Radon Background Studies for the
SuperNEMO Experiment

Fang Xie

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
of

University College London.

Department of Physics and Astronomy

University College London

10th March 2021



2

I, Fang Xie, confirm that the work presented in this thesis is my own. Where in-
formation has been derived from other sources, I confirm that this has been in-

dicated in the work.



Abstract

SuperNEMO is a neutrinoless double beta decay (0v2f) experiment, aiming to

reach a half-life sensitivity of 10

years corresponding to an effective Majorana
neutrino mass of (mgg) < 40 - 100 meV. The sensitivity target has posed a signi-
ficant challenge of radiopurity for both the detector design and the construction

process.

One of the major backgrounds of the SuperNEMO detector is due to Radon, of
which the decay daughter 2!4Bi (from ???Rn) presents a major challenge due its
high Qg values and ability to mimic a double beta decay process. Two radon
emanation chambers have been built to be used in conjunction with an elec-
trostatic detector to measure the detector components and construction mater-
ials. The chambers have been used to carry out >2Rn emanation assays for mul-
tiple samples of detector components and materials for the SuperNEMO and
LZ experiments with a sensitivity of 0.09 - 0.19 mBq at 90% Confidence Level
(C.L). The ???Rn contamination of the tracker gas is required to be less than
0.15 mBq/m3. This activity is beyond the sensitivity of current best radon de-
tectors. Therefore a “Radon Concentration Line” was designed and built at UCL.
This facility can deliver a concentrated gas sample to the detector, and for the
SuperNEMO tracker gas it can reach a sensitivity of < 5 uBq/m?® (at 90% C.L.).
Radon emanation measurements of fully instrumented SuperNEMO tracker sub-
modules have been performed showing that the challenging >Rn background

requirements have been met.
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The SuperNEMO Demonstrator sensitivity to its radon backgrounds has been
studied via Monte Carlo simulations. Using a 1ela event topology it is shown
that the 2!*Bi target contamination originated from ???Rn (4 mBq in the tracker
volume of 15 m®) can be measured with a 5% precision within 12 days of data

taking.



Impact Statement

The main impact of this work on the field of physics is the better understanding
of the background of the SuperNEMO neutrinoless double beta searching exper-

iment.

The 0v2p is a rare process forbidden by the Standard Model (SM). A 0v2( search
experiment can provide a precise measurement of the absolute neutrino mass. It
is also a powerful tool to investigate lepton number violation and the only prac-
tical way to assess the nature of the neutrinos (either they are Dirac or Majorana
particles). It can, therefore, provide unique information about the physics bey-

ond the SM.

To achieve a better sensitivity, the background of the experiment must be min-
imised and well-studied. One of the major backgrounds of the SuperNEMO de-
tector is due to radon. The UCL radon emanation measurement facility has been
developed and used to measure the ultra-low-level radon of the detector com-
ponents, construction materials and the completed quarter tracker for the Su-
perNEMO experiment. The results of radon measurements carried out by the
author are now used by the SuperNEMO collaboration to build the background
model in simulation and analysis. The facility is also used to measure samples
for other rare event searching experiment such as LZ. In analysis work of this
thesis, the SuperNEMO Demonstrator sensitivity to its radon backgrounds has
been studied via Monte Carlo simulations. The author has made some optimisa-

tion of analysis cuts which is widely used in the collaboration.
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Beyond physics, the ultra-low-level radon measurement technique developed for
this project can also be applied to other fields such as environment and geo-
graphic research on monitoring the environmental radon contamination and

making an earthquake prediction.



Acknowledgements

First and foremost, I would like to express my extreme gratitude to my super-
visor, Ruben Saakyan, without whose guidance this thesis would not have been
possible. As annoying as it may be, always knowing the answer to any question I
might pose, no matter how obscure, is undoubtedly a beneficial trait to have as a

Supervisor.

Thanks are also owed to the Chinese Scholarship Council for funding my PhD,
allowing me to pursue research in a field I love. I hope to give back to society

even more than it has invested in me.

Besides, my thanks go to David Waters and Cheryl Patrick, for much construct-
ive help on analysis techniques and radon measurements - I am sure I would
have spent a lot more time groping in the dark without this guiding influence.
Away from a computer screen and back in the real world, I am indebted to Xin
Ran Liu and Derek Attree for their technical expertise and for their patience as
I attempted to develop basic engineering skills. Without him, none of the real

'screw-driver’ physics in this thesis would have been remotely functional.

I must thank my fellow SuperNEMO collaborators, who made my four years such
a pleasure. Many thanks to my fellow PhD students and D109 inhabitants, espe-
cially Ashwin Chopra, Vincenzo Monachello, Dan Quill, Ricky Nathvani, David
Yallup, Wei Liu and Joanna Huang, without you, the process would have been
a painful one. Special thanks to Hiu Fung Wong, for your companionship and

helps throughout the four years. You are the best friend I could ask for.



Acknowledgements 8

The love and support of my family have always been a comforting presence, not
only for this PhD but for my entire life. Thank you, father, I miss you. And dear
mamma, thank you for your incredible support, for your care, for the time you
dedicated to raising me to the absolute best of your ability, and for your love.

This is for you. I love you.
To my sweetheart Ziwen Pan,

I love you for everything, for your unfailing love, for your understanding and for
your support through the toughest moments of my life. You are the best thing

that has ever happened to me.



Contents

1 Introduction 24
1.0.1 Author’s contribution . . ..................... 26

2 Neutrino Phenomenology 28
2.1 Standard ModelNeutrinos. . . .. ... ................. 28
2.1.1 DiscoveryoftheNeutrino . . ................... 28

2.1.2 TheStandardModel . ... ... ................. 29

2.1.3 Neutrino Interactions . . ... .................. 30

2.1.4 NeutrinoFlavours . ... ..................... 31

2.2 NeutrinoOscillations . . . . .. ... ... ... ... ... ....... 32
2.2.1 Oscillations Phenomenology . .. ... ............. 33

2.2.2 OscillationsinMatter . ...................... 36

2.2.3 Oscillations Parameters . . ... ... .............. 36

23 NeutrinoMass . . . . . . . . . e 37
23.1 DiracMass . . . . . . . e 38

2.3.2 MajoranaMass . .. ... ... .. ... e 39



Contents 10

2.3.3 See-SawMechanism . ... ............. .. ..... 39

2.4 Neutrino Mass Constraints From Experiments . . . . . ... ... .. 41
2.4.1 Tritium Decay Experiment . . ... ... ............ 41
242 Cosmology . .. ... ... .. ... 42
243 DoubleBetaDecay . .. ...................... 43

2.5 OutstandingQuestions . . . . . . .. .. ... .. ... 43
2.5.1 NumberofNeutrinos. . ... ... ................ 44
2.5.2 Absolute NeutrinoMass . . . ... ................ 44
2.5.3 NeutrinoMassOrdering . . . ... ... ............. 45
254 CPviolation ... ...... ... ... .. ... .. ... 46
2.5.5 DiracorMajorana . . ............. . .. ..., 46

3 Double Beta Decay 48
3.1 BetaDecay . . .. .. ... . . . e 48
3.2 Two Neutrino Double BetaDecay . ................... 49
3.3 Neutrinoless Double BetaDecay . . .. ................. 51
3.4 Nuclear MatrixElements. . . . .. ... .. ............... 55
3.4.1 InteractingShellModel .. ... ................. 55
3.4.2 Quasiparticle Random Phase Approximation . ... ... .. 56
3.4.3 InteractingBosonModel . .................... 56

3.4.4 Projected Hartree-Fock-Bogoluibov Method . . . . . ... .. 56



Contents

3.4.5 Energy Density Functional Method . ... ... ........

3.4.6 Comparison of different NME calculations . . . .. ... ...

4 Current Status of Double Decay Experiments
4.1 Detector Design Considerations . . ... ................
4.1.1 Isotopes . .. ... ... . ...
4.1.2 Radio-purity . . . . ... ... . e
4.1.3 Location . ... ... ... ...
414 Shielding . .. ...... ... ... .. ...
4.1.5 EnergyResolution .........................
4.2 Detector Technologies of Various 0v2 Experiments . . ... .. ..
4.2.1 Semiconductor Experiments . .. ... .............
4.2.2 Scintillator Experiments . . . . ... ... ... .. .......
4.2.3 Bolometer Experiments . .. ... ................
4.2.4 Time Projection Chamber Experiments . . . . ... ... ...
4.2.5 Tracker-Calorimeter Experiments . ... ... .........

4.3 Summary of the Current and Next Generation Experiments . . . . .

5 The SuperNEMO Experiment
5.1 SuperNEMO BaselineDesign . . . ... ... ..............
52 SourceFoil . ... ... .. ... ..

5.3 Tracker . . . . . . . e e



Contents 12

54 Calorimeter . . ... .. ... .. ... 79
5.5 Readout Electronics and Data Acquisition System . . . . .. ... .. 80
5.6 Shielding . . ... ... ... .. ... 81
5.6.1 RadonShielding. ... ... ... ... .. ... .. ..... 81

5.6.2 Anti-radonFactory . . ... ... ... ... Lo .. 82

5.6.3 Passive Shielding .. ........ ... ... . ... . ... . 82

5.7 General Analysis Techniques . . . ... ... .............. 83
5.7.1 The SuperNEMOsoftware . . . . . ... ... .......... 83

5.7.2 Sample Simulation and Reconstruction . . . . . ... ... .. 85

573 AlphaFinder. . ... ... .. ... . ... ... .. ... ..., 91

6 Radon and SuperNEMO Sensitivity 95
6.1 The SuperNEMO Backgrounds . . ... ................. 95
6.1.1 Internal Background . ... ... ................. 96

6.1.2 External Background . . .. ............. .. ..... 96

6.1.3 RadonBackground . . ... ........ ... ... ..... 98

6.2 ThePropertyofRadon . ... ... ... ... ... ............ 98
6.3 RadoninSuperNEMO ... .... ... ... .. ... .. .. ..... 101
6.4 Gas Flow Suppression of Radonin Tracker . .. ............ 101

7 Radon Detection 105

7.1 Electrostatic Detector . . . .. . . . . . . i 105



Contents 13

7.1.1 DetectorSignal . .. ........ ... .. ... . ... . ... 107
7.1.2 Detector Efficiency Calibration . . . . . . ... ... ...... 107
7.1.3 Detector Background and Anti-RadonBag . . . ... ... .. 111
7.1.4 AnalysisMethod . ............. ... .. ... .... 115

7.2 Sensitivity of the Radon Detector . . . . . . ... ............ 116
7.2.1 Normal Approximation .. .................... 118
7.2.2 Detector Sensitivity . . . . . ... ... o Lo 120

7.3 Emanation Chambers . ... ... ... ... .............. 122
7.3.1 Background of the Emanation Chambers . . . . ... ... .. 124
7.3.2 Radon Harbouring Hypothesis . . . .. ... .......... 126

7.4 Radon ConcentrationLine. . . ... ... ... ... .......... 126
74.1 SetupoftheRnCL.......................... 128
7.4.2 Calibration. ... ... ... ... ... .. ... . 0. 129
7.4.3 Sensitivityof RnCL . . . ... ... ... ... ... ..... 132

7.5 J-trap . . ..o e e e 134
8 Radon Emanation Measurements 137
8.1 Sample Measurements . . . . ... ... ... ... ... 137
8.1.1 Feedthrough Emanation Measurements . ... ... .. ... 138
8.1.2 AlList of Sample Emanation Measurements . ... ... ... 139

8.2 GasSystem Measurement . . . .. ... ... ... ... 140



Contents 14

8.2.1 RemovingEthanol ... ...................... 141
8.2.2 Flowthrough Measurement . . . . ... ... .......... 142
8.2.3 Spike Measurement . ... ... .... ... .. ........ 143
8.24 RnCLMeasurement . . ...................... 145
8.3 Quarter Tracker (the C-Section) Measurements . ... ........ 147
8.3.1 Measurement StartingPoint . . . ... ............. 148
83.2 Anti-radonTent . . ... ... ... ... ...... .. ..... 150
8.3.3 Procedures of the C-Section Measurement . . . . . ... ... 150
8.3.4 C-Section Activity Extracting . . .. ... ... ......... 151
8.3.5 C-Section MeasurementResults . . ............... 152

9 SuperNEMO Demonstrator Sensitivity to Radon Background Measure-

ment 154
9.1 Radon as SuperNEMO Background ... ................ 155
9.2 Radon Background Sensitivity Estimation . . ... .......... 156
9.2.1 EventTopology . ...... ... .. ... ... ... ... 156
9.2.2 Event Number Estimation . . . . ... ... ........... 158
9.2.3 ACtiVity . . . . . . 158
9.24 Samples .. ... .. ... e 159
9.2.5 Alpha Track Length Distribution . . . ... ... ........ 160
9.2.6 Pseudo-experiments . . .. . ... ... ... ... 164
9.2.7 Activity Measurement . . ... ... ..... ... ... .. 165



Contents

9.2.8 Sensitivity Dependence on the Exposure Time

10 Conclusions

Bibliography

168

171



List of Figures

2.1

2.2

2.3

2.4

2.5

2.6

3.1

3.2

3.3

3.4

3.5

3.6

The Standard Model of elementary particles . . . ... ........

Two charged current and two neutral current neutrino interactions

via which it is possible to detect neutrinos . ... ... ........

Combined LEP cross-section measurements for e e~ — hadrons

aroundthe Z%resonance . ........................
Sample spectrum for tritiumdecay . ..................
Normal and inverted mass ordering of absolute neutrino masses . .

The effective Majorana mass (mgg) as a function of the lightest

NEUriNO MASS M [jght + « v v v« v v v v v e e e e e e e e e e e

Predictions of the SEMF for an evenvalueof A. . . . . ... ... ..
Feynman diagramfor2v2g . . ... ... ... ... .. ... .....
Feynman diagram from 0v2g for the neutrino mass mechanism . .
Distribution of the sum of electron energies for 2v2 and 0v2p . . .
Feynman diagram from 0v2f using a right handed weak current . .

Angular and energy distributions for the mass mechanism and

right-handed currentsdecaymodes . . . . ... ... ... ......



List of Figures

3.7 0v2p NME for the neutrino mass mechanism, calculated with five

differentapproaches . . . . .. ... ... .. ... . . L.

4.1 Alist of the world major underground laboratories . . ... ... ..

4.2 Energy spectrum showing the results from KamLAND-Zen . . ...

5.1 Exploded view of the SuperNEMO demonstrator . ..........

5.2 Sketch of a tracker Geiger cell from transverseview . . . . . ... ..

5.3 Trackerconstruction . . . .. ... . .. . i

5.4 An optical module of the calorimeter . ... ..............

5.5 Schematic of the SuperNEMO readout electronics . . ... ... ..

5.6 SuperNEMO demonstrator module in the Anti - Radon tent and all

external shielding . . . . ... ... ... ... .. o ..

5.7 Visualisation of a simulated 2v2( event in the SuperNEMO demon-

strator fromthetopview. . . . ... ... ... . L Lo ..

5.8 Visualisation of 2v2f event from the top view, with information

from the Calibrated Databank . . ... ... . ... ... .......

5.9 SuperNEMO software pipeline . . ... .................

5.10 Visualisation of a 2v2f event from the top view, with information

from the Tracker Clustering Databank . ... ... ..........

5.11 Visualisation of a 2v2( event from the top view, with information

from the Track Trajectory Databank . . . . . ... ... ........

5.12 Visualisation of a 2v2f event from the top view, with information

from the Particle Track Databank . .. ... .. ... .........

17



List of Figures 18

5.13 A sketch of particle topologies in the SuperNEMO detector . . . . . 92
5.14 Visualisation of a 1ela event where the «a hits 3 trackercells. . . . . 93
5.15 Visualisation of a 1ela event where the a hits 2 trackercells. . . . . 94

5.16 Visualisation of a 1ela event where the « hits only one tracker cells 94

6.1 Three dominant processes via the f-decay isotope contamination

inthesourcefoil. . . . . . . . . . . .. ... 97

6.2 Three dominant processes of production of two electrons from an

external particle interactinng with the sourcefoil . . . ... ... .. 97
6.3 Decaychainof28Uand®Th . ..................... 99
6.4 The simplified decay scheme for the decay of 2Bi . ... ... ... 99
6.5 The simplified decay scheme for the decay of 2°8T1 . ... ... ... 100

6.6 SuperNEMO sensitivity as a function of exposure for different

radon activities inside the tracker . . . ... ... ... ... ..... 102
6.7 The radon suppression factor as a function of gas flowrate . . . . . 104
7.1 The electrostatic detector and its schematic . ... .......... 106
7.2 Response of the DAQ system for various input frequencies . . . .. 108

7.3 The energy spectrum during the detector detection efficiency cal-

ibrationrun . . .. . . . .. e 109

7.4 Eventrates of >1*Po and ?'8Po during the spike method detector de-

tection efficiency calibrationrun . . . . . ... ... ... .o L. 110

7.5 The energy spectrum during a typical low-activity measurement . . 111



List of Figures 19

7.6 Event rates of 21*Po and ?!8Po during a typical detector background

7.7 Electrostatic detector background (left). B is the background rate
in the detector. The environmental radon level measured by RAD7

during the last six days (right). A is the detected radon progeny

(1Po) activityinRAD7. . . . . . . 114
7.8 Radon detector housed in the anti-radonbag ... .... ... ... 114
7.9 The four types of events identified at the filtering stage . . . . . . .. 116

7.10 A typical signal event (black) with the pulse fitting function (red)

superimposed . . . . . ... e e e 117

7.11 Probability distributions for signal and signal-and-background hy-

potheses . . . . . . . . .. 118

7.12 Activities of different isotopes in the ??2Rn decay chain with respect
to time after introducing 1 mBq of ???Rn into a detector with 0.1

mBqgbackground . ... ... ... .. o 121

7.13 MDA for the electrostatic detector as a function of the measure-

menttime . ... ..... ... ... e 122
7.14 The second emanation chamber fully assembled at MSSL. . . . . . . 123
7.15 Schematic of the gas line with the emanation chamber connected . 123

7.16 Eventrates of 214Po and 2!8Po during the background measurement

ofthesecondchamber . . . . . . .. ... ... .. .. . . . . .. ... 125
7.17 Three Black Mumba Measurement Results . . . . ... ... .. ... 127

7.18 The setup of Radon Concentration Line inreal-life . . ... ... .. 129



List of Figures 20

7.19 Schematic diagram of the setup during a flowthrough calibration of
theRnC . . . .. .. .. 131

7.20 Typical 2'*Po rates measured in the detector during the trapping

stage of the RnCL flowthrough calibration measurement. . . . . . . 131

7.21 Typical ?*Po rates measured in the detector during the trapping

and transfer stage of the RnCL flowthrough calibration measurement132

7.22 Radon activity inside the carbon trap during the flowthrough calib-
rationof RnCL . . . . . ... ... . ... . 133

7.23 Calibration results of trapping efficiency and the trapping and

transfer efficiency (blue) ofthe RnCL . . . .. ... .. .. ...... 133
7.24 The Sensitivity (MDA) of RnCL for the C-Section measurement . . . 134
7.25 The schematic of the J-trap developed at CPPM . . . . ... ... .. 135
8.1 The insertion of feedthroughs into the emanation chamber . . . . . 138

8.2 Event rates of 214Po during the first feedthrough radon emanation

mMeasurement . . . . . . . . v v v i e e e e e e e e e e e e e e e e 139

8.3 Event rates of 214Po during the second feedthrough radon emana-

tionmeasuremen . . . . . ... ... ... 140
8.4 Thegassysteminreal-life . . ... ........ ... ......... 141

8.5 Event rates of 2!*Po during the radon emanation measurement of

the gas system using the flowthroughmethod . . ... .. ... ... 143

8.6 Event rates of 2*Po and ?'®Po during the spike method radon em-

anation measurement of the gassystem. . . . . . ... ... ... .. 144

8.7 The system setup for the RnCL method measurement of the gas sys-



List of Figures

8.8 A C-Section (quarter tracker) under construction in the cleanroom

labat MSSL . . . . . . e e

8.9 Activity inside the C-Section whilst flushing at 14 lpm prior to the

radon measurement . . . . . . . ... ...t et
8.10 C2 in the annti-radon tent during the measurement . ... ... ..

8.11 Results from the radon emanation measurements of the completed

9.1 Betadecayof?“Biand?®Tl. . ......................

9.2 An event on the first layer of tracker was extrapolated to the foil

during reconstruction . . ... .. ... ... Lo L.
9.3 The alpha track length distributions of three components . . . . . .
9.4 Fitofapseudo-experiment . ... ... .................
9.5 Distribution of the 2'Bi activities . ... ................

9.6 Relative error on the radon content measurement in the Super-
NEMO tracker as a function of the exposure (measurement time)

using lela channel for the case of a 25 Gauss magnetic field

9.7 Relative error on the radon content measurement in the Super-
NEMO tracker as a function of the exposure (measurement time)

using lela channel for the case of no magnetic field . . .. ... ..

21

. 167



List of Tables

2.1

2.2

2.3

4.1

4.2

4.3

7.1

7.2

7.3

Current best estimates for neutrino mixing parameters from a

globalfit . ... ... ... . . . . e 37

Experiments contributing to the present determination of the os-

cillation parameters . . ... ... ... .. ... ... .. 37

Unknown properties of the neutrino that can be observed using the

four main experimental technique . . . . . . ... ... ... ..... 44
Details of isotopes commonly used in 0v2( experiments . . . . . . . 62
Summary of current 0v2 experiments . . .. ... ... ....... 74
Summary of future Ov2f experiments . . . . ... ... ........ 75

The results of the last three spike method detection efficiency cal-

ibrations . . . . . . . . e e e e 109

Electrostatic radon detector detection efficiency calibration results

using different carriergases . . . . ... ... ... oL 111

Measurements of gas cylinders of helium and nitrogen . . . . . . .. 136



8.1

8.2

9.1

9.2

9.3

94

9.5

9.6

9.7

List of Tables

The results of radon emanation measurements from detector com-
ponents and construction materials of SuperNEMO and the LZ ex-

periment . . . ... .. ... e e e e e e e e

Summary of C-Section Measurementresult . .............

214Bj and 2%8T] activities in the detectorregion . . . . . ........

lela channel cut flow of the selection efficiency for 25 Gauss mag-

netic field Tracker ?4Bi from sourcebulk . . .. ... .........

lela channel cut flow of the selection efficiency for 25 Gauss mag-

netic field Tracker 2*Bi from source surface . .............

lela channel cut flow of the selection efficiency for 25 Gauss mag-

netic field Tracker '4Bi from field wire surface . . . . ... ......

lela channel cut flow of the selection efficiency for no magnetic

field Tracker 2*Bi from sourcebulk . ... .. .. ... ... .....

lela channel cut flow of the selection efficiency for no magnetic

field Tracker 2'*Bi from source surface . . . . . . . . . .. ... ...

lela channel cut flow of the selection efficiency for no magnetic

field Tracker 2'*Bi from field wire surface . . .. ... .........

23



Chapter 1

Introduction

For many years, the Standard Model (SM) of particle physics has been the most
successful theory of elementary particle physics and tested precisely. The discov-

ery of Higgs Boson has further validated it.

However, in the neutrino sector, many repeated experimental observations of
neutrino oscillations, where neutrinos change from one flavour to another, in-
dicate that the SM can not tell the full story. The flavour mixing and the associ-
ated non-zero mass is not unambiguously incorporated in the SM, thus leading
to physics beyond the SM. Neutrino oscillation experiments cannot answer all
the questions about the properties of neutrinos, such as the absolute mass and

the origin of the neutrino mass.

Neutrinos can be either Dirac or Majorana fermions due to neutrinos carrying
no electric charge. If neutrinos are Dirac particles, their anti-particles would be
distinctive; however, if neutrinos are Majorana particles, they would be the anti-
particles of themselves. Neutrinoless double beta decay (0v2p) is the only prac-
tical way of studying neutrinos’ Dirac or Majorana nature. In this hypothesised
process, two double beta decays happen simultaneously, emitting two electrons
without accompanying neutrinos; thus, it is forbidden in the SM due to lepton
number violation. The observation of the process can confirm neutrinos are

Majorana particles, and its decay rate can be used to extract the absolute mass
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(model dependent) of neutrino.

