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Monte Carlo simuldcie pozadia detektorov a analyza pozadovych charakteristik
SuperNEMO experimentu v podzemnom laboratoriu v Modane

Detektory ionizujuceho ziarenia vyzaduji simulacie ich pozadia najmi
v podzemnych laboratoériach uz pred ich konstrukciou. Na tvorbu simulacnych
koédov sa vyuziva vyvojové prostredie GEANT 4, ktoré bolo vytvorené
v CERNe. Cielom dizertacie bude vyuzitie Monte Carlo simulécii
na zhodnotenie pozadia detektorov operujicich v podzemnych laboratériach,
a urCenie prispevkov od kozmického ziarenia a od radionuklidovej
kontaminacie konStrukénych materalov k pozadiu SuperNEMO detektora
(mnohovlaknova plynova komora so scintilaénym kalorimetrom umiestnena
v mnohozlozkovom tieneni proti neutrébnom a gama-ziareniu) na vyskum
bezneutrinovej dvojitej beta premeny Se-82, ktory sa buduje v podzemnom
laboratériu v Modane.

1. Simulécia a analyza externého pozadia SuperNEMO experimentu, Specialne:
(1) kvantifikovat prispevky k pozadiu SuperNEMO detektora prevadzkovaného
v podzemnom laboratériu v Modane, ktoré v dosledku rezidudlneho
kozmického ziarenia a radioaktivnej kontaminacie konstrukénych materidlov
detektora produkuju vysokoenergetické gama.ziarenie;

(i1) kvantifikovat’ prispevky k pozadiu SuperNEMO detektora od neutréonov
spontanneho Stiepenia a od (alfa, n) reakcii z kontaminovanych konstrukénych
materidlov detektora.

2. Stadium potladenia gama Ziarenia a neutrénov pomocou réznych zloziek
tienenia, tiez ovplyvneného radioaktivhou kontaminaciou konstrukénych
materidlov detektora.

3. Utast’ na kompletizacii prvého SuperNEMO modulu (tzv. Demeonstratora)
a jeho uvedenia do prevadzky v podzemnom laboratoriu v Modane.

4. Utast’ na zbere dat z Demonstratora a ich analyze bez pouZitia externého
tienenia, a ich porovnanie so simuldciami.

GEANT 4 Code (CERN), ¢lanky v casopisoch Nuclear Instruments and
Methods, Journal of Radioanalytical and Nuclear Chemistry, Journal of
Enviromental Radioactivity, atd’

Monte Carlo simulécie, GEANT 4, u¢innost’ detektorov, pozadie, podzemné
laboratoria
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Monte Carlo Simulations of Detectors Background and Analysis of
Background Characteristics of the SuperNEMO Experiment in the Modane
Underground Laboratory

Abstract

Presented dissertation thesis is focused on Monte Carlo simulations of background induced
by high energy gamma rays in the SuperNEMO experiment.

The discovery of neutrino masses through the observation of neutrino oscillations re-
newed the interest in neutrinoless double beta decay searches. They can probe lepton
number conservation and investigate the nature of the neutrinos - Dirac or Majorana - and
also probe their absolute mass scale. SuperNEMO experiment aims to search for the signal
of neutrinoless double beta decay. It utilizes a tracking approach by separating the source
isotope from the detector, while combining tracker and calorimetry techniques to detect
emitted electrons independently. The first module of the experiment, the Demonstrator, is
located in Modane underground laboratory. Its background suppression technique is based
on rejection method by reconstructing the topology of events and on background suppres-
sion by selecting radiopure materials used in detector construction and passive shielding.

Part of the thesis is dedicated to evaluation of different sources of background, namely
ambient background sources in the Modane underground laboratory that are unavoidable
to all experiments operating here, and radiogenic sources of neutrons produced in fission
processes of uranium and thorium, and in («,n) reactions. This part represents an im-
portant component of inputs used for Monte Carlo simulation of the background induced
by high energy gamma rays. A problem with simulation of gamma cascades emitted after
thermal neutron capture in the software package along with the solution of this problem
is discussed.

Another part is dedicated to simulations of attenuation of radiation passing through
different shielding configurations and geometries. This study helps to optimize the final
design of passive shielding used for the Demonstrator module.

All these parts are then used as inputs for the final Monte Carlo simulations of external
background in the SuperNEMO experiment. The main goal of this task is to study and to
identify events that mimic the 2 electron topology of neutrinoless double beta decay.

Keywords: Neutrino, SuperNEMO, Neutrinoless double beta decay, Monte Carlo simu-
lations, Background, Underground laboratory



Monte Carlo simulacie pozadia detektorov a analyza pozadovych
charakteristik SuperNEMO experimentu v podzemnom laboratériu v Modane

Abstrakt

Predlozend dizertacna praca je zamerand na Monte Carlo simuldcie pozadia vyvolaného
vysokoenergetickym gama ziarenim v experimente SuperNEMO.

Objav hmotnosti neutrin pozorovanim neutrinovych oscilacii obnovil zaujem o hladanie
existencie bezneutrinovej dvojitej beta premeny. Pomocou tohto procesu je mozné sktimat
zachovanie leptonového cisla a povahu neutrin - Diracovska alebo Majoranovska - a tiez
skimat ich absolutnu hmotnostni skalu. Cielom SuperNEMO experimentu je hladanie
signalu bezneutrinovej dvojitej beta premeny. Experiment vyuziva trekovaci pristup, ¢im
oddeluje zdrojovy izotop od detektora, pricom ale kombinuje techniku drahovych detek-
torov a kalorimetrie na detekciu emitovanych elektrénov. Prvy modul experimentu, De-
monstrator, sa nachddza v podzemnom laboratériu v Modane. Technika potlacenia poza-
dia je zalozend na metdéde odmietnutia eventov, pomocou rekonstrukcie ich topolégie, a
na potlaceni pozadia, vyberom radioaktivne ¢istych materialov pouzitych pri konstrukcii
detektora, a takisto pouzitim pasivneho tienenia.

Cast préce je venovanéa zhodnoteniu réznych zdrojov pozadia, konkrétne zdrojov poza-
dia v podzemnom laboratoriu v Modane, ktoré su neodstranitelné pre vsetky experimenty,
ktoré v tomto laboratériu operuju, a radiogénnych zdrojov neutréonov produkovanych stiep-
nymi procesmi urdnu a téria a (a, n) reakciami. Této ¢ast predstavuje doleziti stcast vs-
tupov pre Monte Carlo simulécie pozadia vyvolaného vysokoenergetickym gama Ziarenim.
Takisto je v tejto casti diskutovany problém so simuldciou gama kaskad emitovanych po
zachyte neutronov v softvérovom baliku spolu s rieSenim tohto problému.

Dalsia ¢ast je venovana simuldciam potlacenia ziarenia prechadzajiceho cez rézne kon-
figuracie a geometrie tienenia. Tato stidia pomaha optimalizovat kone¢ny navrh pasivneho
tienenia pouzitého pre Demonstrator.

Vsetky tieto cCasti si potom pouzité ako vstupy pre simuldcie externého pozadia v
SuperNEMO experimente. Hlavnym cielom tejto tlohy je studovat a identifikovat udalosti,
ktoré napodobnuju dvojelektrénovi topologiu dvojitej bezneutrinovej beta premeny.

Kltcové slova: Neutrino, SuperNEMO, Bezneutrinova dvojitda beta premena, Monte
Carlo simuléacie, Pozadie, Podzemné laboratorium



Simulation Monte Carlo du bruit de fond des détecteurs et analyse des
caractéristiques du fond de I’expérience SuperNEMO dans le laboratoire
souterrain de Modane

Résumé

La découverte récente d’une masse non-nulle pour les neutrinos avec 1’observation des
oscillations renouvelle I'intérét de rechercher de la décroissance double béta sans émission
de neutrino. Il s’agit de la meilleure approche expérimentale pour sonder la nature de
neutrinos - Dirac ou Majorana - et leur échelle de masse. SuperNEMO est une expérience
basée sur 'utilisation d’un trajectographe et d’un calorimeétre afin de détecter individuelle-
ment les deux électrons émis lors de la décroissance. Le premier module démonstrateur de
SuperNEMO se trouve au Laboratoire Souterrain de Modane. Sa technique de réjection
du bruit de fond repose sur la reconstruction de la topologie des évenements ainsi qu’un
suppression en amont des bruits de fond par une sélection de composants radiopurs et
I'utilisation d’un blindage passif.

Une partie de cette these est dédiée a ’estimation du bruit de fond radioactif environ-
nant au Laboratoire Souterrain de Modane, dont les neutrons radiogéniques produit par
fission des isotopes d’uranium et de thorium, ainsi que par réaction (a,n). Ces derniers
sont un ingrédient important pour les simulations Monte Carlo du bruit de fond induit
par les rayonnements gamma de haute énergie. Un probléme de simulation des cascades
gamma par capture radiative de neutron est notamment discuté avec la mise au point d’une
solution.

Une autre partie du travail porte sur des simulations d’atténuation de rayonnements
a travers différente configurations et géométries de blindage passif, afin d’optimiser le
blindage finale du module démonstrateur de SuperNEMO.

Ces travaux permettent une modélisation du bruit de fond dite externe de I’expérience
SuperNEMO, par I’étude et identification des évenements imitant la topologie "deux élec-
trons" de la décroissance double béta sans émission de neutrinos.

Keywords: Neutrino, SuperNEMO, décroissance double béta sans émission de neutrino,
simulations Monte Carlo, bruit de fond, laboratoire souterrain



ix

Acknowledgements

Throughout the writing of this dissertation I have received a great amount of assistance
and support.

Firstly, I would like to express my sincere gratitude to my supervisors, Pavel Povinec
and Fabrice Piquemal, for their continuous support of my PhD study, motivation, and all
of their advice. I would like to express my deepest appreciation to Emmanuel Chauveau,
for his guidance, valuable consultations, and his unparalleled knowledge in the field. They
all continuously provided encouragement and they were always willing to assist in any way
they could throughout this research project.

My appreciation goes to the CENBG team for accepting me into the institute and for
providing me with the opportunity to join their research group. Without their support, it
would not have been possible to conduct this work.

I would also like to thank the following people who have helped me undertake this
research: a collaboration member and a friend, Miroslav Macko from IEAP CTU in Prague,
whose expertise was invaluable and whose insightful suggestions provided me with the
tools that I needed to choose the right direction and successfully complete my dissertation.
Rébert Breier from FMPH CU in Bratislava for his insightful feedback and who was always
willing to offer a helping hand. Cheryl Patrick from UCL for all the thoughtful comments
and recommendations she provided me with during these academic years. Stanislav Valenta
from FMP CUNI in Prague for providing me with important inputs and outputs from the
DICEBOX software and for all his advice on the related research topic. I also have had
the support and encouragement of Christine Marquet from CENBG who always gave me
constructive comments.

I wish to acknowledge the rest of the SuperNEMO collaboration and the staff of LSM
- the meetings and conversations were vital for the completion of this thesis.

To conclude, I cannot forget to thank my family and friends for all the unconditional
support in this time.



Dissertation Goals

This PhD work is carried out within the context of the SuperNEMO experiment, an ultra-
low radioactive background experiment in the Modane underground laboratory, looking
for Majorana nature of neutrino by searching for the neutrinoless double beta decay.

The application of the Monte Carlo simulations in nuclear and particle physics is vast.
Monte Carlo simulations of detector background characteristics have been important pre-
requisites when working in underground laboratories. They help design detectors, under-
stand their behaviour, compare experimental data to theory and investigate and predict
the origin of the background.

The main goals of the PhD thesis are as follows:

« Simulation and analysis of the external background of the SuperNEMO experiment,
specifically:

— to quantify contributions to the background of the SuperNEMO detector operat-
ing in the LSM underground laboratory, which due to residual cosmic radiation
and radioactive contamination of materials produce high energy gamma rays.

— to quantify contributions to the SuperNEMO detector background from sponta-
neous fission neutrons and from (alpha, n) reactions originating in contaminated
construction materials.

o Study of gamma ray and neutron attenuation by different shielding components also
affected by radioactive contamination of construction materials.

« Participation in data collection and data analysis from the Demonstrator module
without external shielding, and comparison of data and simulation. Namely, partici-
pation in data analysis of measurement with neutron source taken during calorimeter
commissioning stage and comparison of experimental data with Monte Carlo simula-
tion to validate the simulation method used to estimate neutron induced background
rate.

o Direct participation in the completion of the Demonstrator module and its commis-
sioning in the LSM.
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Introduction

Since the 1930s many discoveries and theories providing an insight into the structure
of matter have been made. It was found to be, that the observable matter and radiation
in the Universe are made from elementary subatomic particles ad their composite particles
and antiparticles. These fundamental particles are bound together by three fundamental
forces - electromagnetic, weak, and strong. This knowledge and understanding of how
these fundamental particles and three forces relate are contained in the Standard Model of
particle physics. To this day, our understanding of the world of leptons and quarks is quite
vast and remarkable. However, we know it to be incomplete. Although the Standard Model
of particle physics agrees well with experiments, many questions remain unanswered. Why
do neutrinos have small masses? What is the neutrino mass? Are there additional neutrino
types? What is the dark matter made out of? What is the origin of the asymmetry between
matter and antimatter? Answers to these questions and more pose an important factor to
our knowledge of nature. Study and observation of extremely rare processes may lead us
to these answers.

Investigation of neutrino properties is currently one of the most essential interests for
particle physics and for better understanding the evolution of our Universe. Crucial missing
information in this field could be provided by the observation of neutrinoless double beta
decay (Ovf3f3), a rare decay that violates total lepton number by two units which makes it
forbidden in the Standard Model of particle physics. If observed, it would prove neutrinos
are their own antiparticles - Majorana particles - and they could be the key to the matter-
antimatter asymmetry problem.

But the only hope of seeing such rare events is shielding the experiment from any
background radiation that might swamp the signal. Deep underground laboratories provide
the necessary low radiation background to search for very rare nuclear phenomena that
happen at extremely low rates.

In order to understand the origin of induced background, or to evaluate the background
before the construction of a detector, a background spectrum can be obtained with Monte
Carlo simulations. They became a key tool for studying problems intractable by an ex-
perimental approach only. Monte Carlo simulations have been widely applied in studying
physical processes and interactions to explain measured background spectra or to predict
detector background and to evaluate individual background contributions [1]. That makes
them an excellent tool to study detector background before the system is built and to
optimize background characteristics for planned experiments. They are also useful for op-
timizing the shielding design (material, thickness, etc.) necessary to reduce the background
to a desirable level.

This thesis is focused on Monte Carlo simulations of the background characteristics
of the SuperNEMO experiment. SuperNEMO is a one-of-a-kind experiment searching for
neutrinoless double beta decay in the Modane underground laboratory. The thesis consists
of 7 chapters.

Chapter 1 describes the history of neutrino physics, neutrino properties, and its place
within and outside of the Standard Model. It contains insight into the physics of experi-
mentally observed two-neutrino double beta decay and theoretically predicted neutrinoless



double beta decay. It also summarizes the status of experimental search for Ovf3S signal
of current experiments and next-generation experiments.

Chapter 2 focuses solely on the SuperNEMO experiment, its design, goals and detection
technique.

Chapter 3 discusses background sources in underground laboratories that are common
to deep underground experiments: cosmic rays and environmental radioactivity and ra-
dioactive contamination of materials. There is also a brief review of background sources in
the Modane underground laboratory from available literature.

In Chapter /, possible neutron sources are described. It contains a section with a
theoretical overview of processes that lead to neutron production, such as spontaneous
fission and (a,n) reactions, but also results of calculations and simulations of neutron
yields, production rates, and their energy spectra. In the last part of this section, I use these
results to evaluate the contributions from neutron background sources in the SuperNEMO
Demonstrator.

The last part of this chapter is dedicated to neutron capture gamma cascades. It
contains results of gamma cascades from thermal neutron capture on iron and copper
isotopes from a separate simulation that are later used as input for the SuperNEMO
simulation software.

In Chapter 5, the results of Monte Carlo simulation of external background in the
SuperNEMO experiment induced by high energy gamma rays are presented. It is divided
into two main sections. One is dedicated to ambient gamma ray induced background and
the second one is dedicated to neutron induced background. The details of simulation
software and analysis method are described here. Each of these parts also contains a
subsection dedicated to the analysis of attenuation of ambient radiation by shielding.

Chapter 6 is dedicated to comparison of measured experimental data with our Monte
Carlo based model used throughout the analysis of the external background. Part of this
chapter is dedicated to the simulation of Americium-Beryllium (AmBe) neutron source
which is used for comparison of simulation with experimental data taken with weak AmBe
source during commissioning phase with the Demonstrator. And another part is focused
on comparison of measured and simulated high energy spectra above 4 MeV in the LSM
with the Demonstrator.

Conclusions of this work are summarized in the final Chapter 7.



Chapter 1

Neutrinoless Double Beta Decay

1.1 Neutrino Properties and Reactions

The Standard Model represents the most precise and widely accepted model of fundamental
particles and three of the four known fundamental forces in the Universe up to date. All
particles of the Standard Model, grouped into two categories of matter and force-carrier
particles, are in Figure 1.1. The building blocks of matter come in two basic types called
quarks and leptons. Within the lepton group, there are six particles arranged in three
generations - the electron (e~ ) and the electron neutrino (v.), the muon (u~) and the
muon neutrino (v, ), and the tau (7~ ) and the tau neutrino (v,). Similarly, the six quarks
are also paired in three generations - up and down, charm and strange, top and bottom.
Additionally, every particle is associated with its own antiparticle!. The strong, weak
and electromagnetic forces all have its own corresponding force-carrying particles in the
Standard Model, which belong to a broader group called bosons.
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FiGURE 1.1: Elementary particles of the Standard Model - 3 generations of
matter, gauge bosons and Higgs boson [2]

LSome particles, for instance the photon, are their own antiparticle.
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Neutrinos are fundamental particles created in diverse processes in nature, from nuclear
reactions in the stars, particle decays, and star explosions to accelerators and nuclear power
plants. Out of all known massive particles, they are the most abundant particles in the
universe. Neutrinos are often called the most elusive particles of the Standard Model of
nuclear physics as they are difficult, but not impossible, to detect.

1.1.1 Brief History of Neutrinos

The first indirect physical evidence of neutrino existence was provided by the study of
[~ -decay at the beginning of the 20th century. Back then, it was believed that in the
process of f7-decay a nucleus undergoes a transition, where one neutron is transformed
into a proton with emission of an electron:

72X =5, Y +e (1.1)

Experiments, performed by Otto Hahn and Lise Meitner in 1911 and by James Chad-
wick in 1914, showed that the kinetic energies of these electrons had a continuous spectrum,
that is - electrons are emitted from a source with a distribution of energies that extends
from zero up to a maximum energy of the reaction (Q value) (Fig. 1.2), which was in con-
tradiction to the law of conservation of energy. By this law, the emitting electron should
have an energy equal to the difference of the parent and daughter nuclear masses, Q. Wolf-
gang Pauli came with a solution, proposing the emission of another particle that escaped
undetected. In this case, the sum of the energy of the electron and the new proposed
particle should be equal to the @ value. Pauli called this particle "neutron" and in 1931
Enrico Fermi renamed Pauli’s "neutron" to neutrino. In 1934, Enrico Fermi had developed
his famous theory of beta decay including neutrino in this process.

Number of constraints were put on the properties of neutrino so the existing conservation
laws were satisfied. The reaction in Equation 1.1 is already balanced with respect to elec-
tric charge, so neutrino must be neutral. The observed energies of electrons were up to the
maximum allowed Q) value of the decay, so neutrino mass must be smaller than instrumen-
tal uncertainties. From the lepton number? conservation in order to compensate for the
creation of a particle, emitted neutrino must be antiparticle and therefore antineutrino.

2Quantum number that is assigned to all leptons and is 1 for electrons and neutrinos and -1 for their
respective antiparticles.
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FIGURE 1.3: Scheme of the Cowan-Reines neutrino experiment

And final constraint is that neutrino/antineutrino must have a half-integer spin and be a
fermion in order to couple the total angular momentum to the initial spin of %2 h. The
Equation 1.1 can be then rewritten accordingly:

23X =55 Y +e 40 (1.2)

Direct Detection of Neutrinos

Due to its elusiveness, it took more than 20 years to directly detect neutrino. The first
experiment that lead to the detection and confirmation of neutrino’s existence was the
Cowan-Reines neutrino experiment in 1956 [3]. The potential of this experiment comes
from the nuclear reaction known as inverse beta decay, in which a proton captures an
antineutrino, resulting in neutron and positron production:

Ue+pt —=n’4et (1.3)

A nuclear reactor was used as a source of antineutrinos and the detector consisted of
2 water tanks (a huge number of potential proton targets of the water) with dissolved
cadmium chloride, CdCl, (detection of the neutron from the neutrino interaction due to
large cross-section of neutron capture by Cd), sandwiched between 3 tanks filled with a
liquid scintillator (Fig. 1.3). Chain of events after antineutrino interaction is then two 0.511
MeV gamma rays from the positron annihilation, followed by the gamma rays from the
disintegration of the nucleus after the neutron absorption by cadmium several microseconds
later. The signatures of the interaction are thus unique making this rare process detectable.
Their result was rewarded with the Nobel Prize in 1995.

The antineutrino discovered by Cowan and Reines in 1956 is the antiparticle of the elec-
tron neutrino. In 1962, the first detection of the muon neutrino interactions was performed
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by Leon M. Lederman et al. [4] and the first detection of tau neutrino interactions was
announced in 2000 by DONUT? collaboration [5]. Up to now, we recognize three neutrino
flavours- v,, v, v; named after their partner leptons in the Standard Model.

1.1.2 Neutrinos in the Standard Model and Beyond

Neutrinos had to undergo a revision in the formulation of the Standard Model. Originally,
neutrinos were believed to be massless, came in three flavours, and were clearly distinct
from their antiparticles - all neutrinos are left-handed, helicity = -1, all antineutrinos are
right-handed, helicity = 1, and the lepton number is strictly conserved. However, in recent
years neutrino experiments have shown convincing evidence of the existence of neutrino
oscillations, which is a consequence of neutrino masses and flavour mixing.

Neutrino Flavour Mixing and Oscillations

We know now, that there are three neutrinos* that participate in weak interactions and
couple to W and Z bosons: v.,v,,v,”, and the electroweak eigenstates of these neutrinos
are linear combinations of their mass eigenstates: vy, vy, v3 [6]:

) = Z Uy [vi) (1.4)

where f denotes the flavour state, ¢ denotes the mass state and Uy; is the unitary neutrino
mixing matrix or Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. Equation 1.4 can
be rewritten in matrix form:

’Ve> |V1>
) | = UMY | ) (1.5)
vr) |vs)

Such mixing between mass and flavour states is leading to the oscillation phenomenon,
a periodical variation of the flavour in the function of time during the propagation of
neutrinos.

Let’s consider the simpler case of the mixing of only two neutrino flavors, v, and v,,.
The relation between flavour and mass eigenstates is as follows:

lve)\ [ cos®  sin®\ [|v1)
<|I/M> ~ \—sinf cosf) \|va) (1.6)
where @ is the mixing angle. The two mass components of the neutrino have energies E

and Fy given by:
2

Ei:\/pQ—mngnglEi, (1.7)

3Direct Observation of NU Tau

4Number of light particles that have the standard properties of neutrinos with respect to the weak
interactions, and does not apply to sterile neutrinos.

5These neutrinos are often called “active flavour neutrinos”.
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Initial state of neutrino v, at ¢ = 0 is:
|Ve) = cosb |v1) + sinf 1) (1.8)
After a period of time ¢, the state can be described by:
Ve (t)) = e Flcosl |vy) + e 2l singd |vy) (1.9)

The phase difference between the two components results in flavour evolution of the neu-
trino, because the amplitudes of different mass components evolve differently with space
and time, acquiring different quantum mechanical phases. The probability of finding the
neutrino with the muon flavour is [7]:

P(ve = v, t) = [(ulve () = sin®(26)sin® <A4:g t) (1.10)

and Am? = m2 —m?. For relativistic neutrinos, when approximating L ~ ¢, the transition
probability in Equation 1.10 can be written in the form:

A 2
P(ve — v, t) = sin2(20)sin® (1.27 gL L) (1.11)

where L is the flight path in km and F is the energy in GeV. Thus neutrinos oscillate
between different flavours along their path of flight. From Equations 1.10 and 1.11 it is
seen that if neutrinos have equal (zero) masses then there are no oscillations, and that
the neutrino oscillations are only possible if at least one of the mass eigenstates would be
non-zero.

The idea of neutrino oscillations was predicted by Bruno Pontecorvo in paper [8] in
1967 where he discussed the possibilities of neutrino oscillations in the case of two flavour
neutrinos and neutrino oscillations were later discovered in 1998 with neutrinos produced
in the atmosphere in Super-Kamiokande experiment [9], and later also in solar SNO [10]
and neutrinos from nuclear reactor in KamLAND [11] experiments.

Helicity, Chirality and Antineutrino

The discovery of neutrino oscillations implies that neutrinos are not massless particles, and
hence, it also has implications on two particle properties - helicity and chirality.

The helicity of a particle represents the projection of the particle’s spin along its di-
rection of motion. The helicity operator is given by projecting the spin operator onto the
unit momentum vector: R

j = 5P (1.12)

1Pl
We can measure the eigenvalue of this operator as helicity. When the spin and momentum
of a particle are parallel, meaning the helicity eigenvalue is positive, we call the particle
right-handed. If the helicity eigenvalue is negative, we say the particle is left-handed. If a
particle is massless, then its helicity has a fixed value in all reference frames, on the other
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hand for a massive particle, the sign of its helicity depends on the frame of reference® and
thus helicity is no longer an intrinsic property.

Another particle property is chirality. It is Lorentz invariant and is defined through the
operator 7° (Dirac matrix, product of the four gamma matrices). The left-handed chiral
state is projected by projection operator P, and the right-handed chiral state by Pg:

Pr= (=), Pa= (1 +7) (1.13)
Any particle can be written in terms of left-handed and right-handed components. For
massless particles, the chirality and helicity are the same. A massless left-chiral particle
also has left-handed helicity. However, in the case of massive particles chirality and helicity
don’t coincide and a massive particle has a specific chirality. For relativistic particles
chirality almost coincides with helicity, meaning that the left- and right-handed chirality
fields approximately coincide with those of negative and positive helicity, respectively.
The corresponding antiparticle to neutrino (v) is antineutrino () which also carries no
electric charge and has half-integer spin, but has opposite chirality. It has been observed
that all neutrinos in nature are left-handed, while the antineutrinos are right-handed, mean-
ing we only see interactions of left-handed neutrinos v, and right-handed antineutrinos vg.

Neutrino Mass and Mass Hierarchy

While within the Standard Model neutrinos are precisely massless, consequently we say,
that one must go beyond the Standard Model to generate neutrino’s mass. The underlying
physics that lies behind neutrino masses and their mixing may contain neutrino mass terms
of two different kinds: Dirac and Majorana [12].

Particles like quarks and charged leptons derive their masses from an interaction with
the Standard Model Higgs field and are called Dirac particles. Conceivably, the neutrinos
could derive their masses in the same way but with a certain extension of Lagrangian by
including left-handed and right-handed neutrino fields to generate neutrino masses.

For simplicity, let’s neglect flavour mixing. A non-zero Dirac mass requires a particle
to have both a left- and right-handed chiral state and once the right-handed neutrino field
has been introduced, the Dirac mass term has the form:

Lp = —mpvrvy + h.c’ (1.14)

where mp is the Dirac neutrino mass.

Since the neutrino and antineutrino are both neutrally charged particles, the origin
of their masses could involve a Majorana mass. This would mean neutrinos are Majo-
rana fermions, which can only occur when both the particle and antiparticle are identical,
meaning the antineutrino and neutrino are simply right-handed and left-handed versions
of the same particle. Since the mass term in the Lagrangian couples left- and right-handed
neutrino chiral states, in a Majorana mass term, one of the two coupled neutrino fields
is simply the charge conjugate of the other, such that the right-handed component is
VY = CrT. A Majorana mass term may be constructed out of v, alone, in which case we
have the left-handed Majorana mass (Eq. 1.15), or out of vg alone, in which case we have

6An observer moving faster than the particle will see its helicity in the opposite direction.
"h.c means the Hermitian conjugate
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FIGURE 1.4: The effects of Dirac and Majorana mass terms in the La-
grangian [6]

the right-handed Majorana mass (Eq. 1.16) [12]:

1 -

/CML = —§mL(I/L)CI/L + h.c (115)
1 -

Lo, = —§mR(VR)CyR + h.c (1.16)

and mp, mpg are positive, real constant mass parameters.

