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Abstract 

Neutrinoless double beta decay has attracted much interest since its observation would 

reveal the neutrino masses and determine the Majorana nature of the particle. EXO 

is among the next generation of experiments dedicated to the search for this phe

nomenon. A part of the collaboration is developing a gas phase time projection 

chamber prototype to study the performance of this technique for measuring the 

half-life of neutrinoless double beta decay in 136Xe. 

A Monte Carlo simulation of this prototype has been developed using the Geant4 

toolkit and the Garfield and Maxwell programs to simulate ionizing events in the 

detector, the production and propagation of the scintillation and electroluminescence 

signals and their distribution on Csl photocathodes. The simulation was used to 

study the uniformity of light deposition on the photocathodes, the effect of the natural 

gamma background radiation on the detector and its response to calibration gamma 

sources. 

Furthermore, data produced with this simulation were analyzed with a neural 

network algorithm using the multi-layer perceptron class implemented in ROOT. 

The performance of this algorithm was studied for vertex reconstruction of ionizing 

events in the detector as well as for classification of tracks for background rejection. 
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Chapter 1 

Introduction 

1.1 The Neutrino 

The existence of the neutrino was first proposed in 1930 by Wolfgang Pauli in order 

to explain the continuous energy spectrum of the electron emitted in nuclear beta 

decay [1]. Sensitive measurements of this process revealed an important difference of 

energy and momentum between the initial nuclei on one side and the final recoiling 

nuclei and the emitted electron on the other side. To explain this apparent violation 

of energy and momentum conservation, Pauli theorized the existence of an electrically 

neutral particle that escaped the experiments undetected, carrying away the missing 

energy and momentum. In modern terminology, this process can then be written as 

n —¥ p+ + e~ + ue. In 1932, Enrico Fermi included the particle, which he named 

neutrino, in his theoretical framework of beta decay [1], 

The neutrino was first experimentally detected in 1957 by Clyde Cowan and 

Frederick Reines [2]. In their experiment, the flux of antineutrinos from the Sa

vannah River nuclear power plant was observed through the inverse beta-reaction 

Pe + p+ —» e+ + n. It was already suspected at that time that two distinct 'flavours' 

of neutrinos existed, each related to a different charged lepton: the electron (e) and 

the muon (/.l). This distinction was first experimentally established in 1961 by Leon 

1 
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Lederman, Melvin Schwartz and Jack Steinberger [3]. In their experiment, which in

volved the development of the first neutrino beam, neutrinos produced mostly through 

muon decays were directed toward a spark chamber, where their impact on aluminium 

plates produced muon trails that could be detected. Subsequently, experiments in the 

1970's revealed the existence of a third lepton, the tau (r) [4], and it was immedi

ately recognized that a third neutrino flavour should also exist. It is only in 2001 

that the DONUT experiment at Fermilab directly measured for the first time the tau 

neutrino [5]. 

The standard model of particle physics now counts three generations (flavours) of 

neutrinos: the electron-neutrino (fe), the muon-neutrino and the tau-neutrino 

(vT). These three particles, together with the electrically charged electron, muon and 

tau, form the group of particles known as leptons. In addition, each of the six leptons 

have an antiparticle counterpart, defined as having the same mass but opposite charge 

and quantum numbers. 

One of those quantum numbers is the lepton number, also called the lepton charge. 

Each lepton is assigned a lepton number of 1, and each anti-lepton a lepton number 

of -1. In any weak interaction, such as the beta decay or the muon decay mentioned 

above, the total lepton number has been observed to be the same before and after the 

interaction. This implies that the lepton number is a conserved quantity under weak 

interactions. Moreover, a similar conservation law exists for each individual lepton 

flavor with the definition of an electron, a muon, and a tau lepton number. However, 

the conservation of these individual lepton numbers has been observed to be violated 

by neutrino oscillation, which is discussed in the next section, 

Leptons are part of a larger family of particles called fermions, which groups all 

the particles that obey Fermi-Dirac statistics. Electrically neutral fermions can be 

either Dirac or Majorana particles. The main difference between the two is that Dirac 

fermions are distinct from their antiparticles, while Majorana fermions are identical to 
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them. While most fermions are known to be Dirac particles, the nature of neutrinos 

has not yet been established. 

This is primarily because neutrinos are very difficult to observe experimentally. 

Contrary to the three charged leptons, the three neutrinos are electrically neutral and 

can only interact with other particles via the weak and the gravitational forces. Hence, 

they have a very low probability of interaction with other particles. For this reason, 

many of their properties have not yet been observed, such as their mass and whether 

they are Dirac or Majorana fermions. Establishing all the properties of neutrinos is 

one of the goals of particle physics and many experiments have been carried out over 

the past decades for this purpose. 

1.2 Neutrino Masses 

One of the first important insights into the nature of the neutrino masses came from 

the study of the burning mechanism of the Sun. After it was understood that the Sun 

burns through nuclear fusion, it became clear that neutrinos should be emitted from 

it. Bethe and Critehfield proposed the first model of solar thermonuclear reactions to 

explain how the Sun produces its energy [6]. In their model, the energy of the Sun is 

produced through the fusion of two protons to a deuteron, a positron and an electron 

neutrino: p+ + p+ —> 2H+ +e+ + ve. Today's standard solar model predicts that 98% 

of the Sun energy is provided by the pp-chain, where four protons are converted to 

2He: 4p+ —> 4He++ + 2e+ + 2ue [1], The complete list of reactions involved in the 

pp-chain is shown in Figure 1.1. 

To investigate the solar model, it was proposed to detect neutrinos from the Sun 

via neutron capture on chlorine with the reaction 37CI + ve —> 37Ar+ + e~. This 

idea was first applied in 1960 at the Homestake gold mine in South Dakota in an 

experiment led by Raj' Davis [7]. After the first results were published in the mid 
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ipp) p++p+~>2H++ e*+ ve 

99.6% 

p+ + e +p+-> 2H+ + ve (pep) 

0.4% 

T 
2H+ + p*—> 3He++ + y 

85% T 

3He++ + 3He++—• 4He++ + 2p+ 

f 15% 

3He++ + 4He++ —> 7Be4+ + y 

T 2 x 10"5% 

3He++ + p* —> 4He++ + e+ + ve 

(hep) 

99.87% T 

(7Be) 7Be4+ + e" —> 7Li3+ + ve 

0.13% 

7Be4+ + />+ —> 8B3+ + y 

8B5+-^8Be4+ + e+ + ve : (SB) 
T 

, 7Li3+ +p*-> 24He++ 

T 
8Be4+ 24He++ 

Figure 1.1: The chain of reactions, known as the pp-chain, responsible for the pro
duction of 98% of the Sun's energy, with the branching ratios of each reaction and 
the nomenclature commonly used for the different solar neutrinos produced. 

1960's, a fact became apparent: the measured flux of solar neutrinos was significantly 

lower than the theoretical models predictions. This neutrino deficiency was later 

confirmed and reinforced by several other experiments, such as the Kamiokande II [8], 

the GALLEX [9] and the SAGE [10] experiments. It was shown that no change in 

the solar model could completely explain the difference between the data and the 

prediction [1]. 

A number of hypotheses were proposed to explain the deficit of solar neutrinos 

in experimental data. One of them was that the flavour of a neutrino might change 

as it propagates through space-time. This idea was first discussed in 1969 by Bruno 

Pontecorvo, who postulated that neutrinos might oscillate between the electron and 

muon flavours, the only two1 known at the time [11]. This can happen if neutrinos of 
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definite flavour (vi, I = e, n, r) are not state of definite mass, but rather exist as a 

coherent superposition of mass states (z^, i = 1,2, 3). This can be expressed as 

vi ^ ] UnVi, (1.1) 

where Uu are the elements of the neutrino mixing matrix. In addition to Pontecorvo, 

this matrix is often associated to the work of Maki, Nakagawa and Sakata [12] and 

hence is sometime denoted Umns or Upmns-

Until then, there had been no evidence that neutrinos had any mass at all, and it 

was often assumed that they were massless. However, the change of neutrino flavour 

through oscillation requires neutrinos to be massive. For only two neutrino flavours, 

the probability of a neutrino with flavour I to be observed with flavour k after having 

travelled a distance L is given by [1] 

P{yi —» Uk) = sin229sin2 ^1.27|Am|j|-^^ (1.2) 

where Ev is the neutrino energy in GeV, |Am^| = \m2 — m2 | is the mass squared 

difference in eV, L is in km, and 9 is called the mixing angle. In the two flavours 

case, this angle is sufficient to parametrize the mixing matrix from Equation 1.1: 

/ \ 
Vr. 

V, 
\ 

( 

\ 

cos{9) sin(9) 

—sin(9) cos{9) 

\ ( \ 
fi 

(1.3) 

In the case of three flavours, the mixing matrix is parametrized by three angles, 

denoted 9\2- #13, and 6*23, one CP violating phase 6, and two Majorana phases «i and 

a2- Using for cos(9.{J) and s.tJ for sin(0u), the mixing matrix can then be written 
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as 

( \ ( 
uP 

VT J 

C12C13 S12C13 Sl3 

"S12C23 — Cl2S23$13eiS C12C23 ~ S 12523s 13^ S23c13et<5 

^12^23 — CX2C23S13C ,iS 
-C12S23 - SX2C23Si3e° C23Ci3e 

iS 

e
lai/2Ui 

D102/2 "2 

"3 

(1.4) 

The first evidence that supported the neutrino oscillation theory came from the 

study of atmospheric neutrinos. The Earth is constantly bombarded by high energy 

radiation which interacts with the atmosphere to produce cascades of secondary par

ticles called hadronic showers. These cascades contain muons and pions which create 

most of the flux of atmospheric neutrinos through their respective decays: 

7T+ -» fj,+ + 

fj,+ —> e+ + ue + PM, 

7r ->/x + V p ,  

e~~ + ve + Up. 

(1.5) 

(1.6) 

Atmospheric neutrinos provide the opportunity to study the oscillation over a 

wide range of path lengths. Since they interact very weakly with matter, neutrinos 

produced on one side of the Earth contribute to the flux on the opposite side after 

travelling through the diameter of the planet. Therefore, the oscillation can be ob

served from a path length of around 10 km for downward going neutrinos to roughly 

10,000 km for the upward going ones. 

The Super-Kamiokande experiment published in 1998 the first evidence of neutrino 

oscillation by measuring the intensity of the muon neutrino flux together with its 

angular distribution [13]. The relation between the zenith-angle of the flux with its 

intensity appeared to fit well the hypothesis of —> vT oscillation. The results of the 
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Super-Kamiokande experiment found the mixing angle $23 to be near maximal and 

established the value of | Am^ | r\_/ | Am§2|, also denoted |Am2
(J. 

Other experiments have also confirmed the theory of neutrino oscillation. The 

SNO experiment, which was designed to determine separately the flux of electron 

neutrinos and the flux of neutrinos of other flavour, published in 2001 its inescapable 

conclusion that solar neutrinos oscillate as well [14]. 

Two years later, KamLAND provided the first evidence of oscillation of electron 

antineutrinos from commercial nuclear reactors [15]. The oscillation obtained from 

this experiment agreed perfectly with those from the solar ue experiments. From 

the combined analysis of these data, it was possible to obtain the value of lAm^l, 

including its positive sign, as well as 0i2, also denoted 9sol. 

Finally, an upper limit on the last mixing angle, #13, was established by the 

CHOOZ [16] and the Palo Verde [17] experiments. Furthermore, the T2K collabora

tion announced in June 2011 the first possible observation of —» ve oscillation [18]. 

Their results determined an interval of 0.03 (0.04) < sin20i3 < 0.28 (0.34) at 90% C.L. 

for a normal (inverted) hierarchy, which will be explained bellow. If confirmed, this 

result will constitute the first measurement of $i3. 

The mixing of massive neutrino flavours has thus been experimentally established 

through the observation of reactor, atmospheric and solar neutrinos, and the results 

are in good agreement with the current formalism of neutrino oscillation. At least 

two of the three mixing angles and the three mass squared differences have been 

determined reasonably well. The present known values of the oscillation parameters 

are summarized in Table 1.1. 

With the current knowledge of the neutrino masses accumulated from the oscilla

tion experiments, two possible scenarios can be considered. If the sign of lAm^l and 

|Am2
2| happen to be positive, the pattern of the neutrino masses (mi < m2 m3) 



8 

Parameter Value Reference 

sin226i2 = sin226S0i 

sin2 2023 = sin226atm 

sin228i3 

A m2
n = A m2

sol 

\Am2
31\ ~ |Aro|>| = \Am2

tml 

0.84l°;o4 (68% C.L.) 

> 0.92 (90% C.L.) 

< 0.19 (90% C.L.) 

8.01^ x 10~seV2 (68% C.L.) 

2.4l°| x lO-3eV2 (90% C.L.) 

[19] 

[20] 

[21] 

[19] 

[221 

Table 1.1: Neutrino Oscillation parameters. 

is called "normal hierarchy". On the other hand, if the signs are negative, the pat

tern (ma <C 77ii < m2) is then called "inverted hierarchy". The two hierarchies are 

illustrated in Figure 1.2. 

In addition to neutrino oscillation, attempts have been made to study the neutrino 

masses through the kinematics of the charged particles (leptons and pions) emitted 

in various weak decays. The most sensitive techniques probe the mass of the electron 

m: 

m-, 

mr 

0 

- L... 

Am„Im ~ 2.4x 10 eV 

i Amj ~ 8.0x10~5eV2 

'AnisJ ~8.0xl0'5eV2 

&mam ~ 2.4x10 eV 

m-

m. 

m. 

0 

[- - i Ve 

mm vn 
wmm VT 

Normal Hierarchy Inverted Hierarchy 

Figure 1.2: Diagram of the two neutrino mass hierarchies. 
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neutrino, defined as 

£1^1 (1.7) 

by fitting the shape of the beta decay spectrum. Tritium is often used in such exper

iments. The best limit to date {mUe < 2.3 eV at 95% C.L.) was established by the 

Mainz and Troitsk experiment [23]. 

More information about the masses of the neutrinos come from cosmology. It can 

be shown that the sum of the neutrino masses is related to the mass density of the 

universe through the equation 

where flm is the mass contribution to the cosmological constant and h is the Planck's 

constant [24]. Through this relation, cosmological observations have allowed to cal

culate a model dependent constraint on the sum of neutrino masses of approximately 

Neutrino oscillation, direct measurements of decay kinematics, and cosmology 

have all allowed to investigate the mass states of the neutrinos. However, neutrino 

oscillation experiments permit only to probe the squared mass differences (Am? ) 

rather than the masses themselves, while direct measurements and cosmology only 

provided constraints to the neutrino masses. Furthermore, none of these experiments 

allow to distinguish between the Dirac and Majorana nature of neutrinos. A possible 

experimental approach that could bring answers to these questions is the observation 

of neutrinoless double beta decay. Meanwhile, a more detailed discussion about neu

trino masses or the phenomena of neutrino oscillation can be found in K. M. Heeger 

(1.8) 

^ 0.7 eV [25]. 

(2004) [1] and S. F. King (2007) [26; 



1.3 Neutrinoless Double Beta Decay 

Neutrinoless double beta decay (PP(0v)) is a nuclear transition where an initial nu

cleus (Z, A), where Z is the number of protons and A is the nucleon number, decays 

to a final nucleus (Z + 2, A), emitting two electrons in the process: 

This process, illustrated in Figure 1.3a, is driven by the exchange of a light Majorana 

neutrino and violates the conservation of lepton number. It can only occur if neutrinos 

have masses (which as been confirmed by the observation of neutrino oscillation) and 

if they are Majorana particles. Furthermore, it is very similar to another process 

called two-neutrino double beta decay (0/3(2u)), in which two electron antineutrinos 

are emitted along with the two electrons: 

This decay, illustrated in Figure 1.3b, does not violate lepton number conservation and 

occurs whether or not neutrinos are their own antipar tides. Both types of double beta 

decay can only be observed in a limited number of isotopes where the initial nucleus 

(Z,A) is less bound than the final one (Z+2,A), but more than the intermediate one 

(Z+1,A), such that the regular one-electron beta decay is forbidden. 