The SuperNEMO experiment is an ultra-low-background tracker-calorimeter ex-
periment designed to search for (0v2[) decay of various isotopes with a capabil-
ity to reach half-life sensitivity of 10%® years corresponding to an effective Major-

ana neutrino mass of (mgg) < 40 -100 meV.

This design allows one to measure the energy of the particles with the calor-
imeter, as well as to reconstruct the trajectory of the charged particles with
the tracker. This unique technique provides a powerful background rejection
through the 3D topology of each event. In addition, it can shed light on the
mechanism behind lepton number violation in 0v2f due to its unique ability
to provide information on the individual electrons’ energy spectra and their an-
gular distribution. The first module, SuperNEMO Demonstrator, contains 7 kg
of source isotope 82Se. Other isotopes, such as '°’Mo, are also considered for
the future. Importantly, because the source and the detector are separated, this

technology allows many different isotopes to be investigated.

The background is one of the main concerns for a rare events search experi-
ment, such as searching for the 0v2f decay. Radon as a radioactive gas from
the Uranium (U) and Thorium (Th) decay series, can enter the detector by diffu-
sion, emanation, and contamination, and thus provide a significant background
to searching for the 0v2 decay as their progenies 2'Bi and 2°Tl undergo S de-

cays with high Qg values, that are sufficiently large to mimic a 0v2f decay.

All detector components and construction materials are screened and selected
using techniques such as radon emanation measurement, HPGe gamma ray
spectroscopy, and mass spectrometry. This screening can not only help to mon-
itor the radiopurity of the materials but also offer a better understanding of the
background contribution from different parts of the detector. The measured
activities can be fed into the simulations to estimate the number of expected

background events during the measurement.
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All rare-event searching experiments, including double beta decay and direct
dark matter searching experiments require such techniques. The SuperNEMO
experiment is aiming to achieve a zero background regime in the region of in-
terest, which requires the radon level inside the detector need to be less than 150
mBq/m3. To address these challenges a dedicated radon detector and a radon
concentration line (RnCL) have been developed and deployed for radiopurity as-

says at UCL.

The demonstrator sensitivity to its radon background in the tracker has been
studied. Analysis tools have been developed to allow the identification of event
topologies. Specific topologies and variables are chosen to optimise the meas-
urement of the main background. These variables are used to fit background
contributions in a large number of pseudo-experiments in order to estimate the

statistical and systematic uncertainties of different exposure times.

1.0.1 Author’s contribution

Radon detector:

* Measurements of detector efficiency and background.

e Commissioning of an upgraded Radon detector.

Reducing detector background by a factor of 3 with a dedicated system of

nitrogen purging.

Updating and maintaining the data acquisition system.

Radon concentration line:

* Measurements of the trapping and transfer efficiencies of the system.

* Designing a new RnCL to measure radon emanation under cryogenic tem-

perature.
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Radon emanation chambers:
e Assembly, test and commissioning of the second radon emanation cham-
ber.

e Measurements of the intrinsic background of the second radon emanation

chamber.

 Cross-calibration with other institutions using Viton rings.

Radon measurements:

¢ The third quarter-sections of the SuperNEMO tracker.
* SuperNEMO gas mixing and delivery system.
e Radon emanation measurements of components and materials for the Su-

perNEMO and LZ experiments.

Radon background Monte Carlo studies with the SuperNEMO Demonstrator de-

tector:

 Tracker radon background sensitivity estimation via 1ela topology.

* Optimisation of analysis cuts.

Presentation of the collaboration’s work at Neutrino2018 (poster), [OP2018 (talk),
NuPhys2016 (poster).



Chapter 2

Neutrino Phenomenology

2.1 Standard Model Neutrinos

2.1.1 Discovery of the Neutrino

In 1930, Pauli hypothesised an additional particle named the neutron, as "a des-
perate remedy" to conserve energy, momentum, and spin [1] to solve the con-
tinuous electron energy spectrum of beta decay which was firstly observed in
1914. The particle was renamed as the neutrino by Fermi [2] in 1933 to avoid
confusion with a recently discovered particle by Chadwick. Bethe and Peierls ex-
panded Pauli’s theory and showed that this new particle interacts very weakly [3].
Due to this property, the existence of the neutrino was not experimentally con-
firmed for over a quarter-century until 1956 when Reines and Cowan [4] first ob-
served inverse beta decay at the Savannah River nuclear reactor, using two large
tanks of water doped with cadmium chloride sandwiched between scintillator

tanks, which gave a unique signature of an anti-neutrino interaction.

V+p—n+e® 2.1

Later in 1959, Davis and Harmer [5] looked for a similar reaction using anti-
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neutrinos and found that it does not occur, which indicated that the neutrino

and anti-neutrino are different particles.

v+n-»p+e (2.2)

According to a rule introduced by Konopinski and Mahmoud in 1953 [6], the
lepton number for the electron, the muon, the tau, and the neutrino is L = +1,
and the lepton number for the corresponding antiparticle is L = —1. In 1957,
Goldhaber’s experiment established neutrino helicity [7], resulting in the discov-
ery that neutrinos are left-handed (LH) while anti-neutrinos are right handed
(RH). Therefore, two properties can be used to distinguish neutrinos and anti-

neutrinos: lepton number and the helicity.

2.1.2 The Standard Model

The Standard Model (SM) of particle physics is a theory describing interactions
of all three types of elementary particles, including leptons, quarks, and their
mediators, as shown in Figure 2.1. These elementary particles are classified as

either fermions or bosons by spin.

Fermions are elementary particles with spin 1/2. In the SM, there are 12 kinds of
fermions, each with an associated antiparticle (see Figure 1.1). According to their
interaction, these fermions are composed into two sectors: leptons and quarks,
which both can be classified into three generations. All the six leptons interact
through the weak force and the three charged leptons, electron, muon and tau,

interact through the electromagnetic force as well.

Particles with integer spin are bosons. There are three forces in the SM, and each
of them has an associated elementary boson that mediates the interactions: the
strong force is mediated by the gluon, the electromagnetic force is mediated by
the photon, and the weak force is mediated by W*, W™ and Z. The Higgs Boson

is a massive boson with no intrinsic spin, which can explain the mass generation
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Figure 2.1: The Standard Model of elementary particles [8].

mechanism for bosons and fermions. The confirmation of the existence of Higgs

Boson has completed the SM [9].

2.1.3 Neutrino Interactions

In the SM, neutrinos can interact only via the weak force, either through Charged
Current (CC) interactions with the exchange of a W* boson, or Neutral Current

(NC) interactions involving the exchange of Z° boson, as shown in Figure 2.2.

To observe these interactions, considerably large-scale detectors are required as
the cross-sections are extremely small. In neutrino detectors, neutrinos scatter
off nucleons or atomic electrons, and can therefore be detected through the re-
coil (or disintegration) of the target. For CC interactions, the outgoing lepton may
also be observed, such that the flavour of the incoming neutrino can be determ-

ined.
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Figure 2.2: Two charged current and two neutral current neutrino interactions via which
it is possible to detect neutrinos. [ is a lepton, and « is the flavour of the
lepton which can be an electron, muon, or tau particle.

2.1.4 Neutrino Flavours

It was first experimentally confirmed that there was more than one flavour of
the neutrino in 1962. A research group from Brookhaven National Laboratory
observed the unambiguous signature of a CC interaction with an outgoing muon
[10]. However, it was not until 2000 when the DOUNT collaboration reported the

direct detection of the third flavour of neutrino, v;.

To date, three generations of neutrinos have been directly detected, v, v, and vy,
corresponding to three generations of charged leptons e, yu and 7. The number
of active light neutrinos has been studied by four experiments at the LEP collider

[11]. By measuring the width of Z° decay, the combined results from the four
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experiments show there are only three generations of neutrinos, as shown in Fig-

ure 2.3. However, the study is not sensitive to the sterile neutrinos, which are
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Figure 2.3: Combined LEP cross-section measurements for e*e~ — hadrons around
the Z° resonance. N, =3 is clearly favoured [11].

hypothetical particles not included in the SM [11].

2.2 Neutrino Oscillations

Bahcall proposed a complete solar model to quantify the energy radiated from
various fusion reactions occurring in the sun, including the energy carried by
neutrinos. To validate the solar model proposed by J. Bahcall, the Homestake
experiment led by American chemist Ray Davis measured neutrinos from the

sun, using 100,000 gallons of cleaning perchloroethylene fluid. The detector was



2.2. Neutrino Oscillations 33

only sensitive to the CC interaction of electron neutrinos (Figure 2.2(c)). Their
first results published in 1968 [12] were surprising in that the number of detec-
ted neutrinos were only one-third of the theoretical prediction, which became
known as the "solar neutrino problem". In the following 30 years, about 2,000

solar neutrinos have been detected, but the conclusion remained unchanged.

There were many explanations for this, and one of the explanations was that the
solar neutrinos oscillate. In this scenario, the v, from the sun become v, and
vz. However, due to the relatively low energy of solar neutrino, it is not sufficient
to produce p or 7 in the final state. Thus the Homestake experiment was only

sensitive to v,.

The theory was first postulated by Pontecorvo, that neutrinos are not massless
and as such could oscillate between different flavours [13, 14]. It was then further

extended by Maki, Nakagawa, Sakata in 1962 [15].

It was not until 2001, when the Sudbury Neutrino Observatory (SNO) measured
the solar neutrino flux in both the CC and NC channels [16] to obtain evidence of
the disappearance of electron neutrinos, that the "solar neutrino problem" was
finally solved. Their results showed that the number of detected neutrinos was
consistent with Bahcall’s solar models. The Kamiokande experiment performed
the measurement of the solar neutrino flux independently. It also measured a
significantly lower incoming solar neutrino flux, compared to the predicted value

[17].

2.2.1 Oscillations Phenomenology

The reason why neutrinos oscillate is that neutrinos produced by weak interac-
tions are not mass eigenstates. For neutrinos, the flavours are v,, Vi V1o and
the mass eigenstates are vy, va, v3. The neutrino flavour eigenstate |v,) un-
der weak interaction can be expressed as a linear superposition of the neutrino

mass eigenstates |v;). The relationship between them can be described by the
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Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, U, which is a unitary matrix

similar to the Cabibo-Kobayashi-Masukawa (CKM) matrix for quarks:

[Va) = ZUa*i lvi), (2.3)
i
Atmospheric Cross-mixing Solar
1 0 0 C13 0 8136_i5 ci2 S12 0
u=1o0 C23  S§23 0 1 0 —-s12 ¢ci2 O Dy, (2.4)
0 —3823 C23 —Slgei(S 0 C13 0 0 1

where c;j = cosb;j, s;j =sinf;;, 0;; is a mixing angle which defines the degree of
mixing between mass states i and j, and ¢ is the CP-violating phase. All mixing
angles 0;; have been determined experimentally in the reactor and accelerator
experiments. The last measured parameter, 0,3, has a non-zero value, thus gives

access to the neutrino CP-violating phase.

Furthermore, if the neutrino is a Majorana particle, the additional Majorana CP-

violating phases ¢; and ¢, are included in the diagonal matrix D y;:

e 0 0
Dy=| 0 €2 0. (2.5)
0 0 1

The evolution of a mass eigenstate |v;) over space and time obeys the

Schrodinger equation, such that, in natural units:

lvi()) = e EPil 1y ), (2.6)

where tis time, and E; and p; refer to the energy and momentum of neutrinos in

the lab frame. Assuming that the mass of neutrinos is negligible compared to the
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energy, and t = L:
2

m:
Ei:\/Pi2+m§=Pi+2—l;, 2.7)
1

and therefore:

vi(8) = e 102001 |y (). 2.8)

Considering E = p for a relativistic neutrino of flavour, the equation of propaga-

tion becomes:

—i(m? x —i(m?
Va(L)) = Y Uaie™ "0 viy = 3 UaiUgie™ "0 vg). (2.9)
i i,B

If we then consider a neutrino flavour transition from «a to §, the transition amp-

litude can be written in terms of the distance travelled:

Ala — p)(L) =Y UgiUpye” Mil2PL, (2.10)
Lp

Thus the probability of transition can be written as:

2
P(a— B)(L) = |Ala— BW)[* = |3 UgiUp;e "2DL| (2.11)
Lp

Considering a simplified two neutrino case, in a vacuum, the probability of a

neutrino changing from flavour « to f is given by:

, 1.27L
2 20y (2.12)

P(a— B)(I) = sin®(20;)sin*(Ams; -

2
ij

between the two neutrino mass eigenstates |v;) and |v j> and is defined as:

where Lis in km, E is in GeV, Am; is in eV, and Am . is the mass mixing splitting

Am2. = m? — m2. (2.13)
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Therefore, the probability of oscillation is determined by the parameters in the
. . . . o1 2

PMNS matrix and mass splittings. Since the probability depends only on Am I

measuring the oscillations parameters does not give an answer to the absolute

neutrino mass.

2.2.2 Oscillations in Matter

All neutrino flavours can interact with matter (protons, neutrons and electrons)
through the NC interaction, this is identical for all flavours and so would not af-
fect the oscillation probabilities between them. However, v, interact with elec-
trons in matter via the CC interaction, exchanging W*. This effect, known as
the Mikheyev-Smirnov-Wolfenstein (MSW) effect, is proportional to the electron
density and the energy of the neutrino and modifies the expression for the neut-

rino oscillation probability [18].

2.2.3 Oscillations Parameters

In the past few decades, flavour oscillations of solar, atmospheric, reactor, and
accelerator neutrinos have been studied to determine the value of the PMNS
matrices parameters. The latest best-fit limits of the three mixing angles and two

mass-squared differences are summarised in Table 2.2.

The neutrino oscillation experiments are only sensitive to the squared mass dif-
ferences (Am? ;= Am? — Amlg). Current oscillation experiments have measured
two of the squared mass differences, Am3, and Am3,. As a consequence, there
are two possible mass ordering status: the normal ordering (NO, Am§1 > 0) and
the inverse ordering (IO, Am§1 <0), see Section 2.5.3. The PMNS mixing matrix
also contains at least one CP-violating phase, see Section 2.5.4, and there will be
two more if neutrinos are Majorana fermions. The Dirac CP-violating phase can

be measured by accelerator experiments or atmospheric experiments.
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Parameter Ordering Best-fit 3o range

sin®012/10"!  Normal/Inverse  3.10 2.75 - 3.50

sin?6,3/107! Normal 5.58 4.27 - 6.09
sin®6@,3/107! Inverse 5.63 4.30-6.12
sin?013/1072 Normal 2.241  2.046 - 2.440
sin?0;3/1072 Inverse 2.261  2.066 - 2.461

Ams5,/107°eV? Normal/Inverse  7.39 6.79 - 8.01
Am3,/103eV? Normal 2.449  2.358-2.544
Am3,/1073eV? Inverse 2.509  2.603 2.416

Table 2.1: Current best estimates for neutrino mixing parameters from a global fit [19],
Am? defined as m3 — (m? + m3)/2 [20].

Experiment Dominant Important
Solar Experiments 012 Am3,, 013
Reactor long baseline (LBL) Am%1 012, 013
Reactor medium baseline (MBL) Amgl, Amgz
Atmospheric Experiments Am%l , Amgz, 013, 6cp
Accel LBL v, v,, Disapp Amgl, Amgz, 0,3
Accel LBL v,, v, App Ocp 013, 023

Table 2.2: Experiments contributing to the present determination of the oscillation para-
meters [20].

2.3 Neutrino Mass

The observation of the neutrino oscillation has provided clear evidence that
neutrinos have non-zero mass. Several attempts on extending the SM to include
the neutrino mass have been studied. Two distinct mass terms were considered
for addition to the SM, depending on the nature of neutrinos. The first one is the
Dirac mass term, where the neutrino is treated as a Dirac particle, the same as
other SM fermions. The second is the Majorana mass term, where the neutrino

is regarded as its own antiparticle. A combination of both Dirac and Majorana
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mass is also considered.

2.3.1 Dirac Mass

In the SM, neutrinos are all LH particles, which interact weakly. To allow a
massive neutrino, the RH neutrino can be added to the SM as an extension, which

is sterile since experiments show it does not participate in the weak interaction.

Similar to the way that other charged leptons and quarks acquire mass in the SM,
via the introduction of the RH field, the Dirac neutrino mass term can be added

through the coupling of LH and RH fields with the Higgs field.

Although the minimum extension to the SM is introducing only one RH field, it is
more natural to include three RH field singlets v, g, vy, g and v, g corresponding

the three generations.

The Lagrangian for a massive Dirac neutrino in the simplified, single-flavour case
is:

1 _ _
Lp = —5 ™MD (Vivr +Vgvy) +h.c.. (2.14)

where mp is a constant mass term that represents the Yukawa coupling between
the neutrino and Higgs fields, and h.c. is the Hermitian conjugate of the first two
terms. The neutrino and anti-neutrino fermionic field are both composed of two
chiral fields:

V=v[+VR,V=V[+Vg. (2.15)

Here, neutrinos and anti-neutrinos are fundamentally different particles. This
method seems like a small and natural extension to the SM; however, several
drawbacks arise. Firstly, it introduces a sterile neutrino which cannot be directly
experimentally detected. Secondly, it does not answer why the Higgs-neutrino
Yukawa coupling needs to be extremely small. The coupling constant will be
< 107'2, corresponding to the neutrino mass < 1 eV, which is > 10° times lower

than the coupling constant for 7, and > 10° times smaller than the one for e.
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2.3.2 Majorana Mass

It is possible to form a non-zero mass term by charge-conjugating the RH field
and contracting it with itself, as the neutrino is neutral and it does not need to
conserve charge. In 1936, Ettore Majorana proposed a new type of mass term,
known as Majorana mass [21], in which the two chiral fields v; and vy are con-
sidered to be non-independent. The charge conjugation is the same as the arbit-

rary phase as:

Ve =Cvr = iy*vp, (2.16)

where Cis the charge conjugation operator. In the Majorana case, only two of the
four components in the Dirac case are needed, and Majorana neutrino is its own
anti-neutrino:

v:vL+vf,vC:v. (2.17)

The Lagrangian for the Majorana neutrino is:

1

Ly = —EmRv%vR+h.c., (2.18)
where mp is a constant Majorana mass term and h.c. is the Hermitian conjugate.
It should be noted that in the Equation 2.18, lepton number is not conserved
as the incoming neutrino is destroyed and an outgoing anti-neutrino is created.
Thus, the existence of Majorana mass term implies lepton number violation, in-

cluding neutrinoless double beta decay.

2.3.3 See-Saw Mechanism

It is possible to bring Dirac and Majorana descriptions together to explain the

small mass of neutrinos, where the Lagrangian is:
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Lyvip=ZLp+ZLy

1 _ _ 1 —
= _EmD (VLVR +VRVL) - szV%VR +h.c.

(2.19)
1 — vi
=—=\vr ¢ M +h.c.,
Lo e
where ./ is given by:
0 m
M = 1. (2.20)
mp mp

It should be noted that the neutrino states in Equation 2.19 are weak eigenstates
rather than mass eigenstates which can be found by diagonalising the .#. The

eigenvalues of ./ can be derived from Equation 2.20:

+4m?2,. (2.21)

N =

my2 =

Since the SM does not have any requirement on the value of the right-hand Ma-
jorana term, mp can be very large, where mp > myp. In this scenario, the two

reduced eigenstates are:

m) = Mg,

m,zg (2.22)
my = —.

meg

Note that if the neutrino of mass m; is heavy, then the mass of the other neutrino
my is very light due to the suppression factor mLR This is known as the See-Saw
Mechanism [22]. It can answer the question of why the neutrino is much lighter
than other charged leptons. Assuming that the Dirac mass is ~ 1 GeV, in the same
range with the other charged leptons, and the right-hand Majorana mass term
is at the scale of Grand Unification Theory (~ 10'® GeV), then the mass of the

light neutrino is in the meV scale, as it is observed. The See-Saw Mechanism
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introduces a very heavy neutrino, and CP violations in the decay of this heavy
neutrino in the early universe could explain the matter-antimatter asymmetry

[23].

2.4 Neutrino Mass Constraints From Experiments

There are mainly four types of experiments that offer information about neutrino
mass. Tritium Decay, 0vfBf, and cosmological models can measure the abso-
lute neutrino mass, while neutrino oscillation experiments can only measure the
squared mass differences. Through the precise measurement of |Am§3|, which is
the largest mass splitting, a lower limit on the heaviest neutrino can be set as >

0.06 eV ( |Am§3 ), since the lightest neutrino cannot be less than zero [24].

2.4.1 Tritium Decay Experiment

Tritium Decay is one of the standard methods to measure the mass of the elec-
tron neutrino by measuring the end point of the beta decay spectrum with high

energy resolution. The underlying mechanism for this decay is:

SH-3He+e +7v,. (2.23)

The maximum allowable energy for the electron from the decay kinematics,
called the end point, is Qg, and it equals the difference of masses between SH
and 3He + e~ at rest. However, if the neutrino mass has a non-zero value, the
curve of the energy spectrum will be affected slightly. In addition, the Qg will be

reduced by the neutrino mass, as shown in Figure 2.4.

This kind of direct measurement is challenging due to the very small neutrino
mass. The number of electrons near the end point of the spectrum is small, so the
statistical error will be large. As well as this, the energy resolution of the detector

should be excellent. However, the advantage of a direct measurement is obvious
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Figure 2.4: Sample spectrum for tritium decay, showing exaggerated distortion in the
high energy tail due to a neutrino mass [25]

that it only relies on energy and momentum conservation to extract (mg), and
thus the result is model independent. The KATRIN experiment, which started
data taking in 2018, aims to reach a sensitivity of 200 meV at 90% confidence level
(C.L.). It has produced the first result of < 1.1 eV, which improved the previous *H

constraint by a factor of 2 [26].

2.4.2 Cosmology

The analysis of the cosmic background (CMB) and its anisotropies has also made
it possible to constrain the mass of neutrinos. A large number of photons gener-
ated in the Big Bang were left behind after the end of the Great Thermal Explo-
sion, which red-shifted and cooled as the universe expanded, forming the Cos-
mic Microwave Background (CMB) radiation we observe today. Similarly, a large
number of neutrinos produced during the Big Bang were also left behind, creat-
ing a Cosmic Neutrino Background (CNB). This background has not been detec-

ted so far, but it is possible to measure it indirectly using cosmological observa-
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tion data. The combined analysis of the anisotropy of the cosmic background
(CMB), baryon acoustic oscillations, and large scale structure formation have
also made it possible to constrain the mass of neutrinos, although it is heavily
dependent on cosmological models. The current best limits are ) m; < 0.11 eV

at 95% C.L. [27].

2.4.3 Double Beta Decay

Double beta decay is a rare process of weak interaction, involving two beta de-
cays in one nucleus at the same time. It occurs only when the single beta decay
is forbidden from the energetic point of view. The two-neutrino double beta de-
cay (2vpp) is allowed by the SM and has already been observed for several nuc-
lei. However, neutrinoless double beta decay (0vp) is prohibited by the SM be-
cause it violates leptonic number conservation. If neutrinos are indeed Majorana

particles, 0v is sensitive to the effective Majorana neutrino mass, (mgg):
. (2.24)

(mpp) = |2 Ugimi
1

The current best limit of (mgp) is < 61 —165 meV, given by the combined analysis
of Kamland-Zen and the EXO experiment in 3¢Xe [28]. More details about 0v5

will be discussed in Chapter 3.

2.5 OQOutstanding Questions

Since the discovery of neutrino oscillations, significant progress has been made
in neutrino physics. However, there are still many outstanding questions left for
current and next generation oscillation experiments, double beta decay experi-
ments, cosmology, and beta decay experiments to solve. The unresolved prob-
lems of the neutrino and the corresponding experimental techniques for solving

these are summarised in Table 2.3.
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Property Oscillation Cosmology p-decay 0vpp
Number of Neutrinos v v
Absolute Mass v v v
Mass Ordering v v
Dirac or Majorana v
Dirac CP-violation v
Majorana CP-violation v

Table 2.3: Unknown properties of the neutrino that can be observed using the four main
experimental techniques.

2.5.1 Number of Neutrinos

Three generations of light neutrinos (v,, v, and v;) have been detected, as dis-
cussed in Section 2.1.4. However, there is still the possibility of one or more
sterile neutrinos. The results from the short baseline (SBL) experiments such
as LSND and MiniBoone show some hints of the existence of an eV-range sterile
neutrino and some cosmological results favour the keV-range sterile neutrino. So
far, there is no definitive evidence confirming or refuting the existence of sterile
neutrino with sufficient confidence, thus it is left to the next generation of short

baseline neutrino oscillation experiments to answer [29].

