Ion Extraction and Identification from Gaseous
Xenon: A Commissioning Study for

Barium Tagging in nEXO
o Bl & °
¥ McGill

Hussain Rasiwala

Department of Physics
McGill University

Montréal, Québec, Canada

A thesis submitted to McGill University in partial fulfillment of the

requirements of the degree of

Doctor of Philosophy

August 13, 2026

© 2026 Hussain Rasiwala



Abstract

One of the long-standing questions in physics is that of matter-antimatter asymmetry
observed in the Universe. Neutrinos are excellent candidates for searching for new physics
to explain this asymmetry through theories, such as leptogenesis, that require the violation
of lepton number conservation. Neutrinoless double beta decay (0vB{) is a rare process
that, if observed, would be the first evidence of lepton number violation and demonstrate
the Majorana nature of neutrinos.

The nEXO experiment proposes the search for 0v33 in 5 tonnes of liquid xenon enriched
to 90% in the double beta decaying (2vBB) isotope 3Xe. The goal of nEXO is to probe the
0vR P half-life of *Xe with a sensitivity of up to 10%® years, two orders of magnitude above
the current upper-limits in hope of discovery. To further enhance the discovery potential, a
proposed future upgrade involving a technique referred to as barium tagging is being explored
to extend the sensitivity of nEXO. This technique aims to extract and identify the Ov3[3
daughter *°Ba as a means of active-background rejection against all gamma backgrounds.
As part of the Ba-tagging scheme, we have developed a setup to study the extraction of

ions from gaseous xenon. The setup combines a radio frequency (RF) funnel, a linear Paul
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ion trap (LPT), and a multiple-reflection time- of-flight mass spectrometer (MRTOF-MS) to
extract, trap, and perform mass spectrometry on ions, respectively. This thesis presents the
commissioning of the RF funnel and LPT subsystems. Ion extraction from gaseous argon was
used to study and validate the operation of the RF funnel in preparation for operation with
gaseous xenon. In addition, results from the operation of the MRTOF-MS with bunched
ions from the LPT are presented, demonstrating its readiness for future mass measurements.
Overall, the results confirm that the setup is ready for operation and, once optimized, will

enable benchmarking of the overall barium tagging efficiency.
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Abrégé

L’une des questions fondamentales de la physique moderne concerne ’asymétrie matiere-
antimatiere observée dans I’Univers. Les neutrinos constituent d’excellents candidats pour la
recherche de nouvelle physique pouvant expliquer cette asymétrie a travers des théories, telles
que la leptogenese, qui nécessitent une violation de la conservation du nombre leptonique.
La désintégration double béta sans émission de neutrinos (0v) est un processus rare qui,
s’il était observé, constituerait la premiere preuve d’une violation du nombre leptonique et
démontrerait la nature Majorana des neutrinos.

L’expérience nEXO propose la recherche de la 0vB33 dans 5 tonnes de xénon liquide
enrichi & 90 % en isotope double béta radioactif (2vBp) 3%Xe. L’objectif de nEXO est de
sonder la demi-vie du 0vBR du 3Xe avec une sensibilité pouvant atteindre 10%® années,
soit deux ordres de grandeur au-dela des limites supérieures actuelles, dans I’espoir d'une
découverte. Afin d’accroitre davantage le potentiel de découverte, une amélioration future
proposée, reposant sur une technique appelée identification du barium barium tagging, est
actuellement a 1’étude pour étendre la sensibilité de nEXO. Cette technique vise a extraire

et identifier le noyau fils 1*Ba issu de la 0vB B comme moyen de rejet actif des bruits de fond
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gamma. Dans le cadre du schéma de Ba-tagging, nous avons développé un dispositif destiné
a étudier 'extraction d’ions a partir de xénon gazeux. Ce dispositif combine un entonnoir
radiofréquence (RF funnel), un piege linéaire de Paul (LPT) et un spectrometre de masse a
temps de vol a réflexions multiples (MRTOF-MS) afin d’extraire, de piéger et d’effectuer la
spectrométrie de masse des ions, respectivement. Cette these présente la mise en service des
sous-systemes de ’entonnoir RF et du LPT. L’extraction d’ions a partir d’argon gazeux a
été utilisée afin d’étudier et de valider le fonctionnement de I’entonnoir RF en préparation de
son utilisation avec du xénon gazeux. De plus, les résultats de I'exploitation du MRTOF-MS
avec des paquets d’ions provenant du LPT sont présentés, démontrant sa capacité pour de
futures mesures de masse. Dans I’ensemble, les résultats confirment que le dispositif est prét
pour son fonctionnement et qu’une fois optimisé, il permettra d’évaluer 'efficacité globale

de la technique de barium tagging.
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primary contribution was to consolidate these efforts and commission the setup to
demonstrate the extraction of ions from gaseous xenon. This involved integrating and
validating the performance of the RF funnel and LPT subsystems, which together enable
efficient extraction, transport, and preparation of ions for downstream mass spectrometry
using the MRTOF-MS.

This thesis focuses on the development and commissioning of the instrumentation aimed
at achieving near-perfect extraction and identification of a single ion from a tonne-scale
detector. Demonstrating this capability establishes a pathway for current and future liquid
xenon based neutrinoless double beta decay experiments to maximize their scientific reach
by incorporating barium tagging for background-free operation. This thesis includes the
very first results from ions bunched in the LPT and delivered to the MRTOF-MS for mass
measurements. Other notable developments include the demonstration of ion extraction

from gaseous argon, setting a benchmark for future operation with gaseous xenon, and
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the development of a low-cost composite target for a laser ablation ion source that can
produce ions over large mass range on demand. Beyond its immediate application to Ba-
tagging R&D for nEXO, the instrumentation developed in this work demonstrates broader
potential in the precise manipulation and analysis of ions. The integration of a laser ablation
ion source, an LPT, and a high-resolution MRTOF-MS constitutes a flexible experimental
platform suitable for a wide range of studies, including isotope ratio measurements, trace
element analysis, environmental monitoring, and materials characterization. This setup can
be employed directly or serve as a foundation for the development of new systems optimized

for these applications.
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Introduction

The Universe as we know it is composed of approximately 5% of baryonic matter while
dark matter and dark energy make up the remaining 95%, with no significant presence of
antimatter [1]. This suggests the existence of a mechanism where matter is preferentially
produced over antimatter. Theories, such as leptogenesis, which seek to solve the matter-
antimatter asymmetry problem require the violation of lepton number in weak interactions,
which is a conserved quantity in the Standard Model of particle physics (SM) [2].

The nEXO experiment seeks to observe the violation of lepton number in the double beta
decay (2vBp) isotope 3Xe through a hypothetical nuclear decay called neutrinoless double
beta decay (0vpB ) [3]. 0vB involves the simultaneous decay of two neutrons to two protons,
producing two electrons but no antineutrinos [4]. This would be the first ever observation of
lepton number violation and would imply that neutrinos are their own antiparticles. Due to
its significance, the search for 0vf3[3 is a top priority for the international subatomic particle
physics community. Next-generation experiments, such as nEXQO, aim to push the level of
sensitivity to 0vBf half-lives beyond 10% years at 90% confidence level (C.L.) [5].

To further boost the sensitivity of nEXO, a technique called barium tagging is being
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developed as a potential future upgrade. It involves the extraction and identification of the
136Xe double beta decay daughter *°Ba, allowing for the exclusion of all non-double beta
decay backgrounds, providing a significant boost in detector sensitivity [6]. The estimated
improvement is a factor of 2-3 based on the current estimates of nEXO’s sensitivity [5, 7].

The nEXO detector is a time projection chamber (TPC) that allows for 3D position
reconstruction of events. This can be used to locate and extract the Ba ion from a potential
0vppB event location. A capillary can then be used to extract the ion along with some
liquid xenon (LXe), which, after conversion to gaseous xenon (GXe) gets injected (along
with the Ba ion) into a radio frequency funnel (RF funnel). This RF funnel functions as
a differential-pumping stage that simultaneously maintains effective ion transmission to an
identification system.

The goal for this dissertation is to develop the setup comprising the RF funnel along
with a linear Paul trap (LPT) and a multiple-reflection time-of-flight mass spectrometer
(MRTOF-MS) to extract ions from GXe and identify them through mass measurements.

The layout of the thesis is as follows: Chapter 1 presents a brief introduction to neutrinos,
the history associated with their discovery and various milestones leading to the current
state of research into Ovf3f. Chapter 2 provides an overview of TPC technology and the
EXO-200 and nEXO experiments. Chapter 3 then introduces the Ba-tagging technique,
with an emphasis on the capillary-radio frequency (RF) scheme. Chapter 4 summarizes

the theory behind RF ion guides, ion trapping and time-of-flight (TOF) mass spectrometry.
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Chapter 5 introduces the Ba-tagging setup for ion extraction and identification from GXe
along with the ion detectors and various ion sources used. Chapter 6 and 7 describe the
layout of vacuum systems, electronics, and general operation of the RF funnel and LPT
subsystems, respectively, and presents the data acquired during their commissioning. Finally,
Chapter 8 summarizes the status of the Ba-tagging technique, discusses key results from the

commissioning runs, and provides recommendations for future work with the setup.



Chapter 1

Neutrinos: History, Properties, and

Physics Motivation

Neutrinos are electrically-neutral leptons that, as far as is known, occur in three distinct
types, or “flavors”: the electron-neutrino (v.), muon-neutrino (v,), and tau-neutrino (v,),
named after their associated charged leptons [8]. As shown in Figure 1.1, neutrinos are the
lightest known massive! elementary particles, at least a million times lighter than the next
heavier particle, the electron [9]. Unlike charged fermions, neutrinos are believed to not
acquire mass through the Higgs mechanism, because the SM includes only left-handed
neutrinos, and not the right-handed counterparts required to form a Dirac mass term.
Their extremely low masses compared to other SM particles suggest that an alternative
mechanism may be responsible for neutrino masses, such as the see-saw mechanism [10].

Neutrinos interact with matter almost exclusively via the weak interaction, with a cross

'Here ‘massive’ is indicative of neutrinos having a non-zero mass, as opposed to particles like the photon
or the gluon.
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Masses of Standard Model Particles
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Figure 1.1: Masses of subatomic particles (information extracted from pg.25-33) [11].
The neutrino mass is shown at the current 0.45eV upper-limit from direct neutrino mass
measurements [9].
section of 1073 cm? at 1GeV [11]. The interaction cross section scales with the neutrino
energy, making interaction rates at lower energies extremely small and, as a result,
experimental studies inherently difficult and often statistically limited [12, 13]. Adding to
this complexity, neutrinos exhibit a quantum phenomenon known as flavor oscillations, or
more commonly called neutrino oscillations [14]. Through this phenomenon, neutrinos
transition between the three flavors as they propagate through space. For example, a v,
produced in a B decay alongside a positron may later be detected as a v,. The Nobel
Prize in Physics 2015 was awarded to Takaaki Kajita and Arthur B. McDonald for their
contributions to the discovery of neutrino oscillations [15].

The neutrino was first proposed by Wolfgang Pauli in 1930 as a “desperate remedy” to

preserve the conservation of energy and momentum in beta decay [16]. The existence of the
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particle was confirmed in 1956, when Clyde Cowan and Frederick Reines successfully detected
neutrinos at the Savannah River site near Aiken, South Carolina [17]. Their pioneering
experiment used large water tanks containing cadmium chloride (CdCly) to capture neutrinos
from a nearby nuclear reactor, with a neutrino flux of 10'3 neutrinos/(s cm?). The detection
of the neutrino was confirmed using a three gamma signal coincidence for which Frederick
Reines received the Nobel Prize in 1995 [18]. Two prompt gammas are produced as a result

of the annihilation of the positron from the capture of an antineutrino:

Ve+p —n+e’, (1.1)

et +e — 2y, (1.2)

and one delayed gamma (~ 5ps) produced from the capture of the neutron:

n 4 1%Cd — Cd* — 9°Cd + . (1.3)

The next neutrino flavor to be detected was v, at Brookhaven National Laboratory in
1962 [19]. A 15 GeV proton beam was used on a Be target to produce a pion beam. This
beam was directed towards a 10-tonne spark chamber filled with neon gas. Pions decayed
in-flight into muons and neutrinos, with all particles except neutrinos being absorbed by
the iron shielding before reaching the detector. Interactions within the chamber produced

muons, which were clearly differentiable from electrons because of their long tracks. During
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data collection, 34 muon and zero electron candidates were observed [20]. This led to the
conclusion that neutrinos produced together with muons in pion decays were different from
neutrinos produced with electrons (in  decay for instance). Leon Lederman, Melvin
Schwartz, and Jack Steinberger were awarded the Nobel Prize in 19882 for this discovery
and for demonstrating the doublet structure of leptons in nature [21]. The T lepton was
discovered in 1975 at Stanford Linear Accelerator Center (SLAC), which motivated the
existence of a third neutrino flavor [22]. The v, was discovered in 2000 at Fermi National
Laboratory by the DONuT experiment [23].

The properties that make studying neutrinos difficult also open new pathways for
studying new physics, particularly from extraterrestrial sources. Since neutrinos rarely
interact with matter, they can travel large distances without scattering or absorption. For
example, neutrinos are ideal candidates to study the fusion process of the Sun. The
Homestake experiment was one of the pioneering experiments in this field [24]. The goal of
the experiment was to compare solar neutrino production rates with theoretical predictions
to confirm our understanding of the fusion mechanism in the Sun. The Homestake
experiment became the first to detect neutrinos from the Sun, recognized by a Nobel Prize
in 2002 [25]. However, an observation from this experiment was that the measured rates
were approximately one-third of the predicted values. This difference was later confirmed

by several other experiments and was coined as the ‘solar neutrino problem’ [26]. This

2Surprisingly, this discovery was awarded Nobel Prize before the discovery of the first neutrino.
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reproducible difference between prediction and observation motivated further research into

the neutrinos.

1.1 Neutrino oscillations

With continued improvements in detector sensitivities and careful re-evaluation of expected
neutrino rates, it became clear that no amount of modifications to the solar models could
explain the missing neutrinos. A major breakthrough took place in 1997 with the observation
of neutrino oscillations by two independent experiments, SNO and Super-Kamiokande which
helped solve the mystery of the missing solar neutrinos [27, 28]. The key factor was the
sensitivity to other neutrino flavors and not just to v.. Results showed two key findings:
first, the sum of detected neutrinos, independent of neutrino flavors, matched predicted rates;
second, the rate of electron neutrinos was a third of the total neutrino flux. The experiments
found that the missing fraction of solar neutrinos (originally v.) reappeared as a different
flavor neutrino (v,) and confirmed a total flux consistent with the neutrino production rate
expected from processes in the Sun.

The discovery of neutrino oscillation provided the first direct evidence of the existence of
physics beyond the SM. A major implication of this discovery was that at least two of the
three neutrino mass eigenstates had to be non-zero, thereby opening new avenues of research
to better understand the nature of neutrinos.

Neutrino oscillations are a quantum mechanical process in which a neutrino propagates
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as a superposition of mass eigenstates with each state advancing at a rate related to their
corresponding mass. The three neutrino flavor states (v., v, and v.) can be described as a
superposition of neutrino-mass eigenstates with definite and non-degenerate masses (vy, v

and v3) via the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [29] as:

[Va(t)) = lg Uak [Vi(1)) (1.4)

where, a = e, u, T (flavor index), k = 1,2,3 (mass index), and U, is the PMNS matrix
element. The PMNS matrix is a product of three rotation matrices corresponding to the

mixing angles (612, 613, 623), and the CP phase (dcp) such that:

1 0 0 C13 0 8136_15 C12 S12 0
Upmns = | 0 Co3  S93 0 1 0 —s19 c1p 0|
0 —S8923 (a3 —813616 0 C13 0 0 1
—id
C12C13 512€13 513€
— & &
—512C23 — C12523513€" C12C23 — S512523513€" $23C13 p.
i6 ié
512C23 — C12€23513€ —C12523 — 512€23513€ C23C13
Here, ¢;; = cosb;j, s;j = sinf;; and matrix P depends on the nature of the neutrino.

Specifically, P is the identity matrix for Dirac neutrinos, whereas for Majorana neutrinos it
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takes the form P = diag[l, €', €], where o and 3 are the Majorana phases.

The estimates for the three mixing angles are obtained by studying the three main sources
of neutrinos: #,5 - solar neutrinos; o3 - atmospheric neutrinos, produced by cosmic rays in
the Earth’s atmosphere; and #;35 - reactor neutrinos, which are electron antineutrinos from
nuclear fission in nuclear reactors [30-32]. Complementary measurements are also performed
across a wide range of baselines, from a few meters to long-baseline (L > 100km), by
neutrino oscillation experiments that utilize accelerator-produced neutrino beams [33, 34].
Using detectors at different distances, the neutrino fluxes and flavor compositions can be
compared to determine the oscillation parameters.

Using Equation 1.4 with the ultra-relativistic limit, the probability of oscillation from

flavor a to b can be expressed as:

Amg; >

3
P, ., (1) = Z Uak Uy, Ugj Us; exp< —1 %o

k,j=1

(1.5)

where L is the distance traveled, E is the neutrino energy, and Amj; = mj — m7 is the
squared mass difference of mass eigenstates (|vy),|v;)). Using known values of neutrino
energy and distance traveled, the measured difference in detection rates can be used to
calculate the values for |AmZ, | and |[Am3,|. The absolute value for AmZ, is known from

measurement of the Mikheyev—Smirnov—Wolfenstein (MSW) effect with solar neutrinos but

the sign for Am3, remains undetermined [35]. The possibility of my > mg > m; is ruled



1. Neutrinos: History, Properties, and Physics Motivation 11

out since Am2, > Am3,. This gives rise to two possible orderings or hierarchies of the
neutrino masses: normal hierarchy (NH) for ms > my > m; and inverted hierarchy (IH)
for my > my; > mg3. The most current bounds for the oscillation parameters for the two
mass hierarchies are summarized in Table 1.1. Experiments studying neutrino oscillations
continue to improve the precision of the measured parameters. Next-generation experiments
such as DUNE, Hyper-Kamiokande, and JUNO are being designed to probe charge-parity
violation in the neutrino sector and determine the neutrino mass hierarchy [36-38].

Since neutrino oscillation implies non-zero neutrino masses, neutrino helicity and
chirality are no longer identical, i.e. a left-handed neutrino in one reference frame can
appear right-handed in another frame moving sufficiently fast. Because only right-handed
antineutrinos and left-handed neutrinos participate in weak interactions, the
non-conservation of helicity suggests that there may be no fundamental distinction between
a neutrino and its antineutrino. The neutrino and antineutrino could, in fact, be the same
particle, implying that neutrinos are Majorana particles. One of the most sensitive
experimental approaches to probe this hypothesis is through the search for neutrinoless

double beta decay (0vBp) [39].

1.2 Neutrinoless Double Beta Decay

Marie Goeppert-Mayer is well known for her work on the nuclear shell model in the 1950s,

which ultimately led to her being awarded the Nobel Prize in Physics in 1963 [40]. In addition
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Parameter | Normal Hierarchy (NH) Inverted Hierarchy (IH)
sin? 05 0.307 £ 0.013

Am3, [eV?] (7.5340.18) x 107°

sin? 0,3 0.55810 031 0.55315:054

AmZ, [eV?)] (2.455 £ 0.028) x 1073 —(2.529 £ 0.029) x 103
sin? 01 (2.19 £ 0.07) x 1072

Scp [rad] 119+ 0.22 7

Table 1.1: Neutrino oscillation parameters for normal and inverted mass hierarchies [11].

to these later contributions, her earlier work laid important foundations in nuclear physics,
including the proposal of double beta decay in 1935 [41]. The process was expected to occur
in nuclei where (-decay is energetically forbidden, resulting in the nuclei decaying by two

simultaneous beta decays. The double beta decay of a nucleus X can be expressed as:

AX — 7Y 4+ 2e” + 2V, + Qpp, (1.6)

where Y is the daughter nucleus and Qg is the energy released from the decay that is
typically carried by the two e~ and two v, produced. Figure 1.2 shows an example of one
such nucleus that is **Xe. The double beta decay of ¥Xe bypasses single beta decay to
136Cs, which is energetically forbidden, and decays to *%Ba as indicated by the nuclear

masses. Double beta decay is a second-order weak interaction process and is therefore
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A = 136 Nuclei

135.916+ I
135.914+
135.912
135.9101

135.908 -

Atomic Mass [u]

135.906

135.904

53 54 55 56 57 58 59
Atomic Number, Z

Figure 1.2: A = 136 isobars and their decay pathways toward *%Ba. Since the B-decay
from ¥%Xe to 136Cs is energetically forbidden, the nucleus instead undergoes energetically
allowed double beta decay directly to '**Ba. Data from [43].
relatively slow. From the 40+ nuclei that are theoretically capable of undergoing double
beta decay, the process has been observed in over twelve even-even nuclei [42]. Table 1.2
lists the measured half-lives of double beta decay of the isotopes most commonly studied.
Building on the idea of double beta decay, in 1939 W. H. Furry proposed that if neutrinos
were Majorana fermions, one could observe lepton number violation in the double beta
decaying nuclei [57, 58]. This concept laid the theoretical foundation for modern day searches

of neutrinoless double beta decay. Figure 1.3 compares the Feynman diagrams of the observed

double beta decay (2vpf) with the hypothetical neutrinoless double beta decay (0vf[3)

where no electron antineutrinos are produced,

AX = 7Y +2e7 + Qg (1.7)
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Isotope 77}, (years) 17}, limit (years) Experiment
8Ca (6.4 +1.2) x 10" > 5.8 x 1022 NEMO-3, UMEHARA [44, 45]
Ge | (2.02240.018 £ 0.038) x 10*! > 1.9 x 10% GERDA, LEGEND-200 [46, 47]
828e (8.69 7500 & 0.05) x 10% > 4.6 x 10%* CUPID-0 [48, 49
100\ fo (7.07 £0.02 £ 0.11) x 10'® > 1.8 x 10 CUPID-Mo [50, 51]
130 (6.94 1.3) x 102 > 3.2 x 10% CUORE [52, 53]
136Xe | (2.165 4+ 0.016 & 0.059) x 10%! > 3.8 x 10% EX0-200, KamLAND-Zen [54, 55]
150Nd (9.34 52 +0.22) x 10'8 > 2.0 x 10? NEMO-3 [56]

Table 1.2: Summary of measured double beta decay (2vp) half-lives and experimental

lower limits on neutrinoless double beta decay (0vf ) half-lives.

violating the lepton number conservation by 2. The actual mechanism behind Ovp[3 is

unknown, the black box in the diagram is symbolic to the Schechter-Valle (black box) theorem

that implies that the observation of O0v33 always indicates new physics beyond the Standard

n

> > p
W e

Ve

Ve

w e

> > p

Figure 1.3: Feynman diagrams illustrating (left) two-neutrino double beta decay and (right)

neutrinoless double beta decay. The black box here signifies that the underlying mechanism

responsible for neutrinoless double beta decay is not yet known.
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Model [59]. Research into neutrinos through the study of 0v33 has the potential to provide
insight into the mechanism of neutrino mass generation and to address fundamental questions
about leptogenesis and, consequently, the matter—antimatter asymmetry of the Universe [60].

The most accessible experimental signal available for detection of 0v33 events is through
the energy carried by electrons. Figure 1.4 compares the summed electron energy spectra
from 2v(33 and OvB 3. Since no electron antineutrinos are emitted in 0v33, and the nuclear
recoil is negligible due to the large mass of the daughter nucleus, the full decay energy, Qg
is carried by the two emitted electrons. As a result, the OV 3 signal appears as a peak at
the endpoint of the continuous 2v(33 spectrum. Rather than a sharp peak at QQgg, the 0vR3 3
spectrum shown in Figure 1.4 includes smearing which is characteristic of finite detector
resolution. As a consequence of lepton number violation, 0v33 is highly suppressed, and
only lower bounds on its half-life have been measured to date. This is reflected in the relative
decay rates of 2v33 and Ovf33, with the latter expected to be many orders of magnitude
rarer. In Figure 1.4, the inset highlighting the Ov33 peak is shown with an assumed relative
scaling of 10°. In practice, the scaling can be significantly larger, as the expected 0vR{
signal is exceedingly rare and must be distinguished from various background contributions
that can populate the region around Qgp.

The OvB 3 half-lives of the most commonly studied nuclei are presented alongside their

2v33 half-lives in Table 1.2. In the light-neutrino exchange model, wherein 0v[33 is mediated
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Figure 1.4: Representation of the electron energy spectrum from 2v33 and 0v33. Figure

reproduced from [61].

by the exchange of light Majorana neutrinos (< 1¢eV), the half-life (Tl%) is given by:

Vo1 _ o pov 2 ee)”
[T7]7H = G MO PR (18)

Here, M denotes the nuclear matrix element (NME), G% the phase-space factor, and m,
the electron mass. The search for Ovp with different isotopes is motivated by the fact
that each isotope provides complementary sensitivity owing to differences in NMEs and

phase-space factors. mgg is referred to as the effective neutrino mass which is related to the
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neutrino mass eigenvalues m; through:

(mep) = : (1.9)

N
2
Z Ueimi
i=1

where U;; are the PMNS matrix elements for ¢ = (1,.., N), and N = 3 for the standard [3 x 3]
PMNS matrix®. Experimental lower limits on the neutrinoless double beta decay half-life,
TIO/VQ, provide a means to infer the effective Majorana mass mgg. Consequently, constraints
on mpg from 0vB 3 searches translate into indirect limits on the absolute neutrino mass scale,
assuming neutrinos are Majorana particles.

The only direct approach to studying neutrino masses is through direct neutrino mass
(mp) measurement by precision spectroscopy of the kinematic endpoint of beta decay. This

approach of neutrino mass scale estimation offers a model-independent approach. The

current upper-limit from kinematic searches comes from the measurement of the 3 decay

endpoint of *H by the KATRIN experiment [9]:
%
mg = (Z |Uei\2m?> < 0.45 eV. (1.10)

This limit is much higher than the 0.072 eV limit from cosmology through studies of the
cosmic microwave background (CMB) on the sum of neutrino masses (Y. m;) [63].

Figure 1.5 shows the effective Majorana mass, mgg, as a function of the lightest neutrino

3Non-standard models include frameworks like 341 that include sterile neutrinos [62].
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mass. Depending on the assumed neutrino mass hierarchy, the relevant lightest mass
eigenvalue is my in the case of NH and mgs for IH. The uncertainty associated with the
unknown Majorana phases, the neutrino oscillation parameters, and the different mass
orderings gives rise to two distinct allowed regions corresponding to the two hierarchies.
Also shown in Figure 1.5 are exclusion regions derived from constraints on the absolute
neutrino mass scale obtained via kinematic measurements and cosmological observations,
as well as limits on the effective Majorana mass from 0v33 searches. Despite their differing
sensitivities and underlying assumptions, these approaches are complementary, as they
probe different combinations of neutrino mass eigenstates and provide independent
constraints on the neutrino mass scale.

