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“If in the face of a problem you try to solve it, and your
attempts are firm and solid, it’s likely that along the way
you end up finding something more valuable than the so-

lution itself.”

- Eduardo Saenz de Cabezoén
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RESUMEN EJECUTIVO

RESUMEN EJECUTIVO

El creciente avance de las aplicaciones de reactores y aceleradores ha intensificado la demanda
de célculos precisos y eficientes en cuestiones de blindaje profundo. Este es un desafio complejo,
debido a la naturaleza inherentemente incierta de los procesos fisicos involucrados. A pesar de
que los métodos tradicionales de simulacién de Monte Carlo pueden ofrecer algunas soluciones,
suelen ser intensivos computacionalmente y pueden resultar en alta incertidumbre estadistica.
Para superar estos desafios, hemos explorado softwares de técnicas de reduccién de varianza
como ADVANTG, las cuales pueden aumentar la eficiencia de los cdlculos de blindaje profundo.
Estas técnicas estan diseniadas para reducir la variabilidad de las simulaciones de Monte Carlo,
ofreciendo estimaciones mas precisas y confiables del espectro de particulas.

Un componente critico de nuestra investigacién ha sido el reactor MYRRHA, un reactor de
investigacién hibrido para aplicaciones de alta tecnologia. Nuestro trabajo ha requerido la
simulacién de la penetracion profunda de particulas a través de materiales de blindaje en varias
partes del reactor, un proceso que ha llevado a incertidumbres en el cédlculo del espectro de
flujo. Para manejar esta incertidumbre, hemos optado por hacer uso de técnicas de reduccion
de varianza en lugar de simplemente aumentar el nimero de particulas de origen, lo cual solo
habria incrementado el tiempo de célculo. Estas técnicas estan implementadas tanto en el cédigo
MCNP como en ADVANTG, proporcionando una via prometedora para mejorar la precision y
eficiencia en este tipo de calculos.

El propésito de esta tesis es examinar diversas técnicas de reduccion de varianza aplicables a
calculos de blindaje profundo y evaluar su efectividad en el contexto del proyecto MYRRHA.
Para lograr esto, realizaremos una revision exhaustiva de la literatura con el fin de identificar las
técnicas mas prometedoras y comprender sus principios y supuestos fundamentales. A contin-
uacién, pondremos a prueba la eficiencia de estas técnicas seleccionadas en una serie de escenarios
relevantes para el proyecto MYRRHA a través de simulaciones numéricas. Ademds, buscamos
profundizar en la comprensién del software ADVANTG, el cual se utilizard para implementar
las técnicas de reduccién de varianza. Nuestro trabajo aspira a aclarar y facilitar el uso de AD-
VANTG, especialmente en la aplicaciéon de ventanas de peso, para futuros usuarios. Un aspecto
destacado de nuestra investigacién es la exploracion de fuentes de neutrones equivalentes en
sistemas impulsados por protones, lo que puede simplificar considerablemente la modelizacién
de estos sistemas, aumentando la eficiencia sin sacrificar la precision de los resultados.

Esperamos que los hallazgos de esta tesis ofrezcan una visién valiosa sobre el uso de técnicas
de reduccién de varianza en calculos de blindaje profundo, y que sean tutiles para el diseno e
implementacién del proyecto MYRRHA. Ademas, nuestros descubrimientos podrian tener impli-
caciones mas amplias en el campo de la proteccién radiolégica y ser aplicables a otros proyectos
y contextos similares. Por lo tanto, esperamos que esta tesis constituya una contribucion rele-
vante al proyecto MYRRHA y maés all4, sirviendo tanto como ejemplo metodolégico como guia
practica para implementar técnicas de reduccion de varianza.

En vista de la complejidad del tema y con el objetivo de asegurar la maxima comprension
de todos los fenémenos implicados en el proceso, se adopté una metodologia de validacién y
verificaciéon paso a paso antes de aplicarla a un sistema tan complejo como MYRRHA. La
estrategia inicial implicé la investigacion bibliografica de experimentos mas sencillos y relevantes
para MYRRHA, que podrian ser utilizados para probar nuestra metodologia en una escala méas
manejable. En este sentido, se decidié enfocarse en los experimentos de TIARA y KENS, ambos
considerados experimentos de referencia que utilizan haces de protones disparados a blancos de
espalacién.
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Reducing spectrum-driven uncertainties with variance reduction techniques

Sin embargo, nuestra meta principal era la aplicaciéon del sistema de generaciéon automatica de
varianzas denotado como ADVANTG para crear las ventanas de peso que posteriormente se
utilizan en las simulaciones MCNP para mejorar la precisiéon estadistica en las dreas de interés.
Una limitacién clave de ADVANTG es su incapacidad para utilizar fuentes de protones, lo que
condujo a la necesidad de una adaptacién metodolégica. Como primer paso, convertimos los
sistemas de TIARA y KENS que utilizan haces de protones en sistemas con una fuente equiv-
alente de neutrones, replicando el mismo comportamiento en las zonas de interés que la fuente
original de protones. Esta adaptacién es relevante para MYRRHA, ya que nuestro objetivo es
aplicar ADVANTG tanto en su operacién subcritica (como un sistema asistido por aceleradores,
ADS) como en su operacién critica (como un reactor critico).

Posteriormente, una vez obtenida la fuente equivalente de neutrones, la empleamos para ejecutar
ADVANTG, generando un archivo con las ventanas de peso que se utilizan en la simulacién
posterior de MCNP. Un aspecto crucial a evaluar durante la investigacion con TIARA fue la
posibilidad de usar las ventanas de peso generadas con la fuente equivalente de neutrones en el
input de MCNP que utiliza la fuente original de protones, y evaluar si los resultados obtenidos
eran satisfactorios.

Adicionalmente a la metodologia descrita, exploramos la opcién de emplear lo que denominamos
“fuentes no equivalentes de neutrones” en los sistemas de TIARA y KENS. Este enfoque im-
plica simplemente cambiar las particulas utilizadas en la definicién de la fuente en los inputs de
MCNP, reemplazando los protones directamente por neutrones, sin considerar las implicaciones
que ello conlleva. A pesar de que este procedimiento pueda parecer atipico o incluso extrava-
gante, fue sugerido por los mismos desarrolladores de ADVANTG como una opcién viable que
podria producir resultados satisfactorios. Decidimos evaluar esta opcién debido a su aparente
simplicidad, que reduciria considerablemente el tiempo y esfuerzo necesarios en el desarrollo de
la fuente equivalente de neutrones. Ademads, tenfamos en cuenta que la creaciéon de la fuente
equivalente de neutrones puede ser una tarea intrincada dependiendo del tipo de fuente del sis-
tema. Por lo tanto, si la aplicacién de fuentes no equivalentes de neutrones resultara efectiva, se
podria simplificar enormemente el proceso, optimizando asi el tiempo y los recursos invertidos
en futuros proyecto

Una parte fundamental de nuestra metodologia fue investigar el impacto de la reducciéon de las
incertidumbres en el espectro neutrénico en los calculos de irradiacién y en la determinacién de
la composicion isotopica de los materiales tras un periodo de irradiacién. Este aspecto es de
suma importancia ya que tiene un efecto directo en el tiempo necesario para el decaimiento y
el desmantelamiento de las instalaciones nucleares, asi como en la dosis de radiacién estimada
recibida por los trabajadores. Para abordar esto, se incorporé en el experimento de KENS un
apartado especifico para realizar estos cdlculos y evaluar el posible efecto de la reduccién de las
incertidumbres. La metodologia fue diseniada para poder medir los cambios en las variables de
interés y evaluar como estas modificaciones podrian influir en las estimaciones de decaimiento
y dosis de radiaciéon. Este enfoque no sélo nos permitié probar y ajustar nuestra metodologia,
sino que también nos proporcioné una visién crucial de cémo podria ser aplicada a los diversos
componentes de MYRRHA en el futuro.

De modo que los estudios se llevaron a cabo en tres contextos principales: el experimento
TTARA, el experimento de blindaje KENS y las simulaciones de MYRRHA. Cada uno de estos
contextos proporciond perspectivas valiosas y contribuyé a una comprensién més profunda del
tema. A continuacién, se presentan las resultados y conclusiones clave obtenidas de estos estu-
dios, resaltando los hallazgos mas importantes, las implicaciones, las limitaciones y las posibles
direcciones para futuras investigaciones.
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Durante el experimento TIARA, abordamos la viabilidad de la utilizacién de una fuente de neu-
trones equivalente para la reduccion de la varianza en sistemas que utilizan fuentes de protones.
En este proceso, descubrimos que la utilidad de esta técnica depende en gran medida de factores
especificos, como la energia de las particulas y el espesor del blindaje. La precisién de los resul-
tados se destacé como una funcién crucial de las librerias de datos nucleares, particularmente
de los datos asociados a los protones como particulas incidentes. Ademads, reconocimos la op-
timizacién del mallado como un factor critico para lograr una simulacién computacionalmente
eficiente y precisa.

Las simulaciones realizadas durante este experimento se resumen en la Tabla 0.1. Se analizaron
dos casos: uno con un blindaje de hierro de 40 cm y otro con un blindaje de cemento de
100 cm. Los resultados de estas simulaciones, asi como las diferencias entre los resultados
obtenidos con y sin las ventanas de peso generadas por ADVANTG, se presentan en las Figuras
0.1 y 0.2. En ambas situaciones, la reduccion de las incertidumbres en el espectro es notable.
Ademas, es relevante mencionar que las simulaciones que emplearon las ventanas de peso fueron
computacionalmente méas rapidas en comparacién con sus contrapartes analdgicas.

Table 0.1: Comparacién de rendimiento de simulacién MCNP para el experimento TIARA con
y sin ventanas de peso de ADVANTG.

Shielding Source Weight Windows Run time [hh:mm] NPS
40 cm Iron Eq. Neutron None (analog) 00:20 2.00E+09
40 cm Iron Non-Eq. Neutron None (analog) 10:40 2.00E+4-09
40 cm Iron Proton None (analog) 00:10 2.00E+09
40 cm Iron Proton None (analog) 08:30 1.00E+11
40 cm Iron Proton Eq. Neutron 06:03 2.00E+09
40 cm Iron Proton Non-Eq.Neutron Unfinished -

100 cm Concrete Eq. Neutron None (analog) 00:23 2.00E+09
100 cm Concrete Non-Eq. Neutron None (analog) 01:29 2.00E+09
100 cm Concrete Proton None (analog) 00:10 2.00E+09
100 cm Concrete Proton None (analog) 07:30 1.00E+11
100 cm Concrete Proton Eq. Neutron 03:29 2.00E+09
100 cm Concrete Proton Non-Eq. Neutron Unfinished -
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Figure 0.1: Comparacion de resultados experimentales y calculados antes y después del uso de
ADVANTG, con fuente de protones para el blindaje de hierro TIARA de 40 cm.
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Figure 0.2: Comparacién de resultados experimentales y calculados antes y después del uso de
ADVANTG con fuente de protones para el blindaje de concreto TTARA de 100 cm.
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Profundizando en las ideas obtenidas del experimento TIARA, el experimento de blindaje KENS
nos proporcioné una comprensién mas profunda de los aspectos claves. Nos enfocamos en partic-
ular en cémo los resultados podian cambiar en funcién de la zona que decidiéramos optimizar.
Llevamos a cabo diversas simulaciones en ADVANTG, ajustando los mallados y las tallies a
optimizar para evaluar su impacto. En algunos casos, centramos nuestros esfuerzos en optimizar
solo la ranura 8, mientras que en otros, la optimizacién se aplicé a todas las ranuras. A su
vez, nos interesaba investigar cémo estas variaciones afectaban la eficiencia computacional del

sistema. Puede consultar el resumen de las simulaciones realizadas para este experimento en la
Tabla 0.2.

Table 0.2: Comparacion de rendimiento de simulacién MCNP para el experimento de blindaje
KENS con y sin ventanas de peso de ADVANTG.

Source Weight Windows Optimization Run time [hh:mm] NPS

Proton None None 77:33 2.00E+09
Non-Eq. Neutron None None 77:09 5.00E+08
Eq. Neutron None None 13:03 2.00E+09
Proton Eq. Neutron All-Slots 22:55 1.00E4-06
Proton Eq. Neutron Slot-8 04:30 1.00E4-06
Proton Non-Eq. Neutron Slot-8 00:30 1.00E4-06
Proton Non-Eq. Neutron All-Slots 03:57 1.00E+06

En cuanto al uso de una fuente no equivalente de neutrones, los resultados fueron diversos.
Aunque este método no funcioné en TIARA, en KENS se obtuvieron resultados satisfactorios y
se logré una mayor rapidez computacional en comparacién con el uso de una fuente equivalente
de neutrones. Abordamos las posibles razones de estas discrepancias a lo largo del trabajo. Las
Figuras 0.3 y 0.4 muestran los resultados del espectro neutrénico en las ranuras 8 y 1, respectiva-
mente, para simulaciones en las que se optimizaron distintos pardmetros y las comparamos con
las simulaciones analégicas. En este caso puede observarse como la fuente no equivalente de neu-
trones proporciona resultados de precisién equivalente a los obtenidos con la fuente equivalente,
pero de manera mas eficiente.

Las Figuras 0.3 y 0.4 muestran los resultados del espectro neutrénico en la ranura 8 y 1 respec-
tivamente para simulaciones en las que se optimizaron distintos pardmetros y comparandolas
con las simulaciones analdgicas. Cabe destacar que en este ocasion y a diferencia de del caso
anterior (TIARA) la fuente no equivalente de neutrones obtiene unos resultados equivalentes
en cuanto a nivel de precisién a los obtenidos mediante la fuente equivalente y de manera més
eficiente.
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Figure 0.3: Espectros de neutrones obtenidos a partir de simulaciones de MCNP utilizando
una fuente de protones para la Ranura 8 del experimento de blindaje KENS.
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Figure 0.4: Espectros de neutrones obtenidos a partir de simulaciones de MCNP utilizando
una fuente de protones para la Ranura 1 del experimento de blindaje KENS.
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La Figura 0.5 presenta una comparativa de las tasas de reaccién para los distintos detectores
y ranuras del experimento. Se observé una mejora general en la precisién de los resultados al
utilizar las ventanas de peso para optimizar todas las ranuras, todo ello con un tiempo de simu-
lacion considerablemente mas corto que en el caso de las simulaciones analégicas. Estos hallazgos
subrayan la eficacia de nuestras técnicas de optimizacién y prometen mejoras significativas en
eficiencia para futuras investigaciones.
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Figure 0.5: Comparacién de resultados experimentales y calculados antes (linea sélida) y
después (linea punteada) del uso de ADVANTG con fuente de protones para el experimento de
blindaje KENS.

En cuanto a los calculos de irradiacion, la investigacion demostré que las mejoras en la convergen-
cia del espectro pueden resultar en reducciones sustanciales en las tasas de produccién isotépica.
Esto fue evidente en el caso de una muestra de acero inoxidable con la misma composicién
prevista que la vasija del reactor MYRRHA. Al examinar la actividad total de la muestra, se
encontré que los isétopos principales representan aproximadamente el 85.5% de la misma (ver
Figura 0.6). En este escenario, las contribuciones individuales de actividad de los radionticlidos
dominantes a la activacion total de la muestra de acero permanecen constantes. Se observé una
reduccion en la actividad del 3.86% y del 5.29% cuando el error de flujo se redujo de alrededor
del 5% al 1.5% y al 0.5% respectivamente. Como conclusion, se demostré que mejorar la con-
vergencia del espectro, que también se refleja en el error relativo del flujo promedio, conduce a
reducciones sustanciales en las tasas de produccién isotdpica.
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Figure 0.6: Actividades inducidas de los principales emisores gamma en la muestra de acero
activado después de 1 ano de irradiacion.

En el transcurso de esta tesis, se llevaron a cabo simulaciones de MYRRHA para investigar la
aplicabilidad de una fuente fija en simulaciones ADVANTG para problemas de criticidad. Este
sistema representa un desafio notablemente mayor que los experimentos de validacién (TIARA
y KENS) debido a su complejidad y al volumen de la fuente, que involucra todas las reacciones
de fisién. A pesar de ello, logramos establecer una fuente fija de neutrones tanto para el modo
subcritico como para el modo critico, lo que supone un avance significativo.

Aunque originalmente se concibi6 la fuente fija para ser utilizada exclusivamente por ADVANTG
en el calculo de las ventanas de peso, las simulaciones demostraron que su aplicaciéon directa
en simulaciones con MCNP constituye una técnica de reduccién de varianza muy efectiva. Los
resultados obtenidos presentaron una precisién y exactitud equivalentes a las de las fuentes
originales, con una mejora del 10% en términos de velocidad.

Para confirmar la efectividad de la fuente creada, se realizé un anélisis detallado de las dis-
tribuciones radial, axial y angular de neutrones a lo largo del reactor. Consideramos que el
comportamiento de la fuente era equivalente si estas distribuciones mostraban patrones simi-
lares. Las Figuras 0.7 a la 0.10 ilustran estas distribuciones, comparando los resultados obtenidos
utilizando la fuente original, en este caso el haz de protones para la configuracién subcritica, y
la fuente fija de neutrones creada.
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Figure 0.7: Comparacién del flujo radial de neutrones a lo largo del eje x para (y, z) = (0,0):
Fuente de protones vs. Fuente equivalente de neutrones.
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Figure 0.10: Flujo angular de neutrones en (z, z) = (300,0) cm: Fuente de protones vs. Fuente
equivalente de neutrones.

El procedimiento empleado para crear la fuente fija de neutrones para el modo subcritico fue
luego aplicado al modo critico del reactor, logrando resultados igualmente satisfactorios.

A pesar de estos avances, aun no hemos sido capaces de obtener un mallado de ADVANTG que
permita mejorar los resultados en la simulacién final de MCNP. Este desafio sigue siendo una
tarea pendiente, pero estamos seguros de que el trabajo realizado hasta ahora ha establecido
una solida base para futuras investigaciones. Ademaés, hemos adquirido una mayor comprensién
de cémo funcionan las ventanas de peso y como se pueden utilizar de manera efectiva.

Como broche final a este trabajo de investigacion, merece la pena destacar varios puntos clave.
En primer lugar, la optimizacion del mallado en ADVANTG es esencial para obtener correcta-
mente los valores de la ventana de peso y, por lo tanto, para utilizar eficazmente este método
de reduccién de varianza. Sin embargo, el camino hacia el éxito no estd claramente marcado y
requiere de una gran experiencia o de un enfoque exhaustivo de prueba y error. Este trabajo
busca arrojar luz sobre este complejo procedimiento, con la esperanza de allanar el camino y
facilitar futuras aplicaciones que necesiten técnicas de reduccién de varianza, particularmente
técnicas de ventana de peso a través de ADVANTG.

Tgualmente crucial es la necesidad de una fuente equivalente de neutrones al aplicar ADVANTG
en un sistema critico o con fuente de protones. La creacién de una fuente equivalente de neu-
trones fiable que refleje el comportamiento del sistema puede ser una técnica de reduccién de
varianza por si misma. Esta estrategia podria acelerar las simulaciones, proporcionando resul-
tados estadisticos més precisos. Si se necesita méas refinamiento, este paso sigue siendo esencial.
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Para mejoras adicionales, podemos recurrir a ADVANTG para los célculos de ventana de peso,
o incluso considerar las ventanas de peso de MCNP como una alternativa.

Ademi4s de los conceptos mencionados, el aspecto de la reduccién de incertidumbres impulsadas
por el espectro tiene un peso significativo en el contexto de los célculos de irradiacién. Esto se ha
demostrado incluso en el escenario relativamente simple de los experimentos de blindaje KENS,
donde la produccién de todos los radionticlidos pertinentes resulté de la captura radiativa de neu-
trones. Podemos anticipar que estas incertidumbres tendran un efecto méas pronunciado cuando
entran en juego reacciones adicionales, especialmente reacciones de resonancia o umbrales.

Por dltimo, me gustaria senalar y dejar claro que el enfoque principal de esta tesis ha sido mitigar
las incertidumbres derivadas de las simulaciones de Monte Carlo. Esto se debe principalmente
a que, en el ambito de los cédlculos de blindaje profundo, estas incertidumbres influyen signi-
ficativamente en los resultados. Aun asi, es importante reconocer la existencia de otras fuentes
de incertidumbres, particularmente aquellas relacionadas con los datos nucleares, que pueden
requerir mas atencion para lograr resultados més precisos y concluyentes.
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ABSTRACT

ABSTRACT

This master’s thesis investigates the use of variance reduction techniques to mitigate spectrum-
driven uncertainties in nuclear simulations, focusing on three primary contexts: the TIARA
experiment, the KENS shielding experiment, and MYRRHA simulations.

In the TTARA experiment, the study explores the potential of an equivalent neutron source for
variance reduction in proton-based systems. The accuracy of results was found to be significantly
influenced by nuclear data libraries, especially those associated with protons as incident particles.
The study also underscores the importance of mesh optimization for efficient and precise simula-
tion. The KENS shielding experiment offered insights into how results could vary based on the
selected optimization area. The study conducted several simulations in ADVANTG, adjusting
meshes and tallies to assess their impact. The unconventional approach of using non-equivalent
neutron sources, as suggested by ADVANTG developers, was also examined and found to be a
potentially viable option. In the MYRRHA simulations, the research examined the feasibility of
a fixed source in ADVANTG simulations for criticality issues. Despite the source’s complexity
and size, significant progress was made by establishing a fixed neutron source for both sub-
critical and critical modes. The thesis also delves into the effects of reducing uncertainties in
the neutron spectrum on irradiation calculations and the determination of isotopic composition
post-irradiation. This aspect is crucial as it directly influences the decay time and dismantling
of nuclear facilities, as well as the estimated radiation dose received by workers.

In summary, this thesis offers valuable insights into the application of variance reduction tech-
niques in nuclear simulations, particularly the use of ADVANTG generated weight windows in
proton-driven systems, paving the way for future research in this field.
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1 INTRODUCTION

1.1 Background and Motivation

In recent years, there has been a growing need for accurate and efficient methods for deep
shielding calculations in the context of complex reactor and accelerator application projects.
Deep shielding calculations are required to estimate the amount of radiation that is attenuated
by various target, structural and shielding materials that surround the radiation source and
to determine the effectiveness of different shielding configurations in protecting the radiation
workers and public residence, and also the structural equipment from harmful radiation. The
materials are activated by the incoming beam or by indirect interactions of secondary particles
in the reactor and accelerator components. To evaluate radionuclide concentrations of activated
materials is important to assign a certain waste level and to determine the final disposal options,
additionally to the protection of the radiation workers from the delayed gamma dose rates. All
those required calculations rely on the spectrum and total average flux of the particles at the
investigated locations.