2.5.2 Absolute Neutrino Mass

The current and next generation of direct measurements, such as KATRIN, and
cosmology experiments are working on determining the absolute neutrino mass.
In the next few years, if the neutrino is Majorana particle, 0v3 experiments will
also be able to provide information about the neutrino mass down to 30 meV. In
the meantime, cosmology, and direct measurement such as KATRIN will con-
tinue. An unrealistically large-scale spectrometer would be required to reach
a better sensitivity for the KATRIN experiment; thus it will be a real technical

challenge to surpass the current limit of 0.2 eV in the near future. There are
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Figure 2.5: A representation showing the "normal" and "inverted" mass ordering of ab-
solute neutrino masses [31].

other ideas on determining the electron energy precisely, such as Project-8 which
measures the frequency of cyclotron radiation emission from single electrons

[30].

2.5.3 Neutrino Mass Ordering

Oscillation experiments have confirmed that m; < m; through precise measure-
ments of the Amfz. But there are still two possibilities whether m; < my < mg3
known as normal ordering (NO) or m3 < m; < my known as the inverted order-
ing (I0), shown in Figure 2.5. Thus the neutrino mass ordering remains an open
question to be solved. The current and next generation of neutrino oscillation
experiments will measure the sign of Am§2 to determine the neutrino mass or-

dering.

A 0vBp search is dependent on the neutrino mass ordering, because the decay
rate depends on the effective Majorana mass (mgg) which can be expressed as
a function of the lightest neutrino mass my;¢,, see Figure 2.6. The two distinct
bands are for the normal and inverted mass ordering. The width of each band is

determined by the uncertainty over the CP-violating phases.



2.5. Outstanding Questions 46

Excluded by KamLLAND-Zen,
GERDA, EX0-200, CUORE

0.1F

INVERTED

(mgg) / eV

0.01F

0.001

0.00001 0.0001 0.001 0.01 0.1 1
Miie / eV

Figure 2.6: The effective Majorana mass (mgg) as a function of the lightest neutrino
mass my; g, with best fit values with 20 errors of the oscillation parameters,
for normal ordering (green) and inverted ordering (blue) [32].

2.5.4 CPviolation

In the SM, CP violation in the quark sector is caused by a complex phase in the
CKM matrix describing quark mixing. Similarly, the CP violating phase in the
PMNS matrix can cause a difference in the oscillation probability between neut-
rinos and anti-neutrinos. Future long baseline (LBL) accelerator neutrino oscilla-
tion experiments can detect this difference and determine the Dirac CP violating
phase. If the neutrinos are Majorana particles, there are two additional CP violat-
ing phases in the PMNS matrix which do not affect the neutrino oscillation prob-
ability and are therefore unable to be measured with oscillation experiments. A
0vBp experiment is the only practical way to measure the Majorana CP violating

phase.

2.,5.5 Dirac or Majorana

The nature of the neutrino, whether it is a Dirac particle or a Majorana particle,
is one of the most fundamental questions in particle physics, and it can only be

determined by Ov([ experiments. Current and near future experiments will be
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able to reach the sensitivity of (mgg) if the neutrino mass ordering is inverted;
however, it will be more challenging if the mass ordering is normal, as illustrated

in Figure 2.6.



Chapter 3

Double Beta Decay

3.1 BetaDecay

Beta decay (f decay) is mediated by the weak force. It transmutes a nucleus to
a different element accompanied by the emission of a neutrino or anti-neutrino.
There are three forms of this process: f~ decay, f decay, and electron capture

(EC).

In ~ decay, a neutron converts to a proton, emitting one electron and one anti-
neutrino:

n—p+e +v,. (3.1

In f* decay, a proton converts to a neutron, emitting one positron and one neut-
rino:

p—n+e +v,. (3.2)

EC converts a proton and an electron to a neutron, accompanied by the emission
of aneutrino. In EC, an atomic electron exchanges a W boson with a quark in the
nucleus:

p+te —n+ve. (3.3)

All three types of  decay process are allowed only when the mass of the nucleus
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in the initial state is higher than that in the final state:
M(A, Z;) > M(A, Zy), 3.4)

where M(A, Z) is the mass of the atom with A nucleons and Z protons, and the
subscripts i and f refer to the initial and final states respectively. The mass of
a nucleus, M(A, Z), can be estimated using the semi-empirical mass formula
(SEMF) [33], therefore it is possible to predict whether a § decay is allowed or
forbidden. The SEMF gives the mass of a nucleus, m, as:

72 (A—22)2

e A +8(A,Z), (3.5)

m=Zmy+(A-Z)m,—ayA+as;A*® +a

where
;‘,’2 Z, N even (A even)
0(AZ2)=40  Aodd (3.6)
;‘?,’Z Z,N odd (A even).

The first two terms calculate the masses of individual protons and neutrons re-
spectively. The rest are the volume term, the surface term, the Coulomb term,
the asymmetry term, and the pairing term, which provide the correction to the
approximation. For fixed A, parabolic curves are generated as a function of Z,
which dictate which f decays are energetically allowed. If A is even, two para-
bolas exist, one for odd-odd and one for even-even nuclei as shown in Figure

3.1.

3.2 Two Neutrino Double Beta Decay

In Figure 3.1, it can be seen that the beta decay process of isotope (c¢) — (d) is
energetically forbidden. However, it can undergo the process (c) — (e) where
two f decays occur simultaneously with two neutrons decaying to two protons,

emitting two electrons and two anti-neutrinos. This rare process is called the two
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odd-odd
even-even

Figure 3.1: Predictions of the SEMF for an even value of A. The arrows between the two
parabolae show the energetically allowed § decays [31].

neutrino double beta decay (2v2) and it was first postulated by Goeppert-Mayer
in 1935 [34].

(A Z)— (A Z+2)+2e +2v, (3.7)

It is clear that this process only occurs in even-even nuclei where § decay is en-
ergetically impossible, or strongly suppressed by conservation principles. The

Feynman diagram of the 2v2 process is shown in Figure 3.2.

n —~= p

n > P

Figure 3.2: Feynman diagram for 2v2p, a second order SM process.

Similar to the spectrum of the § decay, the spectrum of the total energy of the
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emitted electrons in the 2v2f decay is also continuous and the end-point is at

the nuclear transition energy Qgg.

Qpp is the total energy released in the process and it can be calculated using:

Qpp=M(A,Z)-M(A, Z +2). (3.8)

The half-life of the decay is parameterised as

(T2(A, 2)) " = G¥(Qpp, 2)|M*¥ (A, 2|, 3.9)

where G2V is a four-body phase space factor that can be calculated exactly, and
M?V is the 2v2f nuclear matrix element (NME) for the decay, which is effect-
ively a nuclear structure calculation of the transition probability from the initial
to final states. It should be noted that the NME calculation is heavily model-
dependent, as mentioned in Section 3.4, and as such experimental information
is vital to tune models appropriately. Although the study of this process does not
allow one to discriminate between the Dirac or Majorana nature of the neutrino,
it remains nonetheless crucial because it constitutes the ultimate background to

searching for the neutrinoless double beta decay.

3.3 Neutrinoless Double Beta Decay

Neutrinoless double beta decay (0v2p) is a hypothesised decay which was first
proposed by W.H. Furry in 1939 [35]. In the 0v2p, two 8 decays occur simultan-
eously, resulting in the emission of two electrons without anti-neutrinos. It is

clear that this process violates lepton number and is thus forbidden in the SM.

(A Z)— (A Z+2)+2e (3.10)
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All isotopes that can result in 2v2( are also candidates for 0v2f. The half-life of

this process is:

(TY)5(A, Z)" = mG - IM* (A, 2)17 - G™ (Qpp, 2), (3.11)

where G% is now a two-body phase space factor which can be calculated exactly,
M is the 0v28 NME, and mgg is the effective Majorana mass of the neutrino

defined as:

mgp = , (3.12)

Z Ugimi
7

where U,; is the elements of the neutrino mixing matrix and m; are the neut-
rino mass eigenstates. The effective Majorana mass depends on the mechanism
of 0v2p. It is still not yet clear whether light Majorana mass term is the lead-
ing mechanism of 0v2(. There are many alternative mechanisms of the 0v2p,
such as the neutrino mass mechanism [36], right-handed currents [37], Majorona
emission [38], R-parity violating SUSY [39], etc. The most common mechanism
among them is the neutrino mass mechanism [31], or light neutrino exchange

mechanism, which requires the least modification to the SM.

In the neutrino mass mechanism, a light RH (R) Majorana neutrino undergoes
a helicity flip, being absorbed as a light LH Majorana neutrino (see Figure 3.3).
There is an inherent dependence of the decay rate on the effective mass due to

the requirement of a helicity flip.

As there are only two electrons emitted in the 0v2f process, the experimental
signature is given by two electrons whose energy sums to a monochromatic line,

see Figure 3.4).

In the SM, the weak interaction is only propagated by a LH W boson, W;. A Left-

Right Symmetric model has been proposed to resolve this apparent asymmetry;,
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n > p
\;V?\'\'\ . e
VR
VL
n > P

Figure 3.3: Feynman diagram of 0v2( for the neutrino mass mechanism. The decay is
facilitated by the exchange of a Majorana neutrino.
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Figure 3.4: Distribution of the sum of electron energies for 2v24 and 0v28. The curves
assume that TIO/"2 is 1% of TIZ/VZ, with an energy resolution of 2% [40].

where a new RH gauge boson is introduced. The new boson may be completely
new, such as a W’ boson, or be an addition to the SM W boson such that W is an
admixture of Wy and Wg. These new models can lead to 0v2 without a helicity

flip, as can be seen from Figure 3.5 [37].

RH currents will produce a different distribution of individual electron energies
and the opening angle between them which can only be distinguished in an ex-

periment which exploits a SuperNEMO-like technology [41], see Figure 3.6.
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Figure 3.5: Feynman diagram from 0v2f using a right handed weak current, described

by the (1) decay mode.
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Figure 3.6: Theoretical and experimental electron angular distributions for (a) mass

mechanism and (b) right-handed current.

Theoretical and experimental

electron energy difference distributions for (c) mass mechanism and (d)
right-handed currents. All distributions are shown for the isotope #2Se and
the reconstructed distributions (yellow) and plotted together with theoretical
distributions (blue) to show the signal efficiency [41].
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3.4 Nuclear Matrix Elements

Searching for the 0v2f process can produce a result of the half-life of the decay,
Tlo/vz, which can be converted to the physics parameter of interest, usually the
effective neutrino mass (mﬁﬁ> that can not be directly measured. The appropri-
ate NME is required for this conversion (Equation 3.11). To calculate the NME,
the many-body Schrédinger equation needs to be solved, accounting for each
nucleon-nucleon interaction, given the total initial and final state nuclear wave
functions. Due to the complexity of the calculations, various approximations and

simplifications have been developed and are applied [36].

To date, five main approaches based on different approximations have been ap-
plied with regards to this issue, all of which involve two stages. The first stage
is to create a many-body Hamiltonian that describes the nucleon-nucleon inter-
actions at short distances. The second stage is to introduce a mean field which

incorporates information about the nuclear structure and residual interactions.

3.4.1 Interacting Shell Model

The interacting shell model (ISM) [42], considers only a limited number of nuc-
lear orbitals close to the Fermi level, but all possible correlations for these orbitals
are included. Compared to other correction methods, this approach tends to re-
duce the value of the NMEs due to the limited number of orbits considered. The
ISM is useful for calculating single particle states that are close to Fermi level,
and is usually reliable for small nuclei such as 48(Ca, 5Ge, and #2Se. In particular,
a doubly magic nucleus, such as *8Ca, is considered to be a test bench for ISM
calculations. However, it has difficulties in calculating deformed nuclei, such as

150Nd and heavy isotopes [43].



3.4. Nuclear Matrix Elements 56

3.4.2 Quasiparticle Random Phase Approximation

The quasiparticle random phase approximation (QRPA) [44] considers more nuc-
lear orbitals but simpler interactions between nucleons compared to the ISM. In
the QRPA, the nuclei is described using nucleon-nucleon pairs, and these quasi-
particles are then treated as bosons. The coupling constant g, which quantifies
the proton-proton interaction, is a free parameter of the model but can be con-
strained by 2v20 results. Experimental inputs help reduce uncertainties on the
model, but might not describe the 0v2f accurately. The QRPA is more reliable for

calculation of the large nuclei in comparison to ISM.

3.4.3 Interacting Boson Model

The interacting boson model (IBM) [45] is similar to the ISM but considers only
bosons made of pairs of nucleons with the angular momentum states being re-
stricted to L =0 or L = 2. IBM shares similar advantages and disadvantages as the

ISM.

3.4.4 Projected Hartree-Fock-Bogoluibov Method

In the projected Hartree-Fock-Bogoluibov (PHFB) [46] model, nuclear wave
functions with good particle number and angular momentum are constructed
by projection on the HFB wavefunctions. The nuclear Hamiltonian includes only
quadrupole interactions. It describes neutron pairs with even angular momenta
and positive parity only (non-0* pairs are heavily suppressed in comparison to

others).

3.4.5 Energy Density Functional Method

The energy density functional (EDF) method [47] is an improvement based on
the PHFB method. It includes modified inter-nucleon interaction to reproduce

the Gogny interaction.
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3.4.6 Comparison of different NME calculations

All five of these models have been used to calculate several isotopes for similar
processes, including 2v2f decay and § decay. However, the computation result
for the 0v2p decay differs to each other, typically by a factor of 2 - 3, which is
problematic as the variation goes directly into an uncertainty in the obtained

0v2p decay limits from the experiments.

Comparing the NME results evaluated by each method can help to understand
the effect of each of these assumptions and the associated systematic error with
the resulting NMEs. In the conversion from an experimental half-life to (mgg),
the phase space factor, GY, enters into the calculation alongside the NME. This

factor exhibits a proportionality given by

G% ~ 24 (3.13)

where g4 is the ratio of the vector and axial-vector couplings and R4 is the atomic
radius, commonly parameterised as 19 A'/3 [48]. In the past, different NME calcu-
lations are performed using different values of g4 and ry so that the phase space
factors, and therefore NME results, are not directly comparable. Common values

for g4 are either 1.0 or 1.25 and for ry either 1.1 to 1.2 fm.

Figure 3.7 shows the difference between the NME of the 11 0v2 candidate iso-
topes in the mass mechanism, calculated using the five methods described pre-
viously. Also, for a meaningful comparison, g4 and ry are adjusted to be same

values, 1.25 and 1.2 respectively.



3.4. Nuclear Matrix Elements 58

C A ISM
-— C Y QRPA (TBC)
S 17—
§ - - A QRPA (J)
[ B IBM-2
6 —
[ B PHFB
- [ |
- ® EDF
5 v
C ve o [ -
[ [ |
C L vy =
A v
- [ e A [
- VA vV m
3 A
A ] A
- A A A n
2 __ “ A I’ A v
~ A
C v L
1
0 E
Ca Ge Se Zr Mo Cd Sn Te Te Xe Nd

Figure 3.7: 0v2 NME for the neutrino mass mechanism, calculated with five differ-
ent approaches. QRPA(TBC) and QRPA(J) show the results of the Tiibingen-
Bratislava-Caltech and Jyvéskyld groups. |M0"| values taken from [36]. Con-
versions for g4 = 1.25 and rp = 1.2 fm have been made where necessary.



Chapter 4

Current Status of Double Decay

Experiments

4.1 Detector Design Considerations

Double beta decay experiments search for a small signal from 0v2§ hidden
amongst backgrounds from natural radioactivity and 2v2f. Although the 0v2(
process has not yet been observed, many 0v2 decay search experiments using
different techniques exist, and these experiments have set ever more stringent

limits of 0v2f and improved the half-life measurement of 2v2f.

The expected half-life sensitivity of a 0v2f decay experiment can be approxim-

ately parameterised using the following equation [40]:

ov . 4.16x10%yr (eaMt 1
Ty > A\ N (4.1)
no’ A NB
where
* T}y, is the half-life sensitivity to 0v2f in years

* ny is the number of standard deviations for a given confidence level (90%

C.L. corresponds to ng, = 1.64 for Gaussian distribution.)



4.1. Detector Design Considerations 60

e is the event detection and identification efficiency

a is the isotopic abundance of the 0v2( source isotope in the source mass

A is the mass number of the source isotope

Mt is the total exposure of the experiment in kg-yr

Np is the number of expected background events for the exposure

This equation is valid for a relatively large number of expected background
events, where a Gaussian approximation of Poissonian statistics is valid, so the
error is v/Np. In cases where the number of expected background events is not
sufficiently high, it may still provide indications as to how experimental para-
meters may affect the half-life sensitivity. The equation shows that in order to

maximise the half-life sensitivity in an experiment, it requires:
* a high detection efficiency

* the highest possible mass M of the source

* the lowest possible background
Besides, to achieve better sensitivity, it also requires the detector to have:

» good energy resolution of the detector, which helps reduce the impact of
both the natural radioactivity and the 2v2f process high-energy tail in the

Region of Interest (ROI).

* good spatial resolution to reduce the background from random coincid-

ences.

For a zero-background experiment, the sensitivity follows

In2 Ny ea
T, = n—A(Z)Mt’ 4.2)

(o
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where n, at 90% CL is 2.3 for the zero background case, and N4 is Avogadro’s
constant. One major advantage of the zero-background experiment is that the

sensitivity is proportional to the exposure M.

4.1.1 Isotopes

12 isotopes have been observed to undergo 2v2f decay, all of which are 0v2p
decay candidates. The experimental considerations of choosing the isotope in-

cludes:

high isotope Qgg value to reduce possible background from natural radio-

activity

possibility of increasing the mass of isotope, which is limited by the natural

abundancy and ease of enrichment.

high phase-space, as discussed in Section 3.4

high NME, as discussed in Section 3.4

The list of most promising 2v2 decay isotopes are summarised in Table 4.1.
While the majority of isotopes can be enriched via centrifugation, which is re-
latively low in cost for producing a large mass of the isotope, electromagnetic
separation is currently the only possible method for producing *8Ca, %Zr, and

150Nd.

4.1.2 Radio-purity

As shown in Equation 4.1, in order to maximise the sensitivity of the experiment,
the largest possible exposure is required, meaning as many atoms as possible of
double beta decay isotope should be studied for the longest possible time. In ad-
dition, the best possible detector efficiency to detect the event it also required,
in the case that a 0v2f process does occur. One dominant background contri-

bution is from the natural radioactive isotopes 214Bj and 29871, which come from
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Isotope  Qgpp G% NA Enrichment Possibilities
keV 107 14yr1 %  Current Method  R&D Method(s)

48Ca 4276 7.15 0.187 EMS Laser Separation,
Gaseous Diffusion
%Ge 2039 0.71 7.8  Centrifugation -
828e 2992 3.11 9.2  Centrifugation -
%7y 3348 5.63 2.8 EMS Laser Separation
10000 3034 5.03 9.6  Centrifugation -
6cd 2804 5.44 7.6 Centrifugation -
130Te 2529 4.89 34.5 Centrifugation -
136xe 2467 5.13 8.9  Centrifugation -
150Nd 3368 23.2 5.6 EMS Laser Separation,

Centrifugation

Table 4.1: Details of isotopes commonly used in 0v2f experiments, showing Q-value,
phase-space factor, natural abundance (NA), and possibilities for enrichment.
EMS is the electromagnetic separation. G° is calculated with g4 = 1.25 and
R=1.2 A'"3 fm [36, 49].

23817 and 232Th contamination in the detector materials, hence where Ng usually
increases linearly with exposure in real-life operation, with such a dependency

on exposure reduces to v M t.

The half-life sensitivity of an experiment scales as 1/1/Npg, es shown in 4.1. As
such, the best sensitivity will be achieved by minimising the number of back-

ground events while keeping a high signal efficiency.

To suppress the backgrounds from radioactive contamination, the detector ma-
terials must be carefully chosen to be extremely radiopure. For example, to reach
a sensitivity to the Majorana neutrino mass of 10 meV level, it is expected that
materials will require radiopurity below the uBq/kg level. To further reduce this
contribution, it is also preferable to select an isotope with Qgg > 2.6 MeV (as lis-

ted in Table 4.1) . This greatly reduces the background from 2°8TI, which has the
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highest energy y-line (at 2.6 MeV) in the 232Th decay chains.

4.1.3 Location

Except for contamination of the detector materials, there are external sources of
background for rare event search experiments, one of which are cosmic muons.
A typical 0v2f experiment has at least 2500 metres water-equivalent of rock to
ensure the suppression of cosmic background, and as such it is essential to locate
the experiment in an underground laboratory. Figure 4.1 shows a list of the major

underground laboratories around the world.
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Figure 4.1: A list of the world major underground laboratories, their respective depth in
meters water equivalent (m.w.e.), and their volume (represented by the size
of the circles) [50].

4.1.4 Shielding

Additional shielding can provide a further reduction of the background from ex-
ternal sources. As background from the surrounding environment, i.e. rocks and
materials in the lab, usually consist of gamma radiation or neutrons, radio-pure
lead, ultra-pure copper, and water shielding are generally chosen to protect the
detector. In addition, there is usually a detector shell made of radio-pure mater-

ials to act as a radon barrier.
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One external background that can not be shielded against is the 8B solar neut-
rino, which increases proportionally to the detector mass. For the current exper-

iments, like SNO+, this is already expected to be a major background [51].

4.1.5 Energy Resolution

In principle, the signal window of the 0v2f decay should be very narrow, but ex-
perimentally it is limited by the energy resolution of the detector. Maximising de-
tector energy resolution can help to narrow down the range of signal on the total
electron energy spectrum, and therefore, reduce the background. As discussed
in Section 3.2, the tail of 2v2f decay is an irreducible background to the search
for 0v2 decay. A good energy resolution is the most practical way to suppress

2v2f background.

4.2 Detector Technologies of Various 0v2( Experi-

ments

4.2.1 Semiconductor Experiments

In the semiconductor experiments, the 0v2 decay source material is usually
some form of the semiconductor, sush as “°Ge. When a double beta decay event
occurs, the emitted electrons ionise the semiconductor, leading to a cascade of
electron/hole pairs that drift to electrodes on the surface of the detector, gener-
ating a voltage pulse that can be measured. As “°Ge can be readily enriched to
above 80% to produce large crystals which have a depletion layer of a few cen-
timetres, allowing total absorption of gamma rays up to ~5 MeV, it is the most
popular isotope. Germanium detectors of this size are often referred to as high-
purity germanium (HPGe) detectors. Enriched HPGe detectors are the source
and detector at the same time. To minimise the background, such as beta decay

of 208T], the HPGe detectors are required to be extraordinarily radio-pure.
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HPGe detectors operate at cryogenic temperatures to reduce thermal noise. Also,
in this configuration, they can achieve excellent energy resolution of ~ 0.15% at
%Ge Qpp, which is the primary advantage of this type of experiment. However,
these experiments suffer from lots of background events from the radioactive
process occurring in the detector material since they can only measure the en-

ergy spectrum of the electrons.

The modern development of Broad Energy Germanium (BEGe) detectors further
improve performances such as energy resolution and background reduction, and
they are now used in modern 0v2f decay experiments. BEGe detectors also have
signal electrodes of small size, resulting in a low capacitance, which can improve
the determination of energy. The increased field near the electrode can improve

the identification of the event topology to reduce backgrounds.

The modern generation of semiconductor experiments, GERDA and MAJOR-
ANA, are built on the successes of the previous Heidelberg-Moscow (H-M) [52]
and IGEX experiments [53]. Moreover, the GERDA and MAJORANA collabora-
tions recently joined together to develop the next generation experiment, LE-

GEND, which is aiming to achieve a sensitivity of (mgg) ~ 15 meV [54, 55].

¢ GERDA located at the Laboratori Nazionali del Gran Sasso (LNGS).