To translate these mass-scale constraints into experimental sensitivity, it is necessary to
connect mgp to the observable decay rate of the process. This is achieved through the
relationship between mgg and the neutrinoless double beta decay half-life, Tl%, which
provides the direct experimental figure of merit in 0vf33 searches. Assuming a background
free experiment, Tlo/"2 is given by:

Tlov IHQNA

/2 = WW(CLEMt>7 (111)

where M is the total mass of the detector material, W is the molar mass of the material,

N4 is the Avogadro number, € is the detection efficiency, a is the natural isotopic abundance
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Figure 1.5: Effective Majorana mass (mgp) as a function of the lightest neutrino mass (m,
or ms, depending on the mass ordering). The allowed bands for mgg (orange: IH, green: NH)
reflect uncertainties in the Majorana phases and neutrino mass ordering. Horizontal bands
indicate constraints on mpg from 0vBp experiments such as EXO-200, KamLAND-Zen,
and GERDA experiments. Vertical bands correspond to limits from direct neutrino mass
measurements by the KATRIN experiment and cosmological constraints from PLANCK 2018
CMB data. Figure reproduced from [64].

of the Ovf3B nuclei, ¢ is the livetime of the detector and N is the number of 0v33 events
observed. Several measures are taken in designing experiments to reduce backgrounds in the
energy region of interest at Jgp . In practice, achieving a truly background-free experiment is

unrealistic and background contributions must be carefully incorporated into the estimation

of TIO/"Z. Assuming a background rate B, and energy resolution of the detector AFE, the total



1. Neutrinos: History, Properties, and Physics Motivation 20

number of background events can be calculated as:
B.=B M tAFE. (1.12)

For a statistically significant result, the number of events N observed should be greater than
the uncertainty in B.. Based on the expectation that background events follow a Poisson

distribution:

N > n,\/B., (1.13)

where n, is the number of standard deviations based on a given C.L. (n, = 1.645 for 90%
C.L.) [65]. Substituting Equations 1.12 and 1.13 in Equation 1.11 gives,

Ov In2 Mt

Tja = Ly N\ 5 AR

(1.14)

From Equations 1.14 and 1.8, the estimated half-life T} 1% can be combined with NMEs
to place an upper limit on the effective neutrino mass [66]. These relations make it clear
that probing smaller neutrino masses requires detectors with larger target masses, high
energy resolution, and lower background rates. Thus, Ovp[ experiments deploy large
detectors constructed from carefully screened radio-pure materials and sited in
underground laboratories with large rock overburden to suppress backgrounds from cosmic

radiation sources [67, 68].



1. Neutrinos: History, Properties, and Physics Motivation 21

Table 1.2 provides lower limits of Ov3 half-lives for various nuclei. Among the listed
nuclei, the highest half-life limits were measured in the isotopes "®Ge and '*Xe which
approximately corresponds to mgg > 0.1eV. The goal of next generation experiments, such
as nEXO, is to push this limit further to reach mgg ~ 0.01eV to effectively exclude the
inverted mass hierarchy for Majorana neutrinos [5]. From Equation 1.8, using

representative values of [M%|?> ~ 10 and G ~ 10~ years™! [69]:

0.01 eV>2

TOV — (G|M0vl2 <m >2me—2>—1 ~ 1028<
1/2 Bp <m[3[3>

(1.15)

To probe half-lives of order 10%® years with event rates (R) of at least ~ 1 decay per year:

In(2

R= “ﬁ) N, (1.16)
T1/2
9% R

N = ~ 10%® atoms. 1.1
n(2) 0 atoms (1.17)

Converting this to a detector mass for 13¢Xe,

N A
M ="—"—~0(10°g ~ 1 tonne, (1.18)
Na

where A = 136 g/mol is the molar mass and N, is Avogadro’s number. Achieving such
sensitivities therefore necessitates detectors with tonne-scale active masses. Consequently,

next-generation 0v3 3 experiments such as LEGEND, nEXO, and XLZD are all designed at
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the tonne scale to reach half-life sensitivities approaching 10%® years.

1.3 Theoretical and Experimental Status of

Neutrinoless Double Beta Decay

The search for Ov@f3 is driven by both novel theoretical developments and large-scale
experimental efforts aimed at establishing the Majorana nature of neutrinos and probing
the absolute neutrino mass scale. This section provides a brief overview of the current
theoretical framework, with emphasis on NME calculations, followed by an introduction of

the leading experimental programs.

1.3.1 Nuclear Matrix Elements and Ab Initio Approaches

The interpretation of 0vP searches in terms of the effective Majorana mass, mgg, relies
critically on the evaluation of NMEs. Equation 1.8 showed the dependence of 0v(33 on
G, the phase-space factor and M, the NME. G°, which is the more precisely calculated
quantity of the two, encodes the kinematic phase space available to the emitted electrons
and depends on the decay energy Qpp. To leading order, it scales as G% Q%ﬁ, reflecting
the phase space available for the two-electron final state [70, 71]. Other the other hand,
theoretical uncertainty in M% remains one of the dominant limitations in extracting precise
values of mgg. The complexity in the NME computation is due to the fact that it requires

the solving of a many-body problem to accurately determine the nuclear wavefunctions.
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Figure 1.6: Comparison of calculated 0vBB NMEs MY for several candidate isotopes
using different theoretical approaches. Different symbols within a given method denote
results obtained under varying underlying model assumptions. Figure reproduced from [60].
Figure 1.6 shows the values for unitless NME computed for several 0vf33 candidate isotopes
using various many-body methods.

The model dependent nature of these methods such as quasiparticle random phase
approximation (QRPA), the interacting boson model (IBM), and energy density functional
(EDF) leads to a spread in predicted NMEs of typically a factor of 2-3 [72]. In recent
years, ab initio methods such as the coupled-cluster (CC) theory, and the in-medium
similarity renormalization group (IMSRG) have made significant progress [73, 74]. These

approaches aim to derive nuclear properties starting from realistic two and three body
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interactions rooted in chiral effective field theory. Although currently limited to lighter
nuclei or truncated model spaces, ongoing developments are extending their applicability
toward medium-mass systems relevant for 0vp 3, including ®Ge and !3¢Xe. These efforts
are crucial in reducing theoretical uncertainties and improving the reliability of the

neutrino mass limits [75].

1.3.2 Experimental Searches for 0v[(3f3

A vigorous global effort is underway to search for Ov@f in multiple candidate isotopes,
through diverse detection techniques. These experiments aim to achieve ultra-low background
conditions, excellent energy resolution, and large target masses to maximize sensitivity to
long half-lives exceeding 10?® years. In this section, selected past and upcoming experiments

focusing on two leading isotopes, *Ge and *%Xe, are discussed.

Searches in °Ge

A combination of relatively high natural abundance (7.8%) and a Qpp value of 2.039 MeV
makes "®Ge a strong candidate for 0vB R searches. The high Qpp places the 0vBp signal
above most naturally occurring radioactive backgrounds arising from trace contaminants in
detector materials. Additionally, the enrichment and purification techniques for germanium
are well established [76]. Experiments using *Ge leverage the well-established detector

technology based on high-purity germanium (HPGe) detectors. An example is the GERDA
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Figure 1.7: Background rates and exposure for Ov3 experiments. The colored dashed
lines indicate the minimum half-life sensitivity required for each candidate isotope to fully
probe the corresponding IH region. Figure reproduced from [60].
(GERmanium Detector Array) experiment, which operated at the Gran Sasso National
Laboratory and utilized bare HPGe detectors. The HPGe crystals were enriched to ~ 87%
in Ge and immersed in liquid argon, which served both as a coolant and an active
background veto. GERDA achieved a background index below 1073 counts/(keV-kg-years)
and set a lower limit on the 0vB@ half-life of 77 > 1.8 x 10% years at 90% C.L. [77].
Building on the successes of GERDA and another "®Ge-based experiment, the Majorana
Demonstrator (MJD), the LEGEND (Large Enriched Germanium Experiment for
Neutrinoless Double Beta Decay) collaboration aims to scale up the detector mass while

further reducing backgrounds. The first phase, LEGEND-200, is currently operating, with
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a target sensitivity beyond 10?7 years. A future phase, LEGEND-1000, aims to reach

sensitivities approaching 10% years, probing the entire IH region [47, 78].

Searches in *%Xe

136Xe is another popular choice for 0OV experiments due to its relatively high Qpp of
2.459 MeV, appreciable natural abundance of 8.9%, and relative ease of enrichment [79].
Xenon-based experiments offer the advantage of scalability to large target masses and
flexibility in detector design, using gas, liquid, and dissolved xenon techniques. The
EXO-200 experiment was a TPC that operated with approximately 200 kg of LXe enriched
to 80.6% in 3°Xe. Through its event reconstruction capabilities and using energy and
topology discrimination, EXO-200 set a lower limit of 77} > 3.5 x 10* years [80]. Another
such experiment is the KamLAND-Zen experiment which employs a large volume of liquid
scintillator loaded with enriched xenon, achieving very low background levels through
shielding and purification techniques. It set the most stringent half-life limit for Ovf3 in
1%Xe to date, with 77, > 3.8 x 10°° years [55].

The next-generation experiment, nEXO, is designed as a multi-tonne-scale LXe TPC
with a target mass of approximately 5 tonnes of enriched 3Xe to reach sensitivities beyond
10?8 years [3, 5]. To further enhance background rejection and reach the ultimate discovery
sensitivity, where the only remaining experimental background is the 2vp33, R&D efforts

are ongoing towards developing and demonstrating barium tagging, a technique aimed at
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identifying the daughter, 1**Ba, produced in a 0v3 event.

The XLZD experiment is another proposed multi-tonne-scale LXe detector that, while
primarily designed for dark matter searches, also offers significant potential for contributing
to OvPR studies [81]. By combining the target masses and technologies of experiments
such as LZ and XENONnT, XLZD aims to achieve unprecedentedly low background levels
and excellent energy resolution in a large, homogeneous detector volume. Although it is
not optimized for B3 decay topology reconstruction in the same way as dedicated xenon
TPC experiments like nEXO, its enormous exposure to ?Xe and ultra-low background
environment could enable competitive sensitivity to a Ov3/3 half life of 1.3 x 10%® years at
90% C.L. [82].

Together, these experimental efforts, combined with advances in nuclear theory, are
steadily improving sensitivity to Ov33 and narrowing the parameter space for the effective
Majorana mass. The following chapter introduces the TPC technology used in 0v(3f3
searches with 1%Xe and describes the detector design and research program of the nEXO

experiment.
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Chapter 2

Search for Ovp33 with the nEXO

Experiment

The search for O0v33 is challenging due to the extremely low decay rates corresponding to
half-lives over 10% years. To have a realistic chance of observing even a few events per
year, experiments must employ large quantities of the double beta decaying isotope. In
this respect, LXe is an attractive detection medium, as it combines several key advantages:
self-shielding due to its high stopping power (Z = 54), chemical inertness, relative ease of
purification, and ability to produce scintillation light.

This chapter outlines the experimental approach to searching for 0Ovpf in 3Xe. It
begins with an introduction to TPC technology, which underpins xenon-based experiments,
followed by a review of the EXO-200 experiment, and concludes with an overview of the

nEXO detector and its design.
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2.1 Time Projection Chambers

The occurrence of 0vBf is primarily detected through the energy (gp released. Figure 1.4
showed an example of the energy spectrum expected from 2vp3f3 and 0vp{ events.
Experiments searching for 0vf33 focus on minimizing backgrounds and maximizing energy
resolution in the regions around ()gg. Among the various detector technologies available for
rare-event searches such as the search for 0v@ 3, TPCs are one of the leading choices [83,

84].
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Figure 2.1: A basic TPC design consists of a vessel with a homogeneous electric field
applied between the cathode and anode. Information about particle interactions is obtained

from ionization electrons and scintillation light produced in the process.
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The basic design of a TPC includes a fluid filled vessel, which in the context of 0v[{3(3
will either be the element in gaseous or liquid form, enriched in the candidate isotope or
a scintillating material with the candidate isotope dissolved in it. A homogeneous electric
field is applied across the volume of the vessel, with a cathode and an anode on opposite
ends for a single-sided TPC or with the cathode in the center and two anodes on opposite
sides for a double-sided TPC. Particle interactions and other events inside the vessel cause
the detector material to ionize and produce electrons. The electric field causes the electrons
to drift towards the anode where they are detected. The particle interactions also produce
scintillation light resulting from the excitation of the scintillating material. The scintillation
light produced is proportional to the net energy deposited by the events and hence can be
used to obtain an estimate. Unlike electrons that are drifted towards the anode that can
take up to 0.1 ms, scintillation light is detected instantaneously and hence also provides the
accurate timing information of the events [85]. When combined with the spatial information
from the collected electrons and their arrival time at the anode, the event can be fully
reconstructed in three dimensions. If the anode readout provides (z,y,t) for the collected

electrons, scintillation signal provides ¢, such that:

(x,y,2) = (z,y,vp X (t —1g)), (2.1)

where vp is the electron drift velocity. Event reconstruction is one of the defining features of
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TPCs, providing detailed information on the interaction location and topology, and playing
a crucial role in discriminating against background events with overlapping energy spectra
in the region of interest around (gg. Aside from event topology, the ratio of ionization

electrons and scintillation further delivery information of event characteristics.

2.2 The EXO-200 Experiment

The EXO-200 experiment was conceived as a demonstrator for the search for Ov33 using the
isotope '*9Xe [86]. The experiment was located 655 m underground at the Waste Isolation
Pilot Plant (WIPP) in New Mexico, USA. The detector consisted of a single-phase cylindrical
TPC containing 175kg of LXe enriched to 80.6% in *®Xe. A common cathode splits the
LXe volume in two equal halves, each of radius 18 cm and drift length of ~ 20cm. Charge
and scintillation signals were read out using crossed wire planes and large-area avalanche
photodiodes (LAAPDs) installed at both ends of the TPC. The TPC was enclosed within a
cryostat to maintain the LXe temperature and surrounded by approximately 25cm of lead
shielding, along with an active cosmic-ray veto system. Figure 2.2 shows schematics of the
EXO-200 experiment and the TPC.

Event energies were reconstructed by exploiting the anti-correlation between ionization
charge and scintillation light. In addition, events were classified as single-site (SS) or multi-
site (MS) based on the multiplicity of energy depositions, with 0v@f signals expected to

appear predominantly as SS events. The experiment operated in two data-taking phases:
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Figure 2.2: Schematics of the EXO-200 experiment. (Left) Rendering of the experiment
showing lead shielding, detector, cryostat, electronics and vacuum components. (Right)
Schematic of the EXO-200 detector with a central cathode, anodes, and LAAPDs on either
end. Reproduced from [86].
Phase-I (2011-2014) and Phase-II (2016-2018), the latter incorporating upgraded electronics
to improve energy resolution. The average energy resolution at QQgp, expressed as o/E, was
determined using calibration sources such as ?**Th, ?2°Ra, and ®°Co, yielding 1.35 £ 0.09%
for Phase-I and 1.15 4= 0.02% for Phase-11. EXO-200 was the first experiment to observe 2v[33
n 136Xe with a measured half life of 2.165 x 10%! years [54, 87]. Using the combined data from
both phases, the experiment set a lower limit on the Ov{33 half-life of T , > 3.5 x 10% years
at 90% C.L. [80].

Building on the success of EXO-200, the next-generation nEXO experiment aims to

significantly enhance sensitivity to Ov33 by scaling the detector mass to the tonne scale to

probe 0vR{ half-lives beyond 10?8 years.
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2.3 Overview of the nEXO Detector

The nEXO detector is a monolithic, single-phase, single-sided TPC with 5 tonnes of LXe,
90% enriched in the isotope *Xe [3]. The lateral inward-facing surface of the detector will be
lined with ~ 46 000 (1 cmx 1 cm) vacuum-ultraviolet (VUV) sensitive silicon photomultipliers
(SiPM) to detect Xe scintillation light produced by events inside the TPC [88-90]. A uniform
drift field is applied between the two endcaps of the cylindrical TPC, and field-shaping rings
are used to ensure field homogeneity across the volume of the TPC. Ionization electrons
produced by particle interactions within the LXe drift toward the anode, where they are
collected by charge readout tiles and are used to reconstruct the event topology in a 2D
projection [91].

A rendering of the nEXO experiment is shown in Figure 2.3. The TPC is submerged
inside an inner vessel filled with a refrigerant to maintain LXe temperatures which is itself
enclosed by the vacuum jacket of the outer vessel. This assembly is placed within a large
tank filled with ultra-pure water to shield the detector from background radiation emitted
from the cavern walls and surrounding infrastructure. The tank is instrumented with 125
photomultiplier tubes (PMT) to act as muon veto detector [92].

The nEXO detector is planned to be installed in the Cryopit experimental hall at
SNOLAB, located approximately two kilometers underground. The underground setting is

essential for reducing the background muon flux, lowering it from roughly 170 pu/(m?s) at
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Figure 2.3: An artist rendering of the nEXO experiment shown in the SNOLAB Cryopit.

Image sourced from [95].

the surface to around 3.3 x 107% pu/(m?s) at SNOLAB [93, 94].

nEXO builds upon the work of EXO-200, with the goal to utilize the scalability of the
LXe TPC technology to build a tonne-scale experiment with a projected sensitivity to Ov33
of 1.35 x 10%® years [5]. Figure 2.4 shows the projected nEXO sensitivity to 0vBp half-life
as a function of livetime, along with the corresponding limit of 10 meV on the effective

Majorana neutrino mass after 10 years of operation.

nEXO employs a multi-parameter analysis framework that uses the reconstructed
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Figure 2.4: Expected sensitivity of the nEXO experiment. (Left) The projected sensitivity
of nEXO as a function of livetime compared with the previous limit set by EXO-200. (Right)
The effective Majorana neutrino mass as function of lightest neutrino mass. Through 10 years
of data collection, the nEXO experiment aims to completely probe the inverted hierarchy
of neutrino mass to reach absolute neutrino mass in the 10 meV range. Figures reproduced
from [5].

energy of an event with a deep neural network (DNN)-based topology classification score
and the distance of the event relative to the nearest detector component inside the LXe.
Figure 2.5 shows a toy dataset from simulating the nEXO detector response equivalent to
10 years of data collection for a hypothetical O0vR{ half-life of 0.74 x 10%® years. The
energy spectrum in Figure 2.5(c) is produced using SS-like events (DNN > 0.85), as 0v3f3
events are primarily SS in nature, thus excluding MS events such as Compton-scattered

vs. Additionally, only events in the fiducial volume (inner 2000kg) are considered. This

approach leverages the self-shielding property of LXe along with the detector’s energy

i.e. assign a DNN score based on whether an event is a SS or MS event.
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Figure 2.5: Toy dataset from nEXO simulations showing data equivalent to a 10-year
livetime for a 0vBp half-life of 0.74 x 10%® years. The analysis of simulated events integrates
(a) the position of events from the TPC walls (standoff distance) and (b) event topology
(DNN score) to differentiate 0V from the major sources of backgrounds. (c) The final
energy spectrum populated with events with a DNN score > 0.85 and located within the
inner 2000 kg fiducial volume. Figure reproduced from [5].

resolution and event reconstruction capabilities to achieve enhanced background
discrimination and signal sensitivity.

Achieving this level of sensitivity also relies on several design improvements, including
the use of alternative low-radioactivity materials. A major contribution comes from the use
of materials with lowest possible radioactive contaminants such as electroformed copper with
its lower intrinsic radioactivity over commercially produced copper [96]. The latter originally

contributed up to 20% of the total radioactive background budget for nEXO but was reduced

to < 1% with electroformed copper [5, 7]. More recently, chemical vapor deposition (CVD)



2. Search for 0vf33 with the nEXO Experiment 37

nickel has also been investigated as another promising material for the nEXO TPC and
cryostat [97]. Despite the many design and analysis improvements, a non-negligible level of
residual backgrounds still limits the sensitivity of nEXO.

One powerful advantage for Ovp 3 experiments using Xe-based TPCs is the possibility
of accessing the detector volume to probe for the presence of the barium daughter of 3Xe
double beta decays, a technique known as barium tagging. The idea of tagging the daughter
136Ba, to discriminate double beta decays from backgrounds was first proposed by M. K.
Moe in 1991 as a path toward a virtually background-free experiment [98]. While the SM-
allowed 2v[33 remains an irreducible background with this technique, with sufficient energy
resolution and precision in position reconstruction, it may be possible to suppress nearly all
non-double beta decay backgrounds through Ba-tagging. In the context of nEXO, such a

suppression corresponds to a factor of 2-3 increase over the baseline sensitivity limit.
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Chapter 3

The Barium Tagging Technique

Barium tagging is an active background-rejection technique proposed for xenon-based
0vB 3 searches, in which the daughter ion produced in the decay is identified in coincidence
with the event. Decay of 3*Xe produces a 5Ba®™™ ion at the decay site, providing a
signature that distinguishes it from radioactive backgrounds which do not yield barium.
Due to the substantial gain in sensitivity offered by Ba-tagging, this technique was explored
for EXO-200 [99] and is currently being pursued by several groups within the nEXO
collaboration [100-102], as well as by the NEXT collaboration [103]. All approaches rely on
some form of fluorescence signature to identify a single *Ba atom or ion, which has been
demonstrated for the neutral atom [100], as well as for the singly [104] and doubly charged
ions [105]. In situ studies to observe Ba™ fluorescence in LXe, i.e., exciting the Ba ion at its
decay location, could not confirm direct tagging as a feasible path to Ba-tagging [106].
Therefore, current focus of Ba-tagging R&D focuses on developing methods to extract and

trap the !3°Ba for subsequent identification. Ba-tagging R&D is ongoing in multiple
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modalities for neutrinoless double beta decay experiments [100-103, 106].

The implementation of Ba-tagging in a GXe detector medium is being actively pursued
by the NEXT experiment, which searches for 0vf using a high-pressure GXe TPC [105].
In this approach, the topological reconstruction capability of the gas TPC is complemented
by an independent, event-by-event confirmation of the decay through identification of the
daughter barium ion. The NEXT Ba-tagging strategy is centered around single-molecule
fluorescence imaging (SMFI), in which the '*Ba™ ion produced at the decay site is
captured by specially designed molecular chemosensors deposited on a surface or probe.
Upon binding to the barium dication, these chemosensors undergo a change in their
fluorescence properties, enabling the optical detection of a single ion. This method
leverages the relatively long diffusion length and lower density of the gas phase, which
facilitate ion transport to the sensing surface, while ongoing R&D focuses on improving
capture efficiency, selectivity against other ions, and characterizing various chemosensors
for performance and robustness under high-pressure xenon conditions [103, 107, 108].

In LXe, it is expected that the *Ba** daughter will quickly gain an electron from '3¢Xe
due to higher electron affinity (10eV) than the LXe band-gap energy (9.22 V) [109, 110].
136Ba will then continue to remain in its first excited state as Ba™ due to its lower electron
affinity and can be identified using laser fluorescence spectroscopy [104]. There are two Ba-
tagging schemes that are currently being developed as potential future upgrade path for the

nEXO experiment.
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The first scheme involves the use of a cryogenic probe (or cryoprobe) that is inserted into
the TPC, and positioned at the location of a candidate event that has the correct topology
and energy expected from a 0vf33 event. The position reconstruction performance in nEXO
is expected to reach sub-centimeter precision in all three dimensions, with spatial resolution
better than the 6 mm pitch of the charge readout strips [5]. Another important consideration
is that the **Ba* ion continues to drift under the influence of the electric field following the
decay of 5Xe. As a result, the target position of the cryoprobe must be corrected based
on the drift velocity of the ion. This effect is informed by mobility studies of 2'Po* and
alkaline-earth ions in LXe [111, 112]. Once the cryoprobe reaches the predicted location,
its tip, equipped with a sapphire window, is cooled to a temperature below the freezing
point of xenon. This locally solidifies the surrounding LXe, trapping the Ba ion within the
resulting solid xenon (SXe). The cryoprobe is then retracted from the TPC and the SXe
is scanned using laser-induced fluorescence to verify the presence of a Ba atom [100]. The
imaging of trapped Ba atoms and Ba™ ions is currently under active study, with a focus
on characterizing different Ba-related vacancy sites in the SXe matrix, investigating the
photobleaching effects observed predominantly in higher-order vacancy configurations, and
exploring annealing techniques to recover lost fluorescence [113].

The second scheme employs a capillary to extract **Ba* along with a small amount of
LXe from the TPC. Similar to the cryoprobe approach, the capillary is inserted into the TPC

and positioned at the location of a candidate event. Once in place, some amount of LXe
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containing the ¥Ba™ ion is extracted. The LXe is converted to gas via a heated section of
the capillary and injected into an RF funnel, where the *%Ba™ ion is separated from GXe.
The ion is then transferred to an LPT, where it is trapped to be identified through laser
fluorescence spectroscopy. Following identification, the **Ba* ion is ejected into an MRTOF-
MS for determination of its mass. Figure 3.1 illustrates the overall capillary-RF scheme for
Ba-tagging. The development of the various components that make up the capillary-RF

scheme of Ba-tagging is explained in this section.

3.1 Laser Fluorescence Spectroscopy

Some of the earliest work on imaging single ions in ion traps involved the use Ba [114].
The scheme for identifying Ba ions has since been developed and optimized for identifying
a single Ba ion in buffer-gas cooled ion traps [104, 115]. The '3Ba' electronic structure
resembles Xe with an additional 6S-electron. The key transitions involved in the fluorescence
spectroscopy measurement are between the ground state 62S; /2, the excited state 62P, /2
and meta-stable state 52Dy /2 levels as shown in Figure 3.2a. A combination of two lasers
with wavelengths (A1, A2) & (493.5,649.9) nm is used to excite the Bat to 6°Py o state,
enabling fluorescence detection while preventing trapping in the meta-stable 5?Dj /> state.
The fluorescence scheme was studied using a buffer-gas cooled linear Paul trap to localize
and detect Ba™ ions [115]. Fluorescence measured from the trapped Ba ions is shown in

Figure 3.2b. The discrete changes in fluorescence rate over time correspond to individual
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Figure 3.1: Schematic of the capillary-RF Ba-tagging scheme. The various subsystems are
shown, beginning with the capillary used to extract the Ba ion along with some amount of
LXe from the TPC which then undergoes a phase transition to GXe. To assist with the
transfer of ion from the capillary, an RF carpet has been proposed. From the RF carpet,
the ion and GXe enter the RF funnel. The ion is then separated from the accompanying
GXe by the RF funnel and transferred to the LPT, where it is trapped and identified via
laser fluorescence spectroscopy. An MRTOF-MS is included to measure the mass of the
Ba ion after identification and to enable systematic studies. In the present work, no laser

fluorescence detection was implemented.

ions leaving the trap, demonstrating the ability to resolve and identify single ions. The

fluorescence scheme described here will be integrated with the LPT in the capillary-RF
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Figure 3.2: Laser fluorescence spectroscopy for Ba-tagging. Ions are stored in a buffer-
gas filled Paul trap and exposed to 493 nm and 649 nm lasers. The photon rate from Ba

fluorescence shown here was measured using a PMT and averaged over a period of 5s.

scheme to allow for the identification of Ba ion extracted from GXe using the RF funnel [116].

3.2 Capillary-Based Ion Extraction Demonstrator

A demonstrator for ion extraction from a LXe volume through a capillary was developed at
Carleton University [6]. The design for the capillary probe demonstrator includes a stainless
steel capillary, with an outer diameter of 0.508 mm and an inner diameter of 0.2 mm, encased
in a polyether ether ketone (PEEK) rod for rigidity. A pressure differential is used to extract
around 1 cm? volume of LXe from near the probe tip. The laminar flow of LXe entrains the
Ba ion from within a cylindrical volume approximately 1 cm in length and 1 cm in diameter
immediately upstream of the probe tip and subsequently transports it out of the TPC [6].

A section of the capillary, outside the TPC is heated to convert the extracted LXe to GXe,
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which is then supplied to the RF funnel. The probe is mounted on a wobble stick! and is
positioned using a custom displacement device equipped with three sets of stepper motors for
x-y positioning and insertion control. A test setup for the displacement device was developed
and used to demonstrate the probe positioning with a precision of 0.1 mm in under 15s [117].

