manually in any of the general meshes. Consequently, an algorithm to define the meshes was

developed.

2.3e-02
[ 0.03

QO
— 0.015 8 3
O C
0.0] 18 — 0.02 g
[ i o (o)
E Q
0005 — 001 £
0.0e+00 0.0e+00

Figure 7.10 Contribution element of the mesh 3 (left) and 4 (right)

This algorithm, described in subsection I, defines the relevant meshes according to the order
of the index of the contributing region in the input file. Therefore, the number of defined meshes

depends on the algorithm input data (order of the array containing the relevant positions).

The raw application of this algorithm defines a huge number of relevant meshes, increasing
the computational time because each mesh corresponds to one R2S simulation?. For this reason,
the algorithm was integrated inside another code that optimize the number of relevant meshes

defined. Section II describes two options, which optimize the number of meshes.

Finally, section III presents the results of both options and the best definition of the relevant

mesh.

I. Algorithm to define the relevant mesh

The algorithm, described in Figure 7.11 depicts the algorithm implemented to define the

relevant meshes. The algorithm starts reading all relevant indexes® and stores them in the

! This figure is obtained from Figure 7.8

2 The R2S simulation includes the estimation of the MC uncertainty of the air-kerma contribution.

3 They are the DGS contribution elements. Note that, the practical implementation of the algorithm
includes a filter, which discards those elements that almost do not contribute.
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“relevant index vector”. Afterwards, it defines the possible relevant mesh, if the mesh is not small
enough! the algorithm discards the last index of this array, and the mesh is built again. When
the mesh is small enough, it is stored, and the algorithm starts again using all discarded elements

as the new “relevant index vector”.

Initialize “relevant
indexvector”

The There are

. mesh is more
Build mesh Store mesh
small relevant

enough index

Remove one
index from
“relevantindex
vector”

Figure 7.11 Algorithm implemented to define the meshes that contain the relevant regions

As it can be deduced from this description, the number of relevant meshes defined at the end
of the algorithm depends on the input data. This means that it depends on the order in which

the contributing elements are sorted in the “relevant index” array.

II. Algorithm to optimize the number of relevant mesh defined

As was previously said, the number of meshes defined by the algorithm described in
subsection I depends on the order of the input data. Therefore, we can reduce the computational
time to estimate the air-kerma and its uncertainty? by optimizing the number of defined meshes.
However, the direct option to choose the optimal one (i.e. the evaluation of all possibilities input
configuration) is not suitable. Because there are factorial of N possible input data, where N is the
number of relevant elements. For that, below, we propose two different approaches which try to

find an optimal solution:
i Sort the relevant elements according to the distance

The idea of this algorithm is to try to put together the closer elements. This way all these

elements can be included in the same mesh, reducing the total number of meshes defined.

! Note that the small enough is defined according to the available computational resources
2 Note that each mesh requires a complete R2S simulation (neutron transport, activation, photon
transport, and uncertainty transport).
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ii. Simulated annealing algorithm

Simulated annealing is a useful methodology, based on MC Markov chains. In this scope, we
use the algorithm to minimize a function (commonly called “Energy” function). A very brief
description of the algorithm is done below. More details about the methodology, including the

scheme, can be found in [88].

The algorithm is an extension of the Metropolis algorithm[89] that appropriately samples the
phase space’® of the function, according to the probability of each system configuration. In the
algorithm, the probability of a system? is assigned according to the number of meshes defined.
Consequently, it leads to sample more systems whose energy is small. Hence, the algorithm ends

by finding the system whose energy is minimum, ideally3.

III. Definition of the relevant meshes

The relevant meshes were defined from the contributing elements to the air kerma of meshes
3 and 4 using the three methodologies: Default definition, sorting by distance or using the

simulated annealing algorithm.
The methods previously described were applied to define the relevant meshes considering:

i The maximum number of mesh elements is 120 (the available extra RAM in our
cluster® is around 1.8GB).
ii. The mesh elements were filtered (97% of the contribution to the SDR) in order to

delete isolated elements whose contribution is negligible.

Table 7,15 Number of meshes defined

Mesh 3 Mesh 4
Number of relevant elements 738 742
Number of raw meshes 276 125
Number of meshes according to the distance 181 96
Number of meshes using simulated annealing 50 20

!'In this scope, the phase space is the space of all possible “relevant index” arrays; That is, the space
where are defined the possible inputs to build the relevant meshes

2 One possible configuration of the input array (containing the relevant regions)

3 It is important to notice that the method tries only a few elements of the phase space. Consequently,
the method only guarantees a good solution, not the best one. The quality of the solution is strongly related
to the implementation of the method. For the aim of this application, the implementation performed in this
thesis is considered good enough.