Two-neutrino double beta decay was first proposed in 1935 by Maria Goeppert-

Mayer, who derived an expression for the decay rate and estimated a half-life of about 

1017 years [27]. It was two years later that Ettore Majorana formulated his theory of 

neutrinos in which the particle is its own antiparticle [28], and Giulio Racah was the 

first to suggest testing Majorana's theory with neutrinoless double beta decay [29]. 

(Z, A) —> (Z + 2, A) + 2e . (1.9) 

(Z, A) —t (Z -|- 2, .A) + 2e -I- 2,ve. (1.10) 
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Figure 1.3: Feynman diagrams of neutrinoless double beta decay (a) and the regular 
two-neutrino double beta decay (b). 

In 1939, Wolfgang Furry calculated the approximate value of the rate of /3/3(Ou) 

[30], and in 1952, Primakoff calculated the electron energy spectra and the angular 

correlation for both f3/3(2u) and ,0/3(0u) [31]. This provided a potentially useful tool 

for distinguishing between the two processes in experiments. 

@/3(2u) has already been observed for a number of isotopes in various experiments. 

On the other side, except for one unconfirmed claim from Klapdor-Kleingrothaus et 

al. [32], P/3(0u) has never been seen and a number of experiments are currently ongoing 

around the world to search for it. An observation of this decay would automatically 

establish the Majorana nature of the neutrinos, and a measurement of its decay rate 

would provide knowledge about all three mass eigenstates. The decay rate for (3f3(2u) 

can be written as [33] 

(Tyi)"1 = G2V{Qw,Z)\M2„\2, (1.11) 

where GzviQpp, Z) is the phase space factor for the emission of the four particles and 

M2u is the nuclear matrix element. The decay rate of /3(3(0u), when mediated by the 

exchange of a light massive neutrino, is given by [33] 
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(T^)-1 = G0v{Q^Z)\MQu\2{mm)2 (1.12) 

where Gou(Qpp, Z) is the phase space factor for the emission of the two electrons, 

MQu is another nuclear matrix element, and (m^) is the effective Majorana mass of 

the electron neutrino, defined as 

In this equation, the mfc's are the mass of the three neutrino mass states, and Uek are 

the mixing matrix elements. 

This makes the observation of /30(Ov) one of the best methods to obtain the neu

trino masses and the only practical way to establish the Majorana nature of neutrinos. 

Some experiments have already attempted to detect this decay. One of them is the 

Heidelberg-Moscow Collaboration in which a subset of the collaborators claims to 

have observed the peak of f3f3(Ov) in the energy spectrum of their 76Ge experiment. 

They reported a half-live of T®J2 = (2.23^3)) x 1025 yr from which they calculated an 

effective neutrino mass of {mpp) = (O^l^) eV [32]. The publication of this group 

received a number of critical replies and the results haven't been confirmed. However, 

whether or not their claim is valid, this experiment remains to date the most sensitive 

and allows to establish the best constraint on the effective electron neutrino mass in 

The very low decay rate of pf3(0i>) poses a significant difficulty for its experi

mental observation. To meet the high sensitivity required for such a rare decay, an 

extremely stringent background rejection is required, particularly in the energy re

gion of the Q-value, the total energy of the two emitted electrons. In addition to 

natural radiation background and radioactive contaminants, the measurements can 

(1.13) 
k 

76 Ge. 
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also be contaminated by (3/3(2u) events. In j3/3(Ou), the whole energy is transferred 

to the two emitted electrons, whose energy spectrum should appear as a narrow peak 

around the Q-value as illustrated in Figure 1.4. In /3/3(2u), part of the energy is also 

transferred to the two neutrinos which escape the experiment undetected, leaving 

the two electrons with a broad energy distribution. For this reason, a high energy 

resolution is required to avoid 2-neutrino events to be detected in the Q-value region 

of interest. 

2.0-

1.5-

1.0-

0.5-

0.0-

0 

Figure 1.4: Spectra of the total kinetic energy, Ke, of the two electrons emitted in 
j3fi{2u) (dotted curve) and f3/3(0u) (solid curve), assuming an energy resolution of 
5%. The f3/3(2u) curve is normalized to one while the j3f3{0u) curve is normalized to 
10~2 (10~6 in the figure inset). Figure from Reference [34]. 

With the data from neutrino oscillation and cosmology, it is possible to constrain 

the effective neutrino mass (m^p) and the lightest neutrino mass (either mi or m^). 

Figure 1.5 shows the dependence of (mpp) on the lightest mass assuming #13 = 0 and 

using the Am2's from Table 1.1. As one can see, even if (m^) is not measured exactly, 

determining a more stringent upper bound on its value would allow to distinguish 
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Figure 1.5: Allowed region for the effective neutrino mass, (m^), and the smallest 
neutrino mass mi or m3 for the normal and the inverted hierarchy. The plot was 
made assuming 013 = 0 and using the Am2's from Table 1.1. The filled areas are due 
to the possible values of the Majorana phases. Figure from Reference [33]. 

between the normal hierarchy, the inverted hierarchy or the quasidegenerate region. 

It should be noted that other mechanisms for neutrinoless double beta decay have 

been postulated which require the existence of new particles. The one presented 

above, which occurs through the exchange of a light Majorana neutrino, can be seen 

as the "minimum" mechanism and it is the most commonly considered. More detailed 

reviews of neutrinoless beta decay can be found in Avignone et. al. (2008) [33], Elliott 

and Vogel (2002) [34], or Simkovic (2011) [35]. 

1.4 Overview of the Thesis 

The Enriched Xenon Observatory (EXO) is an experiment designed to search for 

neutrinoless double beta decay in the 136 isotope of xenon. Carleton University is 

one of the collaborating institutions and part of its effort focuses on the development 



of a gaseous xenon detector, named Xenon Electroluminescence Prototype (XEP), for 

the study of a new detection technique. This thesis presents my contribution to the 

project, which consisted mainly in the development of a Monte Carlo simulation tool 

of the XEP detector and the study of the performance of a neural network algorithm 

for event classification and reconstruction. 

Before presenting my work, the next chapter introduces the EXO experiment and 

describes the design and the functioning of the XEP detector, including an expla

nation of the detection process and the main physical phenomena involved in it. A 

discussion of the experimental requirements aimed for the detector is also included. 

Chapter 3 introduces the Monte Carlo simulation of the XEP detector that I 

developed using the Geant4 [36] and the Magboltz [37] and Garfield [38] programs. 

This work included the writing of the Geant4 application and the creation of an 

interface between Geant4 and Garfield for the simulation of electron drift. The code 

used for the generation of neutrinoless and two-neutrino double beta decay events 

was adapted from the EXO-200 experiment Geant4 simulation. 

Chapter 4 presents the results of various studies I performed with the simulation, 

including an examination of the light collection uniformity in the detector, a study of 

the effect of the natural background radiation on the detector's performance and an 

investigation of the detector response to calibration gamma sources. Prior to these 

studies, I performed measurements of the natural gamma background radiation in 

the room where the detector is being built with a germanium detector. This study is 

described in Section 4.3.1. 

Finally, Chapter 5 presents the work I did in studying the performances of a 

multilayer perceptron neural network algorithm to analyze tracks generated with the 

Monte Carlo simulation. The study was performed using the multi-layer perceptron 

class implemented in the ROOT software [39]. The performances of this algorithm 

was examined for background rejection and track vertex reconstruction. 



Chapter 2 

EXO Experiment 

The Enriched Xenon Observatory (EXO) is an experiment led by an international 

collaboration aiming at developing a ton scale detector for the observation of neutri

noless double beta decay in 136Xe. The project currently consists of two prototypes 

developed to study techniques for working with xenon in a time projection chamber 

(TPC) in order to measure the half-life of both /3/3(2v) and j3/3(0u). The first one, 

EXO-200, is located at the Waste Isolation Pilot Plant (WIPP) in New Mexico and 

uses approximately 200 kg of liquid xenon enriched to about 80% of 136Xe. It has 

been collecting data since spring 2011 and made the first measurement of the half-

life of /3/3(2v) in this isotope (T\/2 = 2.11 ± 0.04 (stat.) ± 0.21 (sys.) x 1021 y) [40]. 

This was consistent with the result of the KamLAND-Zen collaboration published 

soon after (T1/2 = 2.38 ± 0.02 (stat.) ± 0.14 (sys.) x 1021 y) [41], The other prototype, 

called XEP (Xenon Electroluminescence Prototype), consists of a high pressure xenon 

gas (HPXe) TPC which is currently being built at Carleton University. It is on this 

second initiative that the subject of this thesis is based. 

Xenon has nine stable isotopes as well as over 40 unstable ones. Among the stable 

isotopes, four are predicted to undergo double beta decay: 124Xe, 126Xe, 134Xe, and 

136Xe. However, since this decay possesses a very long half life and has never been 

observed before, these isotopes are usually considered stable. 
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Xenon offers some important advantages over other double beta decay candidate 

elements. As a noble gas, it is relatively easy to purify in order to remove radioactive 

or electronegative impurities that could add to the background or degrade the signal. 

Moreover, xenon is an efficient scintillating material. As will be discussed bellow, the 

scintillation of xenon plays an essential role in the detection process of the detector. 

The 136-isotope of xenon also offers some advantages over other isotopes. First 

of all, it has a relatively high natural abundance (~8.9%) and can be enriched using 

centrifuges which allow to process large quantities. Furthermore, the Q-value of 

neutrinoless double beta decay in 136Xe (the total energy of the two electrons emitted) 

is 2.48 MeV, which is above the radioactive uranium decay chain energies. This should 

reduce the requirement for background suppression. Finally, using 136Xe may allows 

to completely eliminate the background through barium tagging, a technique to detect 

the presence of the 136Ba++ daughter of the decay. If it could be achieved, it could 

confirm the Oz/) origin of a given signal by eliminating all events which do not 

result in the production of a barium ion. How to practically achieve this is currently 

being researched at Carleton University as a separate project, but if a barium tagging 

technique is successfully developed, it could be integrated to the XEP detector in the 

future. 

The next sections are intended to provide an overview of the XEP detector and 

explain how it functions. The main physical phenomena involved in the detection 

process of the apparatus are explained in Section 2.2 and the experimental require

ments in terms of energy and tracking resolutions that are aimed are presented in 

Section 2.3. 



2.1 The XEP Detector 

The detector is a gas-phase TPC, which is one of the standard devices used in particle 

physics for the tracking and identification of particles. It consists of a large volume of 

gas subjected to a constant and uniform electric field. Once a charged particle passes 

into the volume, it transfers its energy to the gas which is ultimately converted to 

scintillation photons and ionization electrons. The collection of these photons and 

electrons form the basis of the measurement of the incident particle's energy and the 

reconstruction of its track. 

The ionization electrons drift under the effect of the electric field toward the 

anode where the readout plane is located. Due to the collisions with the gas, the 

electron's drift velocity is constant for a given gas mixture and uniform electric field. 

The position where the electron is detected on the readout plane gives the x and y 

coordinates of its origin, while the z coordinate is obtained from the measurement 

of the drift time, using the primary scintillation to mark the starting time of the 

drift. Hence, knowing the origin of each ionization electrons, the track of the incident 

particle can be reconstructed in three dimensions. 

In a TPC, the readout planes often consist of multi-wire proportional chambers 

(MWPC) planes located at both ends of the chamber. However, in the XEP detector, 

the amplification and detection of the ionization electrons will rather be performed 

through a technique that exploits electroluminescence (EL). EL is the process of pro

duction of secondary scintillation photons occurring when an electron is accelerated 

with an electric field above the medium's excitation energy. This process can be ex

ploited to convert the ionization signal to a large number of UV photons that will 

be detected by the same photodetectors as the primary scintillation. As will be ex

plained in Section 2.2.3, EL offer a high gain, low noise and low fluctuation process 

to measure the energy deposited through ionization and should allow to achieve the 
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high energy resolution required for the detection of f3/3(0i>) [42]. 

In the design of the XEP TPC, illustrated in Figure 2.1, the xenon gas is contained 

in a cylindrical stainless steel vessel with an inner diameter of 60 cm and a total length 

of about 2 meters. Inside, 28 copper rings 52.2 cm in diameter will be used to shape 

the drift electric field with resistors linking them in order to distribute the electric 

potential across them as a voltage divider. Furthermore, the cage will have at both 

ends a wire grid serving as anode and cathode. A Teflon cylinder surrounding most 

of the ring cage will serve as an insulator for the high voltage difference between the 

rings and the stainless steel vessel as well as an UV light reflector to increase the 

detection efficiency of scintillation photons. 

UV TRANSPARENT WINDOW 
Csl PHOTOCATHODE 
LOW PRESSURE CH4 

10 BAR XENON 

-10.0 mm EL REGION 
|—DRIFT FIELD GRADIENT RINGS 

• INSULATOR 

DETECTOR PACKAGE 

LOW PRESSURE CH4 

10 BAR XENON 

DETECTOR PACKAGE 

Figure 2.1: Open side view of the XEP TPC. 

At both ends of the TPC will be located a cesium iodide (Csl) photocathode 

for the detection of the primary scintillation and the electroluminescence. The two 

readout packages, showed in Figure 2.2, will consist of a 6.35 mm thick fused silica 

(SiOg) window, a 3.17 mm thick low pressure methane (CH4) gas gap, a Csl layer 

deposited on a glass fibre circuit board and a Teflon grid between the circuit board and 

the Si02 window. Fused silica is known to have a good transparency for UV photons 

at the wavelength of xenon scintillation (~ 175 nm) and therefore is the material of 
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Si02 Window Wire Meshes 

Teflon Spacer 

Figure 2.2: Illustration of the readout package, showing the 2.54 cm x 2.54 cm Csl 
pads, the Teflon spacer grid within the CH4 gap, the fused silica window and some 
of the wires that form the electrode meshes of the EL region. 

choice to separate the Xe from the CH4. Csl is a photo-sensitive material often used 

in photocathodes for UV photon imaging. It has been shown to provide quantum 

efficiencies (QE) of approximately 20% around the wavelength of interest [43]. The 

thin Csl layer of each readout plane will be segmented in 228 square pads 2.54 cm on a 

side, although the openings of the Teflon spacer grid are only 2.24 cm on a side. When 

a photon hits one of the pads, it will eject an electron through the photoelectric effect. 

An electric field in the CH4 gap, between the Csl layer and a conductive wire grid 

near the SiC>2 window, will drift the ejected electrons away from the pad, inducing a 

signal on it. The role of the Teflon grid in the CH4 gap will be to hold apart the circuit 

board and the SiC>2 window against the very high pressure of the xenon pushing on 

both sides of the readout packages. 

In front of one of the readout plane windows, two wire grids will be located 1 cm 

apart from each other to form the EL region, where the EL light from the arriving 

ionization electrons will be produced. The readout package adjacent to this high field 

region will record an EL signal which should follow the trajectory of the track and 

will be used for tracking. On the opposite side of the detector, the EL light should 

reach the second readout plane quite uniformly, with a soft cosine-like dependence on 
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the position, since the photons are emitted isotropically. 

The operating pressure of the xenon gas that would provide the optimum perfor

mances is unknown at this time. An advantage of a higher pressure is that it allows 

the same amount of xenon to be contained in a smaller detector, thus reducing the 

requirement for shielding and potentially providing a lower contamination from exter

nal backgrounds. However, the vessel containing this pressure then needs to be made 

thicker and the background from radioactive impurities inside the vessel becomes 

more important. It was decided to use a vessel capable of containing a maximum 

pressure of 10 bars. This compromise was chosen because a pressure vessel capable to 

withstand vacuum can typically resist to an internal pressure of 10 bars. Therefore, 

the effect of pressure on the performance of the detector will be studied within a 

range of 1 to 10 bars. 

Once its construction is completed, this detector will allow us to study every 

aspect of the detection of ionizing events in HPXe and to evaluate the performance 

of this technology for the search for neutrinoless double beta decay. 

2.2 Detection Process 

As mentioned in the previous section, the primary scintillation will serve as a trigger 

to indicate the start of the ionizing event, while the ionization of the gas will be used 

to measure the energy deposited by the incident particle through the production and 

detection of electroluminescence. Therefore, the main physical processes responsi

ble for the creation of the signal will be the production of scintillation photons and 

ionization electrons by the incident particle, the drifting of the electrons, and the pro

duction of electroluminescence photons. The current understanding of these processes 

is discussed in the following subsections. 
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2.2.1 Primary Scintillation and Ionization 

When a charged particle with low energy pass through a gas, it loses its energy 

primarily by ionization and excitation of the gas molecules. According to Platzman 

[44], when all the kinetic energy of the incident particle is deposited in the gas, the 

balance of this kinetic energy is given by 

where Ec is the kinetic energy of the incident particle, is the average number of 

ionize an atom of the gas, NEX is the average number of atoms excited by the incident 

particle, EEX is the average excitation potential required to excite an atom of the gas, 

and €h is the average energy of sub-excitation electrons. 