COMSOL [118] simulations of the capillary probe and ion motion in LXe were used to
define the LXe flow rate of 0.5 g/s and extraction time of 30 s, required to collect a Ba
ion from within a 1 cm?® volume from the probe tip [6]. These simulations further indicated
that the TPC drift field must be turned off during extraction to ensure sufficient collection
efficiency. Hence, once the event vertex is identified, the TPC drift field will be ramped
down before the capillary probe is inserted to perform the extraction.

Using the nEXO TPC length L, drift field E, and using a conservative value of R =

100 V/s for ramp rate, the time for ramp-down of the drift field can be calculated as follows:

L =118.3 cm, E =500 V/cm, R = 100 V/s;

V=ExL=500 v x 118.3 cm = 59.15 kV;
cm

LV 59151V
down TR 100 Vs

~ 10 min.

The exact effects of this ramp-down on the drift of the Ba ion have yet to be studied in
detail, and this work will likely resume once the design of the drift field electronics for nEXO

is finalized. Ramp-up, by comparison, is expected to take longer, with ramp rates of 20—

WS40 wobble stick, UHV Design.
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100V/s [119]. Ba ion and LXe extraction via the capillary probe is expected to take on the
order of one to a few minutes. Altogether, since a 0v[33-like event is expected roughly once
per day based on background modeling and detector simulations [5], the total dead-time to
nEXO operation from Ba-tagging is expected to be ~ 10-60 min/day, dominated by the time
required to cycle the drift field.

The concept of ion transport via a capillary was characterized by transporting and
detecting 2'%Po ions via Ar gas transport. Ar was chosen as a surrogate for this feasibility
study due to its availability and cost. ?*Rn was first introduced into gaseous argon (GAr)
in a source chamber and allowed to decay for several hours to accumulate 28Po ions.
Through a pressure differential, the GAr was transported through the capillary, carrying
218Po jons from the source chamber to the detector chamber. 2'8Po ions are identified via
the characteristic energy of the emitted o particles from their subsequent decay, measured
with a passivated, implanted, planar silicon (PIPS) detector. The initial results show
successful transfer of ions though the capillary, though further testing using GXe and
eventually LXe is required to obtain a quantitative estimate of the transport

efficiency [120].

3.3 Ion Isolation and Identification

The 3Ba™ ion extracted through the capillary is expected to be in GXe pressures above

1 bar, where the ion’s motion is dominated by frequent collisions with the gas. To overcome
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this, the ion is extracted from this high-pressure environment to a vacuum region, where
its motion can be precisely controlled for trapping and spectroscopy using well-established
methods. This extraction typically requires several stages of differential pumping. However,
each pumping stage reduces the overall ion transport efficiency. To mitigate this, an RF
funnel is employed as part of the Ba-tagging scheme to efficiently guide the Ba ion from
high-pressure GXe into a high-vacuum environment [121].

The RF funnel discussed in this work was originally developed for Ba-tagging in gas-
phase xenon detectors [122]. It has since been adapted to operate in conjunction with the
capillary probe for ion extraction from liquid xenon detectors such as nEXO. The RF funnel
was studied for ion extraction and transport using radioactive sources such as a *8Gd-driven
Ba-ion source [123] and a #2Cf source to successfully demonstrated extraction of ions from
GXe [121]. Figure 3.3 shows a subsequent study of the extracted ions using a commercial
linear quadrupole ion trap (LTQ)? that was unable to identify any Ba ions and revealed
the presence of various molecular species of Xe in the extracted ions that dominated the
observed signal, ionized by the radioactive ion source.

To facilitate the filtering of ions from the RF funnel and support systematic studies of
the extracted ion, the Ba-tagging scheme was extended to replace the LTQ with a more
sensitive LPT and a custom built MRTOF-MS [101, 125]. A quadrupole mass filter (QMF),

shown in Figure 3.1, is used to filter ions far from the target mass exiting the RF funnel

2Thermo Finnigan LTQ XL, Thermo Fisher Scientific, Waltham, MA, USA.
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Figure 3.3: Ionized species extracted from 2.1 bar GXe using the RF funnel, recorded with

the LTQ. (a) The m/q spectrum measured at 2.1 bar GXe pressure. (b) Enlarged view of

the lower mass peaks showing the presence of atomic and molecular Xe ions in the region of

interest. (c) Enlarged view of the higher mass peak showing a Xe dimer signal centered at

262 u (twice the average Xe atomic mass, 131 u). Figure reproduced from [124].

based on their mass-to-charge ratios. The selected ions are then cooled and stored in an ion

trap where Ba ions can be identified using laser fluorescence spectroscopy, once implemented.

This ion trap doubles as an ion buncher, used to supply ion bunches to the MRTOF-MS for

mass-to-charge ratio measurements. The combined system comprising the RF funnel, the

LPT, and the MRTOF-MS is currently being used to demonstrate ion extraction from GXe.
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The details of these three subsystems and their operation are discussed in Chapters 6 and 7.

Lastly, an RF carpet is planned to be implemented with the Ba-tagging system upstream
from the RF funnel as depicted in Figure 3.1. Its role is to improve the ion transfer efficiency
between the capillary and the RF funnel. GXe from the capillary probe will be supplied to
the RF carpet chamber, where a drift field directs the Ba ion towards the RF carpet. The RF
carpet consists of concentric ring shaped electrodes that are supplied with an RF potential
to levitate the ion at a distance from the RF carpet surface. In the ion-surfing mode of
operation, a secondary high-frequency potential is superimposed onto the primary RF field
to drive the ion toward the center of the RF carpet [126]. From there, the ion is efficiently
carried by the flowing GXe into the RF funnel. A similar application of the RF carpet is

being explored for the NEXT experiment with their SMFI technique [127].

3.4 In situ Ion Source Development

The developments discussed so far aim to design and optimize various components of the
Ba-tagging scheme to achieve a high tagging efficiency. While individual efficiencies matter,
the efficiency of the entire scheme put together is the main metric that will be used to
demonstrate the usefulness of this technique. To this end, a test setup for an accelerator
driven in-LXe Ba ion source is being developed at the ISAC-II experimental facility at
TRIUMF [128] to be eventually used to demonstrate and calibrate the complete Ba-tagging

system.
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Figure 3.4 shows a CAD model rendering of the setup consisting of three main sections:

an injection chamber housing a LXe vessel, a measurement chamber equipped with Ge

detector, and an extraction probe that moves ions between the two chambers.

ion beam [Ty, = 9.27(5) min] [129] will be delivered to the LXe vessel through a 25pm

Probe tip

Extraction
probe Be windo

| |

Ge crystal

Measurement chamber |

LXe level

Faraday cup

Injection chamber

Beam entrance
window

Figure 3.4: CAD model rendering of the test setup for an accelerator driven in-LXe ion
source. The setup consists of three sections: an injection chamber (bottom right) housing
a LXe vessel and a Be window for ion implantation, a measurement chamber (top right)
equipped with a Ge detector for measuring gammas produced through the decay of 39Cs

and its daughter *“Ba and an extraction probe for moving ions between the two chambers.

Figure reproduced from [6].




3. The Barium Tagging Technique 50

Be window and will be allowed to come to rest in the LXe. The Be window is positioned
near the center of the vessel through a recessed tube to deliver radioactive Cs ions near
the extraction probe. ¥?Cs and its daughter *%Ba ions are collected on the probe tip by
applying a bias potential [130], after which they are transferred to the detection chamber for
gamma-ray spectroscopy. Detection of the gamma resulting from the decay of 13°Ba is used to
demonstrate the successful implantation of *°Cs ions. The setup has been assembled and will
be commissioned and tested first with GAr to demonstrate ion beam transmission through
the Be foil, and eventually with LXe. Upon successful demonstration of ion implantation,
the ion source will be used to validate the capillary-RF Ba-tagging scheme and determine
its overall tagging efficiency.

One of the main drivers of the scheme discussed here is the well-developed ion-handling
techniques that enable precise and efficient transport and confinement of ions. Chapter 4
provides an overview of the theoretical principles governing the operation of RF-based

components, including ion guides, traps, and associated ion optics.
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Chapter 4

Ion Transport and Time-of-Flight

Principles

Charged particle optics is analogous to conventional ray optics, but instead of manipulating
photons, the objects of control are charged particles, and electromagnetic fields are analogous
to dielectric media. Proper electrode and magnet geometries enable focusing and steering of
ions analogous to optical elements such as lenses and mirrors. Here, a charged particle can be
anything ranging from the smallest charged particles, electron and positron, to large polymer-
chains. This chapter outlines a selection of apparatuses commonly used to manipulate ion
motion, with an emphasis on components relevant to the Ba-tagging setup discussed later

in Chapter 5.
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4.1 Fundamentals of Ion Optics

Ion beams inherently possess finite transverse emittance and angular divergence. As they
propagate, mutual electrostatic repulsion can further cause the beam to diverge, an effect
typically referred to as the space-charge effect, requiring external focusing forces to
counteract this expansion. To preserve beam quality and transmission efficiency,
electrostatic focusing elements, such as apertures and electrostatic lenses, are employed to
compensate for this divergence.

Figure 4.1 presents the scenario of an ion passing through an aperture biased to a potential
Vap measured relative to the ion source potential. For a distance r relative to the aperture
center and ¢ defined as the inclination of the ion’s trajectory with respect to the z-axis, the

equation of motion of the ion can be expressed in matrix formulation as [131]:

= . (4.1)

o) \E= 1) \o
Here, E; and FE5 are the electric fields experienced by the ion before and after the aperture,
respectively, and ' and ¢’ denote its position and inclination after crossing the aperture.
On comparing with the transfer matrix for an optical lens, one can conclude that the focal
length of the aperture is f = 4V,,/(E; — Ey). Depending on the values for V,,, E; and E,

the focal length can take positive or negative values determining the extent of its converging
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Figure 4.1: Schematic of a charged particle passing through an aperture biased to a
potential V,, relative to the ion source. Here, the equipotential lines, shown in green, distort
due to the field discontinuity across the aperture, leading to focusing or defocusing of the
ion trajectory, described by its position r and angle ¢.

or diverging power.

A popular configuration of lenses is an Einzel lens [132]. It uses three sets of lenses
where the first and third lenses are typically held at the same potential (V) different from
the second, or middle, electrode (V3). One can easily develop the transfer matrix for this
configuration by taking a product of three apertures combined with ion propagation matrices
for drift spaces in between the apertures. Due to this configuration, ions are first decelerated
and then accelerated (or vice-versa depending on the values of V1 and V2) with the overall
result being the focusing of ions. Figure 4.2 shows a sectional view and potential energy
view of an Einzel lens generated using SIMION [133]. In the example, 200€V ions are
generated uniformly over a circular region about the beam axis, and the bias potentials

(V1,V2) = (0,100) V are applied to the cylindrical electrodes.

Complementary to electrostatic lenses, RF ion guides offer an alternative approach for
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the continuous confinement of ions, particular in applications involving elevated gas pressures
or the presence of buffer gas. The principles and operation of RF ion guides are discussed

in the following section.

Diverging trajectory Converging trajectory

Figure 4.2: SIMION simulation of an Einzel lens. (Top) Trajectories of 200eV ions,
generated uniformly over a circular region about the beam axis, passing through the Einzel
lens and converging downstream. The electrode (shown in green) is biased to 100 V. (Bottom)

Corresponding electrostatic potential energy distribution.
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4.2 Radio-Frequency Ion Guides

Earnshaw’s theorem states that a charged particle cannot be held in a stable equilibrium by
static electric forces alone because there are no local minima in a static electric potential [134].
While this always holds true, it is possible to create a pseudo minima or a psuedo potential
well through the use of alternating fields.

Let F = F,& + F,9 be a radial restoring force applied to confine the motion of an ion

moving along the z-axis and let F' be proportional to distance of the ion from the axis:
Fo=—-k,2=QFE,;, F,=—-k,y=QEFE,, (4.2)

where (k,, k,) are proportionality constants, (E,, E,) are the magnitude of electric field along
x and y axes and @) is the charge of the ion. A general expression for the electric potential

corresponding to such a linear restoring field can be written as:

2 2

@z(U—f-VCOSQi)(Q7 r_2y ) (4.3)

Here, the potential ® depends on the transverse position given by (z,y) and time ¢. U is
a constant DC potential, V' is the amplitude of the time varying potential with frequency
f=Q/2m and r, is a constant. A quadrupole arrangement of hyperbolic-shaped electrodes

can be used to create such an electric potential [135]. Quadrupoles are the simplest possible
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Figure 4.3: Schematic of a quadrupole ion guide. (Left) Potentials applied to the

quadrupole electrodes. (Right) Geometry of the electrodes, showing rods of radius r. evenly
spaced at a distance r, from the axis.

form of an RF ion guide. A quadrupole consists of four parallel electrodes, symmetrically
arranged about the axis at a distance of r,. To simplify electrode fabrication, hyperbolic
electrodes can be substituted with circular ones, which closely approximate the electric field
near the axis. Figure 4.3 shows a schematic of a quadrupole ion guide with the potential ®
applied to the electrodes such that adjacent electrodes have opposite polarities. The optimal
approximation occurs at the magic ratio, which is when the radius of curvature (r.) of the
circular electrode satisfies r, ~ 1.14511r, [136]. For an ion of mass m and charge @ in a

quadrupole field, the equations of motion can be expressed as follows:

‘Zf + (g) (U +V cos Q1) <2f) _o, (4.4)
22;2/ — <7?1> (U + V cos Q) <72g) =0. (4.5)

[¢]
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The form of Equation 4.4 and 4.5 can be recast in the form of the Mathieu’s equation [135]:

d2
STy (ay — 2q, cos2e)x =0, (4.6)
de?
d2
d—g + (ay, — 2g, cos2¢)y =0, (4.7)
8QU 4QV Qt
Ge =70 = p2qr &= "W T 00 €T o (48)

Equations 4.6 and 4.7 have convergent solutions for  and y, respectively, for specific values
of the parameters (a,q). The lines in Figure 4.4 indicate the boundaries of the regions with
convergent solutions for the corresponding values of (a;,q,) and (ay,,q,). The region
highlighted in green corresponds to values of (a,q) where Equations 4.4 and 4.5
simultaneously have convergent values of (x,y), which translates to a stable ion trajectory
in the quadrupole ion guide. For this reason, (a,q) are referred to as stability (or
trajectory) parameters. The theory of RF ion guides can be extended in increments of two
to a sextupole ion guide (SPIG), octopole ion guide, and so on. The higher number of poles
helps create a more homogeneous potential at the center, with steeper fields near the
electrodes, therefore enabling the transport of larger ion beam currents [137]. Apparatuses
such as the RF funnel and RF carpet, discussed in Chapter 2, similarly exploit the
alternating converging-diverging nature of the RF potential to stabilize ion motion in
gaseous environments [126, 138].

Ions exhibit oscillatory motion in a quadrupole, with a micromotion determined by the
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Figure 4.4: The stability regions for ion motion in a quadrupole ion guide. The values
for (a,q) in the overlapping region highlighted in green simultaneously provide stable ion
trajectories along both axes.

RF frequency and macromotion governed by the depth of the pseudopotential well. The

pseudopotential well created by the quadrupole can be expressed as:

] A v
Dx:U+‘q4| ,Dy:—U—F‘quLl ,

(4.9)

where D, and D, are the depths along the x and y axes. The opposite sign for U along the
two axis results in enhancement of trapping along a particular axis at the expense of the
perpendicular axis. For a select RF amplitude V', the instability introduced by U can be

used to selectively allow ions of a particular mass to charge ratio (m/Q) to traverse. This
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Figure 4.5: Plot of the stability region in the first quadrant for three ions with masses
my, ma, mg, where, mo/my = ms/ms = 1.5. By operating the quadrupole with (a, ¢) values
highlighted with x, the ion with mass m; can be filtered out while ions of masses my and ms
traverse. Similarly, one can perform mass measurements on an ion beam by scanning across
the stability region along the dashed line of slope s.

is the principle behind the operation of a quadrupole mass filter (QMF). Figure 4.5 shows
this with the example of three ions with masses in the ratio of 1 : 1.5 : 2.25 relative to the
lightest ion mass m;. In this example, the ion mass m; can be filtered out by operating at
the DC and RF amplitudes corresponding to the highlighted point (x). Mass measurements
can also be performed using a QMF by scanning the RF amplitude V' along a fixed operating
line, while keeping the ratio V/U constant. This results in different mass-to-charge species

being transmitted at different values of V', producing a series of resolved peaks. Since the

values for DC and RF amplitudes are proportional to the mass of the ion from Equation 4.8,
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Figure 4.6: CAD rendering of the QMF used in the capillary—RF Ba-tagging scheme. The
device consists of three quadrupole segments. The central segment, highlighted in green,
is the longest and provides the primary mass filtering. The ramp segments on either side
ensure a smooth transition of ions through the fringing fields.

the location of the ion peaks along the scan line can be used to calculate their masses. The

resolving power R of the QMF can be calculated as:

R= = (4.10)

where AV is the full width at half-maximum (FWHM) of the mass peak and Am is the
smallest measurable mass difference. One of the main factors influencing the width of the
mass peak is the overlap between the scan line and respective stability region. The resolving
power can be increased by scanning at larger values for the slope up to a maximum value
of s = 0.237/0.706 = 0.336 corresponding to the peak of the stability region. To operate
near the peak of the stability region, the QMF used in the Ba-tagging setup is divided into
three segments. Figure 4.6 shows the design, where the first and last segments act as ramp
sections, while the central segment performs the mass filtering. The ramp segments provide

a gradual transition for incoming ions, mitigating the effects of fringing fields. Figure 4.7
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Figure 4.7: Depiction of an ion trajectory in stability space. Points A and B correspond to
the operating conditions in the ramp and main segments, respectively. The ramp segments
enable a smooth transition of ions between these regions.
illustrates the ion trajectory in stability space, with points A and B corresponding to the
operating conditions in the ramp and main segments, respectively. lons entering the QMF
originate near the stability origin. The ramp segments are operated as ion guides, with no
differential DC bias applied to their electrodes. The presence of intermediate ramp segments
reduces the impact of fringing fields and improves transmission efficiency [139]. As shown in
Fig. 4.7, the ramp segments allow the ions to move from the origin to point A before reaching
point B in the filtering region. Without these segments, ions would transition directly from
the origin to B, increasing the likelihood of loss while traversing unstable regions. A similar
effect occurs at the exit of the QMF, where the ramp segment guides ions smoothly back
toward stable conditions before entering the next stage of the apparatus.

An extension of the quadrupole application is its use as a linear Paul trap (LPT). In this
configuration, the radial confinement provided by the quadrupole field is supplemented with

an axial DC potential to achieve three-dimensional ion confinement. The potential applied
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in this situation is typically an RF potential (V) coupled to a DC potential (U;) such that:

O, =U;+VcosQt, & =U; — V cos(lt, (4.11)

where ®, and ®_ are the two potentials supplied to the quadrupole electrodes, where U,
provides the axial trapping potential. Combining axial control of ion motion with radial
confinement from the quadrupole field provides full three-dimensional control over an ion’s
motion. Figure 4.8 shows a side view of the LPT-buncher along with the axial potentials
during the three standard phases of operation. The buncher consists of three quadrupole
segments, with apertures (LA1, LA2) at the entrance and exit, respectively. Incoming ions
are first allowed to accumulate in the buncher. A DC bias is applied to the electrodes
to create a potential minimum at the center of the buncher. As ions lose energy through
collisions with the buffer gas, they are no longer able to overcome the potential barriers on
either side. Once the ions are trapped, the DC potential on LA1 is raised to prevent further
ions from entering, allowing the stored ions to cool. Finally, the DC potentials on LA2 and
the buncher electrodes are adjusted to create a forward electric field, ejecting the ions from

the trap.



4. Ion Transport and Time-of-Flight Principles 63

LPT DC profile (transfer)
| |
0 i |
| |
o |
Operation phases: s s
.’é
g-lo
TRANSFER Lower LA1 voltage and accept
PHASE ion into the buncher -
=20
760 770 780 790 0 810 820 830
o B X position (mm)
TRAPPING Raise LA1 voltage and trap ion .
PHASE inside buncher s LPT DC profile (trapping)
0
Rapidly raise buncher potential
EJECTION pialy n 'ID -
PHASE to create potential ramp g s
shooting the ion out g
i3
§-10 Buffer gas
Cooling
-15
LAL, x =798mm LA2, x =817mm
-20
760 770 780 790 800 810 820 830
X position (mm)
LPT DC profile (ejection)
40
20
s o o —»
£ 20
g
5 -40
-60
LAl——»> Bunche <« LA2
-80
760 770 780 790 800 810 820 830
X position (mm)

Figure 4.8: CAD model rendering of a linear Paul trap and depiction of the potential along
its axis. The three phases in the operation of the ion trap are illustrated with the help of

axial DC potential profiles corresponding to each phase.

4.3 Time-of-Flight and Mass Spectroscopy

For an ion of mass m and kinetic energy E traversing a distance L, in the classical non-

relativistic case, the time of flight is:

m
=L/ —. 4.12
tTor \/ 5E ( )
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The ttor of ions with the same kinetic energies depends on their mass. This is the main
principle behind time-of-flight mass spectrometry [140]. The resolving power of a TOF mass

spectrometer R is given by:

m._ tror
Am 2AtTOF’

R= (4.13)

where Am is the mass difference corresponding to the smallest resolvable separation between
two ions at mass m, and Atpor is the FWHM of the mass peak.

Higher mass resolution can be achieved by either reducing Atror or by increasing trop.
The former is often defined by the ion source or the stability and homogeneity of electric
fields and as such cannot be indefinitely reduced, while on the other hand, increasing trop
is possible by increasing the distance travelled by the ions. This can be achieved by folding
the ion trajectory onto itself through successive reflections between deflectors or electrostatic
mirrors.

Figure 4.9 illustrates several possible configurations of TOF spectrometers designed to
maximize ion path length while minimizing the overall instrument size. Taking the example
of an MRTOF-MS with a drift length of 2m, 500 revolutions amount to a total path length of
1km. In an MRTOF-MS, the ions are reflected over and over between two sets of electrostatic
mirrors made of cylindrical-shaped lenses, similar to those shown in Figure 4.2. When the
lens potentials are biased above the ion kinetic energies, the ions are reflected instead of
being transmitted. Through repeated reflections and refocusing between the electrostatic

mirrors, ions can be confined within the MRTOF-MS. This is illustrated in Figure 4.10,
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Figure 4.9: Various configurations of time of flight spectrometers. Figure reproduced
from [141].

which shows the TOF spectrum of Cu ions, where the two naturally occurring isotopes
become progressively separated over five revolutions in an MRTOF-MS.

As mentioned earlier, TOF measurements require ion preparation, either using an ion
trap or a pulsed source to deliver well-defined ion bunches. Even for tightly bunched ions
with initial time spreads as small as 1 ns, the time spread increases as the ions propagate away
from the focal plane, i.e., the location along the trajectory where all ions in the bunch arrive

simultaneously. The temporal spread arises because ions originate from slightly different
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Figure 4.10: TOF spectrum of Cu ions measured with the MRTOF-MS. The two peaks
corresponding to the naturally occurring isotopes of Cu become increasingly separated with
successive revolutions in the MRTOF-MS. Reproduced from [125].
positions inside the trap and therefore experience unequal acceleration during extraction,
causing some ions to gain more energy or start earlier than others. Thus, often either the
first or the last MRTOF-MS revolution is used to refocus the ions such that the new focal
plane coincides with the ion detector position as shown in Figure 4.11. This step is referred
to as a time-focus shift (TFS) [142]. The remaining revolutions preserve the time focus
and are in other words isochronous. This way, through finely tuned potentials, ions can be
trapped for a large number of revolutions.

Mass measurements in an MRTOF-MS are performed by comparing the TOF of ions of
interest to those of ions with well-known masses under identical experimental

conditions [141]. The mass is then determined by relating the measured TOF of the ion of
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Figure 4.11: Ion bunch reflections and focusing in an MRTOF-MS. (Top) An ion bunch,
supplied by a preparatory ion trap, is injected into the analyzer region, where it undergoes
successive reflections between two electrostatic mirrors. To compensate for the initial time-

focus position, the potential of one mirror is adjusted to refocus the ions such that the

time-focus plane coincides with the detector. Once this condition is achieved, subsequent

reflections preserve the time focus. (Bottom) Example of the axial potentials during

operation of the MRTOF-MS, with the ion bunch represented by three red dots indicating

leading, median, and lagging ions. Figure reproduced from [125].
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interest to those of reference ions, typically using a calibration function of the form
t = a\/m + b, where a and b account for the effective flight path and timing offsets.
Taking the example shown in Fig. 4.10, the mass and TOF of the ®3Cu peak can be used to
determine the mass of °Cu. In practice, the calibration function may include additional
correction terms, and two or more reference ions may be used to better account for drifts in
timing and electrostatic potentials, enabling precise determination of the mass-to-charge
ratio of unknown species.

Altogether, MRTOF-MS offers an elegant solution for achieving high mass resolution
within a compact geometry. At TRIUMF’s TITAN MRTOF in Canada, mass resolving power
(MRP) of R ~ 4 x 10° are routinely achieved, with measurements exceeding 6 x 10° under
optimized conditions [143]. Comparable MRP have been demonstrated at other facilities,
including the RIBF facility at RIKEN in Japan [144], the IGISOL facility in Finland [145],
and the MRTOF-MS at GSI in Germany [146]. As a result, MRTOF-MS have become a
preferred choice for precision mass measurements of short-lived isotopes and rare ions, where
both high resolving power and fast measurement times are critical. An MRTOF-MS has been
commissioned for the capillary-RF Ba-tagging scheme, and its operation is discussed in detail

in Chapter 7.



69

Chapter 5

Barium Tagging Setup for Ion

Extraction from Gaseous Xenon

The capillary-RF scheme discussed in Chapter 2 describes the approach being pursued to
extract LXe from the nEXO TPC to probe for the presence of the Ba daughter ion. The
R&D efforts to develop this scheme are divided into two main parts. The first focuses on the
development of the capillary system, being pursued at Carleton University, which is used to
extract LXe and Ba ions from the TPC, as well as the positioning system required to move
the capillary to the site of the Ov33 event. The second part involves a setup to extract
and identify the Ba ion from GXe delivered by the capillary. For simplicity, this setup will
hereafter be referred to as the ‘Ba-tagging setup’ Figure 5.1 shows a photo of the entire
Ba-tagging setup (as of November 2025) with the main subsystems labeled starting with the
RF funnel on the far left extending to the right with the MRTOF-MS at the end. Figure 5.2

shows an engineering rendering of the Ba-tagging setup consisting of the RF funnel, the LPT
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Figure 5.1: Photograph of the Ba-tagging setup with key components annotated, including
the RF funnel, the SPIG, the QMF, the ion buncher and the MRTOF-MS. Also highlighted
is the cryopump chamber adjacent to the RF funnel which will be used to recover GXe. Two
LAS in optical dark boxes are identified, one located upstream from the QMF and the other
between the buncher and the MRTOF-MS.

and the MRTOF-MS that are being developed in this work to study ion extraction from GXe.
Key sections have been enlarged for emphasis: (1) the RF funnel used for separating Ba ions
from GXe; (2) the quadrupole bender assembly with modified Einzel lenses for focusing and
steering ions; (3) the ion buncher that is used for trapping and bunching of ions for mass
measurements; (4) electrostatic lenses and steerers to direct ions into the MRTOF-MS; (5)

one of the two electrostatic mirrors of the MRTOF-MS.