However, the calculation of deep shielding can be challenging due to the inherent complexity
and uncertainty of the underlying physical processes. In particular, the use of traditional Monte
Carlo simulation methods for deep shielding calculations can be computationally intensive and
can produce results with high statistical uncertainty. To overcome these challenges, a number of
variance reduction techniques have been developed, such as the use of ADVANTG [1], a software
specifically developed to apply these techniques, that can improve the efficiency of the results
in terms of statistics and computational time, of deep shielding calculations. These techniques
exploit various statistical and physical principles to reduce the variance of the Monte Carlo
simulations, and to provide more precise and reliable estimates of the particle spectra.

The MCNP code is a reference Monte Carlo code for the neutronic calculations of the MYRRHA
reactor, which is multi purpose hybrid research reactor for high-tech applications. MYRRHA-
related calculations such as determining particle fields/doses on reactor components not located
in the proximity of the core — e.g., reactor vessel, primary pumps, primary heat exchangers — or
even outside the reactor vessel — e.g., reactor hall — require simulating the deep penetration of
particles through shielding material. Being the MYRRHA pool filled for its majority by LBE
and steel a large number of photons/neutrons is absorbed before reaching the periphery of the
system, where the particle flux is generally several orders of magnitude lower compared to inside
the core. Calculation uncertainty in the flux spectrum far from the reactor core have an impact
not only on the dose rate results but also on isotopic production predictions. As the safety
margin parameters of the MYRRHA reactor is based on the calculated parameters obtained
with the MCNP, it is important to ensure that obtained results are reliable.

Due to the statistical nature of any Monte Carlo code, to increase the calculation uncertainty,
the simple way is to increase the number of source particles or to apply variance reduction
techniques. As the former solution will increase the computational time, it is required to use
variance reduction techniques either implemented in the MCNP code or to use ADVANTG
code, which is an automated tool for generating variance reduction parameters for fixed-source
continuous energy Monte Carlo simulations with MCNP based on approximate 3-D multigroup
discrete ordinates adjoint transport solutions generated by Denovo.
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1.2 Objectives

The objective of this thesis is to explore the different variance reduction techniques that can be
applied to deep shielding calculations and to evaluate their effectiveness in the context of the
MYRRHA project. To achieve this aim, a comprehensive literature review will be conducted
to identify the most promising techniques and to understand their underlying principles and
assumptions. Next, a series of numerical simulations will be carried out to test the performance
of the selected techniques in a range of scenarios relevant to the MYRRHA project. These
simulations will allow us to assess the accuracy and computational efficiency of the techniques,
and to identify any potential limitations or challenges that may arise in their application.

With these objectives in place, we also aim to contribute to a wider understanding of the
ADVANTG software [1]. which will be used for the implementation of the variance reduction
techniques. This thesis seeks to make the workings of ADVANTG, especially in the application
of weight windows, clearer and more accessible for its future users. The insights and experiences
derived from this thesis may assist future users in optimally leveraging this powerful tool.

Moreover, we aim to provide valuable information on source biasing in proton-driven systems.
An interesting aspect of our research is the exploration of equivalent neutron sources within these
systems. Equivalent neutron sources are valuable in this context as they can significantly sim-
plify the modeling of such systems, reducing computational demands and increasing efficiency,
without sacrificing the accuracy of the results.

This thesis’s findings will provide valuable insights into the use of variance reduction techniques
for deep shielding calculations and will inform the design and implementation of the MYRRHA
project. Additionally, the findings of this study may have wider implications for the field of
radiation protection and may be applicable to other similar projects and contexts. Therefore,
this thesis is expected to be a valuable contribution to the MYRRHA project and beyond, serving
as both a methodology exemplar and a practical guide for implementing variance reduction
techniques.

1.3 Thesis Structure

The structure of this thesis is delineated across several chapters, each with its own dedicated
focus and purpose:

e Computer Codes: This chapter delves into the computational tools and codes employed
throughout the thesis, addressing their characteristics, advantages, and limitations.

e Theory: The theoretical foundations relevant to this study are comprehensively discussed
in this chapter. It elucidates the theories that underpin the methodologies used in this
research.

e Methodology: Here, the research design is expounded, detailing the methods and strate-
gies that guided the study. An in-depth exploration of the variance reduction techniques
used is also presented.

e Results: This chapter offers a presentation of the research findings obtained from the
numerical simulations. It clearly, concisely, and comprehensively articulates the research
outcomes.
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e Conclusions: This chapter consolidates the key findings of the thesis, discusses their
implications, and proposes potential avenues for future research within this domain.

e Social and Professional Responsibility: This section examines the ethical, social, and
professional responsibilities linked with the study and its findings, showcasing how these
responsibilities have been addressed throughout the project.

e Project Management: The management aspects of the thesis project are detailed in
this chapter, including planning, resource allocation, time management, risk assessment,
and mitigation strategies.

The final sections, 'Glossary’ and ’Annexes’, serve as useful resources for the reader. The Glos-
sary provides definitions for crucial terms and concepts, and the Annexes include supplementary
materials and data relevant to the research.
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2 COMPUTER CODES

In this fast-paced era of technological advancement, sophisticated software tools are vital for
pushing the boundaries of scientific research. They serve as powerful instruments, allowing
us to tackle and explore complex phenomena that can be nearly impossible to comprehend
otherwise. The focus of this chapter will be to present the key computational tools that have
been the backbone of the research journey in this thesis.

2.1 MCNP 6.2

MCNP, [2] is a general-purpose Monte Carlo N-Particle transport code developed and maintained
by Los Alamos National Laboratory. It was initially developed in the 1950s for simulating
radiation transport in nuclear reactors, but it has since been extended and used for a wide range
of applications, including radiation protection, medical physics, space exploration, and national
security.

A wide variety of particles, up to 1TeV /nucleon, including neutrons, photons, electrons, ions,
and many other elementary particles can be used for transport calculations. These particles
are transported using a three-dimensional representation of the materials enclosed by first-,
second-, and fourth-degree user-specified surfaces and described in constructive solid geometry.
Additionally, by embedding a mesh within a constructive solid geometry cell, external structured
and unstructured meshes may be used to generate the problem geometry in a hybrid mode,
offering a different method of constructing complicated geometry, [3]. This allows it to simulate
a wide range of systems, including nuclear reactors, medical imaging devices, and spacecraft.
Additionally, MCNP can simulate the effects of radiation on materials, such as the damage
caused by high-energy particles.

Some of the main limitations of MCNP include the fact that it is a probabilistic code, meaning
that it uses random numbers to simulate particle transport. As a result, the results of an MCNP
simulation can vary from run to run. Additionally, MCNP is a computationally intensive code,
so it can take a long time to run complex simulations. Finally, MCNP is not well suited to
simulating some types of problems, such as those involving fluids or gases.

Also, compared to other particle transport codes, some strengths and weaknesses can be men-
tioned. On the one hand, it is widely used and has a strong track record of reliability and
accuracy. It also has a large user community, which can provide support and resources for
those using the code. On the other hand, it can be difficult to use and may not have some of
the advanced features and capabilities that are available in other codes, such as SERPENT or
OpenMC.

Overall, MCNP is a powerful and versatile tool for simulating the transport of particles through
matter. It has been widely used in a variety of fields and has been a valuable tool for under-
standing the behavior of radiation and other particles.

2.2 ADVANTG 3.2.0

ADVANTG, [1] stands for Automated Variance Reduction Generator. It is a software tool de-
veloped by Oak Ridge National Laboratory (ORNL), being ADVANTG 3.2.0 the latest version
available at RSICC and NEA. This software tool is used to improve the accuracy of continuous-
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energy Monte Carlo simulations of neutron, photon, and coupled neutron-photon transport
problems using MCNP through the use of variance reduction techniques. It generates space-
and energy-dependent weight-window bounds and biased source distributions using 3D discrete
ordinates solutions of the adjoint transport equation and creates an output compatible with
MCNP. It can also perform discrete ordinates calculations and construct discretized represen-
tations of transport problems on a user-provided spatial grid and can be used to visualize these
models and solutions. ADVANTG aims to reduce both user effort and computational time in
order to obtain accurate and precise tally estimates and has been applied to simulations in ra-
diation shielding, detection, and neutron activation. It provides a more efficient and automated
alternative to traditional methods for generating variance reduction parameters.

As mentioned previously, variance reduction is a statistical technique that is used to reduce
uncertainty or variability in simulation results. This is achieved by performing a large number
of simulations with different sets of input parameters and then averaging the results.

ADVANTG is implemented as a preprocessor to MCNP, which means that it processes the
input file for MCNP and generates a modified version of the input file with the appropriate
variance reduction parameters. This modified input file is then used as input to MCNP to
perform the actual simulation. ADVANTG includes a number of different variance reduction
techniques that can be used to improve the accuracy of MCNP simulations. These techniques
include importance sampling, stratified sampling, Russian roulette, and variance reduction by
decomposition. Also includes a number of advanced features that can be used to customize and
optimize the variance reduction process. These features include the ability to specify different
variance reduction techniques for different regions of the simulation domain, the ability to adjust
the parameters of the variance reduction techniques, and the ability to monitor and control the
variance reduction process.

ADVANTG is primarily used in the field of nuclear engineering and has been used in applica-
tions such as nuclear reactor design, simulation of nuclear accidents, and evaluation of the safety
of nuclear devices. Some examples of real-world applications in which ADVANTG was demon-
strated to significantly increase the tally figure of merit (FOM) compared to analog MCNP
simulations are [1]:

e Shielding applications including radiation shielding, detection, rate analyses of the ORNL
Spallation Neutron Source and High Flux Isotope Reactor and the ITER Tokamak.

e Radiation detection, safeguards and special nuclear material movement detection test prob-
lems.

e Prediction of activation rates within light water reactor facilities.

As a whole, ADVANTG provides a powerful and efficient alternative to traditional methods,
such as analog MCNP simulations, for generating variance reduction parameters and manages
to reduce effort and computational time, while obtaining accurate and precise tally estimates.

2.3 ALEPH 2.0

ALEPH2.0 is a Monte Carlo burn-up code, developed at SCK-CEN since 2004. Its central
purpose is to bridge the gap between steady-state Monte Carlo transport and time-dependent
depletion calculations, providing essential consistency for our project. What makes ALEPH2.0
stand out among other depletion codes are its unique features that directly address several
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limitations of previous versions. It incorporates the most recent nuclear data libraries such
as JEFF-3.1.1, ENDF/B-VII and JENDL-4. These libraries provide a rich source of activation
data, spontaneous fission information, fission product yield data, and radioactive decay data. By
integrating this wealth of data, ALEPH2.0 offers a more precise and reliable framework for our
simulations. Furthermore, ALEPH2.0’s built-in depletion algorithm provides a more accurate
understanding of time-dependent nuclide concentrations, effectively reducing uncertainties. It
also includes additional features such as a predictor-corrector mechanism, and the capability to
calculate nuclear and decay heat, as well as decay neutron sources [4].

In the context of our project, ALEPH2.0 is used to perform depletion calculations using an
external neutron spectrum file, which is generated through MCNP. This coupling of software
enriches our research process and allows us to delve deeper into the realm of spectrum-driven
uncertainties.

Finally, it is noteworthy that ALEPH2.0 has undergone rigorous validation against the results
of the REBUS experimental program [4], with it demonstrating a superior agreement with the
measured data compared to other depletion codes. This further emphasizes its reliability and
relevance to our research.

2.4 Cluster

In this study, simulations were run on the Newton calculation cluster, a high-performance com-
puting system built at SCK CEN. The cluster consists of 45 computing nodes, providing 1476
non-hyperthreaded computing cores or 2952 hyperthreaded computing cores. The hardware
specifications of the nodes include the use of Intel Xeon Gold 6154 CPUs, a total of 8.7 TB of
RAM, and dedicated 10 Gbps inter-node and storage connections. The cluster also has dedi-
cated storage options with capacities of 10+10 TB and 21 TB, connected via 40Gbps network.
The operating system used on the cluster is CentOS 7.x.

2.5 Python

Python is an open-source, high-level programming language developed by Guido van Rossum in
1991. It has since become one of the most popular and versatile languages in the world of pro-
gramming due to its simplicity, readability, and broad library support. Python’s straightforward
syntax and semantics make it a go-to language for beginners and experienced programmers alike,
and its extensive range of libraries and modules make it exceptionally useful for a multitude of
applications ranging from web development to data analysis and machine learning [5].

In this project, Python has been extensively used to automate tasks and analyze data. Its
extensive suite of scientific libraries, such as NumPy for numerical computing and Matplotlib
for data visualization, made it an ideal tool for handling and processing the large datasets
generated by our simulations. Its powerful scripting capabilities facilitated the automation of
repetitive tasks, thereby increasing the efficiency of our research process.

2.6 SANDY

Another significant tool utilized in this thesis is SANDY, a nuclear data sampling code com-
patible with nuclear data files in the ENDF-6 format. Developed by Luca Fiorito and his team
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at SCK CEN, SANDY employs the fundamental theory of stochastic sampling to generate ran-
dom nuclear data samples. These samples accurately reflect the covariance information from
the ENDF-6 files, and they can be used as inputs to produce perturbed responses in nuclear
codes. A key capability of SANDY lies in its capacity to perform a variance-based decompo-
sition method to estimate global sensitivity indices for both correlated and uncorrelated input
parameters. This enables the determination of parameters with the largest impact, thus aiding
in the identification of crucial variables [6].

In the context of our project, SANDY has been employed in a more specific role - as a tool for
reading output files from MCNP and ALEPH. This targeted use of SANDY complements our
other software tools and contributes to the overall efficiency and effectiveness of our research
process.
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3 THEORY

3.1 Relative Error

Accompanying each tally in the MCNP6.2 standard output is a fundamental quantity of statisti-
cal significance known as the relative error, denoted by R. This value is derived from the ratio of
the standard deviation of the mean (Sz) to the mean () itself. The relative error quantifies the
uncertainty tied to the mean, and thus can be interpreted as a measure of the reliability of the
simulation results. To construct confidence intervals around the estimated mean, the relative
error plays an indispensable role [2].

For simulations displaying normal behavior, the relative error, R, is inversely proportional to the
square root of IV, where N signifies the number of particle histories. As articulated by the Central
Limit Theorem, as N approaches infinity, there exists a 68% probability that the true result lies
within the range Z(1+ R), and a 95% probability it is within (1 +£2R). However, it is crucial to
note that these confidence intervals primarily relate to the precision of the computation, not its
accuracy. To make assertions regarding the accuracy of a simulation, a comprehensive analysis
involving factors such as the uncertainties in the physical data, the modelling, the sampling
technique etc., is mandatory.

The MCNP manual [2] offers valuable guidelines for interpreting the quality of the confidence
interval based on the value of R, as outlined in Table 3.1. It is worth emphasizing the significance
of these ranges, as they provide critical insights into the quality of the tally and consequently,
the reliability of the simulation results.

Table 3.1: Guidelines for interpreting the relative error R [2].

Range of R Quality of the tally
0.5 to 1.0 Not meaningful
0.2 to 0.5 Factor of a few
0.1 to 0.2 Questionable
<0.10 Generally reliable
<0.05 Generally reliable for point detectors
Further, as discussed, the estimated relative error R scales as \/Lﬁ, with NV signifying the number

of particle histories. Given that the computational time, T', for any MCNP run scales with N,
we may represent the relative error in terms of computational time as follows:

C

where C' is a positive constant contingent upon the tally choice and the sampling techniques
employed. If the aim is to reduce the estimated relative error R, strategies may involve either
increasing the computational time 7' (i.e., augmenting the number of particle histories) or de-
creasing the constant C via appropriate variance reduction techniques (as detailed in Section 3.2).
However, merely increasing the number of particle histories is generally an inefficient method for
reducing R given the significant computational resources required to generate a large number
of histories. Therefore, implementing advanced variance reduction techniques often presents a
more practical approach for enhancing the reliability of the simulation results.
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3.2 Variance Reduction

Variance is a measure of how much a random variable deviates from its expected value. In
the context of Monte Carlo simulations, variance reduction techniques are utilized to enhance
the precision of estimates within a fixed computational effort. These methods allow for either
decreased computer time while maintaining adequate precision or increased precision without
additional computational resources [2].

However, it is important to distinguish between accuracy and precision. A reduced variance
does not necessarily imply a more accurate calculation. Accuracy refers to how close the tally
estimate is to the true physical quantity being estimated [2]. It is influenced by factors such as
geometry and physics approximations, cross-section data, and material definitions. On the other
hand, the relative error reflects the precision of a result in the presence of statistical fluctuations
inherent to probabilistic methods.

Several factors can affect the accuracy of Monte Carlo calculations [7]:

1. Code factors

Physics and models

Data uncertainties

Cross-section representations

e Errors in coding
2. Problem-modeling factors

e Source model and data
e Geometrical configuration

e Material composition

3. User factors

User-supplied subroutine errors

Input errors

e Variance reduction abuse

Checking the output

Understanding the physical measurements

Despite its advantages, the Monte Carlo method has a significant drawback: it is often too
computationally expensive for a large number of calculations. This is not due to the procedure’s
slowness but rather the extensive computational time required to follow trivial or statistically
insignificant occurrences to reach the desired outcome. Therefore, the key to making the Monte
Carlo approach efficient is to focus on relevant features of a problem while avoiding minor
ones. This is where “variance reduction methods” come into play, as they reduce the statistical
variance for the same amount of computing time [8].

MCNP, a tool used in these simulations, measures the efficiency of calculations in several ways,
one of which is the figure of merit (FOM). The FOM is defined as:

1

FOM = ——
o2, T
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2 _is the relative standard deviation of the mean and T is the computational time for

the calculation in minutes. The FOM should be roughly constant for a well-sampled problem
because while o2, is on average inversely proportional to the number of histories (N), T is on
average directly proportional to N. Therefore, the product remains fairly constant.

where o

MCNP has the following mathematical form for tallies to be estimated:

(T) = / d7 / dv / dtN (7, T, ¢)T(F, 5, 1) (3.3)

The method involves sampling particle histories that generate the appropriate particle density
N(7,7,t) statistically. In cases where a tally is not required, the tally function T'(7, ¥, t) is zero.
By employing MCNP variance reduction techniques, improved statistical estimates of NV can be
obtained in regions where T is large, at the cost of less accurate estimates where T is zero or
small.

Non-analog techniques in MCNP do not directly emulate nature but can be utilized as long as
both N and (T') are conserved. To maintain this conservation, the weight of particles can be
altered, which can be interpreted as the number of particles that an MCNP particle represents [2].
The concept of particle weight is vital to the practice of variance reduction. It is not necessary
to track each physical particle to simulate the movement of a large number of them. Instead, a
statistically significant sample of particle ‘histories’ must be followed, with each history assigned
a weight that corresponds to the number of actual particles being modeled.

Several variance reduction techniques are employed in MCNP, including importance sampling,
weight windows, geometry splitting, and Russian roulette.

e Importance sampling is a technique that biases the sampling process to give more
weight to the more significant outcomes, thereby reducing the variance of the estimated
quantities and leading to more accurate results.

¢ Weight windows set upper and lower weight bounds for each spatial region in the prob-
lem. Particles that fall below the lower weight bound are terminated, while those that
exceed the upper bound are split into multiple particles. This technique is further ex-
plained in Section 3.3.

e Geometry splitting and Russian roulette are two complementary techniques used
to control the weight of the particles. When a particle crosses a boundary between two
regions with different importances, its weight is adjusted according to the ratio of the
importances of the two regions. If the weight of the particle increases (i.e., it moves to
a region of higher importance), the particle is split into multiple particles, each with a
fraction of the original weight. This process is known as geometry splitting.

Conversely, if the weight of the particle decreases (i.e., it moves to a region of lower
importance), the particle is subjected to a game of Russian roulette. In this game, the
particle has a certain probability of being terminated and a certain probability of surviving
with an increased weight. This process helps maintain the computational efficiency of the
simulation by eliminating particles that contribute little to the estimated quantities.

3.3 Weight Windows

Weight windows are a crucial component in variance reduction techniques, specifically used to
reduce spectrum-driven uncertainties in Monte Carlo simulations. They function by controlling
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the weight of particles in a simulation, ensuring that they fall within a specific range. This
control over particle weight reduces the fluctuations that can introduce uncertainty.

Unlike geometry splitting, which is based on the ratio of importances across a surface, the weight
window operates with absolute weight bounds. It can be applied at surfaces, collision sites, or
both, offering more flexibility than geometry splitting, which is only applied at surfaces. This
flexibility allows the weight window to control weight fluctuations introduced by other biasing
techniques.

A weight window requires all particles in a cell to have a weight within the range W < W < W,,.
This range is always adjusted to be at least a factor of 2 wide, that is W, /Wy > 2. This ensures
that the weight window can effectively control the weight of particles and reduce fluctuations
[7].
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SPECIFIED FOR EACH
SPACE-ENERGY CELL

INCREASING WEIGHT ——————
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Figure 3.1: Detail of the weight window [7].
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Weight windows have special features that enhance their effectiveness. For instance, there is a
maximum split /roulette feature that limits the amount of splitting/rouletting that can occur at
any particular weight window game. In the context of a specific problem, the weight window
parameters should be such that the weight windows are inversely proportional to the space-
energy importance. This requires either a guess of what the importance function looks like or
use of information from experience.

In MCNP simulations, weight and importance have distinct meanings. The weight of a particle
represents its statistical contribution to the estimated quantities. It is a measure of the number
of ‘real’ particles that the simulated particle represents. On the other hand, importance is a
user-defined quantity that indicates the relative significance of different spatial regions in the
problem. It is used in conjunction with weight windows to control the statistical weight of the
particles and reduce the variance of the simulation.
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Figure 3.2: Generic Monte Carlo problem of four cells with three particle histories, illustrating
how importances can be estimated [7].
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Row Description Cell 1 Cell 2 Cell3 Cell4

Weight

1 Trajectories entering 1,8,13 3,4,9,10 14,15 6,17

2 Weight entering associated with above trajectories 1,1, 1 0.25,0.25, 05,05 0505 05,05

3 Total weight entering 3 1.5 1 1
Score

4 Trajectories entering that resulted in score 7,17 7 17 7,17

5 Scores associated with above trajectories 0.25,0.5 0.25 0.5 0.25,0.5

6 Total score 0.75 0.25 0.5 0.75
Estimate

7 Estimated importance Row 6/Row 3 0.25 0.167 0.5 0.75

Figure 3.3: Importance estimation process for particle histories in Figure 3.2 [7].

The weight windows are chosen according to available cell importances. The lower weight bound
(W) is calculated as 0.5 divided by the cell importances, the survival weight (W) is 3.0 times
Wy, and the upper weight bound (W,,) is 5.0 times W;. In any given game, no particle will be
split more than five for one, nor rouletted harsher than one in five. The weight window game
can be turned off in certain cells if that part of the problem is too angle-dependent for the
weight window to be effective. The weight window can be applied both at collisions and surface
crossings [7].

In conclusion, weight windows are a powerful tool in variance reduction techniques. They provide
a means to control the weight of particles, thereby reducing the uncertainties in a simulation.
Their flexibility and special features, such as the maximum split/roulette feature, make them a
valuable component in the reduction of spectrum-driven uncertainties.

