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Abstract

Precision mass measurements are integral in advancing our understanding of nuclear physics
Since mass is a fundamental property of nuclei. TRIUMEF’s Ton Trap for Atomic and Nuclear
science (TITAN) facility houses two high-precision mass spectrometers designed for mass
measurements of radioactive isotopes: a Multiple-Reflection Time-of-Flight Mass Spectrom-
eter (MR-TOF MS) and a Measurement Penning Trap (MPET).

This thesis presents the results from a MR-TOF MS campaign focused on the measure-
ment of doubly magic 1°°Sn where we successfully measured isotopes with mass numbers 104
through 107 to a precision of dm/m ~ 10~7. Additionally, the most precise TITAN trap,
MPET, is undergoing a major upgrade aimed at achieving precisions below dm/m ~ 10710,
As part of this upgrade, a new phase-based measurement technique called Phase-Imaging
Ion-Cyclotron-Resonance (PI-ICR) is being implemented. To support this implementation,
the Phase-Imaging Analysis Tool (PhIAT) was upgraded to assist in system tuning and to

perform mass measurements with PI-ICR.
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Lay Summary

“Don’t trust atoms, they make up everything!”

Atoms form the building blocks of the world around us, from the cells in our body to the
universe we enjoy. Atoms themselves are made up of even smaller blocks, called subatomic
particles, such as protons, neutrons, and electrons, with the number of protons and neutrons
in an element specifying its atomic mass, A. The field of nuclear physics is devoted to
understanding the nucleus, the core of an atom. In order to understand nuclei, we need to
precisely know their fundamental properties, such as their mass and binding energy.

To this end, TRIUMEF’s Ion Trap for Atomic and Nuclear science (TITAN) is dedi-
cated to performing precision mass measurements of radionuclides. This thesis presents the
analysis and results of an experiment performed with TITAN to measure mass numbers
A =104 — 107 of tin, towards A = 100. Additionally, this thesis describes the upgrade and
implementation of an analysis tool completed as part of the commissioning of an additional
mass-measurement technique at TITAN. This body of work was completed with the goal of

increasing the precision of future mass measurements at TRIUMF.
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Chapter 1

Motivation

Atoms — the Lego of the Gods — form the building blocks of our Universe! and are named
after the Greek word for “indivisible” or “uncuttable” (Atomos). At the heart of an atom
is its nucleus, a collection of protons and neutrons. As atoms, and their nuclei, make up the

world around us, it is in our best interest to understand their fundamental properties.

1.1 A Brief Jaunt into the Past: The Early Understandings of the Nucleus

As the history of physics is vast, this story will start at the beginning of the 20" century.
The year was 1904, just seven years after his discovery of the electron, and J. J. Thompson
was again trying to understand the atom. He thought that electrons must be the building
blocks of a larger entity and expected that they are surrounded by a sea of positive charge
[2]; a model that was later dubbed the plum pudding model [2].

Shortly after, Hans Geiger and Ernest Marsden, fired alpha particles through metal
sheets to investigate their paths [3]. They noticed that most of the alpha particles did not
go directly through the foil as they would expect for a “pudding” of positive charge. Instead,
some of the particles scattered in such a way that indicated one core as opposed to sea of
charge, thus refuting the plum pudding model. This led to a landmark paper [4] in 1911
by Ernest Rutherford where he first defined the nucleus: the positively charged center of an
atom. After this remarkable insight, the atomic revolution began. Antonius Johannes van
den Broek proposed the atomic number Z (the net charge of a nucleus) [5]; Henry Mosely
experimentally verified van den Broek’s proposition [6]; and, Niels Bohr devised the atomic
model of an atom [7]: a solar-system-like model with electrons orbiting the central nucleus

in shells.

! As modern physics revealed, atoms themselves are made of subatomic particles, some of which are made
up of even smaller, elementary particles. The further discussion of particle physics is left to other works.



The previous year, Walther Bothe and Herbert Becker noticed that when they fired alpha
particles at a sample of beryllium, they were able to create a penetrating form of radiation
[8]. This phenomena was further investigated by Iréene Joliot-Curie and Frédéric Joliot-Curie
[9], who discovered high-energy protons were created if this penetrating radiation was sent
through a material containing hydrogen, increasing the ionization that they were able to
detect. The next great revelation came in 1932 when James Chadwick determined that
the radiation coming off the beryllium sheet had to be electrically neutral and have the
approximate mass of a proton [9]. Finally, we had a formalism for the nucleus: the sum of
the number of protons and neutrons.

Following the Bohr model of the atom came the liquid drop model of the nucleus [10].
Proposed by George Gamow in 1929, this model described the nucleus as a liquid drop, held
together by the strong nuclear force. The mathematical expression of this model, the Semi-
Empirical Mass Formula (SEMF) [11], combines theoretical explanations and experimental
results to approximate the energy required to bind all particles inside the nucleus together,
called the binding energy:

Z(Z —1) (N — 2)? 1

_ 2/3
B(N,Z) = ayA — agA*® — a¢ A T Ty (1.1)

where B(N, Z) is the binding energy of an atom with Z number of protons and N number
of neutrons, A the atomic number i.e. A = Z + N, ay is the volume constant, ag is the
surface constant, ac is the Coulomb constant, a4 is the asymmetry constant, and ap is
the pairing constant. This model explains the spherical shape and binding energy of most
nuclei; however, it fails to explain, for example, the emergence of shell structure at particular
occupation numbers of neutrons, as seen in Figure 1.1, and protons.

Two more scientists must be introduced to the story, Maria Goeppert Mayer and Hans
Jensen. Independently from one another, they noticed the aforementioned discrepancies of
the SEMF. They explained this phenomenon [13] by describing nucleons as occupying shells
within a nucleus and subsequently earned the Nobel Prize in Physics in 1963 for their work.
When a shell is fully occupied, it contains a magic? number of nucleons: 2, 8, 20, 28, 50,
82, and, in the case of neutrons, 126. This model successfully describes the emergence of
shell structure that the SEMF could not predict (e.g. see Figure 1.1). However, in 1975,
the first major failure of the shell model was published [14], wherein the authors concluded
that the nuclear shell model was inconsistent with their experimental results, leading to

the extinction of the N = 20 shell in sodium nuclides. Furthermore, the shell model has

2Ironically coined “magic” by Eugene Wigner to articulate his skepticism of the formulation.
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Figure 1.1: The difference in binding energy from the SEMF and experimental data as a
function of neutron number. Notice repeating trends of large discrepancies around N =~
26,50, 82,126. Taken from [12].

additional failures towards some dripline nuclei where there is a high asymmetry between
the number of protons and neutrons. Full details on the evolution of shell structure can be
found in [15]. These examples illustrate the need for additional models to describe nuclei.
Since the inception of Bohr’s model of the atom, several theories to describe atoms and
their nuclei have been developed (for a review of nuclear models, please refer to [16]). The
most modern approach to describe nuclei is ab-initio nuclear theory [17], which attempts
to “build nuclei from scratch” that is to say, to start from the beginning. This approach
treats the nucleus as a collective system, as opposed to the individual particle approach of
the Shell Model and, as a result, it is computationally taxing since it needs to account for
all interactions of the many-body system. Current models treat nuclei as: non-interacting
particles; complex, many-body systems; or a combination of the two. When comparing

predictions to experimental data, there is general agreement for measured species though as



we veer towards regions that have not yet been experimentally determined, model predictions
vary greatly. This highlights the need for more experimental data, with precision mass

measurements being an integral component.

1.2 Why does mass matter?

The mass of an atom is defined as
m(N,Z) = Zm, + Nm,, + Zm, — B(N, Z)/c* (1.2)

where N is the number of neutrons, Z is the number of protons, m, and m,, are the masses
of protons and neutrons, respectively, B is the binding energy, and c is the speed of light.

As Table 1.1 presents, there are several applications of mass measurements.

Table 1.1: Fields of application and mass precision (dm/m) required for scientific impact.
Adapted from [12].

Field Required Precision
Chemistry 107° —10°¢

Nuclear structure (e.g. shells, halos, deformation) 1075 — 1078

Nuclear astrophysics (e.g. r-process, rp-process) 1077

Nuclear models 107" —10°8

Weak interaction studies (e.g. CKM unitarity) 1078

Fundamental constants <1071

As mass measurements directly probe the binding energy of nuclei, precision measure-
ments can reveal particular trends in the nuclear structure such as unexpected or disappear-
ing magic numbers. To investigate the shell structure of nuclei, it is helpful to calculate
the two-neutron separation energy, Soy, the energy required to remove two neutrons from
a nucleus. Two-neutron separation is preferred over single-neutron separation as it smooths
out staggering from open and closed orbitals. As seen in Figure 1.2, the two-neutron sepa-
ration energy generally decreases as N increases and steeply drops at magic numbers. This
phenomena of steep drop-offs can be understood by the energy levels above a shell gap where

it requires less energy to remove the first two neutrons [18].
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Figure 1.2: Two-neutron separation energy So,, as a function of neutron number for N = 42—
65. Coloured in dots represent measurements whereas hollow circles indicate extrapolated
values. There is a general trend of decreasing two-neutron separation energy as the number
of neutrons increase. Furthermore, we see a steep drop off at the magic number N = 50,
highlighted in yellow, which is indicative of a fully occupied shell. Additionally, we see
irregular line shapes of Nb, Zr, Y, and Sr in the & N = 59 — 61 region, due to deformation
[16]. Taken from [19].

Furthermore, investigations of Sy can provide signs of the deformation of nuclei. Nuclei
are typically assumed to be spherical; however, deformed ground-state nuclei have different
energy level structure which affects their binding energy [16]. This can be visually seen in
Saon plots, such as in the & N = 59 — 61 region of Figure 1.2.

Precision mass measurements also play a role in the study of nuclear halos [18]; nuclei
which have loosely bound neutrons which create a “halo” surrounding the core of the nucleus.
Proton halos are possible though less common due to the Coulomb barrier [18]. This effect
can be seen in neutron-rich light nuclei approaching the neutron dripline [20] since the
valence neutron (or pair of neutrons) have low separation energies, characteristic of dripline

nuclei and due to the short range of the nuclear force [20]. The result of this halo effect



causes neutrons to be found at distances significantly beyond the typical nuclear radius [21].
Separation energies can be probed with precision mass spectrometry such as at TRIUMFEF’s
Ion Trap for Atomic and Nuclear science (TITAN) facility [22].

Furthermore, mass measurements serve as a crucial link between the experimental obser-
vations and theoretical predictions within the framework of the Standard Model of particle
physics. Among its most stringent tests is the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [23] which describes the mixing of quarks via the weak interaction. The most

constrained test of the unitarity of this matrix is the top row:
Vaal® + [Vis]” + [Viw|* = 1+ Ackw (1.3)

with Acknm = 0 satisfying the condition of a unitary matrix as demanded by the Standard
Model. In this equation, |Voq|?, [Vis|?, and |Vi|? represent the probabilities of a transition
from one flavour of quark to another flavour; for example, V4 is the matrix element cor-
responding to the probability that an up quark transitions to a down quark. Investigating
|Vial is of particular interest, since it has the greatest contribution at about 97%. For pure

Fermi /3 decays, |Viuq| can be expressed as [23]

K
2 _ 1.4
[Vaal 2GLFt(1+ A) (1.4)

where K is a constant, Gy is the vector-coupling constant, F't is the corrected strength of
the transition, and A is a transition-independent correction factor. These particular decays
are known as superallowed [-decays meaning that the nuclear states before and after the
decay have the same parity and spin i.e. 0% — 0%. The determination of F't requires precise
knowledge of the half-life, branching ratio, and end-point energy, @, of the Fermi decay [23].
The @-value is defined as the energy released or absorbed during a nuclear reaction and as
such, requires knowledge of the mass of the parent and daughter nuclei present in the reaction.
High-precision mass spectrometry determines these ()-values by precision measurements of
masses; since F' depends on the ()-value raised to the fifth power, they must be determined
with sub-keV precision [23], which is well within grasp for measurements performed with
Penning trap mass spectrometers. As of a 2020 review [23], 15 of the listed 23 F't values
have been determined to a precision of at least 0.23% due to advancements in experimental
techniques, which resulted in greater achievable precision; however, eight F't values out of this
list remain to be fully characterized [23]. This underscores the need for more @-value, half-

life, and branching ratio determinations to verify previous findings and investigate additional



F't values, since there are at least 23 transitions known or predicted to exist [23].