The different effects of Dirac and Majorana mass terms in the Lagrangian are depicted
in a simplified scheme in Figure 1.4. In constrast to Dirac mass, Majorana mass term does
not conserve the lepton number and when it acts on a v, it turns it into a v, and vice versa.

There’s also a possibility of mechanism that combines both Dirac and Majorana terms
(e.g. See-Saw mechanism) and any model that includes Majorana masses predicts that the
neutrino mass eigenstates will be Majorana particles [6].

So far, the mechanism by which neutrinos acquire mass and the mass of neutrino itself
are unknown. Experiments observing the oscillations of neutrinos, that measure sin?(20)
(Eq. 1.10), are sensitive only to the difference in the squares of the masses my, ms and
mg. While the differences are well determined, the absolute values of these masses are less
certain. Results also show that the mixing matrix contains two large mixing angles and
a third angle that is not exceedingly small, therefore we cannot associate any particular
state |v;) with any particular lepton flavour [13].

In general, there are two mass ordering hierarchies:

e The normal hierarchy: m; <my <ms
o The inverted hierarchy: ms <m; <ms

The way these masses are ordered is shown in Figure 1.5. The difference in the squares of

the neutrino masses Am2, = 7.397035 x 107°e¢V? comes from solar neutrino observations

and |Am2,| ~ |Am2,| ~ 2.457 332 x 1073V ? comes from atmospheric neutrino observations
[13].



Chapter 1. Neutrinoless Double Beta Decay 8

Direct Neutrino Mass Measurements and Cosmological Constraints on Neu-
trino Masses

Additional constraints can be obtained from the kinematics of weak decays. From energy-
momentum conservation relation in reactions in which a neutrino or an antineutrino is
involved, we can measure the limits on the mass of the flavour neutrino states, which we
label as m¢/7, mf,f:f, mgl .

For example, it is possible to measure the neutrino masses using beta decays of nuclei
with small Q value and short decay life-time by measuring the end part of the beta spectra
[6]. Such conditions are satisfied in the tritium nucleus, with Q = 18.6 keV and T, /,=12.3
y, which decays via beta decay to *He:

SH —* He4 e + 1, (1.17)

If Ey is the mass difference between the initial and final nucleus, then the maximum kinetic
energy of the electron is:
Traz = Q = EO — Me (118)

However, in reality, due to a non-vanishing neutrino mass, Q value will be reduced by the
neutrino mass [13]:
Traw = Q — m&l7 (1.19)

This then provokes a distortion at the end point of the beta spectrum which can be probed
by experiments. The most recent result on the kinematic search for neutrino mass in 3H
decay is from KATRIN experiment which sets an upper limit of m&/f < 1.1 eV [14].

Due to the unique role of relic neutrinos in the evolution of the Universe and in the
formation of large scale structures, observations of matter clustering allow us to probe the
neutrino mass sum Xm; [14]. But these model dependent methods are heavily influenced
by the selection of data, and the choice of how the neutrino is modelled for cosmological
purposes significantly affects current upper bounds for the sum of the neutrino masses
[15]. The most important probes for neutrino mass in cosmology are anisotropies in the
cosmic microwave background (CBM) and large scale structure (LSS) formation. The
bounds can be tightened by adding information within the framework of a cosmological
model ACDM?®, such as BAO? or supernovae data, etc [13]. Recent constraints on Ym;
from Planck measurements of the cosmic microwave background anisotropies, combining
information from the temperature and polarization maps and the lensing reconstruction,
range from < 0.54 eV to < 0.11 eV [16].

Summary of general neutrino properties and current limits are presented in Table 1.1.

Mentioned experiments, however, do not distinguish between Dirac or Majorana neu-
trinos, as the ultra-relativistic neutrino behaviour is almost completely insensitive, under
almost all circumstances, to whether it is a Dirac particle or a Majorana one [6]. The most
sensitive experimental probe of whether the neutrino is Majorana fermion is the rate of

neutrinoless double beta decay.

8Cosmological-constant (Lambda - A) Cold Dark Matter (CDM) model
9Baryon Acoustic Oscillation
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F1GURE 1.5: Ordering of neutrino mass states for the normal and inverted
hierarchies

TABLE 1.1: Neutrino properties and limits obtained from global analysis of
neutrino data [13, 17]

Property Comment
Charge 0e neutral
Spin % fermion
Light neutrino flavours Ves Vs Vr in association with charged lepton
Interactions weak and gravitation gravitational interaction is extremely weak
If ¥ mass = 0 neutrinos in one helicity state: left-handed, v, antineutrinos in one helicity state: right-handed, vg
It dirac fermion particles: vy, vg, antiparticles: vy, vg,
Il/nass majorana fermion two neutrino states: vy, vp
>0 Mass limits Oscillations
Am3, 7.3970:20 x 107512 solar neutrino observations
[AmZ| ~ |Amy| ~ 24510088 x 1073eV/2 atmospheric neutrino observations
Kinematics of weak decays
mel! <1.1 ¢V (90% CL) 3H—3He +e + 7,
mgl7 <190 keV (90% CL) T pt D,
mel! <18.2 MeV (95% CL) T =T+,
Cosmology: CMB alone
Em; < 0.54 eV (95% CL) Planck 2018 data
Cosmology: CMB + background evolution + LSS
Ym; < 0.12 eV (95% CL) Planck 2018 data + BAO

Em; < 0.11 eV (95% CL) Planck 2018 data + BAO + supernovae data
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1.2 Double Beta Decay and Neutrinoless Double Beta
Decay

(A, Z) > (A, Z+2) + 2e-+ 27, (A, Z) > (A, Z+2) + 2e-

FIGURE 1.6: Simplified schemes of double beta decay (left) and neutrinoless
double beta decay (right)

After the development of Enrico Fermi’s theory of beta decay, the idea of double beta
decay (2v(3/3) was first proposed by Maria Goeppert-Mayer in 1935 [18]. 2v/f is a nuclear
transition in which two neutrons are simultaneously transformed into two protons inside
an atomic nucleus and two electrons and two electron antineutrinos are emitted from the

decaying nucleus:
72X =5, Y +2e +20 (1.20)

A necessary requirement for double beta decay to occur is that the mass of (Z,A) is
greater than the mass of (Z + 2,A) [19]. The possibility of such transformation is due
to the presence of a pairing interaction between nucleons in the nucleus. This causes an
even-even nucleus with an even number of protons and neutrons to be more stable than the
neighbouring odd-odd nucleus. In this case, the ordinary beta conversion of the even-even
nucleus (A,Z) into the odd-odd nucleus (A,Z+1) is energetically forbidden and the only
possible disintegration channel is the double beta decay. Just like in the standard beta
decay, the energy spectrum of the emitted electrons is continuous. This process, however,
is very rare. Calculations predict the half-life by the following equation:

(T77) " = G|, (1.21)

where G* is phase-space factor, and |[M?’| is the nuclear matrix element of the transition.
Half-life periods of ~ 10'® - 10*! years have been observed [20]. Double beta decays have
been experimentally observed for several isotopes, including *¥Ca, "Ge, 82Se, %5Zr, %Mo,
H6Cd, 59Nd and others. Table 1.2 shows the transitions of these isotopes along with
half-lives of this process, Q values and their natural abundances.

In 1937, Ttalian physicist Ettore Majorana demonstrated that results of beta decay the-
ory remain the same if neutrino was its own antiparticle - a Majorana particle. In 1939,
Wolfgang Furry then proposed that a double beta decay without emission of antineutri-
nos (OvB33) could occur in S emitting nuclei, if neutrinos are Majorana particles in the

following form:
27X =5, Y +2e” (1.22)
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TABLE 1.2: Examples of 53 emitters [19]

Transition Q value [keV] Half-life* [y] Natural abundance [%)]

38Ca —35 Ti 4271 4.4x1019 0.187
BGe =18 Se 2039 1.5x10% 7.8
82S5e 82 Kr 2995 0.9x10%0 9.2
WX 7Zr -9 Mo 3350 2.3x1019 2.8
199Mo —19° Ru 3034 7.1x10'8 9.6
6Cd -6 Sn 2802 2.8x10% 7.5
SONd =30 Sm 3367 8.2x10%® 5.6
* From [20]

The process can be mediated by an exchange of a light Majorana neutrino, or by an
exchange of other particles. In the first case, it can be seen as two subsequent steps: first,
a neutron decays under the emission of a right-handed neutrino which is absorbed in the
second vertex as a left-handed neutrino [19]. Other models which can provide alternative
mechanisms to trigger this decay include, for example, Majoron emission or right-handed
(RH) weak current, or even more exotic models, such as R-parity violating Supersymme-
try (SUSY), or an extra dimensions model. The light neutrino exchange mechanism is,
however, the most commonly postulated decay mode, since it involves the least deviation
from the SM. In this work, the following summary of sensitivities and limits are given for
this mechanism.

Formula for the inverted half-life is given by:

(T1j) " = G [M™[*[{mgp)|*, (1.23)

where mgg is the effective Majorana mass of the electron neutrino. Under the hypothesis
that only the known three light neutrinos participate in the process, the effective mass
equals to:

3
mgs =y m;UZ, (1.24)
i=1
U.; are the elements of mixing matrix.

This process has not yet been experimentally observed. The decay violates total lepton
number by two units and its observation would imply neutrinos are Majorana fermions no
matter what the underlying mechanism is.

In Ov5 decay, the two electrons carry away all of the decay energy. This would lead to
a summation peak at the end of the combined electron energy spectrum (Fig. 1.7). Thus,
the signal for neutrinoless double beta decay is a peak in the spectrum of the sum of the
emitted electrons at the Q-value of the transition.
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FIGURE 1.7: Plot of the sum energy spectrum of the emitted electrons for
Ovp3f decay

1.2.1 Experimental Investigations of Neutrinoless Double Beta
Decay

In the following section, a brief review of some ongoing and next generation experiments
is given, with the description of relevant parameters contributing to the experimental
sensitivity.

Experimental Sensitivity

Experiments searching for the Ov 33 signal are sensitive to the half-life of the process. From
the law of radioactive decay, the O half-life can be evaluated as [21]:

N,
T, =n2-t e (1.25)

peak

where ¢ is the measuring time, € is the detection efficiency, Ngg is the number of decaying
nuclei, and N, is the number of observed decays in the region of interest'’. This formula
is valid for the case of a positive signal where the peak shows up in the spectrum.

If there is no signal (no peak) detected, the sensitivity of an experiment!' is estimated
as a half-life corresponding to the maximum signal that could be hidden in the background
np, for which the expression can be written as [21]:

N
S% =n2-t-e—22 (1.26)
Ty
Considering real experimental conditions, an estimation for S% as a function of the exper-
imental parameters can be written as:

ENA Mt

Ov _ 2)——_—2
SV =)\ AaE

(1.27)

10A particular relevant range in the measurement.
11Often called also "factor of merit".
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where M is the mass of the S3-emitting isotope, W is its molar mass, N4 is the Avogadro
constant, AF is the energy resolution and b is the background rate per unit mass, time, and
energy. This is valid under assumption of Poisson statistics, when n, = vVb-AE -t - M. If
the background level is so low that the expected number of background events in the ROI
is of order of unity (or close to zero), n, is a constant, Equation 1.27 is no longer valid and
the sensitivity is given by [21]:

ENA Mt

Ol/: 22
S ln()WNs’

(1.28)

where Ny is the number of observed events in the region of interest.

Equations 1.27 and 1.28 emphasize the role of the experimental parameters that con-
strain the experimental sensitivity. Neutrinoless double beta decay is an extremely rare pro-
cess and therefore, its experimental research requires features such as large source masses,
long measurements, good energy resolution and low radioactive background. Of particular
interest is the case when Equation 1.28 is valid, when the background rate is very low and
sensitivity scales linearly with the sensitive mass M and the measurement time ¢, and not
with the square root of M and ¢.

The experimental search for Ov3/ is extremely challenging, experimental difficulties are
matched by the theoretical ones and all previous searches failed to find a positive signal
setting only the best current half-life limits of >10%° years (Table 1.3) [22].

Source Isotope Selection

Because of the uncertainties related to the theoretical considerations (nuclear matrix ele-
ments, mechanism behind the Ov33) and experimental techniques, it is important to pursue
the searches with various isotopes. Not all 3 isotopes are suitable as candidate isotopes
as the source isotope selection must be based on maximizing the Ov 53 signal over the back-
ground events. Therefore isotope candidates must have a long 2v 3/ half-life, high ) value
and a large phase space factor (because (T7},) ~ (G*)~") [23]. The isotopic abundance

also plays a key role as the source mass influences the sensitivity of an experiment.

A Brief Review of Experiments

There are two main types of neutrinoless double beta decay detectors. The majority
of the experiments searching for neutrinoless double beta decay exploits a homogeneous
approach, which means that the detector coincides with the source. They often measure
only the sum energy of the two electrons, but the electrons themselves are never observed
directly. A different approach consists of separating the source from the detector, where
the two electrons are detected independently using tracking and calorimeter techniques.
The energy of electrons is measured with ionization, scintillation or phonon detectors, or
a combination of two techniques.

Semiconductor experiments

In this type of experiment, the source material is some form of a semiconductor and
the isotope under investigation is part of the source. Signal that can be measured comes
from a cascade of electron-hole pairs that originate from ionization of the semiconductor
by emitted electrons from a double beta decay event. The advantage of such detectors
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TABLE 1.3: T?72 and (mgg) limits (90% CL) determined for various isotopes

Isotope Experiment TV, limit [y] (mgp) limit [eV]

#8Ca  ELEGANT VI [24]  >5.8 x10% <3.5- 22
Ge Majorana [25] >1.9 x10% <0.24 - 0.52
GERDA [26] >1.4 x10% <0.079 - 0.18
82Se NEMO-3 [27] >2.5 x10% <1.2-3.0
CUPID-0 [28] >2.4 x10% <0.376 - 0.77
100Mo NEMO-3 [29] >1.1 x10% <0.3-0.9
116Cd Aurora [30] >2.2 x10%3 <1.0-1.7
130T CUORE [31] >3.2 x10%° <0.075 - 0.35
1Xe  PandaX-II [32] >2.4 x10% <1.3-35
EX0-200 [33] >1.8 x10% <0.15 - 0.40
KamLAND-Zen [34]  >1.07 x10?%®  <0.061 - 0.165
15ONd NEMO-3 [35] >2.0 x10%2 <1.6-5.3

is that the energy resolution is usually extremely good since the number of electron-hole
pairs is proportional to the energy of the emitted electrons.

Among the different semiconductor detector technologies, "®Ge-enriched high-purity
germanium (HPGe) detectors provide the best sensitivity and are the most promising
for scaling to a tonne-scale experiment [22]. HPGe detectors are intrinsically clean, as
impurities are removed in the detector crystal-growing process [22], however, the Qg value
of germanium is only 2039 keV, and so it lies in a region where contamination from many
external background sources is still possible.

HPGe detectors are used by collaborations such as GERDA'? and Majorana. Recently,
LEGEND® experiment was formed to pursue a tonne-scale “®Ge-based experiment and
aims to increase the sensitivities for "*Ge in the first phase to 10?7 years and in the second
phase up to 10% years [36]. The phase of the experiment called LEGEND-1000 plans the
exposure of 10 t.y by operating 1000 kg of detectors for 10 years. So far, an initial baseline
design has been established with bare germanium detectors operating in liquid argon. The
active liquid argon (LAr) veto tags external backgrounds depositing energy in the LAr that
subsequently scintillates.

Besides germanium detectors, other semiconductor technologies exist which can poten-
tially provide competitive results, such effort being made by COBRA! experiment using
a large array of CdZnTe semiconductors.

Bolometer experiments

Bolometers are calorimeters operating at milli-kelvin temperatures that can measure
the energy released in the crystal by interacting particles through their temperature rise.
Bolometer absorbers can be grown from a variety of materials, those including 3 emitters

12The Germanium Detector Array
BLarge Enriched Germanium Experiment for Neutrinoless Double Beta Decay
14Cadmium Zinc Telluride 0-Neutrino Double-Beta
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are, for example, "#/139TeQ,, "6CAWO,, Zn®*Se or *°Ca'®MoO,. Excellent counting
statistics in the phonon channel make bolometers energy resolution comparable to that of
semiconductor detectors but working at extremely low temperatures increases the technical

difficulty of building large detectors [22]. Experiments exploiting these techniques are
CUORE", CUPID' and AMoRE'".

Scintillator experiments

Scintillator experiments place the 55 emitting candidate isotope inside a scintillating
medium where the emitted particles excite the scintillator atoms and the light is usually
detected by an array of photomultiplier tubes.

Typical isotope candidates for these experiments are **Xe, which can be dissolved in
liquid scintillators or used as gas, or *Ca build in crystal scintillators.

Two large experiments have searched for Ov3f3 in Xe: EXO-200'®, which has used Xe
in a time projection chamber, thus combining the ionization and scintillation light for
signal detection, and KamLAND-Zen'?, where it has been dissolved as a passive 53 source
in a liquid scintillator detector. Detectors for *Ca double beta decay measurements are
the ELEGANT VI system and its scale-up detector CANDLES?" using inorganic CaF,
scintillators. Another example of these experiments is the SNO+ experiment [37] that
selected 139Te as its 83 emitting isotope by using tellurium loaded liquid scintillator.

Tracking experiments

The approach of tracking experiments consists of separating the source from the detector
but combining tracker and calorimetry techniques. They usually sacrifice the source mass
for extremely good background rejection which is based on reconstructing the topology of
measured events. The separation between source and detector also implies that any isotope
candidate can be studied. It is currently the only detector technology capable of measuring
full 85 kinematics (individual electron energy, opening angle between the two electrons)
which can lead to distinguishing certain underlying mechanisms for Ov35 decay [22]. The
most noteworthy tracker-calorimeter experiments are the NEMO-3?! experiment and its
successor SuperNEMO. NEMO-3 detector had been operating in the Modane Underground
Laboratory from 2003 to 2011. It installed foils of the source isotope between tracking
detectors and plastic scintillator calorimeters (Figure 1.8). This technique can detect each
electron as it is emitted from the source foil, measure its energy and angular distribution
and, thanks to a magnetic field, its charge. The two isotopes with the largest masses were
10Mo (6.914 kg) and 52Se (0.932 kg) with smaller amounts of ®Ca, %Zr, 1°Cd, 3°Te
and °Nd. Another experiment with the capabilities for calorimetry and tracking is the
NEXT?? [38] experiment using high-pressure xenon gas time projection chambers.

15Cryogenic Underground Observatory for Rare Events

6CUORE Upgrade with Particle Identification

17 Advanced Molybdenum Based Rare Process Experiment

18Enriched Xenon Observatory

19Based on KamLAND experiment in the Kamioka underground neutrino observatory in Japan
20Calcium fluoride for the study of Neutrinos and Dark matters by Low Energy Spectrometer
2INeutrino Ettore Majorana Observatory

22Neutrino Experiment with a Xenon TPC
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F1GURE 1.8: Left: Design of the NEMO-3 experiment. Middle: Source
distribution. Right: NEMO-3 2e~ event reconstruction.

Future Experimental Prospects

Many criteria need to be considered when optimizing the design of future experiments.
The desirable features are a well performing detector, with good energy resolution, giving
the maximum information on decay kinematics, large isotopically enriched source mass and
very low background. Unfortunately, it is impossible to optimize these features simultane-
ously in a single detector and one has to find the best compromise between incompatible
requests. As of today, there is no clear experiment that satisfies all criteria.

Currently, there is R&D towards improved detectors in all detection techniques aiming
for better sensitivity for the Ov3/3 decay. Many of these next generation experiments will
be sensitive to (mgg) ~ 75 meV, or even ~ 10 meV for tonne scaled experiments, and
they will offer the potential of a discovery at T7}, exceeding 10*® years [22]. Thus, from
the predictions on effective Majorana mass mgg as a function of the lightest neutrino mass
shown in Figure 1.9, they will be able to explore the Majorana neutrino mass if neutrinos
have the inverted mass hierarchy [39]. Probing the Majorana neutrino mass through Ov33
decay assuming normal mass hierarchy would require multi-tonne-scale detectors and very
high background suppression.

1 AL LB RLL) LB ELELELL) BN T LY

Disfavored by current f50v limits

mgg [eV]

Sensitivity of next
generation experiments

Disfavored by Cosmolo

Ll
107 107 1072 10™ 1
Lightest neutrino mass [eV]

FIGURE 1.9: The dependence of mgg on the absolute mass of the lightest
neutrino



17

Chapter 2

SuperNEMO Experiment

The SuperNEMO experiment is a next generation neutrinoless double beta decay ex-
periment building on the successes of its predecessor NEMO-3, using the same tracker-
calorimeter technology. The first module of the detector, the Demonstrator, is located at
the Laboratoire Souterrain de Modane (LSM), in the middle of Fréjus road tunnel in the
French Alps near Modane. The baseline design of the detector consists of 20 such mod-
ules each containing approximately 5-7 kg of enriched and purified 55 emitting isotope
deposited on a thin supporting foil, which, unlike NEMO-3, are planar in geometry. It
aims for half-life sensitivity of 10?° years, corresponding to an effective neutrino mass of
50-100 meV. The baseline isotope currently used in the Demonstrator is enriched %2Se. The
source isotope is placed in between trackers that are surrounded by calorimeter walls on
both sides, which makes this unique tracking and calorimetry technique, along with an ex-
tremely radio-pure detector and surrounding materials, sufficiently eliminating background
events by full reconstruction of event topology. Each module is completed with a magnetic
field followed by the installation of passive shielding against gamma rays and neutrons (Fig.
2.1). The ultimate goal is to observe the experimental signature of Ovf3, which are two
electrons originating in the same location on the source foil, with the energy sum equaling
the Q value of the decay. The full three-dimensional reconstruction of charged particle
tracks, as well as energy measurements also makes it possible to analyze both the angular
and electron energy distributions, which are two quantities that may provide a method to
distinguish between different mechanisms of Ov (4.

2.1 SuperNEMO Design

The design of the experiment is not solely a scaled-up version of NEMO-3, but to meet
required ultralow levels of background, a considerable amount of R&D was dedicated to
source foil production and to tracker and calorimeter development.

2.1.1 Source Foils

The 82Se source isotope selection was based on maximizing the Ov3f signal over the 2v3/3
background events as they are indistinguishable from those in the Ov /3 mode in the energy
region of interest (ROI). Isotope candidate must therefore have a long 23 half-life. 82Se
also has a high Qgg value, equal to 2.995 MeV, to avoid common backgrounds that can
deposit energy extraneously within the ROI. Another important factor for selection is
the natural abundance of the isotope and a possible (and relatively easy) enrichment and
purification process.
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FIGURE 2.1: Design of the Demonstrator module and proposed shielding

In essence, the foils are composed of enriched 8?Se isotope with 10% PVA glue (polyvinyl
alcohol as a binder) of an average thickness of 286 um (~ 40mg/cm?), in a thin Mylar
plastic envelope (12 pm thick) for mechanical strength. The foils are 2.7 m long and 13.5
cm wide. Keeping the foils thin increases the chance that emitted electrons will escape
the foil into the tracker. In total, the Demonstrator has 34 selenium foils installed side by
side in a frame with total 2Se mass of ~7 kg. As it is important to have a very clean
and radiopure detector, the selenium source was purified by teams at Tomsk and Dubna
in Russia, to remove contamination from naturally-occurring beta decaying elements. The
required radiopurity is 2°8T1 < 2 uBq/kg and 2*Bi < 10 uBq/kg to achieve the sensitivity
Ty /2(860v) > 10 years.

2.1.2 Tracker

The tracker used in SuperNEMO is a wire-chamber tracker with octagonal drift cells op-
erating in Geiger mode (operating voltage of around 1800 V). Cells are formed of a 2.7 m
long, 40 um diameter, stainless steel anode wire, surrounded by 8 grounded cathode wires
(50 pm in diameter). The gas mixture used as the drift gas is He with addition of 1% of
Ar and 4% of ethanol used as a quencher. Each cell consists of a central anode wire that is
surrounded by field shaping wires, and a cathode at each end to pick up the signal (Figure
2.2).

When a charged particle passes through the cell the ionized gas mixture yields approx-
imately 6 electrons per lem. These electrons then drift toward the anode with different
drift time depending on whether they were produced close or far away from the anode wire
because the layout of the field and ground wires establishes a varying electric field within
each cell. In the high field region close to the wire, further ionisation produces UV light
which induces new ionisation further out. This sets up a chain reaction, and gas of ionised
plasma spreads out from the initial track point, parallel to the wire [40)].

The time difference between the Geiger discharge arriving at each end of the cell pro-
vides the longitudinal location of the track and the time for the resulting electron shower
to drift to the anode tells us the particle’s distance from the center of the cell [41]. This
way, the full three-dimensional track reconstruction of charged particles is possible.

There are 2034 such cells assembled into cassettes and a total of 113 cassettes are built
on both sides of the source foils.
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FI1GURE 2.2: SuperNEMO tracker cell scheme

To reach the target sensitivity the radon concentration inside the tracking volume must
be < 0.15 mBq/m?.

2.1.3 Calorimeter

The SuperNEMO calorimeter is a scintillator based detector divided into two main walls
on the outside of the detector to measure the energy of particles that reach the edge.
Each calorimeter wall consists of 260 optical modules - each module is a large volume
plastic scintillator block (256 mm x 256 mm with a minimum thickness of 141 mm and a
hemispherical cutout) coupled to an 8-inch photomultiplier tube (PMT) (Fig. 2.3). Each
module is covered by individual iron shielding.

I

entrance

photocathode

256 mm

center

shield

- ]

, .
§_T 420 mm
FIGURE 2.3: Individual optical module and its iron shield

The calorimeter is segmented into walls to measure the individual energy of each particle
and each scintillator block is thick enough to fully absorb the electrons that are produced
in OvBB-decay and to efficiently identify gamma rays. In the final stage, optical modules
are also positioned above, below and to the sides of the tracker, giving a total of 720 such
modules fully enclosing the geometry.

The main requirement of the calorimeter is to provide good time-of-flight measurements
and energy resolution for low-energy electron detection and to detect incoming electrons
simultaneously originating from the same vertex in the source foil [42]. The calorimeter
requires a scintillator that has a high light yield, low electron backscattering, which is pro-
portional to Z2, high radiopurity, good timing and a relatively low cost. An R&D program
was undertaken with Czech manufacturer NUVIA CZ to improve the performance of the
plastic scintillator. This improved scintillator, known as enhanced PS, has a composition of
1.5% p-Terphenyl (p-TP) and 0.05% POPOP [42]. Energy resolution better than 8% /v E
(FWHM) has been reached and in order to increase the light collection, the blocks are
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TABLE 2.1: SuperNEMO calorimeter parameters [42]

Geometry and dimensions

256 x 256 x194 mm

1.5% p-Terphenyl (p-TP) + 0.05% POPOP

Composition of plastic blocks (1.4-bis(5-phenyloxazol-2-yl) benzene)

PMT reference Hamamatsu R5912MOD
Energy resolution 8% (FWHM) at 1 MeV
Time resolution < 400 ps at 1 MeV

Aw = 150 mBq/kg
PMT radiopurity A2ag;= 65 mBq/kg
A208Tl: 4 mBq/kg

Awi=2.2 mBq/kg
Scintillator radiopurity A2up; < 0.3 mBq/kg
Az < 0.1 mBq/kg

wrapped in 600 um Teflon on the sides followed by 12 pm aluminised Mylar on all the
faces [43].

Table 2.1 summarizes selected SuperNEMO calorimeter parameters. The activity levels
of radioisotopes of the plastic scintillators selected for SuperNEMO are negligible compared
to the PMTs, and in particular, the PMT glass, which are the main source of contamination.

To ensure radiopurity, all components of the optical module, particularly the PMT
components and glass, were analysed using high purity Germanium (HPGe) detectors.

The core assembly of source foils, tracker and main calorimeter walls of the SuperNEMO
module is shown in Figure 2.4.

2.1.4 Magnetic Field and Shielding

To aid in particle identification inside the tracker, a solenoid coil will be placed around
the detector producing a magnetic field of ~ 25 Gauss with direction orientation along z
axis, +z, parallel to the tracker drift cells. This way it is possible to distinguish between
electrons and positrons based on their track curvature in the tracker chamber.