The efficiency of ionization of a gas by a charged particle can be measured by the 

average energy expended per electron liberated, given by 

EC — NIEI + NEX EEX + NTEH, (2.1) 

electrons produced by the incident particle, Ei is the average potential required to 

(2.2) 

Similarly, the average energy expended per excited atom is given by 

(2.3) 

Wi can be directly obtained by measuring the number of ion pairs produced by ionizing 

particles. On the other hand, WEX cannot be observed directly. What can be observed 

is the number of scintillation photons produced by the primary particle NS. This 
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allows to calculate the average energy expended by the scintillation photons, given 

This value has been measured as 72 eV [45]. 

Ws and Wex are not necessarily equal because, for pressures of more than 103 Torr, 

the scintillation light is produced in two different ways. The first one, called excitation 

luminescence, occurs through the de-excitation of an excited xenon molecule Xe\ as 

follows [46]: 

where Xe* is an excited xenon atom, Xe is a xenon atom, and hu is a scintillation 

photon. 

The second origin of scintillation light, called recombination luminescence, involves 

the recombination of thermalized electrons eth with atomic xenon ions Xe+ through 

the following chain of reactions [46]: 

by 

(2.4) 

Xe" + Xe + Xe -> Xe\ + Xe, 

X&2 —^ XG ~t~ XG + HV^ 

(2.5) 

(2.6) 

Xe+ + Xe + Xe XeJ + Xe, 

ehot ->• eth + heat (eh), 

X e J  +  e t h  X e * *  +  X e ,  

Xe** —> Xe* + heat, 

Xe* + Xe + Xe Xe*2 + Xe, 

Xe2 —^ Xe -|- Xe -I- hu, 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 
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where Xe\ is a molecular xenon ion, e^ot is a sub-excitation electron, e th is a ther-

malized electron, and Xe** is a highly excited xenon atom. 

Both excitation and recombination luminescence results in the production of pho

tons with a wavelength of 175 nm and a full width at half maximum (FWHM) of 

15 nm [46]. However, an important difference between the two is that recombination 

luminescence has a dependence on the electric field, due to the coulomb attraction of 

the ion and the electron in Equation 2.9. If a sufficiently high electric field is applied, 

the coulomb force can be overcome and the recombination is prevented. In this case, 

the number of scintillation photons produced, NS, is equal to the number of excited 

atoms, NEX, since each excited atom emits one scintillation photon [46]. 

The time evolution of excitation luminescence is mainly determined by the spon

taneous decay of Xe*2 in Equation 2.6 from its two lowest vibrationally relaxed (u = 0) 

excited molecular states (XE+ and 3£+) to its repulsive ground state (XE+) [47]. Since 

those two transitions have different decay rates, excitation luminescence has two com

ponents, a fast and a slow one. The lifetime of the singlet state is 4.6 ns, while 

the lifetime of the 3£J triplet state is 99 ns [48]. These two transitions are responsible 

for the primary scintillation light that should be observed in the XEP detector when 

a charged particle passes through its xenon. The lifetime of the triplet state for xenon 

is significantly shorter than for other noble gases, which makes high pressure xenon 

a promising gas for a proportional scintillation gas counter [47]. 

Finally, an important aspect of ionization is the variation in the number of free 

electrons produced by the incident charged particle. Since the energy of an event will 

be measured from the number of ionization electrons, this fluctuation will have a direct 

impact on the energy resolution of the detector. The Fano factor, F, characterizes 

the intrinsic fluctuation in the partitioning of deposited energy between ionization 

and other mechanisms. The root mean square (rms) fluctuation in the number of free 

electrons, iVj, can be expressed as [42] 



a i  = ^fFN i. (2.13) 

For gaseous xenon, various measurements have shown that Fcxe = 0.15 ± 0.02 [42]. 

In comparison, liquid xenon exhibits a Fano factor of about FLXe ~ 20 [42]. This 

large difference implies that, in principle, by exploiting the ionization signal alone, 

a gaseous xenon detector can achieve a energy resolution superior by a factor of 

\JFupxejF^xe. = 0.087. Since N% and Ns are anti-correlated, it is possible to com

pensate the ionization fluctuation in order to improve the resolution by measuring 

the number of scintillation photons emitted. This approach was adopted in EXO-

200. However, the scintillation signal cannot be measured with sufficient precision 

and accuracy to recover the intrinsic energy resolution [42]. 

2.2.2 Electron Drift and Diffusion 

TPCs allow full three dimensional reconstruction of the path taken by a primary 

charged particle through the detection of the ionization electrons produced along the 

track. These electrons drift with an average constant velocity due to elastic collisions 

with the gas molecules. However, these same collisions add an effect of diffusion to 

the drifting electrons which affects the tracking resolution of the detector. A deep 

minimum exists in the electron-atom elastic collision cross-section formula called the 

Ramsauer-Townsend (R-T) minimum. For xenon, this minimum occurs at about 

1 eV [42], 

The drift properties can be estimated from the classical kinetic theory of gases. 

In the absence of an electric field or any other external force, an electron in a gas 

at temperature T possesses a Maxwellian energy distribution with a most probable 

value kT, where k is the Boltzmann constant [49]. This corresponds to about 0.04 eV 

at room temperature. If an electric field E is added, the electron will have a net 
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motion in the direction of the field with a drift velocity given by [49] 

eE 
W — t. 

m 
(2.14) 

where r is the average time between collisions and e and m are the charge and mass 

of electrons respectively. 

When an electron drifts over a distance x with a drift velocity w, its diffusion along 

any direction can be described by a Gaussian distribution with a standard deviation 

where D is the field dependent diffusion coefficient that characterizes the expansion 

of electron swarm as it drifts along the field lines. 

It should be noted that, since the average velocity of the electrons is higher in the 

direction parallel to the field than the one perpendicular to it, the diffusion is also 

different in those two directions. Therefore, two diffusion coefficients are used, one 

longitudinal and the other transverse with respect to the electric field, denoted DL 

and DT respectively. 

In conclusion, the drift and diffusion of electrons in gases can be described by the 

drift velocity w and the two diffusion coefficients Dc and DT. These three parameters 

are electric field and pressure dependent and are different for various gases and gas 

mixtures. A review of experimental and theoretical data on the transport properties 

of pure gaseous xenon is presented in Vladimir et al. [50]. 

2.2.3 Electroluminescence 

Electroluminescence is a process where photons are produced by electrons drifting 

in a gas under the influence of an electric field. Below a certain electric field, only 

(2.15) 



elastic collisions occur between a drifting electron and the gas atoms. When the field is 

increased above this threshold, the electron is able to acquire an energy corresponding 

to the first excitation level of the gas (8.32 eV for xenon [42]). The electron can then 

excite the gas atoms though inelastic collisions. As in the production of excitation 

luminescence described in Equations 2.5 and 2.6, the excited atoms rapidly form 

excited xenon molecules Xe*2 through three body collisions, which in turn decay to 

produce vacuum ultraviolet photons. 

Another electric field threshold exists above which the electron can reach a suffi

ciently high energy to liberate another electron through ionization. This creates an 

exponential charge multiplication since the newly liberated electrons can also ionize 

the gas, creating an electron avalanche. This cascade degrades the energy resolution 

of the detector by producing more EL photons in two ways. Firstly, the new ioniza

tion electrons also emit EL photons as they drift. Secondly, the atomic ions created 

also contribute to the production of EL light through a recombination process like 

the one described in Equations 2.7 to 2.12 [42], The range of reduced electric field 

within which EL can be produced in gaseous xenon without charge multiplication is 

approximately 1.3 kV cm_1bar_1 to 8 kV cm-1bar-1 [51]. 

In XEP, electroluminescence will be exploited for the amplification of the signal. 

This technique has been widely used for high-resolution spectroscopy of X-ray and low 

energy gamma-ray [42,51]. More recently, it has also been exploited for the search of 

weakly interacting massive particles (WIMP) through the development of two-phase 

liquid noble gas detectors [42,51]. 

The idea consists of dividing the detector in two distinct regions of electric field. 

In the low-field region, where the fiducial volume is located, free electrons resulting 

from ionizing events drift toward the high-field region. Once they reach the high-field 

region, they are converted into an EL light signal which constitutes the basis of the 

signal amplification. In this region, consisting of a gap of 1 cm of thickness, the field is 



made as uniform as possible so that all the electrons cross the same electric potential, 

thus producing a number of EL photons with the smallest fluctuation possible. 

The small variation in the gain is what confers to this technique its most important 

advantage. In fact, EL probably allows a better energy resolution than any other 

amplification technique in gas [42]. 

Contradicting data can be found in the literature about the electroluminescence 

yield in xenon. While data calculated from the Boltzmann equation and obtained 

using Monte Carlo simulation are in good agreement, the values found in experiments 

vary significantly from each other [51]. 

The quantity commonly used is the reduced electroluminescence yield Y / N ,  the 

electroluminescence yield divided by the number density of the gas.. This variable 

presents an approximately linear relation with the reduced electric field E/N. Some 

recent results, together with the simulation and Boltzmann calculation values, show 

a good agreement with the equation [51] 

where Y / N  is in 10 17 photons electron 1 cm2 atom 1 and E / N  is in Td 

(1 Td = 10~17 V cm2 atom-1). This can also be expressed as [51] 

where Y / P  is in photons electron-1 cm-1 bar-1 and E / P  is in kV cm-1 bar-1. In 

Favata et al. [52] it was concluded that Y/N is independent of the operating pressure. 

Furthermore, Fonseca et al. [53] have shown that Y/N is temperature independent in 

the range from 20° down to —88°. Some experiments found yields of a factor of two 

Y / N  =  0.140E/N - 0.474, (2.16) 

Y / P  = 140E/P - 116, (2.17) 
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lower than the one presented above. The different results reported could be due to 

different levels of gas impurities [51]. 

2.3 Experimental requirements 

In order to demonstrate whether or not this design of Xe gas TPC will be capable 

of identifying a /3/3(Of) event with a high level of certainty, it will be essential to be 

able to distinguish such events from all sources the of background. Due to the very 

long lifetime of 136Xe, an extremely high sensitivity is needed, which imposes a very 

stringent background rejection requirement. 

The first defence against background consists obviously in preventing it. For radi

ation from radioactive isotopes, this is usually performed by shielding the experiment 

against external sources and by selecting extremely low radioactivity materials for 

the construction of the detector. However, the effect of such measures are under

stood and it should be possible to perform the technical study of the XEP prototype 

without implementing them. Therefore, there is no requirement to make the detector 

from low radioactivity materials and the external radiation shielding will be limited 

to shelves of water boxes along the two concrete walls closest to the detector and to 

steel plates under it. 

Two criteria that are to be demonstrated with XEP are the achievement of a high 

energy resolution and a good tracking ability. The energy resolution is critical for 

distinguishing double beta decay events from background as well as to separate the 

/3/3(Of) from the /?/?(2u) events (see Figure 1.4). A good tracking resolution could 

allow the recognition of a double beta decay event through the observation of some 

topological features in the tracks of the emitted electrons. In addition, the ability 

to detect the daughter barium ion from the double beta decay of 136Xe would allow 

the confirmation of the /3j3(Of) origin of the detected signal and practically suppress 
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all background. If a technique to perform this is successfully developed, it could 

eventually be incorporated to the TPC to demonstrate the entire detection process. 

For now, however, barium tagging is researched as a separate project. 

2.3.1 Energy resolution 

One of the objectives of XEP is to demonstrate the ability to measure the energy 

deposited in the TPC with a resolution <JE/E = 1% or better. Since the energy will 

be measured by counting the number of ionization electrons, a limiting factor for the 

energy resolution will be the fluctuations in the ionization of the gas, characterized 

by the Fano factor, as mentioned in Section 2.2.1. Using Equations 2.2 and 2.13, the 

intrinsic energy resolution can be defined as [42] 

Using W[ = 21.9 eV [42] and F = 0.15, the intrinsic resolution at the Q-value of 

136Xe (2480 keV) is AE/E = 1.2 x 10-3, which is better then the required resolution. 

With the electroluminescence process employed to detect the electrons, it is rea

sonable to assume that the detection of individual electrons are uncorrelated. There

fore, if NI is the number of ionization electrons formed in the TPC and G represents 

the variance of the signal gain from the detection of an electron, the standard devia

tion for the detection process due to signal variation is [42] 

It can also be assumed that the fluctuations in the detection of electrons are uncor

related from those in the ionization of the gas, so that the total fluctuation of the 

signal can be written as [42] 

(2.18) 

ONi — GNi. (2.19) 
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< O-NI — Y/(F + G)NI. (2.20) 

Then, the energy resolution can be expressed as [42] 

= (,21) 

To achieve the required resolution, G should be at most on the order of F. Other

wise, the advantage of the small Fano factor in gaseous xenon would be lost. Again, 

electroluminescence provides a low fluctuation process for the amplification of the 

ionization signal and should allow to meet this requirement. 

Some of the main contributions to the variance of the detected signal should be 

the number of detected EL photons per ionization electron and the gain process in 

the CH4 gas. Let UEL be the number of EL photons emitted per electrons, npe be the 

number of photoelectrons produced on the Csl surface per incident electron, and a^d 

be the variance of the gain process of the photodetector. To a good approximation, 

the variance G can be given as [42,54] 

G = J _  + (2 22) 

nEL n. pe 

where J is a Fano-like factor defined by o\F[ = JUEL- The first term of Equation 2.22 

represents the variations in the number EL photons produced per ionization electrons, 

the 1 /npe term characterizes the variation of the number of these photons that reach 

the photocathode, and the crpd/npe term characterizes the fluctuations in the gain 

process in the CH4. 

The parameter J characterizes the fluctuations in the energy loss by the electrons 

in excitation and in elastic collisions. The fluctuations in UEL should also be affected 



by the non-uniformity of the electric field in the EL region, as well as by charge 

multiplication that might occur near the electrodes of the electric field, where the 

field intensity becomes higher and the energy of the drifting electrons might reach 

the ionization potential of the gas. The value of J, which decreases with increasing 

E/p, has been found to be as low as 0.02 at E/p = 7 kV cm-1 bar-1 [54]. 

However, the second term in Equation 2.22 will typically be much higher than 

the first one due to the low photon detection efficiency. Also, several other effects 

will likely affect the energy resolution by introducing fluctuations in other part of 

the detection process. For example, ionization electrons can be lost due to electron 

capture caused by electronegative impurities in the gas. Additional fluctuations will 

likely arise from the UV light attenuation in xenon gas and from electronic noise. 

2.3.2 Tracking 

An accurate reconstruction of the track can provide a powerful tool to recognize 

double beta decays and to reject background events. Because of multiple scattering, 

the tracks are likely to be very convoluted and reconstructing them accurately might 

be difficult. The ability to do this will certainly be limited by the diffusion of the 

ionization electrons drifting in the gas as well as the dimension of the readout pads. 

However, it will be useful to determine as much as possible about the tracks in order 

to identify and reject background events. 

One of the features that would be useful to observe is the Bragg peak, a pronounced 

peak in the plot of the energy loss by a charged particle as a function of the distance 

travelled through matter. The peak occurs because the ionization interaction cross 

section of the incident particle increases as its energy decreases. Hence, a higher 

ionization concentration should normally appear at the end of a track. Identifying 

the Bragg peaks would allow the differentiation of events formed by two charged 

particles, such as double beta decay, from single particle events, which are necessarily 
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background. 

Even with the observation of Bragg peaks, two electrons of background origins 

could be mistaken for a double beta decay event if they pass sufficiently close to each 

other. A good tracking resolution would facilitate the separation of tracks with a 

common origin from multi-site events that are necessarily background events. Fur

thermore, observing the location of the energy deposition along the track could help in 

identifying the type of particle involved due to the different stppping power (dE/dx) 

of the various particles. For particles observed near the edge of the. detector, a good 

tracking resolution could clarify whether or not their tracks are fully located within 

the fiducial volume. This is essential to determine since if the track is not fully 

contained, it is impossible to measure its energy precisely. 