The Ba-tagging setup is installed in 8” ConFlat (CF) ultra-high vacuum (UHV) crosses
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Figure 5.2: Sectioned view of an engineering rendering of the Ba-tagging setup for ion extraction

from GXe. Highlighted are key components that enable the high efficiency extraction and transport

of ions: (1) RF funnel, (2) quadrupole bender assembly, (3) ion cooler and buncher, (4) electrostatic

lenses and steerers, (5) electrostatic mirror electrode assembly of the MRTOF-MS.
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and nipples, mounted on a rail-system to facilitate their assembly and disassembly. Each
cross is fitted with a Pfeiffer Vacuum HiPace 700 turbo molecular vacuum pump with two
exceptions: 1) the RF funnel cross is connected to the adjacent chamber fitted with a
cryopump for Xe recovery, and ii) the cross housing the SPIG which uses an Edwards
STP-A803C Turbo Pump as the HiPace 700 pumps are more suitable for use with gases of
atomic/molecular masses less than 80u [147]. ISEG EHS and EBS high-voltage modules
are used to supply DC potentials for all electrostatic components of the setup. A digital
waveform generator! supplies the sinusoidal signal used to drive the RF funnel, the SPIG,
the QMF, and the ion cooler and buncher (ICB). To effectively test and optimize the
Ba-tagging setup, various ion sources were installed to deliver ions to the subsystems.
These will be discussed in detail in Section 5.1. Highlighted in red in Figure 5.2 are the
locations of ion detectors (CEM1-4) that are discussed in Section 5.2 and referenced in
later chapters in the context of ion bunching and TOF measurements. A detailed
discussion of the vacuum systems, subsystem designs, electronics along with results from

their commissioning studies will follow in Chapters 6 and 7.

5.1 Ion Sources

During the commissioning of the Ba-tagging setup, different ion sources were used to test

each subsystem independently before tandem operation. The three principal ion sources

1T344 Highland Technology.
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used were: aluminosilicate thermal ion source; laser ablation ion source (LAS); ?*2Cf driven

in-gas ion source.

5.1.1 Aluminosilicate Thermal Ion Source

Aluminosilicate ion sources use emitter materials (e.g. Spodumene) coated onto tungsten
which, when heated, produces ions through thermionic emission [148]. In the Ba-tagging

% is used to supply a ~ 0.5nA beam of *3Cs™ ions (the only stable isotope

setup, the source
of Cs) when supplied with a heating current of 2.3 A. Figure 5.3 shows the ion source and the
electrode assembly used for mounting the source and focusing the ion beam. Also included is
an image of the source taken through a window during operation, where the surface exhibits
a faint red glow. The energy of the produced ions is controlled by biasing the source mount to
the desired voltage. The initial energy of ions is not accurately known but is determined to be
< 1 eV, which is close to the ion energy measurements of other aluminosilicate sources [149].
Figure 5.4 presents the measured source output as a function of time. The source’s ion
current is controlled through the supplied heating current and the applied DC bias on the
extraction lenses. Typically, the source requires up to six hours to reach a stable output.
This stabilization time is reduced down to around two hours by starting at a higher heating

current and gradually lowering it to reach the desired output level once stability is achieved.

This source is installed upstream of the LPT and provides a stable ion beam with a mass

2Model 101141, HeatWave labs.
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Figure 5.3: Thermal ion source and electrode assembly used for mounting the ion source
and focusing of the ion beam. The left panel shows the ion source, visible at the center of
the top-view image. Also shown is a photograph of the source taken through a glass window
during operation, where the emitting surface exhibits a faint red glow.

close to that of ¥Ba. Sources like the Cs aluminosilicate source are useful due to their

stable output over long periods but are limited to the availability of emitter materials.

5.1.2 Laser Ablation Ion Source

A laser ablation ion source (LAS) uses focused laser pulses to vaporize a target surface,
ejecting material from its surface and producing ions [151, 152]. In contrast to
aluminosilicate sources, a LAS is more versatile and can be operated with a larger variety
of target materials [153]. The LAS has been studied in the past as an alternate ion source

for Ba-tagging and was used to perform TOF measurements with the MRTOF-MS during
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Figure 5.4: Output of the Cs ion source as a function of time. To reduce the time for the
ion current to stabilize, the source is initially operated at a high heating current, here 2.8 A,
to initiate ion emission and later reduced to reach the target ion current output. Figure
reproduced from [150].

its commissioning [125, 154, 155]. Figure 5.5 shows the LAS that was built to replace the
aluminosilicate thermal ion source. A 349nm UV laser® is directed into the vacuum
chamber via a @ 1.4” fused silica viewport and is focused onto the target using a plano
convex lens (f = 500mm). Since laser ablation is destructive in nature, ion production
rapidly decreases during repeated ablation at the same location. Thus, the position of the

laser spot on the target is moved and controlled using linear actuators® to move the last

mirror outside the vacuum chamber, allowing for the uniform ablation of the target surface.

3Spectra-Physics Explorer One
4Physik Instrumente (PI) Actuator: N-472.210 PiezoMike Linear Actuator, Controller: E-871.1A1N
Digital Controller.
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Figure 5.5: Laser ablation ion source dark box and bender assembly CAD model rendering.
(i) A pair of mirrors is used to adjust the laser height and inclination before going through a beam
expander and focusing lens. The focused beam is then directed into the vacuum chamber using
an actuated mirror. (ii) The laser enters the vacuum chamber through a fused silica viewport and
passes through the quadrupole bender to reach the target. Ions produced are then supplied to the
LPT by the quadrupole bender.

As previously mentioned, the LAS can provide a wide range of ion species. Figure 5.6
shows a target that was machined using oxygen-free high thermal conductivity (OFHC)
copper and an assortment of material rods. The main purpose behind this target was to
test laser ablation of a variety of materials to supply to the LPT and the MRTOF-MS
subsystems, and characterize them over a large ion mass range. The target was prepared
by machining 9 evenly spaced wells in a 12.7mm (0.5”) thick OFHC copper disk (refer to
Figure A.1 for exact dimensions). Rods of various materials were cut to the depth of the

wells using a diamond saw and were inserted into the copper disk. A hydraulic press was
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Copper target (OD 1/2” length 3/8")
The materials used are:
a) Bronze

b) Carbon fiber

c) Titanium

d) Tool steel

e) Molybdenum

f) Tantalum

g) Nickel

h) Tungsten

i) Stainless Steel.

Figure 5.6: Multi-element LAS target. The target was machined from OFHC copper and
fitted with nine different material rods to enable ablation of multiple elements without target
changes.

used for 8 of the 9 materials to ensure that the rods were fixed in place. For the carbon
fiber component, indium was used as a filler to ensure a proper fit, as its malleability allows
it to conform to surface irregularities, and indium’s low vapor pressure makes it suitable for
UHYV applications. The target surface was then sanded to achieve a flat and smooth finish,
which is necessary for uniform laser ablation. The target was then installed in place of the
Cs ion source to test laser ablation.

Figure 5.7 shows an ion current heatmap generated by moving the laser spot and ablating
the target over a rasterized grid. Ion current was measured at each position to map the spatial
variation in ion yield. The ion production through LAS is highly dependent on the ablation
threshold of the material being ablated [156]. This dependence is evident in the resulting
heatmap, which shows distinct contours corresponding to discrete changes in ion current

across different materials. The heatmap image of the target surface was then used to locate
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Figure 5.7: Heatmap of the measured ion current produced by the laser ablation of the
multi-element target. The laser position on the target is scanned over a rasterized grid using
a mirror mount driven by a linear actuator. For each laser spot on target position, the ion
current is measured and averaged over 5s. The sharp change in the averaged ion current
at the edges of material rods arises from differences in ablation threshold for respective

materials.

the positions of various materials and to calibrate the motion of the linear actuators. This
target will be used in the future to perform mass calibrations of the MRTOF-MS and test

the resolving powers of both the QMF and MRTOF-MS for different ion mass ranges.
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5.1.3 In-Gas Ion Sources

For ion production in-gas, a 2°2Cf source’ is installed upstream from the RF funnel. 22Cf has
a half-life of 2.6 years and decays via « decay (96.9%) and spontaneous fission (3.1%) [157,
158]. The fission fragments have masses distributed around 106 u and 142 u [159], with
a small fraction of the heavier fragments being Ba that can be used to tune and test the
system. lons produced by spontaneous fission are then carried by a carrier gas (GAr/GXe)
to the RF funnel.

One shortcoming of this type of source is that 3%Ba constitutes only a small fraction of
the fragmentation products, where the process itself only has a low branching ratio. The
main &-decay mode is expected to produce large amounts of carrier gas ion in addition
to the fission fragments. To address this limitation, an alternative source is being studied
to selectively produce Ba ions in a high pressure environment using laser ablation [154].
While conceptually similar to the previously described LAS, this approach operates in a gas
environment rather than in vacuum. The source is currently being studied to investigate ion
properties such as ion angular distribution, energy, and charge state as a function of different
gas pressures, laser power and extraction potentials. The future goal would be to use this
source in place of the Cf source to produce only Ba ions.

As this discussion of ion sources has shown, considerable effort has been devoted to

generating ions in different environments by using different techniques and materials.

5 Activity measured in 2018 - 3.3 kBq, model AF-252-A2, Eckert & Ziegler Isotope Products.
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However, the successful utilization of these ions ultimately depends on the ability to
measure and characterize them with high precision and efficiency. This makes the

instrumentation used for their detection just as important.

5.2 Ion Detection Instrumentation

The main figures of merit used in the tuning of the Ba-tagging setup are ion currents, ion
count rates, and ion TOF spread. During the commissioning of the LPT, the ion transport
efficiency between successive stages was optimized using a 1nA ion beam from the Cs ion
source. lon current was measured at various locations by collecting the ion beam onto a
negatively biased electrode with a digital multimeter®. This approach was useful down to
ion beam currents as low as 50 pA. Beyond this threshold, noise fluctuations dominated the
current measurements, limiting its usefulness in regions with very poor transport efficiency
prior to tuning, as well as in bunched ion applications where the overall ion count is low.
For operations involving low ion count rates or measurement of the TOF of ions,
channel electron multipliers (CEMs) are used. Charged particles are accelerated toward the
CEM surface, where they produce secondary electrons upon impact. The emitted
secondary electrons subsequently travel deeper into the CEM tube and accelerate under a
potential (~ 2kV), striking the surface and in the process producing more secondary

electrons. Through a cascade of secondary electron emissions, the incident charge is

SDMM 34465A Keysight Technologies
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amplified by a factor of over 107 [160-162]. There are a total of four CEM devices (labeled
as CEM1-4) installed in the Ba-tagging setup with their locations indicated in Figure 5.2.
Two methods are used to detect ions with CEMs: ions are either deflected toward the CEM
using a push electrode, or the CEM is inserted into the ion path using linear actuators’.
Figure 5.8 shows the mounting configuration of the CEM devices in the Ba-tagging setup.
For the actuator-mounted CEM2 and CEM3, holders were 3D printed using Formlabs
Durable Resin (V2) to electrically isolate the devices. The printed parts initially present
some low-level outgassing, likely due to absorbed water between the baking process and
installation. The vacuum in their respective locations eventually reached the original levels
several days after installation. Similar results have been seen with studies done using
Formlabs Clear Resin that demonstrated SLA printing as a good option for rapid
prototyping of parts for high-vacuum systems [163].

With the characteristics and functioning of the ion sources and detectors now discussed,
the focus will shift to the subsystems that constitute the Ba-tagging setup. These subsystems
have been previously studied as part of the prototyping process and used to demonstrate the

performance for the Ba-tagging application. Previous works include:

e The RF funnel was previously studied in detail to demonstrate ion extraction from gas

using various radioactive ion sources [121, 124].

o The LPT was simulated and optimized through various iterations of prototyping before

"HTL-275-2, 2" linear motion feedthrough with DC stepper motor, Accu-Glass Products, Inc.
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the final design was fabricated [116].

e The MRTOF-MS was designed and commissioned using a LAS and demonstrated a

resolving power of 20000 [125].

Actuator arm

Faraday Cup

CEM

SLA printed
mount

Figure 5.8: CEM devices used in the Ba-tagging setup. (Top) CEM1 and CEM4 are
positioned at the exits of the RF funnel and MRTOF-MS, respectively. CEM1 is mounted
inside a quadrupole bender located between the LPT and RF funnel subsystems. (Bottom)
CEM2 and CEM3 are mounted on actuators, allowing flexible positioning between the LPT
and MRTOF-MS. CEM2 is inserted into the quadrupole bender located between the LPT
and MRTOF-MS subsystems.
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Building on the past work where devices were characterized individually, the subsequent
chapters describe the commissioning of these subsystems in their current configuration as an
integrated beamline, along with measurements and key results obtained over the course of
their testing and tuning. More specifically, Chapter 6 presents the design of the RF funnel
subsystem, along with its associated electronics, and discusses results from measurements
performed using GAr, while Chapter 7 describes the LPT subsystem, including results from

commissioning studies and TOF measurements of bunched ions using the MRTOF-MS.
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Chapter 6

RF Funnel: Design and Ion

Extraction Characterization

RF funnels are widely used in ion manipulation systems to efficiently capture and guide
ions from regions of relatively higher pressure into lower-pressure environments while
minimizing losses [138]. In the Ba-tagging setup, the RF funnel is responsible for receiving
the GXe containing the Ba ion from the capillary and extracting the ion into a
high-vacuum environment.

This chapter presents the RF funnel subsystem. Section 6.1 describes the subsystem
design, vacuum system, associated electronics, and operating principles, while Section 6.2
presents the data acquired during recommissioning, focusing on the characterization of ion

transport and overall system performance under various operating conditions.
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6.1 RF Funnel and SPIG Assembly

The RF funnel consists of 301 annular-disc-shaped electrodes of 0.1 mm thickness with inner
diameter decreasing from 16 mm at the entrance to 1 mm at the exit [122]. The separation
of the Ba ion from GXe takes place inside the RF funnel, where the accompanying gas is
pumped out through the 0.25 mm wide gaps in between the stacked electrodes while RF
potentials repel the ion. A more accurate term for the design used here is RF-only funnel.
Unlike the designs that apply an axial DC potential gradient to move the ions from the
entrance to the exit of the RF funnel, this design uses the residual carrier gas flow to
propel the ions [138]. This approach eliminates potential sources of contaminants associated
with electrical components such as resistors typically used in creating such an axial DC
field. Therefore, the residual gas flow carries the ions across, while the RF field and conical
geometry of the RF funnel focuses the ion toward the axis for efficient transmission.

A converging-diverging supersonic-nozzle, positioned upstream of the RF funnel, is used
to expand the high-pressure GXe at the inlet into a supersonic jet, ideally producing nearly
parallel gas streamlines and a reduction in pressure [121]. For the purpose of commissioning
the RF funnel, GAr was used as carrier gas to supply ions from the 2*2Cf source to the RF
funnel. GAr was used due to its lower cost than GXe. During GAr operation, the gas is
exhausted to the building exhaust, whereas subsequent operation with GXe will involve gas

recovery via cryopumping. The GAr injected from the gas inlet carries ions produced by the
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Figure 6.1: Schematic diagram of the RF funnel subsystem. Ions produced by the 2°2Cf
source (Chamber A) pass through a supersonic nozzle with GXe (or GAr). (Chamber B)
The ions propagate forward under the influence of the residual gas flow, while the RF field
prevents losses by repelling them away from the electrodes. The majority of the gas escapes
from between the inter-electrode spacing. (Chamber C) lons are transported through a
differential pumping stage by a SPIG, ultimately reaching (Chamber D) a high-vacuum
environment. Figure reproduced from [121].

252Cf source through the supersonic nozzle, as shown in Figure 6.1.

Ions extracted from the RF funnel through a @ lmm aperture (Aperturel in
Figure 6.1) pass through a 480.5mm long SPIG to allow for differential pumping between
the RF funnel chamber, typically operated at 1 mbar, and the downstream section, which
operates at pressures below 10~" mbar. The flow of gas into and out of the SPIG chamber
is regulated by flow-limiting apertures (¢ 1mm). Figure 6.2 shows pictures of the RF

funnel, the SPIG, and the cryopump chamber, connected through a proportional gate valve

(PGV).
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Figure 6.2: Pictures of the RF funnel subsystem. (Top) The gas inlet and bellows
connecting to the RF funnel. (Bottom) The SPIG and its electrode mounts, which also
serve to supply the RF signal. (Insert) Picture of the cryopump chamber.

6.1.1 Vacuum Layout and Differential Pumping

The current layout of the vacuum system improves on challenges observed in the previous

studies [121, 124]. The original vacuum system of the RF funnel was housed inside a large
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Figure 6.3: Improved vacuum system layout of the RF funnel. PRVO0O01 is a pressure relief
valve installed to prevent pressures over 6 psig during GAr operations. PRV002 is a burst-
disc rated at 9-11.5 psig. GV003 is the PGV.

vacuum chamber centered above the cryopump installed at its base.  Temperature
fluctuations in the RF funnel due to its proximity to the cryopump resulted in measurable
variations in its impedance and ion transmission. Additionally, precise pressure control was
not possible with this layout. The current layout improves on these two shortcomings by

placing the RF funnel in a dedicated chamber away from the cryopump' as shown in

Figure 6.3. Here, the RF funnel is installed in a separate chamber, and is connected to the

'Marathon CP-20 Cryopump, Sumitomo
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cryopump chamber through a PGV? (GV003). The valve position of the PGV provides
control over the RF funnel chamber pressure by regulating gas flow to the cryopump
chamber. Without any gas flow, the SPIG chamber pressure reaches < 10~® mbar after one
day of pumping. Similarly, the ultimate pressures in the RF funnel chamber with GV003
open and turbopump (TMP007) running reaches 5 x 10~ mbar.

The system currently has a pressure relief valve and a burst disc installed on the funnel
chamber and cryopump chamber respectively to prevent overpressurizing the system during
commissioning using GAr. Additionally, a software failsafe has been implemented to
automatically open the PGV in the event of excessive pressure buildup within the RF
funnel chamber. In the future, for operating with GXe, the pressure relief valve on the RF
funnel chamber will be replaced with an in-line burst-disc that exhaust directly into the
cryopump chamber, which in turn will be coupled to a gas handling system responsible for
supplying GXe, thereby preventing Xe loss. This gas handling system currently holds
approximately 5kg of Xe. For a flow rate of up to 0.3g/s, the gas handling system can

theoretically operate for over 4 h per run before the need for recovery [124].

6.1.2 RF and DC Electronics

The RF funnel and the SPIG are driven by two out-of-phase RF sinusoidal potentials

operating at the respective resonance frequencies for maximum power transfer. RF power

264244-UEHY, VAT Valve
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amplifiers are used to reach the desired amplitudes for operation. The amplified signal is
supplied to an RF circuit similar to the one shown in Figure 6.4. The resonance frequency
of the RF system is typically set to the desired operating frequency of the system by using
a combination of transformer turn ratios between the primary and secondary (M:N) and
series capacitors (Cl, C2). The current circuit for the RF funnel and SPIG are turned to
operate at 5.75 MHz and 2.3 MHz, respectively. Additionally, a bias potential (VDC) is
applied to the electrodes through the center tap of the secondary as shown in Figure 6.4.
In contrast to the SPIG RF circuit, which utilizes a ferrite core, the RF funnel circuit
incorporates an air core to prevent excessive heating that was observed in ferrite cores at
the high power levels required for RF funnel operation. High-power feedthroughs and
nickle-plated OFHC copper (2 0.064"”) wires for in-vacuum connections are used to enable

operation at high amplitudes without overheating.

6.1.3 RF Funnel Operation

The recommissioning of the RF funnel subsystem following assembly in its upgraded vacuum
system was performed using GAr as a cost-effective substitute for GXe. While operating
with GAr, roughing vacuum is maintained in the cryopump chamber with a scroll pump?®
(EDP001). The bulk of the GAr in the RF funnel chamber is evacuated through the PGV

(GV003) and a fraction which flows through the SPIG is pumped by a turbopump (MLP001)

3XDS35i Dry Scroll Pump, Edwards Vacuum.



6. RF Funnel: Design and Ion Extraction Characterization 91

VDC
C1
M:N q
° g ° : O ) V_outl
RF_in o % N
1 75) v out2
C2 N
A
GNDREF

Figure 6.4: Example RF circuit diagram used to drive the RF funnel and the SPIG.
Figure A.3 shows pictures of the circuitry in metal enclosures that are used for the RF
funnel and SPIG.

backed by a root pump® (ACP003). During operation with GXe, the gas pumped out from
MLPO001 will be collected in the cryopump chamber via the all-metal valve (AMV002) to
recover most of the Xe going into the SPIG chamber. Only a small fraction of the GXe
flowing downstream from the SPIG chamber is lost.

Ions flow from the RF funnel to the SPIG once gas flow is initiated. A forward potential
gradient is applied by biasing the entrance aperture (10V), the SPIG (9V), and the exit
aperture (0V) to direct ion motion towards the QMF'. Tons are detected using CEM1 located
at the base of the LPT quadrupole bender, shown in Figure 5.8. A push electrode located
on the face opposite to the CEM is used to deflect and detect incoming ions. SIMION

8.1 was used to simulate ion transport from the SPIG and optimize the potentials for the

4ACP 28, Multi-stage root pump, Pfeiffer Vacuum.
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Einzel lens and push electrode, shown in Figure 6.5a, to maximize ion collection. Using
the optimized voltage values, the ion count rate was measured at CEM1 and used as a
diagnostic to characterize the RF funnel subsystem’s response and to adjust the applied DC
biases under varying GAr flow conditions. The corresponding results from these preliminary
GAr studies are discussed later in this Chapter. Finally, the same simulation was used to
initially optimize ion transport from the SPIG to the LPT, as illustrated in Figure 6.5b.
In this configuration, all electrodes except the Einzel lenses were maintained at ground
potential. The LPT was tuned to enable efficient ion transfer at approximately 10eV from
the RF funnel subsystem to CEM2, which is positioned downstream of the ion buncher. The
results of this simulation will be used to establish an initial reference measurement, serving
as a baseline for subsequent optimization.

With the operation and design considerations of the RF funnel subsystem established, the
next step in the commissioning process was to characterize the performance of the system.

This was accomplished using Ar as the carrier gas for the ions from the 252Cf source.

6.2 RF Funnel Recommissioning

The RF funnel presented in this chapter was recommissioned following its previous operation
at Stanford University, where ion extraction from GAr, gaseous krypton (GKr), and GXe
was studied using a 2°?Cf source [121, 124]. The tests shown here were conducted using GAr

to benchmark the current ion transmission rates, and determine safe operation ranges for
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(a) Ion detection on CEM1. Push electrode and lens potentials are varied to maximize ion collection
with the CEM. Bias potential for CEM is defined by the manufacturer as -2 kV. Ion trajectories

are shown in green.
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(b) Ion transport simulations for optimizing Einzel lens potentials. The configuration shown here

provides the least spacial spread going into the QMF. Ion trajectories are shown in green.

Figure 6.5: SIMION simulation of the LPT quadrupole bender with ions originating from the
SPIG. Tons with an initial energy of 10 eV and a circular position distribution of 2 mm radius were
propagated toward the LPT. Ion focusing and collection were optimized by simultaneously varying
the voltages of the Einzel lens and push electrodes. The voltage settings that yielded the minimum

spatial spread at CEM1 and the LPT entrance are shown.
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the electronics and the vacuum system.

6.2.1 Pressure Control System

The gas pressure in the chamber housing the RF funnel (Pamper) 18 a key parameter
governing its operation and a key driver of ion transport. The current vacuum system
features a PGV to regulate gas pressure inside the RF funnel chamber. This is a key
improvement over previous setups where the cryopumping rate, and in turn the funnel
chamber pressure (Pepamber), could not be precisely controlled [121]. The position of the
PGV is defined relative to its full vertical travel, where 0 corresponds to a fully closed gate
valve and 100 to a fully open position. Intermediate positions are also allowed, with a
minimum step size of 0.001. To characterize the system response to varying inlet pressures,
Poamber Was measured as a function of GAr inlet pressure, with the PGV position fixed at
3, as shown in Figure 6.6. Pgamper Was found to be linearly dependent on the inlet pressure
such that Prne(t) = a Puet(t —b) + ¢, where a = 1.02 x 1073 is a scaling factor,
b = 14.46 s represents the delay between a change in the inlet pressure and its effect on the
funnel chamber pressure, and ¢ = —8.4 x 1072 torr is a constant offset.

Figure 6.7 shows the response of Pugamper to different PGV positions for a constant inlet
pressure of 2600 torr. The minimum valve position for stable operation was found to be 1.5.
Beyond this position, Pepamper rises rapidly without stabilizing, indicating that the combined

gas out-flow through the PGV and the SPIG chamber is insufficient to evacuate the injected
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Figure 6.6: Funnel chamber pressure (Pamber) as a function of inlet gas pressure (Piyet)

with the PGV set to position 3. The red curve shows the linear fit using Pie; to reproduce
Pehamber-

gas. Maximum pressure control sensitivity was observed for PGV positions ranging between
1.5-3. Beyond valve position 3, the pressure differential across the PGV goes to zero due to
the significantly large conductance resulting in negligible change in P amper-

These results indicate that the funnel chamber pressure can be controlled with a ~ 155
response time, enabling maintenance of a stable funnel chamber pressure when operating
with GXe. With the funnel chamber pressure shown to be both stable and controllable,
the next steps were to evaluate ion transport efficiency through the system and to test the
output of the RF circuitry. The following subsection presents details on ion-transmission

measurements performed under controlled pressure settings to quantify the performance of
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Figure 6.7: Funnel chamber pressure (Pepamper) as a function of PGV position for a
constant inlet pressure of P = 2600 torr. The most significant control over the funnel
chamber pressure occurs within the position range of 1.5-3, highlighted with a yellow accent
background. Operation beyond position 1.5 is unfeasible as P.amber continually increases

without stabilizing.

the RF funnel in preparation of ion extraction studies using GXe.

6.2.2 Ion Transmission through the RF Funnel

Simulations of the RF funnel have suggested higher ion transport efficiency when operating at
higher RF frequencies. Previous measurements were constrained to an operating frequency
of 2.6 MHz due to hardware limitations [124]. This study examined ion extraction in GAr
as a function of the RF amplitude at an operating frequency of 5.75 MHz. This provided
an initial assessment of behavior of the RF funnel under these new conditions and helped

determine the limits of RF circuitry to safely deliver the required power for operation.
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Figure 6.8: Ion transmission in the RF funnel at various inlet pressures as a function of
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RF amplitude. The observed variation in ion count follows previously observed trends up to
100 Vp.

Figure 6.8 shows the ion counts measured with CEM1 as a function of RF amplitude for
different inlet pressures. The RF amplitude scans show similarity in trends observed in past
results for RF amplitudes of up to 100 V,,, [124]. Here, the majority of the ions detected are
expected to be ionized Ar produced by o particles from 2°2Cf decay and potential molecular
contaminants. This is inferred from the activity (< 0.8 kBq) of the ?52Cf source used for this
measurement which is much lower than the observed ion count rates that are > 100 kHz.
Beyond 100 V,;,, a second increase in count rate was observed across all gas pressures, which
was not previously observed in the GXe data [124]. One possible source of this increase could

be the impact ionization of GAr by ions in the RF funnel or an increase in the transmission
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efficiency of a secondary ion species. It was also observed that for pressures above 2 000 torr,
the ion count rate is mostly independent of the inlet pressures, indicating either ~ 100%
transport efficiency, the saturation of ions produced by « particles, or a combination of
the two effects. These possibilities will be explored in more detail in future work through
mass-identification studies of the extracted ions using the LPT and MRTOF-MS subsystems.

