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Abstract 

The scientific community is increasingly interested in neutrinoless double beta 

decay. A potential measurement of the decay rate would determine the neutrino 

mass and would be sensitive to some extensions of the Standard Model of particle 

physics. Unfortunately, the decay rate is very low and competes with natural 

and cosmogenic radioactivity. This thesis presents a technique that eliminates 

such background events. It is performed by observing the barium ion daughter 

from the double beta decay of xenon-136 using laser induced fluorescence. The 

technique is very complex and requires an excellent understanding of the barium 

ion spectroscopy and its chemistry in the vicinity of other molecules. Such a 

technique will become a unique advantage over other neutrinoless double beta 

decay experiments, especially if the neutrino mass is low. 

This thesis describes three main topics. The first one describes simulations 

of ionizing electrons in xenon to determine the size of a gas phase detector for 

a neutrinoless double beta decay measurement. It has been determined that a 

meter size detector would contain most electron tracks. Then, it describes the 

design of two barium ion sources, one relying on electric discharges across two 

electrodes and the other one using a high energy pulsed laser. From those sources, 

the spectroscopy of barium ions was studied. The branching ratio of the 625i/2 — 

62P\/2 transition was found to be 74 ± 4%. By adding argon in the chamber, the 

lineshift of the transition due to collisions was found to be -132 MHz/torr while 

the broadening rate was 23 MHz/torr. Finally, the most interesting topic is the 

production of doubly charged barium ions using an electrospray source. From it, 

ions were extracted to vacuum in a mass spectrometer and charge conversion was 

achieved using triethylamine. The efficiency of the conversion of Ba+ to Ba+ + was 

almost 100%, with a cross-section between 1.69 x 10~18 m2 and 2.21 x 10~18 m2 

without forming any molecules. 

n 



Acknowledgements 

This thesis would not have been possible without the counselling and patience of 

my two supervisors, Dr. David Sinclair and Dr. Kevin Graham. They deserve ad

ditional gratitude for allowing me to work on the very entertaining barium tagging 

concept. I must also acknowledge my former Master degree supervisor Dr. Alain 

Bellerive who taught me the basis of research. I need to praise the generosity of 

Dr. Jeffrey Smith who provided the mass spectrometer described in Chapter 5, the 

core of the thesis. Special thanks to Dr. Madhu Dixit who allowed me to visit the 

KEK accelerator in Japan. I would like to express my gratitude to the very skillful 

technical staff Philippe Gravelle, Lina Anselmo, Matt Bowcock, Yves Baribeau and 

Ernie Neuheimer who spent countless hours helping me. I am indebted to the thesis 

examination board that consisted of Dr. Ken Ragan, Dr. Jeff Smith, Dr. Gerald 

Oakham, Dr. James Harden and Dr. Michel Gaulin for the very careful reading 

of the preliminary version of my thesis and their valuable comments. My thanks 

to my co-workers and friends Olivier Simard, Pierre-Luc Drouin, Chad Greene, 

Christina Hagemann, Christian Ouellet, Alex Coppens, Francois Leonard, Matt 

Dunford, John-Paul Archambault, Claudiu Cojocaru, Ken Moats, Louise Heelan, 

Maria Paula Rozo, Lisa Kaufman and Jesse Wodin. Some of them contributed 

directly to this thesis while others have helped to make the last few years more 

enjoyable. 

Finallement, je dedie cette these a ma famille, mon pere Remi Rollin, ma 

mere Cecile Laverdiere, mes freres Jean-Philip et David Rollin, ainsi qu'aux deux 

personnes les plus importantes dans ma vie, ma femme Katia Larrivee et ma fille 

Amelie Rollin-Larrivee. Sans votre support et votre patience, ce travail n'aurait 

pas ete possible. Tout l'honneur vous revient. 

in 



Statement of Originality 

I certify that this thesis is the product of my own work, and that any ideas or 

quotations from the work of other people are fully acknowledged in accordance 

with the standard referencing practises of the discipline. I acknowledge the helpful 

guidance an support of my supervisors Dr. David Sinclair and Dr. Kevin Graham. 

The analysis described in Section 2.3.2 is based on the theoretical developments 

of Ali et al. and my contribution was to apply their equations to a tracking detector 
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Chapter 1 

Introduction 

Neutrinos are a major component of the Universe. Learning about them is an 

essential endeavour to understand the subatomic world, but also the large scale 

structure of the Universe. They have been studied for the last 70 years with many 

great successes despite their very weak interaction with matter. One of neutrino's 

fundamental properties that remains a mystery is their mass. Scientists invest time 

and resources to measure it and understand the underlying mechanism that allows 

neutrinos to have a mass. The measurement of neutrinoless double beta decay 

(0v/3j3) is a natural continuation of the quest to find out more vital information 

about neutrinos which would lead to a better understanding of many aspects of the 

Standard Model of particle physics (SM), with its extensions, and the dynamics of 

the Universe. 

The Enriched Xenon Observatory (EXO) is one of many experiments trying to 

measure the 0uf3/3 decay rate. The EXO collaboration counts more than 60 mem

bers based at 13 different institutions spread around the world. It is a collaboration 

that grows quickly and although the main effort is directed toward research and 

development, physics results are expected in the near future. The EXO experiment 

is unique in many ways, but its main advantage is the possibility of tagging the 

daughter of the reaction, eliminating background events coming from natural and 

1 



CHAPTER 1. INTRODUCTION 2 

cosmogenic radioactivity. Any future observation claims of Oi//3/3 decay will require 

a strong understanding of background events in the vicinity of the signal. Tagging 

the daughter of the reaction, in this case a barium ion, is performed by exciting 

the ion with a laser and then observing photons created by its de-excitation. The 

transition occurs at a very specific energy and can be considered as a fingerprint 

of the element. This technique is very powerful. It is sensitive at the single atom 

level and discriminates against any decay that does not produce a barium ion. 

The concept of barium tagging is still being investigated and questions about 

the technique need to be answered. Does the ion need to be extracted from the 

xenon volume and is there a way to do it efficiently? Is it possible to convert 

efficiently the doubly charged barium ion into the singly charged one required for 

tagging? Is the barium ion stable in gas or does it form molecules? What is the 

drift velocity of ions in xenon? This thesis will answer some of these questions. It 

is divided in four main chapters. 

Chapter 2 describes the current knowledge about neutrinos and what informa

tion the neutrinoless double beta decay can unveil about neutrinos. It lists and 

explains the different experimental techniques that allow for a neutrino mass mea

surement. It concludes on an analysis performed on the angular resolution of the 

two electron tracks of the decay required to probe a new type of physics. 

Chapter 3 describes two EXO prototypes built to perform the energy measure

ment of the decay. The first one, EXO-200, uses xenon in its liquid phase while the 

second one, XEP, is a gas phase experiment. Simulated ionizing track topologies 

in gas will be quickly described. Finally, detailed work carried out to specify the 

physical size of the prototype will be explained. 

Chapter 4 relates the efforts made in tagging barium in gas. It describes two 

barium ion sources. The first one uses electrical discharges between two electrodes 

in low pressure gas. The second one uses a pulsed ultraviolet laser focused on a 

solid target. The characterization of each ion source is also included. This chapter 

also lists some of the spectroscopic measurements of the barium ion transitions 
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probed during the study. 

Chapter 5 answers a fundamental question related to barium tagging. It out

lines measurements that prove that the doubly charged barium ion can acquire an 

electron from a donor gas without forming a molecule and shows that Ba+ + might 

be more stable that previously thought. It also describes the instrument used to 

perform the measurements. 

The Appendix describes the analysis of some of the Sudbury Neutrino Observa

tory data as an attempt to measure the hep neutrino flux from the Sun. Taking into 

account the uncertainty in the 8B flux and in the neutrino oscillation parameters, 

an upper limit on the flux has been calculated. 



Chapter 2 

Neutrinos 

The Standard Model of Particle Physics (SM) describes fundamental proper

ties of subatomic particles. Figure 2.1 shows the particle content of the model. 

Only a few pieces are missing from the puzzle and many of them are related to 

neutrinos. These subatomic particles are unique in many ways. They are the only 

chargeless fermions, not interacting via the electromagnetic or the strong force, 

and thus making them very precise probes to measure the weak force fundamental 

constants. The SM requires them to have no mass while experiments have shown 

the contrary, opening a window for physics beyond the SM. They might be the only 

particles having a Majorana mass term, which is forbidden to the other fermions, 

explaining the very different mass scale of neutrinos compared to other fundamen

tal particles shown in Figure 2.2. The Ov/3/3 decay also violates the lepton number 

conservation by two units. The observation of the decay would be an enormous 

discovery, especially given its ability to explain the asymmetry between matter 

and antimatter, as well as to understand the first moments of the Universe after 

the Big Bang. The physics community has identified the neutrinoless double beta 

(Ou/3/3) decay reaction as an excellent mechanism to answer the questions above. 

The simple existence of Ou/3/3 decay would prove that neutrinos are Majorana par

ticles and that lepton number is not always conserved, while the decay rate would 

4 



CHAPTER 2. NEUTRINOS 5 

measure the neutrino mass. 

This chapter introduces different neutrino characteristics and describes the 

techniques used to study them. Section 2.1 explains neutrino oscillations and how 

it solved fundamental problems of particle physics and astrophysics. Section 2.2 

describes the many ways scientists are trying to measure the neutrino mass. Sec

tion 2.3 describes the core of this thesis, the measurement of the 0v(3/3 decay rate 

and its implications for the SM. Finally, Section 2.3.2 presents some phenomeno-

logical work on a Ovfifl model, adapted and extended exclusively for this thesis to 

justify a tracking detector for a 0i//?/3 measurement. 

2.1 Neutrino Oscillations 

The first hint of a non-zero neutrino mass was observed with the Ray Davis 

experiment [2] in the early 1970's when it measured a shortage of electron neutrinos 

coming from the Sun. At the time, few believed that the low rate was due to the 

neutrino mass. The first proof that neutrinos had a non-zero mass was unveiled 

25 years later, when Super-Kamiokande [3] measured oscillations of atmospheric 

neutrinos. Then, a series of experiments (SNO, KamLAND, LSND, OPERA, ...) 

[4-7] confirmed the observation with neutrinos from the Earth's atmosphere, the 

Sun, nuclear reactors and particle accelerators. 

Neutrino oscillations is due to a difference between the neutrino flavour eigen-

states and their mass eigenstates. The flavour that is measured in an experiment 

is in fact a combination of the three mass eigenstates and the relationship between 

them is parametrized by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [8] lep-

ton mixing matrix: 

/ uel ue2 ue3 > 
U= £/„i C/M2 U^ 

\ uTl UT2 UT3 J 
(2.1a) 
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( cl2c13e
ia^2 

U = 

-i5 S12C13 si3e '" \ 

-S12C23 - ci2s23Si3e
lS ( c i 2 c 2 3 - s12s23s13e

lS)elCi2/2 s23c13 

\ S12S23 - c12c23e ,16 

(2.1b) 

-C12S23 - s12c23Si3e
lS C23C13 J 

In these matrices, cZJ means c o s ^ , stJ means smOl3, 5 is the CP violating 

phase, and az are the two Majorana phases that exist only if neutrinos have a 

Majorana nature. Each 6l3 represents the mixing angle between two of the three 

neutrino flavours. The current experimental measurements of the angles are listed 

in Table 2.1. 

The mixing angles are not the only parameters involved in the neutrino oscil

lations. The other parameters are the differences between the mass squared of the 

eigenstates (Am^ = m2 - m2). There are three Am^ for three neutrino flavours, 

but only two are independent. The current experimental measurements of the 

mass differences are listed in Table 2.2. , 

Parameter 

sin2 (2012) 
sin'(2023) 
sin2(2#13) 

Experimental 
measurement 

0.863 £ 
>0.92 
<0.19 

Confidence 
Level (%) 

68 
90 
90 

Reference 

KamLAND + solar [9] 
Super-Kamiokande [10] 

CHOOZ [11] 

Table 2.1: Neutrino mixing angle experimental measurements. 

Parameter 

Am2
21 

Amj2 

Am2
31 

Experimental measurement 
(eV2) 

8.0+^ x 10"5 

±2.43!! x 10"3 

=Arn32 + Amjjx ^ Ami.2 

Confidence 
Level (%) 

68 
68 
-

Reference 

KamLAND + solar [9] 

MINOS [12] 
-

Table 2.2: Am2 experimental measurements. Note that the sign of Am2
2 is not known. 
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2.1.1 Survival Probability 

A useful quantity when dealing with oscillations is the survival probability. For 

oscillations in vacuum, assuming only two neutrino flavours, the survival probabil

ity is given by: 

Paa = l - sin2 29 sin2 (1.27-Am2 J , (2.2) 

where Paa is the probability of a flavour a neutrino of staying in the a flavour, 

L is the propagation distance in km, E is the neutrino energy in GeV, Am2 is 

the mass squared difference between the two eigenstates in eV2 and 9 the mixing 

angle between those two states. Therefore, knowing the number of neutrinos of 

each flavour generated at the source and the number reaching the detector, it is 

possible to measure 9 and Am2. 

2.1.2 Mass Hierarchy 

The sign of Am\2 is unknown making it impossible to know the hierarchy of 

neutrino masses. If the mass eigenstate mi, which is the main part of ue, is the 

lightest mass eigenstate, then it is a normal hierarchy. The other possibility is 

to have m3, which has almost no ue component, as the lightest eigenstate. Then 

it is called an inverted hierarchy because of the inverse ordering compared to the 

charged lepton hierarchy. If the lightest eigenstate is heavy (> 0.1 eV), then the 

mass difference between states is negligible compared to their total mass. It is 

then called a degenerate hierarchy. Figure 2.3 shows the two mass orders with the 

flavour components of each eigenstate. A drawback of measuring the difference of 

masses is the missing mass scale. The scientific community has to rely on other 

techniques to know the absolute mass scale. 
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m 

m 3 

m2 

m i 

^e •a 
i 

H l r 

m i 

m 3 

ill 

Figure 2.3: The normal mass hierarchy is depicted on the left and the inverted one is 

on the right. The white section of the bar corresponds to the electron flavour proportion 

of the mass eigenstate, the gray corresponds to the muon flavour and the black, the tau 

flavour. Proportions are approximate. 

2.2 Experimental mass measurements 

2.2.1 j3 decay 

In principle, the simplest way to measure the neutrino mass is to look at the 

energy of the electron emitted by a j3 decay, on what is called a Kurie plot. By 

looking at the highest energy events and comparing with the total energy available 

one can extract the electron neutrino mass by considering the neutrino emitted at 

rest. In reality, this measurement is very challenging due to the small mass of the 

neutrino. Most of the 0 decay experiments use tritium as the source, which has 

an energy output of 18570 eV compared to a missing energy smaller than 1 eV. 

The upper limit for the electron neutrino mass extracted from the Troitsk [13] 

and Mainz [14] experiments were 2.5 eV and 2.3 eV respectively. The Katrin 

experiment is expected to achieve an upper limit of 0.2 eV in the near future. It 

is interesting to note that the best fitted values for the electron neutrino mass 

squared m^e from ft decay experiments have all been smaller than zero. It has 

been recognized that this was probably due to systematic errors. 
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2.2.2 Astrophysics 

Cosmology 

The large scale structure of the Universe brings very important information 

about the neutrino mass. The shape of the Universe provides a measurement of its 

total mass. Since neutrinos are the second most common particle in the Universe 

after photons, a tiny neutrino mass would produce a measurable effect on a large 

scale. Then, one can look at the distribution of galaxies in the Universe and the 

cosmic microwave background (CMB) and extract an upper limit for the sum of 
n 

all neutrino flavour masses (V^m2). Using the Wilkinson Microwave Anisotropy 

Probe (WMAP) and the 2dFGRS data [15] the upper limit was established at 
n 

2^ ™>i < 0.63 eV. The CMB probe called Planck used in conjunction with the Sloan 
i=0 

Digital Sky Survey (SDSS) should reduce the limit to 0.1 eV. Unfortunately, the 

measurement involves many astrophysics models and might not be as convincing 

as a /3 decay experiment. Nevertheless, the cosmology measurement involves all 

neutrino flavours which would complement a measurement from beta decay. 

Supernova 

During a supernova explosion the largest portion of the energy is carried away 

by neutrinos. The kinetics of massive particles tells us that for the same kinetic 

energy the lightest particles travel faster. Therefore, on an astronomic scale, a 

small mass difference results in a measurable arrival time difference: 

At = 0.0514 D (mu/E)2 (2.3) 

where At is the time delay in seconds with respect to the arrival time of a 

massless particle, D is the distance travelled in kpc, E the energy of the neutrino 

in MeV and mu the mass of the neutrino in eV. 
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Unfortunately, supernova explosion are very complex and models are primitive. 

Furthermore, the explosion rate of supernovae in our galaxy is very low, about 1 

per 50 yr. The only supernova for which neutrinos have been detected happened 

in 1987. Three detectors (Kamiokande II, 1MB and Baksan) detected a total of 

29 candidate events from supernova SN1987A from which an upper limit of 5.7 eV 

for the electron neutrino mass has been recently extracted at a confidence level of 

95% [16], The limit found is not as sensitive as other experiments, but the technique 

is an independent one. A large improvement will be possible with the larger and 

more sensitive neutrino detectors under construction measuring neutrinos from 

nearby supernovae. 

2.3 Double beta decay 

Single f3 decay is the transformation of an up quark into a down quark with 

the emission of an electron and a ve via the weak interaction. Double beta decay 

((3(3) is simply two (3 decays occurring at the same time. It has been postulated by 

M. Goeppert-Mayer in 1935 [17] and has been observed in more than ten isotopes. 

The lifetime of the reaction is of the order of 1018 to 1024 yr. The /3f3 reaction occurs 

naturally for every isotope where two successive (3 decays exist. Unfortunately, in 

most cases it is impossible to differentiate between two coincident (3 decay events 

that occurs in the same region and the fi(3 decay. For some isotopes, the first (3 

decay energetically is forbidden but allows the /3/3 decay. The 136Xe atom is an 

example of this and its decay scheme and energy levels are shown in Figure 2.4. 

The 136Xe to 136Cs j3 decay is energetically forbidden but the (3/3 decay to 136Ba is 

possible. Table 2.3 lists properties of the most common /3/3 decay isotopes. 