The successful completion of the Demonstrator module will be followed by the instal-
lation of passive shielding. Since external radioactivity has a big impact on the detector
background, which might influence the experiment, the task to define and optimize the
shielding materials and thickness becomes important. The collaboration carried out R&D
regarding the choice of materials and thickness in order to suppress significantly intrinsic
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background including ambient external gamma rays and neutrons.

The best shielding against gamma rays is achieved with a substance that has a high density
of electrons (which correlates with a high mass density) and also a high atomic number Z.
For shielding against gamma rays radiopure iron is considered.

Neutron shielding materials are typically constructed from low atomic number elements
(hydrogen, carbon, and oxygen) with high scattering cross sections that can effectively mod-
erate or thermalize incident neutrons. In SuperNEMO experiment water and polyethylene
(also with the possible addition of boron) are considered.

2.1.5 Event Reconstruction and Selection

As it was mentioned before, one of the strengths and advantages of combining the calorime-
try and tracking techniques is that we are able to obtain charged particle trajectories in
the tracker, and energy and time-of-flight (TOF) information from the calorimeter.

Alpha particles can be identified as short and straight tracks. Electrons can be identified
via track with negative curvature due to the magnetic field associated with calorimeter
hit. Positrons can be identified via tracks with opposite curvature to that of an electron.
Gamma particles are identified as calorimeter hits that are not associated with tracks. The
conceptual scheme of this approach is shown in Figure 2.5.

Tracks can be extrapolated into the foil to determine appropriate event vertex. This
allows us to identify particles and to isolate true Ovf3( events. Given these conditions, a
strict set of selection rules can be applied for double beta decay events - two electrons with
a common vertex in the foil:

o Events must include only two negatively charged particles each associated with one
calorimeter hit - in a magnetic field pointing upwards when the initial velocity of the
electron is forwards, then the electron acceleration will point to the left, corresponding
to a negative track curvature

« Event vertices must be traced to originate within the source foil and the tracks must
have a common vertex - the vertex separation precision the detector will have in
operation is ~3.2 cm

e The TOF of the electrons in the detector must be consistent with the hypothesis of
the electrons originating in the source foil

o Maximum of two calorimeter hits with energy deposited in individual calorimeter
blocks above 50 keV are allowed, with at least one of the hits being above 150 keV -
to avoid flooding the event trigger with noise

e The number of delayed Geiger drift cell hits due to « particles must be zero

e There are no hits in the y-veto detectors with energy > 50 keV and zero calorimeter
hits not associated with a track

o For Ovff the total energy of the event is between 2.8 and 3.2 MeV - this energy
interval is the region of interest (ROI) for ¥2Se, the optimal window for the best
Ov (0 sensitivity
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Internal and External Probabilities

In order to establish the origin of the event, whether the event is internal or external (from
an external source), the time-of-flight information plays a key role. For example, an event
that has one electron crossing the foil can mimic an event that has two electrons coming
from the foil. To discriminate those events, internal and external TOF probabilities are
calculated.

The calculations go as follows: We assume that two particles are emitted from a common
origin inside the foil and at least one particle leaves a track and we have two different
calorimeter hits with associated times t**** (i=1,2). TOF of a particle to travel the distance
l; is:

tof i
t.” = 5 (2.1)
Where (; for electrons is:
| Ei(E; + 2me)
PN TR
and F; is calibrated energy deposited in the calorimeter and m, is electron rest mass.
The time of emission of each particle ¢ is:

(2.2)

Li
Bi
The time distributions are approximately Gaussian and so a y? test may be used with an
appropriate x? variable:

int __ pmeas tof __ ymeas

(2.3)

meas l meas l 2
O s Ve s "
O'tQ'inf + U?%nt

0. is the variance of the emission timing measurement which is dominated by contribu-
3
tions from uncertainties on the measurement time oymeas, o, and oy,.
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FIGURE 2.6: Internal probability distribution for an internal 2e event and
for an external event [44]

If we assume that an incident photon interacts in the first PMT and causes either a
crossing electron or an external lely event, TOF of the particles is then given':

Lol
ol = L4 2 2.5
B T B (25)

In this case, the x? variable is constructed as:

X = e =) — G+ 3P (2.6)
O-t%int + U?gnt

To convert the x? values into a probability, following equation can be used:
X
POA) =1——— [ a2 4y (2.7)

For an internal event the internal probability distribution is expected to be equally dis-
tributed from 0 to 1, while it is expected to be peaked for an external event (Fig. 2.6).
The standard SuperNEMO cuts that maximize signal over background are: P, erna > 4%
and Pea:ternal < 1%

2.2 Timescale and Sensitivity

The goal of the Demonstrator module is to demonstrate that the background target level
can be reached and to explore the prospects of the combination of calorimetry and tracking
techniques. The Demonstrator contains up to 7 kg of target isotope reaching half-life
sensitivity 6.5x10* years with 2.5 years of data (17.5 kg-y exposure), which is close to
the limit already set by this generation Ovf3( experiments. However, if the signal were
discovered by one of these experiments in the near future, the Demonstrator could prove
useful in confirming the result.

'For a photon accompanied with the emission of an electron, 3 = 1
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TABLE 2.2: Summary of detector properties and target levels
of SuperNEMO experiment

Detector property Demonstrator Full scale
Isotope 82Ge 82Ge / 159Nd / *8Ca.
Source mass 7 kg 100 kg
Tf/ﬁzo Y sensitivity ~ 10%* years > 10% years
(mgp) sensitivity 02-04eV 0.05-0.1eV
Energy resolution 8% (FWHM) @ 1 MeV, 4% @ 3 MeV
Time resolution < 400 ps at 1 MeV
Foil radiopurity 2871 < 2 uBq/kg , 2YBi < 10 uBq/kg
Tracker radon concentration < 0.15 mBq/m?

PMT radiopurity K= 150 mBq/kg, 2*Bi= 65 mBq/kg, 2 Tl= 4 mBq/kg

Scintillator radiopurity K= 2.2 mBq/kg, "Bi< 0.3 mBq/kg, 2*®Tl< 0.1 mBq/kg

The modular design of the experiment allows it to be scaled up to reach higher sensi-
tivities, as the mass can be increased in a straightforward manner. Full-scale SuperNEMO
of 20 modules could contain 100 kg of source isotope.

It also provides the means to discriminate different underlying mechanisms for the
neutrinoless double beta decay by measuring the decay half-life and the electron angular
and energy distributions. Using the experimental selection criteria summarized in the
previous section the signal efficiency was found to be 28.2% for the light neutrino exchange
mechanism and 17.0% for the right-handed current mechanism in 82Se [45]. Ov33 half-lives
that SuperNEMO is expected to exclude are up to 10?® years assuming the light neutrino
exchange mechanism and 10% years assuming the right-handed current mechanism for 2Se
[45]. SuperNEMO detector properties and target levels are summarized in Table 2.2.

2.3 Background of the Experiment

A serious concern of all neutrinoless double beta decay experiments is the background.
Experiments detect the electrons of Ov53 signal in the final state - the sum of the electron
energies will be a peak at the Qgg value. The decay rate is extremely low and the peak is
expected to be very small.

Background events to the SuperNEMO experiment is reduced to all events in topologies
that could mimic the topology of the two electrons emitted from a common vertex in the
source foil in the energy region of interest. The energy region of interest is around the
Qpp value of #2Se (2.995 MeV). This energy region is shared by the natural radioactivity
contamination present in the detector materials and environment surrounding the detector.
Only two natural radio-isotopes have Qg value greater than 3 MeV - 2Bi from 23U decay
chain, and 2%T1 from #*?Th decay chain, see Table 2.3. Their simplified decay schemes
showing the strongest transitions are in Figures 2.7 and 2.8. In both decays, the beta
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FIGURE 2.7: Decay scheme for the beta decay of 2'*Bi showing the strongest
gamma transitions (energies are in keV)

decay can proceed via an excited state which is accompanied by the emission of photons.
Both beta decay and beta + gamma decay can mimic two electron events via mechanisms
described in the next section.

TABLE 2.3: Isotopes with Qg value greater than 3 MeV

Isotope Decay chain Half-life [min] Qg [MeV]

214p;4 2387 19.7 3.272
2087 2327 3.05 5.001

Thanks to the unique tracking-calorimeter technique, SuperNEMO is able to identify
and reconstruct different particles and obtain topological information. We distinguish
background according to their origin, either internal or external to the source foil.

2.3.1 Internal Background

Internal background originates from radioactive contaminants inside the source foil. Insep-
arable background from the Ov 3 signal is the tail of 2v 35 decay distribution. Attenuation
of the 2v3 background depends on the energy resolution of a calorimeter. A relatively
slow 2v30 rate also helps to control this background.

Internal background events also come from beta decays of 214Bi and 2°®*T1, which are present
in the source foil at some level. Mechanisms by which they can mimic the Ov /33 signal are:

o Beta decay accompanied by an electron conversion

» Beta decay followed by Mgller scattering of beta particles in the source foil



Chapter 2. SuperNEMO Experiment 27

208T| Qs = 4999, T} /5 = 3.05 min

24.2%

2.2% gng
— ooy TE 5
49.1% o1 3198
22.6%
861, |583

0.03% viY 2615
12.5% 85% :

y |2615

208pPp 99.8%

FIGURE 2.8: Decay scheme for the beta decay of 2°*T1 showing the strongest
gamma transitions (energies are in keV)

» Beta decay to an excited state, deexcitation by emitting a gamma ray followed by
Compton scattering

2.3.2 External Background

External background originates from radioactive contaminants outside of the source foil,
which interact with the detector. These events can be produced by crossing electrons or
by gamma ray interactions (if an external v ray is not detected by a scintillator) by:

e e~ e pair creation - if the two photons from a subsequent positron annihilation remain
undetected or the sign of the positron track curvature is incorrectly reconstructed

e Double Compton scattering
« Compton scattering followed by Mgller scattering

Figure 2.9 depicts the scheme of these different mechanisms.

There is also a possibility of an external crossing electron background event when
~ hits the first scintillator block from outside and then creates an electron by Compton
scattering within the last few millimetres of the scintillator closest to the tracking detector.
This Compton electron crosses the detector through the foil before hitting the second
scintillator, depositing its entire energy (Fig. 2.10).

Another background contribution comes from the radon (***Rn) contamination in the
tracking chamber, namely from S-decay of 2“Bi in the immediate vicinity of the source
foil (Fig. 2.11). Although the origin of these backgrounds is external, radon progenies
can be deposited on the source foil surfaces, thus providing a continuous input of 2!4Bi
contamination.

Potential sources of these background contributions in underground laboratories will
be discussed in detail in the following chapter.
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2.3.3 Assessment of Background Sources of the SuperNEMO
Demonstrator

The number of expected events for backgrounds after baseline cuts for 2.5 year exposure
time of the Demonstrator was analysed by the collaboration from several sources. Domi-
nant sources include the tail of the 2034 signal, internal background from 2°®T1 and ?!4Bi
contamination of source foil bulk, radon contamination of source foil surface and tracker
wire bulk and surface, and external background from PMT contamination. The number
of expected events in the %2Se ROI, for all internal and external backgrounds currently
investigated?, are summarized in Table 2.4.

TABLE 2.4: Number of expected events after 2.5 years of exposure

Background Number of expected
source background events
2upB6 0.03 £+ 0.02 (stat)

20871 internal  0.82 + 0.02 (stat) 4 0.16 (syst
214Bj internal  1.41 £ 0.07 (stat) & 0.01 (syst
20871 external  0.60 4 0.42 (stat) £ 0.06 (syst
214Bi external  0.10 4 0.01 (stat) + 0.01 (

N — ~—— ~—

Syst

The background rate from 2v/3( signal is reduced mainly due to its relatively long
half-life.

211Bji is a progeny of 22Rn that can deposit on the source foils or on tracker cells close
to the foil, where it decays to ?'*Po via S-decay. To identify and reject events from 2'Bi,
it is possible to use the short half-life of 2'Po, which decays via a-decay (T, 2 = 164.3
us), to identify this type of bismuth-polonium (BiPo) event by searching for a prompt
electron track from 24Bi 3-decay followed by a delayed alpha track originating from the
same location from ?'Po a-decay (Fig. 2.11). And thus, in a Ov33 search, events, where
there are any number of delayed Geiger hits close to the electron vertex, are removed.

Similarly, events where an electron is accompanied by gamma candidates, out of which
at least one is of high energy, are rejected to remove 2°*T1 background events (according
to its decay scheme in Figure 2.8 there is almost always a 2.61 MeV gamma).

Time of flight (TOF) information plays an important role in establishing the origin
of an event, as it is possible to tell whether an electron crosses the foil or whether there
are two electrons that both originated within the foil. Crossing electron events from S-
decays outside of the source foil (Fig. 2.10) or events where an external photon interacts
in the calorimeter and the source foil (Fig. 2.9 (top)) are suppressed by TOF cuts. In
the case of photon interaction via pair production in the foil, the outgoing positron and
electron have different track curvatures in the magnetic field. However, at higher energies
of B particles, the tracks are less curved and thus the curvature of positron might still be
miss-reconstructed.

2Preliminary internal analysis of the collaboration
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There are currently additional analysis techniques under investigation to further remove
external and internal background events without a significant reduction in sensitivity to
0v33, such as BDT? or other machine learning techniques.

Other sources of external background are predominantly due to radioactive decays
within the rock surrounding the laboratory, and neutron captures. Contributions of flux
from the surrounding rock and from neutron captures are expected to be small compared
to the radioactivity of components of the detector. If the gamma incident on the detector
is ambient, in order for it to produce a background event, it must not be detected by
a scintillator and furthermore, it must have high enough energy to produce background
event in the energy ROI*. Then, if its interaction in the foil happens through e~e™ pair
production, the sign of the positron track curvature must be incorrectly reconstructed.
The estimation of this external background for the Demonstrator was missing for the latest
design of the module and is investigated in this work, with a beforehand complete review
of environmental background sources, fluxes and energy spectra in the LSM. Thus, these
contributions are further investigated in this work to complete the external background
model to include the flux incident on the detector.

3Boosted Decision Trees

4High energy gammas interact mainly via pair production and excess energy of the pair-producing
gamma ray is given to the electron-positron pair as kinetic energy, therefore its energy should be at least
1.02 MeV + Qgg (2.99 MeV).
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Chapter 3

Background Sources in Underground
Experiments

The very first underground experiments date back to the 1960s when they were performed
in deep mines. Scientists have come a long way since then building underground labo-
ratories of different depths and sizes all across the world. Important characteristics of
underground laboratories are: the laboratory depth, as the cosmic ray flux decreases with
increasing depth; surface and heights of laboratory halls with thick enough layers of over-
burden rock; horizontal access to the laboratory is preferred over vertical access; geology of
the site must be suitable for excavation of stable cavities; and funding and capital invest-
ment are another important factors, etc. The depth of underground laboratories is usually
expressed in meter water equivalent (m w.e. or mwe). It is a standard measure of cosmic
ray attenuation in underground laboratories making them easier to compare to each other
in terms of how shielded they are from cosmic rays.

Deep underground laboratories shield sensitive detectors from cosmic radiation and this
allows us to search for and to study the rarest phenomena and processes in nuclear and
particle physics. The challenge towards greater sensitivities in underground experiments
turns into a fight against background induced by radioactive contamination of surround-
ings. In order to design and build a system with the lowest possible background, there
is a need for understanding individual sources of background and the estimation of each
component.

Although each deep underground experiment has different physics goal, sensitivity and
detection techniques, there are several common background components coming from the
underground environment. In general, three main components are contributing to the
detectors background:

o Cosmic rays
« Environmental radioactivity and radioactive contamination of materials

e Flectric noise and disturbances

3.1 Cosmic Rays

There are primary and secondary cosmic rays. Primary cosmic rays originate somewhere in
the universe (from supernovae or active galactic nuclei) and enter the Earth’s atmosphere.
More than 90% of them are individual protons, the rest are alpha particles, heavier nuclei
of other elements and high energetic electrons. Secondary cosmic rays are produced in
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Primary cosmic rays

N - high energy nucleons

j‘\ - nuclear disintegration

n,p - disintegration
product nucleons

FIGURE 3.1: Cosmic ray shower in the atmosphere

interactions of primary cosmic rays with the atmosphere. The cascade of particles that
this collision produces via electromagnetic and hadronic cascades is known as an air shower.
Particles produced in such showers are protons, alpha particles, electrons and positrons,
neutrons, muons, pions, photons and neutrinos. We can divide secondary cosmic ray
particles into three categories:

» Soft component (electrons, positrons, y-rays)
o Hard component (muons)
o Nucleonic component (hadrons)

The soft component originates from electromagnetic showers and consists of electrons,
positrons and photons, and the hard component originates from hadronic showers and
consists of muons. The penetration ability of the muon component is higher. At sea level,
both components are observable, but only a small fraction of these particles can penetrate
the rock overburden. Figure 3.1 shows a simple scheme of a cosmic ray shower in the
atmosphere and its penetration underground.

In fact, by going underground, it is possible to shield most of the cosmic radiation, thus
if detectors operate in deep underground laboratories, the cosmic ray component should
be negligible [1, 46], as all components of cosmic ray induced background are substantially
decreased by surrounding rock and only muons and neutrinos reach the underground lab-
oratories. Once the majority of cosmic ray component has been reduced, these remaining
cosmic background sources become dominant:
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e Residual high energy muons produced in the decay of pions and kaons induced by
interactions of high energy cosmic rays in the upper atmosphere

o Cosmogenic neutrons produced in cosmic ray muon reactions with rock nuclei and
experimental setup components

Cosmic Ray Muons

High energy cosmic muons are able to penetrate deeply and can reach any underground
location. Muons energy loss, as they travel through overburden rock and material, happens
through ionization, pair production, bremsstrahlung, and photoproduction [46]. Through
these interactions, muons can produce electromagnetic and hadronic showers accompanied
by the production of high energy gammas and neutrons which can contribute to the overall
background. Consequently, the residual muon intensity and angular distribution of high
energy cosmic muons are key parameters in site selection and in evaluation of the sensitivity
of underground experiments. Accurate measurements of muon energy spectra underground
are very difficult to obtain and one has to often rely on simulations taking as an input the
muon energy spectrum at surface [47].

Gaisser’s parametrization of the muon flux at sea level can be used reliably for repre-
senting and describing the muon flux for ground experiments [48]:

di, 1 0.054
= 0.14E;,7( S—" (3.1)
dE“ H 1+ 1.1E;r © 1+ 1.1E;‘;( ©

where the differential flux is in units of em™?s 'sr~'GeV !, E,, is the muon energy in GeV,

v is the spectral index, © is the zenith angle and ex=850 GeV, €,=115 GeV. Equation
3.1 is valid for flat Earth approximation - the curvature of Earth is neglected (© < 70°).
This parametrization is often coupled to a software package for transporting the surface
muons through the rock overburden profile of the site to obtain muon flux or muon energy
and angular spectra underground. Similarly, several models exist that fit the experimental
data to a Depth-Intensity-Relation to obtain muon intensity and energy and angular dis-
tributions corresponding to the slant-depth of the laboratory. For example, prediction of
muon flux from [49] has a form:

hq

I,(ho) = 67.97 x 10~ 0o + 2.071 x 10~ Sensns, (3.2)

where hg is the vertical depth in km.w.e. and I,(ho) is in units of ecm~2s™1.

The muon energy spectrum discussed in [48] and [49] in a form of:

iN

S = Ae 040 (B, 4+ 693(1 — e 04ho)) (3.3)
dE,

where A is a normalization constant, can be used to approximate local muon energy spec-
tra at different slant-depths. Figure 3.2 shows the total muon flux measured at various
underground laboratories as a function of the equivalent vertical depth! with a fit to Eq.
3.2, and Figure 3.3 shows calculated local muon energy spectrum for various underground

IData collected from available literature
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FiGURE 3.2: Total muon flux as a function of the equivalent vertical depth
for different underground sites [50]

laboratories. In Figure 3.2, a typical decrease of muon intensity with the depth of the un-
derground laboratory can be seen. Although several other parametrizations exist, to have
more detailed descriptions of the muon fluxes and their spectra, Monte Carlo simulations
are often needed.

Incident muons by themselves, when interacting directly with a detector, do not con-
tribute by a significant amount to the background of underground experiments. They
are either vetoed or easily identified and distinguished. However, there are muon-induced
background events, caused by spallation products created by high energy muons, danger-
ous to the background of low-energy experiments. Especially dangerous can be secondary
neutrons produced in the detector itself or construction and surrounding materials, such
as overburden rock, shielding, etc.

Cosmogenic Neutrons

Cosmogenic neutrons are produced by hadronic and electromagnetic interactions in matter,
especially in high Z materials, by incident cosmic ray muons. Cosmogenic neutrons can be
characterized by [51]:

« the neutron yield Y,,(4, E,) [nu~'(g/cm?)~!] that presents the ability of matter to
produce neutrons under the effect of muons

o the production rate R,(h) = I,(h)Y (Euug,) ng s~}
e the neutron flux ®, = R, (h)l,p [ncm™2s71],

where Eq,, , is the average muon energy at depth h, I,(h) is the itensity of muons , [,p is
an attenuation length for neutron flux.

In deep underground laboratories, the yield Y,, is mainly the sum of these processes that
contribute to the overall production: neutron yield from neutron production in hadronic
showers, yield of photoneutrons from photo-nuclear reactions associated with electromag-
netic showers, and muon interactions via virtual photon (muon spallation). Additionally,
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secondary neutron production may arise from neutrons produced in mentioned processes.
The energy spectrum of these neutrons can extend up to several hundred MeVs or even
GeVs.

Establishing the shape of the spectrum and the overall yield is, however, difficult. The
calculations performed in recent years for various materials using software packages are
often in disagreement and there is only a limited number of measurements with significant
errors, which are not always consistent between each other or with calculations. The reason
for this inconsistency lies in the difficulty of experimental measurements due to the low
muon flux underground and the complexity of measuring neutron energies over a wide
range.

Similarly to the situation of cosmic ray muons in underground laboratories, various
parametrizations or Monte Carlo simulation tools are established and widely used for cos-
mogenic neutron yields calculations. For example, empirical universal formula obtained by
fitting to experimental and calculated data but derived from the phenomenology of muon
energy loss has a form of [51]:

YOI =44 x 107TE) A, (3.4)

where it can be seen that the neutron production rate increases with the average atomic
weight A of the material and muon energy £,. This dependence can roughly be seen in
Figure 3.4, where neutron yields from available data in literature in different targets (Al,
Cd, Fe and Pb) at different averaged muon energies are plotted.

Often, only a scaling law for neutron yield versus the atomic mass A, Y, o A%® or
Yy, oc (£)%92 s used [47, 49].

Following convenient parameterizations of the neutron energy spectra based on fitting
functions of simulated data are often used- the parameterization from Wang et al. [56]:

dN e~ "En
— o

+ B(E,)e ?En), (3.5)
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in target materials (data from [52, 53, 54, 55])

where A is a normalization factor and B(E,) = 0.52 — 0.58¢ %994 " or the Mei-Hime

parameterization [49]:

dN e~ w0kn

_ —a1 B, —as
iE = A( o8 + B(E,)e )+ asE %, (3.6)

where a; are fit parameters and B(E,) = 0.324 — 0.641e 00145,

Simulated differential energy spectra for muon-induced neutrons at various underground
sites coming from the rock overburden with fitting functions from Equation 3.6 are shown
in Figure 3.5.

Since high- A targets, such as lead or iron that are used for passive v-ray shielding, have
higher cosmogenic neutron yields, they behave like a neutron source under muon irradiation
[47]. This means that a passive shield made of high Z material designed to suppress gamma
radiation of environmental radionuclides turns itself into a source of background, especially
for experiments observing recoiling nuclei since muon-induced neutrons have a very hard
energy spectrum and can interact via elastic scattering.

Neutrinos

Neutrino interactions are an irreducible source of background since no detector can be
shielded from the ambient flux of incident neutrinos. These include neutrinos produced in
fusion reactions in the Sun, anti-neutrinos produced in radioactive decays in the earth’s
mantle and core, neutrinos and antineutrinos from general atmospheric phenomena, and
neutrinos produced during the births, collisions, and deaths of stars, particularly the ex-
plosions of supernovas. Neutrinos interact only by the weak force and gravity, hence the
reaction cross sections are much smaller than those of other particles. However, it has been
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FIGURE 3.5: Muon-induced neutrons at the various underground sites [49]

pointed out that neutrino-nucleus coherent elastic scattering is a background to direct dark
matter detection. Direct detection dark matter experiments search for yN — y N’ scat-
tering, a very rare signal process which is identified by observing recoiling nuclei N’. The
vN — vN' cross section can be as large as 1073 cm?, producing nuclear recoils with kinetic
energies up to tens of keV [57].

3.2 Environmental Radioactivity

Major contributions to the background come from primordial, cosmogenic and anthro-
pogenic radionuclides present in the environment. Dominant sources are:

o Contributions from radioactive contamination and radioactive impurities of the de-
tector and its surroundings (laboratory walls concrete, shielding, electronics, etc.)

« Radon contamination of the laboratory air
 Neutrons produced in fission processes of uranium and thorium, and in («,n) reactions

The next section focuses on radionuclides and their decay products present in the
underground environment. Radiogenic neutron background sources are discussed in detail
in Chapter 4.

Primordial Radionuclides

Radioactivity is a natural and common process occurring everywhere in nature. Primordial
radionuclides are those persisting in the Earth since the Earth was formed and which have
not completely decayed due to their long decay half-lives (~ 10° years or more). These
nuclides occur in construction materials for a variety of reasons: the material itself may be
made out of an element that has one of the very long-lived isotopes, materials could have
been contaminated while in the ground or during the manufacturing or transport process.
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Radioactive contamination of construction materials and surroundings is mostly rep-
resented by decay products in the 23U, 235U and 232Th decay chains, and by primordial
10K [1, 46]. Figure 3.6 shows decay series of 23U, 2*U and ?*Th. Beta and alpha decays
and de-excitations of these radionuclides and their daughter products produce high energy
photons, electrons or alpha particles that constitute serious backgrounds for almost all
experiments.
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FIGURE 3.6: Decay chains of 233U, 235U and 232Th

A naturally occurring radioactive isotope *°K is another major source of the background
gamma radiation. “°K has a very long half-life of 1.3x10° years comparable to that of
uranium and thorium. The decay scheme of this isotope is, however, far less complex,
approximately 89% of the time it undergoes beta decay to stable *°Ca, but about 10.7%
of the time it decays to °Ar* by electron capture, with the subsequent emission of a 1.46
MeV gamma ray. A simple decay scheme of “°K is shown in Figure 3.7.

Anthropogenic Radionuclides

Significant quantities of several radionuclides have been added to natural reservoirs due to
human activities. Major anthropogenic sources that have contributed to the radionuclide
contamination are: nuclear weapon testing (mainly in 1950s and 1960s), operation of
nuclear power plants, mining of uranium, fuel reprocessing, nuclear waste repositories
and nuclear accidents. '*C and *H are two important radionuclides produced by both
nuclear explosions and cosmic radiations. For their abundance, toxicity and mobility,
SH, C, ®Kr, 2°Sr 137Cs, PTec, 121, 24'Am, as well as several uranium and plutonium
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FIGURE 3.7: Decay scheme of 4°K

isotopes are of particular importance and interest. After the Chernobyl accident, almost all
exposed surfaces became contaminated. It is therefore essential to screen all materials from
regions where they could have been contaminated before using them in low-background
experiments.

Cosmogenic Radionuclides

Cosmic ray particles contribute to the background also indirectly through the production of
cosmogenic radionuclides. As primary and secondary particles of cosmic rays pass through
the atmosphere and Earth’s crust, they initiate nuclear reactions with various atoms of the
atmosphere and surface rocks. The production rate of cosmogenic radionuclides strongly
depends on energy-dependent cross sections and on the intensity of cosmic ray flux. For
atmospheric production, the spallation reactions caused by high energy particles on O, Ar
or N nuclei are one of the most significant processes. The main cosmogenic nuclides that
are produced by cosmic rays in the atmosphere along with their half-lives and production
reactions are listed in Table 3.1. Since protons are absorbed by the atmosphere, mainly
neutrons and muons induce production in the lithosphere. Cosmic rays can also activate
materials later used in detector construction. During transport in air, storage or manufac-
ture, the activation by the hadronic component can reach higher radioactivity levels than
the residual contamination from primordial nuclides [58].