3.4 Denovo

Denovo is an essential component of ADVANTG, offering 3-D solutions to radiation transport
problems. This powerful and user-friendly software is built to handle complex transport issues
involving neutrons and gamma rays. Simply put, Denovo breaks down the problem’s structure,
source, and data points into a grid format, making it easier to calculate particle movements and
interactions in the system [1]. It utilizes state-of-the-art mathematical tools from the Trilinos
library and uses the Generalized Minimum RESidual (GMRES) method to reach a solution step
by step.

One of the key strengths of Denovo is its ability to handle big problems by dividing work
among multiple computer processors. This division of labor makes the calculations faster and
more efficient, especially when dealing with complicated systems with many spatial cells [1].
Furthermore, Denovo supports various methods to break down space and angles, including both
triangular and product quadratures. These choices can affect how accurate and efficient the
calculations are, depending on the specifics of the problem [1].

Denovo is widely applicable in the field of nuclear engineering and radiation transport. It is
useful for solving problems involving neutron and gamma-ray movements such as designing
shields, planning reactors, and planning radiation therapy. By providing accurate and efficient
solutions, Denovo helps us to better understand and optimize radiation movement processes in
various systems [1].

To summarize, Denovo is a multi-purpose, 3-D software package within ADVANTG, designed
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to calculate deterministic radiation transport. By breaking down the problem and using mod-
ern mathematical tools and division of labor among processors, Denovo offers an effective and
efficient solution to radiation transport problems. Its wide range of applications illustrates its
importance in the field of nuclear engineering and radiation transport.

3.5 CADIS Method

The Consistent Adjoint Driven Importance Sampling (CADIS) method is a variance reduction
technique that was developed to expedite the estimation of a single scalar quantity in transport
problems. It is implemented in the ADVANTG software and works by calculating an adjoint
solution, which is representative of the importance of different regions and energies in contribut-
ing to the desired tally. This adjoint solution is then utilized to generate variance reduction
parameters, such as weight-window targets and biased source distributions [1].

The CADIS method guides the Monte Carlo simulation to concentrate on the most significant
regions and energies by using these variance reduction parameters. This focus reduces statistical
uncertainties and enhances simulation efficiency. In essence, the CADIS method uses an adjoint
solution to ascertain the importance of different regions and energies, and then applies variance
reduction parameters to steer the simulation towards these crucial areas. This results in quicker
and more precise estimations of the desired tally [1]. Figure 3.4 depicts a diagram showing the
differences between forward and adjoint transport.
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P=(F.EN

adjoint adjoint flux

transport:
P detector

o4
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R I'r;[u”]!.'é[ﬂ”lcﬁ’

[

Figure 3.4: Layout illustrating the differences between forward and adjoint transport [9].

To implement the CADIS method, an importance map is generated by solving the adjoint
transport equation, with the appropriate boundary conditions:

Htyt =04 (3.4)

In this equation, H* is the adjoint transport operator, 1T is the adjoint flux density, and o4 is an
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arbitrary response function such as a detector cross-section. This importance map, also known
as the importance function, is instrumental for MCNP calculations as it aids in determining
whether a particle’s trajectory will lead it towards a region where it is more or less likely to
contribute to a specific tally [1].

However, the CADIS method is primarily designed for problems where a single scalar quantity
needs to be estimated, which means it is focused on accelerating individual tallies. When
multiple quantities need to be calculated, one approach would be to calculate N different adjoint
solutions, generate N different sets of variance reduction parameters, and execute N different
Monte Carlo simulations for the N different tallies. While this solution may work for small
N, it becomes impractical as the number increases. There are other potential approaches for
calculating multiple tallies with CADIS, such as the Cooper and Larsen method, but these are
beyond the scope of this work.

3.6 FW-CADIS Method

The Forward-Weighted CADIS (FW-CADIS) method is a variance reduction technique that
is implemented in the ADVANTG software. It was developed to generate variance reduction
parameters for multiple tallies with approximately uniform statistical precision [1]. This method
is designed to span the range from a few localized tallies to space- and energy-dependent mesh
tallies that encompass the entire domain.

The FW-CADIS method involves constructing an adjoint source that consists of appropriately
weighted contributions from all tallies of interest. The weights are the inverses of the individual
responses, and the total response is a sum of equal-weight terms [1]. This adjoint source includes
all tallies of interest and is used to generate variance reduction parameters, such as weight-
window targets and biased source distributions. By using these variance reduction parameters,
the FW-CADIS method guides the Monte Carlo simulation to focus on the most important
regions and energies for all tallies of interest. This focus reduces statistical uncertainties and
enhances simulation efficiency, thereby improving the accuracy of the simulation [1].

The FW-CADIS method can be applied to both localized detectors and spectra, as well as global
distributions. It aims to optimize Monte Carlo calculations for various types of responses, includ-
ing flux, dose rate distributions (e.g., mesh tallies), and responses at multiple localized detectors
and spectra [10]. This method provides a novel use of the adjoint methodology for biasing
Monte Carlo simulations, allowing for more accurate and efficient calculations of responses in
both global and localized scenarios [10].

The FW-CADIS method involves several steps:

1. Estimate the forward flux

o(7, E) (3.5)

2. Define the adjoint source
(7, E) = oul", ) 3.6
O B) = T e, B) drdE (3.6)

The response function o4(7, ') can represent any type of response function, such as dose
rate, cross section or spectrum as used in our case.
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3. Create the adjoint flux from the adjoint source and solve for the adjoint flux
¢" (7, E) (3.7)
4. Estimate “detector” response

c= / / q (7, E)¢™t (7, E) difdE (3.8)

5. Construct weight windows

c
o(7 F) —
6. Construct the biased source
. . .
Q(T7E) = EQ(rvE)(b—i_(raE) (310)

In summary, the FW-CADIS method is a powerful tool for achieving effective global variance
reduction in Monte Carlo simulations for a wide range of applications and objectives. By con-
structing an adjoint source that includes all tallies of interest and using the adjoint solution to
generate variance reduction parameters, the FW-CADIS method guides the simulation towards
the most important regions and energies for all tallies, thereby improving simulation efficiency
and accuracy.

3.7 Multigroup libraries

Multigroup libraries in ADVANTG serve as reservoirs of multigroup cross-section data, em-
bodying essential information on neutron and gamma-ray interactions with various materials
across diverse energy levels. This data is instrumental in facilitating the discrete ordinates
computations performed by Denovo, a component of ADVANTG.

Discrete ordinates methodology is a numerical strategy used to resolve the transport equation for
neutrons and gamma rays within a system. The essence of multigroup libraries in ADVANTG
lies in their provision of requisite data for these discrete ordinates computations, effectively
serving as a knowledge hub for these calculations.

Within ADVANTG’s toolset, several ANISN-format coupled neutron-gamma cross-section li-
braries are incorporated. These libraries are accessible through the ”anisn_library” input option.
ADVANTG’s ability to read and interpret the cross-section data from these libraries, mix cross
sections when required, and generate a working library for Denovo, is instrumental in enabling
precise and efficient simulations. It supplies the necessary inputs for the transport calculations,
thereby promoting accuracy in ADVANTG simulations [1].

As detailed in Table 3.2, several ANISN-format coupled neutron-gamma cross-section libraries
are included in the ADVANTG distribution. These libraries are tailored for use with Denovo and
require no auxiliary codes for their application. Furthermore, the characteristics and attributes
of these libraries vary, offering different numbers of groups, isotopes of elements, and evaluations.
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Table 3.2: Multigroup libraries used in Denovo calculations, [1]

Anisn_library # of groups # of isotopes

Library option (N/G) of elements Evaluation
27n19g 27n19g 27/19 393 ENDF/B-VIIL.O
200n47g 200n47g 200/47 393 ENDF/B-VII.O
BUGLE-96 bugle96 47/20 120 ENDF/B-VL3
BPLUS bplus 47/20 393 ENDF/B-VII.0
DABL69 dabl69 46/23 80 ENDF/B-V
DPLUS dplus 46/23 393 ENDF/B-VII.0
FENDLG67 fendl67 46/21 71 FENDL-2.1
HILO2K hilo2k 83/42 32 ENDF /Bertini INC model

The recent release of ADVANTG (3.2.0) added HILO2K to the multigroup library, which in-
cludes data for incident particles up to 2GeV. This expansion significantly facilitates simulations
for reactors like MYRRHA with an Accelerator Driven System (ADS) configuration, where pro-
tons are accelerated up to 600 MeV. Nevertheless, a notable limitation of the HILO2K library
is that it only includes 32 isotopes. This necessitates that only the isotopes featured in the
library should be used in the ADVANTG simulation input. Any other isotopes need to be either
omitted or substituted with one from the library.

An important caveat with using HILO2K in ADVANTG 3.2 is the discrepancy in energy group
definitions. While HILO2K defines energy groups in eV, MCNP uses MeV, leading to an in-
compatibility that needs to be resolved for a seamless operation. Therefore, always ensure this
discrepancy is addressed before proceeding with simulations. Seek assistance from the software
developers if any difficulties arise in resolving this issue.

3.8 MYRRHA

The MYRRHA [11, 12] (Multi-purpose hYbrid Research Reactor for High-tech Applications)
project, led by the Belgian Nuclear Research Centre, has been in development since 1998. It is
intended to replace the BR2 material testing reactor and enable research in numerous fields, such
as irradiation of materials for fusion reactors and transmutation of spent fuel. The MYRRHA
reactor is an example of an accelerator-driven system that combines a particle accelerator, a
spallation target, and a subcritical reactor. The project originated from research conducted
by physicist Carlo Rubbia at CERN, focusing on the experimental determination of the energy
generated in nuclear cascades by high-energy beams [13]. This work led to the idea of using the
concept of spallation targets to create neutron sources for subcritical reactors.

As a multi-purpose project, there are many objectives to be achieved, some of the most prominent
of which are, [11]:

e To demonstrate the feasibility of the accelerator, spallation target, and subcritical reactor
assembly for industrial-scale ADS operation.

e To enable the study of the transmutation of high-level waste, in particular the minority
actinides that cause the long lifetimes of radioactive waste.

e Demonstrate the ability to operate in a wide range of high energies to carry out experiments
focused on materials for Generation IV and fusion reactors.
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Figure 3.5: Scheme of the waste problem with radiotoxicity over the years [12].

e Production of medical radioisotopes.

Accelerator-Driven Systems (ADS) involve a particle accelerator coupled to a nuclear reactor
operating under sub-critical conditions. A reactor is in sub-critical conditions when k.r; < 1,
meaning that fewer neutrons are generated in the current generation than in the previous one.
It is impossible, therefore, to achieve a chain reaction under these conditions. To compensate
for the lack of neutrons and to keep the reactor running, an external neutron source is used,
typically from a nuclear spallation target.

One of the main problems facing the nuclear industry is the management of radioactive waste,
especially those with a longer half-life. In this respect, ADS can play a key role in developing the
nuclear industry over the coming decades thanks to their potential for transmutation. Trans-
mutation is a process in which long-lived radioactive isotopes are converted into shorter-lived or
stable isotopes through neutron-induced reactions. There are two major concerns, [14]:

1. The intensity and longevity of the radioactivity of some radioactive waste complicate
management in geological disposal.

2. Disposal without spent fuel reprocessing means larger storage space and a loss of the
energy still stored inside the spent fuel.

By reducing the intensity and longevity of the radioactivity of some radioactive waste (see
Figure 3.5), transmutation can help address the challenges of geological disposal and spent fuel
reprocessing, leading to more sustainable and efficient nuclear waste management.

The initial idea of the SCK CEN was to use the designs of the FP6 EUROTRANS project as a
basis for the MYRRHA /XT-ADS (eXperimental facility demonstrating the technical feasibility
of Transmutation in an Accelerator-Driven System) so that the work already done could be
reused. The MYRRHA /XT-ADS is a pool-type lead-bismuth eutectic-cooled (LBE) reactor
design. The main features of this design can be found in Table 3.3.

The current design being worked on in the Belgian research center is the MYRRHA-FASTEF,
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Table 3.3: MYRRHA /XT-ADS main parameters [11].

Nominal reactor power 57 MW

Primary circuit cooling power 70 MW

Core inlet temperature 300 °C

Core outlet temperature 400 °C

Coolante velocity in core 2 m/s

Primary coolant LBE

Secondary coolant Saturated water/steam
Teriary coolant Air

Table 3.4: MYRRHA-FASTEF main parameters [11].

FA length 2000 mm

Nominal power 100 MW
Core inlet temperature 270 °C
Core outlet temperature 410 °C
Coolante velocity in core 2 m/s

Coolant pressure drop 2.5 bar

Primary coolant LBE

Secondary coolant Saturated water/steam
Teriary coolant Air

which is approximately the same as the MYRRHA /XT-ADS but with an increase in size. Its
main features can be found in Table 3.4.

The design works by means of a mixture of oxides (MOX) commonly used in fast reactors. The
design of the spallation target has changed between the two models. The FASTEF has a window
unlike the XT-ADS, which allows for simplification of the design and greater flexibility in the
In-Pile test Sections (IPS).

The reactor can operate in either ADS or critical mode. In ADS mode the central position of
the core is occupied by the spallation target assembly and is easily removable and replaceable.
When the operating mode is critical, the target assembly is removed from the core and control
rods are inserted. There are 3 objectives for the spallation target assembly, [11]:

1. It guides the proton beam into the core where conditions are optimal for spallation.

2. To support the irradiation from the protons and neutrons and to allow the evacuation
of heat through the coolant, produced by the energy deposition that occurs due to the
spallation.

3. To act as a protective barrier between the coolant and the reactor hall.

Concerning the challenges ahead, two main areas require further research: the development of
enhanced instrumentation for more accurate measurement of parameters such as pressure, tem-
perature, or neutron flux, and the improvement of deep shielding calculations. These advance-
ments are crucial for the MYRRHA project, as they enable the assessment of various shielding
configurations’ efficacy, ensuring the safety of both individuals and equipment involved [11].
Given the MYRRHA reactor’s complexity and its multiple applications, including waste trans-
mutation, refining deep shielding calculations can assist in optimizing the reactor’s design and
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Figure 3.6: MYRRHA-FASTEF main components [11].
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operational aspects. The use of variance reduction techniques is particularly important, as these
methods can significantly improve the accuracy and efficiency of calculations, ultimately con-
tributing to the project’s safe and successful completion. The ADVANTG software, specifically
designed for implementing variance reduction techniques, will play a key role in achieving the
thesis objectives by enhancing the accuracy and reliability of deep shielding calculations for the
MYRRHA reactor.
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4 METHODOLOGY

Our main aim with this methodology is to establish a solid process to apply variance reduction
techniques to complex nuclear systems, with a focus on the MYRRHA reactor. Recognizing the
complexity of MYRRHA, we will first apply our approach to simpler, but still relevant, cases to
ensure it works effectively. This means that, the starting point is to explore similar experiments
that can offer a benchmark for our work. For this purpose, we have selected the TTARA and
KENS shielding experiments. By replicating these experiments, we can test the effectiveness of
our proposed methodology.

In this part of the thesis, an overview of the TIARA and KENS experiments will be presented,
detailing their setup and geometrical design. This will help us gain a firm understanding of
these reference cases. Following this, the focus will shift to the application of our methodology to
MYRRHA. To facilitate this, we will describe the key aspects of MYRRHA that are important for
our MCNP simulations and their inputs. By doing this, we can make sure that our methodology
is fully adapted to MYRRHA, taking into account its specific characteristics and the challenges
it presents.

In order to properly understand the methodology and the ensuing results, it is essential to
clarify the differences between the sources used and the notation employed to identify them.
The ‘proton source’ refers to the actual proton source of the problem, wherein a proton source
is utilized with a neutron production target to generate neutrons. The ‘non-equivalent neutron
source’ denotes the same input and source definition, with the sole alteration being the type of
particle from proton (‘h’ or ‘9’ in MCNP) to neutron (‘n’ or ‘1’ in MCNP). This approach was
recommended by developers as a proven and easy solution for obtaining weight windows without
having to create a proper equivalent neutron source. That said, the term ‘equivalent neutron
source’ is used to identify the source created to mirror the behavior of neutron particles in the
area of interest as precisely as possible. For this approach, the input, and especially the source
definition, may change to achieve the same spectrum in the area of interest

Upon implementing our methodology, we will present and analyze the results in Section 5. This
includes the application of the methodology to the TITARA and KENS experiments and, to the
extent possible, its application to MYRRHA. The analysis will allow us to gauge the performance
of our variance reduction techniques and identify areas for potential improvement. Ultimately,
the intention is to refine our methodology to be effective in handling the complexities of the
MYRRHA reactor.

4.1 TIARA Experiment

The TTIARA [15, 16] (Takasaki Ion Accelerator for Advanced Radiation Application) experiment
is one of the high-quality experiments that is part of SINBAD [17] (Shielding Integral Benchmark
Archive and Database) database. All the benchmark experiments inside this project have been
proved to be of a high order of quality in order to be suitable for the validations and evaluation
processes of nuclear data libraries. In particular, TITARA experiment is of great interest due to
the high-energy neutron spectra and deep penetration (see Figure 4.1), which is closely related to
the subject of this master’s thesis. It includes experimental results with three shielding materials,
iron, concrete, and polyethylene. As a neutron source, a 99.9% ’Li target is bombarded with
a high-energy proton beam from a cyclotron, with proton incident energies of 43 MeV and 68
MeV, producing two quasi-monoenergetic neutron sources of 40 MeV and 65 MeV, respectively
[16]. In this context, it is interesting to evaluate the usage of ADVANTG code in a more straight
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forward problem as it is TTARA, compared to MYRRHA reactor.
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Figure 4.1: Experimental configuration of TTARA shielding experiment [16].

In the technical report titled “MCNP modelling of TTARA SINBAD shielding benchmark” by
Bor Kos and Ivan A. Kodeli [15], ADVANTG was employed to enhance calculations through thick
layers of shielding. Since the original source was a proton source, an equivalent neutron source
had to be created to run ADVANTG and obtain the weight windows. The MCNP geometry
model was developed from scratch using CAD (see Figures 4.2a and 4.2b), the neutron source
inputs and weight windows can be downloaded from the ITAEA nuclear database [18].
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Figure 4.2: CAD model of TIARA geometry [15]. (a) Side view; (b) Top view.

The equivalent neutron source was modeled as a point source at the system’s origin, precisely at
the same location as the "Li target in the experiment, situated 396 cm away from the beginning
of the shielding. To avoid interactions along the beam line, it was modeled as a vacuum. The
source was confined to a conical shape, with its base directly corresponding to the beam line’s
opening at x = 396 cm and a diameter of ® = 10.2 cm. This source definition already serves as
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an effective variance reduction technique, as it reduces the time needed for the code to simulate
neutrons traveling from the point source to locations away from the detector [15].

Regarding the detectors, three different detectors were modeled in the original input:

1. BC 501A liquid scintillator.
2. Bonner sphere counters of various sizes.

3. Two different fission counters (23U and 2*2Th fission cells).

For the purpose of this thesis, only the BC 501 liquid scintillator located on the same axis as
the beam will be used as an F4 volume tally. The model consists of a cylinder with a height and
diameter of 12.7 cm, filled with the material defined in the detector manufacturers’ technical
documentation.

For a more comprehensive understanding of the input specifications, such as geometry, materials,
source, and tally definitions, readers are encouraged to refer to [15].

24 Escuela Técnica Superior de Ingenieros Industriales (UPM)



Reducing spectrum-driven uncertainties with variance reduction techniques

4.2 KENS Shielding Experiment

In the KENS experiment at KEK Spallation Neutron Source Facility [19, 20], a 500 MeV -
5uA synchrotron proton source is directed onto a tungsten target, creating a neutron source
through spallation. Positioned 2.5 meters from the spallation target’s center is a 4-meter-thick
ordinary concrete shield. Eight detectors, placed at distinct locations (see Figure 4.3), measure
the neutron flux and energy distribution. Six of these detectors (slots 2-7) are encased within
acrylic capsules at the base of insertion plugs comprised of the same material as the shield. The
other two detectors are located in a rectangular slot (slot 1) on the shield’s front surface, and
at the shielding’s terminus (slot 8) (see Figure 4.4).
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Figure 4.3: KENS Shielding experiment set up [21]. (a) Side view; (b) Top view.
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Figure 4.4: Shielding geometry for KENS shielding experiment [21].

In terms of the neutron source definition in MCNP, we define a point isotropic neutron source
that is collimated into a cone shape along the positive z-axis. This means that the neutrons
are emitted from a single point and are directed into a cone shape. The half-angle of the cone
is specified according to the geometry of the experiment, confining the emitted neutrons to a
specific direction. This setup is often used to simulate specific experimental conditions where
the neutron source is directional.
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Figure 4.5: Schematic representation of creating an equivalent neutron source from a proton

source 1 .

The neutron yield, which represents the number of neutrons produced per proton [n/p], is an

!Note that the depicted geometry does not match the KENS shielding setup; it is a generalized example to
facilitate understanding of the procedure.
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essential parameter in our study. This yield is not constant but varies depending on the energy of
the protons. These values can be calculated using the F1 tally function in MCNP. The neutron
flux, a measure of the intensity of neutron radiation, is then calculated behind a shielding. The
results from the MCNP code are normalized per source particle. This normalization can be
in 47 steradians, encompassing all directions, or it can be per source particle. The choice of
normalization depends on whether the study is interested in the total neutron flux (in which
case 4w steradians is used) or the flux per source particle. To convert the results to a more
standard form, they are multiplied by the total [n/p.sr] or [n/p] value and 47, depending on the
normalization used.

This study emphasizes a detailed reproduction of the neutron energy spectrum, particularly in
the high-energy region (E >1 MeV). At these higher energies, certain types of nuclear reactions,
which significantly influence the isotopic composition post-irradiation, can occur. Specifically,
reactions such as (n,p), (n, ), and (n,2n) become possible, as they have threshold energies typ-
ically exceeding 1 MeV. Therefore, ensuring an accurate representation of the neutron spectrum
in this energy range is crucial for evaluating the changes in isotopic composition following these
neutron-induced reactions.

Irradiation calculations will be performed for a continuous period of one year at slot-8, both with
and without the application of variance reduction techniques. This will facilitate an analysis of
the resulting neutron spectra, allowing for a comparison that demonstrates the impact of variance
reduction techniques on the spectral uncertainties. By conducting this comparative analysis, we
hope to better understand the potential benefits and limitations of variance reduction techniques
within the scope of this complex nuclear shielding experiment.

4.3 MYRRHA

MYRRHA (Multi-purpose Hybrid Research Reactor for High-tech Applications), is an intricate
system, for which the Belgian Nuclear Research Centre (SCK CEN) has developed a compre-
hensive model in MCNP. Spanning tens of thousands of lines, the MCNP input file accurately
represents all components expected to exist within the reactor, some of them illustrated in Figure
3.6 of Section 3.8. This model is equipped to simulate both critical and subcritical (Accelerator
Driven System - ADS) modes of operation, necessitating certain portions of the input to be
alternately commented or uncommented to accurately select the mode of interest.