If neutrinos are their own antiparticles and if they have a mass, a special 

phenomenon occurs and Ov/3/3 decay could be observed. In the Oi/(3(3 decay, the 

neutrino created from one (3 decay changes helicity and is absorbed at the second 

(3 decay vertex. No neutrinos are emitted, it is a virtual exchange. Figure 2.5 
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Reaction 
4 6 C a ^ 4 6 T i 

70Zn-> 70Ge 
7 6 G e ^ 76Se 
8 2 S e ^ 82Kr 
8 6 K r ^ 86g r 

9 4 Z r ^ 9 4 M Q 

100Mo-> 100Ru 
1 0 4 R u ^ 1 0 4 p d 

n o p d ^ i io C d 
1 1 4 C d ^ 1 1 4 S n 

116Cd-> 116Sn 
1 2 4 g n ^ 1 2 4 T e 

128Te-> 128Xe 
1 3 0 T e ^ 1 3 0 X e 

1 3 4 X e ^ 1 3 4 B a 

1 3 6 X e ^ 1 3 6 B a 

1 4 2 C e ^ 1 4 2 N d 

1 4 8 N d ^ 1 4 8 S m 

1 5 0 N d ^ 1 5 0 g m 

154Sm-> 154Gd 
1 6 0 G d ^ 1 6 0 D y 

l T 0 E r ^ 1 7 0 Y b 

1 7 6 Y b ^ 1 7 6 H f 

1 9 8 p t _ > 1 9 8 H g 

Energy endpoint (keV) 
990.4 ± 2.4 
1000.9 ± 3.4 

2039.006 ± 0.050 
2995.1 ± 2.0 
1255.6 ± 2.4 
1144.1 ± 2.0 

3034 ± 6 
1300 ± 4 

2000 ± 11 
536.8 ± 3.3 
2805.0 ± 3.8 
2287.0 ± 1.5 
867.2 ± 1.0 
2528.8 ± 1.3 
830.1 ± 3.0 

2468 ± 7 
1416.9 ± 2.2 
1928.9 ± 1.9 
3367.5 ± 2.2 
1251.0 ± 1.3 
1729.7 ± 1.3 
653.6 ± 1.7 
1086.7 ± 1.9 

1047 ± 3 

Natural abundance (%) 
0.004 

0.6 
7.44 
8.73 
17.3 

17.38 
9.63 
18.7 
11.72 
28.73 
7.49 
5.79 
31.69 
33.80 
10.4 
8.9 

11.08 
5.76 
5.64 
22.7 
21.86 
14.9 
12.7 
7.2 

Table 2.3: List of Of/3/3 isotopes with their energy endpoint and their natural abun

dance. The list excludes isotopes having other decay channels or an endpoint value lower 

than 500 keV. 
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135 9073 Da 

135 9072 Da 

135 9046 Da 

Figure 2.4: Energy levels of the 136Xe and its decay scheme. The diagram shows the 

mass, the atomic number and the number of protons of each isotope, the nuclear spin of 

each state and the energy of the decay. 

summarizes the two different f3/3 decay reactions. The 0v(3(3 decay was postulated 

by W.H. Furry in 1939 [18] and has not been observed yet. The standard model 

forbids the 0v(3(3 decay, but many extensions of the SM allow it. Two conditions 

have to be fulfilled to allow for a 0v/3f3 decay. The first one requires that neutrinos 

have a mass to allow for the helicity flip. It is now accepted that at least two of the 

neutrino eigenstates have a non-zero mass because of a non-zero Am2, as discussed 

in Section 2.1. The second one requires that the neutrino is its own antiparticle. It 

is reasonable to think that since neutrinos are chargeless, they could be Majorana 

particles and their own antiparticles. If Ov/3/3 is possible, it would not replace the 

two neutrino double beta (2i//?/3) decay; both would occur. 

2.3.1 QvfiP Neutrino Mass Measurement 

The Oi//3/3 decay is linked to the neutrino mass by the helicity flip. The more 

mass a neutrino has, the easier it would be to produce the change in helicity. 

Therefore, a measurement of the Ov(3(3 decay rate is also a measurement of the 
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Figure 2.5: Tree-level Feynman diagrams for the 2u(3/3 (a) and the Ov/3/3 (b) decays. 



CHAPTER 2. NEUTRINOS 15 

Reference 

E. Caurier et al. [19] 
J. Engel et al. [20] 

A. Staudt et al. [21] 
A. Faessler et al. [22] and J. Toivanen et al. [23] 

G. Pantis et al. [24] 

TIT (yr) 
48.4 x 1026 

13.2 x 1026 

8.8 x 1026 

21.2 x 1026 

7.2 x 1026 

nOl//30 Table 2.4: Calculated values of TyPP for 136Xe assuming (m^) = 50 meV for different 

matrix element models. 

neutrino mass. While working out the amplitude of the 0vf3(3 decay, it is useful to 

define a quantity called the effective neutrino mass: 

<"W = Yl u™m* (2.4) 
t=0 

The Ov/3/3 decay half-life (Ti/2) is then given by: 

[T\ 1/2 J — Goi/tffll-Mn, TOu/3/3\^lou/3/3\ 
•{m^y 

mt 
(2.5) 

where Goupj3 is the phase space factor, M0upp is the nuclear matrix element, 

(mpp) is the effective neutrino mass and me is the electron mass. Calculation of 

Gavpp are relatively accurate, but for M0upp, calculations are more tedious and 

large uncertainties are associated with them. Table 2.4 summarizes some of the 

calculated values of T°^ f° r 136Xe. These values can be compared to the half-life 

of 2v/3/3, as listed in Table 2.5. 

Recently, a claim has been made by Klapdor-Kleingrothaus et al. [26] of having 

measured a Oi//5/5 half-life of 1.19^0 23 x 1025 years for 76Ge, corresponding to a 

mass between 0.2 and 0.6 eV at 99.73% confidence level. Unfortunately, only a 

small fraction of the whole collaboration signed the paper and many people of 

the scientific community criticized the way the analysis was performed. The main 
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Reference 

J. Engel et al. [20] 
0 . Rumyantsev and M. Urin [25] 

A. Staudt et al. [21] 

-'l /2 

0.82 x 1021 

1.0 x 1021 

4.64 x 1021 

Table 2.5: Calculated values of T,?TP for 136Xe. 

concern is the presence of unidentified background events making the source of the 

signal as uncertain as the background events. This remains the biggest challenge 

of any Oi//3f3 experiment. Current experiments will have to show that they fully 

understand their backgrounds if they want to perform a convincing measurement. 

On the other hand, many experiments measured lower limits for the half-life of the 

reaction as depicted in Table 2.6. 

With 136Xe, neither the Ov/3/3 nor the 2i//3/3 decay rate have been measured. 

Using average values of Tables 2.4 and 2.5, the expected half-life for 0vf3/3 would 

be 2xl02 7 yr, while for 2i//3(3 it would be 2.2 xlO21 yr. The Qvj3f3 rate assumes 

a (mpp) of 50 meV. Then, for 1 ton of 136Xe (4.43xl027 atoms), the decay rate 

would be 1.1 yr"1 for 0 /̂3/3 and lxlO6 yr"1 for 2v0p. 

In 0v(3(3 decays, the sum of the two electron energies should equal 2.479 MeV 

while in 2i//3/3 decays the two electrons have to share the energy with the two 

anti-neutrinos produced. Figure 2.6 shows the energy spectrum of both types of 

decays for a one year exposure of one ton of 136Xe, using the rate calculated above, 

but using a (inpp) of 1 eV instead of 50 meV to show a reasonable amount of Ou/3/3 

events. Figure 2.7 shows similar decay spectra, but enlarged around the Qv(3(3 

decay energy. 

Even without any OJ//3/3 experimental results, it is possible to constrain the 

parameters {mpp) and the value of the lowest mass eigenstate (minfrai, m3]) based 

on neutrino oscillation and cosmology data. Figure 2.8 shows the allowed region of 

these two parameters, for both the normal and the inverted hierarchy. Measuring 

the mixing angle #13 would further constrain the allowed region. 
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Figure 2.6: Simulated energy spectra of the OuB/3 and 2i//3B decays for a one year 

exposure of one ton of 136Xe. Rates are based on the average theoretical half-life values, 

assuming a {m^p) of 1 eV. The continuum is the 21/8/3 decay spectrum and the small 

peak on the right at 2.479 MeV is the 0u88 decay peak. An energy spectrum from a 

detector with a perfect energy resolution is shown on (a) while a 1% energy resolution 

is shown on (b). Notice the difficulty to see the OudB peak on (b). An enlarged version 

of (b) is shown in Figure 2.7a. 
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(a) 

26 27 21 
Energy (MeV) 

(b) 

Figure 2.7: Simulated energy spectra of the OuBB and 2i//3/3 decays for a one year 

exposure of one ton of 136Xe enlarged near the OuBB energy. Rates are based on the 

average theoretical half-life values, assuming a ( m ^ ) of 1 eV. The solid line distribution 

is the 0v(38 peak and the broken one on the left is the 2vBB distribution. An energy 

spectrum from a detector with a 1% energy resolution is shown on (a) while a 5% energy 

resolution is shown on (b). 
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min[m ,m3] (eV) 

Figure 2.8: Allowed region from neutrino oscillation and cosmology experiments of the 

(m/?/3) a n d the min[mi, 7713] parameters. The solid lines correspond to the allowed region 

for 0vf3P assuming a sin2(2#i3) = 0, while the broken lines are contours denned by using 

the current upper limit of sin2 (2^13) < 0.19. 
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Isotope 

48Ca 
76Ge 

76Ge 
82Se 

100Mo 
116Cd 
i 2 8 T e 

isoTe 
136Xe 
1 5 0 N d 

Reference 

K. You et al. [27] 
H. V. Klapdor-Kleingrothaus 

et al. [28] 
C. E. Aalseth et al. [29] 
S. R. Elliott et al. [30] 

H. Ejiri et al. [31] 
F. A. Davevich et al. [32] 
T. Bernatowicz et al. [33] 
A. Alessandrello et al. [34] 

R. Luescher et al. [35] 
A. De Silva et al. [36] 

Lower limit 
on T°;f (yr) 

9.5 x 1021 (76 %) 
1.9 x 1025 

1.6 x 1025 

2.7 x 1022(68%) 
5.5 x 1022 

7 x 1022 

7.7 x 1024 

1.4 x 1023 

4.4 x 1023 

1.2 x 1021 

Upper limit 
on (mpp) (eV) 

8.3 
0.35 

0.33 - 1.35 
5 

2.1 
2.6 

1.1-1.5 
1.1-2.6 
1.8-5.2 

3 

Table 2.6: Current experimental limits on Ty£p as summarized by Elliott and Vogel 

[37]. Values were calculated with a 90% confidence level unless explicitly written. A 

range in {mpp) means that the authors have been using different matrix elements. 

2.3.2 Other physics 

The light Majorana neutrino propagator might not be the only channel for a 

0v/3(3 decay. Other models (left-right symmetric models, extra-dimensions, super-

symmetry, etc..) could allow it. If a light neutrino propagator is not the only 

decay channel of Ov^/3 decay, Equation 2.5 is no longer useful to measure {mpp). 

Nevertheless, the Schechter-Valle theorem [38] shows that no matter what the main 

Ovfifi decay channel is, a positive 0v(3(3 signal automatically implies a Majorana 

type neutrino. The generic diagram of a Oi/fiP decay depicted in Figure 2.9 can be 

rearranged into Figure 2.10. This shows that a u can go to u by such a reaction. 

Therefore, the knowledge of the mechanism producing Qvj3f3 decay is not necessary 

to claim the Majorana nature of the neutrino. 

The underlying physics of the 0v(3(3 reaction will likely be unveiled by a mul

tidimensional analysis of many experiments, including those described in previous 

sections and collider experiments, by measuring coupling constants and masses of 
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beyond SM particles. Meanwhile, some basic information can be obtained from the 

0v(3P decay topology. It is possible to differentiate Ov[3(3 decay models from the 

angular correlation and the energy distribution of the two electrons of the Qvf3(3 

decay. 

Angular Correlation Analysis 

The angular correlation study has been performed in this thesis framework to 

justify the use of a tracking detector, like a gas phase EXO experiment, for a 0vf3(3 

decay measurement and its possibility to observe physics beyond the SM. A gas 

phase detector such as described in Section 3.2 would record the electron tracks 

and allow the electron angular correlation measurement. The analysis uses the 

theoretical developments of Ali et al. [39], by applying it to a tracking detector for 

a specific 0 /̂3/3 decay model. 

Discriminating based on the topology of the Ov^/3 decay will reduce the number 

of background events by a large amount. A tracking detector could be able to 

differentiate between two 1 MeV electrons and one 2 MeV electron by their track 

shape and the energy loss along it. It could also determine if two electrons have 

the same origin. But there is another incentive to measure the track topology and 

energy of Oz//3/3 decays. 

As stated previously, the light Majorana neutrino propagator might not be the 

main decay channel for Oz//3/3 decay. Therefore, it is difficult to justify the neutrino 

mass calculation from a Qvf3f3 decay rate without knowing the main decay channel. 

The decay rate is a function of the angle between the two electrons and can be 

written as: 

JL- = WaT?\f(A + B)(l-Kcose). (26) 

MGT is the Gamow-Teller matrix element, A and B are parameters that depend 

on the 0v(3(3 decay model considered and 9 is the angle between the two electron 
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u 

e~ 

u 

Figure 2.9: Generic diagram for Oẑ /3/3. 

: ^ 

Figure 2.10: Figure 2.9 rearranged to show the Majorana nature of the neutrino as

suming Ov/3/3 exists, no matter the type of physics involved in the box. 
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Figure 2.11: Probability density function of the electron angular correlation distribu

tion for 0uf3/3 decays for a light neutrino propagator, with K=0.8A, and a very different 

hypothetical model where K=-l. 

tracks. The parameter K is called the angular coefficient and different 0vj3f3 models 

will give different values for K, with —1<K<1. Ali et al. [39] have calculated 

K for the regular 0vf3fi decay with a light Majorana neutrino as the propagator 

and they obtained if=0.84 for 136Xe. Figure 2.11 shows the angular distribution 

for two very different values of K. 

Left-Right Symmetric model 

A model that is likely to give an angular correlation coefficient different from the 

one from a light Majorana neutrino is the left-right symmetric model. This is due 

to one of the two weak interactions involved in the decay being right-handed. Both 

electrons produced would have opposite handedness and their trajectories would be 

preferably in the same direction instead of back to back like for the light Majorana 

neutrino propagator. For the left-right symmetric model, the corresponding K is 

calculated using: 
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where 

^(i^iMVfi^y. (2.8) 
G02 V X2-e me y \mWh J 

In Equation 2.8, Goi are phase space factors, XF and %2- a r e parameters of 

the nuclear matrix element calculations and e is related to the Dirac mass scale 

divided by the massive UR scale. me, mWR and mWh are the mass of the electron 

and the right and left handed W bosons. Current measured or estimated values of 

those parameters are listed in Table 2.7. 

Sensitivity to mwR with a tracking experiment 

One can ask how sensitive a tracking detector will be to the mass of a WR in a 

left-right symmetric model. The current lower limit on the WR mass of 715 GeV 

at 90% C.L. comes from the LEP electroweak fit [40]. A good angular resolution 

is important but not critical for a measurement of K because of the smooth ap

pearance of the angular distribution as shown by Figure 2.11. This analysis has 

the goal to calculate the amount of data needed to reach the limit of 715 GeV for 

MWR, as a function of (mpp). The procedure was very simple. The mean of the 

correlation angle distribution (6) was found to be a good estimator of the param

eter K using the Monte Carlo method. For a deterctor with a perfect resolution, 

K can be calculated from 6 with: 

tf = (0-1.57)/O.39. (2.9) 

Then, 10,000 experiments were generated for a given angular correlation, again 

using the Monte Carlo method. For each experiment, K was reconstructed and 

the standard deviation of the K distribution (OR-) was calculated. The 10,000 
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Parameter 

Goi 
^ 0 2 

XF 

X2-
e 

me 

mWh 

Value 
7.928 xlO-15 yr"1 

^ ^ x l O " 1 ^ " 1 

0.274 
0.551 
10"6 

511 keV 
80.4 GeV 

Table 2.7: Value of the parameters used in the angular correlation analysis. 

experiments were repeated with a different number of events or a different angular 

resolution and every OK was recorded. Then, an analytical equation has been 

fitted allowing the calculation of OK from the angular resolution and the number 

of events. The equation obtained is: 

log10 aK = - log10(Vn) + 0.l3(ae)
2-0M(ae) + 0.81, (2.10) 

where n is the number of 0 /̂3/3 events and a$ is the angular resolution of 

the detector in radians. Finally, the number of years required to reach the MWR 

limit has been calculated using values in Table 2.7. It assumes a decay rate of 

1.1 ton - 1yr_ 1 at 50 meV, but was scaled for different values of (m^ ) . 

The result is shown in Figure 2.12 for four different angular resolution scenarios. 

It is clear that it will be very challenging to perform a measurement of a WR mass. 

Two processes compete to make this measurement difficult. At low (rugg) the event 

rate is too low to reach the statistical significance in the measurement and at high 

(m^p) the decay looks too much like a light neutrino propagator Of/3/3 decay. 

Nevertheless, other theories can be tuned to give a very different K value, even at 

high (mpa), so measuring the angular correlation coefficient is a real advantage of 

tracking detectors, for the discovery of new physics. 



CHAPTER 2. NEUTRINOS 26 

of
 y

ea
rs

 
o 00

 

u 10 

1 , 
Z 106 

105 

104 

103 

102 

10 

= ^ ^ 

^ ^ \ / 

r ^ ^ ^ > J > \ //// 
r ^::=:^^^>^_^^^ 
r ^==::^^rr^^ 

• ' i i 1 1 1 1 1 i i i i 1 1 1 1 1 i 

io- 10"' io- IO"2 

<m3p> (eV) 

Figure 2.12: Projection of the expected number of years required to reach the LEP 

limit on the WR mass. Calculations have been done with 1 ton of enriched xenon. The 

only uncertainty is the angular resolution of the detector. The top curve shows a 90° 

uncertainty, the next one 60°, then 30° and finally the bottom curve shows the number 

of years required to reach the LEP limit on the mass of the WR for a perfect detector. 
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Enriched Xenon Observatory 

One of the major experiments designed to measure the 0v(3f3 rate is the En

riched Xenon Observatory (EXO) experiment. The concept is a time projection 

chamber (TPC) filled with 136Xe. The two electrons created by Ou/3/3 will ionize 

xenon and the number of secondary electrons will indicate the total decay energy. 

Xenon has several advantages over other isotopes for a Qvfifi measurement. It can 

be easily filtered to remove impurities. Both chemical traps and cryogenic traps can 

be used since xenon is an inert gas and has a condensation temperature of 165 K 

significantly different than common contaminants. Xenon can also be enriched to 

increase the amount of active isotope. It can be used as the 0 /̂3/3 source and as 

the active medium of the TPC to perform the energy measurement. The decay 

also releases a large amount of energy, making the energy measurement more ac

curate and much larger than the more numerous lower energy background events. 

And finally, a large reduction of the background is possible if barium tagging is 

performed. 