1.3 Techniques in Mass Spectrometry

J. J. Thompson’s work laid the ground for mass spectrometry by showing that electric and
magnetic fields can alter the trajectory of charged particles. His student, Francis Aston, is
regarded to have created the first mass spectrometer. Using parallel magnetic and electric
fields, he accelerated ions, deflected them, and detected their trajectories using a photo-
graphic plate. His work revealed the presence of isotopes for every element and eventually
led to the development of his whole number rule: the mass of an isotope can be described
by (whole) multiples of the mass of a hydrogen atom [24]. Furthermore, he deduced that
isotopes of the same element are approximately equal in weight. These extraordinary in-
sights and discoveries led to him being awarded the Nobel Prize in Chemistry in 1922 [25].
The innovative idea of using electromagnetic fields to manipulate ions was revolutionary and
continues to be the backbone in contemporary mass spectrometry.

By utilizing electric and magnetic fields, we are able to confine and manipulate charged
particles. Furthermore, by exploiting known trapping parameters, we can determine the
frequency or time of flight, and therefore the mass, of ions with high precision. The masses
of stable and exotic species of nuclides are typically determined using two main techniques:
those based on the time of flight of an ion and those based on the frequency of its motion

when stored or trapped.

1.3.1 Storage-Ring Mass Spectrometry

Storage-ring mass spectrometry is based on the measurement of a particle’s revolution fre-

quency or time in a storage ring [26]. The revolution frequency, f, or revolution time, T, is

Af AT 1 A(m/q)  Av ) 2
F i R ()

where m/q is the mass-to-charge ratio, v is the velocity, ~ is the relativistic Lorentz factor?,

determined via

(1.5)

and 7, is the transition -, which corresponds to the transition point of a storage ring, a
constant that is determined by the optics of the ring [26]. Therefore, the revolution frequency
or time of particles is directly related to their mass-to-charge ratios.

There are two methods that have been developed for storage-ring mass spectrometry,
Schottky (SMS) and Isochronous (IMS) [26]. SMS is based on the frequency analysis of

Sy =1/4/1— gé where c is the speed of light.



Schottky noise. Noise is detected by pick-up electrodes in the beam path, with each stored
ion inducing a signal. This process produces a spectrum of lines at each harmonic of the
revolution frequency and since particles of different masses will bend around the ring with
different radii, they will travel different orbits, and thus make unique peaks within the
spectra. SMS minimizes Av by means of electron cooling so that all particles have the same
mean particle velocity. Alternatively, the condition for isochronicity demanded by IMS is
v = 7; that is, the revolution frequency is independent from velocity. This is accomplished
by adjusting ion optics so that the velocity difference between particles of the same species
is counteracted by adjusting orbital paths [26].

Storage-ring mass spectrometry has several benefits, namely the simultaneous measure-
ment of multiple species in varied charge states, the ability to handle nuclides with short
half-lives, and single-ion sensitivity. A downside of this technique is the large footprint
required; for example, the experimental storage ring at GSI in Germany is ~ 108 m in

circumference [27]! For further reading regarding storage rings, please refer to [26].

1.3.2 Bp Time-of-Flight Mass Spectrometry

The Bp TOF technique for mass spectrometry is based on the motion of a charged particle
through a dipole-based magnetic system, with magnetic rigidity Bp [28] where B and p is
the magnetic field strength and radius of curvature of the path, respectively. The mass of a

non-relativistic ion is then determined via

m  Bp t
q v L

where m is the mass of the ion of interest, ¢ is the charge of the ion of interest, ¢ is the time
of flight of the ion, and L is the path length that the ion traverses. Since m can be expressed

as m = ymy, this equation is rewritten as

Bp=1"0 (5) (1.7)
q t

where v is the relativistic Lorentz factor and my is the rest mass. Since the magnetic rigidity

of a system is difficult to precisely determine, Bp TOF requires the measurement of several

reference ions to calibrate the ratios between the rigidity, mass, and velocity [28]. This

technique can achieve precisions on the order of dm/m ~ 1075 and since measurement

times are short (< 1us), nuclides with short half-lives can be explored with ease [28].

Bp TOF and storage-ring methods are capable of handling half-lives down to ~ us how-



ever, a significant drawback of both techniques is their complexity and physical footprint;
both require large experimental facilities, and BpTOF requires multiple calibrating masses
that are simultaneously measured with radioactive ion beam [28]. Furthermore, both tech-

niques achieve precisions lower than that of other methods as are discussed below.

1.3.3 Mutiple-Reflection Time-of-Flight Mass Spectrometry

Multiple-Reflection Time-of-Flight Mass Spectrometry (MR-TOF MS) technique boasts re-
solving powers of m/Am ~ 10° and precisions of dm/m ~ 1077 [29]. Since the precision of
time-of-flight-based techniques scales with the path length, a longer path is ideal. A practi-
cal way of increasing the path length is by the use of electrostatic ion mirrors to “bounce”
ions several hundred times, creating flight paths of hundreds of meters in a compact, ~ 0.5
meter-long apparatus. Here, electrostatic beam elements are used instead of, for example,
magnetic optics used in Bp TOF and storage-ring methods. This is due to the lower energy
regime (e.g. the TITAN MR-TOF MS typically receives a beam energy of ~ 1.3 keV) where
electrostatic beam elements are better suited. This is in contrast to, for example, the higher
energy regime (~ 300 MeV /u experimental energy) at experimental storage ring at GSI [27]
where magnetic optics are utilized.

One advantage of the MR-TOF MS method, when compared to Bp TOF, is that one
of two calibrants can be calibrated off-line i.e. with a stable ion, instead of several on-line
calibrant ions. Additionally, the solution for the mass of ions in this technique is quite simple
to determine since the solution is in the form of a quadratic [29]. The achievable precision
permits studies of, for example, the shell structure within nuclei and nuclear astrophysical
processes, although is insufficient for studies of the weak interaction [12]. Thus, the need for

a more precise technique is achieved through Penning Trap Mass Spectrometry (PTMS).

1.3.4 Penning Trap Mass Spectrometry

The first Penning trap was developed by Hans Dehmelt in the 1950s; and in 1989, he was
awarded a portion of the Nobel Prize in Physics for his contributions [30]. A Penning trap
uses a strong magnetic field and a weak electrostatic field to trap ions in three dimensions.
By utilizing a magnetic field of strength B, the mass m of ions with a particular charge ¢, can
be precisely determined from the measurement of the cyclotron frequency, v., as understood

from
_ 4B

2mm

(1.8)

Ve
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With PTMS, precision up to dm/m ~ 1071% is attainable for radionuclides and beyond for
the study of stable species [18]. When ions are in the trap, they exhibit three eigenmotions:

reduced cyclotron, magnetron, and axial motion [18], as seen in Figure 1.3. In order to

J\ Axial motion

Projection of the radial motion:
— Trap cyclotron

< Magnetron

Figure 1.3: Schematic depicting the three eigenmotions of an ion in a Penning trap. The
black line represents the sum of all motions, the red line represents the axial motion, and
the xy plane shows the projection of the two radial motions: magnetron (purple dotted) and
reduced cyclotron (cyan). Taken from [18].

amplify or minimize an eigenmotion of a particular frequency, excitations can be applied.
For example, when a dipole excitation is applied at a frequency equal to that of the reduced
cyclotron, magnetron, or axial frequency, the corresponding motion is excited. Alternatively,
if a quadrupolar excitation of a specific frequency is applied, the motion of ions is fully
converted from e.g. reduced cyclotron motion to magnetron motion, and vice versa. For
further detail about excitations and the manipulation of ions, please refer to Chapter 4.

For the study of exotic nuclides, there are two primary techniques for determining cy-
clotron frequency, Time-of-Flight Ion Cyclotron Resonance (TOF-ICR) [31] and a newer
technique, Phase-Imaging Ion Cyclotron Resonance (PI-ICR) [32].

In the TOF-ICR technique, the TOF of an ion is measured from the trap to the detector
through the magnetic field gradient, which is a function of the magnetic field inside the trap,
radial and axial energy of the ion, and electric and magnetic potentials along the path [18]. A
quadrupolar radio frequency excitation is applied, and since this excitation effects the orbital

magnetic moment of ions, the TOF is also altered. Once this process is repeated for various
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frequencies, a plot of the TOF versus excitation frequency, a resonance, is created. From this
resonance, the mass can be deduced. Utilizing the TOF-ICR technique, the TITAN group
was able to measure the mass of MLi" [33] which has a half-life of just 8.8 ms, securing the
world record for a Penning trap measurement of a nuclide with such a short half-life! The
major disadvantage of this technique is that it requires > 50 ions to perform a measurement
[18]. Moreover, the precision of this technique is Fourier limited by the duration of the
excitation and hence, the half-life [12].

In 2012, an alternate technique for mass measurement, PI-ICR, was developed [32]. In
this method, the radial motion of an ion is mapped on a position-sensitive detector, after a
period of excitation-free evolution, t,... The study of how the phase, ¢., evolves gives the

mass of the ions which can be understood from [32]

o ¢c + 27TN(tacc)

27t e

. (1.9)
where v, is the cyclotron frequency and N (t,..) are the number of revolutions completed in
time t,... This technique offers a five-fold gain in precision and a 40-fold gain in resolving
power when compared to TOF-ICR for singly charged ions [32]. The latter portion of
this thesis presents the work towards implementing the PI-ICR technique at TITAN which
promises to increase precision to dm/m ~ 10710,

To conclude, there are several techniques for mass spectrometry, each with their own

unique advantages and shortcomings, as briefly summarized in Table 1.2.
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Table 1.2: Brief summary comparing and contrasting various methods of mass spectrome-
try, with more detail provided in text. Since various nuclear physics investigations require
different mass precisions in order for the work to be of scientific impact (as presented in
Table 1.1), differing techniques are advantageous. Information sourced from [12, 18, 26, 28].