In addition to purification techniques, activation can be avoided or kept under control
by minimizing exposure and storing materials underground, avoiding flight transport of
materials, and using shielding against cosmic rays during surface detector building and even
during operation [58]. In low background experiments, even the short-living radionuclides
are contributing to the background. A lot of studies have been dedicated to studying the
production rates of cosmogenic nuclides in experiments, such as °V, 3Mn, ?Fe, 5" Co, 33 Co,
60Co, %7n, %®Ge in germanium detectors; 32Si in silicon medium in cryogenic detectors;
several iodine, tellurium and sodium isotopes induced in Nal(T1) crystals; xenon isotopes
in xenon-based detectors; argon isotopes in liquid argon; cobalt isotopes in copper and
stainless steel; lighter radionuclides (He, Li, B, Be, N, C) in organic scintillators and more
[46, 58]. Table 3.2 summarizes some of these cosmogenic radionuclides commonly produced
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TABLE 3.1: Cosmogenic radionuclides, their production rates in the atmo-
sphere [59], and their decay modes of highest branching ratios [60]

Production rate

Nuclide Target Reaction Half-life Decay mode Released energy [keV]
[atoms cm™2s71]
3H O,\N Spallation 12.34 y 0.28 B~ Es = 18.59 (endpoint)
e N YN, p)*C 5730y 2.02 8- Es = 156.48 (endpoint)
"Be O,N Spallation 53.4d 0.035 EC E, = 477.60
10Be O,N Spallation ~ 1.5x108 y 0.018 B~ Eg = 555.80 (endpoint)
26A] Ar Spallation ~ 7.17x10° y 1.4x10% EC* gt Ep = 117342 (endpoint),
E, = 1808.65
361 Ar Spallation 301 000 y 0.0019 B8 Es = 708.60 (endpoint)
32Gi Ar Spallation 150 y 1.6x10* B~ Es = 224.50 (endpoint)
2Na Ar Spallation 26y 5.4x10° ECT,p* E, = 1274.53

in an experimental setup of detectors, and their decay modes and released energies of the
highest branching ratios.

Radon Contamination

Radon and its radioactive decay products form by far the strongest source of airborne ra-
dioactivity in many low-background experiments, as all radon isotopes are, under standard
conditions, gaseous. Three naturally occurring isotopes of radon are created by the decay
of radium isotopes that are a part of primordial decay chains (**°U, 23U and 23?Th, see
Figure 3.6). They are ?Rn, *°Rn and ?*?Rn with half-lives of 3.96 s, 55.6 s and 3.82 d
respectively. All of these isotopes emanate naturally from the ground and building mate-
rials wherever traces of uranium and thorium can be found. 2!Rn with its short half-life
and low abundance of 2*°U is negligible in most low-background experiments. Usually, the
beta decaying isotopes within the decay chains of radon isotopes are crucial contributors
to the background.

3.3 Background Sources in the Modane Underground
Laboratory (LSM)

The next section describes and summarizes ambient background sources in the Modane
underground laboratory that are present in underground environment and are common
and unavoidable to all experiments operating here.

It is important to note and to remember, that following summarized fluxes, rates and
yields of ambient radiation from available measurements are highly dependent on the ma-
terials placed near the detectors that measure them and contamination of the detectors
themselves. Therefore, they do not represent ideal unaffected ambient fluxes. Such a bias
is unfortunately unavoidable and should be considered when using these values for further
studies of backgrounds of experiments.
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TABLE 3.2: Cosmogenic radionuclides produced in experimental setup and
their decay modes of highest branching ratios [60]

Nuclide Half-life Decay mode Released energy [keV]
6He 806.7 ms B~ Es = 3507.80 (endpoint)
Es = 9671.2 (endpoint
8He 119.0 ms 8- B (endpoint),
E, = 980.70
8Li 838 ms B, B2 Eg = 12 964.50 (endpoint)
9Li 178.3 ms B~ Es = 13 606.30 (endpoint)
8B 770 ms ECT,BT Eg = 17 979.30 (endpoint)
12 20.20 ms B Es = 13 368.90 (endpoint)
1Be 13.81 s B Eg = 11 506.00 (endpoint)
°C 126.5 ms EC*, 3+ Eg = 16 497.90 (endpoint)
Es = 2929.46 (endpoint),
100 19.255 s EC* 3+ ’ (endpoint)
E, = 718.30
e 20.39 m ECT,3* Eg = 1982.50 (endpoint)
12N 11.0 ms ECtT Bt Es = 17 338.10 (endpoint)
32Gi 150 y B Eg = 224.50 (endpoint)
E;z = 542.24 (endpoint
540Mn 312.3 d ECt gt g (endpoint),
E, = 834.85
E, = 122.06
57Co 271.79 d EC 7 ’
E, = 136.47
60 597 y 5 Es = 318.13 (endpoint),
E, = 1173.24, E, = 1332.50
Es = 1351.90 (endpoint),
657 9244.26 d ECt g+ B (endpoint)
E, = 1115.55
8Ge 4+ 8Ga  270.8d + 67.63m EC + ECt g+ E, = 1077.35
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3.3.1 LSM
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FiGure 3.8: Location of the Modane underground laboratory

The Modane underground laboratory (Laboratoire Souterrain de Modane, LSM) is located
in the middle of the 13 km long Fréjus road tunnel, under the Savoie Alps in France. The
tunnel is connecting Modane in France to Bardonecchia in Italy. It sits below the Fréjus
Peak with a rock overburden of approximately 1700 m, which corresponds to 4800 m w.e.,
and is currently the deepest underground laboratory in Europe. It has been in operation
since 1982 and it serves as an interdisciplinary platform for several experiments in nuclear
and particle physics, astrophysics and environmental physics.

The geological composition of rock surrounding the LSM is generally considered to
be homogenous and uniform. The rock is constituted of metamorphic rocks called glossy
schists [61, 62], which are characterized by having plenty of mineral constituents. In the
past, LSM rock and concrete samples have been collected and analyzed by spectrometry
methods to determine the chemical composition and the content of major compounds in
% by weight is summarized in Table 3.3.

TABLE 3.3: Major compound composition of LSM rock and concrete (in %)
[61]

Compound LSM rock LSM concrete

Si0, 14.9 5.8
AL O3 5.0 1.1
FeOs 2.8 0.74
MnO 0.038 0.008
MgO 1.4 1.3
CaO 42.8 51.5
TiO, 0.12 0.17
K>0 0.25 0.02
NayO 0.6 0.02
P,05 0.15 0.15

The uranium and thorium content of rocks and walls, that contribute to overall low-
radioactivity of laboratory environment, has also been measured in [61] and [62] and the
results are summarized in Table 3.4.
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TABLE 3.4: LSM rock and concrete activity

238U 232Th 40K
from [61] from [62] from [61] from [62] from [61]  from [62]
_ [ppm] [Ba/kg] [ppm] [Bq/kg] | [ppm] [Bq/kg] [ppm] [Ba/kg] | [Ba/kg]  [Bg/kg]
R(ic;l(_?' 084  104* 095 11.8 | 245 9.9* 248  10.2 213 182
Congygte 1.9 23.5* 183 228 1.4 57 1.63 6.7 77 91

*calculated using conversion factors

3.3.2 Muon Flux in LSM

The local muon flux at LSM is related to the muon flux at sea level and muon energy
before and after it transverses the LSM rock overburden. LSM muon flux measured by the
Fréjus collaboration [63] was:

®ron = (5.47 £ 0.10) x 10 °m 25~ (3.7)

meaning that the LSM overburden attenuates the muon flux down to approximately 5 p
m~2 d~!, and the mean energy of LSM muons was determined as [64]:

(E,psm) = (255.0 £ 4.5)GeV (3.8)

3.3.3 Gamma Background in LSM

To overall gamma background contributes mainly radioactive contamination of laboratory
environment and detector surroundings, that is mostly represented by decay products in
the 238U, 25U and 232Th decay series, and by primordial “°K. Other sources of high energy
gamma rays include gammas from neutron captures in materials surrounding the detectors
(e.g. 2.223 MeV + from neutron capture on H and higher energies from neutron captures
on metals) or even muon bremsstrahlung from weak residual muon flux in the laboratory.

Ambient gamma ray fluxes in the LSM have been studied and measured in work [62] at
two locations by a coaxial HPGe detector and in [65] using a large volume sodium iodide
(Nal) scintillator. Results of both investigations of gamma fluxes from peaks of several
radionuclides and ambient high energy fluxes in 5 energy intervals from 4 - 10 MeV are
presented in Table 3.5.

3.3.4 Radon Background in LSM

The measured values of radon (**Rn) activity in LSM air are between 5-20 Bq/m? [66] and
the mean value of thoron (*°Rn) activity measured in the LSM cavity is 10 Bq/m? [67].
This radon level is kept thanks to a ventilation system that is renewing the entire laboratory
air. Experiments often require advanced systems that can reduce radon concentration at
least by a factor of 1000 due to short-lived radon decay products and their deposition on
surfaces and subsequent irradiation of sensitive volumes by alpha particles [68]. Moreover,
radon is a noble gas with high penetrating power and can diffuse into materials. Therefore,
further reduction of the radon level to just a few mBq/m? in experiments is often achieved
by a radon trapping facility.



Chapter 3. Background Sources in Underground Experiments 44

TABLE 3.5: Gamma ray fluxes measured in LSM

~ energy [MeV] y-ray flux [yem 2?s7!]

02-513452 6.04 x1073 *
(*°PD) 2.10 x1073 *
0.609 5.26 x1073 *
(*Bi) 1.78 x1073 *
02'2;/1 1.31 x1073 *
(FFAc) 6.10 x10~* *
%6 1.00 x10~1 #
("K) 3.55 x1073 *
2.40 x1073 *

22;394' 4.53 x1074 *
(*B) 2.02 x10~4 *
2£81 4.00x1072 #
(5T 1.00 x1073 *
4.78 x1074 *

4-6 3.8 x1076 #
6-7 1.5 x1076 #
7-8 1.6 x1076 #
8-9 0.07 x1076 #
9-10 0.05 x106 #

* from [62] - fluxes at 2 different locations

# from [65]- given measurement errors ~30%

3.3.5 Neutron Background in LSM

In general, we can divide the ambient neutron flux into thermal and fast neutron fluxes.
The fast ambient neutron flux in the LSM originates mainly from the radioactivity of the
rock and walls - from spontaneous fission and neutrons induced by («,n) reactions, or from
muon induced reactions. Subsequently, these neutrons transverse the rock overburden and
materials present in the laboratory where they get moderated and they thermalize. In
the past, many studies have been dedicated to estimating the LSM neutron flux and the
next section summarizes the results of two publications ([61, 69]), where calculations and
measurements of neutron fluxes and neutron energy spectra were provided.

In [69], to monitor the ambient thermal neutron flux at different locations at LSM,
a setup of proportional counters filled with 3He gas was installed. The thermal neutron
flux at LSM may vary by up to a factor three from one location to another and near
the experimental setup of NEMO-3 experiment (predecessor of SuperNEMO in the same
location), the flux was measured to be:

_ -6 -1, -2
n,thermal — . . 5 .
D,y thermal = (2.9 £0.4) X 10" neutrons s~ cm (3.9)

under the assumption that the neutron spectrum below 0.3 eV is Maxwell-Boltzmann
distribution:

e wT, (3.10)
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FI1GURE 3.9: Thermal neutron spectrum in the LSM

where k is the Boltzmann constant and 7" = 293K, and that thermal neutron flux is fully
isotropic (47). Thermal neutron energy spectrum plotted according to this spectrum and
normalized to flux in Equation 3.9 is shown in Figure 3.9.

Similarly, thermal neutron flux was measured in [61] where they obtained flux of
(1.6+£0.1)x107% n s~ tem ™2,

In [61], results of measurement of fast LSM neutron flux using °Li loaded scintillator

are reported as:
D, fast = (4.0 £ 1.0) x 10 %neutrons s 'em ™2, (3.11)

with energies between 2-6 MeV. A Monte Carlo simulation was also performed and com-
pared to experimental result. The simulation was performed by propagating estimated
neutron spectrum from spontaneous fission and (a,n) reactions from LSM rock’s U and
Th activity (Table 3.3) through rock. This way neutron spectrum with 1 MeV threshold
corresponding to flux 1.0x107% n s~'ecm=2 was obtained which was in reasonable agree-
ment with the experimental result. This spectrum is shown in Figure 3.10. It can be easily
normalized to flux in Equation 3.11. This way a somewhat realistic fast neutron energy
spectrum can be assessed.
Summary of neutron fluxes given in available literature is given in Table 3.6.
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[61]

TABLE 3.6: Summary of LSM neutron fluxes

Neutron flux

Neutron energy* Technique Reference
[x1076 n s7lem™2]

Slowing down neutrons + )

40+ 1.0 fast, 2-6 MeV [61]
ey, +8 Li — o +3 H reaction

1.0 >1 MeV MC simulation [61]

3He detectors, i
1.6 £0.1 Thermal [61]

n+3 He — T + p reaction

(2.0 £ 0.2)-(6.2 £ 0.6) Thermal 3 He proportional counters [69]

* as given in reference
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Chapter 4

Neutron Background Sources

Neutrons from local radioactivity dominate the overall neutron production in underground
laboratories. These neutrons are called radiogenic neutrons as they are produced in a
process of radioactive decay. Dominant mechanisms are direct fission of uranium and
thorium, and (a,n) reactions. The neutron energy spectrum and production rate from
natural radioactivity depend on the specific concentrations of uranium and thorium present
in the surrounding materials, and in the case of the (a,n) reactions also on the exact
composition of the materials [70]. These neutrons dominate neutron scattering events in
underground experiments, and the capture of thermal neutrons also leads to secondary
radioactivity [70].

This chapter is dedicated to the calculation and simulations of radiogenic neutron pro-
duction rates and their energy spectra, and to secondary radioactivity of neutron capture
reactions.

4.1 Spontaneous Fission Neutrons

e
C €

FIGURE 4.1: Liquid Drop Model of fission [71]

The process of fission was first interpreted by Meitner and Frisch in 1939 (the same year
that it was discovered by Hahn and Strassmann), when they proposed that the uranium
nuclei following neutron capture are highly unstable and they fission or split nearly in
half [72]. In fact, the two fragments produced by a nucleus are governed by a statistical
distribution and typically, both fragments will end up with different but relatively similar

masses. When nuclear fission occurs without the nuclei having been previously hit by
a neutron or other particle the process is called spontaneous fission. Fission fragments
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FIGURE 4.2: Half-lives for spontaneous fission [72]

are usually left with high excitation energy and they will frequently emit neutrons via
evaporation processes to cool down.

The fission rate is a very sensitive function of atomic number Z and atomic mass A
[73]. Mathematically, a parameter that serves as an indicator, whether a nucleus can fission

spontaneously is [72]:
2

A
— >4 4.1
A>7 (4.1)

This criterion is derived from the liquid drop model, but does not account for quantum
mechanical barrier penetration and furthermore, the model is not very accurate for the
heaviest nuclei. Nevertheless, the larger the value of Z?/A, the shorter is the half-life for
spontaneous fission (Fig. 4.2) [72].

In underground laboratories, the fission neutron flux is the result of spontaneous fission
of naturally occurring primordial radionuclides 232Th, 23U and 23®U. The fission rate for
thorium and uranium is, however, low compared to the rate of their decay by alpha particle
emission, which dominates the total half-life (Table 4.1).

TABLE 4.1: Spontaneous fission (SF) parameters for 232Th, 235U and 23%U

232Th 235U 238U
T2 [y]° 1.40x10°0  7.04x10%  4.47x10°
T2 (SF) [y]* 1.20x10%"  9.80x10'8  8.20x10%
Average multiplicity v;(SF)° 2.14 1.86 2.01
Branching ratio BRy(SF) L.17x10711 7.18x1071  5.45x1077
Neutron yield Ry(SF) [n/decay] 2501071 1.34x10719 1.09x10°6
Watt parameter a [MeV]* 0.796 0.7747 0.827
Watt parameter b [MeV 1]¢ 4.755 4.852 4.445

@ from [74], ® from [75], ¢ from [76] and [77]
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4.1.1 Calculations of Neutron Yields and Energy Spectra from
Spontaneous Fission

Let’s assume that spontaneous fission of nuclide k is accompanied by the emission of a
number of neutrons equal to the average neutron multiplicity v4(SF). Given the sponta-
neous fission decay constant of nuclide k, A\g(SF'), the fraction of nuclide k decays that are
spontaneous fission events is given by the spontaneous fission branching ratio:

A (SF) Ti/o

BRy(SF) = = = Ty (5F) (4.2)

and )\ is the total decay constant of nuclide k and T3 2, 1% /2(SF') are corresponding half-
lives. The neutron rate Ry (SF) or the average number of spontaneous fission neutrons
emitted per decay of nuclide k is [78]:

T1/2 [ n
Ti2(SF)  “decay

Ry(SF) = BRi(SF),(SF) = v (SF) ] (4.3)

This yield for individual isotopes is the same for all materials and depends only on the
concentration of the fissioning isotope [79].

Many Monte Carlo neutron transport codes' randomly sample fission neutron energies, E,
according to a Watt spectrum [76, 78, 82, 83], which is one of two (along with Maxwellian)
most frequently used forms given in the literature to describe the experimental fission
neutron energy distributions [84]. The Watt spectrum has a following form [85]:

1 E Y ——
mEf

where F is the neutron energy, T is the thermodynamic temperature of the residual nucleus
and Ey is the kinetic energy of the fission fragment.

The Watt spectrum used for calculation of the neutron spectra is, however, often defined
using the given simplified analytical function [82]:

fwanr(E) = Ce B/esinh(VOE), (4.5)

where E is the neutron exit energy [MeV], a, b are nuclide dependant Watt spectrum
parameters®, and normalization constant C is:

C =

N (4.6)

The parameters a and b are usually determined by fitting the Watt formula to the experi-
mentally measured fission spectrum data and are available in literature for many radionu-
clides undergoing nuclear fission [83].

1Such as SOURCES-4A [78], MCNP [80] and NEDIS [76]. Additionally, fission spectra in the Evaluated
Nuclear Data Library (ENDL) [81] are defined by Watt spectrum [75].
2In the case of induced fission, these parameters also depend on the energy of an incident neutron.
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TABLE 4.2: Properties of gamma rays from spontaneous fission of 233U [36]

Isotope Total energy [MeV]| Average number of ys Average v energy [MeV]
238U 6.06 =+ 0.03 6.36 + 0.47 0.95 £ 0.07

Thus, spontaneous fission neutron spectrum for nuclide £ has the form of [78]:

—ab

2e71 oy

We “sinh(VDE) (4.7)

Figure 4.3 shows calculated spontaneous fission neutron energy spectra for 232Th, 235U
and 23U according to Equation 4.7. The spontaneous fission rates and neutron yields of
these isotopes are very low (Table 4.1), the highest contribution is mostly due to sponta-
neous fission of 23¥U. Therefore, these processes contribute to neutron background only in
materials with high contamination levels.

Spontaneous fission is also a source of ~v-rays emitted by the excited fragments after
the end of neutron evaporation [73]. When a nucleus undergoes fission and the excitation
energy falls behind the neutron binding energy, prompt y-rays take over and carry away the
remaining energy and in principle, spontaneous fission events can thus be tagged in some
detectors due to the simultaneous emission of several neutrons and y-rays [73, 79]. There
is a positive correlation between the number of neutrons produced in a spontaneous fission
event and the total amount of energy carried away by ~v-rays [86]. The P(n) distribution
for fission neutron multiplicity can be well fitted by a Gaussian distribution [87, 88]. In
[87], the P(n) distribution of neutron multiplicity of ?**U spontaneous fission was measured
by using a large liquid scintillation neutron detector, the data are presented in Figure 4.4
(left) along with Gaussian fit with the mean value matching the average multiplicity for
238U presented in Table 4.1.

An empirical formula relating the total prompt gamma ray energy to the mass (A) of
fissioning isotope and the number of neutrons from fission v is given in the form of [86]:

Xk,SF(E) = Rk:(SF)fWatt(E) = Rk(SF)

Eytorar(v, Z, A) = (2.51 — 1.13 x 107° 22V A)v + 4, (4.8)

where the constant terms were obtained from experimental data.
Similarly, the average prompt gamma ray energy was found to obey [806]:

Eyang = —1.08 +106.9V'Z /A, (4.9)

where the constants were obtained from a fit to data. Then the average number of gamma
rays produced in fission is approximated as E. otq1/ E a0g- The total and average energy of
gamma rays from the spontaneous fission of 2**U and the average number of s produced
are shown in Table 4.8. Figure 4.4 (right) shows the mean number of v-rays produced in
spontaneous fission of 238U as a function of the neutron multiplicity.
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4.2 Neutrons from (a,n) Reactions
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FIGURE 4.5: (a,n) reaction scheme

Many heavy nuclei, naturally occurring in the radioactive decay chains, decay through
a nuclear disintegration process that emits alpha particles, called alpha decay. The «
particle is a very stable and tightly bound structure of two protons and two neutrons
(helium nucleus 3He), emission of which brings energetically unstable nuclei against «
decay to a more stable configuration [72]. Alpha decay, like spontaneous fission, is a
quantum tunnelling process that occurs despite the presence of the Coulomb potential
repulsion barrier. However, the Coulomb barrier is often high enough to make alpha decay
unlikely for all but the heaviest nuclei [72, 73]. These nuclei, if present in a material, can
produce « particles with energies in order of MeVs that further interact with the nuclei
in a thick target of light elements and yield neutrons through the («,n) reactions. For
heavier elements, the cross-section of («,n) reaction is suppressed by the Coulomb barrier
(thus, unlike the spontaneous fission, the neutron yield from (a,n) reaction is material
dependant). In lower « particle energy ranges (< 10 MeV) the mechanism of the reaction
can be described by the compound nucleus model when an intermediate state of a particle-
target system is formed. The compound nucleus is excited by the kinetic energy of the «
particle and is usually left in an unstable state and further decays to a daughter nucleus.
This process is governed by the nuclear state of the compound nucleus (energy levels, spin,
and parity of given excited state) and the structure of the daughter nucleus, and one of
the possibilities of this decay is neutron emission. Higher energy « particle will excite
the compound nucleus to a higher energy part of the nucleus’s energy level and it may
also undergo decay to the first excited state accompanied by the emission of 7-rays as
well. At higher energies of « particles, it is possible for the compound nucleus to emit
multiple neutrons. In underground environments and experiments, the 23°U, 28U, 232Th
radioactive decay chains are responsible for neutron production, tough the contribution
of #°U is relatively small due to a small abundance [79]. « particle energies in these
decay chains are low (< 9 MeV) making («,Xn) reactions with emission of several neutrons
processes very rare.

4.2.1 Example Case of ¥C(a,n)0

An example of common (a,n) reaction is a well known and studied *C(a,n)'O reaction:
BC+a—="T0" =% 0" 4 (4.10)

where 170O* is the compound nucleus and 1°0 is the residual nucleus. This reaction is of
high importance for several reasons. Although the abundance of 13C in natural carbon is
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FIGURE 4.6: Left: cross-sections for ¥C(a,Xn)*0 reactions [92] (z - in-

cident particle («), (z,n) - production of one neutron in the exit channel,

(z,2n) - production of two neutrons, (z,n0-4) - production of a neutron, leav-

ing the residual nucleus in the ground state, 1st, 2nd, 3rd and 4th excited

state). Right: Energy level diagram showing the states in 17O and excited
states of 10 observed in 3C(a,n)%0 [93]

relatively low (1.07 %), it has a significant (a,n) yield, and tends to produce a prominent
peak in the neutron energy spectrum whenever carbon is present, thus contributing to
the background of experiments. From the point of view of astronomy, it is also the most
important neutron source for the main component of the s-process (slow neutron capture
process), responsible for the production of most of the nuclei in the mass range 90<A <208
inside the helium-burning shell of asymptotic giant branch stars [89, 90]. Moreover, it has
been used as a source of 6.1 MeV gamma-rays from the de-excitation of the second excited
state of 150 [91]. a energies needed for the production of one or two neutrons in the exit
channel and for leaving the residual nucleus in the excited state can be seen from the
reaction cross-sections in Figure 4.6 along with excited states of 0. This shows that only
some neutrons are accompanied by a y-ray, and most of these neutrons have a multiplicity
of 1, making these neutrons harder to veto.

4.2.2 Calculations of Neutron Yields and Energy Spectra from
(a,n) Reactions

Overall, the neutron yield of (a,n) reaction depends on the alpha activity of the alpha-
emitting isotopes present in a given material, the cross-section of the reaction, the alpha
energy loss in a given material (the stopping power of alpha particles), the alpha particle’s
energy (alpha decay energy spectra), the reaction  values, and also on the degree of
mixing (due to the short range of the alpha particle) [73, 78, 79, 94, 95].

(a,n) reaction neutrons are not monoenergetic due to many discrete v groups of decay,
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the slowing down of « particles in any material® and the probability that residual nucleus
is left in an excited state after the reaction [72].

Over a number of years, a lot of studies have been dedicated to modelling and cal-
culation of the neutron emission processes, neutron yields from («a,n) reactions and their
energy spectra and this topic has been discussed by many authors [76, 79, 94, 95, 96, 97,
98, 99] (and see also references therein). As a result, there are presently various codes ded-
icated and specifically developed for neutron yield and energy spectra calculations, such as
SOURCES-4A (and updated version SOURCES-4C) [78], NeuCBOT (Neutron Calculator
Based On TALYS) [100], the USD code (developed by the University of South Dakota in
the USA) [95], NEDIS [76] or SaG4n (Geant4 [101] code with modifications included in the
Geant4.10.6 version) [99]. Development of all above-mentioned codes has required accumu-
lation and evaluation of not only measured experimental data, but also the calculation of
reaction cross-sections, stopping powers of « particles, decay constants, energy spectra of
the initial a particles, angular neutron distributions for the individual levels of the residual
nucleus, etc [76, 102].

This shows that nuclear data work on (a,n) reactions constitutes a specific field of study
but basic nuclear data and information on the source spectrum for sensitivity studies are
sparse and highly discrepant [98, 102], which means that further improvements are desirable
in all cases®.

In general, a theoretical approximation of the neutron yield adopted by several authors
and used in above-mentioned codes (except for the SaG4n code [99]) gives the following
expression for the thick-target neutron production function [78, 95, 96, 98, 99]:

pi = ]X[/OE ?((E]f))dE, (4.11)

where p; is probability that the « particle with initial energy E, will undergo an (a,n)
reaction with element 7 in which it has the atomic stopping cross-section (E). N; is atom
number density of target nuclide i, N is total atom number density and o;(E) is the neutron
production cross-section at an « particle energy E.

A decay chain consists of several o decays and we have to consider that a fraction of
the decays of a radionuclide within the material is due to « emission. The neutron yields
in the 22Th and #*®U decay chains can be determined by the sum of the yields induced by
each « particle in given decay chain [95], weighted by the intensity Fj which is a fraction of
the decays of a radionuclide ¢’ within the material due to a emission [78, 98]. This fraction
can occur with the emission of one of N’ possible discrete a-energies of intensity fir(Eq,;)
(7 = 1,...,N') [98], and thus, the fraction of decays resulting in (a,n) neutron yield in a
thick target material containing k target elemental constituents is [78, 98]:

k N’ k

Ri(a,n) = Fy Zpi = Z fi(Eaj) Zpi (4.12)

i=1 j=1 i=1

3The energy of emitted neutron depends on the energy that the a particle has at the moment of
collision and the Q value of the reaction [73].

4Such as independent comparisons, data validation, measurements and benchmarks, proper modelling
of resonance behaviour which has been experimentally observed, etc.
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FIGURE 4.7: Center of mass system for (a,n) reaction [78]

In the theory of the neutron energy spectra the assumption of an isotropic neutron
angular distribution in the center-of-mass system (CMS) (see Fig.4.7) is often made [98,
99, 103]. The neutron energy distribution for the target nuclide i is then given as [98]:

dQ; /YEn o(E)
dE, Jxp, e(E)(Er — E™)

dE, (4.13)

where m marks discrete number of excited state of the residual nucleus, E /_ are the max-
imum and minimum permissible neutron energies® and integration limits are determined
by the kinematics of the reaction [76].

Isotope-dependent cross-sections of (a,n) reactions can be calculated, for example, by
the TALYS [104] or some versions of EMPIRE [105], or can be taken from experimental
measurements, for example, the JENDL/AN-2005 (JENDLS (alpha,n) Reaction Data File
2005) [106] in ENDF format. Additionally, the TENDL library [107] can also be used
in ENDF® format that contains cross-sections calculated through the determination of
nuclear models implemented in TALYS. For the stopping powers of a particles in materials,
codes like ASTAR [108] or SRIM? [109] are often used. The knowledge of all elemental
constituents is needed (often user-defined) and a homogeneous mixture is often considered.