EXO is not the first group attempting to measure the Ov/3/3 decay rate. In the 

90's, the Gotthard collaboration built a gas TPC for this purpose [35]. They used 

3.3 kg of Xe enriched at 62.5%, filling a 180 L vessel at 5 atm. The ionization signal 

was recorded on an x-y grid and allowed for the reconstruction of the ionization 

27 
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tracks. The experiment collected a total of 12843 hours of data and placed a limit 

on Ty^ > 4.4 x 1023 yr. For the 2v/3p decay, they analyzed the 1750 to 2000 keV 

energy window and were able to place a limit of Ty^ > 3.6 x 1020 yr, within one 

order of magnitude of the theoretical prediction. The energy resolution measured 

by the full width at half maximum (FWHM) was 8% at 1592 keV, or 6.6% at the 

0v(3f3 energy if scaled linearly. 

For the EXO experiment, two options are currently studied, one using xenon in 

its liquid phase and the second in its gas phase. The advantage of using liquid is the 

size of the experiment. For example, 200 kg of liquid xenon occupies 0.07 m3 while 

in its gas phase, the same mass fills a volume of 38 m3 at atmospheric pressure 

and room temperature. On the other hand, a gas phase TPC would present other 

advantages. First, the energy resolution of the ionization yield is believed to be 

better than in the liquid phase, an important parameter in the reduction of the 

2uPP events in the Ovfifi energy window. Second, the two electron track topology 

can be recorded, which yields a clear advantage in background event reduction 

and allows the physics analysis of the nature of the virtual particles exchanged in 

0vf3(3. Finally, there is no need to cool the detector which reduces the amount 

of material in the vicinity of the fiducial volume which decreases the background 

event rate. 

An initial gas prototype has been described in an early EXO publication [41]. 

The design proposed was a 5 m long cylinder with a diameter of 3.2 m. At 5 atm, 

the volume would have contained 1 ton of xenon. The ionization signal was sup

posed to be amplified with Gas Electron Multiplier (GEM) plates and the xenon 

scintillation was collected by photomultiplier tubes (PMT) at the periphery of the 

xenon volume. Barium tagging was planned to be performed in situ, by aiming a 

laser beam with galvanometer driven mirrors or acousto-optic beam deflectors and 

the fluorescence signal would have been collected by the PMTs. The exact tagging 

procedure was not selected, although some techniques were outlined. Chapter 4 of 

this thesis reviews these techniques and, after some research, shows that most of 



CHAPTER 3. ENRICHED XENON OBSERVATORY 29 

them are not practical in high pressure gas. The current design of a gas prototype, 

described in Section 3.2, is very different than the original one. 

3.1 Liquid Xenon Prototype 

To determine which option is the most capable, two prototypes are being de

veloped. The most mature one is the liquid phase detector, called EXO-200. It is 

currently in its commissioning phase and should start taking data this year using 

200 kg of enriched xenon. The main goals of the prototype are, beside testing the 

technology, to measure the 2v/3P decay rate and to test the measurement of the 

Klapdor-Kleingrothaus group of the 0v/3(3 decay rate. 

The detector was built underground at the Waste Isolation Pilot Plant (WIPP) 

in New Mexico. A model of the experiment is shown in Figure 3.1 and Figure 3.2 

shows details of the actual TPC. The detector records the ionization by drifting the 

secondary electrons toward conductive grids, and the charge induced and collected 

by them indicates the energy of the ionizing particles. The detector also records 

the scintillation light, generated by the excitation of the xenon atoms by the pri

mary electrons, using avalanche photodiodes (APD). The EXO collaboration has 

measured an anti-correlation between the charge and the light measurements [42]. 

If this effect is taken into account during the analysis, it increases the energy reso

lution of the detector. Barium tagging is not included in the EXO-200 prototype. 

Nevertheless, research and development is ongoing to build a probe that grabs the 

barium ion, extracts it from the xenon volume and releases it in a trap. Another 

option investigated would perform the tagging in the liquid xenon with an optical 

fibre. It would capture the ion by freezing it, carry the excitation laser light and 

returns fluorescence signal from the ion. 
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Figure 3 .1: Schematics of the EXO-200 experiment. The cylindrical TPC is in the 

centre of a large cryostat, itself embedded in a lead structure to reduce the background 

event rate. 

Figure 3.2: Schematics of the EXO-200 experiment TPC. The full cylindrical TPC is 

on the left and a cut version is displayed on the right. Field shaping rings are displayed 

along the cylinder length. Some APDs are visible as circles inside the cut view. 
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3.2 Gas Xenon Prototype 

The second prototype uses xenon in its gas phase. Part of the EXO collab

oration is currently building the Xenon Electroluminescent Prototype (XEP) at 

Carleton University. It is a 1 m3 gas TPC operated at pressures between 1 and 

10 bar. Figure 3.3 illustrates the TPC. The plan is to use 20 kg of non-enriched 

pure xenon. It is possible that argon or neon could be mixed with xenon to deter

mine the conditions for the best energy resolution and smoother electron tracks. 

The current concept requires to measure the electroluminescence (EL) light from 

secondary electrons, created when accelerated by a very large electric field (> 

6000 V/cm at 1 atm). A relocation to an underground laboratory and an upgrade 

to enriched xenon are also envisioned. 

After the ionizing particle goes through the gas, the secondary electrons from 

the ionization are drifted to the intense electric field region, on the left of Figure 3.3. 

The drift field is generated by 27 electrode rings and can reach 1000 V/cm. The 

EL region is 1 cm wide and the electric field can be as high as 70,000 V/cm. 

Once in the EL region, electrons will create ultraviolet (UV) photons, up to an 

intensity of 1000 photons/electron. Two caesium iodide photon detectors, one at 

each end of the drift region, record the light intensity. Each light detector has a 

specific function. The one next to the EL region will be able to record the spacial 

distribution of the secondary electrons, enabling a primary track reconstruction. 

The second light detector, at the other end of the TPC, will record a smooth light 

distribution, less prone to track topology biases or detector non-uniformities. This 

will allow to perform an energy measurement of ionizing events with a greater 

accuracy. To increase the amount of photons reaching the second light detector, a 

Teflon cylinder will be surrounding the electrode rings. Teflon is known to reflect 

UV light. 

The amount of 136Xe in XEP will not be large enough to measure the QvfiP 

decay rate. In fact, even a 2v(3(3 decay rate measurement will be a challenge since 
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Figure 3.3: Schematics of the XEP chamber. The cylindrical TPC is 210.8 cm long 

and has a diameter of 83.1 cm. The central vertical lines are the 27 electrode rings 

and both Csl photodetectors are located at the extremities of the TPC where the main 

cylinder is joined with the two bell shaped flanges. The EL region is just next to the 

Csl photocathode on the left. 

only 1000 decays are expected per year of data taking, and only a small fraction of 

them will occur in the centre of the detector, the location required for a full energy 

contained event. The background rate should also be high. The detector will be 

operated on the surface, exposed to muons and other high energy charged particles. 

In addition, the prototype materials were not selected for low radioactivity content. 

Nevertheless, the goal of this prototype is to test the concept of EL in xenon and 

define the operating conditions for a precise energy measurement. It could also be 

used to test the extraction efficiency of barium ions out of the xenon volume in a 

trap, through an aperture. 

3.2.1 Track topology 

Important considerations in the design of a gas phase EXO experiment are 

the topology and the containment of tracks. A track that exits the instrumented 
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volume will systematically get a lower reconstructed energy, depending on the 

fraction of electrons that will drift outside the volume. Since the reconstructed 

energy is essential to discriminate between Of/3/3 and 2v{5{5 decays, great care has 

to be taken in the design of the detector. The track length depends on the gas 

content, the gas pressure, the energy of the ionizing particle and its type. GEANT4 

is the perfect framework to simulate beta events and decide on the optimal shape 

of the detector. GEANT4 is a program in C + + that allows to create particles and 

study their interactions in matter through Monte Carlo simulations. The following 

work has been performed as a first step in the design of the XEP chamber, seen 

on Figure 3.3. 

The simulations were very rudimentary. The detector was created from an 

infinite volume filled with gas, without any boundaries. Electron tracks were gen

erated at various energies and were allowed to propagate until they stopped. No 

other processes were simulated, only the primary track and significant secondaries 

like gamma rays and high energy secondary electrons. Then, the tracks were saved 

in a file. Different chamber geometries were tested a posteriori for containment. 

A typical track is shown in Figure 3.4. It was simulated using an electron with an 

energy of 1 MeV in 10 atm of xenon. The darkness of the rectangles shows the 

energy deposited in the gas, mainly through ionization. The electron origin is at 

(0,0,0). 

From the simulated tracks, four tests were performed to determine the TPC 

dimensions. Those tests are the track propagation distance, the percentage of 

tracks having 99% of their energy contained in the detector volume, the number 

of collisions changing the direction of the track by more than 45 degrees and the 

number of high energy gammas leaving the detector volume. These were recorded 

for different gas types, pressures and electron energies. 
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Figure 3.4: A typical track for a 1 MeV electron in 10 atm of xenon as projected in 

the (a) x-y plane and (b) the x-z plane. The darkness of the bin represents the energy 

loss in MeV/mm2 for 1 mm x 1 mm bins. The origin of the electron is at (0,0,0). 
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Figure 3.5: Maximum track distance from the origin for 1 MeV electrons in 10 atm 

of xenon. 

Track propagation distance 

An easy way to measure the efficiency of the containment is to measure the 

distance of the furthest energy deposition with respect to the source. Most 1 MeV 

events will be contained by a meter size vessel at a xenon pressure above 1 atm. 

The only culprits are events where a bremsstrahlung gamma is created and travels 

for many meters outside the xenon volume. An histogram of the furthest distance 

of energy deposition for 10,000 electrons with an individual energy of 1 MeV in 

10 atm of xenon is shown as an example in Figure 3.5. 

Figure 3.6a shows the mean of the maximum track distance from the origin 

for xenon, argon and neon at different gas pressures. Figure 3.6b shows the same 

thing for different electron energies in pure xenon. As expected, the heaviest gas 

has the best stopping power, because of the larger electron density. Similarly, an 
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ionizing electron will take more time to stop if it has a higher energy. 

Energy containment 

A more important test is to measure how much energy is contained in the 

instrumented region. If some of the ionization is lost, the OJ//3/3 decay signal will 

be burried under the 2u(3(3 continuum and no measurement will be possible. The 

detector was modelled as a 400 x 400 x 600 mm box, with the electron source 

at the centre of the 400 x 400 mm square and at one end of the 600 mm side. 

Electrons were monoenergetic and their direction was fixed to be perpendicular 

to the 400 x 400 mm plane and into the box. Figure 3.7a shows the projection 

of several tracks of 1 MeV electrons in 10 atm of xenon. Then, the energy was 

reconstructed by including only the energy deposited in the box. It is important 

to note that the simulated data does not consider diffusion, electron amplification, 

electron attachment or any other experimental effects. An arbitrary 2% energy 

Gaussian smearing was introduced as a simple way to incorporate these effects. 

The resulting distribution is shown in Figure 3.7b. 

There are two main causes for the missing energy. The first one is from gamma 

radiation that leaves the fiducial volume carrying energy with it. The second one 

is from the primary electron that leaves the source, collides and moves backward, 

hitting the source holder. Note that the tracks are generally directed forward but 

a non-negligible number of tracks are scattered and deposit energy behind the 

source. 

From the same simulation, Figure 3.8 shows the fraction of electron events that 

has 99% of their energy deposited in the xenon volume for different gas types and 

electron energies. For Figure 3.8a, three characteristics are displayed. First, the 

detector will not contain the total amount of energy unless the pressure is large 

enough. Then, a heavier gas will stop the electrons more efficiently. And finally, 

a lighter gas can provide a higher containment fraction at large pressures because 

of the shape of the electrons tracks. As the next section will show, a light gas 
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Figure 3.6: Average maximum distance of tracks for different gas type and electron 

energies as a function of pressure. Simulation for (a) comes from 660 keV electrons and 

simulations for (b) comes from pure xenon. 
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has fewer hard collisions. In xenon, the primary electron has a greater chance to 

collide in the first few jum and moves backwards than in neon. 

The logical improvement to the design of the TPC would be to move the source 

inside the volume, with a thin post for example. By shifting the source by 100 mm, 

the energy containment can be enhanced by a large amount. Figure 3.9 shows the 

same information as in Figure 3.7, but with the shifted source. The low energy 

tail of the energy distribution almost disappears and there is a gain of almost 50% 

in the number of events contained. 

Number of Large Angle Collisions 

In order to determine the vertex of the 0v(3(3 or the 2u/3(3 decay, it is preferable 

to have a smooth track with a low number of large angle collisions. A large angle 

collision is defined here as a collision that results in a change in direction larger 

than 45 degrees, with the energy of the primary electron larger than 10 keV. The 

vertex of the Qv(3(3 decay can be found by looking at the variation in the energy 

loss along the track. A sharp angle in the track could also be used to locate the 

origin of the decay as the two primary electrons might not be generated back to 

back. 

The heavier the surrounding gas is, the more large angle collisions the primary 

electrons will undergo. This effect is shown in Figure 3.10. Xenon is obviously 

required to observe 0v^/3 decay, but if mixed with a lighter gas, the conditions for 

track reconstruction could be improved. 

Number of Bremsstrahlung Gammas Produced 

When a high energy photon is generated by the primary electron, mainly from 

the bremsstrahlung effect, there is a non negligible chance that it will leave the 

detector volume undetected, carrying with it some of the energy. The resulting 

reconstructed energy is lower and, in a 0v(3(3 decay experiment, such an event 

would be outside the energy window analyzed and would be buried under the 
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Figure 3.8: Fraction of events having 99% of their energy contained as a function of 

pressure for different electron energies and gas types. An electron energy of 660 keV was 

used for (a), while for (b) the gas used was pure xenon. 
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Figure 3.9: Track density (a) and reconstructed energy (b) for 1 MeV electrons in 

10 atm xenon. The source is shifted 100 mm toward the centre of the detector. Note 

the increased number of contained events compared to Figure 3.7. 
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2v(3f3 decay signal. The fraction of events with one or more gammas having more 

than 10 keV leaving the volume is shown in Figure 3.11 for different gases. A larger 

gas mass means a larger number of gamma rays created. This effect is expected 

since the radiation to ionization energy loss ratio depends linearly on the number 

of protons in the atom. Again, it would be advantageous to mix xenon with neon 

or argon to limit the number of gamma rays produced. 
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Figure 3.10: Number of large angle collisions per event as a function of pressure 
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trajectory changes by more than 45 degrees and if the energy of the primary electron is 
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Figure 3.11: Fraction of events with a gamma having an energy greater than 10 keV 

leaving the detector volume as a function of pressure for 660 keV electrons and different 

gas types. 



Chapter 4 

Barium Ion Laser Induced 

Fluorescence 

A measurement of (mpp) from 0v(3(3 decay requires a very precise control of 

the background events. An experiment needs to carefully select and clean its 

material to limit the radioactivity in the vicinity of the sensitive volume. It also 

needs to be shielded from the natural radioactivity of the environment. Finally, 

it needs be buried underground to reduce the amount of cosmogenic radioactivity. 

Unfortunately, due to the very low signal rate of 0v{3(3 decay, extreme brackground 

reduction efforts are required in order to produce a convincing measurement. 

The identification (tagging) of the barium daughter in the 0/3 decay of xenon 

would dramatically suppress the background events and Laser Induced Fluores

cence (LIF) has been studied for this purpose. This chapter will describe the 

theory of LIF applied to barium ions in vacuum and in gas. Then, it will describe 

the setup used for the fluorescence study. Finally, two techniques to produce bar

ium ions will be described, one using an electrical arc and the second using pulsed 

laser light, with the details of the two associated fluorescence chambers built to 

investigate these tagging techniques. 

During the research program, it was decided that tagging in high pressure gas 

44 
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is not the most efficient technique. It might be more effective to extract ions into a 

trap before performing the tagging. Nevertheless, this chapter shows the successes 

and failures of producing and detecting Ba+ in both vacuum and gas. 

4.1 Laser Induced Fluorescence Theory 

LIF is a very popular spectroscopy technique and is used in many applications. 

It is performed by aiming a laser at a medium. If the wavelength of the laser 

is tuned to one of the resonances of the medium, fluorescence will occur and an 

analysis of its content can be done. This technique has many advantages for barium 

tagging. First, the analysis is non-destructive. Second, it can be done remotely if 

required. Third, the identification of any atom or molecule is made very accurately 

since two species having the exact same resonance energy is improbable. Fourth, 

the identification of the position or the distribution in space can be done since 

the scattered photons are isotropic. Fifth, the analysis is done in real time, which 

allows a measurement of a reaction rate, or to signal the occurrence of an event. 

Finally, if the atom is placed in a trap, the sensitivity has been demonstrated to 

be at the single atom level [43], which is what is required for barium tagging. 

4.1.1 Ionic Species of Barium 

Although the /3/3 decay of xenon produces Ba+ + , it would be nearly impossible 

to detect this ion via LIF. Ba+ + is basically a Ba nucleus with a very tight Xe 

electron shell around it which requires a far UV light to excite. The first ionization 

energy of Xe is 12.13 eV which is larger than the electron affinity of Ba+ + of 

10.00 eV, so the rate of electron transfer should be relatively slow in pure xenon, 

unless the barium ion is given a high kinetic energy. Various molecules can be 

used as electron donors. For example, Ba+ + in triethylamine (TEA) should have 

a fast electron capture rate since the TEA ionization potential is much smaller at 
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7.5 eV than the Ba+ + electron affinity. Once the Ba ion is in the first ionized state, 

its electron affinity becomes 5.21 eV, much lower than any other molecules in the 

volume. Therefore, the Ba+ should stay in this state for a long period of time. 

Any electron donor additive to the xenon gas will likely reduce or even cancel all 

the EL signal required for an energy measurement. Therefore, the most recent 

concept for a gas time projection chamber (TPC) with barium tagging allows the 

Ba+ + to be extracted from the xenon volume through a nozzle. The ion will then 

be allowed to acquire an electron from a low ionization potential gas. 

One could also wonder about tagging the neutral barium atom. Indeed, it is 

possible to neutralize the barium ion and excite its very fast and strong transition 

between the ground state and the 6s6p state. But there are three problems, one is 

the decay of the excited state which can go back to the ground state, but also to 

three other states which are metastable. The second problem is the control over 

the atom once it is neutralized. In the ionized state, an electric field can be used 

to force it to drift through a region to perform the tagging. The third problem is 

the accumulation of all the barium atoms in the volume. Every time a 2vj3f3 decay 

would occur, a barium atom would wander in the volume that could be wrongly 

tagged after a Oẑ /3/5 decay. If the ion is tagged instead of the neutral atom, it is 

possible to drift it out of the tagging volume until it gets neutralized. That is why 

tagging the Ba+ is the only option considered in this study. 