Finally, being able to locate the events vertex would have multiple advantages. 

First, if a particle originates at the surface of the detector materials, then it is nec

essarily background. Second, the density of background tracks originating near the 

edge of the TPC should be higher than near the center, while the double beta decay 

events should be distributed uniformly throughout the detector. Third, knowledge of 

the vertex of a double beta decay event would be useful for the design of the barium 

tagging system since it would indicate the location of the Ba++ ion. 



Chapter 3 

XEP Detector Simulation 

A Monte Carlo simulation of the XEP detector was developed to simulate ionizing 

events in the TPC, the production and propagation of the light signal from those 

events and its detection on the Csl readout plane. The simulation was developed 

using the Geant4 toolkit [36] and the Magboltz [37] and Garfield [38] programs. 

A Geant4 application constitutes the main part of this simulation. Geant4, which 

starids for GEometry ANd Tracking, is a software toolkit for the simulation of the 

passage of particles through matter. It provides detailed detector modelling capabili

ties and a comprehensive set of physics models to describe the interactions of particles 

with matter, including the production of secondary particles. 

Although Geant4 can calculate the energy deposition of particles in xenon, it is 

unable to produce certain processes in the gas, such as the production of ionization 

electrons and their resulting drift inside the chamber under the influence of the electric 

field. On the other hand, Garfield is a FORTRAN program designed specifically 

for the simulation of drift chambers and gas detectors. Therefore, it was a natural 

choice for simulating the ionization electron's drift toward the electroluminescence 

region. To accomplish this task, the program requires the drift velocity and diffusion 

coefficients of electrons in pure xenon. For this, Garfield provides a seamless interface 

with Magboltz, a program designed to calculate the transport properties of electrons 

34 
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in gas mixtures under the influence of an electric field by solving the Boltzmann 

transport equations. 

For this simulation, an interface between Geant4 and Garfield was created. The 

primary use of Geant4 is the simulation of the interactions of particles with the various 

components of the detector, including the xenon gas, as well as the propagation of 

the light signal within the detector. From the energy deposited by charged particles 

in the gas computed by Geant4, the number and distribution of ionization electrons 

is calculated. This information is passed to Garfield, which calculates the diffusion 

and arrival time of each electrons at the electroluminescence region. Geant4 is then 

used to generate and propagate the resulting electroluminescence light and calculate 

its detection on the two photocathode planes. 

3.1 The Geant4 Application 

3.1.1 Physics Processes 

Constructing a Geant4 application requires specifying the physical processes that de

scribe the interactions of the particles with the materials. In this simulation, the 

following electromagnetic processes were included: multiple scattering, ionization, 

bremsstrahlung, annihilation, pair production, Rayleigh scattering, photoelectric ef

fect, and Compton scattering. Whenever available, the low-energy electromagnetic 

models were used, which can describe the interaction of electrons and photons with 

matter down to 250 eV using interpolated data tables based on the Livermore li

brary [55]. In addition, processes for optical photons were also included, including 

scintillation, Cerenkov radiation, absorption, Rayleigh scattering, and boundary pro

cesses. 

Furthermore, the Radioactive Decay Module (RDM) [56] was implemented for the 



simulation of the nuclear radiation. The RDM is an extension to GEANT4 developed 

under the sponsorship of the European Space Agency. It allows simulation of the 

radioactive decay of isotopes over multiple nuclide generations and to generate the 

products of the decays (i.e., alpha and beta particles and gamma rays) with the 

correct energies and intensities. It uses the Evaluated Nuclear Structure Data File 

(ENSDF) [57] for determining the branching ratios of radioactive decays. 

Finally, two functions were added to the code for the generation of the two elec

trons emitted in neutrinoless and two-neutrino double beta decay events with the 

appropriate energy and angular distributions. These functions were adapted from the 

EXO-200 Geant4 simulation. The ground state to ground state transition (0+ —> 0+) 

is assumed as described in F. Boehm & P. Vogel, 1992, pp.145-151. [58]. The ener

gies of both electrons, Ei and E2, are randomly generated to satisfy the phase space 

constraint proportional to [58] 

where pi and p-2 are the momentum of the two electrons and F ( E )  is the Fermi 

function that describes the Coulomb effect between the emitted electrons and the 

final nucleus. The angle 9 between the electrons is also randomly selected according 

to a distribution of the form [58] 

dG0v ~ p1E1F(E1)p2E2F(E2)dE1dE2, (3.1) 

/(cos<9) = 1 - cos 9. 
hj\ Ej2 

(3.2) 

3.1.2 Geometry 

A number of classes provided with Geant4 allow the geometry of the simulated de

tector to be accurately described. The geometry of the XEP TPC that was modelled 
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Figure 3.1: Visualization of the detector modelled in Geant4. 

is shown in Figure 3.1. The model includes the stainless steel vacuum vessel, the 

gaseous xenon, the Teflon insert and the 27 copper rings for the drift electric field. 

It also includes the two readout packages, each comprising a fused silica window, a 

methane gap with the Teflon spacer grid, a thin layer of Csl and a fibreglass circuit 

board. Furthermore, a second volume of xenon is included inside the one previously 

mentioned to serve as the active xenon volume. It is only for the ionizing events 

occurring in this volume that the deposition of ionization electrons is calculated. It 

extends from the position of the anode mesh to the last copper ring and has a diam

eter of 49.53 cm, which corresponds to a distance of 5.08 cm from the chamber inner 

wall and 1.34 cm from the copper rings. Finally, a uniform electric field is included 

in the active xenon volume. 

In addition to the detector, some elements of the cleanroom in which the detector 

will operate were included for the simulation of background radiation. These com

ponents, illustrated in Figure 3.2, are the concrete floor, ceiling and the two closest 

walls to the detector, the rows of water boxes along the walls and the steel plates on 

the floor used for shielding, as well as the air that fills the room. 

All the dimensions of the detector and the room were taken from the technical 
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Figure 3.2: Illustration of the components of the room where the detector is being 
built that were included in the simulation. 

drawings provided by Matt Bowcock and Vance Stickland, who are respectively de

signer and engineer collaborating with the EXO experiment at Carleton University. 

The xenon gas was given a temperature of 300 K and the pressure was generally 

chosen between 2, 5, or 10 atm. The density corresponding to each of these pressures 

was calculated by solving the Van der Waals equation 

(3-3) 

where P is the pressure, V is the volume, n is the number of moles, a = 4.137 x 10~6 

atm m6 mol-2 and b = 5.16 x 10-5 m3 mol-1 are the two Van der Waals constants, and 

R = 8.206 x 10-5 m3 atm K"1 mol-1 is the universal gas constant [59]. For the three 

pressures mentioned above, this formula gives values of 0.0108 g-cm~3, 0.0273 g-cm~3, 

and 0.0561 g-cm~3, respectively. At standard temperature and pressure (STP), it 

gives a density of 0.00590 g-cm-3, close to the value of 0.005887(9) g-cm-3 quoted in 

the CRC Handbook of Chemistry and Physics, 87th edition [59]. The final operating 

pressure of the methane gas between the window and the Csl layer was not known 

at the time when this work was done, so a temperature of 300 K and a pressure of 

0.1 atmosphere were assumed, which correspond to a density of 6.627x10"° g-cm~3 
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using the ideal gas law: 

PV = nRT , (3.4) 

where the variables are the same as in Equation 3.3. 

3.1.3 Scintillation 

The primary scintillation light generated by charged particles passing through the 

xenon gas will be important for XEP to mark the starting time of the charge collec

tion. In Geant4, the scintillation process is characterized by a number of empirical 

parameters. The "scintillation yield" represents the mean number of photons emit

ted per energy deposited in the scintillating material. The actual number of photons 

produced in a given step fluctuates around this mean number, iV7, with a width 

a = where R is the intrinsic "resolution scale" for the scintillating material. 

The material also has a time spectrum given by two exponential decay time con

stants, the "fast" and "slow components", which describe the decay times of the Xe£ 

excimer in the singlet state, 1EJ, and triplet state, 3£+. respectively. The photons 

are generated uniformly along the step length with isotropic direction and random 

linear polarization. The scintillation parameters used in this simulation are listed in 

Table  3 .1 .  For  now,  the  sc in t i l la t ion  was  assumed to  fo l low normal  f luc tua t ions  ( i . e . ,  

<r= y /Mr) .  

The photons produced by the scintillation process are then propagated through 

the detector. They can be detected when they reach the surface of the Csl layer 

which has a 20% detection efficiency. 

Before reaching the Csl layer, the photons have to travel through the xenon gas, 

the fused silica window, and the methane gap. When passing through the window, 

they can undergo absorption, which is characterized by the "absorption length", the 
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Parameter Value source 

Scintillation Yield 13889 MeV 1 [45] 

Resolution Scale 1 

Fast Component 4.6 ns [48] 

Slow Component 99 ns [48] 

Table 3.1: Material optical properties used in Geant4. 

average distance travelled by photons before being absorbed. The window's absorp

tion length was set to 9.161 mm, which means that a photon traversing the window 

perpendicularly to its surface has 50% probability of being absorbed. This value was 

motivated by the work of Christian Ouellet, one of the collaborators of the EXO re

search group at Carleton, who studied the properties of a sample of the same material 

that will be used to produce the window. 

When a photon is incident on the surface of an opaque material, it can be either 

absorbed or reflected, which is characterized by a reflectivity ratio. When a photon 

is incident to the boundary between two transparent volumes (such as either side of 

the fused silica window), the photon can be subject to Fresnel reflection, refraction, 

or total internal reflection. These processes depend only on the index of refraction of 

the medium on both side interface, the photon's wavelength, and the incidence angle. 

In every case, the direction of the reflected or refracted photon is influenced by the 

finish of the surface. A "polished" finish represents a perfectly smooth surface while 

a "ground" finish represents a rough surface. In the latter case, a value of "polish" 

can be specified. The surface can be imagined as made of multiple micro-facets with 

normals pointing in different directions. When a photon is incident to the surface, the 

micro-facet's normal is calculated by adding to the average surface's normal a vector 

of magnitude (1-polish) with random direction. A polish of zero means maximum 
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roughness with the angle, a, between the micro-facet normal and that of the average 

surface distributed as cos (a). 

UV light around 175 nm will likely be absorbed by all the surfaces in the detector 

except the Teflon surface, which was given a reflectivity of 0.9 [60] and a ground finish 

with a polish value of zero. The fused silica window, which has a frosted surface, was 

also given a ground finish with a polish value of zero. Finally, the index of refraction 

of the xenon, the fused silica and the methane were set to 1.0011, 1.561, and 1.00044, 

respectively [61]. More information about the optical processes in Geant4 can be 

found in Reference [55] and [62]. 

It should be noted that several effects are not considered in this simulation. For 

example, the two wire meshes that produce the EL region electric field as well as 

the wire mesh in the CH4 gap would provide additional shadowing of the light signal 

which would reduce the number of photons detected. Furthermore, the efficiency of 

the Csl pads is assumed to be perfectly uniform. 

3.2 Ionization 

The electron ionization process in Geant4 provides the ionizing energy deposition 

from charged particles travelling through the xenon gas. Above a certain threshold 

energy (990 eV by default), the energy loss is simulated by the explicit production of 

delta rays by Moller scattering [62], Below this threshold, the soft electron ejected 

are simulated as continuous energy loss by the incident particle. Therefore, Geant4 

does not explicitly produce every ionization electron that would be emitted in reality. 

To calculate the number of ionization electrons produced, the ionizing energy Ei 

deposited in a given step i is divided by the average energy loss required to produce a 

charge pair, W — 22 eV, to obtain the mean number of charges in that step Nt. Then, 

to account for the intrinsic fluctuation of the number of electron produced, a number 
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is randomly selected from a Gaussian distribution with a mean N, and a standard 

deviation Y/FNI, where F is the Fano factor, as in Equation 2.13. This number is then 

rounded to the closest integer to give the number of ionization electrons deposited in 

this step. The excess energy, if the number was rounded down, or the missing energy, 

if it was rounded up, is given to or taken from the next step of the track, ensuring 

that over the whole track, the rounding error on the total number of charges produced 

is no more than one electron. The electrons created via ionization are then deposited 

uniformly along the step, and the position and time of each electron are recorded in 

a file to be used by Garfield. 

3.3 Electron Transport with Garfield and Mag-

boltz 

After each event in Geant4, Garfield is launched to calculated the arrival time and 

position of each electron in the EL region. The electric field is assumed to be uniform 

and extends from the position of the anode mesh to the last copper ring. 

Before starting the drift simulation, Garfield must obtain from Magboltz the elec

tron drift velocity and diffusion coefficients. All Magboltz requires is the gas mixture 

(pure xenon in this case) and the gas pressure and temperature. The transport prop

erties are then calculated for a sample of electric field strengths, which were chosen 

as 20 values between 0.1 and 2 kV/cm. Between those values, interpolation is used 

to determine the transport properties. The results are saved in a "gas table" that 

Garfield can access. Since Magboltz is computationally very intensive, if the gas ta

ble was already computed for the required temperature and pressure, Garfield simply 

accesses the gas table from the file where it is saved. Otherwise, it asks Magboltz to 

generate the table. 
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Figure 3.3: Plot from Garfield showing 20 electrons drifting from the same point over 
60 cm in 10 atmosphere xenon at 300 K under the effect of a 1 kV/cm uniform electric 
field. 

With the Magboltz results, Garfield can simulate the electron drift toward the 

electroluminescence region. For this, it use a Monte Carlo method which iterates 

over a series of steps to calculate the transverse and longitudinal diffusion. The step 

size was set to 1 mm. At the end, Garfield provides the position and time at which 

each ionization electron reaches the position of the anode grid. Figure 3.3 shows an 

example of the drift and diffusion of electrons produced in Garfield. 

To verify the validity of the results from Garfield, a test was made where the 

drift velocity w and the longitudinal and transverse diffusion coefficients Di and Dt 

were calculated from Garfield's output and compared with reported values. For this, 

100,000 electrons were drifted in xenon at various pressures from the same point over 

a distance L — 70 cm. The transport properties were calculated from the arrival time 
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and position of each electron at the anode position. Assuming that the arrival time 

spectrum can be approximated as a Gaussian distribution, it can be shown that [63] 

w «  L/ t m ,  (3.5) 

where t m  is the mean arrival time. Furthermore, it can also be shown that [63] 

where of is the variance of the arrival time spectrum. Finally, D T  was approximated 

as 

where of and a 'y are the variance of the x  and y  distribution of the electron on the 

anode plane. The different distributions of the arrival time and position on the anode 

plane were fitted with a Gaussian function and the fit parameters t, of. of, and a'y 

were used to calculate the values of w, DL and Dy listed in Table 3.2. 

As can be seen, the calculated values are in reasonable agreement with the re

ported ones. The longitudinal diffusion coefficient seems however higher then the 

ones reported in the literature [50], but the difference does not cause a significant 

effect on the results. In the future, the diffusion coefficients calculated with Magboltz 

which are used in this simulation could be changed to the reported ones. 

D L  « £V?/2&, (3.6) 

D r  SS [a \  +  al 'ywjAl , .  (3.7) 
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Calculated Values Reported Values 

w 114503 ± 4 cm s"1 110000 cm s"1 [64] 

DL  388.9 ± 1.7 cm2 s"1 140 cm2 s"1 [50] 

DJ- 2034 ± 4 cm2 s"1 2300 cm2 s-1 [50] 

(a) at 2 atm and 0.2 kV/cm 

Calculated Values Reported Values 

w 116405 ± 2 cm s"1 110000 cm s-1 [64] 

DL  149.0 ± 0.7 cm2 s"1 57 cm2 s"1 [50] 

Dj< 741 ± 12 cm2 s-1 930 cm2 s-1 [50] 

(b) at 5 atm and 0.5 kV/cm 

Calculated Values Reported Values 

w 104601 ± 2 cm s_1 110000 cm s-1 [64] 

DL  70.4 ± 0.3 cm2 s_1 28 cm2 s_1 [50] 

Df 423 ± 17 cm2 s"1 420 cm2 s_1 [50] 

(c) at 10 atm and 1 kV/cm 

Table 3.2: Transport properties of electrons in gaseous Xe at 300 K calculated from 
the results of the Garfield simulation of 100,000 electrons drifted over 70 cm under 
various pressures and with a uniform reduced electric field of 0.1 kV cm-1 atm-1. 
For comparison, experimental values of the transport properties reported from other 
works are presented. 
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The emission of electroluminescence photons is simulated in Geant4 for each ionization 

electron drifted with Garfield. The number of emitted photons per centimetre is given 

by Equation 2.17: 

= (UOE/p-  116)p, (3.8) 

where p is the gas pressure in bar and E/p  is the reduced electric field in 

kV cm-1 bar-1. For a reduced electric field of 7 kV cm-1 atm-1 under a pres

sure of 10 atm, it gives a number of 8625 photons generated along the 1 cm gap. For 

the same reduced electric field with 14 kV cm-1 at 2 atm, the value goes down to 

1725 photons per electron. At a lower reduced electric field of 4 kV cm-1 atm-1, the 

number of photons per electron would be 4425 at 10 atm and 885 at 2 atm. Since it 

is very computationally intensive to track so many photons, this number is usually 

scaled down in the results presented in this thesis. 