4 Our cluster, where the cases were run, is currently composed by 1000 processor Intel(R) Xeon(R)
Silver 4210 CPU @ 2.20GHz
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Table 7.15 summarizes the results achieved by default, sorting by distance, or using the

Simulated annealing algorithm.

Clearly, simulating annealing algorithm produce the best option. The definition of these

meshes is printed in Figure 7.12.

Figure 7.12 Distribution of the meshes to consider 95% of the contributing regions

7.2.3.2  Estimation of the air-kerma uncertainty of each defined R2S simulation

This section describes the R2S simulations performed to calculate the air kerma and its
uncertainty in each relevant mesh plotted in Figure 7.12. Due to the high number of meshes, the
NPS of each neutron and photon simulation was reduced. The different steps of each R2S
simulation carried out are described below. It is important to remark again that the random seed

of each transport simulation is different and, therefore, the results of each simulation were

uncorrelated with each other.

In the case of the neutron transport, 2-107 histories were simulated. Figure 7.13 shows the

uncertainty of the neutron flux of each mesh. The increase of the uncertainty is approximately

1.0e-01
[ 0.08

20'/2 the uncertainty presented in Figure 7.7, as was expected.
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]
— 0.06 g
0.04 ot
e
0.02
0.0e+00

Figure 7.13 Neutron flux uncertainty in each mesh

! This is a required condition of the simulation convergence, although it does not guarantee the

convergence by its-self
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Afterwards, the activation step is performed in each mesh in order to obtain the DGS. The
DGSs are post-processed to delete all crushes with other meshes. Each DGS is transported
simulating 108 histories to calculate the contribution of each region (relevant mesh) to the air-

kerma.

The last step consists in calculating the uncertainty of the air kerma due to each mesh. The
uncertainty of each mesh was calculated considering the three options for the neutron flux

covariance: calculated (best estimation), completely correlated, and uncorrelated.

The results of the contribution of each mesh and its associated uncertainties are presented
in Figure 7.14 and Figure 7.15'. These results show that the correlated assumption widely

overestimates the stochastic uncertainty due to the neutron flux in the air kerma.
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Figure 7.14 Contribution of each small mesh inside of mesh 3 to the air kerma and its uncertainty due
to the neutron flux

! The most contributing case was also compared with the brute force method. This comparison is in
agreement (but does not prove) the simulation convergence. In addition, it is another verification of the
tool. The comparison is presented in ANNEX D
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Figure 7.15 Contribution of each small mesh inside of mesh 4 to the air kerma and its uncertainty due

to the neutron flux

Regarding the uncorrelated estimation of the air-kerma uncertainty, we can see that this

assumption underestimates the calculated uncertainty of the case. Both quantities are compared

in Figure 7.16 to clarify the scale of the previous plot. Notice that the plots show up to a factor

of 0.5, which could be unacceptable.
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Figure 7.16 Uncertainty underestimation of the uncorrelated assumption of the correlation matrix of the
neutron flux in JET
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7.2.3.3  Merging the uncertainty of the different regions.
Since the different R2S estimations were performed using a different random seed, the results
are uncorrelated. This means that, according to the law of uncertainty propagation, the

uncertainty of the sum of them can be estimated as shown in Equation 7.3.
K, = Z K, = ok, = Z a,%am
m m

Equation 7.3

Table 7.16 R2S estimation of the Air Kerma and its stochastic uncertainty in the Octant 2 of JET

Correlated Uncorrelated Calculated
K, (uSv/h) 1.97 1.967 1.967
ax,, (uSv/h) 0.11 0.006 0.009
SSY2 (uSv/h) 0.11 0.006 0.009
TTY2 (uSv/h) 0.0011 0.0011 0.0011

The estimated air-kerma uncertainty, calculated using different assumptions of the correlation

matrix of the neutron flux, is presented in Table 7.16.

Concerning the comparison between this simulation and the R2S simulation of section 7.2.2,
we can see that they are in good agreement!, as was expected. However, contrary to the R2S
simulation presented in 7.2.2, the uncertainty due to the photon transport in this simulation is
negligible?. This is due to each simulation samples a small region. Therefore, the contributing

region of the DGS is sampled better in this simulation than in those described in 7.2.2.