Unlike the other codes, which utilize some form of evaluation of aforementioned equa-
tions, Geant4 performs an explicit transport of the incident « particles through the ma-
terial and resulting neutrons are generated consequently as the («,n) reaction takes place
[99]. The Geant 4.10.6 based code SaG4n takes advantage of the ParticleHP module in-
corporated in Geant4, which allows using data libraries written in ENDF-6 format (such
as JENDL/AN-2005 or TENDL), that contain information on reaction cross-sections and
production of secondary particles. Electromagnetic, elastic and non-elastic nuclear inter-
actions are modelled using the G4EmStandardPhysics optiond, G4HadronElasticPhysics

SEm for § = m and EY for 6 = 0, 0 is the neutron emission angle in the CMS. Energy of neutron
in laboratory system and cosf are coupled by the expression that depends on the reaction Q,, value, the
incident « particle energy, and masses of the nuclides involved in the kinematics of reaction [98, 103].

6 Japanese Evaluated Nuclear Data Library

"TALYS-based evaluated nuclear data library.

8Evaluated Nuclear Data File

9Stopping and Range of Ions in Matter
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and the G4ParticleHP packages, respectively [99]. There are several advantages of using
Geant4 based code compared to others, as it allows [99, 110]:

 users to build complicated geometries of studied systems
« to bias a particular process and ultimately reduce the computing time

o for the production of v decays in the same nuclear process (in the («,yn) reactions),
provided that the used data libraries contain that information

« to store position and momentum of the generated « particles and of the produced
neutrons (and « rays) and their weight.

In this case, given that N, is the number of neutrons produced in the simulation, w;
is the weight of each of them, and N, is the number of simulated alphas, the resulting
neutron yield per a can be calculated as [110]:

1 M

Y, = A ;wi [n/decay] (4.14)

Recommended data library is the JENDL/AN-2005, that contains neutron production
cross-sections for alpha-particle induced reactions of 17 nuclides (47Li, Be, 1%11B, 1213C,
WLISN 17180 19F 23Nq, 27Al, 28:29:30Si) [106], combined with TENDL-2017 elsewhere, where
information is not available [110]. The evaluation of neutron emission data of (c,xn) reac-
tions in JENDL/AN-2005 was performed on the basis of available experimental data and
nuclear model calculations [106]. TENDL-2017 is the 9" version of TENDL library which
provides the output of nuclear models implemented in TALYS [107, 111]. Comparison of
cross-sections and differences between the two libraries for some selected isotopes can be
seen in Figure 4.8. In most cases, the cross-sections in TENDL are higher than in JENDL
and TENDL does not reproduce the resonance behaviour. The difference is most likely due
to the calculation of cross-sections with the TALYS nuclear code which uses a statistical
model or model parameters that are not accurate for light elements'®. This shows that
theoretical models could be quite far from reality and it highlights the importance of ex-
perimental data. The neutron yields could be, in most cases, overestimated when using the
cross-sections from TALYS. This trend is seen in works that compare results of different
calculation codes between each other and with experimental data, for example in [99] or
[94].

0This is suggested, for example, in [112]. In [113], some parameters in the TALYS were adjusted to
obtain good agreement between calculated total and partial cross sections and experimental data for the
mass range of 19<A<210. And in [114], some discrepancies of the neutron yield induced by proton and
deuteron bombardment are also attributed to the inaccurate cross sections calculated with the TALYS for
light elements.



Chapter 4. Neutron Background Sources

57

Cross section Cross section Lross section Lross section

Cross section

C13 (x,n) or O16 production

500 mb 4= TENDL-2017 [ 4
—— JENDL/AN-2005 ’
400 mb | o~ 1
300 mb+ ‘ —— "‘-mhm i
f e ‘H"‘--..,_
200 mb+ '\/’l o T ]
100 mb+ / :
I.JI Iul 1\1 |
ob A SN
DeV  2MeV  4MeV 6MeV BMeV 10MeV 12MeV 14MeV 16MeV 18 MeV
Incident energy
Be9 (a,n) or C12 production
600 rmb 4 ——
500 mb4—— JENDL,."AN—iD_DSI A |
400 mb—+ /p ,MT\’Y'\\_,_W_ 1
/ v TT—
300 mb nl f.f | \\
200 mb | ~L 1
K\/ —
wombt [ S —— —— T T
N e S S s
0ev 5 MeV 10 MeV 15 MeV 20 MeV 25 MeV
Incident energy
017 (o,n) or Ne20 production / O18 (x,n) or Ne21 production
900 mb ———————
| —— TENDL-2017 018 |
JEMDL/AN-2005 017
700 mb | —— TENDL-2017 017 i
= JENDL/AN-2005 O18| 1
500 mb 1
300 mb 1
100 mb 1
:

10 MeV 15 MeV

Incident energy

B10 (a,n) or N13 production / B11 (a,n) or N14 production

500 mb I e e S S B e e e e e B NN B m e a e
—— TENDL-2017 B11
| JENDL/AN-2005 B11 |
400mby__ TeupL-2017 810
—— JENDL/AN-2005 610
300 mb b
200 mbt 1
100 mb AR 1
Lo _“/“'_“T_' P ———— '__'__I_'__'_"_I_' ——
5 MeV 10 MeV 15 MeV 20 MeV 25 MeV

Incident energy

Si28 (a,n) or S31 production / Si29 (x,n) or S32 production
300 mb A 41z n' T T T T T T T T T T T T T T T T T T T T T T
T JENDLIAN- 2005 5120 MT-301 - (X0 — ]
JENDL/AN-2005 528 MT=201 : (z,%n)
e~ TEMDL-2017 Si28 MT=4: (z,n" 1

200 mb

100 mb

10 MeV 12 MeV 14 MeV 16 MeV 18 MeV

2 MeV 4 MeV 5 MeV 8 MeV

Incident energy
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4.2.3 Estimation of (a,n) Reactions for SuperNEMO

(a,n) reaction energy spectra and neutron yields were studied in materials with the high-
est 238U and 232Th contamination and in materials with a large mass that can contribute
significantly to overall neutron yield. In the SuperNEMO detector, it is mainly the shield-
ing (considered materials are water, pure polyethylene, 5% borated polyethylene against
neutrons and iron against gammas), borosilicate glass which is the most commonly used
window material in photomultiplier tubes and pins on feedthrough connectors that are
made out of copper-beryllium alloy (containing 3% of Be, Fig. 4.9). Due to the purifica-
tion and demineralization process, there is no expected contamination of water shielding
and no alpha particles are able to travel through the iron shield to water to initiate (c,n)
reaction. Thus, the neutron yield from water is neglected.

FicurE 4.9: Feedthrough with copper-beryllium alloy pins used in the
Demonstrator

Simulations were performed using Geant 4.10.6. with suited recommended combined
data library, JENDL/AN-2005 + TENDL-2017. Energies of a particles along with their
intensities in 2**U and 232Th decay chains used in simulation are listed in Appendix A
in Tables A.2 and A.3, respectively. The « energies range from 3.72 to 8.78 MeV. The
chemical composition of shielding materials, Cu-Be alloy and borosilicate glass used in
calculations is defined in Table 4.3 with the isotopic abundances of each element defined
in Table A.1 (Appendix A). Secular equilibrium was assumed in both decay chains. The
geometry of shielding in Geant4 was defined according to Figure 4.10.

Neutron Yields and Energy Spectra Results

In general, the magnitude of the total cross-section of («,n) reaction determines the total
neutron yield in a material. All cross-sections from corresponding data libraries for the
most common isotopes defined in the composition of selected materials are plotted in
Appendix A in Figure A.1.

Results for neutron and gamma energy spectra in individual materials are shown in
Figures 4.13 - 4.16 and yields given in Table 4.4 were calculated by integrating over the
spectra. The highest yield is obtained from Cu-Be alloy pins that contain beryllium, which
has a very high neutron yield. Relatively higher neutron rates are also in materials con-
taining boron, PMT glass and borated polyethylene, due to a large cross-section for (a,n)
reactions in ''B (Fig.4.8) and its large abundance in "B (Table A.1). The results of neu-
tron yields also show that the largest contribution to neutron yield comes from 2*?Th decay
chain. It can be explained by the fact that »*2Th decay chain has more « particles above
the threshold energy for the (a,n) reactions to occur. Statistical uncertainties are ~1% for
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TABLE 4.3: Composition of materials used in simulations

Material Density [g/cm?®] Element Mass Fraction [%] Abundance [%]

Polyethylene, (.93 H 14.3 66.54
(CHs),,
(PE) C 85.7 33.46
Borated PE 0.96 H 61.2 27.61
(5% PE(B)) C 11.6 62.36
o) 22.2 7.52
B 5.0 2.51
Iron 7.87 Fe 100 100
Cu- 8.36 Be 0.44 3.0
E‘fm Cu 99.56 97.0
Borosilicate 2.23 Si 39.13 27.26
glass
(PMT) 0 55.98 68.46
B 0.41 0.75
Na 2.93 2.49
K 0.34 0.17
Al 1.2 0.87
Iron
Water
PE + PE(B)

FIGURE 4.10: Simplified geometry of SuperNEMO shielding used in («,n)

simulation. Iron (red) enclosing the whole detector, PE and PE(B) (green)

on top and bottom, water (blue frame, transparent fill) on front, back, left
and right sides. Yellow dots - example of « source positions in top PE.
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TABLE 4.4: Calculated neutron and gamma yields from (a,n) and (a,yn)
reactions in shielding and PMT materials

Material 4+ decay chain n/decay v/decay

Fe 232Th 3.06 x10~7 9.34 x1078

Fe 238U 6.06 x10~8 7.15 x107°

PE 232Th 1.37 x1077 8.42 x1078
PE 238U 7.49 x107%  3.60 x10~8
PE(B) 2%2Th 1.09 x10=6¢  2.79 x10~7
PE(B) 23%U 8.04 x10~7 1.48 x10~7
Cu-Be alloy 238U 4.15 x107%  2.96 x10~6

Borosilicate glass 232Th 6.06x10~7  1.43 x10~7
Borosilicate glass 238U 3.42x1077  8.02x107®

neutron yields and ~5% for gamma yields. The biggest source of systematic uncertainty is
assumed due to the uncertainty in the radioisotope contamination and component masses,
which will be discussed later in the chapter.

Generally, the contribution of the excited states of residual nuclei, that are energetically
accessible, determines the shape of the neutron energy spectrum. Smaller values of neutron
energies correspond to higher excited states of residual nuclei. For gamma spectra, only
gammas from 232Th decay chain are plotted, as from 23U decay chain the spectra are the
same but with different v yields. Gamma spectra for lighter elements have characteristic
gamma lines from excited states of residual nuclei where the states are well separated, and
7 spectra for heavier elements, like Ni (from iron) and Ga (from copper), form more of a
continuum. Energy level diagrams showing the excited states observed in (a,n) reactions
of some light compound nuclei are plotted in Figure A.2 (Appendix A). Plotted 7 spectra
also give an insight to how many energy levels are populated in the (a,yn) reactions.

Iron

The composition of the iron shield is straightforward and contains only one element -
Fe. The reactions that take place are: *4Fe(a,n)’'Ni, Fe(a,n)’*Ni, 5"Fe(a,n)*Ni and
%Fe(a,n)® Ni. The biggest difference in the contribution to the neutron yield between the
two decay chains is seen in this case of iron (Fig. 4.11 (left)). Figure 4.12 shows the cross-
sections for Fe isotopes for (a,n) reaction. For the two most abundant Fe isotopes, *°Fe
and **Fe, the « energy thresholds are above 5.8 and 7 MeV, and there are five prominent
as of significant intensities with energy larger than these thresholds in 2*2Th decay chain
(from #2°Rn, 2!%Po, 2'?Bi and ?'?Po) compared to only two such as in 23U decay chain
(from 2'¥Po and 2'1Po) (see Tables A.2 and A.3).

The total y-ray yield to the total neutron yield ratios from the 232Th and 28U decay
chains are 0.3 and 0.1 respectively.

The cross-section of these reactions was taken from the TENDL library, where we have
seen from the discussion in the previous section, that they tend to be overestimated. The
obtained values of neutron yields for iron can be considered conservative, however, from
the point of view of experiment’s sensitivity, it could be considered better to overestimate
the background model rather than underestimate it.



Chapter 4. Neutron Background Sources 61

Iron - neutron spectrum Iron- y spectrum
g ——Th F 2.5x10°
[0) 238, 232
ke U g Th
c o =
3.0x107 A 2.0x10°
, 1.5x10°°
2.0x107
1.0x10°
1.0x10°°
5.0x10"°
OO T OO T T T T T T T T T
0 5 6 0o 1 2 3 4 5 6 7 8 9 10
Neutron energy [MeV] y energy [MeV]

FIGURE 4.11: Left: Neutron energy spectra from (a,n) reactions in iron
from 238U and ?*?Th decay chains. Right: Gamma energy spectrum from
(a,yn) reactions in iron from 232Th decay chain.
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FIGURE 4.12: cross-sections for («,n) reactions in Fe isotopes [92].

PE and PE(B)

In polyethylene (Fig. 4.13 (left)), the neutron energy spectrum has two prominent broad
peaks. These neutrons come only from reaction on 3C, 3C(a,n)*0, since the a energies in
28 and ?32Th decay chains are not high enough to evoke (a,n) reaction in 2C. However,
the energies are sufficient for leaving the residual ®O nucleus in an excited state, as it was
shown in the previous section (Fig. 4.6). From Figure 4.6 (right) it can be seen that there
is a big dip between the excited states in the residual 0 nucleus, and also between its
ground state and the excited states. Therefore, there must also be a big dip in the neutron
energy spectrum. Observed gamma rays in Figure 4.13 (right) come from the excited states
of 150: 6.1, 6.14, 6.92 and 7.12 MeV.

There is a noticeable difference in spectra and yields between PE and PE(B) (Fig. 4.14
(left)) which have similar composition and densities, but the yield for PE(B) is almost nine
times higher. This can be explained by the contributions of boron and oxygen to the total
neutron yield in PE(B) and a large cross-section for (a,n) reactions in 'B. The additional
reactions that take place in PE(B) are *'B(a,n)'*N and 80 (a,n)?***'Ne. There is
no contribution from °O(a,n)'Ne as the threshold alpha energy for this reaction is > 10
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MeV. In PE(B) gamma spectrum (Fig. 4.14 (right)), we can observe, for example, 3.95 and
2.31 MeV gammas from *N*, or lower energy gammas of 0.35 and 1.12 MeV from 2'Ne*,
and more.

The total v yield from PE(B) is approximately 3.5 times higher compared to the pure
PE. However, overall fewer neutrons from («,yn) reactions in PE(B) are accompanied by
y-rays, with the v to neutron yield ratios of 0.26 and 0.18 from the ?32Th and ?3®U decay
chains respectively, compared to the ratios of 0.61 and 0.48 in PE. This means that (c,n)
reactions on additional elements, present in the PE(B), feed mostly the ground states of

the final compound nuclei.
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FIGURE 4.13: Left: Neutron energy spectra from (a,n) reactions in
polyethylene from 233U and ?32Th decay chains. Right: Gamma energy
spectrum from (a,yn) reactions in polyethylene from 232Th decay chain.
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FIGURE 4.14: Left: Neutron energy spectra from (a,n) reactions in borated

polyethylene from 233U and ?*2Th decay chains. Right: Gamma energy

spectrum from (a,yn) reactions in borated polyethylene from 232Th decay
chain.
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FIGURE 4.15: Left: Neutron energy spectra from («,n) reactions in PMT
glass from 23U and 232Th decay chains. Right: Gamma energy spectrum
from (o, yn) reactions in PMT glass from 232Th decay chain.

Borosilicate Glass

The composition of this type of glass usually consists of several oxides, out of which the
SiOg is the most dominant with smaller contributions of Al;Os and B,O3. The neutron
energy spectrum of the borosilicate glass (Fig. 4.15) consists of contributions from several
reactions according to its composition defined in the simulation: 282930Si(q,n)31:3%335
10U (g, n) 314N, 17180 (a,n)22! Ne, 23Na(a,n)?Al, 2 Al(e,n)*°P, and 3*4'K(a,n)*>*Sc.
Based on the magnitude of the cross-sections and abundance of elements defined in the
material composition, the biggest contribution to the total yield comes from boron, oxy-
gen, sodium and silicon. The least contributing element is potassium. In comparison with
PE(B), the boron content of borosilicate glass is significantly lower, therefore, the broad
peak with a maximum around 3 MeV, coming from the B(a,n)N reaction, is suppressed.
Due to the influence of other elements present in this material, the overall shape of the
spectrum is smoother.

Because the cross-sections of («,n) reactions leaving the residual nucleus in the excited
state on oxygen and boron isotopes start already at relatively low « energies (< 3 MeV),
gammas from the de-excitations of Ne and N isotopes dominate in the v spectrum (Fig. 4.15
(right)). The most prominent gammas are 0.35, 1.12, 1.39 and 2.5 MeV gammas from the
80(a,n)*' Ne reaction. The alpha energies in both 23?Th and ?**U decay chains are high
enough for these reactions to occur and the total gamma to neutron yield ratios are similar,
0.24 and 0.23 respectively.

Cu-Be Alloy

For the Cu-Be alloy, only the yield from the 2*®U decay chain has been investigated''.
The main contributor to the copper-beryllium alloy neutron yield is from the beryllium:
9Be(a,n)'2C. Not only it has a high cross-section for this reaction to occur, but its isotopic
abundance in the material is also 100%. The final nucleus 2C can be in the ground
state or the 4.44, 7.65 or 9.64 MeV excited energy levels and the total neutron spectrum

U The contamination of 232Th of these pins has not been estimated.
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results from combining spectra corresponding to these different populated levels. Therefore,
several peak-like features and dips can be observed in the neutron spectrum in Figure 4.16
(left). The less common reactions are ®*%°Cu(a,n)%%®Ga which also contribute to the total
yield and influence the spectrum shape.

This material has the highest neutron yield out of all materials and additionally, it also
yields the highest number of v-rays, with the y-ray to total neutron yield ratio of 0.71.
The majority of these s (almost 87%) have energy of 4.44 MeV, and they come from the
de-excitations of both the first and second excited states of '>C (Fig. A.2 (Appendix A)).
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FIGURE 4.16: Left: Neutron energy spectra from (a,n) reactions in Cu-Be
alloy from 238U decay chain. Right: Gamma energy spectrum from (a,yn)
reactions in Cu-Be alloy from 238U decay chain.

It is clear, that the total yield in all materials depends on the material’s total activity
of 22Th and #*8U. In some cases (Cu-Be pins, PMT glass) the activities were measured,
otherwise activity limits were put on materials yet to be purchased by the collaboration.
Section 4.3 is dedicated to the overall estimation of neutron contributions of the Demon-

strator.

4.3 Neutron Contributions to the Background of the
SuperNEMO Demonstrator

Based on the summary of the neutron sources in previous sections, we can now estimate
the total neutron contribution for the Demonstrator from the ambient neutron fluxes, and
radiogenic and cosmogenic neutrons.
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4.3.1 Radiogenic Neutrons

To calculate overall neutron production rates from spontaneous fission and from (a,n)
reactions in the Demonstrator, one needs to know the activity of 232Th and ?*®U of con-
taminated components and their mass. Measured activities of PMT glass, CuBe pins and
polyethylene bricks, and iron activity limits are summarized in Table 4.5 along with their
masses.

TABLE 4.5: Measured activities and activity limits of contaminated Demon-
strator components

Mass 232Th activity 2%%U activity
Component

[kg] [Ba/kg] [Ba/kg]
PMT glass bulb* 0.65 0.390+0.098 0.86+0.22
Iron shield 230 000 <0.0005 ** <0.001 **
Feedthroughs CuBe pins 1.36 - 13.54+0.8
PE brick 1.33 <0.00151 <0.00226

PE(B) brick 1.33 0.0124+ 0.002 0.207+ 0.005

*Number of 8” PMTs=440, **target limit

These values can be used in a straightforward manner to normalize neutron yields
obtained from calculations from Table 4.1 (SF) and MC simulations from Table 4.4 ((a,n)
reactions) to obtain contributions from individual neutron sources.

Several assumptions were taken into account while calculating neutron production from
contaminated materials: the mass, volume and surface of PE and PE(B) bricks is assumed
to be the same and thickness of 1 brick is 8 cm'?. Currently'?, the design of SuperNEMO
shielding considers 18 cm of iron against gammas on each side of the detector with the addi-
tion of water on all lateral sides and polyethylene bricks on top and bottom or polyethylene
bricks on the back side of the detector instead of water. This way, we can estimate that
approximately 1539 bricks and 992 bricks of polyethylene are needed to cover the top and
back sides respectively. The surface of the top and bottom shielding is also assumed to be
the same.

Calculations of total radiogenic neutron production from contaminated materials are
summarized in Table 4.6. For the CuBe alloy pins, it also shows v production from excited
states of 12C* after («,n) reactions out of which the majority, ~1536 ~s/year, are above
4 MeV (see v spectrum from Fig. 4.16). Other « contributions from (o, ny) reactions can
be neglected, as they either do not reach high yields for relevant energies (e.g. PMT glass,
iron) or they are expected to get shielded by their subsequent attenuation by the iron shield
(the case of PE and PE(B)).

In all cases, spontaneous fission dominates the neutron production, except for the CuBe
alloy feedthrough pins where the cross-section for («,n) on beryllium is high enough to
take over.

Uncertainties in the (c,n) calculations can come from several sources and are still widely
discussed and investigated within the scientific community as they are not well understood.
They can come from the definition of material composition where the exact composition
is often vaguely provided by the supplier and whether or not an element (or isotope)

12These are the dimensions of bricks currently under consideration.
13Tn the time of writing this thesis.
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TABLE 4.6: Contributions to neutron production from contaminated mate-
rials under investigations

Material Total mass/Surface Process n/year, v/year”
PMT glass 286 kg (a,n) Th 2133.0
(a,n) U 2654.9
SF U 8460.3
CuBe pins 1.36 kg (a,n) U 2406.8
SF U 631.1
(a,n) s from 12C* 1714.0%
Iron shield 230 000 kg (o,n) Th 1110.5
(a,n) U 439.8
SF U 7911.3
PE bricks Top side (a,n) Th 13.4
~31m? (a,n) U 10.9
SF U 159.1
Back side (a,n) Th 8.6
~20m? (a,n) U 7.0
SF U 102.5
PE(B) bricks Top side (a,n) Th 844.8
~31m? (a,n) U 10749.7
SF U 14573.6
Back side (a,n) Th 544.4
~20m? (,m) U 6926.5
SF U 9390.4

appears in the material at all can make a big difference. There is also some variance in
reported natural abundances of elements used in calculations. Another uncertainty can
come from stopping power calculations of « particles in matter and reaction cross-sections,
where theoretical predictions disagree significantly with measurements, and uncertainties
on measurements are typically large (often 10-20%). Moreover, some measurements of
cross-sections of the same isotopes are in disagreement. This should all be taken into
account when predicting radiogenic neutron production, however, as there are a lot of
complex systematics in these measurements and calculations it is not easily predicted.
Therefore, the biggest contribution to overall uncertainty is assumed to come from the
uncertainty of material activity and often only this is considered.

It is important to note again that understanding the radiogenic neutron production is
essential in rare event searches and that it is very much an evolving research field with many
future plans to reduce the uncertainty in the sensitivity of next generation experiments.
Such plans include a thorough review of the existing tools for (a,n) yield calculations and
the available cross-section databases, plans to improve the accuracy of the estimates and
novel ideas for (a,n) cross-sections measurements. This is outside of the scope of this
work, but it represents a new potential approach in future, where this work may serve as
a reference point. In summary, evaluating the systematics associated with backgrounds in
underground laboratories by analytical or Monte Carlo methods is currently at an early
stage.
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TABLE 4.7: Muon induced neutron yields and production rates in Fe for
different mean muon energies

Fe density [g cm™] Fe thickness [cm] Interaction length [g cm™?] p fAlux [pm=2d™!]
7.87 18 141.66 ~5
Average i energy 4 induced n yield in Fe* Production Muon induced n flux
[GeV] [ (g cm )] [ ] [ cm~2s~]
10 9.10x107° 0.013 7.46x107H
11 1.32x1074 0.019 1.08x10710
12 5.40x1075 0.008 4.43x10711
17.8 1.69x10~4 0.024 1.39x 10710
20 9.80x107° 0.014 8.03x10~H1
40 1.30x107% 0.018 1.07x10710
40 3.31x10~* 0.047 2.71x10710
80 1.70x10~* 0.024 1.39x10710
150 3.30x107* 0.047 2.71x10710
280** 1.64x1073 0.232 1.34x107°
385 2.03x1073 0.288 1.66x1079

*Dependance of neutron yield in Fe (data from [51, 52])

**Closest measured mean energy to E, psp= 255.0(45) GeV

4.3.2 Cosmogenic Neutrons in Iron

In general, the flux of cosmogenic neutrons is considered to be negligible [61]. Very little
data is available from measurements and simulations of muon induced neutron yields in
LSM. It is generally accepted that the neutron production at a certain depth can be
approximated by assuming that neutrons are produced by muons, all having mean energy
corresponding to this depth. As it was described in Section 3.1, they are predominantly
created in high Z materials such as lead or iron used for gamma shields. In SuperNEMO,
iron shielding is considered. We can estimate the neutron yield in iron using available
measurements for different muon energies in underground environments or by using the
universal formula from Equation 3.4. Muon induced neutron yields and production rates
in Fe from available literature for different mean muon energies are summarized in Table 4.7
and plotted in Figure 4.17.
Using the universal formula for iron and average muon energy from Equation 3.8 we
get:
Fe(A=56):Y'F =1.71 x 10*npu~ " (gem™2) 7! (4.15)

For 18 c¢m thick iron shield we can estimate the interaction length ~ 141 cm, and use muon
flux from Equation 3.7, which yields approximately 1.4 x107? n cm~2s~!. This flux is by
3 orders of magnitude lower than fast and thermal ambient neutron fluxes and moreover,
energies of these neutrons extend to high values, therefore we conclude that these neutrons
do not contribute significantly to the background of the SuperNEMO experiment.
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F1GURE 4.17: Dependance of muon induced neutron yield on the average
muon energy in Fe (data from [51, 52])

By far the biggest contributions constitute the ambient neutron fluxes. We can esti-
mate their contribution in n/year by taking into account the measured fluxes from Sec-
tion 3.3.5 and calculating the number of neutrons entering the surface of the detector which
is known. Figure 4.18 summarises the rate of different neutrons sources estimated in this
work, wherein radiogenic neutrons only neutrons from iron, PMTs, CuBe pins and pure
polyethylene bricks are accounted for'*. Thus, the task to optimize the neutron shielding
in terms of its thickness becomes important.
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FIGURE 4.18: Contribution of neutrons from different neutron sources

MPE(B) bricks are excluded to see how low the neutron production can be achieved
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4.4 Neutron Capture Gamma Cascades

Neutron induced background in the SuperNEMO experiment is expected to arise primarily
from the (n,y) reactions. However, SuperNEMO simulation software is based on Geant4
which has a known issue of not being able to reproduce (n,y) reactions properly because
correlations between gammas in individual gamma cascades in de-excitations are not taken
into account correctly [115, 116, 117]. This prevents energy conservation in neutron capture
events, which is crucial in many applications [115] and it can lead to rather unreliable results
and difficulties when simulating electromagnetic calorimeters or overall detector response
to neutron interactions.

This problem can be solved by separate simulation of gamma de-excitations using dedi-
cated gamma decay software DICEBOX [118] to make sure cascades are generated accord-
ing to the available data and that the correlations between v-rays are correctly taken into
account. Section 4.4 describes the basic theory and assumptions of neutron capture gamma
cascades and the results of DICEBOX thermal neutron captures simulations on iron and
copper (abundant metals used in SuperNEMO Demonstrator constructions materials) are
discussed later in Section 4.4.3.

The work discussed in this section was done with collaboration with the DICEBOX
software developers from Charles University in Prague.