For the scope of this project, the base model will largely be retained, with modifications limited to
implementing specific tallies required to generate results pertinent to the simulations performed.
Figure 4.6 provides a radial view of the heterogeneous core of MYRRHA, as modeled in the
MCNP input. The overarching goal of our project is to apply variance reduction techniques
to both working modes. Figure 4.7 compares the neutron spectra when simulated in both the
subcritical and critical mode.
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Figure 4.7: Neutron fluxes in the core barrel for the critical and subcritical mode [22].

Given MYRRHA'’s complexity, and the fact that it is a larger system which undergoes fission, it
remains unclear whether the methodology used in the TTARA and KENS experiments is directly
transferable. Furthermore, the unique feature of MYRRHA being capable of operating both as
a proton-driven system, akin to the aforementioned experiments, and in a critical mode without
a proton source, adds to the uncertainty. Another important aspect that will be scrutinized
is the potential applicability of the methodology used for irradiation calculations in the KENS
experiment. Further considerations will need to be addressed such as threshold reactions and the
resonance region of reactions pertaining to the neutron spectra, as these could induce reactions
affecting the isotopic composition.

Addressing these uncertainties will entail a rigorous and systematic evaluation of the impact of
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variance reduction techniques on the precision of the neutron spectra in both modes. Ultimately,
this study aims to enrich our understanding of MYRRHA'’s unique characteristics, and, in turn,
to leverage this knowledge to optimize the use of variance reduction techniques in simulating
complex nuclear systems.
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5 RESULTS

The aim of this chapter is to establish the validity and reliability of our research methodology,
which revolves around the application of the ADVANTG code and the generation of equivalent
and non-equivalent neutron sources. These sources are used to simulate radiation transport in a
proton-driven system and are crucial for achieving accurate results. To ensure the effectiveness
of our methodology, it is essential to assess the impact of these generated neutron sources on
the efficiency of the calculations in terms of both calculation time and statistical accuracy. By
determining their influence, we can optimize the overall performance of the final MCNP code
simulations, particularly in the context of MYRRHA applications with the proton accelerator.

To validate and verify the methodology investigated in this study, we rely on two critical bench-
marks as part of our validation process. These benchmarks are the TTARA and KENS shielding
experiments, which were introduced in Chapter 4. These experiments provide valuable reference
data that enables us to evaluate the precision and robustness of our methodology. By comparing
our simulation results with the experimental data from these benchmarks, we can establish the
reliability of our methodology and demonstrate its suitability for proton-driven systems.

In particular, the KENS experiment allows us to further delve into the spectrum-driven uncer-
tainties impacting isotopic composition of an activated material after a certain time of irradia-
tion. This analysis forms a critical part of the validation process. The specific steps involved in
the validation and verification process within our research are as follows:

1. Validating the created equivalent neutron sources to ensure ensure that it accurately rep-
resent the neutron field created by the proton interactions with the target material, which
has a thickness in the range of the proton.

2. Verifying the proper implementation of the ADVANTG code and assessing its compatibility
with the generated neutron sources.

3. Testing the ADVANTG weight windows generated with generated neutron source against
the original proton source and the experimental data to confirm the effectiveness of the
conversion.

4. Studying the effect of spectrum-driven uncertainties on the isotope composition of a specific
material after irradiation using ALEPH 2.0.

5. Evaluating the efficiency, accuracy, and precision of the methodology in various scenarios
and shielding designs.

In Sections 5.1 and 5.2, a detailed overview of the simulation design will be first provided to define
all key simulation parameters as comprehensively as possible. Following this, we will present
the results from the simulations, briefly discussing their primary attributes. Subsequently, an
analysis of the performance metrics will be undertaken to evaluate the precision and efficiency
of the simulation. To conclude these sections, a discussion of the results will be presented,
wherein the primary conclusions will be emphasized, and any necessary additional explanations
concerning the results will be provided. Additionally, for the KENS experiment, irradiation
calculations will be included alongside a corresponding analysis of the results. This analysis
will not only provide insightful information about the impact of spectrum-driven uncertainties
on isotopic composition but also equip us with the specific knowledge and tools that will be
instrumental in addressing the complexities of the MYRRHA reactor in our final section, thus
enhancing our prospects of success.
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Section 5.3 of this chapter is dedicated to the MYRRHA reactor in which it is presented the
application of the refined methodology from preceding experiments. Within this section, we
will detail the various steps and strategies implemented and offer a thorough examination of
the results obtained. The section culminates with a discussion that will help identify the key
elements that warrant additional research in the future for the advancement and improvement
of our results.

5.1 TTARA Experiment

5.1.1 Overview and Simulation Design

In reference [15], a neutron source equivalent, generated from the proton-7Li target interactions,
was utilized both for the generation of variance reduction parameters via ADVANTG, and within
the final MCNP calculations. However, the use of the proton source in tandem with the neutron
source-weight windows proved to be less effective than anticipated. This prompted the applica-
tion of variance reduction techniques, specifically, the weight window generator (WWG) present
within the MCNP6.2 code. Despite this, the proton source was not utilized in conjunction with
variance reduction parameters from the ADVANTG code. As such, this experiment was chosen
for validation purposes.

As presented in reference [23], the shortcoming of these efforts could be traced back to the
limited proton data available in the nuclear data libraries. This lack particularly impacted the
peak generated in the high energy region, causing MCNP to rely heavily on physics models for
"Li, consequently leading to unsatisfactory results. An in-depth analysis of the full experimental
data set revealed that the use of JENDL-4.0/HE [24] offered the most favorable agreement with
the "Li target experiment, especially enhancing the accuracy of the peak in the high energy
region. This revelation was crucial in steering future investigations in this field.

This finding has significant implications for our study, as it suggests that weight windows gen-
erated with ADVANTG from an equivalent neutron source can be used with the original proton
source, provided the correct proton-induced nuclear data is available, resulting in high-quality
performance calculation.

To test the ADVANTG code calculations two shielding cases were studied:

e 68 MeV proton source with 40 cm Fe shielding and no extra collimator.

e 68 MeV proton source with 100 cm concrete shielding and no extra collimator.

A series of simulations were conducted for each shielding case using varying types of sources and
weight windows. The calculations were performed using different source distributions with and
without weight windows generated with the ADVANTG code. Three different source distribu-
tions, which are equivalent neutron source, non-equivalent neutron source and original proton
source, were investigated here. It is worth to mentioned that the final aim is not use neutron
sources in the MCNP6.2 calculations but rather in the ADVANTG code to produce the weight
windows. Nevertheless, their accuracy was still tested using them as a source in the MCNP6.2
simulations.

Initially, the input was run using the equivalent neutron source provided in the documentation to
ensure that the simulation functioned correctly and the results could be replicated, as described
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in the technical report [15]. More details about how the equivalent neutron source was generated
for TIARA is find in the following subsection (5.1.2). The non-equivalent neutron source was
created simply by replacing the original proton source coming from the accelerator with the
neutrons on the SDEF card and by removing the target material from the geometry. In case of
proton source, the original proton source distribution in terms of spatial an energy coming from
the accelerator was kept the same, as well as the lithium target to take account for the proton
interactions with the target that produce the secondary neutrons that are transferred through
the shielding.

The nuclear data libraries used for the neutron and proton induced reactions are JEFF-3.3 and
JENDL-4./HE, respectively. Simulations were run for 2E409 particles, with an additional run
of 1E+11 particles conducted for the proton source due to the poor results obtained in the first
simulation. All MCNP simulations were executed using 72 CPUs.

Upon obtaining the weight windows with ADVANTG, the final MCNP runs were executed using
them as an external input file (wwinp). The objective of this experiment was to demonstrate
that weight windows obtained with an equivalent and non-equivalent neutron source could be
used with proton sources, thereby improving the statistical quality of the simulations.

5.1.2 Equivalent Neutron Source

The equivalent neutron source for TIARA is derived from the technical report [15]. A brief
explanation of how this source definition is applied within our methodology can be found in
section 4.1 of this document.

5.1.3 ADVANTG Simulation Results

A total of four ADVANTG simulations were executed, two utilizing non-equivalent and equiva-
lent neutron sources respectively, for each of the shielding scenarios analyzed. These simulations
consistently employed the same input data and parameters as depicted in reference [15]. An
elaboration of these parameters has been provided in previous chapters.

The parameters used in the ADVANTG input for all simulations, excluding the varying mesh
parameters for each shielding scenario, are:

Parameter Value

method fwcadis
fwcadis_spatial _treatment pathlength
fwcadis_response_weighting False

library HILO2K
denovo_x_blocks 2
denovo_y_blocks 2
denovo_z_blocks 2

Table 5.1: Key parameters used in the ADVANTG input for TTARA experiment.

The individual mesh parameters used in the simulations, which differ per shielding scenario, are
presented in Annex A.
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The simulations were conducted on a computational system furnished with 70 CPUs, with their
respective run times compiled in Table 5.2.

Table 5.2: ADVATNG simulations run time comparison for TTARA experiment.

Shielding Source Run time [mm:ss|
100 cm Concrete Eq. Neutron 24:43
100 cm Concrete  Non-Eq. Neutron 22:53
40 cm Iron Eq. Neutron 40:19
40 cm Iron Non-Eq. Neutron 38:16

In addition to the variance reduction parameters generated by ADVANTG, several insightful
output files can be accessed. Specifically, the deterministic calculations offer a perspective on the
adjoint neutron flux distribution across the geometry. Figures 5.1 and 5.2 display heat maps of
the integral adjoint flux for both shielding cases, visualized utilizing the Vislt software tool [25].
These heat maps represent neutrons per square centimeter from a top-down perspective (for the
geometrical representation, refer to Figure 4.2b). Regions represented by red hues signify higher
levels of neutron flux, whereas those displayed in blue indicate lower flux values. The peak flux
observed for 40 cm iron shielding and 100 cm concrete shielding are 2.47E409 and 2.96E+09
n/cm?2, respectively.
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Figure 5.1: Heat map of the integral adjoint flux on XY plane for TTARA 40 cm iron shielding.
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Figure 5.2: Heat map of the integral adjoint flux on XY plane for TTARA 100 cm concrete
shielding.

5.1.4 MCNP Simulation Results

Table 5.3 provides a summary of the performance for the TIARA experiment simulations. The
first column shows the shielding design, the second column shows the source type used in the
MCNP calculations, the third column shows if the weight windows are used or not during the
MCNP6.2 calculations. if they are not used, it is defined as 'none’, which is equivalent to the
analog calculations. if the weight windows are used in the MCNP6.2 calculations, then the type
of source used in ADVANTG is described. Forth and fifth column give the calculation time and
number of source histories, respectively, simulated in the MCNP6.2 calculations.

Table 5.3: MCNP simulation performance comparison for TTARA experiment with and without
ADVANTG weight windows.

Shielding Source Weight Windows Run time [hh:mm] NPS
40 cm Iron Eq. Neutron None (analog) 00:20 2.00E+09
40 cm Iron Non-Eq. Neutron None (analog) 10:40 2.00E+4-09
40 cm Iron Proton None (analog) 00:10 2.00E+09
40 cm Iron Proton None (analog) 08:30 1.00E+11
40 cm Iron Proton Eq. Neutron 06:03 2.00E4-09
40 cm Iron Proton Non-Eq.Neutron Unfinished -

100 cm Concrete Eq. Neutron None (analog) 00:23 2.00E+09
100 cm Concrete Non-Eq. Neutron None (analog) 01:29 2.00E+09
100 cm Concrete Proton None (analog) 00:10 2.00E+09
100 cm Concrete  Proton None (analog) 07:30 1.00E+11
100 cm Concrete Proton Eq. Neutron 03:29 2.00E+09
100 cm Concrete  Proton Non-Eq. Neutron Unfinished -
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The analog calculation results obtained with equivalent, non-equivalent and proton sources are
shown in Figures 5.5, 5.4 and 5.5 for the 40 cm iron shielding design performed with 2e9 nps,
respectively. As it is seen that calculation statistics for the neutron sources are very good
and in practice there is no need to apply any variance reduction technique. However, TTARA
experiments were performed with thicker shielding materials, for which it is required to apply
variance reduction methods. When it comes to the proton source, the results are very poor
even when the NPS value is increased to the lell as shown with the red plot of Figure 5.6.
It is also seen that quasi-peak around the primary proton beam energy region (i.e, 68 MeV) is
wrongly located with both neutron sources and as well as proton source. One can expect the
same spectrum profile with the equivalent neutron source and the proton source, however as it
is explained before that secondary neutron field is calculated with the proton interactions with
the target material and so the results reflects the impact of the proton induced nuclear data
library (i.e., JENDL-4.0/HE) used with the proton source. Though equivalent neutron source
was obtained by using the measured neutron spectrum at the detector location. Therefore, the
results obtained with both proton and equivalent neutron source are slightly different. It should
be also noted that non-equivalent neutron source is not advisable to be used as a source in any
MCNP calculation as it does not correspond to the neutron field produced from the proton-target
interactions. Consequently, it will be only used to generate the ADVANTG weight windows and
to determine their efficiency when used with MCNP6.2 code. Taking into account the time spent
to produce the equivalent neutron source, it is a great worth to test whether weight windows
produced with non-equivalent neutron source works.

Figure 5.6 shows the comparison of the experimental spectrum and the results of proton source
without (i.e., analog) and with the weight windows produced with the equivalent neutron source.
Even though the NPS value used for the analog calculations are two orders of magnitude higher
than the case obtained with the weight windows, the calculation statistics are still poor.

It it worth mentioning that in the case of the simulation involving the proton source using the
weight windows generated with the non-equivalent neutron source through ADVANTG, the sim-
ulation encountered issues and failed to complete, as indicated also in Table 5.3 as “unfinished”.
For a deeper understanding of what might have led to this situation, more information will be
found in the subsection 5.1.6 within this section.

SCK CEN 35



5. RESULTS

10°
¢ Experimental
—}— Analog eq. neutron source

104 4

1034

102 4

101 4

Neutron Spectra [n uC~cm~2lethargy ]

Ratio C/E

10 20 30 40 50 60 70
Energy [MeV]

Figure 5.3: Comparison of experimental and analog MCNP simulation with equivalent neutron
source for TTARA 40 cm iron shielding.
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Figure 5.4: Comparison of experimental and analog MCNP simulation with non-equivalent
neutron source for TTARA 40 cm iron shielding.

36 Escuela Técnica Superior de Ingenieros Industriales (UPM)



Reducing spectrum-driven uncertainties with variance reduction techniques

10°
¢ Experimental
—}— Analog p-source (nps=2e+9)

104 4

o I 11 . L‘h . .rJﬁ

102 4
sepot’

101 4

Neutron Spectra [n uC~tcm~2lethargy 1]

10°
10

Ll
10 20 30 40 50
Energy [MeV]

Ratio C/E
o (6, ]
Ly
——
=+

Figure 5.5: Comparison of experimental and analog MCNP simulation with proton source and
NPS = 2E+09 for TIARA 40 cm iron shielding.
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Figure 5.6: Comparison of experimental and calculational results before and after the use of
ADVANTG with proton source for TTARA 40 cm iron shielding.
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Figures 5.7, 5.8, and 5.9 present the results obtained using equivalent, non-equivalent neutron
sources, and the original proton source for the 100 cm concrete shielding design, conducted with
2E409 nps, respectively. These results broadly reflect the same trends and characteristics as
those obtained with the 40 c¢m iron shielding. However, the performance of the proton source
has deteriorated due to the increase on the shielding. This is noticeable even when the proton
source is increased to 1E+11 nps, as displayed in Figure 5.10. It’s clear from this figure that
the simulation has yet to reach satisfactory convergence.

Similarly to the previous case, the simulation employing the proton source with non-equivalent
neutron source produced weight windows once again failed to reach completion, as shown in
Table 5.3.
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Figure 5.7: Comparison of experimental and analog MCNP simulation with equivalent neutron
source for TTARA 100 cm concrete shielding.
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Figure 5.8: Comparison of experimental and analog MCNP simulation with non-equivalent
neutron source for TTARA 100 cm concrete shielding.
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Figure 5.9: Comparison of experimental and analog MCNP simulation with proton source and
NPS = 2E+09 for 100 cm concrete shielding.
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Figure 5.10: Comparison of experimental and calculational results before and after the use of
ADVANTG with proton source for TTARA 100 cm concrete shielding.

The main conclusion that can be drawn from the results is that the use of ADVANTG weight
windows significantly improves the simulation outcomes using a proton source while reducing
the required simulation time for both shielding cases, as shown in Figures 5.6 and 5.10. However,
it is worth noting that the high energy peak is overestimated for both cases, mainly due to the
effect of the nuclear data as mentioned at the beginning of this section. This also highlights the
fact that the weight windows obtained with the equivalent neutron source, worked accordingly
with the proton source in the final MCNP6.2 calculation.

In addition, in the case of the 100 cm concrete shielding, the result is slightly overestimated for
lower energies. In ref. [23], it was shown that results obtained with thicker shielding are slightly
higher than the experimental values as well. The results are shown here with the proton source
are the same with the those presented in ref. [23]. It is a reminder that the calculations in ref.
[23] were done using the WWG implemented in MCNP6.2. This overestimation could be due
to a dip in the experimental data caused by external factors such as environmental conditions
or instrumental limitations, a decrease in elastic and inelastic scattering cross-sections for that
range of energies, or a combination of both. To identify the exact reasons for this, further study
should be conducted, but it will not be carried out in this work as it is beyond the scope of the
thesis.

The analog equivalent neutron simulation works as expected and successfully replicates the
simulations conducted in ref. [15]. The simulations slightly underestimate the response for high
energies but have very good statistics (see Figures 5.3 and 5.7) with fast simulations.

Analog simulations using the non-equivalent neutron source can be quite time-consuming. For
instance, the simulation for the 40 cm iron shielding took almost 11 hours to run, as shown
in Table 5.3. Interestingly, the simulation time varied significantly depending on the shielding
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material used. For the 100 cm concrete shielding, the simulation took considerably less time,
clocking in at only 1.5 hours (see Table 5.3). Despite the good statistics for the number of
particles simulated, the response in the high-energy peak showed considerable deviation from
the experimental data. This discrepancy is evident in Figures 5.4 and 5.8, which compare the
simulation results with the experimental data for the 40 ¢m iron and 100 cm concrete shieldings,
respectively.

5.1.5 Performance Metrics

Based on our simulation results so far, it’s important to look at specific metrics that will help us
better understand the tally performance. This can be achieved by investigating the statistical
checks of the MCNP2.6 code. These include relative error, slope, VOV, and FOM, which are
printed in the MCNP6.2 output by default together with the tally results (e.g., flux, dose,
heat, etc.) as a function of the NPS values. The results are shown here were obtained with the
proton source using the variance reduction parameters obtained with ADVANTG code using the
equivalent neutron source. These metrics provide a comprehensive overview of the accuracy and
efficiency of our simulations. Figure 5.11 will visually compare these metrics for proton source
simulations with and without applying the variance reduction techniques, for each shielding
scenario.

As seen in Figures 5.11a and 5.11b, simulation incorporating weight windows yield lower relative
errors and VOV, which is an indicator of tally convergence and should decrease with increasing
NPS. The differences between matrices of analog and weight windows become more noticeable
with increasing shielding, particularly evident in the case of the 100 cm concrete shielding. The
VOV values with weight windows are already lower than 0.1, which is a quantity used to measure
the relative statistical uncertainty in the estimated relative error, even at the beginning of nps
value and consistent with the relative error behavior. Concerning the slope, the weight window
simulation tends to exhibit a rapid decrease in the probability of extreme results, particularly
in the case of 100 cm concrete shielding, where the slope remains consistently at 10. The analog
simulations, on the other hand, maintains a high likelihood of extreme results with a slope value
close to 0.

The FOM, which is a tally reliability indicator, would be expected to show a notable increase
when transitioning from an analog simulation to one implementing weight windows. Yet, only a
marginal FOM rise was observed, with an increase factor of eight or less. This outcome can be
interpreted from two angles: the substantial computational time required by MCNP to read the
external weight window file and implement the technique during the simulation, and the lack of
full exploitation of the potential benefits of weight windows in these particular problems.

A high FOM value (see Equation 3.2), is beneficial as it proportionately reduces the computer
time needed to achieve a desired precision level. In an ideal scenario, a well-behaved tally that
has converged to the true (expected) value should maintain a nearly constant FOM, except
possibly during the very early stages of a problem. In this case, the FOM values were found
to be constant except at the initial NPS values, as expected. However, the increments in FOM
values for both shielding cases proved to be rather small.

The use of a fine mesh to generate the variance reduction parameters can lead to an extensive
weight windows file. Consequently, the time MCNP6.2 code takes to read this file may increase,
which in turn could impact the efficiency of the calculations and consequently the FOM values.
While the relative error values have improved with the introduction of weight windows, the
marginal enhancement in FOM values suggests that further optimization may not be necessary.
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The size of the weight windows file and the time spent to generate the weight window parameters
depends heavily on the user’s expertise. The users’ ability to effectively manage these factors
greatly influences the efficiency of the calculations. Further discussion on this topic can be found
in subsection 5.1.6.
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(b) TTARA 100 cm concrete shielding.

Figure 5.11: Performance metrics (Error, Slope, VOV, and FOM) in proton source MCNP
simulations with and without weight windows across different NPS values for two different
shielding cases: (a) 40 cm iron and (b) 100 cm concrete.
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5.1.6 Discussion

Upon reviewing our findings, one might think that the equivalent neutron source used in analog
calculations is a sufficient variance reduction technique. This effectiveness, may give us the
idea that the usage of ADVANTG may not be essential for achieving satisfactory statistical
outcomes in our simulations. However, it is important to keep in mind that the efficiency of
results obtained through analog simulations is heavily dependent on particle energy and shielding
thickness. While in these cases, these properties allowed analog simulations with an equivalent
neutron source to have good efficiency in the simulations, it may not be the case for different
values of incident energies, shielding thicknesses, materials, geometry, etc. On the other hand,
weight windows enable continued improvement in simulation efficiency, independent of these
parameters.

When it comes to the simulations that used the weight windows we got from the non-equivalent
neutron source, it is important that we take a good look at what the results were. Table 5.3
shows that simulations with the proton source failed when the weight windows generated with
the non-equivalent neutron source were used. To dig deeper into the causes, it’s useful to look
at the lower boundaries of weight windows created for the equivalent and non-equivalent sources
for areas around the detectors and different energy levels in each shielding case. You can refer
to Tables B.1 through B.4 in Annex B for a detailed look at these values. To get a better
understanding, we can examine the disparities between these two data sets. To do so, Tables 5.4
and 5.5 present these differences. Specifically, these tables display the ratios of weight window
values when obtained with both equivalent and non-equivalent neutron sources.

Table 5.4: Comparison of ADVANTG weight window lower bounds for TTARA experiment 40
cm iron shielding, using Equivalent Neutron Source vs. Non-Eq. Neutron Source, with relative
differences in percentage.