4.1.2 Energy Levels of B a + 

The spectroscopy of Ba+ is well known since it behaves more or less like an 

alkali atom, having only one electron outside a closed shell making the energy levels 

easy to calculate. Its energy levels are shown in Figure 4.1. Ba+ has been studied 

in depth as early as 1975 by Dehmelt [44] since the 625i/2 — 52D3/2 transition was 

expected to be one of the sharpest lines known. In 1978, the same group achieved a 

very important milestone by being able to detect a group of 10 to 20 ions visually, 



CHAPTER 4. BARIUM ION LASER INDUCED FLUORESCENCE 47 

Figure 4.1: Energy levels of the barium ion and the wavelength in vacuum for the 

different transitions. Values taken from Curry et al. [47]. 

photographically and photoelectrically [45]. It took only two years to refine their 

technique to localize single barium ions [46]. 

Later, between 1978 and 1982, barium spectroscopy was used to understand 

the nuclear structure of the atom by measuring the resonance line shift for different 

isotopes which translates into a nucleus radius. With one of the longest metastable 

states known, the 52D3/2 state of Ba+, scientists had high expectations of using 

this to increase the accuracy of atomic clocks. 

4.1.3 Different Procedures Investigated 

Many procedures are described in the EXO proposal paper of 1999 [41]. Below 

is a list of four of them, with the addition of a new technique investigated by this 

research. Some of them are not sensitive enough, others are not practical and some 

are not possible in high pressure gas. 
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Continuous Excitation 

Most of the spectroscopic measurements of Ba+ were done in vacuum with 

helium as buffer gas at a level around 10 - 5 Torr. In that case the procedure is 

simple. A 493 nm laser is used to excite the ground state to the first excited state 

(62Si/2 -6 2 Pi / 2 ) . Then, the decay back to the ground state takes 7.74±0.4 ns [48] 

and the fluorescence photon can be detected. By saturating this transition, about 

108 photons per second can be produced. Unfortunately, 26.5 ±2% of the time [48] 

the excited state decays into the metastable state (62Pi/2—52D3/2), which stops the 

fluorescence. Therefore, a second laser at 650 nm is used to unshelve the ion from 

the D state back to the P state. Both lasers are run continuously. This procedure 

maximizes the number of photons produced and is very simple to implement. 

On the other hand, this technique becomes useless at higher pressures because 

of Rayleigh scattering. When the pressure of the gas increases, the number of 

photons scattered increases as well. Following the theory in Jackson's book [49], 

the attenuation length of a photon in a gas can be calculated with: 

where a is the attenuation length, A the wavelength, n the refractive index and 

N the number density. At 1 atm and 23 °C, the number density of xenon is: 

N = -^— = 2.48 x 1025m~3. (4.2) 
kBT 

With n = 1.0008, 1/a becomes 6810 m. Therefore, over a distance of 0.05 m, 

1 — e~ax = 7.3 x 10~6 of the photons will be scattered. At 493 nm, the energy 

carried per photon is E = hc/X = 4.03 x 10~19 J, where h is the Planck constant 

and c the speed of light. For 100 mW of power, the laser beam carries 0.1 J s - 1 , or 

2.48 x 1017 photons per second. Therefore, 1.8 x 1012 photons will be scattered per 

second. If the observation is made perpendicular to the beam and in the direction 
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of the polarization of the beam, no Rayleigh scattering is expected to be observed 

directly. However, even with a chamber wall coated to absorb 99% of the scattered 

light and a PMT with a 2% solid angle, 3.6 x 108 photons per second scattered 

will hit the photomultiplier tube (PMT) which is still higher than the fluorescence 

signal from the ion. 

Rayleigh scattering is not the only process that can create background photons. 

Any other scattering process, reflections from apertures and windows, Mie scat

tering from larger particles, or even diffraction from parts of the pressure vessel 

would create photons that would be detected the same way as those coming from 

the ion. 

To add to the problem, as the pressure in the chamber increases, the linewidth 

of the transition increases. Therefore, one is required to increase the laser power 

to reach saturation, increasing both Rayleigh and other type of scattering. Other 

types of tagging techniques are more adapted to tagging in high pressure gas. 

Frequency Modulation 

This technique is a variation of the continuous excitation. To increase the sen

sitivity of the test, it has been proposed to use an electro-optic modulator (EOM) 

to change the frequency of the blue light, away from resonance, but keeping the 

same lasing power. Both the blue and the red lasers would be on, but modulation 

of the frequency of the blue laser would translate into a modulation in the count 

rate. The broadening of the line due to pressure makes this technique impractical 

in gas. The shift of wavelength would be too large. This technique has not been 

considered in this study. 

High Speed Excitation 

This technique requires a very fast pulsed laser system. If the 493 nm laser 

is pulsed with a duration in the picosecond regime, one would be able to quickly 

excite the 5" state to the P state and observe the decay of it. The time distribution 
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of those photons would be a exponential decay with a lifetime of 8 ns. Since the 

493 nm laser would be off during the measurement period, Rayleigh scattering 

would be limited to late, multiply reflected light and possibly not an issue. The 

procedure could be repeated every 25-50 ns. One possible problem to consider is 

the relaxation time of the PMT. While the blue laser is on, many photons are 

detected by the PMT, heating it, making it noisier and easier to trigger. If the 

current in the PMT is high enough, the noise rate can increase significantly and 

fake counts can be included in the signal. This technique has never been considered 

in this study. 

Int ermodulat ion 

This fourth technique exploits the fact that the ion can be shelved for a very 

long period of time in the D state (89.4 ± 15.6 s in vacuum [50]). By exciting the 

493 nm transition n times, one knows with a 1 — (TPs)n probability that the ion 

will be in the D state, TpS = 26.5% being the branching ratio from the P to the 

S state. Then, one can turn off the 493 nm laser, turn on the 650 nm laser to 

unshelve the ion from the D to the P state and observe the 493 nm photon from 

the decay to the ground state. An optical filter placed over the PMT filters out 

photons outside a narrow window around 493 nm. Consequently, 650 nm photons 

are not detected and, since the 493 nm laser is off during this period, the signal 

comes only from the ion. 

The same problem as with the previous technique can occur. While the blue 

laser is on, the PMT heats up and is noisier. This problem has an easy solution. 

The PMT can be given a few fj,s to cool down, but this would slow down the whole 

procedure. The laser light could be controlled with a set of two Acousto-Optic 

Modulators (AOM) arranged in series to steer the beam through a slit when light 

is required. A typical tagging protocol could be the following. The 493 nm laser 

would be on for a period of 5 /is, then turned off for the next 5 fxs to let the PMT 

cool down. Then, the 650 nm laser would be turned on for another 5 /xs and blue 
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photons would be counted during this period. After the 650 nm laser would be 

turned off, the 493 nm laser would start again for another 15 //s cycle. 

This technique has been considered early in the research program, although 

no fluorescence has ever been measured that way. The problem is likely due to 

the depopulation of the D state in gas. Collisions with the neighbouring atoms 

can induce a preemptive radiationless decay of the D state. After a careful review 

of the literature a new technique, called pressure depopulation tagging, has been 

developed that makes use of the depopulation phenomenon. 

Pressure Depopulation 

A high gas pressure would increase the number of collisions and therefore in

crease the probability of depopulating the D state. The LIF technique requires 

the 493 nm laser to excite the ion. Then, 30% of the time a red photon would 

be observed and instead of deshelving the ion with a laser light, the ion would 

go back to the ground state, giving its energy by colliding with the surrounding 

gas. Ruster et al. [51] were the first to measure fluorescence from Ba+ using this 

technique, using instead the 455 nm (-P3/2 — <Si/2) transition. They used Ba+ in a 

Paul trap (radio frequency quadrupole trap) at modest pressures of hydrogen as 

the buffer and quencher gas. In order to contain ions in the trap, a low pressure of 

a light gas is required. Since molecular hydrogen has a depopulation cross-section 

many orders of magnitude larger than noble gases, it was the appropriate choice 

for them. One can assume that it is possible to use a noble quencher gas at much 

higher pressures. 

Madej et al. [52] measured a quenching rate for a combination of the D3/2 and 

£>5/2 states of Ba+ in argon 52.5 times lower than for H2. Extrapolating toward 

higher pressures, around 1 atm, the D state becomes unstable with a lifetime of 

a few ns. Such a short lifetime would limit the efficiency of the intermodulation 

procedure since the D state would decay into the ground state by energy transfer 

to neighbouring atoms. Fortunately, the pressure depopulation tagging procedure 
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can become almost as efficient as the continuous excitation technique if the tagging 

is done at the right pressure. Using only the 493 nm laser, it is possible to saturate 

the 62Si/2 — 62Pi/2 and 26.5% of the time the P state decays into the D state 

emitting a 650 nm photon that is detected. Later, the D state decays into the 

ground state that is ready to be excited again. This way, the whole cycle takes 

about 100 ns and by using a filter to absorb blue photons, it is possible to have a 

background free measurement. 

Unfortunately, tagging has not been demonstrated using this technique. Ineffi

ciencies, a lack of a reliable Ba+ source at high pressures and repetitive instrument 

breakdowns plagued the study. 

4.1.4 Classical Ion-Atom Collision Theory 

As discussed previously, the gas pressure modifies the lifetime of the D state. 

It is possible that, because of collisions, the energy is no longer emitted via the 

E2 radiative transition, but is transfered to neighbours. The collision rate and the 

quenching ratio are the two quantities needed to calculate the lifetime. 

The collision rate is the number of times the ion enters a region around a 

polarized particle where the ion is considered captured. To go through the algebra, 

books by Bowers [53] and McDaniel [54] are very helpful. As the ion approaches 

an atom, the electron cloud is pulled toward the ion, an effective charge appears, 

attracts the ion and possibly captures it. At close distances, the force will become 

repulsive and the ion will be repelled from the atom. 

Classical Ion-Dipole Potential 

Taking the atom as a spherical capacitor with a medium of electric permittivity 

of x, the dipole moment n can be written as a function of the electric field E and 

the density of atoms N as 
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» = ^N- ( 4 3 ) 

Knowing that the force F of a dipole on a charge q over a distance r is 

F = ^ c o s / 3 , (4.4) 

with the angle between the dipole moment and the direction to the charge q 

being f3, the force on the ion as a function of distance is calculated, allowing the 

calculation of the potential created by the system. 

Since the dipole is induced by the ion, the angle j3 will always be 0, and if the 

electric field E is substituted by the known Coulomb field, E = e/r2, the force 

becomes 

2 

F = Xq . (4.5) 
2irNr5 { ' 

Then, the potential energy of the system is obtained by integrating the force, 

yu - s?- (47) 

It is possible to write the potential as a function of the polarizability a, instead 
X of the susceptibility, with a = 

47TJV 

^)=-§£- (4-8) 
It is very important to note that this potential is the dipole approximation and 

if one wants to be more precise, the quadrupole moment and higher orders have to 
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Figure 4.2: Potential energy shape of Ba+ and Ar. Note the binding energy of 

5000 cm"1 (~0.6 eV) at a distance of 3.1 A. 

be included. Also, if the neighbouring molecules have a permanent dipole moment, 

the potential is different and needs to be calculated with one of the many average 

dipole orientation (ADO) theories. 

Equation 4.8 is the main attraction potential at large distances, but at close 

distances a repulsive term becomes dominant taking the form of: 

VR(r) = +Ae~br. (4.9) 

with A and b two empirical constants. Bellert and Breckenridge [55] summarize 

these values for many ions and rare gases, and give A = 4.57 x 107 cm - 1 and 

b = 3.032 A - 1 for Ba+ and Ar. Combining Equations 4.8 and 4.9 and inserting the 

calculated values for Ba+ and Ar gives the potential shape depicted in Figure 4.2. 

The two-body mechanics that follows is quite simple and will be reviewed 

quickly. In polar coordinates, the kinetic energy in the centre of mass frame (KCM) 

of a two-body system is: 

= J I I I I I I I I I I I I I I I I I I l I 1 1 1 I I L 

3 4 5 6 7 8 
Distance (A) 
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KCM = \v(r2 + r2$), (4.10) 

with r the distance between the particles, /i their reduced mass and 0 the angle 

in the plane. When interactions are small (r —> oo) the energy (E) of the system 

should be kinetic only, but later the energy is the sum of the kinetic energy and 

the potential energy. And since energy is conserved in the process: 

E = \l*% = \»(r2 + r20) + V(r), (4.11) 

with Vo being the initial velocity. 

A similar reasoning can be applied to the angular momentum in the centre of 

mass (LCM) with the impact parameter b, at large distance and along the path, 

which are equal by conservation of angular momentum. 

LCM = l^bvQ = /j,r24>. (4.12) 

If the 4> in the Equation 4.11 is replaced by bv0/r
2 from Equation 4.12, the 

relation becomes a one dimension one, 

\^2o = l ^ + ^ + V(r). (4.13) 

The term in 1/r2 can be considered as a centrifugal potential, appearing when 

the dependence of the angle <j> is removed. Then the closest point between the ion 

and the atom is found by minimizing r: 

dr _ dr dt r2 

# ~ dr # "~ ~b 1 + 
aq2 b2 

fiv^r4 r2 

1/2 

= 0. (4.14) 

The only non-trivial way to make Equation 4.14 a true statement is to have 

the square bracket expression equal to zero, which has a solution for: 
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Figure 4.3: For a given VQ, the cross-section can be calculated by the area of the circle 

through which all captured ions go through. 

(4.15) 
livl 

This means that every particle going through a circle of radius b0 will be either 

captured by the dipole or collide if a repulsive force exists at small distances. Fig

ure 4.3 illustrates this example. Therefore, the cross-section of a collision between 

an ion of charge q = 1 and a non-polar atom is: 

<T(vo)=Trb0 = 2nxl ^ . a (4.16) 

Finally, the rate constant k is: 

k = 2n (4.17) 

which is independent of the velocity. The collision rate will be constant re

gardless of the distribution of the ion. Therefore, one can use the rate constant 

measured near vacuum in a trap and apply it in atmospheric pressure gas. 
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According to the last equation, the rate constant for a barium ion in xenon 

gas is 5.787 x 10 -16 m3/s. The density N of xenon at 1 atm at 23 °C is 2.48 x 

1025 atoms/m3, which translates into a collision rate (Rcoii) of: 

Rcoii = kN = 1.43 x 101 0 s " 1 . (4.18) 

It is worthwhile to note that, using a hard sphere collision model as described 

in McDaniel's book [54], one obtains a collision rate of 5.8 x 109 s - 1 , which is a 

factor 2 too small, showing the influence of the attractive potential of the induced 

dipole in Xe. 

4.1.5 Quenching Ratio 

The theory developed in Section 4.1.4 tells nothing about the probability of 

transferring energy from the ion to the atom or the inverse. The quenching ratio 

is the probability that a collision will lead to a decay of the excited state to the 

ground state. According to Madej and Sankey [52], this ratio for the D5/2 of Ba+ is 

around 0.3 for simple molecules (H2O, CO or N2), and can go as high as 0.6 for more 

complex molecules like CH4. On the other hand, for a noble gas like Ar, the ratio is 

very low. By using an indirect measurement, they estimate the quenching rate to 

be 1600±1300 s - 1 Pa _ 1 or a quenching ratio of 0.010±0.007. This can be explained 

by the high energy needed to excite Ar, which is around 14 eV. For Xe, the energy 

is about 10 eV, therefore the 0.01 ratio should be regarded as a lower limit. Those 

ratios were calculated from data taken in a trap with a larger kinetic energy than 

in high pressure gas. But according to Madej [56], it would not be surprising if 

the quenching rate was in the ns _ 1 regime at atmospheric pressure. He also noted 

that, as the pressure increases, the quenching ratio should also increase since the 

number of three body collisions becomes important. A three body collision would 

offer more degrees of freedom for the distribution of the energy of the ion. Figure 

4.4 shows the lifetime of the D3/2 state of Ba+ in Ar, Ne and He as a function 
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Figure 4.4: Calculated quenching rate of barium ions in Ar, Ne and He as a function of 

pressure, using the experimental measurements of Madej and Sankey [52] and Hermanni 

and Werth [57]. 

of pressure, assuming it is the same as the D5/2 state, an assumption supported 

by Madej and Sankey [52] and Hermanni and Werth [57], from whom the data 

has been taken. All measurements were made at very low pressure, between IO -11 

and IO -6 atm, so a large part of the curve is an extrapolation. The three body 

quenching enhancement is not taken into account. 

4.1.6 Linewidth 

One of the drawbacks of tagging the ion in gas is the pressure broadening of the 

transition. As the pressure increases, the potential between molecules is different 
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and the energy levels change. For this reason, the intensity needed to saturate the 

transition needs to be increased to balance the lower cross-section. Pressure is not 

the only factor that broadens the line and other processes will be reviewed in this 

section. A more complete development can be found in Demtroder's book [58]. 

Natural Linewidth 

The natural linewidth can be calculated easily using the uncertainty principle 

but the classical calculation is more descriptive and will help to understand other 

types of broadening. The natural width of a transition is usually small and can be 

neglected most of the time. 

An excited atom can be described by a weakly damped harmonic oscillator 

with its amplitude expressed as: 

x + 7± + u\x = 0, (4.19) 

with the solution for a very small damping 7 being: 

x(t)=x0e^/2)tcosu)t. (4.20) 

x0 is the position at t = 0 and u = \/OJQ — 72/4 ~ UJ0 

The Fourier transform of the last equation gives the amplitude distribution as 

a function of frequency: 

/

oo 

x{t)e-ltotdt, (4.21) 
-00 

or 

. 1 1 
A(u) = x0/V8n(-, r 77T + T7 r TT). (4.22) 

Then, taking the intensity I(co) = A(CO)A*(UJ) and normalizing, it becomes: 
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'M = hiu-J+wr (423) 

which is a Lorentzian distribution. The FWHM is equal to 5UJ = 7, or using the 

lifetime of the decay r = I /7 and the frequency v = u/2n, 8u = l/2irr. Therefore, 

the 62Pi/2 transition to the ground state with a lifetime of 7.7 ns has a natural 

width of 20.67 MHz. 

Doppler Broadening 

Another source of broadening is the Doppler shift of the line. At equilibrium the 

ion will have a velocity along the direction perpendicular to the observer following 

a Maxwell distribution: 

P(vz)dvz = J^^e^^dvz. (4.24) 

Doppler's law is written as: 

OJ = U0(1 + VZ/C), (4.25) 

which says that a shift dvz in velocity will result in a shift in frequency of 

duc/uQ. Therefore, Equation 4.24 becomes: 

which is a Gaussian distribution. Once normalized, the FWHM becomes 

6co = (uQ/c)y/81ii2kBT/m, (4.27) 

or 
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5v = 7.16 x WT7vQy/T/M. (4.28) 

For a barium ion at room temperature, the 62Pi/2 transition to the ground 

state should be 639.66 MHz wide. 