It consists of a large mass of germanium crystals isotopically enriched to
~ 86% in “5Ge that acts simultaneously as both source and detectors. The
detectors are mounted in low-mass copper holders with ultra-low radio-
activity and immersed directly in a 64 m® cryostat filled with 70 tonnes of
liquid argon (LAr), which works both as a coolant and as active shielding
from external backgrounds [56]. The cryostat is located inside a 590 m?
ultra-pure water tank instrumented with 66 PMTs for the detection of Cher-
enkov light from cosmic muons. GERDA-II set a competitive half-life limit

of TP, > 8.0 x 10% yr [57].

* MAJORANA experiment uses similar technology to the previous semicon-
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ductor experiments, with the main difference being the shielding. MAJOR-
ANA deploys its HPGe detectors in a custom vacuum cryostat and uses a
compact shield made with lead, oxygen-free copper, electro-formed cop-
per, and scintillator paddles. To achieve the challenge goal of extremely low
backgrounds level at 0.001 cts/(keV-kg-yr), many of the detector compon-
ents were made in underground facilities to ensure they met strict radiop-
urity requirements. In addition, more effective shielding and pulse shape

discrimination are used to reduce backgrounds.

The Majorana Demonstrator [58] used 29.7 kg of 88%-enriched “®Ge and
14.4 kg of natural p-type point-contact detectors at the Sanford Under-
ground Research Facility (SURF). The experiment has placed a half-life

limit at 77}, > 8.0 x 10%° yr, translating to mgg < 200 - 433 meV [59].

COBRA holds five different isotopes: '*Cd, ?8Te, "°Zn, '3°Te, and ''6Cd
in an array of CdZnTe (CZT), which is an intrinsic semiconductor at room

temperature.

The COBRA Demonstrator consists of a 4 x 4 x 4 array of 1 cm® (5.9 g)
detectors. With the 234.7 kg - d exposure, it has set limits at T}, > 1.6 x 10!

yr, T, > 1.9x10% yr, T, > 6.8x10'8 yr, TYY, > 6.1x10%! yr, T2, > 1.1x 10!

yr respectively [60].

While the energy resolution of COBRA experiments are not competitive
with the HPGe experiments, it has the main advantage of operating at rel-
atively high temperature (~ 20 °C). The experiment will use a pixelated ar-
ray and improved readout, enabling the possibility of particle tracking and
identification, which can significantly reduce the background level. If the
background reduction can be significantly improved, the technology will

be used on a 415 kg detector, aiming at a sensitivity of 50 — 70 meV [61].
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4.2.2 Scintillator Experiments

In scintillator experiments, the 0v2f candidate isotope is placed inside the radio-
pure scintillating medium and surrounded with PMTs. This design allows for
the observation of light emitted by the scintillator when the decay product of
the 0v2( isotope excites the scintillation material. Generally, scintillator experi-

ments are relatively inexpensive, and they can reach a high degree of radiopurity

Scintillator experiments can be divided into two major types based on their tech-
nology. The first type is where the 0v2( isotope is dissolved in a large volume of
liquid scintillator. This design allows for the study of large masses of isotopes
such as 13%Xe, 13%Te, or 1°°Nd. In addition, the scintillator detectors can provide
relatively good detection efficiency, good self-shielding, and low background.
However, these experiments suffer from poor energy resolution. The two main
experiments using this technology are the KamLAND-Zen experiment studying

136Xe, and the SNO+ experiment studying '3°Te.

* KamLAND-Zen use the existing KamLAND detector which was originally
built to study neutrino oscillations [62]. In the centre of the KamLAND-
Zen detector, there is a transparent nylon inner balloon which is 3.08 m in
diameter containing 13 tonnes of Xenon-loaded liquid scintillator. It is sur-
rounded by 1000 tonnes of liquid scintillator contained in a 13 m diameter
spherical outer balloon, which provides an active shield. Outside the outer
balloon, there is a layer of 1.8 m thickness transparent buffer oil. The scin-
tillation lights are viewed by 1,879 17-inch and 20-inch PMTs mounted on
the inner surface of the 18-meter-diameter stainless steel spherical tank,
which is surrounded by a 3200-ton water-Cherenkov detector serving as a

radiation shield from the surrounding rock.

The first phase of the KamLAND-Zen experiment (Phase I) contained ~ 300
kg of 136Xe and achieved an exposure of 89.5 kg-yr, reaching a half-life limit

of T}, > 1.9 x 10% yr (90% C.L.), corresponding to (mgg) < 160 - 330 meV
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[63].

After the first phase, the liquid scintillator was purified to remove impur-
ities. In the second phase (Phase II), ~ 340 kg of 13¢Xe was used and a re-
duction of 19"Ag by more than a factor of 10 was found. Phase II reached
an exposure of 504 kg-yr, which is equivalent to T7}, > 1.9 x 10%° yr, corres-
ponding to (mgp) < 61 - 165 meV [28].

Furthermore, due to its low background level, KamLLAND-Zen can observe
2v2[3 across a wide energy range and provide strong constraints on Ma-

joron emission decay modes [64].
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Figure 4.2: Energy spectrum showing the results from KamLAND-Zen [28].

Additionally, in a future upgrade, the KamLAND2-Zen experiment will im-
prove the detector energy resolution as well as increase the capacity to load
more isotope. Using 1 ton of 1366 it is expected to reach (mﬁﬁ> ~ 20 meV,

fully covering the IH region [65].

* SNO+ follows a similar principle to KamLAND-Zen but studies a different

isotope: '39Te. The SNO+ detector is inherited from SNO located in the
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Sudbury Neutrino Observatory, which is one of the world’s deepest under-

ground laboratory (~ 6000 m.w.e.).

The detector consists of a 12 m diameter spherical acrylic vessel (AV) which
is shielded by a water bath and surrounded by 9,394 8-inch PMTs mounted

on a stainless steel support structure [66].

130Te will be dissolved in liquid scintillator contained in a 12 m diameter
acrylic sphere. This acrylic sphere is shielded by a water bath and instru-

mented with 9500 PMTs.

For the initial phase, 130Te will be loaded at 0.3% within a scintillation solu-
tion, providing 800 kg of isotope reaching a sensitivity of (mgg) < 50 - 100
meV. In the second phase, it will increase the concentration to 3%, loading
8000 kg of 13%Te in total, with the expected sensitivity reaching the level of
(mgp) <20 - 40 meV [67].

The second type of scintillator experiments is where the isotope is inherently part
of the scintillator. The two most successful experiments of this type are ELEGANT

VI and CANDLES I1I. Both of them use crystal scintillators containing “3Ca.

e ELEGANT VI studied 23 CaF, (Eu) crystal scintillators, which contained 7.6
g of ¥8Ca in total. These crystals were shielded by an active veto to reduce
the background. With a total exposure of 0.015 kg-yr, the ELEGANT VI ex-
periment produced a half-life limit of 77}, > 5.8 x 10°* yr, equivalent to the
(mpp) <3.5-22meV [68].

e CANDLES III evolved from ELEGANT VI. It studies 305 CaF; crystals, which
contain 300 g of “8Ca in total. The crystals are surrounded by liquid scin-
tillator which acts as the active shielding and removes the need for doping
of the crystals. The experiment is currently taking data and is expected to
achieve a sensitivity of (mgg) < 50 - 100 meV of 0.5 eV. If **Ca enrichment

technology can be improved in the future, the experiment can be scaled up
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by an order of magnitude to study ~ 3 kg of “8Ca, reaching a sensitivity of

50 meV [69].

4.2.3 Bolometer Experiments

Bolometer experiments measure the 0v2f through the temperature rises caused
by energy absorption. When the 0v2 decay occurs, the emitted electrons gener-
ate heat while passing through the material, thus raising the temperature of the
material by a small amount. The temperature increase is the ratio of the energy
deposited over the heat capacity, and when the detector operates at a very low
temperature (order of mK), the heat capacity of the material at very low temper-
atures T is proportional to T3. In the bolometer experiments, the typical temper-
ature variation is of the order of 0.1 mK per MeV of deposited energy. This tem-
perature variation can be measured by semiconductor thermistors to determ-
ine the summed electron energy. Bolometer experiments generally have excel-
lent energy resolution (0.3 - 0.5%), and high efficiency on the containment of the
0v2p isotopes, and can use different materials as a number of 0v2 candidates
can be used to grow a crystal [70]. However, this type of experiment may suffer
from background because the particle identification can be challenging, and the
detector response time can be long (order of seconds). Also, for the future experi-
ments, the technical difficulty of maintaining the extremely low temperature can

pose a big challenge on building larger detectors.

e CUORE is built on the success of the CUORICINO experiment [71] using
the same technology. CUORE is composed of a tower array of 988 5 x5 x 5

cm?

enriched and natural TeO» crystals working at ~ 7 mK, containing total
mass of 139Te to 204 kg [72]. After a short time running, the first results
show CUORE has already reached a sensitivity of 1.5 x 10%° yr (90% C.L.)

[72] corresponding to (mgg) < 110 - 520 meV.

To reduce the background, the bolometric crystal can also be used as a scin-

tillator. By combining the temperature and scintillation light measurements,
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particle identification can be improved, thus allowing for better background re-

jection.

* CUPID project will be built on the experience and skills gained from the
CUORE, with upgraded Particle ID, increased mass of source and reduced
background. It is aiming to achieve zero-background in the region of in-
terest to further improve the sensitivity of 0v2 half-life. The two CUPID
demonstrators: CUPID-0 using Zn®?Se and CUPID-Mo using Li,'°°Mo0,
have started data taking since 2017 and 2019, respectively [73, 74].

4.2.4 Time Projection Chamber Experiments

The Time Projection Chamber (TPC), which can provide a 3-dimensional recon-
struction of a particle trajectory, is a popular detector technique in experimental
high energy physics. There are several different designs of TPCs, but their prin-
ciple remains the same. A TPC contains a sensitive gaseous or liquid medium
which is embedded in an electric field. When a particle passes through, it ionises
the medium and produces free electrons which drift towards a position-sensitive

electron collection device. The induced current is proportional to the ionisation.

In most TPC experiments, the detector medium is also particularly selected as
a scintillator, which can measure energy and provide a prompt signal for time
measurement. The location of the energy deposited gives the 2-dimensional po-
sition. In addition, given the known drift speed of the free electron in a specific
medium, and the measured time of arrival, it is possible to reconstruct the event
in 3 dimensions. Considering the cost of enrichment, xenon is currently the most
suitable medium among all double  candidate isotopes. The most promising
scintillating-TPC experiments are EXO and NEXT, both of which search for 0v2

in 136Xe, utilising the scintillating properties of xenon.

* EXO0-200 is located in an underground cleanroom in the WIPP. The exper-

iment consists of a liquid Time Projection Chamber (TPC) based on Xe.
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EXO0-200 has completed its science run, studied 200 kg of '3%Xe (enriched
to 80.6%). The TPC uses cylindrical geometry in order to minimise the sur-
face and thus reduce the background contribution from the copper ves-
sel, and it is symmetric around a central cathode plane held at a negative
high voltage. At each end of the TPC, there are planes of anode wires with
an array of avalanche photodiodes for ionisation and scintillation readout
[75]. EXO-200 phase I started in 2011 and was interrupted in 2014, with a
total exposure of 100 kg-yr. Phase II started running in 2016 with an up-
graded radon suppression system and low-noise electronics, and it com-
pleted data taking in 2018. No 0v2f signal has been observed, thus a half-
life limit has been set at T{), > 1.8 x 10°° yr [76]. The EXO-200 experiment
has achieved an energy resolution of 2.90% (FWHM) at Qgp (2.458 MeV for
136Xe) and a background level of 1.9 + 0.2 x 1072 counts/keV/kg/yr. The
next generation, nEXO, will contain 5 tons of xenon enriched to 90% in
136Xe, aiming for sensitivity on the order of 10?8 yr. The expected energy
resolution reached will be 2.90% (FWHM) with lower noise silicon pho-

tomultipliers (SiPMs) for scintillation collection [77].

NEXT is a planned high-pressure gas-phase xenon TPC which is located at
the Laboratorio Subterraneo de Canfranc (LSC) in Spain. Operating at high
pressure (10 - 15 bar), the TPC can track individual particles, thus provid-
ing an effective way of rejecting background through the topological sig-
nature of events. The TPC has an asymmetric geometry, with the array of
PMTs which detect both the primary scintillation light and the secondary
scintillation light to reconstruct energy located at one end referred to as
the energy plane, and the SiPMs used for track reconstruction located at
the other end near the amplification region. The demonstrator NEXT-100
detector will contain 100 kg of xenon enriched to 91% in 136Xe, aiming to
achieve a background level of 0.4 x 103 counts/keV/kg/yr and an energy
resolution of < 1% (FWHM) at Qgg [78]. The final goal of NEXT-100 is to

reach a half life sensitivity of T{)/VZ > 2.8 x 10%° yr after 3 years of running
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[78]. If the experiment is successful, the experiment will scale to contain

one tonne of xenon.

4.2.5 Tracker-Calorimeter Experiments

In the tracker-calorimeter experiment, the 0v2 decay source is located at the
centre of the detector surrounded by the tracker, followed by the calorimeter.
The scattering of the emitted electrons can be minimised in the tracker, benefit-
ing from the low-density gases. The design of tracker-calorimeter experiment al-
lows for full reconstruction and measurement of single-particle energy. As such,
the tracker-calorimeter experiments have excellent background rejection abil-
ity, and can shed light on the underlying 0v2 decay mechanism [41]. Tracker-
calorimeter experiments perform excellently in both 2v2f and 0v2f measure-
ments because they can achieve some of the lowest background rates among
0v2p experiments across the entire energy spectrum. It has been shown that
the angular and electron energy difference distributions can be used to discrim-
inate between the two prominent models, the mass mechanism (MM) and the
right-handed current (RHC), as shown in Figure 3.5. The separated source and
detector allow for the study of different 0v2 isotopes. However this design suf-
fers from relatively poor energy resolution. The most notable tracker-calorimeter

experiments are the NEMO-3 and SuperNEMO experiments.

* NEMO-3 operated from 2003 to 2011 at the Laboratoire Souterrain de Mod-
ane (LSM). It studied seven different 0v2f candidates, set the leading 0v2
decay half-life limits on four of them, and measured the most accurate
2v2f half-lives on all of them. The isotopes were housed in thin foils which
were surrounded by the tracker containing the gas mixture of helium, ar-
gon, and alcohol, and then enclosed by a plastic scintillator calorimeter.
25 G magnetic field was applied to enable charge identification. The calor-
imeter provided position, energy, and timing measurements of individual

particles such as electrons, positrons, y, and «a particles. The strongest limit
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of NEMO-3, (mgg) <0.3—0.8 eV, is provided by 6.9 kg of '°*Mo with an ex-
posure of 34.5 kg-yr [79].

e SuperNEMO is building upon the successful NEMO-3 design, with im-
provements on radiopurity, calorimeter design, and detection efficiency.
It will contain 20 identical modules housing 100 kg of #2Se in total. The
target sensitivity for SuperNEMO is Tf/"z > 1.0 x 10?8 yr, corresponding to
(mgp) < 40 —100 meV [80]. The first Demonstrator Module is about to
start its physics run at LSM, aiming to reach zero backgrounds in the re-
gion of interest of the 0v28 decay of 32Se. Thanks to the tracker capabilities
and segmented calorimeter, SuperNEMO is currently the only experiment

which can study the underlying mechanism of 0v2 decay. More details of

the SuperNEMO experiment can be found in Chapter 5.

4.3 Summary of the Current and Next Generation Ex-

periments

A wide range of experimental techniques has been applied to search for the 0v2

decay process. A summary of key experiments can be found in Table 4.2 and

Table 4.2.
Experiment Isotope Mass (kg) Type Sensitivity mgg / meV
MAJORANA Ge 40 Semiconductor 100 - 300
GERDA 6Ge 40 Semiconductor 100 - 300
CUORE 130Te 204 Bolometer 100 - 400
KamLAND-Zen !36Xe 380 Liquid Scint. 61 - 165
EXO0-200 136xe 80 Scint. TPC 190 - 450
NEXT-100 136Xe 90 Scint. TPC 70 - 150
NEMO-3 100\ 1o 7 Tracker-Calo 300 - 800

Table 4.2: Summary of current 0v2f experiments.
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Experiment Isotope Mass (kg) Type Sensitivity mgg / meV
LEGEND %Ge 1000 Semiconductor 10 - 20

CUPID 10000 280 Bolometer 12-20
KamLAND2-Zen !36Xe 800 Liquid Scint. 20 - 60

SNO+ 130T 800 Liquid Scint. 50 - 100

nEXO 136xe 3700 Scint. TPC 7-18
NEXT-HD 136xe 1000 Scint. TPC 13- 60
SuperNEMO 825e 100 Tracker-Calo 40 - 100

Table 4.3: Summary of future 0v2 3 experiments and their designed sensitivity.

The experiments which are currently under construction or have started data-
taking are sensitive to (mgg) ~ 60 meV, approaching the top of the region corres-
ponding to inverted ordering of neutrino masses, and many of the next genera-
tion experiments are planning to study larger masses of 0v2f isotopes to achieve
better sensitivity to (mgg) ~ 10 meV. There is a rich interplay with neutrino oscil-
lation experiments. For example, if the inverted ordering is discovered by oscil-
lation experiments the currently proposed 0v2f experiments should be able to

observe or refute 0v2[ driven by the light Majorana neutrino mass.



Chapter 5

The SuperNEMO Experiment

SuperNEMO is a neutrinoless double beta decay experiment using tracker-
calorimeter technology 4.2.5, built on the successes of the NEMO-3 experiment.
It is designed to search for 0v2f decay and is capable of reaching a half-life sens-
itivity of T},» > 10%° years, equivalent to an effective Majorana neutrino mass of
(mg) < 40 - 100 meV. Its unique tracker-calorimeter technology allows for the
reconstruction of the 3D topology of the detected event, providing both a power-
ful background rejection method and evidence for the underlying decay process.
The baseline design of SuperNEMO contains 20 identical planar modules, hous-
ing 100 kg of source isotope in total. The first module, the SuperNEMO Demon-
strator, has been installed at LSM with the aim of reaching zero background in
the region of interest for the 0v2 decay of 82Se. This target placed challenging
demands on the radiopurity of detector components, in particular, the radon
(**2Rn) activity within the tracker. All internal detector components and con-

struction materials are screened for radon emanation to minimise radon levels.

5.1 SuperNEMO Baseline Design

In the baseline design of the SuperNEMO experiment, all 20 modules are fully
operational independent detectors. Each module is 6 m long, 4 m high, and 2 m

wide. In the centre of the module, there are thin source foils containing 5 - 7 kg
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of source isotope with an areal density of ~ 40 mg/cm?. And they are made into
very thin foils to avoid secondary scattering. The source foil is sandwiched by the
tracker, which is a drift chamber operating in Geiger mode, capable of detecting
charged particles and recording their 3D tracks. A magnetic field is applied to
the tracker to curve the charged particles, except alpha which is too heavy. The
tracker chamber is then enclosed by the calorimeter walls, containing 500 Optical
Modules (OM) consisting of PMTs and scintillator blocks. The principle of the

Demonstrator is illustrated in Figure 5.1.
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Figure 5.1: Exploded view of the SuperNEMO demonstrator module with source foil in
the centre surrounded by the tracking chambers on both sides, followed by

the calorimeters.
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5.2 Source Foil

As the design of SuperNEMO is such that the source is separated from the de-
tector, it allows for the measurement of different isotopes as it is possible to ex-
tract and exchange the source foil for one of a different isotope. The transition
energy Qpp, NME, phase space, natural abundance, and the feasibility of purific-
ation and enrichment are the major considerations when choosing the isotope
for an experiment. For SuperNEMO, 82Se was primarily selected. The source
isotope, 82Se, was enriched using the centrifugation method in Russia and then
used to produce source foils at LAPP (Annecy) and ITEP (Moscow). The radiopur-
ity requirement of the source foil is the most strict of all components on account
of its central location: A?'*Bi) < 10 uBq/kg, AC%TI) < 2 uBq/kg. To confirm this
level of radio-purity has been achieved, a dedicated detector known as the BiPo
detector was built [81] which can measure the background via BiPo coincidence

between an electron and a delayed alpha particle (see Section 9.2).

5.3 Tracker

The Demonstrator tracker is a drift chamber containing over 2000 wire drift cells
operating in Geiger mode. The composition of the tracker gas mixture is 95% he-
lium, 1% argon, and 4% ethanol. The drift cells are arranged in nine layers paral-
lel to the foil. Each cell has a 40 um stainless steel central anode wire surrounded
by twelve 50 um field wires, with a cathode pickup ring at each end. A 25 G mag-
netic field is used to reject positron events from the external background. Since
a large number of wires are used in the chamber, the radio-purity requirement
of the wires should be stringent. The wires were produced using the automatic
wiring robot in Manchester, then the cassette of the wires are inserted into the

tracker at UCL-MSSL (see Figure 5.2 and Figure 5.3).
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Figure 5.2: Sketch of a tracker Geiger cell from transverse view. The anode wire is drawn
in the centre, and the 12 field shaping wires are all around.

Figure 5.3: (left) Tracker cell production using the wiring robot. (right) The tracker wire
cassette insertion at MSSL.

5.4 Calorimeter

The critical functions of the Demonstrator calorimeter are to measure the en-
ergy and the time-of-flight (TOF) of particles, and to provide a fast trigger signal.
The Demonstrator calorimeter contains 550 OMs on the main calorimeter wall,
64 OMs on the veto at the top and bottom of the tracker chamber, and 128 OMs
on the cross-wall (X-wall) at two sides of the tracker chamber. Each main wall
OM has a scintillator block with a cross-section of 26 cmx 26 cm coupled to a
low radioactive 8-inch Hamamatsu R5912 PMT, as shown in Figure 5.4. The veto
and X-wall OMs use 5-inch Hamamatsu R6594 PMTs recovered from NEMO-3,
coupled to scintillator blocks. Dedicated studies have shown that this design can

reach an energy resolutions of 4% FWHM at 3 MeV [82], which is a factor of 2 im-
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provement compared to NEMO-3. The improved energy resolution can reduce
the background by decreasing the overlap of the spectra of 2v2 and 0v2 events,

which can not be distinguished from each other by reconstructed event topology.

Figure 5.4: An optical module of the calorimeter consists a photomultiplier tube which
is directly coupled to a scintillator block.

5.5 Readout Electronics and Data Acquisition System

The data acquisition rate for SuperNEMO is very low comparing to collider ex-
periments. The trigger and data acquisition system for the tracker and calori-
meter are inter-dependent. The calorimeter front-end boards determine timing
as the calorimeter is much faster than the tracker. The tracker is then synced
to the calorimeter clock. This is not only for the triggering and data collection
for double-runs, but also for calibration runs and background studies. A block

diagram of the SuperNEMO readout electronics can be seen in Figure 5.5.
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Figure 5.5: Schematic of the SuperNEMO readout electronics [43].

5.6 Shielding

5.6.1 Radon Shielding

The detector is isolated from the external environment for low background con-
sideration. The tracker is tightly sealed together with the calorimeter and the de-
tector mainframe using selected materials which are good radon barriers, such
as nylon film and SBR. Thorough leak tests are then carried out, and all leaks
are sealed using styrene-butadiene rubber (SBR) [43]. In front of the calorimeter
wall, there is a layer of nylon film to reduce radon diffusion from the calorimeter
into the tracker. The thickness of the nylon films, 25 ym, was selected in particu-
lar to prevent loss of energy resolution due to multiple scattering of electrons in

the film.



5.6. Shielding 82

5.6.2 Anti-radon Factory

The average radon level at LSM is 15 Bq/m? [83], which mainly comes from
the radon emanation of the surrounding rocks. To prevent radon diffusion, the
Demonstrator is housed in an anti-radon tent, which is continuously flushed
with filtered air. The air is filtered through two radon trapping columns, 0.6 m
and 3 m high, filled with 500 kg of activated charcoal cooled to - 50 °C. The anti-
radon facility filters air at a rate of 150 m3/hr, and the absorbed radon will natur-
ally decay away inside the columns. The radon levels in the anti-radon tent are
reduced by ~ 10° compared to the environmental radon level, dropping down

from 15 Bq/m3 to 0.0018 Bq/m?3 [43].

5.6.3 Passive Shielding

The Demonstrator is housed inside the Modane Underground Laboratory (LSM)
beneath the Frejus mountain, where under 1700 meters of rock (4800 m.w.e.) the
cosmic muon flux is reduced by ~ 10%, down to 4 events/m?/day. While cosmic
muons themselves do not directly contribute to the background due to their dis-

tinct event signature, they can produce neutrons from spallation.