Method ~ édm/m Ty/2 2 | Advantages Disadvantages

Bp TOF 1075 —107% | 1 us Broadband;  single-ion | Multi-mass calibrations;

sensitivity; low back- | large physical footprint

ground
Storage 10°6—10"" | 15 Broadband;  single-ion | Large physical footprint;
rings: sensitivity half-life limited due to
SMS cooling time
Storage 107° 1 s Broadband;  single-ion | Large physical footprint;
rings: IMS sensitivity isochronous  condition
must be uniquely tuned
MR-TOF 1071077 | 1 ms Broadband; single- | Requires one isobaric
MS ion sensitivity; large | calibrant; prone to ad-
dynamic range verse effects from ion-ion
interactions
PTMS: 100" —=107? | 3 ms Robust technique; less | Fourier limited precision;
TOF-ICR prone to systematic er- | requires > 50 ions for
rors; requires only one | precision; prone to ad-
stable calibrant mass verse effects from ion-ion
interactions
PTMS: PI- | 10710 3 ms Only needs two ions for | Requires prior knowl-
ICR measurement edge about ion; prone to

adverse effects from ion-

ion interactions; precise

optical requirements

1.4 This Work

In this work, I present the analysis and results of a MR-TOF MS measurement of 4-107Sp
(Chapter 3). Additionally, I present the principles of Penning trap mass spectrometry (Chap-
ter 4) and discuss the developments towards the implementation of PI-ICR, including an

on-line analysis suite (Chapter 5).
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Chapter 2

TITAN Overview

The experimental work for this thesis was conducted in Vancouver, British Columbia, Canada
with TRIUME’s Ion Trap for Atomic and Nuclear science (TITAN) facility [22]. Since 2007,
the TITAN facility has conducted many high-precision mass measurements of exotic nuclei
probing nuclear structure, nuclear astrophysics, and physics beyond the Standard Model.
This chapter provides an overview of the facility, seen in Figure 2.1, which includes a
Radio Frequency Quadrupole (RFQ) for cooling and bunching beam, a Multiple-Reflection
Time-of-Flight Mass Spectrometer (MR-TOF MS) which is capable of both performing mass
measurements and acting as a beam purifier for the downstream traps, an Electron Beam Ion
Trap (EBIT) for charge breeding singly charged ions (SCI) to highly charged ions (HCI), and
the Measurement Penning Trap (MPET) for precision mass measurements of radionuclides.

Additionally, this chapter provides a brief overview of radionuclide production at TRIUMF.

2.1 Radionuclide Production at TRIUMEF’s Isotope Separator and ACcelerator

Radioactive ion beams at TRIUMF are created with the Isotope Separator and ACcelera-
tor (ISAC) using the Isotope Separation On-Line (ISOL) method [34] in which a primary
beam impinges on a target that is made of a specific material in order to illicit a particular
outcome. The most common target materials at TRIUMF are uranium carbide, silicon car-
bide, and tantalum. The material of the target is chosen depending on the desired reaction
products created, their diffusion rates out of the target, and the power the targets can tol-
erate without degrading. Nuclear reactions in the target, mostly spallation, fragmentation,
and, for uranium carbide targets, fission, create radionuclides that then diffuse out of the
~ 2000°C target, which can be subsequently ionized by one of four ion sources (surface ion

source [35], ion guide laser ion source [36], resonance ionization laser ion source [37], and
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cooled SCI
bunches

hot RIB & ——— Internal ion source

Figure 2.1: Overview of the TITAN facility. The blue and green lines indicate the path of
singly charged ions (SCI) and highly charged ions (HCI), respectively. Beam from ISAC
(red line) or the internal TITAN ion source (indicated in purple) travel to the RFQ. The
helium-gas-filled RFQ cools and bunches beam using segmented electrodes and delivers ion
bunches to the downstream traps. The MR-TOF MS reflects ions hundreds of times between
a pair of electrostatic mirror electrodes to perform mass measurements. The EBIT traps
and creates highly charge ions by means of electron bombardment. Finally, the MPET uses
a strong magnetic field and weak electric field to trap ions and determine masses with high
precision. In the experimental work for this thesis, the RFQ, MR-TOF, and MPET were
used.

forced electron beam induced arc discharge [38]). The ion source is chosen to best match
the species of interest with each source having unique advantages and disadvantages. For
example, the forced electron beam induced arc discharge source ionizes noble gasses, which
cannot be ionized via surface or laser ionization (due to their high ionization energy). Full
details on the TRIUMF ion sources can be found in [35, 36, 37, 38]. The radioactive ion
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beams are then transported to various research stations, such as TITAN.

At TRIUMF, the primary beam is created in the cyclotron by accelerating negatively
charged hydrogen. TRIUMEF’s cyclotron is composed of a radio frequency field and a mag-
netic field. Since the radio frequency field accelerates ions by repeatedly switching polarity
and the magnetic field confines ions in the transverse plane, the ions spiral outwards towards
the outer edge of the cyclotron. Then, the beam collides with a small foil [39] that strips the
beam of its bound electrons, leaving a high-energy proton beam to be deflected and steered

toward the ISAC target to produce a radioactive ion beam.

2.2 Cooling and Bunching Beam with the Radio Frequency Quadrupole

The RFQ [40] cools and bunches incoming beam from ISAC or TITAN’s ion source for
delivery to the rest of TITAN. Since the measurement traps perform poorly with continuous
beam [40], the RFQ is necessary to bunch the incoming beam. Furthermore, cooling is
required to minimize the energy distribution of the incoming beam and match the beam
energy to the acceptance [40] of the rest of the TITAN traps. Cooling is accomplished by
successive collisions with a light and inert gas, helium. With each subsequent collision with
the gas, the kinetic energy of the beam decreases, thus decreasing the temperature of the
beam (as F o T') until it reaches equilibrium with the surrounding gas. To impede beam
dispersion, a radial force is created by applying a radio frequency field to four, one-meter long
circular rods arranged in a quadrupolar configuration. An electrostatic gradient transfers
the ions into the bunching region, where the beam is accumulated and then extracted by

pulsing the electrodes surrounding the bunch. A schematic of this process can be seen in
Figure 2.2. Full details on the TITAN RFQ can be found in [40].

2.3 Multiple-Reflection Time-of-Flight Mass Spectrometer

Commissioned in 2017 [41, 42], the MR-TOF MS is the newest of the TITAN traps. The
design is based off of the MR-TOF MS at GSI [43, 44, 45] and was built in collaboration with
the Justus Liebig University Giessen, Germany. In this technique, the flight time of ions over
a long path length created by a pair of electrostatic mirrors is measured. The MR-TOF MS
at TITAN can be used as a mass-based beam purifier with the purified beam being sent to

the EBIT and/or MPET, or it can be used as a standalone device for mass measurements.
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Figure 2.2: Schematic of the segmented electrode structure of the RFQ (top) and RFQ
operation (bottom). Of the 24-electrode structure of the RFQ, electrodes 22 and 24 have
been highlighted since they are used for applying the pulse to eject ions from the bunching
region. The purple line shows the accumulation process; the black line shows the capture
potential; and, the red dashed line shows the trapping and extraction potentials. Adapted
from [40].

2.3.1 Time-of-Flight Mass Spectrometry

Multiple-reflection time-of-flight mass spectrometry is governed by simple, non-relativistic

kinematics i.e. Eyi, = %va. In words, ions with the same kinetic energy but different masses

will have different speeds and, thus, different times of flight over a given path. Experiencing
a potential U, ions with charge ¢ will accelerate and have kinetic energy of Ey;, = qU. The

time of flight (TOF), tror, of the ions is

m
2Eakin

trorp = L (2.1)

with L being the flight path, m being the mass of an ion, and F\;, = qU being the kinetic

energy of ions. By inspection, tror o< y/m/q. The resolving power R is given by
m  tror

R= N~ A

(2.2)
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where At is the time spread of the ions. From this equation, we can see that by increasing
the TOF while minimizing At, we can increase the resolving power of our system. By
Equation 2.1, we can see that this can be accomplished by increasing the flight path, L. In
an MR-TOF MS, this is done in a compact way by folding the flight path by means of a
pair of ion mirrors separated by a drift tube. The electrostatic mirrors enable ions to reflect
hundreds of times, effectively creating a path length of several hundred meters in a device no
longer than about one meter. In order to temporally separate species and perform precision

measurements, a resolving power of R > 10° is needed.

2.3.2 Apparatus

The TITAN MR-TOF MS is composed of main two sections: a preparation portion and a

mass analyzer, as seen in Figure 2.3. These sections are discussed below.

MagneToF
detector

1l Mass = An;at!yzer
Injection B} Analyzer il
trap
_ Preparation -
trap
Transfer
RFQ
Preparation R
section - \ RFQ
switchyard
- \< Input RFQ,
\q W 4
\e —

Figure 2.3: Schematic of TITAN MR-TOF MS. The preparation section is composed of a
series of RFQs and the analyzer section includes the mass analyzer (where the ions travel
and reflect) and detector.
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Preparation

The preparation section of the MR-TOF MS receives beam from the TITAN RFQ and
optimizes the beam prior to injection into the mass analyzer. The preparation section is
composed of several RFQs that operate similarly to the TITAN RFQ discussed in Chapter 2.
The RFQs of the MR-TOF are:

1. Input RFQ: Receives beam from the TITAN RFQ
2. RFQ switchyard

e Directs beam to the MR-TOF to operate for different operational modes i.e. as a

mass separator or a mass measurement device

e Allows for beam merging with the MR-TOF internal ion source
3. Output RFQ: Sends the beam to EBIT or MPET

4. Transfer RFQ: Transports beam from the switchyard to the mass analyzer

Mass Analyzer

The mass analyzer is where ions “bounce” between a pair of electrostatic mirrors until
reaching sufficient mass-to-charge separation over a long flight path. The mass analyzer,
seen in Figure 2.4, is made of nine primary electrodes: four mirror electrodes on each side
separated by a drift tube. The purpose of the drift tube is to maintain the kinetic energy of
ion bunches after their exit from the RFQ [29] and to provide the flying region to the ions.
Additionally, contained in the middle of the drift tube is the Mass Range Selector (MRS),
an electrostatic deflector. The MRS can be switched between transmission and deflection
modes to preserve ions of interest while deflecting impurities [46]. The inner most electrodes
(E4 and E6 in Figure 2.4) are focusing lenses that minimize beam spread and the outer
most electrodes (E1-3 and E7-9 in Figure 2.4) create the electrostatic mirrors from which,
when a potential is applied, the ions bounce off. From the analyzer, ions can be sent to
the MagneTOF detector for TOF measurement or be sent to EBIT and/or MPET via the
MR-TOF RFQ switchyard.
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kTﬁ%}gcﬁon trap To detector

Figure 2.4: TITAN MR-TOF MS mass analyzer with significant elements labeled. Adapted
from [47].

2.3.3 Mass-Selective Re-Trapping

Mass-selective re-trapping [48] is a unique feature of the TITAN-Giessen MR-TOF design
that enables isobaric cleaning. After being trapped in the injection trap, ions are injected to
the mass analyzer. After completing a number of turns for sufficient mass separation, ions of
interest are dynamically re-captured in the injection trap by switching the (injection) trap
from a retarding potential to a trapping potential [49]. In doing so, only ions of interest
(IOI) are re-captured. Ions are sent back into the analyzer, fly through, and are detected.

A schematic of this operation can be seen in Figure 2.5.
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Figure 2.5: Schematic of re-trapping in the TITAN MR-TOF. Ions are first prepared in the
injection trap and are subsequently injected into the analyzer. After temporal separation,
ions of interest are dynamically re-trapped in the injection trap while contaminant ions
remain in the analyzer to be electrostatically deflected, removing most contaminants from
the system. Then, the ions of interest are re-injected into the analyzer and fly through,
directly to the detector. Taken from [49].

Mass-selective re-trapping suppresses contaminants and permits a dynamic range (the
ratio of the IOI to contaminants) as large as 1 : 10® [48]. In the tin experiment, re-trapping
reduced the maximum ratio of IOI to contamination from about 1 : 10? to (at most) 1 : 30.
Furthermore, the use of re-trapping allows the MR-TOF MS to achieve sensitivities of rates
as low as 0.0007 detected ions per second [50].

2.4 Electron Beam Ion Trap

The EBIT is a charge breeder that removes electrons by successive electron impact [22]. It
is made up by an electron gun, drift tubes (inside a superconducting magnet), and an elec-
tron collector. The superconducting magnet and electron beam are responsible for trapping
ions radially, with axial confinement provided by electrostatic potentials on the drift tubes

[51]. An electron beam removes their electrons and, thus, increases their charge state. The
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resulting highly charged ions can then be transported to MPET for mass measurement to

improve the achievable precision. The EBIT was not used in this thesis work.