Collision Broadening 

Also referred to as pressure broadening, collision broadening involves a modifi

cation of the potential due to the neighbouring atoms. Atoms with a strong polar

ization will tend to induce a larger modification to the linewidth. This is difficult 

to calculate and easier to measure. Zokai et al. [59] have measured the pressure 

broadening for the Py2 — <Si/2 line at 493 nm of Ba+ in Ar and He. Using a flow 

lamp and a high resolution pressure-scanned etalon they measured the width of the 

line between number densities of about 0.2 to 7.2 x 1024 m~3 at 1300 K (between 

about 36 to 130 mbar). They measure a broadening of 1.89(9) x 10~26 cm - 1 m~3 

in Ar and 1.31(6) x 10~26 cm - 1 m~3 in He. Therefore, at atmospheric pressure, 

the linewidth of the 493 nm transition should be 15 GHz, or a broadening of 

19 MHz/Torr. 

4.2 Laser Induced Fluorescence Apparatus 

As noted in Section 4.1.3, two lasers are required to induce continuous fluo

rescence in the first two levels of the barium ion. To probe the two interesting 

transitions, the S\/2 — -P1/2 and the Pi/2 — -D3/2, dye lasers were selected for their 

ability to provide a wavelength with a high accuracy over a broad range of wave

length. Both of them are Coherent 899-01 ring lasers with the 895 etalon assembly 

installed to reduce the linewidth of the beam. One uses the Coumarin 480 dye 

and the other one uses a DCM special dye. To monitor the quality of the dyes, 

two spectrometers are used. A Varian Cary Eclipse measures the fluorescence 
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spectra and a Perkin Elmer Lambda 800 UV/vis measures the absorption spectra. 

Typical fresh absorption and fluorescence spectra of both dyes used are plotted in 

Figure 4.5. 

A krypton ion Sabre laser from Coherent Innova is used to pump the Coumarin 

480 dye laser. It is a 2 W ultraviolet laser used in a multi-line configuration. The 

DCM Special dye is pumped by a Verdi 8 solid state laser, producing a maximum of 

8 W at 532 nm. Both ring lasers give a typical energy output of 100 to 200 mW. A 

Newport 1830-C digital power meter monitors the laser power. The beam quality 

is measured with a Newport LBP-2-USB beam profiler which shows a digital image 

of the geometry and intensity of the laser beam. To monitor the wavelength of 

the beams, a flat transparent glass disk is used to sample a portion of the beam. 

Then, a collector focuses the beam on an optical fibre which carries the light to an 

EXFO wavemeter WA-1500 spectrometer which sends the spectrum information 

to an EXFO WA-650 Fourier analyzer. It finally sends the analyzed spectrum 

to a computer. A typical snapshot of laser spectra with and without the etalon 

assembly using the Fourier analyzer can be seen in Figure 4.6. 

4.3 Electrical Discharge Ion Source 

In the first part of the experiment, an arc was used to evaporate the barium 

and to ionize it. The arc was produced between two copper electrodes by an 

ECO-10 electronic fluorescent dimming ballast from Lutron. The source was pure 

barium granules from Sigma-Aldrich and one was placed inside a cavity in the lower 

electrode as seen in Figure 4.7. The distance between the electrodes was about 

10 mm and the potential difference between the two electrodes was less than 200 V. 

Pressures of a few mbar was the only regime where arcing was possible due to the 

limitations of the ballast. Figure 4.7 also shows electric field shaping rings that 

could drift away from the arc before performing the LIF. Due to the technical 

difficulty of applying a uniform drift voltage, LIF was performed at the location 
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Figure 4.5: (a) Absorption and (b) fluorescence spectra of the Coumarin 480 and the 

DCM Special dyes in arbitrary units as a function of the wavelength. 
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Figure 4.6: Typical dye laser spectra with and without the etalon assembly. 
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Figure 4.7: Schematic of the arcing chamber used in the study of barium fluorescence 

from electrical discharges. 

of the electrical discharge. 

The assembly was placed in a vacuum chamber made of stainless steel compo

nents. The chamber was built from a 6-way cube accommodating 2 3/4" ConFlat 

flanges, a 6-way cross and various nipples and flanges. The vacuum level was 

monitored by a 943 MKS cold cathode ionization gauge while the gas pressure 

was measured with a MKS Baratron capacitance manometer. A gas system was 

built from stainless steal tubing. It handled two gas bottles, both gas paths going 

through Agilent moisture traps. One of them passes through a Chromatographic 

Specialities oxygen trap followed by an Oxyclear oxygen trap. The pumping was 

done by a Varian Task-V70LP pump which consists of a turbomolecular pump 

backed up by a scroll pump in the same package. 
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Figure 4.8: Emission spectrum of the arc using barium metal as a source. 

4.3.1 Barium Fluorescence Data from Electric Discharges 

Barium atoms and ions are produced in the ground and excited states from 

the heat of the arc and the collisions against high energy electrons. In order to 

sustain a well defined arc, argon gas was added to the chamber with a pressure 

of about 30 mbar. The light from the arc was analyzed with an Ocean Optics 

HR4000CG-UV-NIR spectrometer and a typical emission spectrum is depicted in 

Figure 4.8. 

Besides barium ion lines, neutral barium and argon lines were also visible. To 

reduce the noise level, the average of ten spectra was recorded in the same condi

tion. The background signal was removed by fitting a fifth order polynomial on 

70% of the spectra, away from visible emission lines and then subtracting it. The 
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dataset is composed of 101 averaged spectra, each having slightly different oper

ating conditions (pressure, voltage, fluorescence laser intensity and wavelength). 

Pictures of the LIF is shown on Figure 4.9. The two electrodes and the vertical 

arc in between are visible. The horizontal fluorescence laser beam is also visible. 

In Figure 4.9a, the fluorescence laser is tuned to 493 nm and fluorescence is visible 

where the laser beam interacts with the Ba+ cloud. Fine dust generated by the 

arc scatters the blue laser and is visible at the far left and right of the picture. In 

Figure 4.9b, the 650 nm laser is used to excite the Ba+ ions produced in the D3/2 

state by the arc. Then, the decay of the Py2 state occurs emitting predominantly 

blue light. Note how the 650 nm light is shifted to 493 nm light where Ba+ is 

produced. 

Branching Fraction Measurement 

The first measurement possible from the processed spectra is the branching 

fraction (BF) of the decay of the P\/2 state into the T5i/2.his fraction is calculated 

from the intensity of the 493 nm line compared to the 650 nm line. Light col

lected comprises that generated by the arc, the scattered laser light as well as the 

laser induced fluorescence. The branching fraction distribution for the 101 spectra 

recorded is shown in Figure 4.10. 

The BF found was 0.74 ± 0.04 which agrees within the uncertainty of the 

measurement with the value calculated by Gallagher [48] of 0.735. The large 

standard deviation of the measurement could be due to a dependence of the BF on 

the pressure. The data recorded did not show any significant pressure dependence 

but the pressure reading was uncertain. The MKS Baratron manometer was not 

available at the time, so the pressure was measured with a Bourdon gauge which 

had lower accuracy. Another possible explanation for the broad distribution is the 

presence of some 493 nm and 650 nm scattered laser light in spectra. Great care 

was taken in selecting configurations for which the lasers had very low intensity, 

much lower than the actual fluorescence light, but it is a possibility that fluctuation 
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(a) 

(b) 

Figure 4.9: Photographs of the LIF of Ba+ ions generated by the electric discharge ion 

source, (a) shows the excitation of the S1/2 state to the P\/2 state by the blue laser and 

its decay. The horizontal line near the electrodes is actual fluorescence, (b) shows the 

excitation of the metastable -D3/2 state to the P\j2 state by the red laser and then its 

fluorescence. 
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Figure 4.10: Branching fraction of the P\/i state decay to the S\/2 and D3/2 states. 
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in the laser light intensity occurred and shifted the BF up or down. Nevertheless, 

this measurement confirmed the viability of the chamber. 

Linewidth and Position Measurements 

The second measurement related to Ba+ spectroscopy is the line position and 

width of the 51/2 — P1/2 transition. This was measured by slowly scanning the 

wavelength of the 493 nm laser and by looking at the fluorescence intensity of the 

650 nm line. Since this intensity is proportional to the amount of Ba+ produced 

and the source was very unstable, the 650 nm line intensity had to be normalized 

with the two Ba+ lines from the decay of the P3/2 state, at 455 nm and 614 nm, 

which are present in the spectra and are a good indicator of the amount of barium 

produced. The normalization ratio used is: 

R a t l ° = 1(455) + 1(614)' < 4 2 9> 

Then, the constant background was subtracted and the line was fitted with 

the empirical approximation of a Voigt function from Whiting [60]. That way, the 

Gaussian and the Lorentzian components of the line have been extracted. The 

data points and the fitted line are shown in Figure 4.11. 

The fitted position was 493.5470 nm where the expected position in vacuum 

was 493.5454 nm. The +0.0016 nm, or -2094 MHz shift, shows the large attractive 

force between the Ba+ and the surrounding Ar atoms. Knowing that the data was 

taken at 30 mbar, this translates into a -132 MHz/Torr shift. Error bars have been 

omitted since the estimation of their value is difficult. Instead, the scattering of 

the individual data points displays the size of the total uncertainty. 

The measured FWHM of the line was 1.27 ± 0.12 x 10 - 3 nm, where the un

certainty is only due to the fit and not the instruments. Table 4.1 enumerates the 

broadening sources. 

Unfortunately, the dominant source for the width and its uncertainty is the 
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Figure 4.11: Line profile of the S\/2 — P\ji transition at 30 mbar of argon. 

Source 

Natural 
Doppler 

Instrumental 

Total 
Measured value 

Linewidth (xlO 3 nm) 

0.05 ±0.02 
0.68 ± 0.46 
0.15 ±0.03 

0.70 ± 0.47 
1.27 ±0.12 

Table 4 .1 : List of known broadening causes of the P\ji — S1/2 transition. Collision 

broadening is assumed to be the difference between the measured value and the total 

expected value. 
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temperature of the source. A typical arc temperature is between 3000 and 8000 K, 

but the temperature where the fluorescence is obtained can be as low as the room 

temperature of 297 K. 

Using the total estimated value for the linewidth, 0.57 ± 0.48 x 10~3 nm is un

accounted for and can be assigned to collisional broadening. This can be converted 

to 702 ± 591 MHz, or 23 ± 20 MHz/Torr, very similar to the measured value by 

Zokai et al. [59] of 19 MHz/Torr, despite the large uncertainty. 

The electrical discharge ion source was too unstable and difficult to control for 

the barium tagging investigation. The source was also incapable of generating ions 

at higher pressures. Therefore, another option to create Ba ions was considered. 

4.4 Laser Ablation Ion Source 

Ions can be produced by a high energy density laser beam focused on a solid 

target. When the fluence is large enough, the electromagnetic field excites the 

electrons of the conduction band of the target and phonons are produced within 

the first 1 ps. The heat ejects material from the surface in neutral and ionized states 

in a semitransparent plume. Then, photons of the laser beam heat up the plasma 

by giving energy to electrons via the inverse bremsstrahlung effect. Accelerated 

electrons can collide with neutral atoms and ionize even more of the plume making 

the cloud progressively opaque. Finally, the plume expands asymptotically in 

vacuum or collides with the gas and is thermalizes within several /xs. When the 

laser beam stops, the target is still hot and can generate ions by desorption. These 

ions tend to be lower in number than the ones produced by the collision of the 

electrons and the vapourized material. 

Such ablation begins at the energy densities required for the vapourization of 

the material. Above this threshold, the amount of material extracted increases 

more or less linearly as a function of the energy density of the laser beam and 

the duration of the pulse. The time at which vapourization occurs (tv) can be 
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calculated with Equation 4.30, taken from Andreev et al. [61]: 

^ = W^RJW' (430) 

where x is the thermal conductivity, tp is the pulse duration, p is the target 

density, Cp is the specific heat, T is the temperature reached, R is the reflectivity 

and F is the laser fluence. Vapourization occurs quickly for low reflectivity material 

with a low thermal conductivity, low density and low specific heat. The fluence at 

threshold (Fth) can be calculated using the temperature of the boiling point of the 

material and by setting the vapourization time to be the pulse duration (tv = tp) 

giving: 

Fth - {1_R) . (4.31) 

For copper, the threshold is around 2.2 J/cm2. For barium, since the vapouriza

tion temperature, the heat capacity and the thermal conductivity are much lower, 

the threshold is around 0.15 J/cm2. 

The ablation laser used is a Explorer Scientific pulsed UV laser producing 

349 nm light. It can generate a maximum energy of 120 pJ per pulse within 5 ns. 

Therefore, the beam has to be focused to roughly 300 /im or smaller to produce 

Ba+. The lens used is expected to focus to a diameter of 5 to 10 pm, creating a 

pulse beyond the threshold density. 

The plume, when created in vacuum, is similar to a nozzle source. Its an

gular profile follows a cos 9 distribution if the density is low and as the density 

increases, the plume becomes more forward peaked and tends toward a cos4# 

distribution. According to Amoruso et al. [62], the energy distribution follows a 

Maxwell-Boltzmann distribution with a superimposed hydrodynamic flow velocity. 

The number of ions per unit of energy can be described as: 
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N(E)dE = C\ —^ exp 
mvl T m(vx - vcmf 

2kBT 
dE, (4.32) 

where C is a dimensional constant, vx the velocity of the ion perpendicular to 

the surface, vcm is the center of mass velocity of the cloud, m is the mass of the ion, 

ks the Boltzmann constant and T the temperature of the surface of the target. 

At 3 J/cm2 over a surface of 7 x 10~4 cm2 and using a copper target, Kools et 

al. [63] estimated that they produced 8 x 106 ions per laser pulse while the total 

amount of material ablated was about 5 x 1014 atoms per pulse. Therefore, the 

ionized fraction of Cu at macroscopic distances from the target is of the order of 

10~8. This number is highly dependant on the laser fluence. They also report a 

considerable fraction of Rydberg atoms. Therefore, generating an electric field in 

the vicinity of the plume increases the ion yield. 

In metals, the laser light is absorbed within the first 10 nm. In fact, the amount 

of mass a laser ablates (m in g cm - 2 s) is derived by Phipps et al. [64]: 

/ A \ 9 / 8 / r v l / 2 

m = 2.66 x 10-M-1 /4 ( nfr79/f 1 . . 1 / , ) ( - V ) (4.33) 
2[Z2(Z + 1)]V3; ^ A ^ 

where A is the mass number, Z is the atomic number, / is the intensity of the 

laser beam in W/cm2, A is the wavelength in cm and r is the duration of the pulse 

in s. For barium with A = 137 and Z= 56 and for the laser used, r = 5 x 10~9 s, 

A = 3.49 x 10~5 cm, Equation 4.33 becomes: 

mBa = 170V7. (4.34) 

Therefore, at an energy density of 2 J/cm2 and a spot size of 3.1 x 10_6cm2, the 

mass ablated should be around 3 x 10~12 g/pulse, or 2 x 1012 Ba atoms per pulse. 

Using the charge induced on the cathode, the typical number of ions detected was 

between 104 and 107 ions. Therefore, the ionization fraction is roughly 10~8 to 

10~5, similar to other experiments. 
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4.4.1 Laser Beam Size and Intensity 

To measure the size of the beam at the focus point, a razor blade was swept 

across the beam and the intensity was measured as a function of the position. 

Then, the width of the Gaussian function was found by fitting an error function 

on the intensity curve: 

erf (x) =A et2dt. (4.35) 
Jo 

The size of the beam was found to be typically 10 //m which is much smaller 

than the size of the damage seen through a microscope (Figure 4.12). This can 

be explained by vibrations of the laser or of the target, some backlash in the 

micrometre screw and the laser beam not being focused perfectly but still creating 

some damage on the target. It is important to note that 10 ^m is an upper limit. 

Even at the lowest intensity, when the laser beam was perfectly focused on the 

razor blade, it was slowly damaging the edge of the blade. This had the effect of 

increasing the measured size of the beam. 

4.4.2 Ablation Rate Decay 

A problem of using a laser ablation ion source is the quick decay in the signal. 

This has been observed by many scientists. If the laser is kept focused on the same 

point for a long period of time, the intensity of the signal decreases. A typical 

decay curve using pure barium is plotted in Figure 4.13. 

The higher the power density of the laser, the faster the signal decays. Presence 

of gas also increased the rate of the decay. The production rate can be brought 

back by moving the location of the focus point by a small amount. The cause 

of this decay is not clear. It is possible that the slow oxidation of the surface in 

air makes the first few atomic layers easier to ablate or that the heat of the laser 

transforms the surface of the target so that it is more difficult to ablate. 
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Figure 4.12: A view of a 0.1 mm Pt wire, on the left, juxtaposed to three different 

damage traces left by the ionization laser on the target, on the right. 
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Figure 4.13: Typical decay of the ion signal with time. 
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Figure 4.14: Copper mount for the barium target. A barium shard goes in the groove. 

The larger hole in the top of the target is used to affix the mount to the manipulator and 

the smaller hole on the side of the target is used to establish an electrical connection. 

The mount is 1 cm wide. 

4.5 Time of Flight of Ions from Laser Ablation 

The target used was a pure barium metal needle placed at an angle on a flat 

copper mount. The mount was placed at a positive potential, typically 200 V, 

and its surface was perpendicular to the drift direction. The focused laser comes 

parallel to the surface of the mount and perpendicular to the drift direction. A 

small groove was cut in the mount at an angle, to offer a surface for the laser to 

hit. Barium metal was then cut into a small shard and placed in the groove. That 

way, the laser could hit the barium sample and the copper mount could create its 

electric drift field in the right direction. Figure 4.14 shows a picture of the bare 

copper mount, with the barium target absent from the groove. Focus of the laser 

beam was obtained by moving the target with a 3-axis manipulator at the internal 

lens focus point. The lens used was a Newport reversed Cassegrain microscope 

objective. 

After leaving the target, ions are focused by an Einzel lens assembly and 

200 mm further down the drift direction, go through a 3 mm aperture. They 

are deflected by a charged plate, onto a channel electron multiplier (CEM). The 

CEM is from Burle, model number 4502 which can detect ions. The signal is then 

amplified by a Amp-Tek A121 preamplifier-discriminator. An Ortec Multi-Channel 
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Scaler (MCS) measures the time spectrum. 

The design of the chamber is shown in Figure 4.15. The apparatus was modelled 

in the SIMION software. This software simulate the interaction of charged particles 

with the electric field generated by elements set at different potentials. It also 

allows interactions between a charged particle and the surrounding gas, or even in 

between multiple charged particles. Examples of ion paths in the apparatus are 

shown in Figure 4.16. 