Stable operation was found to be limited to a maximum amplitude of 125V,,. The
main limiting factor in the current RF system was found to be the overheating of the series
capacitors used at the output of the RF funnel transformer. The 2200 pF high-voltage
capacitors used to resonate the system at the frequency of 5.75 MHz are rated to operate at
temperatures of up to 80 °C. However, it was observed that for RF amplitudes above 125V,
the capacitor temperatures exceed 100 °C, leading to failure of the capacitor within a few
minutes of operation. Figure 6.9 shows the capacitor temperatures for RF amplitudes of
100 V,, and 150 V,,. Measurements at higher potentials will require replacing the existing

capacitors with units rated for higher power applications®.

6.2.3 Ion Transmission through the SPIG

Ions from the RF funnel pass through a flow limiting aperture to reach the SPIG. In the
SPIG, ions lose their kinetic energy via collisions with the residual gas in the chamber.

The energy of the ions exiting the SPIG is thus defined by the SPIG bias potential. The

5Potential replacement: HV Ceramic capacitor


https://www.rf-microwave.com/en/nbp/nmp/leaded-high-voltageceramic-capacitor/cra-2n2-6/
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a) RF amplitude: 100V, b) RF amplitude: 150V,
pp PP

capacitor temperature: 67.6 °C. capacitor temperature: 106.7°C.

Figure 6.9: Thermal images of the electrical enclosure for the RF funnel. In focus (marked
by the crosshairs) is the temperature measurement of one of the two series capacitors that
fails when the RF funnel is operated at amplitudes greater than 125V .
optimal SPIG bias voltages for maximum ion transmission were determined for different inlet
pressures and RF funnel exit aperture bias voltages. Figure 6.10 shows heatmaps of the ion
counts measured at CEM1 roughly centered around the global maxima. The ion counts were
measured as a function of the RF funnel exit-aperture potential and the DC bias applied to
the SPIG electrodes, for various inlet pressures.

The operating values for both biases are chosen from the region of the parameter space
that yields the maximum ion counts. The data confirmed the dependence of the energy
of ions entering the SPIG on the funnel chamber pressures, which is in turn proportional

to the applied GAr pressure at the inlet. Higher inlet pressures enable ions to overcome
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Figure 6.10: Ions extracted from the SPIG at various inlet pressures and at constant RF
amplitudes for the RF funnel and SPIG. Ion counts were measured as a function of bias
voltages of the SPIG electrodes and the RF funnel exit aperture. For SPIG bias voltages
greater than the aperture bias, a sharp decrease in ion transmission was observed resulting
from a fraction or all ions being propagated backwards after losing their kinetic energy.
bias potentials above 20V, providing access to higher-energy ions that can be beneficial
for optimizing downstream ion transport. The voltage configurations where the SPIG bias
voltage is greater than the aperture bias are excluded due to backflow of ions, as is confirmed
through the diagonal feature observed in the shown data.

With the operating regimes of the RF funnel and SPIG established, the next steps in

developing the Ba-tagging setup is to characterize the performance and key operating

parameters of the LPT in preparation for receiving ions from the RF funnel and forming
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ion bunches for mass measurements with the MRTOF-MS. The next chapter shifts focus to
the LPT, outlining its role within the overall system and presenting results from its

commissioning.
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Chapter 7

Ion Identification System:

Commissioning and TOF Studies

The subsystem following the RF funnel in the ion extraction scheme is the LPT. Previous
studies with the RF funnel determined that the ions extracted from GXe were dominated
by ionic and molecular Xe species [121, 124]. These ion extraction studies helped
demonstrate the performance of the RF funnel, but to demonstrate viability for
Ba-tagging, additional instrumentation with high efficiency and resolving power is required,
namely the LPT and the MRTOF-MS. The main purpose of the LPT is to allow for the
filtering, cooling, bunching, and in the future trapping required to identify Ba ions using
laser fluorescence spectroscopy. This chapter discusses the LPT subsystem and its
operation for ion trapping, bunching, and timing measurements. Section 7.1 provides an
overview of the LPT design, while Sections 7.2 and 7.3 explore the MRTOF-MS subsystem

and its operation alongside with the LPT, respectively. Section 7.4 then presents results
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from commissioning studies, including MRP measurements of the QMF, ion bunching

performance, and TOF measurements of bunched ions with the MRTOF-MS.

7.1 The Linear Paul Trap Subsystem

The LPT subsystem is composed of four key sections, as illustrated in Figure 7.1: a
quadrupole bender and ion assembly for supplying ions; a QMF for selectively transporting
ions with masses of a selected range; a precooler differential pumping stage; and an ion
cooler and buncher, collectively referred to as ion cooler and buncher (ICB). While confined
in the ICB, ions are cooled to form a well-defined ion bunch which can be ejected. After
ejection from the buncher, the ion bunch passes through a drift tube, where the applied

potential is pulsed to tune the ion bunch energy prior to injection into the MRTOF-MS.

7.1.1 Design of the Vacuum System

Operation of the LPT subsystem relies on efficient ion transport and ion cooling capability.
The subsystem is nominally maintained at high-vacuum pressures using three turbo
molecular pumps installed on the CF crosses housing the quadrupole bender, the QMF and
the ICB. Figure 7.2 shows a schematic of the complete LPT vacuum system. A mass flow
controller! (MFCO001) is used to supply helium buffer gas directly into the cooler. Pressure

inside the cooler is measured through a pressure transducer (BPTO001) installed on a

LGMB50A series, MKS Inc.
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Figure 7.1: Rendering of the LPT subsystem illustrating its various components: the
quadrupole bender; the QMF; the ICB which consists of the precooler, cooler and buncher.
A zoomed-in view highlights the segmented wedge-shaped buncher electrodes, alongside the
entrance and exit apertures (shown in green) that control the entry and exit of ions.

stainless steel tubing connecting directly to the cooler. Flow limiting apertures on either

side of the cooler help regulate the flow of gas and maintain the pressure inside the cooler.

The purpose of the precooler is to act as an ion guide and enable differential pumping
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Figure 7.2: Schematic of the LPT vacuum system. Helium is supplied to the ICB through a
mass flow controller (MFC001), and the resulting pressure is measured by BPT001, which is
connected directly to the cooler via a stainless steel tube. The helium exiting the cooler flows
through the buncher and precooler before being pumped out via TMP004. The LPT can be
isolated from the other subsystem by the gate valves on either side during maintenance or
ion source replacement.
between the QMF, which requires high vacuum for operation, and the cooler, which is
maintained at pressures of order 0.1 mbar.

In the ICB, the ions are first cooled and stored in the cooler, before being transferred
to the buncher. While in the buncher, ions continue to cool further through collisions with

buffer gas coming from the cooler, before being ejected as an ion bunch into the MRTOF-MS.

Each section of the vacuum system is fitted with a full-range pressure gauge for monitoring
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chamber pressures. The vacuum system has been leak tested at multiple instances and is

able to reach vacuum beyond 1072 mbar.

7.1.2 Ion Trap Electronics

The key drivers for the operation of the LPT subsystem are RF potentials for radial
confinement of ions and DC potentials for axial control. The choice of RF frequency to
operate the QMF and ICB is influenced by two key factors. First are the trajectory
parameters (described in Chapter 4) to ensure a stable ion path. Second comes from the
power capacity of the RF amplifiers’ used. Emphasis is placed on maximizing the RF
frequency to better approximate the conditions assumed in the theoretical framework of
Chapter 4, which treats the quadrupoles as infinitely long. At sufficiently high RF
frequencies, the ion motion can be described using a pseudopotential approximation, since
the ions experience many RF cycles during their transit and the fast micromotion averages
out to a time-independent effective potential [135].

Considering the above factors, the operation frequency for the QMF was set to 750 kHz,
which gives access to a large ion mass acceptance range while ensuring undistorted RF signal
at higher amplitudes. For better power transfer, the impedance of the QMF along with RF
circuitry, similar to that shown in Figure 6.4, was measured using a vector network analyzer

(VNA) and made to match to a 50 €2 load equivalent at 750 kHz, similar to the RF funnel

2QMF: Mini-circuits LZY-22+4, ICB: ENI 325LA
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and the SPIG. 1 MHz was chosen as the operating frequency for the ICB but in this case,
no impedance matching was required due to the higher capacity of the RF amplifier used.
In addition to the RF circuitry, fast-switching voltage switches are used for the buncher
electrodes to allow for the loading and ejection of ions and ion bunches, respectively. These
switches support short rise times on the order of 50 ns, which is required to minimize losses
during transfer and ejection of ion bunches. After ejection, the ion bunch is accelerated
from ~ 100eV to > 1keV in a pulsed drift tube by switching its potential from —225V to
+1.1kV. The accelerated ions are subsequently confined within the MRTOF-MS, where a

TOF measurement is performed to determine their mass-to-charge ratio.

7.2 Multiple Reflection Time-of-Flight Mass

Spectrometer

The MRTOF-MS is the final subsystem of the Ba-tagging setup designated to identifying
extracted ions and performing systematic studies on ions extracted from the RF funnel.
The commissioning study of the MRTOF-MS with ions provided from a LAS, bypassing the
LPT, concluded with a MRP of 20 000 achieved using Cu ion pulses [125]. Based on SIMION
simulations of the MRTOF-MS, the bunched ions from the LPT are expected to enable an
MRP of about 100000 which will be sufficient to resolve **Ba* from its primary isobaric
background, ¥6Xe™.

The MRTOF-MS subsystem includes three main sections: a quadrupole bender similar
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to the LPT for supplying ions; steering electrodes and Einzel lenses (shown in Figure 5.2) to
focus ions into the MRTOF-MS through a collimating aperture; and finally two sets of mirror
electrode assemblies to trap ions. The mirror electrode assemblies consist of six ring-shaped
electrodes each. Four of the six electrodes are used for refocusing ions after reflection from
the potential barrier formed by the two outermost electrodes. In the entrance mirror, these
two electrodes are controlled using two three-state switches® to operate in injection, TFS, or
isochronous modes. Their counterparts in the exit mirror electrode assembly are controlled
with two two-state switches to switch between isochronous and ejection modes. Details of
the voltage switching are described in the next section. The MRTOF-MS design includes a
mass selector located at the center of the drift space. This selector is intended to remove ions
outside the mass ranges being measured by applying a pulsed transverse field. ITons impacted
by this field, which is active only for a finite duration (few ps), are deflected onto unstable ion
trajectories. This ensures that the ions of interest are not affected by interference from these
leading/lagging ions or ions outside of the measurement range in subsequent revolutions. The
MRTOF-MS is maintained at UHV (< 10~® mbar) to minimize collisions with background
gases that would impact the MRP and increase ion losses, particularly at higher numbers of
revolutions.

For tuning purposes, three out of the four CEM devices shown in Figure 5.8 are located

at various locations inside the MRTOF-MS subsystem. CEM2 is located at the MRTOF-

3Bespoke Scientific Electronics HV switches


https://www.madcow-elec.com/hv-switches
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MS quadrupole bender, and can be moved into beam path via a stepper-motor-controlled
linear actuator®. Similarly, CEMS3 is installed on an actuator downstream of the collimating
aperture to facilitate tuning of the steering and focusing electrodes. CEM4 is located at the
far end of the MRTOF-MS and is used to record the TOF of ions. These detectors play
a crucial role in tuning of the Ba-tagging system, and results from their measurements are

presented later in this Chapter.

7.3 LPT-MRTOF Operation

Ions injected into the LPT are first filtered in the QMF before being stored in the cooler.
Since the cooler and buncher can only hold a limited number of ions, filtering ions first with
the QMF helps prevent overloading and avoids downstream losses caused by space charge
effects. Tons exiting the QMF pass through the precooler and are continuously accumulated
in the cooler near the entrance aperture of the buncher, before being transferred at regular
intervals. Ton transfer is achieved by briefly lowering the entrance aperture potential (for a
few ms), allowing ions near the aperture to enter the buncher, where they are trapped via
buffer gas cooling. Voltage switches are used to control all time-varying DC biases applied
to the buncher entrance and exit apertures, as well as the buncher quadrupole segments.
The timing of all the voltage switches is controlled through square pulses supplied by an

field programmable gate array (FPGA) unit. Figure 7.3 shows a sample of the FPGA signal

4HTL-275-2, Linear Feedthrough with DC stepper motor, Accuglass Products Inc.
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Figure 7.3: Timing diagram of the Ba-tagging system. Eight FPGA channels are used
to operate the Ba-tagging system, including one channel dedicated to triggering data
acquisition and another for synchronizing the ICB RF phase with the FPGA. The pulses
shown correspond to control signals governing the loading of ions in the buncher and the
ejection of ion bunch into the MRTOF-MS. The pulse durations represent the time each
voltage switch remains in a given state. This includes the three-state switches controlling
the entrance mirror of the MRTOF-MS, which are actuated through a combination of the
MRTOF injection and time-focus pulses. Due to the logic adopted here, the entrance
electrode potentials are held at ground outside the periods corresponding to isochronous

and TFS revolutions, thereby allowing ions ejected from the LPT to enter the MRTOF-MS.

level output to the LPT and the MRTOF-MS for a specific cycle period T'. At the end of the

injection pulse, the entrance aperture potential is raised to prevent further ion injection and
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to allow the trapped ions to cool before ejection into the MRTOF-MS at the end of the cycle.
This process was previously illustrated in Fig. 4.8 using the example of axial potentials in
the buncher. Similarly, the electrode potentials in the entrance mirror of the MRTOF-MS
are switched such that the electrodes are held at ground potential prior to the LPT ejection
pulse, and then switched to bias potentials of the TFS mode once the ion bunch reaches the
center of the MRTOF-MS. After the first revolution, which corrects the time focus of the
ion bunch, the electrode potentials are set to values corresponding to the isochronous mode
for subsequent revolutions until ejection, where the TOF spectrum is acquired.

The RF phase at the moment of ion ejection from the buncher influences the properties of
the extracted ion bunch. To ensure consistency, the phase of the RF potential is synchronized
with the FPGA clock cycle by resetting the waveform generator output to a user-defined
phase before the start of each cycle. Figure 7.4a shows the output of the waveform generator
and the transistor-transistor logic (TTL) signal provided by the FPGA for the reset. The
output of the waveform generator is set to zero for the duration of the TTL signal, after which
it resumes with the user-defined RF phase. Figure 7.4b shows the amplified RF potential
supplied to the ICB together with the TTL signal from the FPGA. Here, the duty cycle
of the signal is set to the minimum possible value to reduce instability in ion confinement
in the cooler during the RF phase reset. Any distortion in the RF signal due to the reset
disappears within two oscillation periods (2yus). After ejection, ions are accelerated a second

time in a pulsed drift tube before entering the MRTOF-MS. In the time it takes for ions
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(a) RF signal from the waveform generator (blue) and the TTL signal (red) provided as input for
channel reset. While the TTL is high, the phase of the RF signal is held at a set value, ensuring it
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(b) Amplified RF signal supplied to the ICB (blue) and the TTL signal (red). Here, the duty cycle

of the TTL is set to the minimum possible value to reduce ion losses during reset process.

Figure 7.4: The RF signal is reset using a TTL signal supplied by an FPGA. This reset
locks the RF phase at the time of ion bunch ejection, ensuring efficient transfer of ion bunches
to the MRTOF-MS.

to reach the MRTOF-MS center, ions are once more transferred from the cooler into the

buncher restarting the cycle. The period of this cycle is primarily dependent on the number
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Figure 7.5: Schematic of LPT and MRTOF-MS operation showing the trapping scheme.
Ions from LPT are ejected into the MRTOF-MS followed by reloading the buncher with next
batch of ions. Ions continue cooling for the duration of one MRTOF-MS cycle after which
they are ejected again to repeat the process. The continuous collection of ions in the cooler

ensures ions are not lost during the loading and ejection steps.

of revolutions required for the MRTOF-MS mass measurement. During the MRTOF-MS
revolutions, ions in the buncher continue to cool down until the next ejection step. Ions in
the MRTOF-MS are detected using CEM4 and the TOF data is recorded using a digitizer®.
Figure 7.5 shows a step-by-step walkthrough through of a full measurement cycle, starting
from the first time ions are collected in the cooler leading up to periodic TOF measurements

of the bunched ions in the MRTOF-MS.
SCAEN DT5730 digitizer
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7.4 Commissioning of the Linear Paul Trap

Commissioning of the LPT was carried out using a Cs thermal ion source, which provided a
well-characterized 33Cs beam for tuning ion transport in the *Ba mass range. This section
presents the commissioning studies and performance results of the LPT subsystem, start
with the MRP measurement of QMF and followed by the full ion transport, bunching and

TOF measurements with the MRTOF-MS.

7.4.1 QMF Resolving Power Characterization

The general characteristics of the QMF were tested as part of a previous study [150] which
successfully reproduced the stability-parameter phase space for ion transmission, as
theoretically predicted and confirmed in SIMION simulations of the QMF. A key
requirement from the QMF is to resolve 3°Ba*t from potential background ions that could
negatively impact the trapping efficiency of the ICB. An MRP > 80 was determined to be
sufficient to filter such background ions using the QMF [116]. To verify this, a thermal ion
source was used to deliver a stable beam of 33Cs to the QMF. As per the scheme described
in Chapter 4, the MRP of the QMF can be determined by varying the RF amplitude (V)
and differential DC bias (U) such that the ratio (s = a/q = 2U/V) is kept constant as
shown in Equation 4.10.

Due to the shape of the stable trajectory phase space which peaks at ¢ = 0.706, the
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resolution of the mass peak increases for larger values of s, up to the maximum possible
slope:

Smaz = p/qy = 0.237/0.706 = 0.336.

Figure 7.6 shows the 33Cs mass peak for different slopes of the scan line. The ion energy for
the measurement was set to 50 eV by biasing the source to 50V, the QMF RF frequency was
750 kHz and the entire QMF was biased to —5V to improve ion injection. The ion current
was measured using a digital multimeter and the data was averaged over a 5 s period for each
data point. Between each measurement, another 5 s delay was given for the potentials to
stabilize before the next measurement. For each scan line, the MRP was computed using the
peak location and FWHM of a gaussian distribution fit to the data based on Equation 4.10.

The last plot in Figure 7.6 exceeds the minimum requirement for the QMF, at which
point most ions with masses outside m = [134.5,137.5] u can be filtered out, allowing only
136Bat and other isobaric ions like '3¢Xe™ to transfer into the ICB. Based on the results, an
even higher resolving power should be achievable by biasing the QMF' electrodes closer to

the ion energy to maximize the number of RF periods encountered by the transiting ions.

7.4.2 Ion Trapping and Bunching in the LPT

With the QMF performance fully explored, we now turn to ion trapping and bunching in
the ICB and present measurements that map out the operating conditions required for

reliable ion capture, storage and ejection. To perform ion trapping, ions exiting the QMF
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Figure 7.6: QMF mass scan of 33Cs ions for different values of scan line slope s. The
DC potential is varied proportional to the RF amplitude as s = a/q = 2U/V. Each data
point corresponds to a 5 s average of ion current and (in red) a gaussian distribution used
to determine the position and FWHM of the mass peak.

are first cooled down and temporarily stored in the cooler using He as the buffer gas. He
gas (Grade 5.0) was deployed into the cooler through a mass flow controller and the
pressure response of the system was studied as a function of different flow rates. Figure 7.7

shows the measured and expected pressures calculated using known system conductance

and throughput of the turbo-molecular pumps® used in the LPT subsystem. The

6Pfeiffer HiPace 700
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(b) Measured (FRG007) and calculated pressure in the vacuum chamber housing the cooler as
a function of He flow rate. FRGO05 measures the pressure inside the QMF which shows only a

marginal increase in pressure during ICB operation (~ 2.5 x 10~ bar).

Figure 7.7: Buffer gas pressure response of the LPT vacuum system. The stair case pattern
seen here comes from the increase in He flow made in increments of 2sccm. The pressure
in the system takes time to equilibrate as is seen from the initial deviation from expected
pressure. Once the pressures equilibrate, the system response follows the expected pressure

values and remains stable between subsequent increments in He flow.
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increments in expected pressure seen here correspond to the increase in He flow made in
increments of 2sccm up to 14sccm. It was observed that the pressure response of the
system initially requires up to one hour at low flow rates to stabilize, after which it is very
quick to respond to changes. During typical operations, this stabilization period is
significantly reduced to less than ten minutes by running the system at high flow rates of
20-25sccm from the very beginning. Ion—buffer gas interactions in the cooler were modeled
in SIMION using a hard-sphere collision model. These simulations identified an optimal
cooler operating pressure on the order of 0.1 mbar [150]. This corresponds to a flow rate of
25 scem, which is used for all measurements presented in this subsection, unless specified
otherwise.

To prepare the LPT for ions from the SPIG, which, as shown in Figure 6.10, are typically
delivered at SPIG DC potentials of ~ 0-25V, the system was tuned using a 10eV Cs ion
beam. The timing scheme previously shown in Figure 7.3 was used to successfully bunch
and transport ions to the MRTOF-MS in combination with DC and RF voltages values for
ion trapping listed in Tables B.1 and B.2. The bunched ions were detected using the CEMs
installed downstream of the LPT.

The signals from ion bunch detection with the CEMs are saved as waveforms. Samples
from 10000 such waveforms are collected from the CEMs using a digitizer” and used to

populate TOF histograms. Here, a sample refers to an individual ADC value that

"CAEN DT5730 digitizer
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Figure 7.8: ADC amplitude distribution observed from CEM2 and CEM4. The histograms
are truncated to include only samples with amplitudes exceeding the respective signal
thresholds. The inferred ion count corresponding to each ADC amplitude region is indicated
in the annotations.

corresponds to a 2ns acquisition interval. The signal amplitude is converted from ADC
values to ion counts for each sample within a waveform. Figure 7.8 shows histograms of the
ADC values recorded from CEM2 and CEM4 during these measurements. Using CEM2 as
an example, the ADC amplitudes exhibit peaks separated by regular intervals of 7 ADC
levels, indicating that a change of approximately 7 ADC levels corresponds to one ion
within a given sampling interval. This calibration factor is used to convert ADC values to
ion counts. For instance, if a sample has an ADC value of 8125 and the signal threshold is
8140, the estimated number of ions in that sample is (8140 — 8125)/7 ~ 2ions®. To

determine the threshold value, each CEM was read out without any ion input to obtain the

baseline noise distribution. Figure 7.9 shows the mean ADC and threshold values for the

8Here, the signal value is below the signal threshold since ion peaks appear as negative going peaks.
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Figure 7.9: ADC amplitude distribution from CEM2 and CEM4 taken without bunched
ions. The signal threshold is defined as three standard deviations below the mean, shown
here by the purple vertical lines.

respective CEMs. Here, the signal threshold is defined as three standard deviations below
the mean of this distribution. Figure 7.10 shows the TOF histograms of the ion bunches
arriving at CEM2 and CEM4, respectively. A Savitzky—Golay filter is applied to the
histograms for smoothing prior to calculating the FWHM [164]. An increase in the FWHM

was observed from CEM2 to CEM4, accompanied by a reduction in ion count.
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Figure 7.10: Bunched ions of energy ~1.1 keV detected inside the MRTOF-MS using
CEM2 and CEM4. Samples from 10 000 waveforms were accumulated to populate the TOF
histogram. These histograms were then used to determine the ion energy and TOF spread
of the bunched ions immediately after ejection from the buncher (CEM2) and after transit
across the length of the MRTOF-MS (CEM4).

The buncher performance was studied through measurements of ion bunches detected at
CEM2 in order to optimize for a high ion count per bunch and a low FWHM. The trapping
capacity of the buncher was investigated as a function of the buffer gas pressure inside the
buncher and the transfer time. The results are shown in Figures 7.11. The pressure inside
the ICB is proportional to the buffer gas flow rate as was demonstrated in Figure 7.7. The
ion count per bunch was found to be proportional to the buffer gas pressure when tested
for buffer gas flow over the range of 2-40sccm. The sharp decrease in the TOF FWHM is

likely resulting from improper cooling at very low buffer gas pressures. In contrast, the ion

count per bunch was seen to be inversely related to the transfer time. The TOF FWHM
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Figure 7.11: Effect of buffer gas flow rate and transfer time on the ion bunch. (Top left)
The ion count per bunch increases with higher buffer gas pressures and (top right) reduces
with increases transfer period. (Bottom left) The FWHM of the ion TOF shows a decrease
at higher buffer gas pressures while (bottom right) showing an increase with higher transfer

time after reaching a minimum at around 4 000 ps.

corresponding to the different transfer time durations shows a minima at 4 000 ps before

eventually increasing as transfer time approaches the cycle time at 10 000 ps. As the transfer
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Figure 7.12: TOF histograms of ion bunches cooled with 4 ms ion accumulation (left) and
with continuous accumulation for 10 ms until ejection (right). The histogram from continuous
accumulation highlights the need for trap isolation, showing a visibly lower ion count and
excessive dispersion arising from improper ion cooling.

time approaches the cycle time, multiple peaks begin to appear in the TOF histogram due
to insufficient cooling of the transferred ions prior to ejection. Figure 7.12 compares the
TOF histogram of ions accumulated for 4000 ps and then cooled for 6000ps with that
of ions continuously accumulated for the entire cycle time of 10000 ps. This observation
motivates the use of a two-stage trapping scheme involving pre-trapping and accumulation
in the cooler, followed by trapping in the buncher, as illustrated in Figure 7.5. Similarly,
Figure 7.13 shows the ion bunch characteristics as a function of the RF phase at ejection,

and the total time ions are stored inside the buncher before ejecting into the MRTOF-MS.

The RF phase shows two maxima at roughly 30° and 210°, but with a matching increase
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Figure 7.13: Effect of ejection phase and storage time on the ion bunch. (Left) The
RF phase at ejection affects both the detected ion count and the TOF FWHM, producing
proportional changes in these quantities. (Right) The ion storage time shows a decrease in
the TOF FWHM that becomes constant beyond 6 000 ps.

in FWHM. FWHM exponentially decreases for larger storage times as is expected with

improved ion cooling which also results in better ion transport efficiency, reflected in the

marginal increase seen in the ion count.
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The performance of the LPT to filter ions in the QMF and to trap and bunch ions in the
ICB was successfully studied through this commissioning campaign. The system is prepared
and fully capable to operate using ions from the RF funnel to study the composition of the

extracted ions from GAr (and subsequently from GXe).