Regarding Table 7.16 results its-self, they also support the conclusion of section 7.2.3.2. The
correlated case strongly overestimates the air-kerma (around a factor 7). While the uncorrelated
case underestimates slightly the uncertainty. It is worth noting that, the uncorrelated case can

be considered a good approach in this simulation3.

It is worth highlighting that, despite the uncertainty of the neutron flux was in general
superior to 3% (Figure 7.13), the uncertainty of the SDR is around 0.5%. This is due to, in this

case, the correlation between the different elements is low.

! Note that the simulation was filtered up to 97% of the contribution of the Air-Kerma. The actual
estimation of the Air Kerma is 2.03

2 This means that, if the simulation has converged, we should dedicate less computational time to the
photon transport.

3 As commented previously, it is not a general conclusion, because different simulation parameters can
modify the correlation of the neutron flux.
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7.3 Summary and Conclusions

This chapter shows the applicability of the implemented uncertainty module of R2S-UNED in
two different exercises: The computational SDR ITER benchmark and the estimation of the air-

kerma in the detector of the octant 2 of JET at 6 hours after 2016 DD campaign shutdown.
Both exercises contribute to get the next conclusions:
L. Application range of the uncertainty module of R2S-UNED

One of the aims of the thesis was that the implemented tool could be applied in any case
where R2S-UNED could be required. In this sense, the uncertainty module of R2S-UNED was

successfully applied in both cases. However, it is worth highlighting that:

a. Other types of analysis could require different outputs such as mesh tallies, where
the proposed scheme to estimate the SDR uncertainty cannot be applied.

b. The estimation of the real uncertainty of the case requires the calculation of the
neutron flux correlation matrix. Usually, this assessment is prohibitive in most

practical cases, as the cases of the ITER benchmark or the JET application?.

In order to increase the applicability of the R2S-UNED uncertainty module, we propose

different calculation guidelines, depending on the difficulties of the simulation:

a. The simplest kind of calculations is those where the correlation matrix of the neutron
flux can be directly estimated. An example of this is the thin slabs presented in
Chapter 6

b. A more complex kind of simulation requires redefining the simulation covering the
relevant region by a single mesh. In these cases, we propose a guideline that uses
the DGS contribution as a user guide to defining a reduced mesh. This simulation was
the case of the ITER benchmark.

C. Realistic simulations usually have a high number of contributing regions, which does
not allow using the previous guideline. For this kind of situation, we develop an
automatized process to define an optimal set of R2S simulations, where each
simulation is small enough to estimate the uncertainty. This was the case for the JET
application. It is worth highlighting that this case requires more computational time

than the simple SDR estimation.

Despite these guidelines, there are cases where the computational requirement of the R2S
simulation can be prohibitive to the estimation of the stochastic uncertainty. Therefore, this aim

related to the applicability of the tool was only partially achieved.

! Note that the JET simulation, where the actual SDR uncertainty was estimated, only calculates around
95% of the SDR in the tally. It was due to the different applied filters.
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II. Effects of the variance reduction in the correlation matrix

The variance reduction techniques are commonly used in R2S simulations to optimize the
calculations. These techniques can considerably affect the correlation degree of the neutron flux
because they lead to correlate the neutron flux. Despite seeing this relation, we cannot predict

the degree of correlation due to these techniques.

I1I. Importance of the realistic estimation of the correlation matrix

When the guidelines commented on the point I cannot be applied, the uncertainty module
can still provide useful information. We can assume that the correlation matrix of the neutron flux
is completely correlated (superior bound of the uncertainty) or uncorrelated. However, important
differences were found between these approaches and the real uncertainty. This means that an
appreciable extra computational time must be spent in the neutron simulation to guarantee the

uncertainty limit of the simulation.

V. Relevance of the SDR uncertainty in the analysis

The estimation of the stochastic uncertainty of the calculation method of the R2S-UNED and
D1S-UNED enables us to distinguish the differences between both results due to the calculation

assumptions of each method.

In addition, the estimation of the uncertainty of the JET calculation enables estimating the
numerical quality of the simulation. The uncertainty of the air-kerma calculated is close to 1%,

which is considered a low uncertainty (due only to the calculation method).

V. Convergence

The simulation convergence is required for the results provided by R2S-UNED (both, SDR and
its associated stochastic uncertainty) was meaningful. MCNP performs useful tests to evaluate
the convergence of the different tallies. However, most of these tests are not suitable for mesh-
tally simulation due to the enormous amount of data to be managed. Consequently, we do not
know if we can take action based on the uncertainty calculated by the R2S-UNED uncertainty

module. During this chapter, we deal with this topic performing some tests! (when it was possible)

! They are the total uncertainty, the behaviour of the uncertainty with the NPS and the visual inspection
of its probability distribution
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but it does not guarantee completely the convergence of the simulation. This is still an open issue

in the mesh-tally calculation.
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This thesis is focused on the uncertainty propagation in R2S method. In this framework, this
work describes a methodology to perform the estimation of the stochastic uncertainty in R2S, as
well as its implementation in R2S-UNED.