The electric field in the electroluminescence region is also assumed to be uniform, 

and the electrons are considered to be drifting in straight lines towards the fused silica 

window. According to the literature, the drift velocity of electrons in gaseous xenon 

seems constant for given values of reduced electric fields [65]. In Brooks et. al. (1982) 

[66], the drift velocity is reported as 1.48 x 106 cm/s at E/N = 27.9 Td, which 

corresponds to an electric field of 35 kV cm-1 at a pressure of 5 atm. The value 

of the drift velocity in the EL region should not have a significant impact on the 

results presented in this thesis. Therefore, the above value of drift velocity was used 

for the different reduced electric fields considered. The position and time returned 

by Garfield serve as the starting point of this line and the photons are generated 

in Geant4 uniformly along it in a random direction. The tracking of these photons 

within the detector is identical to the tracking of the primary scintillation as described 
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in Section 3.1.3. 

3.5 Examples of Generated Tracks 

To illustrate the possible outputs of the simulation, this section presents examples 

of simulated tracks. To begin, Figures 3.4 and 3.5 show an example of a 1 MeV 

electron simulated in xenon at 5 atm and 300 K under a 1 kV/cm electric field. The 

track starts at x = y = 0 and z = 61.6 cm from the anode mesh position. To make 

the simulation less computationally intensive, the number of ionization electron was 

reduced by a factor of 10. Furthermore, the number of EL photons per electron was 

reduced to only 43. If an EL region reduced electric field of 4 kV cm-1 atm-1 is 

assumed, this would correspond to reducing the EL photon yield by a factor of 51.4. 

In Figure 3.4, the three plots of the top row show the EL photon distribution on 

photocathode A (the one on the anode side). The values of the z-axis were obtained 

by multiplying the arrival time of the photons with the expected drift velocity taken 

from Table 3.2. In the three plots of the lower row, the black line shows the initial 

electron track. The red dots represent the position of the ionization electrons after 

they drifted down to the anode mesh position, thus showing the effect of the diffusion 

during the electrons transport. For these ionization electrons, the z-axis values were 

also obtained by multiplying the arrival time by the drift velocity. Figure 3.5 shows 

the arrival time spectrum of EL photons on photocathodes A (on the EL region side) 

and B (on the cathode side). 

Figures 3.6 and 3.7 present an example of a neutrinoless double beta decay event 

simulated in xenon at 5 atm and 300 K under the influence of a 1 kV/cm drift field. 

The vertex is located at x = y — 0 and z = 40 cm from the anode mesh position. 

In this specific case, the two emitted electrons had respectively 1057.64 keV and 

1400.16 keV. The ionization and optical gain were reduced in the same way as for the 

1 MeV electron example. 
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Figure 3.4: Example of a 1 MeV electron track in xenon at 5 atm and 300 K with 
a field of 1 kV/cm. The top three plots show the EL photon distribution on the 
photocathode on the anode side. The three lower plots present the initial track and 
the diffused ionization electrons after their drift to the anode mesh position. 
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Figure 3.5: Time spectrum of the photons arrival time on the two photocathodes for 
the track presented in Figure 3.4. It should be noted that to simulate this track, the 
number of ionization electrons and EL photons had to be scaled down. If a EL electric 
field of 4 kV cm-1 atm-1 is assumed, 514 times more photons should be observed. 
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Figure 3.6: Example of a /3/3(0^) event simulated in xenon at 5 atm and 300 K 
with a field of 1 kV/cm. The top three plots show the photon distribution on the 
photocathode on the anode side. The three lower plots present the initial track and 
the diffused ionization electrons after their drift to the anode mesh position. 
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Figure 3.7: Time spectrum of the photons arrival time on the two photocathodes for 
the track presented in Figure 3.6. As in the previous example, the ionization and EL 
yield were scaled down. Assuming an EL region electric field of 4 kV cm-1 atm-1, 
514 times more photons should be observed. 



Chapter 4 

Simulation Results 

4.1 Detection Process Fluctuations 

To test the various steps of the signal generation process, 20,000 electron tracks were 

simulated to observe the distribution of energy deposited in the gas, the number 

of scintillation photons, ionization electrons, and EL photons generated, and the 

number of EL photons detected on each photocathode. The electrons were simulated 

in gaseous xenon at a pressure of 10 atm and a temperature of 300 K. An electric 

field of 1 kV/cm was present in the drift region while 40 kV/cm was used for the EL 

electric field. Only one tenth of the ionization was produced and the number of EL 

photons per electrons was reduced by a factor of 50. An energy cut was applied to 

reject the tracks that were not entirely contained inside the xenon active area and 

18,526 events were kept. The distributions, which are plotted in Figure 4.1, were 

fitted with a Gaussian function and the fit parameters are presented in Table 4.1. 

The fluctuation in the total energy deposited in the gas by each primary electrons, 

shown in Figure 4.1a, is due to the electric field simulated by Geant4, which slightly 

accelerates the electrons toward the anode. When the displacement of the particle 

in a step of the simulation has a component in the direction of the electric field, the 

electron gains some kinetic energy, while when it moves in the opposite direction, it 

50 
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Figure 4.1: Distribution of the energy deposited in Xe (a), the numbers of scintillation 
photons (b), ionization electrons (c), and EL photons (d) generated, and the number 
of EL photons detected on the photocathodes on the EL region side (e) and on the 
opposite side (f) for 18526 electrons at 1 MeV generated in 10 atm Xe. The parameters 
of the Gaussian fit are presented in Table 4.1. 
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Mean Value Standard Deviation 

Energy deposited 1000.02 ± 0.02 keV 2.486 ± 0.012 keV 

Scintillation Photons 13789.5 ± 0.9 121.3 ± 0.7 

Ionization Electrons 4546.1 ± 0.2 28.50 ± 0.15 

EL Photons Produced 390963 ± 18 2451 ± 13 

EL Photons Detected on PC A 3557.0 ± 0.7 83.6 ± 0.4 

EL Photons Detected on PC B 185.03 ± 0.10 13.56 ± 0.07 

Table 4.1: Fit parameters of the Gaussian fit for each of the plots of Figure 4.1 

loses some. To test this hypothesis, the simulation was redone with the drift electric 

field set to zero, and the spectrum of energy deposited in xenon displayed a perfectly 

mono-energetic peak at 1 MeV. 

The spectrum of the number of scintillation photons in Figure 4.1b displays a 

normal distribution with a standard deviation of approximately Y/N, which agrees 

with the parameters used in Geant4. For the number of ionization electrons pro

duced, shown in Figure 4.1c, the fluctuation is dominated by the Fano factor. Since 

fluctuations in the number of EL photons emitted per electrons has not yet been 

implemented in the simulation, the variation in the total number of EL photons is 

driven by the variation in the number of electrons. Hence, the error in Figure 4.Id 

(crjv/iV) is equal to the one in Figure 4.1c as expected. 

Finally, it should be noted that scaling down the number of ionization electrons 

and EL photons per electron affects the counting statistics in some of those distribu

tions. Therefore, the standard deviations of the number of EL photons detected on 

the two photocathodes, shown in Figures 4.1e and 4. If, do not reflect the resolution 

that should be achieved by the detector. The effect that those changes should have 
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on the energy resolution can be understood through Equations 2.21 and 2.22, where 

Wi would be multiplied by 10 and UEL divided by 50. 

4.2 Detector Response Uniformity 

This section describes a study of the detection uniformity of electroluminescence 

photons emitted at different positions in the EL region. Individual electrons were 

generated 1 mm from the EL region so that their diffusion should be negligible. Since 

the TPC is radially symmetric, the electrons were created at 14 different locations 

along a straight line in the x-y plane from the origin to (x, y) = (25.14, 25.14) cm at 

1.796 cm intervals. This distance corresponds to half the diagonal length of the Csl 

pads. This way, half the positions were selected directly above the center of a pad, 

while the other half were directly above the corner of four pads, or in other words, 

over the intersections of the Teflon spacer grid between the fused silica window and 

the Csl layer. Hence, for the photocathode on the EL region side, the results should 

show the minimum and maximum shadowing effect caused by the spacer grid. 

At each of these 14 positions, 10,000 electrons were generated. The simulation 

was made at a pressure of 10 atm and an electric field in the EL region of 70 kV 

cm-1. However, the efficiency calculated this way should be independent of the 

pressure selected and the choice of pressure and electric field should only affect the 

EL yield, and hence the counting statistics. With the simple model of EL light 

production implemented, at this value of E/p, exactly 8624 EL photons per electron 

were generated. 

Figure 4.2 illustrates the distribution of the detected photons on the pads of the 

photocathode on the EL region side for electrons generated at four different positions: 

the two closest to the center and the two farthest ones. In every cases, the position of 

the ionization electrons is visible. This is important since it is these positions that will 
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be used for the reconstruction of the trajectory of the tracks from incident charged 

particles. 

Figure 4.3 shows this distribution for the photocathode on the opposite side of the 

TPC for electrons generated at the closest and farthest point from the center. The 

light distribution over the pads is seen to be relatively uniform. 

For each electron simulated, the EL photon detection efficiency was calculated 

and averaged over the 10000 electrons generated at that position. The results are 

shown in Figure 4.4 with the error bars representing the standard deviation on the 

mean. 

Figure 4.4a presents the results on the near side photocathode. The differences 

in detection efficiency between light emitted over the center of a pad and over the 

corner of four pads are clearly seen by the two levels of data points (the points around 

1.01% and those around 0.81%). The efficiency is 20% lower when an electron reaches 

the EL region over the intersection of the spacer grid then when it is located over 

the center of a pad. Hence, the variation of efficiency for single electrons on the near 

side photocathode is clearly dominated by the effect of the spacer grid. However, this 

fluctuation is for EL light emitted from single electrons, while for the detection of 

tracks, the efficiency of the light detection will be averaged out over the area where 

the track is located. The lower efficiency at r = 23.3 cm is likely due to the proximity 

of the edge of the photocathode, which is only about 1.4 cm away. 

Figure 4.4b shows the results for the far side photocathode. The average efficiency 

is seen decreasing as the EL light is produced away from the center, passing from 

0.047% at the center to 0.043% near the edge. This represents an efficiency 8.4% 

lower near the edge than at the center. 

Hence, the distribution of light on the far side photocathode is quite uniform, 

with a soft dependence on the radial position. Adding to the simulation a reflectivity 

to the copper rings cage should further soften this dependence. Furthermore, since 
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Figure 4.2: Distribution on the photocathode on the EL region side of the detected 
EL photons from 10000 electrons generated at different locations on the x-y plane. 
In (b) and (d), the light was produced directly over the center of a Csl pad while in 
(a) and (c) it was produced over the Teflon spacer grid. 
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Figure 4.4: Detection efficiency of each photocathode for EL photons originating at 
various radial positions. 



the light is distributed on every pads, the effect of the variation in efficiency between 

each pad is attenuated. Therefore, measuring the energy from the light detected on 

the far side photocathode might offer the best energy resolution. 

4.3 Natural Gamma Background Simulation 

If two or more ionizing events occur simultaneously in the detector, their signals will 

combine on the readout in a single pulse. This phenomenon is known as pile-up. In 

the XEP TPC, because of the long charge collection time (i.e., the drift time of the 

electrons across the vessel), the signals will form slowly. During this time interval, 

events from other origins, such as the natural background radiations or cosmic rays, 

can form in the detector and produce pile-up. 

Radioactive isotopes will naturally be found in the detector construction materials 

and the surrounding environment. The most important isotopes to consider are 238U, 

232Th, and 40K, which should be most abundant in the concrete, as well as 222Rn 

present in the air. 40K decays directly to a stable element, while the other three 

trigger a chain of decays of short lived isotopes, some of them emitting gamma rays 

at specific energies. To investigate the effect of these sources of gamma radiation, 

the Monte Carlo simulation was used to estimate the rate and spectrum of energy 

deposited in the detector from 238U, 232Th, and 40K. 

The concrete walls, floor and ceiling were assumed to be the main sources of 

radioactive isotopes around the detector. To estimate the isotope concentration 

in these volumes, measurements of the gamma radioactivity in the assembly area, 

where the XEP experiment is being built, were made with a high-purity germanium 

(HPGe) detector. For comparison, values were also taken from "Radiological pro

tection principles concerning the natural radioactivity of building materials" (1999) 

by the Directorate-General Environment, Nuclear Safety and Civil Protection of the 
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European Commission [67]. This document reported specific activities (decay rate 

per kg of concrete) of 40 Bq kg-1, 30 Bq kg-1, and 400 Bq kg-1 for 238U, 232Th, and 

40 K, respectively. 

4.3.1 Germanium detector measurement 

Prior to the simulation, a Ge detector was used to measure the gamma background 

where the detector was going to be assembled. A Ge detector is a type of semiconduc

tor detector used for gamma spectroscopy. It contains a high purity germanium vol

ume in which gamma rays from external sources deposit their energy mainly through 

Compton scattering. In doing so, they create pairs of free electrons and holes which 

drift under an electric field towards the electrodes where they produce a pulse that 

can be amplified and measured. 

With the gain applied by the amplifier, the spectrum was measured within a 

range of 108 keV to 3416 keV. The energy calibration of the readout channels was 

done with weak gamma sources of various isotopes, namely 133Ba (356.02 keV), 22Na 

(1274.53 keV), 60Co (1173.24 keV and 1332.50 keV), and 137Cs (661.66 keV). It should 

be noted that those sources cover only the first half of the energy range measured, 

so the energy calibration can be expected to be inaccurate in the higher end of the 

spectrum. The resulting spectrum, measured over a period of 70.2 hours, is presented 

in Figure 4.5. 

An estimation of the photopeak detection efficiency was obtained with the same 

gamma sources as the ones used for the energy calibration. By placing these sources 

at a distance d from the Ge detector and knowing the dimensions of the active Ge 

volume, the rate of gamma rays directed toward the detector was estimated as 

R n  = ab 
5A 

Aird2' 
(4.1) 
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Figure 4.5: Spectrum of the natural gamma ray background measured in the assembly 
area with a Ge detector. The isotope origin of some of the most prominent lines are 
identified. 

where a is the activity of the source, b is the branching ratio of the observed gam

mas, and 8A is the area of the detector active volume seen from the source position. 

The detection efficiency was calculated by dividing the measured count rate by the 

estimated total rate. 

To obtain the number of counts in the photopeaks, the continuous Compton spec

trum had to be subtracted from the total counts in the corresponding channels. This 

was done by fitting the peaks with a Gaussian plus a third order polynomial, which 

represents the continuous part of the spectrum and was used to find the values to 

subtract from the total counts in these channels. An example of the fit of a photopeak 

is shown in Figure 4.6. The plot of these efficiencies as a function of the different 

isotopes energies, shown in Figure 4.7, was fitted to obtain a curve of the photopeak 

detection efficiency as a function of energy. 
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Figure 4.6: Example of fit for the extraction of the number of counts in a photopeak 
from a 137Cs source. The fit function is a Gaussian plus a third order polynomial, 
shown in dashed line, which is used to estimate the background counts. 
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Figure 4.7: Fit of the measured efficiencies of the Ge detector. The different sets of 
points correspond to different runs. 