4.6 Time of Flight Theory 

The time of flight (ToF) chamber was built to determine the composition of 

the ejected material. The arrival time of ions is proportional to the square root of 

the mass to charge ratio. The working principle is simple, ions are produced in an 

electric field and their potential energy qU is converted into kinetic energy K: 

qU = K (4.36) 

qU = l/2m(d/t)2, (4.37) 

ToF = v/md2/2qU. (4.38) 

By defining A = y/d2/2 and setting U as the voltage of the target V, the ToF 

becomes as simple as: 

ToF = A^m/qV. (4.39) 
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Figure 4.15: ToF Chamber schematic. 

Figure 4.16: Simulation of ion paths through a cut of the ToF chamber using SIMION. 
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Figure 4.17: Simulated time of flight of Ba+ (m/z=137) and BaO+ (m/z=153) in a 

model of the chamber as a function of their initial kinetic energy and no drift voltage. 

4.6.1 Ion Energy Spectrum 

By applying only a voltage on the CEM to collect ions and keeping other 

elements grounded, it is possible to estimate the kinetic energy of ions leaving the 

target. Their ToF can be calculated with Equation 4.39, by replacing the potential 

energy by their initial kinetic energy (Ek), the mass of the particle (m) and the 

distance travelled (D). 

ToF = A m 
E, 

(4.40) 

The constant A can be found using SIMION to simulate ions in a model of the 

chamber. Figure 4.17 shows the ToF calculated for two different ion masses. 

The fitted curve gives: 

ToF = 19.53, m 
ET 

(4.41) 
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with the mass in Da, the energy in eV and the ToF in /xs. The energy distri

bution of ions should follow a Maxwellian distribution described by: 

Figure 4.18 shows the ToF spectrum of barium in the chamber without apply

ing any drift voltage. The large peak is composed of two main resolvable peaks. 

Unfortunately, the Maxwellian distribution described by Equation 4.42 does not 

fit the peaks. A Maxwellian distribution has a long tail at large values of time of 

flight. The absence of such tails can be explained by a forward velocity caused by 

a stray electric field or some cloud repulsion effect, boosting ions giving an energy 

distribution more Gaussian than Maxwellian. Another explanation could be the 

inefficiency of detecting low energy ions. Tails would be composed of the slowest 

particles, which would be more easily diverted by stray electric fields or residual 

gas. In any case, the bulk of the distribution is the important one. Gaussian 

distributions can be fitted without losing the ability to calculate the mean kinetic 

energy from the ToF. 

A fit of the two main peaks gives a mean of 61.2 /is and a sigma of 8.8 //s for 

the first peak and a mean of 69.3 /is with a sigma of 7.2 fis for the second one. 

As Section 4.6.3 will show, it is reasonable to assign the first peak to Ba+ and 

the second one to BaO+ . Other components could be present, although for a first 

order measurement, these are good assumptions. The initial kinetic energy of ions 

are therefore 14.0±|;| eV for Ba+ and 12.2^;° eV for BaO+. These values are well 

within the 0 to 100 eV range usually observed. 

4.6.2 Charge Density Effect 

As the ion cloud grows in size, the ToF spectrum is expected to be smeared 

due to the high charge density of the cloud. One can expect ions in front of the 

-E 
kRT 

dE (4.42) 
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Figure 4.18: Time of Flight spectrum from kinetic energy only by laser ablation of 

barium metal. 

cloud to be pushed forward and arrive earlier than if they were accelerated only 

by the drift field. Similarly, an ion at the back of the cloud would be slowed down, 

making a single mass peak broader than expected. Simulations of an ion cloud 

is computationally demanding, considering that for each time step one needs to 
2 

calculate the force on each individual ion. For n ions, there are — calculations to 

be made per time step. Therefore, for ion populations in the 104 — 108 range, one 

has to use charge renormalization to reduce the time of simulations. The one used 

in this study was to simulate an ion cloud interacting and multiplying their charge 

by a factor. That way, ions are bunched in smaller groups and an approximate 

simulation can be performed. 

Using SIMION, the ToF spectra of 107 Ba+ ions was simulated with and with

out electrical interaction in the cloud. The resulting ToF spectra are depicted in 

Figure 4.19. The mean of the distribution seems to shift to longer ToF and the 

width is definitely larger when interactions are activated. Figure 4.20 shows the 

location and the width of the mass peak from ion clouds made of 1 to 108 ions. 

xlO 
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There is a clear threshold at 106 ions when interactions seem to change the distri

bution. The time of arrival of ions is retarded and smeared as the number of ions 

is increased. Therefore, the laser power should be kept at a minimum to reduce 

any smearing of the mass spectra. This is only an approximation since the ion 

kinematics strongly depends on the geometry of the plume of ions produced in the 

first few nanoseconds which is not modelled in SIMION. A very tight plume would 

have a more explosive behaviour than a looser one. Using the measurement of the 

charge induced on the cathode, it has been estimated that between 104 and 107 

ions per pulse were produced from the laser ablation source. In order to keep the 

CEM from saturating, the lower number of ions were used. It is therefore safe to 

assume that the high charge density effect is negligible in the data. 

4.6.3 Barium Mass Spectrum Analysis 

Several barium spectra were taken for different drift voltages. A spectrum 

example is shown in Figure 4.21. The source was a pure barium metal shard and 

the drift voltage was 1000 V. Different lines are visible in the spectrum. Masses 

137 and 153 Da are the dominant peaks and represent Ba+ and BaO+ . Other 

unidentified lines are masses 44, 88, 106 and a large distribution around 310 Da. 

4.6.4 Chamber Drift Constant 

The drift constant A for the chamber can be found by looking at the position of 

a known mass line as a function of the drift voltage. Figure 4.22 shows the ToF of 

barium ions for different voltages and a linear fit is used to give the constant A. For 

Ba+, from 1000 to 2000 V, this constant is 24.1 ±1.5 /^(qV/m)1/2. The A constant 

found from SIMION simulations is 22.8 /^(qV/m)1/2, within the uncertainty of the 

experimental measurement. This constant is different than the one calculated from 

simulations in Section 4.6.1 of 19.53 ^ ( E ^ / m ) 1 / 2 , for equivalent energies. This can 

easily be explained by irregularities in the electric field or by a slow acceleration 
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Figure 4.19: Simulated ToF spectra showing the effect of interactions in the ion cloud 

on the ToF spectrum resolution. The solid line shows the ToF spectrum of Ba+ ions 

propagated without electrical repulsion and the broken one shows the ToF for a cloud 

of 107 ions with the repulsion activated. 

•3-
«> 92 

s 
S 9 
a 

* 88 
E2 

86 

84 

82 

8 

..—, 

_ 

II mill i n 

_ 

1 • 

, _ _ 

* 

1 1 ! • • » 

f 

~ *^> 

X 

"1 i ' ' 

i 

I 

1 
1 

-*1 

< ' 
10' 10 10* 10° 10' 10° 10' 

Number of ions interacting 

Figure 4.20: Mean and RMS of the simulated ToF distribution as a function of the 

number of ions in the cloud. The mean is represented by the line and the RMS of the 

distribution is shown by the gray area. 
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Figure 4.21: Mass spectrum from laser ablation of a pure Ba target. The histogram 

is the data recorded and the thin lines are the simulated masses of 44, 88, 106, 137, 153 

and 310 Da. The intensity of the simulated peak is arbitrary. Masses of 137 and 153 Da 

are from Ba+ and BaO+ respectively, while others are not known. 
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Figure 4.22: Barium line position as a function of the drift voltage. The error bars 

are the RMS of the Ba+ peak. 

of the cloud in the gas. If only 73% of the electric field serves to accelerate the ion 

both values would be equal. 

Using the constant A from Figure 4.22, the time of flight for 1 3 7Ba+ is 8.920 //s 

while for 1 3 8Ba+ it would 8.953 fjs, for a difference of 32 ns. The RMS of the time 

distribution is of the order of 100 ns. This width is only due to the initial kinetic 

distribution and the initial trajectory angles. This means that the chamber is 

unable to discriminate individual isotopes of barium, but has a great discrimination 

efficiency for other atoms or molecules produced. The idea behind this simple mass 

spectrometer was to identify the products of the laser ablation technique. It is 

obvious that the laser ablation technique generates Ba+ in large quantities which 

can be used for the fluorescence study. Some other lines were unidentified, but 

there was no sign of Ba+ + at m/z=68.5 Da. 



CHAPTER 4. BARIUM ION LASER INDUCED FLUORESCENCE 87 

•L 
o 
S3 

Z 

120 

100 

80 

60 

40 

20 

0 200 400 600 800 1000 1200 1400 1600 1800 
Ampli tude (arbitrary units) 

Figure 4.23: Charge collection intensity spectrum for a typical run in vacuum from 

ions generated from laser ablation. 

4.7 Laser Ablation Ion Fluorescence 

The chamber required some modifications to enable a laser fluorescence mea

surement. Electric field shaping rings were added and ports were installed to allow 

a laser beam to enter and exit the chamber. A lens was also installed to focus 

the fluorescence light onto an external PMT. The ion fluorescence apparatus is 

depicted in Figure 4.24. Detection of fluorescence from ions generated from laser 

ablation was more difficult than expected. The number of ions detected from one 

run to the other varied greatly, mainly due to the decay problem described in Sec

tion 4.4.2, but also due to the pulse to pulse variation. This variation is extreme 

as can be seen in Figure 4.23. One laser pulse can produce no ions while the next 

one could produce more than 106. 

A charge collection measurement was required to normalize the fluorescence 

signal. To record the signal, a computer sound card was used. It was a cheap and 

high performance option due to the long arrival time of ions in gas (few ms) and 

x lO 5 
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the fast repetition rate of the laser (10 to 100 Hz). The ASUS Xonar Dl sound 

card can record 2 channels at a 192 kHz sampling rate and a 24 bit resolution 

with a maximum range of 3 V peak to peak. To match the impedance of the 

sound card and to give more flexibility to record the signal, the charge induced 

was amplified by an amplifier with a gain of between 0.1 and 10 x. The charge 

signal was recorded as an uncompressed .wav file with two channels, one for the 

charge collected and the other for the trigger pulse coming from the laser. Besides 

the charge collected information, the laser wavelength was also recorded every 

second in a file since the laser wavelength could vary within a few minutes going 

from on resonance to off resonance. The fluorescence signal was also detected with 

a photomultiplier tube (PMT), the Hamamatsu photosensor module H7422P-40, 

and recorded with the MCS described in Section 4.5. The PMT had three filters 

to reduce the intensity of scattered light. The first one was a UV filter to reduce 

the light from the ablation laser, the second was a bandpass filter to eliminate the 

scattered 493 nm laser light and the last one is a line filter to let only 650 nm light 

reach the PMT. The PMT was operated in counting mode, with a discriminator 

set for single photon sensitivity. Finally, other pertinent information was written 

by hand in the logbook, then included in a single file with all the information 

discussed above, including the charge collection signal. The data was then read 

and analyzed with the ROOT software. This software provides a framework in 

C + + allowing to store, analyze and display data. 

Figure 4.25 shows the charge induced in the cathode by ions propagating in 

vacuum and in a small amount of gas. Figure 4.25a and Figure 4.25b should, in 

theory, be very similar. The amount of gas does not explain the broad distribution 

in arrival time in Figure 4.25b, unless the gas helps to form a large cluster of 

ions. This could also explain the difficulty to see fluorescence when gas is added in 

the chamber. A large gas leak was found afterwards in the gas handling system, 

making it probable that nitrogen, oxygen and water vapour was introduced in the 

chamber with the argon. 
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Figure 4.24: Fluorescence chamber internal schematic. 
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Figure 4.25: Average trace recorded on the cathode of ions emitted from laser ablation, 

(a) was taken in vacuum and (b) was recorded at pressure around 0.1 mbar of argon. 
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Figure 4.26: Fluorescence time spectrum at a pressure of 0.8 mbar of Ar. The narrow 

peak on the left is due to the light from the ablation laser and the large distribution at 

0.06 ms is the fluorescence. About 235,000 photons were detected for 60,494 laser pulses. 

Assuming a quantum efficiency of 30% for the PMT and a coverage of 2%, the number 

of generated 650 nm photons per ion cloud was about 650. 

A fluorescence time spectrum is shown in Figure 4.26. It shows the number 

of photons detected by the PMT in vacuum, after 60,494 laser ablation pulses. 

The first large and narrow peak is the light detected from the ablation laser. 

The broader distribution is the 650 nm fluorescence from Ba + when probed by 

493 nm laser light. When the laser wavelength was shifted by a tiny amount, this 

fluorescence disappeared. 
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4.7.1 Ion Drift 

At a pressure of 1 atm of Xe, the Ba+ diffuses very slowly. The diffusion length 

(D) is calculated with: 

D = Ly/t/r (4.43) 

with t the time elapsed, r the time between collisions and L the mean free path 

of the ion. L is given by: 

L = —\- (4.44) 
k(v)N v ! 

with k the rate constant from Equation 4.17, (v) the mean velocity of ions and 

N the number density. The mean velocity is taken from a Maxwell-Boltzmann 

distribution: 

< - > = \ / H <4-45> 
where R is the gas constant, T is the temperature and M is the molar mass. For 

Ba+ at 300 K, (i>)=216 m/s. Going back to Equation 4.44, the mean free path of a 

barium ion becomes 15.0 nm at 1 atm. As for the collision rate, Section 4.1.4 shows 

that at 1 atm it is 1.43 x 1010 s_1, which gives a time of 70 ps between collisions. 

Finally, using Equation 4.43, the diffusion distance is 1.8 mm for a duration of 1 s. 

Assuming a i m TPC with an electric field giving a drift velocity for electrons of 

0.1 cm//xs, electrons would drift for a maximum of 1 ms before the topology of the 

tracks could be measured. Meanwhile, the Ba+ would have diffused for 56.7 //m 

and simulations with SIMION showed that it would have drifted in the opposite 

direction by 35 mm. 

The drift velocity was recorded using the fluorescence signal in 0.8 mbar and 

2.5 mbar of argon with a field of 500 V over 200 mm. The ToF at 0.8 mbar was 
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0.44 ms and at 2.5 mbar it was 1.40 ms. So, this translates into a drift velocity of 

14.4 and 14.3 mbar(cm/s)(V/cm) -1. An uncertainty of 3.9 mbar(cm/s)(V/cm)_1 

can be assigned to this number due to the uncertainty in the electric field. This 

value is taken from the discrepancy between the two A constants described in 

Section 4.6.4. 

4.7.2 Linewidth and Position 

The linewidth and position of the 493 nm barium line was measured again using 

a procedure different from than in Section 4.3.1. The other barium lines were not 

probed to record the amount of Ba+ produced, so the intensity was taken from the 

charge collection using the sound card. The blue laser wavelength was scanned and 

the intensity of the 650 nm line was recorded as the fluorescence signal. The signal 

was normalized to the amount of ions collected and to the intensity of the blue 

laser. The blue laser intensity was measured in two ways. One with an external 

power meter and the second one, using the background trigger rate of the PMT 

when no ions were produced. Both ways were equivalent as shown in Figure 4.27. 

The fitted position was 493.5462 nm while the expected position is 493.5454 nm. 

The difference of +0.0008 nm is half that measured in 30 mbar of gas, so this 

difference is a good estimation of the uncertainty on the laser wavelength. The 

width can be measured by fitting a Gaussian, since most of the linewidth should 

be related to the Doppler broadening. This time, no uncertainty was assigned to 

this type of broadening. The measurement was initially performed in vacuum, so 

there was no gas to cool down ions and the temperature could have been as high 

as 50,000 K. Subsequently, the ion cloud should cool by expelling ions with large 

transverse velocities. The width was found to be 2.13 ± 0.06 x 10~3 nm, much 

broader than the width measured in 30 mbar of gas. Assuming that most of the 

width comes from the Doppler broadening, the temperature of the cloud at the 

fluorescence location can be inferred to be 5000 K. 
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Figure 4.27: Correlation between blue laser intensity and background counting rates. 

Again, the number of ions generated by the laser ablation ion source was too 

unstable for the barium tagging study. Moreover, the Coherent Sabre Laser that 

was used to pump the 493 nm dye laser suffered from repetitive failures, yielding 

very slow progress in the barium tagging procedure in high pressure gas. The 

idea of adding the electron donor gas to the xenon to perform the barium charge 

conversion was a problem if the EL signal was to be measured. Therefore, the 

effort for barium tagging was diverted to extracting and converting the ion outside 

the xenon volume. Further work on barium tagging in high pressure gas is no 

longer a priority and has been removed from the research program. Meanwhile the 

laser has been repaired and may be used for other purposes. 
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Figure 4.28: Line profile of the S\/2 — P\/2 transition in vacuum with ions from the 

laser ablation apparatus. 



Chapter 5 

Doubly Charged Barium Ion 

Extraction and Charge 

Conversion 

The 0v(3(3 decay investigated by EXO offers the unique possibility of detecting 

the barium daughter of the reaction. The LIF technique relies on the fact that 

Ba+ + is converted into Ba+ by acquiring an electron from a surrounding molecule. 

The electron exchange could be performed inside the 0v/3(3 volume, but doing it 

outside would be preferable for two reasons. First, the main 0i/8(3 volume would be 

less prone to contamination by the electron donor gas. Secondly, the parameters 

could be more precisely controlled to optimize the transfer between the gas and 

the ion. By carefully adjusting the pressure and the electric field in the vicinity of 

the Ba+ + , one can control the number of collisions and the collision energy. 

In a xenon gas Ov(3(3 decay experiment, the tagging procedure could be as fol

low. Since a Ba ion is 27,000 times heavier than an electron, its drift velocity is 

considerably slower and there is no problem to wait until the tracks are recon

structed before extracting the ion. The two primary electron tracks would locate 

the Ba+ + in the x-y plane and the drift time would locate it in the z direction. 

96 
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The ion could be drifted toward an orifice and then extracted to an intermediate 

pressure region, inside a hexapole ion guide (SPIG) where the ion is confined in 

the centre and the uncharged gas is pumped out of the system. The ion would 

then collide with an electron donor gas to convert it to Ba+. Finally the ion could 

be stored in a linear quadrupole trap and the fluorescence measurement could be 

performed. 

Some concepts have to be demonstrated before implementing the tagging pro

cedure in a gas phase experiment. First of all, to efficiently extract the Ba+ + using 

an electric field, its mobility has to be measured since it is currently unknown. 