The milestones related to the theory and implementation of this methodology are described
in section 8. 1. However, it is worth mentioning those achievements directly related to the purpose
of the thesis:

The first objective was that the methodology must be suitable to advanced MC R2S. This
goal was successfully accomplished, as proven by the fact that the methodology was
implemented in R2S-UNED.

The second one consisted in estimating the SDR stochastic uncertainty when SNILB!
conditions are not met. In this case, dedicated validation exercises were successfully carried out

in order to demonstrate that this aim was achieved.

Regarding the applicability of this method?, important and expected issues were found.
During this thesis, we propose different guidelines or methodologies to overcome them with
different degrees of success. These propositions enabled the methodology to be used in two
computational applications with different sophistication degrees: The ITER computational SDR
benchmark and the estimation of the air-kerma in JET. However, they do not represent the whole

typical analysis performed with R2S-UNED. This topic is deeper commented in section 8.2.

Finally, section 8.3 shows the visibility of the work performed during the thesis describing

the transfer outcomes in conferences, articles, and so on.

! Single Neutron Interaction and Low Burn-up (considered during the activation step).
2 The tool must be applied in any case where R2S-UNED was relevant.
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8.1 Implementation and validation of the methodology

Common R2S implementations do not estimate the stochastic uncertainty of the estimated
SDR. For that reason, during the last years, several methodologies have been implemented to
mitigate this issue. However, all of them present the same relevant weakness. They cannot
estimate the SDR stochastic uncertainty when SNILB conditions are not met. That is, in the cases
where the R2S methodology is more relevant. As a consequence, the utility of these

methodologies is limited.

In order to overcome this limitation, we have developed a new methodology that is described
in depth in Chapter 4.

Concerning the milestones related to the implementation of the tool in R2S-UNED; we
classified them into two types!: The first ones are related to the correct transportation of the
neutron flux uncertainty up to the SDR; while the second ones deal with the implementation of
additional capabilities in R2S-UNED required to the correct transportation of the uncertainty. It is
worth underlining that the achievement of each objective was adequately verified as shown in
Chapter 6.

Regarding the first type, the milestones consisted in the correct estimation of the uncertainty
of each relevant quantity in R2S. That is, the uncertainty of all relevant reaction rates, isotopic
concentration or DGS intensity (in any contributing region) involved in the R2S simulation, and

finally, the SDR uncertainty (in a specific location?), which was the principal goal of the thesis.

Among all the verification exercises related to these milestones, it is worth remarking the
comparison of the SDR uncertainty, calculated with the developed tool and with the brute force
method, when the SNILB conditions are not met. These exercises [63] [75], presented in Chapter
6, confirm that the proposed methodology overcomes the limitation previously commented,

achieving one of the goals of the thesis.

With respect to the second type, the milestones are related to the adequate implementation
of three new capabilities, which were included to complete the scheme of uncertainty
propagation. Those are: the estimation of the isotopic contribution to the tally, the calculation of
the pathway contribution to the production of an isotope, and the assessment of the derivatives
of the concentration to the reaction rates (sensitivity coefficients). Below, we comment on the

most relevant highlights and issues related to these new capabilities.

! Additional transversal milestones related to improvements of R2S-UNED performance were achieved
[93]. However, they are not commented because they are transversal to the topic of the thesis.
2 The methodology is adequate only to estimate the uncertainty of individual SDR tallies.
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I. Isotopic contribution to the tally:

The purpose of this capability was to filter the isotopes that contribute to the SDR tally in
order to speed up the estimation of the uncertainty. In addition, the information provided by this
method is valuable to different nuclear analyses in fusion facilities, as for example, to find the

reason for the differences between D1S and R2S estimation in the air-kerma in JET?! [90].

II. Pathway contribution to the production of an isotope:

This capability aimed to filter the most relevant reactions to the SDR response. But, in
addition, this provides relevant information to most of the nuclear analysis that includes the
activation step. For that reason, it was extracted from R2S-UNED in an individual module (called
Achains) coupled with ACAB. As an example of the applicability, the developed tool was the
detection of all relevant pathways to the analysis of the SDR in ITER [56].