2.5 Measurement Penning Trap

The MPET relies on the confinement of ions in the presence of a strong magnetic field and
weak electrostatic field. In the presence of a uniform magnetic field, B , ions of charge ¢ will
experience a force F governed by
F=qixB (2.3)
where ¥ is the velocity. This confines the ions and causes them to orbit in the plane perpen-
dicular to B with angular frequency, w,., given by
_4B

we =~ (2.4)

where m is the mass of the ion. By superimposing an electrostatic field, we can confine ions
in all three spatial dimensions. By measuring the frequency and knowing ¢ and B , the mass
can be determined. The ideal field is defined by a ring electrode and two end cap electrodes

to form a quasi-infinite hyperboloid of revolution, as seen in Figure 2.6. In this configuration,
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Figure 2.6: Hyperbolic Penning trap, highlighting characteristic dimensions of the trap, ry
and zp, the magnetic field B, and the applied potential V. Taken from [52].

an electric potential of the form

Vir,z) = 410?(2)(2z2 —r?) (2.5)

is created, where V; is the trapping voltage, dy = \/22/2 + r3/4 is the characteristic dimen-

sion of the trap, and zy and r( are the axial and radial coordinates, respectively (with respect
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to the z axis). This field provides axial confinement of ions with radial confinement provided
by a strong, 3.7 T magnetic field. While the electric field perturbs the ion motion from
pure cyclotron motion, as will be derived in Chapter 4, one can still directly measure the
trap-cyclotron frequency and, thus, the mass via the techniques introduced in Section 1.3.4.

MPET measurements based on TOF-ICR have reached a precision as low as 5x 1079 [53].
Furthermore, the MPET can achieve the highest resolving power and dm/m of the TITAN
traps and boasts the world record for fastest measurement [33]. By combining PTMS with
HCI produced in the EBIT, the dm/m can be further enhanced [22] (charge breeding can
also be used for beam purification and secondary production [54]). This can be understood
from [51]

om m

Cx —_—_—
m  qBTrpvVN
where m, ¢, and N are the mass, charge, and number of ions respectively, Trr is the excitation
time, and B is the magnetic field strength. The combination of RIB, HCI, and PTMS is

uniquely leveraged at TITAN. Recent upgrades include making the trap cryogenic to improve

(2.6)

storage of HCI and implementing the phase-based technique to boost precision. As part of
this implementation, an analysis tool was created that was upgraded for the TITAN system

and tested. A full discussion of this tool is provided in Chapter 5.
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Chapter 3

MR-TOF Mass Measurements of Tin Approaching

100

Doubly Magic :;’Snsg

3.1 Experimental Procedure

The tin isotopes for this work [1] were created by impinging a proton beam current of
55 pA on a thick tantalum target. Fragmentation and spallation reactions in the target
created radionuclides which then diffused out of the target. The tin isotopes were then
ionized by TRILIS [55] in a three-step resonant laser scheme. This process excites a valence
electron, causing the tin to become ionized. The beam was then sent through a dipole
magnet separator, with a resolving power of approximately 2500 [56], eliminating any non-
isobaric species. The RIB was then transported to TITAN’s helium-gas-filled RFQ ion trap
[40] to be cooled and bunched with bunches sent to the MR-TOF MS. In the MR-TOF MS
analyzer, a dynamic time focus shift (TFS) was done to align the bunch’s time focus with
the downstream detector to maximize the temporal resolution. Each subsequent turn after
the first TEFS turn is an isochronous turn (IT). For this experiment, the ions underwent
between 385 and 398 ITs in order to best separate the tin ions from isobaric contaminants.
Thereafter, the ions were ejected from the analyzer by opening the ion mirror closest to the
detector where an ETP MagneTOF™ measured the time of flight (TOF) of the ions.

To reduce contamination, ions were mass-selectively re-trapped (see Figure 2.5) [48].
Once ions were temporally separated in the analyzer, the ions of interest were re-trapped in
the injection trap while the contaminants were deflected. The ions from the injection trap
were re-cooled and re-injected into the analyzer, completed another TEFS and more ITs, and
were ejected toward the detector. Along with the ion of interest (IOI), tin, the delivered beam
contained contaminants. The primary contaminants were identified as atomic In™, Pd*, and

Agt as well as molecular Zr'°O", Sr'F*, and Y'®O*t. All species were identified based
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on isotopic patterns based on their presence across the spectra collected, with unambiguous
identification of tin done with measurements with TRILIS lasers on and off. When the lasers
are off, ionization of tin is prevented resulting in significantly lower yields or no tin present,
which can be seen in Panel B of Figure 3.1. Alternatively, when lasers are on, tin is able to

be ionized and as a result, is visible in the spectra, as seen in Panel A of Figure 3.1.

(A) Sn lasers on, re-trapping on
IMp+  Meas t time: 17 mi
102 i BBYO‘_ In gasurement nme mins
8581F *
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|
o (B) Sn lasers off, re-trapping on
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Figure 3.1: Spectra showing the effects of tin-ionizing laser beams (unblocked: Panel A;
blocked: Panel B) at A/Q) = 104, where ) = g/e = charge state. Comparing spectra
identifies the tin.

In the experiment, we successfully measured '°4~17Sn, enabling investigations of shell
structure in the neighbourhood approaching doubly magic °°Sn. Moreover, due to the
broadband capability of this technique, we also measured #Zr and %*°'Y, marking the first

direct mass measurements of these nuclides.



25

3.2 Data Analysis

The data analysis follows the procedure described in [46] and is performed in two stages.
First, TOF Control software [57] is used to convert the TOF spectrum collected to a mass-
to-charge spectrum via
m_ e (t—t)” (3.1)
q (1+ Nip-b)
where m and ¢ are the mass and charge of the ion, respectively, t is the TOF of the ion, t is
the delay between the starting signal and the true start of ions (due to electronic processing
and signal speed in cables), ¢ and b being calibration parameters, and N;r being the number
of ITs. Device-specific parameters ¢ and ¢y were determined prior to the experiment with well-
known '33Cs™ from the MR-TOF MS thermal ion source. For the determination of b, a time-
resolved calibration (TRC) [46] is done using a high-statistics reference peak which corrects
drifts in the time-of-flight spectra caused by, for example, diurnal temperature cycles in the
experimental hall. TRCs further improve the achievable resolving power and, therefore, the
separation of the IOI from the contamination inherent to RIB production. A TRC splits a
given spectrum into calibration blocks and determines the calibration parameter, b, for each
block, by fitting a high-statistics reference peak to a Gaussian distribution. The effects on
a spectra before and after a TRC is performed can be seen in Figure 3.2. For this analysis,
the TRC calibrants were Y'50T for A/Q = 104,105 and Zr**O* for A/Q = 106, 107, where
@ = q/e = charge state. TRC calibrants were chosen based on each spectra: for example, in
the mass spectra for A/Q = 106,107, ZrO™ was better resolved or had more statistics when
compared to YO and therefore, was a better choice to be the TRC calibrant. Additionally,
since Y+ and ?'Y* became ions of interest after the experiment, they were not selected as
TRC calibrants for A/Q = 106, 107 as this would have skewed the results.
The next step of the analysis is the fitting procedure. The fitting procedure is done
using hyper-Exponentially Modified Gaussian (hyper-EMG) probability density functions,
packaged together in a compact analysis program [46]. Hyper-EMGs are Gaussian functions

with varying exponential tails on either side, given as [46]:

hEMG(x; w, o, @7 N T N+ 7—+) = @thMG(x; Hm,0,1—, T,) + (1 - @)thEMG(m; Hy Oy T4, 7-+)
(3.2)

where higyme are defined as

Ny

2
UES g r— W g r— [
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Figure 3.2: Example of a spectra before and after a TRC. The top panels represent the total
counts. As we can see on the right hand side (Panel B), when a TRC is performed, the jitter
and drifts present on the left (Panel A) is smoothed out and as a result, the peaks become
sharper, as shown re-summed on the top panel. Taken from [58].

with © as the mixing weight for determining the contribution of the left and right tails,
N, being the negative and positive tail order (left is negative, right is positive), p = p,
(the parameter that determines the specific mass-to-charge values) and ¢ = o, being the
mean and standard deviation of the Gaussian distribution, respectively, 7. being the decay
constants of the exponential tails, and 74 being the tail weights [59].

All parameters are found by fitting hyper-EMGs to an isolated peak with high statistics,
known as the shape calibrant. Fits of the shape calibrant are done by minimizing Pearson’s

chi-squared statistic, defined as

2 _ (f(fz) - yi)2
Xp = ZZ: Tt (3.4)

where z; is the center of the i-th bin, y; are the counts contained in the i-th bin, and e = 10~%°
is included for “numerical robustness” [59] as f(z;) nears zero. Then, all peaks in the spectra

are fit with the Poisson maximum likelihood estimator (MLE) method, defined as

L= 2; {f(mi) ~ i+ yiln (fé))] . (3.5)
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The last step of the analysis procedure is to determine the mass values via

HaG, 101
HG, cal

mior = (Meal — Qearme) + Qrorme (3.6)
where myor is the mass of the I0I, ug, 1or and pg, cal are the peak centers of the IOI and
calibrant, respectively, m., is the mass of the calibrant taken from the latest AME (here,
AME 2020 [60] was used), Qo1 and Q.. are the charge states of the I0I and calibrant,
respectively, and m, is the mass of an electron. The mass calibrant was chosen by selecting
a high-statistics, well-known peak that is well separated from other peaks in each spectra.
The mass calibrants used for this analysis are specified in Table 3.1 in the column labeled
Mass Calibrant.

3.3 Fit Results

Using the analysis procedure described above, analysis was completed for A/Q) = 104 — 107

and are presented below.
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Figure 3.3: EMG fit results of A/Q = 104. The dominating contaminants are isobaric '**In™
and molecular ®¥Y'%O*. This spectra and the subsequent fit was created by merging two data
files with identical settings (a routine procedure) to simplify the analysis. The calibrants
chosen for analysis are: 88Zr'0O" (TRC and mass calibrant) and '°In* (shape calibrant).
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Figure 3.4: EMG fit results of A/@Q = 105. The dominating contaminants are isobaric ®In*
and molecular 3¥YO*. This spectra and the subsequent fit was created by merging two data
files with identical settings (a routine procedure) to simplify the analysis. The calibrants
chosen for analysis are: Zr'0" (TRC and mass calibrant) and '%In* (shape calibrant).
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Figure 3.5: EMG fit results of A/Q = 106. The calibrants chosen for analysis are: Zr'0O+
(TRC and mass calibrant) and '“In™ (shape calibrant).
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Figure 3.6: EMG fit results of A/Q = 107. The calibrants chosen for analysis are: ?1Zr!60*
(TRC and mass calibrant) and '%In* (shape calibrant).

3.4 Uncertainty Contributions

The main sources of uncertainty in measurements [46] come from statistical uncertainty,
peak-shape uncertainty, calibrant uncertainty, and non-ideal ejection uncertainty. The total

error is the sum of these sources in quadrature i.e.

Ototal = 4/ Us2tat + O-szys (37)

where 05 and ogys are the uncertainties from statistics and systematics, respectively, where

Ostat = \/U]%)MG + 0-1238 + U(?,al (38)

Osys = UI%IIE (3.9)

where EMG, PS, cal, and NIE subscripts are the error contributions from hyper-EMG,
peak shape, calibrant, and non-ideal ejection, respectively. Each uncertainty contribution is

discussed below.
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3.4.1 Statistical Uncertainties
Exponentially Modified Gaussian

The statistical uncertainty from a weighted maximum likelihood estimator (wWMLE) is given

by [46]
FWHM

opMa = Astat —m——
o V Ncounts
where a value of Ay, = 0.5340.02 is typical [46], FWHM is the full width at half maximum,

and N are the number of counts. To determine A, samples of a well-isolated reference

(3.10)

peak are selected from the data, and synthetic spectra are created and fit using wMLE. The
standard deviation of the area and peak centroids are determined and used to quantify Agat.