This thesis does not cover this aspect, but an apparatus is being built at Carleton 

University to measure it. It is also important to measure the efficiency to extract 

the ion from high pressure gas to vacuum and to confine it in a trap. Part of 

this procedure is a proven technology. The extraction from gas to vacuum in a 

hexapole ion guide is readily done, as will be shown in Section 5.1.1, although 

the efficiency is unknown. Also, loading an ion trap from an ion guide is also a 

proven technology and the concept is used in some modern mass spectrometers. 

The total efficiency measurement is planned and will be performed at a later time. 

It is imperative that Ba+ + does not form a molecule with the surrounding gas, 

otherwise LIF is impossible. Section 5.1.1 covers this concept. Finally, tagging in 

a trap has already been demonstrated by the EXO collaboration [43]. 

5.1 Triple Quadrupole Mass Spectrometer 

Tandem mass spectrometry (MS/MS) provides a means to test some of these 

concepts. In a MS/MS instrument, ions go through a mass spectrometer, a collision 

cell and a second mass spectrometer. Both mass spectrometers can be set as non-

filtering ion guides or to act like mass filters or to scan the mass spectrometer 

range to record a mass spectrum. The collision cell can be filled with gas and 

an electric field can be applied to accelerate the ions. Comparing the compounds 
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Figure 5.1: Quattro mass spectrometer schematic. 

before and after the collision cell as a function of the gas type, its pressure and 

the kinetic energy of ions, it is possible to measure the rate and the cross-section 

of the reactions. 

The instrument used is a Quattro II quadrupole-hexapole-quadrupole mass 

spectrometer (QhQ/MS) sold by Waters. Ions enter the instrument through a 

0.2 mm aperture, and then are confined in a SPIG to allow the neutral gas to be 

pumped away. The ion continues through the first quadrupole guide that can be 

used as a mass filter and the ion signal is measured by a Dynolite ion detector. 

The hexapole is located inside a 16 cm long collision cell that can be filled with 

gas at a pressure between 10 - 4 to 10~2 mbar. Ions entering the collision cell can 

be accelerated by an electric field generated by a potential between 0 and 250 V 

at the entrance of the cell. The second quadrupole ion guide is placed after the 

collision cell and monitors the fragments generated inside the collision cell. Ions 

can be diverted to the ion detector right after the first mass spectrometer using a 

deflector plate. If the deflector is not activated, ions continue their way to the rest 

of the unit. The instrument is outfitted with two turboniolecular pumps backed 

by a rotary vane pump. The different parameters are controlled from a computer. 

Several ion sources can be mounted, but only the electrospray source has been 

used in this study. Figure 5.1 shows the schematic of the instrument. 
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5.1.1 Electrospray Ion Source 

Ba+ + can be produced using an electrospray source. The mechanism to produce 

ions from an electrolyte solution is elegant. A solution containing barium salt is 

pushed through a capillary tube by a syringe pump. The capillary is inside a second 

small tube carrying a gas, typically nitrogen, to nebulize the liquid and produce 

small droplets. A high voltage at the tip of the capillary charges the droplets and a 

drying gas, nitrogen again, flows to direct them through an aperture. The drying 

gas also scatters large droplets and helps to evaporate some of the solvent. As 

solvent evaporates, the charge density increases and when the Coulomb field inside 

the droplets is sufficient, ions inside the droplets are desorbed from it. Figure 5.2 

shows schematic of the electrospray source. 

The liquid used is a solution of barium acetate, Ba(CH3COO)2, at a 1 mM 

concentration in a 50:50 mixture of water and methanol. It is pushed in the 

system at a rate of 1 mL/h using a syringe pump. Different parameters can be 

tuned to get different ion types. For example, a high sample cone voltage is known 

to be very efficient to break long molecules. A typical barium acetate spectrum is 

shown in Figure 5.3. 

The parameters of the source and mass spectrometer were optimized to increase 

the production of Ba+ + and reduce other components of the spectrum. Optimal 

parameters are listed in Table 5.1. The nomenclature of the Quattro II control 

software differs from the instrument user manual. The capillary voltage is applied 

on the sample inlet, in which the solution flows, in order to charge the droplets. 

On the electrospray source side, the HV lens is applied on the counter electrode 

and the cone voltage is applied on the sample cone. On the mass spectrometer 

side, the skimmer voltage is applied on the skimmer element and the RF Lens is in 

fact the entrance ion guide. All Lens voltages are related to pre-filters before and 

after the two mass spectrometers to help to discard clusters of molecules. IEnergy 

voltage bias the voltage at the entrance of each mass spectrometer to supply ions 

with some energy. Finally, Mult voltage is the voltage applied on the two PMTs 
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Figure 5.2: Electrospray source schematic. The liquid in inserted in the small capillary 

tube, in the centre. Nebulizing gas flows in a larger tube around the capillary and heated 

drying gas flows inside the source. Ions go across the counter electrode through one of 

four elbow shaped apertures. They leave the source through the sample cone aperture. 

The whole system is about 30 cm long. 



CHAPTER 5. BARIUM EXTRACTION AND CONVERSION 101 

00 

80 

60 

40 

20 

n 

Xl0° 

I I I 

t 
c 

a 

... I ... . 

O-

+ 

s 
3 

I . I . I l 1 1 1 _ J l M 1 1 

o o 
u 

, , J . . , . . i . . . i . i . 

50 100 150 200 250 
m/z 

Figure 5.3: Typical barium acetate mass spectrum from the electrospray source. 
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Source MSI MS2 
LM Res 
HMRes 

IEnergy 2 
Lens 8 
Lens 9 
Mult 2 

14 
14 

1.1 V 
345 
50 

750 V 

Capillary 
HV Lens 

Cone 
Skimmer 
RF Lens 

2.73 kV 
0.08 kV 

60 V 
1.6 V 
0.5 

LMRes 
HMRes 

IEnergy 1 
Lens 6 
Mult 1 

14 
14 

1.8 V 
10 

750 V 

Table 5.1: Parameters for the electrospray source and mass spectrometer to optimize 

the production of Ba+ + . 

measuring the scintillation light given by the ion detectors. 

The liquid is nebulized using nitrogen gas flowing at a rate of 10 L/h around 

the capillary where the liquid enters the source. The flow rate of the drying gas is 

250 L/h. The source is heated up at 80°C to facilitate the evaporation. 

A mass spectrum from the barium acetate electrospray source with parameters 

adjusted for a high Ba+ + output and a high mass resolution is shown in Figure 5.4. 

The main component of the spectrum is Ba+ + and other components are minor, at 

levels below 10%. Table 5.2 shows the intensity of the different isotopes of Ba+ + 

compared with their natural abundance. From that, and the fact that peaks are 

spaced by 1/2 unit of m/z, there is no doubt about the origin of the m/z=69 peak. 

Many surprising features are present in the source spectrum. First, Ba+ + is 

the main component of the spectrum, with Ba+ at about 1% of the Ba+ + peak. 

This makes the electrospray source a perfect ion source to characterize the doubly 

charged barium ions produced by the Oi//3/3 decay. Second, even in the presence of 

water vapour, methanol and nitrogen, Ba+ + is still produced in large amounts. At 

an injection rate of 1 mL/h of water and methanol and a drying gas flow rate of 

250 L/h, it means that 1 g of liquid is evaporated in about 300 g of nitrogen gas 

each minute. Each Ba+ + has to go through nitrogen and a 0.3% mix of water and 

methanol vapour. Peaks of BaCH30+ and BaOH+ are visible in the spectrum, 

at 5% of the intensity of Ba+ + , but these are not necessarily the products of the 
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Figure 5.4: Electrospray source mass spectrum using barium acetate at a 1 mM con

centration in water and methanol 50:50. Parameters were optimized for an excellent 

mass resolution and to increase the Ba+ + detection. 
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Mass (Da) 

130 
132 
134 
135 
136 
137 
138 

Natural Abundance 
(%) 

0.1 
0.1 
2.4 
6.6 
7.8 
11.2 
71.7 

Measured Abundance 

(%) 
0.18 
0.07 
2.6 
6.4 
7.6 
11.3 
71.8 

Table 5.2: Barium isotope content in the Ba++ peaks from the electrospray source. 

Intensities were measured from Figure 5.4b. 

interaction between Ba+ + and water or methanol. They could come from the source 

itself when the droplets create ions. The fact that several Ba+ + ions survive means 

that they are relatively stable even in the presence of very reactive molecules. For 

Ba+ + drifting in pure xenon, a noble gas, the lifetime should be long enough to 

be able to drift it and extract it in a trap. Then, the charge exchange could occur 

and the tagging could be performed. 

5.1.2 Quadrupole Ion Guide 

Each mass spectrometer is built from four rods, on which both a direct current 

(DC) and a radio-frequency (RF) voltage are applied. Depending on the frequency 

and amplitude of the voltage applied on the rods, different mass to charge ratio 

(m/z) molecules will have different trajectories, some of them stable. These ions 

will be guided through the instrument while others will be discarded. Examples of 

SIMION simulations of stable and unstable trajectories are shown in Figures 5.5 

and 5.6. 

The rods are usually cylindrical, although to obtain a perfect quadrupole field, 

the cross-section of the rod should be hyperbolic. They are placed parallel to each 

other, at the four corners of a square. Rods are coupled in pairs, with opposing 
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• 

Figure 5.5: A SIMION simulation of 25 m/z=100 ions through a 50 mm long 

quadrupole. The frequency and amplitude of the RF and DC voltages were set to allow 

the transport of m/z=100 ions. The left diagram is a x-z projection while the one on 

the right is the x-y projection. 

Figure 5.6: A SIMION simulation of 25 m/z=120 ions through the same quadrupole 

described by Figure 5.5 and under the same conditions. 
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rods being at the same potential, while the other pair is of the inverse polarity. 

The electromagnetic force that a charged particle feels within the quadrupole, 

perpendicular to the length of the guide and aligned with the centre of the guide, 

is: 

where u is either the x or y direction, z being the propagation direction and m 

the mass of the particle. The electric potential (</>) is given by 

4>=%^-y\ (5.2) 

Here, 0o is the electric field applied to the rods and TQ the half distance between 

the electrodes. The minus sign between the x and the y directions is due to the 

opposite polarity of the horizontal and vertical rods. As mentioned previously, 

the electric field can be a combination of DC and RF voltages. Therefore, 0o is 

represented by 

0o = [/ + l/cos(27r/t), (5.3) 

with U and V the DC and RF amplitude applied and / the frequency in Hz 

of the RF signal. Now, taking the derivative of the potential and inserting it in 

Equation 5.1, the equation of motion in the x direction becomes 

d2x - 2 e , 
r 0 

m~dF = -^-(U + Vc^ft))- (5-4) 

The trapping parameters can be defined as 

8eU 
o-x = ,n , ,2 (5.5) 

m(27r/r0)2 
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and 

- 4 e F 
Qx = , 0 , x2, (5.6) 

with ay = — ax and gy = — qx. Finally, substituting £ = IT ft, the Mathieu 

equation is obtained, again using u for either the x or y direction, as 

d2u 
-TT + (au ~ 2qu cos 2£)w = 0. (5.7) 

This equation is very difficult to solve but the Handbook of Mathematical 

Functions book by Abramowitz and Stegun [65] lists functions that define stability 

regions in the a-q plane. Four of those regions exists, but usually the first, at low a 

and q, is the most practical one to use. Its boundaries are defined by two functions: 

q2 7q4 29g6 68687g8 

a° - " ¥ + 1 2 8 " 2304 + 18874368+ - ( 5 ' 8 a ) 

q2 q3 q4 llq5 49g6 

ai = 1 — q \-... (5.8b) y 8 64 1536 36864 589824 v ; 

Both functions are symmetric around the a axis since x and y electrodes have 

opposite electric fields. Figure 5.7 shows the first stability region. 

For the Quattro II mass spectrometer quadrupoles, a and q can be calculated 

and a similar diagram can be obtained, this time as a function of the DC and RF 

voltages for different ion m/z. Figure 5.8 shows the stability region in the DC-RF 

plane for two ion species, 138Ba+ and 138Ba++. Coincidentally, the value of the RF 

voltage in volts is very similar to the m/z value that has a stable trajectory. A mass 

scan gradually increases the RF and the DC voltages and goes through successive 

stability regions. Depending on the slope of the scan, a lower or higher m/z 

resolution can be obtained. The two straight lines shown in Figure 5.8 represent 
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Figure 5.7: Mathieu function stability regions in the a-q plane. 

two arbitrary DC/RF scan ratios. The ion signal yield can be found where the line 

passes through a stability region. A higher DC/RF slope will result in a better 

resolution, as shown by the broken line. For a constant DC/RF ratio, the width 

of a mass peak will be wider at higher masses. A more constant resolution can be 

achieved by setting the intercept at the origin lower than 0. Modern instruments 

can even vary the DC/RF ratio during the scan, resulting in a constant mass 

resolution across the whole mass range. 

The Quattro II instrument allows setting two parameters to modify the res

olution, LM Res and HM Res (low mass and high mass resolution). These are 

usually set between 5 and 25, but no indication is given about the way the scan 

is performed. In order to try to understand how these parameters work, data has 

been collected varying both resolution parameters. The source used was the same 

barium acetate 1 mM solution as described in the previous section. Figure 5.9a 
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Figure 5.8: DC-RF stability regions for 138Ba+ and 1 3 8Ba+ + of the Quattro II mass 

spectrometers. Two different RF to DC ratio mass scans give two different mass reso

lution spectra as indicated by the solid and the broken lines. The RF to DC ratios are 

arbitrary. 
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shows the FWHM of the Ba+ + line for different LM Res and HM Res values. The 

best resolution seems to be around 0.15 Da. The same information is plotted in 

Figure 5.9b, but with the barium monoacetate ion peak at 197 Da. 

Both peaks shows a linear decrease of the FWHM at a rate of -0.05 Da/LM 

Res. Since the instrument can probe masses up to 4000 Da, both peaks at m/z=69 

and m/z=197 are considered low masses, which explains similar behaviours with 

respect to the LM Res parameter. Is is also expected that the barium monoacetate 

peak would be more sensitive than the Ba+ + peak to the HM Res parameter. Each 

HM Res step increases the FWHM by a larger amount for barium acetate than 

for doubly charged barium. In addition, the FWHM is different for the barium 

monoacetate than for doubly charged barium at the same resolution parameters. 

This indicates that the mass spectrometer does not adjust the DC/RF ratio during 

a scan to get a constant mass resolution. Therefore, the LM Res parameter could 

control a constant bias of the DC voltage at the origin while HM Res would do a 

similar thing at the other end of the mass spectrum. 

The peak intensity is very difficult to predict. The stability regions of the 

Mathieu function described are the product of many approximations. The most 

important one is the shape of the rods that does not create a perfect quadrupole 

field. The expansion of Equations 5.8a and 5.8b also includes some uncertainties. 

Finally, individual ions will have an initial velocity and position different from zero, 

which will lead to different trajectories. An ion that has the right mass might be 

on an unstable trajectory if the initial conditions are out of the ordinary. Instead 

of having a mass spectrum with sharp rectangles as shown in Figure 5.8, peaks 

are much smoother. Figures 5.10a and 5.10b show the intensity of both the Ba+ + 

and barium monoacetate ion peaks as a function of the LM Res and HM Res 

parameters. Again, the barium acetate peak depends much more strongly on the 

HM Res value than the doubly charge barium. 
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Figure 5.9: FWHM of the (a) Ba++ and (b) the barium monoacetate+ peaks for 

different LM Res and HM Res values. 
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Figure 5.10: Intensity of the (a) Ba++ and (b) barium monoacetate+ peaks for different 

LM Res and HM Res values. 
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5.1.3 Collision Cell 

An important part of the mass spectrometer is the collision cell. It has two 

2 mm diameter apertures to let ions enter and exit. It can be filled with gas, with 

a pressure from 10~4 to 10 -2 mbar. It is about 16 cm long, so ions collide only a 

few times before leaving the cell. Ions are transported through the cell within the 

hexapole guide which should have an efficiency close to 100%. The hexapole guide 

is not mass selective. 

5.1.4 Mass Spectrometer Operation Methods 

The mass spectrometer can be operated in many different modes; three of them 

were used for this study. The MSI method activates the first mass spectrometer 

and disables the collision cell and the second mass spectrometer. It is the simplest 

way to measure a mass spectrum. The MS2 mode is the inverse. It disables 

the first mass spectrometer, but activates the collision cell and the second mass 

spectrometer. This mode can be used to monitor the effect of the collision cell but 

it is not very important since it does not control the ion type going in the collision 

cell. Finally, the most interesting mode is the Daughter mode. It uses the first 

mass spectrometer to filter out ions outside a mass window. Then, the remaining 

ions collide with the gas in the collision cell and the second mass spectrometer 

scans the mass range to find products created by the collisions. For example, if 

m/z=197 is selected to go through the collision cell filled with argon, it can collide 

with the argon atoms and fragment in smaller molecules. Figures 5.11a and 5.11b 

show this effect. The first one shows the Daughter spectrum with a collision voltage 

of 0 V while for the second one the collision voltage was increased to 100 V. On 

the first one, Ba(CH3COO)+ at m/z=197 did not react with argon and it is the 

only product measured. At the higher collision energy, the molecule breaks up 

into fragments. BaOH+ and BaCHjj" share a peak around m/z=154 and Ba+ is 

the most intense peak at m/z=138. Some fragments are not measured, probably 



CHAPTER 5. BARIUM EXTRACTION AND CONVERSION 114 

because they are neutral molecules or negative ions. 

5.1.5 Mass Spectrometer Calibration 

An accurate mass calibration of the instrument is useful to identify unknown 

peaks. After identifying known lines in a spectrum, the instrument fits a poly

nomial with a specified number of parameters to determine the scale of m/z. In 

the user manual, they suggest using a mix of Csl or Rbl and Nal at low masses 

and horse myoglobin for masses above 1000 Da. After a few unsuccessful trials 

using Cs+ and Na+, because the Na+ line was not visible, it was decided to use 

barium acetate as the calibration source. Two masses were picked for the calibra

tion, 138Ba++ and 138Ba(CH3COO)+. Both are very easy to identify because of 

the isotope content of barium that forms a very recognizable pattern as shown in 

Figure 5.4b. Then, a first order polynomial was fitted and calibration parameters 

were applied. Table 5.3 shows the uncalibrated measured mass, the expected mass 

and the difference between them. Once the calibration was applied to the data, 

the same exercise was performed on a different run to check the validity of the cal

ibration. Table 5.4 shows the mass measurement of the 138Ba+ line, which was not 

used during the calibration and the 133Cs+ peak from a Csl solution. The accuracy 

of the mass measurement is better than 0.05%. The stability of the instrument is 

also outstanding. The location of the Ba+ + peak was measured by the first mass 

spectrometer for different runs. Out of 54 runs taken on two different days, the 

variation of the peak was 0.014 Da, a tiny 0.02%. 