7.4.3 Time-of-Flight Measurements

Bunched ions from the LPT were successfully detected in the MRTOF-MS following the
installation of CEM3 downstream from the collimating aperture (see Figure 5.2). Scanning
of electrostatic steerer potentials revealed a misalignment in beam axis of the two
subsystems, arising from initially being separate assemblies that were later coupled. After
corrections were applied using steerers, ion bunches were successfully detected at CEM4 as
was previously shown in Figure 7.10b. The transferred ions were subsequently trapped in
the MRTOF-MS to perform TOF measurements for trapping durations spanning up to
180 revolutions, with results shown in Figure 7.14. The electronics, trigger system and
general operational stability were tested through TOF measurements of ion bunches
trapped. Trapping duration was increased starting from zero isochronous revolutions in
increments of ten revolutions. The color of the data points represents the total ion count
from the accumulation of 1000 MRTOF-MS cycles. A linear fit was performed to
determine the average period of an MRTOF-MS isochronous revolution. It was observed

that ion count goes down with higher number of revolutions along with broadening of the
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Figure 7.14: Ion bunch TOF measured as a function of number of revolutions. ITon count
and FWHM are measured using CEM4 and are shown through the color bar on the right
and residual plot at the bottom, respectively. A linear fit is used to extract the period of
one revolution which was found to be 54.75 + 0.01 us.

mass peak as seen from the error bar on the residuals. A drift was observed in the residuals
indicating systematic effects possibly arising from drift in mirror electrode potentials, ion
source output or temperature fluctuations. Figure 7.15 shows the variation in measured
TOF of 33Cs ions over the course of a measurement spanning 150 000 cycles acquired over
approximately one hour. The recorded waveforms were grouped into sequential batches,
with each batch used to independently determine the TOF. Using this method, the TOF
was computed for different numbers of MRTOF-MS revolutions using a batch size of 10000

waveforms. The analysis was also repeated for the 100-revolution dataset using different

batch sizes of 10000 and 50000 waveforms. Overall, a drift in the TOF on the order of
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Figure 7.15: TOF drift observed across the measurement for (left) different numbers of
revolutions and (right) waveform aggregate sizes. Each data point represents the TOF
calculated from a subset of the 150000 collected waveforms, plotted as a function of their
time of occurrence. The drift generally follows a common trend, as observed from the 10000
and 50000 waveform aggregates of the 100-revolution dataset, with a total variation of
approximately 0.3 us over one hour of data collection.
0.2-0.3 ns was observed. This drift appears as a broadening of the TOF peak over time and
must therefore be corrected. Figure 7.16 shows the final TOF measurement of '*3Cs ions
taken at 275 revolutions over around an hour of data taking. The drift in TOF discussed in
Figure 7.15 was corrected using time-resolved calibration to yield an MRP of
19973 £ 201 [165].

This concludes the commissioning studies undertaken in this thesis to establish a fully
operational system capable of performing precision mass measurements of extracted ions.

The RF funnel, LPT and MRTOF-MS have each been characterized and demonstrated to

operate reliably as integrated components of the overall apparatus. Future work will
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Figure 7.16: TOF measurement of bunched 33Cs* ions from the LPT with a total TOF of
15.02ms. The aggregated data are shown in blue, while the drift-corrected TOF spectrum
is shown in red. The corrected spectrum was smoothed using a Savitzky—Golay filter prior
to measuring the FWHM), yielding an estimated resolving power of 19973 4 201 after 275
revolutions.

employ sources such as a mixed aluminosilicate source similar to the current Cs thermal
ion source or a LAS to further explore the operational range and trapping performance of
the LPT with ions beyond the primary ion of interest, *°Ba, thereby broadening the
potential applications of the system beyond Ba-tagging. In parallel, ion extraction from
GXe using the RF funnel will be carried out in combination with the LPT and
MRTOF-MS to demonstrate the complete ion transport and identification scheme. The
successful integration of these components will enable the unambiguous identification of

extracted barium ions through high-resolution mass spectrometry, representing the next

critical milestone toward the realization of a Ba-tagging technique for the nEXO
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experiment and its search for neutrinoless double beta decay.
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Chapter 8

Discussion and Outlook

Research probing for physics beyond the SM has made significant progress over the past
decades. In particular, the discovery of neutrino oscillations demonstrated that at least two
of the three known neutrino mass eigenstates possess a non-zero mass, providing clear
evidence that the SM in its original formulation is incomplete [14]. The discovery of
neutrino oscillations established that neutrino flavor states are superpositions of neutrino
mass eigenstates which evolve as neutrinos propagate. While oscillation experiments have
successfully measured the mixing angles and squared mass differences between neutrino
mass eigenstates, they remain insensitive to the absolute neutrino mass scale. Therefore,
experimental approaches capable of probing the fundamental nature of neutrinos remain
one of the central objectives of current particle and nuclear physics searches.

One of the most powerful experimental probes of neutrino properties is the search for
0vpBA. In this hypothetical second-order weak nuclear process, two neutrons simultaneously

decay into two protons while emitting two electrons and no antineutrinos. The observation
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of such a decay would demonstrate that lepton number is not conserved in weak interactions
and that neutrinos are Majorana particles, meaning that they are their own antiparticles [69,
166]. The observation of 0v would therefore provide a direct indication of physics beyond
the SM and potentially offer unique insights into the origin of the neutrino mass.

The study of neutrinos through 0v{3f3 is closely related to one of the most profound open
questions in physics, which is the observed matter-antimatter asymmetry in the Universe.
The matter dominance in the Universe cannot be explained by SM processes alone. Theories
such as leptogenesis suggest that Majorana neutrinos in the early Universe could generate an
asymmetry in the lepton sector, which is subsequently converted into the baryon asymmetry
observed today [2]. Establishing the Majorana nature of neutrinos through the observation
of 0vp33 could provide an avenue to explaining why the observable Universe is dominated
by matter.

Detecting 0v33 remains extremely challenging. Current half-life limits for OvB3 in
candidate isotopes exceed 10%° years and may extend beyond 10%® years depending on the
actual neutrino mass scale [55]. Achieving sensitivity to such rare processes requires large
quantities of the candidate (pB-decaying isotope, long observation periods, and
exceptionally low background levels. Current and next-generation experiments therefore
rely on a combination of optimizing detector design, shielding, event topology and
reconstruction techniques to suppress background processes that could mimic the signal of

interest.
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One promising technique to further reduce backgrounds that is possible in LXe
experiments is Ba-tagging. In experiments searching for 0vBp in *Xe, the decay produces
a 13°Ba daughter ion. If the presence of this daughter ion can be directly identified
following a potential decay event, it will provide a powerful method for confirming the
occurrence of the decay. Since most background processes do not produce **Ba, the ability
to tag 13®Ba would provide a nearly background-free identification of 0vBB events [6].

The Ba-tagging concept is particularly attractive for large-scale xenon detectors such as
the nEXO experiment. In this approach, ions produced in the detector medium are extracted
and transported to a region where they can be analyzed and identified using specialized ion
manipulation and mass spectrometry techniques.

Several Ba-tagging schemes are currently being developed to enable single-ion
identification. One such technique that is discussed here uses a capillary for ion extraction
from the LXe detector volume and an RF funnel for subsequent isolation into vacuum. The
work presented in this dissertation focuses on the development, commissioning, and
integration of several key components required for this Ba-tagging system, particularly the
RF funnel and the LPT. Individually, each of these subsystems have been studied
previously [116, 121]. However, the successful operation of a Ba-tagging system requires
that they operate together as a fully-integrated ion transport and identification chain. The
primary goal of the work described here was therefore to commission these subsystems,

demonstrate their operation under realistic experimental conditions, and establish the
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infrastructure required for future Ba-tagging studies.

8.1 The RF Funnel Subsystem

Previous studies attempted to demonstrate the feasibility of extracting *Ba ions from GXe
using the RF funnel [121, 124]. While the studies were successful at characterizing ion
extraction and transport using a 2°2Cf ion source, no amount of Ba ions could be observed
from the extracted ions. These results helped identify several areas of required improvements
to enhance performance and detection capabilities. The work presented here involved the
re-commissioning of the funnel system and the implementation of two key upgrades aimed

at improving ion transport efficiency and operational stability.

RF-Drive Electronics Upgrade

The funnel subsystem, comprising the RF funnel and a SPIG, was operated using a 2°2Cf
source and GAr in order to study ion transport and pressure control. The experimental
results obtained during these tests were found to be consistent with previously reported
measurements while exhibiting significantly higher ion count rates under similar operating
conditions. This improvement in count rate is primarily attributed to the first key upgrade
which was the higher operating frequency of 5.75 MHz used in the current RF funnel design
compared to previous operations at 2.6 MHz. The maximum measured count rates observed

during these studies were approximately two orders of magnitude higher than values reported
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in earlier works [124]. However, it should be noted that the current measurements were
performed using GAr rather than GXe. Other systematic factors, such as CEM detection
efficiency, ion optics alignment, or gas purity could also have contributed to the observed
increase. Since the ultimate application of the system involves operation in GXe, further
studies will be required to fully benchmark the performance of the funnel under its intended
operating conditions. Another interesting observation made during the RF amplitude scans
was the increase in ion count rates beginning at RF amplitudes around 100 V,,. One
possible explanation for this behavior is the onset of additional ionization processes involving
argon atoms inside the RF funnel. If such ionization processes occur, they could contribute
additional ion species to the detected signal. The increase could also be attributed to an
increase in transport efficiency of a secondary charged species, resulting in an overall increase
in ion count past the previously observed trends. In order to investigate these possibilities and
effects, future studies will involve mass measurements of ions extracted from the RF funnel at
different RF amplitudes, especially around 100 V,,. By identifying the mass-to-charge ratios
of the detected ions and their relative abundances, it will be possible to determine whether
additional ion species are being produced or the increase seen arises from an increase in
the overall transport efficiency. Future studies will also benefit from the electronics upgrade
suggested in Section 6.2.2, enabling operation beyond the current RF amplitude limit of
125V, and thereby achieving higher count rates. While the focus of the RF funnel in the

context of Ba-tagging is to maximize ion transmission efficiency rather than capacity, ion
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transmission studies between the RF funnel and LPT subsystems will greatly benefit from
increased ion flux, facilitating tuning and initial testing. Additional improvements to the
RF funnel subsystem could also be achieved by applying a DC bias to the funnel electrode
stack. The current configuration relies on the SPIG bias potential to define the energy of the
transiting ions as seen from Figure 6.10. By floating the RF funnel at a positive potential
relative to ground, it may be possible to control the energy of extracted ions more effectively

and improve their transmission [167].

Pressure Control System Upgrade

The pressure control capability of the RF funnel subsystem, particularly the pressure outside
the RF funnel electrode stack, was improved through the installation of a proportional gate
valve (PGV). The PGV provides control over the gas flow between the RF funnel and the
cryopump chamber, therefore allowing control over the pressure in the RF funnel chamber.
In the current configuration, the valve position is adjusted manually in order to achieve
the desired pressure conditions within the RF funnel. While this approach is sufficient for
testing the system’s response, future operation would benefit from automated control. It
is thus recommended to implement a feedback system in the form of proportional-integral-
derivative (PID) control. Such a system would allow for the pressure within the funnel
chamber to be stabilized automatically in response to changing operating conditions. The

necessary provisions for implementing PID control are already in place, with a pressure
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gauge installed on the RF funnel vacuum chamber and directly interfaced with the PGV.
The PID control must be tested, and its parameters optimized to achieve a faster and more
accurate response than is possible with manual control alone. This capability will become
particularly important when operating the system with xenon gas, where precise pressure
control will be necessary to maintain stable ion transport while enabling gas recovery through

the cryopumping system.

8.2 Ion Trapping Studies with the LPT

The LPT subsystem was commissioned as part of this work and was used to demonstrate
efficient ion trapping and bunching using a Cs thermal ion source. The LPT subsystem
comprises a QMF for filtering background ions and an ICB to cool incoming ions and
prepare ion bunches to supply to the MRTOF-MS. The QMF was characterized using the
aforementioned stable Cs ion beam, and its MRP was determined to be m/Am > 100. The
result confirmed that the QMF achieves the minimum required MRP (m/Am > 80) to
filter potential background ions, a key feature required to prevent overloading of the
buncher.

One function of the ICB is to receive, collisionally cool, and trap ions for the duration
of laser fluorescence spectroscopy, enabling verification of the presence of *%Ba once laser
fluorescence capability is added in a future upgrade to the subsystem. The second function

of the ICB is to act as a preparatory trap, before sending ions in bunches to the MRTOF-MS
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for mass measurements.

Ion Trapping and Bunching in the LPT

Since ions come from the RF funnel as a continuous stream and because ions cannot be
accumulated in the buncher as demonstrated in Figure 7.12, incoming ions are first
accumulated in the cooler. A few or all of the accumulated ions are subsequently loaded
into the buncher periodically where they are further cooled to form an ion bunch with
narrow spatial and energy spreads. The ion bunch is then ejected from the buncher and
injected into the MRTOF-MS for mass measurements. The results from the commissioning
studies detailed in Chapter 7 demonstrated that the LPT is capable of accumulating ions,
cooling them through buffer gas interactions, and ejecting well-defined ion bunches suitable
for mass analysis. Using tuned values for the buncher potentials and buffer gas pressure
combined with TFS in the MRTOF-MS, FWHM values for the ion TOF have been
consistently measured in the range of 50-100 ns.

A source of potential ion loss identified during the commissioning process was the resetting
of the ICB RF potential. In the current implementation, the resetting process introduces
timing variations as shown in Figure 7.4b that can destabilize ions stored in the cooler
and lead to ion losses. A potential improvement would involve synchronizing the waveform
generator and the FPGA using a global timing reference. Implementing a global clock signal

shared between the waveform generator and the FPGA controller would allow for more
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precise timing control without requiring the periodic resetting of the RF signal.
Transferring ion bunches from the LPT into the MRTOF-MS required careful tuning of
the downstream ion optics. Electrostatic lenses and steerers were used to guide the ions
along the beamline and match the spatial acceptance of the MRTOF-MS. Achieving this
alignment proved to be one of the challenging aspects of the commissioning process. One of
the primary difficulties encountered during this phase of the work was the limited
availability of diagnostic tools capable of detecting low intensity ion bunches. To address
this challenge, diagnostic upgrades were implemented in the Ba-tagging setup in the form
of single-ion capable detectors, as described in Section 5.2. Two CEMs, in particular, were
positioned before and after the MRTOF-MS collimating aperture situated at the entrance
of the MRTOF-MS in order to tune the transmission of ion bunches. Since the installation
of these detectors had to be performed without significantly modifying the existing
experimental infrastructure, they were mounted on linear actuators. This allowed for the
detectors to be inserted into the ion path during tuning procedures and retracted during
normal operation. The addition of these diagnostic detectors proved essential for
optimizing the ion transport system. By monitoring the ion signals at multiple locations, it
became possible to systematically adjust the electrostatic optics and identify the optimal
bias voltages. During this process it was inferred that a small vertical alignment mismatch
exists between the beam axes of the LPT and the MRTOF-MS subsystems. The

electrostatic steerers, together with the CEMs, can effectively correct the ion bunch
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trajectory before arriving at the collimating aperture to ensure good transmission between

the LPT and the MRTOF-MS subsystems.

TOF measurements with the MRTOF-MS

Following these upgrades, ion bunches ejected from the LPT were successfully detected at
the far end of the MRTOF-MS using CEM4. Subsequent tuning of the MRTOF-MS mirrors
allowed the ions to undergo multiple reflections between the electrostatic mirrors, enabling
extended storage times and increased mass resolving power.

MRTOF-MS is particularly well suited for applications such as Ba-tagging because it
allows for very high resolving power to be achieved within a compact device. By reflecting
ions between electrostatic mirrors many times, the effective flight path can be greatly
increased without requiring large physical dimensions. Achieving stable operation
represents an important milestone in demonstrating the feasibility of the full Ba-tagging
concept. The maximum MRP from preliminary TOF measurements was 19973 +201. The
current limiting factor to the MRP is primarily the stability and optimization of the mirror
electrode potentials. This is because the FWHM of ion bunch TOF measured after TFS
was under 100ns, while the FWHM after 275 isochronous revolutions was =~ 400ns.
Assuming the FWHM can be maintained under 150 ns for the same number of revolutions,
an MRP > 53000 will be achievable using bunched ions from the LPT. Considering the

mass difference (Am ~ 0.00264€V) between *°Ba™ and its primary isobaric background,
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136X e*, an MRP of ~ 51500 would allow sufficient separation between the respective mass
peaks, while an even higher MRP will be required for clean detection of a single **Ba* ion
among a much larger population of 13¢Xe* ions.

Progress towards achieving higher resolving power with the MRTOF-MS was significantly
impacted due to repeated failure of the high-voltage switches used for biasing the MRTOF-
MS entrance mirror electrodes. Due to repeated failures, the bias potentials for the mirror
electrodes had to be frequently inspected and re-tuned. The MRTOF-MS switches have since
been replaced with new high-voltage switches designed to provide improved robustness and
greater output stability, specifically addressing this shortcoming. Future TOF measurements
are expected to yield better results with a potential of approaching an MRP of ~100 000 as

was previously suggested through simulation results [168, 169].

Ion Source Development

In addition to the testing of the RF funnel and LPT subsystems, significant progress was
made in developing versatile ion sources capable of producing ions across a wide mass
range. A test target composed of multiple materials was machined and used in a LAS.
Initial experiments using this target demonstrated that a broad range of ion species could
be produced. This capability will prove valuable for future studies aimed at characterizing
the performance of the LPT and MRTOF-MS across different mass regimes.

While the results presented in this dissertation focus primarily on ions from the Cs
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thermal ion source, future studies will extend these investigations to ions produced by laser
ablation. LAS-generated ions typically have kinetic energies on the order of 100eV, which
differs from the lower energies expected for ions extracted from the RF funnel subsystem.
Additionally, the Cs ion source that has been used for the LPT commissioning provides an
ion beam with an energy spread less than 1eV while LAS output can vary over 50eV [151].
As a result, additional tuning of the LPT and MRTOF-MS will be required to optimize their
performance for these higher-energy ion pulses.

Overall, the work presented in this dissertation represents the first attempt of combining
the RF funnel, LPT, and MRTOF-MS subsystems into a unified experimental platform
capable of performing ion extraction, manipulation, and identification. While each of these
components had been demonstrated individually in previous work, their integration into a
single system required extensive commissioning and diagnostic development. Particularly,
ion transport from the RF funnel to the LPT has not been achieved yet due to lower ion
count of the ions extracted from GAr compared to the ion beam supplied by the Cs ion
source. This may require one last detector upgrade to position a CEM directly in front of
the QMF in order to tune RF funnel ions to this location. The other, more favorable, option
would be the addition of an ion source in the RF funnel subsystem to provide an ion beam of
currents in the 100 pA range to enable measurements using a picoammeter and subsequent
tuning of electrostatic lenses and steerers.

Future work involving this apparatus will focus on optimizing the system specifically for
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Ba-tagging applications. One of the goals will be to measure the overall tagging efficiency of
the system, which depends on the combined performance of all subsystems involved in ion
extraction, transport, trapping, and identification. Eventually, this system will be coupled
to the capillary system and, using the in-LXe ion source discussed in Chapter 3, will enable
a demonstration of the complete tagging efficiency of the entire scheme. Determining this
efficiency will provide valuable input for evaluating the feasibility of implementing Ba-tagging
in a tonne-scale LXe detector.

The successful development of a Ba-tagging system could have significant implications
for future searches for Ovf33. As experiments scale to larger detector volumes in order to
achieve sensitivities to half-lives of 10?® years or even greater, new background sources begin
to dominate. One such background arises from elastic scattering of solar neutrinos, which
cannot easily be suppressed through conventional detector design techniques [170]. Since
solar neutrino interactions in Xe generally do not produce 3*Ba* ions, the ability to detect
the daughter nucleus through Ba-tagging would provide a powerful method for rejecting this
otherwise irreducible background. As a result, the successful implementation of Ba-tagging
could enable future kilo-tonne-scale experiments to reach even higher sensitivities. The
exception to this are neutrino charge-current interactions where, v, + %*Xe — ¥Cs (T}, =
13.12days) — '3°Ba [171]. While the eventual production of '**Ba presents a potential
complication for Ba-tagging, the distinct event topology and the relatively long half-life of

136Cs should allow for its effective mitigation.
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The commissioning work presented here represents a subsequent step toward realizing this
ambitious goal of probing the effective neutrino mass mgg < 15meV. By demonstrating
the operation of key subsystems required for ion extraction and identification, this thesis
lays the foundation for future studies aimed at achieving reliable and efficient Ba-tagging in

xenon-based detectors.



144

Bibliography

Laurent Canetti, Marco Drewes, and Mikhail Shaposhnikov. “Matter and antimatter
in the universe”. New Journal of Physics 14 (Sept. 2012). 1SSN: 13672630. DOI: 10.

1088/1367-2630/14/9/095012. arXiv: 1204.4186.

W. Buchmiiller, P. Di Bari, and M. Plimacher. “Leptogenesis for pedestrians”. Annals
of Physics 315.2 (Feb. 2005), pp. 305-351. 1sSN: 0003-4916. DO1: 10.1016/J . AOP.

2004.02.003. arXiv: hep-ph/0401240.

nEXO Collaboration et al. “nEXO Pre-Conceptual Design Report” (May 2018).

arXiv: 1805.11142.

Stefano Dell’Oro et al. “Neutrinoless Double Beta Decay: 2015 Review”. Advances in
High Energy Physics 2016.1 (Jan. 2016), p. 2162659. 1SSN: 1687-7365. DOI: 10.1155/

2016/2162659.

G. Adhikari et al. “nEXO: neutrinoless double beta decay search beyond 10% year

half-life sensitivity”. Journal of Physics G: Nuclear and Particle Physics 49.1 (Dec.


https://doi.org/10.1088/1367-2630/14/9/095012
https://doi.org/10.1088/1367-2630/14/9/095012
https://arxiv.org/abs/1204.4186
https://doi.org/10.1016/J.AOP.2004.02.003
https://doi.org/10.1016/J.AOP.2004.02.003
https://arxiv.org/abs/hep-ph/0401240
https://arxiv.org/abs/1805.11142
https://doi.org/10.1155/2016/2162659
https://doi.org/10.1155/2016/2162659

Bibliography 145

7]

8]

[9]

[10]

[11]

2021), p. 015104. 18sN: 0954-3899. DOI: 10.1088/1361-6471/AC3631. arXiv: 2106.

16243.

Dwaipayan Ray et al. “Ion Manipulation from Liquid Xe to Vacuum: Ba-Tagging
for a nEXO Upgrade and Future Ov35 Experiments”. Atoms 2024, Vol. 12, Page 71

12.12 (Dec. 2024), p. 71. 18SN: 2218-2004. DOI: 10.3390/ATOMS12120071.

J. B. Albert et al. “Sensitivity and discovery potential of the proposed nEXO
experiment to neutrinoless double-3 decay”. Physical Review C' 97.6 (June 2018),

p. 065503. 1SSN: 24699993. DOI: 10.1103/PhysRevC.97.065503. arXiv: 1710.05075.

A. Baha Balantekin and Boris Kayser. “On the Properties of Neutrinos”. Annual
Review of Nuclear and Particle Science 68.Volume 68, 2018 (Oct. 2018), pp. 313-338.

ISSN: 01638998. DOI: 10.1146/ANNUREV-NUCL-101916-123044. arXiv: 1805.00922.

Max Aker et al. “Direct neutrino-mass measurement based on 259 days of KATRIN
data”. Science 388.6743 (Apr. 2025), pp. 180-185. 1sSN: 10959203. DOI: 10.1126/

science.adq9592. arXiv: 2406.13516.

Ernest Ma. “Pathways to Naturally Small Neutrino Masses”. Physical Review Letters
81.6 (Aug. 1998), p. 1171. 18SN: 10797114. po1: 10.1103/PhysRevLett .81 .1171.

arXiv: hep-ph/9805219.

S. Navas et al. “Review of Particle Physics”. Physical Review D 110.3 (Aug. 2024).

ISSN: 24700029. por: 10.1103/PHYSREVD.110.030001.


https://doi.org/10.1088/1361-6471/AC3631
https://arxiv.org/abs/2106.16243
https://arxiv.org/abs/2106.16243
https://doi.org/10.3390/ATOMS12120071
https://doi.org/10.1103/PhysRevC.97.065503
https://arxiv.org/abs/1710.05075
https://doi.org/10.1146/ANNUREV-NUCL-101916-123044
https://arxiv.org/abs/1805.00922
https://doi.org/10.1126/science.adq9592
https://doi.org/10.1126/science.adq9592
https://arxiv.org/abs/2406.13516
https://doi.org/10.1103/PhysRevLett.81.1171
https://arxiv.org/abs/hep-ph/9805219
https://doi.org/10.1103/PHYSREVD.110.030001

Bibliography 146

[12]

[14]

[15]

[16]

[17]

[19]

J. A. Formaggio and G. P. Zeller. “From eV to EeV: Neutrino cross sections across
energy scales”. Reviews of Modern Physics 84.3 (Sept. 2012), p. 1307. 1SSN: 00346861.

DOI: 10.1103/RevModPhys.84.1307. arXiv: 1305.7513.

Frederick Reines and Clyde L. Cowan. “The Neutrino”. Nature 178.4531 (1956),

pp- 446-449. 18SN: 00280836. DOI: 10.1038/178446A0 ; KWRD=SCIENCE.

Jun Cao and Miao He. “Neutrino oscillation: discovery and perspectives”. Science
Bulletin 61.1 (Jan. 2016), pp. 48-51. 1SSN: 20959273. DOI: 10.1007/s11434-015~

0969-7.

Takaaki Kajita. “Discovery of neutrino oscillations”. Reports on Progress in Physics

69.6 (May 2006), p. 1607. 1SSN: 0034-4885. DOI: 10.1088/0034-4885/69/6/RO1.

F Reines and C Cowan. “The Reines-Cowan experiments: Detecting the Poltergeist”.

Los Alamos Science 25 (1997), pp. 4-27.

C. L. Cowan et al. “Detection of the free neutrino: A confirmation”. Science 124.3212

(1956), pp. 103-104. 1sSN: 00368075. DOI: 10.1126/SCIENCE.124.3212.103.

The Nobel Prize in Physics 1995 - NobelPrize.org. URL: https://www.nobelprize.

org/prizes/physics/1995/summary/ (visited on 08/07/2025).

Leon Lederman. “The Two-Neutrino Experiment on JSTOR”. Scientific American

208.3 (Mar. 1963), pp. 60-71.


https://doi.org/10.1103/RevModPhys.84.1307
https://arxiv.org/abs/1305.7513
https://doi.org/10.1038/178446A0;KWRD=SCIENCE
https://doi.org/10.1007/s11434-015-0969-7
https://doi.org/10.1007/s11434-015-0969-7
https://doi.org/10.1088/0034-4885/69/6/R01
https://doi.org/10.1126/SCIENCE.124.3212.103
https://www.nobelprize.org/prizes/physics/1995/summary/
https://www.nobelprize.org/prizes/physics/1995/summary/

Bibliography 147

[20]

[21]

[22]

[23]

[24]

[25]

[27]

G. Danby et al. “Observation of High-Energy Neutrino Reactions and the Existence
of Two Kinds of Neutrinos”. Physical Review Letters 9.1 (July 1962), p. 36. ISSN:

00319007. por: 10.1103/PhysRevLett.9.36.

The Nobel Prize in Physics 1988 - NobelPrize.org. URL: https://www.nobelprize.
org/prizes/physics/1988/9557-the-hunt-for-the-muon-neutrino/ (visited on
08/07/2025).

Martin L Perl et al. “The Discovery of the tau lepton”. The Rise of the Standard

Model: Particle Physics in the 1960s and 1970s. Stanford: Springer, 1992, pp. 79-100.

K Kodama et al. “Final tau-neutrino results from the DONuT experiment”. Physical

Review D 78.5 (2008), p. 52002.

Raymond Davis. “A review of the Homestake solar neutrino experiment”. Progress in

Particle and Nuclear Physics 32 (1994), pp. 13-32.

The Nobel Prize in Physics 2002 - NobelPrize.org. URL: https://www.nobelprize.

org/prizes/physics/2002/summary/ (visited on 08/07/2025).

W C Haxton. “The solar neutrino problem”. Annual Review of Astronomy and

Astrophysics 33.1 (1995), pp. 459-503.