Energy [MeV] (439,0,0) (441,0,0) (454,0,0)

4.14E-07 -k -k 2477
1.01E-04 2358 2372 2361
1.50E-02 2318 2305 2313
6.08E-01 2682 2659 2646
1.96E+01 0469 5116 4798
6.00E+401 8523 8028 7616
7.00E+4-01 8177 7828 7547

* Zero value for weight window lower bound.
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Table 5.5: Comparison of ADVANTG weight window lower bounds for TTARA experiment
100 cm concrete shielding, using Equivalent Neutron Source vs. Non-Eq. Neutron Source, with
relative differences in percentage.

Energy [MeV] (468,0,0) (501,0,0) (514,0,0)

4.14E-07 1530 1528 1530
1.01E-04 1700 1525 4812
1.50E-02 3154 1567 6407
6.08E-01 6555 6018 9949
1.96E+01 9166 9298 17146
6.00E4-01 14638 12346 16567
7.00E4-01 15119 12567 16022

Upon closer examination of the data, two main observations can be made. The first observation
is that the values of the lower boundaries for the weight windows are notably lower for the non-
equivalent neutron source compared to those from the equivalent neutron source. Lower values
of weight windows imply higher importance for the particles, as they are inversely proportional.
Higher importances cause particles to split more, and as a result, the simulation becomes stuck
and does not finish or becomes extremely inefficient. The second observation is that the differ-
ence in values significantly increases for energies close to the flux peak, which is approximately
where the spectra differ the most and what potentially could be causing the problem with the
simulation.

To emphasize the importance of employing the appropriate weight window mesh for ADVANTG,
an MCNP simulation was conducted for the 100 cm concrete shielding, utilizing weight windows
created with the same mesh as the one employed in the 40 c¢m iron shielding. Although the
results were statistically comparable, the simulation took twice as long to finish when using the
same number of particles. The meshes utilized in each case can be found in Annex A.

The simulations underscore the feasibility of applying weight windows to proton source problems
derived from an equivalent neutron source. This not only suggests that the same methodology
can be confidently implemented for the MYRRHA ADS configuration, but it also opens avenues
for other applications. For instance, the methodology could be suitably adapted for beam dump
shielding calculations at different beam energy sections of the MYRRHA LINAC. This versatile
approach can potentially broaden the scope of our simulation capabilities.
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5.2 KENS Shielding Experiment

5.2.1 Overview and Simulation Design

Drawing on the methodology employed in the TIARA experiment, three different types of sources
were also used for this case: proton source, equivalent and non-equivalent neutron sources.
A series of six simulations were performed, during which various parameters were evaluated.
The experimental data available for these simulations are the reaction rates for the following
reactions:

o Al27(n,a)Na24 e Bi209(n,6n)Bi204
e Bi209(n,4n)Bi206 e Bi209(n,7n)Bi203
o Bi209(n,5n)Bi205 o Bi209(n,8n)Bi202

These results were calculated by multiplying the cross-section of the reactions with the spec-
trum of the secondary neutrons produced either via the proton-target interactions when the
source particle is the incident protons or via a the investigated neutron source interactions with
the surrounding materials, shielding, etc. As the cross sections used are identical across all
simulations, obtaining results that align closely with the experimental data would indicate a
well-characterized neutron spectrum.

The neutron data library used for the MCNP particle transport simulations was JEFF-3.3,
supplemented with JENDL-4.0/HE proton data library to account for missing nuclear data.
Concerning the cross-sections associated with the reaction rates, ENDF-B/VI was used for
bismuth reactions, while TENDL-2019 was utilized for the aluminium reaction, in line with the
approach detailed in the reference paper [26].

After setting up the weight windows, we moved forward with the final MCNP runs, using these
weight windows as our guide. For this experiment, we had a couple of main goals in mind.
First, we wanted to check again if the weight windows we got from an equivalent neutron source
could really work with a proton source. Second, we wanted to give the non-equivalent neutron
source method another try, even though it didn’t prove being a valid method in the TIARA
experiment. By granting this method another chance, we anticipated gaining deeper insights
into its efficacy, particularly in understanding why it either produces satisfactory results or fails
to do so. An additional objective was to examine how the process of optimizing one or more
detectors (or tallies) could influence the simulation and potentially modify the results.

Simultaneously, we have also undertaken some irradiation calculations focusing on the last detec-
tor. These calculations are essential in this study as they aim to evaluate the isotopic composition
of a stainless steel sample placed in Slot-8. The primary goal is to understand how the reduction
in the uncertainties of the spectrum impacts the induced activities of certain radionuclides pro-
duced in this sample due to the transmitted neutron flux interactions. These findings will not
only augment our understanding of the impact of the spectrum uncertainties on the activation
results, but could also yield valuable insights that could be directly applied to following work
with the MYRRHA reactor.
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5.2.2 Equivalent Neutron Source

As explained in more detail in the methodology chapter, we generated an equivalent neutron
source using MCNP code. This source, defined as a point isotropic source, was collimated into
a cone shape along the positive z-axis to simulate our experimental conditions (refer to Figure
4.5 in Section 4.2 for a schematic representation).

The neutron yield and flux, essential parameters in our study, were computed with the F1 tally
function in MCNP. The yield and flux values are indicative of the number of neutrons produced
per proton and the intensity of neutron radiation, respectively.

5.2.3 ADVANTG Simulation Results

Three ADVANTG simulations were carried out by optimizing the neutron spectra at different
detector locations (i.e., slots). As the experimental reaction rates were performed at the de-
tectors located through the concrete shielding, it was aimed to determine the impact of the
detector location used to produce variance reduction parameters. This impact was determined
by investigating the performance of the MCNP6.2 simulations when the previously generated
variance reduction parameters used. Two of these utilized the equivalent neutron source; one
optimized all detector slots, and the other focused solely on optimizing the last detector slot
(Slot-8). Furthermore, an additional ADVANTG simulation was run with a non-equivalent neu-
tron source, optimizing only slot 8. The meshes used for both types of optimization - for all slots
and for slot 8 alone - can be found in Annex A. The run time for these simulations, performed
using 70 CPUs, is presented in Table 5.6.

Table 5.6: ADVATNG simulations run time comparison for KENS shielding experiment.

Optimization Source Run time [mm:ss|
All Slots Eq. Neutron 02:23
Slot 8 Eq. Neutron 02:25
Slot 8 Non-Eq. Neutron 02:25

The parameters used in the ADVANTG input for all simulations, excluding the varying mesh
parameters for each type of optimization, are:

Parameter Value

method fwcadis
fwcadis_spatial_treatment  pathlength
fwecadis_response_weighting False

library HILO2K
denovo_x_blocks 2
denovo_y_blocks 2
denovo_z_blocks 2

Table 5.7: Key parameters used in the ADVANTG input for KENS shielding experiment.

Finally, to wrap up the simulation results, the heat maps showing the distribution of the integral
adjoint neutron flux for the two distinct optimization types are presented in Figures 5.12 and
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5.13. These results were found using the equivalent neutron source, but there’s no clear difference
when compared to heat maps made from non-equivalent neutron sources.
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Figure 5.12: Heat map of the integral adjoint flux on XZ plane for KENS shielding experiment
when optimizing all slots.
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Figure 5.13: Heat map of the integral adjoint flux on XZ plane for KENS shielding experiment
when optimizing slot 8.
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5.2.4 MOCNP Simulation Results

Table 5.8 shows the performance overview of the KENS shielding experiment simulations. The
reaction rates calculated in the simulation and their comparison to experimental data can be
found in Figures 5.14 through 5.17.

Table 5.8: MCNP simulation performance comparison for KENS shielding experiment with
and without ADVANTG weight windows

Source Weight Windows Optimization Run time [hh:mm] NPS

Proton None None 77:33 2.00E+09
Non-Eq. Neutron None None 77:09 5.00E+08
Eq. Neutron None None 13:03 2.00E+09
Proton Eq. Neutron All-Slots 22:55 1.00E4-06
Proton Eq. Neutron Slot-8 04:30 1.00E4-06
Proton Non-Eq. Neutron Slot-8 00:30 1.00E+06
Proton Non-Eq. Neutron All-Slots 03:57 1.00E+4-06

Although Table 5.8 offers some valuable insights, it doesn’t capture the complete picture of
the simulation’s performance. The main reason for this is that it doesn’t include measures of
the simulations’ precision and accuracy. These important aspects are needed for a full and
comprehensive understanding of how well our simulations are performing. Nevertheless, the
table highlights clear differences in the simulation run time, in relation to the type of source
and weight window optimization used. In this instance, the non-equivalent neutron source
demonstrated the slowest response time when the analog calculations were performed, while the
equivalent neutron source managed to simulate an equivalent number of particles to the proton
source almost six times faster.

Moving to simulations utilizing weight windows, a clear disparity is evident between the op-
timization of a single detector and the optimization of all detectors in terms of simulation
run time (see Table 5.6). Perhaps even more surprising is that the simulation employing the
non-equivalent neutron source for weight window generation yielded the fastest results (i.e., 30
minutes for Slot-8 optimization and aproximately 4 hours for All-Slots optimization). This con-
trasts with the TIARA experiment, where simulations did not manage to finish. These results
give us useful information, but to fully understand how well the simulations work, we also need
to look at things like accuracy and precision. You can find more about these important details
in Figures 5.14 to 5.16. This will help us get a complete picture of our calculations.

Figure 5.14 compares analog simulations for proton, equivalent, and non-equivalent neutron
sources. Key observations include decreased accuracy and poor statistics from the proton source
in heavily at the last two detectors or slots. The non-equivalent neutron source shows inaccuracy
for small shielded distances (slot 1 and 2), warranting further spectrum analysis. While the
equivalent neutron source tends to overestimate reaction rates in thin shielding (slots 1 and
2), it consistently produces results that align most closely with the experimental data and are
consistent with the ones obtained from the proton source at the slots 5-6-7.

SCK CEN 49



5. RESULTS

10—15
—— AI27(n,a)Na24(x1le-4)
—— Bi209(n,4n)Bi206(x1e-4)
10-17 —— Bi209(n,5n)Bi205(x1e-3)
—— Bi209(n,6n)Bi204(x1e-2)
| e —— Bi209(n,7n)Bi203(x1e-1)
T 10-10 Bi209(n,8n)Bi202
::),_ Experimental data
|
S
.‘ES' 10—21,
i
]
T
o 10—23
c
.©
-+
® 109-25
o 10
o
10—27,
10~2° T T T T T T T T t
0 50 100 150 200 250 300 350 400
Shield [cm]

Figure 5.14: Comparison of experimental and calculational results of reaction rates with proton
source (solid), equivalent neutron source (dotted) and non-equivalent neutron source (dashed)
for KENS shielding experiment.

Figure 5.15 demonstrates that no substantial differences emerge when employing weight windows
generated from equivalent and non-equivalent neutron sources. In both scenarios, there is an
increase in the error as you move to areas with less shielding and a decrease in the accuracy of
the reaction rate for the Al27(n,a)Na24. This appears to be a reasonable consequence given that
the optimization is being performed for the final slot. A more comprehensive understanding of
this phenomenon can be achieved by examining the neutron spectrum, which we will undertake
following the analysis of the reaction rates.
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Figure 5.15: Comparison of experimental and calculational results for reaction rates using
proton source and Slot-8 optimization with ADVANTG-generated WW from equivalent neutron
source (solid) and non-equivalent neutron source (dotted) for KENS shielding experiment.

Figure 5.16 shows good statistical results for all shielding distances and reaction rates, with
overall decent precision. As mentioned earlier, this comes at the cost of increased simulation run
time (see Table 5.8). It is noteworthy that the differences seen here are even less pronounced than
in the earlier scenario, which should be kept in mind during spectrum analysis. A final graph (see
Figure 5.17) is included, displaying a comparison between analog and optimized results. These
optimized results are selected based on the best fit from the different optimization simulations
using proton source and weight windows generated from the equivalent neutron source. Further
discussion regarding this is available in subsection 5.2.7.
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Figure 5.16: Comparison of experimental and calculational results for reaction rates using pro-
ton source and All-Slots optimization with ADVANTG-generated WW from equivalent neutron
source (solid) and non-equivalent neutron source (dotted) for KENS shielding experiment.
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Figure 5.17: Comparison of experimental and calculational results before (solid) and after
(dashed) the use of ADVANTG with proton source for KENS shielding experiment.
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In order to understand better why the analog simulation with non-equivalent neutron source and
simulations using weight windows generated with different spectra differ in their behaviour, it
is interesting to have a look at the neutron spectrum. Specifically, we will focus on the neutron
spectra at the initial (Slot-1) and final (Slot-8) slots, considering only energies above 1 MeV.
This is because these reactions have a threshold in their cross sections for higher energies (,
1MeV) (refer to Section 4.2).

In Slot-1 (Figure 5.18), the proton and equivalent neutron sources show a very similar spectra. As
a reminder, these spectra are generated in slot-1 and slot-8 from the neutrons that are produced
via the proton-target interactions (i.e., spallation reaction at the target) in case of the proton
source and from the neutron source that was created on the formerly proton-target interactions.
In contrast, the non-equivalent neutron source has a different spectrum as expected, since it
was biased by replacing the protons with the neutrons on the source definition. This source
essentially consists of a beam of 500 MeV neutrons aimed directly at the detector area, so there
is no target or specific definition employed. The spectrum in Figure 5.18 corresponds to the first
slot and at that point, particles have not yet gone through any shielding, as the slot-1 is filled
with the air and located at the inner left surface of the concrete shielding. Therefore no energy
loss or attenuation has been possible. This accounts for the high neutron flux at 500 MeV, while
the remainder of the spectrum can be explained by the backscattered particles that result from
interaction with the shielding material and by particles generated in the surrounding materials,
such as the iron collimator (see Figure 4.4).
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Figure 5.18: Neutron spectra obtained from analog MCNP simulations for Slot-1 of the KENS
shielding experiment.

The spectrum in Slot-8 (Figure 5.19) presents not well converged results for all analog simula-
tions, with the proton source delivering the least accurate results, as there are only values for a
few energy intervals. The equivalent neutron source roughly follows the trend of the spectrum
but with extremely high uncertainties, while the non-equivalent neutron source provides the

SCK CEN 93



5. RESULTS

highest precision. For this last one, the spectrum is much clearer, as sufficient shielding has
been present to scatter neutrons across all energy levels. Additionally, a peak of neutrons at 500
MeV is still observable.
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Figure 5.19: Neutron spectra obtained from analog MCNP simulations for Slot-8 of the KENS
shielding experiment.

The spectra previously discussed are concerning the analog simulations, which were used to gen-
erate the weight windows. Figures 5.20 and 5.21 show a comparison of the spectra between the
analog with proton source simulation and the simulations where weight windows were employed.
For better understanding, the results for Slot-8 are presented first. This figure clearly illustrates
how the spectra for all simulations employing the weight windows yield the same result with
high accuracy and precision. This aligns with the expectations for ADVANTG weight window
optimization of Slot-8.

Contrarily, our findings suggest that enhancing a region situated farther from the source (Slot-
8) does not necessarily ensure better statistics in the preceding areas. This is emphasized by
the neutron spectra results at Slot-1 (see Figure 5.21) for simulations utilizing weight windows
optimized for the last slot, compared to the results where all slots are optimized. In the case
of full-slot optimization, the spectrum aligns nearly perfectly with that generated by the analog
proton source across all energy levels. Conversely, in simulations optimized solely for Slot-8,
results align only for energies exceeding 100 MeV.
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Figure 5.20: Neutron spectra obtained from MCNP simulations using proton source for Slot-8
of the KENS shielding experiment.
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Figure 5.21: Neutron spectra obtained from MCNP simulations using proton source for Slot-1
of the KENS shielding experiment.
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5.2.5 Performance Metrics

Following the method we used with TIARA, it could be beneficial to explore the performance
metrics for these calculations. In this case, we are presenting the metrics for two MCNP tallies:
one in Slot-1 and another in Slot-8. We conducted a comparison between the analog proton
source simulation and several other simulations using weight windows. To put these results
on the same graphs for easier comparison, two x-axes were used in Figures 5.22 and 5.23.
The bottom axis represents the scale for the analog simulations, where 2E+09 particles were
simulated. The top axis represents the scale for MCNP enhanced simulations, where 1E+06
particles were simulated. Y-axis’ are the values corresponding to the relative error, VOV, slope
and FOM.

The results presented in Figure 5.22 highlight the significant improvements in tally results due
to the application of variance reduction techniques, which is observable across all measured
parameters. The differences between simulations employing different weight windows are neg-
ligible for both error and VOV. However, when it comes to the slope parameter, Slot 8 with a
non-equivalent neutron source demonstrates a quicker attainment of steady state compared to
others. This specific simulation also delivers the best FOM. Importantly, these graphs illustrate
the differences in FOM when varying the optimization approach, such as optimizing a single slot
versus multiple slots, or when choosing between equivalent or non-equivalent neutron sources.
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Analog p-source (nps = 2e9)

ADV. p-source and eq. neutron ww - All slot opt. (nps = 1e6)
ADV. p-source and eq. neutron ww - Slot 8 opt. (nps = 1e6)

ADV. p-source and non-eq. neutron ww - Slot 8 opt. (nps = 1e6)
ADV. p-source and non-eq. neutron ww - All slot opt. (nps = 1e6)
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Figure 5.22: Comparison of Slot-8 performance metrics (error, slope, VOV, and FOM) in
KENS shielding experiment: Proton source MCNP simulations with versus without weight
windows across different NPS values.

When looking at the results from Figure 5.23 caution has to be taken since it is important to
keep in mind that slot-1 is close to the source and filled with air, therefore variance reduction
techniques should not be necessary and may slow down simulation and worsen the performance
metrics. Nevertheless, when understood within the appropriate context, this information can
be valuable in deepening our understanding of the phenomena associated with the application
of weight windows.
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Figure 5.23: Comparison of Slot-1 performance metrics (error, slope, VOV, and FOM) in
KENS shielding experiment: Proton source MCNP simulations with versus without weight
windows across different NPS values.

In summary, among various simulations utilizing weight windows, the All-Slot optimization with
non-equivalent neutron sources offers the best performance in measured parameters. Conversely,
the same All-Slot optimization employing equivalent neutron sources displays a promising trend
across all parameters but with a slower evolution concerning the number of particles simulated.
Simulations involving the optimization of slot-8 exhibit considerable variability in behavior.
Examining the FOM, it appears logical that the analog simulation attains the highest value.
This is because the other simulations apply various variance reduction techniques, which, despite
increasing computational time, do not bring about a significant impact on the tally results.
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5.2.6 Irradiation Calculations

The motivation behind this exercise comes from the ref. [see below!], in which it was proven
that it is possible to obtain an acceptable relative error (i.e., 5%) for the average neutron flux
without obtaining the well-sampled flux spectrum. This is very important when there are strong
resonances in the spectrum, which can cause different mean values of the reaction rates if the
whole spectrum is not fully converged. Without examining the spectrum, to do the further
calculations just based on the relative error of the average flux might give wrong results. This
motivated us to investigate how the induced activities in the activated materials are impacted
from the spectrum uncertainties and also the relative error of the average flux.

For the irradiation calculations, a stainless steel sample with the same composition as the antici-
pated MYRRHA's reactor vessel was placed in Slot-8. The irradiation conditions considered for
the illustrative purposes of activation results are 1 year of continues irradiation with 2mA beam
current. Considering the results obtained with the analog proton were useless due to the poor
statistics even with the high NPS values (See figure 5.21), we only give the results obtained with
the weight windows. A series of MCNP simulations using weight windows were then conducted
to obtain flux results with varying levels of uncertainty. The weight windows employed in these
simulations were derived from the equivalent neutron source, with optimization applied to all
slots. The resulting spectra for slot-8, showcasing the various levels of uncertainties, are depicted
in Figure 5.24. As is evident, the error bars diminish as the uncertainty in the flux is reduced.
This demonstrates that the reduction in flux error directly impacts the neutron spectrum, which
is subsequently utilized for irradiation calculations in the ALEPH2 depletion code.
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Figure 5.24: Neutron spectra at Slot-8 obtained from MCNP simulations using proton source
and All-Slot optimization for different levels of uncertainties of the KENS shielding experiment.

From a radiation protection perspective, gamma emitters are of primary interest in order to
handle with the radioactive waste and protect the workers from the high gamma dose rates.
ALEPH allows us to identify all gamma emitters. The major ones among them, as shown in
Figure 5.25, account for more than 99.5% of the gamma dose.
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Figure 5.25: Induced activities of main gamma emitters in the activated steel sample after 1
year of irradiation.

Upon examining the total activity of the sample, it was found that these major isotopes account
for approximately 85.5% of it. In this scenario, individual activity contributions of dominant
radionuclides to the total activation of the steel sample remain constant. There is a reduction
in activity of 3.86% and 5.29% when the flux error is lowered from around 5% to 1.5% and 0.5%
respectively. As a conclusion, it is proven that improving the spectral convergence reflected also
to the relative error of the average flux leads to substantial reductions in the isotopic production
rates.

It is also crucial to ascertain whether any of these isotopes are derived from reactions that have
a threshold in their cross section, as this could potentially influence the results based on the
precision of the spectrum near the threshold areas. The uniform reduction across all isotopes
analysed suggests that no threshold reactions are involved in this case. However, it is worthwhile
to further investigate the reactions producing these isotopes. ALEPH provides this information,
which can be viewed in Table 5.9. For this case all isotopes come from radiative neutron capture
(MT=102) which as expected have no threshold in their cross section. However, it is not the case
for MYRRHA sub-critical core, for which there are many threshold reaction channels available.
Therefore, before doing the ALEPH calculations It is required to have well-converged detailed
neutron spectra. For the KENS experiment, obtained spectrum doesn’t have resonance region
and also the weight windows utilized spectra are well converged.
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Table 5.9: Production reactions for main gamma emitters.

Daughter Parent MT

56Mn 5Mn 102
60Co ¥Co 102
64Cu 63Cu 102
S1Cr 50Cr 102
59Fe 58Fe 102

5.2.7 Discussion

There are some key points that require further explanation, while others need to be emphasized
or elaborated upon. Throughout this section we aim to address all of these to ensure a thorough
understanding of the results obtained in the KENS shielding experiment.

Figure 5.17 displayed optimized results for simulations using weight windows from the equivalent
neutron source. This implies that, among the two simulation results obtained (All-Slots and Slot-
8 optimization), the best fit with the available experimental data was selected at each point.
However, it’s not accurate to assume that results in Slot-8 would solely derive from the simulation
optimizing this specific slot, with the remaining results drawn from the all-slots simulation. In
fact, even within Slot-8 data, certain reactions yielded results closer to the experimental data
when using the All-Slots weight window optimization. Similarly, for some reactions in slots 3-7,
simulations optimizing slot-8 provided a better fit than those where all slots were optimized.

In section 5.2.4, we discussed how optimizing results for more distant regions does not necessarily
enhance them for preceding ones. What can be inferred, though, is that the computational
effort required for optimizing various areas is significantly greater than focusing solely on one
small region. Consequently, the design of the ADVANTG optimization mesh should be heavily
influenced by the simulation’s goals and the targeted performance level.