Regarding the implementation, we took into account that, in fusion environments, the most
relevant pathways in SDR analysis do not contain loops?. However, the methodology can still be
improved to deal with more general problems. This will be mentioned as future work in section
9.1.1.

I1I. Estimation of the derivatives of the isotopic contribution with respect to the reaction

rates:

The strategy followed in the thesis to estimate the sensitivity coefficients was to solve the
ODEs system that describes their temporal evolution. For this task, we use ACAB since it has been

extremely verified and validated in fusion environments [46].

The methodology works well in most of the cases; however, small miscalculations were found
in no realistic cases when the burn-up was extremely high. The study of a more appropriate
solver is proposed as future work in section 9.1.1. Nevertheless, the accuracy of the solver looks

good enough to justify its application in realistic fusion facilities.

8.2 Applicability of R2S-UNED to estimate the SDR stochastic uncertainty

Chapter 7 demonstrates the applicability of the implemented uncertainty module of R2S-
UNED in two different exercises: The computational SDR benchmark of ITER and the air-kerma
estimation in JET. The first one is a headstone to verify the advances in SDR computational
methodologies. In addition, its simple geometry makes it easy to define a proper mesh for the

spatial distribution of the neutron flux and to identify the contributing regions doing the exercise

! This work will be sent to its publication in Nuclear Fusion
2 The methodology can consider loops, but it does not estimate the importance of the loop. Consequently,
it is not optimized to filter the most relevant reactions.
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highly traceable. The second application of the uncertainty module was the estimation of the air-
kerma in the octant 2 of JET. This application provides a realistic model (regarding dimensions

and complexity) of a tokamak fusion facility.

These applications highlight one of the most important weaknesses of the methodology: The
difficulty to calculates the neutron flux covariance matrix!. For this reason, this thesis presents a
guideline and a methodology to improve the uncertainty module applicability. Both are focused
on simulating only the most relevant regions in the smallest number of individual R2S cases?.
Therefore, we must analyze in detail the simulation case in order to apply these strategies.
Consequently, the computational resources required to calculate the stochastic uncertainty of R2S

UNED are increased, and could even be prohibitive in some practical applications.

Despite such disadvantages of these strategies, their development has noticeably increased
the applicability of the method. Therefore, it also increases the applicability of the R2S-UNED
uncertainty module. It was proven by the application of R2S-UNED in the JET and the ITER

benchmark.

These applications also allowed analyzing the importance of estimating the neutron
covariance matrix in the calculation of the SDR uncertainty. For that reason, the uncertainty
estimated using the calculated covariance matrix of the neutron flux was compared with the
uncertainty calculated assuming the neutron flux was completely correlated or uncorrelated3. The
comparison shows that it is important to calculate the correlation matrix of the neutron flux in
order to perform an accurate estimation of the SDR uncertainty in R2S calculations. Consequently,
the current methodology must be improved to completely consider the correlation of the neutron
flux in general cases. Especially when VR techniques are applied because they could significantly

increase the correlation of the neutron flux as it was shown in the ITER benchmark.

In addition, the applications of the uncertainty module of R2S also evidenced that D1S and
R2S methodologies estimate different results because each one considers different physical
assumptions. Nevertheless, the differences found in the thesis are irrelevant, as was expected,
because they are smaller than other uncertainty sources, such as the geometry model. That is,

both methodologies are adequate for the shutdown analysis of the current fusion facilities.

! In practical cases, the size of this matrix is usually too high to estimate it using MC transport codes.
This weakness was expected because it is common in other methodologies that estimate the MC uncertainty
in R2S.

2 The guideline helps the user to define a small mesh covering the relevant regions, while the
methodology automatizes the definition of several meshes optimally.

3 These approaches were implemented for those cases were the actual SDR uncertainty cannot be
estimated because the computational resources required to do it are prohibitive.
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8.3 Transfer Outcome

This section presents the transfer of the work performed during the thesis, as the developed

code and methodologies.

In the first place, this thesis was performed in the frame of the national plan “Development
of computational methods and tools to the calculation of residual dose in relevant fusion facilities
to the nuclear fusion technology” (ENE2015-70733-R). In particular, it corresponds to the
development of aim 4 “Development of a computational methodology suitable to the estimation
of uncertainty in the prediction of residual dose”. The work performed in this thesis successfully
achieves this objective of the national plan. In addition, the transversal work of the thesis also
contributed to achieving milestones of other points of the national plan such as aim 1 related to
the new capabilities of R2S-UNED and its validation.