In addition, gamma rays and neutrons are present from nuclear decay in the sur-
rounding rocks under the mountain. The neutrons can undergo neutron cap-
ture on various parts of the detector frame, producing up to 10 MeV gammas.
The gamma rays can interact with the source foil and cause the emission of two
electrons (or positrons) via three processes: pair creation, Moller scattering and

Compton scattering (see Figure 6.2).

The external shielding was constructed to prevent the background from the sur-
rounding environment. Iron, 20 cm in thickness, will be used to stop external ys,
with water shielding for neutrons outside of the iron. Some studies indicate that
borated water or sheets of borated polyethene constitute better shielding against

neutrons [82], but is also more expensive. A completed SuperNEMO module with
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the external shielding is shown in Figure 5.6.

7

Z

Figure 5.6: (left) Schematic of the SuperNEMO demonstrator module in the Anti - Radon
tent. (right) Schematic of the SuperNEMO demonstrator module with all ex-
ternal shielding [84].

5.7 General Analysis Techniques

5.7.1 The SuperNEMO software

The SuperNEMO collaboration has developed a series of software packages for
simulation, reconstruction, and analysis, including three major components:

Cadfael [85], Bayeux [86], and Falaise [87].

* Cadfael is a software development kit which gathers the software packages
needed for the development of SuperNEMO, including Boost [88], ROOT
[89], Camp [90], CLHEP [91], Xerces [92], Geant4 [93], Doxygen [94] and

Qt5 [95], which are all popular packages in nuclear and particle physics.

* Bayeux holds a C++ library for experimental nuclear and particle physics,
which contains many C++ classes and functions designed for event simu-
lation, data taking, and data analysis [82]. This functionality is split into

several specialised submodules including:
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- data handling: serializable data structures based on Boost (data
tools), a basic data processing pipeline API (dpp), and data selection

(cuts).

- numerical tools: C++ wrapper and extensions to the GNU Scientific

Library (mygsl).

- utilities for GEANT4 simulation: definition of the primitive geomet-
rical volumes (geomtools), database of the elements and isotopes
composing the detector (materials), modelling of the electromag-
netic field applied in the tracker (emfield), definition of the primitive
geometrical volumes (geomtools), database of the elements and iso-
topes composing the detector (materials), nuclear database describ-
ing the kinematics of the radioisotopes (genbb_help, a C++ port of
Genbb/DECAYO0 from Vladimir Tretyak [96]), and a random generator

of the vertex (genvtx).

Cadfael and Bayeux were particularly designed for the SuperNEMO experi-
ment by the collaboration, but now they are also used by other nuclear and

particle physics experiments [82].

 Falaise dependeds on Cadfael and Bayeux. It provides the main computa-
tional environment for the simulation, algorithms of reconstruction, pro-
cessing and analysis of data for the SuperNEMO experiment. It consists of
three major parts: a core library called libFalaise, a main detector simula-
tion tool called flsimulate, and the main reconstruction tool called flrecon-

struct.

The complete analysis procedure can be compared to a pipeline where events
flow through, starting with the simulated or the real recorded data, followed by

the reconstructed data, and ends with the analysed data [82].
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5.7.2 Sample Simulation and Reconstruction

Falaise is capable of virtually reproducing the geometry, materials, and physical
conditions of the detector, and simulating the steps and processes of an event
— this process is called simulation. Event simulations are generated by GENBB,
with the propagation of the particle inside the reconstructed SuperNEMO de-
tector being carried out by GEANT4 [93].

GENBB is a Monte-Carlo event generator for 2 processes and the decay of radio-
active nuclei and contains information relating to decays — including the half-
life, energy, decay mode, and probability — of all known isotopes. It is capable
of generating nuclear decay events and providing information with regard to the

decay energy, time, and direction of the emitted particles [93, 96].

The detector geometry, materials and physical conditions are reproduced vir-
tually thanks to Geant4. Under this environment, it is possible to simulate the
physics process in the detector. For a typical double beta decay event from the
source foil, its vertex is generated randomly within the source volume, and the
kinematics is also generated randomly according to the specific probability dis-
tribution function for the process given by the existing database. The two elec-
trons propagate in the detector volume following the Monte-Carlo procedure.
Each particle is propagated step by step, and the length of each step is subject
to the materials and physics conditions. The interactions which can affect the
length of a step, like decays and scattering, are implemented in the software, and
the step length is randomly simulated according to these interactions. Possible
secondary particles generated in the interactions, for example, a Moller electron
or y from Bremsstrahlung are also simulated. The simulation will stop if a pre-
viously defined criterion is met, such as the low energy cutoff, particle entered

no-defined volume, etc.

Figure 5.7 shows a simulated 2v2f event. Each circle represents a hit on the

tracker cell. The centre of the circle locates on the anode wire of the cell, and
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Figure 5.7: Visualisation of a simulated 2v2f event in the SuperNEMO demonstrator
from the top view. The calorimeter PMTs, the side and top scintillator blocks
and the tracker cells are not represented for the sake of readability. The
source is displayed in blue, and the different source pads are distinguish-
able. The scintillators are displayed in grey. The coloured circles represent
the tracker cells where the two simulated electrons have crossed. The centre
of the circle locates on the anode wire of the cell, and its radius represents
the minimum distance between the particle track and the anode wire. The
colour of the circle is related to the time when the particle hits the cell.

its radius represents the minimum distance between the particle track and the
anode wire. The colour of the circle is related to the time when the particle hits
the cell. It should be noted that the simulation is based on the assumption of
ideal detection efficiency and time resolution of the tracker. In reality, not all the
hitted cells considered by the simulation will be triggered by the particle because
the detection efficiency decrease from the central anode wire to the edge of each
cell (but still remains above 99%). Also, due to the stochastic nature of the Gei-
ger cell, the radii are only known associated with uncertainty so that it is almost
possible to arrange hit cells by time. The electron goes through the tracker in
several nanoseconds, but it takes microseconds for the avalanche created and
the plasma propagation towards the cell. The red box on the calorimeter blocks

represents that the energy deposited in the scintillator. All the simulated event
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information are stored in the Simulated Data bank (SD bank). The simulated or
real data will then go through a succession of algorithms, each striving to improve

comprehension of the events and to reconstruct them accurately.

To match the real data, the running conditions should be considered in the sim-
ulation: the PMT gains, dead Geiger cells, dead PMTs, and ageing of the detector.
Therefore pseudo-calibration are carried out at this stage, and the event inform-

ation is saved in the Calibrated Data bank (CD bank).

Figure 5.8: Visualisation of 2v2f event from the top view, with information from the Cal-
ibrated Data bank. The chronological information of the tracker hits is not
avaliable.

Cellular Automaton Tracker Module

The first step in the reconstruction is to find out the number of charged particles
in the event based on the tracker hits. This work is done by the Cellular Auto-
maton Tracker (CAT) Module which can cluster all the neighbouring calibrated
Geiger hits. It starts working from the inner layers of the tracker (close to the
source), and then adds neighbouring hits layer by layer towards the calorimeter
wall. If there are still unclustered hits, it starts another clustering job until all the
hits are clustered. Particles crossing the foil will generate two separate clusters
as a CAT cannot gather a cluster across the foil by definition. If a tracker hit is

10 us later than the prompt signal given by the calorimeter hit, it will be iden-
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Figure 5.9: SuperNEMO software pipeline. Real data or simulated data flowthrough the
reconstruction modules and then go into customised analysis mudule.

tified as a delayed hit. These delayed hits are usually from the alphas in the
BiPo events(*'*Bi — 2!*Po — 219Pb, see Figure 9.1). Tracker hits occurring after
this time window will be recorded by a second trigger and acquisition system.
Figure 5.10 shows the clustered hits of electrons from a 2v2f event. Different
clusters are represented by a different colour in event visualisation. This inform-

ation fills up the Tracker Clustering Data bank (TCD bank).
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Figure 5.10: Visualisation of a 2v2 event from the top view, with information from the
Tracker Clustering Data bank. Tracker hits clustered and represented by a
specific colour if they are from the same cluster.

Track Trajectory Module
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The clusters found by CAT are fitted to a trajectory by the Tracker Trajectory Mod-
ule. This module only processes the clusters with 3 or more Geiger hits. During
this trajectory fitting step, different patterns, both helices and straight lines, are
tested because the 25 Gauss magnetic field is not strong enough to bend high
energy electron tracks or alpha particles. The best fit is chosen according to the
lowest y?/ndof, shown in Figure 5.11. For delayed clusters, straight-line fitting is
applied, and the radius is one-fourth of the total radius of the cell by construc-
tion. All information processed by the fitting trajectory step is stored in Tracker

Trajectory Data (TTD) bank.

o
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Figure 5.11: Visualisation of a 2v2 event from the top view, with information from the
Track Trajectory Data bank. Clusters found by CAT are fitted to a trajectory.

Charged Particle Tracking Module

Charged particle tracks fitted by the tracker trajectory module are processed to
the next step where the tracks will be resituated in the SuperNEMO detector. The
tracks are extrapolated both to the calorimeter walls and the source in an attempt
to find a possible associated calorimeter hit and to locate the vertex of the event
respectively. Based on the assumption that particles travel from the source to-
wards the calorimeter, it is possible to extract the charge of the particle from the
curvature of the track. Figure 5.12 shows the two negatively charged electrons in
a 2v2p are associated with their corresponding calorimeter hits, and the vertex is

found in the source.
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Alpha particles coming from the BiPo events are mostly delayed with respect to
a prompt electron. The clustering algorithm can not process these delays tracks.
As there is no calorimeter hit which can provide a reference time, it is impossible
to calculate the drift radii. The longitudinal coordinate is reconstructed accord-
ing to the anode time when the initial avalanche reached the anode. Straight-line
tracks are fitted to the delayed tracker cells, and the drift radius is set as one-
fourth of the total radius of the cell. The information processed by the charged

particle tracking module is stored in the Particle Track Data (PTD) bank.

-
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Figure 5.12: Visualisation of a 2v2f event from the top view, with information from the
Particle Track Data bank. Tracks are extrapolated both to the calorimeter
walls and the source to find a possible associated calorimeter hit and to loc-
ate the vertex.
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Sensitivity Module

Sensitivity Module [97], is a customised output module for the storing of simu-
lated and reconstructed data from the SD, CD, TCD, TTD, and PTD banks in a
ROOT ntuple file.

The reconstructed particles are identified according to definitions given by the

user, see Figure 5.13 [82]:

Electron has a negatively curved track with an associated calorimeter hit.

Position has a positively curved track with an associated calorimeter hit

Alpha has a short straight track (normally being delayed).

Gamma has one or more unassociated calorimeter hits.

After all the particles in an event are identified, they can be associated to form
a topology. Then a number of observables can be computed based on different

topologies, such as:

* the angle between the particles.
¢ the distance between the source vertices of charged particles.

* the delayed time between the prompt electron and delayed alpha.

5.7.3 Alpha Finder

Alpha particles come to a stop at a very short distance into the tracker due to
their high ionisation power, and due to their high mass, and are not significantly
affected by the magnetic field. As such, the typical signal of an alpha particle is a
short straight track (typically less than 40 mm) and, if it comes from the foil, has

no associated calorimeter hit.
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Figure 5.13: A sketch of particle topologies in the SuperNEMO detector [82].
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For alpha particles which hit 3 or more Geiger cells (see Figure 5.14) the tracks are
treated as normal by CAT: Centres of the cells in the delayed cluster are connected
with a straight line of best-fit, and in cases where the projection of the line inter-
cepts the foil, the track is extended to the foil. The track will not be connected to

other particles, such as the prompt electron.

Figure 5.14: Visualisation of a 1ela event where the «a hits 3 tracker cells. The centre of
the 3 hitted cells are connected and extrapolated to the foil in attempt to
locate the a vertex.

Some alpha particles will hit only 1 or 2 Geiger cells in the tracker, and cannot be
processed by the TrackFit module. Because such an alpha particle will not trig-
ger the SuperNEMO detector itself, to identify the alpha event, a prompt electron
is required for verification, as during data taking, a 1 ms window will open after
a calorimeter hit is triggered by a prompt track. In the event a prompt track is
present, the existence of delayed unfitted tracks (a 2-hit cluster) or a delayed un-
clustered Geiger hit (a single hit) can be verified. These alphas are found by the

Alpha Finder algorithm.

In the event an alpha particle hits 2 Geiger cells, the centre of the furthest cell hit
is connected to the vertex of the prompt electron track to construct a track (see

Figure 5.15).

In the event the alpha particle hits only 1 Geiger cell, the centre of the cell is
connected with the delayed hit to the closest end of a prompt electron track (see

Figure 5.16).

All alphas are treated equally during the analysis, regardless of the way they were

found.
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Figure 5.15: Visualisation of a 1ela event where the «a hits 2 tracker cells. The centre of
the furthest a hit is connected to the vertex of the prompt electron track to
construct an alpha track.
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Figure 5.16: Visualisation of a 1ela event where the a hits only one tracker cells. The
centre of the cell is connected with the delayed hit to the closest end of a
prompt electron track.




Chapter 6

Radon and SuperNEMO Sensitivity

In the SuperNEMO experiment, a double beta decay signal is characterised by
the observation of two electrons from the same location in the source foil. In ad-
dition, the 0vBp requires the total energy of the two electrons meet Qgg of the
isotopes (2.99 MeV for 82Se). Therefore, any process that can mimic this signal
will contribute to the background of the experiment. The sensitivity of Super-
NEMO is directly related to the background level (as discussed in Chapter 4),
thus it is essential to reduce the background and to measure the residual back-
ground accurately. One unavoidable background is from the 2v process when
considering 0vfp as the signal only. The 2v 3 process is observed across the en-
tire energy spectrum, and its high energy tail becomes a background to the 0vf
observation. The only practical way to suppress this background is to improve

the energy resolution.

6.1 The SuperNEMO Backgrounds

The main sources of background for SuperNEMO are trace amounts of radioact-
ive isotopes in all materials. -decay isotopes inside the source foils are gener-
ally the most problematic, whereas y-emitting isotopes mostly contribute to the
external background. Almost all radioactive isotopes are background to 2vff

searching, but only isotopes with high Qg values contribute to the background of
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0vpBp searching. The two most problemic isotopes are the $-decaying isotopes
21Bi (Qp = 3.27 MeV) and 2Tl (Qp = 4.99 MeV) from the **U and 2**Th decay

chains respectively which are shown in Figure 6.3).

The SuperNEMO backgrounds can be classified into three types: internal back-

grounds, external backgrounds, and radon background.

6.1.1 Internal Background

Internal backgrounds originate from inside the source foils, and thus they are
dominated by the radioactive contaminants in the foils. The (-decay isotopes
are most harmful because they can mimic two electron events via the processes
of B-decay with Moller scattering, f decay followed by internal conversion or 3-
decay to an excited state with Compton scattering of the de-excitation photon,

as shown in Figure 6.1.

To monitor the internal backgrounds, all the source foils are measured by the
HPGe detectors prior to installation into the SuperNEMO detector. The in-situ
activity measurements made by the SuperNEMO will be directly compared with
these HPGe measurement results. From these HPGe measurements and by con-
sidering commonly-found naturally occurring isotopes, the list of expected con-
taminants is comprised of 2!4Bi, 214Pb, 208TI, 212Bj, 228Ac,23*"Pa and *°K [31].

Most of these isotopes are from the 233U and ?*2Th decay chains except *°K.

6.1.2 External Background

External backgrounds refer to those from anywhere in the detector other than
the source foils and that are not radon-induced. In order to mimic two elec-
tron events, external backgrounds usually involve a photon that interacts with
the source foil, as shown in Figure 6.2. In the case of pair production, the out-
going positron must also be misidentified as an electron, which is unlikely given
the magnetic field. Electrons that do not interact in the foil, but cross the de-

tector, can also be mistaken for two electron events. However, these crossing
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Figure 6.1: Three dominant processes via the f-decay isotope contamination in the
source foil, leading to the emission of two electrons, which contributing to
internal background [82].

electrons are heavily suppressed by removing events based on their timing in-
formation. External background is predominantly from the radioactive decay
within the rock surrounding the laboratory, neutron capture and decays within

the detector components themselves.
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Figure 6.2: Three dominant processes of production of two electrons from an external
particle interactinng with the source foil [82].
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6.1.3 Radon Background

The third type of background is radon-induced background. The radon back-
ground is originally from radon in the tracker gas. Radon progenies can be depos-
ited on the source foil surface, thus effectively becoming internal backgrounds.
The radon level inside the detector can be measured in situ by studying BiPo

events as described in Chapter 9.

6.2 The Property of Radon

Radon is a colourless and odourless noble gas with the symbol Rn and atomic

number 86. It is the only gas that consists entirely of radioisotopes.

Friedrich Ernst Dawn first reported the discovery in 1900 in a series of experi-
ments where radium compounds emitted a radioactive gas [98]. Later in 1904
and 1910, William Ramsay isolated the gas and studied its properties at Uni-
versity College London [99, 100], discovering that the spectrum of this gas and
its low-level chemical interaction were similar to those of argon, krypton, and
xenon. Eventually, after a series of suggestions, this new element was named as

radon in 1923.

All 36 radon isotopes that have been characterised are radioactive, with only four
of them being found in nature. The most stable radon isotope, ??>Rn (half-life

3.8235 days), is from the 238y decay series (see Figure 6.3).

In addition, there is another important radon isotope — ??°Rn (half-life 51.5
seconds) from the 232Th decay series. For 0vBf decay experiments, 2*’Rn and
220Rn are of interest as they provide 2!4Bi and 2°®TI due to their high Qg values.

The simplified decay schemes are shown in Figure 6.4 and Figure 6.5.

Radon, as a noble gas, has a full valence shell and is thus inert to most chemical
reactions, making it difficult to remove chemically. Its long diffusion length in

solids has posed a significant challenge to seal on a large scale. The diffusion
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Figure 6.3: (left) Decay chain of 2381 [101]. (right) Decay chain of 232Th [102].
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Figure 6.4: The simplified decay scheme for the decay of 21*Bi [31].
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Figure 6.5: The simplified decay scheme for the decay of 2°8T1 [31].

L= 2 (6.1)
- A,, .

where A is the decay constant and D is the diffusion coefficient of the material.

length L is defined as:

Metals usually have minimal diffusion coefficients.

Some typical values of radon level are 1 - 100 Bq/m? in the open air, and 30 -
50 Bq/m? indoor. In the UK, the average radon level is 4 Bq/m? in open air ,
and 20 Bq/ m? indoor [103]. These values are heavily dependent on the location,
ventilation, and the surrounding materials and thus can vary dramatically. In a
cleanroom, with the barrier from brickwork and active ventilation, the level can
be reduced to < 5 Bq/m3. Radon levels in underground laboratories also vary
depending on the surrounding rock, which can range from ~ 2 Bq/m? in a salt

mine to several kBq/m? in a uranium mine [43].

Beyond experimental high energy physics, the study on radon has also become
a general interest in public health. It is regarded as the second highest cause of
lung cancer after smoking. Aside from radon itself, which is easily inhaled as a
gas, the radioactive decay products are solid and can stick to the surface of dustin

the air, which can in turn be breathed in. While there are extensive commercial
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radon detection devices sensitive to an activity range of 0.1 Bq/m? - 1 Bq/m?,
such sensitivity is far below the requirement for low background experiments. As

such, a custom-made detector is required for the SuperNEMO experiment.

6.3 Radon in SuperNEMO

From the NEMO-3 experience, as the decay daughters of 222Rn, 214Bi contributes
a large part to the background due to the high § decay Qg value of 3.27 MeV.
All materials are naturally contaminated with traces from the 232Th and #8U.
Radon can enter the SuperNEMO detector generally via the following ways: em-
anation from the detector construction material and diffusion from the environ-
ment. The study on the effect of different radon concentrations on the sensitivity
of SuperNEMO is shown in Figure 6.6. In the study, radon from the source foil
and from the tracker are treated separately, and as such the radon budget of 280
uBq/m?3 for the sensitivity of 102° yr is calculated with the assumption that the
contribution from the source foil is 0. This being the case, the target of radon
level should be divided between internal contamination and the tracker, result-
ing in a target for the tracker activity of < 150 uBq/m3. To achieve this target,
various methods have been used to monitor and mitigate radon which effects as
a major background: screening of the construction materials and components,

purification of the tracker gas and in-situ monitoring of radon background levels.

6.4 Gas Flow Suppression of Radon in Tracker

Besides monitoring the radon contamination of material used in SuperNEMO, a
sufficient improvement on the radon level in the tracker can be gained by repla-
cing the contaminated tracker gas with clean gas. The diffused and emanated
radon can be flushed away, creating a suppression that is, unsurprisingly, a func-
tion of flow rate and the activity of the supply gas. Naively, one may expect the
flow rate to be as high as possible to reduce the radon activity, however, in reality

this flow rate is limited. The tracker performance will decrease if the volume ex-
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Figure 6.6: SuperNEMO sensitivity as a function of exposure for different radon activities
inside the tracker. Internal contamination of 2!*Bi is neglected [104].

change too fast. The accuracy of the gas mixing system which is introducing the
required 4% ethanol into the tracker gas can also be affected by high flow rate.
Studies showed a satisfactory performance of the tracker up to a maximum flow
rate of 2 m3/h [105]. The flow rate is also limited by the ability of the gas purific-
ation system used to trap radon in the supply gas before being flushed into the
tracker. To achieve effective suppression, an active gas purification system was
developed, similar to the anti-radon factory, to purify the gas mixture of helium
and argon prior to the gas mixing system delivering the correct concentration of
tracker gas. The gas purification system is described in Section 7.5. The major
part of the gas purification system is a trap which use activated charcoal to trap
radon at - 80 °C, and, as it is known that ethanol can quickly saturate the trap and
stop radon trapping, this gas purification system must not be installed post gas

mixing system. As radon emanated from the gas mixing system will be delivered
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to the tracker, the radiopurity of the gas mixing system should be minimised.

When radon level inside the sealed tracker reaches equilibrium, A7, the number
ofradon atoms, N, is:

N} =Ar/A (6.2)

where A is the decay constant. The suppression factor can be extracted by taking
aratio of the number of radon atoms inside the tracker with a certain gas flowrate

and without flushing:

NT_ /VT AT_ 1+f/VT/1

=1 = 6.3
N% Ar+Ag A 1+Ag/Ar (6.3)

Fs

where N7 is the number of radon atoms inside the tracker while flushing, A7 is
the activity of the tracker, Ag is the activity of the flushing gas, f is the flowrate,

and V7 is the volume of the tracker. Here A’ is the effective decay constant: A7,

Ay Y (6.4)

The radon suppression factor as a function of gas flow rate is shown in Fig-
ure 6.7 [31], in which three different radiopurities of gas are considered. When
the radon level of the replacing gas is negligible, a suppression factor of 18.4 can

be achieved by flushing at 2 m3/hr.
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Figure 6.7: The radon suppression factor as a function of gas flow rate. Four different
levels of radiopurity of the replacing gas are shown at 0%, 5%, 10%, and 15%
[31].



Chapter 7

Radon Detection

The SuperNEMO experiment requires radon contamination of the tracker gas to
be less than 0.15 mBq/m?, and achieving this target has posed a significant chal-
lenge in the detector design and construction. Furthermore, the measuring and
monitoring of such ultra-low radon activity is also a challenging prospect. The
world’s best radon detectors can achieve a sensitivity of 0.1 Bq/m? [43], which is
3 orders of magnitude away from meeting the SuperNEMO tracker gas radiopur-
ity requirement. As such, a state-of-art custom-made electrostatic detector has
been acquired for SuperNEMO. Initially designed for the ELEGANT V and Super-
Kamiokande experiments [106, 107], the detector is capable of measuring radon
down to a level of 1 - 2 mBq/m® — 2 orders of magnitude better than commer-
cial detectors. However, this is still ten times higher than the target sensitivity.
A new system called the Radon Concentration Line (RnCL) has been developed
and built at UCL, which can concentrate the gas sample so that the sample can
reach the sensitivity required for the SuperNEMO detector. This is described in

Section 7.4.