4.4.1 Neutron Radiative Capture

neutron @y @ P-particle
o

6 i Neutron ’ @ Radioactive
capture ‘ s, decay

Target Compound .
nucleus “u ’\\
y . Prompt- '
z X A}] X gamma A}] X -
radiation \

. Decay
SHXT gamma X
- radiation

FIGURE 4.19: Scheme of (n,7y) reaction [119]

Neutron radiative capture, (n, 7y) reaction, is the process when a target nucleus absorbs
a neutron to form a heavier nucleus, which then de-excites by means of electromagnetic
transitions, including emission of prompt 7-rays, internal conversion or internal pair pro-
duction. The excited nucleus loses energy in a transition to a state lower in energy in the
same nucleus. The de-excitations from the state with higher excitation energy to the state
with lower excitation energy can generally proceed via a cascade of transitions with many
intermediate levels [120]. Typical quantities that characterize the cascade 7 emission are
the energy of emitted ~-rays, y-ray multiplicity and populations of individual levels [120].

The probability of a particular transition depends upon the quantum numbers of the
state and the transition energy. In thermal neutron capture, the compound nucleus 4+1X
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F1GURE 4.20: Simplified scheme of y-ray transitions after neutron capture

is formed with excitation energy slightly above the neutron separation energy S,, threshold
[121]. The excitation energy of the compound nucleus is equal to the sum of S,, and the
neutron kinetic energy E,,. At the lowest excitation energy region, the individual levels
in the nucleus are well separated, their energies, spins, parities and ~-ray de-excitations
are known and can be predicted by nuclear models, but with increasing excitation energy;,
nuclear levels become more difficult to resolve and above some critical energy, E..;, these
levels form a continuum (simple scheme of nuclear level distribution is shown in Figure 4.20,
with blue lines showing an example of possibilities of realization of v-ray transitions) [120,
121]. With increasing excitation energy, the nature of these levels becomes complicated
and the only way to describe the level density seems to be the use of a statistical model.
During the de-excitation of a medium-heavy or heavy nucleus, a large number of levels in
the energy range from zero to the S, is populated and the spectrum of emitted ~-rays is
thus very complex.

The two entities responsible for the emission of + cascades in the neutron capture
reactions are the level density (LD) and the photon strength function (PSF) [120]. The
mean value of a partial radiative width, I’fj(cL , of corresponding transition of v-ray decay
with an energy E,= E; - E; is [121, 122]:

PR B

<Ifh >=
i )O(Emjlaﬂ-l)

(4.16)

where X L' denotes the multipolarity of the transition, E;, E; are energies of initial and
final states, f* is the photon strength function and p(E;, J;, 7;) is the level density model
depending on energy F, spin J and parity 7 of the initial state. Thus, Equation 4.16 can
be rewritten for the PSF of type and multipolarity XL:

< U5 > p(Ei, Ji,mi)

fXL<E7) E2Li (4.17)

15X stands for type of transition, L stands for associated multipole moment (X = E is electric and
X = M is magnetic multipole operator of given multipolarity L)
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FIGURE 4.21: Representation of the Brink-Axel hypothesis for photoexci-
tation (photo-absorption) and neutron capture [123]

From Equation 4.17, it is seen that the PSF represents the distribution of average,
reduced partial y-transition widths, and so it describes the average probability to emit ~
radiation with a given vy-ray energy.

While the strength function from Equation 4.17 is related to 7 decay'®, a photo-
absorption strength function'” is determined by the average photo-absorption cross-section
< oX(E,) > summed over all possible spins of final states [123]:

< UXL(Ef7 ‘]fa Tfs E’Y) >
(L + 1)(xhc)? B2+

fYE,, By, Jp mp) = (4.18)

The basis of the treatment of vy-ray transition probabilities in the concept of PSF is
the so-called Brink-Axel (BA) hypothesis [124, 125] that assumes that the total absorption
cross-section depends only on transition energy E, and does not depend on other char-
acteristics of the initial and/or final states [126]. In other words, the photo-absorption
cross-section on an excited state will have the same shape as the photo-absorption on the
ground state (Fig. 4.21), and so the strength function from Equation 4.18 can be used as
a substitute for the strength function in Equation 4.17 [123].

Hence, PSFs can be evaluated from measurements of total photo-absorption cross-
sections as well as from neutron radiative capture measurements, if data are available.
Where the data are not available and the PSFs are not well known, theoretical models are
usually proposed.

160ften reffered to as “downward” strength function (see Fig.4.21)
170ften reffered to as “upward” strength function (see Fig.4.21)
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4.4.2 Internal Conversion (IC) and Internal Pair Production
(IPP)

Internal conversion and internal pair production (conversion) are decay modes that compete
with v emission as a de-excitation process of excited nuclei.

IC results in the emission of an orbital electron of the same atom after absorbing the
excitation energy of the nucleus. The kinetic energy of IC electron is equal to the energy of
the transition between excited and lower energy states of nucleus minus the binding energy
of the electron, E. = E; — Et — Eyinding-

An excited nucleus can also decay electromagnetically by emission of an electron-
positron pair provided that the nuclear transition energy exceeds 2m.c? (1.022 MeV). The
particles emitted in the IPP process share the available kinetic energy, Ei ansition — 2MmeC.

The conversion coefficients are defined as the ratio of the electron/electron-positron pair
emission rate to the gamma emission rate. Knowledge of accurate IC and IPP coefficients
is needed in the determination of total transition rates.

4.4.3 Gamma Cascades from Thermal Neutron Capture on Fe
and Cu Isotopes

Results presented in this section were obtained by the DICEBOX ~-decay simulation code.
Input data for selected studied isotopes (Table 4.8) include the knowledge of transitions,
PSF and LD models, and IC and IPP conversion coefficients. DICEBOX generates the
full level scheme of each isotope according to available data and any missing information
is provided with the use of statistical model.

TABLE 4.8: Abundance of studied Fe and Cu isotopes and neutron separa-
tion energies for compound nuclei

Isotope Abundance [%)] Reaction S, of CN [MeV]

4Fe 5.85 4Fe(n,y)* Fe 9.298
%6 Fe 91.75 % Fe(n,y) " Fe 7.646
63Cu 69.17 63Cu(n,y)%Cu 7.916
65Cu 30.83 65Cu(n,y)%Cu 7.066

The knowledge of transitions for all isotopes was adopted from corresponding ENSDF!#
files from the electronic database of evaluated experimental nuclear structure data [127,
128], and from reference [129] for Fe and reference [130] for Cu. IC and IPP coefficients
were taken from the internal conversion coefficient database, Brlcc [131]. For Fe isotopes
QRPA calculations were used for E1 a M1 transitions, single particle approximation for E2
transition and Constant Temperature Formula (CTF) for LD [132], this combination being
relatively well tested for iron [129]. For Cu isotopes traditionally used models are standard
Lorentzian for E1, M1 and E2 transitions and Back Shifted Fermi Gas model (BSFG)
for level density [132]. PSF models for Fe and Cu are shown in Figures 4.22 and 4.23
respectively (E2 PSF is multiplied by the square of E, to ensure units comparable to M1
and E1 PSF. It is summed to M1 PSF, because M1 and E2 transitions have similar selection

BEvaluated Nuclear Structure Data File
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rules - they do not change parity and can therefore occur between the same two levels, and
mixed M1 + E2 transitions can be observed).
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FIGURE 4.22: PSF models used in DICEBOX simulation for Fe isotopes:
QRPA calculations for E1 and M1 transitions, single particle approximation
for E2 transition and Constant Temperature Formula for level density.
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F1GURE 4.23: PSF models used in DICEBOX simulation for Cu isotopes:
standard Lorentzian for E1, M1 and E2 transitions and Back Shifted Fermi
Gas model for level density.

In DICEBOX, 100 000 thermal neutron captures were simulated. Obtained results
for each isotope include 7 spectra following thermal neutron capture, individual s in
cascades, lengths of individual cascades and contributions from de-excitation from IC and

IPP. Results of 10° cascades in a nuclear realization simulated in DICEBOX are presented
in Figures 4.24 - 4.26.
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Figure 4.24 shows plots of sums of gammas in generated cascades. It can be seen that
in all cases, the majority of events have energy equal to the neutron separation energy
S, of compound nucleus, the mean value is = S,, (S, values are in Table 4.8). Therefore,
~ emission dominates all de-excitation modes. In other cases, the de-excitation process
proceeds via y emission in combination with IC and/or IPP, and so the electrons or e™ —e*
pairs carry away the remaining energy.
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FIGURE 4.24: Sums of gammas in 100 000 generated neutron captures on
Fe and Cu isotopes

Figure 4.25 shows the energy distribution of individual gammas in cascades, therefore
the number of entries is always larger than 100 000. It can be seen that the de-excitations
proceed via different transitions with many intermediate levels and the gammas cover a
wide range of energies. Only for *Fe and %*Cu, the de-excitation happens through the
emission of gamma with energy equal to the S,, in most cases. This can also be seen from
the length of gamma cascades in Figure 4.26, where the mean number of gammas in °Fe
cascades is 1.6, and 2.2 in %*Cu cascades. The biggest number of gammas is emitted in
cascades of %°Cu. In comparison to iron isotopes, in copper, there is a larger number of
transitions proceeding to the low-lying excited states of the product nuclei. Namely ~-rays
of 159.3 and 278.3 keV in %Cu, and ~-rays of 185.9 and 465.2 keV in ®*Cu have high
intensities. For °Cu, the E,=185.9 keV is also the strongest transition. The strongest
high energy transitions are: E,=9.23 and 8.88 MeV for *Fe, E,=7.64, 7.27, 6.02 and 5.92
MeV for °"Fe, E,=7.91, 7.64, 7.31 MeV for *Cu, and E,=6.60, 6.68, 5.32 and 5.25 MeV
for %Cu.
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FicURE 4.25: Individual gammas in 100 000 generated neutron captures on
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FIGURE 4.26: Lengths of cascades for Fe and Cu isotopes
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Plots for IC (Fig. 4.27) show ~ energies contributing to IC (energy absorbed by orbital
electron'?), the kinetic energy of the electron is then smaller by its binding energy. In
all cases, IC is important for low energy nuclear transitions with the mean energies being
lower than 1 MeV. This agrees well with the theory that internal conversion is favoured for
low energy transitions [133]. The biggest IC contribution can be seen in 5"Fe for the lowest
energies, which is most likely due to high IC coefficients for these transitions, for example,
ICC=8.54 for E,=14.4 keV transition [129].
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FIGURE 4.27: Results of IC

Plots for IPP (Fig. 4.28) show total energies of e~ — e™ pairs, the kinetic energy of
the pair is then smaller by 2m.c?. A substantial amount of energy can be carried away
by e~ — e™ pairs with mean energies close to the value of S,, in most cases. However, the
contribution of the IPP process is overall very small with the number of entries ranging

only between 218 - 238.

19The exact quantum of energy lost by a nucleus.
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FIGURE 4.28: Results of IPP

4.5 Summary

The main objective of this chapter was to evaluate neutron production rates and their
energy spectra from sources that could potentially contribute to the background of the Su-
perNEMO experiment. These sources include spontaneous fission of uranium and thorium
isotopes, (a,n) reactions and muon induced neutrons.

Each radiogenic source has its dedicated section in the chapter which includes a short
theoretical overview of the process and a summary of approaches and simulation tools
to calculate the total neutron yields and their energy distributions. Based on extensive
research in the available literature, I used the best performing tools, formulas and data
libraries to calculate and evaluate these neutron contributions.

From spontaneous fission, only 238U is of concern, due to its higher branching ratio
for this process?. The number of spontaneous fission neutrons emitted per decay of 233U
is approximately 1.1 x 107%. In comparison, neutron yields from (a,n) reactions were
found to be lower in most cases, except for a material containing Be. For this reason,
spontaneous fission dominates the neutron production for construction materials used in
the Demonstrator.

The energy spectra of these neutrons are soft, extending to ~12 MeV, with mean
energies centered around 1-2 MeV for SF and 1-5 MeV for (a,n) reactions in studied
materials.

20Compared to 23°U and 232Th.



Chapter 4. Neutron Background Sources 78

For each process, also the average number of produced v-rays was determined, as ~-
rays and their interactions in the source foil may lead to the background event production.
The average energy of these y-rays is ~1 MeV in the case of spontaneous fission. These
energies are not of concern for the energy region of interest of the SuperNEMO experiment.
The 7-ray energies can extend up to ~10 MeV in the case of (a,n) reactions in studied
materials, however, the gamma yields are relatively low in most cases.

Higher gamma yields may, however, arise from secondary radioactivity of neutron cap-
ture reactions. Therefore, gamma cascades from (n,y) reactions in metals of high mass
in the Demonstrator were studied in the last section of this chapter. Energies of y-rays
of the highest intensities from neutron captures on copper and iron isotopes, which are of
concern for the energy ROI of the SuperNEMO experiment, extend from 4 to 9.3 MeV.
Electrons and electron-positron pairs, associated with internal conversion and internal pair
production®!, have negligible rates or energies compared to the v-ray cascades.

We can conclude, that from the point of view of the high energy ~-ray induced back-
ground, the dominant sources, that should be investigated, are vy-rays from captures of
radiogenic neutrons on Fe and Cu isotopes, and 7-rays from (a,ny) reactions in CuBe alloy
pins that reach higher yields for energies above 4 MeV. The study of these y-rays in the
geometry of the Demonstrator is the objective of the next chapter.

21De-excitation modes competing with y-ray emission.
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Chapter 5

Monte Carlo Simulation of External
Background in the SuperNEMO
Experiment Induced by High Energy
Gamma Rays

Simulation of high energy + induced background in the SuperNEMO Demonstrator consists
of two parts:

1. Simulation of ambient high energy + induced background
2. Simulation of neutron induced background

Each simulation has its own dedicated section in this chapter. Firstly, the SuperNEMO
simulation software is described in Section 5.2. The method and results of external am-
bient v-ray induced background simulation are presented in Section 5.3, and Section 5.4
is dedicated to the complex analysis of neutron induced background. Each of these parts
also contains a subsection dedicated to the analysis of attenuation of ambient radiation by
shielding.

5.1 High Energy External Background Sources of the
SuperNEMO Experiment

As it was described in Section 2.3, the external background of the SuperNEMO detector
originates from radioactive contaminants outside the source foil, and which interact with
the detector. An important component of this background are high energy ~-rays (>
4 MeV) coming from the LSM laboratory environment that can lead to 2 electron events
(mainly through pair production when the sign of the positron track curvature is incorrectly
reconstructed).

Another important source of high energy ~-rays are neutron capture reactions on metals
in construction materials - primarily iron and copper due to their large mass present in
the detector. Elastic scattering of fast neutrons doesn’t contribute to 2 electron events and
therefore mainly thermal neutron captures are of big concern, because they lead to gamma
emission from excited nucleus which can then interact with the source foil:

n—5 X =5 Xt =0T X 4. v — interaction in foil — 2 (5.1)
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These neutrons can be ambient - coming from the laboratory - or internal to the detector -
originating from nuclear interactions in construction and shielding materials of the detector.

The aim of this work is to simulate and estimate the background contributions from
high energy gamma rays coming from the underground environment and (n,y) reactions
that constitute a major source of background to almost all underground experiments.

The analysis method is based on simulating gamma and neutron fluxes from their
source positions according to their energy spectra and analyzing the detector’s response.
Calculations or measurements of gamma and neutron yields and their energy spectra are
important for establishing their contribution to the background of the experiment, as the
total yield indicates the number of particles that enter the sensitive volume or that are
produced in the target material, and their energy spectrum determines the total number
of expected background events in the region of interest.

Where measurements are available these data on fluxes and energy spectra are used
(summarized in Sections 3.3.3 and 3.3.5), otherwise, we rely on theoretical calculations and
simulations exploiting various software and approaches described in Chapter 4.

5.2 SuperNEMO Simulation Software - Falaise

All Monte Carlo simulations of external background were performed using the Falaise soft-
ware [134] and analyzed using ROOT [135] and Sensitivity Module [136] (Falaise pipeline
module to process selected data) developed by a member of SuperNEMO collaboration.

Falaise is the software system developed for the SuperNEMO experiment based on
Geant4. It provides the main computational environment for the simulation, processing and
analysis of data. It includes the full geometry of the detector. The three main components
of the software are:

o core library: libFalaise
e main detector simulation application: FLSimulate

e main reconstruction application: FLReconstruct

FLSimulate’s task is to simulate the generation and passage of particles through the
SuperNEMO detector, recording the detector response and writing this to an output file.
FLReconstruct’s task is to read data from an output file generated by the SuperNEMO
simulation, perform reconstruction on each event in the data, and write the reconstructed
data to an output file. Falaise also provides FLVisualize, which is the main detector/event
viewer GUI used to display simulated and reconstructed events. Figure 5.1 displays the
visualization of the main parts of the SuperNEMO demonstrator in the Falaise software
from the top, side and front view.

The visualization of a simulated Ov33 event in Falaise with a common vertex in the
source foil and two calorimeter hits each associated with a track with negative curvature
is in Figure 5.2. The ultimate goal of simulation of the y-ray induced external background
is to study and to identify events that mimic the 2 electron topology of Ovj3p.

5.3 Ambient Gamma Ray Induced Background

The first important step in simulation is to have input data, which in this case means to
have ambient LSM ~-ray fluxes.
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SuperNEMO Demonstrator

FIGURE 5.1: Visualization of the main parts of the SuperNEMO demon-
strator in the Falaise software

FIGURE 5.2: Visualization of a reconstructed Ov33 event simulated in the
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The extracted 7-ray fluxes measured in the LSM for each energy interval above 4
MeV summarized in Table 3.5 of Section 3.3.3 can be used for further investigations of
the background of detectors operating in the LSM. A spectrum of these fluxes can be
approximated by a flat spectrum in each interval, normalized to a measured value of flux,

I;

according to Figure 5.3
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FIGURE 5.3: Generated flat primary LSM ~ energy spectrum

The second step is to estimate the flux entering the detector after the installation of
passive shielding.

5.3.1 Simulation of y-ray Attenuation by Shielding

The main objective of this task has been to evaluate LSM v-ray attenuation and investigate
different shielding configurations for the SuperNEMO experiment. For this purpose, a
simple Geant4 simulation has been used. Shielding of basic rectangular parallelepiped
shape of given material was built around the detector and fluxes passing through the
shield and reaching the detector were simulated. To stop the particles from backscattering
and counting them more than once, each particle was killed after it reached the detector.
LSM ~ fluxes were shot towards the detector and attenuated fluxes for energy ranges 0-2,
2-4, 4-6, 6-7, 7-8, 8-9 and 9-10 MeV were extracted.

Following shielding materials and thicknesses were studied: 3, 6, 9, 12, 15 and 18 cm of
iron, plus either 0, 1 or 2 cm of copper placed between the detector and the iron shield.
These high Z materials are the main shielding materials against v radiation.

Figure 5.4 shows the results of this simulation. The total vy-ray flux in LSM decreases
with the thickness of the shielding material as expected. At 18 cm of iron, the influence
of copper seems to be negligible as all fluxes have been asymptotically decreasing to the
same value. This suggests that from the point of view of external y-ray flux suppression,
18 c¢m of iron with no addition of copper is sufficient.

TABLE 5.1: Densities of studied materials

Material  Density [g/cm?]

Iron 7.87
Copper 8.96
Polyethylene 0.941

Water 0.997
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TABLE 5.2: Attenuated v fluxes for different shielding configuration in each
energy interval

Flux in energy interval [y cm~?s7]

0-2 MeV  2-4 MeV 4-6 MeV  6-7 MeV  7-8 MeV 89 MeV  9-10 MeV | Total flux*

18 cm Fe 7.55x107%  2.00x107% 1.82x107% 6.02x107Y 5.47x107° 2.57x1071% 1.63x1071° | 1.26x1077

18 cm Fe + 50 cm H,O 9.43x107" 3.05x107° 1.99x107? 5.60x107 5.78x1071° 3.38x107'' 1.92x107™ | 1.57x1078
18 cm Fe + 20 cm PE 5.82x107% 1.99x107% 1.66x107% 5.62x1079 4.92x107 2.66x107'" 1.54x107* | 1.06x10~7

*LSM flux > 4 MeV:
P, = (7.02 £2.10) x 10" yem =257

LSM y-ray flux attenuation - Copper + Iron
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FIGURE 5.4: Simulation of attenuation of «-ray fluxes in the LSM after
passing iron and copper wall shielding

Additional attenuation is achieved with neutron shielding materials, although their
attenuation power is lower due to lower density (Tab. 5.1):

« Combination of iron and water
o Combination of iron shield and polyethylene

Because the size of shielding is constraint due to limited space in the LSM laboratory,
and price and installation are also key factors, maximal suggested thicknesses of water and
polyethylene are 50 and 20 cm respectively. Each side of the detector may be covered by
a wall of different shielding. Table 5.2 shows attenuated v fluxes for different material
configuration in each energy interval, which can be used to further investigate optimal
detector shielding.

Shielding properties against neutrons will be discussed in Section 5.4 regarding neutron
simulations.

5.3.2 Simulation of Ambient v-rays in Falaise

Once all the input data for the Falaise software are available, the response of the Demonstra-
tor detector can be investigated through Monte Carlo simulations. As a vertex generator
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FiGURE 5.5: Example of Falaise visualization of vertices of generated -~y
particles from separate sides of the detector

(starting position of primary particles) so called "box model vertex generator' was used,
since the external LSM ~ flux comes from the surrounding environment of the detector.
This generator fully encloses the detector from each side. Primary particle () energies
were generated from "flat energy generator" in each energy interval up to 10 MeV (0-2, 2-4,
4-6, 6-7, 7-8, 8-9 and 9-10 MeV). This generator randomly chooses the particle energy from
the flat spectrum in a given energy range from E,,;, to E,4z.

Since the attenuation of the fluxes depends on shielding configuration (material and
its thickness) and each side of the detector will likely use a different configuration, the
simulation in Falaise is divided accordingly: events were generated separately for each
side of the detector in each individual energy interval. Figure 5.5 shows an example of
simulated event vertices from the top, left and front sides of the detector. The total
number of simulated events in each such category "side+energy interval” was 500 million
making it 7 x 500 million, events = 3.5 billion events for each side.

All simulated data were then reconstructed using FLReconstruct. After simulation and
reconstruction were complete, I looped through all events in ROOT to apply selection cuts
to extract events in the desired topology.

Selection Cuts

For background events in 2 electron topology (2e~), only electrons are allowed. Selection
criteria used to extract background events mimicking the signal follow the reconstruction
described in Section 2.1.5 in more detail. To briefly summarize the main criteria, they go
as follows: event needs to have exactly 2 reconstructed calorimeter hits over 50 keV, of
which 1 is over 150 keV. Electron is selected as a track with associated calorimeter hit with
a negative curvature of the track!. Both electrons need to have a vertex on the source foil.

One of the main requirements for the signal is, that it must originate from inside the foils
placed in the center of the detector, meaning the event must be internal. In establishing
the origin of the event, whether the event is internal or external (from an external source),
internal and external TOF probabilities are calculated.

IThe tracks of charged particles are bent in the magnetic field.
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5.3.3 External High Energy v Induced Background Events -
Results

Results of the Falaise simulations were then normalized to time of one year, the corre-
sponding surface of a side of the vertex generator and corresponding flux in each energy
interval. The effect of flux attenuation by passive shielding can be seen in a comparison
between deposited energy in calorimeter of all events without any selection cuts applied in
Figure 5.6. In this case, the iron shield has a thickness of 18 cm, and the geometry of the
neutron shield is 50 cm of water on lateral sides of the detector and 20 cm of polyethylene
on top and bottom (Table 5.2). The drop in the spectrum without shielding in the energy
range below 4 MeV is due to the fact that measured LSM ~ fluxes were given from 4 MeV
higher and only these fluxes were simulated. The LSM fluxes above 8 MeV are two orders
of magnitude lower compared to fluxes from 4-8 MeV, therefore there is a drop in this
region in the spectrum.

—— Without shield
— With iron shield

With iron and neutron shield

B
B

6 8 1
E [MeV]

FI1GURE 5.6: Comparison of deposited energy in calorimeter with and with-
out passive shielding

Following histograms show the distributions of summed electron energies of events that
passed the selection criteria of background topology. The region of interest (ROI) in the
SuperNEMO experiment is the energy interval around the Qgg value of ®2Se, and that is the
interval (2.8,3.2) MeV. The simulation was performed for each energy interval separately
and it is, therefore, possible to see individual contributions to background events from these
fluxes. This is plotted in Figure 5.7. The smallest contribution comes from fluxes above
8 MeV because the LSM fluxes in this energy region are two orders of magnitude lower
compared to fluxes from 4-8 MeV (see Table 3.5). Moreover, the maximum of summed
electron energies is shifted towards higher energies with a lower rate in the ROI around
the Qg value of 32Se.

Similarly, we can also see contributions from individual sides, especially before and after
shielding in Figure 5.8. The geometry of the Demonstrator is symmetrical and the results
remain the same (within small statistical fluctuations) for opposite sides, and therefore
the results are plotted for Top/Bottom, Left/Right and Front/Back sides. The biggest
contribution after iron and neutron shield comes from the top and bottom sides, where the
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FiGURE 5.7: Background rate in the 2e~ channel coming from individual
fluxes of each energy interval (simulation without shielding)
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FicURE 5.8: Background rate in the 2e~ channel coming from individual
sides without any shielding (left) and with iron and neutron shield (right)

~v-flux is shielded the least due to the lower thickness of polyethylene used on these sides

compared to water on other sides (Table 5.2).

Figure 5.9 shows the total external gamma induced background in the 2e~ channel.
Total background rate in the 2e~ channel can be obtained by integrating the histograms

and these results are given in Table 5.3.

The expected number of external gamma induced background events without the use of
passive shielding is 3.01 £ 0.41 (stat) 4+ 0.91 (syst). This number is reduced down to 0.016
+ 0.002 (stat) & 0.005 (syst) by using iron shield against y-rays and even lower to 0.008
+ 0.001 (stat) £+ 0.002 (syst) by a combination of iron and neutron shield. These results
show, that with the use of the proposed shielding, no external gamma induced background
event is expected in ROI after a year of running the experiment.

We can compare it with the expected number of background events from other external
sources, described in Subsection 2.3.2, coming from 2°*T1 and ?'“Bi contamination of PMTs
and radon contamination of source foil surface, tracker wire surface and field wire bulk.
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Ficure 5.9: Background rate in the 2e™ channel - total external gamma
induced background

TABLE 5.3: Number of expected background events in ROI

Number of events in ROI /year
No shield Iron shield Iron and neutron shield

3.01 £ 0.91 0.016 &= 0.005 0.008 £ 0.002

And from internal background sources - 2*8T1 and 2'*Bi contamination of source foil bulk.
The number of expected events after 2.5 years of exposure planned for the Demonstrator
from these sources is currently 2.93 & 0.42 (stat) £ 0.17 (syst)?. Compared to these internal

and external sources, the ambient gamma rays coming from the laboratory environment
become negligible after the use of passive shielding.

2Preliminary internal analysis of collaboration
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5.4 Neutron Induced Background

To analyze the background induced by high energy gammas from neutron capture reactions,
and to avoid the unreliable and undesirable cascade production in Geant4, the simulation
was split into several steps:

1. Obtain input neutron energy spectra and neutron fluxes or neutron yields from avail-
able measurements or simulations

2. Generate input spectra in the Falaise software from their source positions

3. Extract neutron capture positions and fractions of captured neutrons on iron and
copper isotopes in the detector from the Falaise simulation

4. Generate neutron capture gamma cascades from obtained capture positions

5. Analyze detector’s response and obtain the expected number of background events
in the 2 electron channel

Input energy spectra and neutron production rates, yields and fluxes from step 1 are divided
into two categories: ambient neutrons and neutrons internal to the detector from material
contamination. The ambient neutrons were discussed in Section 3.3.5 and contributions
of internal neutrons were summarized in Section 4.3 (their energy spectra are discussed in
detail in Chapter 4). Simulations in step 2 were then performed separately for thermal
ambient neutrons, fast ambient neutrons and individually for radiogenic neutrons from
each decay chain (***U and ?*2Th) - spontaneous fission neutrons and (a,n) reactions - for
PMT glass bulbs, iron shield and CuBe alloy feedthrough pins. Only spontaneous fission
of 28U was considered as the contribution from other radionuclides is negligible in this
decay mode. Vertices of source position of shielding materials were generated similarly to
external s - from box model generator enclosing the detector (Fig. 5.5) and for PMT
glass and CuBe alloy pins from the bulk of the material according to Figure 5.10.