Y. Fukuda et al. “Solar ®*B and hep Neutrino Measurements from 1258 Days of
Super-Kamiokande Data”. Physical Review Letters 86.25 (June 2001), p. 5651. ISSN:

00319007. po1: 10.1103/PhysRevLett.86.5651. arXiv: hep-ex/0103032.


https://doi.org/10.1103/PhysRevLett.9.36
https://www.nobelprize.org/prizes/physics/1988/9557-the-hunt-for-the-muon-neutrino/
https://www.nobelprize.org/prizes/physics/1988/9557-the-hunt-for-the-muon-neutrino/
https://www.nobelprize.org/prizes/physics/2002/summary/
https://www.nobelprize.org/prizes/physics/2002/summary/
https://doi.org/10.1103/PhysRevLett.86.5651
https://arxiv.org/abs/hep-ex/0103032

Bibliography 148

28]

[30]

[31]

[32]

A. B. McDonald et al. “First neutrino observations from the Sudbury Neutrino
Observatory”. Nuclear Physics B - Proceedings Supplements 91.1-3 (Jan. 2001),

pp. 21-28. 1SSN: 0920-5632. DOT: 10.1016/50920-5632(00)00918-X.

Claudio Giganti, Stéphane Lavignac, and Marco Zito. “Neutrino oscillations: the rise

of the PMNS paradigm”. Progress in Particle and Nuclear Physics 98 (2018), pp. 1-54.

Sanjib Kumar Agarwalla, Sudipta Das, and Masoom Singh. “Neutrino sources: from
meV to EeV”. The FEuropean Physical Journal Special Topics 2025 (July 2025),

pp. 1-14. 18sN: 1951-6401. por: 10.1140/EPJS/S11734-025-01774-X.

Yoichiro Suzuki and Kamioka Satellite. “The Super-Kamiokande experiment”. The
European Physical Journal C 79.4 (Apr. 2019), pp. 1-18. 18SN: 1434-6052. DOI: 10.

1140/EPJC/S10052-019-6796-2.

F. P. An et al. “Observation of Electron-Antineutrino Disappearance at Daya Bay”.
Physical Review Letters 108.17 (Apr. 2012), p. 171803. 1SsN: 00319007. por: 10.1103/

PhysRevLett.108.171803. arXiv: 1203.1669.

M. H. Ahn et al. “Measurement of neutrino oscillation by the K2K experiment”.
Physical Review D 74.7 (Oct. 2006), p. 072003. 1sSN: 15507998. DOI:

10.1103/PhysRevD.74.072003. arXiv: hep-ex/0606032.


https://doi.org/10.1016/S0920-5632(00)00918-X
https://doi.org/10.1140/EPJS/S11734-025-01774-X
https://doi.org/10.1140/EPJC/S10052-019-6796-2
https://doi.org/10.1140/EPJC/S10052-019-6796-2
https://doi.org/10.1103/PhysRevLett.108.171803
https://doi.org/10.1103/PhysRevLett.108.171803
https://arxiv.org/abs/1203.1669
https://doi.org/10.1103/PhysRevD.74.072003
https://arxiv.org/abs/hep-ex/0606032

Bibliography 149

[34]

[36]

[37]

[38]

M. V. Diwan et al. “Long-Baseline Neutrino Experiments”. Annual Review of Nuclear
and Particle Science 66.Volume 66, 2016 (Oct. 2016), pp. 47-71. 1sSN: 01638998. DOT:

10.1146/ANNUREV-NUCL-102014-021939. arXiv: 1608.06237.

Michele Maltoni and Alexei Yu. Smirnov. “Solar neutrinos and neutrino physics”. The
European Physical Journal A 52.4 (Apr. 2016), p. 87. 1sSN: 1434601X. DO1: 10.1140/

EPJA/I2016-16087-0. arXiv: 1507.05287.

B. Abi et al. “Long-baseline neutrino oscillation physics potential of the DUNE
experiment”. The Furopean Physical Journal C' 80.10 (Oct. 2020), pp. 1-34. ISSN:

1434-6052. por: 10.1140/EPJC/S10052-020-08456-Z.

K. Abe et al. “Sensitivity of the Hyper-Kamiokande experiment to neutrino oscillation
parameters using accelerator neutrinos”. The European Physical Journal C 86.2 (Feb.

2026), pp. 170—. 18sN: 1434-6052. DOT: 10.1140/EPJC/S10052-025-14938-09.

Angel Abusleme et al. “First measurement of reactor neutrino oscillations at JUNO”.

arXiv preprint (Nov. 2025). arXiv: 2511.14593.

J. D. Vergados, H. Ejiri, and F. Simkovic. “Theory of neutrinoless double-beta decay”.
Reports on Progress in Physics 75.10 (Sept. 2012), p. 106301. 1sSN: 0034-4885. DOTI:

10.1088/0034-4885/75/10/106301. arXiv: 1205.0649.


https://doi.org/10.1146/ANNUREV-NUCL-102014-021939
https://arxiv.org/abs/1608.06237
https://doi.org/10.1140/EPJA/I2016-16087-0
https://doi.org/10.1140/EPJA/I2016-16087-0
https://arxiv.org/abs/1507.05287
https://doi.org/10.1140/EPJC/S10052-020-08456-Z
https://doi.org/10.1140/EPJC/S10052-025-14938-9
https://arxiv.org/abs/2511.14593
https://doi.org/10.1088/0034-4885/75/10/106301
https://arxiv.org/abs/1205.0649

Bibliography 150

[40]

[41]

[42]

[43]

[44]

[45]

Maria  Goeppert — Mayer —  Nobel  Lecture -  NobelPrize.org.  URL:
https://www.nobelprize.org/prizes/physics/1963/mayer/lecture/ (visited

on 08/07/2025).

M. Goeppert-Mayer. “Double Beta-Disintegration”. Physical Review 48.6 (Sept.

1935), p. 512. 1sSN: 0031899X. DOI: 10.1103/PhysRev.48.512.

Alexander Barabash. “Precise Half-Life Values for Two-Neutrino Double-g Decay:
2020 Review”. Universe 2020, Vol. 6, 6.10 (Sept. 2020). 1SSN: 2218-1997. DOI: 10.

3390/UNIVERSE6100159.

Meng Wang et al. “The AME 2020 atomic mass evaluation (II). Tables, graphs and
references”. Chinese Physics C 45.3 (Mar. 2021), p. 030003. 1SSN: 1674-1137. DOI:

10.1088/1674-1137/ABDDAF.

R. Arnold et al. “Measurement of the double-beta decay half-life and search for the
neutrinoless double-beta decay of *Ca with the NEMO-3 detector”. Physical Review
D 93.11 (June 2016), p. 112008. 18SN: 24700029. DOI: 10.1103/PhysRevD.93.112008.

arXiv: 1604.01710.

S. Umehara et al. “Neutrino-less double- decay of **Ca studied by CaFy(Eu)
scintillators”. Physical Review C 78.5 (Nov. 2008), p. 058501. 1sSN: 1089490X. DOI:

10.1103/PhysRevC.78.058501.


https://www.nobelprize.org/prizes/physics/1963/mayer/lecture/
https://doi.org/10.1103/PhysRev.48.512
https://doi.org/10.3390/UNIVERSE6100159
https://doi.org/10.3390/UNIVERSE6100159
https://doi.org/10.1088/1674-1137/ABDDAF
https://doi.org/10.1103/PhysRevD.93.112008
https://arxiv.org/abs/1604.01710
https://doi.org/10.1103/PhysRevC.78.058501

Bibliography 151

[46]

[47]

[48]

[49]

[51]

M. Agostini et al. “Final Results of GERDA on the Two-Neutrino Double-5 Decay
Half-Life of "®Ge”. Physical Review Letters 131.14 (Oct. 2023), p. 142501. 1SSN:

10797114. por: 10.1103/PhysRevLett.131.142501.

H. Acharya et al. “First Results on the Search for Lepton Number Violating
Neutrinoless Double Beta Decay with the LEGEND-200 Experiment”. arXiv
preprint  arXiw:2505.10440 (Sept. 2025). pOI: 10 . 1103 / 25tk - nctn. arXiv:

2505.10440v4.

O. Azzolini et al. “Measurement of the 2033 Decay Half-Life of 82Se with the Global
CUPID-0 Background Model”. Physical Review Letters 131.22 (Nov. 2023), p. 222501.

ISSN: 10797114. poI: 10.1103/PhysRevLett.131.222501.

O. Azzolini et al. “Final Result on the Neutrinoless Double Beta Decay of ®2Se with
CUPID-0”. Physical Review Letters 129.11 (Sept. 2022), p. 111801. 1sSN: 10797114.

DOI: 10.1103/PhysRevLett.129.111801.

C. Augier et al. “Measurement of the 2v/33 Decay Rate and Spectral Shape of 1“*Mo
from the CUPID-Mo Experiment”. Physical Review Letters 131.16 (Oct. 2023),

p. 162501. 18SN: 10797114. pOT: 10.1103/PhysRevLett.131.162501.

C. Augier et al. “Final results on the 0v33 decay half-life limit of ““Mo from the
CUPID-Mo experiment”. The European Physical Journal C 82.11 (Nov. 2022),

pp- 1-20. 18sN: 1434-6052. pot1: 10.1140/EPJC/S10052-022-10942-5.


https://doi.org/10.1103/PhysRevLett.131.142501
https://doi.org/10.1103/25tk-nctn
https://arxiv.org/abs/2505.10440v4
https://doi.org/10.1103/PhysRevLett.131.222501
https://doi.org/10.1103/PhysRevLett.129.111801
https://doi.org/10.1103/PhysRevLett.131.162501
https://doi.org/10.1140/EPJC/S10052-022-10942-5

Bibliography 152

[52]

[55]

[56]

[57]

[58]

D. Q. Adams et al. “Measurement of the 2v33 Decay Half-Life of 13°Te with CUORE”.
Physical Review Letters 126.17 (Apr. 2021), p. 171801. 1SsN: 10797114. por: 10.1103/

PhysRevLett.126.171801

D. Q. Adams et al. “Improved Limit on Neutrinoless Double-Beta Decay in *°Te with
CUORE". Physical Review Letters 124.12 (Mar. 2020), p. 122501. 1ssN: 10797114. por:

10.1103/PhysRevLett.124.122501. arXiv: 1912.10966.

J. B. Albert et al. “Improved measurement of the 2v33 half-life of ¥*Xe with the
EXO-200 detector”. Physical Review C 89.1 (Jan. 2014), p. 015502. 1sSN: 1089490X.

DOI: 10.1103/PhysRevC.89.015502.

S Abe et al. “Search for Majorana neutrinos with the complete KamLAND-Zen

dataset”. Physical Review Letters 135.26 (2025), p. 262501. arXiv: 2406.11438.

R. Arnold et al. “Measurement of the 2v/3/3 decay half-life of 1?°Nd and a search for
OvBS decay processes with the full exposure from the NEMO-3 detector”. Physical
Review D 94.7 (Oct. 2016), p. 072003. 1SSN: 24700029, DOT: 10.1103/PhysRevD. 94

072003.

Ettore Majorana. “A Symmetric Theory of Electrons and Positrons”. Scientific Papers

of Ettore Majorana 14 (2020), pp. 113-128. DOI: 10.1007/978-3-030-23509-3_11.

W. H. Furry. “On Transition Probabilities in Double Beta-Disintegration”. Physical

Review 56.12 (Dec. 1939), p. 1184. 1SSN: 0031899X. DOI: 10.1103/PhysRev.56.1184.


https://doi.org/10.1103/PhysRevLett.126.171801
https://doi.org/10.1103/PhysRevLett.126.171801
https://doi.org/10.1103/PhysRevLett.124.122501
https://arxiv.org/abs/1912.10966
https://doi.org/10.1103/PhysRevC.89.015502
https://arxiv.org/abs/2406.11438
https://doi.org/10.1103/PhysRevD.94.072003
https://doi.org/10.1103/PhysRevD.94.072003
https://doi.org/10.1007/978-3-030-23509-3_11
https://doi.org/10.1103/PhysRev.56.1184

Bibliography 153

[59]

[61]

[62]

[63]

[64]

J. Schechter and J. W.F. Valle. “Neutrinoless double-3 decay in SU(2)xU(1)
theories”. Physical Review D 25.11 (June 1982), p. 2951. 1ssN: 05562821. DOTI:

10.1103/PhysRevD.25.2951.

Matteo Agostini et al. “Toward the discovery of matter creation with neutrinoless 33
decay”. Reviews of Modern Physics 95.2 (May 2023), p. 025002. 1sSN: 15390756. DOT:

10.1103/RevModPhys.95.025002.

N. Moggi et al. “Neutrinoless double-beta decay search with CUORE and CUORE-0
experiments”. EPJ Web of Conferences 90 (Mar. 2015), p. 03004. 1ssn: 2100-014X.

DOI: 10.1051/EPJCONF/20159003004.

C. Giganti, S. Lavignac, and M. Zito. “Neutrino oscillations: The rise of the PMNS
paradigm”. Progress in Particle and Nuclear Physics 98 (Jan. 2018), pp. 1-54. I1SSN:

0146-6410. por1: 10.1016/J.PPNP.2017.10.001. arXiv: 1710.00715.

A.G. Adame et al. “DESI 2024 VI: cosmological constraints from the measurements of
baryon acoustic oscillations”. Journal of Cosmology and Astroparticle Physics 2025.02
(Feb. 2025), p. 021. 18SN: 1475-7516. DOI: 10.1088/1475-7516/2025/02/021. arXiv:

2404.03002.

Nitali Dash et al. “Effect of large light-heavy neutrino mixing and natural type-II

seesaw dominance to lepton flavor violation and neutrinoless double beta decay”.


https://doi.org/10.1103/PhysRevD.25.2951
https://doi.org/10.1103/RevModPhys.95.025002
https://doi.org/10.1051/EPJCONF/20159003004
https://doi.org/10.1016/J.PPNP.2017.10.001
https://arxiv.org/abs/1710.00715
https://doi.org/10.1088/1475-7516/2025/02/021
https://arxiv.org/abs/2404.03002

Bibliography 154

[66]

[67]

[69]

The European Physical Journal C 82.9 (Sept. 2022), pp. 847—. 1SSN: 1434-6052. DOI:

10.1140/EPJC/S10052-022-10804-0.

Frank T Avignone III, Steven R Elliott, and Jonathan Engel. “Double beta decay,
Majorana neutrinos, and neutrino mass”. Reviews of Modern Physics 80.2 (2008),

pp- 481-516. arXiv: 0708.1033v2.

Daniel Castillo et al. “Neutrinoless 3 decay nuclear matrix elements complete up to
N2LO in heavy nuclei”. Physics Letters B 860 (Jan. 2025), p. 139181. 18sN: 0370-2693.

DOI: 10.1016/J.PHYSLETB.2024.139181. arXiv: 2408.03373.

D. S. Leonard et al. “Systematic study of trace radioactive impurities in candidate
construction materials for EXO-200". Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment
591.3 (July 2008), pp. 490-509. 1SSN: 0168-9002. DOI: 10.1016/J.NIMA.2008.03.001.

arXiv: 0709.4524.

Viktor Péc et al. “Muon-induced background in a next-generation dark matter
experiment based on liquid xenon”. The Furopean Physical Journal C' 84.5 (May

2024), pp. 1-16. 1SSN: 1434-6052. DOI: 10.1140/EPJC/S10052-024-12768-9.

Michelle J. Dolinski, Alan W.P. Poon, and Werner Rodejohann. “Neutrinoless Double-

Beta Decay: Status and Prospects”. Annual Review of Nuclear and Particle Science


https://doi.org/10.1140/EPJC/S10052-022-10804-0
https://arxiv.org/abs/0708.1033v2
https://doi.org/10.1016/J.PHYSLETB.2024.139181
https://arxiv.org/abs/2408.03373
https://doi.org/10.1016/J.NIMA.2008.03.001
https://arxiv.org/abs/0709.4524
https://doi.org/10.1140/EPJC/S10052-024-12768-9

Bibliography 155

[71]

[72]

[73]

[74]

69.Volume 69, 2019 (Oct. 2019), pp. 219-251. 1SSN: 01638998. DOI: 10.1146/ANNUREV-

NUCL-101918-023407. arXiv: 1902.04097.

Sabin Stoica and Mihail Mirea. “New calculations for phase space factors involved in
double-g decay”. Physical Review C' 88.3 (Sept. 2013), p. 037303. 1SSN: 1089490X.

DOI: 10.1103/PhysRevC.88.037303.

Sabin Stoica and Mihail Mirea. “Phase Space Factors for Double-Beta Decays”.
Frontiers in Physics 7T.FEB (Feb. 2019), p. 436288. 1SsN: 2296424X. DOL:

10.3389/FPHY.2019.00012/TEXT.

Jonathan Engel and Javier Menéndez. “Status and future of nuclear matrix elements
for neutrinoless double-beta decay: a review”. Reports on Progress in Physics 80.4
(2017), p. 046301. 1SSN: 0034-4885. DOI: 10.1088/1361-6633/AA5BCS. arXiv: 1610.

06548.

Samuel Novario et al. “Coupled-cluster calculations of neutrinoless double-3 decay
in 48Ca”. Physical Review Letters 126.18 (2021), p. 182502. 1sSN: 10797114. DoOI:

10.1103/PhysRevLett.126.182502.

A. Belley et al. “Ab Initio Neutrinoless Double-Beta Decay Matrix Elements for **Ca,
Ge, and 82Se”. Physical Review Letters 126.4 (Jan. 2021), p. 042502. 1SSN: 10797114.

DOI: 10.1103/PhysRevLett.126.042502.


https://doi.org/10.1146/ANNUREV-NUCL-101918-023407
https://doi.org/10.1146/ANNUREV-NUCL-101918-023407
https://arxiv.org/abs/1902.04097
https://doi.org/10.1103/PhysRevC.88.037303
https://doi.org/10.3389/FPHY.2019.00012/TEXT
https://doi.org/10.1088/1361-6633/AA5BC5
https://arxiv.org/abs/1610.06548
https://arxiv.org/abs/1610.06548
https://doi.org/10.1103/PhysRevLett.126.182502
https://doi.org/10.1103/PhysRevLett.126.042502

Bibliography 156

[75]

[78]

[79]

[30]

A. Belley et al. “Ab Initio Uncertainty Quantification of Neutrinoless Double-Beta
Decay in ®Ge”. Physical Review Letters 132.18 (Apr. 2024), p. 182502. ISSN:

10797114. por: 10.1103/PhysRevLett.132.182502. arXiv: 2308. 15634.

M. Agostini et al. “Production, characterization and operation of ®Ge enriched BEGe
detectors in GERDA”. The Furopean Physical Journal C 75.2 (Feb. 2015), pp. 39—

ISSN: 1434-6052. por1: 10.1140/EPJC/S510052-014-3253-0.

M. Agostini et al. “Final Results of GERDA on the Search for Neutrinoless Double-3
Decay”. Physical Review Letters 125.25 (Dec. 2020), p. 252502. 1SSN: 10797114. por:

10.1103/PhysRevLett.125.252502. arXiv: 2009.06079.

LEGEND Collaboration et al. “LEGEND-1000 Preconceptual Design Report”. arXiv

preprint (July 2021). arXiv: 2107 .11462.

A. Dobi et al. “Xenon purity analysis for EXO-200 via mass spectrometry”. Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 675 (May 2012), pp. 40—46. 1SSN: 0168-9002. DOTI:

10.1016/J.NIMA.2012.01.066. arXiv: 1109.1046.

G. Anton et al. “Search for Neutrinoless Double-5 Decay with the Complete EXO-200
Dataset”. Physical Review Letters 123.16 (Oct. 2019), p. 161802. 1SSN: 10797114. poOI:

10.1103/PhysRevLett.123.161802. arXiv: 1906.02723.


https://doi.org/10.1103/PhysRevLett.132.182502
https://arxiv.org/abs/2308.15634
https://doi.org/10.1140/EPJC/S10052-014-3253-0
https://doi.org/10.1103/PhysRevLett.125.252502
https://arxiv.org/abs/2009.06079
https://arxiv.org/abs/2107.11462
https://doi.org/10.1016/J.NIMA.2012.01.066
https://arxiv.org/abs/1109.1046
https://doi.org/10.1103/PhysRevLett.123.161802
https://arxiv.org/abs/1906.02723

Bibliography 157

[81]

[82]

[83]

[84]

J. Aalbers et al. “The XLZD Design Book: towards the next-generation liquid xenon
observatory for dark matter and neutrino physics”. The European Physical Journal
C 85.10 (Oct. 2025), pp. 1192—. 15SN: 1434-6052. DOI: 10.1140/EPJC/S10052-025~

14810-W. arXiv: 2410.17137.

J. Aalbers et al. “Neutrinoless double beta decay sensitivity of the XLZD rare event
observatory”. Journal of Physics G: Nuclear and Particle Physics 52.4 (Apr. 2025),

p. 045102. 18SN: 0954-3899. DOI: 10.1088/1361-6471/ADB900. arXiv: 2410.19016.

H. J. Hilke. “Time projection chambers”. Reports on Progress in Physics 73.11 (Oct.

2010), p. 116201. 1sSN: 0034-4885. DOI: 10.1088/0034-4885/73/11/116201.

Diego Gonzélez-Diaz, Francesc Monrabal, and Sebastien Murphy. “Gaseous and dual-
phase time projection chambers for imaging rare processes”. Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 878 (Jan. 2018), pp. 200-255. 1SSN: 0168-9002. DoI: 10.1016/

J.NIMA.2017.09.024. arXiv: 1710.01018.

J. B. Albert et al. “Measurement of the drift velocity and transverse diffusion of
electrons in liquid xenon with the EXO-200 detector”. Physical Review C 95.2 (Feb.
2017), p. 025502. 1SSN: 24699993. DOI: 10.1103/PhysRevC.95.025502. arXiv: 1609.

04467.


https://doi.org/10.1140/EPJC/S10052-025-14810-W
https://doi.org/10.1140/EPJC/S10052-025-14810-W
https://arxiv.org/abs/2410.17137
https://doi.org/10.1088/1361-6471/ADB900
https://arxiv.org/abs/2410.19016
https://doi.org/10.1088/0034-4885/73/11/116201
https://doi.org/10.1016/J.NIMA.2017.09.024
https://doi.org/10.1016/J.NIMA.2017.09.024
https://arxiv.org/abs/1710.01018
https://doi.org/10.1103/PhysRevC.95.025502
https://arxiv.org/abs/1609.04467
https://arxiv.org/abs/1609.04467

Bibliography 158

[80]

3]

[89]

M. Auger et al. “The EXO-200 detector, part I: detector design and construction”.
Journal of Instrumentation 7.05 (May 2012), P05010. 1sSN: 1748-0221. po1: 10.1088/

1748-0221/7/05/P05010. arXiv: 1202.2192.

N. Ackerman et al. “Observation of Two-Neutrino Double-Beta Decay in 13Xe with
the EXO-200 Detector”. Physical Review Letters 107.21 (Nov. 2011), p. 212501. 1SSN:

00319007. por: 10.1103/PhysRevLett.107.212501. arXiv: 1108.4193.

G. Gallina et al. “Characterization of the Hamamatsu VUV4 MPPCs for nEXO”.
Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 940 (Oct. 2019), pp. 371-379.

1SSN: 0168-9002. por: 10.1016/J.NIMA.2019.05.096. arXiv: 1903.03663.

A. Jamil et al. “VUV-Sensitive Silicon Photomultipliers for Xenon Scintillation
Light Detection in nEXO”. IEEE Transactions on Nuclear Science 65.11 (Nov.
2018), pp. 2823-2833. 1ssN: 00189499. por: 10.1109/TNS . 2018 . 2875668. arXiv:

1806.02220.

G. Gallina et al. “Performance of novel VUV-sensitive Silicon Photo-Multipliers for
nEXO”. The European Physical Journal C 82.12 (Dec. 2022), pp. 1-21. 1SSN: 1434-

6052. por: 10.1140/EPJC/S10052-022-11072-8.


https://doi.org/10.1088/1748-0221/7/05/P05010
https://doi.org/10.1088/1748-0221/7/05/P05010
https://arxiv.org/abs/1202.2192
https://doi.org/10.1103/PhysRevLett.107.212501
https://arxiv.org/abs/1108.4193
https://doi.org/10.1016/J.NIMA.2019.05.096
https://arxiv.org/abs/1903.03663
https://doi.org/10.1109/TNS.2018.2875668
https://arxiv.org/abs/1806.02220
https://doi.org/10.1140/EPJC/S10052-022-11072-8

Bibliography 159

[91]

[93]

[94]

[95]

Z. Li et al. “Simulation of charge readout with segmented tiles in nEXO”. Journal of
Instrumentation 14.09 (Sept. 2019), P09020. 1SsN: 1748-0221. poI: 10.1088/1748~

0221/14/09/P09020. arXiv: 1907.07512.

Samin Majidi. “Designing a Calibration System for the Outer Detector of the nEXO

Experiment”. MSc thesis. McGill University, 2023.

B. Aharmim et al. “Measurement of the cosmic ray and neutrino-induced muon flux
at the Sudbury neutrino observatory”. Physical Review D 80.1 (July 2009), p. 012001.

ISSN: 15502368. DOI: 10.1103/PhysRevD.80.012001. arXiv: 0902.2776.

William Woodley, Anatoli Fedynitch, and Marie Cécile Piro. “Cosmic ray muons in
laboratories deep underground”. Physical Review D 110.6 (Sept. 2024), p. 063006.

ISSN: 24700029. pot1: 10.1103/PhysRevD.110.063006.

nEXO Website — nEXO. URL: https://nexo.11lnl.gov/nexo-overview (visited

on 08/07/2025).

E. W. Hoppe et al. “Reduction of radioactive backgrounds in electroformed copper
for ultra-sensitive radiation detectors”. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment

764 (Nov. 2014), pp. 116-121. 18SN: 0168-9002. pOI: 10.1016/J.NIMA.2014.06.082.


https://doi.org/10.1088/1748-0221/14/09/P09020
https://doi.org/10.1088/1748-0221/14/09/P09020
https://arxiv.org/abs/1907.07512
https://doi.org/10.1103/PhysRevD.80.012001
https://arxiv.org/abs/0902.2776
https://doi.org/10.1103/PhysRevD.110.063006
https://nexo.llnl.gov/nexo-overview
https://doi.org/10.1016/J.NIMA.2014.06.082

Bibliography 160

[97]

[99]

[100]

[101]

102]

T. J. Roosendaal et al. “Ultra-pure Nickel for Structural Components of
Low-Radioactivity Instruments”. arXiv preprint arXiv:2508.08230 (Aug. 2025).

arXiv: 2508.08230.

M. K. Moe. “Detection of neutrinoless double-beta decay”. Physical Review C' 44.3

(1991). 1SSN: 05562813. DOI: 10.1103/PHYSREVC.44 .R931.

M. J. Dolinski. “The Enriched Xenon Observatory: EXO-200 and Ba™' tagging”.
Nuclear Physics B - Proceedings Supplements 229-232 (Aug. 2012), pp. 124-127.

1SSN: 0920-5632. por: 10.1016/J.NUCLPHYSBPS.2012.09.020.

C. Chambers et al. “Imaging individual barium atoms in solid xenon for barium
tagging in nEXO”. Nature 569.7755 (May 2019), pp. 203—207. 1SSN: 14764687. DOT:

10.1038/541586-019-1169-4. arXiv: 1806.10694.

H. Rasiwala et al. “‘Searching for a needle in a haystack;” A Ba-tagging approach
for an upgraded nEXO experiment”. Nuclear Instruments and Methods in Physics
Research, Section B: Beam Interactions with Materials and Atoms 541 (Aug. 2023),

pp- 298-300. 18SN: 0168583X. DOI: 10.1016/J.NIMB.2023.05.047.