7.1 Electrostatic Detector

The electrostatic detector, as shown in Figure 7.1, consists of the following parts:

a 70-litre cylindrical stainless steel detection chamber, a silicon PIN photodiode,
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electronics associated with the detector, and two valves — inlet and outlet —
for gas flow. To minimise the background, the chamber is electro-polished after
welding to reduce the surface area onto which radioactive particles can be de-
posited. In addition, metallic valves coated with Styrene butadiene rubber (SBR)
are used to prevent radon diffusion. The PIN photodiode is electrically isolated
from the chamber by a perspex sheet and feedthrough, and is connected to the
electronics, which include a high voltage divider and a pre-amplifier housed in
the lid of the detector, separated from the chamber. The aim of this design is to
provide shielding from external noise as well as to reduce the length of the signal
cable before the pre-amplifier. Negative high-voltage, typically -1500V, is applied
to the P-layer of the PIN photodiode while the chamber is grounded, to generate
the electrostatic field. Simultaneously, -100 V is separated to provide the inverse

bias voltage to the PIN diode through a high voltage divider.

In Out
l Electronics T
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[ ™| -HV i | ™
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Stainless Vessel —*

)

Figure 7.1: (a) The electrostatic detector used for all the radon emanation measurements
along with the RnCL and the emanation chamber. (b) The electrostatic radon
detector schematic as shown in [106].

The daughter nucleus of ?>’Rn decay are predominately positively charged. A
measurement taken in 1913 shows that 88% of the ions and compounds from
radon decay are positively charged [108], which is consistent with the most recent

measurement result, 87.3 + 1.6% [109].
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Due to the applied electric field, positive ions from radon decay are attracted
onto the PIN photodiode. When these ions undergo a decay, they can be detec-
ted by the photodiode, and distinguished by the energy deposited on the PIN:
6.1 MeV, 7.9 MeV, and 5.4 MeV for 2!8Po, 211Po, and 2!°Po respectively. >1*Po has
a higher detection efficiency and is generally considered as a measure of radon
level. Ideally, one may expect that the collection efficiencies for 2*Po and ?'®Po
to be the same; however, not 100% of decay daughters are collected due to neut-
ralisation. The ?'8Po which has a higher ionisation potential, is more easily to
be neutralised in the environment where only trace amount of impurities are
present. 2!°Pb has a relatively long half-life of 22.3 yrs; hence its daughter nuclei
210pg, will not reach equilibrium with the ?*2Rn within the time frame of a typical

measurement, and it will not characterise the radon concentration.

7.1.1 Detector Signal

The detector signal is passed to the DAQ system: a Nuclear Electronics Miniature
box (Wiener NEMbox SU706), which is a field-programmable gate array (FPGA)
designed to function as a NIM crate in a small, stand-alone desktop unit. The
NEMbox is used to trigger and digitise the pulses for storage, and at the same
time, can prevent re-triggering from the afterpulse. The dead time for this system
while recording the full signal pulses to disk for offline analysis is ~ 17 ms. A
calibrated source of known frequency was used to measure the response of the
DAQ system, and the results are as shown in Figure 7.2. In normal data-taking
modes, the dead time should contribute a negligible effect, however, for high
activity measurement such as a calibration run, it must be taken into account

[31].

7.1.2 Detector Efficiency Calibration

The detection efficiency of the electrostatic detector was calibrated to investig-

ate the response of the detector to a known activity of radon. A 1.32 kBq ?*Ra
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Figure 7.2: Response of the DAQ system for various input frequencies, where the red dots
show the measured response, and the red line shows the expected response
when the dead time between two pulses is 17.2 ms [31].

flowthrough standard source (Pylon Electronics, RN-1025) was procured for this
calibration. The design of the source allows the gas to flow through the source
material, which can ensure that all the emanated radon is exhausted and offer
considerable flexibility in the amount of radon for different measurement uses.
There are generally two separate methods to calibrate the detector. The first,
dubbed the spike method, is to purge a known amount of radon into the detector
and measure the activity with the detector. The second, the flowthrough method,
is to measure the radon level inside the detector while continuously flushing the
radon-carrying gas through the detector over 24 hours. Though both helium or
nitrogen can be used as the carrier gas, helium is the preferred choice in this case
as impurities in the nitrogen such as nitrous oxides may result in neutralisation
of positive ions of radon progenies [110]. The detection efficiency was determ-
ined by taking the ratio of the measured activity of radon in the detector chamber
over the calculated radon activity introduced from the flowthrough source. In the
latest spike method calibration measurement (the spectrum for which is shown
in Figure 7.3), for 2!4Po, the detector can reach a relatively high detection effi-

ciency of 33.3 + 1.6% and for 2'8Po the efficiency is 29.1 + 1.4% (see Figure 7.4).
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Figure 7.3: The energy spectrum with peaks of 21°Po, 218Po, and ?!*Po from left to right
during the detector detection efficiency calibration run.

Comparing with the previous two efficiency calibrations summarised in Table
7.1, one can conclude that the detector performed stably over the years even after

the High Voltage (HV) module upgrades in 2015.

Year of calibration Efficiency for 21*Po  Efficiency for 218Po

2012 31.6 £ 1.6% 27.1 £1.4%
2014 315+ 1.3% 28.14 £+ 1.1%
2016 32.2+1.6% 29.7 £ 1.4%

Table 7.1: The results of the last three spike method detection efficiency calibrations.

Practically, the 2!8Po efficiency can also be affected by peak proximity from the
residential 2'Po, which is a decay product of >'°Pb in the ??’Rn decay chain.
210pb has a relatively long half-life of 22.2 years, which means it will deposit and
accumulate on the PIN photodiode during the measurement. In normal low-
activity measurements, the 210pg peak is much higher than the 218pq peak, as
shown in Figure 7.5. Although the detector resolution is excellent, an overlap
between the 219Po and 2!8Po tail is inevitable. Thus 2!*Po is the ideal candidate

as the measure of radon.

The assumption of the neutralisation effect caused by the extra impurities in the
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Figure 7.4: Event rates of >*Po on the top and ?'Po on the bottom during the spike
method detector detection efficiency calibration run, where blue curves
show fit with the fixed half-life of ?>Rn. A is the detected activity of source
introduced in to the detector. B is the intrinsic background level of the de-
tector.

nitrogen environment, mainly trace nitrogen oxides, was confirmed by compar-
ing the calibration results using helium and nitrogen. Lower efficiencies were
indeed observed: 28.1 + 1.1 % and 22.3 + 0.8 % for 2!4Po and ?'®Po respectively
[43].

The flowthrough method was generally used as a cross-check with the spike cal-

ibration. Nitrogen was chosen as the carrier gas flushing through the source and
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Figure 7.5: The energy spectrum with peaks of 21°Po, 218Po, and ?!*Po from left to right
during a typical low-activity measurement.

the detector at 4.2 litres per minute (Ipm). Taking the ratio of the observed radon
level by the detector over the calculated equilibrium radon activity supplied by
the source at this flowrate, the detection efficiency can be determined as 26.3 +
1.8 % and 22.2 + 1.6 % for 21“Po and 2!8Po respectively. These agree well with the

spike method results.

A summary of the most recent calibration results is shown in Table 7.2.

Calibration Method ~Carrier Gas Efficiency for 2'4Po  Efficiency for 2!8Po

Spike Helium 33.3+1.6% 29.1 +1.4%
Spike Nitrogen 28.1+1.1% 22.3+£0.9%
Flowthrough Nitrogen 26.3 + 1.8% 22.2+1.6%

Table 7.2: Electrostatic radon detector detection efficiency calibration results using dif-
ferent carrier gases.

7.1.3 Detector Background and Anti-Radon Bag

A sensitive detector requires not only a high detection efficiency but also a low
background counting rate. Prior to the measurement of the sample, to accur-

ately estimate the background from the activity of observed radon and to make
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sure the background is low and stable, a background measurement was carried

out. Long-term background measurements were performed occasionally to as-

certain the intrinsic activity of the detector. During these kinds of measurements,

the detector works in a pure helium environment to maximise the detection effi-

ciency. In a typical detector background measurement (as shown in Figure 7.6),

the counting rate of 214pq was found to be 6.5 + 1.0 counts per day (cpd), translat-

ing into 0.23 + 0.03 mBq or 3.23 + 0.49 mBq/m? given that the detector chamber

is 70 L in volume.
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Figure 7.6: Event rates of 2“Po on the top and ?'8Po on the bottom during a typical de-
tector background run.

In a detector calibration run, high activity from the introduced source results in
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spectral peaks arising from ?1*Po and ?'8Po decay. In a background measurement

run, the spectra resemble those of low-activity sample measurements.

210pg activity remains close to constant on account of the long half-life of its
grandparent 2!°Pb deposited on the PIN photodiode, except after a calibration
run when its activity will increase. This property of 2!°Po provides a very con-
venient way to check the stability of the detector, the power supply, and the DAQ.
The detector and the whole system along with it were transported back to a clean
room at UCL from the Mullard Space Science Laboratory (MSSL) in October 2017.
After re-assembling, the results from the commissioning run showed that the de-
tector was stable, and the background was low, as expected. A series of long back-
ground measurements were taken to verify the background level of the detector,
and over a long period, the observed 2!*Po counting rate remains 5 - 6 cpd, which
is low and stable compared to the background level before the move. However,
substantially higher background rates of ~15 cpd were observed later, which will

reduce the sensitivity by a factor of v/3.

One assumption for this increase was the higher radon diffusion effect caused by
the abnormal environmental radon level in the cleanroom. The SBR used to coat
the seal between the chamber and the lid of the detector as a radon barrier could
have aged over seven years. A commercial electrostatic radon detector, RAD7,
was then installed to monitor the environmental radon level. Some consistency
between the detector background and the environmental radon level was found
by comparing the detector data and the RAD7 data during the same period. In
addition, the radon level in the room was too high for a clean room (see Fig-

ure 7.7).

Two strategies exist for the attempted mitigation of the high background. The
first strategy is to re-coating the seals with SBR, which will inevitably require the
opening and re-sealing of the detector, during which process fragile electronic
components run the risk of being damaged. In addition, despite being opened in

a cleanroom, proper cleaning of the detector chamber post-unsealing to ensure



7.1. Electrostatic Detector 114

- 50 -
s £ 2
3 % g
s —— A=13.2 + 1.5 Bg/m®
& 40 — ™Po Z 18 o
€ 2
g 2
a 35 B =10.1+0.9 cpd S 16
30 &
25 S g
20 12 L
1 ++ +
o R & e T LV B
‘ s
o T4
o|w:\wwwwlllww\lwll\lwww\wlw\www o e b b e b
0 50 100 150 200 250 300 0 20 40 60 80 100 120 140

Time / hrs Time/hrs

Figure 7.7: Electrostatic detector background (left). B is the background rate in the de-
tector. The environmental radon level measured by RAD7 during the last six
days (right). A is the detected radon progeny (>'*Po) activity in RAD7.

it is sufficiently uncontaminated is a non-trivial process.

The second solution was chosen as it is both reliable and more convenient than
the first one, which is to provide the detector with a clean working environment
by housing it in a compatibly sized anti-radon bag where nitrogen is continu-

ously flushed through to suppress radon (as shown in Figure 7.8).

Figure 7.8: Radon detector housed in the anti-radon bag.

Double-layer transparent polythene foil was heat-sealed to build the anti-radon



7.1. Electrostatic Detector 115

bag housing the detector, and two gas feedthroughs were attached to the bag for
the gas inlet and outlet. Flushing at 1.0 Ipm, which is the lowest flowrate the ball-
flowmetre can achieve, an improvement on the intrinsic background level was

observed, with the 2!4Po rate dropping down to 2.5 - 3.0 mBq/m? as usual.

7.1.4 Analysis Method

For offline analysis, each signal is stored via the NEMbox DAQ system as an event
in which the date and time together with 1000 sample points of the digitised
pulse are recorded in text format. 1000 events fill up a text file, and then the

files are analysed using ROOT.

The data file is processed in two steps. Firstly, a peak-finding algorithm determ-
ines the number of peaks in each pulse, their amplitude, and the time — this
process is called signal identification. With amplitude and time information, all
the pulses can be classified into four different types of events: signal events, BiPo

events, pile-up events, and noise events (as shown in Figure 7.9).

A signal event contains only one peak, and therefore processing proceeds straight
to the next step. The BiPo event refers to the double peak as a result of the elec-
tron from 2'4Bi decay and the alpha from ?!*Po decay, with an average gap of
164.3 us, which is the half-life of 214pg. To be detected and identified as a BiPo
event, the two particles must deposit energy on the PIN photodiode within the
15 us pre-trigger window. Thus, this kind of event is rarely observed and contrib-
utes only ~1% of the >“Po events. The pile-up event is also a rare, double-peak
event, which contains two alpha peaks. It is distinguishable from the BiPo event
as the magnitude of the electron peak in a BiPo event is visibly smaller than the
alpha peak due to the decay energy. Pile-up events are typically only observed
during calibrations when the activity inside the detector chamber is high. The
last type of event is the electronic noise which consists of many peaks of sim-
ilar magnitude in a single pulse. Their amplitude is usually low; however, very

occasionally, one can be large enough to mimic a signal event.
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Figure 7.9: Examples of the four types of events identified at the filtering stage.

Signal events are then processed to the next, pulse-fitting step. For optimisation
of extracting the best value of amplitude, each signal pulse is fitted with a func-
tion defined as the ideal form of a signal coming from the PIN photodiode and
processed through the pre-amplifier. This signal form can be determined via the
observation of the output from the pre-amplifier while injecting light from an
LED into the photodiode. The study shows that the signal pulse can be described
as a sharp linear rise followed by an exponential decay (see Figure 7.10 as an ex-

ample).

7.2 Sensitivity of the Radon Detector

The sensitivity of the radon detector system is quantified by the Minimum De-

tectable Activity (MDA),as defined in 'Radiation Detection and Measurement’ by
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Figure 7.10: A typical signal event (black) with the pulse fitting function (red) superim-
posed [31].

G. E Knoll [111]. In this thesis, the MDA represents the detector sensitivity at 90%
C.L. unless specifically stated. This definition is based on the binary decision of
whether the output of the detector is signal with background or background only.
There is the possibility of a false-positive event where a background event is in-
dicated as a signal, in addition to the possibility of a false-negative event where
a signal is misidentified as a background only. A critical number of counts, n, is
predefined, where if more counts than this number are observed, one can claim
that the signal presents. 7. is found for the expected number of background
events, B, and the measurement confidence level, CL. The probability of false
positive is less than 1 — CL. If B follows the Poisson distribution, to meet the

above criterion, n. is increased until the following inequality is satisfied:

ne—1 n

[e.°]

B

Pg(nzny)= Y Pois(mB)=1-) e P—<1-CL (7.1)
n=0

n=nc n!

When n, has been set high enough to reduce the false-positive probability to
1 — CL, the probability for false negatives can be used to calculate the minimum

expected number of signal events, S, that satisfies the MDA requirement. Thus,
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S must be increased to satisfy the following inequality:

ne—1 ne—1 s (S+B)n
Psip(n<ng)= ) Pois(m;S+B)= )Y e +B)T <1-CL (7.2)
n=0 n=0 :

In Figure 7.11, the black curve is the Poisson-distributed background expecta-
tion, from which n, has been set so that the black-shaded area corresponding
to the false-positive equals 1 — CL. The red line represents the distribution for
the minimum signal on the same background, where S has been set such that
the red-shaded area also corresponding to the false-negative equals to 1 — CL.
The minimum signal can be converted into an activity which is referred to as the

MDA.
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Figure 7.11: Probability distributions for two Poisson distributed variables. n. has been
increased until the false-positive result corresponding to the black-shaded
area has sufficiently low probability. S has then been increased until the red-
shaded area corresponding to the false-negative result which also has area
1-CL.

7.2.1 Normal Approximation

As it is difficult to work with the Poisson distributions analytically, simplification

is applied based on the normal approximation for a sufficiently large sample size,
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Pois(A) = Norm(u=A,0 =VA) (7.3)

The continuity correction n, — n,— % can be used to further improve the approx-

imation. Therefore Equation 7.1, where A = B, becomes:

nc—l—B

2
o0 1 (x=B)? 1 1

PB(nznc):f e dx:———f R TR )
nc—% \/27‘[3 2 \/E 0

Introduce the error function defined as:

erf(x) = ifx e_tzdt (7.5)
= =) .

Using this definition and Equation 7.1 and 7.4 it can be seen that:

1

p N P S il | P
B(nznc)~2 1-—erf Nor: <1-CL (7.6)

The equivalent procedure can be applied to Equation 7.2 to give:

<1-CL (7.7)

P(n<n)~l 1+erf nc—%—(S+B)
<72 V2(S+B)

As the MDA definition provides the smallest possible value of S for a given B, n,

can be eliminated. Combining Equation 7.6 and 7.7, it can be found that:

S—V2BE=>+/2(S+B)E (7.8)

where E is a positive number defined as:

E=erf 1(2CL-1) (7.9)
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The unphysical solution where S < 0 should be excluded, so that:

S=>2E(E+V2B) (7.10)

When the inequality is equal, S can reach its minimum value. The MDA can be
calculated from the minimum number of signal events that are detectable, Sy,
given by:

So=2E(E+V2B) (7.11)

7.2.2 Detector Sensitivity

To estimate the detector sensitivity, we assume that a sample with activity Ag
is introduced into a detector of which intrinsic background activity is Ap. The

number of radon atoms in the detector, N, is given as:

aN =—AN+ A (7.12)
dtr b '
Therefore:
d i Ar, AN At
— = —+AN) = A 7.13
dt(e N)=e (dt +AN)=¢e""Ap ( )
and:
A
e“N:fe“ADdt: TDe“+C (7.14)

The detector is flushed to remove residual radon before a measurement, so N =
Ag/A at t=0. Thus, C can be determined as C = As/A — Ap/A, and the number of

the radon atom can be calculated as:

A A
N= TD(I—/IeM)+TSe_’“ (7.15)
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Equation 7.15 contains two terms: the background and the signal. When the
measurement time is much longer than the half-lives of intermediate isotopes in
the decay chain of 2??Rn to 2!4Po, one can make the approximation that the signal

events are all from 2?2Rn since ?!4Po can reach equilibrium after 4.5 hours, see

Figure 7.12.
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Figure 7.12: Activities of different isotopes in the >??Rn decay chain with respect to time
after introducing 1 mBq of ???Rn into a detector with 0.1 mBq background
[31].

For a zero background detector with the detection efficiency, ¢, when sample

activity is Ag introduced, the number of signal events after a time T, is given as:

T g -At As -2
S:ef /lth:ef Age dt:ET(l—e B (7.16)
0 0

Similarly, if the detector has an intrinsic background of Ap, when no sample is

introduced, the pure background is measured as:

T T A
B= ef ANdt = ef Ap(1—e Mydr= eADT—eTD(l —e M (7.17)
0 0

From this the MDA for the detector can be calculated by first finding B using

Equation 7.17, then Sy which is the minimum number of signal events detectable
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for a given confidence level. So Sy can be converted into the MDA using Equation

7.16. The detector MDA as a function of the measurement time T is shown in

Figure 7.13.
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Figure 7.13: MDA for the electrostatic detector as a function of the measurement time.

7.3 Emanation Chambers

In the radon emanation measurements for small samples, the emanation cham-
bers were used to house the sample while isolating it from the environment. Two
emanation chambers were built in the US with stainless steel to ensure radiop-
urity, and then assembled and tested for the intrinsic radon emanation level at

UCL.

The emanation chambers (as seen in Figure 7.14) are both 152.4 mm in length
and 146 mm in diameter, and each a resulting ~2.6 litres in volume. Two flanges
are sealed to the tubular body on both sides, using copper gaskets. The chamber
was cleaned, assembled, and leak tested at UCL. A typical leak test contains two
stages. In the first stage, helium was used for flushing the chamber to remove re-
sidual air once the chamber was assembled, and during flushing, a helium sniffer
(GasCheck Tesla Helium Leak Detector, Ion Science) was used to check all the

connections to ensure that there were no significant leaks above 107 cc/s. The
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leak checking was then repeated after the chamber was sealed under 0.5 bar over-
pressure, to ensure there were no leaks above 1076 cc/s. The chamber was trans-
ported to MSSL for further cleaning, reassembling, and connecting to the gas
line, together with the radon detector for further tests (as shown in the schem-
atic Figure 7.15). Leak tests are also carried out each time when it is opened and

re-sealed for a sample insertion. .

Figure 7.14: The second emanation chamber fully assembled at MSSL.

To Vacuum Pump
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Figure 7.15: Schematic of the gas line with the emanation chamber connected [43].
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7.3.1 Background of the Emanation Chambers

The intrinsic background of the chamber determines the sensitivity, and as such
it is very important to monitor it by performing the chamber self radon emana-
tion measurement. To prepare for this measurement, the chamber was flushed
with 100 volumes of helium to remove residual gases, while the helium sniffer
was used to carry out a leak test again to ensure for airtightness. After flushing,
the chamber was then sealed under atmospheric pressure and left to emanate
over 30 days, equivalent to 8 radon half-lives, to reach equilibrium before being
transferred into the detector. Meanwhile, prior to the transfer, the detector was
cleaned by flushing 10 volumes of clean helium and sealed under atmospheric
pressure, followed by a 5-day detector background measurements to not only to
ensure the background was low and stable but also to provide an accurate back-
ground level during the period. The gas sample was then transferred into the
detector for a measurement, carried by 25 litres of helium, resulting in an in-
crease of the operational pressure of the detector from 1 bar to 1.36 bar. The first
emanation chamber which was assembled in 2014 has an intrinsic background
of < 90 uBq at 90% CL [112]. The measurement result of the second chamber
over 8 days is shown in Figure 7.16. Data of the detected signal events each day
is plotted with an error bar. The red vertical dashed line indicating the time of
sample transfer divides the plots into two parts. The data on the left, referring to
the detector background measurement, is fitted with a polynomial to extract the
detector background B. For the right side, corresponding to the chamber meas-
urement, an exponential fit based on the radon decay with a half-life of 3.8235
days was applied. The radon activity, A, can be determined by extrapolating back
to the moment of transfer. The intrinsic background of the chamber can be cal-

culated by:

B A (cpd) x 1000 (mBgq)
€= ep x (1—e M) x (1 - e ) x 86400 (secs/day)

(7.18)

where Ac is the radon activity in mBq, €p is the detection efficiency of the de-
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Figure 7.16: Event rates of 2l4pg (on the top) and 218pg (on the bottom) of the back-
ground measurement of the second chamber.

tector, 1 — e~ is the correction of initial activity levels from equilibrium, and N,
is the number of volumes of the chamber flushed into the detector, thus 1 — e~

gives correction on transfer efficiency.

Hence, the sensitivity (90% CL) of the second emanation chamber is:

Ac1spy, <170 uBq
(7.19)

A21sp, <223 uBq
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7.3.2 Radon Harbouring Hypothesis

For most sample radon emanation measurements, at least a second measure-
ment is carried out to confirm the result. In some of the cases, higher activities
were observed in the first radon emanation measurement compared to further
repeat measurements. One possible explanation is the radon harbouring hy-
pothesis. Environmental radon can diffuse into the materials, and this residual
radon can not be removed by flushing, and will eventually contribute to the final

result.

One good demonstration of this hypothesis is the radon emanation measure-
ment of Room Temperature Vulcanizing Silicone (RTV), which was one of the
proposed materials for the SuperNEMO detector. The sample was cleaned and
placed into an emanation chamber. The chamber was then flushed with 200

volumes of clean helium to remove residual radon and sealed.

After 30 days’ emanation, the gas sample was transferred into the detector for
the first measurement by purging with 25 litres of clean radon-free helium. After
the transfer, the chamber was kept closed, flushed again, and sealed to prepare
for a second measurement. After a further 16-day emanation (total time in the
chamber), the gas sample was transferred into the detector. The result was found
that the first measurement was surprisingly much higher than the second one.
As such, a third transfer was carried out. This time, the material was kept in-
side the chamber for over 80 days, and the emanation since flushing after the
second transfer was 20 days. The results from the three measurements are close

the second one, as shown in Figure 7.17.

7.4 Radon Concentration Line

The sensitivity of the electrostatic radon detector at UCL is one of the best in the
world. However, it is still not enough to measure the SuperNEMO target radon

background level 150 uBq/m?3. The detector is 70 litres in volume and cannot
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Figure 7.17: Event rates of >“Po during the first, second, and third measurement of RTV
sample shown in (a), (b), and (c) respectively.