The number of counts in the photopeaks of some of the main lines of the back

ground spectrum was calculated in the same way, and the detection efficiency curve 

was used to estimate the gamma ray flux at those energies. The resulting values are 

presented in Table 4.2. 
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Isotope Energy (keV) Rate (s *) Activity (s 1 kg J) 

40 K 1460.82 1.463 147 

212pb 238.63 0.475 17.4 

214Bi 609.32 0.346 11.0 

1120.29 0.0974 7.7 

1764.49 0.0919 6.0 

208 583.19 0.233 11.1 

860.56 0.0282 8.1 

2614.51 0.1858 4.6 

228 Ac 338.32 0.0913 12.9 

911.2 0.1829 9.0 

968.97 0.1454 11.0 

214Pb 295.22 0.1644 14.3 

Table 4.2: Gamma detection rate for gamma rays of various isotopes energies mea
sured in the assembly area with a Ge detector. The last column shows the activity 
of the parent isotope in the concrete calculated by the method explained bellow. 

From these numbers, a crude estimate of the specific activity of 238U, 232Th, and 

40K in the concrete of the assembly area was calculated. To avoid the complexity of 

taking into consideration the geometry of the room, the detector was assumed to be 

in the center of a spherical concrete shell of inner radius R. Let a be the activity per 

unit mass of the parent isotope (i.e., 238U, 232Th, or 40K), b be the branching ratio 

between the parent and one of its daughter isotopes (e.g„ 212Pb, 214Bi, 208T1, etc.), 

and I be the intensity for the emission of gamma at a specific energy E (i.e., the 

probability of the corresponding radiation to be emitted when the daughter isotope 

decays). Then, the gamma emission rate at this energy from a volume component 

dV of the concrete with density p will be equal to ablpdV. If dV is located at a 
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distance r within the wall and 5A is the cross section area of the active volume of the 

detector, the measured hit rate should be 

SA 
Rhit = *bIpdVM R  +  r ) 2  e^e(E) ,  (4.2) 

where e(E)  is the efficiency of the detector at this energy and p,  is the attenuation 

coefficient of concrete. With dV = (R + r)2 sin 0 dr d9 d,<p and integrating over the 

whole volume, the hit rate simply becomes Rhu = abl pSA (1 — e~^1) e(E)/p, where/ 

is the thickness of the wall. Then, the parent isotope activity per unit mass presents 

the concrete can be estimated as 

Rhit n 
bIpSA{l -e-» l )e (E) '  

Taking the values of p,  from the National Institute of Standards and Technology 

(NIST) tables of X-ray mass attenuation coefficients [68], the intensities I from the 

National Nuclear Data Center (NNDC) Chart of Nuclides [69], and the branching 

ratios b from the Argonne National Laboratory [70], a was calculated for the energies 

listed in Table 4.2 and the average was taken for each the three parent isotopes. The 

results are 9.7 Bq kg-1 for 238U, 10.6 Bq kg-1 for 232Th, and 147 Bq kg-1 for 40K. 

The uncertainties on those estimates are probably large due to the difficulties 

in calibrating the detector and the simplification of the room geometry in the cal

culations. However, based on those numbers, it can be assumed that the activity 

in the concrete is not likely to be significantly larger than the ones reported in the 

"Radiological protection principles concerning the natural radioactivity of building 

materials" (1999) quoted above. In the next section, these two set of estimates will 

be considered. 



4.3.2 The Simulation Setup and Results 

The objective of this simulation was to estimate the rate of background ionizing 

events in the detector originating from the concrete of the assembly area. Since such 

a simulation is computationally very intensive, it was performed in two steps. The 

first one consisted in estimating the flux of gamma rays, including their energy and 

direction, at the surface of the concrete walls, floor and ceiling, for a given isotope 

chain. The second step consisted in simulating the interactions within the detector 

of the gamma rays escaping the concrete surfaces, generating them using the angular 

distribution and energy spectrum from the first step. Dividing the task in these two 

steps allowed to reduce considerably the time spent by the program to calculate the 

interaction of the gamma rays with the concrete volume. 

The Radioactive Decay Module (RDM) presented in Section 3.1.1 was used to 

generate the particles produced by the decay of 40K and the isotopes in the 238U and 

232Th decay chains. The isotopes of those two chains were assumed to be in secular 

equilibrium, meaning that they all decay at the same rate as they are produced, and 

hence have the same decay rate. The parent nuclides were generated in a concrete 

volume 12 m by 12 m and 30.48 cm thick. This thickness correspond to the thick

ness of the south wall of the assembly area. For each of the three parent isotopes, 

600,000 decays were simulated and the gamma rays reaching a 10 m by 10 m area 

centred over one of the surfaces of the wall were recorded. Both the energy and the 

direction at which the photons exited the wall were kept. 

The average time t that would be required for N^ecay decays to occur in a concrete 

volume of mass M is given by 

Ndecay 

~ aM 
(4.4) 



where a  is the activity concentration (Bq/kg) for this isotope. Then, if A^ecay is the 

number of parent isotope decays generated and iV7 represents the number of gamma 

rays detected on the 10 m by 10 m area, the flux at the concrete's surface can be 

calculated as 

, jV~ a  M  .  .  
F = <4-5) 

L v decay 

where A  =  100 m2. 

Assuming a concrete density of 2300 kg m-3, the simulated mass was 

M = 100,950 kg and the calculated fluxes were 13,138 m~2 s_1, 8964 m-2 s-1, and 

5835 m"2 s"1 for 238U, 232Th, and 40K, respectively. 

The flux should be dependent on the thickness of the concrete wall. To measure 

the importance of this parameter, the first step of the simulation was repeated for 

238U with a wall thickness of 15.24 cm, which represents the thickness of the south 

wall and the ceiling of the assembly area. The resulting flux was 11,807.6 m-2 s-1, 

which is 10% lower than with the thicker wall of 30.48. 

The second step consisted of the simulation of the interaction of the radiation with 

the detector. The gamma rays were generated along the position of the two walls 

closest to the detector as well as the floor and the ceiling. The distances between 

the detector and these four surfaces were chosen according to the dimensions shown 

in Figure 3.2. The south and west walls were considered over a length of 10 m and 

9 m, respectively, which delimited the dimension of the floor and ceiling (both 9 m by 

10 m). This provides a total wall area of 444.24 m2. The position of the vertex of each 

gammas was randomly chosen uniformly along these surfaces and the direction and 

energy were selected from the distributions calculated in the first step, using them as 

probability density functions. 

For each of the three decay chains, the spectrum of number of counts detected as 



65 

a function of the energy deposited was calculated both with and without the water 

boxes and steel plates shielding shown in Figure 3.2. To obtain the spectra of count 

rate, all bins of the spectra were multiplied by a factor 

= («) 
1 v gen 

where NGEN is the number of gamma rays generated, A is the total concrete surface 

considered and / is the flux calculated in the first step. For each of the three isotopes 

considered, 8 x 108 events were generated. The resulting spectra with 10 atm Xe 

are presented, in Figures 4.8 to 4.10, where the activities in Equation 4.5 were taken 

from [67]. Table 4.3 and 4.4 shows the total count rates integrated over all energies 

for the TPC filled with 10 atm and 2 atm Xe, respectively. 
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Figure 4.8: Simulated spectrum from 238U with 10 atm.Xe. 
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Figure 4.9: Simulated spectrum from 232Th with 10 atm Xe. 
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Figure 4.10: Simulated spectrum from 40K with 10 atm Xe. 
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Parent Isotope 238U 232Th 40K 238U (with thin walls) 

Activity (Bq/kg) 40 30 400 40 

Rate Without Shielding (s_1) 3448 2247 1651 3099 

Rate With Shielding (s-1) 2286 1468 1124 2054 

Activity (Bq/kg) 9.7 10.6 147 9.7 

Rate Without Shielding (s *) 839 797 605 754 

Rate With Shielding (s x) 556 521 412 500 

Table 4.3: Simulation results for the detection rate of gamma rays from 40K and the 

decay chains of 238U and 232Th in the concrete of the assembly area with 10 atm 
xenon. The last column represents the count rate for of gamma rays originating from 
thinner walls (15.24 cm instead of 30.48 cm). 

Parent Isotope 238U 232Th 40K 

Activity (Bq/kg) 40 30 400 

Rate Without Shielding (s_1) 1430 958 658 

Rate With Shielding (s_1) 955 628 456 

Activity (Bq/kg) 9.7 10.6 147 

Rate Without Shielding (s x) 348 340 241 

Rate With Shielding (s"1) 232 223 167 

Table 4.4: Simulation results for the detection rate of gamma rays from 40K and the 
decay chains of 238U and 232Th in the concrete of the assembly area with 2 atm xenon. 
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4.3.3 Cosmic Ray Background 

In addition to the natural gamma rays from the environment, cosmic rays will con

tribute to the external background. Muons are the most abundant charged particles of 

cosmogenic origin at ground level and their flux has often been measured over the past 

decades. In Reference [71], the flux of muons at ground level was calculated based on 

the parametrization of experimental measurements. The rate of muons with an energy 

greater than 0.2 GeV across a horizontal surface is reported as RH = 172.32 m-2s-1 

and across a vertical surface as RY = 56.5 m_2s_I. With a cylindrical active volume 

of length L = 84 cm and diameter D = 49.5 cm, the total rate from muons in the 

XEP detector is estimated as ~ DLRH + 2(DL + -KD2/A)RY — 142 s_1. 

4.3.4 Pile-up Estimation 

If one or more events occur in the detector in rapid succession, their signals will 

combine and only the sum of the two signals will be observed. This phenomenon, 

known as pile-up, will be one of the main effects of the background on the performance 

of the detector. A higher pile-up ratio in the measured tracks will make it more 

challenging to identify the signals. 

In the XEP experiment, the time it will take for a signal to form in the TPC will 

be determined by the drift time of the ionization electrons. If the active volume of 

the TPC has a length of 84 cm and the drift velocity is taken as 1.1 x 105 cm/s, 

the electrons will take at most t = 0.76 ms to drift to the anode. A simple way to 

calculate an upper limit on the pile-up probability is to consider the probability that 

one or more background particles leave a signal in the detector during a time window 

t before or after the measured events, that is, during the time interval [t0 — £, to +1], 

where to is the time at which the measured event occurs. However, most tracks in the 

TPC will be contained within a limited volume and the time window can be reduced 
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based on the spatial separation of the tracks. For example, if one tries to detect 

1 MeV electrons at 10 atm, most tracks should be contained within a length of 6 cm, 

giving a time window of t = (6cm)/(l.l x 10° cm s-1) = 54.5/xs. 

If these events are independent from the background hits, the probability that at 

least one background particle leaves a signal in the TPC during this time window is 

given by summing the Poisson distributions for all numbers of events n greater than 

zero: 

where A = 21  r  and r  is the background detection rate. Here, 21  represents the length 

of the time interval [t0 — t,t0 + t}. Summing the rates with shielding from Table 4.3 

together with the muon rate calculated above gives two possible rates of 5020 and 

1630 counts per second. With those rates, the probabilities that an event will pile-up 

with one or more background hits are 42% and 16%, respectively. Note that the pile-

up probability can be reduced by also taking into account the spatial distribution of 

the tracks in the x-y plane. 

The results obtained suggest that, with the current gamma ray shielding installed, 

the detected background rates should be high, resulting in a significant pile-up prob

ability. Therefore, increasing the gamma ray shielding and constructing a muon veto 

counter would be beneficial. 

4.4 Radioactive sources simulation 

To help determine the strength of the gamma sources that should be used for the 

calibration of the detector, the response of the TPC to various radioactive sources was 

simulated. The primary particles were generated as mono-energetic point sources of 

OO 

(4.7) 
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various energies at two different positions on top of the detector steel vessel illustrated 

in Figure 4.11. The first position was over the center of the active Xe area, while the 

second one was 24 cm from the position of the drift electric field cathode on the side 

opposite to the EL region. The sources chosen in this study, with the energies of their 

simulated gamma rays, were 133Ba (356.0 keV), 137Cs (661.7 keV), 60Co (1173.2 keV 

and 1332.5 keV), and 22Na (511.0 keV and 1274.5 keV). 

Source Source 
Position 2 Position 1 

24 cm 42.4 cm 42.4 cm 

— , : •" 

-46.2 0 20.2 62.6 z (cm) 

Figure 4.11: Position of the simulated gamma sources. 

Figures 4.12 to 4.15 show the spectra of the energy deposition rate in the Xe active 

volume for the four sources simulated at an arbitrary source activity. In Figures 4.14 

and 4.15, the results of the two gamma energies simulated for 60Co and 22Na were 

combined in a single spectrum. Figure 4.16 shows the spatial distribution of the 

energy deposited in the detector for the 137Cs gamma rays at 661.7 keV. 

For each energy spectra produced, the number of counts in the photopeak was 

used to find the peak efficiency. The total efficiency, which measures the ratio of 

generated gamma rays that deposited any energy in the TPC, was also calculated. 

The results are presented in Table 4.5 for the sources located over the center of the 

Xe active volume (position 1) and in Table 4.6 for the sources 24 cm from the cathode 

(position 2). 

y (cm) , 

38.68 -

0-
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- Figure 4.12: Spectra of the energy deposited by the 356 keV gamma rays from a 133Ba 
source. The higher and lower spectra correspond to the source located at position 1 
and 2 respectively. 
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Figure 4.13: Spectra of the energy deposited by the 661.7 keV gammas from a 137Cs 
source. The higher and lower lines correspond to position 1 and 2 respectively. 



72 

•5 10 

10"6 

0 200 400 600 800 1000 1200 1400 
E (keV) 

Figure 4.14: Spectra of the energy deposited by the 1173.2 keV and 1332.5 keV 
gamma rays from a 60Co source located at position 1 (higher line) and position 2 

(lower line). 
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Figure 4.15: Spectra of the energy deposited by the 51.0 keV and 1274.5 keV gammas 

from a 22Na source located at position 1 (higher line) and 2 (lower line). 
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Peak efficiency Total efficiency 

Isotope Energy 2 atm 10 atm 2 atm 10 atm 

133Ba 356.0 keV 0.00119 0.00897 0.0259 0.0691 

22Na 511.0 keV 0.000510 0.00491 0.0242 0.0671 

137Cs 661.7 keV 0.000253 0.00308 0.0229 0.0649 

60Co 1173.2 keV 0.000039 0.00125 0.0210 0.0595 

22Na 1274.5 keV 0.000029 0.00115 0.0208 0.0590 

60Co 1332.5 keV 0.000024 0.00101 0.0207 0.0581 

Table 4.5: Photopeak and total detection efficiency for gamma sources located over 

the center of the Xe active area. 

Peak efficiency Total efficiency 

Isotope Energy 2 atm 10 atm 2 atm 10 atm 

133Ba 356.0 keV 0.000368 0.00244 " 0.00838 0.0164 

22Na 511.0 keV 0.000145 0.00136 0.00779 0.0170 

137Cs 661.7 keV 0.000074 0.00085 0.00732 0.0169 

60Co 1173.2 keV 0.000010 0.00031 0.00656 0.0160 

22Na 1274.5 keV 0.000007 0.00029 0.00649 0.0156 

60Co 1332.5 keV 0.000006 0.00027 0.00649 0.0156 

Table 4.6: Photopeak and total detection efficiency for gamma sources located 24 cm 
from the position of the drift field cathode. 
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Figure 4.16: Spatial distribution of the energy deposition rate in the active Xe 
from a 661.7 keV mono-energetic gamma source located at position 1 (x = 0 cm, 
y = 30.68 cm, z = 20.2 cm) and 2 (x = 0 cm, y = 30.68 cm, z = -46.2 cm). The 

region with a lower energy deposition just below the center of the z axis in (a) is due 
to the presence of one of the copper rings at z = 19.8 cm. 