Regarding the publications, the work of this thesis was published in nine JCR articles; and it
is expected to publish another two during the next year. Two of the published articles [63] [75],
as well as the two unpublished ones, are directly related to the thesis. In addition, the transversal
improvement? of the tools related to R2S-UNED was published in four of the articles [42] [91]-
[93]. Finally, the newly developed capabilities enable the development of the last three articles
[56] [94] [95]. The achievements or evolution of these works were presented also in ISFNT 2017,
SOFT 2018, and 20202, as well as in international meetings such as ITER Neutronic Meeting and
Annual General Monitor Meeting (AGMM) in the framework of JET3 during the years 2018, 2019,
and 2020.

Finally, it is worth highlighting that the developed code* could be sent to the NEA data

bank[96] so that the neutronic community can access and use the tools.

! Improvements in the transport or activation codes, which are not directly related with the uncertainty
estimation or transport in R2S. For example, the optimization of the memory management related to the
geometry description in the transport codes based on MCNP.

21 only presented the work related to [63] [91] in SOFT 2018 and SOFT 2020.

3 I only presented the work in the AGMM. The results of the thesis, related with the application in JET,
will be presented in the next event.

4 It includes the new module to transport the uncertainty in R2S as well as the update of the activation
module of R2S-UNED.
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This chapter presents the perspective to continue the work of this thesis in different areas.
The closest one to the work performed in this thesis is the application of the tool during the
validation of R2S-UNED. The next milestone in this area is the blind SDR benchmark, which has
been proposed inside of the EUROfusion PrIO* work package (in JET), to validate shutdown dose
codes used in ITER.

The second one is the improvements of the methodology developed during this thesis and
its implementation. This includes the development of new features, which the current
methodology does not consider, as well as the improvement of the accuracy or speed of the tool.

Section 9.1 presents this area.

The third area describes other possible applications of the developed tooF, transporting other
relevant uncertainties in R2S, or other computational methodologies. Section 9.2 briefly

comments on this.

Finally, one last area comments other uncertainty sources in R2S related to the calculation
methodology of R2S. These uncertainty sources still require the development of the methodology
to quantify the uncertainty associated with the different approaches of R2S. The last area is

briefly depicted in section 9.3.

It is worth noting that we are already working in some of the points of these areas as part

of the EUROfusion project of NEXP shutdown dose rate experiments in JET.

! Preparation of ITER Operation. The proposal of the PrlO work package must still be approved based
on the continuity of the JET operation.

2 Remember that one of the capabilities of the tool is the transport of the uncertainty of the neutron flux
until the SDR
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9.1 Code and methodology improvements

9.1.1 Code improvements

As it was commented during the thesis, and in the conclusion in Chapter 8, some of the code
features were developed or optimized considering the application of the tool by UNED. That is,
taking into account the computational resources, as well as specific physical features of the fusion
facilities where TEC3FIR uses R2S-UNED. Consequently, they can be modified or improved in

order to increase the applicability of R2S-UNED. The most relevant ones are presented below.
I. ODE solver used to estimate the sensitivity coefficients?

R2S-UNED calculates the sensitivity coefficients by solving the ODEs system that defines
them. Specifically, we implemented a solver, based on ACAB solver?, to perform this task because
the ODEs system is very similar to the activation system which ACAB solves properly> and because

we can modify ACAB solver if needed.

In realistic cases, the solver works correctly, even when SNILB conditions are not met.
However, minor miscalculations were found in the results provided by the solver when the burn-
up is extremely elevated. Possibly, these discrepancies are due to the ACAB solver being modified
to estimate negative results*. Nevertheless, these mistakes do not significantly affect the SDR
uncertainty in the calculated cases because they are minor, even though they could be enough
to reconsider the solver used in this application or to study the accuracy of ACAB calculating the
sensitivity coefficients in fusion environments. It is worth highlighting that the analysis of the
ODEs solver, such as ACAB, in the computational neutronic field is an important research line.

Currently, this is one important research field studied in TEC3FIR.
II. Pathway estimation

We implemented an algorithm to detect and quantify the pathway contribution to the
production of a determinate isotope. This algorithm aimed to filter the most relevant reactions to
the SDR response. In SDR analysis of fusion facilities, the pathways usually do not include loops.
However, in order to develop a more generic tool, the algorithm allows to the user including them
in the pathway contribution, if needed. In any case, the algorithm does not quantify the relevance

of the loops. That is, all the loops would be included, even if they are irrelevant.