Full details on this procedure can be found in [46].

Peak Shape

The uncertainty of the peak shape, opg, is found by changing each fitting parameter (u, 0, ©, vy, 74)
of the model by its uncertainty and refitting all peaks in a given spectra [46]. The change
in the mass-to-charge ratio is determined and taken as the uncertainty of the peak-shape
parameter. Then, these peak-shape uncertainties are added together in quadrature to deter-

mine the final peak shape uncertainty value.

Calibrant

The uncertainty of the calibrant, .., includes the statistical uncertainty of the peak (de-

scribed above) and the uncertainty of the evaluated mass value [60] of the calibrant.

3.4.2 Systematic Uncertainties

Systematic uncertainties are dominated by Non-Ideal Ejection (NIE). Full details on the
sources of systematic error contributions can be found in [46]. NIE was quantified by com-
pleting a scan of the opening time of the second mirror (closest to the detector) and measuring
the TOF of 133Cs™ after one turn in the analyzer against different opening times. As this
process is not instantaneous and some ringing occurs within the second mirror, the electric
potential the ions experience as they fly towards the detector can be altered thus affecting
the TOF. A histogram of the TOF data was generated and fit with a Gaussian distribu-
tion, with the FWHM of the distribution corresponding to time via 6t = FWHM. Then, the
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systematic uncertainty of the mirror opening time was determined from

(o) = —_— = _—=
NIE m n n

FWHM
om _ 50t EWHM (3.11)

As determined from the second mirror opening time scan, FWHM= 5.7847 x 10~* s and

t = 0.01 s. From this, the total systematic error was determined as an upper limit [61] to be

Oeys = 3.0 x 1077, (3.12)

3.5 Results

The results of the experiment and data analysis are presented in Table 3.1 and are compared
to the latest Atomic Mass Evaluation (AME 2020) [60]. Additionally, deviations between

literature and the results of this analysis are shown in Figure 3.7.

Table 3.1: Summary of the mass excess values determined in this work and comparison to
AME 2020 [60]. Number of detected events, calibrant species, and ionic mass ratios are
presented. All ions were singly charged.

Nuclide Number of Events Ionic Mass Ratio Mass Calibrant MEriran (keV) MEave (keV) Difference (keV)

87y 448 1.00002898 80Yy160) -84883(35) -84878(3) -5.2(35)
90gy* 370 1.000023135 907,160 -86498(40) -86497(0.4) -0.6(40)
90my 266 1.000030123 907,160 -85805(41) -85815(0.4) 10(41)
olgy 36797 1.000015435 907,910 -86351(33) 86351(2) 0.7(33)
oLy 9328 1.000021048 907,160 -85797(35) -85796(2) 1(35)

10igy 101 1.00018007 s8Y160) -71601(50) 71627(6) 26(50)
105G 626 1.000195519 80Y160) -73349(34) 73338(4) 11(34)
106G 776 1.000164119 907,160 -77327(37) 77354(5) 26(37)
107Gy 350 1.000141815 917,160 -78511(34) 78512(5) 1(34)

*For AY and 4Zr, since they were measured as oxides, the ratio is the ionic mass of the molecule of interest

divided by the ionic mass of the molecular calibrant (e.g. msogz 160+ / Msoyiso+).

1048n: The mass excess of 1°4Sn published in AME 2020 is a weighted average from that
of a Penning-trap measurement performed at JYFLTRAP [62] and indirect Q-value decay
measurements [64, 65] for total value of —71627(6) keV. The result of this analysis gives a
mass excess of —71601(50) keV, a 26 keV difference from that reported in the AME.

1958n: The mass excess of 1°Sn published in AME 2020 is presented as a weighted
average between two Penning-trap mass measurements performed at JYFLTRAP [62] and
SHIPTRAP [63] with an averaged value of —73338(3) keV. The result of this analysis gives a
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Figure 3.7: Deviation of tin isotopes from AME 2020 [60]. This work is presented in orange
and AME 2020 values are represented in purple, with bands representing errors. The data
for this experiment was collected in a mere four hours and shows excellent agreement with
the literature results. The error bars obtained in this work (< 50 keV) are sufficient to make
conclusions about the structure of nuclei, in a fraction of the time when compared to the
literature values which were obtained via PTMS [62, 63].

mass excess of —73349(34) keV, a difference of 11 keV from the weighted average of Penning-

trap measurements.

106Sn: The mass excess of 1°°Sn published in AME 2020 is presented as a weighted average
of two Penning-trap measurements performed at JYFLTRAP [62] and SHIPTRAP [63] with
a value of —77354(5) keV. The result of this analysis gives a mass excess of —77327(37) keV,

a difference of 26 keV from the weighted Penning-trap measurements.

197Sn: The mass excess of °”Sn published in AME 2020 is that of a Penning-trap mea-
surement performed at JYFLTRAP with a value of —78512(5) keV [62]. The mass excess
determined by this work is —78511(34) keV, a 1 keV difference from the Penning-trap de-

termination, showing excellent agreement.



33

3.6 Discussion

3.6.1 Two-Neutron Separation Energy

From the mass values determined, the two-neutron separation energy (the energy required

to remove two neutrons from the nucleus) Sy, was calculated for 1%4197Sn from:
Son(N, Z) = m(Z, N —2) — m(Z, N) + 2m, (3.13)

where m,, is the mass of a neutron. The uncertainty of the TITAN Sy, values are calculated

as

5S5n(N, Z) = 055 m, = \/agm +o2 402 (3.14)

ma—2

where ¢,,, = 4.73 x 107! keV [60]. For example, the error of the two-neutron separation

energy of 197Sn is

_ 2 2 2
OS2N, migr = \/Umm + o2, o . (3.15)

In Figure 3.8, we update the Sy, found in AME 2020 by averaging them with this work.

Exploring two-neutron separation energy gives insight into the structure of nuclei. Refer-
ring back to Figure 1.2, Sy, usually monotonically decreases with increasing N. The slope is
nearly linear with kinks at so-called magic numbers (e.g. N = 50 in Figure 1.2). Deviations
from this near universal behaviour can indicate deformation, new shells (i.e. an unexpected
kink in Ss,), unbound nuclei, or other, more complicated behaviour. In Figure 3.8, we see
the general linearly decreasing S5, with increasing /V, indicative of mid-shell behaviour. Fur-
thermore, no deviation from linearity (e.g. a sign of deformation) was observed in this work.
The TITAN results align well with the evaluated data from AME 2020 [60], reinforcing the
evidence for the existence of the N = 50 shell closure as dictated by the nuclear shell model
[66].

The uncertainties achieved in this TITAN MR-TOF MS experiment, in a mere four
hours of measurement time, were sufficient to probe nuclear shells and the evolution of
nuclear structure towards the neutron dripline. Unfortunately, due to a site-wide power
failure, the experiment was halted before more nuclides towards N = Z = 50 could be
measured; however, due to the highly sensitive nature of the TITAN MR-TOF MS, further
measurements towards the dripline are within reach. The lowest rates detected in this
experiment were 0.02 particles per second (pps) (for **Sn) however, rates as low as 0.0007 pps
have been detected and measured [50] at TITAN. Therefore, the low rates of tin as we
approach the dripline are well within the sensitivity-range of the TITAN MR-TOF MS.
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Figure 3.8: Two-neutron separation energy Sy, in the region of N = 48 — 58. The TITAN
values have been combined with literature results using a variance-weighted mean and are
depicted in purple. Red circles indicate extrapolated values by the authors of AME 2020, as
opposed to solid orange circles which represent empirically derived values. Due to the MeV
scale of Sy,, the 0S5y, are too small to see. Sy, usually decreases linearly following a steep
drop (N = 50 in this figure), with the rapid decrease indicating a shell closure. Furthermore,
any places with deviation from linearity indicate more complicated structure of nuclei e.g.
deformation. The TITAN values support typical linear-like, mid-shell behaviour, supporting
the neutron-shell closure at N = 50.

3.6.2 First Measurements of %*Zr and ?°°'Y

Due to the broadband nature of the MR-TOF MS technique, we were able to perform
the first direct mass measurements of ®Zr and °%°'Y, with all three results in agreement
with AME 2020. The simultaneous measurement of the tins with ¥Zr and 'Y may be
surprising; however, the Zr and Y formed oxide molecules and, ergo, were isobars of the
tins. This work showcases how the innate contamination involved in RIB production may
lead to additional measurements outside the initial scope of interest. The first direct mass

measurements of these nuclides serve as critical anchoring points for long chains of indirect
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and/or extrapolated mass surfaces. Direct mass measurements are preferred over indirect
methods, such as S-endpoint energy measurements, since they are both accurate and precise,
whereas indirect methods are prone to the propagation of errors.

For example, P°Br is five 8~ decays away from stability. Measurements of endpoint ener-
gies (Qs-) from “Br to *°Y were performed [67], with the Qs_-value of Y being determined
through (n,y) and (d,p) measurements of stable #Y (see [60] and references therein). So,
as of 1981, the measured mass of *°Br depended on the mass determination of four other
short-lived species. Finally, in 2006 and 2007, the mass of *°Br and its daughter were directly
measured [68, 69] and the determined @)s_-value deviated from the 1981 value by 1.2 MeV
(or 2.90)! The discrepancy in the S-endpoint energy measured for “*Br underscores the
need for accuracy and precision, typically best achieved by direct techniques. Therefore,
the direct measurements of ¥Zr and 'Y presented in this work provide essential reference

points to anchor similar chains of indirect measurements.

In conclusion, the TITAN measurements performed are in excellent agreement with the
values reported in the literature, with differences of less than 1o in the tin cases. The
precision achieved in this campaign enabled the exploration of nuclear shells, with the tin
Sy, inquiry showing indicative, mid-shell behaviour, in agreement with literature and what
is expected from the nuclear shell model. Furthermore, the first direct measurements of 8°Zr
and 29YY serve as critical reference points for sequences of indirect measurements. These
results underscore the importance of direct measurements and highlight the multifaceted
capability of the MR-TOF MS method for exploring regions of both stability and towards

the nuclear driplines.
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Chapter 4

Measurement Penning Trap

4.1 Overview

Penning traps confine ions in three dimensions by means of a strong magnetic field and a
weak electrostatic field. The electric field traps ions in the axial direction (here parallel to
the B field) whereas the magnetic field traps ions in the radial direction. Determining the
mass m of an ion of charge ¢ inside a Penning trap requires the precise measurement of the

cyclotron frequency,
_ 4B

== . (4.1)

Ve

The following sections detail ion confinement, motion, and manipulation in a Penning

trap and the mass measurement techniques.

4.2 Ton Confinement

Recall from Chapter 2.5, axial confinement of ions is realized by applying an electric field of
the form

Vi(r, z) = 41;%(%2 —7r?) (4.2)

on the hyperbolic electrodes, where Vj is the trapping voltage and dy = \/m is
the characteristic dimension of the trap with z5 and ry are the axial and radial coordinates
with respect to the z-axis (can be seen in Figure 2.6). This potential is realized by two
end cap electrodes, a ring electrode, and two sets of correction electrodes (called guards and
tubes). Radial confinement for MPET is accomplished by a strong magnetic field provided

by a 3.7 T superconducting solenoid magnet.