PMT glass bulk

CuBe pins

FI1GURE 5.10: Example of Falaise visualization of vertices of generated neu-
trons from bulk of CuBe pins and PMT glass

In step 3, for each simulation of step 2, the capture positions were extracted for each of
these isotopes: **Fe, *°Fe, %3Cu and %Cu. The fraction of neutron captures represents the
number of captured neutrons on individual isotopes out of all generated neutrons. Physical
processes are well implemented, tested and optimized in Geant4 for such task. This step
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is described again in Subsection 5.4.2 in more detail. The problem arises with subsequent
(n,y) reactions. The extracted positions were then used as vertex generators for gamma
cascades obtained from the DICEBOX simulation in Section 4.4.3 in the 4th step. In step 5,
the background rate in the 2 electron channel was analyzed following the reconstruction
and selection criteria described in Section 5.3.2.

5.4.1 Simulation of Neutron Attenuation by Shielding

Similarly to the external « flux analysis, attenuated neutron flux and spectrum have to
be obtained. The study of shielding performance of different materials and thicknesses
for ambient neutron attenuation was previously conducted and discussed by a member of
SuperNEMO collaboration in work [116]. In this work, only fast LSM neutron flux was
considered. For purposes of my work, the code and approach of work [116] was utilized,
but the simulation was split for thermal and fast neutrons separately. The approach of
the simulation consists of propagating neutrons from LSM spectrum through a simple
wall of polyethylene (PE), borated polyethylene (PEB), water, borated water (waterB),
and through a combination of these materials with 18 cm of iron. The incoming neutron
spectrum was normalized to 107® n s tem ™2 so that the resulting spectrum could be easily
normalized to any measured value of LSM flux. Results of this simulation are plotted in
Figure 5.11. For the thermal neutron attenuation, only some thicknesses were simulated
as for the maximum plotted thickness for a given material, overall good suppression of
thermal neutrons has already been achieved. For example, behind the wall of 16 ¢m of
polyethylene, the ratio of outcoming and incoming neutron flux is only 0.5 %, and this
ratio is only 0.004 % for 40 cm of water.

From the point of view of background simulations, the fluxes that enter the iron shield
are more important than the fluxes that reach the detector behind the iron shield, because
the neutrons can capture here and subsequently produce gammas that can lead to back-
ground event production. These fluxes are given in Table 5.4. As it is also important to
determine the energy spectrum of outcoming neutrons, not only fluxes but also energies of
neutrons were stored. These results are plotted in Figure 5.12 for relevant thicknesses of
materials considered now” for the shielding configuration used for the Demonstrator. Since
the composition of PE and PE(B) is the same, except for the addition of boron, the atten-
uated spectrum of neutrons looks the same, but the same thickness of PE(B) performed
better in terms of outcoming flux. The main difference can be seen in the thermal part
of the spectrum, where the addition of boron plays important role in neutron absorption.
Comparison of outcoming spectra of neutrons that were thermalized in these shielding
materials is shown in Figure 5.13.

It is clear that borated polyethylene is the best performing shielding material. It has
the ability to suppress incoming neutron flux and absorb thermalized neutrons. In sup-
pression abilities, this material is followed by pure polyethylene. Water, however, is also
performing well if sufficient thickness is used. However, one has to also consider the radio-
genic neutron contributions of these materials. Table 4.5 showed measured activities and
activity limits of contaminated Demonstrator components. Among these available materi-
als, PE(B) bricks are the most contaminated. Since SuperNEMO places importance on the
selection of radiopure materials this has to be taken into account. Especially, since pure

3In the time of writing this thesis. Borated water is no longer considered due to laboratory safety
rules. Thicknesses of materials are based on laboratory size and material cost restrictions.
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TABLE 5.4: Total outcoming neutron fluxes after attenuation of environ-
mental fast LSM neutron spectrum

Total outcoming flux [s~'cm 2]

Thickness [cm] PE PE(B) Water
0 1.00x107% 1.00x1076 1.00x10~6
8 5.28x1077 3.64x1077 6.21x1077
10 4.13x1077 2.50x10~7 5.20x10~7
20 8.94x1078 3.54x107% 1.66x10~7
30 1.69x107% 5.72x1079 4.35x10°8
40 - - 1.12x10°8
50 - - 3.01x1079
% 10; — Water - 50 cm
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FI1GURE 5.13: Spectra of outcoming thermalized neutrons for 50 cm of water
and 20 cm of polyethylene and borated polyethylene
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polyethylene also shows good suppression abilities. The use of pure polyethylene could
be justified by Monte Carlo simulations of neutron induced background considering this
shielding configuration, provided that the results would show negligible contributions to
the expected background. Radiogenic neutron production in pure polyethylene is also the
lowest out of all sources.

5.4.2 Neutron Capture Positions and Fractions

The high energy ~s of interest that can lead to external background event production
arise from thermal neutron captures on iron and copper. Iron is used as a frame of the
Demonstrator* and some copper parts of the detector are, for example, calibration source
carrier frame, copper-beryllium feedthrough pins and vertical beam rods of the source foil
frame. Neutrons can capture, of course, on other material present in the detector as well
(e.g. H, Ni, Si, Co, Ca etc.), but their abundance and mass in the detector is overall
small or s from the de-excitations of these nuclei don’t reach very high energies. The
capture process of neutron depends on its primary position where it originates and on
its energy. Fast neutrons first scatter in the detector and subsequently thermalize until
they get captured. A large amount of neutrons scatters in the detector and leaves the
detector volume altogether without eventually capturing. That is why it is also important
to estimate the fraction of captured neutrons from each source on each isotope.

Each neutron in the simulated event was tracked until its track ended with a thermal
nCapture process which lead to either %°Fe, *"Fe, %4Cu or %Cu creation and the z, y and
z position of this end of the track was stored. Figure 5.14 shows an example of thermal
neutron capture positions on iron and copper isotopes in the Demonstrator from two dif-
ferent perspectives. The positions are the results of captures of ambient neutrons coming
from the laboratory environment (the box model generator in case of this simulation).

If the primary neutrons are generated from PMTs or CuBe pins within the detector, the
capture positions remain almost the same, as the Demonstrator geometry and materials
are unchanged, however, they tend to be concentrated on a specific side of the detector.
For example, since the CuBe alloy pins are positioned on top and bottom of the detector
(see. Fig. 5.10), the capture positions are also denser on these sides, as can be seen in
Figure 5.15 (A).

These capture positions (examples shown in Fig. 5.15 and 5.14) will then be used as
event vertex generators of gamma cascades’.

There is another important fact to take into account already mentioned in Section 5.4.1.
The baseline design for shielding the detector against s consists of 18 cm thick iron. This
introduces a large amount of iron for the neutrons to capture on and thus, a passive shield
designed to suppress radiation can turn itself into a source of background. Additionally,
neutrons that would otherwise scatter in the detector and leave, can now scatter in the iron
shield, return back to the detector and capture on copper and iron in the detector volume.
This ultimately increases the number of captures on all isotopes. For this reason, the
simulation to obtain capture positions and capture fractions was performed for geometry
without the iron shield - to see background contribution of the unshielded detector, and for
geometry with the iron shield included - to investigate and estimate the background for the

4Some iron is also present in the concrete floor of the LSM.
5In these example figures, only a small sample of vertices is shown. In actual simulation larger statistics
of positions is used.
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fission of 22U from CuBe pins for geometry with and without iron shield
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final design of the Demonstrator and to investigate the contributions to the background by
introducing new materials . Figure 5.15 (B) shows capture positions in iron for geometry
with included iron shield.

Fractions of neutron captures, f;, were similarly obtained for each isotope ¢ in all
simulations for each neutron source by counting the number of neutron captures out of all
simulated neutrons. This way the abundance of each isotope is also taken into account.
Stored fractions from simulations with and without the iron shield are summarized in Tables
5.5 and 5.6 respectively. The aforementioned point about the increase of the number of
captures by introducing the iron shield is clear when comparing these tables. The difference
in the number of captures between iron and copper can be explained by higher iron mass
and abundance in the detector. And the difference in the number of captures between
individual iron isotopes and individual copper isotopes can be explained by their natural
abundances. This is more prominent in the case of >Fe and 5"Fe, where the difference
between *Fe and %°Fe abundances in "*Fe is more distinct.

TABLE 5.5: Fractions of neutron captures without iron shield

Fractions of neutron captures f; [%)]

Neutron source Fe °Fe 64Cu 66Cu
Ambient neutrons Thermal 0.61 10.94 0.16 0.034
Fast 0.20 3.56 0.51 0.11

PMT glass (a,n) 22Th  0.63 11.05 0.90 0.19
(a,n) 28U 0.62 11.06 0.89 0.19

SF 233U 0.63 11.05 0.90 0.19

CuBe pins (a,n) B8U  0.32 559 1.98 0.43

SF 22U 0.33 5.94 2.18 0.48

TABLE 5.6: Fractions of neutron captures with iron shield included in the
geometry

Fractions of neutron capture f; [%)]

Neutron source %Fe 5"Fe 64Cu 66Cu

PMT (a,n) 22Th 1.674 28.57 1.15 0.27

(a,n) 28U 1.70 28.80 1.15 0.25

SF 28U 1.70  28.77 1.11 0.24

CuBe (a,n) B8U  1.36  22.17 2.42 0.53

SF 28U 1.48  23.43 2.57 0.57

Iron shield - radiogenic (a,n) ?2Th 0.97 14.12 0.34 0.07
(a,n) 38U 097 14.16 0.34 0.08

SF 238U 0.93 13.68 0.35 0.08

5For the purpose of this study, 18 cm thick iron shield was incorporated in the Demonstrator geometry
in the Falaise software.
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Now we have to consider the shielded neutron flux. Particle energies were sampled
according to attenuated neutron spectra for water and polyethylene shielding from Fig-
ure 5.12 and simulation was split separately for each side. Again, since the geometry of
the Demonstrator is symmetrical the results remain the same (within statistical fluctua-
tions) for opposite sides, and therefore the results are given in Table 5.7 for Top/Bottom,
Left/Right and Front/Back sides.

TABLE 5.7: Fractions of neutron captures from shielded neutron flux with
iron shield included in the geometry

Fractions of neutron captures f; [%]

Side Isotope Shielded flux Shielded flux

by water by PE

Top / Bottom  5°Fe 1.10 1.13
5TFe 16.65 17.06

64Cu 1.04 1.03

66Cu 0.23 0.23

Left / Right %Fe 1.22 1.24
5Fe 18.31 18.82

64Cu 0.83 0.82

66Cu 0.19 0.18

Front / Back % Fe 1.46 1.49
STFe 23.13 23.65

64Cu 0.85 0.80

66Cu 0.17 0.17

One can see, by comparing the neutron fractions in the presented tables, that fractions
from individual radiogenic processes (SF, (a,n)) within neutron sources (PMT, iron, CuBe)
are similar and they differ mostly in between the sources. This suggests that the position
from which the neutrons are emitted, and the material in which these neutrons subsequently
propagate, are more important. The fact that the radiogenic processes yield within each
neutron source similar neutron capture fractions could be attributed to the fact, that the
energy spectra of all processes are soft, with mean energies often centered around 2-3
MeV, and so the energy spectra from which the neutron energies were sampled do not
differ significantly. This may justify and explain approaches used in some works, where
the radiogenic neutrons are often generated uniformly in energy range of 0-10 MeV, for
example, in [137].

The main advantage of this approach is that it uses cascades generated in a correlated
way and it avoids the unreliable cascade production in the Geant4 package, where the
results showed a violation of energy conservation in neutron capture events. This is very
important for the task of estimation of neutron induced background. Splitting the simula-
tion into several steps also allows to study the detector response to gammas from individual
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isotopes and to better understand contributions from individual background sources. It is
important to mention that this approach doesn’t take into considerations other modes of
de-excitations after neutron capture, namely internal conversion and internal pair produc-
tion. But as it was discussed in Section 4.4.3, v emission dominates all de-excitation modes
in all cases and contributions from IC and IPP can be considered negligible. Therefore,
only gammas were generated. However, the branching ratios of + emission were taken
into account. Additionally, DICEBOX simulation doesn’t treat consecutive decays of com-
pound nuclei, such as beta decay of %Cu in this case. However, the Qg value of %Cu is
only 2642 keV [60] and so it doesn’t reach the region of Q3 value of 2Se. Moreover, given
the lower abundance of %°Cu isotope in "*Cu, it can be seen from the number of neutron
capture fractions that the production of ®*Cu is the least dominant.

5.4.3 Neutron Capture y-ray Induced Background Events -
Results

In the 4th step of this analysis, neutron capture gamma cascades were generated from ob-
tained capture positions in Falaise. Again, simulation was performed for each isotope and
each neutron source separately twice - with and without iron shield included in the geom-
etry. All simulated data were then reconstructed using FLReconstruct. After simulation
and reconstruction were complete, I looped through all events in ROOT to apply selection
cuts to extract events in the desired topology.

To take into account the branching ratios of de-excitations of iron and copper nuclei
via 7 cascades and the fractions of captures, two normalization factors (NF) are used for
the histograms based on whether neutron fluxes or yields were used:

d, St
NEfor frue = ——Jis (5.2)
where ®,, is the neutron flux, S is the surface of neutron generator, ¢ is time (=1 year), f;
is the fraction of neutron captures on isotope ¢ (i="4Fe, °Fe, %3Cu or °Cu) and N is the

number of simulated neutron capture reactions; or:

NFfor yield — Mfz; (53)
N
where Y}, is the neutron yield and A; is the activity of radioisotope j (j=>**U or #*Th).

Neutron fluxes were taken from experimental data, from Equations 3.11 and 3.9, for
fast and thermal neutron fluxes in LSM respectively. Neutron yields were taken from the
results of simulations a calculations in Chapter 4, from Tables 4.1 and 4.4 for spontaneous
fission and (a,n) reactions respectively. Activities of 28U and 232Th were taken from
measurements of material activities summarized in Table 4.5. The fractions of neutron
captures corresponding to each process were taken from Tables 5.5, 5.6 and 5.7.

Firstly, we can investigate which element, copper or iron, contributes the most to the
background rate in the 2e~ channel. We can do this by not considering the capture fractions
of generated neutrons. Figure 5.16 (left) shows contributions to background events from
neutron captures on copper and iron isotopes normalized to counts per neutron capture

obtained from Falaise simulation of gamma cascades.
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FiGURE 5.16: Left: Contributions to background events from neutron cap-
tures on copper and iron isotopes. Right: Background rate in the 2e™
channel from ambient neutron fluxes.

This plot doesn’t take into account the abundance of isotopes in "*Fe and "**Cu, but
the dominant contribution from copper isotopes is visible. This can be attributed to the
fact, that copper materials are closer to the source foil where they can interact without
being flagged by the calorimeter first. Additionally, in comparison with iron, the thermal
neutron capture cross-sections on copper isotopes are higher [138]. However, due to lower
mass and abundance of copper in the detector, the capture fractions on copper isotopes
are low enough to reduce the overall contribution below iron as can be seen in Figure 5.16
(right). This figure shows the background analysis of thermal and fast ambient neutron
fluxes, separately for captures on copper and iron. The bump at the end of the iron
spectrum comes from gamma cascades from *°Fe, where the gammas extend up to ~ 9.3
MeV.

Besides unshielded flux, the background from contamination of several materials was
analysed. The background contributions without shielding are as follows: ambient neutron
flux, radiogenic neutrons from CuBe alloy pins, gammas from («,n7y) reactions from CuBe
alloy pins’ and radiogenic neutrons from PMT glass. Their individual contributions can
be seen in Figure 5.17 (left).

By far the most dominant source of background, in this case, is the ambient flux. It
is followed by the ~ production from the excited state of *>C* from CuBe pins. It has a
distinct feature with rapid drop above 4 MeV. This is due to the drop of yield for 9.6 MeV
gamma from the 3rd excited state of '2C by 2 orders of magnitude compared to the 4.4
MeV gamma yield (see Fig. 4.16).

The background contributions with passive shielding include: shielded ambient neutron
flux, radiogenic neutrons from CuBe alloy pins, gammas from («,n7y) reactions from CuBe
alloy pins, radiogenic neutrons from PMT glass, and also radiogenic neutrons from the
iron shield. Their individual contributions in this case can be seen in Figure 5.17 (right).
The shielding geometry, in this case, is 50 cm of water on the lateral sides and 20 cm
of polyethylene on the top and bottom. The iron shielding is creating a confinement
effect on neutrons produced by sources which are internal to the detector (CuBe pins and
PMT) and therefore leading to an increase of the number of background events for these

"~ production from excited state of 2C* after (a, n) on ?Be.
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FiGURE 5.17: Background rate in the 2e™ channel - neutron induced back-
ground from neutron captures on Fe and Cu without (left) and with (right)
shield and s from excited states of 12C*

components. However, gammas from neutron captures in the iron shield do not contribute
to the background rate significantly as they were simultaneously attenuated in the shield.
The expected number of background events in ROI from individual sources are summarized
in Table 5.8.

Overall, the contribution from radiogenic neutrons is negligible, compared to the ambi-
ent neutron flux, thanks to the selection of radioactively pure materials and strict activity
limits. Figure 5.18 shows the total contribution to the background from all sources.

— Without shield

— With shield
Ol ‘
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\,
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Ficure 5.18: Background rate in the 2e™ channel - total neutron induced
background from neutron captures on Fe and Cu

The total background rate without the shield of 0.2 £+ 0.03 (syst) £ 0.02 (stat) per
year was reduced down to 0.0034 £ 0.0007 (syst) 4 0.0006 (stat) per year with the use of
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TABLE 5.8: Number of expected background events in ROI

Background events /year

Source Without shield With shield
Ambient 0.2 0.003
CuBe pins - radiogenic 0.00002 0.00004
CuBe pins - s from 12C* 0.00026 0.00026
PMT - radiogenic 0.00004 0.00005
Iron shield - radiogenic - 0.00001
Total 0.2 + 0.03 0.003 £ 0.001

passive shielding. Most of the incident fast neutrons were moderated to lower energies by
the water or polyethylene and then captured in the iron shield. Gammas emitted in the
neutron capture reactions were subsequently shielded from the detector by the iron shield.

Different Shielding Geometries

Due to possible laboratory constraints, there are several possibilities for the final design of
the shielding. For simplicity, the naming convention of individual sides corresponds to the
positioning of the detector inside the laboratory according to Figure 5.19.

Main wall on the Italian side

Mountain side

Main wall on the French side

(behind)

FIGURE 5.19: Position of the Demonstrator in LSM

Tunnel side

Possible constraints due to lack of space concern the mountain side, where the elec-
tronics of the data acquisition system are placed, and the main wall on the French side of
the laboratory, where the staircase leads to the main hall. The geometry discussed thus
far corresponds to Geometry 1 in Table 5.9. The considered changes in the geometry are

highlighted in bold font in the table.
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TABLE 5.9: Different neutron shielding geometries considered for the

Demonstrator

Geometry 1 Geometry 2 Geometry 3 Geometry 4

Top: PE 20 cm Top: PE 20 cm Top: PE 20 cm Top: PE 20 cm

Bottom: PE 20 cm Bottom: PE 20 ¢cm Bottom: PE 20 cm Bottom: PE 20 ¢cm
Tunnel side: Water 50 cm Tunnel side: Water 50 cm Tunnel side: Water 50 cm Tunnel side: Water 50 cm

Mountain side: Water 50 cm Mountain side: Water 50 cm Mountain side: PE 20 cm  Mountain side: PE 20 cm
IT main wall: Water 50 cm IT main wall: Water 50 cm IT main wall: Water 50 cm IT main wall: Water 50 cm

FR main wall: Water 50 cm FR main wall: Water 40 cm  FR main wall: Water 50 cm FR main wall: Water 40 cm

The attenuated fluxes were already discussed in Section 5.4.1 and they were used for
this analysis. The analysis method remains the same as in the previous section. Table 5.10
shows the number of expected background events from attenuated ambient neutron flux
for different shielding configurations. The most affected side could be the mountain side
where the water shielding would be replaced by 20 cm of PE, which attenuates the ambient
flux less than 40 cm or 50 cm of water would. However, this side also has the smallest
surface and therefore the number of neutrons that enter the detector from this side is also
the smallest. While the background rate is increasing with smaller shielding thickness, all
geometries are reaching the target of a negligible level of background.

TABLE 5.10: Background rate in the 2e~ channel from attenuated ambient
neutron flux for different shielding configurations

Shielding configuration Background events /year*

Geometry 1 0.0030
Geometry 2 0.0032
Geometry 3 0.0042
Geometry 4 0.0044

* ~ £ 20%(stat)

The study included in this section and in Sections 5.4.1 and 5.3.1 was presented to the
technical board of SuperNEMO, and was an important input to finalise the design of the
shielding, with geometry option 4 being the most probable.

5.5 Summary of the High Energy v-Ray Induced Ex-
ternal Background

In this chapter, the external background in the SuperNEMO experiment induced by high
energy gamma rays was studied. The two main sources of these v-rays under considera-
tion were high energy gamma rays coming from the underground environment, and (n,7)
reactions from ambient neutrons and radiogenic neutrons produced in materials with the
highest uranium and thorium contamination. Ambient radiation can be significantly sup-
pressed by passive shielding. The best results are achieved for the shielding Geometry 1
(Table 5.10) - the iron shield of thickness of 18 cm, and 50 cm of water on lateral sides of
the detector and 20 cm of polyethylene on top and bottom.
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The number of expected external background events after 2.5 years of exposure planned
for the Demonstrator, from external and internal sources described in Subsection 2.3.2 and
external sources investigated in this work, are summarized in Table 5.11. Background
rates for the sources investigated in this work are from results of simulations with the use
of shielding Geometry 1.

TABLE 5.11: Number of expected external background events in the energy
ROT after 2.5 years of exposure

Source Background rate
233 0.03 + 0.02 (stat)
20871 external® 0.60 £ 0.42 (stat) = 0.06 (syst)
214Bi external® 0.10 £ 0.01 (stat) £ 0.01 (syst)
Ambient y-rays 0.02 £ 0.003 (stat) + 0.005 (syst)
CuBe pins - 7s from 12C* 0.00065 + 0.00013 (stat) £ 0.0001 (syst)
Ambient neutrons 0.0075 + 0.0015 (stat) £ 0.0018 (syst)
Radiogenic neutrons 0.00025 £ 0.00005 (stat) 4= 0.00003 (syst)
20871 internal® 0.82 £ 0.02 (stat) £ 0.16 (syst)
214Bji internal® 1.41 £ 0.07 (stat) #+ 0.01 (syst)

%internal analysis of collaboration

We conclude, that background induced by high energy gamma rays is negligible com-
pared to the background from 2%TI and 2'*Bi contamination of the source foils. The
background events arising from ambient radiation are the dominant source investigated in
this work. However, they were suppressed by passive shielding, which proved to be effective
by reducing the number of expected background events by several orders of magnitude.
The least contributing source of background are radiogenic neutrons. However, background
rate at this level may become a problem for next generation experiments aiming for better
sensitivity. It should be evaluated and possibly improved by continuing efforts on ultra-low
background requirements needed in rare event searches.
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Chapter 6

Comparison of Monte Carlo
Simulations with Experimental Data

Measured experimental data can be used to validate the Monte Carlo based method used
throughout Chapter 5 to estimate the external background in the SuperNEMO experiment
induced by ambient gamma rays and neutrons. The complete design, construction and
installation of the calorimeter was finished during the duration of this thesis project with
an extensive commissioning campaign underway. Without an operating tracker yet, and
therefore without any track reconstruction and particle identification, the commissioning
data collected in calorimeter-only configuration could be used to probe MC vs DATA
agreement.

Two measurements have been preformed in order to compare results of suggested
Monte Carlo model with experimental data. Firstly, a measurement with a weak neu-
tron (americium-beryllium) source was performed in order to study detector’s response to
radiative neutron capture and to investigate the validity of model proposed in Section 5.4
to evaluate neutron induced background.

Second measurement aimed to obtain data with sufficient statistics in the high energy
region to compare input ambient gamma and neutron fluxes measured in the LSM from
Tables 3.5 and 3.6 which were used in Sections 5.3 and 5.4 for further investigations of the
background.

6.1 Americium-Beryllium (AmBe) Neutron Source

A measurement with a weak neutron AmBe source was performed during a data tak-
ing stage with the SuperNEMO calorimeter. Unfortunately, only the source strength was
known and no information about its energy spectrum, composition or density was provided.
To study and validate the model of radiative neutron capture in the detector (see Section
6.1.2), we use the method described previously in Section 4.2 to first determine the spec-
trum and rate of neutrons of such AmBe source, as well as the gamma component. This
can later be used for validation between Monte Carlo simulation and real experimental
data.



Chapter 6. Comparison of Monte Carlo Simulations with Experimental Data 103

6.1.1 Simulation of Neutron and Gamma Energy Spectra of
AmBe Source

AmBe Source

A representative alpha-beryllium neutron source, that combines an o emitter with a stable
low-Z isotope ?Be, is 24! AmYBe source. AmBe is a source of fast neutrons widely employed
as a calibration source for a variety of instrumentation [139] and it is also one of the ISO'
recommended calibration standards for neutron radiation [140]. Currently available com-
mercial neutron sources are usually prepared by blending the powders of the two materials
in form of pure ?Be metal mixed with 2! AmQO,. An efficient AmBe neutron source can
be fabricated as a monolith of small crystals of AmBe;3 dispersed in excess Be metal with
a byproduct of BeO according to reaction 6.1 with larger excess of Be required to obtain
overall physical properties similar to bulk Be metal, with Be/Am atomic ratios typically
varying between 15 and 21 [141] or 80% Be and 20% AmO, by weight [142]. The mixture
is then often compressed into a cylindrical capsule with a density of about 1.3 g cm™3 [143].

AmOy +nBe — AmBe;3 + 2BeO + Excess Be (n — 15) (6.1)

In many cases, the exact composition of neutron source and its mixing, assembly and
fabrication is not provided by source manufacturers and only activity or neutron rate are
given, which poses a difficulty for simulations.

2L Am has a half-life of 432.2 years and decays via o decay mode to 2*"Np, with the
most prominent different o energies averaging ~ 5.4 MeV. The dominant energy of the
resulting gamma-rays from the decay of the intermediate excited states of decay product
BTNp is 59.5 keV [144].

TABLE 6.1: 32'Am nuclear data [60]

Half-life 4322y

Most prominent alphas E, [keV] Intensity [%)]

o1 5485.56 84.5

Qa9 5442.8 13

a3 5388.23 1.6

oy 5544.5 0.34

as 5511.47 0.22
Most prominent gammas E. [keV] Intensity [%]

" 59.54 35.9

- 26.34 2.40

s 33.20 0.126

~ 43.42 0.073

Y5 98.97 0.0203

The *Be(a,n)?C and '"'®*0(a,n)?*?'Ne reactions
The most important reactions in the AmBe neutron source are:

st Am =3 Np+a (6.2)

nternational Organization for Standardization
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Be+a =2 C% 4n (6.3)

where the o particle is captured by °Be which then becomes '2C in either its ground
or excited state. The kinematics and the reaction cross-section determine the state of the
residual ?C nucleus produced in the reaction [144]. The de-excitation of the 1st excited
state of 2C produces characteristic y-rays of 4.438 MeV with the 4.438 MeV ~-ray to total
neutron ratio S, /S, = 0.575 according to measurement in [139] and ~ 0.15 for the second
excited state of energy 7.65 MeV [144]. This means that ~ 60 % of the neutrons emitted
by an AmBe source are accompanied by prompt 7 rays.

Since the mixture of materials in AmBe source contains some form of oxide of Am and
Be, the second reaction that takes place is (a,n) reaction on oxygen isotopes:

70 +a - Ne® 4 n (6.4)

B0 +a =2 Ne® 4 n (6.5)

Given the elemental abundance of 17O and 0 in O,,; (0.038 and 0.205 % respectively),
these reactions are not very common, but they still have an influence on AmBe neutron
and prompt gamma energy spectra.

The cross-sections for (a,n) reactions for leaving the residual nucleus (*2C, 2°/2'Ne) in
excited state can be seen in Figure 6.1 and corresponding excited states of 12C and 2!Ne
are shown in Figure 6.2.

AmBe (a,n) Neutron and Gamma Energy Spectra and Rates

The strength of any AmBe source depends on the activity of 2! Am. In general, a conversion
factor between neutron rate and alpha activity of AmBe adapted from literature is [142]:

Y Ampe = 2.2 x 106 ns™1Ci71 2 (6.6)

which corresponds to ~ 59.5x107% n/a. True yield always depends, however, on geometry
and preparation of the source, measured values in available references are found to be up
to 80 neutrons per 10° alphas [142, 145].