! Derivatives of the isotopic concentration respect to the reaction rates

2 It is worth highlighting that ACAB solver refers only to the three subroutines used in ACAB to solve
the ODEs system, which were originally implemented in ORIGEN[48].

3 ACAB has been verified in depth in fusion environments. In addition, it has been considered reference
codes in relevant fusion facilities such as ITER or IFMIF-EVEDA

4 Note that, as opposed to the isotopic concentration, the sensitivity coefficients can be negatives
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On that account, the algorithm can be improved by quantifying the loop contribution in order
to perform a better filter of reactions when the loops are actually relevant. In this regard, we
consider two possible options: The first one consists in considering ODEs solver based on
linearizing the pathways (as ALARA or ACTYS-go [39] [40]). The other possible option, which
does not require changing the ODEs solver, is to delete the loop of the pathway in order to

quantify its importance.
III. Code performance

The computational time required to apply the tool developed during the thesis was considered
adequate. One of the reasons for the good performance was that the algorithm was parallelized
using MPI, because we have access to huge clusters such as Marconi[33] or the cluster of
TECF3IR group!. However, if the code was run in personal computers, it would be worth
improving the performance due to the computer time that is required. In section 5.7, we discussed
how we can improve the code performance, at the expense of reducing the outputs that the tool

could calculate. The implementation of these options could be considered in the future.

9.1.2 Methodology improvements

The methodology developed to estimate the MC uncertainty in R2S simulations has two
principal drawbacks. The first one is related to the reliability of the result provided by the tool,

and the second one, with the capability to apply it.

Regarding the reliability, R2S-UNED does not include tests about the convergence of the SDR
tally. This means that, although we can calculate the uncertainty of the calculation, this value can
be meaningless, because we cannot guarantee that the distribution of the simulation variables is
a gaussian distribution. Therefore, its use could lead to incorrect conclusions. In order to improve

this situation, statistical tests, similar to those implemented in MCNP tallies, may be implemented.

Regarding the applicability, as commented in section 8.2, the most relevant limitation to
estimating the stochastic SDR uncertainty is the estimation of the neutron flux correlation matrix.
Consequently, one potential research topic is to overcome this limitation. Three possible lines to

be researched are:

i. At this time, teams are studying the features of the covariance matrix [31]. These studios
aim to develop a methodology to estimate the neutron correlation using the currently

available computational resources.

! Our cluster is currently composed by 1000 processor Intel(R) Xeon(R) Silver 4210 CPU @ 2.20GHz
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ii. Optimizing the R2S simulation to allow the estimation of the SDR uncertainty with the
currently available computational resources. This line was studied in this thesis, as
commented in section 8.2. However, the developed methodologies can still be improved.

iii. Introducing the estimation of the SDR uncertainty inside of the MC transport simulation.

This simulation could require massive computational time.

9.2 Other applications of the developed methodology

The main feature of the developed tool is to transport the neutron flux uncertainty to the
SDR. It can also be considered to transport other uncertainty in R2S-UNED, whether they are due
to MC or not. One relevant example in R2S is the uncertainty due to the activation cross-section?,
which was commented in section 4.2. But also, uncertainties associated with the transport cross-

section, material definition, etc. could be transported.

In addition, the method developed to estimate the SDR uncertainty can be applied to other
methodologies currently used in neutronic analysis. For example, SRC-UNED produces an
intermediate source? in a surface from the set of particles stored when they cross it.
Consequently, the uncertainty propagation of this source to the tally can be carried out using the

scheme proposed in this thesis.

9.3 Other uncertainty sources in R2S method

The stochastic uncertainty of the R2S simulation is neither the only uncertainty of the
estimated SDR, nor the most important one in all circumstances. There are other types of
systematic uncertainties related to different approaches considered in common implementations
of the R2S method.

Two of them are the spatial and energy discretization considered during the coupling of the
activation and the transport. Their importance was detected [90] in the project of NEXP shutdown

dose rate experiments and we are currently working in a methodology to overcome them.

It is worth underlining that the literature shows that this uncertainty is as relevant as the stochastic
uncertainty of the neutron flux in fusion applications[57] [104] [105].

2 This source is equivalent to the DGS in R2S methodology. In addition, the covariance matrix associated
to this source can be directly estimated during its production.
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ANNEX A.
Neutron uncertainty in JET
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Fig 1 Neutron flux calculated with MC code based on MCNP5 [6] in PZ = 100cm of octant 2 JET model.