37

4.3 Ion Eigenmotions

Due to the magnetic and electric fields, ions move with three characteristic motions when in
a Penning trap: axial motion (v,), reduced cyclotron motion (v, ), and magnetron motion
(v_). For a full derivation of ion motion in a Penning trap, please refer to [70]. The

eigenfrequencies are

v, v 2
vy =g + Zc - ?Z reduced cyclotron motion (4.3)
2 2
v = % — 1/ %C - %’Z magnetron motion (4.4)
1 U
Vs = oo % axial motion, (4.5)

and the hierarchy of these motions is
Ve>Vyp >0, > U, (4.6)

where

vP=vi+v2 02 (4.7)

[

Since v, > v_ and vy > v_, the following approximation can be used [70]:
Ve=Vy +1_. (4.8)

At TITAN, these frequencies are on the order of v, =~ 1.458 MHz, v, ~ 1.452 MHz,
v, ~ 133500 Hz, and v_ ~ 6100 Hz (for 3°KT).

4.4 Ton Manipulation

Central to PTMS is the manipulation of the eigenmotions of an ion. In doing so, we can
change how energy is distributed between the different eigenmotions. Taking w = 27v, the

energy of each motion is [70]

E. = %riwz (4.9)
m
E, = Eri (w3 —wiw_) (4.10)
E_= %7’3 (w? —wiw_) (4.11)
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with r_ and r, corresponding to the radii of the respective eigenmotions and r, is the
axial trajectory (z direction). When the radius of the orbit is altered, so is the energy of
its motion. At TITAN, this is done by applying radio frequency (RF) fields [31] to the

segmented ring electrode, seen in Panel A of Figure 4.1. This process is called excitation,

Dipole (c) Quadrupole

. e YaY
@ \J U7

Figure 4.1: Panel A: Disassembled segmented ring electrode. Panel B: Electrode configura-
tion for dipole excitation. Panel C: Electrode configuration for quadrupole excitation.

and two types of radial excitations are typically used at TITAN: dipole and quadrupole. In
a dipole excitation, each half of the ring is 7w out of phase from one another, seen in Panel B
of Figure 4.1. For a quadrupolar excitation, the RF phase applied to each electrode is offset
7 nearest neighbours, seen in Panel C of Figure 4.1. The applied RF is of the form [31]

URF<t) = URF,O COS(wRFt -+ gbRF) (412)

with Ugrpo being the amplitude of the RF, wgrp being the frequency of the RF, and ¢grp
being the phase of the RF. For the techniques used in RIB PTMS, the focus is on the radial
eigenmotions.

4.4.1 Dipole Excitations

With a dipole excitation, a dipole field of the form [31]

U
UL cos(wrrt + Qrr) (4.13)
U RF,0 To
is created, with ¢ being the distance from the trap center to the ring electrode, as highlighted
in Panel B in Figure 4.1. When the frequency of the RF applied vgp is that of v_ or v, its

corresponding eigenmotion is excited. This is useful to prepare ions to a particular orbit by
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exciting a specific frequency. For example, this is valuable in phase imaging, where an ion

needs to be excited to an initial radius for the measurement procedure to commence.

4.4.2 Quadrupole Excitations

With quadrupole excitation, a field of the form [31]

U 2x
URF = —2y COS(WRFt + qup) (414)
RF,0 L)

is created. This excitation (when wgrr = w_ 4+ w; = w¢) couples the radial eigenmotions
and in doing so, causes a beating between reduced cyclotron and magnetron. The conversion
from magnetron to reduced cyclotron motion increases the radial kinetic energy of ions (de-
scribed further in Section 4.5) and, thus, decreases their TOF to the detector. Quadrupolar

excitations are essential to measurements with PTMS that are discussed below.

4.5 Time-of-Flight Ion-Cyclotron-Resonance Technique for Mass Measurements

The Time-of-Flight Ion-Cyclotron-Resonance (TOF-ICR) technique [31] is a method of mass
spectrometry which relies on measuring an ion’s time of flight from the trap to the detector.
As the ions travel away from the trapping region, the gradient of the magnetic field induces

a force

—

F=V(i-B) (4.15)
where p is the magnetic dipole moment of the ion, defined as

Er, kin A
— 2z

i (4.16)

i=—
where FE i, is the ion’s radial kinetic energy. Resonant ions (i.e. ions excited at their
cyclotron frequency) will experience a greater (axial) force, since the kinetic energy is pro-
portional to the excitation frequency, and therefore, will have the shortest TOF.

TOF-ICR begins with ions having a well-defined radius p_ # 0 and p; = p, = 0 in
the trap. At TITAN this is can be accomplished with so-called Lorentz steerers [71]: These
electrostatic elements in the beamline use E x B drift to drive ions to a defined radius, p_,
or via a dipole excitation to excite ions to a specifc radius. Then, a quadrupole excitation
is applied at vrp at frequencies near and at v, for a time trr. Recall that when a range
of frequencies around v, are used during excitation, one can partially convert ion motion

between the two radial eigenfrequencies. When the applied frequency is equal to the cyclotron
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frequency i.e. vgrr = V., motion is fully converted between magnetron motion and reduced
cyclotron motion. After the quadrupole pulse is applied, ions are ejected and sent towards

an MCP which measures the flight time of ions. The time of flight of ions is given by [31]

ror = | V 2B — a0 () + (B BE (4.17)

where 0 is the position of the trap center, z; is the position of the detector, Ej is the initial

kinetic energy of the ion, ¢ is the charge of the ion, U(z) is the electric potential the ion
passes through, p is the magnetic dipole moment of the ion, and B(z) is the magnetic field
strength. This is a minimum when there is a full conversion between motions as kinetic
energy is increased through conversion, resulting in the global minimum of a time of flight
when vrr = 1., as seen in Figure 4.2. An analytic fit of Equation 4.17 to the data determines

v, at the minimum.

96

Data
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88 1

Time of Flight [us]
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Frequency [Hz] % 1e6

Figure 4.2: Example of TOF resonance of KT with an excitation time of 14 ms (shown in
orange). The frequency corresponding to the global time-of-flight minimum is the cyclotron

frequency which is used to determine the mass. The purple curve is a fit using Equation 4.17
[31].

To account for magnetic field fluctuation and since B is typically best determined using
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the cyclotron frequency of a well-known mass (1., f), a ratio between frequencies (R,), is

determined:

Ve, ref . Mg — g Qref
Ve Mg,ref — QrefMMe

R, = (4.18)

where m, is the atomic mass of the ion of interest, ¢ is the charge of the ion of interest, m, is
the mass of an electron, my yef is the atomic mass of the reference ion, and g, is the charge
of the reference ion.

Since the implementation of the Penning trap at TITAN in 2007, the TOF-ICR method
has been used to measure more than 86 nuclei [22]. With typical precision at a level of one
part per billion (dm/m ~ 107%) [22], studies of the weak interaction and physics beyond the
Standard Model were done.

Due to the fact that it is a scanning technique, no prior knowledge of the ion is required,
unlike the PI-ICR technique described in the next section. The precision of this method is

[72]
om m

a —_—
m  qBTrpVN

where Txr is the time duration of the RF excitation and N are the number of detected ions.

(4.19)

Since the precision is proportional to 1/¢q, the use of highly charged ions — which TITAN is
uniquely set up for — can boost precision. This technique is not without its disadvantages:

The resolving power, given by [72]
qBTrp

m

R «x

(4.20)

is limited by the duration of the excitation, which, consequently, is limited by the nuclide’s
halflife. Furthermore, tens of ions are needed to create a resonance, whereas the next tech-

nique discussed needs only two in principle.

4.6 Phase-Imaging Ion Cyclotron Resonance Technique for Mass Measurements

The Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR) technique [32] is a newer method
that determines the cyclotron frequency of an ion by measuring the phase evolution of ion
motion after excitation-free motion within the trap as projected onto a position-sensitive
detector. The principle of PI-ICR is shown in Figure 4.3.

Generally, an ion in the presence of a magnetic field will orbit with angular frequency w.

For a time ¢, the total phase traversed, ¢oa1, relates to the frequency via

¢total ¢ + ZWN(t)
V= =

(4.21)
27t 21t
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Figure 4.3: Measurement principle of the PI-ICR technique. Position 1 indicates the so-
called reference and position 2 indicates the final spot. The angle between them ¢, is used
to determine the cyclotron frequency. Figure inspired by [32].

where v = w/27, ¢ is the excess phase (i.e. ¢ = @rota1 — N(t) x 27), and N (t) are the number
of revolutions the ion completes in time ¢. Therefore, to determine the frequency, we must
first determine the center of the orbit and the initial and final locations of the ion to establish
¢ and N(t). This general concept translates directly to PI-ICR where the determination of
the center of the orbit and the initial and final positions of the ions is necessary to determine
the phase and number of revolutions.

There are two ways to measure the cyclotron frequency [73]: independent or simultaneous
measurements of the radial motions corresponding to v, and v_ (and employing v, = v, +
v_). Since the simultaneous method provides a more direct and efficient determination of the
cyclotron frequency, it is the method of choice in this work. In this routine, two measurement
schemes are needed: so-called “reference” and “final”. The reference and final schemes only
differ in the timing of when the quadrupole excitation is applied, as discussed below.

First, ions are injected into the center of the trap. At TITAN, this is done using a Lorentz
steerer [71] to minimize any initial ion motion. Then, a dipole excitation at vgr = v, excites
ions to a well-defined radius. In the reference scheme, immediately after the dipole excitation,
a quadrupole excitation is applied, converting the ion’s eigenmotion from the high-frequency

reduced-cyclotron motion to the lower-frequency magnetron motion. After accumulating
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phase during time t,.. = tiota1, i0nS are ejected towards a positive-sensitive multi-channel
plate (MCP) detector, and as the ion traverses through radially symmetric optics to the
MCP, its relative phase is preserved. In the final scheme, ions revolve and accumulate a
phase during an accumulation time ¢,.. = t; after the dipole excitation at vgr = v,. Then,
a quadrupole excitation at vgrr = v, is applied. After additional revolution in the trap for
a time duration of ¢, ions are ejected. The total phase accumulation time of the ion in the
trap is defined as tioa = t1 + to, and when t, is constant for both schemes, the phase

between the two spots can be described by [73]

¢c = ¢ﬁnal - ¢reference = 27T[N(tacc) - Vctacc}a (422)

which can be rearranged to get

Qe+ 27N (tace)
N 27t aee

(4.23)

C

Since this technique relies on precise position measurements, the MPET detector was
upgraded. The position-sensitive detector, a Roentdek DLD40 [74], reconstructs positional
information via two perpendicular delay lines. When ions strike the front of the MCP, they
generate secondary electrons, which are driven towards the back of the MCP onto the delay
line by an applied positive potential. These electrons then drift towards the delay lines, and
when they strike the line, they create an electrical signal that is sent along the lines. The
signals are then input into a time-to-digital converter and the time difference between the
signals reaching the ends of the wire is measured. From this timing difference, the position
of impact can be precisely reconstructed.

PI-ICR is in the process of being implemented at TITAN and, once complete, can offer a
five-fold gain in precision as compared to the TOF-ICR method, reaching a level of dm/m ~
10719 [32]. Through simulations, the resolving power of PI-ICR has shown to scale with the
charge state: R oc Q*5 [75]. Therefore, resolving power and precision can be increased by
using highly charged ions, which TITAN is uniquely equipped for with the EBIT (recall, the
EBIT can create highly charged ions that can then be transported to MPET). The precision
of this technique is given by [73]

om __ Ar (4.24)

m VeT T gee \/N

where Ar is the radial spread of clusters and r is the radius with respect to the center of

the orbit. An additional benefit of this technique is that, in principle, only two ions are
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needed to perform a measurement. However, since this technique depends on preserving
the radial phase, maintaining a radially symmetric path from the trap to the detector is
essential. In practice, however, achieving this precise symmetry is challenging. Furthermore,
the detector must be precisely aligned as not to introduce an “ellipticity of the orbit image”
[73]. Moreover, this method requires some prior knowledge of the ion in order to determine its

mass; therefore, is not ideal for nuclide and isomer discovery (unlike the TOF-ICR method).