To obtain the neutron and gamma energy spectrum simulation using Geant4 (and
SOURCES-4C for cross-checking) has been performed. Defined composition of AmBe
source in Geant4 simulation is given in Table 6.2, homogeneous mixture is assumed. Alpha
particles are generated according to Table 6.1 (Fig. 6.3). JENDL/AN-2005 (a,n) data
library was used, where the different reaction channels for ?Be are given explicitly and so
it is possible to obtain events with neutrons and gammas in coincidence.

TABLE 6.2: Composition of AmBe source used in simulation

Material Density [g cm ] Element wt % wt % in AmBe source

AmO, 11.68 Am 88.28 20
O 11.72
pure Be 1.85 Be 100 80

2104 = 3.7 x 101°Bq
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FIGURE 6.1: cross-sections for (a,n) reactions for oxygen isotopes and °Be,
(z/y,n0-4) - production of a neutron, leaving the residual nucleus in the
ground state, 1st, 2nd, 3rd and 4th excited state [92]
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FIGURE 6.2: Excited states of residual nuclei 12C and 2'Ne from AmBe
source
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FIGURE 6.3: Energies of generated alpha particles from 24'Am decay in
Geant4 simulation

Simulated neutron and gamma energy spectra are in Figure 6.4. The lowest part in
the neutron energy spectrum (< 2 MeV) corresponds to reaction leaving ?C in 2nd (7.65
MeV) excited state, following prominent peak from reaction leaving ?C in 1st excited state
and the highest energy part corresponds to the ground state of >C. In gamma spectrum,
characteristic gamma transitions shown in Figure 6.2 can be observed. The resulting

yields obtained from simulation are 72 15—, corresponding well to values obtained from
measurements and calculations given in aforementioned references, and 58 5—. The 4.4

MeV ~-ray to total neutron yield ratio is S,/S,= 0.73, which is slightly overestimated
compared to the measurements. Overall good agreement for neutron energy spectra has
been also found with SOURCES-4C simulation (Fig. 6.5). This simulation was performed
with the same source composition as defined in Table 6.2. In comparison with the Geant4
simulation, the SOURCES-4C spectrum predicts higher contribution to the highest neutron
energy part, corresponding to the ground state of 2C, and lower contributions to the 1st
and 2nd excited states. This would also lead to lower gamma yield prediction®.
Secondary processes that can change the shape of spectra are multibody break-up
reaction ?Be(a,an)®Be, elastic scattering of neutrons on ?Be, oxygen, ' Am, fission of

3The current state of the SOURCES-4C code does not calculate gamma production from (a,ny) reac-
tions.
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FIGURE 6.4: Left: Neutron energy spectrum of AmBe source from Geant4
simulation. Right: Gamma energy spectrum of AmBe source from Geant4
simulation.
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Ficure 6.5: Comparison of neutron energy spectra simulated in
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FIGURE 6.6: Energy spectrum of AmBe neutron source measured by the
main walls of SuperNEMO calorimeter

21 Am, and (n,2n) events in *Be [146], which become prominent with large source strengths
and were neglected in this work.

6.1.2 Comparison of AmBe Neutron Source Data and Simulation

During the time of writing this thesis, only the Demonstrator calorimeter without tracker
was commissioned. It was therefore impossible to obtain information from data analysis
about different event topologies. Nevertheless, the total deposited energy could be mea-
sured and this proved to be useful for calibration purposes and for some validation between
Monte Carlo simulations and real data.

During calorimeter commissioning runs, a measurement with a weak AmBe neutron
source was performed. The source strength was given as approximately 20 n s and its
position was ~75 cm away from the main calorimeter wall, centered in the middle of the
wall. The total time of this measurement was ~ 3.3 h. Analyzed and calibrated energy
spectrum of this source measured by the main walls of SuperNEMO calorimeter is shown
in Figure 6.6 (with a threshold at 1.5 MeV). Several features of the spectrum can be seen
and analysed. Bellow 4 MeV the signal is flooded by the environmental 2°®T1 gamma peak
at 2.6 MeV and its Compton edge, and other sources of natural radioactivity. Just above
4 MeV there is a visible bump in the spectrum corresponding to 4.4 MeV gamma from
the excited state of 12C* after “Be(a,n)'?C reaction (see subsection 6.1.1). Above this
energy is the region where gammas from (n,~) reactions on metals are expected. And
the highest energy region may also correspond to some muon interactions or gammas from
bremsstrahlung of residual muon flux.

There is overall energy spectrum distortion which is expected due to the non-linearity
of the scintillator light yield for electrons caused by effects like scintillation light quenching
according to Birks’ attenuation law* and additional light from Cherenkov radiation and the

4Because of quenching, the visible energy is smaller than the true electron energy.
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top view

FIGURE 6.7: Visualization of the source position in Falaise

non-uniformity of energy response of the scintillator®. This has been taken into account
for the reconstruction of simulated data.

The simulation in Falaise was done following the same method as in the previous section
- according to the first 4 steps described in Section 5.4. The input spectrum for Falaise
simulation from step 1 was generated according to Figure 6.4 (left) (simulation performed
in Section 6.1). To get to get a more realistic representation of the real AmBe spectrum
neutrons were generated in coincidence with gammas from the source as well (Fig. 6.4
right). In Falaise, for the vertex generator, a point-like source position was added, at the
same location as in the data set (see Fig. 6.7). From now on this simulation will be referred
to as AmBe-source simulation®.

From the AmBe-source simulation output, capture positions and capture fractions were
extracted the same way as in Section 5.4.2 and these values are given in Table 6.3. Capture
positions were used as vertex generators of gamma cascades from Fe and Cu isotopes
obtained from the DICEBOX simulation. These gammas extend up to ~ 9.3 MeV with
prominent gamma energies in the region from 6 to 8 MeV, but also in the lower part of
the energy spectrum (Fig. 4.25). Capture fractions (along with the run time and source
strength) were used for normalizing the histograms. Let’s name this simulation AmBe-
cascades simulation”. When calibrating the simulation according to calibration of real
data from measurements and after application of energy corrections mentioned before,
these gammas spread over a wide range of energies as it can be seen in the results of the
AmBe-cascades simulation in Figure 6.8.

5A same energy deposit in the scintillator will give a different signal strength depending if it happens
far or close to the PMT photocathode (see [147])

6 AmBe spectrum due to neutrons and gammas from the source

"AmBe spectrum only due to neutron captures on Fe and Cu when using DICEBOX cascades as input
events
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TABLE 6.3: Fractions of neutron captures

Fractions of neutron capture f; [%]

Neutron source °°Fe 5TFe 64Cu 66Cu

AmBe 1.6 24.9 0.94 0.2
@2 107
= MC: input DICEBOX gamma cascades
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FIGURE 6.8: AmBe spectrum due to neutron captures on Fe and Cu from
AmBe-cascades simulation

In general, the signal from the AmBe source can be prompt or delayed. The prompt
signal comes from proton recoils in the detector from fast neutron interactions and from
gammas emitted from the source. The delayed signal is registered after a few pus and
comes from gammas from (n,7y) reaction after fast neutrons are thermalized and captured.
The delayed capture signal is expected to be similar to what we expect from background
neutrons and is of bigger importance for the purposes of this work. This timing difference
can be used in simulated data to remove unwanted events from neutron captures in AmBe-
source simulation and replace them with results of simulation of gamma cascades from
DICEBOX from the AmBe-cascades simulation. Such time distribution of calorimeter hits
of one of the simulated files can be seen in Figure 6.9. As expected, there is a distinct peak
of delayed hits after several ps. The timing of the prompt hits has 2 peak-like features -
early and late. The earliest prompt hits come from the prompt gamma rays of the AmBe
source (with various delay due to time of flight between the source and the optical module
of the calorimeter), and the late prompt hits correspond to neutron scattering events.
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FIGURE 6.9: Prompt and delayed hit time distribution of AmBe-source
simulation

By removing all delayed hits and replacing them with cascade events of Fe and Cu
isotopes, we lose information about other capture events, for example, the 2.2 MeV gamma
from capture on hydrogen. But in the relevant high energy part of the spectra (4 - 10
MeV, dominated by the AmBe source) the simulation and data can be compared. This
comparison is plotted in Figure 6.10%.
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FI1GURE 6.10: Comparison of experimental data and simulation of the AmBe
source

8MC spectrum has also been combined with a background run without AmBe source to take into
account natural radioactivity tail, especially 2°T1 edge that may extend up to 4 MeV
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Overall, a good agreement between data and simulation has been achieved with a good
match of the shape of both spectra. In terms of the number of counts, there are certain
regions where the signal is overestimated or underestimated. There are several sources of
ambiguities that may lead to these effects. Firstly, the source strength of 20 neutrons per
second was given only approximately, without providing any measurement uncertainty.
The neutron energy spectrum of the source was not provided, and so a simulation has
been performed. The composition and density of the AmBe source used in the simulation
were only roughly estimated and defined according to commercial neutron sources found
in the available literature. It is clear that the overall physical and chemical properties of
the source influence the resulting neutron yield and neutron energies. Additionally, the
geometry of the source and how these neutrons propagate through the material have a big
influence on the neutron energies. This was neglected in the final simulation as the source
spectrum was generated from a point-like vertex generator. These small inaccuracies in
the simulation may also influence number of detected neutrons and gammas. The overall
~-ray to neutron yield ratio was also found to be slightly overestimated, compared to ratios
found in available references, in the performed Geant4 simulation. This is also found in this
comparison, where the number of counts in the MC spectrum is in a slight disagreement
with the data in the prompt signal region from the 4.4 MeV gammas from excited states
of 12C* after Be(a,n)'?C reaction.

Considering these conditions and assumptions, we find both spectra in good agreement
within the relative error. The fact that the measured spectrum compares well with the MC
spectrum due to neutron captures on Fe and Cu in the energy region of 6 - 8 MeV supports
the assumption that it is primarily iron and copper contributing to the (n,y) reactions in
the Demonstrator. It also demonstrates the possibility of using the proposed method of
neutron capture cascades simulation to obtain a reasonable match with the data. Thus, we
conclude that this approach can be used for an accurate prediction of the neutron induced
background in the SuperNEMO experiment.

6.2 High Energy Spectrum Measured in the LSM
with the SuperNEMO Demonstrator

Fluxes of ambient radiation in the LSM from available measurements were summarized
in Section 3.3. As it was previously discussed, measured values of these fluxes do not
represent ideal unaffected ambient fluxes, as they are highly dependant on the location of
the detector in the laboratory, radioactive contamination of the detectors themselves and
materials nearby. Therefore, several background runs of data taking with an accumulated
live time of about 6.5 days was dedicated to obtain energy spectrum with sufficient statistics
in the energy region > 4 MeV in order to compare simulated deposited energy from ambient
neutron and gamma sources with measurement.

First, a brief summary of the measured LSM fluxes should be given with a more detailed
discussion of fluxes in given energy regions. In the simulation, measured gamma fluxes
from [65]° were used. These fluxes were extracted from the energy spectrum measured by
Nal scintillator shown in Figure 6.11. There were altogether three measurements with no
shielding, with 3.5 % borated polyethylene shielding, and with 5 cm copper and 10 cm lead
shielding.

9Measured by the NEMO-3 collaboration in 2001.
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FIGURE 6.11: Nal energy spectra measured in LSM [65]

The ambient v fluxes in individual energy intervals correspond to values presented in
Table 6.4.

TABLE 6.4: The ambient v fluxes measured in LSM [65]

Energy interval Flux [cm~2s7!]

(4 - 6) MeV 3.8 x 1076
(6 - 7) MeV 1.5 x 1076
(7 - 8) MeV 1.6 x 1076
(8 -9) MeV 0.07 x 1076
(9 - 10) MeV 0.05 x 107¢

Measurement error is given as approximately 30 %. In the simulation, v-ray energies
were sampled from a flat distribution in each energy interval. The shape and counting

rates of the measured spectra in [65] are explained for energy intervals bellow 10 MeV as
follows:

e Below 4 MeV with ~-rays due to natural radioactivity of surrounding materials - this
was neglected in this study.

e Between 4 and 6 MeV due to internal U and Th contamination of the Nal crystal,
with pile-up events of summed energies between 3 and a decays of ?'2Bi and 2'%2Po.

e From 6 to 10 MeV due to neutron induced v-rays from neutron captures in the
surrounding materials and in the iodine of the Nal crystal.

Neutron fluxes were taken from [61], which represents a quite old measurement of fast
neutron flux, and [69], in which the ambient thermal neutron flux at different locations at
LSM was monitored. The fast neutron flux was taken as @, o5t = (4.0 £ 1.0) 1079 neu-
trons s~lcm™? corresponding to energies between 2 - 6 MeV. This value was found to be
4 times higher than simulated neutron flux above 1 MeV in the same study. Simulated
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spectrum of these neutrons were used in our Monte Carlo model. Thermal neutron flux
used in this study is @, shermar = (2.9 £0.4)x107% neutrons s~ 'em ™2, which was measured
in the main experimental hall of LSM, however, the value of measured fluxes varied by up
to a factor of three from one location to another. In our Monte Carlo model, the energies
of thermal neutrons were sampled from Maxwell-Boltzmann distribution.

6.2.1 Comparison of Measured High Energy Spectrum and Sim-
ulation

Measured energy spectrum above 4 MeV in the LSM with the unshielded calorimeter of the
SuperNEMO Demonstrator is shown in Figure 6.12 (left). We can also divide the measured
spectrum into several energy regions. Just above 4 MeV, there is still a contribution from
the natural radioactivity, especially Compton edge events of 2.6 MeV ~s from decays of
208T1. Above this tail and up to 10 MeV, we expect mainly ambient v-rays and neutron
induced events. The neutron effect, predominantly in the energy region between 6 and
10 MeV, can be confirmed by the similarity of the shapes of measured background spec-
trum and spectrum measured with a weak AmBe source from Figure 6.6. This is plotted in
Figure 6.12 (right). Note that the spectra are not normalized in time and the scales have
been adjusted for better comparison. The most energetic events above 10 MeV should cor-
respond to residual weak muon flux and v-rays induced by muon bremsstrahlung. Without
passive shielding, it is, however, impossible to distinguish between events due to ambient
fluxes and internal events. For example, y-ray emissions from neutron captures come both
from neutron captures on Cu and Fe in the detector and from neutron captures on nuclei in
the surrounding materials (neutron binding energies of several metals used in construction
materials, such as Pb, Cu or Fe, extend up to 10 MeV). Such effort will be made with
future measurements after successful completion and installation of passive shielding.
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FiGURE 6.12: Left: Energy spectrum measured in the LSM with the Su-
perNEMO calorimeter. Right: Comparison of the high energy spectrum
and AmBe source run with adjusted scales.

Figure 6.13 (left) shows a comparison of each simulated component of ambient radiation
with measured deposited energy. In Figure 6.13 (right), all ambient gamma components
are combined into single spectrum. Monte Carlo of neutron simulation includes the con-
tributions from both thermal and fast neutron fluxes and was simulated using the same
method described in Section 5.4. It is clear, that the total MC overestimates the expected
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FI1GURE 6.13: Comparison of experimental data and simulation of deposited
energy from ambient gamma and neutron sources

number of counts. Table 6.5 gives the counting rates extracted from the total MC and
measured data for each energy interval along with statistical uncertainties. The systematic
uncertainty of the total counting rate in MC is estimated from errors of measured neutron
and gamma fluxes. The counting rate in each interval is overestimated by the factor of 2.3
on average.

TABLE 6.5: Counting rates obtained from data and simulation in individual

energy regions and ratios of gﬁ g’; Quoted errors are statistical only, unless

stated otherwise.

Counting rates [counts/hour]

Energy interval MC Data MC/Data ratio
Total 4-10 MeV ~ 790.89 £ 0.77 (stat) = 199.35 (syst) 321.69 + 1.44 2.46
(4 - 6) MeV 517.55 £+ 0.67 215.44 + 1.18 2.40
(6 - 7) MeV 159.87 £+ 0.29 58.53 £ 0.61 2.73
(7-8) MeV 90.89 £ 0.22 36.96 + 0.49 2.46
(8-9) MeV 18.78 + 0.09 8.58 + 0.23 2.19
(9 - 10) MeV 3.80 + 0.03 2.18 +0.12 1.75

Let’s first discuss possible sources of this overestimation. The biggest contribution to
the overestimation is expected to come from the intrinsic radioactivity of components of
detectors measuring these fluxes which cannot be fully accounted for even when using dif-
ferent shields. Especially, when also the activities of shielding materials are not known or
not taken into account, and no comprehensive Monte Carlo model was performed. More-
over, as it can be seen from summarized measurements of LSM fluxes in Section 3.3, the
fluxes vary between different locations in the laboratory. See, for example, Table 3.5, where
measured gamma fluxes from natural radionuclides vary by factors of 1.5 - 3.0 at two differ-
ent locations. Moreover, [69] reports that thermal neutron flux varies by a factor of three
from measurements at eight different locations. Ambient fluxes therefore always depend on
other materials present in the laboratory, their U and Th content, and in the case of neu-
tron fluxes, also on their water and hydrogen content as well. In the case of the Nal crystal,
possible bias in the >4 MeV flux measurement could come from alpha contamination and
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pile-up events with summed energies between 3 and « decays'’. Additionally, in [65], only
the ~-ray fluxes between 6 and 10 MeV were assumed to be due to neutron effect and were
extracted from the measurement with the detector inside the borated polyethylene shield.
A large contribution to these fluxes may come from the capture reactions on '*”I whose
neutron separation energy S, equals to 9.14 MeV [60]. However, the v transitions with
the highest intensities during the de-excitation process extend from 4.5 - 6.7 MeV, with
the strongest transition being £, = 5.6 MeV [148]. If this was neglected in their analysis
it could lead to some overestimation of extracted ambient v fluxes. Another potential
source of disagreement comes from approximations made in the MC simulations described
previously.

To further test the validity of the model, we can have a look if the overall shape of the
spectrum can be explained by our model. Although the shape of the MC neutron spectrum
matches the measured spectrum, where neutron effect is expected, the predicted counting
rate is higher when combined with the ambient gamma component. It is, however, difficult
to say, whether the values of neutron fluxes or the ambient gamma component in this
energy region or both, were too high. The best match is obtained in the energy region of
9 - 10 MeV. In fact, the wrong counting rates, affected by high values of fluxes, disrupts
the overall comparison of the spectral shapes. The worst fit can be observed in the lower
energy region, where the measured spectrum starts to rise below 4.5 MeV. This effect is
due to natural radioactivity which has not been included in the MC model. Above 10 MeV,
muons and their interaction in the laboratory and materials can affect the spectrum, which
has not been taken into account in the simulation as well. It is, therefore, better to compare
the shapes in the energy region of 4.5 - 10 MeV.

It is clear, that the counting rate of the MC spectrum depends on the values of the
ambient neutron and gamma fluxes used to normalize the model. For a better comparison,
and to see if considered capture reactions and gamma fluxes in the model can explain
observed data, we can try to match the counting rates. The total Monte Carlo model is
composed of six histograms all together - neutron induced background!'! and five ambient
gamma components in individual energy intervals. Each component can explain the shape
of a different region of the energy spectrum, but the total counting rate is given by the sum
of all components in this region. For example, as it was mentioned above, the MC neutron
spectrum matches the measured spectrum, where neutron effect is expected, especially
the dip in the spectrum around 8 MeV, and together with 7-8, 8-9 and 9-10 MeV gamma
components, it can explain the slope and tail of the spectrum. The combined counting
rate is, however, too high. Each of these MC components can be re-scaled individually
to obtain identical counting rates in a given energy interval which gives a rise to a lot of
degrees of freedom. The individual MC components were re-scaled until the condition

NTotal MC (Emma Emax) — NData (Emznv Emam) (67)

was fulfilled, where Nrotar mc'? and Npgg, are the counting rates and (Epin, Emaz) is the cor-
responding energy interval region (4.5,6), (6,7),(7,8),(8,9) or (9,10) MeV. In the gamma
component of 4 - 6 MeV, the counting rate of 4.5 - 6 MeV region was considered instead.

10Which is possible due to the slow scintillation time constants of Nal crystal.

Which itself is composed of thermal and fast neutron components that are combined into one.

12l\ITotal MC (Emzn 7Emaa: ) :NMC, neutrons (Emzn 7Ema3v)+NMC, vy:4—6 (Emzn aEmaz ) +NMC, y:6—T (Emzn 7Emaa:)
+NMC', v:7—8 (Emzn 7Ema1; ) +NMC, ~v:8—9 (Emln aEmaI)+NMC, v:9—10 (Emzn 7Emaac)
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TABLE 6.6: Re-scaling factors of simulation components with corresponding
fluxes obtained from MC where the counting rate matches the experimental
data

MC component Scaling factor Corresponding flux [cm~2s7}]

y: (4-6) MeV 0.21 Doy ="795x%x 1077

v: (6 -7) MeV 0.27 $ 67 =412 x 1077

v: (7-8) MeV 0.34 ®. 7 s =540 x 1077

v: (8- 9) MeV 0.40 $yg9=1282x 1078

v: (9 - 10) MeV 0.73 ®,9 10 = 3.66 x 1078
Fe, Cu - nCaptures 0.61 D in + Py past = 4.21 x 1076

The result of this re-scaling is shown in Figure 6.14. It can be seen, that our model ex-
plains well the experimental spectrum in the 4.5 -10 MeV energy region, and therefore we
can conclude that it is mostly the original counting rates, affected by input gamma and
neutron fluxes, that do not correspond to observed data.

The constants by which each MC component has been re-scaled are presented in Ta-
ble 6.6. We can use these constants to extract the expected fluxes corresponding to the
MC spectrum in Figure 6.14. It is, however, difficult to determine with confidence the true
values of these fluxes, as the overall spectrum in each energy region is given by a sum of
gamma and neutron components, and the overall counting rate can be kept the same with
decreasing one component while increasing the other. It is also impossible to differentiate
between contributions from thermal and fast neutrons. Nevertheless, the fluxes given in
Table 6.6 keep each MC component balanced enough to explain the slight dips around 6 and
8 MeV, and the slope and tail above 7 MeV observed in the measured spectrum. Therefore,
they may represent indicative estimates of «-ray fluxes incident on the Demonstrator.

— Data
— MC
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FiGURE 6.14: Comparison of measured data and MC simulation with
matching counting rates

With this single measurement, it is difficult to estimate the actual flux in the laboratory
and to properly separate the neutron and gamma fluxes incident on the detector. With
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more measurements including both neutron or/and gamma shielding, it will be easier to
separate ambient fluxes and internal contamination. With higher statistics, it will also be
possible to study the muon induced part of the spectrum and estimate a muon flux in the
laboratory.

Nevertheless, from this comparison of MC simulation and experimental data, the to-
tal incident flux was found to be lower than the flux used in the analysis of external
background in Chapter 5. This has implications on the estimated number of expected
background events from ambient neutron and gamma radiation. The values of the back-
ground rate from ambient y-rays and ambient neutrons given in Table 5.11 in the summary
of the last chapter, therefore, represent the upper bound on the background rate. We can
conclude, that we are on the side of overestimating the background in the model rather
than underestimating it, which, as discussed previously, is often more prudent from the
point of view of the experiment’s sensitivity.

6.3 Summary

In this Chapter, two data set of the SuperNEMO demonstrator calorimeter have been used
in order to compare the results of proposed Monte Carlo models with experimental data.

With the first measurement using a weak neutron AmBe source, the validity of the
model of radiative neutron capture in the detector, to evaluate neutron induced back-
ground, was studied. Firstly, neutron and gamma energy spectra of the AmBe source were
simulated using the Geant4 toolkit. This provided input data for the Falaise software to
study the Demonstrator’s response. This simulation was performed following the same
method as used in the analysis of neutron capture v-ray induced background.

The neutron AmBe source had a strength of 20 neutrons per second and the total
measurement time was 3.3 hours. The total deposited energy in the calorimeter was found
to be in good agreement with the MC model.

In the next Section 6.2, a background energy spectrum of the Demonstrator in the
high energy region was compared with the Monte Carlo model of deposited energy from
ambient LSM gamma and neutron fluxes. The measured spectrum corresponded to 6.5 days
of measurement time with sufficient statistics in the energy region above 4 MeV. Monte
Carlo model consisted of five ambient gamma components with energies ranging from 4 to
10 MeV, and of gammas from neutron captures on iron and copper in the detector. From
the comparison of counting rates between MC and data in individual energy intervals, the
counting rate in each interval was overestimated by the factor of 2.3 on average. Given the
point-to-point variance of measured fluxes from available literature and other ambiguities
discussed in this section, such overestimation is not unexpected.

To see if considered capture reactions and gamma fluxes can explain observed data,
the MC counting rates were matched to the experimental data by re-scaling each MC
component. The MC model explained well the shape of the experimental spectrum in the
energy region of 4.5 - 10 MeV, which demonstrates that the proposed approach can be used
to study the Demonstrator’s response to ambient LSM radiation after adjusting the values
of input ambient fluxes. The final background rate will depend on the values of incident
ambient gamma and neutron fluxes in the time of operation of the finalized detector. New
extracted values of these fluxes from Table 6.6 represent a preliminary analysis, which is
yet to be confirmed by more measurements including also both neutron and gamma shields.
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Chapter 7

Conclusions

Neutrinoless double beta decay is a hypothesized, but as of yet unobserved, process. It
violates lepton number conservation and is forbidden in the Standard Model of particle
physics. It represents a possible experimental tool capable of providing relevant information
on the nature of neutrino - Majorana or Dirac - and it might be a key to answering
the neutrino mass hierarchy problem, and the matter-antimatter asymmetry problem as
well. One of the experiments searching for this rare process, of which I am a member,
is the SuperNEMO experiment. SuperNEMO builds on the success of its predecessor -
the NEMO-3 experiment - using the same tracker-calorimeter technology. Currently, the
first module of the experiment, called the Demonstrator, aims to take the first data in the
Modane underground laboratory.

It is a goal of every OvfS experiment to reach the lowest possible background and to
have a comprehensive Monte Carlo model for expected background rate estimation and
for sensitivity studies. Presented dissertation thesis contributed to such efforts by various
results.

The aim of this work was to estimate the background contributions from high energy
gamma rays originating from de-excitations of radionuclides in natural decay chains of ura-
nium and thorium present in the underground environment, residual cosmic ray cascades,
and from neutron capture reactions. For this purpose, there is a need for understanding in-
dividual background sources and evaluation of each component. Where measurements are
available these data on fluxes and energy spectra were used, otherwise, evaluation of differ-
ent sources of the background was performed by exploiting various software. Throughout
this research I became acquainted with many software packages, such as Geant4, Geant
based SaG4n and Falaise, NeuCBOT, SOURCES-4C, and DICEBOX, which represent
state-of-art of simulation packages for the interaction and transport of particles and nuclei
in matter used in a variety of applications in nuclear physics.

In Chapter 4, I presented obtained results from such simulations and calculations of
neutron yields from spontaneous fission and from («,n) reactions in materials, used for
construction of the Demonstrator, that are contaminated with radionuclides from ?**U and
232Th decay chains. They represent an important input used for Monte Carlo simulation
of the background induced by high energy gamma rays in the SuperNEMO software.

A problem with simulation of gamma cascades emitted after thermal neutron capture in
this software had to be addressed and it was solved by a separate simulation of gamma de-
excitations using a dedicated gamma decay software. These results represent an important
input for accurate simulation of the detector response to (n,7y) reactions.

External background events induced by high energy ~-rays were studied in detail in
Chapter 5. Here, I have estimated the expected background rate through a Monte Carlo
simulation. The background reduction technique that is based on the rejection method
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by reconstructing the topology of events, and on background suppression by selecting
radiopure materials used in detector construction and passive shielding, was demonstrated.
It proved to be effective by reducing the number of expected background events from these
sources by several orders of magnitude.

Dedicated simulations of attenuation of radiation passing through different shielding
configurations and geometries were also performed. This ultimately helps to optimize the
final design of passive shielding used for the Demonstrator module.

Lastly, the method of the simulation of radiative neutron capture in the detector, for
evaluation of neutron induced background, was validated by simulation of neutron and
gamma energy spectra of AmBe source and their comparison with experimental data.
Data and Monte Carlo simulation were found to be in good agreement. The Monte Carlo
model of deposited energy from ambient LSM gamma and neutron fluxes was validated by
the high energy spectrum measured in the LSM with the SuperNEMO Demonstrator.

I also contributed to the assembly and construction process of the Demonstrator during
the calorimeter commissioning phase.

Many fundamental questions remain to be answered in future neutrino experiments, and
these can have very important implications for our understanding of the Standard Model
and our Universe. With a rich experimental program in future neutrino experiments lying
ahead, where fundamental physics discoveries are very likely, SuperNEMO could bring
more insight into some processes.
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