7.4. Radon Concentration Line 128

be operated with too much overpressure, and is thus almost impossible to im-
prove the sensitivity by increasing the gas sample volume purged into the de-
tector. However, there is still another possibility which is to increase the radon
concentration level so that the total amount of radon can be detectable for the

electrostatic detector.

A Radon Concentration Line (RnCL) has been developed and built at UCL, which
can concentrate and store radon from large volumes of gas and then sends the
sample to the electrostatic detector for measurements. The RnCL working in
conjunction with the electrostatic radon detector can reach a sensitivity of as low
as 5 uBq/ m?3 [31]. The design of RnCL is based on previous work of MoREx at
Heidelberg [113], but has been modified to be more portable. The real-life set-up

of RnCL is shown in Figure 7.18.

7.4.1 Setup of the RnCL

The essential part of RnCL is a stainless steel trap containing 52.5 g of radio-pure
activated carbon (from Carbo-Act international). In order to improve radon ab-
sorption efficiency of the activated carbon, an immersion cooler (the EK90 Im-
mersion Cooler from Thermo Scientific, capable of cooling to a minimum tem-

perature of -90 °C) was used to cool the carbon trap to -50 °C [43].

While flushing gas through the system, radon will be captured in the trap, and
this is called the trapping stage. After the trapping stage, the trap will be sealed
and warmed to room temperature, then heated to over 220 °C to release radon
in preparation for the transfer of the radon sample into the detector. The volume
of the trap is 0.5 litres in volume, thus in a typical run, 25 litres of flushing gas is

assumed to be enough to transfer all the released radon into the detector.

To avoid any particles entering the electrostatic detector, a series of Swagelok
stainless steel filters are installed before and after the trap on the gas line. The

setup of RnCL is shown in Figure 7.18.
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Figure 7.18: The setup of Radon Concentration Line in real-life [43].

7.4.2 Calibration

The trapping and transfer efficiency of RnCL must be determined so that the
system can offer meaningful measurement results. The RnCL can be calibrated
with the flowthrough method. The radon emanation of the SuperNEMO quarter
tracker modules (also called C-Section due to its C shape) are also measured us-
ing the RnCL via the flowthrough method, thus calibrating the RnCL under same
conditions of the C-Section measurement can provide reliable results. The calib-

ration procedure is described as follows.

1. First, flush the RnCL and detector with nitrogen to remove the residual radon
and seal the detector afterwards. Attach the calibration radon source (same
source as detector calibration) to the RnCL and then continuously flush nitro-
gen at 3 Ipm through the source to the exhaust over at least 4 hours. This flushing
procedure lasts for at least 4 hours, with the aim of clearing the residual radon

and to wait for the residual polonium to decay away.

2. After 4 hours of zeroing the source, increase the flowrate to 7 lpm and di-

vert the gas flow through the detector to the exhaust over ~ 24 hours, to monitor
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the activity through the detector. The activity should remain stable after several
hours’ radon build-up until the end of the 24 hours’ flushing. The flowrate of 7
Ipm is selected in particular because it is the flowrate used in the real C section
measurement, and it is also the highest achievable flowrate due to leaks on the C
section at this stage. The event rates of this stage during the most recent calibra-
tion measurement is shown in the first ~ 24 hours (between the red dashed lines)

of Figure 7.20 and Figure 7.21.

3. After 24 hours’ flushing, start the trapping stage by diverting the gas to flow
from the source through the cold trap (typically < -50 °C in the central part of the
trap) and detector to exhaust. The trap is cooled down via immersion in isop-
ropanol inside a Dewar, and cooled by the refrigerator cooler (EK90 Immersion
Cooler from Thermo Scientific). The event rates of the trapping stage is shown in

Figure 7.20 and Figure 7.21 (between the green dashed lines).

4. After 24 hours, seal the trap and source to stop trapping, and then remove the
source. Also, stop cooling the trap and wait until the trap is warmed back to room

temperature.

5. Start heating the trap to release radon and in the meantime flush the detector
with 700 litres of helium to remove residual radon and replace the nitrogen en-
vironment inside the detector. As mentioned previously (see Section 7.1), the

detector has a better detection efficiency working under a helium atmosphere.

6. When the trap is heated to over 200 °C, transfer the gas sample from the trap
into the detector for measurement. The event rates after transfer is shown in

Figure 7.21 (after the pink dashed line).

The specific activity at the output of the source can be calculated by Equation

7.20.
eq  As 132 £ 0.05kBq

S T fIA 557 +27md

a =23.7+1.5Bq/m’ (7.20)

where Ag is the activity of the source and f;s is the flowrate through the source,
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Figure 7.20: Typical 2!*Po rates measured in the detector during the trapping stage of
the RnCL flowthrough calibration measurement, with nitrogen as the car-
rier gas and a trap temperature of -50 °C.

here is 7 Ipm. The equilibrium activity in the detector Aqu during first ~ 24 hours

can be determined by by Equation 7.21

eq _ AS
b 1+fs/AVD

=1.7+0.1 Bg/m?® (7.21)
where Vp is the detector volume 70 L. The measured event rate inside the de-
tector at equilibrium was 0.447 + 0.003 Hz, translating into the detector efficiency

0f26.3 £ 1.8%.
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Figure 7.21: Typical 214Po rates measured in the detector during the trapping and trans-
fer stage of the RnCL flowthrough calibration measurement, with nitrogen
flushing at 7 Ipm.

The activity in the trap during the calibration is shown in Figure 7.21 and the

calibration result is shown in Figure 7.22 and Figure 7.23.

It can be seen that the trapping efficiency decreases over time. There is a hy-
pothesis for this loss of trapping efficiency that the activated charcoal becomes
saturated with radon over time so that the radon is released into the detector and
then detected. By keeping the trap in low temperature, the charcoal can adsorb

more radon and hence takes longer to become saturated.

7.4.3 Sensitivity of RnCL

The MDA of the electrostatic detector was defined in Section 7.2.2. The RnCL is
able to improve upon this MDA in terms of Bq/m3 by allowing the measurement
of the concentrated radon sample from a large volume of gas with the electro-
static detector. The MDA improves as a function of the volume of gas [31], as

shown in Figure 7.24.

A significant improvement can be seen, and sensitivities as low as 5 uBq/m?® can

be achieved. The volume of gas required to improve the MDA increases expo-
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Figure 7.22: Radon activity inside the carbon trap during the flowthrough calibration of
RnCL. The activity is calculated by measuring the trap output (red) and in
the ideal trapping efficiency case (blue).
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Figure 7.24: The Sensitivity (MDA) of RnCL for the C-Section measurement, as a func-
tion of the sample gas volume [43].

nentially. For a typical C-Section measurement, where 8.4 m® of gas is sampled,
a sensitivity of < 20 uBq/m? can be reached, which is more than enough to meet

the SuperNEMO radon target.

7.5 J-trap

The J-trap is a gas purification system developed and built at Centre de Physique
des Particules de Marseille (CPPM) by J. Busto [114], which is designed to supply
carrier gas with ultra-low and stable radon contamination by removing radon in
the gas. Since all commercial gases contain relatively high and variable amounts
of radon, the J-trap can remove the greatest sources of systematic uncertainties

in measurement.

The J-trap is estimated to suppress the radon by a factor of 20 for nitrogen and 2
x 1010 for helium [114]. The trap consists of two freezers operating at - 50 °C and
- 80 °C containing 3 and 1 stainless steel cartridge respectively, each housing 0.5

kg of active charcoal. The schematic of the J-trap is shown in Figure 7.25.

When the carrier gas flows through the system, the active charcoal can adsorb
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Figure 7.25: The schematic of the J-trap developed at CPPM [114].

radon. The low temperature improves the radon trapping efficiency of the char-
coal as well as suppressing the radon emanation of the charcoal itself. The sys-
tem does not require very radio-pure charcoal to work, thus reducing the cost of
building it. The charcoal cartridges can be replaced when needed, which provide
more portability. The J-trap was delivered to MSSL and installed in May 2014,
then moved to UCL and reassembled in October 2017. The temperature was

monitored regularly to ensure it remained stable.

The principle of measuring the radon suppression of the J-trap is similar to a
C-Section measurement [115], as described in Section 8.3. The results of the
radon contamination level of nitrogen after the J-trap are listed in Table 7.3 in

comparison with cylinder nitrogen gas and cylinder helium.

There can be considerable variation of the radon activity among cylinders, and
even within the same cylinder but different remaining activity [31]. With the J-
trap, one of the most significant systematic uncertainties of the measurement

involving a large volume of gas can be removed.
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Gas Source Radon Level (uBq/m?)

He Cylinder 70-100
N, Cylinder 400-1000
N, J-trap 20

Table 7.3: Measurements of cylinder helium and cylinder nitrogen and nitrogen from the
J-trap [116].



Chapter 8

Radon Emanation Measurements

The radon detector and the RnCL have both demonstrated excellent perform-
ance and, when used in conjunction, the capability to reach and surpass the tar-
get radon sensitivity required for the SuperNEMO demonstrator. All the radon
measurements are carried out for two main purposes: screening to select the
cleanest possible material; and building up the background model based on
measurements obtained from individual components. The RnCL allows the
monitoring of radon emanation from quarter trackers during and after construc-
tion providing essential information on meeting the radiopurity requirement.
The ability to measure a fully instrumented tracker volume is a key aim as radon
emanation is area and geometry dependent. Some key measurements carried
out using the radon detector alone, and in combination with the RnCL, are de-
tailed here, including the measurement of three demonstrator quarter trackers,
and radon emanation from the SuperNEMO gas system. The radon emanation
measurement facility has also been used to measure samples for the LZ experi-

ment.

8.1 Sample Measurements

Having established the background levels of the emanation chamber in Section

7.3, the chamber was then used for sample emanation tests of SuperNEMO and



8.1. Sample Measurements 138

LZ detector components and construction materials.

8.1.1 Feedthrough Emanation Measurements

Feedthroughs are used to deliver HV to the tracker cells and connect the anodes
and cathodes of the cells to the tracker front-end electronics. Each feedthrough
consists of a stainless steel frame, and CuBe pins held by the injected Duracon.
There are 170 feedthroughs in the Demonstrator’s tracker, and 28 of them were
used as a sample to test the radon emanation level. The feedthrough sample was
cleaned using Isopropyl alcohol (IPA) in the cleanroom laboratory and then in-
serted into the emanation chamber. The feedthroughs were arranged loosely to
make sure all the surfaces can be easily flushed (see Figure 8.1). The flange was
then sealed using a new copper ring and flushed with helium at 20 Ilpm for 15
minutes — 300 litres of helium in total, which is more than 100 volumes replace-
ment of the 2.6-litre chamber. After the flush, the chamber was sealed under

atmospheric pressure and left for emanation.

T —————————————————— S ]

B

Figure 8.1: The insertion of feedthroughs into the emanation chamber.

Before starting the new background measurement, the detector was flushed with

clean helium to remove any residual radon. Then, after 10 days, the gas inside the
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chamber was flushed into the detector for measurement. Due to the low activity
of emanated radon, a period of at least one week was required to gather statistics

in order to determine the radon emanation level of the feedthrough as shown in

Figure 8.2.
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Figure 8.2: Event rates of >*Po during the first feedthrough radon emanation measure-
ment.

Due to the low activities of the samples, there are always fluctuations observed
during a measurement. Also due to the radon harbouring effect as explained in
Chapter 7.3.2, a second measurement should always be carried out. The eman-
ation chamber is flushed again with 300 litres of helium and sealed under atmo-
spheric pressure for emanation over another two weeks. Then a second trans-
fer was made for the measurement following the similar procedures as the first
measurement. The second measurement shows a result consistent with the first

one (see Figure 8.3).

8.1.2 AList of Sample Emanation Measurements

To measure the radon activity of the SuperNEMO detector during the construc-
tion, all materials and detector components are screened for their radon eman-
ation level. The UCL electrostatic radon detector has also been used for measur-
ing samples for the LZ experiment. The final results of the sample measurements

carried out by the author are listed in Table 8.1.



8.2. Gas System Measurement 140

50
a5¢
40;

- Chamber — Detector

214P°

A=87%27cpd
35¢

Event Rate / cpd

B=4.2+1.0cpd
30f

25
20
15¢
101

+
!

L ‘ L L ‘ L L ‘
0 50 100 150 200 250
Time / hrs

Figure 8.3: Event rates of 2*Po during the second feedthrough radon emanation meas-

urement.
Experiment Sample Radon emanation
SuperNEMO Feedthrough 0.18 +0.06 (mBq/kg)
SuperNEMO Black Mumba (RTV strips) 0.10+0.08 (mBq/kg)
SuperNEMO Protective Mylar 0.75+1.20 (mBq/m?)
LZ Delrin Disks 5.6 +1.8 (uBq/each)
Lz O-rings 15.2+ 1.4 (uBqg/each)
LZ PMT base 5.0+ 0.9 (uBq/each)
LZ resistors 17.9+5.7 (u/g)

Table 8.1: The results of radon emanation measurements from detector components
and construction materials of SuperNEMO and the LZ experiment, all meas-
ured by the electrostatic detector.

8.2 Gas System Measurement

The tracker gas of SuperNEMO is made up of 95% helium, 1% argon and 4% eth-
anol. To obtain the accurate proportions, a dedicated gas supply system has been
developed at UCL. It is compact and transportable such that it can be used both
for the commissioning of the tracker and for running the experiment in its final

configuration at LSM.

The biggest part of the gas system is a 50-litre cylinder bubbler made of stainless
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steel for better radiopurity. As a carbon radon trap similar to the RnCL trap to
filter the output from the gas system cannot be installed, as it would result in the
removal of ethanol as well, the gas system is instead connected directly to the
tracker. The volume of the gas system is relatively small, so that at the proposed
flushing rate (1 - 2 m3/h), all ?2’Rn emanated from the gas system components
or diffused into the gas will be flushed into the tracker volume within the half-life
of 222Rn. Hence, it is strictly required that radon emanation from the gas system

is < 0.2 mBq, corresponding to 10% of the total tracker radon budget 2 mBq.

In order to verify the radon emanation level of the Gas System — three different
measurements, spike measurement, flowthrough measurement and the RnCL

measurement — were carried out.

Figure 8.4: The gas system in real-life. The primary region for the radon emanation test is
labelled inred [117], and the chamber in blue dashed box is the main bubbler.

8.2.1 Removing Ethanol

Ethanol can affect radon emanation. Ethanol can affect radon emanation. Eth-

anol can also be absorbed onto activated carbon, thus cause saturation in the
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trap of the RnCL. As such, prior to carrying out the radon emanation measure-
ment of the gas system, it is essential that all the ethanol inside the gas system
is removed. The requirement of the residual ethanol level for carrying out the
RnCL measurement is stringent, < 10 ppm, hence a residual gas analyser (RGA)
was used to monitor the content of the output gas from the gas system. The main
bubbler was drained and then flushed with nitrogen and helium to remove eth-

anol [43].

8.2.2 Flowthrough Measurement

The primary purpose of the flowthrough measurement is a quick check to ensure
that there is no major emanation, but required sensitivity cannot be reached with
this method. In this measurement, the gas system was set up to flow at 4.2 lpm
rather than mimicking the real operation flowrate 14 lpm, taking advantage of

the low flowrate to reach better sensitivity.

The procedures are as below:

1. Nitrogen was first used to flush the gas system for 24 hours prior to starting the
measurement.

2. Use 500 litres of zero grade helium (10 volumes of the gas system) purging
through the gas system to replace the nitrogen before starting the measurement
for better detection efficiency.

3. Helium was flown from the gas system directly through the detector to exhaust
at4.2 lpm over 3 days.

Results of the flowthrough method measurement are shown in Figure 8.5.

No increase of radon level activity was observed in this measurement; thus, only
alimit could be extracted. Since the measurement was carried out while flushing,

the flow suppression factor has been taken into account.

+ Ap 8.1
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Figure 8.5: Event rates of 214Po during the radon emanation measurement of the gas sys-
tem using the flowthrough method [43].

where Ap is the observed activity;

Ay is the true activity;

Ap is the background activity of the detector;
A is the decay constant of 2?Rn;

1+ % is the suppression factor.

Taking the flowrate ¢ of 4.2 Ipm and a volume, V, of 120 litres (the 50-litre gas
system and the 70-litre radon detector), the suppression factor is calculated to
be 280. From the uncertainty of the observed ?'4Po activity, a limit can be placed
at < 25 mBq at 90% CL. The quick flowthrough measurement confirmed that no

significant radon emanation was observed.

8.2.3 Spike Measurement

The gas system can be seen as a big emanation chamber so that a spike meas-
urement of the gas system is similar to the measurements of samples in the em-
anation chamber. However, it is slightly different from the sample emanation
measurement due to the large volume of the bubbler. The detector is calibrated
at 1.35 bar, and also it is not certified above 2 bar in terms of sealing. To avoid too

much overpressure inside the detector, only 25 litres of gas will be transferred
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into the detector as usual, which means the sample volume is smaller than the

volume of the gas system.

Procedures of the measurement are as below:

1. Flush the gas system with helium from the J-trap at 20 lpm for 30 mins, totally
purging 12 volumes of gas as replacements and then seal it under atmospheric
pressure. In the meantime, a leaking test is carried out using a Helium sniffer.
The gas system is then left for radon build-up over 17 days to reach equilibrium.
2. Flush the gas line and clear the radon detector to start the background meas-
urement.

3. After the emanation period, check the detector background to ensure it is low
and stable and flush the entire gas line except the gas system to remove residual
radon in the gas line and then immediately transfer 25 litres of helium from the

gas system into the radon detector.

Results from the spike measurement are shown as in Figure 8.6.
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Figure 8.6: Event rates of 2“Po and 2!8Po during the spike method radon emanation
measurement of the gas system.

It should be noted that the transfer efficiency and the proportion of the volume

should be counted in when extracting the activity. The transfer efficiency, €415,
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was previously measured to be 70.1 £ 0.9% [118], and the proportion of the
volume transferred is 50% (25 litres of helium transferred V;, ;s over the 50-litre
gas system V). From the 2!4Po result, the radon activity can be extracted as 1.97

+ 0.31 mBq using Equation 8.2.

A (cpd) x 1000 (mBq)

Ac =
€p X (€rrans % Vt{,—g’”) x (1 —e~M) x 86400 (secs/day)

(8.2)

8.2.4 RnCL Measurement

The RnCL measurement of the gas system is similar to the C-Section measure-
ment as seen in Section 8.3, and the schematic of the measurement setup is
shown in Figure 8.7. The volume of the gas system is dominated by the large bub-
bler, which has comparable size to the 70-litre electrostatic detector. The trap-
ping transfer efficiency (Section 7.4.2) can be reliably used if the same flowrate,
trap temperature and timing conditions are replicated. and the schematic of the

measurement setup is shown in Figure 8.7.
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Figure 8.7: The system setup for the RnCL method measurement of the gas system.
The activity of radon introduced right after the transfer is [31]

ever(Tp) fagy

A{ (1 _ e_/lTC)e_/thrans (83)

Ap =€, Ac(l—e Mey ¢

where:
A is the decay constant of 2?Rn;

€y is the transfer efficiency;
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e is the trapping efficiency;

Tc is the time between clearing the trap and detector transfer (1705 min);

T is the time that the line is in contact with the trap (1200 min);

Ttrans is the time between stopping trapping collection and detector transfer
(240 min);

Ap is the radon activity in the electrostatic detector;

Ac is the radon activity of the carbon trap;

Ag”g is the equilibrium activity inside the gas system, given by [31]

eq _ Acs+ finag/A

Ao = (8.4)
GS VGS + fm/ﬂ

fin is the input flowrate of gas;

Ags is the radon activity of the gas system;

Vs is the volume of the gas system.

The carrier gas radioactivity ag are suppressed by the J-Trap. The measurement

details of a; were described in [119].

In the most recent calibration, the results of the transfer efficiency is 92.3% and
the trapping transfer efficiency is 73.58%. The radon activity of the carbon trap,
Ac, was measured as 0.48 + 0.14 mBq (based on ?!4Po results) with a carrier gas
radioactivity ag of 20.2 + 12.5 uBq/m?3 [119]. The radioactivity of the gas system

can be calculated as 1.21 + 0.38 mBq.

fin eq finac
Vesa, - —
A/VGS) GSUgg 1

Ags=(1+ (8.5)

The result from the RnCL measurement and result from the spike method are
consistent at 1.5 sigma level. Moreover, all results measured by three different
methods have confirmed that the radon emanation of the gas system is < 2 mBq,
considering the flow suppression factor 9.71 (at 1 m3/h, see flow suppression
), this number can be further reduced to < 0.2 mBq, which takes ~ 10% of the

demonstrator radon budget.
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8.3 Quarter Tracker (the C-Section) Measurements

The radon radiopurity budget for the SuperNEMO Demonstrator Tracker gas is <
0.15 mBq/m3. The sensitivity of the RnCL is calibrated at 8.4 m® is < 20 uBq (see
Section 7.4.3), which is more than enough to meet the requirement of measur-
ing the radon emanation level of the SuperNEMO C-Section. All C-Sections were
built and then sealed for radon emanation test at MSSL before they were even-
tually sent to LSM. Each tracker contains a stainless steel frame, 504 octagonal
drift cells and 48 5-inch PMTs of which 32 are on the x-walls, and the other 16 are
gamma vetos. Figure 8.8 shows the drift cell cassettes insertion complected for a

C-Section.

T N

Figure 8.8: A C-Section (quarter tracker) under construction in the cleanroom lab at
MSSL.

The main purpose of doing the radon emanation measurements of C-Sections is
to obtain the activity from the tracker to build up the background model. The
measured activity of the whole tracker is used in the simulation and analysis in
Chapter 9. In addition, the first two C-Sections, CO and C1, were not only meas-

ured after insertion was completed, but also tested before the cassette insertion
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and halfway during the insertion, to help to monitor the radon level and to point
out any positive radon contribution from components so that the contamin-
ated parts can be removed. C-Sections were temporarily sealed with customised
gas-sealing plates for the radon emanation test, tracker cell commissioning and
transportation, prior to the final full demonstrator assembly when the all four

C-Section were joined together with the source frame and calorimeter walls.

8.3.1 Measurement Starting Point

Ideally, the C-Section should be sealed perfectly and left for radon to emanate
before the measurement; however, there were always small leaks at this stage.
To prevent radon diffusion from the outside, a constant small overpressure sup-
plied by a constant rate of gas flow must be kept inside the C-Section chamber.
The C-Section was exposed to the cleanroom air during construction; thus, the
components are expected to contain some radon as indicated by the radon har-
bouring hypothesis. As part of the preparation for the measurement, the sealed
C-Section must be continuously flushed at 3 Ipm using cylindered nitrogen over
18 days to remove residual radon [43]. In addition, the gas purging offered a 2
mbar overpressure inside the C-Section to prevent radon diffusion. Before start-
ing a measurement, the flowrate was increased from 3 Ipm to 14 lpm, which can
maximise gas flow through the RnCL while keeping a secure overpressure inside
the C-Section. Considering no external radon entering the C-Section, the num-

ber of radon atoms inside C-Section, Nt can be described by a model:

dNrt finNT  finac
= —Ar+Ac-ANp— +
dt rrae ="y, )

(8.6)

where

Ar is the intrinsic activity of the C-Section;

Ag is the intrinsic activity of the gas supply line;
A is the decay constant of 2?Rn;

finis the flowrate of input gas;
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V7 is the volume of a C-Section which is 3.8 m?;
ag is the activity of gas per unit volume from a specific cylinder or the J-trap,

depending on the source of the gas.

So the activity of the output gas after the flushing time, t, can be modelled as:

AG + AT +fin6lg/ﬂ

YINE (1-eMrt) + Agelr! 8.7)
T

A(r) =

where Ay is the measured activity, and A’ is the modified decay constant defined
by:

fin
A=+ = 8.8
T Vi (8.8)
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Figure 8.9: Activity inside the C-Section whilst flushing at 14 lpm prior to the radon
measurement.