45

Chapter 5

Developments Towards Phase-Imaging Implementation
at TITAN

For on-line analysis of Phase-Imaging lon-Cyclotron Resonance (PI-ICR) data at TITAN, a
previously created analysis suite was updated for this thesis. The following sections describe
how the Phase-Imaging Analysis Tool (PhIAT) operates, the upgrades completed as part
of this work, and the first tests of PhIAT. Furthermore, the timing scheme for PI-ICR

measurements was added to the data acquisition system (DAQ).

5.1 Phase-Imaging Analysis Tool

The Phase-Imaging Analysis Tool (PhIAT) processes raw data generated by the Measure-
ment Penning Trap (MPET) data acquisition system to output the cyclotron frequencies
and masses of the ion(s) of interest. PhIAT is implemented in MATLAB and Python and
features a graphical user interface (GUI). The complete code is available at [76]. For testing
purposes, data was simulated using the Tool for Ion Phase Simulation (TIPS), as detailed
in Appendix A.1.

In the fitting procedure, detected ion “spots” are clustered using the mean shift algorithm
[77]. Then, the x and y centroids of the clusters are determined by fitting 2D Gaussian
distributions to the clusters using a maximum likelihood estimator (see Equation 3.5), with
the mean and standard deviation of the distributions corresponding to the center of the
detected ions and to its error, respectively. An example of this process can be seen in

Figure 5.1. Next, the phase ¢, is determined via

b? + ¢ — a?

¢, = arccos ( T

) , 0< ¢ <180° (5.1)
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Figure 5.1: Example of PhIAT fitting procedure with data simulated using TIPS. The his-
tograms on the right are of the circled cluster on the left. The black ‘x” at the center of the
coloured clusters represents the center of the cluster (4, labeled on the two right hand side
plots) determined by fitting a 2D Gaussian distribution to the data. Inspired by [78].

b? + % — a?

.= 180° —
10) arccos < e

) , 180° < ¢ < 360° (5.2)

where a, b, and ¢ are defined in Figure 5.2 and angles in PhIAT are defined in Figure 5.3.
In terms of the trap center (Zeen, Yeen) and centers of the final (x4, yan) and reference spots

(Zref, Yref), these parameters can be expressed as

a = \/(ﬂ?ref - HJﬁn)2 + (yref - yﬁn)2 (5«3)
b= \/(xref - xcen)z + (yref - ycen)2 (54)
Cc= \/(-Tﬁn - xcen)z + (yﬁn - ycen)2 (55)

With the angle determined, PhIAT next calculates the number of revolutions that the ion
made in the trap during the accumulation time, N(t,.c). An initial estimate is made by
taking

N (tace) = Wetace (5.6)
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Figure 5.2: Definition of distances a, b, and ¢ with respect to the center of orbit for deter-
mination of the angle ¢.. Adapted from [32].

+180°
-180°

OD

Figure 5.3: Angle definitions within PhIAT. Spots in the south will be defined with negative
angles, from 0 to —180° and spots in the north will be defined with positive angles, from 0
to 180°.

where w! is calculated from AME [60]. From this initial estimate, a range of N (,.) values
are created N (taec) = N(tace) £ Nrange- Each value of N (tac) is then input in Equation 4.23 to
create a list of cyclotron frequencies. To determine the true cyclotron frequency, PhIAT com-
pares two or more files with different accumulation times. After determining the cyclotron

frequency, the mass is determined via

q We,cal (

Meal + Qcalme) + Qme (57)
Gcal We

m =

where w,cq is the cyclotron frequency of the well-known calibrant ion to determine the
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magnetic field (see Equation 4.18), Q. is its charge state, and my,) is its mass.

5.2 Upgrades to PI-ICR Analysis Tool (For this Thesis)

5.2.1 Uncertainty in Angle Determination

To determine the uncertainty in the angle between spots, the following has been added to

PhIAT for testing and troubleshooting purposes. The angle ¢ between spots is calculated

¢ = arctan (—y — ycen) : (5.8)

T — Tcen

via

Error propagation yields the following

2 2
Yeen — Y x + Lcen
0p = 0 + ) , 5.9
’ \/((:E — Zeen)? + (Y — Yeen)? 33) (("E — Teen)? + (Y — Yeen)? y> (59)

where the error in the z¢e, and ye., have been omitted (as this was added for visualization and

testing purposes). The result of ¢ is then converted from radians to degrees by multiplying
the output of Equation 5.9 by 180°/m. The output is given when the user selects “Automatic
Fit” with “Create Freq. ID” checked, and is found in the frequency ID output file.

5.2.2 First Test: Fitting Ideal and Non-Ideal Clusters

Recall, the PI-ICR technique relies on the preservation of phase between the trap and the
detector. The difficulty of this lies in, for example, the alignment of the trap with the
detector and the magnetic field. As fully described in [73], another possible contribution
to the distortion of cluster shape is deviation from an ideal harmonic trapping potential.
Furthermore, it is expected that before fine tuning of the system, the detected ion clusters
will not be ideal, 2D Gaussian distributions. Therefore, it is of utmost importance that
PhIAT is able to perform, under both ideal and non-ideal conditions.

To demonstrate PhIAT’s functionality at fitting ideal and skewed spots, data was simu-
lated using TIPS and analyzed with PhIAT. Three accumulation times (%,..) were considered,
with all simulation settings listed in Appendix A.1.1. Figure 5.4 shows simulated clusters.
The accumulation times used in the simulation were chosen to illustrate the evolution of
phase while still being typical PI-ICR accumulation times. The PhIAT fitting parameters

were kept the same for both analyzes with 20 ions per cluster and a 1.25 mm spot bandwidth.
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Figure 5.4: Simulated ideal (left) and skewed (right) clusters for v, = Hz. The horizontal and
vertical axes represent the x and y detector axes, respectively, and are in units of millimeters
(mm). Simulation settings are available in Appendix A.1.1.

From the PhIAT analysis, the determined cyclotron frequency agrees within error to the
input cyclotron frequency for both ideal and skewed clusters. As demonstrated by the success
of the PhIAT in the analysis of both ideal and skewed clusters, it has shown its capability as
a tool for beam diagnostics and analysis of phase-based data as part of the implementation
of PI-ICR at TITAN.

5.2.3 Probing Systematic Error Related to Non-Ideal Injection

PhIAT was initially created for the Canadian Penning Trap (CPT), where the cyclotron
frequency appeared to vary sinusoidally in time [79]. This process occurs when an ion has
non-zero initial magnetron motion, likely due to non-ideal injection. Then, when a dipole
excitation is applied to excite the ion to an initial radius, because it has some initial motion,
it does not precess about the center with pure reduced cyclotron motion. Instead, the motion
will be a combination of reduced cyclotron motion and magnetron motion which eventually
results in the cyclotron motion appearing to vary sinusoidally. Full details on these effects can
be found in [79]. To account for this, PhIAT automatically fit a three-parameter sinusoidal

curve to cyclotron frequencies at different accumulation times. At TITAN, injection into the
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trap has been optimized using a Lorentz steerer [71] which can minimize initial ion motion,
which may reduce the likelihood of this sinusoidal behaviour. In order to preserve the PhIAT
program and its multitude of capabilities, the sine curve fitting procedure is now optional
and only proceeds if the user selects the “Sine Curve Fitting?” option in the PhIAT GUIL.

5.2.4 Streamlined Program Initialization

Previously, PhIAT was hosted on a personal GitHub account. In order for PhIAT to be
maintained long-term by the greater TITAN Collaboration, it is now hosted on a TITAN-
based GitHub, available at [76]. Furthermore, a documentation site was created as part of
this work which can be located at [80].

Finally, the process for importing data files was upgraded by replacing manual entry
with a directory tree visualization. Within this, the loading process was streamlined to
import only user-selected files. Previously, entering a directory path to a folder would load
all files within it, which could be problematic since not all files are relevant to the same
analysis and it was not possible to make selections (since only a directory was entered). This
adjustment now ensures that only specified files are loaded. Additionally, single-file loading
was enabled which facilitates live troubleshooting, tuning, and debugging. Furthermore,
within the new loading procedure, PhIAT’s programming needed to distinguish between
simulated and real data, as real data is imported as raw files requiring conversion to a PhIAT-
compatible format, whereas simulated data is already prepared in this format. PhIAT is now
able to make this distinction within the new procedure. Lastly, file exporting was updated.
The export function now automatically creates a new directory, including a copy of the data
for quick analysis comparisons and to safeguard against input file corruption. This directory
is timestamped with the current date and time, and results are saved to a user-defined
location. These procedures were rigorously tested with data output from the MPET DAQ
and simulated data created with TIPS to ensure compatibility with both formats.

5.3 Implementation of PI-ICR Timing Scheme (For this Thesis)

The MPET DAQ is run under the Maximum Integrated Data Acquisition System (MIDAS)
structure [81] which is connected to the Experimental Physics and Industrial Control System
(EPICS) [82]. MIDAS and EPICS work with an arbitrary function generator to apply and
split the RF signal to the segments of the ring electrode, with the timing dictated by the
programmable pulse generator (PPG).

To support the implementation of PI-ICR at TITAN, the PPG section of the MPET
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DAQ was updated as part of this work. As a result, the MPET DAQ has two modes of
measurement: TOF-ICR and PI-ICR, with their respective schemes displayed in Figure 5.5.

Step 1 J Injection pulse

Step 2 _ Quadrupole excitation (v)

Step 3 . Extraction pulse

TRF

TOF-ICR Scheme

Step 1 J Injection pulse
2 Step 2 l Dipole pulse (v.)
w
8 Quadrupole pulse (v))
ua g
5 Step 3 . P P V.,
ks !
& Step 4 . Extraction pulse
‘(olat 1
Step 1 j Injection pulse
= Step 2 Dipole pulse (v,)
g
% Step 3 l Quadrupole pulse (v.)
= ¥ i
w ; Lo
Step 4 H P l Extraction pulse
. i %

PI-ICR Scheme

Figure 5.5: Timing schemes of the measurement techniques in use at TITAN MPET. Both
figures have arbitrary pulse sizes and lengths; additionally, some steps have been omitted for
illustrative clarity. Top: pulse scheme of the TOF-ICR technique. Bottom: pulse scheme of
the PI-ICR technique. Figure inspired by [32, 78, 83].

The ensure the relation tiota = ¢1 + t2 is held constant between reference and final mea-
surements, the PPG has been programmed with the following variable adjustment: ¢yt = 7,
t1 = tace, and tg = T — t,e.. By inspection, when t,.. = 0, we are preforming a reference
spot measurement. This variable rearrangement allows tio.1 = 1" to be held constant and
allows the user to only change the accumulation time, t,.., which mitigates user-error. The
limitation lies in the fact that T' > t,... To account of this, the DAQ has been programmed
to output an error message if the user-entered t,.. is greater than 7.

Switching between TOF-ICR and PI-ICR measurement schemes is easily accomplished
through the MPET DAQ’s “Save and Load” functionality, where the PI-ICR scheme has been
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saved to and is readily accessible. Additionally, the visualizer at the bottom of the DAQ
PPG screen is now exportable. This improvement offers a useful visual tool, such as for
comparing schemes with varying accumulation times. The next step to ensure functionality
is to test the new timing scheme with an off-line source. In summary, the implementation
of the timing scheme for PI-ICR in the MPET DAQ is a crucial step forward in advancing
the integration of PI-ICR with TITAN.