Fig 1 presents an example of the complexity of the neutron flux estimation in relevant fusion
facilities. This figure shows the neutron flux calculated in Joint Europeans Torus (JET)!. The
calculation required four neutron transport simulations, where each one spent around 8150
hr:cpu in our cluster? in order to consider the activation of the complete facility with fine spatial
resolution. It is worth highlighting that the total number of elements used to describe the spatial

distribution of the neutron flux spectra, including the energy discretization is 5.7°107.

It is important to note that the uncertainty represented in Fig 1 is the uncertainty of the total
flux in each region. The uncertainty of each energy element can be bigger than the uncertainty
of the total flux in the region. In addition, it is remarkable that the neutron flux was calculated
using Global Variance Reduction (GVR). As shown in Chapter 7 of this thesis, this VR method
correlates the fluxes increasing the uncertainty with respect to the feeling that this figure
transmits. Consequently, the uncertainty level expected from the neutron flux in the decay photon

responses maybe around 5% near to detector region.

! This is the neutron transport of an R2S simulation to estimate the decay photon flux and SDR in a
detector of the octant 2 of JET after the 2016 DD campaign [55].
2Qur cluster is currently composed by 1000 processor Intel(R) Xeon(R) Silver 4210 CPU @ 2.20GHz
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ANNEX B.
Meshes covering JET geometry

This annex presents the MCNP definition and a plot of each one of the eight general meshes used to

activate the JET geometry in the R2S simulation.
Mesh MCNP fmesh card MCNP plotter
1 Fmesh914:n

geom=rec origin= -80 -118 -600
Imesh= 80 iints=16

Jmesh= 2 jints=19
Kmesh= 710 kints=131

2 Fmesh924:n

geom=rec origin= -180 -428 -410
Imesh= 180 iints=36

Jmesh= -118 jints=24

Kmesh= 410 kints=82




Fmesh934:n

geom=rec origin= -235 -568 -310
Imesh= 235 iints=47

Jmesh= -428 jints=44

Kmesh= 350 kints=66

Fmesh944:n

geom=rec origin= -180 -698 -170
Imesh= 180 iints=36

Jmesh= -568 jints=13

Kmesh= 110 kints=28

Fmesh954:n

geom=rec origin= -160 -768 -430
Imesh= 160 iints=32

Jmesh= -698 jints=7

Kmesh= 110 kints=54




Fmesh964:n

geom=rec origin= -280 -808 -300
Imesh= 280 iints=56

Jmesh= -768 jints=4

Kmesh= 110 kints=41

Fmesh974:n

geom=rec origin= -240 -868 -160
Imesh= 240 iints=56

Jmesh= -808 jints=6

Kmesh= 40 kints=20

Fmesh984:n
geom=rec origin= -260 -1008 -280
Imesh= 240 iints=52
Jmesh= -868 jints=14
Kmesh= 240 kints=52




ANNEX C.

Decay gamma groups
recommended by FISPACT

This annex presents the photon energy structure, suggested by FISPACT[22], which is widely

used during the thesis.

Table 1Upper limits for the decay gamma energy bins in MeV.
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ANNEX D.
Isotopic contribution to the Air-
Kerma

This annex presents the raw results of the isotopic contribution to the air-kerma calculated
with R2S-UEND in the octant 2 at 6 hours after of 2016 DD campaign shutdown. It is worth
highlighting that these results correspond only to the contribution of the DD neutron activation
of meshes 3 and 4.

Table 2 Isotopic contribution to the air-kerma in the octant 2 at 6 hours after of 2016 DD campaign
shutdown calculated with R2S-UNED

Isotope R2S contribution (y - A1)
Cu64 6.66-10°
Mn54 2.44-103
Co60 6.18-10%
Co58 9.15-10°3
Mo099+Tc99m 1.01-10*




ANNEX E.

Comparison of the brute force
method and the implemented
method m JET
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Fig 2 Histogram of the 500 R2S estimations of the air-kerma contribution of the studied case.

The most contributing mesh of the “relevant” ones in R2S simulation (case 1 of general mesh
3) was used to verify the correct estimation of the methodology in a realistic case. For that, the
stochastic uncertainty calculated with R2S-UNED is compared with those calculated with the brute
force method. The brute force method consisted in 500 R2S simulations of the air kerma

contribution. The results of the brute force method are presented in the upper figure, while the

estimation of the mean and standard deviation of both methods are presented below.

Table 3 Mean and standard deviation of the R2S simulation calculated by R2S-UNED or by the brute

force method

Air kerma contribution (uSv - h™1) o (uSv-h™1)

R2S-UNED uncertainty 4.320-10! 9.1-103
Brute force estimation 4,318-10! 9.2:1073
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