K. Twelker et al. “An apparatus to manipulate and identify individual Ba ions from
bulk liquid Xe”. Review of Scientific Instruments 85.9 (Sept. 2014). 1SSN: 0034-6748.

DOI: 10.1063/1.4895646. arXiv: 1407.0618.


https://arxiv.org/abs/2508.08230
https://doi.org/10.1103/PHYSREVC.44.R931
https://doi.org/10.1016/J.NUCLPHYSBPS.2012.09.020
https://doi.org/10.1038/S41586-019-1169-4
https://arxiv.org/abs/1806.10694
https://doi.org/10.1016/J.NIMB.2023.05.047
https://doi.org/10.1063/1.4895646
https://arxiv.org/abs/1407.0618

Bibliography 161

[103]

[104]

[105]

[106]

107]

[108]

N. K. Byrnes et al. “Fluorescence imaging of individual ions and molecules in
pressurized noble gases for barium tagging in *Xe”. Nature Communications 15.1
(Dec. 2024), pp. 1-13. 1SSN: 20411723. DOIL: 10.1038/841467-024-54872-0. arXiv:

2406.15422.

M. Green et al. “Observation of single collisionally cooled trapped ions in a buffer
gas”. Physical Review A 76.2 (Aug. 2007), p. 023404. 1ssN: 10502947. por: 10.1103/

PhysRevA.76.023404. arXiv: physics/0702122.

A. D. McDonald et al. “Demonstration of Single-Barium-Ion Sensitivity for
Neutrinoless Double-Beta Decay Using Single-Molecule Fluorescence Imaging”.
Physical Review Letters 120.13 (Mar. 2018), p. 132504. 1SsN: 10797114. Dor:

10.1103/PhysRevLett.120.132504. arXiv: 1711.04782.

Kendy Hall. “In-situ Laser Tagging of Barium Ions in Liquid Xenon for the EXO

Experiment”. PhD thesis. Colorado State University, 2012.

P. Herrero-Gémez et al. “Ba*t? ion trapping using organic submonolayer for ultra-low
background neutrinoless double beta detector”. Nature Communications 13.1 (Dec.

2022), pp. 7741-. 1sSN: 2041-1723. DOI: 10.1038/541467-022-35153-0.

Fernando Auria-Luna et al. “Supramolecular chemistry in solution and solid—gas
interfaces: synthesis and photophysical properties of monocolor and bicolor

fluorescent sensors for barium tagging in neutrinoless double beta decay”. RSC


https://doi.org/10.1038/S41467-024-54872-0
https://arxiv.org/abs/2406.15422
https://doi.org/10.1103/PhysRevA.76.023404
https://doi.org/10.1103/PhysRevA.76.023404
https://arxiv.org/abs/physics/0702122
https://doi.org/10.1103/PhysRevLett.120.132504
https://arxiv.org/abs/1711.04782
https://doi.org/10.1038/s41467-022-35153-0

Bibliography 162

[109]

110]

111

[112]

[113]

[114]

Applied Interfaces 2.1 (Jan. 2025), pp. 185-199. 1ssN: 2755-3701. DOI:

10.1039/D4LF00227J.

Laura Baudis. “Dual-phase xenon time projection chambers for rare-event searches”.
Philosophical Transactions of the Royal Society A 382.2266 (Feb. 2024). 1SSN:

1364503X. DOI: 10.1098/RSTA.2023.0083. arXiv: 2311.05320.

Hans Karlsson and Ulf Litzén. “Revised Ba I and Ba II Wavelengths and Energy
Levels Derived by Fourier Transform Spectroscopy”. Physica Scripta 60.4 (Oct. 1999),

pp- 321-328. 18sN: 0031-8949. po1: 10.1238/PHYSICA.REGULAR.060A00321/PDF.

J. B. Albert et al. “Measurements of the ion fraction and mobility of a- and S-decay
products in liquid xenon using the EXO-200 detector”. Physical Review C 92.4 (Oct.

2015), p. 045504. 1sSN: 1089490X. DOI: 10.1103/PhysRevC.92.045504.

S. C. Jeng, W. M. Fairbank, and M. Miyajima. “Measurements of the mobility of
alkaline earth ions in liquid xenon”. Journal of Physics D: Applied Physics 42.3 (Dec.

2008), p. 035302. 18sN: 0022-3727. DOI: 10.1088/0022-3727/42/3/035302.

M. Yvaine et al. “Overcoming photobleaching in imaging of single barium atoms in
a solid xenon matrix”. Physical Review Research 6.4 (Nov. 2024), p. 043193. 1SSN:

26431564. pOI: 10.1103/PhysRevResearch.6.043193. arXiv: 2407.00285.

W. Neuhauser et al. “Localized visible Bat mono-ion oscillator”. Physical Review A

22.3 (Sept. 1980), p. 1137. 1sSN: 10502947. DOT: 10.1103/PhysRevA.22.1137.


https://doi.org/10.1039/D4LF00227J
https://doi.org/10.1098/RSTA.2023.0083
https://arxiv.org/abs/2311.05320
https://doi.org/10.1238/PHYSICA.REGULAR.060A00321/PDF
https://doi.org/10.1103/PhysRevC.92.045504
https://doi.org/10.1088/0022-3727/42/3/035302
https://doi.org/10.1103/PhysRevResearch.6.043193
https://arxiv.org/abs/2407.00285
https://doi.org/10.1103/PhysRevA.22.1137

Bibliography 163

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Ryan Scott Killick. “Observation of Singly Charged Barium Ions in a Buffer Gas:
Towards a Functional Barium-Tagging System for Use in the Enriched Xenon
Observatory”. PhD thesis. Ottawa, Ontario: Carleton University, 2015. DOI:

10.22215/ETD/2015-11073.

Yang Lan. “A linear Paul trap for barium tagging of neutrinoless double beta decay

in nEXO”. PhD thesis. The University of British Columbia, 2020.

Ryan Elmansali. “Development of a Displacement Device for Ion Extraction from
Liquid Xenon”. MSc thesis. Ottawa, Ontario: Carleton University, 2024. DOI: 10 .

22215/ETD/2024-15922.

COMSOL Multiphysics® v. 6.3. COMSOL AB, Stockholm, Sweden.

R. Saldanha et al. “Design of a high voltage delivery system for noble liquid time

projection chambers”. arXiv preprint (Feb. 2026). arXiv: 2602.23564.

Raad Shaikh. “R&D on an Ion Extraction Technique for Barium Ion Tagging”. MSc

thesis. Ottawa, Ontario: Carleton University, 2024. bor: 10.22215/ETD/2024-16324.

T. Brunner et al. “An RF-only ion-funnel for extraction from high-pressure gases”.
International Journal of Mass Spectrometry 379 (Mar. 2015), pp. 110-120. 1SSN: 1387-

3806. DOI: 10.1016/J.1JMS.2015.01.003. arXiv: 1412.1144.

T. Brunner et al. “A setup for Ba-ion extraction from high pressure Xe gas for double-

beta decay studies with EXO”. Nuclear Instruments and Methods in Physics Research


https://doi.org/10.22215/ETD/2015-11073
https://doi.org/10.22215/ETD/2024-15922
https://doi.org/10.22215/ETD/2024-15922
https://arxiv.org/abs/2602.23564
https://doi.org/10.22215/ETD/2024-16324
https://doi.org/10.1016/J.IJMS.2015.01.003
https://arxiv.org/abs/1412.1144

Bibliography 164

[123]

[124]

[125]

[126]

[127)

Section B: Beam Interactions with Materials and Atoms 317.PART B (Dec. 2013),
pp. 473-475. 1sSN: 0168-583X. pDOI: 10.1016/J.NIMB.2013.05.086. arXiv: 1302.

6940.

M. Montero Diez et al. “A simple radionuclide-driven single-ion source”. Review of
Scientific Instruments 81.11 (Nov. 2010). 1SSN: 00346748. DOI: 10.1063/1.3499505/

352061. arXiv: 1008.3422.

Daniel Fudenberg. “Improved Discrimination for Neutrinoless Double Beta Decay

Searches with EXO-200 and nEXO”. PhD thesis. Stanford University, 2018.

Kevin Murray. “Design and commissioning of a multi-reflection time-of-flight mass-

spectrometer for Barium tagging with nEXO”. PhD thesis. McGill University, 2023.

G. Bollen. “Ion surfing with radiofrequency carpets”. International Journal of Mass
Spectrometry 299.2-3 (Jan. 2011), pp. 131-138. 1sSN: 13873806. poI: 10.1016/J.

IJMS.2010.09.032.

B. J.P. Jones et al. “The dynamics of ions on phased radio-frequency carpets in high
pressure gases and application for barium tagging in xenon gas time projection
chambers”. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment 1039 (Sept. 2022),

p- 167000. 18sN: 0168-9002. por: 10.1016/J.NIMA.2022.167000.


https://doi.org/10.1016/J.NIMB.2013.05.086
https://arxiv.org/abs/1302.6940
https://arxiv.org/abs/1302.6940
https://doi.org/10.1063/1.3499505/352061
https://doi.org/10.1063/1.3499505/352061
https://arxiv.org/abs/1008.3422
https://doi.org/10.1016/J.IJMS.2010.09.032
https://doi.org/10.1016/J.IJMS.2010.09.032
https://doi.org/10.1016/J.NIMA.2022.167000

Bibliography 165

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

G. C. Ball, G. Hackman, and R. Kriicken. “The TRIUMF-ISAC facility: two decades
of discovery with rare isotope beams”. Physica Scripta 91.9 (July 2016), p. 093002.

ISSN: 1402-4896. DOT: 10.1088/0031-8949/91/9/093002.

National Nuclear Data Center. NuDat 3.0: Information on '3°Cs. 2025. URL: https:

//www.nndc.bnl.gov/nudat/ (visited on 08/07/2025).

Megan Cvitan. “Simulating barium ion motion in liquid xenon for a future barium

tagging upgrade of nEXO”. MSc thesis. McMaster Univeristy, 2024.
Helmut Liebl. Applied charged particle optics. Vol. 2012. Springer, 2008.

P Goutam et al. “Electrostatic cylinder lenses II: Three element einzel lenses”. Journal
of Physics E: Scientific Instruments 5.2 (Feb. 1972), p. 150. 1SSN: 0022-3735. DOI:

10.1088/0022-3735/5/2/019.

Scientific Instrument Services Inc. “SIMION Ion Optics Simulation Software, Version

8.17 (2023).

W. Jones. “Earnshaw’s theorem and the stability of matter”. Furopean Journal of

Physics 1.2 (Apr. 1980), p. 85. 1SSN: 0143-0807. DOI: 10.1088/0143-0807/1/2/004.
G Werth, VN Gheorghe, and FG Major. Charged particle traps II. Springer, 2009.

D. J. Douglas and N. V. Konenkov. “Mass resolution of linear quadrupole ion traps
with round rods”. Rapid Communications in Mass Spectrometry 28.21 (Nov. 2014),

pp. 2252-2258. 18SN: 1097-0231. po1: 10.1002/RCM.7018.


https://doi.org/10.1088/0031-8949/91/9/093002
https://www.nndc.bnl.gov/nudat/
https://www.nndc.bnl.gov/nudat/
https://doi.org/10.1088/0022-3735/5/2/019
https://doi.org/10.1088/0143-0807/1/2/004
https://doi.org/10.1002/RCM.7018

Bibliography 166

[137]

[138]

[139]

[140]

[141]

P. Karvonen et al. “A sextupole ion beam guide to improve the efficiency and beam
quality at IGISOL”. Nuclear Instruments and Methods in Physics Research Section
B: Beam Interactions with Materials and Atoms 266.21 (Nov. 2008), pp. 4794-4807.

1SSN: 0168-583X. DOI: 10.1016/J.NIMB.2008.07.022. arXiv: 0806.1135.

Victor Varentsov. “Review of Gas Dynamic RF-Only Funnel Technique for Low-
Energy and High-Quality lon Beam Extraction into a Vacuum”. Micromachines 2023,
Vol. 14, Page 1771 14.9 (Sept. 2023), p. 1771. 18SN: 2072-666X. DOI: 10 . 3390/

MI14091771.

P H Dawson. “Fringing fields in the quadrupole mass filter”. International Journal of

Mass Spectrometry and lon Physics 6.1-2 (1971), pp. 33-44.

B. A. Mamyrin. “Time-of-flight mass spectrometry (concepts, achievements, and
prospects)”. International Journal of Mass Spectrometry 206.3 (Mar. 2001),

pp- 251-266. 1SSN: 1387-3806. DOI: 10.1016/51387-3806(00)00392-4.

Wolfgang R. Pla}; Timo Dickel, and Christoph Scheidenberger. “Multiple-reflection
time-of-flight mass spectrometry”. International Journal of Mass Spectrometry 349-
350.1 (Sept. 2013), pp. 134-144. 18sN: 1387-3806. DOI: 10.1016/J.1JMS.2013.06.

005.


https://doi.org/10.1016/J.NIMB.2008.07.022
https://arxiv.org/abs/0806.1135
https://doi.org/10.3390/MI14091771
https://doi.org/10.3390/MI14091771
https://doi.org/10.1016/S1387-3806(00)00392-4
https://doi.org/10.1016/J.IJMS.2013.06.005
https://doi.org/10.1016/J.IJMS.2013.06.005

Bibliography 167

[142)

[143)]

[144]

[145]

[146]

Timo Dickel et al. “Dynamical time focus shift in multiple-reflection time-of-flight
mass spectrometers”. International Journal of Mass Spectrometry 412 (Jan. 2017),

pp. 1-7. 1SSN: 1387-3806. DOL: 10.1016/J.IJMS.2016.11.005.

W. S. Porter et al. “Mapping the N = 40 island of inversion: Precision mass
measurements of neutron-rich Fe isotopes”. Physical Review C 105.4 (Apr. 2022),
p. L041301. 1SsN: 24699993. por: 10 . 1103 / PhysRevC . 105 . L041301. arXiv:

2203.10141.

W. Xian et al. “Atomic mass measurements of neutron-rich nuclides on the path to
BNi with a 3-TOF-equipped MRTOF device”. Frontiers in Physics 13 (Nov. 2025),

p. 1644477, 1SSN: 2296424X. DOI: 10.3389/FPHY.2025.1644477 /TEXT.

V.A. Virtanen et al. “High-resolution Multi-Reflection Time-of-Flight Mass
Spectrometer for exotic nuclei at IGISOL”. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
FEquipment 1088  (Aug. 2026), p. 171513. 1ssN:  0168-9002. DO

10.1016/J.NIMA.2026.171513. arXiv: 2508.10048.

I. Mardor et al. “Mass measurements of As, Se, and Br nuclei, and their implication
on the proton-neutron interaction strength toward the N = Z line”. Physical Review C
103.3 (Mar. 2021), p. 034319. 1SSN: 24699993. DOI: 10.1103/PhysRevC.103.034319.

arXiv: 2011.13288.


https://doi.org/10.1016/J.IJMS.2016.11.005
https://doi.org/10.1103/PhysRevC.105.L041301
https://arxiv.org/abs/2203.10141
https://doi.org/10.3389/FPHY.2025.1644477/TEXT
https://doi.org/10.1016/J.NIMA.2026.171513
https://arxiv.org/abs/2508.10048
https://doi.org/10.1103/PhysRevC.103.034319
https://arxiv.org/abs/2011.13288

Bibliography 168

[147]

148

[149]

[150]

[151]

[152]

Pfeiffer Vacuum. Operating Instructions: HiPace 700 Turbomolecular Pump. 2025.
URL: https://www.pfeiffervacuum. com/ca/assets/134623/1/Instruction’

20Manual’%20HiPace’20700%20with%20TC%20400_EN_en.pdf.

P. P. Ong and T. L. Tan. “Aluminosilicate sources of Cs* ions”. Review of Scientific
Instruments 65.12 (Dec. 1994), pp. 3729-3732. 1SSN: 0034-6748. pOI: 10.1063/1 .

1144498.

Tsuneki Ichikawa et al. “Thermal emission of alkaline ions from solid electrolyte:
evidence of nonstoichiometric reaction”. Chemical Physics Letters 313.1-2 (Nov.

1999), pp. 129-133. 15SN: 0009-2614. DOI: 10.1016/S0009-2614(99)00954-9.

Hussain Rasiwala. “Development of a Linear Paul Trap for Ba-tagging in a nEXO

upgrade”. MSc thesis. McGill University, 2021.

Ahmed M. Elsied et al. “Nanosecond laser-metal ablation at different ambient
conditions”. Spectrochimica Acta Part B: Atomic Spectroscopy 143 (May 2018),

pp. 26-31. 1SSN: 0584-8547. DOI: 10.1016/J.5AB.2018.02.012.

Mihai Stafe, Aurelian Marcu, and Niculae N. Puscas. Pulsed Laser Ablation of
Solids. Vol. 53. Springer Series in Surface Sciences. Berlin, Heidelberg: Springer
Berlin Heidelberg, 2014. ISBN: 978-3-642-40977-6. DOL:

10.1007/978-3-642-40978-3.


https://www.pfeiffervacuum.com/ca/assets/134623/1/Instruction%20Manual%20HiPace%20700%20with%20TC%20400_EN_en.pdf
https://www.pfeiffervacuum.com/ca/assets/134623/1/Instruction%20Manual%20HiPace%20700%20with%20TC%20400_EN_en.pdf
https://doi.org/10.1063/1.1144498
https://doi.org/10.1063/1.1144498
https://doi.org/10.1016/S0009-2614(99)00954-9
https://doi.org/10.1016/J.SAB.2018.02.012
https://doi.org/10.1007/978-3-642-40978-3

Bibliography 169

[153]

[154]

[155]

[156]

[157]

[158]

M. Tajima et al. “Offline ion source for laser spectroscopy of RI at the SLOWRI”.
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 486 (Jan. 2021), pp. 48-54. 1SSN: 0168-583X. DOIL: 10 .

1016/J.NIMB.2020.10.013.

Melissa Medina Peregrina. “Development of an in-Xe-gas Laser Ablation Source for

the Ba-tagging technique for nEXO”. MSc thesis. McGill University, 2021.

K. Murray et al. “Characterization of a Spatially resolved multi-element laser ablation
ion source”. International Journal of Mass Spectrometry 472 (Feb. 2022), p. 116763.

ISSN: 1387-3806. por: 10.1016/J.1JMS.2021.116763.

G Baraldi et al. “Dynamics of ions produced by laser ablation of several metals at 193
nm Related Articles Dynamics of ions produced by laser ablation of several metals at

193 nm”. Citation: J. Appl. Phys 109 (2011), p. 43302. DOI: 10.1063/1.3549159.

G. Bélier et al. “High-precision spontaneous fission branching-ratio measurements for
Pu-240,242 and Cf-252 isotopes”. Physical Review C' 98.3 (Sept. 2018), p. 034612.

ISSN: 24699993. DOI: 10.1103/PhysRevC.98.034612.

M. R. Schmorak. “Nuclear data sheets for (even-A) A = 246 through A = 262”.
Nuclear Data Sheets 32.1 (Jan. 1981), pp. 87-209. 1ssN: 0090-3752. DOI: 10.1016/

S0090-3752(81)80048-8.


https://doi.org/10.1016/J.NIMB.2020.10.013
https://doi.org/10.1016/J.NIMB.2020.10.013
https://doi.org/10.1016/J.IJMS.2021.116763
https://doi.org/10.1063/1.3549159
https://doi.org/10.1103/PhysRevC.98.034612
https://doi.org/10.1016/S0090-3752(81)80048-8
https://doi.org/10.1016/S0090-3752(81)80048-8

Bibliography 170

[159]

[160]

[161]

[162]

[163]

[164]

T. R. England and B. F. Rider. Evaluation and Compilation of Fission Product Yields.

Oct. 1994.

J. Adams and B. W. Manley. “The mechanism of channel electron multiplication”.
IEEE Transactions on Nuclear Science NS-13.3 (1966), pp. 88-99. 1SSN: 15581578.

DOI: 10.1109/TNS.1966.4324084.

Baojun Yan and Shulin Liu. “Research on the Application of Secondary Electron
Emission Phenomenon in Electron Multipliers”. In: Theory and Application of
Secondary Electron FEmission. CRC Press, Jan. 2025, pp. 195-230. ISBN:

9781040359778.

M. Krems et al. “Channel electron multiplier and channelplate efficiencies for
detecting positive ions”. Review of Scientific Instruments 76.9 (Sept. 2005), p. 48.

ISSN: 0034-6748. DOI: 10.1063/1.2052052.

Aleksandar Radi¢ et al. “On the application of components manufactured with
stereolithographic 3D printing in high vacuum systems”. Vacuum 232 (Feb. 2025),
p. 113809. 18sN: 0042-207X. DOI: 10 . 1016 / J . VACUUM . 2024 . 113809. arXiv:

2406.08326.

Abraham Savitzky and Marcel J.E. Golay. “Smoothing and Differentiation of Data
by Simplified Least Squares Procedures.” Analytical Chemistry 36.8 (July 1964),

pp- 1627-1639. 1SSN: 15206882. DOI: 10.1021/ac60214a047.


https://doi.org/10.1109/TNS.1966.4324084
https://doi.org/10.1063/1.2052052
https://doi.org/10.1016/J.VACUUM.2024.113809
https://arxiv.org/abs/2406.08326
https://doi.org/10.1021/ac60214a047

Bibliography 171

[165]

[166]

167]

168

[169]

[170]

[171]

R. N. Wolf et al. “ISOLTRAP’s multi-reflection time-of-flight mass
separator /spectrometer”. [International Journal of Mass Spectrometry 349-350.1

(Sept. 2013), pp. 123-133. 1SSN: 13873806. DOI: 10.1016/j.1jms.2013.03.020.

Juan José Goémez-Cadenas et al. “The search for neutrinoless double-beta decay”.
La Rivista del Nuovo Cimento 46.10 (Jan. 2024), pp. 619-692. 1SSN: 1826-9850. DOI:

10.1007/S40766-023-00049-2.

Matthew D Robbins et al. “Computer-controlled, variable-frequency power supply
for driving multipole ion guides”. Review of Scientific Instruments 79.3 (2008). DOL:

10.1063/1.2884148.

K Murray et al. “Design of a multiple-reflection time-of-flight mass spectrometer for

barium-tagging”. Hyperfine Interactions 240.1 (2019), pp. 1-9.

Kevin Murray. “The Design and Optimization of a Multi-Reflection Time-of-Flight
Mass-Spectrometer for Barium Tagging with nEXO and Optimization of the ¥7Xe

veto with EX0-200”. MSc thesis. McGill University (Canada), 2018.

A Maio et al. “Search for Majorana neutrinos with the SNO+ detector at SNOLAB”.
Journal of Physics: Conference Series 587.1 (Feb. 2015), p. 012030. 1SSN: 1742-6596.

DOI: 10.1088/1742-6596/587/1/012030.

Andrey Elagin et al. “Separating double-beta decay events from solar neutrino

interactions in a kiloton-scale liquid scintillator detector by fast timing”. Nuclear


https://doi.org/10.1016/j.ijms.2013.03.020
https://doi.org/10.1007/S40766-023-00049-2
https://doi.org/10.1063/1.2884148
https://doi.org/10.1088/1742-6596/587/1/012030

Bibliography 172

Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 849 (Mar. 2017), pp. 102-111.

1SSN: 0168-9002. por: 10.1016/J.NIMA.2016.12.033. arXiv: 1609.09865.


https://doi.org/10.1016/J.NIMA.2016.12.033
https://arxiv.org/abs/1609.09865

173

Appendix A

Supplementary pictures and graphics
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Figure A.1: LAS target drawings.
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P75

Figure A.2: Voltage switch for fast switching (=~ 50 ns).
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(a) RF funnel transformer enclosure. Due to the

high power required, an air core is used to couple

the primary with the secondary. 2200 pF capacitors
are used in series to set the resonant frequency of (b) A center tap on the secondary allows

the circuit to 5.75 MHz. applying a constant DC bias to the SPIG.

Figure A.3: Pictures of transformer enclosures. Amplified sinusoidal signal supplied to the

transformer primary is used to supply two out-of-phase sinusoidal signals.
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Figure A.4: Electronics box for ICB control.
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Appendix B

LPT operation reference values

List of key parameters used in the ion trapping and bunching operation mode of the LPT.

Ion source 10 V | Precooler |-20V
QMF Segment 1 | OV Cooler 20V
QMF Segment 2 | 0V | Cooler tube | -65 V
QMF Segment 3 | 0V Buncher |-25V

Table B.1: DC biases used for various quadrupole segments involved with ion trapping and

bunching operation.
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Segment | Frequency (kHz) | Amplitude (V,,)

RF funnel 5750 100(1)
SPIG 2300 144(1)
QMF 750 68.0(3)
ICB 1000 156(2)

Table B.2: RF parameters used various segments in the Ba-tagging system.
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Appendix C

RF amplitude measurements system

Summary of the RF response of the system for various values of input RF amplitude while

operating at the respective operating frequencies. The input from the waveform generator

is supplied to RF amplifiers, followed by the transformer produce the two RF phases that

are then supplied to the electrodes. The amplitudes presented here were measured using a

high impedance probe at the electrical feedthroughs leading into the vacuum chamber to the

respective electrodes.

RF in (V)

RF out a (V)

RF out b (V,p)

0

0.05
0.10
0.15
0.20
0.25

0

1729 £0.17
33.14 £0.28
49.96 = 0.50
70.1 £0.5
91.6 £0.8

0
15.35£0.21
28.95 £ 0.38
39.75 £ 0.55
65.4 £0.7
86.9 +0.8

Table C.1: RF amplitude measurements for the RF funnel (RF frequency - 5.75 MHz).
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WEFM setting  Oscilloscope reading (V,,) Std (V) DC offset (V)

0.010 6.70 0.020 +0.038
0.050 32.29 0.036 +0.024
0.075 46.91 0.053 -+0.300
0.100 62.06 0.079 +0.173
0.200 115.62 0.128 +0.740
0.300 163.54 0.197 +1.080

Notes: DC offset present and generally increases with amplitude.

Table C.2: RF output in QMF, measured at QQ2a using an SHV T on the QMF box and
a 10:1 probe (RF frequency - 750 kHz).

WEM setting  Oscilloscope reading (V,,,) Std (V) DC offset (V)

0.01 2.269 0.016 +0.07
0.05 11.389 0.026 +0.15
0.10 22.858 0.053 +0.25
0.20 45.050 0.055 +0.18
0.25 56.446 0.120 -0.30
0.30 66.731 0.120 -0.95
0.40 88.444 0.120 -1.65
0.50 112.290 0.166 -2.35
0.60 131.790 0.164 -3.00

Notes: DC offset appears to scale with amplitude (~ —3V at WFEMO0.60 /
131 V,p); both phases balanced.

Table C.3: RF output in precooler, measured at LQ1la using an SHV T and a 10:1 probe
(RF frequency - 1 MHz).
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WEM setting  Oscilloscope reading (V,,) Std (V) DC offset (V)

0.01 2.233 0.016 +0.055
0.05 11.711 0.026 +0.105
0.10 23.450 0.034 +0.213
0.20 47.017 0.055 +0.356
0.30 69.700 0.095 +0.270
0.40 93.037 0.117 +0.540
0.50 115.840 0.106 +0.650
0.60 138.640 0.170 -+0.980

Notes: DC offset scales with amplitude; phases not equally balanced; LQ2a
is higher than LQ2b by ~3-5V; offset depends on CH601 (DC bias) state. A
conservative uncertainty of 2.5V on the RF potential is reasonable.

Table C.4: RF output in cooler, measured at LQ2a using the selector switch on the LPT
box and a 10:1 probe (RF frequency - 1 MHz).
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