When selecting the activity of the sources to be used for calibrating the detec

tor, pile-up will be an important preoccupation. A larger count rate allows us to 

accumulate a more statistically significant sample of hits more rapidly and improves 

the signal to background ratio. However, increasing the count rate also increases the 

probability of event pile-up. Therefore, a source with an activity too high can degrade 

the results by producing too much dead time. 
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Assuming that the time sequence of the hits in the detector follows a Poisson 

distribution, every time a hit occurs in the photopeaks, the probability that no other 

gamma ray is detected during a time t before and after the hit is 

P ( n  =  0) = ^-e~A = e~\ (4.8) 

where A — 2 t r  and r is the hit rate. If a  is the source activity, b  is the branching ratio 

of gamma emission at the photopeak energy, and e(E) is the total detection efficiency 

of the detector at this energy, the count rate is related to the source activity as 

r = abe(E). If we want the calibration data set to have a minimum fraction fH of 

events without pile-up, we need P(n = 0) > /?, which gives an upper limit on the 

gamma source activity of 

ln/3 

°  ~  ~ 2  t b e ( E ) '  ^  

If more than one gamma energy is considered for the same isotope, r in Equation 4.8 

should be replaced by the total detection rate J2iri> where the r^'s are the detection 

rates for the different gamma energies. This results in a limit on the source activity 

of 

(4'10) 

where bi and Ei are the branching ratios and energies of the different gamma rays 

emitted. The results of this calculation for the four sources considered are presented 

in Table 4.7 where the time window t was taken again as (6cm)/(l.l x 105cm s"1) = 

54.5 /xs as in Section 4.3. 
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Isotope Limit on Source Activity 

133Ba 22600 Bq 0.610 A*Ci 

137Cs 17500 Bq 0.473 n C i  

60 Co 8230 Bq 0.222 juCi 

22Na 5360 Bq 0.145 f j t C i  

Table 4.7: Maximum gamma source activity, given in Bq and /iCi, for different iso

topes in order to have a single rate pile-up ratio lower than 0.9. A charge collection 
time window of 54.5/ifS and a Xe pressure of 10 atm were assumed. 

Of course, the pile-up calculated above will combine with the effect from the 

natural background radiation discussed in Section 4.3. Considering the probability 

of pile-up with background events estimated in that section, a total ratio of events 

without pile-up of 0.9 is likely unachievable with the shielding currently in place 

around the detector. 

In conclusion, this investigation of the effect of gamma ray sources on the detector 

will facilitate choosing the source strengths to obtain for the calibration of the TPC 

as well as the locations for placing them around the detector. 



Chapter 5 

Neural Network 

The development of artificial neural networks have first been motivated by the study 

of biological nervous systems and the entirely different way they compute informa

tion compared to conventional digital computers. There seems to be no universally 

accepted definition of what a neural network exactly is, but it usually involves a 

number of interconnected simple computing nodes called "neurons" or "processing 

units". One possible definition is offered by Haykin (1994) [72] who adapted it from 

Aleksander and Morton (1990) [73]: 

A neural network is a massively parallel distributed processor that has 

a natural propensity for storing experiential knowledge and making it 

available for use. It resembles the brain in two respects: 

1. Knowledge is acquired by the neural network through a learning 

process. 

2. Inter-neuron connection strengths known as synaptic weights are 

used to store knowledge. 

Hence, a neural network is an adaptive system. The learning process mentioned in this 

definition involves the ability of the network to alter its internal structure based on 

external or internal information until it can produce the desired calculation. Neural 

77 
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networks are usually implemented using electrical components or simulated with a 

digital computer and they are often used to model complicated relationships and to 

find patterns in data. 

The application of artificial neural networks has found wide interest among particle 

physicists. These systems have already proved useful in common feature recognition 

problems such as off-line data analysis and low level experimental triggers. 

As mentioned in Section 2.3.2, distinguishing between signals resulting from dou

ble beta decay events and those resulting from the various sources of background will 

be both challenging and essential. The topology of the tracks in the detector should 

present certain features that could help to make this distinction. However, the tracks 

will have complicated shapes due to the scattering of the particles in the gas. 

The aim of this study is to test the capability of a certain type of neural net

work, called a multilayer perceptron (MLP), to participate in the task of background 

rejection in XEP. The performance of the algorithm was tested, using the implemen

tation of the ROOT program's class of MLP, to distinguish between different classes 

of events, such as ones formed by one electron versus others formed by two electrons, 

or as double track events, where the two tracks are either joint (like in f3/3(0i>)) or 

disjoint (like in background pile-up). Furthermore, its performance for identifying 

the point of origin of a track in xenon was also investigated. Before presenting the 

results, the MLP algorithm will be explained in the next section, while Section 5.2 

presents the ROOT's class of MLP used in this project. 

5.1 Multilayer Perceptron 

The type of neural network used in this study is called a multilayer perceptron (MLP). 

An example of the structure of the MLP is shown in Figure 5.1. It consists of succes

sive layers of "neurons", or "nodes", interconnected with each neuron of the adjacent 
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Figure 5.1: An example of a multilayer perceptron neural network. 

layers. At the front end of the network is the "input layer", which consists of sensory 

nodes that simply pass the input information forward to the next layer. It is followed 

by one or more "hidden layers" of computational units, which process the information 

through a nonlinear activation function. Finally, the network ends with the "output 

layer", also made of computational nodes. The connections between the neurons are 

called "synapses" and carry a weight. 

Hence, a MLP is a type of feedforward network: the input signal propagates 

through the network layer by layer. It works with a supervised learning technique 

called error back-propagation, which adjusts the synaptic weights of each synapse 

until the output of the network becomes adequately close to the desired outcome. 

Hence, it is necessary for the training process to provide a set of input data with the 

corresponding desired output values. 

5.1.1 Feedforward propagation 

To understand how the MLP works, let consider a neural network like the example 

illustrated in Figure 5.1. To compute an output, each input neuron must be provided 
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with one of the components x/i of the input vector. Next, the neurons of the first 

hidden layer compute a weighted linear combination of the input values and add to 

it a bias Qj, giving 

where iuJl are the synaptic weights between the input layer and the first hidden layer 

and Nin is the number of input neurons. By adding an extra input variable yo, whose 

value is permanently set to yo = 1, the bias can be written as Wjo and the previous 

equation can be formulated in a more compact form: 

i=o 

The result of this linear sum is then transformed by the activation function to produce 

the output of this neuron: 

In each successive layer, the output of each neuron is calculated in the same way. If 

the first hidden layer has Ni units, each neuron of the second hidden layer constructs 

a weighted linear combination given by 

ni 

ak = ^2wkjyj. (5.4) 
j=o 

Then, the neuron's output is calculated again by mapping this summation with the 

activation function: 

(5.1) 

(5.2) 

V j  =  / ( % ) •  (5.3) 
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V k  =  f ( a k ) .  (5.5) 

This calculation is repeated for each neuron of the network, one layer at a time, until 

the output neurons produce the output of the network. 

An important criteria that the activation function has to meet is to be smooth 

(i.e., differentiate everywhere), for reasons that will become'clear in the next section. 

The logistic sigmoid function, plotted in Figure 5.2a and defined as 

meets this criteria and is ofter used in MLP. Another function commonly employed 

is the hyperbolic tangent plotted in Figure 5.2b and given by: 

Finally, the output layer is commonly implemented with a linear activation func

tion. The reason for this is that the use of sigmoid units would limit the range of 

(5.6) 

f { y )  =  tanh ( y )  =  1  +  e _ 2 y -
1  -  e ~ 2 y  

(5.7) 
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(a) Sigmoid function (b) Tanh function 

Figure 5.2: Sigmoid and Tanh functions. 



possible output values to the range of the sigmoid function, which could be undesir

able in some cases. 

5.1.2 Error back-propagation 

The training process of the MLP consists in adjusting the synaptic weights in order 

to make the outputs as close as possible to the targeted value. For this, the neural 

network needs to be presented with a series of input vectors, or patterns, together 

with the associated targets. The network's calculated outputs and the desired targets 

are compared with a suitable error function, which is minimized with respect to the 

weights. A possible error function which is commonly used is the sum of the difference 

squared between the outputs yi and the targets tt divided by two [72,74]: 

•j NOUT 
E ( " >  =  ̂  £ ( m  -  t , f .  (5.8) 

1=1 

Here, the superscript n labels the particular input vectors and NOUT is the number 

of output neurons. Most training algorithms involve an iterative process where a 

different input vector is presented at every iteration to find the weight adjustment 

that will minimize the error. 

The problem lies in identifying which weights can be regarded as responsible for 

generating the error. A solution to this involves evaluating the derivative of the error 

function with respect to each of the weights in the network. If the error is chosen as 

a differentiate function of the network output, such as the one of Equation 5.8 and 

the activation function is also differentiate, then it can be seen from Equations 5.2, 

5.8, and 5.3 that the error is also a differentiate function of all the weights. The 

algorithm to evaluate these derivatives is called error back-propagation. Once these 

derivatives are found, a variety of optimization algorithms exist to adjust the weights 
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in order to reduce or minimize the error. 

To understand how error back-propagation works, first note that the derivatives of 

the error with respect to the weight of the synapses that connect to the output layer 

are straightforward to evaluate. Let consider again a MLP like the one illustrated in 

Figure 5.1, where I labels the different units of the output layer. It can be shown that 

d E W  
= %fc. (5.9) 

owik 

where yk is the output of the Ac's neuron of the last hidden layer and 

d E  
, (5.10) 

where f ' ( a i )  is the derivative of the activation function evaluated at 04. 

For the weights connecting the last hidden layer from the preceding one, the 

derivatives can be shown to be [74] 

d E  

3^7 =StV" (5'u) 

with 

4 = /'(a*) YlWlkSl- (5-12) 
1 

Therefore, the 5's for the output units must be first evaluated from Equation 5.10, 

after which Equation 5.12 can be applied recursively to the weights of every other 

units, layer by layer, starting from the end of the network. 
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5.1.3 Weights Adjustment 

The error back propagation algorithm offers an efficient technique to obtain the deriva

tives of the error function with respect to the synaptic weights. These derivatives must 

then be used to find new values for the weights that would minimize the error. This 

is a multi-variable function optimization problem. Several solutions to such problems 

exist from the mathematical theory of unconstrained minimization and many of them 

can be directly applied to neural networks. 

The situation can be visualized more easily by grouping all the weights of the 

network in a vector w and viewing the error function E(w) as an error surface in 

weight space. The problem now consists in finding the global minimum of E(w) using 

the gradient V-E'(w) obtained with error back-propagation. Since the error function 

is generally non-linear, a closed form solution for the minimum is generally impossible 

to calculate. Instead, the different algorithms used for this involve different ways of 

updating the weight vector in a succession of iteration steps of the form 

where t  label the iteration step. 

During the training process, an "epoch" is defined as an iteration over all the 

input vectors (or patterns) of the training set. The weights adjustment Aw'4' can be 

appl ied e i ther  af ter  each pat tern has been presented,  using the error  Ecomputed 

for the individual patterns, or at the end of each epoch using the average error 

where N  is the number of patterns in the training set. The former method is sometime 

w(t+1' = ww + Aw(t) (5.13) 

(5.14) 



called "online" or "pattern-by-pattern" learning, while the later one is called "batch" 

learning. 

One of the simplest of these algorithms is called gradient descent and consists of 

incrementing w in the direction opposite to the gradient VE(w®). To increase the 

learning rate and to avoid instability (i.e., oscillation of w), a momentum term is 

often added, and the weight increment becomes 

Aw(l) = -77V£(ww) + /iAw'i-1', (5.15) 

where r j  and /i are called the learning rate and the momentum constant, respectively. 

An alternative approach to gradient descent consists again of moving the weights 

along a line defined by the direction of the gradient, but placing them at the position 

on this line where the error function is minimized. This technique is not very efficient 

since it can be shown that the path taken by w during the learning process will 

necessarily zigzag in weight space, taking right angle turns at each step [74]. 

Several other algorithms also change the weights to the error minimum along a 

line, but rely on more elaborate methods to determine the direction of this line. One of 

these algorithms is the conjugate gradient method where the direction is chosen using 

conjugate directions [74]. Other techniques are based on the quasi-Newton method, 

which requires the computation of an approximation of the inverse of the Hessian 

matrix (i.e., the matrix of the second order derivative of the error with respect to the 

weights) [74]. The computation of this matrix, which has a size equal to the number 

of weights squared, confer to the quasi-Newton method one of its disadvantages, since 

it can be very computationally intensive especially for large networks. Furthermore, 

it should be noted that for some of these two methods, the error is not allowed to 

increase between two steps. Therefore, if w reaches a local minimum on the error 

surface, it is impossible for it to escape and the global minimum cannot be reached. 
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For a far more detailed discussion of the different optimization techniques pre

sented above as well as several variations, see C. M. Bishop (1995) [74]. 

5.2 ROOT's Multilayer Perceptron Class 

This research project was performed using the multilayer perceptron neural network 

implementation distributed with the ROOT software [39]. The code was written by 

C. Delaere and is based on the neural network algorithm from the mlpfit package 

written by Jerome Schwindling [75]. It is implemented as a C++ class named TMul-

tiLayerPerceptron, which describes a MLP neural network and provides facilities to 

train it using error back-propagation and multiple optimization algorithms. The error 

function used is the sum in quadrature of the error on each individual output neuron 

as presented in Equation 5.8. The neurons of the hidden layers of the MLP can be 

made with different activation functions, such as sigmoids and tanh, and the output 

neurons use by default a linear activation function. 

For the optimization algorithms used to adjust the weights during the. learning 

process, six options are implemented. One of them, named "stochastic minimization", 

is the gradient descent method mentioned in the previous section, with the weight 

adjustment performed on a pattern-by-pattern basis. The default learning rate and 

momentum constant used by this technique are 77 — 0.1 and /J, = 0, respectively. 

Another one, named "batch", is identical to the stochastic minimization but with 

the weights incremented at the end of each epoch (batch learning). In the "steepest 

descent" method, the weights are placed at the point where the error is minimized 

on the line defined by the direction of the gradient. Two versions of the conjugate 

gradient method are implemented, named "Polak-Ribiere" and "Fletcher-Reeves". 

Finally, an algorithm based on the quasi-Newton method named "Broyden, Fletcher, 

Goldfarb, Shanno" (BFGS) is also available. All these algorithms, except for the 
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stochastic minimization, are used with the batch learning method. 

5.3 The Neural Network Analysis 

An application was developed to use the ROOT TMultiLayerPerceptron class pre

sented in the previous section to study the potential of multilayer perceptron neural 

networks to help with event reconstruction in the XEP experiment. The applica

tion uses tracks generated by the simulation presented in Chapter 3 for training and 

testing the network. 

The simulation data consists of the pad number and arrival time of the EL photons 

on the photocathode closest to the EL region. The position along the z-axis are 

obtained from the product of the arrival time and the drift velocity. This way, a 

three dimensional representation of the track is obtained, similar to the examples 

shown in Section 3.5. 

To be used as the neural network input, the data must first be formatted in a way 

where each entry represents an event. The volume in the detector where the tracks 

are located is divided into a certain number of bins, each of which will be associated 

with an input neuron. The dimensions of the pads on the photocathode already bins 

the data in the x-y plane. For the z-axis, the minimum and maximum positions of 

the tracks along this axis are calculated and the distance in-between is separated into 

a number of bins, usually 10 or 12. This produces a different bin size for all tracks, 

but ensures that, along this axis, the tracks occupies every layer of bins. Given the 

typical size of tracks, the bin size is usually less than a centimetre. This is much 

larger than the binning that should be produced by the digitization of the signal in 

the actual XEP detector. 

Now, the information about each event is represented by a specific number of bins 

containing a number of photon hits. Each of these bins is associated with one of the 
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input neurons of the neural network, forming each element of the input vector. In 

addition, one or more other values are added to each entry of the TTree object to 

define the output targets used during the training. 

The photocathode contains 232 pads. Multiplying this value by the number of 

bins along the z-axis gives the number of input neurons of the network. For example, 

if the z-axis is divided into 12 bins, the input layer will have 2784 neurons. Moreover, 

if the network has iVx neurons in its first hidden layer, their will be 2784 x N\ synap

tic weights between the first two layers of neurons. These large numbers make the 

training of the neural network very computationally intensive, both in term of CPU 

time and memory usage. It is this factor that limits choice of the number of z-axis 

bins and motivated the choice of variable bin size so that as much information about 

the tracks as possible could be included in the input vector. 

Before starting to train the neural network, the entries of the data set must be 

separated into a training set and a test set. The first set is used during the training 

process to evaluate the errors and adjust the weights. The second set is used to 

test the validity of the training. The performance of a neural network has to be 

generalized,, meaning that it needs to be able to approximate the desired output for 

input vectors that are not part of the training set. 

5.4 Number of Track Classification 

As mentioned in chapter 2, part of the background discrimination will consist in 

identifying whether a given event is formed of two tracks, such as neutrinoless or two-

neutrino double beta decay, or of a single track, in which case the event is necessarily 

background. This section presents a study of the performance of the neural network 

in distinguishing between these two categories of events. 