Unlike the scenario in the TIARA experiment where simulations using weight windows from a
non-equivalent neutron source became unresponsive, in this instance they successfully completed
and were even computationally faster than those utilizing an equivalent neutron source. The
reasons behind this can be found by examining the lower bounds generated with ADVANTG
in the external weight window file. It is insightful yet again to compare these values for each
case to understand why this occurs. To analyze these values, we focus on areas surrounding
Slot-1 and 8 across different energy ranges. We will use the weight window values obtained
with the equivalent neutron source with all slots optimization as an arbitrary reference for the
comparison. The relative differences between these values can be seen in Tables 5.10 through
5.12. The precise values for each one of them are available in the Annex B in Tables B.5 through
B.8.

The first key aspect to point out is that values of lower bounds that come from non-equivalent
neutron source are generally higher than those ones from equivalent neutron source (contrary to
the case in TTARA). This means importances are lower which means that particles are not over
splitted and actually more of them are be killed due to Russian roulette. As a result the MCNP
run does not get stuck at certain NPS values. Tables 5.10 and 5.12 reveal variations in weight
window values across different locations. The coordinates displayed in each column represent
the geometric points where the weight window value is obtained. It’s notable how significant the
differences are in the weight windows around Slot-1 when only Slot-8 is optimized. As a result,
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fewer particles will be tracked in these areas. This might decrease the computational time but
also reduces the statistical data gathered from these regions. The impact of this reduction can
be seen in the increased uncertainties shown in Figure 5.21 for these simulations.

Table 5.10: Comparison between Slot-8 and All-Slot optimizations using equivalent neutron
source: Lower bounds of ADVANTG weight window values at different coordinates around slots

1 and 8 in the KENS experiment, presented with relative percentage differences.

Energy [MeV] (0,0,254) (0,0,258) (0,0,654) (0,0,662)
1.11E+00 418E+15 4.89E+15 1.73 0.43
3.01E+400 2.33E+10 4.11E+10 1.98 0.28
1.00E+01 1.51E4+09  4.01E+09 1.90 0.00
2.50E+01 6.68E+07 1.69E+08 1.64 0.30
8.00E+401 1.97E404  5.14E+04 2.80 0.24
1.80E+02 1.22E4+03  2.19E+03 3.31 0.57
3.00E+02 5.50E+02 1.26E+03 3.31 0.63

Table 5.11: Comparison between All-Slots optimizations using non-equivalent and equivalent
neutron sources: Lower bounds of ADVANTG weight window values at different coordinates
around slots 1 and 8 in the KENS experiment, presented with relative percentage differences.

Energy [MeV] (0,0,254) (0,0,258) (0,0,654) (0,0,662)
1.11E+00 22.62 16.88 88.58 89.41
3.01E+00 12.00 45.08 88.83 89.28
1.00E+01 8.19 18.95 88.90 89.29
2.50E+01 8.98 8.97 88.91 89.29
8.00E+401 14.81 28.44 88.65 88.68
1.80E+02 50.38 16.38 87.72 86.19
3.00E+02 62.50 34.65 87.50 86.58

Table 5.12: Comparison between Slot-8 optimization using a non-equivalent neutron source
and All-Slot optimization using an equivalent neutron source: Lower bounds of ADVANTG
weight window values at different coordinates around slots 1 and 8 in the KENS experiment,
presented with relative percentage differences.

Energy [MeV] (0,0,254) (0,0,258) (0,0,654) (0,0,662)
1.11E+00 3.68E+16 4.31E+16 824 849
3.01E+400 2.10E+11  3.71E+11 839 838
1.00E+01 1.38E4+10  3.64E+10 841 839
2.50E+01 6.08E+08  1.54E+09 843 837
8.00E+01 1.81E+05 4.71E+05 830 788
1.80E+02 1.18E404  2.70E+04 761 630
3.00E+02 5.64E+03  1.19E+04 743 648

Probably, the most important observation is that the lower bound values derived from a non-
equivalent neutron source are generally higher than those obtained from an equivalent neutron
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source (unlike in the TTARA case). This indicates that importances are lower, which implies
that particles are not split as much, and more of them will be eliminated due to Russian roulette.
Tables 5.10 and 5.12 highlight the substantial differences in weight windows around Slot-1 when
only Slot-8 is optimized. As a result, fewer particles will be tracked in these areas, which will
reduce the computational time but also worsen the statistics in the affected regions. This is
reflected in the larger uncertainties demonstrated in Figure 5.21 for these simulations.
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5.3 MYRRHA

5.3.1 Overview and Simulation Design

Upon successful testing and verification of the methodology we aimed to employ in the TTARA
and KENS shielding experiments, the focus was shifted towards the application of these tech-
niques to the MYRRHA reactor. The MYRRHA reactor can operate in two configurations:
critical or subcritical. In the critical configuration, the core has an effective neutron multiplica-
tion factor (kess) of 1, indicating a stable, self-sustaining fission chain reaction. Conversely, in
the subcritical configuration, the MYRRHA reactor operates as an ADS. In this setup, a 600
MeV proton beam is directed into the core’s center, specifically towards the spallation target
assembly. Here, the protons interact with Lead-Bismuth Eutectic (LBE), which serves as the
spallation target. This interaction generates secondary neutrons, thereby initiating the fission
chain reaction within the core. Consequently, when MYRRHA operates as an ADS, kcepp < 1,
denoting that an external neutron source is required to sustain the fission process.

Our primary objective in this simulation was to reduce uncertainties linked to Monte Carlo
methods within the vessel of MYRRHA. In achieving this, we utilized MCNP6.2 simulations,
employing the JEFF-3.1.2 nuclear data library. Our particular interest was in the activation of
materials, specifically the stainless-steel vessel materials. By doing so, we aimed to accurately
assess the decay time required after 40 years of operation, which is crucial for enabling more
precise activity dose calculations for workers when decommissioning begins.

Our workflow to tackle this problem resembled our approach in previous case studies. Initially,
we carried out a series of analogous MCNP simulations to gain a deeper understanding of how
uncertainties augment as the distance from the core increases. Our focus was not only on the
uncertainties in neutron flux but also on those that propagate into the neutron spectrum. This
aspect is significantly important to our study as the spectrum is integral to irradiation calcula-
tions. As demonstrated in Section 5.2.6, it can considerably influence the results. Subsequently,
our work centered on the creation of an equivalent neutron source. This task presented a signifi-
cant challenge, wherein various strategies were considered; for more detail, refer to Section 5.3.2.
Once we obtained the equivalent neutron source, we executed several ADVANTG simulations,
testing different parameters. The process finished with the conduction of final MCNP simula-
tions to verify our results using the variance reduction parameters acquired from ADVANTG.

The first step involves examining the flux via a set of analog MCNP simulations, and under-
standing how the error propagates into the spectrum at varying distances from the reactor
core. Figure 5.26 illustrates a continuous logarithmic decrease in the neutron flux across the
LBE, along with some noticeable dips when passing through the stainless steel constituting the
primary and safety vessels.

Furthermore, the uncertainties associated with the flux noticeably increase as the distance from
the source expands. Table 5.13 provides the neutron flux uncertainty values for various points
along the x-axis. The influence of the primary vessel on the neutron flux is clear; there are
more interactions between the particles and the material, thereby preventing the particles from
reaching farther regions and drastically reducing the statistics.

This simulation was performed using 5.0E406 source particles (NPS), making use of 144 CPUs.
The entire process required a duration of five days to reach completion.
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Figure 5.26: Analog MCNP simulation of neutron flux along the x-axis in MYRRHA reactor.

Table 5.13: Neutron flux uncertainties at varying distances along the x-axis from the center
of MYRRHA reactor.

X [ecm] Uncertainty [%]

-50 0.07
-100 0.14
-300 1.41
-340 14.52

Figures 5.27, 5.28, and 5.29 below illustrate the neutron spectrum at various depths of shielding,
demonstrating the impact of increased flux uncertainties on the spectrum. The augmentation
in uncertainties is accompanied by a lack of proper convergence in the spectrum itself. As
highlighted in Section 5.2.6, this can have significant implications for irradiation calculations,
particularly when threshold reactions are involved. It is worth noting that Figure 5.29 presents
the spectrum within an area between the primary vessel and the safety vessel. Calculations for
the neutron spectrum at the distance of the safety vessel yielded poorer results, escalating the
uncertainties in the spectrum to more than 37%.
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Figure 5.27: Neutron spectrum at a distance of 100 c¢m in the x-axis from the center of the
MYRRHA reactor core.
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Figure 5.28: Neutron spectrum at a distance of 300 cm in the x-axis from the center of the
MYRRHA reactor core.
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Figure 5.29: Neutron spectrum at a distance of 340 c¢m in the x-axis from the center of the
MYRRHA reactor core.

5.3.2 Equivalent Neutron Source

The critical configuration has a more isotropic neutron distribution, while the subcritical one
is less balanced due to the way the reactions are induced with the proton beam aimed at the
spallation target assembly. This difference is important for our study and will have to be taken
into consideration when we creating the fixed source for our neutron calculations. Because the
subcritical configuration is the most complex, we focused our efforts on making a fixed source
that could accurately mimic this setup while being compatible with ADVANTG software. It
was our hope that this same source definition would apply satisfactorily to the more isotropic
profile of the critical configuration as well.

Unlike previous scenarios where secondary neutrons were generated exclusively in the spallation
target, MYRRHA involves the entire core undergoing fission. These fissions contribute to the
chain reaction that maintains the reactor’s operation when active. Furthermore, the spallation
target is not a single material component, as in the case of TIARA (Lithium-7) or the KENS
shielding experiment (Tungsten). Instead, it comprises an entire assembly filled with LBE
coolant, which functions as the spallation target. This setup distributes the material over a
larger volume.

A primary constraint we face when defining the fixed source for compatibility with ADVANTG
is that it allows only one independent distribution. Any other defined distributions must be
dependent on this primary one. Consequently, if we make a source definition using the energy
parameter‘erg’ as an independent distribution, any additional parameters we wish to incorporate
into the source definition (such as position ‘pos’ or direction ‘dir’) must be dependent on the
energy distribution. This presents a challenge, as the position and energy, or direction of particles
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and energy, are not necessarily related, making the definition of one distribution as dependent
on the other infeasible.

To generate the fixed source, it is necessary to extract relevant data from the core. This data
must encompass comprehensive information that allows the subsequent definition of an appro-
priate fixed source that exhibits a similar behavior to a critical source. Thus, the data of interest
should include aspects such as neutron flux, spectra, and direction at various positions. This
data would be obtained through analog MCNP simulations. However, prior to this, it is crucial
to delineate the approach to be adopted, given that there are multiple potential strategies, as
assessed initially, that could feasibly be implemented. These strategies include:

1. Utilizing the Surface Source Write (SSW) card of MCNP, in conjunction with
the MCPL tool to interpret the data. The SSW would be defined at the core barrel.
This specific MCNP card logs every particle that reaches a particular surface in a certain
direction, recording the exact position, energy, direction, and weight of each particle. This
information is saved in a .w file that can be accessed via the MCPL tool. By retrieving this
information, a fixed source could be defined adjacent to the core barrel, thereby ensuring
that the particles emitted outside the barrel maintain the same properties as those in the
original simulation.

2. Establishing the fixed source at the spallation target assembly. All protons
coming from the LINAC react within the spallation target, thereby creating the secondary
neutrons that subsequently induce fission reactions. This approach entails obtaining the
neutron particle information at the surface of the spallation target assembly. In this
scenario, the fixed source is only delineated within the spallation target assembly. By
accurately defining the properties of the secondary neutrons produced post-spallation, the
rest of the core would keep the original behavior exhibited with the proton source. As one
might anticipate, this approach would result in a highly anisotropic fixed source, due to
the directional orientation of the protons derived from the accelerator.

3. Developing the fixed source across the entire core volume. This approach needs
that the reactor’s core is thoroughly tallied with an appropriate mesh in MCNP. Once the
data is recorded, numerous isotropic point sources could be established throughout the
core volume, ensuring the final results mirror the behavior of the critical core. In terms of
creating the mesh, two possibilities were examined:

(a) Cylindrical coarse mesh.

(b) Cylindrical mesh at the fuel assembly level.

The most effective approach, proven by the results, was found to be the last one described
above (3b). This will be further detailed below. Nonetheless, the other strategies retain their
relevance and were explored to varying degrees. To provide a comprehensive understanding of
what worked and what did not, detailed information regarding these approaches can be found
in Annex C.

The method we used involved looking at each fuel assembly in the reactor core one by one. For
this, we created individual mesh for each assembly using the FMESH4 MCNP tally. This tool
lets us make either round (cylindrical) or square (rectangular) meshes. Since the fuel assemblies
in MYRRHA’s core are shaped like hexagons, we thought a cylindrical mesh would be more
fitting (see Figure 5.30). Remember, the goal here is to gather the right data to create isotropic
point sources across the whole core. This data is derived from the FMESH4 tally, whereby each
voxel defined within the mesh tally enables the definition of an isotropic source.
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This methodology does, however, encounter a challenge. Specif-
ically, the smaller the voxel size, the greater the number of
isotropic point sources, thereby improving the core definition.
Conversely, the reduction in voxel size tends to worsen the sta-
tistical output for each energy bin, potentially affecting the point
source definition and introducing undesirable biasing. As such,
it becomes essential to find a balance in the size of the voxels
as defined via the FMESH4 tally. The illustration provided in
Figure 5.30 - where the voxels are indicated in a distinctive shade
I of purple - serves as a visual representation of the fuel assembly
17 \j geometry, showcasing the mesh layout with its axial divisions.
|

£==p\ Ideally, the voxels should encompass as many points as possi-
i€ ble without compromising the convergence in the tally results for
"'--..___________._..-'_ \
each voxel.
\-_-.. —] One of the essential steps involved the specification of the exact

volume that would be tallied, which depended on the number
Figure 5.30: Scheme of the of assemblies to be covered by the mesh and the vertical extent
FA geometry (black) and the of coverage. Various possibilities, such as covering only fuel as-
mesh used for tallying (red) semblies or incorporating cooling and reflector assemblies, and
with one of its voxels shaded covering different heights such as the entire assembly versus the
in purple. active height, were explored. After conducting multiple tests to

ascertain the effects of different parameters, an optimal setup

was determined based on statistical accuracy and computational
time-efficiency. This optimal setup includes:

e A cylindrical mesh specific to each fuel assembly, excluding cooling or reflector assemblies.
e An axial height for each cylindrical mesh equal to the active height of 70cm.

e Each cylindrical mesh is divided axially into 14 divisions, resulting in voxels of 5cm height
each.

Generating the equivalent neutron source is a two-step process. First, we acquire the tally re-
sults. Second, we need to convert the information from these tallies into a format compatible
with the SDEF card in MCNP6.2, which also works with ADVANTG3.2. While MCNP6.2 offers
various ways to structure these SDEF cards, not all of these methods are compatible with AD-
VANTG3.2. Notably, when using ADVANTG, the source definitions have certain constraints;
the most significant being the allowance of only one independent distribution. On top of that,
there are specific limitations inherent to MCNP’s source definitions that may pose challenges.
For example, MCNP6.2 only permits distribution numbers (used to define the type of distribu-
tions) from 1 to 999 when setting up a source. As a result, it is not feasible to assign a unique
distribution to each individual voxel in the mesh.

The SDEF card, designed by considering all these factors, is extensively explained in Annex D.
The whole card is stored in an external txt file, which MCNP can then access using the ‘Read
file’ card. The initial line of the source definition is as follows:

sdef erg=dl pos=ferg=d500 wgt=1.0 par=n
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This line indicates that energy is treated as the independent distribution following ‘d1’, while
position follows a distribution that is dependent on the energy, defined as ‘d500’. The particle
weight is not adjusted in the source definition since it will be managed by the weight windows,
and the particles emitted are neutrons. Given the way this source definition is structured, the
maximum energy bins compatible with MCNP’s restrictions amount to 498 bins.

It’s worth noting that this source definition doesn’t contain any directional bias; this means all
point sources will emit particles isotropically. By doing this, we introduce a significant bias to the
equivalent neutron source, which needs to be thoroughly tested to ensure its proper functioning
and verify that it does not alter the neutron flux or spectrum, particularly in regions close to
the vessel where the irradiation calculations will be conducted.

The entire process, including the tally definition of the core region, data extraction from the
FMESH4 tally results, and the creation of the external source file with the SDEF card, has
been automated using Python. The actual codes, due to their length, are not included in this
document. However, readers interested in them can reach out to the author.

5.3.3 ADVANTG Simulations

Optimizing ADVANTG mesh, as proved in TTARA and KENS shielding experiments, is key for
obtaining efficient results on the final MCNP run. Lessons learned in those cases can help us
determine the correct mesh that should be used, nonetheless, MYRRHA has an extra difficulty
that was not present in either of previous cases. This are the fission that occurs in the core,
which creates an additional source of particles that will also be affected by the weight windows
and that were not present before. ADVANTG forces to include inside the mesh all the source
inside the geometry, which means a mesh has to be defined in the core region. How this mesh
should be defined and how may it affect the final MCNP simulation is something that has not
been able to be verified with previous scenarios and therefore had to be tested directly with
MYRRHA’s input. Also, another difference is the material in which particles propagate. This is
particularly important for the size of the mesh across the shielding area. For TIARA it was used
iron or concrete, for KENS it was concrete, here we have LBE. The change of materials affects
the mean free path which might be relevant for mesh size definition of the weight windows.

Optimizing the ADVANTG mesh, as demonstrated in the TIARA and KENS shielding exper-
iments, is key for obtaining efficient results in the final MCNP run. The insights gained from
these instances can guide us in deciding the appropriate mesh to use. However, the MYRRHA
scenario adds an extra layer of complexity, not encountered in the previous cases. This arises
due to fissions occurring in the core, which generates an additional source of particles. These
particles are also influenced by the weight windows and were not a factor in previous scenarios.

ADVANTG forces the inclusion of all sources within the geometry in the mesh, implying that
a mesh must be defined in the core region. The way this mesh should be established and its
potential impact on the final MCNP simulation could not be verified through prior scenarios, and
therefore, had to be tested directly using MYRRHA’s input. Additionally, the material through
which the particles propagate varies, which significantly influences the mesh size across the
shielding area. While iron or concrete was used for TIARA and concrete for KENS, MYRRHA
involves LBE. The change in materials impacts the mean free path of neutrons, which may be
a critical factor when defining the mesh size for the weight windows.

We tried to maintain the ADVANTG input parameters as consistent as possible with those
employed in previous scenarios (TIARA and KENS), aiming to prevent the introduction of
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any new bias. Table 5.14 displays the main parameters used in the ADVANTG input. For
parameters such as ‘denovo_x_blocks’, ‘denovo_y_blocks’, and ‘denovo_z_blocks’, optimization
was performed to make full use of the 72-CPU cluster capabilities. These values were dependent
on the mesh definition and were adjusted for optimization. For more details on this, refer to [1].
Each conducted simulation took less than an hour.

Parameter Value

method fwcadis
fwecadis_spatial_treatment pathlength
fwcadis_response_weighting False
library HILO2K

Table 5.14: Key parameters used in the ADVANTG input for KENS shielding experiment.

We tested several meshes by varying the following parameters:

e The volume encompassed by the mesh. Given MYRRHA’s considerably larger geometry
compared to TTARA and KENS, covering the entire mesh is possible, but it leads to longer
computational times. An alternative could be covering the core and the region towards
the vessel in one axis direction (the least shielded one). Here, the mesh’s height is also
relevant, it could span the active height, the fuel assembly (FA) height, the barrel height,
or the entire height of the geometry.

e Mesh size in the core and non-critical areas. The core must be included in the mesh,
but the mesh’s fine-tuning inside the core can vary. A finer mesh would increase the
computations when running the final MCNP simulation, particularly due to the high
particle density in that region. Conversely, a very coarse mesh might not provide enough
detail for calculations, and many particles might be killed before reaching the vessel (where
we want to improve statistics). Also, if the mesh spans the entire geometry, the mesh size
in the regions where particle tracking is not our focus must be defined and the same
problematic arises.

e Mesh size in the area of interest. Prior experiments have shown that a finer mesh near the
detectors yields satisfactory results when used with MCNP. This suggests that the mesh
in areas surrounding the vessel should be sufficiently small (the same size as those used in
TIARA and KENS - 2-5c¢m). As for the mesh across the shielding, different sizes require
testing to ensure the proper splitting of neutrons.

Even with the knowledge gathered from the validation and verification process, it’s clear that
finding the optimal mesh in such complex geometry involves much trial and error. As evidenced
in Sections 5.1 and 5.2, the chosen mesh significantly influences the final MCNP run, it can
either enhance efficiency if well-defined, or severely impede it to the point where simulations
won’t finish due to excessive particle splitting. As of now, we have not found the ideal balance
where statistics in the vessel are improved when using weight windows. The most persistent
issue has been that simulations often get stuck at a certain number of NPS due to oversplitting.
Therefore, no additional results can be provided in this section.
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5.3.4 MCNP Simulations

The initial MCNP simulation retrieves reactor data for creating the fixed source, as detailed
in Section 5.3.2. Accuracy is critical at this stage, as any bias or uncertainty will propagate
to subsequent steps. FMESH4 tallies facilitate data retrieval, with one required for each fuel
assembly. A Python script was developed to automate this potentially error-prone and time-
consuming task, generating MCNP6.2 FMESH4 tallies for direct copying to the input. An
example of these tallies is shown below.

fc4 FA_4
FMESH4:n GEOM=cyl ORIGIN=-36.200,0.000,-35.000 AXS=0,0,1 VEC=1,0,0
IMESH=5.225 IINTS=1
JMESH=70 JINTS=14
KMESH=1 KINTS=1
EMESH=1e-08 496log 600
0UT=COL

For this example a cylindrical mesh is defined following the description provided in Figure 5.30
and in 498 energy bins from 1.0E-08 to 600 MeV. For better understanding of the FMESH4
definition refer to [2].

The same simulation used to obtain the neutron spectrum generated this data, utilizing 5.0E4+06
source particles (NPS) and 144 CPUs. The entire computation process spanned five days. We
assumed the equivalent neutron source to be working correctly if the radial, axial, and angular
neutron flux distributions obtained using the equivalent neutron source matched those obtained
using the proton source. To confirm the effective performance of the equivalent neutron source,
it was necessary to carry out some MCNP simulations to obtain and examine the neutron flux
distributions. Both simulations, with original proton source and equivalent neutron source were
run for 24 hours using 72 CPUs. In that time, NPS for proton source reached 1.5E4-06 and NPS
for the equivalent neutron source 1.96E+07.

Figure 5.31 illustrates the radial distribution along the x-axis when (y, z) = (0,0). It is notewor-
thy that this corresponds almost perfectly with the original proton source across all distances.
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Figure 5.31: Radial neutron flux comparison along the x-axis for (y, z) = (0,0): Proton source
vs. Equivalent neutron source.