5.2 Charge Transfer Probability 

The mass spectrometer can be programmed to carry out a set of automated 

measurements. For the following data, all three methods described in Section 5.1.4 

were used. One second duration scans were recorded, alternating between MSI, 
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Figure 5.11: Fragmentation of barium mono-acetate at 0 V (a) and 100 V (b) in 

3 x 10~4 mbar of argon. The spectra were recorded with the Daughter method filtering 

a mass of m/z=197. 
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Molecule 
i 3 8 B a + + 

138Ba(CH3COO)+ 

Uncalibrated m/z 
69.17 
197.22 

Expected m/z 
68.95 
196.92 

Difference 
0.22 
0.30 

Table 5.3: Peaks used for the calibration of the mass spectrometer with the measured 

m/z in the first mass spectrometer, the expected value and the difference between the 

two. 

Molecule 
1 3 3 C s + 

1 3 8 B a + 

Calibrated m/z 

132.85 
137.91 

Expected m/z 

132.91 
137.87 

Difference 

0.06 
0.04 

Table 5.4: List of peaks measured after the instrument calibration in the first mass 

spectrometer. Measured and expected values are listed with the differences between 

them. 

MS2 and Daughter method, for a total of three minutes for each run. 

The most important requirement for the barium tagging procedure is a high 

probability that a Ba+ + ion captures an electron. TEA was selected as the electron 

donor gas because of its low ionization potential of 7.5 eV. With Ba+ + having an 

electron affinity of 10 eV, the transfer should be rapid. Once converted into a Ba+ 

ion, further electron transfer would be unlikely since its electron affinity is reduced 

to 5.71 eV. TEA is used in TPCs as a quencher and can also act as a wavelength 

shifter. It was available, previously purchased for some prototype work for the 

EXO TPC. TEA is a liquid and its vapour pressure at room temperature is about 

80 mbar [66], more than sufficient for the collision cell study. 

The charge transfer measurement was performed using the Daughter method 

selecting m/z=69. This ensures that only Ba+ + ions enter the collision cell. The 

appearance of a Ba+ peak in the second mass spectrometer would show the transfer 

of an electron from a TEA molecule to a Ba+ + ion. The presence of TEA+ is also 
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expected. Figure 5.12 shows examples of the mass spectrum using the Daughter 

method on m/z=69, different TEA pressures and a collision voltage of 250 V. Note 

that at 5.5 x 10~3 mbar of TEA, there is no sign of Ba+ + . 

Assuming that the response is constant across the mass range, the ratio between 

Ba+ and the sum of Ba+ and Ba+ + gives the conversion probability. Figure 5.13 

shows this conversion probability as a function of TEA pressure and collision en

ergy. The data shows a clear dependence on the pressure. As the pressure reaches 

10~3 mbar, almost all barium ions are converted into Ba+. The conversion prob

ability also depends on the collision voltage. A lower voltage means a higher 

conversion probability. 

It seems that with only 10~4 mbar of TEA, the conversion probability (P) 

reaches 65 to 85%. The cross-section (a) of the reaction is calculated with 

_P_ 
nV 

where n is the TEA density and I the length of the path in the gas. Assuming 

a TEA density of 2.4 x 1018 m~3 within the 16 cm collision cell, the cross-section 

for the reaction is between 1.69 x 10~18 m2 and 2.21 x 10 -18 m2. The measurement 

comes with the caveat that the pressure gauge of the collision cell is a Pirani gauge 

which depends on the gas type and no calibration for TEA was found. In addition, 

the trajectory of the ion in the cell is helicoidal, not straight. The 16 cm length is 

actually a lower limit and the cross-section of the reaction can be a bit lower. 

Assuming that the TEA molecular radius is 3.2 x 10~10 m [67] and the barium 

atomic radius is 2.2 x 10~10 m [68], the hard sphere cross-section should be 9.2 x 

10~19 m2, similar to the reaction cross-section. The electron transfer seems to be 

occurring for low momentum transfer collisions since the TEA+ mass peak does not 

suffer from a broadening as large as that for Ba+ and Ba+ + as seen in Figure 5.12. 

Since the imparted energy is low, the electron transfer has to be made at large 

distances. So, it is not expected that the hard sphere cross-section would be a 

(5.9) 
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Figure 5.12: Examples of charge exchange spectra using TEA as the collision gas. 

The TEA pressure in the collision cell was less than 10 - 4 mbar for the upper plot, 

3 x 10~4 mbar for the central plot and 5.5 x 10 - 3 mbar for the lower spectrum. The 

collision voltage was set at 250 V. 
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Figure 5.13: Conversion probability as a function of TEA pressure and collision energy. 

good approximation of reality. Nevertheless, the transfer probability per collision 

is very likely to be close to 100%. In fact, TEA was actually too effective. Even 

after removing the TEA source and pumping on the collision cell, conversion of the 

B a + + to Ba + was still occurring with the appearance of trace amounts of T E A + in 

the mass spectrum. Gas lines had to be purged and cleaned with isopropyl alcohol 

to remove TEA impurities. 

From this study, two main questions are answered. B a + + can acquire an elec

tron from TEA very easily and at pressures around 10~3 to 10~2 mbar the conver

sion is effectively 100%. Furthermore, B a + + does not form molecules with TEA or 

any other contaminant present in the instrument. Nitrogen, water and methanol 

are introduced in the instrument from the source and the vacuum seals are Sim
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pie rubber o-rings, allowing even more contamination. In contrast, a Ou/3/3 decay 

experiment will be metal sealed and would have a part per billion contamination 

level. Therefore, Ba+ + to Ba+ conversion for the laser fluorescence tagging in a 

gas phase xenon 0v(3(3 decay experiment should be very efficient. 



Chapter 6 

Conclusion 

The measurement of the neutrino mass is a very difficult task, but necessary to 

increase the knowledge of the Universe. This thesis has explained that observing 

the neutrinoless double beta decay is one of the most reasonable ways to experimen

tally measure it. It can also determine the nature of neutrinos and the underlying 

physics that allows neutrinos to acquire a mass. Even with an imprecise measure

ment of the angular correlation of the two electrons, valuable information can be 

extracted. Unfortunately, the sensitivity to new physics is too low for the physics 

model considered in this thesis. Nevertheless, this technique might be more sen

sitive to other models. Regardless of the potential for new physics, electron track 

reconstruction is a clear advantage to reduce the number of background events. 

This thesis also included the description of two EXO prototypes that use xenon 

as the source of the decay. The liquid phase TPC (EXO-200) is in its commissioning 

phase. The gas phase TPC (XEP) is still under construction and will be used as a 

proof of principle experiment. No Otz/3/3 decay events will be observed with it. It 

has been shown, using simulations, that a meter size TPC would contain most of 

the 1 MeV electrons if they are generated in the centre of the detector. In addition, 

adding a lighter gas like neon or argon would smooth the track shapes and reduce 

the number of high energy gammas. 
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It has also been discussed that LIF is a very efficient technique for barium tag

ging in order to reduce the number of background events in the EXO experiment. 

Two barium ion sources were built to investigate tagging in gas. Unfortunately, 

the tagging in high pressure gas was not successful, although it was not determined 

if it is impossible. Repetitive failure of instrumentation and the development of 

new ideas to increase the efficiency of performing the tagging diverted the efforts 

to a different project. Nevertheless, some basic measurement of the barium ion 

spectroscopy were performed and valuable knowledge was acquired. 

It has been determined during the study that extracting the ion from the high 

pressure xenon volume into an ion trap should be easier than performing the tag

ging in the xenon volume. Outside the TPC, the conversion of the doubly charged 

ion to the singly charged barium ion could be done without worrying about the 

contamination of the xenon volume by the electron donor gas. The main achieve

ment of this thesis was to show that doubly charged barium ions can acquire an 

electron with nearly 100% efficiency when colliding with a TEA molecule. It has 

been demonstrated that barium ions do not form molecules with TEA. In fact, 

even in the presence of nitrogen and water vapour, doubly charged barium ion sur

vives. Finally, it was shown that an electrospray source was capable of producing 

doubly charged barium ions. 

Other research and development would be useful and will be included in future 

studies. For example, the measurement of the charge exchange using other gases, 

like xenon, could be even more appropriate for barium tagging in the context of 

the EXO experiment. Also, with a small modification of the electrospray source, 

one could measure the drift velocity of doubly charged barium in xenon at different 

pressures. It may also be possible to replace the electrospray source by a single 

barium ion source to proceed to an efficiency measurement. The mass spectrometer 

is a wonderful instrument, it already answered many questions about ion chemistry 

and should answer more in the near future. 

In light of the results described in this thesis, a complete tagging procedure 
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is likely to succeed, although the estimation of its efficiency is not possible yet. 

The current design of a barium tagging apparatus adapted to the XEP experiment 

would work as follow. When an ionizing event would be detected, a basic analysis 

of the track would provide the likelihood of the event to be a double beta decay 

event. It would also estimate the location of the barium daughter of the reaction, 

which would allow to initiate the extraction procedure through a small aperture 

by adjusting the electric field in the TPC. On the other side of the aperture, the 

xenon gas that exited the TPC would be pumped out of the tagging apparatus, 

but the barium ion would be kept in the centre of an hexapole ion trap. At the 

same time, a electron donor buffer gas like TEA would convert the doubly charge 

ion into a singly charged one, allowing the laser to initiate LIF of the barium ion 

while the ion would still be confined in the same trap. 



Appendix A 

Analysis of the hep neutrino flux 

with the Sudbury Neutrino 

Observatory 

This appendix describes the work performed at the beginning of my Ph.D. 

program. It involved skills previously acquired handling the SNO data and its 

simulation packages. The purpose of it was to investigate the hep neutrino flux, 

an analysis never performed by the SNO collaboration and it resulted in a published 

paper [69]. 

Understanding of the physics of the Sun has been expanded by the study of 

solar neutrinos which are constantly produced by the Sun. For more than three 

decades, scientists were puzzled by the discrepancy between the calculated and the 

measured neutrinos flux. Only a third of electron neutrinos produced by the Sun 

reach the Earth. SNO has been designed to solve the solar neutrino problem by 

measuring both the electron neutrino flux and the total active neutrino flux [4]. 

After a few years of data taking SNO had solved the problem by showing that 

neutrinos oscillate between all three flavours. Therefore, neutrinos produced by 

the Sun in the electron flavour could change into muon and tau flavours, which 
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were not detected by previous experiments. 

The SNO energy threshold of 5 MeV only allows the detection of neutrinos pro

duced by the 8B and the hep reactions (see Table A.l). The 8B process dominates 

over the hep by a factor close to 500, but part of the hep spectrum extends beyond 

the 8B energy endpoint as depicted in Figure A.l. Although the observation of hep 

neutrinos is challenging, there are advantages to a hep analysis. The calculation 

of the hep flux is very uncertain due to the unknown matrix elements involved in 

the hep reaction. John Bahcall wrote "I have been unable to find a reliable way 

of estimating an uncertainty in this production cross section, since the reaction 

is forbidden and the calculated value involves strong cancellation between terms 

from different sources" [70]. The current uncertainty is estimated to be 15.1% [71] 

and a hep flux measurement would be the only reasonable way to measure the 

cross section of the hep reaction. Also, since hep neutrinos are produced further 

away from the centre of the Sun than the 8B neutrinos, their path through the Sun 

is different. By measuring the difference in the survival probabilities of 8B and 

hep neutrinos (probability that ve stays a ve, Pee), it is possible to gain valuable 

information on the Sun temperature, composition and density profiles. Figure A.2 

shows the radial distribution of the production of 8B and hep neutrinos in the 

Sun according to the Solar Model of Bahcall 2000 [72]. The production location 

of 8B neutrinos depends strongly on the temperature ($(8B) oc T18) explaining 

the central location of their origin. For hep neutrinos, they depend less strongly 

on the temperature (<E»(hep) oc T3 to 6) and the 3He density increases when going 

away from the centre, with a maximum or 3He at 0.27 Rsun-

Two types of analysis were considered. If the number of events is large enough, 

one can fit the signal and background distributions. The second type of analysis 

is called a box analysis and it involves counting the number of events inside an 

energy window and comparing it with the expected number of background events. 

If the number of events is significantly higher than the background, one can extract 

a measurement, otherwise one calculates an upper limit. 
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Reaction 

8B 
hep 

Description 

8B ->• 8Be + e+ + ue 
3He + p -»• 4He + e+ + ue 

Calculated Flux 
(xlO3 cm^s" 1) 

4500 ± 720 
8.3 ±1.2 

Energy endpoint 
(MeV) 

15 
18.8 

Table A . l : The two reactions producing neutrinos that are detected by SNO with a 

description of their reaction, flux and energy endpoint. 
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Figure A . l : B and hep neutrino fluxes at the surface of the Earth. 
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Figure A.2: Radial distribution of the production of 8B and hep neutrinos in the Sun. 

After the first data taking phase of SNO (D20 phase), the collaboration decided 

to analyze the data to measure the hep neutrino flux. The box analysis which 

counts the number of events within an energy window was chosen. The details of 

the technique and the results are described in the SNO hep paper [69]. The data 

used for this analysis was the entire first phase of SNO data taking, which contains 

306.4 live days or an exposure of 0.65 ktons yr. 

The energy range selected, based on a Monte Carlo sensitivity study, was from 

14.3 MeV to 20 MeV. Figure A.3 shows the expected number of events and back

grounds as a function of energy in the data. Below the hep neutrino window, the 

main background is the 8B neutrinos and above 20 MeV, atmospheric neutrinos 

dominate the dataset. 
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Figure A.3: Simulated spectra from different components of the signal and background 

for a hep neutrino study with the SNO data. The number of events has been calibrated 

to fit the data between 6 and 12 MeV, shown as reference only. 
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A.l Systematic uncertainties 

A. 1.1 Energy resolution and energy scale 

Systematic errors in determining the hep flux are dominated by the energy 

scale and energy resolution of the SNO detector. The energy calibration was 

mainly performed with a 16N source, producing 6.13 MeV 7 rays. Extrapolating 

the calibration to 15 or 20 MeV is a major source of uncertainty in the energy 

resolution, but fortunately a second 7 ray source was used. A pT source (tritium 

absorbing a proton) producing 19.8 MeV 7 was used to probe the high energy 

region and reduce the uncertainty related to the energy scale. Finally, a third 

energy scale measurement was made using Michel electrons (electrons from the 

decay of a muon stopping in the detector). Even with these three techniques, 

the major systematic uncertainties in the hep flux measurement are the energy 

resolution and the energy scale. A miscalibration of the energy scale of the detector 

would result in an incorrect estimation of the number of 8B events and also, at a 

lower level, the number of expected hep events. 

A. 1.2 Oscillation parameters 

Another uncertainty in the number of events expected comes from the uncer

tainty in the two oscillation parameters Amf2 and tan2#i2. They each influence 

oscillations differently for 8B and hep neutrinos. Taking two different points in 

the allowed region of the oscillation plane will give two different survival proba

bility spectra. Therefore, sampling the allowed region in the oscillation plane will 

give different survival probabilities, and consequently give different fluxes for each 

neutrino flavour. Figure A.4 shows 7197 sample points of the Large Mixing An

gle region of the neutrino oscillation plane according to the allowed region from a 

global solar neutrino analysis [69]. For each sampled point, a survival probability 

for the 8B and hep neutrinos was extracted and is shown in Figures A.5. 
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Figure A.4: Oscillation parameter sampling used to extract survival probabilities shown 

in Figure A.5. 

The same analysis can be carried for 8B neutrinos and the width of the survival 

probability density plot can be measured for both hep and 8B neutrinos, and is 

shown in Figure A.6. In the hep window, the RMS of survival probabilities are of 

the order of 5% which has to be taken into account in the hep and background 

event estimation. 

A. 1.3 Neutrino cross section 

In previous SNO analyses many parameters were integrated over the 8B spec

trum. For the hep analysis these parameters had to be deconvoluted and considered 

for the whole energy range since the 8B spectrum is very different from than of the 

hep spectrum. One such parameter is the charged current (CC) to electron scat

tering (ES) cross section ratio, which is essential in the conversion of the number 

of events observed to the total neutrino flux. 

The CC cross section uncertainty comes from many sources. The first one 

comes from the ratio of the axial to vector charge of the nucleon (g^/gy)- The 
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Figure A.5: Variation of the survival probability for 8B and hep neutrinos for 7197 

oscillation parameter sets generated randomly according to the confidence region at the 

time of the publication of the SNO hep paper [69]. (a) is the survival probability for 8B 

and (b) is for hep neutrinos. 
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current value is 1.2670 ± 0.0030, which translates into a 0.5% uncertainty in the 

CC cross section calculation since the term is squared. Then, the uncertainty in 

the model itself can be accounted for by comparing the calculation of two different 

techniques. Here, NSA+ [73] and NSGK [74] are compared and in the hep window, 

the discrepancy was at most 0.6%. Finally, an uncertainty is assigned to the 

handling of the radiative corrections by the SNO simulation package. First, the 

NSA+ model already includes the radiative corrections, but more precise ones 

are available (KVM [75]). Therefore, the SNO collaboration decided to subtract 

the radiative corrections from NSA+ and add the corrections from KVM which 

reduced the uncertainty to 0.3%. Adding all uncertainties in quadrature gives a 

total uncertainty on the CC cross section of 0.9%. 

The ES cross section uncertainty was neglected in the first few SNO papers. 

For the hep analysis, a very conservative 0.5% uncertainty was assigned for the 

whole spectrum from which 0.1% comes from the theory. The main part of the 

uncertainty comes from the way radiative corrections are handled in the Monte 

Carlo simulation package of SNO. 

A. 1.4 Other uncertainties 

Many other uncertainties have been included in the analysis. The vertex recon

struction of an event, the atmospheric neutrino flux, the fit on the 8B low energy 

normalization fit and the production of a 15.1 MeV 7 from 12C decay, generated by 

neutrino interactions on oxygen are other uncertainties considered in the analysis. 

Details are included in the SNO hep paper [69], but contributions to the total 

uncertainty are small. 
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A.2 Results 

Results of the analysis are shown in Figure A.7, where the data and the expected 

background are shown as a function of energy. After integrating over the hep 

window, two events were observed while 3.1 ± 0.60 background and 0.99 ± 0.09 

hep events were expected. The confidence interval analysis was performed with 

a modified Feldman-Cousins technique [76]. The technique calculates limits with 

a Monte Carlo analysis using the probability of observing the number of events 

from a signal, including systematic uncertainties described and their correlations. 

From the number of events counted, an upper limit result was appropriate. The 

analysis showed that at a 90% confidence level, the hep neutrino flux is lower than 

2.3 x 104 cm~2s -1. This number improves the previous limit by a factor of 6.5, 

based on the Super-Kamiokande experiment, but it is still 3 times higher than the 

predicted hep flux of 8.3 x 103 cm - 2 s - 1 . 
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