The data used consist of neutrinoless double beta decay events and single electron 



events generated with an energy equal to the fi(3(0v) Q-value of 2457.8 keV. Both 

types of event were simulated in xenon at 10 atmospheres with a drift electric field of 

1 kV cm-1 and an EL electric field of 40 kV cm-1. However, to be able to generate 

the data in a reasonable amount of time, the ionization was reduced by a factor of 100 

and the electroluminescence yield by a factor of 51.3, producing an average of about 

96,000 EL photons per event. An energy cut was applied to reject tracks that were 

not entirely contained in the fiducial volume, which left 17688 single electron and 

22193 /3/5(0v) events. Both categories of events were separated in half between the 

training and the validation data sets, and the z-axis was divided in 12 bins. Finally, 

the networks possessed a single output neuron and the target outputs provided for 

the training were encoded as follows: 0 represented a one electron event while 1 

represented a /3/3(Oi/) event. 

All the learning algorithms available were previously tested and the stochastic 

minimization and the BFGS methods presented the fastest learning rates. Several 

network structures were tested as well. Either a single hidden layer of 2, 5, or 10 

neurons, or two layers both of 2, 5, 10, or 50 neurons were used. Within this range, 

the number of neurons as well as the number of layers did not have a clear impact on 

the learning rate of the network. 

The following figures present the results obtained for a sample of the network 

structures and learning methods used. In each of them, the histograms show the 

output distribution for the testing data set for each of the two categories of events. 

Every time the network is presented with one of the event of this set, it calculates 

an output, which, if the training was successful, should be close to 0 for one electron 

events and close to 1 for /3f3(0v) events. 

If the neural network was used with data from the real detector, the actual cate

gory of each event would not be known and a choice would have to be made to decide, 

based on the network outputs, which ones should be rejected and which ones should 
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be kept. For this, a cut could be placed at a certain value between 0 and 1, and all 

events for which the network output is below the cut would be assumed to be from 

single electrons, while all events with an output above the cut would be assumed to 

be The two lines in the figures show, as a function of the applied cut, the 

ratio of single electron events calculated above the cut, which would be mistaken for 

j3/3(0v), and the ratio of f3/3(0v) events below the cut, which would be mistaken for 

background. 

To begin, Figures 5.3 to 5.5 present the results for neural networks with two layers 

of hidden neurons, each of 5, 10, or 50 neurons. The training was performed with the 

stochastic minimization method and 50 epochs. 

As mentioned above, the network structure had no clear impact on the learning 

rate. However, as can be seen, it affects the shape of the output distribution. Net

works with more neurons produce smoother distributions than networks with fewer 
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Figure 5.3: Distribution of output from a neural network with two hidden layers of 5 
neurons each trained with the stochastic minimization algorithm over 50 epochs. 
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Figure 5.5: Distribution of output from a neural network with two hidden layers of 
50 neurons each trained with the stochastic minimization algorithm over 50 epochs. 
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neurons. This becomes even more apparent in the simplest network tested, which 

had a single hidden layer of 2 neurons. The result is shown in Figure 5.6. This partial 

discretization of the output values is believed to be associated with the asymptotic 

nature of the activation functions. If the weighted summation of Equation 5.2 pro

duces values over a wide range, a neuron would produce outputs most often near the 

asymptotes of it's activation function (0 or 1 for the sigmoid), acting approximately 

like a step function. If this happens at the neurons of the last hidden layer, the output 

of the neural network, which is a linear combination of the outputs of the neurons of 

the last hidden layer, would produces numbers most often near 2N different values, 

where N is the number of neurons in the last hidden layer. This hypothesis seems to 

agree well at least with Figures 5.3 and 5.6. 
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Figure 5.6: Distribution of output from a neural network with a single layer of 2 
neurons trained with the stochastic minimization algorithm over 50 epochs. 

Although the Stochastic minimization and the BFGS method produced similar 

results in term of training rate, BFGS presents a serious limitation in the complexity of 
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the networks that can be trained with it. This is believed to be due to the requirement 

by this minimization algorithm to create and store the hessian matrix, which, for a 

network with W weights, has W2 elements. In the case of the networks presented in 

this section with 10 hidden neurons, a matrix of (2784 x 10 + 10 x I)2 & 776 million 

elements needed to be defined. The most complex neural network that could be 

successfully trained with this algorithm had two layers of five neurons each. The 

results are presented in Figure 5.7. 

Number of 1 electron events 

Number of pp(Ov) events 

Ratio of 1 electron events above cut 
Ratio of pp(0v) events below cut 

> 4000 

2000 

a CC 

0.2 0.4 0.6 0.8 

Neural Network Output 

Figure 5.7: Distribution of output from a neural network with two layers of 5 neurons 
each with the BFGS method over 100 epochs. 

From the results obtained, it appears that the neural networks presented above 

are adequate to separate /3f3(0v) events from single electron tracks of 2457.8 keV at 

10 atm with a certain accuracy. For example, in the results obtained with two layers 

of 10 neurons and the stochastic minimization training (Figure 5.4), if a cut of 0.5 

was chosen, about 7.4% of the 1 electron events would be mistaken for fj/3(Qis) and 

about 6.0% of the f3f3(0v) would be mistaken for single electron events. The best cut 



value to choose will depend on the actual background rate that will be observed in 

the region of interest. 

5.5 Multi-Site Background Rejection 

If two background tracks form in the detector sufficiently close to each other or within 

a sufficiently small time interval, the resulting signal could be mistaken for double 

beta decay. This section presents a study of the performance of the neural network 

for distinguishing between /3f3(Qv) events and events composed of two electrons of 

distinct but close origins. 

The neural network was trained with 6000 /3/3(Oi/) and 6000 multi-site events sim

ulated at 10 atmospheres. The multi-site events consisted of two electrons generated 

within a distance of 0.5 to 2 cm and a time interval of 0 to 5 fis from each other 

and with a total energy equal to the j3/3(0v) Q value. As in the previous section, 

the ionization and EL yield were scaled down so that approximately 96,000 EL pho

tons per events were produced. The neural networks used had a first hidden layer 

of either 2, 4, or 6 neurons. Half of them had only one hidden layer while the other 

half had a second layer of 4 neurons. The output layer consisted of a single neuron 

with the target values encoded in a binary way: 0 for the background events and 1 

for the 0/3 (0v). Again, within the range investigated, the number of neurons did not 

have a clear impact on the training speed, other than the discrete structure visible in 

the output distribution of the simplest networks as discussed in the previous section. 

Furthermore, the stochastic minimization and the BFGS methods offered again the 

best learning rates. 

Similarly to the plots of the previous section, the following figures show, for some 

of the network structures and learning methods used, the histogram of the output 

distribution together with the plots of the ratio of events mistaken for the wrong 
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Figure 5.8: Distribution of the output of a neural network with two hidden layers of 
6 and 4 neurons trained with the stochastic minimization and 50 epochs. 
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Figure 5.9: Distribution of the output of a neural network with two hidden layers of 
6 and 4 neurons trained with the BFGS method and 100 epochs. 



category as a function of the selection cut applied. Both figures present the results of 

a network made of two hidden layers of 6 and 4 neurons respectively. In Figure 5.8, 

the network was trained with the stochastic minimization algorithm over 50 epochs, 

while in Figure 5.9 it was trained using the BFGS method over 100 epochs. 

As can be seen, it was possible for the neural network to discriminate between 

events formed of two tracks of joint and disjoint origin simulated at 10 atm. As in the 

previous section, the efficiency of the algorithm would depend on the choice of cut 

applied on the network output values. For example, in the case of the network trained 

with the stochastic minimization method (Figure 5.8), a cut placed at 0.5 would result 

in about 9% of the both the multi-site background events and the /3/3(Qv) events to 

be mistaken for the wrong category. Again, the best cut value to choose will depend 

on the rate of background events that will contaminate the results. 

5.6 Vertex Reconstruction 

This section presents a study of the performance of the neural network for finding 

the point of origin of electron tracks in the detector. The neural network was used 

to identify the vertex location of 1 MeV electrons simulated in xenon at 5 atm. To 

simplify the problem, the tracks were produced only within a spherical volume 15 cm 

of diameter at the center of the TPC. 

It was found that to achieve any success with vertex reconstruction, the neural 

network had to be significantly more complex than in the previous sections. Due to 

computing limitations, the largest networks that could be trained had 2320 neurons 

in their input layer and 60 neurons in their first hidden layer. The only exception 

was for networks trained with the BFGS method, which could not attempt to train 

with more than between 10 and 20 neurons in their first hidden layer. This is likely 

due to the size of the Hessian matrix computed by this algorithm as mentioned in 



Section 5.1.3. The networks used in this analysis had two output neurons for the x and 

y coordinates of the vertex. It is often suggested that scaling the target values within 

the range of the activation function can accelerate the training process. Therefore, 

both vertex coordinates were scaled down by a factor of 0.12 to make all values be 

within the interval [-0.9, 0.9]. 

Stochastic minimization showed again the best learning rate and it is only with 

this algorithm that any success was achieved. The batch method presented the slowest 

learning rate, but was still slowly converging after 20 epochs of training. The error 

for networks trained with the two conjugate gradient algorithms appeared to reach a 

plateau after only four or five epochs, after which the error remained almost constant 

for the rest of the training. It is possible that these minimization algorithms reached 

a local minimum of the error surface, from where they could not escape, as discussed 

in Section 5.1.3. 

The following figures show the results for two of the neural networks that provided 

the best outcomes after having being trained over 20 epochs. One had a single layer 

of 50 neurons, while the other had two layers of 60 neurons each. Figures 5.10 and 

5.11 show the scatter plots of the output of the neural network as a function of the 

target values. The correlation coefficient was calculated in each cases, defined as 

, . COv(Xtrue) 2-calc) , . 
p(^true) ^calc) — / \ / r > (5.16) 

& ( 3* true ) & ( ̂ calc ) 

where xtrUe and £caic are the true (target) and calculated (neural network's output) val

ues respectively, and cov(a;true, £caic) is the covariance. In the first case (Figure 5.10), 

p(^true, £caic) = 0.74 and p{ytrue, 2/caic) = 0.75, while in the second case (Figure 5.11) 

P(-Etruej 3-calc) = 0.77 and p(ytruei 2/calc) = 0.78. 

Figures 5.12 and 5.13 show the distribution of the distance between the true and 
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Figure 5.10: Scatter plot of the calculated output as a function of the target value 
(true value) for a neural network with a single layer of 50 neurons trained over 20 
epochs with the stochastic minimization algorithm. 

Figure 5.11: Scatter plot of the output calculated as a function of the target value for 
a neural network with two hidden layers of 60 neurons each trained with the stochastic 
minimization method over 20 epochs. 



the calculated positions for the two network structures mentioned above. The distri

butions of the distances along the x and the y axes were fitted with a Gaussian function 

to find the width of the distribution. The fit parameters are listed in Tables 5.1 and 

5.2. Note that the widths calculated this way seem slightly overestimated and their 

uncertainties underestimated because the distributions are not perfectly Gaussian. 

The widths of the distributions in Tables 5.1 and 5.2 show that the neural network 

can be used to reduce significantly the range where the point of origin of an electron 

track can be expected. 1 MeV electrons were generated in 5 atm xenon within a 

spherical volume of 15 cm of diameter, and the difference between the actual position 

of their vertex and the ones reconstructed by the network had, in the best case, a 

width of 2.15 ± 0.01 cm and 2.10 ± 0.01 cm along the x and y axis, respectively. The 

results also display biases of 0.637 ± 0.013 cm and —0.305 ± 0.012 cm on the x and y 

axis, respectively, expressed by the mean values in Tables 5.2. Further investigation 

is required to understand the cause and significance of these biases. 

Trying to locate the origin of single electron tracks was only a first step toward 

realizing the vertex reconstruction of /3/3(0v) events. This task will likely be more 

challenging, but would allow to locate the barium ion daughter of the decay. This 

information would be very useful for the barium tagging technique currently being 

researched in order to observe the ion in the volume of the TPC. 
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Figure 5.12: Distribution of the difference between the output and the target values 
of a neural network with a single layer of 50 neurons trained with the stochastic 
minimization algorithm over 20 epochs. 

Mean Standard Deviation. 

Xcaic - Xtrue 0.990 ±0.013 cm 2.22 ± 0.01 cm 

Ycaic - ytrue -0.044 ±0.013 cm 2.22 ± 0.01 cm 

Table 5.1: Fit parameters of the fits from Figures 5.12a and 5.12b. 
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Figure 5.13: Distribution of the difference between the output and the target val
ues of a neural network with two layers of 60 neurons trained with the stochastic 
minimization algorithm over 20 epochs. 

Mean Standard Deviation 

Xcaic - Xtrue 0.637 ±0.013 CHI 

Ycaic - Ytrue -0.305 ± 0.012 cm 

2.15 ± 0.01 cm 

2.10 ±0.01 cm 

Table 5.2: Fit parameters of the fits from Figures 5.13a and 5.13b. 



Chapter 6 

Conclusion 

This thesis presented the work done to build a general Monte Carlo simulation of 

the gaseous xenon TPC prototype developed as part of the EXO experiment. After 

performing some validation tests, the simulation was utilized to perform multiple 

studies. 

To begin, the simulation was used to study certain aspects of the uniformity of EL 

photon detection on both photocathodes for light originating at different positions 

along the EL region plane. When simulating single ionization electrons, it was found 

that variations as high as 20% occurred in the detected light signal on the anode 

side photocathode. These fluctuations were dominated by the position of the drifting 

electrons with respect to the Teflon spacer grid of the readout package. However, 

for tracks detected in the TPC, these variations in response will be averaged over a 

large number of ionization electrons. On the photocathode at the other end of the 

detector, the efficiency was found to be 8.4% lower for photons generated near the 

edge of the EL region than for photons emitted at the center. 

The simulation was also used to estimate the background rate in the TPC from 

the radioisotopes in the concrete surrounding the detector and from cosmic muons 

directly hitting the detector. With the current gamma shielding in place, background 

rates of 1630 and 5020 counts/s were estimated depending on the choice of activity 

102 
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concentration assumed to be present in the concrete. Since this background could 

result in a high pile-up rate, particularly at high pressure, it might be preferable to 

increase the shielding around the detector. 

To calibrate the TPC, calibration gamma sources with high strengths would allow 

to decrease the time required to perform the calibration. However, a high detection 

rate can result in a high pile-up fraction in the readout. Therefore, the simulation 

was used to investigate what source strength would be suitable to use. 

Furthermore, a multilayer perceptron neural network algorithm was used to ana

lyze data from the Monte Carlo simulation. The neural network was able to distin

guish f3/3(0v) from both one and two electron background events of energy equal to 

the decay Q value. In light of the results described in this thesis, neural networks 

seem like a promising tool for discriminating background events and determining the 

likelihood of a track to be P/3(0u) or f3/3(2u).  

The neural network was also used to determine the starting point of single electron 

tracks. For 1 MeV electrons simulated at 5 atm, in the best case the difference between 

the actual positions of the vertex and the ones calculated by the neural network formed 

a distribution with a width of ax = 2.15 cm along the x-axis and ay — 2.10 cm along 

the y-axis. 

Several factors should be added to the simulation in order to reproduce the full 

signal generation process. This includes electron losses in the gas due to electronega

tive impurities, the charge gain process in methane, and the effects of the electronics, 

including the noise. Also, some components of the detector, which could affect the 

light propagation are missing from the simulation, such as the wire meshes used for 

producing the electric fields in the EL region and in the methane gap. The addition 

of those effects will be the subject of further work. 

The initial investigation of utilizing the neural network has produced interesting 

results. However, more work will be done to evaluate its capacity in distinguishing 
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signal and background. For example, the study of background rejection should be 

carried out on a broader range of experimental conditions, such as the gas pressure, 

to ensure that the neural network can also perform in those conditions. Moreover, 

the discrimination of more types of background with similar signal to double beta 

decay events should be attempted. 

Finally, the study of vertex reconstruction of single electron tracks was a first 

step toward the goal of being able to locate the vertex of /?/5(0zy) events. This task 

would be useful for the barium tagging technique which, by observing the barium ion 

daughter of the decay would discriminate all sources of background. 
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