Figure 5.32 through 5.35 present the axial neutron flux at various distances along the x-axis
from the center of MYRRHA’s core. As observed, the outcomes align nearly perfectly across all
distances. At 300 cm, the results begin to show signs of incomplete convergence, however it is
still clear that the profiles displayed by both simulations share a strong resemblance.
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Figure 5.32: Axial neutron flux com-
parison at x=25 cm: Proton source vs.
Equivalent neutron source.
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Figure 5.34: Axial neutron flux com-
parison at x=200 cm: Proton source vs.
Equivalent neutron source.
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Figure 5.33: Axial neutron flux com-
parison at x=150 cm: Proton source vs.
Equivalent neutron source.
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Figure 5.35: Axial neutron flux com-
parison at x=300 cm: Proton source vs.
Equivalent neutron source.

Figures 5.36 and 5.37 illustrate the angular neutron flux distribution at z = 0 for distances of
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150 cm and 300 cm, respectively, along the x-axis from the center of MYRRHA’s core. For
these cases, only one third of the entire core was tallied owing to the reactor’s symmetry. These
results highlight the effect that various components of the reactor have on the neutron flux. As
neutrons traverse different elements such as the primary pump chimneys and the PHX chimneys,
the flux values increase and decrease accordingly (refer to Figure 3.6 for the geometry).
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Figure 5.36: Angular neutron flux at (x,z) = (150,0) cm: Proton source vs. Equivalent

neutron source.
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Figure 5.37: Angular neutron flux at (x,z) = (300,0) cm: Proton source vs. Equivalent
neutron source.

After comparing radial, axial, and angular distributions for the proton and fixed sources, we can
affirm the equivalent neutron source’s behavior is sufficiently accurate for ADVANTG calcula-
tions in subcritical core configurations.

We also evaluated whether the source definition and methodology could be adapted for the
critical core configuration. This necessitated a new set of simulations, beginning with an MCNP
tally of the reactor’s core to derive data for the fixed source. This simulation employed the critical
core configuration of the MYRRHA reactor, running for 100 cycles with 2.0E+405 particles per
cycle and 72 CPUs. We then created a fixed source similar to the one used before (see Annex
D).

Figure 5.38 displays the radial distribution comparison along the x-axis at (y,z) = (0,0). The
neutron flux remains consistent across the axis, with slight variations at the core’s inner edge
and end. The latter, potentially due to poor statistics in that region. Figures 5.39 through 5.42
illustrate the axial neutron distribution at various x-axis distances. Each demonstrates a high
degree of similarity between the critical core and fixed source simulations. Comparable obser-
vations can be made from Figures 5.43 and 5.44, where the simulations align closely, mirroring
previous findings. The influence of differing core materials is also reflected in the neutron flux.
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Figure 5.38: Radial neutron flux comparison along the x-axis for (y, z) = (0,0): Critical source
vs. Equivalent neutron source.
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Figure 5.39: Axial neutron flux com-
parison at x=25 cm: Critical source vs.
Equivalent neutron source.

150 1

100

50 A

Height [cm]
<

—501

—100 1

—} Critical core

—1501 —f— Eg. Neutron Source

2x107! 3x104x10"! 6x 107! 100

Neutron Flux [arb. units]

Figure 5.41: Axial neutron flux com-
parison at x=200 cm: Critical source vs.
Equivalent neutron source.
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Figure 5.40: Axial neutron flux com-
parison at x=150 cm: Critical source vs.
Equivalent neutron source.
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Figure 5.42: Axial neutron flux com-
parison at x=300 cm: Critical source vs.
Equivalent neutron source.
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Figure 5.43: Angular neutron flux at (x,z) = (150,0) cm: Critical source vs. Equivalent
neutron source.
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Figure 5.44: Angular neutron flux at (z,z) = (300,0) cm: Critical source vs. Equivalent
neutron source.
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As referenced in Section 5.3.3, we were unable to achieve successful outcomes from the final
MCNP simulations run in conjunction with ADVANTG. Consequently, we could not analyze any
irradiation calculations or performance metrics for MYRRHA. Nonetheless, significant progress
was made, laying a robust groundwork for future investigations. Moreover, the results we did
obtain offer valuable insights, which will be discussed in the following sections.

5.3.5 Discussion

It is crucial to point out that the fixed source developed in Section 5.3.2 is used only for the
ADVANTG simulation. Its purpose is to compute the values for weight windows using determin-
istic calculations. In the final MCNP run, where the Monte Carlo simulation uses the previously
ADVANTG-calculated weight windows, we go back to using the original source (proton beam
or critical core). This step is taken to avoid any unwanted influence from the source.

However, as highlighted in Section 5.1 and cited in [15], the proper application of source biasing
can indeed prove to be a valuable technique for variance reduction. By directing particles
towards key areas, source biasing can bolster statistical results and reduce the time required
for computations. In the context of MYRRHA specifically, the use of an equivalent neutron
source in simulations has enabled us to achieve comparable statistical outcomes 10% faster,
while still maintaining the simulation’s accuracy in comparison to the original proton source or
the criticality source.

Notwithstanding these improvements, we believe there’s still potential for further refining the
fixed source. In this instance, our comparison was limited to neutron flux distributions. For a
more comprehensive analysis, we could also compare the neutron spectra at various locations,
ensuring that the generated neutron spectrum aligns with the behavior of the original source’s
neutrons. This could lead to even better results that are closer to those from proton source and
critical source simulations, while also reducing the time required for computations even more.

In addition to these points, it’s worth noting that this approach presents an efficient and accessi-
ble way of applying variance reduction techniques to this particular problem (MYRRHA). This
can be done without having to delve into the complexities of weight windows and ADVANTG,
which require more specific knowledge and can be time-consuming to understand and imple-
ment. In other scenarios where statistics may need moderate improvement, this could serve as
a suitable option.
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6 CONCLUSIONS

In this chapter, we gather the conclusions drawn from all our research and experimental work.
The knowledge we have gained from various sources and the simulations explained in Chapter
5 play a key role here. The conclusions are divided into four sections: Summary of Findings,
Implications, Limitations, and Future Work. In each section, we focus on the unique conclusions
we obtained from each of the three experiments: TIARA, KENS shielding experiment, and
MYRRHA. Each experiment contributed valuable insights to our understanding.

Towards the end of this chapter, there is a section titled ‘Final Conclusions’. Here, we draw
overarching conclusions about the entire thesis, tying together all our learnings. This section
offers a comprehensive summary of the work and marks the completion of this thesis.

6.1 Summary of Findings

The TIARA experiment was a key starting point in this thesis, demonstrating the viability of
using an equivalent neutron source as a variance reduction technique for proton-driven problems.
However, this finding’s utility was observed to be dependent on specific factors such as particle
energy and shielding thickness. Drawing from the research presented in [23], we also recognize
the significant role that proton induced nuclear data can have on the accuracy of our findings.
When it comes to the ADVANTG weight windows, it became apparent that fine-tuning the
mesh is crucial, not just for the accuracy but also for improving computational speed. This
was evident when the simulation run time increased upon using a mesh that was specifically
optimized for concrete shielding, but then applied to iron shielding.

Transitioning into the KENS shielding experiment, we expanded upon the insights gleaned from
TTARA. Interestingly, it was observed that optimizing for a specific slot does not automat-
ically correlate with enhanced results for other slots. Moreover, a significant computational
commitment for multi-area optimization doesn’t always yield superior outcomes. Notably, this
experiment also provided an intriguing counterpoint to the TIARA experiment. Contrary to
TTARA’s findings, the KENS experiment demonstrated that simulations utilizing weight win-
dows from a non-equivalent neutron source can actually be computationally faster while getting
satisfactory results, than those using an equivalent neutron source.

Regarding the irradiation calculations, the research has demonstrated that improvements in
spectral convergence, which also meant the reduction in the relative error of the average flux,
can result in substantial reductions in isotopic production rates. This was evidenced in the case of
a stainless steel sample with the same composition as the anticipated MYRRHA’s reactor vessel.
In this instance, a decrease in flux error from around 5% to 1.5% and 0.5% led to a reduction
in the activity of the sample by 3.86% and 5.29% respectively. Additionally, it was found that
the total activity of the sample could be accounted for by a few dominant radionuclides, which
contributed consistently to the overall activation of the steel sample.

Building upon the findings of both TIARA and KENS, the MYRRHA experiment examined
the use of a fixed source in ADVANTG simulations for criticality problems, which proved to be
a significant advantage in terms of efficiency. Though for our application, the fixed source is
exclusive to ADVANTG simulations and not applied in the final MCNP run, this method man-
aged to cut down computation time without compromising the simulation’s accuracy. Drawing
from the experience in TIARA and KENS, source biasing emerged as a powerful variance re-
duction technique. Notably, we achieved similar statistical results 10% faster compared to using
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the original proton or criticality source. This advancement presents a marked improvement in
computational speed and resource allocation.

6.2 Implications

The implications derived from our experiments are interconnected and provide valuable insights
into variance reduction techniques and their applications. The TIARA experiment’s observed
effectiveness of an equivalent neutron source signals potential use in varied contexts, such as the
MYRRHA ADS configuration or beam dump shielding calculations at different beam energy
sections of the MYRRHA LINAC. Importantly, this finding also emphasizes the need for an
appropriate weight window mesh for ADVANTG. The experiment revealed that using weight
windows created with the same mesh as that used in the 40 cm iron shielding yields comparable
statistical results, albeit requiring a longer simulation time.

Building upon these insights, the implications of the KENS shielding experiment are of substan-
tial importance for the design and execution of similar projects. The experiment demonstrated
that the ADVANTG optimization mesh design should be heavily influenced by the specific
objectives of the simulation and the desired performance level. It also echoed the TIARA ex-
periment’s implications on the crucial role of careful weight window selection and optimization,
as the performance variations of simulations using different weight windows became evident.

The findings on the irradiation calculations imply that control and precision over the spectral
convergence can significantly influence the isotopic production rates. Therefore, in a practical ap-
plication such as in the anticipated MYRRHA’s reactor, focusing on achieving a well-converged
neutron spectrum prior to running ALEPH calculations could lead to improved results and
reduced uncertainties.

The MYRRHA experiment, while reinforcing the key takeaways from both TIARA and KENS,
added some new dimensions to our understanding. First, it highlighted the power of source
biasing to enhance statistical results and cut computational time, particularly evident in the
context of MYRRHA. Second, it underscored the use of a fixed source in our simulations as
an efficient and accessible method for applying variance reduction techniques. This approach,
especially appealing due to its simplicity and the reduction of complexities associated with
weight windows and ADVANTG, could be a promising option in scenarios requiring moderate
statistical improvements. Taken together, these findings pave the way for more efficient and
precise modeling and simulation in future research.

6.3 Limitations

Our study, while providing significant findings, was not without limitations, many of which are
intertwined across the different experiments. The TIARA experiment, for instance, revealed
a clear dependency of simulation outcomes on particle energy and shielding thickness. This
dependency could pose a constraint on the applicability of these findings in scenarios where these
parameters differ. Moreover, the use of weight windows derived from non-equivalent neutron
sources showed potential weaknesses, as it failed in certain simulations, signalling limitations of
this approach in some cases.

In contrast to the TIARA case, the non-equivalent neutron source for the KENS experiment
yielded highly satisfactory results significantly faster than the equivalent-neutron source. How-
ever, it’s crucial to note that these results may be influenced by the particular geometry, materi-
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als, and setup of this specific experiment. Consequently, caution is advised when employing this
approach in other contexts or experiments, as the same success might not be directly transfer-
able. Additionally, the research on the KENS experiment did not account for situations where
isotopes are derived from reactions that have a threshold in their cross section. This limita-
tion is especially relevant in other scenarios, particularly for MYRRHA, where many threshold
reactions can play a key role in determining the isotopic composition and radiation emissions.

Despite these challenges, the MYRRHA experiment offered valuable insights while shedding
light on additional constraints of our study. Our comparison of the fixed source was limited to
neutron flux distributions. For a more robust analysis, it would be pertinent to expand this
comparison to include neutron spectra at various locations in future research. This expansion
would ensure that the generated neutron spectrum aligns with the behaviour of the original
source’s neutrons. This limitation, together with those identified in the TIARA and KENS
experiments, signifies areas for future improvement and research.

These limitations do not diminish the value of our findings but instead highlight areas for further
exploration and refinement, proving that there is much to be learned and developed in this field.

6.4 Future Work

As we look towards the future of this research, the learnings from the TIARA, KENS, and
MYRRHA experiments offer promising paths for exploration. The TIARA experiment empha-
sized the potential in expanding the application of weight windows to proton source problems,
derived from an equivalent neutron source. Future studies could adapt this methodology for
different settings, particularly those involving varied incident energies, shielding thicknesses,
materials, and geometries. Concurrently, research could probe deeper into the reasons for sim-
ulation failures when using weight windows from non-equivalent neutron sources, a limitation
noted in the TIARA experiment, and develop strategies to overcome this challenge.

Informed by the insights from the TIARA experiment and the specific challenges encountered
in the KENS experiment, subsequent studies could concentrate on understanding the reasons
behind the computational efficiency of simulations using weight windows from a non-equivalent
neutron source. Additionally, future research should delve further into the reactions producing
most relevant radionuclides in terms of emission and working dose, particularly focusing on
potential threshold reactions and their influence on the results. The research should also consider
the resonance region and how well-converged weight window utilized spectra can impact the
outcomes. While the research for the KENS experiment did not feature a resonance region,
and the weight windows utilized spectra were well converged, this may not be the case in other
scenarios where further investigation might be needed.

The MYRRHA experiment presents valuable opportunities for future research, building on the
foundations established in the work presented in this thesis. One of the primary areas for
exploration is the optimization of the ADVANTG mesh. Achieving successful results in the
final MCNP run highly depends on this aspect, suggesting its critical nature. Once significant
progress is made in this area, future work could shift focus towards performing detailed irradi-
ation calculations in the vessel. A comprehensive examination of the isotopic composition, the
reactions involved, and the impact of neutron spectrum uncertainties could present invaluable
insights. These investigations could advance our current understanding, pushing the envelope
for more accurate and reliable results.

Moreover, an area of emphasis for future exploration should be refining the fixed source for
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increased efficiency and accuracy. As discussed in the limitations of this study, expanding the
comparative analysis to include neutron spectra at various locations could yield results more
closely mirroring those from proton source and critical source simulations. This advancement
could offer invaluable insights into achieving even more efficient computations and precise results,
encapsulating the overarching goal of this research.

In sum, the future of this research field is wide open, promising opportunities for growth and
refinement that can further our understanding and application of variance reduction techniques
in proton source problems.

6.5 Final Conclusions

From this thesis, one key point should be underscored: optimizing the ADVANTG mesh is key
for correctly obtaining weight window values, and thus effectively using this variance reduction
method. Unfortunately, the path to success is not clearly marked - it demands significant
expertise or an exhaustive approach of trial and error. This thesis seeks to illuminate this
complex procedure, aspiring to pave the way for a comprehensive guide for future applications
needing variance reduction techniques, particularly weight window techniques via ADVANTG.

Equally crucial is the need for an equivalent neutron source when applying ADVANTG in a
proton-driven system. Crafting a dependable equivalent neutron source that mirrors the behav-
ior of the proton-driven system can be a standalone variance reduction technique. This strategy
could accelerate simulations, yielding more accurate statistical outcomes. If more refinement is
needed, this step remains essential. For additional enhancements, we can turn to ADVANTG
for weight window calculations, or even consider MCNP weight windows as an alternative.

In addition to the aforementioned concepts, the aspect of spectrum-driven uncertainty reduction
holds significant weight in the context of irradiation calculations. This has been demonstrated
even in the relatively simple scenario of KENS shielding experiments, where the production of
all pertinent radionuclides resulted from radiative neutron capture. We can anticipate that these
uncertainties will have a more pronounced effect when additional reactions, especially resonance
or threshold reactions, come into play. However, it is crucial to note that the primary focus of
this thesis has been on mitigating uncertainties arising from Monte Carlo simulations. This is
primarily because, in the realm of deep shielding calculations, these uncertainties significantly
influence the results. Yet, it is important to acknowledge the existence of other sources of
uncertainties, particularly those related to nuclear data, that may require further attention for
achieving more precise and conclusive results.
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7 SOCIAL & PROFESSIONAL RESPONSABILITY

This chapter delves into the social and professional implications of the research conducted for
this thesis. It aims to highlight the direct and indirect contributions of the research to broader
social and professional contexts, addressing both the ethical considerations and the alignment
with the Sustainable Development Goals (SDGs) outlined in the United Nations’ 2030 Agenda
for Sustainable Development. In this era of global challenges, research in all fields must adopt a
responsible approach that considers its potential impact on society and the environment. This
chapter will further divide into two sections: professional responsibility and social responsibility,
along with sustainable development goals.

7.1 Professional Responsability

In conducting this thesis research, the professional responsibility associated with nuclear simu-
lations and variance reduction techniques has been at the forefront. The ethical implications of
nuclear research necessitate a highly responsible approach.

Firstly, the accurate representation of nuclear phenomena using MCNP6.2 and ADVANTG3.2
software tools is a critical professional obligation. Misrepresentation or misuse could potentially
lead to incorrect conclusions, potentially threatening the safety and security of nuclear opera-
tions. Thus, the correct application and interpretation of these tools carry profound professional
responsibility.

Secondly, the research’s commitment to pursuing enhanced efficiency and accuracy in nuclear
shielding simulations is an integral part of professional responsibility. Variance reduction tech-
niques, source biasing, and weight windows are essential methodologies for improving the ro-
bustness of nuclear simulations. By furthering knowledge and understanding of these techniques,
this thesis contributes to the professional growth and development of the field.

Finally, the professional responsibility extends to the dissemination of this research. The careful
explanation of these advanced methodologies is intended to foster a broader understanding and
to equip other researchers with the tools they need to advance in their work, thereby benefiting
the entire professional community.

7.2 Social Responsibility and Sustainable Development Goals (SDGs)

The research aligns with several Sustainable Development Goals, demonstrating a commitment
to addressing some of the most pressing challenges of our time:

e SDG 7: Affordable and Clean Energy: By enhancing the accuracy and efficiency of
nuclear simulations, this research can contribute to safer, more efficient nuclear energy.
Nuclear power is a low-carbon energy source, which can help reduce our reliance on fossil
fuels and combat climate change.

¢ SDG 9: Industry, Innovation and Infrastructure: The advanced methodologies
and techniques explored in this thesis contribute to innovation in the nuclear industry.
Through this work, the capacity for scientific research and technological capabilities in
this field is being enhanced.
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e SDG 13: Climate Action: As mentioned under SDG 7, nuclear power is a low-carbon
energy source. By improving the efficiency and safety of nuclear power through enhanced
simulation techniques, this research contributes indirectly to the efforts to combat climate
change.

e SDG 17: Partnerships for the Goals: The thesis emphasizes the importance of collab-
orative efforts, highlighting the need for ongoing cooperation between researchers, profes-
sionals, and institutions to optimize nuclear simulations. It encourages knowledge sharing
and collaborative learning, vital for achieving any of the SDGs.

In conclusion, the research conducted in this thesis aligns with the principles of professional
responsibility and contributes to several social and sustainability objectives. Through this work,
we hope to foster a better understanding of variance reduction techniques in nuclear simulations
and their potential for social and environmental impact.
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8 PROJECT MANAGEMENT

Effective project management is a crucial aspect of any research undertaking. It helps to stream-
line tasks, allocate resources efficiently, ensure timely completion, and manage expenses within
budget constraints. For our investigation into reducing spectrum-driven uncertainties with vari-
ance reduction techniques, we implemented a detailed project management plan to ensure the
successful execution and completion of the study. This chapter will discuss the project man-
agement approach used in this research, with specific focus on two key aspects: planning and
budget.

8.1 Planning

The planning phase was instrumental in charting the course of the project and establishing
a roadmap for the tasks to be undertaken. The project was divided into broad and specific
tasks, with appropriate timelines allocated for each. Table 8.1 and Figure 8.1 both represent
the timeline and distribution of tasks for this master’s thesis project. The project started on 1st
September 2022 and ended on 31st May 2023. The tasks were divided into four main sections:
Literature Review, Simulation & Experimentation, Data Analysis & Result Interpretation, and
Thesis Writing & Review. Each of these sections had subtasks with their respective durations
and timelines.

Table 8.1: Project Timeline and Task Distribution

Task Duration (days) Begin date End date
Literature Review 30 1st Sept 30th Sept
- Study on Variance Reduction Techniques 15 1st Sept 15th Sept
- Examination of Previous Experiments 15 16th Sept 30th Sept
Simulation & Experimentation 70 1st Oct 10th Dec
- MCNP6.2 and ADVANTG3.2 Setup 10 1st Oct 10th Oct
- Simulation of TTARA 30 11th Oct 10th Nov
- Simulation of KENS 30 11th Nov 10th Dec
- Simulation of MYRRHA 25 11th Dec 5th Jan
Data Analysis & Result Interpretation 55 6th Jan 1st Mar
Thesis Writing & Review 90 2nd Mar 30th May
- Drafting 60 2nd Mar 30th Apr
- Review and Revision 30 1st May 30th May

SCK CEN 87



88

(INJ)) serelIsnpuy soIdtuaSu] op Iotrodng BoTUIY ], R[ONISH

Name

~ Literature Review
Study on Variance Reduction Techniques
Examination of Previous Experiments
~ Simulation & Experimentation
MCNP82. and ADVANTG3.2 Setup
Simulations of TIARA
Simulations of KENS
Simulation of MYRRHA
Data Analysis & Result Interpretation
~ Thesis Writing & Review
Drafting

Review and Revision

Sep, 22 Oct, 22 Nov, 22 Dec, 22 Jan, 23 Feb, 23 Mar, 23 Apr, 23 May, 23

228 04 11 18 25 02 09 16 23 30 06 13 20 27 04 11 18 25 01

Figure 8.1: Gantt chart.

08 15 22 29 05 12 19 26 05 12 19 26 02 09 16 23 30 07 14 21 28

LINHINHODVNVIN LOHOYd '8



Reducing spectrum-driven uncertainties with variance reduction techniques

The most challenging tasks during the project were the Simulation & Experimentation and
the Thesis Writing & Review. The Simulation & Experimentation section was challenging due
to the complexity of setting up MCNP6.2 and ADVANTG3.2 and conducting simulations on
TTARA, KENS, and MYRRHA. These tasks required a deep understanding of the systems and
careful execution of the simulations. To overcome these challenges, I invested significant time
in understanding the systems, consulted with experts, and conducted multiple trial runs before
the actual simulations.

The Thesis Writing & Review section was also challenging due to the need for clear and concise
presentation of the findings, drafting, and revising the thesis. The process of writing a thesis
is iterative and requires a lot of patience and attention to detail. To tackle these challenges, 1
started writing early, sought feedback from my advisors regularly, and revised my drafts multiple
times to ensure clarity and coherence.