The measurement should only start after the output activity from C-Section
reaches an equilibrium. Thus prior to the measurement, the C-Section was
flushed for at least 50 hours. And during this stage, the output flowrate was only

7 Ipm due to leaks.
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8.3.2 Anti-radon Tent

It has been observed that the radon level of the cleanroom air fluctuated from 2
- 3 Bq/m? to 10 - 20 Bq/m3, which is not low and stable enough and as such it
is necessary to isolate the C-Section inside an anti-radon tent under a constant
gas-flow to provide a cleaner environment. Double-layer transparent polyethene
sheets were heat sealed together and then taped onto the ground to build the
anti-radon tent. There are four flushing points installed at equal intervals on the
tent and purged at 60 Ipm to provide a small overpressure in the tent to prevent
radon diffusion [120]. A RAD7 detector was installed to monitor the background
level of radon in the anti-radon tent during the C-Section measurement. The
result, ~ 0.1 Bq/m?, shows a reduction of 2 orders of magnitude, indicating the

anti-radon tent successfully reduced radon from outside.

Figure 8.10: C2 in the annti-radon tent during the measurement.

8.3.3 Procedures of the C-Section Measurement

During the 50 hours’ flushing RnCL was connected to the C-Section using 6 mm

nylon pipe which has been tested of no positive radon emanation contribution.
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A diaphragm pump was installed at the exhaust of the RnCL to promote gas pur-
ging because the low overpressure inside the C-Section chamber is not enough

to maintain the required flowrate.

After 50 hours of flushing, the measurement can be started. Firstly, the RnCL trap
was heated to release residual radon and flush radon away. Once the trap was
cleaned, it was then sealed under atmospheric pressure, and the time zero of ¢
is set. The trap was then cooled down to prepare for the radon trapping stage.
When the temperature reached - 40 °C, start trapping by diverting nitrogen from
the C-Section through the trap, at 7 [pm, and out to exhaust. This trapping stage
lasts for 20 hours. After trapping, the trap was sealed again under atmospheric
pressure, left to warm up to room temperature and then heated to release the
absorbed radon. Upon reaching 220 °C, transfer radon from the trap into the

electrostatic radon detector by purging 25 litres of helium through the trap.

8.3.4 C-Section Activity Extracting

As mentioned, there were leaks in the C-Section, through which radon can be
lost. To extract the real intrinsic activity of the C-Section, it is necessary to
model the observed radon. Prior to the start of the measurement, the C-Section
is flushed at 14 lpm for 50 hrs to reach equilibrium. The activity inside the C-

Section aeTq can be described by [31]:

eq _ AT+AG+finag/ﬂ

a 8.9
r Vr+ fin//l 8.9)
such that activity A7 of the C-Section is
fin eq finac
Ar =01+ Vra,'—Ag——— 8.10
7= ( )LVT) Tar G 1 (8.10)
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8.3.5 C-Section Measurement Results

During the radon emanation measurements of the first two C-Sections, CO and
C1, the Delrin caps used as the Geiger cell carriers showed an excess contribu-
tion of 4 + 1 mBq for each C-Section. These components were replaced for the
construction of the C2 and C3. The measurement result of the completed C2 is

shown in Figure 8.11.
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Figure 8.11: Results from the radon emanation measurements of the completed C2 [43].
The aeTq was calculated to be 0.057 + 0.017 mBq based on the ?!*Po result. And
through Equation 8.10, the activity of of C2 was calculated:

Ar=4.36 £ 1.31 mBq (8.11)

which translates to

ar =1.15 + 0.34 mBq/m® (8.12)

The results of the first three C-Sections are summarised in Table 8.2. Assuming
the radon emanation level of C3 is an average of the first three C-Sections, the

activity of the entire SuperNEMO Demonstrator tracker is:

Ap =413 + 4.7mBq (8.13)
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activity (mBq)

CoO 11.37+1.44

2.50
Cl 1526259

C2 4.36 £ 1.31

Table 8.2: Summary of C-Section measurement results.

translate to

ap=2.7 + 0.3mBq (8.14)

This result shows that a radon activity of 0.28 + 0.07 mBq/m? can be achieved for
the SuperNEMO Demonstrator by continuously flushing with clean tracker gas
at 1 m3/hr, providing a suppression factor of 9.71. This activity number is used
to model the the SuperNEMO background in simulation and analysis described

in Chapter 9.



Chapter 9

SuperNEMO Demonstrator
Sensitivity to Radon Background

Measurement

Neutrinoless double beta decay is a very rare process. As such, for experiments
that involve the search for 0v2f decay;, it is particularly essential to mitigate the
background. As the half life sensitivity of the SuperNEMO experiment is directly
related to the background, it is vital to measure the background level accurately
in situ. It is possible for any process that is capable of producing two electrons of
high total energy close to Qgg (2.998 MeV for #2Se) to mimic 0v2f decay, and thus
contribute to the background. These processes originate mainly from isotopes
capable of emitting high energy electrons or photons, in the natural 233U and

232Th decay chains.

Simulation studies have been done to choose the best-suit topologies and vari-
ables to measure the main background. These variables are used to fit back-
ground contributions in a large number of pseudo-experiments in order to es-
timate the statistical and systematic uncertainties of different exposure times. In
this chapter, the analysis strategy of characterising the background model of the

SuperNEMO experiment is explained.
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9.1 Radon as SuperNEMO Background

The signature of the 0v2f event is two electrons with energies that add up to the
total decay energy Qpg. There is an irreducible background from the high-energy
tail of the 2v2. In addition, there are background events caused -decaying iso-
topes: if the total energy released in a § decay is higher than the Qgg (2.99 MeV
for the 8Se used in this experiment), a second electron can be produced near
the decay vertex via Moller or Compton scattering, or internal conversion, mim-
icking a 0v2f decay. The  decay background mainly comes from two sources:
214B; 2087 within the source foil, and radon in the tracker gas. 214Bj and 2087]
are both f decaying isotopes with Qg values of 3.27 MeV and 4.99 MeV, from the
natural 28U and 23?Th decay chains, respectively, see Figure 9.1. Due to their
high Qg, their decay can mimic the 0v2f signal, and experimentally this can be
observed as a wide bump centred at 2.99 MeV (Qgg of 825e) when considering
the energy resolution of the calorimeter, and the energy loss of the electron as
it leaves the foil and travels through the detector. Radon (**Rn) is a supply of
214Bj due to its long half-life and diffusion properties as a noble gas. While sev-
eral approaches have been applied to ensure the radiopurity of the detector, a
tiny amount of radon may still be present within the detector. For this reason,
it is essential to implement analysis tools for the identification and subsequent

rejection of background events.

238
U 214 232Th
! a 6IZOS) " B 212pg

214Bi / K 212Bi /V (299ns)

(199 min) l o (60.6 min) JO‘
Sl X|a v
=% p 2Pb .~ 5 ey

210T1 (3.1 min)
(1.3min)

Figure 9.1: Beta decay of 2!4Bi and 28Tl are major backgrounds of 0v2 searching exper-
iments.
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9.2 Radon Background Sensitivity Estimation

The background model of the experiment is built on the measurements of contri-
butions from each part of the detector. The analysis is based on studying a large
number of events with selected pure topology, which can provide an accurate de-
termination of the contributions. The event of interest is the decay of >*Bi nuclei
on the field wire surface within the tracker volume. The 2!*Bi contamination was
measured by the delayed coincidence signature, where 21*Bi f-decays to 2'*Po,

and then ?!4Po quickly to a-decays to 2!°Pb.

9.2.1 Event Topology

One significant advantage of the SuperNEMO tracker-calorimeter design is its
ability to provide full reconstruction of individual particle tracks in order to
identify the event topologies, which offers useful information on measuring the
background. The most interesting topology for the SuperNEMO experiment are:
2e, le, 1eNy, 2eNy, 1eNa and, to a lesser extent 1lelp (one electron and one
positron) [82]. Among them, the 1eNa topology is one of the most important

analysis channels to measure the background of the SuperNEMO experiment.

To estimate the 2*Bi background in the tracker, a clean channel needs to be
found to measure the 2!*Bi. The BiPo decay chain, where ?!Bi $-decays to ?!*Po,
and then quickly to a-decays to ?!°Pb (half-life 164.3 us), can be a clear signal
in the identification of 2*Bi background events. These events can also be as-
sociated with no gammas, corresponding to a standard BiPo event where 214Bi
decays to the ground state of 2!4Po, or N gammas (N > 0), corresponding to !4Bi
decaying to an excited state of >'“Po with one or a cascade of gammas emitted,

see Figure 9.1.

Since only 2!*Bi events contribute to the 1ela topology, it would be one golden
channel to measure the 2!*Bi decay. The lela topology requires one electron

track within an associated calorimeter, and one alpha track with at least one Gei-
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ger hit. In addition, the vertex separation of the two particles should be less than

30 cm.

All events can be classified into two selections based on the position of the re-
constructed event vertex: the tracker selection in which the vertex locates in the
tracker volume, and the source selection in which the event vertex is extrapolated
to the source foil. As Falaise extrapolates the track to the foil during reconstruc-
tion, it is impossible to distinguish events with a vertex in the first layer of tracker
and events from the foil, (see Figure 9.2). The reconstructed vertex is at the end

of the electron track by definition.

N \

Figure 9.2: An event on the first layer of tracker was extrapolated to the foil during recon-
struction, where the green cross is the true vertex and the black cross is the
reconstructed vertex.
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9.2.2 Event Number Estimation

The expected number of events le”” depends on the activity A;, detector accept-

cut

ance and selection efficiency e;"*, and the exposure time T:

N = e x A x T 9.1)

where i is the selection and can be either tracker or source selection, and the cut

is normally made on topology which here is 1ela.

9.2.3 Activity

The background of the source foil comes mainly from contamination of 214Bi
from the natural 238U decay chain. The BiPo Detector [121] gives an upper limit
of 4.94 mBq for the activity of Mylar, 82Se source, and Polyvinyl acetate (PVA)
in the source foils, and this value is used as the source foil bulk activity in the
analysis. The BiPo detector was developed by the collaboration particularly to
measure the impurities (!4Bi and 2°®T] contamination) in the source foils, where
the foil is sandwiched by two thin layers of polystyrene scintillators and PMTs.
C-Section Measurements using the RnCL have produced a tracker activity result
0f41.3 £ 4.7 mBq without flushing. For the SuperNEMO Demonstrator, by flush-
ing at 1 m3/hr, a radon suppression factor of 9.71 can be achieved, as shown in
Section 6.4. These result in the tracker activity (with flushing) decreasing to 4.25
+ 0.48 mBq, or 0.28 + 0.07 mBq/m3. Since the decay daughters of radon are pos-
itively charged, due to the electric field, positive 2!*Bi ions in the tracker gas are
attracted to the tracker field wires rather than to the anode wires. In addition, it is
assumed that positive >!*Bi ions in the gap (between the foil and the tracker first

layer) are deposited on the surface of the source foil.

The total activity in the tracker gas is then split into two parts based on the gap
and tracker volume ratio: 7.8% of the positive 2!*Bi ions as deposited on the

source surface and the other 92.2% on wires, corresponding to an activity of 3.92
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+ 0.44 mBq from the tracker wires and 0.34 + 0.04 mBq from the surface of the
source foil. Since the Mylar used as the source foil cover in SuperNEMO is dif-
ferent from that used in NEMO3, it is unclear how much radon will stick to it in
real-life operation. As such, it is necessary to test various methods of splitting
radon activity between the source foil surface mylar and the tracker field wires.

These activities are summarised in Table 9.1.

detector components activity measured by detector
214Bi in source foil bulk 4.94 mBq (upper limit) BiPo detector
214Bj in source foil surface 0.34 + 0.44 mBq RnCL

208T] in field wire surface 3.92 + 0.44 mBq RnCL

Table 9.1: >!4Bi and 28Tl activities in the detector region. Results are from external meas-
urements measured by the RnCL or the BiPo detector [121].

9.2.4 Samples

The three samples used in this study are 2!*Bi events of which vertices are sim-
ulated randomly in source foil bulk, on source foil surface, and the tracker field
wire surface. Each sample contains 1E6 events. It should be noted that the 2!4Bi
events from source foil bulk are from the contamination in the foil, and the 2'*Bi
events from the source foil surface and the tracker field wire surface are from
radon deposited on the surface areas. Two scenarios for the magnetic field are
considered in the work of this thesis: 25 Gauss, and no field. Several cuts are
applied to remove events from the data set if any of the following criteria is not

satisfied:

* lela reconstructed topology requiring the event has only one electron, one
alpha, and n gammas (n=0). In addition, at least one Geiger hit of the alpha
particle must be within 30-cm distance from the reconstructed vertex of

the electron.

¢ An electron/positron candidate requires a reconstructed track with the as-
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sociated calorimeter hit.

* Negative electron charge required for the 25 Gauss magnetic field scenario.

No charge requirement for the no magnetic field scenario.

e An alpha candidate is defined by the delayed (> 10 us) cluster of = 1 tracker

hit without associated calorimeter hit.

e Tracker selection, meaning the reconstructed event vertex should not be

extrapolated to the source.

For the 25 Gauss magnetic field scenario, the magnetic field can bend electrons
thus they can leave curved tracks, but not strong enough to bend alphas. Also, for
high energy electrons (> 2 MeV) the bend is often indistingushible. The negative
or positive charge of the electron or positron can be determined by the helices of
the track (positive charge curved, negative charge curved, or straight). For the no
magnetic field scenario, it is impossible to tell the charge of an electron/positron
candidate which has a reconstructed track with the associated calorimeter hit.
Thus all the candidates which have one reconstructed track and an associated
calorimeter hit, are accepted as electrons. The SuperNEMO calorimeter has an
instrumental energy threshold of 50 keV. The cut flow efficiencies are summar-
ised in Table 9.2 to 9.7. In these table, 1 e and 1 a means the event has only 1
electron candidate, 1 alpha candidate and no extra track of other particle. And
the lela topology has further requirement on the vertex separation of the elec-

tron and alpha particle to be a less than 30 cm.

9.2.5 Alpha Track Length Distribution

The SuperNEMO demonstrator detector can measure the background contribu-
tions independently from previous external measurements, such as the RnCL,
Germanium detector, and BiPo detector measurements. Finding a suitable dis-
criminating variable will be essential in enabling the measurement of back-

ground levels within the detector. The reconstructed alpha track length is chosen
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events true vertex region number of events efficiency
> 1 calorimeter hit 849663 84.97%
> 1 reconstructed track 702078 70.21%
1 electron/positron candidate 451161 45.12%
1 e (negative charged) 404640 40.46%
1 e and = 1 delayed tracker hit 37843 3.78%
1 eand 1 a (no other track) 27108 2.71%
lela topology 20731 2.07%
lela & electron vertex in tracker 656 0.07%

Table 9.2: 1ela channel cut flow of the selection efficiency for 25 Gauss magnetic field
Tracker 2'*Bi from source bulk. 1E6 events are generated for each component.

events true vertex region number of events efficiency
> 1 calorimeter hit 846445 84.64%
> 1 reconstructed track 783841 78.38%
1 electron/positron candidate 452729 45.27%
1 e (negative charged) 404187 40.42%
1 e and = 1 delayed tracker hit 129185 12.92%
1 eand 1 @ (no other track) 98591 9.86%
lela topology 92569 9.26%
lela & electron vertex in tracker 2251 0.23%

Table 9.3: 1ela channel cut flow of the selection efficiency for 25 Gauss magnetic field
Tracker 2'*Bi from source surface. 1E6 events are generated for each compon-

ent.
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events true vertex region number of events efficiency
> 1 calorimeter hit 849876 84.99%
> 1 reconstructed track 787558 78.76%
1 electron/positron candidate 398650 39.87%
1 e (negative charged) 299084 29.91%
1 e and = 1 delayed tracker hit 157978 15.80%
1 eand 1 a (no other track) 80278 8.03%
lela topology 72447 7.24%
lela & electron vertex in tracker 54342 5.43%

Table 9.4: 1ela channel cut flow of the selection efficiency for 25 Gauss magnetic field
Tracker 1*Bi from field wire surface. 1E6 events are generated for each com-

ponent.
events true vertex region number of events efficiency
> 1 calorimeter hit 861045 86.10%
> 1 reconstructed track 712993 71.30%
1 electron candidate 497653 49.77%
1 e and = 1 delayed tracker hit 46094 4.60%
1 eand 1 a (no other track) 34415 3.44%
lela topology 26054 2.61%
lela & electron vertex in tracker 534 0.05%

Table 9.5: 1ela channel cut flow of the selection efficiency for no magnetic field Tracker
214Bi from source bulk. 1E6 events are generated for each component.
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events true vertex region number of events efficiency
> 1 calorimeter hit 857906 85.79%
> 1 reconstructed track 788478 78.85%
1 electron candidate 486201 48.62%
1 eand = 1 delayed tracker hit 155159 15.52%
1 eand 1 a (no other track) 122533 12.25%
lela topology 115248 11.52%
lela & electron vertex in tracker 1927 0.19%

Table 9.6: 1ela channel cut flow of the selection efficiency for no magnetic field Tracker
214Bi from source surface. 1E6 events are generated for each component.

events true vertex region number of events efficiency
> 1 calorimeter hit 851205 85.12%
> 1 reconstructed track 786418 78.64%
1 electron candidate 401313 40.13%
1 e and = 1 delayed tracker hit 209349 20.93%
1 eand 1 & (no other track) 112666 11.27%
lela topology 98435 9.84%
lela & electron vertex in tracker 75891 7.59%

Table 9.7: 1ela channel cut flow of the selection efficiency for no magnetic field Tracker
214Bi from field wire surface. 1E6 events are generated for each component.

as the discriminating observable to distinguish the background events from dif-
ferent detector regions. Alpha particles emitted from the tracker wire surface
do not need to travel through the dense source, in contrast to alphas within the
source. For this reason, alphas emitted in the source bulk will lose some energy
as they pass through the source material prior to detection by the tracker, result-
ing in shorter tracks than those by alphas emitted within the tracker. The alpha
track length distribution of three different components are studied, as shown in

Figure 9.3..
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Figure 9.3: A Monte-Carlo simulation of a track length distributions from three locations
of the 2!Bi background corresponding to 60 days of data taking.

The three distributions of alpha track lengths are normalised to their respective
activities provided by external measurements. The alpha track length distribu-
tion can be further normalised to the specific exposure of a pseudo experiment

to obtain a final distribution.

9.2.6 Pseudo-experiments

To identify how much data would be required to carry out a radon measurement
in the tracker with a particular accuracy, 5% here, pseudo-experiments are gen-
erated from the final alpha track length distribution in order to provide datasets
similar to what will be measured during real operation of the demonstrator de-
tector. To mimic the real data, the number of expected events is a random num-
ber in accordance with the Poisson distribution. The pseudo-experiment data-
sets are fitted with the three distributions from the three components, using a
binned normalisation fit to return the activity of each component. Here, we fo-
cus on events on the tracker field wire surface. An example of pseudo-experiment

with the best fit is shown in Figure 9.4.
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Figure 9.4: Data from a pseudo-experiment fitted with a track length distributions for
lela events.

9.2.7 Activity Measurement

The pseudo experiment is repeated a large number times (1E5 times here), in or-
der to evaluate the stability of the approach and determine the statistical uncer-
tainty. The distribution of the activities measured for each pseudo-experiment,
running for specific exposure times, are presented in Figure 9.5 for the 2!4Bi com-
ponent on the tracker field wire surface. The distributions of the measured ?!“Bi
activities on the field wire surface for each pseudo experiment are fitted with
Gaussian functions, with one standard deviation taken as the uncertainty on the
measurement. The mean 2!4Bi activities are well within 1% of their expected val-
ues which are provided using inputs from independent measurements with ex-

ternal detectors such as the RnCL, the HPGe [43] and the BiPo detector.

9.2.8 Sensitivity Dependence on the Exposure Time

To investigate the evolution of the relative errors with time, the pseudo-

experiments can be generated for various exposure times. For the tracker se-
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Figure 9.5: Distribution of the >'*Bi activities in the tracker measured from the pseudo-
experiments (after 100 days measurement). The true value of the 214Bj activ-

ities is 3.92 mBq.

lection, the relative error as a function of exposure time is shown in Figure 9.6,

and Figure 9.7 for 25 Gauss magnetic field, and no magnetic field respectively.

Using the efficiency from the reconstruction of the 1ela channel and the extern-

ally measured activities of the detector components, the expected background

level due to ?*?Rn can be computed. The level of ?2’Rn coming from the tracker

can be determined at 5% after 12 days of measurement with magnetic field

turned on or after 11 days of measurement without magnetic field; it can thus be

measured reasonably quickly via the 1ela channel. The results do not show the

necessity of the magnetic field for the radon background measurement; however,

it can be very important for the measurement of 0v2( event. The influence of

0v2p event reconstruction with/without the magnetic field currently being stud-

ied by the collaboration.
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Figure 9.6: Relative error on the radon content measurement in the SuperNEMO tracker
as a function of the exposure (measurement time) using 1ela channel for the
case of a 25 Gauss magnetic field.
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Figure 9.7: Relative error on the radon content measurement in the SuperNEMO tracker
as a function of the exposure (measurement time) using 1ela channel for the
case of no magnetic field.
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Conclusions

Neutrinoless double beta decay (0v2p) is a hypothesised decay where two § de-
cays occur simultaneously, emitting two electrons but no anti-neutrinos. It is
clear that this process violates the lepton number and is thus forbidden in the
SM. If this process were observed, it would imply the Majorana nature of the
neutrino, and in addition, it allows the extraction of the absolute mass scale of the
neutrino (model-dependently). Searching for 0v2f is one of the highest priority
items on the modern particle physics agenda. There is a range of experimental

techniques currently employed and proposed to search for 0v2.

SuperNEMO is a next-generation 0v2f experiment capable of reaching a half-
life sensitivity of T;, > 102 years, equivalent to an effective Majorana neutrino
mass of (mg) < 40 - 100 meV. The baseline design of SuperNEMO envisages 20
identical planar modules, housing 100 kg of source isotope (32Se) in total. The
Demonstrator module, which is about to be commissioned at the Laboratoire
Souterrain de Modane (LSM), will search for 0v2f in 7 kg of 82Ge source with the
aim of reaching zero background in the region of interest. Its unique tracker-
calorimeter technology allows for the reconstruction of the 3D topology of the
detected event, providing both a powerful background rejection method and

evidence for the underlying decay process.

As the decay daughter of 2??Rn, 2!4Bi contributes a large part to the background
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due to their high g decay Qp., values of 3.27 MeV and 4.99 MeV respectively. All
materials are naturally contaminated with traces of the 232Th and 238U. Radon, as
a highly diffusive radioactive gas with a relatively long half-life, can enter the Su-
perNEMO detector generally via emanation from the detector construction ma-

terial and diffusion from the environment.

To achieve the target sensitivity of SuperNEMO, the activity of radon in the
tracker activity needs to be < 150 uBq/m3, which has imposed a very challen-
ging requirement on the radio-purity of the detector components, construction
materials, and the tracker gas. Commercial detectors are not sensitive enough;
therefore, a custom-made electrostatic detector was commissioned for Super-
NEMO, which is capable of measuring radon down to alevel of 1 -2 mBq/m?. The
radon concentration line (RnCL) was developed to be used in conjunction with
the electrostatic radon detector, which allowed for the measurement of ultra-
low level activity of large gas volumes. The RnCL has demonstrated that it can
achieve a sensitivity of 20 uBq/m?3 using 8.4 m® of gas which is the volume used
for a typical quarter-tracker module radon measurement. A gas purification sys-
tem called J-trap was used to provide carrier gas of ultra-low and stable radon

contamination, for radon measurements.

Using the RnCL, three quarter-tracker modules have been measured for their
radon emanation level before and after tracker wire cell installation. Measure-
ments of radon emanation of detector components and construction materials
were carried out to screen and select the cleanest possible materials for Super-
NEMO, and to build up the background model based on measurements obtained
from individual components. Two radon emanation chambers were used for
radon emanation measurements of small samples. The sensitivity of chamber
1 and chamber 2 are < 0.09 mBq and < 0.19 mBq (at 90% CL) respectively. A
number of samples have been measured for SuperNEMO as well as for the LZ

experiment.

The demonstrator sensitivity to its radon backgrounds has been studied via
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Monte Carlo simulations performed with the SuperNEMO software. Using the
lela event topology, it is shown that the ?!4Bi target contamination originating
from radon (4 mBq in the tracker volume of 15 m?) could be measured with a 5%

precision within 12 days of data taking.
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