In summary, PhIAT enables the analysis of on-line, phase-based data as part of the
ongoing implementation of PI-ICR at the TITAN facility. Through an interactive GUI, it
provides a user-friendly interface for both tuning and conducting PI-ICR measurements.
In this work, uncertainty in angle determination has been incorporated, and the successful
clustering and fitting of simulated data with PhIAT has been demonstrated. The results
highlight PhIAT’s capability in analyzing both ideal and skewed clusters, supporting trou-
bleshooting and analysis throughout the implementation process. Phase-imaging opens new
avenues for exploration by exceeding the precision attainable with TOF-ICR; with the ad-
vancements made in this work towards implementation at TITAN, explorations beyond the
Standard Model come within reach. Finally, with the addition of the PI-ICR timing scheme
into the MPET DAQ, TITAN is one step closer to implementing phase-imaging for precision

mass measurements, with both TOF-ICR and PI-ICR measurement modes now available.
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Chapter 6

Conclusion

Mass measurements are critical in shaping our understanding of the forces that govern nature,
the origin of heavy elements in our universe, and the structure of exotic nuclei. Recent
advancements in experimental nuclear physics have allowed us to investigate the universe on
some of the smallest scales with precision, adding to our collective understanding of its inner
workings and pushing the limits of the unknown.

The TITAN facility at TRIUMF in Vancouver, Canada exemplifies the forefront of sci-
entific exploration and the demonstrated precision and accuracy of measurements have es-
tablished it as a leader in experimental nuclear physics.

The mass determinations [1] presented in this work further confirms our capability for
both precision and accuracy. With precisions < 50 keV and in excellent agreement with prior
measurements, the tin measurements presented herein add to the ever-growing evidence of
typical mid-shell behaviour as described in the nuclear shell model. This was observed from
the S, surface, wherein a near linear trend was observed for the measured nuclides. Based
on the rates detected in this experiment and previous success with much lower rates, the
low rates expected as we near the dripline are within the sensitivity range of the device.
Therefore, this experiment shows TITAN’s capacity to realize the measurement of doubly
magic $0°Snsg. Moreover, the first direct measurements of 3Zr and 'Y assure the accuracy
to make them calibrants for experiments hereafter. The simultaneous measurement of Sn*
with ZrO* and YO showcase one the many advantages of the MR-TOF MS technique: its
broadband capability. This ability enables precision measurements of the not only ions of
interest but the other isobaric nuclides which may be of interest in and of themselves, as
illustrated in this work.

The second focus of this thesis was the ongoing implementation of the Phase-Image Ion-
Cyclotron-Resonance (PI-ICR) technique at TITAN. The technique will allow TITAN to

achieve precisions in Penning trap mass spectrometry of order 107!, as is needed for the
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most stringent tests of the Standard Model. For this purpose, the data acquisition system
now includes the necessary timing scheme to permit the measurement of the cyclotron fre-
quency by varying its phase through a user-defined time. In addition, the work presented
herein improves the on-line data analysis of PI-ICR measurements. Easy, fast, and reliable
access to this information is equally important during the implementation and experimental
preparations to find and to eliminate systematic errors, such as non-zero initial radial mo-
tion. During the experiment itself, on-line analysis is crucial in identifying the presence of
contaminants and separating them from the ion of interest through the phase-accumulation
time. As such, the upgrades described to the Phase-Imaging Analysis Tool, which was fully
tested through simulated data, and the integration of the new timing scheme in the DAQ
are crucial steps towards the full implementation of PI-ICR technique at TITAN.

This thesis showcases the measurement and the development sides of ion-trap-based mass
spectrometry. The mass measurements presented reinforce our understanding of shell struc-
ture evolution from stable nuclei towards the nuclear driplines and the nuclear shell model
for mid-shell nuclides. Moreover, the direct measurements anchor chains of indirect and ex-
trapolated mass surfaces by providing an accurate reference point. With the integration of
the PI-ICR technique, supported by the upgrades discussed in this work, new investigations
into fundamental physics and physics beyond the Standard Model become possible, such
as the breaking of CKM unitarity. This opens avenues for deeper insights into the science
governing our universe.

The work presented in this thesis illustrates the strides nuclear science has made over the
past 200 years, from firing alpha particles at metal sheets to conducting experiments with
precisions as fine as one part per billion. Each leap forward, built on the efforts of scientists
past, brings us closer to formulating the fundamental laws of nature. The contributions of
individuals toward a greater collective understanding of the universe reflects the stardust

within us all and our shared desire to understand ourselves and our place in the continuum.
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Appendix A

Appendix

A.1 PhIAT’s Tool for Ion Phase Simulation (TIPS)

PhIAT’s Tool for Ion Phase Simulation (TIPS) is written and executed using MATLAB, with
brief instructions and the full code available in Appendix A.1.1. TIPS works by iterating
through each given accumulation time (¢,..) and, in a nested loop, each input cyclotron
frequency, to determine the phase evolution, ¢. Next, the Cartesian z and y coordinates
are determined from the phase and user-specified radius, R. Positional data is created with
a Gaussian distribution centered around x and y with the standard deviation specified by
Tpos_deviation 1A Ypos_deviation, respectively. Similarly, TOF data is centered around the user-
specified TOF with the standard deviation given by T'O Fyeviation- 11PS then determines
the reference phase i.e. the cycle in which the phase is not evolved. Similarly to what is
described above, the Cartesian coordinates are generated. Lastly, TIPS creates a data file
containing the generated data.

The user inputs of TIPS are:

e t_acc_list: A list of accumulation times, in units of seconds (s). One file will be created

for each item in this list.

File name: The directory where the data files will saved to.

spot_freq_list: A list of cyclotron frequencies for the spots to be simulated, in units of

Hertz (Hz).

R: Average distance from the trap center to the spots, in units of milimeters (mm).

e x pos_deviation: Gaussian spread of x position.

e y_pos_deviation: Gaussian spread of y position.
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e TOF: Mean of Gaussian distribution for time-of-flight.

e tof deviation: Gaussian spread of time(s) of flight.

e counts_per_spot: Counts to be generated for each spot.

e omega_minus: Magnetron frequency in the trap, in units of Hertz (Hz).
e ref_phase: Reference spot (t_acc = 0) phase.

e amp: Amplitude of the sinusoid dependence. This quantity is irrelevant for TITAN so
it has been set to 0.0. This functionality has not been removed to make it accessible

to other facilities.

e phase_const: Phase constant of the sinusoid dependence. This quantity is irrelevant
for TITAN so it has been set to 0.0. This functionality has not been removed to make

it accessible to other facilities.
The output of TIPS are two types of comma separated value (.csv) files:

e File(s) containing simulated = and y positions, time of flight, and (faux) time to digital
converter trigger information. One file is created for each specified accumulation time,

t_acc.

e File list: Contains the directories of simulated data files, associated accumulation

times, t_acc, and reference file assignments.

The following are the TIPS settings used for the generated symmetric and asymmetric

clusters:

o t,.. =0.1,0.3,0.5 s
e v, = 1.457 Hz
e R=4mm

TOF = 0.000006 s

TOchviation = 0.000003 s

counts per spot = 250

e _ = 06150 Hz



® O = 180°

TIPS settings to create symmetric clusters:
e r_pos_deviation = 0.3 mm

e y_pos_deviation = 0.3 mm

TIPS settings to create asymmetric clusters:
e x pos_deviation = 1 mm

e y_pos_deviation = 0.2 mm

A.1.1 TIPS Code

The following is the MATLAB code for the generation of simulated data.

%% TIPS.m

h

% Welcome to the Tool for Ion Position Simulation (TIPS)!
b

% Language: MATLAB

b

% Created by Sam Porter

% University of British Columbia, TRIUMF
b

% Updated by Annabelle Czihaly

% University of Victoria, TRIUMF

b

% last updated on 11/10/2024

b

%% User Inputs %k

% From Self-Generated Tacc List %%

clearvars

tacc_list = [.600030,.6000479,.6000658]; % List of Accumulation Times
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new_filename = ’\Users\aczihaly\Documents\PIICR_Analysis\Data\Simulated\3_symmetric_spot

spot_freq_list = [1444409.260, 1444391.967,1444388.117]; % Expected w_c of spots in the
R = 4; 7 Average radius of spots, in mm

x_pos_deviation = 0.5; % Sigma of Gaussian distribution for X positions

y_pos_deviation = 0.5; 7 Sigma of Gaussian distribution for Y positions
TOF = 0.000006; % Mean of Gaussian distribution for time-of-flight

tof_deviation = 0.000003 7 Sigma of Guassian distribution for time-of-flight

counts_per_spot = 250;

w_minus = 6150; % Taken from 2021 TITAN spreadsheet for 85Rb

ref_phase = 180; % Phase of Reference Spot

amp = 0.0; % Amplitude of Sine Dependency, TITAN USERS LEAVE AS O
phase_const = 0; % Phase Constant of Sine Dependency, TITAN USERS LEAVE AS O

% NOTE: TRAP CENTER IS TREATED AS (0,0)
%% Code Body %%

% Determine Number of Actual vs. Ref Files %%

ctr = 0;
for object = tacc_list
if object > 0
ctr = ctr + 1;
end

end

tacc_list = tacc_list(l:ctr);

data_filename_list = {};
ref_phase = ref_phasexpi/180;
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% From Tacc & w_c Determine X/Y %%

for i = tacc_list
(1;
(1;
TOF_data = [];
trigger_data

x_data

y_data

(1;

for j = spot_freq_list
w_c_sin_shifted = j + amp*sin((2*pi*w_minus)*i + phase_const); % Sine dependence

phase_i = 2%pixi*w_c_sin_shifted + ref_phase;
if phase_i > pi
phase_i = phase_i - 2xpi;

end

x = Rxcos(phase_i); % NOTE: we’re shifting the phase but not the radius, which &
y = Rxsin(phase_i);

for k = l:counts_per_spot % For the number of points per spot, generate data wit

x_data = cat(l,x_data,random(’Normal’,x,x_pos_deviation));

y_data = cat(l,y_data,random(’Normal’,y,y_pos_deviation));
TOF_data = cat(1,TOF_data,random(’Normal’,TOF,tof_deviation));
trigger_data = cat(l,trigger_data,k+random(’Uniform’,0,1));

end
end
% Write New Data File %%
file_data = cat(2,x_data,y_data,TOF_data,trigger_data);
data_filename = strcat(new_filename,num2str(i),’.csv’);

dlmwrite(data_filename,file_data)

data_filename_list{ii,1} = data_filename;



ii = i1 + 1;

end
% Write New Reference Data File %%
if ref_phase > pi

ref_phase = ref_phase - 2x*pi;

end

»
I

Rxcos(ref_phase);

Rxsin(ref_phase);

<
I

x_data [1;

[1;
TOF_data = [];
trigger_data = [];

y_data

for k = 1:counts_per_spot

x_data = cat(l,x_data,random(’Normal’,x,x_pos_deviation));

y_data = cat(l,y_data,random(’Normal’,y,y_pos_deviation));
TOF_data = cat(1,TOF_data,random(’Normal’,TOF,tof_deviation));
trigger_data = cat(l,trigger_data,k+random(’Uniform’,0,1));

end

file_data = cat(2,x_data,y_data,TOF_data,trigger_data);
data_filename = strcat(new_filename,’ref.csv’);
dlmwrite(data_filename,file_data)

% Construct List of Files .csv %%

final_filename_list = {};

ii = 1;

while i1 <= ctr
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final_filename_list{ii,1} = data_filename_list{ii, :};

ii = i1 + 1;

end

final_filename_list{ctr+1,1} = data_filename;
tacc_list = transpose(tacc_list)

old_tacclist = cat(l,tacc_list,0);
ref_assign_list(l:ctr+1,1) = 1;
ref_assign_list(ctr+1,1) = Nal;

T = table(final_filename_list,old_tacclist,ref_assign_list);

data_filename = strcat(new_filename,’File_List.csv’);

writetable(T,data_filename, ’WriteVariableNames’,false)
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