8.2 Budget

The budget is a significant aspect of project management that determines the financial feasibility
of the research. A comprehensive budgeting approach was employed to cater to workforce
expenses and resource expenses, including the software licensing costs. Tables 8.2 and 8.3
summarize the expenses incurred during the duration of the project. The former illustrates
workforce costs, including time and effort invested by the student, mentor, and co-mentor. The
student spent a total of 1350 hours on the project, with a monthly financial support of 398.29€,
resulting in an hourly cost of 2.77€. The mentors, both primary and co-mentor, contributed
a total of 200 hours at a rate of 35€ per hour. The cumulative workforce expense stands at
10,739.50€.

Table 8.3 details the various resources required for the project. The cost of accommodation was
significant, amounting to 3276.00€ for the nine-month period. Other resources, like the Dell
Intel Core i5, MCNP6.2 license, ADVANTG3.2 license, and peripherals, were used for the same
duration and had to be amortized accordingly. The cumulative resource expense amounts to
4388.50€.

Table 8.2: Workforce Expenses

Concept Hours Cost per hour (€) Subtotal (€)

Student 1350 2.77 3739.50
Mentor 150 35.00 5250.00
Co-mentor 50 35.00 1750.00
Total 10739.50
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Table 8.3: Resource Expenses

Concept Cost (€) Amort. (months) Use (months) Subtotal (€)
Accommodation 364.00 - 9 3276.00
Dell Intel Core i5 700.00 72 9 87.50
MCNP6.2 License 500.00 9 9 500.00
ADVANTG3.2 License 500.00 9 9 500.00
Peripherals 200.00 72 9 25.00
Overleaf INTEX 0.00 - - 0.00
Total 4388.50

The total project cost, including workforce and resource expenses, is given in Table 8.4. The
amounts are subjected to a 21% tax, leading to a final project budget.

Table 8.4: Total Project Expenses

Concept Cost (€)

Workforce 10739.50
Resources 4388.50

Subtotal 15128.00
Tax (21%) 3176.88

Total 18304.88

In conclusion, taking into account the workforce and resources expenses, and including a 21%
tax, the final project budget amounts to 18,304.88€.
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GLOSSARY

ADS Accelerator-Driven System

ADVANTG Automated Variance Reduction Generator
BR2 Belgian Reactor 2

CADIS Consistent Adjoint Driven Importance Sampling
CERN European Council of Nuclear Research

CPU Central Processing Unit

FA Fuel Assembly

FASTEF Flexible Accelerator-driven System for Technology development and Experimental
Facility

FP6 EUROTRANS Sixth Framework Programme of the European Union’s EUROpean Re-
search Programme for the TRANSmutation of high-level nuclear waste

IAEA International Atomic Energy Agency

IPS In-Pile test Section
JENDL Japanese Evaluated Nuclear Data Library
KENS KEK Spallation Neutron Source Facility

LBE Lead-Bismuth Eutectic

LINAC Linear Accelerator

MCNP Monte Carlo N-Particle code
MOX Mixture Of Oxides
MYRRHA Multi-purpose hYbrid Research Reactor for High-tech Applications

SDEF General Source Definition
SINBAD Shielding Integral Benchmark Archive and Database

SSW Surface Source Write
TIARA Takasaki Ion Accelerator for Advanced Radiation Application

XT-ADS eXperimental facility demonstrating the technical feasibility of Transmutation in an
Accelerator-Driven System
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ANNEXES

A ADVANTG Code Fragments for Different Simulations

A.1 TIARA - Mesh used for 40cm Iron Shielding

D Ok W N

mesh_x -130.0 0.0 176.0 183.0 283.0 333.0 396.0 401.0 441.0 453.7
720.0

mesh_x_ints 56 15341201 10

mesh_y -252.0 -60.0 -6.34 -5.44 5.46 6.36 60.02 252.02

mesh_y_ints 5 156 2 12 2 15 5

mesh_z -315.0 -60.0 -20.0 -6.35 -5.45 5.45 6.35 60.0 285.0

mesh_z_ints 7 10 5 2 12 2 15 5

A.2 TIARA - Mesh used for 100cm Concrete Shielding

o« S w »

mesh_x -130.0 0.0 176.0 183.0 283.0 333.0 396.0 401.0 501.0 513.7
720.0

mesh_x_ints 56 153413110

mesh_y -252.0 -60.0 -6.34 -5.44 5.46 6.36 60.02 252.02

mesh_y_ints 5 15 2 12 2 15 5

mesh_z -315.0 -60.0 -20.0 -6.35 -5.45 5.45 6.35 60.0 285.0

mesh_z_ints 7 10 5 2 12 2 15 5

[ N S

A.3 KENS — Mesh used for optimization of all slot detectors

mesh_x -200.0 -65.0 -8.0 -5.0 -4.44 4.43 5.0 8.0 65.0 200.0
mesh_x_ints 310 31813 10 3

mesh_y -200.0 -65.0 -8.0 -5.0 -4.44 4.43 5.0 8.0 65.0 200.0
mesh_y_ints 310 3181 3 10 3

mesh_z -20.0 0.0 13.09 38.6 153.6 253.6 258.1 289.6 297.6 329.6

337.6 379.6 387.6 434.6 442.6 499.6 507.6 569.6 577.6
653.6 661.6

mesh_z_ints 113 255121212121212121

[ I N N

A.4 KENS — Mesh used for optimization of slot-8 detector

mesh_x -200 -65 -8 -5 -4.445 4.43 5 8 65 200

mesh_x_ints 3 10 31 81 3 10 3

mesh_y -200 -65 -8 -5 -4.445 4.43 5 8 65 200

mesh_y_ints 3 10 31 8 1 3 10 3

mesh_z -20 0 13.09 38.6 153.6 253.6 258.1 289.6 297.6 329.6

mesh_z_ints

337.6 379.6 387.6 434.6 442.6 499.6

653.6 661.

6

507.6

113 255121212121212121

569.6 577.6
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B ADVANTG Weight Window Lower Bounds for Different Simulations

Table B.1: ADVANTG weight window lower bounds in TTARA experiment 40 cm iron shield-
ing, using Equivalent Neutron Source.

Table B.2: ADVANTG weight window lower bounds in TTARA experiment 40 cm iron shield-
ing, using Non-Eq. Neutron Source.

Table B.3: ADVANTG weight window lower bounds in TTARA experiment 100 cm Concrete

Energy [MeV] (439,0,0) (441,0,0) (454,0,0)
4.14E-07 0.00E4-00 0.00E4-00  9.92E4-02
1.01E-04 1.76E-02 2.62E-02 3.74E-02
1.50E-02 1.03E-04 1.40E-04 1.93E-04
6.08E-01 7.65E-06 8.94E-06 1.06E-05
1.96E+01 5.14E-06  6.05E-06 7.20E-06
6.00E4-01 2.70E-06 3.17E-06 3.75E-06
7.00E4-01 2.45E-06  2.87E-06 3.38E-06

Energy [MeV] (439,0,0) (441,0,0) (454,0,0)
4.14E-07 0.00E+00 0.00E4+00  3.85E+01
1.01E-04 7.16E-04  1.06E-03  1.52E-03
1.50E-02 4.26E-06  5.82E-06  8.00E-06
6.08E-01 2.75E-07  3.24E-07  3.86E-07
1.96E+01 9.23E-08  1.16E-07  1.47E-07
6.00E+401 3.13E-08  3.90E-08  4.86E-08
7.00E+01 2.96E-08  3.62E-08  4.42E-08

shielding, using Equivalent Neutron Source.

Energy [MeV] (468,0,0) (501,0,0) (514,0,0)
4.14E-07 3.26E+05 8.74E+01  5.28E-04
1.01E-04 2.52E+05 6.42E+01  1.12E-04
1.50E-02 8.07TE+04 4.95E+01  4.90E-05
6.08E-01 L9TE+02  1.45E-01  2.06E-05
1.96E+01 5.05E+01 6.25E-03  1.39E-05
6.00E+01 1.O7TE4+00 6.92E-04  1.52E-05
7.00E+01 5.22E-01 4.94E-04  1.53E-05
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Table B.4: ADVANTG weight window lower bounds in TIARA experiment 100 cm Concrete
shielding, using Non-Eq. Neutron Source.

Energy [MeV] (468,0,0) (501,0,0) (514,0,0)
4.14E-07 2.00E+04 5.37E+00  3.24E-05
1.01E-04 1.40E+04 3.95E4+00  2.28E-06
1.50E-02 2.48E+03 2.97TE+00  7.53E-07
6.08E-01 2.96E+00 2.37E-03  2.05E-07
1.96E+01 545E-01  6.65E-05  8.06E-08

6.00E+01 7.26E-03  5.56E-06  9.12E-08
7.00E+01 3.43E-03  3.90E-06  9.49E-08

Table B.5: ADVANTG weight window lower bounds for All-Slots optimization in KENS shield-

ing experiment, using Equivalent Neutron Source.

Energy [MeV] (0,0,254) (0,0,258) (0,0,654) (0,0,662)

1.11E+400 1.30E-05  3.60E-06  9.83E-11 2.34E-11
3.01E4-00 1.12E-05  2.80E-06 1.01E-10 3.57E-11
1.00E+01 6.87E-06 1.13E-06 1.05E-10 1.65E-11
2.50E4-01 7.80E-06 1.58E-06 1.22E-10 3.34E-11
8.00E4-01 5.35E-06 1.40E-06 1.43E-10 4.20E-11
1.80E+02 2.62E-06  8.78E-07 1.51E-10 5.22E-11
3.00E4-02 1.41E-06  5.28E-07  1.21E-10 3.18E-11

Table B.6: ADVANTG weight window lower bounds for All-Slots optimization in KENS shield-
ing experiment, using Non-Equivalent Neutron Source.

Energy [MeV] (0,0,254) (0,0,258) (0,0,654) (0,0,662)

1.11E+400 1.68E-05  3.08E-06  8.61E-10 2.21E-10
3.01E4-00 1.00E-05 1.93E-06  9.04E-10 3.33E-10
1.00E+01 6.35E-06  9.50E-06  9.46E-10 1.54E-10
2.50E+01 8.57E-06 1.45E-06 1.10E-09 3.12E-10
8.00E4-01 6.28E-06 1.09E-06 1.26E-09 3.71E-10
1.80E+02 5.28E-06 1.05E-06 1.23E-09 3.78E-10
3.00E4-02 3.76E-06  8.08E-07  9.68E-10 2.37E-10
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Table B.7: ADVANTG weight window lower bounds for Slot-8 optimization in KENS shielding

experiment, using Equivalent Neutron Source.

Table B.8: ADVANTG weight window lower bounds for Slot-8 optimization in KENS shielding

Energy [MeV] (0,0,254) (0,0,258) (0,0,654) (0,0,662)
1.11E+00 5.44E+08 1.76E+08 1.00E-10  2.35E-11
3.01E+400 2.61E+03 1.15E+03 1.03E-10  3.58E-11
1.00E+01 1.04E402 4.53E+01 1.07E-10  1.65E-11
2.50E+01 5.21E+00 2.67E+00 1.24E-10  3.35E-11
8.00E+4-01 1.06E-03  7.21E-04 1.47E-10  4.21E-11
1.80E+02 3.46E-05 2.64E-05 1.56E-10  5.25BE-11
3.00E+402 9.16E-06  7.16E-06  1.25E-10  3.20E-11

experiment, using Non-Equivalent Neutron Source.

Energy [MeV] (0,0,254) (0,0,258) (0,0,654) (0,0,662)
1.11E400 479E+09 1.55E409 9.08E-10  2.22E-10
3.01E400 2.35E+04 1.04E+04 9.48E-10  3.35E-10
1.00E+01 9.47E+02 4.11E4+02 9.88E-10  1.55E-10
2.50E+01 AT4E+01  243E+01 1.15E-09  3.13E-10
8.00E+01 9.70E-03  6.60E-03  1.33E-09  3.73E-10
1.80E+02 3.12E-04 2.38E-04  1.30E-09  3.81E-10
3.00E+02 8.10E-05  6.34E-05  1.02E-09  2.38E-10
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C Explanation of different approaches to create a fixed source in MYRRHA

C.1 SSW + MCPL

Our initial approach to establishing a fixed source for ADVANTG involved leveraging the Surface
Source Write (SSW) card feature of MCNP (Monte Carlo N-Particle). The SSW card enables the
recording of neutron particles at the surface of the core barrel. This card serves as a component
of a source definition that can be used in MCNP. In an initial simulation, particles are recorded
on a user-specified surface or surfaces. Upon completion of the simulation, a .w file is generated,
recording comprehensive data about each particle, including type, position, energy, direction,
time of recording, and weight. A subsequent MCNP simulation employing the Surface Source
Read (SSR) card allows this file to be utilized as a source for another simulation. This method
allows for an increased number of particles in the second run compared to the first, achieved by
MCNP modifying particle weights — a variance reduction technique. Unfortunately, this source
definition is incompatible with ADVANTG, needing the search for alternatives.

The recorded data is saved in a .w file, replete with the required information for source creation.
However, the file format, produced by MCNP, can not be read by standard text editors. To
extract and interpret the data from this file, the MCPL tool is utilized. MCPL, an open-source
tool [27], facilitates the extraction of information from the output file, making it accessible. This
data can then be viewed through Python in a dataframe format, where each row corresponds
to a recorded particle. It is important to note that as the recorded particle count increases,
the size of the file and the computational power required to process it also escalate. Prolonged
simulations may potentially result in memory errors when attempting to read the large output
file produced by the SSW card. Figure C.1 illustrates the first few rows of the dataframe when
interpreted using MCPL in Python.

pdgcede X y uy uz time weight
2112 -60 0.023600 -0.260609 0002501 0.366042

1 2112 0.386461 -0.841448 0.002517 0.363907
2 2112 0.511174 0551607 0033756 0.314640
2 -34.323418 -0.418903 0392340 0.004781 0.332165

LT
(S N
I

-36.246712 -0.535209 0558532 0005244 0314142

Figure C.1: Example of dataframe containing the data recorded with SSW card of MCNP and
read with MCPL tool.

Until this stage, we encountered no significant impediments. The primary challenge, however,
was transforming the acquired data into an SDEF (Source Definition) source format compatible
with ADVANTG. The gathered data constitutes discrete observations, which needs some form
of aggregation to define distributions for the SDEF card. Yet again, we were confronted with
ADVANTG’s restrictions related to source definition, which allows for only one independent dis-
tribution. While we believed that this could potentially be achieved by partitioning particles into
smaller regions and defining appropriate energy distributions, this would have needed extensive
scripting. Moreover, it would have been a time-intensive task. Hence, before delving any further
into this approach, we chose to explore other potential methodologies that might offer a more
efficient solution.
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C.2 Spallation Target Assembly

In our exploration, we considered a methodology involving the creation of a neutron source solely
within the spallation target assembly. Here, protons from the accelerator enter the spallation
target assembly and interact with the Lead-Bismuth Eutectic (LBE), resulting in the production
of secondary neutrons. These neutrons then disperse into the core, inducing fission. We envi-
sioned tracking these neutrons on the surface of the spallation target assembly and establishing
numerous point sources adjacent to the surface to emulate the secondary neutrons generated.

However, this methodology presents several constraints. The most salient limitation is its exclu-
sivity to subcritical configurations when MYRRHA operates as an Accelerator-Driven System
(ADS). Furthermore, neutrons in the proximate region exhibit a significantly anisotropic distri-
bution due to the influence of the proton beam, indicating preferential emission directions. This
aspect must be contemplated when defining the source, thus imposing another complication due
to ADVANTG’s limitation of only permitting one independent distribution, with the remaining
distributions being dependent.

While we brainstormed potential solutions to these challenges, the constraints, coupled with the
time cost of implementing these ideas with uncertain outcomes, led us to abandon this strategy.
Instead, we chose to concentrate on alternative approaches, potentially offering more robust and
efficient solutions.

C.3 Entire Volume — Coarse Mesh

In this approach, we used a simpler mesh, less detailed than the one mentioned in Section 5.3.2
where we used the mesh at the FA level. Unlike the previous method where each fuel assembly
needed its own FMESH4 tally, here, a single FMESH4 tally covers the entire geometry. Moreover,
we're tallying the complete volume inside the core barrel. As shown in Figure C.2, we divided
the mesh in three ways: axially (red), angularly (purple), and radially (blue). This leads to
two types of voxels in the mesh, as seen in the figure: one shaped like a wedge (shown in blue),
and another like a slice of a hollow cylinder (shown in green).? In the center of each voxel is
were the isotropic point source will be located. In order to generate the data required to create
the external SDEF card file, the simulation was run using 1.8E+06 particles. This simulation,
which employed 72 CPUs, took 11 days and 5 hours to complete.

2The divisions you see in Figure C.2 are only representative. In the actual mesh, we calculated the divisions
so that the green voxel had an area of about 25 cm?.

108 Escuela Técnica Superior de Ingenieros Industriales (UPM)



Reducing spectrum-driven uncertainties with variance reduction techniques

A
Y

T~
S —
741“
T
y__2
\ 1
L
v
\
v
\
A
L
\
LY
~
-_— A e

=

=<

-
’

Figure C.2: Scheme of the core geometry (black) and the mesh used for tallying with two
different types of voxels shaded in blue and green.

The scope of this approach, using this mesh type, was constrained by the maximum voxel
quantity achievable with a single FMESH4 tally. Undoubtedly, additional FMESH4 tallies could
be created - for instance, one for every originally defined axial segment - to amplify the voxel
count per FMESH4. This method was computationally slightly more efficient for the simulation,
as it used a single FMESH4 tally but covered a larger volume. However, when comparing the
results with the original source, they were somewhat less accurate than those obtained with
the FA level mesh. The comparative neutron flux distributions are provided below. Both
simulations, using the original proton source and the equivalent neutron source, were conducted
over a 24-hour period using 72 CPUs. During this time, the NPS for the proton source reached
1.5E4-06, and the NPS for the equivalent neutron source reached 3.67E+407.

Figure C.3 presents the radial distribution along the x-axis when the coordinates (y,z) are at the
origin. The distribution along the axis aligns remarkably well for all intermediate distances, yet
deviates near the core center and, notably, in the distant regions where the vessel is positioned.
This divergence could have significant implications for irradiation calculations in that area.
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—F— Proton Source
—f— Eq. Neutron Source - Coarse Mesh

10—1.
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Distance from core center in x-axis [cm]

Figure C.3: Radial neutron flux comparison along the x-axis for (y, z) = (0,0): Proton source
vs. Equivalent neutron source using coarse mesh.

Figures C.4 through C.7 illustrate the axial neutron flux at varying distances from the center
of MYRRHA'’s core along the x-axis. It is noticeable that the result within the core (at x=25
cm) is slightly overestimated. At intermediate distances, the outcomes align almost flawlessly.
However, at a distance of 300 cm, the results start to indicate incomplete convergence.
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Figure C.4: Axial neutron flux com-
parison at x=25 cm: Proton source vs.
Equivalent neutron source using coarse
mesh.
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Figure C.6: Axial neutron flux com-
parison at x=200 cm: Proton source vs.
Equivalent neutron source using coarse
mesh.
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Figure C.5: Axial neutron flux com-
parison at x=150 cm: Proton source vs.
Equivalent neutron source using coarse
mesh.
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Figure C.7: Axial neutron flux com-
parison at x=300 cm: Proton source vs.
Equivalent neutron source using coarse
mesh.
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Figures C.8 and C.9 depict the angular neutron flux distribution at z=0 for distances of 150 cm
and 300 cm along the x-axis from the center of MYRRHA’s core, respectively. Interestingly,
the results in this instance are slightly superior to those using the FA level mesh. This can
potentially be attributed to the fact that the fixed source created in this scenario covers a larger
volume and extends to greater radii compared to the one used in the previous study.

1.004 —— Proton Source
—}— Eq. Neutron Source - Coarse Mesh ‘," (

/
0.981 ‘»,"\ ‘ "I \
i i /
b
| I \

Y |
Wy

0.92 1

0.96 -

Neutron Flux [arb. units]

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Theta [rev]

Figure C.8: Angular neutron flux at (z,z) = (150,0) cm: Proton source vs. Equivalent
neutron source using coarse mesh.
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Figure C.9: Angular neutron flux at (z,z) = (300,0) cm: Proton source vs. Equivalent
neutron source using coarse mesh.
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D Explanation of SDEF card format for MCNPG6.2 compatible with ADVANTG3.2

sdef erg=dl pos=ferg=d500 wgt=1.0 par:ni

v B wWwN =

~ @

si1 $23456789 10 11 12 13 14 15 16 17 18 19

488 489 490 491 492 493 494 495 496 497 498 499

spl 3.4554e-02 3.167%e-03 3.4342e-03 3.7141e-03 4.0

8.4262e-04 7.5150e-04 6.3363e-04 5.0349%e-04 3

L.

218e-03 4.3460e-03

.3726e-04 1.1304e-04

O o

10
11
12
13
14

si2 0.0000e+00 1.0000e-08
sp2 @ 1
si3 1.0000e-08 1.0510e-08
sp3 @ 1

51499 5.7080e+02 6.0000e+02
spd99 @ 1

si'X': left and right edge of each energy bin
sp'X’: probability of the si’X" card

15
16
17

ds500 S 501 502 503 504 505 506 507 508 589 510 511 512 513 514 515 516 517 518

987 988 989 990 991 992 993 994 995 996 997 998

18
19
20
21
22
23
24
25
26
27
28
29

51501 L -2.6120e+00 3.1988e-16 -3.4500e+01 -2.6120e+00 3.1988e-16 -3.3500e+01
-2.6120e+00 3.1988e-16 3.3500e+01 -2.6120e+00 3.1988e-16 3.4500e+01

sp5@1 2.4102e-08 1.1591e-08 8.7685e-09 3.2129¢-09 4.8040e-10 6.0146e-10

51998 L -2.6120e+00 3.1988e-16 -3.4500e+01 -2.6120e+00 3.1988e-16 -3.3500e+01

-2.6120e+00 3.1988e-16 3.3500e+01 -2.6120e+00 3.1988e-16 3.4500e+01
sp998 ©.0000e+00 0.0000e+00 0.0000e+00 2.0000e+00 0.0000e+00 ©.0000e+00

0.0000e+00 0.0000e+00 0.0000e+00 ©.0000e+00 0.0000e+00 @.0000e+00

sdef: MCNP card for fixed source

erg=d1: energy follows a distribution defined in si1
pos=ferg=d500: position follows a distribution
defined in ds500 that depends on energy

wgt=1: weight value by default

par=n: neutron source

B si1 S: 'S” indicates values in this card
are distribution numbers. One
number per energy bin [2-499]

sp1: Sum of the total flux for each
|_energy bin

ds500 S: Analog to si card for

= dependent distributions. One per

energy bin [501-998]

—

si’X’ L: 'L' indicates values in this card are
discrete. Each consecutive 3 numbers

9 correspond to (x,y,z) coordinates

sp’X’: value of flux per each (x,y,z)
coordinate

Figure D.10: Layout of MCNP6.2 SDEF card using results from FMESH4 tally with 498 energy bins and compatible with ADVANTG3.2
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